


Biochar as a Nursery Media Amendment: Advancing Quality Seedling Production in Tropical and Temperate Tree Species
 

Abstract
[bookmark: _GoBack]Biochar, a carbon-dense material produced through the thermochemical conversion of biomass in low-oxygen environments, is increasingly recognized as a durable component for nursery growing media. Traditional media, including soil, sand, compost, and farmyard manure, frequently demonstrate inadequate structural stability, diminished water retention, nutrient depletion, and reduced microbial activity, resulting in suboptimal seedling performance in forest nurseries. This systematic review consolidates published research assessing the impact of biochar incorporation in nursery growing media on the production of high-quality tree seedlings. Relevant literature from tropical and temperate regions was analyzed, emphasizing variations in biochar feedstock, pyrolysis parameters, and application rates in nursery settings. The analyzed growth and quality parameters encompassed seedling height, collar diameter, biomass accumulation, root development, survival percentage, Dickson Quality Index, and Seedling Vigour Index. In various studies, low to moderate biochar application rates (3–10% v/v) consistently improved seedling growth and quality. Tropical species like Acacia mangium, Eucalyptus grandis, Melia azedarach, and Faidherbia albida demonstrated notable advancements in biomass accumulation and root structure, whereas temperate species such as Pinus sylvestris and Quercus castaneifolia displayed improved growth and drought resilience. The application of biochar also augmented resistance to soil-borne pathogens, including Phytophthora spp., and improved physiological stability. Synergistic effects were often observed when biochar was integrated with fertilizers, organic amendments, or beneficial microorganisms, leading to enhanced nutrient availability, water retention, and microbial activity. Responses, however, differed based on feedstock type, pyrolysis temperature, and application rate. Biochar-enriched nursery media constitutes a promising approach for producing high-quality, resilient tree seedlings to enhance sustainable forestry and reforestation initiatives.
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Introduction
       			Forest ecosystems encompass 31% of the Earth's terrestrial surface and are crucial for human sustenance, climate regulation, biodiversity preservation, and ecosystem services. Forests are swiftly diminishing due to deforestation, degradation, and climate change, rendering effective reforestation imperative. High seedling mortality presents a significant obstacle in contemporary restoration initiatives, attributable to substandard conventional nursery media, underscoring the necessity for vigorous, high-quality nursery seedling production (Simiele et al., 2022). Traditional nursery growing media, including soil, sand, compost, peat, and farmyard manure (FYM), frequently exhibit deficiencies such as inadequate structural stability, diminished water retention, accelerated nutrient leaching, and variable microbial activity. These issues may lead to irregular seedling development, nutrient deficiencies, and heightened vulnerability to abiotic and biotic stresses (Landis et al., 1990). Furthermore, the continual utilization of traditional growing media can result in compaction, diminished aeration, and a deterioration in media quality over time, consequently hindering root development and overall seedling efficacy. The term ‘char’ generally refers to the residue resulting from the decomposition of organic and inorganic substances. Biochar is an eco-friendly soil amendment derived from organic matter (Hossain et al., 2020). This carbon-rich product is derived from organic biomass such as forestry waste, animal manure, and crop residues under low oxygen conditions through thermochemical processes including pyrolysis, torrefaction, gasification, and hydrothermal carbonization (Kevin et al., 2025). The 2023 global biochar market report indicated that the worldwide production of biochar reached a minimum of 352,304 metric tons in 2023. The global production value indicates rapid growth, exhibiting a compound annual growth rate (CAGR) of 91% relative to 2021 figures. The United Nations Environment Assembly (UNEP) and the International Solid Waste Association (ISWA) indicated in their collaborative report for 2024 that global production of municipal solid waste (MSW) exceeds 2 billion tonnes annually. Approximately 44% of this waste is organic, including food and green waste. Approximately 880 million to over 1 billion tons of organic waste are generated each year, with forecasts indicating an increase to 3.4-3.8 billion tons of total waste by 2050. By efficiently harnessing organic waste resources, global biochar demand can be met, facilitating effective waste management. Biomass is a broad term encompassing all organic matter originating from plants, animals, and algae. The diversity of biomass types and the variability of their quality based on composition and origin necessitate a systematic classification for effective utilization as a feedstock in thermochemical processes (Chun et al., 2021). It has been categorized into first to fourth generation based on the feedstock source utilized for production, as summarized in Table 1. Wheat straw, rice straw, husk, and bagasse are prevalent feedstocks utilized extensively due to their abundant availability and enhancement of soil conditions. Furthermore, one rationale for utilizing organic waste (poultry litter, cow dung, and pig manure) in biochar production is its potential to augment the nutrient profile of the biochar. Likewise, forest byproducts, such as sawdust and wood waste, serve as feedstock owing to their elevated carbon content and stability, enabling long-term carbon sequestration. This paper examines the role of biochar in forestry, highlighting its impact on the production of quality seedlings for ecologically and economically important tree species.
Table 1. Classification of Biochar based on Feedstock Used for Production
	Generation
	Source
	Example Feedstocks
	Key Features
	Issues

