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Abstract 

Biochar acts as a rhizosphere interface engineer, reshaping physical, chemical, and biological gradients 
across the root–soil–microorganism continuum. Physically, it enhances aggregation by 13.9–18.9% and increases 
porosity by 8.2–41.6%, improving root penetration and creating microbial refuges. Chemically, its functional groups 
buffer rhizosphere pH, adsorb root-derived organic acids, and mediate redox reactions that govern nutrient specia-
tion and contaminant immobilization. Biologically, it provides protected microhabitats, enriches functional taxa, 
and stimulates enzyme activities. On average, urease activity rises by 23.1%, alkaline phosphatase by 25.4%, and nitro-
gen-cycling genes amoA and nosZ increase by 25.3% and 17.0%, respectively. These functional pathways are mecha-
nistically coupled and shift with soil conditions. Enhanced pore connectivity promotes oxygen diffusion toward roots, 
driving iron redox cycling and iron plaque formation, which modulates phosphorus solubility and selects for microbial 
consortia coupling nitrogen transformation to iron reduction. The relative importance of these mechanisms varies 
by context: physical water retention dominates in coarse-textured soils under drought, pH buffering and sorption pre-
vail in acidic soils, and microbial habitat effects are most significant in nutrient-limited systems driven by rhizodepos-
its. Collectively, these alterations decrease the mineralization of indigenous soil organic carbon by an average 
of over 5.5%, elevate the retention of root-derived carbon in subsoil by 20% on average, and lower nitrogen leach-
ing by 10.9%. Meanwhile, plant stress resistance is improved via optimized rhizosphere microbial communities 
and enhanced rhizosphere signal transduction. Translating these benefits into practice requires matching biochar 
properties to specific soil conditions. For alkaline sandy loam soils, wood- or crop residue-derived biochar produced 
above 500 °C, applied at 20–40 t ha−1 with 0.5–2 mm particles, is optimal. Acidic soils, however, require lower appli-
cation rates of 5–25 t ha−1. Particles smaller than 0.5 mm, as well as sludge- or manure-derived biochar produced 
below 500 °C, should be avoided without prior ecotoxicological screening mainly due to the risk of its transport 
or cotransport with contaminants. Long-term efficacy depends on repeated moderate-rate applications to manage 
aging-related decline and nutrient imbalances. Future research should resolve context-dependent contradictions 
through systematic dose–response experiments, define safe application windows by tracking aging trajectories, 
and reconcile conflicting microbial responses using field-based metatranscriptomics paired with enzyme assays.
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Highlights

•	 Biochar acts as a rhizosphere interface engineer, regulating root–soil–microbe systems through combined multi-
pathways.

•	 These changes cut soil carbon and nitrogen losses, boost nutrient retention, and enhance plant stress resilience.
•	 Matching biochar to local soil conditions maximizes agronomic benefits and mitigates environmental risks.

Keywords  Biochar, Rhizosphere, Biogeochemical processes, Elemental cycles, Ecological functions

Graphical Abstract

1  Introduction
The rhizosphere, a narrow yet dynamic soil zone extend-
ing millimeters to centimeters from the root surface, 
represents a critical interface where plants, soil, and 
microorganisms engage in intense biogeochemical inter-
actions (Jia et  al. 2023; Kuzyakov And Razavi 2019; Li 
et al. 2025b; Zhang et al. 2021). This hotspot is function-
ally distinct from bulk soil, driven by continuous inputs 
of root exudates (organic acids, amino acids, and sug-
ars) that alter local pH and redox conditions to mobilize 
poorly soluble nutrients like phosphorus, potassium, 
and iron. These labile carbon inputs not only acceler-
ate microbial metabolism and contribute to microbial 
biomass accumulation but also exert a strong regula-
tory effect on native soil organic carbon (SOC) turnover 

through priming effects (Bölscher et  al. 2025; Mueller 
et  al. 2024). Beyond nutrient cycling, rhizosphere pro-
cesses enhance plant fitness via symbioses and pathogen 
suppression, while also modulating contaminant bioa-
vailability through adsorption and degradation (Liu et al. 
2024a; Meng et  al. 2024a; Mueller et  al. 2024). Conse-
quently, deciphering rhizosphere biogeochemistry is fun-
damental to advancing both sustainable agriculture and 
environmental remediation (Finzi et al. 2015).

Biochar, a carbon-rich, porous material produced 
from biomass pyrolysis, has emerged as a powerful soil 
amendment with multifaceted impacts (Lehmann 2007; 
Woolf et  al. 2010). Its high surface area, porous archi-
tecture, and reactive functional groups enable strong 
interactions with soil components, water, nutrients, and 
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microorganisms (Liu et  al. 2019; Sun et  al. 2020; Wang 
et al. 2020). Biochar can improve soil physical structure 
by increasing water-holding capacity in sandy soils and 
alleviating compaction in clay-rich soils (Sun And Lu 
2014). Biochar can directly supply and retain nutrients 
like ammonium and phosphate, while also ameliorat-
ing soil acidity and increasing cation exchange capacity 
(Hagemann et al. 2017; Luo et  al. 2025). As a protected 
microbial habitat, biochar selectively shapes community 
composition by supporting beneficial taxa and suppress-
ing certain pathogens, thereby linking its application to 
broader soil health outcomes (Campos et  al. 2020; Pal-
iaga et al. 2025). Furthermore, biochar serves as a carbon 
sequestration strategy (Deng et al. 2024; Nan et al. 2025) 
and an effective remediation tool for immobilizing heavy 
metals and organic contaminants (Guo 2024; Palansoor-
iya et al. 2022a, 2022b). Critically, these interfacial prop-
erties are not static but evolve dynamically through field 
aging processes that progressively alter biochar surface 
chemistry, pore architecture, and interactions with the 
rhizosphere microbiome, with profound implications for 
long-term biogeochemical functioning (Mia et  al. 2017; 
Wang et al. 2020).

The confluence of these two fields, rhizosphere sci-
ence and biochar technology, has created a major 
research frontier, as biochar is increasingly recognized 
not just as a bulk soil modifier but as a potent regulator 
of the rhizosphere’s spatial extent and functional inten-
sity (Fang et  al. 2021; Sarma et  al. 2024; Shang et  al. 
2023). To advance beyond the conventional categoriza-
tion of biochar merely as a soil amendment, a microbial 
habitat modifier, or a geochemical mediator, we intro-
duce the concept of biochar as a “rhizosphere interface 
engineer”, a material that actively and synergistically 
reconfigures the physical, chemical, and biological gra-
dients across the root–soil interface. We define inter-
face engineering by three measurable criteria. First, 
physical re-engineering of pore architecture and con-
nectivity, which governs water films, gas diffusion, and 
the spatial continuity of microbial microhabitats. Sec-
ond, chemical re-engineering of pH, redox potential, 
and nutrient gradients that determine element specia-
tion and bioavailability. Third, biological re-engineer-
ing of microbial community assembly and metabolic 
networks that couple carbon, nitrogen, and phos-
phorus cycling. For instance, biochar has been shown 
to accelerate the formation of micro-aggregates that 
physically protect SOC and to enhance the retention of 
root-derived carbon within stable organo-mineral frac-
tions, directly exemplifying how physical and chemical 
re-engineering converge to strengthen carbon stabi-
lization in the rhizosphere (Weng et  al. 2017). Several 

prior reviews have provided foundational syntheses of 
biochar–rhizosphere interactions (Głuszek et al. 2017), 
the role of biochar in promoting overall soil health and 
microbial ecology (Lehmann et  al. 2011; Bolan et  al. 
2023), or its mediation of specific nutrient cycles, such 
as carbon and nitrogen (Craswell et al. 2021; Chen et al. 
2024c; Yu et  al. 2024). While invaluable, these works 
have typically reviewed physical, chemical, and biologi-
cal effects individually, whereas a critical knowledge 
gap remains in the integrated, mechanistic under-
standing of how biochar’s simultaneous and coupled 
physical, chemical, and biological alterations converge 
specifically within the rhizosphere to orchestrate its 
functions as a biogeochemical hotspot.

In this review, we operationalize the interface engi-
neering framework through a structured synthesis that 
progresses from individual mechanisms to their inte-
grated outcomes. Sections 2, 3 and 4 sequentially exam-
ine the physical, chemical, and biological dimensions 
of biochar-mediated rhizosphere re-engineering. Sec-
tion  5 then demonstrates how these three dimensions 
converge to regulate the biogeochemical cycling of key 
elements (C, N, P, S, Fe, and others), including an analy-
sis of how biochar buffers carbon and nitrogen fluxes 
under climatic stresses. Section 6 extends this analysis 
to plant-level ecological functions, examining enhanced 
resistance to both biotic and abiotic stresses. Section 7 
evaluates the practical translation of these mechanistic 
insights through life cycle assessment, economic fea-
sibility, and emerging environmental risks. Section  8 
proposes a prioritized research agenda in the future. 
By synthesizing these coupled processes across scales, 
we aim to provide a mechanistic blueprint for rational 
biochar design and identify key research priorities for 
advancing sustainable agricultural ecosystems.

2 � Physical modulation of the rhizosphere 
by biochar

The physical environment in the rhizosphere directly 
influences root growth and microbial activities (Koren-
blum et al. 2022; Kuzyakov And Razavi 2019). As shown 
in Fig.  1, biochar regulates this physical environment 
through multiple interacting pathways that originate 
from its pore structure and surface chemistry  (Joseph 
et  al. 2021; Schmidt et  al. 2021). These responses 
depend on feedstock type, pyrolysis temperature, appli-
cation rate, soil texture, and environmental condi-
tions (Blanco-Canqui 2017; Wei et  al. 2023), and can 
be either direct, through changes in the soil matrix, or 
indirect, via biochar-driven alterations in soil chemistry 
and microbial communities that feedback on aggrega-
tion and pore development (Bruun et al. 2014).
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2.1 � Soil structure, pore architecture, and root penetration
Biochar enhances soil structure primarily by improv-
ing the formation and stability of aggregates. Its porous 
structure, high specific surface area, and abundant 
functional groups facilitate bonding between cations, 
organic matter, and mineral particles, thereby mitigat-
ing the physical constraints on root growth imposed by 
soil compaction (Joseph et  al. 2021). Biochar particles 
can act as nuclei for aggregation, providing attachment 
sites for microorganisms and roots, while their surfaces 
support the formation of organo-mineral coatings that 
further stabilize aggregates (Weng et  al. 2017, 2022). In 
parallel, dissolved organic carbon released from biochar 
also stimulates root and microbial activity, particularly 
that of mycorrhizal fungi, whose exudates and hyphal 
networks directly drive the formation of macroaggre-
gates from microaggregates (Bolan et al. 2023; Wen et al. 
2022). The quantitative significance of these mecha-
nisms is confirmed by a meta-analysis of 641 independ-
ent observations that reported a 13.9–18.9% increase in 
soil aggregate content after biochar amendment, with 
the magnitude varying by soil type, biochar properties, 
and experimental conditions (Islam et al. 2021). In fine-
textured soils, application rates of approximately 20–30 
t ha−1 can effectively increase the proportion and stabil-
ity of macroaggregates (> 2 mm), an improvement attrib-
uted to enhanced cation exchange capacity and stronger 
organic–mineral binding (Islam et al. 2021). For instance, 

in a saline-alkaline clay loam, biochar applied at 30 t ha−1 
increased the fraction of >2  mm aggregates by 1.53-fold 
and raised the mean weight diameter, a measure of aggre-
gate size distribution where higher values indicate greater 
macro-aggregation, by 26–40% (Jia et al. 2024). By con-
trast, in sandy loam soils with low initial organic carbon, 
higher application rates are generally required to achieve 
measurable improvements (Zhang et al. 2015, 2020). The 
aggregation benefits are also modulated by feedstock 
source and pyrolysis temperature. Woody and cereal resi-
due biochar generally outperform straw-derived biochar, 
and high-temperature biochar (> 600  °C) delivers more 
pronounced structural improvements (Islam et al. 2021).

