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ABSTRACT 

	[bookmark: _GoBack]The rapid expansion of agro-industrial activities has led to the accumulation of vast quantities of lignocellulosic agricultural residues, much of which remain underutilized or is openly burned, contributing to nutrient loss, air pollution and soil degradation. Composting offers an efficient and environmentally friendly approach for converting these residues into stable, nutrient-rich organic amendments. However, the intrinsic recalcitrance of structural polymers such as cellulose, hemicellulose and lignin often slow decomposition and limits compost quality. Recent studies show the effectiveness of microbial consortia composed of lignocellulolytic, thermotolerant and nutrient-solubilizing microorganisms that act synergistically to enhance biomass degradation and accelerate compost maturity. The microorganisms in these consortia secrete distinct hydrolytic and oxidative enzymes, including cellulases, xylanases, lignin peroxidases, manganese peroxidases and laccases, which collectively improve organic matter transformation and humus formation. Optimizing composting parameters like temperature dynamics, aeration, moisture content and C:N ratio will further strengthen microbial performance and enzymatic efficiency. The resulting compost enhances soil organic carbon, nutrient availability, microbial diversity, structural stability and heavy-metal immobilization, thereby improving soil fertility while mitigating environmental risks. Altogether, accelerated composting using lignocellulolytic microbial consortia represents a promising, cost-effective strategy for converting agricultural residues into high-quality organic fertilizers that support long-term soil management.
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1. INTRODUCTION 

The rapid growth of agro-industrial activities has resulted in the accumulation of huge quantities of agricultural residues in India, estimated at around 620 million tonnes annually (Korav et al., 2022). Approximately half of this biomass is utilised for purposes such as animal feed, fuel and packaging, while the remainder is commonly burned in fields which contributes to air pollution, nutrient depletion and soil degradation (Korav et al., 2022; Jain et al., 2014). Major crops such as rice, wheat and oilseeds account for about half of these residues, which collectively represent a large but under-utilized reservoir of renewable nutrients. These wastes contain several million tonnes of N, P₂O₅ and K₂O equivalents annually, depending on which residues are counted and the nutrient coefficients used (Singh et al., 2022). Therefore, recycling agricultural residues is essential not only for environmental protection but also for long-term agricultural and economic sustainability.
Composting is widely recognised as one of the most efficient and environmentally sustainable methods for converting lignocellulosic agricultural residues into stable, nutrient-rich organic fertilisers (Rao et al., 2024). Aerobic composting is a biodegradation process that proceeds through distinct mesophilic, thermophilic and maturation phases, driven by diverse microbial communities. However, the breakdown of recalcitrant polymers such as cellulose, hemicellulose and lignin often limit both the rate of decomposition and the quality of the resulting compost (Chen et al., 2025). To address these challenges, several strategies have been explored, including the optimisation of process parameters including the C:N ratio, aeration and moisture along with the pre-treatment of feedstock. Nonetheless, chemical and thermal pre-treatments are frequently energy-demanding and environmentally unsustainable.
A promising and sustainable alternative is the use of microbial consortia comprising carefully selected combinations of lignocellulolytic, thermotolerant and nutrient-solubilising microorganisms that act synergistically to accelerate organic matter degradation and enhance compost maturity (López-González et al., 2024). This biologically-driven approach offers a safe, economical and eco-friendly solution for recycling agricultural residues into high-quality, bio-enriched compost. The present review highlights recent advancements in composting technologies, the role of microbial consortium supplementation, and their integrated potential in transforming agro-industrial waste into value-added soil amendments.