	1st Generation
	Food crops
	Maize, sugarcane, rice, wheat and corn
	Easy processing, high carbon yield
	Competes with food supply

	2nd Generation
	Non-food lignocellulosic biomass
	Crop residues (straw, husk, bagasse), wood waste and bamboo
	Sustainable, abundant and long term carbon storage
	Requires pretreatment

	3rd Generation
	Algal biomass
	Macro and micro algae (Seaweeds)
	Fast growth, nutrient-rich biochar, non-arable land use
	High moisture content, costly processing

	4th Generation




	Organic waste
	Food processing residue, paper mill residue, sewage sludge and animal residue
	Doesn’t require cultivation space and nutrient rich
	Still experimental or under research


Source: Chun et al. (2021)
Biochar as Additive to Nursery Media: Its Advantages
Biochar is garnering significant attention and is strongly endorsed as an effective amendment for nursery growing media, as it not only mitigates climate change by sequestering carbon from the atmosphere into the soil but also enhances water retention, nutrient availability, storage, and microbial activity. Biochar can affect the nutrient composition of soil by altering its physical, chemical, and biological characteristics. Biochar is physically distinguished by its black or dark brown hue, high porosity, extensive surface area, low bulk density, and variable particle size, all of which enhance soil structure, aeration, and water retention capacity. Biochar is characterized by a high carbon content, an array of mineral nutrients, and a variety of surface functional groups, which enhance nutrient retention, adsorption processes, and pH modification in soils. Biochar biologically offers a conducive environment for soil microorganisms, enhances microbial colonization, fosters symbiotic relationships with beneficial microbes, and mitigates environmental stress and predation on soil biota. Biochar enhances soil fertility and increases nutrient availability for plant growth through integrated physical, chemical, and biological mechanisms (Kevin et al., 2025). Thus, it demonstrates a synergistic effect when incorporated into traditional nursery growing media for the production of high-quality seedlings in the nursery. Its stable characteristics, affordability, and capacity to alleviate stress and toxicity contribute to the production of vigour seedlings with enhanced survival and growth post-planting (Tang et al., 2013).
SWOT Analysis of Biochar 
[image: ]A SWOT analysis of biochar in seedling production delineates its strengths, weaknesses, opportunities, and threats, emphasizing its significance in sustainable forestry practices. Integrating biochar into nursery management can enhance seedling quality, establishment rates, pest and disease resistance, and ecological sustainability in forestry practices (Tang et al., 2013).


