


Biochar in Mulberry Cultivation: Boosting Soil Health, Leaf Yield, and Silkworm Performance

Abstract
Biochar — a stable, carbon-rich product from pyrolysis of biomass — is increasingly proposed as a soil amendment to improve soil fertility, water retention, and crop productivity while sequestering carbon. Mulberry (Morus spp.) is the sole food source of the mulberry silkworm (Bombyx mori) and a key crop in sericulture; small changes in leaf yield or quality strongly affect cocoon production and farm incomes. This review synthesizes current knowledge about effect of biochar from mulberry- and other feedstocks, on mulberry growth, soil physico-chemical and biological properties in mulberry gardens, impacts on silkworm performance reported from field and pot experiments, practical application rates, methods tested, and mechanisms of action.
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1. Introduction 
	Mulberry is a vital commercial crop, widely cultivated as the primary food source for silkworms. Being a perennial plant with high biomass production, it holds great economic value. The nutritional quality of mulberry leaves plays a decisive role in ensuring healthy silkworm growth and directly affects key traits such as larval development, cocoon formation, and grainage performance (Krishnaswami et al., 1971). However, after leaf harvesting, the leftover mulberry shoots often remain unutilized and decompose slowly in the soil. Considering this, these shoots can serve as a sustainable feedstock for biochar production.
	Biochar is a carbon-dense material generated through pyrolysis, a process that thermally decomposes organic matter at temperatures below 700°C under limited oxygen conditions. It generally contains over 60% carbon along with essential plant nutrients. When applied back to the soil, biochar enhances carbon sequestration, improves soil fertility, and contributes to higher crop productivity (Ranjitha et al., 2024).
	Beyond soil enrichment, biochar has also been investigated for environmental rehabilitation, reducing the mobility of pollutants in contaminated soils, and minimizing the transfer of toxic elements to crops (Jalal et al., 2020). Commonly derived from agricultural residues, animal manures, and forestry by-products, biochar production effectively converts waste into a resource of agricultural and environmental value (Brewer et al., 2014). Its influence on soil health and crop growth depends largely on production techniques, soil type and condition, and the crop species cultivated (Awad et al., 2018; Arif et al., 2020). Given its significance, numerous studies have explored the potential of biochar to enhance soil quality, crop yield, and environmental sustainability. This review specifically emphasizes its relevance in improving mulberry growth, productivity, and the subsequent impact on silkworm rearing.
2. Why biochar for mulberry?
	In many sericulture regions, mulberry is often cultivated on marginal soils characterized by erosion, low organic matter, or acidity. Even slight improvements in leaf production, nutritional quality, or drought tolerance can significantly boost cocoon yield. On-farm production of biochar from pruning residues such as stalks, shoots, and leaves offer a sustainable circular strategy—transforming sericulture waste into a soil amendment that replenishes nutrients while contributing stable carbon back to the orchard. Several field studies involving mulberry-based biochar or other biochars applied to mulberry plantations have shown enhanced soil fertility, improved water-holding capacity, higher leaf yield, and better cocoon productivity, particularly when combined with organic manures or recommended fertilizer inputs (Ranjitha et al., 2024).
3. Impact of biochar
	Biochar application is recognized as a sustainable strategy for enhancing soil physical and chemical properties, improving crop quality, and increasing yield (Medynska-Juraszek et al., 2021). In addition to its role in agriculture, biochar has demonstrated effectiveness in various fields, particularly as a soil amendment to boost crop productivity and as an agent for remediating contaminated soils and water (Kamali et al., 2022). The following section discusses the influence of biochar on soil health, including its impact on physical and chemical characteristics, nutrient dynamics, rhizosphere biological activity, and overall crop growth and productivity.