2. AGRICULTURAL RESIDUES AS COMPOSTING SUBSTRATES
Agricultural residues constitute a diverse group of organic by-products that can be broadly categorized into highly lignified lignocellulosic materials (e.g., rice straw, maize/corn stover, banana pseudostem, sugarcane trash) and less recalcitrant residues such as vegetable wastes and green manures. Their chemical composition including the C:N ratio and the relative proportions of cellulose, hemicellulose, lignin, ash and silica largely determine biodegradability and nutrient-release potential during composting. To enhance decomposition efficiency, pre-treatments such as particle-size reduction, co-substrate blending, moisture regulation and microbial inoculation are commonly employed; physical, chemical and biological pretreatments differ in energy demand, enzymatic efficiency and environmental footprint (Abo-Donia et al., 2022; Zoghlami and Paës, 2019). Residues with high lignin and silica contents typically decompose more slowly and therefore require the activity of specialized lignocellulolytic microorganisms and their extracellular enzymes for efficient biotransformation (Sharma et al., 2019).
Among common residues, rice straw, corn stover and cereal straws are abundant and widely used as lignocellulosic substrates for composting and bioconversion. Rice straw, a major agricultural residue produced in very large quantities across Asian rice-growing regions, is rich in structural carbohydrates (cellulose and hemicellulose) and lignin. It contains about 28–45% cellulose, 12–32% hemicellulose and 5–24% lignin, and 3-6% crude protein depending on the variety, growing conditions and other factors (Ramos et al., 2023; Sarnklong et al., 2010). These features make rice straw carbon-rich but relatively recalcitrant for biological degradation without pretreatment.
Corn stover is frequently reported to contain approximately 35–37% cellulose, 20–22% hemicellulose and variable lignin content depending on genotype and fraction. High global production and typical harvest indices make corn stover one of the largest crop-residue streams worldwide (Alavijeh et al., 2023; Yang et al., 2016). Likewise, barley straw and other cereal straws are also valuable lignocellulosic feedstocks. Approximate values reported for barley straw include 90.9% dry matter, 3.8% crude protein and metabolizable energy of approximately 5–6 MJ/kg DM, with high fibre fractions that reflect its substantial cellulose and hemicellulose content (Keno et al., 2021). Straw-to-grain ratios commonly used in residue accounting place many cereal residues at roughly 1.1–1.2 tonnes of straw per tonne of grain under average agronomic conditions (Becerra-Pérez et al., 2022).
Collectively, these agricultural residues are rich in structural polysaccharides yet resistant to rapid degradation, making them suitable substrates for microbial-consortium-based composting. The complementary activities of fungi, bacteria and actinomycetes, particularly under thermophilic conditions, enhance the breakdown of cellulose, hemicellulose and lignin and convert crop wastes into stable, nutrient-enriched organic amendments that contribute to soil fertility and sustainable agricultural productivity (Zoghlami and Paës, 2019; López-González et al., 2024).
3. MICROBIAL ECOLOGY OF COMPOSTING