             








Fig. 1: SWOT Analysis of Biochar for the Production of Quality Seedlings of Important    Tree Species
Role of Biochar for Production of Quality Seedlings of Important Tree Species
1. Quality Seedling Production of Tropical Tree Species 
	Tropical tree species hold significant economic value owing to their diverse contributions to timber, non-timber forest products, and agroforestry industries. Their ecological roles, such as enhancing soil fertility, sequestering carbon, and conserving biodiversity, render them essential elements of sustainable and climate-resilient forestry systems. Table 2 illustrates the impact of biochar on the production of high-quality seedlings of significant tropical tree species.
	Biochar significantly influenced the production quality seedlings of Acacia mangium as assessed by Moreno et al. (2021). The growing medium comprising 40 t ha⁻¹ of A. mangium-derived biochar in conjunction with 50% synthetic fertilizer achieved the highest DQI value (0.756), signifying optimal seedling growth and effective biomass distribution. Interestingly, Silva et al. (2017) examined the impact of sewage sludge biochar (SSB) on the growth and morphological characteristics of Eucalyptus grandis seedlings, contrasting it with uncharred sewage sludge (SS), both in the presence and absence of NPK fertilizer. Both SSB and SS, with and without NPK fertilizer, significantly enhanced plant height (19% greater than both fertilized and unfertilized controls), stem diameter, and shoot dry mass (58% above fertilized control and 500% above unfertilized control), respectively. No significant differences were observed in DQI between SS and SSB, with and without NPK fertilizer, at 60 days after transplanting (DAT). Significantly, SSB without fertilizer yielded the highest root biomass, exceeding other organic treatments by a factor of 2.3. Biochar doses enhance the growth of seedlings of E. citriodora, in which maximum seedling height (21.71 cm), shoot dry mass (0.14 g), root dry mass (0.14 g), and DQI (0.039) were observed at a biochar concentration of 7.5% in the growing medium. However, E. urophylla exhibited superior performance in the control condition relative to various concentrations of biochar. Thus, an elevation in biochar concentrations (≥15%) diminished the growth and vigour of seedlings in both eucalyptus species, according to Petter et al. (2012). In the case of Faidherbia albida, seedlings at 8 and 20 months demonstrated optimal growth and survival in a soil mixture comprising local soil and biochar derived from sawdust at 300 °C in a 3:1 ratio, followed by a mixture of local soil, compost, and biochar from coffee husk at 350 °C in a 3:1:1 ratio. Furthermore, the lowest growth and survivability performance was observed in local soil, whereas the incorporation of biochar was crucial for the survival of F. albida seedlings (Fekadu et al., 2024). Budi and Setyaningsih (2013) examined the influence of arbuscular mycorrhizal fungi and biochar on the growth of Melia azedarach seedlings. Mycorrhizal root colonization increased with biochar to 10%; however, it decreased at 15%. The amalgamation of Glomus etunicatum and 10% biochar resulted in the greatest height (26.8 cm) and diameter (4.40 mm), whereas Gigaspora margarita combined with 10% biochar yielded the highest shoot dry biomass (2.18 g) and root dry biomass (1.98 g), along with an elevated Seedling Quality Index (SQI = 0.62) in comparison to control. The growth performance of Terminalia bellerica seedlings was markedly affected by biochar-amended potting substrates. The treatment comprising soil, biochar, and FYM in a 1:1:1 ratio yielded the highest growth parameters, including collar diameter (3.41 mm), root length (132.5 cm), fresh root weight (1.31 g), dry root weight (0.52 g), dry shoot weight (1.18 g), and Seedling Quality Score (SQS = 45.02), signifying enhanced seedling vigour and quality according to Sherke et al. (2025). Jasmitha et al. (2018) examined the impact of