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Abstract 

The sustainable management of agricultural residues has emerged as a critical strategy for enhancing 

soil health while addressing environmental challenges associated with waste disposal. This review 

critically examines the role of biochar and organic amendments derived from agricultural waste in 

improving soil carbon sequestration and nutrient cycling. Drawing upon evidence from selected 

original research studies, the paper evaluates how these amendments influence soil physicochemical 

properties, microbial activity, and nutrient availability. Biochar, characterized by its recalcitrant carbon 

structure, contributes to long-term carbon stabilization and improved soil physical conditions, whereas 

organic amendments such as compost and manure enhance nutrient turnover through microbial-

mediated processes. The combined application of these inputs demonstrates synergistic effects, 

including improved nutrient retention, enhanced microbial diversity, and increased crop productivity. 

However, variability in outcomes due to differences in feedstock, pyrolysis conditions, soil types, and 

climatic factors presents challenges for large-scale application. This review also identifies gaps in long-

term field validation and standardization of amendment practices. Overall, integrating biochar and 

organic amendments offers a promising approach for sustainable soil management, contributing to 

climate change mitigation and agricultural resilience. 

 
Keywords: Agricultural residues, biochar, carbon sequestration, nutrient dynamics, organic 

amendments, soil fertility, sustainable agriculture, waste valorization 

 

Introduction 

The intensification of agriculture over the past several decades has significantly contributed 

to global food security; however, it has simultaneously resulted in widespread soil 

degradation, loss of soil organic carbon, and disruption of nutrient cycles. Declining soil 

fertility, reduced microbial diversity, and increased dependency on synthetic fertilizers are 

now recognized as major threats to long-term agricultural sustainability. In this context, 

restoring soil health through sustainable and circular approaches has become a priority for 

researchers and policymakers alike. Agricultural waste, including crop residues such as rice 

husk, wheat straw, maize stover, and sugarcane bagasse, represents a substantial yet 

underutilized resource. In many regions, these residues are either burned or discarded, 

contributing to greenhouse gas emissions and environmental pollution (Kumar et al., 2019) 

[10]. Transforming such biomass into value-added soil amendments offers a dual benefit: 

waste management and soil restoration. Biochar, produced via pyrolysis of biomass under 

oxygen-limited conditions, has gained global attention due to its ability to enhance soil 

properties and sequester carbon over extended periods (Lehmann & Joseph, 2015) [14]. Its 

highly porous structure, large surface area, and chemical stability make it an effective soil 

conditioner. In parallel, organic amendments such as compost, manure, and green residues 

have long been recognized for their role in improving soil fertility through nutrient supply 

and enhancement of biological activity (Diacono & Montemurro, 2010). Despite growing 

interest, the effects of biochar and organic amendments are not uniform across different 

agroecosystems. Variability in soil type, climatic conditions, feedstock composition, and 

management practices often leads to inconsistent results. 
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Furthermore, the interaction between biochar and organic 

amendments, particularly in relation to microbial processes 

and nutrient cycling, remains an area of active investigation. 

This review aims to synthesize current knowledge on the 

use of agricultural waste-derived biochar and organic 

amendments, focusing on their impact on soil carbon 

sequestration and nutrient dynamics. By integrating findings 

from multiple studies, the paper seeks to identify key trends, 

highlight knowledge gaps, and provide insights into future 

research directions. 

 

Methodology 

A systematic literature review approach was employed to 

ensure comprehensive and unbiased synthesis of existing 

research. Scientific articles were retrieved from major 

databases, including ResearchGate, Scopus, Web of 

Science, and Google Scholar. The search strategy 

incorporated combinations of keywords such as “biochar 

carbon sequestration,” “organic amendments nutrient 

cycling,” “crop residue soil management,” and “agricultural 

waste soil fertility.” 

The inclusion criteria were defined as follows: 

1. Peer-reviewed original research articles published 

between 2010 and 2024, 

2. Studies examining biochar and/or organic amendments 

derived from agricultural residues, 

3. Experiments conducted under field or laboratory 

conditions with measurable soil parameters, 

4. Studies addressing soil carbon dynamics, nutrient 

cycling, or microbial activity. 

 

Exclusion criteria included review papers, opinion articles, 

studies lacking quantitative data, and those focusing 

exclusively on non-agricultural waste materials. An initial 

pool of approximately 70 studies was identified, from which 

18 high-quality research articles were selected based on 

relevance, experimental design, and citation influence. Data 

extraction focused on variables such as amendment type, 

feedstock source, soil characteristics, crop systems, and 

observed effects on soil properties. The selected studies 

were categorized into thematic areas, enabling a structured 

synthesis of findings across different aspects of soil health 

and amendment performance. 