The composting process is primarily driven by bacterial groups commonly reported as Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes (Bacteroidota) and Chloroflexi (Chloroflexota) in high-throughput sequencing studies of diverse composting substrates (Meng et al., 2019). Firmicutes, predominantly Bacillus and related genera frequently dominate early stages and contribute strongly to initial plant-biomass breakdown because many members produce extracellular hydrolases and tolerate a wide temperature range (Niu et al., 2022). Proteobacteria are often associated with mineralization processes and are relatively more abundant during mesophilic stages when labile organics are available. Bacteroidetes are important degraders of complex polysaccharides and are commonly implicated in carbohydrate turnover; their role in producing short-chain fatty acids during later phases has been documented in several studies (Aguilar-Paredes et al., 2023). Actinobacteria are key producers of hydrolytic and oxidative enzymes that attack recalcitrant components and contribute to humification and pathogen suppression through antibiotic production (Silva et al., 2022). Chloroflexi members are frequently reported in composting and maturation phases and have been associated with the degradation of soluble microbial products and hemicellulosic components in thermophilic environments (Freches et al., 2024).
Firmicutes commonly dominate the early mesophilic phase because of their capacity to utilize readily available plant polymers and to grow rapidly at moderate temperatures (Sun et al., 2021). Several genera (e.g., Bacillus, Geobacillus) include thermotolerant or thermophilic species active across ~30–60°C, and they secrete enzymes like cellulases, proteases, pectinases, amylases that accelerate decomposition (Finore et al., 2023). Some thermophilic actinomycetes like Thermoactinomyces spp. have been repeatedly isolated from composts and are implicated in late-stage stabilization and biopolymer turnover (Oumaima et al., 2024).
Proteobacteria frequently participate in organic-matter mineralization and nutrient cycling; genera such as Pseudomonas, Acinetobacter and Stenotrophomonas are commonly detected in early pile stages where they contribute to labile-substrate turnover and to signalling interactions that structure the community (Sun et al., 2021). Bacteroidetes (e.g., Flavobacterium, Pedobacter, Cytophaga and related taxa) are well known for polysaccharide degradation in environmental systems and appear in cooling and maturation phases in many compost studies, where they contribute to further decomposition of partially degraded plant material and to the production of short-chain fatty acids and simpler metabolites (Aguilar-Paredes et al., 2023).
Chloroflexi are regularly detected in mature compost and have been linked to the degradation of soluble microbial products, hemicellulose fractions and other relatively recalcitrant organic compounds under warm conditions (Aguilar-Paredes et al., 2023; Freches et al., 2024). Their ecological role is still being resolved, but recent genomic and sequencing work indicates they contribute to carbon cycling in late stages of composting and to the transformation of intermediate compounds.
Fungi are essential decomposers in compost systems. Yeasts and fast-growing saprophytes (e.g., Candida, Pichia) often appear at early, moist stages; thermophilic filamentous fungi such as Thermomyces spp. and Mycothermus become abundant in high-temperature phases and secrete thermotolerant hemicellulases and other hydrolases (Suwannarach et al., 2022; Finore et al., 2023). Fungal activity typically declines above ~60–65 °C but resurges during cooling and maturation, when filamentous fungi like Mortierella, Trichoderma and Aspergillus contribute to cellulose and lignin turnover and to humification. The extensive hyphal networks of fungi enable access to substrates that are physically inaccessible to bacteria and are therefore especially important for the depolymerization of complex plant cell-wall polymers under low-nitrogen or high-carbon conditions (Aguilar-Paredes et al., 2023).
Table 1. Microorganisms and their functional roles during different phases of composting
	Microbial group
	Representative genera / species
	Predominant composting phase
	Temperature range (°C)
	Key functional roles
	References

