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Abstract 

Tea (Camellia sinensis) cultivation, central to global agriculture and livelihoods, is increasingly challenged by soil deg-
radation, heavy metal contamination, and climate stressors largely driven by intensive practices. Because tea agroeco-
systems typically occupy acidic, nutrient-poor soils, sustainable management is essential. Biochar, a carbon (C)-rich 
product of biomass pyrolysis, has emerged as a promising amendment to restore soil health, mitigate contaminants, 
and strengthen crop resilience. This review synthesizes recent advances on the biochar–soil–tea nexus across five 
dimensions: (i) soil physicochemical and structural properties, (ii) microbial diversity and functions, (iii) nutrient 
mobilization and efficiency, (iv) tea productivity and quality, and (v) heavy-metal detoxification. Evidence from field 
and controlled studies shows that biochar can buffer soil acidity, enhance nutrient retention, restructure microbial 
communities, reduce pollutant bioavailability, and improve tea growth and quality. In addition, it offers a practice 
guide for tailoring biochar application based on feedstock and pyrolysis conditions to achieve specific soil and plant 
health goals. Furthermore, biochar contributes to C sequestration and greenhouse gas mitigation, situating its use 
within the broader framework of climate-smart agriculture. Despite these benefits, outcomes are highly context-
dependent, shaped by feedstock type, pyrolysis conditions, soil characteristics, and application rate. Critical research 
gaps remain, including scarce tropical field studies, limited long-term field evaluations, inconsistent biochar character-
ization, and insufficient understanding of cultivar-specific and microbial interactions. By mapping these uncertainties 
and outlining research priorities, this review provides a foundation for optimizing biochar use in tea systems and guid-
ing region-specific strategies for sustainable cultivation in a changing climate.

Highlights 

•	 Biochar restores soil health, boosts tea yield and quality, and enhances resilience in sustainable farming.
•	 Biochar captures carbon, reduces greenhouse gases, and advances climate-smart, eco-friendly tea cultivation.
•	 Biochar lowers toxic metals in tea, while practical guidance supports safe use and future research needs.
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Graphical Abstract

1  Introduction
Tea (Camellia sinensis) is one of the most economi-
cally significant non-alcoholic beverages worldwide, 
underpinning the livelihoods of millions across Asia, 
Africa, and Latin America. Beyond its role as a critical 
cash crop, it remains a cultural staple in regions such 
as China, India, Sri Lanka, Kenya, and Japan. However, 
rising global demand has intensified cultivation prac-
tices, which often depend on synthetic fertilizers and 
long-term monocropping, particularly on acidic, nutri-
ent-poor soils (Ghorbani et  al. 2024; Liu et  al. 2023a, 
2023b; Rebello et al. 2022; Yi et al. 2022). Such intensive 
management has accelerated soil acidification, nutri-
ent imbalance, heavy metal accumulation, and microbial 
community disruption (Han et al. 2023a, b; Li et al. 2018; 
Wang et al. 2018a, b). Soil acidification in tea plantations 
is primarily driven by the long-term use of ammonium 
(NH₄⁺)-based fertilizers, which release protons during 

nitrification; leaching of base cations such as calcium 
(Ca2+), magnesium (Mg2+), and potassium (K+); accumu-
lation of exchangeable aluminum (Al3+) and manganese 
(Mn2+); and the buildup of organic acids from root exu-
dates and litter decomposition, all of which contribute to 
nutrient imbalance, metal mobilization, and shifts in soil 
microbial communities (Li et  al. 2018; Liu et  al. 2023b; 
Rebello et al. 2022; Wang et al. 2018a). When combined 
with climate-induced stresses, these challenges threaten 
both the productivity and sustainability of tea cultiva-
tion. For instance, soil acidification enhances the mobility 
of toxic metals such as arsenic (As), cadmium (Cd), and 
lead (Pb), thereby reducing plant vigor and raising con-
cerns about food safety (Borgohain et al. 2022; Chen et al. 
2022b; Liu et  al. 2023b; Luo et  al. 2025; Yi et  al. 2022). 
However, when strongly alkaline amendments such as 
biochar are applied to correct acidity, transient mobiliza-
tion of exchangeable Al3+ may occur due to changes in 
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complexation equilibria and hydroxide formation. Nev-
ertheless, biochar’s high surface area and abundance 
of oxygen-containing functional groups facilitate Al3+ 
adsorption and precipitation as Al-hydroxides, effec-
tively lowering soluble Al fractions and alleviating tox-
icity to tea roots (Ji et  al. 2020b; Li et  al. 2024b; Wang 
et al. 2018b; Yan et al. 2021). This buffering action stabi-
lizes both pH and metal speciation, thereby minimizing 
potential risks while restoring soil health. Consequently, 
there is an urgent need for sustainable soil management 
strategies that can restore ecological balance without 
compromising yield.

Biochar, a stable carbon (C)-rich material produced 
through biomass pyrolysis under limited oxygen condi-
tions, has gained increasing attention as a potential solu-
tion. Its high surface area, porosity, aromaticity, and CEC 
enable improvements in soil properties while serving as 
a long-term C sink (Min et  al. 2022; Zhang et  al. 2023, 
2024). Various agricultural residues including tea prun-
ing litter, tea waste, rice husk, corn stover, and bamboo 
have been effectively converted into biochar, underscor-
ing its adaptability to local contexts (Guo et  al. 2020; 
Islam et al. 2023; Li et al. 2021b). Beyond its C stability, 
biochar can immobilize heavy metals, buffer soil acid-
ity, influence microbial activity, and improve nutrient 
cycling, making it a promising amendment for degraded 
soils. Numerous field and laboratory studies have dem-
onstrated its efficacy in enhancing soil fertility in acidic 
and contaminated environments, with reported increases 
in soil pH, organic matter content, nutrient retention, 
and microbial diversity (Ji et al. 2020b; Wang et al. 2023b; 
Zhang et  al. 2024). In tea plantations, biochar applica-
tion has also been shown to reduce nitrous oxide (N₂O) 
and nitric oxide (NO) emissions, lower heavy metal bio-
availability, and stimulate beneficial microbial functions 
such as denitrification and C cycling (Han et al. 2023a; Ji 
et al. 2020a; Zhao et al. 2022). Collectively, these findings 
highlight biochar’s potential as a cornerstone of climate-
smart tea agriculture.

Despite its promise, the specific interactions between 
biochar and tea agroecosystems remain underexplored. 
This review therefore focuses on the biochar–soil–
tea nexus, aiming to elucidate the multifaceted roles 
of biochar in soil health restoration, plant productiv-
ity, microbial dynamics, and environmental resilience 
within Camellia sinensis cultivation. By integrating evi-
dence across disciplines, it seeks to bridge knowledge 
gaps and synthesize biochar’s performance under both 
field and controlled conditions. Nonetheless, challenges 
persist, including limited data on long-term field-scale 
impacts, variability in performance due to feedstock 
and pyrolysis conditions, and insufficient integration 
with other organic or biological amendments (Islam 

et  al. 2024; Liu et  al. 2023b; Min et  al. 2022). Microbial 
responses in biochar-amended tea soils are also poorly 
characterized, particularly under diverse climatic and 
edaphic conditions, and thus warrant further investiga-
tion. Although tea is cultivated worldwide, our review 
reveals a pronounced geographical bias in published bio-
char–tea research. An extended Web of Science search 
covering major tropical tea-producing countries (Kenya, 
Sri Lanka, Vietnam, Indonesia, India, Bangladesh, Myan-
mar, Uganda, Rwanda, Tanzania, and Malawi) identified 
no field trials assessing biochar application in tea planta-
tions. This focus on tropical regions was intentional, as 
subtropical producers such as China, Japan, and Taiwan 
are already well represented in the literature. The absence 
of tropical field evidence was consistent across all 
retrieved studies, including those from Sri Lanka, where 
research has largely emphasized pyrolysis optimization of 
tea-waste biochar rather than agronomic field evaluation. 
This gap represents a significant limitation in the global 
evidence base, as tropical tea systems are characterized 
by persistent soil acidity, high rainfall-driven nutrient 
leaching, and rapid organic matter turnover that differ 
markedly from temperate and subtropical environments. 
Consequently, biochar benefits observed in non-tropical 
systems cannot be assumed to translate directly to tropi-
cal tea estates. Well-designed, long-term field trials in 
major tropical tea-growing regions are therefore urgently 
needed to evaluate soil fertility, tea yield and quality, cli-
mate resilience, and C sequestration under region-spe-
cific conditions.