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Figure 1. Shows impact of biochar application
4. Impact on Soil properties
4.1.  Physical properties
	Lamani et al. (2024) reported that soils amended with biochar exhibited higher water-holding capacity than unamended soils, which was attributed to the porous and spongy structure of biochar. This property allows greater water retention, while simultaneously reducing bulk density and enhancing soil aggregation and organic matter content. The improvement in soil water-holding capacity following biochar addition is largely linked to its ability to increase the soil’s specific surface area, pore network, and overall porosity, including both macro- and micropores. Similar observations were made by Sun et al. (2013) and Rohitha et al. (2021), who associated these benefits with changes in soil structure, porosity, and capillary action.
	In another study, Ranjitha et al. (2023) demonstrated that the combined application of biochar and farmyard manure (FYM) reduced soil bulk density while improving total porosity, available water, and water-holding capacity in sandy and loamy soils. This effect was explained by enhanced aggregate formation, where FYM and mulberry shoot biochar acted as binding agents in stabilizing soil aggregates. The structural characteristics of biochar, particularly its high porosity, play a vital role in regulating soil bulk density, porosity, adsorption properties, and water retention. Furthermore, biochar particles—due to their spherical morphology and deformability—offer increased pore spaces that favor water storage (Atkinson et al., 2010; Downie et al., 2009).
4.2. Chemical properties
4.2.1. Soil pH: An increase in the rate of biochar application has been found to elevate soil pH. This is because biochar typically improves the pH of acidic and nutrient-deficient soils. The rise in soil pH following biochar incorporation is mainly associated with its inherent alkalinity, the release of basic compounds, and the oxidation of organic matter stimulated by microbial activity, which together contribute to soil neutralization (Lamani et al., 2024).
4.2.2. Soil alkalinity: The alkalinity of biochar is considered more influential than its pH in raising the pH of acidic soils (Dai et al., 2017). During pyrolysis, the decline of acidic functional groups (Xiang et al., 2021) alongside the formation of functional groups such as –COO⁻ and –O⁻ enhances the overall alkalinity of biochar (Dai et al., 2017; Wei et al., 2020). As soil pH increases, acidic groups within the soil—such as phenolic and hydroxyl groups—undergo deprotonation, which results in soil particles acquiring a stronger negative charge (He et al., 2019).
4.3.  Concentration of soil nutrient
4.3.1. Nitrogen: Soil nitrogen availability was enhanced with increasing application levels of mulberry shoot biochar, farmyard manure (FYM), and NPK fertilizer in combination, compared to the package of practices and control plots. This improvement can be attributed to the contribution of available nitrogen through the mineralization of FYM and biochar. The rate and extent of nitrogen mineralization from biochar indicate its potential role as a slow-release nitrogen source (Chan & Xu, 2009; Steiner et al., 2008). Additionally, biochar has been shown to minimize nutrient leaching, thereby improving fertilizer use efficiency (Lehmann et al., 2009; Novak et al., 2009; Arunkumar et al., 2020). Enhanced nitrogen retention following biochar application has also been documented in earlier studies (Novak et al., 2009).
4.3.2. Phosphorus: Phosphorus availability in soil was found to increase with higher application levels of mulberry shoot biochar at the time of leaf harvest. This improvement is likely due to the relatively high concentration of available phosphorus present in biochar. Similar findings were reported by Zwieten et al. (2010), Chan et al. (2008), and Arunkumar et al. (2020), who observed greater soil P levels following biochar incorporation. The enhanced P₂O₅ availability can be explained by several mechanisms: the presence of soluble and exchangeable phosphate in biochar, its ability to modify soil pH, reduction of P-fixing metals such as Al³⁺ and Fe³⁺, promotion of microbial activity, and acceleration of phosphorus mineralization. Parvage et al. (2013) and Hass et al. (2012) also documented increases in available soil P₂O₅ after biochar addition. Moreover, the rise in soil pH associated with biochar may further reduce Al and Fe activity, thereby enhancing phosphorus availability.
4.3.3. Potassium: Application of mulberry shoot biochar led to an increase in soil potassium levels after mulberry leaf harvest, primarily due to the high K concentration present in the biochar (Chan et al., 2007). Biochar is typically rich in ash and contains greater amounts of potassium compared to other macronutrients, and thus, the incorporation of ash-rich biochar significantly enhances soil K content. Similar observations were reported by Major et al. (2010), who attributed the rise in potassium availability to the substantial amounts of K supplied with biochar, which can be readily leached into the soil.