	Firmicutes
	Bacillus, Geobacillus, Aeribacillus
	Mesophilic to Thermophilic
	~25–60
	Decomposition of labile and some structural polymers; production of cellulases, proteases, pectinases; rapid growth in early phase.
	Sun et al., 2021; 
Niu et al., 2022

	Actinobacteria
	Streptomyces, Thermoactinomyces, Micromonospora
	Thermophilic to Maturation
	~40–60
	Degradation of lignin and recalcitrant cellulose; extracellular hydrolytic and oxidative enzymes; humus formation; antibiotic production.
	Saini et al., 2015; Silva et al., 2022

	Proteobacteria
	Pseudomonas, Acinetobacter, Stenotrophomonas
	Mesophilic
	~25–40
	Mineralization of N/S compounds; decomposition of simple organics; signalling and biotransformation.
	Sun et al., 2021; Zhao et al., 2022

	Bacteroidetes 
	Flavobacterium, Pedobacter, Cytophaga
	Cooling to Maturation
	~30–45
	Degradation of complex polysaccharides; production of short-chain fatty acids; late-stage carbohydrate turnover.
	Aguilar-Paredes et al., 2023

	Chloroflexi 
	Anaerolinea, Caldilinea, Roseiflexus
	Thermophilic to Maturation
	~45–60
	Degradation of soluble microbial products and hemicellulose fractions; contribution to carbon cycling in maturation.
	Aguilar-Paredes et al., 2023; Freches et al., 2024

	Ascomycota
	Aspergillus, Thermomyces, Trichoderma
	Mesophilic to Thermophilic to Cooling
	~25–50 (thermophiles higher)
	Secretion of cellulases, hemicellulases, secondary metabolites; critical in lignocellulose breakdown and humification.
	Meng et al., 2019; Suwannarach et al., 2022

	Basidiomycota
	Pleurotus, Coprinus
	Cooling to Maturation
	~30–45
	Lignin depolymerization via laccases and peroxidases; ligninolytic activity in maturation.
	Aguilar-Paredes et al., 2023; Zoghlami and Paës, 2019

	Actinomycetes 
	Streptomyces, Thermoactinomyces, Nocardia
	Thermophilic to Maturation
	~40–60
	Breakdown of complex polymers; production of humic precursors and antibiotics; structural stabilization.
	Saini et al., 2015; Oumaima et al., 2024