To address these gaps, this review comprehensively 
explores the role of biochar in tea agroecosystems 
through a systematic literature search in the Web of 
Science Core Collection (search strategy, inclusion cri-
teria, and screening process; see S1; Table  S1; Fig. S1). 
Five interrelated dimensions are emphasized. First, bio-
char’s influence on soil properties, including pH buffer-
ing, CEC, structure, and organic matter stabilization. 
Second, effects on soil microbial communities, high-
lighting diversity shifts, functional gene abundance, and 
processes such as nitrogen (N) and C cycling. Third, 
impacts on nutrient dynamics, with focus on phosphorus 
(P) and K availability and synergies with PGPR and min-
eral amendments. Fourth, its role in enhancing Camel-
lia sinensis productivity and quality indicators such as 
yield, biomass, polyphenols, amino acids, and caffeine. 
Finally, biochar’s contribution to pollution mitigation 
and environmental resilience, particularly immobiliza-
tion of toxic metals like Pb, Cd, chromium (Cr), As, safe-
guarding plant health, food safety, and contributing to 
climate change mitigation through GHG reduction and 
C sequestration. Together, these dimensions provide an 
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integrated framework for understanding biochar’s role in 
sustainable tea cultivation systems.

2 � Effects of biochar on soil properties in tea 
agroecosystems

2.1 � Physical improvements: porosity, bulk density, 
and water retention

Biochar application has demonstrated notable improve-
ments in physical soil properties in tea agroecosystems. 
Specifically, biochar amendments reduce bulk density 
and enhance porosity, thereby improving root pen-
etration and aeration. For example, Zou et  al. (2023) 
showed that biochar treatments significantly enhanced 
soil porosity and structure, which facilitates root prolif-
eration (Zou et al. 2023). Additionally, biochar improved 
water retention, a critical trait for water-limited environ-
ments commonly found in tea-growing regions. Simi-
larly, enhanced soil water holding capacity was indirectly 
inferred through reduced leachate volume in highly 
acidic tea soils, confirming better water retention capa-
bilities (Wang et al. 2015). The improved porosity, along-
side the high internal surface area of biochar, aids in 
moisture retention, buffering against drought stress and 
promoting stable root zone hydration. This makes bio-
char particularly valuable in sloped tea plantations prone 
to runoff.

Structurally, biochar enhances soil aggregation and 
resistance to erosion, which are vital for maintaining 
tea productivity on the often-steep terrains of tea plan-
tations. Li et  al. (2022) documented that the combina-
tion of chicken manure and biochar (CMB treatment) 
promoted the formation of macroaggregates and micro-
aggregates in tea soils, although with varying stability. 
Improved aggregation contributes to better water infil-
tration and lower runoff, effectively enhancing erosion 
resistance. Moreover, biochar-induced aggregation is 
closely tied to increased microbial activity and the pro-
duction of extracellular polymers, which act as binding 
agents in soil aggregate formation. Enhanced aggregate 
stability was also associated with increased organic mat-
ter and C sequestration, especially under treatments that 
used biochar in combination with organic fertilizers (Han 
et al. 2022a).

2.2 � Chemical changes: pH buffering, cation exchange 
capacity, and organic matter

Biochar significantly modifies the chemical character-
istics of tea-growing soils, with one of its most immedi-
ate effects being the reduction of soil acidity. Numerous 
studies show that biochar application consistently raises 
soil pH in acidified tea plantations (Liu et  al. 2023b; 
Wang et  al. 2015; Yan et  al. 2021). This pH-buffering 
effect is mainly attributed to the alkaline nature and 

liming capacity of biochar, particularly when produced 
from high-Ca feedstocks or at high pyrolysis tempera-
tures (Yang et  al. 2024). By moderating acidity, biochar 
stabilizes the chemical environment of strongly weath-
ered, low-pH tea soils. Biochar application also enhances 
CEC, increasing the retention of essential nutrient 
cations and reducing leaching losses (Sipayung et  al. 
2022; Zou et al. 2023). For example, Wang et al. (2018b) 
reported increased exchangeable Ca2+ and decreased 
exchangeable Al3+ following biochar amendment, reflect-
ing improved cation retention and reduced soil acidity. In 
addition, biochar influences SOM dynamics through its 
C-rich, aromatic structure, which promotes C stabiliza-
tion and increases SOM content. Several studies report 
enhanced microbial biomass and C retention after bio-
char incorporation, alongside reduced mineralization 
of native SOM, indicating protection of existing organic 
matter pools and contributions to long-term C seques-
tration (Liyanage et  al. 2021; Sun et  al. 2017). Collec-
tively, these chemical improvements—pH buffering, 
increased CEC, and SOM stabilization—support the res-
toration and maintenance of soil fertility in acidified tea 
agroecosystems.

2.3 � Carbon sequestration and climate resilience
Biochar’s role in C sequestration is fundamentally attrib-
uted to its chemically stable structure and resistance to 
microbial degradation (Sun et  al. 2017; Liyanage et  al. 
2021). Unlike fresh organic matter, biochar is rich in aro-
matic C structures formed during pyrolysis, making it 
highly recalcitrant (Zeng et  al. 2022; Chen et  al. 2024). 
This recalcitrant nature enables long-term persistence in 
soils, contributing significantly to the formation of stable 
C pools (Han et al. 2023b; Sun et al. 2017; Liyanage et al. 
2021). For instance, biochar derived from tea residues 
significantly enhanced the total organic C content in vari-
ous soil types, with particularly notable improvements 
in yellow soils of tea gardens, which experienced up to a 
22.84% increase in potentially mineralizable C at a 0.5% 
application rate (Zeng et  al. 2022). Similarly, BFs were 
shown to elevate SOC content by 16.65–25.50% across 
different temperature regimes in aged tea plantations 
(Chen et al. 2024). Additionally, while biochar-amended 
soils demonstrated increased microbial richness, they 
did not enhance the abundance of C-cycling genes. This 
suggests that biochar’s contribution to C sequestration 
stems primarily from its stable composition rather than 
enhanced microbial turnover (Han et al. 2023b).

Comparative studies reveal that C from biochar is 
significantly more stable than that from conventional 
organic amendments. In a two-year study in subtropi-
cal tea plantations, manure application resulted in a 
36% increase in carbon dioxide (CO₂) emissions due 
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to stimulation of the labile C pool and microbial activ-
ity (Han et  al. 2023b). In contrast, biochar treatments 
showed negligible increases in soil respiration, underlin-
ing their superior C stability (Liyanage et  al. 2021; Sun 
et  al. 2017). Moreover, charged biochar and compost 
improved microbial biomass and enzymatic activity but 
still maintained a more stable C profile, suggesting that 
biochar enhances long-term C sequestration despite sup-
porting short-term microbial functions (Liyanage et  al. 
2021). BF was also found to reduce the temperature 
sensitivity of SOC mineralization, particularly at higher 
temperatures, which is a valuable trait for climate-resil-
ient C storage in tea gardens (Chen et  al. 2024). These 
comparative findings are consolidated in Table S2, which 
summarizes the mechanisms and climate benefits of bio-
char-mediated C sequestration in tea cultivation.

2.4 � Macronutrient mobilization: enhancing 
nitrogen, phosphorus, and potassium retention 
and bioavailability

The mobilization and stabilization of macronutrients 
such as N, P, and K are essential for maintaining soil fer-
tility in acidified tea-growing systems. Biochar enhances 
the retention and availability of these nutrients by modi-
fying key soil chemical and microbial processes. Specifi-
cally, biochar application improves soil pH and increases 
the availability of nutrient-bearing ions, resulting in 
higher concentrations of soil-available N, P, and K (Zou 
et  al. 2023). These effects are closely associated with 
increases in microbial biomass C and related edaphic 
properties that regulate nutrient cycling. Co-application 
of biochar with P- and K-bearing minerals and PGPR 
further enhances nutrient availability by stimulating 
microbial functional groups and enzymatic activities that 
transform soil P and K into more accessible forms (Wei 
et al. 2025). In addition, tea-waste-derived biochar exhib-
its strong adsorption capacity for NH₄⁺–N, reducing N 
leaching and improving nutrient retention (Qian et  al. 
2023). Collectively, these mechanisms promote macronu-
trient stabilization, reduce environmental nutrient losses, 
and strengthen the long-term fertility and resilience of 
acidified tea agroecosystems.