Beyond aggregation, biochar amendment increases 
total soil porosity through three pathways, namely the 
intrinsic pore structure of biochar, the formation of 
inter-aggregate pores driven by macroaggregate devel-
opment, and the generation of biopores associated 
with stimulated microbial activity and root growth. 
Reported increases range from 8.20% to 41.6% and 
depend strongly on the physicochemical properties 
of both soil and biochar (Jia et al. 2024). Biochar also 
shifts the pore size distribution, reducing the propor-
tion of ultrafine pores while increasing the fraction of 
larger, well-connected pores, a change that enhances 
the exchange of air, water, and nutrients between 
aggregates and the surrounding matrix (Yu et al. 2016). 
Improved pore connectivity is critical because it not 

Fig. 1  Mechanisms underlying biochar-mediated regulation of rhizosphere physical environment
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only facilitates root elongation and water movement 
but also promotes oxygen diffusion into deeper soil 
layers, thereby supporting aerobic microbial metabo-
lism and nutrient mineralization in the rhizosphere. In 
a saline-alkaline soil amended with 30 t ha−1 biochar, 
the pore connectivity index, a dimensionless metric of 
pore network continuity, reached 2.36, reflecting sub-
stantially enhanced continuity of the pore network (Jia 
et al. 2024). Collectively, these findings establish a gen-
eralizable principle that biochar consistently shifts soil 
toward a more porous, well-aggregated state, with the 
magnitude of improvement governed by application 
rate, feedstock type, and soil texture.

It should be noted that the meta-analysis and many 
supporting studies cited above measure physical prop-
erties in bulk soil rather than in the millimeter-scale 
rhizosphere microdomain directly adjacent to root 
surfaces. Directly quantifying aggregation, bulk den-
sity, and pore connectivity at the rhizosphere scale 
remains technically challenging because of the sample 
volume requirements of current analytical methods 
and the steep spatial gradients in root exudates, water 
content, and microbial activity over sub-millimeter 
distances. In theory, the rhizosphere experiences more 
intense wet-dry and shrink-swell cycles, higher con-
centrations of microbial exudates and extracellular 
polymeric substances, and more frequent root-induced 
compaction, all of which can locally modify the physi-
cal properties reported at the bulk scale. Despite 
these limitations, the directional trends from bulk soil 
meta-analyses remain informative for the rhizosphere 
context because the underlying mechanisms driving 
aggregation and pore development, including organo-
mineral binding, hyphal entanglement, particle inter-
locking, and microbial biofilm formation, operate in 
both compartments.

These structural improvements at the aggregate 
and pore scale translate directly into positive root 
responses. In a vineyard trial, biochar applied at 10 t 
ha−1 increased the proportion of >2  mm macroaggre-
gates and simultaneously raised fine root biomass from 
8.56 to 13.3  g  m−2. The mean diameter of fine roots 
increased from 0.46 mm to 0.56 mm, while the turnover 
rate decreased from 1.02  yr−1 to 0.95  yr−1, indicating 
extended root lifespan under improved physical condi-
tions (Amendola et al. 2017). Reduced soil bulk density, 
typically by 3–31%, with greater reductions in coarse-
textured soils, further facilitates root penetration by 
creating a looser matrix (Blanco-Canqui 2017). Collec-
tively, these interrelated changes in aggregation, pore 
architecture, and bulk density concurrently enhance 
hydraulic conductivity and oxygen availability (Głuszek 
et al. 2017; Jones et al. 2012; Yuan et al. 2025a).

2.2 � Soil water retention and hydraulic transport
The pore modifications described above directly regu-
late rhizosphere water dynamics. Biochar alters pore size 
distribution and surface wettability, which alters the bal-
ance between capillary and non-capillary pores (Tanure 
et al. 2019). These changes directly modulate root water 
availability and constitute a core physical pathway link-
ing biochar to root system function (Horel et  al. 2019). 
The hydrological responses are not uniform but vary 
non-linearly with soil properties, biochar characteris-
tics, and application regimes (Ramezanzadeh et al. 2023). 
Two global meta-analyses consistently demonstrate that 
biochar improves plant-available water most strongly in 
coarse-textured soils, with reported increases of approxi-
mately 45–51% in sand and loamy sand, around 20% in 
loam soils, and diminishing to negligible effects in clay 
soils. This pattern correlates positively with biochar spe-
cific surface area and cation exchange capacity (Razzaghi 
et al. 2020; Wei et al. 2023) and arises from the infilling 
of large interparticle pores by biochar micropores, which 
increases the volume of capillary pores that retain plant-
available water. Field and mesocosm studies confirm sig-
nificant increases in field capacity in sandy soils (Głąb 
et al. 2016).

Biochar also modulates soil water transport. In a 
sandy loam field experiment, biochar mitigated drought-
induced reductions in unsaturated hydraulic conduc-
tivity, with maize transpiration rates in amended plots 
remaining 83% higher than controls at low soil moisture 
(Tirgarsoltani et  al. 2021). This benefit is mechanisti-
cally linked to enhanced aggregate stability, which main-
tains continuous hydraulically conductive pathways for 
water movement (Tirgarsoltani et  al. 2021).  Improved 
hydraulic conductivity simultaneously facilitates oxygen 
replenishment in the rhizosphere after rainfall or irriga-
tion, helping to alleviate transient hypoxia. However, bio-
char does not always improve water transport. In karst 
sloping farmland, application rates of 30 and 60 t ha−1 
extended water infiltration time and reduced the aver-
age infiltration rate, likely due to strong water adsorption 
by hydrophilic functional groups and the partial clog-
ging of interparticle pores by fine biochar particles  (Liu 
et al. 2017c; Peng et al. 2026). This negative outcome was 
observed at very high application rates and likely reflects 
rate-specific pore clogging rather than a general limita-
tion of biochar, as at rates below 20 t ha−1, such adverse 
effects on infiltration are rarely reported, suggesting that 
the balance between beneficial pore modification and 
detrimental clogging is strongly dose-dependent. Biochar 
particle size further modulates these effects, particles of 1 
to 2 mm typically improve field capacity more effectively 
than particles smaller than 1 mm, whereas particles larger 
than 2  mm show no consistent advantage in available 
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datasets. Contrary to common assumptions, fine biochar 
does not enhance field capacity through higher specific 
surface area alone and may even reduce soil water reten-
tion due to pore clogging (Table S1). Additionally, fresh 
unaged biochar can temporarily reduce water infiltration 
owing to surface hydrophobicity (HC), but natural aging 
and surface oxidation progressively increase hydrophilic-
ity, leading to sustained improvements in water reten-
tion over time (Baronti et al. 2022; Razzaghi et al. 2020). 
Taken together, these findings indicate that biochar 
enhances rhizosphere water availability when applied at 
moderate rates to coarse-textured soils using aged bio-
char with appropriate particle size, whereas high applica-
tion rates, fine particles, and fresh hydrophobic biochar 
can transiently impair infiltration or cause pore clogging. 
This underscores the need to match biochar properties to 
soil hydrological constraints.

Empirical evidence consistently demonstrates that 
biochar amendment enhances plant-available water 
and resilience to soil moisture deficits. In a pot experi-
ment with compacted urban soil, biochar significantly 
increased the proportion of macroaggregates > 250  μm, 
improved aeration and drainage under wet-dry cycles, 
and increased ginkgo seedling biomass by 369% (Yoo 
et al. 2020). In a 10-year vineyard trial, a cumulative bio-
char application of 44 t ha−1 maintained significantly 
higher soil water content during summer drought and 
increased grapevine predawn leaf water potential by 42%. 
The concurrent decrease in fine root biomass in the top-
soil was interpreted as reduced need for extensive root 
foraging due to more reliable water access (Baronti et al. 
2022). In degraded saline-alkaline wasteland, a biochar 
interlayer at 40  cm depth increased soil water content 
in the 0–50  cm layer by 5–21%, reduced salinity in the 
0–40  cm rooting zone by 14–41%, and increased total 
plant biomass by 66% (Xu et al. 2025).

2.3 � Thermal and mechanical properties, and electrical 
conductivity

In addition to altering soil structure and water dynamics, 
biochar modulates soil electrical conductivity, mechani-
cal behavior, and thermal regime (Dahlawi et  al. 2018). 
In salt-affected soils, the high cation adsorption capacity 
of biochar can immobilize dissolved salts, thereby reduc-
ing soil solution salinity and alleviating salt stress (Wang 
et al. 2024b), which in turn protects root cell membranes 
from osmotic damage and sustains root water uptake 
capacity. However, biochar can also contain soluble salts 
and ash, and high application rates of certain biochar 
may temporarily increase electrical conductivity (Mavi 
et al. 2022). The balance between these opposing effects 
is primarily governed by feedstock type and application 

rate. Manure-derived biochar and those produced from 
halophytic feedstocks carry substantially higher ash and 
soluble salt loads than wood-derived biochar, and their 
application to already saline soils at rates exceeding 20 
t ha−1 poses a measurable risk of exacerbating salinity 
stress. Conversely, wood-derived biochar produced at 
moderate to high temperatures typically contains low ash 
content and is unlikely to elevate soil electrical conduc-
tivity even at higher application rates. For crop residue 
biochar, the risk is intermediate and can be managed by 
washing biochar before application or by selecting feed-
stocks grown on non-saline soils. In practice, the salin-
ity risk is most acute when high-ash biochar is applied 
at high rates to coarse-textured saline soils with limited 
leaching capacity, because the salt input from biochar 
can overwhelm its simultaneous capacity to adsorb and 
immobilize soil salts. A simple precaution is to screen 
biochar ash content and electrical conductivity before 
field application, particularly when using manure-derived 
biochar or applying to salt-sensitive crops.

Beyond its effects on salinity, biochar amendment 
also reduces soil compactness and shear strength by dis-
rupting the close packing of mineral particles, increas-
ing elasticity and plasticity, and lowering susceptibility 
to compaction under traffic loads (Blanco-Canqui 2017; 
Li et al. 2025a; Wang et al. 2019a), thereby reducing the 
mechanical impedance encountered by elongating root 
tips and promoting deeper root penetration. Changes 
in soil plasticity indices such as liquid and plastic limits 
have been widely documented, supporting the premise 
that biochar can shift mechanical properties toward 
a state more favorable for root penetration (Arthur 
et  al. 2019). Biochar further influences soil thermal 
dynamics through its dark color, which reduces surface 
albedo, altering diurnal temperature fluctuations and 
vertical heat distribution (Bhat et al. 2022). The result-
ing thermal buffering can protect roots from extreme 
temperature stress while sustaining microbial meta-
bolic activity in the rhizosphere. Concurrently, changes 
in water holding capacity and pore size distribution 
modulate evaporation at the soil–atmosphere interface 
(Chen et al. 2018; Feng et al. 2023). These thermal and 
hydrological changes can involve trade-offs: soil warm-
ing and altered evaporation may reduce topsoil water 
content under certain management practices such as 
ridge tillage, even when other physical properties are 
improved (Meng et  al. 2020; Puspanathan et  al. 2022). 
Overall, biochar-induced reductions in soil strength 
and salinity, together with moderated temperature 
fluctuations, create a physically more hospitable rhizo-
sphere environment for root growth and microbial pro-
cesses, although the net benefit depends strongly on 
feedstock selection and application management.
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2.4 � Practical considerations regarding application rates
The physical effects described in Sects.  2.1, 2.2, and 2.3 
exhibit strong nonlinearity and context dependence, 
which has created inconsistent conclusions across stud-
ies and limited the translation of research findings into 
standardized field practices. Soil texture and pH rep-
resent the primary overarching controls on biochar 
performance because they determine the fundamental 
physical limitation that biochar can address. In alka-
line sandy loam soils, biochar primarily improves water 
retention by filling large interparticle voids that char-
acterize coarse-textured substrates. Table  1 shows that 
0.5 to 2 mm biochar applied at 20 to 40 t ha−1 produces 
the greatest benefits in these soils, with expected yield 
increases ranging from 50 to 166%. In acidic sandy loam 
soils, the optimal application range shifts to 5 to 25 t 
ha−1 with positive effects detectable at rates as low as 2.5 
t ha−1 and rates exceeding 50 t ha−1 not recommended. 
In fine-textured soils, biochar primarily enhances aggre-
gation and reduces compaction by acting as physical 
anchors for organo-mineral complexes and disrupting 
the dense packing of clay particles. For alkaline clay loam 
soils, the optimal range is 20 to 40 t ha−1 with positive 
effects beginning at 20 t ha−1 and rates exceeding 40 t 
ha−1 increasing the risk of pore clogging. For acidic silt 
loam soils, the optimal range is 5 to 20 t ha−1 with posi-
tive effects appearing at 2 t ha−1 and no significant nega-
tive effects observed across the tested rate range.