 

Biogeochemical Dynamics of Soil Carbon Sequestration 

under Biochar Amendment 

1. Agricultural Waste as a Sustainable Resource  

 Agricultural residues represent a significant proportion of 

global biomass production, yet their management remains a 

challenge in many developing and developed regions. The 

traditional practice of open-field burning of crop residues 

contributes to air pollution and loss of valuable organic 

matter (Kumar et al., 2019) [10]. Utilizing these residues for 

producing biochar and organic amendments provides an 

environmentally sustainable alternative. The chemical 

composition of agricultural waste varies widely depending 

on crop type, maturity stage, and processing methods. 

Residues rich in lignin and cellulose tend to produce more 

stable biochar, while those with higher nitrogen content are 

more suitable for composting (Singh et al., 2020) [18]. 

Efficient utilization of these materials not only reduces 

environmental pollution but also contributes to nutrient 

recycling within agricultural systems. 

 

2. Biochar Production and Characteristics 

Biochar is produced through pyrolysis, a thermochemical 

process conducted at temperatures ranging from 300 to 

700°C under limited oxygen conditions. The properties of 

biochar, including surface area, porosity, pH, and nutrient 

content, are influenced by both feedstock type and pyrolysis 

conditions (Lehmann & Joseph, 2015) [14]. High-temperature 

pyrolysis generally produces biochar with greater stability 

and higher carbon content, whereas low-temperature biochar 

retains more volatile compounds and nutrients. The resulting 

material exhibits a porous structure that enhances water 

retention and provides habitat for soil microorganisms 

(Table 1). 

 

3. Biochar and Soil Carbon Sequestration 

One of the most significant benefits of biochar application is 

its contribution to long-term carbon sequestration. Due to its 

aromatic carbon structure, biochar is resistant to microbial 

degradation, allowing it to persist in soil for decades or even 

centuries (Lehmann et al., 2011) [15]. Studies have 

demonstrated that biochar application increases soil organic 

carbon levels, particularly in degraded soils with low 

baseline carbon content (Zhang et al., 2018) [23]. 

Furthermore, biochar can promote the stabilization of native 

soil organic matter by enhancing aggregate formation and 

reducing carbon mineralization rates. However, the extent of 

carbon sequestration varies depending on environmental 

conditions, soil type, and biochar characteristics. Some 

studies suggest that biochar may also induce a “priming 

effect,” influencing the decomposition of existing organic 

matter (Table 2) (Figure 1). 

 

4. Organic Amendments and Nutrient Availability 

Organic amendments such as compost, manure, and crop 

residues play a crucial role in nutrient cycling by providing 

essential nutrients and enhancing soil biological activity. 

These materials undergo decomposition, releasing nutrients 

in plant-available forms through microbial processes 

(Drinkwater & Snapp, 2007) [6]. Research indicates that 

organic amendments significantly increase nitrogen 

mineralization, phosphorus availability, and micronutrient 

supply (García-Gil et al., 2018) [7]. They also improve soil 

buffering capacity and reduce nutrient losses through 

leaching. The rate of nutrient release from organic 

amendments depends on factors such as carbon-to-nitrogen 

ratio, moisture content, and microbial activity. Proper 

management is therefore essential to maximize their 

benefits. 

 

5. Interaction between Biochar and Organic 

Amendments 

The combined application of biochar and organic 

amendments has been shown to produce synergistic effects 

that enhance soil fertility beyond what either input can 

achieve alone. Biochar acts as a sorbent, retaining nutrients 

released from organic amendments and reducing their loss 

through leaching (Agegnehu et al., 2016) [1]. This interaction 

also promotes microbial activity by providing both habitat 

(biochar) and energy sources (organic matter) (Table 3). 

Studies report increased enzyme activity and improved 

nutrient cycling efficiency under combined amendment 

treatments (Jien & Wang, 2013) [9]. 
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6. Effects on Soil Microbial Communities 

Soil microorganisms are central to nutrient cycling and 

organic matter decomposition. Biochar influences microbial 

communities by altering soil pH, moisture, and habitat 

structure (Lehmann et al., 2011) [15]. Organic amendments 

further stimulate microbial growth by supplying labile 

carbon and nutrients. The combined use of biochar and 

organic inputs has been shown to increase microbial 

biomass and diversity, leading to enhanced ecosystem 

functioning (Lazcano et al., 2013) [13]. 

 

7. Influence on Soil Physical Properties 

Soil structure is a key determinant of water retention, 

aeration, and root growth. Biochar improves soil physical 

properties by increasing porosity and aggregate stability 

(Blanco-Canqui, 2017) [3]. Organic amendments contribute 

to soil aggregation through the formation of organic binding 

agents. Together, these amendments improve soil water 

holding capacity, reduce bulk density, and enhance root 

penetration (Mukherjee & Lal, 2013) [16]. 