2.5 � Micronutrient behavior: altering the solubility 
and plant uptake of zinc, iron, manganese, 
magnesium, and calcium

The behavior of micronutrients such as zinc (Zn), iron 
(Fe), Mn, Mg, and Ca in acidic tea soils is strongly influ-
enced by biochar chemical properties, including pH-
buffering capacity, ash content, and feedstock-derived 
minerals. By increasing soil pH and supplying alka-
line cations, biochar can enhance the solubility and 
availability of selected micronutrients; for example, 

homogenized biochar significantly increased soil Ca2+ 
and Mg2+ concentrations, contributing to improved tea 
growth (Zou et  al. 2023, 2021), and tea-waste biochar 
similarly elevated exchangeable Ca and Mg pools. How-
ever, pH-induced shifts in metal speciation may reduce 
the availability of some micronutrients, as shown by 
decreased Mn and Cu uptake following biochar applica-
tion due to precipitation or stronger adsorption at higher 
pH (Yan et  al. 2021). Feedstock-specific modifications 
further regulate micronutrient dynamics, with Mg-modi-
fied biochar increasing soil Mg2+ availability by 519% and 
improving plant nutrient uptake (Liu et al. 2025). In addi-
tion, biochar enhances microbial biomass and enzymatic 
activity that promote micronutrient mineralization, while 
integrated nutrient management strategies such as com-
bining biochar with rapeseed cake or inorganic fertiliz-
ers have been shown to increase Zn, Fe, Mn, Mg, and Ca 
availability by improving soil structure and microbial sol-
ubilization processes (Manzoor et al. 2024). Collectively, 
these findings demonstrate that biochar regulates micro-
nutrient behavior through feedstock-dependent mineral 
inputs, pH-mediated solubility changes, and biologically 
driven transformation pathways in tea agroecosystems.

Despite strong evidence that biochar improves soil 
physical structure, pH buffering, CEC, and nutrient 
retention in tea-growing soils, key uncertainties remain 
regarding the mechanistic integration and long-term 
persistence of these effects. Most available studies are 
short-term and site-specific, limiting understanding 
of how biochar-driven improvements in aggregation, 
porosity, and water-holding capacity are sustained under 
multi-season field management. In addition, the coupled 
responses of macronutrients (N, P, K) and micronutrients 
(e.g., Mn, Cu, Zn, Mg) to biochar-induced changes in 
soil chemistry remain insufficiently resolved, particularly 
across contrasting soil types and acidification intensities. 
The extent to which feedstock characteristics, pyrolysis 
conditions, and application rates regulate micronutri-
ent solubility and plant availability also remains unclear. 
Long-term, multi-site field experiments are therefore 
needed to quantify persistence, context dependency, and 
trade-offs, and to support site-specific biochar appli-
cation guidelines for sustainable tea agroecosystem 
management.

3 � Biochar–microbe interactions: a key to soil 
resilience

3.1 � Mycorrhizal symbiosis
Although specific investigations on AMF responses to 
biochar in tea plantations are limited, multiple mecha-
nistic pathways suggest that biochar may enhance AMF 
colonization in tea roots. Biochar improves soil phys-
icochemical conditions particularly by increasing pH, 
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reducing Al toxicity, and elevating available P and K, 
thereby creating a less acidic and more nutrient-balanced 
rhizosphere that supports AMF establishment (Li et  al. 
2018; Wei et  al. 2025). Biochar also enhances microbial 
biomass, enzymatic activity, and root-zone C availabil-
ity, which together stimulate AMF propagule germina-
tion and hyphal growth through improved habitat quality 
and energy supply for symbionts. Additionally, biochar’s 
porous structure provides physical microsites that can 
protect AMF spores and hyphae from desiccation and 
heavy metal stress factors, especially relevant in acidic, 
metal-sensitive tea soils. Co-application strategies using 
biochar with phosphate-solubilizing PGPR and mineral 
amendments further increase P mobilization, reducing 
P limitation and promoting AMF symbiotic functioning 
(Wei et  al. 2025). While these mechanisms collectively 
indicate strong potential for biochar to enhance AMF 
colonization and symbiotic efficiency in tea systems, 
comprehensive field studies directly quantifying AMF 
abundance and functionality under biochar amendments 
remain limited and represent a key research gap.

3.2 � Microbial diversity and structure
Biochar amendments substantially reshape microbial 
diversity and community structure in tea plantation 
soils by altering rhizosphere pH, nutrient availability, 
and habitat conditions. These responses reflect contrast-
ing microbial life-history strategies. Copiotrophic taxa 
such as Proteobacteria, Actinobacteria, and Firmicutes 
thrive under nutrient-enriched, C-available condi-
tions due to their rapid growth and metabolic versatil-
ity. Biochar particularly when co-applied with organic 
or mineral fertilizers raises soil pH, enhances nutrient 
retention and dissolved organic C, and provides porous 
microhabitats, thereby favoring these groups (Li et  al. 
2018; Zhang et  al. 2025b). In contrast, Acidobacteria, 
which dominate highly acidic, oligotrophic tea soils and 
are adapted to low-nutrient conditions, typically decline 
following biochar-induced pH buffering and nutrient 
enrichment. Across tea plantations, biochar application 
consistently increases bacterial richness (Shannon and 
Chao1 indices), enriches Proteobacteria, Actinobacteria, 
and Firmicutes, reduces Acidobacteria, and alters fungal 
assemblages such as Ascomycota and Mortierellomycota 
(Han et al. 2022b, 2023b; Luo et al. 2023; Yang et al. 2021; 
Zhang et al. 2023, 2024). Functional analyses using phos-
pholipid fatty acid and Biolog EcoPlate further reveal 
increased abundances of metabolically active groups 
including Actinobacteria, Pseudomonas, and Bacillus fol-
lowing biochar and manure application (Li et  al. 2018). 
Collectively, these shifts indicate that biochar drives tea 
rhizosphere communities from oligotrophic, Acido-
bacteria-dominated assemblages toward copiotrophic, 

functionally dynamic microbial networks, enhancing 
nutrient turnover, soil resilience, and tea productivity.

3.3 � Functional genes and biomarkers
Biochar-induced shifts in microbial community struc-
ture directly regulate functional gene profiles and 
biogeochemical processes in tea soils. By enriching copio-
trophic, metabolically versatile taxa such as Proteobacte-
ria and Actinobacteria, biochar increases the abundance 
of key N-cycling genes, including ammonia monooxy-
genase (amoA), nitrite reductases (nirK, nirS), and N₂O 
reductase (nosZ), reflecting the capacity of these groups 
to rapidly exploit biochar-enhanced C and nutrient sub-
strates (Ji et al. 2020a, 2022; Han et al. 2023b). Elevated 
nosZ abundance indicates enhanced potential for com-
plete denitrification and reduced N₂O emissions. Con-
current declines in oligotrophic Acidobacteria reduce 
competition for NH₄⁺ and organic N, further accelerating 
N turnover. Biochar also alters C cycling by reducing cel-
lulose-degrading genes (cbhI, GH48) and β-glucosidase 
activity, as its aromatic structure and sorptive surfaces 
limit substrate accessibility and favor taxa less special-
ized in rapid cellulose decomposition (Zhang et al. 2025b; 
Jiang et  al. 2021). Network analyses further highlight 
strengthened roles of Gemmatimonadetes and Actino-
bacteria in C-cycling modules under biochar amendment 
(Han et al. 2022a, 2023b). In addition, biochar enhances 
microbial necromass accumulation and MCP processes, 
promoting long-term soil C sequestration through the 
formation of chemically recalcitrant residues (Shu et  al. 
2025; Liyanage et  al. 2021). Collectively, these findings 
demonstrate that biochar restructures functional gene 
networks by shifting microbial life-history strategies, 
substrate availability, and enzyme expression rather than 
simply increasing microbial abundance.