Application rate functions as the second-order control 
that modulates the magnitude and direction of biochar 
effects. Rates below the positive effect threshold rarely 
produce measurable changes in soil physical proper-
ties, while rates between the positive threshold and the 
negative risk threshold generally deliver consistent ben-
eficial effects. Rates exceeding the negative risk thresh-
old frequently trigger adverse outcomes including pore 
clogging, increased salinity, and excessive alkalinity. 
This pattern is consistently observed across all soil types 

included in Table  1. Marginal benefits decline sharply 
beyond the optimal rate range and most studies show 
no statistically significant yield gains once rates exceed 
the context-specific upper limit, indicating that moder-
ate application rates typically provide the best balance 
between agronomic benefit and economic cost.

Biochar particle size introduces a third-order control 
that modulates the balance between beneficial pore mod-
ification and detrimental pore clogging. Table 1 provides 
clear quantitative guidance on particle size selection and 
shows that particles smaller than 0.5 mm are not recom-
mended for alkaline sandy loam soils as they produce 
yield reductions of 13% to 27% even at moderate appli-
cation rates. Particles of 0.5 to 2  mm deliver superior 
overall performance across most soil types and produce 
expected yield increases of 13% to 101% in soils with 
unspecified texture, while particles smaller than 0.5 mm 
or larger than 2.8  mm carry elevated risk of negative 
effects.

Aging acts as a time-dependent fourth-order control. 
Fresh biochar often exhibits surface hydrophobicity that 
can temporarily reduce water infiltration, but natural 
weathering and surface oxidation progressively increase 
hydrophilicity over time. Aging also generates additional 
oxygen-containing functional groups that strengthen 
organo-mineral bonding and further stabilize aggre-
gates, meaning that the full physical benefits of biochar 
amendment develop gradually over several years. Future 
research should investigate lower rate strategies com-
bined with targeted rhizosphere placement that may 
deliver comparable physical improvements at a fraction 
of the cost.

3 � Chemical modulation of rhizosphere processes 
by biochar

As a multifunctional soil amendment, biochar reshapes 
the rhizosphere chemical environment through its inher-
ent physicochemical properties (Omokaro et al. 2025). It 

Table 1  Dose–effect threshold matrix for biochar application across soil types, pH, and particle sizes (data summarized from Table S1)

Soil texture Soil pH Biochar particle 
size (mm)

Recommended rate (t ha−1) Expected yield 
change (%)

Positive 
threshold 
(t ha−1)

Negative effect risk

Sandy loam Alkaline 0.5–2 20–40  + 50 to + 166 10 Rate > 60 t ha−1

 < 0.5 Not recommended –27 to –13
(at 10 t ha−1)

None Size < 0.5 mm

Acidic  < 2 5–25  + 10 to + 30 2.55 Rate > 50 t ha−1

Clay loam Alkaline  < 2 20–40  + 96 to + 105 20 Rate > 40 t ha−1

Silt loam Acidic  < 2 5–20  + 20 to + 50 2 Not observed

Silty clay Neutral  < 2 20–30  + 33 to + 36 25 Rate > 50 t ha−1

Not specified Neutral 0.5–2 10–20  + 13 to + 101 10 Size < 0.5 mm or > 2.8 mm
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supplies ash-borne macroelements (N, P, K) that replen-
ish soil nutrient pools, especially in nutrient-limited 
soils or during peak crop nutrient demand (Singh et  al. 
2022). Its abundant surface OCFGs enhance nutrient 
retention via cation exchange and complexation, while 
mitigating phytotoxicity from heavy metals and organic 

pollutants (Chi et  al. 2024; Omokaro et  al. 2025). As 
shown in Figs.  2, 3, 4, and 5, biochar acts as a reactive 
sorption reservoir and core biogeochemical interface 
in the rhizosphere, driving coupled processes including 
acid–base buffering, adsorption–desorption, complexa-
tion-precipitation, and redox reactions (Gao et al. 2021). 

Fig. 2  Mechanisms underlying biochar-mediated regulation of rhizosphere acid–base buffering

Fig. 3  Mechanisms underlying biochar-mediated regulation of rhizosphere sorption and desorption processes
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These interfacial processes mediate dynamic interactions 
between biochar, plant roots, and rhizosphere microor-
ganisms, regulating elemental biogeochemical cycling, 
pollutant transformation and detoxification, and the 
overall ecological function of the rhizosphere microenvi-
ronment (Li et al. 2020; Ni et al. 2021; Yang et al. 2025a).

3.1 � Acid–base buffering
Rhizosphere pH is a master variable governing nutrient 
bioavailability, heavy metal mobility, and rhizosphere 
microbial community assembly and activity (Sugi-
hara et al. 2016). As shown in Fig. 2, biochar-driven pH 
changes arise from two core pathways, namely direct 

Fig. 4  Mechanisms underlying biochar-mediated regulation of rhizosphere complexation and precipitation processes

Fig. 5  Mechanisms underlying biochar-mediated regulation of rhizosphere redox and electron transfer processes
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proton neutralization by surface functional groups and 
the release of exchangeable alkaline cations via cation 
exchange reactions (Liu et  al. 2024b; Wijitkosum 2022). 
The direction and magnitude of these effects are co-
determined by biochar intrinsic properties and soil phys-
icochemical characteristics, with pyrolysis temperature 
(here defined as low < 400 °C and high > 600 °C) exerting 
a more dominant control than feedstock type, because 
increasing pyrolysis temperature progressively eliminates 
acidic functional groups while enriching alkaline mineral 
salts, resulting in biochar products with a wide pH range 
of typically 5.43 to 10.8 (Zhao et al. 2013a). In acidic soils, 
alkaline biochar neutralizes soil protons via release of 
carbonate, oxide, and hydroxide minerals, with an acid-
neutralizing capacity equivalent to up to one-third of 
agricultural lime in some scenarios (Joseph et  al. 2021). 
Conversely, low-temperature biochar retains more acidic 
functional groups, and progressive surface oxidation dur-
ing field aging further generates carboxylic acid groups, 
driving pH reduction in alkaline soils via cation exchange 
and carbonate-associated reactions (Joseph et  al. 2010; 
Wijitkosum 2022).

Feedstock type also shapes the pH and liming poten-
tial of biochar, as woody residue-derived biochar gener-
ally has lower alkalinity than that produced from certain 
agricultural wastes, while high-temperature pyrolyzed 
sewage sludge biochar is typically strongly alkaline (Dim-
itriadou et al. 2025; Wijitkosum 2022; Zhao et al. 2013a). 
Engineered modified biochar can further enhance pH 
regulation capacity, for example, magnesium-modified 
biochar increased acidic soil pH from 5.67 to 6.87–6.94 at 
0.5–2% application rates, outperforming unmodified bio-
char (Dimitriadou et al. 2025; Liu et al. 2024b). Soil type 
is a key determinant of these regulatory effects, as cal-
careous soils with strong native buffering capacity show 
negligible pH changes after biochar amendment, while 
acidic highly weathered soils exhibit significant pH eleva-
tion and enhanced cation exchange capacity (CEC) (Van 
Zwieten et al. 2010). Beyond soil type, climatic conditions 
further modulate the persistence of pH effects by control-
ling biochar degradation and aging dynamics, with faster 
biochar turnover in warm and humid regions requiring 
more frequent reapplication to maintain stable regula-
tion (Yang et al. 2025b). Long-term or repeated biochar 
applications can sustain acid–base buffering benefits via 
progressive oxidation and organo-mineral complexation, 
which increases OCFGs abundance and proton adsorp-
tion capacity (Dong et al. 2017; Liu and Zhang 2012). In 
addition to these abiotic buffering mechanisms, rhizo-
sphere microorganisms also exert important feedback 
effects on pH regulation. Biochar can provide favora-
ble habitat for acid-producing taxa in alkaline soils, 
while driving microbial community shifts that stabilize 

rhizosphere pH after initial liming in acidic soils, linking 
abiotic chemical buffering to biotic regulatory pathways 
(Dahlawi et al. 2018; Yang et al. 2025b).

Taken together, the acid–base buffering effects of bio-
char in the rhizosphere are governed by a clear hierar-
chy of controls. Pyrolysis temperature is the dominant 
first-order factor because it directly sets the initial pH 
and acid-neutralizing capacity of the biochar, with high-
temperature biochar consistently producing stronger and 
more persistent liming effects than low-temperature bio-
char regardless of feedstock or soil type. Soil initial pH 
is the second-order control that determines the direc-
tion and magnitude of the biochar effect, with acidic soils 
showing large pH increases while neutral and calcareous 
soils show minimal change. Feedstock type and aging 
constitute third-order controls that modulate the mag-
nitude and duration of pH effects within the ranges set 
by pyrolysis temperature and soil type. Microbial feed-
backs act as a fourth-order control that can sustain or 
dampen pH changes over longer timescales. This hierar-
chy explains why biochar consistently raises pH in acidic 
soils but produces variable or negligible effects in neutral 
to alkaline soils, and why high-temperature biochar out-
perform low-temperature biochar for liming purposes 
across all soil types.

3.2 � Sorption and desorption
Biochar mediates the fate of rhizosphere nutrients and 
contaminants via the synergistic effects of its hierar-
chical pore structure and surface chemical properties 
(Qiu et  al. 2022).​ In the dynamic rhizosphere inter-
face, fluctuations in pH, redox potential, and root exu-
date composition interact with biochar to govern the 
solid–liquid partitioning and mobility of target sol-
utes (Sarma et  al. 2024). Two fundamentally distinct 
retention mechanisms operate at the biochar surface. 
Adsorption refers to the binding of ions or molecules 
to the biochar surface via physical or chemical forces 
without forming a three-dimensional solid phase. Sur-
face precipitation refers to the accumulation of sorb-
ate on the biochar surface leading to the nucleation 
and growth of a new solid phase. While adsorption 
dominates at low sorbate concentrations, precipitation 
becomes increasingly important at higher loadings and 
elevated pH, and the two processes often coexist, mak-
ing their experimental distinction challenging (Han 
et  al. 2024; Singh et  al. 2017). Regarding adsorption 
specifically, two primary binding modes govern metal 
and nutrient retention (Fig. 3). Ion exchange is a revers-
ible electrostatic process where cations are attracted to 
negatively charged surface sites and can be replaced by 
other cations in solution. Surface complexation is the 
formation of stronger inner-sphere coordination bonds 
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between metal ions and specific OCFGs such as car-
boxyl and phenolic hydroxyl groups. Surface compl-
exation generally exhibits higher binding affinity and 
greater resistance to leaching than ion exchange, but 
its capacity is limited by the density of reactive func-
tional groups on the biochar surface (Uchimiya et  al. 
2011; Wei et  al. 2025). Numerous studies have dem-
onstrated that biochar’s porosity and surface charge 
enable effective immobilization of toxic metals (e.g., 
lead, cadmium) and organic contaminants (e.g., polycy-
clic aromatic hydrocarbons, resticides), reducing their 
migration toward plant roots (Das And Pandey 2025; 
Qiu et al. 2022). Its abundant OCFGs enhance sorption 
of polar organic compounds via electrostatic attraction, 
cation-π interactions, and surface complexation  (Li 
et  al. 2019), while low-molecular-weight organic acids 
(LMWOAs) in root exudates further modulate sorption 
by altering the protonation state of surface functional 
groups and localized rhizosphere geochemistry (Song 
et al. 2016).