organic and inorganic enriched biochar on the growth of Mangifera indica seedlings. The application of soil:sand:organic biochar in a 2:1:1 ratio yielded the highest seedling height (45.63 cm), stem girth (7.95 mm), leaf count (24.00), leaf area (159.51 cm²), and Seedling Vigour Index (SVI=3100) at 150 Days After Germination (DAG). Comparable outcomes were observed in Artocarpus heterophyllus and Syzygium cumini seedlings raised in same soil:sand:organic biochar medium (2:1:1). In A. heterophyllus, the maximum seedling height (64.67 cm), girth (8.07 mm), number of leaves (7.13), leaf area (123.44 cm²), root length (31.67 cm), root volume (18.30 ml), root biomass (18 g), total biomass (46.33 g), and SVI (3667) were observed in the soil:sand:organic biochar medium (2:1:1) treatment after 120 days after germination (DAG). Similarly, maximum seedling height (54.83 cm), girth (6.33 mm), number of leaves (35.89), leaf area (83.40 cm²), root length (38.67 cm), root volume (24.22 ml), root biomass (26 g), total biomass (67.67 g), and SVI (3100) were documented in soil: sand: organic biochar in a 2:1:1 ratio after 210 days after germination in S. cumini according to Jasmitha (2018). Dharmakeerthi et al. (2012) investigated the impact of rubber wood biochar (0-2% w/w), both with and without liquid fertilizers (LF: N-P-K-Mg or N-Mg), on Hevea brasiliensis seedlings. The optimal outcomes were observed in the 2% biochar combined with N-Mg treatment, yielding a maximum total shoot dry biomass of 25.8 g in rootstock seedlings, alongside total shoot dry biomass of 12.7 g and total root dry biomass of 14.2 g in scion seedlings. Furthermore, root biomass significantly increased with the application of liquid fertilizers. The root to shoot ratio was found to be highest in the 0% biochar and no LF treatment. Humnessa et al. (2023) investigated the impact of poultry manure and its biochar on the growth performance of seedlings of Albizia gummifera, Cordia africana and Milletia ferruginea. The results indicated that growing media comprising local soil combined with poultry manure, local soil with poultry manure biochar, and local soil mixed equally with poultry manure and biochar exhibited superior performance in producing quality seedlings of A. gummifera, C. africana, and M. ferruginea in nurseries. Rice husk biochar (RHBC) applied at 10,000 kg ha⁻¹ and at 100% field capacity yielded optimal growth performance in all key metrics, including maximum collar diameter (3.98 mm), leaf count (16.20), leaf area (21.38 cm²), and total dry biomass (64.93 g) of Calophyllum inophyllum seedlings, according to Jayalakshmi (2018). Chen et al. (2021) found 3% straw biochar treatment resulted in the highest seedling height (101.07 cm), collar diameter (10.12 mm), above-ground biomass (16.50 g), and underground biomass (11.07 g) of Sapium sebiferum. Furthermore, root characteristics were enhanced under the same treatment, exhibiting total root length (463.6 cm), root surface area (227.8 cm²), and primary lateral roots (5.56). Afolabi et al. (2021) determined that seedlings of Neolamarckia cadamba, irrigated thrice weekly with biochar, exhibited superior growth characteristics at 22 Weeks After Transplanting (WAT) compared to the other two watering frequencies. Seedlings irrigated three times weekly with 1 and 4 tons/ha of biochar exhibited optimal growth in N. cadamba seedlings.
	Overall, the reviewed literature indicates that biochar serves as a critical amendment in improving the quality of seedling growth across various tropical tree species. However, the optimal concentrations and combinations of biochar with other amendments are species-specific, underscoring the importance of tailoring application strategies to the requirements of individual plant species for maximum efficacy.
Table 2. Influence of Biochar in the Production of Quality Seedling of Important   Tropical Tree Species
	Sr. no
	Name of tree species
	Best treatment of Biochar
	Characters of quality seedling production
	Source