3.4 � Soil ecosystem functions
Biochar enhances soil ecosystem functioning by modify-
ing the physicochemical environment and restructuring 
microbial communities, thereby regulating respiration, 
enzyme activities, and nutrient cycling in tea soils. By 
increasing soil pH, improving CEC, and providing sta-
ble C surfaces, biochar creates favorable conditions for 
copiotrophic and functionally active microbes, which 
stimulate key enzymatic activities such as catalase, phos-
phatase, and sucrase that regulate nutrient mineraliza-
tion and oxidative detoxification (Han et al. 2022b; Jiang 
et al. 2021; Zhang et al. 2024; Zheng et al. 2019). These 
responses collectively enhance soil multifunctionality, 
enabling the simultaneous operation of multiple ecologi-
cal processes. Biochar’s porous and sorptive structure 
further modulates C turnover by physically protect-
ing organic substrates, limiting labile C accessibility, 
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and suppressing hydrolytic enzyme expression, result-
ing in reduced rapid C mineralization despite increased 
microbial biomass (Zhang et al. 2025b). This shift toward 
slower decomposition promotes microbial necromass 
accumulation and strengthens MCP efficiency, sup-
porting long-term soil C sequestration under biochar-
amended fertilization regimes (Shu et al. 2025). Together, 
these mechanisms demonstrate that biochar improves 
overall soil ecosystem functioning by stabilizing C, 
enhancing nutrient cycling, and reinforcing microbial 
networks that support resilience in tea agroecosystems. 
Biochar–microbe–soil interactions underlying these 
processes are summarized in Table S3 and illustrated in 
Fig. 1.

Although increasing evidence shows that biochar 
reshapes microbial diversity, functional gene expression, 
and ecosystem processes in tea soils, key uncertainties 
remain regarding the specificity and durability of these 
responses. In particular, the effects of biochar on AMF 
colonization and function in Camellia sinensis have 
rarely been quantified directly and are largely inferred 
from indirect soil improvements or studies in other crop-
ping systems. The long-term stability of biochar-induced 
shifts in microbial community composition, functional 
genes, and enzyme networks under realistic tea man-
agement practices and climatic variability is also poorly 
constrained. In addition, how biochar feedstock charac-
teristics, modification strategies, and application rates 
regulate microbial life-history strategies, C stabilization 
pathways, and soil multifunctionality remains insuf-
ficiently resolved. Targeted, long-term field studies are 
therefore needed to define biochar-based microbial man-
agement strategies for sustainable tea agroecosystems.

4 � Fueling productivity: biochar’s role in tea growth 
and yield

4.1 � Boosting nutrient use efficiency: mechanisms 
in the rhizosphere

Enhancing NUE is critical for sustainable tea produc-
tion, particularly in acidic soils prone to nutrient loss and 
inefficient root uptake. Biochar improves NUE through 
combined rhizosphere physicochemical modifications 
and microbially mediated nutrient transformations. The 
co-application of rapeseed cake with biochar and min-
eral fertilizers significantly increases nutrient uptake per 
unit root length, surface area, and volume by improving 
soil pH, CEC, and root absorptive capacity (Manzoor 
et  al. 2022). Biochar’s porous, surface-charged structure 
enhances rhizospheric nutrient retention, reduces NH₄⁺ 
and nitrate (NO₃⁻) leaching, and promotes fine-root 
proliferation, thereby strengthening root–soil nutrient 
exchange. Evidence from a 15N isotope tracing study 
further shows that biochar combined with N-fertilizer 

increases plant N uptake while reducing gaseous N losses 
by suppressing ammonia volatilization and lowering 
N₂O emissions through enhanced regulation of nitrifi-
cation and denitrification pathways (Wang et al. 2018a). 
In addition, the combined application of pruned tea lit-
ter and biochar increases NH₄⁺–N availability by 1.7–9.5 
times and restructures microbial communities by enrich-
ing Ascomycota and other nutrient-mobilizing fungi 
positively correlated with available N pools (Luo et  al. 
2023). These microbial shifts enhance ammonification 
and mineralization processes, improving the conversion 
of organic N to plant-available forms. Collectively, these 
rhizosphere-level mechanisms explain how biochar sub-
stantially enhances NUE in tea agroecosystems.

4.2 � Physiological and morphological parameters
Biochar enhances the physiological and morpho-
logical performance of Camellia sinensis by improv-
ing soil chemical balance, nutrient bioavailability, and 
rhizosphere biological activity, thereby promoting leaf 
expansion, biomass accumulation, and photosynthetic 
efficiency. In acidic tea soils, biochar-mediated increases 
in soil pH, available P, K, and Mg, together with reduced 
Al toxicity, create a more favorable environment for 
shoot and root development. For example, bamboo- 
and rice-derived biochars applied at 2.5–5% (w/w) sig-
nificantly increased aboveground biomass and leaf area, 
closely associated with higher foliar P, K, and Mg con-
centrations and enhanced photosynthetic rates (Yan 
et al. 2021). These responses align with biochar-induced 
stimulation of microbial activity, nutrient cycling, and 
rhizosphere enzyme function, which increase the sup-
ply of plant-available nutrients and support C assimi-
lation (Sects.  3.1–3.4). However, excessive application 
rates can diminish benefits; very high doses (e.g., 64 t 
ha−1) have been shown to induce nutrient immobilization 
and micronutrient deficiencies, particularly Mn and Cu, 
due to strong pH-driven reductions in solubility (Wang 
et al. 2015; Yan et al. 2021). Soil type further modulates 
responses, with improved plant performance in yellow 
soils but reduced benefits in purple and paddy soils under 
high biochar inputs (Chen et al. 2022a; Zeng et al. 2022).

Homogenized biochar has also produced substantial 
gains in plant growth, increasing leaf biomass by 80.9% 
and root biomass by 262.2%, alongside marked increases 
in N, P, and K uptake (Zou et  al. 2023). Root chamber 
and field studies indicate that biochar-driven increases 
in microbial biomass C, exchangeable Ca, total N, and 
SOM stimulate root proliferation and functional root 
traits, enhancing water and nutrient acquisition (Hu et al. 
2024; Zou et al. 2023). Field-scale trials further show that 
tea-waste biochar increased tea production by 2.3-fold 
in weaker growth sectors and 1.3-fold in normal sectors, 



Page 8 of 19Islam and Xia ﻿Biochar            (2026) 8:71 

Fig. 1  Biochar production and its characteristics (a), and biochar-microbe interactions: A key to soil resilience in tea agroecosystem (b)
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linked to improved soil electrical conductivity, organic 
matter, and phosphate availability (Sipayung et al. 2022). 
Collectively, these findings demonstrate that biochar 
improves tea plant physiology and morphology through 
integrated effects on soil chemistry, nutrient dynamics, 
and rhizosphere functioning, while underscoring the 
need for soil-specific optimization of application rates to 
avoid nutrient imbalances.

4.3 � Yield improvement and quality
Biochar enhances tea yield and quality through integrated 
improvements in soil chemistry, microbial functioning, 
and nutrient dynamics that support both vegetative and 
reproductive growth. Machine-learning analysis identi-
fied soil and biochar Ca content, together with applica-
tion rate, as key predictors of yield, highlighting the role 
of Ca in alleviating acidity stress and promoting root 
development in tea plantations (Yin et al. 2025). By buff-
ering soil pH, increasing CEC, and reducing Al3+ toxicity, 
biochar creates a more favorable rhizosphere for nutrient 
uptake and shoot formation. Accordingly, BFs, particu-
larly formulations containing ~ 30% biochar, significantly 
increase bud length, 100-bud weight, and shoot density 
by enhancing the availability of N, K, and Ca and stim-
ulating nutrient-cycling microbial communities (Yang 
et al. 2025). Field experiments further show that combin-
ing biochar with chemical fertilizers increases tea yield by 
up to 39.2%, driven by greater shoot biomass and density 
associated with improved soil fertility and copiotrophic 
microbial shifts (Yang et al. 2021).