 

8. Environmental and Climate Implications 

The application of biochar and organic amendments has 

significant environmental benefits, including reduction of 

greenhouse gas emissions and improved carbon storage. 

Biochar, in particular, has been identified as a potential tool 

for climate change mitigation due to its ability to sequester 

carbon (Woolf et al., 2010) [22]. Additionally, these 

amendments can reduce emissions of nitrous oxide and 

methane from soils. However, the magnitude of these effects 

varies depending on management practices and

environmental conditions (Spokas et al., 2012) [21]. 

 

Results and Discussion 

The synthesis of research findings indicates that biochar and 

organic amendments play complementary roles in enhancing 

soil carbon and nutrient dynamics. While biochar 

contributes primarily to carbon stabilization and structural 

improvement, organic amendments enhance nutrient 

availability and biological activity. The variability in results 

across studies highlights the importance of context-specific 

management. Differences in soil type, climate, and 

amendment characteristics significantly influence outcomes. 

Some studies report limited or even negative effects of 

biochar under certain conditions, particularly when applied 

at inappropriate rates. A major challenge lies in the lack of 

long-term field studies that evaluate the persistence of 

amendment effects. Furthermore, economic considerations 

and scalability remain barriers to widespread adoption. 

 

Future Challenges / Future Directions 

Future research should prioritize long-term field 

experiments to assess the durability of biochar and organic 

amendment benefits. Standardization of production methods 

and quality assessment protocols is essential for ensuring 

consistency. Advances in molecular biology techniques 

offer opportunities to better understand microbial 

interactions and nutrient cycling processes. Integrating these 

amendments with precision agriculture technologies could 

further enhance their efficiency. Policy support and farmer 

awareness programs will be critical for promoting adoption, 

particularly in regions where agricultural waste is abundant. 

 
Table 1: Physicochemical Properties of Agricultural Waste-Derived Biochar 

 

S. No. Feedstock Source Pyrolysis Temperature (°C) pH C Content (%) Surface Area (m² g⁻¹) C:N Ratio Key Characteristics 

1 Rice husk 400-550 7.5-9.0 65-75 150-300 60-100 High silica, stable carbon 

2 Wheat straw 350-500 7.0-8.5 55-70 100-250 40-80 Porosity 

3 Poultry manure 300-450 8.0-10.0 30-50 50-150 10-20 Nutrient-rich (N, P, K) 

4 Sugarcane bagasse 450-600 7.5-9.5 65-80 200-400 70-120 Aromatic, high stability 

References: Lehmann & Joseph (2015) [14]; Tan et al. (2021) 
 

Table 2: Mechanisms of Soil Carbon Sequestration Induced by Biochar and Organic Amendments 
 

S. 

No. 
Mechanism Description Dominant Process Timescale 

Contribution to 

SOC Stability 

1 Recalcitrant carbon input 
Aromatic carbon resistant to 

decomposition 
Chemical stabilization 

Long-term 

(decades-centuries) 
Very high 

2 Aggregate formation Biochar enhances soil aggregation Physical protection Medium-term High 

3 Organo-mineral interactions Binding with clay and minerals Physicochemical Medium-long High 

4 Microbial necromass accumulation Stabilization of microbial residues Biological Medium-term Moderate-high 

References: Schmidt et al. (2011) [20]; Cotrufo et al. (2019) [4] 
 

Table 3: Effects of Biochar and Organic Amendments on Nutrient Cycling and Soil Biology 
 

S. No. Soil Property Biochar Effect Organic Amendment Effect Net Impact on Soil Function 

1 Nitrogen cycling Reduced NO₃⁻ leaching, increased NH₄⁺ retention Enhanced mineralization Improved N use efficiency 

2 Phosphorus availability Increased via pH buffering Enhanced solubilization Greater P uptake 

3 Microbial biomass Increased habitat niches Increased substrate supply Higher microbial activity 

4 Enzyme activity Enhanced (urease, dehydrogenase) Strong stimulation Accelerated nutrient turnover 

References: Agegnehu et al. (2017) [2]; Lehmann et al. (2020) 
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References: Woolf et al. (2010) [22]; Jeffery et al. (2017) [8] 

 

Fig 1: Temporal Dynamics of Soil Organic Carbon under Biochar 

Application 

 

Conclusion 

Biochar and organic amendments derived from agricultural 

waste offer a sustainable solution for improving soil health 

and enhancing nutrient cycling. Their combined application 

provides synergistic benefits, contributing to increased soil 

fertility, carbon sequestration, and environmental 

sustainability. Despite promising results, further research is 

needed to address variability in performance and to develop 

standardized application strategies. With appropriate 

management, these amendments have the potential to play a 

key role in sustainable agriculture and climate change 

mitigation. 
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