4. MICROBIAL SYNERGISM THROUGH COMPLEMENTATION OF ENZYMES FOR LIGNOCELLULOSIC BIOMASS DEGRADATION
Efficient degradation of lignocellulosic residues is central to sustainable residue management. Diverse microorganisms including bacteria, fungi and actinomycetes having the capability to secrete cellulolytic and ligninolytic enzymes that act in complementary ways to depolymerize cellulose, hemicellulose and lignin (Zhang and Dong, 2022). Although many individual strains produce relevant enzymes, industrial or field applications are often limited by low enzyme titres, environmental sensitivity and the fact that single strains rarely produce the full suite of enzymes needed for rapid, complete degradation of complex plant cell walls (e.g., endoglucanases, exoglucanases, β-glucosidases, xylanases, and lignin-modifying peroxidases/laccases) (Zhang and Dong, 2022; Liu et al., 2022). Recent studies consistently show that multi-strain consortia developed to combine complementary enzymatic capabilities and to avoid antagonism between members typically outperform single isolates for lignocellulose conversion. 
A consortium of fungi viz., Aspergillus and Trichoderma, and bacteria viz., Bacillus, Pseudomonas, Azotobacter and Delftia was found to be effective in composting of paddy straw mixed with vegetable waste in a 40:60 ratio (Kaur and Katiyal, 2021). López-González et al. (2024) used a consortium of two strains of Bacillus with amylolytic, proteolytic, pectinolytic, cellulolytic and ligninolytic properties to bioactivate vegetable waste and improve its degradability and enhance compost quality. In controlled fermentations and solid-state trials, mixed fungal systems (e.g., Trichoderma reesei and Coprinus comatus) or bacterial-fungal consortia improved lignin and cellulose losses relative to the constituent strains acting alone (Wei et al., 2023; Zhang and Dong, 2022). In one set of experiments, mixed fungal fermentation enhanced lignin removal and accelerated cellulose exposure, while constructed bacterial or actinomycete consortia (three-strain mixes) achieved substantially higher corn-straw mass loss than single strains in short-term incubations (Liu et al., 2022; Wei et al., 2023). These findings highlight that combining organisms with complementary enzyme systems is an effective strategy to raise overall degradation rates. 
Screening and selection of consortium members commonly follow a tiered pattern which includes qualitative plate screening (e.g., Congo-red or CMC plates) to detect cellulolytic ability, quantitative enzyme assays to measure activities (CMCase for endoglucanase, FPase or FPU for total cellulase, and β-glucosidase for cellobiose hydrolysis), and molecular identification (16S rRNA / ITS sequencing) to confirm taxonomy and check for antagonism (via dual-culture tests) before mixture design. Optimisation (single-factor and response surface methods) of culture conditions (pH, temperature, inoculum ratio, time) is widely used to maximise enzyme production by the consortium prior to field or pile application (Zhang and Dong, 2022). In practice, successful consortia design balances enzyme complementarity, thermal and pH tolerance and compatibility.
Lignin is the most recalcitrant fraction which requires oxidative enzyme systems like laccase, lignin peroxidase, manganese peroxidase, versatile peroxidase for depolymerization; these enzymes are primarily fungal in origin and are abundant in white-rot fungi (e.g., Trametes, Phlebia, Cerrena), although some bacteria and actinomycetes also contribute oxidative activities (Suryadi et al., 2022). Integrating ligninolytic fungi or purified oxidative enzymes into cellulolytic consortia improves access to cellulose and hemicellulose and accelerates humification and compost maturation in many trials (Suryadi et al., 2022; Zhang and Dong, 2022). Feng et al. (2024) developed a microbial inoculant composed of spore suspensions of a thermophilic bacterium, actinomycete and a mesophilic fungus in a volume ratio of 3:3:2 which could effectively degrade lignocellulolytic green waste to good quality compost in a month. This inoculum enriched the lignocellulolytic taxa and increased microbial diversity. 
5. COMPOSTING APPROACHES AND THEIR ROLE IN SOIL HEALTH ENHANCEMENT
Composting approaches, particularly aerobic and anaerobic systems, differ in their oxygen requirements, decomposition dynamics and end-product characteristics. These variations influence the efficiency of organic matter breakdown, nutrient stabilization and microbial activity, thereby playing a crucial role in enhancing soil health and fertility (Liu et al., 2023). Aerobic composting involves the microbial breakdown of organic matter in the presence of oxygen and generally requires pile turning or forced aeration to maintain porosity and uniform decomposition. Microbial metabolism generates heat, which accelerates the degradation of labile and nitrogen-rich materials and can produce thermophilic temperatures sufficient to inactivate many plant pathogens and weed seeds when sustained (Ayilara et al., 2020). Properly managed aerobic composting typically yields a stable, relatively odour-free, humus-rich material containing plant-available nutrients such as nitrogen, phosphorus and potassium (Manea et al., 2024).
Maintaining moisture in the range of roughly 50–60% supports microbial activity while preserving air-filled pore space; excessive moisture tends to reduce aeration and promote anaerobic pockets, whereas too little moisture slows microbial processes (Jain et al., 2019). In the context of agricultural residue management where rapid stabilization and sanitization are important, aerobic composting is often preferred because it generally ensures faster decomposition, better odour control and a more stable end product, although integrated aerobic–anaerobic systems are increasingly explored for combined energy and compost production (Liu et al., 2023).
Composting serves as an effective biological process for reducing waste volume and converting organic materials into nutrient-rich amendments that enhance soil fertility and health (Lin et al., 2022). Numerous recent field studies and meta-analyses show that compost application generally improves soil organic matter content, cation exchange capacity, aggregate stability and water-holding capacity, while also increasing microbial biomass and diversity (Gil-Martínez et al., 2025; Ghorbani et al., 2024). In acid soils, repeated application of compost or compost-based amendments can raise or buffer soil pH toward neutrality and, in many cases, reduce aluminium toxicity and improve nutrient availability. However, the magnitude of these effects depends on the composting substrate and soil (Chen et al., 2022; Phooi et al., 2025). Composting can also influence heavy metal fractions: while total metal contents are not reduced, the process often shifts metals toward less bioavailable fractions, especially when combined with additives such as biochar, zeolite or phosphate-based amendments (Ejileugha et al., 2024; Li et al., 2021). Consequently, composting not only recycles nutrients but can also contribute to reduced ecotoxicological risk when process [image: ]design and feedstock quality are carefully managed.   Nutrient uptake