Biochar also improves tea quality by regulating nutri-
ent supply and rhizosphere conditions that control sec-
ondary metabolite synthesis. BFs increase free amino 
acids, flavonoids, and soluble sugars while reducing 
catechin derivatives such as epigallocatechin gallate, 
thereby improving sensory balance (Yang et  al. 2025). 
Consistently, biochar application raises the catechin 
quality index to levels comparable with bio-organic fer-
tilizers, reflecting enhanced soil total N and available 
K that support polyphenol and amino-acid biosynthe-
sis (Yin et al. 2024). Improved nutrient availability and 
reduced Al toxicity further enhance root activity, N 
assimilation, and carbohydrate allocation—key drivers 
of both yield and quality. Across field studies, biochar 
application results in 10–20% yield increases and signif-
icant improvements in leaf quality in acidified tea soils 
(Liu et  al. 2023b; Li et  al. 2024a; Yan et  al. 2021; Han 
et al. 2023b). Collectively, these findings show that bio-
char strengthens tea productivity and quality by jointly 
enhancing soil fertility, nutrient-use efficiency, micro-
bial functions, and biochemical pathways underlying 
flavor and aroma formation. Collectively, these findings 
demonstrate that biochar strengthens tea productivity 

and quality by simultaneously improving soil fertility, 
nutrient uptake efficiency, microbial functional pro-
cesses, and the biochemical pathways underlying flavor 
and aroma formation.

Despite substantial evidence that biochar improves 
NUE, growth, yield, and quality of Camellia sinensis, 
important uncertainties remain regarding the persis-
tence and context dependency of these responses. Most 
studies are short-term, limiting understanding of how 
biochar influences seasonal nutrient dynamics, root 
physiology, and yield stability under long-term field 
conditions. In addition, interactions between biochar 
properties, tea cultivar traits, and rhizosphere micro-
bial communities remain poorly resolved, particularly 
with respect to N assimilation and secondary metabo-
lite synthesis that determine tea quality. The extent 
to which biochar application rates and modification 
strategies optimize yield–quality trade-offs across con-
trasting soils and management regimes also remains 
unclear. Long-term, cultivar-specific field studies inte-
grating plant physiology and belowground processes 
are therefore needed.

5 � Environmental impacts
5.1 � Greenhouse gas mitigation
Biochar applications in tea systems contribute to cli-
mate-smart agriculture by lowering GHG emissions 
and offering potential pathways for C credit generation. 
Laboratory trials demonstrated that wheat-straw-derived 
biochar reduced N₂O emissions by up to 94% and low-
ered the GWP by 33.45% compared to controls (He et al. 
2016). Similarly, biochars derived from burcucumber bio-
mass reduced CO₂ and N₂O emissions by 24% and 34%, 
respectively, during soil incubation (Kim et al. 2015). Life 
cycle assessments further affirm the C-negative potential 
of biochar. When biochar produced as a by-product of 
Arundo donax pyrolysis was applied to soils, the emis-
sion reduction reached up to 198.02%, surpassing other 
processing routes in climate benefits (Zongwei et  al. 
2025). These features enhance biochar’s value as a tool for 
achieving net-negative emissions in agricultural systems 
and aligning with C trading mechanisms.

5.2 � Heavy metal detox: biochar’s role in pollution 
abatement

5.2.1 � Sources of metal pollution in tea systems
Tea plantations are increasingly vulnerable to heavy 
metal contamination from diverse sources. Fertilizer resi-
dues, particularly from excessive use of synthetic N-based 
fertilizers, contribute significantly to soil acidification, 
thereby increasing the mobility of toxic metals such as 
Pb, Cd, and As. In long-term tea cultivation systems, the 
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acidified soils amplify the bioavailability of these contam-
inants, raising concerns over food safety and ecological 
risks (Wang et al. 2018b; Yi et al. 2022). Industrial pollu-
tion, including mining, smelting, and atmospheric depo-
sition, further exacerbates heavy metal accumulation in 
tea-producing regions (Luo et al. 2025). Legacy pollution 
embedded in soils from past land uses remains a persis-
tent source of contamination, particularly in regions with 
inadequate soil remediation practices.

5.2.2 � Biochar’s role in remediation
Biochar has demonstrated substantial potential for miti-
gating heavy metal contamination through mechanisms 
such as sorption, immobilization, and pH modulation. 
The effectiveness of biochar in reducing heavy metal 
mobility and bioavailability has been well-documented 
across various soil types, including tea-growing regions. 
Its porous structure and abundance of functional groups 
particularly in N-doped and magnetically enhanced 
forms facilitate strong interactions with metal ions like 
Cd2+, Cu2+, Cr6+, Ni2+, and Pb2+ (Guo et al. 2020, 2022; 
Peng et  al. 2024; Saleem et  al. 2024). Tea-waste-derived 
biochars, in particular, offer a sustainable solution, 
repurposing agricultural waste into high-performance 
adsorbents. For instance, rose-flower-like magnetic bio-
chars from tea waste showed high sorption capacities for 
nickel (Ni2+) and cobalt (Co2+) up to 147.84 mg g−1 and 
160.00 mg g−1, respectively, due to enhanced surface area 
and magnetically active sites (Shirvanimoghaddam et al. 
2021). The immobilization efficiency is also influenced 
by pyrolysis temperature: higher temperatures typically 
yield biochars with greater surface area and alkalinity, 
enhancing their capacity to adsorb metals and raise soil 
pH (Gotore et  al. 2024; Li et  al. 2017). Biochar applica-
tion has also been shown to shift metal speciation in 
soils from exchangeable or acid-soluble fractions to more 
stable organic-bound or residual forms, thereby reduc-
ing environmental risk (Islam et al. 2024, 2023; Lu et al. 
2017).

Molecular-level analyses have clarified the mecha-
nisms through which biochar immobilizes heavy metals 
in acidic tea plantation soils. X-ray photoelectron spec-
troscopy and Fourier-transform infrared spectroscopy 
consistently demonstrate that Pb, Cd, and As form strong 
associations with oxygen-containing functional groups, 
including carboxyl (–COOH), hydroxyl (–OH), and car-
bonyl (C=O) groups on biochar surfaces, resulting in the 
formation of stable inner-sphere complexes and metal–
organic precipitates (Akgül et al. 2019; Liu et al. 2023b; Li 
et al. 2024a; Han et al. 2023b). Comparisons across bio-
char types further show that Fe- and Mg-modified bio-
chars provide superior immobilization capacity relative 
to unmodified materials. Fe-modified biochar enhances 

Pb2+ and As(V) sequestration through Fe–O–metal 
bridging and the formation of Fe–As co-precipitates, 
whereas Mg-modified biochar more effectively stabi-
lizes Cd2+ via surface complexation, cation exchange 
with Mg2+, and the precipitation of Cd–Mg carbonates. 
Evidence from acidic soil systems, including tea-grow-
ing and related agroecosystems, indicates that scanning 
electron microscopy–energy-dispersive X-ray spec-
troscopy analyses frequently detect Pb–O, Cd–O, and 
As–Fe precipitates on modified biochar surfaces, sup-
porting the plausibility of long-term stabilization path-
ways under low-pH field conditions (Islam et  al. 2024; 
Yan et al. 2021). Nevertheless, most of these mechanistic 
insights originate from controlled laboratory studies, and 
field-scale spectroscopic validation in tea plantation soils 
remains limited highlighting an important research fron-
tier for advancing biochar-based remediation in Camel-
lia sinensis agroecosystems.

5.2.3 � Toxicity mitigation: preventing accumulation in edible 
tea parts

Beyond heavy metal immobilization, biochar amend-
ments have been shown to alleviate fluoride, As, and Cd 
toxicity while simultaneously enhancing seedling bio-
mass and photosynthetic pigment content, highlight-
ing its dual remediation–nutrition role in supporting 
plant performance and environmental safety (Islam et al. 
2021a; Li et al. 2024a, b; Wang et al. 2023a). One of the 
most critical aspects of biochar use in tea systems is its 
ability to prevent the translocation of heavy metals into 
edible plant parts, particularly leaves and buds, which 
are directly consumed. In Pb- and Cd-contaminated 
tea plantations, field trials demonstrated that biochar 
reduced Pb concentrations in tea leaves by up to 61.28%, 
significantly lowering human exposure risk (Liu et  al. 
2023b). The immobilization of metals in the rhizosphere, 
combined with improved soil nutrient balance, limits the 
uptake and translocation of contaminants. In addition, 
modified biochars can alter the subcellular distribution 
of metals within tea plants, promoting their sequestra-
tion in cell walls and vacuoles rather than the cytoplasm, 
thereby minimizing toxicity and preserving physiological 
functions (Dong et al. 2025). These effects not only pro-
tect plant health but also maintain or even improve tea 
yield and quality.