	1
	Acacia mangium
	A. mangium wood biochar (40 t ha-1) with synthetic fertilizer (50 %) dose
	Exhibited maximum seedling growth, biomass allocation and DQI
	Moreno et al. (2021)

	2
	Eucalyptus grandis
	Sewage sludge biochar
	Recorded higher plant height, stem diameter, shoot dry mass and root biomass

	Silva et al. (2017)

	 3
	Eucalyptus citriodora
	Biochar (7.5 % dose)
	Enhance growth parameters and shoot dry mass, root dry mass and DQI
	Petter et al. (2012)

	4
	Faidherbia albida
	Local soil with Biochar of sawdust 300 °C in ratios of (3:1)
	Maximum growth and survivability
	Fekadu et al. (2024)

	5
	Melia azedarach
	Biochar (10 % dose) with Gigaspora margarita and Gigaspora etunicatum  arbuscular mycorrhizal fungi
	Exhibited maximum shoot dry biomass, root dry biomass and higher SQI
	Budi and Setyaningsih (2013)

	6
	Terminalia bellerica
	Biochar with soil and FYM in ratios of (1:1:1)
	Recorded maximum growth parameters such as collar diameter, root length, fresh root weight, dry root weight, dry shoot weight and SQS
	Sherke et al. (2025)

	7
	Mangifera indica
	Soil, Sand and Organic biochar in ratios of (2:1:1)
	Maximum seedling height, stem girth, number of leaves, leaf area and SVI
	Jasmitha et al. (2018)

	8
	Artocarpus heterophyllus and Syzygium cumini
	Soil, Sand and Organic biochar in ratios of (2:1:1)
	Exhibited maximum seedling height, girth, number of leaves, leaf area, root length, root volume, root biomass, total biomass and SVI
	Jasmitha (2018)

	9
	Hevea brasiliensis
	H. brasiliensis wood biochar (2 % dose) with N-Mg fertilizer
	Enhance total shoot and root dry biomass
	Dharmakeerthi et al. (2012)

	10
	Albizia gummifera, Cordia africana and Milletia ferruginea
	local soil + poultry manure), (local soil + poultry-manure biochar) and (local soil + equal mix of poultry manure + biochar)
	Exhibited maximum growth

	Humnessa et al. (2023)

	11
	Calophyllum inophyllum
	Rice husk biochar
	Maximum growth performance across all major parameters with maximum collar diameter, number of leaves, leaf area and total dry biomass
	Jayalakshmi (2018)

	12
	Sapium sebiferum
	Straw biochar (3 % dose) 
	Enhance seedling height, collar diameter, above ground biomass, underground biomass, total root length, root surface area and primary lateral roots
	Chen et al. (2021)

	13
	Neolamarckia cadamba
	Watered thrice a week with bamboo biochar
	Enhance growth attributes
	Afolabi et al. (2021)



2. Quality Seedling Production of Temperate Tree Species
	Temperate tree species form the structural and functional backbone of boreal and temperate forest ecosystems and are widely used in afforestation, reforestation and climate-mitigation programs. The influence of biochar in the production of quality seedling of important temperate tree species is depicted in Table 3.
	Zoghi et al. (2019) studied the effect of hornbeam wood biochar on Quercus castaneifolia seedlings under three water regimes (100 %, 70 %, 40 % field capacity) and with different biochar doses. They found with increasing biochar dose, seedlings under water deficit stress generally showed better growth compared to stressed plants without biochar. The highest biochar rate 30 g kg-1 in soil produced better seedlings growth under drought stress (at 70 % and 40 % field capacity), resulting in the maximum seedling height, diameter, leaf area and biomass among stressed treatments. Similarly, the interaction effect of biochar (0-20 %) and fertilizer levels (0 %, 50 %, 100 %) on seedlings growth of Scots pine (Pinus sylvestris) and silver birch (Betula pendula) seedlings over 6 months were examined by Koster et al. (2021). For Scots pine, the best growth occurred in treatment Biochar (10 % dose) with synthetic fertilizer (100 % dose) (F100%B10 %), with maximum shoot dry weight (0.43 g), root dry weight (0.20 g), root length (25.35 cm), bud number (6.83) and maximum DQI. Similarly for silver birch, treatment F100%B10 % again performed best, giving the maximum collar diameter (5.57 mm), shoot dry weight (1.86 g), root dry weight (0.70 g), bud number (19.33) with the maximum DQI. 