    Figure 1. Bioconversion of lignocellulosic biomass into nutrient-rich compost
6. FACTORS AFFECTING QUALITY, MATURITY AND STABILITY OF COMPOST
6.1 Temperature
Composting proceeds in distinct phases: an initial/mesophilic stage where rapid warming occurs, ambient temperature ranges from 10-45 °C during which easily degradable compounds like sugars, amino acids are consumed, followed by a thermophilic stage in which temperature typically ranges from 45-70°C This phase is marked by intense microbial activity that accelerates the breakdown of more complex polymers including cellulose, hemicellulose, proteins and fats and destroys pathogen inocula and weed-seeds. The final cooling/maturation stage is where the temperature drops to 25-35 °C when humification proceeds and the compost stabilizes (Finore et al., 2023; Lin et al., 2022). Recent work has also described hyper thermophilic composting (HTC), a process variant or assisted system that reach temperatures above 80 °C. This technology that can shorten treatment time, improve sanitization and reduce some emissions may be achieved by inoculating hyperthermophilic microbes or via process innovations such as alternating electric fields (AEF) or combined electrical/biochar strategies (Wang & Wu, 2021; Fu et al., 2022). HTC is still an emerging technology which requires careful techno-economic evaluation before broad adoption.
6.2 pH
The pH typically shifts during composting. In early stages of composting, pH often falls because of organic-acid formation as a result of fermentation products, carbon dioxide dissolution and acidification. In the later stages, pH increases as more labile carbon is consumed and nitrogen transformations release ammonia and alkaline species. A near-neutral to slightly alkaline pH roughly around 7.0-8.5 is generally considered to be favourable for microbial activity during most composting stages, though optimal pH depends on the substrate and targeted microbial activities (Yang et al., 2023; Lin et al., 2022). Extreme acidity or alkalinity can inhibit enzyme systems and slow progression through the mesophilic to thermophilic transition.
6.3 Aeration
Aeration controls oxygen supply, which in turn regulates aerobic microbial respiration, pile temperature and greenhouse-gas formation. Maintaining adequate oxygen by turning, forced aeration or controlled intermittent aeration improves organic-matter oxidation and humification while reducing anaerobic hotspots that produce methane and odour. Intermittent/interval aeration can improve oxygen distribution, reduce methane and ammonia emissions relative to continuous aeration in many systems and enhance humification, though aeration strategy must be tuned to feedstock and scale because excessive aeration can cool the pile and increase nitrogen losses as ammonia or nitrate (Cheng et al., 2023; Nordahl et al., 2023; Zhao et al., 2022).
6.4 Moisture content
Moisture strongly affects microbial activity, substrate diffusion and pile porosity. Recent experimental and review studies converge on a practical startup target in 45–65% (w/w) range for many feedstocks, though the optimal value varies with substrate type and pile structure like porosity, bulking agent. Excess moisture fills pore spaces and creates anaerobic microsites and higher methane emissions and also too little moisture restricts microbial metabolism and slows composting. Final, stable compost is typically dried to a low moisture commonly around 15-25% for storage and to prevent reactivation (Gurusamy et al., 2021; Noor et al., 2024; Yang et al., 2023).
6.5 Raw materials 
Feedstock chemistry like C/N ratio, lignin/cellulose/hemicellulose fractions, particle size and the presence of inhibitory compounds govern decomposition speed and final quality. Lignocellulosic, silica-rich or high-ash residues decompose slowly and benefit from co-substrate blending with nutrient sources such as manures or food waste, particle-size reduction in order to increase surface area, and bulking agents to improve porosity. Management decisions including pile size, turning frequency, aeration method, and pre-treatment such as shredding or addition of biochar will affect microbial succession, temperature profiles and the stability/maturity of the final compost (Waqas et al., 2023; Noor et al., 2024).
6.6 C:N ratio
The initial carbon-to-nitrogen ratio is a primarily determinant of compost dynamics because carbon provides energy and nitrogen supports microbial biomass. A commonly recommended initial C/N window is around 25-30:1 for rapid, balanced composting while higher C/N ratio >35 often slows degradation due to nutrient limitation, while very low C/N may promote ammonia losses and odours. In practice, mixing high carbon residues like straw, husks with nitrogen rich materials like manure, food waste or using targeted microbial starters helps reach desirable C/N ratios and accelerate stabilization (Aguilar-Paredes et al., 2023).
7. ASSESSMENT OF COMPOST QUALITY AND STABILITY