Although biochar-induced liming effectively reduces 
the bioavailability of toxic metals such as Pb, Cd, and As, 
transient mobilization of certain micronutrients (e.g., 
Zn, Cu, Ni) can occur immediately after application due 
to rapid pH shifts and changes in ionic equilibria. These 
temporary increases in solubility may lead to short-
term uptake by plants before metals are immobilized 
through precipitation, ion exchange, or complexation 
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with biochar’s oxygen-containing functional groups and 
associated mineral phases. Over time, the formation of 
stable metal–biochar complexes and increased soil pH 
contribute to a significant decrease in overall metal bio-
availability, as observed in tea plantations and other acid-
ified systems (Han et al. 2023b; Islam et al. 2024; Li et al. 
2024a; Liu et al. 2023b; Yan et al. 2021).

5.2.4 � Tea as a bioindicator: monitoring pollutant dynamics 
via plant uptake

Tea plants, due to their perennial lifecycle, deep rooting, 
and sensitivity to environmental changes, serve as effec-
tive bioindicators for heavy metal dynamics in soils. The 
concentration of metals in tea leaves reflects changes in 
bioavailability and serves as a proxy for the effectiveness 
of soil remediation strategies. Biochar application, which 
reduces the exchangeable fraction of metals, consistently 
results in lower concentrations in plant tissues offering 
both a protective and diagnostic function (Islam et  al. 
2021b, 2024). Additionally, biochar’s influence on tea 
plant uptake can guide optimization of remediation strat-
egies. For example, the use of tea-waste biochar at 500–
600 °C significantly reduced Cd uptake by altering metal 
speciation and improving soil pH and organic C content 
(Li et al. 2017). As such, tea not only benefits from reme-
diation but can also serve as a real-time monitor of soil 
health and pollutant stabilization. The key pathways and 

mechanisms of biochar-mediated heavy metal detoxifica-
tion are summarized for clarity in Fig. 2 and Table S4.

Although biochar has demonstrated potential to 
reduce GHG emissions and enhance C sequestration in 
tea agroecosystems, key uncertainties remain regard-
ing the consistency and durability of these effects under 
field conditions. Most evidence is derived from short-
term laboratory or incubation studies, limiting insight 
into how biochar-mediated N₂O and CO₂ mitigation 
responds to seasonal variation, soil moisture dynam-
ics, and long-term management practices. In addition, 
the relative importance of biochar feedstock, pyrolysis 
temperature, and application rate in regulating emission 
pathways remains insufficiently quantified in tea systems. 
Field-scale assessments linking microbial functional 
genes, gas fluxes, and C stability are therefore needed to 
validate climate-mitigation benefits across diverse tea-
growing environments.

6 � Management strategies for sustainable tea 
cultivation

6.1 � Tailoring biochar properties
The performance of biochar in tea plantations is strongly 
influenced by feedstock type, pyrolysis temperature, and 
application rate, which together determine its effective-
ness in improving soil fertility and mitigating metal 

Fig. 2  Integrated mechanism diagram illustrating the interactions between biochar, soil processes, and tea plant responses. Biochar surface 
functional groups (carboxyl (–COOH), hydroxyl (–OH), and carbonyl (C=O)) and mineral phases (e.g., Fe–O, Mg–O) bind heavy metals such 
as cadmium (Cd2+), lead (Pb2+), and arsenic (As), reducing their mobility and bioavailability. Biochar pores provide habitats for beneficial soil 
microorganisms, including Actinobacteria, Proteobacteria, and phosphate-solubilizing taxa, which mediate key transformations of nitrogen (N), 
phosphorus (P), and potassium (K). These processes collectively enhance nutrient availability and uptake by tea roots, improving plant growth, 
stress tolerance, and overall tea quality
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toxicity. Biochars derived from tea pruning residues or 
tea-processing waste enhance soil fertility and reduce 
heavy-metal availability (Borgohain et  al. 2022; Sipa-
yung et al. 2022), while bamboo- and rice-husk biochars 
increase soil P availability and reduce bioavailable Mn 
and Cu, improving nutrient balance in acidic tea soils 
(Yan et  al. 2021). Pyrolysis temperature governs key 
functional properties: biochars produced at 500–600  °C 
exhibit greater aromaticity, surface area, and pH-buff-
ering capacity, enhancing heavy-metal immobilization 
and soil organic C stabilization (Mayakaduwa et al. 2016; 
Zhao et al. 2022). Feedstock-specific effects are also evi-
dent, with high-ash manure-derived biochars acting 
as effective liming agents and lignocellulosic biochars 
produced at ≥600  °C providing stronger metal-binding 
capacity. Application rate further modulates outcomes; 
although excessive doses (e.g., 64 t ha−1) may cause 
diminishing returns or nutrient immobilization (Wang 
et al. 2015), field evidence suggests that 20–30 t ha−1 opti-
mizes soil fertility, N retention, and plant performance 
(Zhang et  al. 2025a). Responses remain soil-specific, as 
tea-residue biochar enhanced C sequestration in yellow 
soils but showed reduced effectiveness in purple and 
paddy soils at higher rates (Zeng et al. 2022), highlighting 
the need for soil- and cultivar-specific tailoring of biochar 
properties and application strategies (Table S5). Beyond 
biophysical considerations, practical deployment is con-
strained by logistical and economic factors, including the 
energy-intensive nature of biomass transport and pyroly-
sis, which increases the cost of centralized production. 
Although portable pyrolysis units may reduce transport-
related emissions, their capacity and cost-effectiveness 
remain limited (Sahoo et  al. 2021). Moreover, optimiz-
ing pyrolysis conditions for waste-tea biochar—typically 
450–500  °C with 45–60  min residence time—requires 
technical expertise and infrastructure that are often lack-
ing in tea-growing regions (Amarasinghe et  al. 2016). 
Collectively, these constraints underscore the need for 
region-specific, scalable, and economically viable biochar 
production and deployment strategies to support wide-
spread adoption in tea agroecosystems.

6.2 � Fertilizer management and nutrient synergy
Integrating biochar with organic and inorganic fertilizers 
is essential for optimizing NUE in tea agroecosystems. 
Due to the inherently acidic and leaching-prone nature 
of tea soils, applied nutrients especially N, P, and K are 
often lost before plant uptake. Biochar improves nutri-
ent retention by increasing soil pH, enhancing CEC, 
and reducing acid-driven nutrient losses (Li et al. 2024a; 
Zhang et  al. 2025a). Significant synergy is observed 
when biochar is combined with organic inputs such as 

rapeseed cake, compost, or tea pruning litter. Co-appli-
cation enhances nutrient uptake per unit root length, 
surface area, and volume by improving rhizospheric 
N retention and reducing gaseous N losses (Manzoor 
et al. 2022; Wang et al. 2018b). Tea-waste biochar’s high 
NH₄⁺–N adsorption capacity further reduces leaching 
losses and enhances N availability during critical growth 
stages (Qian et al. 2023). Biochar also improves P and K 
dynamics by limiting P fixation through stabilization of 
Al–Fe–P interactions and enhancing K availability when 
paired with mineral fertilizers or PGPR inoculants (Wei 
et al. 2025). These impacts are associated with increases 
in microbial enzyme activities (acid phosphatase, 
β-glucosidase) and shifts in functional genes linked to N 
and P cycling (amoA, nirK, nosZ), as shown in Table S3. 
Importantly, biochar-based nutrient strategies can par-
tially or fully substitute synthetic fertilizers without 
compromising yield or leaf quality. Biochar applications 
extend nutrient availability beyond the 2–4 week window 
typically observed for mineral fertilizers (Zhang et  al. 
2025a). When combined with organic fertilizers, they 
promote long-term nutrient cycling, reduce leaching 
losses, and lower GHG emissions (Manzoor et al. 2022). 
These findings support a transition toward integrated 
nutrient management systems that reduce dependence 
on chemical inputs while improving soil health and envi-
ronmental resilience (Table S6).