Biochar aging significantly alters its sorption–desorp-
tion behavior through coupled physicochemical modifi-
cations that evolve over time scales ranging from months 
to decades. The key aging pathways and their conse-
quences for sorption are as follows. (1) Surface oxidation 
progressively increases OCFG abundance, particularly 
carboxylic and phenolic groups, which enhances CEC 
and cation retention but may reduce sorption affinity for 
hydrophobic organic contaminants owing to increased 
surface hydrophilicity and water cluster formation 
(Wang et  al. 2020). (2) Organo-mineral coating forma-
tion, driven by the interaction of dissolved organic mat-
ter, clay minerals, and metal oxides with biochar surfaces, 
partially occludes the intrinsic pore network and reduces 
accessible specific surface area, thereby decreasing sorp-
tion capacity for organic contaminants while simulta-
neously creating new reactive interfaces that enhance 
nutrient retention (Chen et al. 2022a, 2022b; Hagemann 
et al. 2017; Yang et al. 2018). (3) Physical fragmentation of 
biochar particles exposes fresh, unoxidized carbon sur-
faces with higher HC and sorption affinity, partially off-
setting the decline in sorption capacity caused by surface 
oxidation and pore blockage (Wang et al. 2020). (4) Long-
term field aging generally shifts the dominant metal 
immobilization mechanism from precipitation, driven 
by ash-derived carbonate and phosphate, toward surface 
complexation and ion exchange, driven by newly formed 
OCFGs. This shift has implications for long-term immo-
bilization stability under changing environmental condi-
tions such as soil acidification or increased salinity (Ren 
et  al. 2022). These coupled aging effects mean that bio-
char sorption behavior evolves continuously, with some 
properties improving, such as CEC and cation retention, 

while others decline, such as hydrophobic sorption 
capacity, and the net effect depends on the specific bio-
char-soil-solute combination (Wang et al. 2020).

These four aging pathways do not proceed uniformly 
across different soil microenvironments. The rhizos-
phere represents a distinct aging environment that can 
fundamentally alter both the trajectory and the rate of 
each pathway relative to bulk soil (Joseph et  al. 2021). 
LMWOAs such as oxalic, citric, and malic acid, which 
reach exceptionally high concentrations in root exudates, 
accelerate surface oxidation by promoting the forma-
tion of reactive oxygen species at biochar surfaces and by 
directly donating protons to surface functional groups, 
thereby generating carboxylic and phenolic groups at 
rates exceeding those in bulk soil (Liu et al. 2017a). The 
abundant LMWOAs also modify pathway (2) by par-
tially dissolving organo-mineral coatings and re-exposing 
internal pore surfaces, temporarily regenerating sorp-
tion sites that would otherwise remain occluded in the 
static bulk soil environment (Shabtai et al. 2024). Physical 
fragmentation via pathway (3) is intensified in the rhizos-
phere by root penetration forces and by the physical pres-
sure exerted by arbuscular mycorrhizal hyphae exploring 
biochar pores, both of which mechanically disrupt bio-
char particles at rates exceeding those expected from 
abiotic wet-dry cycles alone (Hammer et al. 2014; Meng 
et al. 2024b). The dense microbial communities inhabit-
ing biochar surfaces in the rhizosphere further acceler-
ate the formation of secondary organo-mineral coatings 
through pathway (2), because microbial necromass and 
extracellular polymeric substances provide abundant 
organic precursors for coating formation (Weng et  al. 
2022). Frequent redox fluctuations driven by root oxy-
gen release and microbial respiration promote dynamic 
iron (Fe) and manganese (Mn) oxide dissolution and re-
precipitation cycles on biochar surfaces, which continu-
ally regenerate fresh mineral sorption phases while also 
periodically stripping protective coatings (Dong et  al. 
2023; Huang et al. 2023). Collectively, these rhizosphere-
specific processes mean that biochar aging in the rhizos-
phere is both faster and more dynamic than in bulk soil, 
with the net effect depending on the interplay between 
accelerated oxidation, enhanced coating dissolution and 
re-formation, and intensified physical fragmentation.

Whereas the preceding discussion addresses how bio-
char sorption behavior evolves after soil incorporation, 
the intrinsic sorption properties of biochar are primarily 
determined during production. Pyrolysis conditions are 
the core determinant of biochar’s intrinsic sorption prop-
erties. Low-temperature biochar (< 400 °C) retains higher 
OCFGs and volatile matter, exhibiting high ion exchange 
capacity and nutrient supply potential. In contrast, high-
temperature biochar (> 600  °C) has a more condensed 
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aromatic structure, larger specific surface area, and 
higher sorption affinity for hydrophobic organic con-
taminants (Nkoh et al. 2021). Feedstock type also drives 
functional differences between biochar products. Wood-
derived biochar generally has a larger specific surface 
area, crop residue-derived biochar typically has higher 
CEC, and manure-derived biochar is rich in macro- and 
micronutrients (Ippolito et al. 2020). From a mechanistic 
perspective, sorption processes encompass external sur-
face adsorption and intraparticle diffusion into internal 
pore networks, with sorption site accessibility governed 
by pore size distribution and tortuosity (He et al. 2024b). 
Proton competition and hydration effects in strongly 
acidic soils (pH < 5) restrict intraparticle diffusion, reduc-
ing overall sorption efficiency  (Wei et  al. 2025), while 
mineral and organo-mineral coatings formed during 
aging can block pore entrances and slow diffusion kinet-
ics (Gui et  al. 2021; Yang et  al. 2018). Conversely, root 
exudates can dissolve these coatings, re-exposing inter-
nal pore surfaces and increasing available sorption sites 
(Shabtai et  al. 2024; Witzgall et  al. 2024). Chemically, 
sorption is driven by surface functional group reac-
tions and pH-mediated regulation of ionic speciation 
and surface charge density (Singh et  al. 2017). In acidic 
soils, biochar amendment neutralizes acidity and pro-
vides abundant sorption sites for ionic contaminants and 
nutrients via electrostatic interactions and surface com-
plexation (Liu et  al. 2025; Teng et  al. 2025), while also 
regulating phosphorus (P) speciation to mitigate leaching 
risk via modifying Fe redox cycling and aluminum (Al) 
oxide hydrolysis (Chen et al. 2022a, b). Biological mecha-
nisms also modulate sorption–desorption processes at 
the biochar–soil interface. Biochar can adsorb microbial 
signaling molecules (e.g., N-acyl homoserine lactones) 
and disrupt quorum sensing in Gram-negative bacte-
ria, altering functional gene expression and extracellular 
enzyme activity to modify contaminant bioavailability 
and biodegradation (Gorovtsov et  al. 2020; Mukherjee 
et  al. 2022). Furthermore, microbial colonization and 
biofilm formation on biochar surfaces provide additional 
sorption sites, while enhancing microbially mediated 
degradation of organic pollutants (An et al. 2022).

While the majority of sorption studies focus on heavy 
metals and organic contaminants, some studies have 
demonstrated that biochar can effectively immobilize 
radionuclides through the same ion exchange and surface 
complexation mechanisms described above. For instance, 
designer biochar activated with KOH achieved removal 
rates exceeding 80% for 137Cs (cesium) and 47% for 90Sr 
(strontium) even in the presence of competing cations, 
with spectroscopic evidence confirming that outer-sphere 
complexation between Cs and biochar surface functional 
groups was the dominant binding mode (Palansooriya 

et al. 2022a, 2022b). In radioactively contaminated soils, 
biochar amendment significantly increased the distribu-
tion coefficient (Kd) of Cs isotopes from below 10 to over 
100, demonstrating its capacity to reduce soil-to-plant 
transfer of cesium and strontium in contaminated envi-
ronments (Hamilton et al. 2016). A recent comprehensive 
review further confirmed that biochar and its engineered 
derivatives exhibit remarkable efficiency in adsorbing and 
immobilizing a broad spectrum of radionuclides, thereby 
establishing biochar-based remediation as a viable and 
sustainable alternative to conventional approaches for 
managing nuclear-contaminated sites (Kordrostami And 
Ghasemi-Soloklui 2025).

The collective findings from sorption and desorption 
studies lead to three overarching conclusions. First, bio-
char sorption is not a static property but a dynamic func-
tion that evolves continuously with aging, transitioning 
from initial high-affinity hydrophobic sorption toward 
sustained hydrophilic nutrient retention over months 
to years. Second, the rhizosphere is not simply a recipi-
ent of biochar sorption services but an active modifier of 
sorption capacity. Root exudates simultaneously degrade 
sorption sites through acid-promoted dissolution and 
regenerate them through coating removal, creating a 
dynamic equilibrium that bulk soil studies cannot cap-
ture. Third, the net direction of biochar sorption effects 
depends on the dominant mechanism under the specific 
soil conditions. In acidic soils, the pH elevation and sur-
face complexation dominate the functional outcome. 
In neutral to alkaline soils, ion exchange and physical 
adsorption govern nutrient and contaminant retention. 
These three principles provide a basis for predicting 
when biochar will function primarily as a contaminant 
immobilizer, a nutrient reservoir, or a dynamic exchange 
interface.

3.3 � Complexation and precipitation
While sorption and desorption govern the partitioning 
of solutes between solid and solution phases, the long-
term immobilization of metals and nutrients in the rhizo-
sphere often involves stronger chemical bonds and the 
formation of discrete mineral phases. Accordingly, this 
section examines the two dominant mechanisms under-
lying such immobilization. Complexation and precipi-
tation are two dominant geochemical mechanisms for 
immobilizing rhizosphere nutrients and contaminants, 
with performance governed by biochar surface functional 
groups and dynamic rhizosphere microenvironment 
chemistry (Li et  al. 2019). Complexation refers to the 
formation of stable coordination bonds between metal 
ions and surface functional groups, either inner-sphere 
or electrostatic outer-sphere associations, without the 
formation of a discrete three-dimensional mineral phase. 
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Precipitation involves the formation of a new solid phase, 
such as metal phosphates, carbonates, or hydroxides, that 
nucleates either on the biochar surface or in the rhizo-
sphere pore solution (Han et  al. 2024; Uchimiya et  al. 
2011). For complexation reactions, as shown in Fig.  4, 
abundant OCFGs on biochar surfaces form stable inner-
sphere coordination complexes with toxic metals, cou-
pled with cation exchange processes via proton and base 
cation transfer (Uchimiya et al. 2011). Additional compl-
exation pathways include cation-π interactions between 
divalent heavy metals and biochar’s aromatic carbon 
matrix (Uchimiya et  al. 2011). Targeted modification 
can significantly enhance the complexation capacity of 
biochar, as nitrogen-, phosphorus- and sulfur-modified 
biochars introduce high-affinity binding sites for heavy 
metals, while metal oxide-doped biochar (e.g., Mg-, Mn-, 
Fe-based composites) facilitates inner-sphere complexa-
tion via reactive hydroxyl groups and can also promote 
root iron/manganese plaque formation to provide addi-
tional rhizosphere complexation sites (Bostani et al. 2025; 
Chen et al. 2021b; Khan et al. 2023). Organic and micro-
bial modifications further enrich the functional ligands 
of biochar. Chitosan-modified biochar reduces Cd accu-
mulation in plant tissues, while microorganism-loaded 
biochar immobilizes metals via amino and carboxyl 
groups on microbial cell surfaces, with extracellular poly-
meric substances (EPS) further enhancing the stability of 
formed metal complexes (Gusiatin And Rouhani 2023; 
Qu et  al. 2020). Dissolved organic matter released from 
biochar can also form soluble metal–organic complexes, 
reducing metal bioavailability under fluctuating salinity 
and water conditions (Su et al. 2025).