5. Effect on mulberry plant
5.1. Effect on mulberry plant growth and yield
	Annual leaf yield per hectare increased by 142.1% with the application of 1 ton of mineral-enriched biochar and by 115.9% with 1 ton of rice husk biochar, when combined with the BSRTI-recommended basal dose of NPK, compared to the control. However, specific studies on the combined use of biochar and inorganic fertilizers in mulberry cultivation are lacking. Research on other crops has shown positive interactions between biochar and chemical fertilizers. For instance, Igarashi (2002) reported that rice husk biochar enhanced yields of maize, soybean, and peanut in Indonesia. Similarly, Lehmann et al. (2006) observed that high biochar application rates in tropical soils improved plant uptake of nutrients such as P, K, Ca, Zn, and Cu. These findings suggest that integrating biochar with inorganic fertilizers may enhance nutrient availability and uptake, thereby supporting mulberry growth and yield.
5.2. Reduces diseases in mulberry plant
	Application of biochar to soil has been shown to reduce the prevalence of common mulberry diseases. In our study, the use of mineral-enriched biochar lowered disease incidence by nearly 50%. This effect may be attributed to the balanced supply of essential macro- and micronutrients in biochar, which support plant growth, enhance microbial activity, and contribute to disease suppression. Similar arguments were presented by Huber and Graham (1999), who emphasized the critical role of nutrients in plant development, soil microbial processes, and disease regulation.
	Although limited research has examined the role of biochar in plant disease resistance, evidence from other crops suggests promising outcomes. Elad et al. (2010) reported significant reductions in disease severity caused by necrotrophic (Botrytis cinerea) and biotrophic (Oidiopsis sicula, teleomorph: Leveillula taurica) foliar pathogens in pepper and tomato under biochar-amended conditions. Furthermore, chemical residues in biochar tars incorporated into the soil may exert direct toxic effects on pathogens, as suggested by Graber et al. (2010). Biochar also improves plant nutrition and supports microbial communities, including those capable of degrading toxic organic pollutants, which often show increased resistance to harmful compounds. Notably, antibiotic- and volatile organic compound–producing microbes are commonly more resilient to multiple antibiotics (Nodwell, 2007; Laskaris et al., 2010), and biochar-amended soils have been found to harbor antibiotic-producing strains such as Pseudomonas mendocina and P. aeruginosa (Graber et al., 2010).
6. Indirect effects on silkworm
The combined application of mulberry shoot biochar with farmyard manure (FYM) and the recommended dose of fertilizers (RDF) improved rearing, cocoon, and reeling parameters by supplying essential nutrients for mulberry growth, compared to the package of practices and control treatments. This integrated approach not only enhanced leaf quality but also supported superior silkworm performance and cocoon traits. Moreover, the utilization of sericulture residues from mulberry cultivation and silkworm rearing for biochar production provides opportunities for additional income generation, entrepreneurship development, and value addition, thereby promoting sustainability in sericulture (Ranjitha et al., 2024).
7. [bookmark: _Hlk204003461]Conclusion and future scope
The use of biochar in mulberry (Morus spp.) cultivation improves soil fertility, enhances nutrient availability, and increases leaf yield, thereby promoting better silkworm growth and cocoon productivity. When integrated with organic manures and chemical fertilizers, it not only sustains mulberry farming but also supports waste reutilization, income generation, and environmental sustainability, making it a promising strategy for advancing sericulture. However, research gaps persist regarding its long-term impacts on soil systems, nutrient cycling, and leaf quality under varied agro-climatic conditions. Most existing studies are short-term and site-specific, with limited understanding of optimal application rates, biochar types, and their interactions with other inputs. Future research should therefore emphasize multi-season field trials, standardized biochar production from mulberry residues, and assessments of its role in silkworm health, cocoon quality, and carbon sequestration to firmly establish biochar as a sustainable input in sericulture.
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