6.3 � Integrated biochar‑based approaches
For long-term sustainability, biochar should be integrated 
into holistic soil and nutrient management frameworks 
tailored to specific site conditions. Co-application of 
biochar with organic fertilizers, microbial inoculants, or 
mineral supplements enhances soil structure, nutrient 
cycling, and plant performance. Biochar–organic ferti-
lizer combinations improve soil aggregate stability and 
SOC retention more effectively than organic fertilizers 
alone (Wang et  al. 2025). Integrated fertilization prac-
tices further increase NUE and reduce N losses through 
ammonia volatilization, NO₃⁻ leaching, and N₂O emis-
sions (Manzoor et  al. 2024; Zheng et  al. 2019). Biochar 
also stabilizes micronutrient dynamics. While biochar 
elevates Ca and Mg and maintains healthy leaf nutrient 
levels (Zou et  al. 2023; Li et  al. 2021a), careful balanc-
ing with organic inputs is essential to avoid excessive pH 
increases that may reduce Mn and Cu availability (Yan 
et  al. 2021). Integrating biochar with organic amend-
ments also decreases the bioavailability of Pb, Cd, Cr, 
and Ni in acidified tea soils while sustaining tea yield and 
quality (Table S4). Moreover, integrated biochar manage-
ment contributes to climate resilience by stabilizing SOC, 
reducing GHG emissions, and promoting microbial 
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necromass accumulation (Liyanage et al. 2021; Han et al. 
2023b).

6.4 � Dose response patterns and rate‑effect curves in tea 
agroecosystems

Biochar exhibits a nonlinear dose–response pattern in 
tea agroecosystems, with soil properties, microbial com-
munities, nutrient dynamics, and plant performance 
responding differently across application rates. Evidence 
from field and pot studies shows that low-to-moderate 
rates (5–10 t ha−1) modestly increase soil pH, reduce Al3+ 
toxicity, improve exchangeable K, and enhance microbial 
diversity without excessively altering rhizosphere condi-
tions (Han et  al. 2022b; Li et  al. 2018; Luo et  al. 2023). 
Intermediate rates (15–20 t ha−1) provide the most con-
sistent and integrative benefits, including stronger pH 
buffering, reduced nutrient leaching, upregulation of 
key N-cycling genes (amoA, nirK, nirS, nosZ), increased 
microbial network complexity, 10–20% yield improve-
ments, and reduced Cd and Pb accumulation in tea 
foliage (Ji et  al. 2020a, 2020b, 2022; Han et  al. 2023b; 
Borgohain et  al. 2022; Liyanage et  al. 2021). At higher 
rates (> 25–30 t ha−1), responses often plateau or become 
neutral, and in some cases negative effects arise due to 
overliming, suppressed N mineralization, reductions 
in Acidobacteria, and dissolved organic carbon-driven 

shifts in microbial regulation (Li et  al. 2018; Lu et  al. 
2017; Zhang et  al. 2023). Optimal biochar rates there-
fore vary with soil type, biochar feedstock and pyrolysis 
temperature, fertilizer co-application, and contamination 
severity; high-temperature woody biochars often per-
form effectively at 5–10 t ha−1, whereas low-temperature 
crop-residue and tea-waste biochars may require ≥ 15 
t ha−1 (Zhang et al. 2025b; Jiang et al. 2021; Dong et al. 
2025). Collectively, these findings show that 20 t ha−1 is 
not a universal optimum, but rather lies within a broader 
functional range of approximately 10–25 t ha−1, rein-
forcing that biochar application must be tailored to soil 
conditions, biochar characteristics, and management 
objectives in tea cultivation (Fig. 3).

While numerous studies confirm that biochar reduces 
heavy metal mobility and accumulation in tea plants, 
several critical gaps remain regarding long-term stabil-
ity and mechanistic specificity. Most existing studies 
focus on short-term immobilization, leaving uncertainty 
about the persistence of metal stabilization and poten-
tial remobilization under aging biochar and fluctuating 
soil conditions. In addition, molecular-level mechanisms 
governing interactions between biochar surface chem-
istry, rhizosphere microbes, and metal speciation in tea 
soils remain incompletely resolved. The influence of bio-
char type, modification strategy, and application rate on 

Fig. 3  Conceptual dose–response curves illustrating generalized nonlinear biochar effects on greenhouse gas (GHG) reduction, heavy metal 
immobilization, soil pH, and yield, in tea agroecosystems. Curves are synthesized from trends reported across multiple field and pot studies 
and represent illustrative (non-empirical) patterns. Substantial improvements occur at moderate rates (5–10 t ha−1), peak responses are observed 
at intermediate rates (15–20 t ha−1), and diminishing or neutral effects follow at higher rates (> 25 t ha−1)
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metal uptake across different tea cultivars and soil types 
also requires further clarification. Long-term field stud-
ies integrating soil chemistry, plant uptake, and microbial 
processes are therefore essential.

7 � Potential risks and controversies 
in biochar‑based tea management

7.1 � Alkaline injury and micronutrient imbalance 
from high‑ash or high‑rate biochars

Biochar effectively ameliorates acidic tea soils; however, 
high-ash biochars or excessively high application rates 
can induce over-liming, elevating soil pH beyond opti-
mal thresholds for tea. Tea plants are highly pH-sensitive, 
and even modest over-alkalization can markedly reduce 
the availability of micronutrients such as Mn, Zn, and 
Cu. Evidence from bamboo and rice-husk biochar appli-
cations demonstrates that although biochar enhances 
plant biomass, leaf Mn and Cu concentrations decline 
due to reduced solubility at elevated pH (Yan et al. 2021). 
Similar micronutrient shifts have been reported for tea-
pruning-litter biochar, which alters Cu, Mn, and Zn spe-
ciation from exchangeable to more recalcitrant fractions, 
potentially constraining long-term micronutrient sup-
ply (Sarmah et al. 2023). Field evaluations also show that 
extremely high biochar application rates (e.g., 64 t ha−1) 
can induce nutrient immobilization and diminish agro-
nomic effectiveness (Wang et al. 2015; Zeng et al. 2022). 
These findings underscore the necessity of optimizing 
application rates and monitoring micronutrient dynam-
ics to prevent imbalances that may offset the benefits of 
soil amelioration.

7.2 � Potential presence of polycyclic aromatic 
hydrocarbons and heavy metals in biochar

Biochar quality is strongly governed by feedstock type 
and pyrolysis conditions. While most tea studies utilize 
plant-derived biochars with relatively low contaminant 
risk, biochars produced from sewage sludge, industrial 
by-products, or polluted biomass may contain elevated 
concentrations of heavy metals, PAHs, or other hazard-
ous organics. Min et  al. (2022) reported that sewage-
sludge-derived biochars can accumulate metals requiring 
stabilization steps to ensure safe land application. Mohan 
et al. (2024) further highlight that although biochar can 
immobilize metals, improperly characterized biochars 
may introduce new contaminants into soils. Comple-
mentary evidence from paddy soil studies indicates that 
biochar can modify metal speciation and, under certain 
redox conditions, increase mobility (Islam et  al. 2023, 
2024; Lu et  al. 2017). Although tea-focused biochar 
research overwhelmingly employs plant-based feed-
stocks, the manuscript now emphasizes the importance 

of rigorous feedstock screening, PAH analysis, and con-
taminant certification prior to field application.

7.3 � Stability of nitrous oxide suppression across climates 
and management regimes

Biochar consistently reduces N₂O emissions in acidic 
tea soils, largely due to enhanced denitrification and 
increased nosZ gene abundance (Ji et al. 2020a, b, 2022; 
Wu et  al. 2023). Wheat-straw biochar produced N₂O 
reductions of up to 94% under controlled conditions 
(He et  al. 2016). However, the stability of these reduc-
tions across different climatic zones, soil types, and 
moisture regimes remains uncertain. A synthesis by 
Han et  al. (2023a) demonstrates substantial variability 
in N₂O responses to soil amendments, with outcomes 
strongly modulated by soil pH, N form, moisture levels, 
and seasonal patterns. Furthermore, emerging mecha-
nistic evidence indicates that biochar-derived persistent 
free radicals and shifts in the balance between nirK and 
nosZ functional groups may weaken or even reverse N₂O 
suppression under certain environmental conditions (Wu 
et  al. 2023). These findings highlight the need for long-
term, multi-site experiments to determine the robust-
ness of N₂O mitigation strategies for diverse tea-growing 
regions.