Multiple factors regulate complexation processes and 
their long-term stability. Prolonged soil aging reduces 
biochar’s ash and reactive anion content while increasing 
OCFGs abundance and CEC, shifting the dominant Cd 
immobilization mechanism from precipitation to compl-
exation and ion exchange (Ren et al. 2022). Rhizosphere 
pH acts as a core regulator of these processes. Alkaline 
biochar elevates rhizosphere pH to enhance deprotona-
tion of negatively charged binding sites and strengthen 
complexation affinity, whereas acidic conditions promote 
protonation of surface functional groups and reduce 
overall metal binding capacity (Bostani et al. 2025). Root 
exudates can modulate complexation stability, promot-
ing desorption of pre-complexed metals depending on 
biochar type and surface oxidation degree  (Ren et  al. 
2022). Finer biochar particles also enhance complexa-
tion efficiency via larger specific surface area and higher 
exposure of reactive functional groups (Gui et  al. 2021; 
Rehman et al. 2025).

For precipitation reactions, biochar drives the for-
mation of sparingly soluble mineral precipitates via 

supplying reactive anions and base cations, as well as 
regulating rhizosphere pH, with precipitation occurring 
both on biochar surfaces and in rhizosphere pore water 
(Han et al. 2024). In calcareous and alkaline soils, phos-
phate released from phosphorus-modified biochar reacts 
with Cd2+ and Pb2+ to form stable metal phosphate pre-
cipitates, a pathway enhanced under elevated pH (Bostani 
et  al. 2025; Khan et  al. 2023). Sulfate-reducing bacteria 
enriched in biochar-amended soils generate sulfide ions, 
promoting the formation of low-solubility metal sulfides 
(e.g., CdS) to further reduce metal bioavailability (Islam 
et  al. 2024). Engineered biochar can be purposefully 
designed for targeted precipitation-based immobiliza-
tion of contaminants. Hydroxyapatite-impregnated bio-
char supplies phosphate and elevates soil pH to stabilize 
cadmium phosphate precipitates, while zero-valent iron 
(ZVI)-modified biochar reduces highly toxic Cr(VI) to 
less mobile Cr(III), which can precipitate as Cr(OH)3 
under neutral to alkaline soil conditions (Gusiatin And 
Rouhani 2023; Kumar And Radziemska 2022). Biochar 
also enhances biologically induced precipitation by pro-
viding a favorable habitat for ureolytic and sulfate-reduc-
ing bacteria, which generate carbonate and sulfide anions 
to drive metal mineral precipitation (Gusiatin And Rou-
hani 2023; Su et  al. 2025). Precipitation processes are 
strongly regulated by soil physicochemical conditions. 
Acidic soils favor hydroxide and sulfate mineral precipi-
tation via pH buffering effects, while water-saturated 
anaerobic conditions promote metal sulfide precipitation 
and co-precipitation with Fe/Mn oxides (Kumar And 
Radziemska 2022; Su et al. 2025). Conversely, long-term 
biochar aging depletes ash components and reactive ani-
ons, weakening precipitation capacity and shifting immo-
bilized metals toward more labile fractions over time 
(Ren et al. 2022).

The juxtaposition of complexation and precipitation 
mechanisms reveals a critical functional transition in 
biochar-amended rhizospheres. A clearer conceptual 
overview is provided by summarizing the dominant 
immobilization mechanisms under varying environmen-
tal conditions in Table  S2. Fresh biochar immobilizes 
metals predominantly through precipitation driven by 
ash-derived carbonate and phosphate. As biochar ages, 
this precipitation capacity declines while surface com-
plexation capacity increases due to progressive OCFGs 
generation. This means that the dominant immobiliza-
tion mechanism shifts from precipitation to complexa-
tion over time, with important practical implications. 
Under the precipitation-dominated early stage, metal 
immobilization is highly pH-dependent and vulnerable 
to acidification. Under the complexation-dominated later 
stage, immobilization becomes more resilient to pH fluc-
tuations but more sensitive to competition from other 
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cations and to complexation with dissolved organic mat-
ter. This transition is essential for predicting long-term 
immobilization stability and for timing biochar reap-
plication in contaminated soils. From an operational 
perspective, the dominant mechanism can be predicted 
based on soil pH and redox status. In acidic soils, the pre-
cipitation of metal phosphates and hydroxides is often 
prevalent, especially when biochar supplies phosphate. In 
neutral to alkaline soils, surface complexation and cation 
exchange become increasingly important for metal reten-
tion. Under reducing conditions, such as in flooded soils, 
sulfide precipitation may dominate. These distinctions 
provide a practical guide for matching biochar type to 
soil conditions.

3.4 � Redox mediation and electron transfer
Beyond the acid–base and sorption processes discussed 
above, biochar also participates directly in redox reac-
tions that transform nutrients and contaminants. This 
section examines how biochar mediates electron transfer 
in the rhizosphere, a function that integrates its physi-
cal pore architecture with its surface chemistry. Biochar 
mediates rhizosphere redox processes and the trans-
formation of nutrients and contaminants via its redox-
active carbon matrix, persistent free radicals (PFRs), and 
reversible redox-active functional groups (Fig.  5), act-
ing as an electron donor, electron acceptor, or electron 
shuttle to facilitate and accelerate microbial extracellular 
electron transfer (EET) in the rhizosphere (Joseph et al. 
2015; Li et al. 2023). Two distinct electron transfer path-
ways operate in biochar-amended soils. Direct electron 
transfer occurs when biochar surface functional groups, 
such as quinone and hydroquinone moieties, donate or 
accept electrons directly to or from target contaminants 
in close contact with the biochar surface. This pathway 
is spatially constrained and depends on the accessibil-
ity of redox-active sites. In contrast, electron shuttling 
involves biochar reversibly accepting electrons from 
microbial metabolism and transferring them to dis-
tant electron acceptors, such as Fe(III) minerals. This 
extends the effective electron transfer distance beyond 
the immediate cell surface and overcomes the rate-lim-
iting step of microbial EET (Xu et  al. 2019, 2022; Yang 
et  al. 2025c). A well-documented example of this redox 
regulation is the biochar-mediated reduction of highly 
toxic and mobile Cr(VI) to less toxic and sparingly solu-
ble Cr(III). This transformation proceeds through both 
pathways. Phenolic and hydroxyl functional groups on 
the biochar surface directly reduce Cr(VI), while indirect 
electron shuttling enhances EET between metal-reduc-
ing microorganisms and Cr(VI). The latter pathway is 
widely recognized as the dominant mechanism in natural 
soil matrices (Xu et al. 2019, 2022). In addition to these 

direct and shuttle-mediated electron transfers, biochar 
can facilitate the generation of reactive oxygen species 
(ROS), which participate in the oxidative transforma-
tion of organic contaminants and can influence plant 
stress responses, as detailed in the discussion of persis-
tent free radicals below. For dissimilatory metal-reducing 
bacteria, EET across the cell envelope is often the rate-
limiting step for reductive transformation of redox-sen-
sitive substrates, and biochar overcomes this limitation 
by extending the effective electron transfer distance and 
accelerating bioreduction kinetics (Yang et  al. 2025c). 
This electron transfer-mediated regulation is also appli-
cable to other redox-sensitive metals and organic pol-
lutants undergoing reductive degradation (Wang et  al. 
2024a). In flooded anoxic environments, biochar further 
participates in and modulates rhizosphere Fe and S redox 
cycling by mediating the reductive dissolution and oxida-
tive precipitation of Fe-bearing minerals and associated 
S species, which directly govern the fate of rhizosphere 
nutrients and contaminants (Joseph et al. 2015).

In paddy rhizospheres, Fe plaque formed on rice root 
surfaces acts as a natural barrier to limit plant uptake 
of toxic metals such as Cd (Yuan et  al. 2026). Biochar 
amendment promotes root Fe plaque formation, with 
significantly increased Cd sequestration within the 
plaque demonstrating its capacity to enhance metal 
immobilization at the root–soil interface (Xu et  al. 
2024b). Beyond direct electron transfer mediation, bio-
char modulates rhizosphere redox processes by altering 
soil physical structure and enhancing redox heteroge-
neity. Its hierarchical pore structure reduces soil bulk 
density and increases total porosity to enhance O2 dif-
fusion and support aerobic microbial metabolism and 
root respiration, while water retention in micropores 
creates localized anoxic micro-zones within predomi-
nantly oxic bulk soil (Leng et al. 2021). This dual effect 
expands the coexistence of aerobic-anaerobic inter-
faces in the rhizosphere, providing niches for micro-
bial functional groups with distinct redox requirements 
and enabling the simultaneous occurrence of redox 
reactions that are thermodynamically incompatible in 
homogeneous environments (Hussain et al. 2017; Xiao 
et  al. 2018). These aerobic-anaerobic interfaces fur-
ther intensify the coupled cycling of Fe, Mn, and S in 
the rhizosphere. In anoxic micro-zones, Fe- and Mn-
reducing bacteria mediate the reductive dissolution of 
insoluble Fe(III)/Mn(IV) oxides into bioavailable Fe(II)/
Mn(II), a process facilitated by biochar as an electron 
shuttle. These reduced metal species diffuse to adjacent 
oxic micro-zones, where they are re-oxidized and pre-
cipitate as secondary Fe/Mn oxides on soil particles and 
root surfaces (Ameloot et  al. 2013; Dong et  al. 2023; 
Li et  al. 2024a; Yang et  al. 2025c). This cyclic process 
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directly regulates the fate of associated nutrients (e.g., 
P) and contaminants (e.g., As, Cd) via coupled sorption 
and co-precipitation (Wang et  al. 2022a). In strongly 
anoxic micro-zones, biochar also facilitates sulfate-
reducing bacteria to generate sulfide, driving toxic 
metal sulfide precipitation and forming Fe-S phases 
that modulate rhizosphere P fixation and release (Fu 
et al. 2024).

Biochar’s PFRs represent an emerging frontier in under-
standing its redox behavior (Alfei And Pandoli 2024; 
Chen et al. 2025a). PFRs are stabilized unpaired electrons 
within the condensed aromatic carbon matrix. They are 
formed during biomass pyrolysis through the thermal 
decomposition of lignin, cellulose, and other organic 
precursors. Their concentration, type, and stability are 
strongly governed by pyrolysis temperature and feed-
stock composition (Chen et al. 2024a; Wang et al. 2022b). 
PFRs participate in redox reactions through multiple 
pathways, directly donating electrons to reducible con-
taminants such as Cr(VI) and nitroaromatic compounds, 
or generating ROS including hydroxyl radicals (·OH), 
superoxide anion radicals (O2·−), and hydrogen peroxide 
(H2O2) upon contact with oxygen and water (Fang et al. 
2014a; Yu et al. 2023). These ROS can oxidatively degrade 
organic pollutants or, conversely, induce oxidative stress 
in rhizosphere microorganisms and plant roots, repre-
senting a potential negative effect that requires careful 
evaluation (Liao et  al. 2014; Zhang et  al. 2024a). PFRs 
also influence soil microbial community composition 
(Gorovtsov et  al. 2020; Yang et  al. 2023). Studies have 
shown that biochar-associated free radicals can reduce 
soil bacterial diversity and alter ecoenzymatic stoichi-
ometry, with oxygen-centered PFRs generally exhibit-
ing higher reactivity and greater biological effects than 
carbon-centered PFRs (Yang et  al. 2023). As discussed 
in Sect. 3.2, biochar aging leads to a progressive decline 
in PFR concentration and reactivity. Consequently, PFR-
mediated effects are most pronounced in the first months 
to years after application. Over longer timescales, redox 
regulation transitions toward mechanisms involving sur-
face functional groups and electron shuttling (Chen et al. 
2024b; Joseph et al. 2015; Wang et al. 2020). Surface alco-
holic hydroxyl groups can be oxidized to carbonyl groups 
during PFR-mediated reactions, quenching free radicals 
and altering the overall redox behavior of amended soils 
(Li et al. 2023). Biochar can also buffer excessive increases 
in soil redox potential, promote the activity of Fe- and 
sulfate-reducing bacteria, and inhibit the oxidative dis-
solution of CdS precipitates (Li et  al. 2023). The redox 
activity of biochar is intrinsically governed by pyroly-
sis conditions, with the abundance of reductive surface 
functional groups generally decreasing with increasing 
pyrolysis temperature, and evolves dynamically during 

field aging via organo-mineral coating formation, particle 
fragmentation, and exposure of fresh redox-active sur-
faces (Joseph et al. 2010).