7.1 Particle size
Particle-size distribution affects porosity and decomposition rate because finer fractions (<1 mm) often contain higher heavy-metal concentrations and lower organic carbon due to their greater surface reactivity, making it essential to record particle-size categories during compost evaluation (Clemente et al., 2020).
7.2 Moisture content
Moisture content governs microbial metabolism and oxygen diffusion. Moisture typically declines over time, and final moisture levels of 15–25% are widely recommended to ensure stability, suppress anaerobic reactivation and improve storage quality (Jain et al., 2019).
7.3 C:N ratio
C:N ratio below 25:1 is an indication of efficient decomposition of organic matter, although many recent reviews consider final values approaching 15-20:1 as a more conservative threshold for compost maturity depending on feedstock and intended use (Mahapatra et al., 2022).
7.4 Phytotoxicity
Phytotoxicity serves as a key indicator of compost maturity and agricultural suitability. Unstabilised composts may contain toxic substances such as heavy metals, phenolics, ammonia, ethylene, organic acids, and excess salts, all of which can inhibit seed germination and plant growth (Kong et al., 2023). Therefore, evaluating phytotoxicity through seed germination and plant-growth bioassays is essential. The Germination Index (GI) is one of the most widely used indicators of compost maturity, combining relative seed germination and root elongation in compost extracts. A GI ≥ 80% is generally interpreted as an indication of the absence of phytotoxins and compost maturity, while GI values below 60% are typically associated with immaturity or toxicity (Lončarić et al., 2024). As composting progresses, phytotoxic compounds diminish, leading to increased GI values.
7.5 Heavy metal content
Heavy metals are toxic pollutants that negatively affect soil health, microbial activity and ecosystem balance. Originating from household, municipal and industrial wastes, metals such as As, Cd, Cu, Pb, Ni, Zn and Hg can accumulate in soil and enter the food chain through plant uptake (Ramísio et al., 2023). Lead (Pb) and cadmium (Cd) are particularly concerning: Pb tends to persist in surface soils, while Cd mobility is strongly influenced by soil pH and organic matter content (Smith, 2009). Elevated heavy-metal concentrations can disrupt microbial communities and enzymatic processes. Compost can immobilize metals, often reducing the bioavailable fraction and plant uptake compared with soluble metal forms however, composting does not remove the total metal mass hence monitoring both total and bioavailable fractions is recommended (Zhang et al., 2017; Ramísio et al., 2023). The immobilization effectiveness depends on compost composition, pH, contact time and initial metal concentrations.
8.  AGRONOMIC AND ENVIRONMENTAL BENEFITS OF NUTRIENT-RICH COMPOST
Composting represents an eco-friendly and cost-effective on-farm strategy for recycling organic residues and improving soil quality. It recovers essential nutrients while enhancing soil structure and soil organic carbon pools, and nutrients in compost are released gradually, providing sustained plant nutrition and lowering nutrient leaching compared with readily soluble fertilizers (Wang et al., 2022; Shu et al., 2023). Repeated compost applications promote beneficial soil microbial communities, improve aggregate stability and water-holding capacity, and can contribute to the suppression of certain soil-borne pests, including plant-parasitic nematodes, when appropriately managed (Lucchetta et al., 2023; Rostami et al., 2023).
When combined with plant growth-promoting rhizobacteria (e.g., Azotobacter, Pseudomonas, Bacillus) and saprophytic decomposer fungi (e.g., Aspergillus awamori), compost’s agronomic benefits can be amplified (Omara et al., 2022). For AMF-mediated improvements in nutrient uptake and stress resilience, well-documented species such as Rhizophagus irregularis and Funneliformis mosseae are supported by recent controlled experiments and field trials (Deja-Sikora et al., 2023). Co-application of compost with PGPR or AMF has been shown to enhance nutrient acquisition, root development, and plant performance under both optimal and stress conditions (Omara et al., 2022; Mekkaoui et al., 2024).
Compost application substantially improves soil physical, chemical and biological properties. Meta-analyses and long-term field trials consistently report increases in soil organic carbon, microbial biomass, aggregate stability and moisture retention following compost amendment, although the magnitude of improvement varies with compost rate, soil type and duration of application (Shu et al., 2023; Wang et al., 2022). Compost also enhances cation-exchange capacity (CEC) through the accumulation of humified organic matter, leading to improved nutrient retention and reduced mineral nutrient losses (Ngwenya et al., 2024).
At the biological level, compost supplies labile carbon substrates and stimulates diverse microbial groups, including bacteria, fungi and protozoa, thereby enhancing processes such as nitrogen mineralization, phosphorus solubilisation and organic-matter turnover (Xu et al., 2023). Increased microbial functional activity and fungal hyphal networks contribute to improved soil aggregation and infiltration (Wang et al., 2022). Along with this compost can reduce the bioavailability of heavy metals through adsorption, complexation and humification processes, even though total metal concentrations do not decrease during composting; thus, both total and extractable metal fractions should be monitored in compost quality assessment (Li et al., 2021; Clemente et al., 2020; Ejileugha et al., 2024).
9. CONCLUSION
The successful bioconversion of agricultural residue by composting is mediated by the coordinated actions of a diverse group of microbial communities that are capable of changing lignocellulosic biomass. Functionally assembled microbial consortia which include cellulolytic, hemicellulolytic, ligninolytic and nutrient transforming microorganisms consistently outperform single strain inoculants. This is accomplished by delivering complementary enzyme systems that speed up the degradation of cellulose, hemicellulose and lignin. These consortia synergistically accelerate the breakdown of complex polymers such as cellulose, hemicellulose and lignin, leading to faster compost maturation and improved organic matter stabilization. Optimizing composting parameters, particularly temperature, aeration, moisture and the C:N ratio further enhances microbial activity and enzymatic efficiency. The resulting compost is nutrient-rich, structurally stable and capable of improving soil fertility, organic carbon content and nutrient cycling. Thus, microbial consortium-based composting represents a promising biotechnological strategy for transforming agricultural residues into valuable organic amendments that support sustainable soil management practices.
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