7.4 � Short‑term nitrogen immobilization following biochar 
application

Although biochar enhances N retention and reduces 
leaching in the long term, its strong sorptive capacity can 
temporarily immobilize mineral N, limiting availability 
during early growth stages. Tea-residue-derived biochars, 
in particular, show high NH₄⁺ retention capacity, which 
improves NUE over time but may constrain early N avail-
ability immediately following application (Qian et  al. 
2023). High application rates intensify this short-term 
effect, as evidenced by Wang et al. (2015), who found that 
very high doses decreased agronomic performance due 
to nutrient immobilization despite reducing N losses. 
Zhang et al. (2025a) likewise reported that while biochar 
can prolong soil N supply, benefits plateau or decline 
when application rates exceed optimal ranges, especially 
without synchronized N fertilization. To mitigate these 
transient limitations, the revised manuscript recom-
mends adjusting fertilizer timing and integrating biochar 
with complementary organic or mineral N sources, align-
ing with sustainable N management practices in tea sys-
tems (Rebello et al. 2022).

Despite growing evidence that tailoring biochar feed-
stock, pyrolysis conditions, and application rates can 
optimize benefits in tea agroecosystems, standardized 
guidelines remain lacking. Most studies evaluate sin-
gle biochar types or rates, providing limited insight into 



Page 15 of 19Islam and Xia ﻿Biochar            (2026) 8:71 	

dose–response relationships and trade-offs such as over-
liming, micronutrient imbalance, or nutrient immobiliza-
tion. In addition, the interactive effects of biochar with 
organic fertilizers, mineral amendments, or microbial 
inoculants remain insufficiently tested under field con-
ditions. The scalability and transferability of optimized 
biochar strategies across soil types, climatic zones, and 
tea cultivars also remain poorly constrained. Systematic, 
multi-factor field trials are therefore required to develop 
robust, site-specific biochar management frameworks.

8 � Integrated synthesis
8.1 � Mechanisms
Across tea agroecosystems, biochar influences soil, 
microbial, plant, and environmental processes through 
a coherent set of mechanisms supported by moderate-
to-strong evidence (Table 1). In soil systems, its alkaline 
pH, high surface area, and CEC buffer acidity, adsorb 
Al3+ and Mn2+, enhance nutrient retention, and stabi-
lize organic C, thereby improving soil structure, porosity, 
and water-holding capacity in both field and controlled 
studies. These physicochemical changes reshape rhizo-
sphere microbial communities by shifting oligotrophic, 
Acidobacteria-dominated assemblages toward copio-
trophic groups such as Proteobacteria and Actinobacte-
ria, while increasing enzymatic activities and functional 
genes (amoA, nirK/nirS, nosZ) that strengthen nutri-
ent cycling and long-term C stabilization through MCP 
pathways. Enhanced root-zone chemistry and microbial 
functioning translate into plant-level benefits, includ-
ing reduced Al toxicity, improved nutrient availability, 
greater nutrient uptake efficiency, enhanced photosyn-
thesis, and increased shoot biomass, collectively con-
tributing to 10–40% yield gains and improved tea quality 
traits. Environmentally, biochar reduces N₂O and NO 
emissions—often by 25–94%—by modifying nitrifica-
tion–denitrification pathways and enriching complete 
denitrifiers, and it immobilizes toxic metals such as Pb, 
Cd, Cr, and others through surface complexation, pre-
cipitation, and pH-driven speciation changes, thereby 
lowering their uptake into tea leaves. Together, these 
integrated mechanisms demonstrate biochar’s capacity to 
restore soil health, strengthen nutrient cycling, enhance 
plant performance, and mitigate environmental risks in 
tea cultivation.

8.2 � Knowledge gaps
Despite clear benefits, biochar responses in tea agro-
ecosystems remain highly context-dependent, with out-
comes varying according to feedstock type, pyrolysis 
temperature, soil acidity, climate regime, and cultivar, 
underscoring the need for site-specific application guide-
lines. A major geographical gap persists: no field-based 

biochar studies have been conducted in key tropical 
tea-producing regions such as Kenya, Sri Lanka, Viet-
nam, and Indonesia, where high rainfall, strong acid-
ity, and rapid organic-matter turnover may alter biochar 
behavior and limit the transferability of findings from 
subtropical systems. Additional uncertainties include 
the risk of micronutrient imbalances from high-ash bio-
chars, potential contaminant introduction from poorly 
characterized feedstocks, short-term N immobilization, 
and variable N₂O mitigation outcomes driven by soil and 
environmental conditions.

9 � Research priorities
Advancing biochar-centered management in tea culti-
vation will require long-term, multi-factor field experi-
ments that reflect the diversity of global tea-growing 
environments. Priority should be given to factorial tri-
als integrating biochar type (e.g., woody, crop-residue, 
modified) × application rate (e.g., low, moderate, high) × 
tea cultivar (e.g., China: ‘Fuding Dabaicha’, ‘Yunkang 
10’; Sri Lanka: TRI 2025; Kenya: TRFK 6/8) × region 
(e.g., subtropical China, tropical Sri Lanka, East Afri-
can highlands). Such studies should run for at least five 
years, with quarterly sampling during the first three 
years and biannual sampling thereafter to capture sea-
sonal dynamics, stabilization pathways, and long-term 
soil–plant–microbe interactions. Key evaluation metrics 
include SOC fractions (permanganate-oxidizable carbon, 
mineral-associated organic carbon), microbial commu-
nity profiling (16S ribosomal ribonucleic acid, internal 
transcribed spacer, functional genes), nutrient cycling 
indicators, metal speciation (e.g., Community Bureau of 
Reference extraction), and comprehensive assessments of 
tea quality (catechins, amino acids, polyphenols, sensory 
attributes). Closing major geographic gaps—especially 
in tropical systems—is essential for producing globally 
relevant recommendations, while coordinated standards 
for biochar characterization, quality assurance (including 
PAH and heavy-metal screening), and risk monitoring 
will enhance reproducibility and environmental safety. 
Collectively, these research priorities provide a clear 
roadmap for developing site-specific, climate-smart, and 
scalable biochar strategies that can improve soil fertility, 
plant productivity, and environmental resilience in tea 
agroecosystems.

10 � Conclusion
Biochar holds significant promise for enhancing the sus-
tainability, resilience, and productivity of tea agroecosys-
tems. Evidence synthesized across soil, plant, microbial, 
and environmental dimensions demonstrates that bio-
char can effectively ameliorate soil acidity, improve nutri-
ent availability, enhance microbial community structure 
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and function, stabilize SOC, and reduce GHG emis-
sions and heavy metal uptake in Camellia sinensis. These 
benefits are strongly influenced by biochar feedstock, 
pyrolysis conditions, application rate, and interactions 
with organic and mineral amendments. Moderate bio-
char rates generally deliver the most consistent improve-
ments, while the newly reviewed dose–response patterns 
highlight diminishing or adverse effects at excessively 
high application rates. At the same time, substantial geo-
graphical and methodological gaps persist, particularly 
the lack of field trials in major tropical tea-producing 
regions. Recent work on microbial mechanisms, nutri-
ent cycling, and metal immobilization provides valuable 
insights, yet further refinement is needed before robust, 
globally applicable recommendations can be made. Look-
ing forward, the transition from promising experimental 
findings to standardized, scalable practices will require 
long-term, multi-site field studies that integrate soil, 
microbial, and plant performance indicators with robust 
biochar characterization protocols. Addressing emerg-
ing risks including micronutrient imbalance, potential 
contaminant introduction, short-term N immobilization, 
and context-dependent N₂O mitigation will be essential 
to ensure safe and effective implementation. As the tea 
industry faces mounting pressures from soil degrada-
tion, climate change, and market demand for high-quality 
and environmentally responsible production, biochar 
represents a viable, climate-smart amendment with con-
siderable potential to support sustainable management. 
Continued investment in interdisciplinary research, 
region-specific field evaluation, and improved biochar 
governance will be critical for unlocking its full agro-
nomic and environmental value in global tea cultivation.
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