The redox mediation functions of biochar integrate the 
physical and chemical pathways discussed throughout 
this section. Biochar’s capacity to create aerobic-anaero-
bic interfaces through its pore structure couples directly 
with its electron shuttling capacity to sustain Fe, Mn, and 
S redox cycling. The simultaneous occurrence of oxida-
tive and reductive micro-zones in biochar-amended 
rhizospheres means that biochar does not simply shift 
the bulk redox potential in one direction. Instead, it 
expands the redox heterogeneity of the rhizosphere, ena-
bling coupled transformations that would otherwise be 
spatially or temporally separated. This principle explains 
why biochar can simultaneously promote Fe plaque for-
mation on roots through Fe(II) oxidation while facilitat-
ing Fe(III) reduction and Cd release in adjacent anoxic 
microsites. The net ecological outcome, whether contam-
inant immobilization or nutrient mobilization, depends 
on the spatial balance between these micro-zones, which 
is in turn governed by soil water status, root oxygen 
release, and biochar pore architecture.

4 � Microbial ecology and functional responses 
in the biochar rhizosphere

4.1 � Creation of microbial habitats
Biochar provides a favorable and protective microbial 
habitat in soil via its hierarchical physical structure and 
tailored surface chemistry, which form sheltered micro-
sites and reactive interfacial regions for microbial colo-
nization (Głuszek et al. 2017; Weng et al. 2022). Its high 
porosity and large specific surface area cover intercon-
nected macropores (> 50  nm), mesopores (2–50  nm), 
and micropores (< 2 nm) (per IUPAC definition), offering 
sufficient colonization space and physical refuge for soil 
microorganisms (Lehmann et al. 2015; Zhao et al. 2013b). 
As shown in Fig.  6, biochar pores can harbor bacterial 
colonies and fungal hyphae, reducing their exposure to 
predators such as protozoa and nematodes via physical 
shelter and spatial separation (Jaafar et  al. 2014; War-
nock et  al. 2007). This physical protection represents a 
direct habitat effect, distinct from indirect nutrient- or 
pH-mediated mechanisms that also shape microbial 
communities in biochar-amended soils. Specifically, bio-
char influences rhizosphere microbial ecology through 
four complementary but mechanistically distinct path-
ways, as summarized in Table  2. The first is the direct 
habitat effect, where biochar pores and surfaces provide 
physical niches for colonization and refuge from preda-
tors. The second is nutrient-mediated effects, where bio-
char supplies labile carbon and retains nutrients such as 
ammonium and phosphate, thereby alleviating microbial 
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nutrient limitation and stimulating growth. The third 
is pH-mediated effects, where biochar-driven shifts in 
rhizosphere pH alter the solubility of nutrients and tox-
ins, restructuring microbial community composition 
toward taxa adapted to the modified pH regime. The 
fourth is direct signaling effects, where biochar adsorbs 
or releases signaling molecules including quorum sens-
ing signals and root exudate components, thereby 
modulating microbial communication and gene expres-
sion independently of nutrient or pH changes (Bolan 
et  al. 2023; Gorovtsov et  al. 2020; Masiello et  al. 2013; 
Mukherjee et al. 2022). Beyond these four pathways, bio-
char  also  shapes a distinct chemical microenvironment 
via its strong capacity to adsorb organic compounds, 
essential nutrients, and water, shifting rhizosphere 
microbial community structure toward taxa that benefit 
from enhanced resource retention and stability (Arshad 
et al. 2024; Sun et al. 2016). Numerous studies have doc-
umented selective enrichment of beneficial functional 
groups, including phosphate-solubilizing microorgan-
isms, in biochar-amended soils, with labile carbon frac-
tions in biochar stimulating microbial activity and its 
interconnected pore network facilitating continuous bio-
mass accumulation (Chang et al. 2025; Zhao et al. 2020).

Beyond pore structure, biochar surface chemistry 
directly regulates microbial colonization and metabolic 
activity (Zhang et  al. 2022). OCFGs such as carboxyl, 
hydroxyl, and quinone moieties confer a net negative 
charge on biochar surfaces, adsorbing nutrients and 
contaminants while providing stable binding sites for 

microbial cell attachment (Bolan et al. 2023; Wang et al. 
2025). After initial attachment, microorganisms often 
form structured biofilms embedded in EPS, which sta-
bilize cell adhesion and provide additional reactive sites 
for pollutant immobilization (Prabhakaran et  al. 2016). 
These habitat-related effects of biochar involve distinct 
ecological trade-offs. Biochar can reduce plant depend-
ence on arbuscular mycorrhizal fungi (AMF) symbioses 
when it increases soil nutrient availability, and some 
biochar products can inhibit sensitive microbial groups 
if they contain elevated levels of heavy metals, PAHs, 
or other toxic compounds (Gryndler et  al. 2006; War-
nock et  al. 2010). Microbial colonization on biochar is 
spatially heterogeneous, as internal pores and external 
surfaces differ greatly in nutrient accessibility and local-
ized toxicity. This colonization process also shows strong 
time dependence. Fresh biochar is often less favorable for 
microbial colonization due to inherent phytotoxicity or 
limited accessible nutrients, while aging over months to 
years reduces toxic compound levels and optimizes bio-
char surface properties to increase colonization intensity 
(Quilliam et al. 2013a, 2013b).

Biochar inherent heterogeneity is a major driver of 
variable habitat quality. Feedstock type and pyrolysis 
conditions jointly control pore development and sur-
face chemical properties, with higher pyrolysis tempera-
tures often increasing total porosity and specific surface 
area to expand colonization space (Dai et al. 2021; Jaafar 
et  al. 2015). However, habitat quality depends not only 
on total porosity, but also on pore size distribution and 

Fig. 6  Mechanisms underlying biochar-mediated regulation of rhizosphere microorganisms and enzyme activities
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connectivity, which control water and gas transport and 
microbial access to nutrients within the pore network 
(Hardie et al. 2014; Schnee et al. 2016). After soil incor-
poration, mineral and organic coatings gradually accu-
mulate on biochar surfaces and block pore entrances, 
reducing accessible habitat space and altering long-term 
colonization patterns (Hagemann et  al. 2017). At the 
bulk soil scale, biochar’s habitat effects are concentrated 
in localized biochar-associated microsites, with impacts 
diluting significantly with soil depth (Quilliam et  al. 
2013a). Overall, the effectiveness of biochar as a micro-
bial habitat depends on interacting controls from biochar 
inherent properties, soil environmental conditions, and 
long-term aging dynamics (Lehmann et al. 2011; Pingree 
et al. 2022).

While the above discussion identifies the potential for 
negative microbial effects, the prevalence of such effects 
and the specific biochar types associated with them war-
rant systematic evaluation. A comprehensive review 
concluded that biochar application does not typically 
exert toxic effects on soil organisms and often stimulates 
microbial activity, with the outcome strictly determined 
by feedstock type and pyrolysis temperature (Godlewska 
et  al. 2021). Negative effects are concentrated in spe-
cific biochar categories (Table 3). Feedstock is the domi-
nant control. Sewage sludge biochar consistently carries 
elevated heavy metal loads, with Cd posing a consider-
able ecological risk relative to other feedstocks (Zhou 
2015). Manure-derived biochar, particularly from cat-
tle and poultry litter, can cause strong microbial inhibi-
tion primarily due to salinity stress from high potassium 
concentrations rather than heavy metal toxicity (Cantou 
et al. 2025). In contrast, wood-derived biochar produced 
at moderate to high temperatures rarely exhibits toxic-
ity (Godlewska et al. 2021; Cantou et al. 2025). Pyrolysis 
temperature exerts a secondary control. Biochar pro-
duced at low temperatures (350–400  °C) is more fre-
quently toxic than those produced above 500 °C, because 

they retain volatile organic compounds and soluble salts 
that inhibit microbial activity (Cantou et al. 2025). PAH 
concentrations peak in the 400–500 °C range and decline 
above 600 °C (Keiluweit et al. 2012), and environmentally 
persistent free radicals formed at higher temperatures 
can induce oxidative stress in microbial cells (Godlewska 
et  al. 2021). Application rate introduces a third-order 
control. Negative effects are most commonly reported 
at amendment levels exceeding 50 t ha−1, whereas rates 
below 30 t ha−1 rarely produce measurable micro-
bial inhibition (Brtnicky et  al. 2021; Nissen et  al. 2021). 
Importantly, the contaminants responsible for short-term 
toxicity, particularly volatile organic compounds, are not 
persistent in soil and diminish within weeks to months 
(Nissen et al. 2021). Biochar derived from sewage sludge, 
poultry litter, or cattle manure warrants mandatory eco-
toxicological screening before field application, par-
ticularly when produced at temperatures below 500  °C. 
Wood- and crop residue-derived biochar produced above 
500 °C at application rates below 30 t ha−1 pose minimal 
risk to soil microbial communities and can be consid-
ered suitable for agricultural use without extensive pre-
testing. Taken together, the net effect of biochar on the 
rhizosphere microbiome reflects a balance between hab-
itat-mediated benefits and toxicity-mediated risks, with 
feedstock type, pyrolysis temperature, and application 
rate serving as the primary levers for shifting this balance 
toward a desired outcome.

4.2 � Microbial community assembly, diversity, and network 
structure

Biochar mediates rhizosphere microbial succession 
across multiple dimensions, including community com-
position and alpha diversity, shifts in core and indicator 
taxa, and changes in microbial interaction network com-
plexity and stability (Jaafar et al. 2015). These responses 
vary significantly with crop species, biochar properties, 
site edaphic conditions, and time since application, with 

Table 3  Risk factors for negative microbial effects of biochar and recommended screening criteria

Risk factor High-risk characteristics Low-risk characteristics Evidence/recommendation

Feedstock Sewage sludge (Cd, heavy metals), 
manure (high K salinity)

Wood, crop residue Mandatory ecotoxicological screening 
for sludge/manure biochars (Zhou 2015; 
Cantou et al. 2025)

Pyrolysis temperature 350–500 °C (VOCs, soluble salts, peak 
PAHs)

 > 500 °C (reduced VOCs, lower PAHs, 
but note persistent free radicals)

Low-temperature biochars more 
frequently toxic (Godlewska et al. 2021; 
Keiluweit et al. 2012)

Application rate  > 50 t ha−1  < 30 t ha−1 Negative effects rare below 30 t ha−1 
(Brtnicky et al. 2021; Nissen et al. 2021)

Post-application aging Fresh biochar (residual phytotoxins) Aged months–years (toxins diminished) Short-term toxicity is often transient; 
aging reduces VOCs (Nissen et al. 2021; 
Quilliam et al. 2013b)



Page 19 of 42Gui et al. Biochar           (2026) 8:135 	

residual effects persisting for multiple years after a sin-
gle application (Gorovtsov et al. 2020; Wang et al. 2025). 
A global meta-analysis reported that biochar amend-
ment generally increases AMF abundance, microbial bio-
mass carbon, and functional richness across terrestrial 
ecosystems, while actinobacteria abundance and basal 
soil respiration tend to decline, with patterns consist-
ent across study designs and experimental durations (Xu 
et  al. 2020). Long-term field trials illustrate that these 
microbial responses can be stable and dose-dependent. 
In a continuous soybean monocropping system, ten years 
of continuous biochar application enriched beneficial 
bacterial and fungal taxa while suppressing soil-borne 
pathogens, with higher application rates producing more 
pronounced shifts in microbial community structure 
(Wu et al. 2025a, 2025b).