Table 3. Influence of Biochar in the Production of Quality Seedling of Important 	Temperate Tree Species
	Sr. no
	Name of tree species  
	Best Biochar treatment
	Characters of quality seedling production
	Source

	1
	Quercus castaneifolia
	Hornbeam wood biochar
	Enhance growth under drought stress
	Zoghi et al. (2019)

	2
	Pinus sylvestris 
	Biochar (10 % dose) with synthetic fertilizer (100 % dose)
	Exhibited maximum shoot dry weight, root dry weight, root length, bud number and DQI
	Koster et al. (2021)

	3
	Betula pendula
	Biochar (10 % dose) with synthetic fertilizer (100 % dose)
	Enhance growth of collar diameter, shoot dry weight, root dry weight, bud number and DQI
	Koster et al. (2021)



3. Induction of Resistance Against Pest 
       		Nursery-raised tree seedlings are highly vulnerable to insect pests, which can affect growth, reduce seedling quality and increase mortality. The influence of biochar in the induction of resistance and quality seedling production of important tree species is depicted in Table 4. 
Zwart and Kim (2012) evaluated the biochar amendment on induce pest resistance against Phytophthora stem canker in tree seedlings of red maple (Acer rubrum) and red oak (Quercus rubra). Seedlings were grown in peat based potting media amended with different dose biochar (v/v) and artificially inoculated with Phytophthora cactorum (in red maple) and P. cinnamomi (in red oak). Results confirmed, 5 % biochar was the most effective rate, which significantly reducing horizontal as well as vertical lesion expansion in both the tree species. Moreover, in maple, 5 % biochar treatment, increased the stem biomass, whereas higher rates (10-20 %) of biochar was less effective. Simultaneously in red oak, 5 % biochar treatment resulted in the maximum (least negative) stem water potential, indicating reduced physiological stress. Overall, the study recommends, low dose biochar (5 %) can induce systemic resistance and alleviate disease progression of seedlings of red maple and red oak. 

     Table 4. Influence of Biochar in the Induction of Resistance and Quality Seedling 	Production of Important Tree Species
	Sr. no
	Name of species  
	Inoculation
	Biochar treatment
	Characters of quality seedling production
	Source

	1
	Acer rubrum  
	Phytophthora cactorum
	Biochar amendment (5 % dose)
	Reducing horizontal as well as vertical lesion expansion increase stem biomass
	Zwart and Kim (2012)

	2
	Quercus rubra
	 Phytophthora cinnamomi
	Biochar amendment (5 % dose)
	Reducing horizontal as well as vertical lesion expansion and maximum (least negative) stem water potential
	Zwart and Kim (2012)


Conclusion
	Biochar is an efficient and sustainable additive for nursery growing media in forestry. Biochar consistently enhanced seedling growth, biomass distribution, root development, and quality metrics across various tropical and temperate species, including Acacia mangium, Eucalyptus grandis, Pinus sylvestris, and Quercus castaneifolia. Additionally, biochar promotes resilience against drought and diminishes Phytophthora infection. The advantages are primarily ascribed to improve water retention, nutrient accessibility, microbial activity and stress resilience. Nonetheless, the application of low to moderate biochar rates (3-10 %) and the selection of appropriate feedstock are essential for optimizing performance. Furthermore, biochar exhibits enhanced efficacy when utilized alongside chemical fertilizers, organic manures (such as poultry manure, farmyard manure, cow dung slurry and cow urine) and beneficial microorganisms (including arbuscular mycorrhizal fungi). Incorporating biochar into nursery practices presents a pragmatic, climate-resilient approach for cultivating superior seedlings, enhancing post-planting survival and promoting sustainable forestry methods.
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