In addition to altering community composition, bio-
char also reshapes the interactions among taxa. Several 
studies have reported that biochar amendment increases 
network complexity, reflected in higher node counts, 
edge density, and average clustering coefficients, while 
simultaneously reducing network modularity. These 
structural changes suggest that biochar promotes more 
interconnected microbial communities with greater 
functional redundancy. However, increased network 
complexity is not universally observed. Under certain 
conditions, such as high biochar application rates or spe-
cific soil types, biochar can reduce network connectivity 
or increase modularity, indicating that network responses 
are context-dependent. Keystone taxa, defined as highly 
connected nodes that exert disproportionate influence on 
community structure and function, also shift markedly 
after biochar addition. Biochar tends to enrich keystone 
taxa affiliated with Actinobacteriota, Proteobacteria, and 
Chloroflexi, many of which possess metabolic capabilities 
related to cellulose degradation, phosphate solubiliza-
tion, or denitrification. The enrichment of these keystone 
groups suggests that biochar not only alters overall com-
munity composition but also restructures the functional 
backbone of the microbial network, potentially enhanc-
ing the resilience and stability of rhizosphere microbi-
omes under environmental stress (Cui et  al. 2024; Dai 
et al. 2021; Zhou et al. 2024). It is important to note, how-
ever, that increased microbial diversity or network com-
plexity does not inherently confer beneficial outcomes. 
In some scenarios, elevated diversity reflects the prolif-
eration of opportunistic or pathogenic taxa responding 
to biochar-derived carbon pulses, and shifts in commu-
nity composition rather than diversity per se may be the 
more ecologically meaningful indicator of soil health (Xu 
et  al. 2020; Yang et  al. 2023). These context-dependent 
network responses can be reconciled by recognizing that 
biochar increases connectivity when it alleviates resource 

limitations, such as in nutrient-poor or acidic soils, but 
may decrease connectivity when it introduces toxic com-
pounds or when nutrients are already abundant, thus 
shifting the competitive balance among taxa.

Biochar effects on rhizosphere microbial communities 
are often taxon-specific, primarily driven by biochar-
induced changes in rhizosphere pH and nutrient avail-
ability (Deinert et al. 2024). In acidic low-organic-carbon 
soils, biochar often increases the abundance of functional 
decomposer groups such as Actinobacteriota and Chlor-
oflexi that contribute to cellulose and lignocellulose turn-
over. In eucalyptus seedling plantations, co-application 
of biochar with plant growth-promoting rhizobacterium 
(PGPR) Bacillus megaterium outperformed single inputs, 
increasing soil nutrient availability and enriching ben-
eficial taxa including Actinobacteria, Gemmatimonadota 
and Cyanobacteria (Ren et al. 2020). In arsenic-contami-
nated paddy soil, modified biochar altered the abundance 
of Geobacter and Nitrososphaera, linking effects on arse-
nic immobilization to soil nitrogen transformation (Liu 
et al. 2017b). In saline-alkaline ecosystems, biochar com-
bined with bio-organic fertilizer enriched beneficial taxa 
including Actinobacteria and Micromonospora, with soil 
nitrogen and phosphorus availability exerting a stronger 
influence on bacterial community structure than salin-
ity (Gu et  al. 2022). Residual effects of biochar on soil 
microbial communities can persist long after applica-
tion ceases. Sewage sludge-derived biochar altered maize 
rhizosphere microbial communities five years after appli-
cation stopped, with biochar produced at 500 °C increas-
ing bacterial diversity and enriching functional groups 
linked to organic matter decomposition and nutrient 
cycling (Cruz et al. 2024).

4.3 � Functional gene and metabolic responses
Biochar amendment reshapes the abundance of func-
tional genes governing nitrogen and phosphorus cycling 
in the rhizosphere. A meta-analysis of field studies found 
that biochar increased the abundance of ammonia-
oxidizing archaea amoA, nirK, nirS, and nosZ genes by 
25.3%, 32.0%, 14.6%, and 17.0%, respectively (Xiao et al. 
2019). In apple orchard soils, biochar enhanced nitrogen-
fixing genes and N2O reduction genes in the rhizosphere, 
reducing N2O concentrations by 13.7% to 35.1% (Cao 
et  al. 2021). Similarly, for phosphorus, biochar elevated 
the copy numbers of phoC and phoD genes encoding acid 
and alkaline phosphatases, supporting organic phospho-
rus mineralization and plant phosphorus uptake (Dein-
ert et al. 2024). Biochar can interact synergistically with 
AMF to upregulate phosphorus cycling functional genes, 
with stronger effects under low phosphorus conditions 
(Meng et al. 2024b). Beyond nutrient cycling genes, bio-
char simultaneously modulates carbon degradation and 



Page 20 of 42Gui et al. Biochar           (2026) 8:135 

carbon fixation genes. A 13C study of maize rhizosphere 
showed that biochar enhanced both sets of genes within 
a single growing season, with bacterial functional traits 
predominantly controlling the rhizosphere priming effect 
(He et  al. 2024a). Biochar also shapes the structure of 
autotrophic microbial communities harboring cbbL and 
cbbM genes, which encode the key enzyme in the Cal-
vin cycle, coupling CO2 fixation with iron oxidation and 
nitrogen reduction pathways in the rhizosphere (Jiang 
et al. 2025).

At the metabolic level, microbial carbon use efficiency 
(CUE), the proportion of carbon assimilated into bio-
mass relative to total uptake, determines whether the 
microbiome acts as a net carbon source or sink. Bio-
char has been proposed to increase microbial CUE by 
shifting the physical and chemical soil environment to 
a more favorable state, which can reduce the metabolic 
maintenance costs of microbes and alleviate nutrient 
limitation through improved nutrient retention (Giag-
noni and Renella 2022). Experimental evidence sup-
ports this concept, showing that a biochar application 
of 30  Mg  ha−1 increased microbial CUE and induced 
a negative priming effect, thereby reducing the miner-
alization of both native soil organic carbon and freshly 
added labile carbon (Kalu et  al. 2024). Closely linked to 
CUE is the rhizosphere priming effect, where biochar-
derived labile carbon stimulates or suppresses native 
SOC decomposition. Biochar can induce positive prim-
ing by providing energy for decomposers, or negative 
priming through sorption of organic matter onto biochar 
surfaces and enhanced microaggregate protection (Wang 
et al. 2016; Weng et al. 2017). The balance between these 
opposing effects is dynamic and context-dependent. The 
interplay between microbial growth, CUE, and turnover 
ultimately governs microbial necromass accumulation, a 
major precursor of stable soil organic matter. An eleven-
year field trial showed that biochar increased microbial 
necromass carbon by 13.9%, with bacterial necromass 
more readily enriched than fungal necromass (Chen et al. 
2024c). However, the direction of this effect depends on 
soil context. A four-year field experiment reported that 
biochar reduced microbial necromass carbon by 7.5% 
to 10.5%, attributed to a shift toward K-strategists and 
intensified microbial nitrogen limitation (Ma et al. 2025). 
A nine-year Mollisol study comparing straw and biochar 
found divergent pathways: straw enhanced SOC primar-
ily through microbial necromass entombment, whereas 
biochar enhanced SOC primarily through biochemical 
protection of its recalcitrant aromatic carbon (Yuan et al. 
2025b).

Biochar also influences broader ecological functions of 
the rhizosphere microbiome. Biochar has been reported 
to reduce the transmission of antibiotic resistance genes 

from bulk soil and rhizosphere to plant endophytes by 
1.2–2.2 orders of magnitude, linked to suppression of 
mobile genetic elements and shifts in bacterial host 
community structure (Zhou et  al. 2024). Under stress 
contexts, biochar can stabilize rhizosphere bacterial com-
munities during aboveground pathogen infection, and 
improve plant drought and salinity tolerance by enriching 
stress-resilient microbial functional groups and altering 
root exudate profiles (Fahad et al. 2023; Wu et al. 2025b). 
In paddy field systems, biochar effects on methane and 
nitrous oxide emissions depend strongly on pyrolysis 
temperature and application rate, with rhizosphere func-
tional indicators showing stronger explanatory power for 
nitrous oxide emission variation than bulk soil indicators 
(Qi et al. 2023).

4.4 � Regulation of rhizosphere enzyme activity
Biochar amendment alters the activity of a wide range 
of rhizosphere extracellular enzymes (Fig.  6), includ-
ing urease, phosphatases, sucrase and catalase, with 
response direction and magnitude differing signifi-
cantly among enzyme classes and soil types (Zhang 
et  al. 2019). Global meta-analyses indicate that bio-
char exerts bidirectional effects on soil extracellular 
enzyme activity. One comprehensive synthesis reported 
an average 6.3% reduction in hydrolytic enzyme activ-
ity, including α-glucosidase, β-cellobiosidase, and 
β-glucosidase, with inhibitory effects increasing in line 
with higher biochar application rates and pyrolysis tem-
peratures (Yin et  al. 2021; Zhang et  al. 2019). In con-
trast, dehydrogenase activity is consistently stimulated 
by biochar amendment, with meta-analyses report-
ing an average 19.8% increase across published studies 
(Pokharel et al. 2020). For key nutrient cycling enzymes, 
the effects of biochar are predominantly positive. Meta-
analyses indicate that biochar increases urease and 
alkaline phosphatase activities by an average of 23.1% 
and 25.4%, respectively, with significant increases also 
reported for nitrite reductase and N-acetylglucosami-
nidase across multiple soil types (Pokharel et al. 2020). 
However, these positive responses are not universal, 
and rate thresholds and diminishing returns have been 
widely reported across studies. Low biochar applica-
tion rates often stimulate enzyme activity, while exces-
sive application rates may cause inhibition or deliver no 
additional functional benefit (Huang et  al. 2017). Soil 
type is a dominant factor regulating enzyme responses 
to biochar amendment (Rani And Garg 2025). Stronger 
stimulation of microbial biomass carbon, alkaline 
phosphatase, dehydrogenase, and urease activity is 
often observed in fine-textured soils (clay, clay loam) 
and acidic soils (pH < 6.5) (Pokharel et  al. 2020). Land 
use context further shapes these responses. Upland 
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agricultural soils show average urease increases of 
32.6–66.4%, paddy soils show 2.13–2.90-fold increases 
relative to controls, while greenhouse facility soils show 
highly variable outcomes (Rani And Garg 2025; Zhao 
et al. 2023). Pyrolysis temperature is another key deter-
minant of enzyme responses. Low-temperature biochar 
produced below 500  °C contains higher levels of labile 
carbon and more consistently promotes the activity of 
multiple extracellular enzymes, while high-tempera-
ture biochar produced at or above 500 °C may contain 
higher levels of PFRs and impose oxidative stress on 
soil microbial communities, which can inhibit enzyme 
activity in some soil types (Gregory et al. 2014; Jin et al. 
2024; Liao et al. 2022; Lehmann et al. 2011; Zhang et al. 
2023).

The enzyme responses described above arise from a 
combination of direct and indirect mechanisms. Direct 
effects arise primarily from biochar’s high specific sur-
face area and strong adsorption capacity. Biochar can 
adsorb both enzymes and their corresponding sub-
strates, which protects enzymes from proteolytic deg-
radation and provides localized reaction platforms. 
Conversely, excessively strong adsorption can also 
reduce enzyme activity by limiting substrate access to 
enzyme active sites (Demisie et al. 2014; Prayogo et al. 
2014). Indirect effects occur when biochar shifts key 
soil physicochemical properties and microbial com-
munity structure, including pH, aeration, and water 
retention capacity (Fahad et al. 2023; Liao et al. 2022). 
The alkalinity of most biochar products can neutral-
ize acidic soils and optimize conditions for pH-sen-
sitive enzymes; its pore networks provide protected 
microbial habitat, stimulating microbial growth and 
increasing the synthesis and secretion of extracellular 
enzymes. Ions released from biochar can also modulate 
enzyme activity, acting as cofactors in some contexts 
or inhibiting activity when toxic metals are present. 
Temporal dynamics also play a critical role in shaping 
enzyme responses to biochar amendment. In the short 
term, biochar can rapidly increase dehydrogenase and 
phosphatase activities, especially when co-applied with 
organic manure. Over longer timescales, biochar can 
integrate with the soil matrix, support the accumula-
tion of stable soil organic matter, and maintain higher 
enzyme activity via sustained carbon substrate sup-
ply and long-term pH stabilization (Lopes et  al. 2021; 
Idbella et al. 2024; Parasar and Agarwala 2025). Biochar 
aging also modifies enzyme responses over time. Deple-
tion of labile carbon fractions may reduce the activity of 
some enzymes, while abiotic aging can increase laccase 
and peroxidase activity via changes in the aromatic and 
aliphatic group content of biochar surfaces (Pokharel 
et al. 2020; Yang et al. 2023).

5 � Biochar mediated biogeochemical cycling of key 
rhizosphere elements

The rhizosphere, as the core hotspot of plant–soil bio-
chemical and physical interactions, is a central hub 
for terrestrial biogeochemical cycling, governing the 
migration and transformation of key elements in the 
atmosphere–plant–soil continuum. Biochar regulates 
rhizosphere elemental cycling through coupled physico-
chemical modification, microbial community reshaping, 
and root physiological regulation, with core regulatory 
pathways and outcomes summarized in Fig. 7.

5.1 � Carbon cycle
With its stable aromatic carbon framework and high 
porosity, biochar is widely recognized as a critical 
amendment for regulating rhizosphere carbon cycling 
and enhancing soil carbon sequestration (Gui et al. 2025; 
Lehmann et  al. 2021; Stewart et  al. 2013), with effects 
driven by the coupled regulation of carbon inputs, trans-
formation pathways and stabilization processes (Chen 
et al. 2024c). Carbon input is the starting point of rhizo-
sphere carbon cycling, and biochar increases carbon 
inputs through direct and indirect pathways (Luo et  al. 
2017). Directly, the recalcitrant aromatic carbon in bio-
char contributes to the stable soil organic carbon pool 
with centennial to millennial residence times, acting as 
a persistent supplement to long-term soil carbon stocks 
(Wang And Kuzyakov 2024; Woolf et al. 2021). Indirectly, 
biochar promotes root growth by optimizing soil physical 
structure and nutrient-water availability, driving greater 
rhizodeposition inputs. Rhizodeposits, which account for 
10% to 50% of photosynthetically fixed carbon, have 2–13 
times higher stabilization efficiency than litter-derived 
carbon, as they are rapidly assimilated by microorgan-
isms and converted into stable microbial necromass car-
bon (Oguntunde et al. 2008; Pausch And Kuzyakov 2018; 
Sokol et  al. 2019; Wang And Kuzyakov 2024). Corre-
spondingly, biochar can increase the belowground recov-
ery of newly fixed root-derived carbon by 20%, and can 
further regulate rhizodeposit bioavailability via adsorp-
tion to reduce rapid mineralization and carbon losses 
(Weng et al. 2017).

Shifts in rhizosphere priming effects are the central 
mechanism by which biochar mediates rhizosphere 
carbon transformation (Li et al. 2021a; Luo et al. 2023). 
Shortly after application, labile fractions in biochar stim-
ulate r-strategist microorganisms, triggering a short-term 
positive priming effect that accelerates native soil organic 
carbon mineralization, with more pronounced effects 
for low-temperature biochar (He et  al. 2024a; Sarfraz 
et al. 2019; Woolf and Lehmann 2012). With progressive 
aging, labile fractions are depleted, and the combined 
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effects of microbial pore refuge, organic carbon sorp-
tion, and microbial community shifts reduce organic car-
bon mineralization, driving a transition from positive to 
negative priming effects. Meta-analyses have reported 
over 5.5% reduction in soil organic carbon mineraliza-
tion under long-term biochar amendment, which aligns 
with the increased dominance of K-strategist taxa and 
higher microbial carbon use efficiency (Chen et al. 2024c; 
He et al. 2024a; Wang et al. 2020). Biochar also alters the 
abundance of carbon degradation and fixation functional 
genes (e.g., cbhI, cbbL), providing an additional regula-
tory pathway for rhizosphere carbon transformation 
(Parasar And Agarwala 2025; Weng et al. 2022).

These carbon transformation processes ultimately drive 
enhanced carbon stabilization, a key outcome of biochar-
rhizosphere interactions. Synchrotron-based analyses 
show that biochar accelerates the formation of <250 μm 
micro-aggregates, which provide physical protection for 
soil organic carbon, and increases the retention of root-
derived carbon in the <53  μm stable organo-mineral 
fraction by 6% (Weng et al. 2017). Biochar also enhances 
plant photosynthetic carbon fixation by improving soil 
moisture and nutrient availability, protects chloroplast 
structure, and enhances Calvin cycle enzyme activity 
and alleviate oxidative stress in contaminated soils, sup-
porting greater plant carbon capture (Lei et  al. 2024). 
In terms of greenhouse gas outcomes, biochar generally 
reduces CO2 emissions via carbon stabilization, though 
responses vary with soil type. Beyond CO2, biochar also 

modulates methane (CH4) emissions from the rhizos-
phere, particularly in paddy systems where methano-
genic and methanotrophic processes are active (Lee et al. 
2023). Biochar can suppress CH4 emissions by increasing 
soil porosity and aeration, which enhances the activity 
and abundance of methanotrophic bacteria, and by shift-
ing the balance between methanogens and methano-
trophs. A four-year field study in a double rice cropping 
system demonstrated that biochar amendment at 24 and 
48 t ha−1 reduced annual CH4 emissions by 20–51%, with 
the abundance ratio of methanogens to methanotrophs 
decreasing by 11–31% each year, and this ratio positively 
correlated with CH4 emissions (Wang et al. 2019d). This 
microbial community restructuring was accompanied 
by an increased relative abundance of basophilic metha-
notrophs such as Methylomicrobium and a decline in 
Methylocaldum, while methanogen communities shifted 
toward enrichment of Methanocella and Methanospiril-
lum and reductions in Methanoregula and Methanosaeta. 
A regional meta-analysis of East Asian rice paddies fur-
ther confirmed that biochar significantly reduced CH4 
emissions, with the magnitude of suppression depending 
on feedstock type, pyrolysis temperature, and application 
rate (Lee et al. 2023).

The stability of biochar-mediated carbon sequestra-
tion is challenged by global warming, which accelerates 
soil organic matter decomposition. Biochar amendment 
can lower the temperature sensitivity (Q10) of soil organic 
carbon decomposition by increasing microbial carbon 

Fig. 7  Mechanisms underlying biochar-mediated regulation of rhizosphere key elemental cycles
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use efficiency by 11–39% (Chen et al. 2025b) and by shift-
ing microbial communities toward K-strategist assem-
blages such as fungi and Actinobacteria that exhibit 
lower metabolic responsiveness to temperature increases 
(Chen et  al. 2021a). Aged biochar exhibits an even 
stronger Q10-lowering effect, particularly at lower tem-
peratures, suggesting that this temperature-buffering 
function for rhizosphere carbon may intensify over time 
as biochar ages in the root zone (Fang et al. 2014b, 2017). 
Similarly, under drought or wetting–drying cycles, bio-
char buffers rhizosphere carbon against destabilization 
(Liu et al. 2022b). Specifically, biochar’s porous structure 
protects microbes from rewetting stress, reducing CO2 
bursts (Rhymes et al. 2026). Meanwhile, biochar adsorbs 
root-derived carbon, preventing its rapid mineraliza-
tion (Weng et  al. 2022). It also promotes soil aggrega-
tion, physically shielding organic carbon from moisture 
fluctuations while the retained moisture stabilizes SOC 
decomposition rates (Pan et  al. 2026). Together, these 
biochar-mediated actions stabilize rhizosphere carbon 
under drying-rewetting cycles. Moreover, even under 
elevated CO2 (Table  4), biochar addition still signifi-
cantly reduced the rhizosphere priming effect relative 
to unamended soil, and the magnitude of this suppres-
sion increased with increasing biochar application rate, 
demonstrating that biochar can still mitigate the decom-
position of pre-existing soil organic carbon in a future 
CO2-enriched atmosphere, although the suppressive 
effect was weaker than that observed under ambient CO2 
(Pei et al. 2020).

5.2 � Nitrogen cycle
Biochar mediates rhizosphere nitrogen cycling by modi-
fying soil physicochemical conditions, reshaping micro-
bial community structure, and regulating functional gene 
expression (Craswell et  al. 2021; Zhang et  al. 2024b). 
Among the factors controlling these effects, biochar 
feedstock and pyrolysis temperature are the dominant 
ones. Wood-based biochar with high porosity improves 
soil aeration and alters the abundance of functional genes 
associated with ammonia oxidation, while crop residue 
biochar with higher available nutrient contents more 
strongly regulates nitrogen-fixing and denitrifying micro-
organisms. High-temperature alkaline biochar produced 
above 400 °C optimizes soil pH for nitrifiers and denitri-
fiers, while low-temperature biochar with high volatile 
organic compound contents produces more context-
dependent microbial responses (Cao et  al. 2021; Zhang 
et  al. 2021). Biochar also regulates rhizosphere nitro-
gen cycling via modification of root functional traits. It 
promotes maize root growth and branching to expand 
the root–soil contact area, increases soybean flavonoid 
secretion to promote rhizobial nodulation and biological 

nitrogen fixation, and maintains stable root exudate 
dynamics via adsorption to regulate microbial nitro-
gen transformation activity (Cheng et al. 2018; Cui et al. 
2024).

Microbial functional shifts are the core mechanis-
tic link between biochar amendment and rhizosphere 
nitrogen cycling. For biological nitrogen fixation, crop-
based biochar shows stronger promotional effects than 
wood-based biochar, with effects dependent on baseline 
soil nitrogen fixation potential and pH (Craswell et  al. 
2021; Yu et al. 2024). For nitrification, biochar combined 
with nitrogen-phosphorus-potassium (NPK) fertilizer 
increases soil potential nitrification rate, with ammonia-
oxidizing bacteria (AOB) as the key drivers, while ammo-
nia-oxidizing archaea (AOA) show stronger substrate 
dependence (Sun et  al. 2021). For denitrification, high 
C/N (> 30) alkaline biochar increased nosZ abundance 
by 13.2% and reduced N2O emissions by 76.7%, as redox-
active functional groups on biochar act as electron shut-
tles to improve the completeness of denitrification (Yuan 
et al. 2017; Zhang et al. 2024b).

Biochar effects on nitrogen use efficiency and loss 
pathways show strong context dependence. 15N tracer 
studies show that biochar can increase plant nitrogen 
recovery by promoting root uptake, while excessive 
application may inhibit uptake via lateral root growth 
suppression (Craswell et al. 2021; Shi et al. 2024). Meta-
analyses show that biochar reduces nitrogen leaching 
by 10.9%, and inhibits ammonia volatilization via NH3 
adsorption by OCFGs and nitrification regulation (Yu 
et  al. 2024). However, long-term application (> 3  years) 
may increase N2O emissions and nitrogen leaching due 
to the declining adsorption capacity of aged biochar, and 
high-temperature alkaline biochar may increase ammo-
nia volatilization risk from urea fertilizer (Craswell et al. 
2021; Zhang et al. 2021).

The stability of biochar-mediated rhizosphere nitro-
gen cycling buffering is challenged by shifts in water 
regimes, atmospheric CO2 concentrations, and rising 
temperatures. As with carbon cycling, biochar demon-
strates a capacity to maintain functional stability under 
these climatic stressors. Under experimental warming, 
high biochar application rates have been shown to sup-
press the warming-induced stimulation of N2O emissions 
in tropical soils (Rittl et  al. 2021). Frequent drying-wet-
ting cycles in irrigated arid agricultural soils profoundly 
alter rhizosphere nitrogen dynamics, and biochar-rhizo-
sphere interactions represent a critical mechanism to 
mitigate nitrogen losses and N2O emissions under these 
fluctuating hydrological conditions. Specifically, biochar 
modulates rhizosphere nitrogen cycling by adsorbing 
ammonium, reducing nitrate availability, and altering 
microbial substrate utilization efficiency, leading to ~ 20% 
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lower cumulative N2O emissions and buffering the sharp 
emission flushes triggered by rewetting events (Yang 
et  al. 2017). Under elevated CO2, biochar redistributes 
soil nitrogen from recalcitrant heavy fraction pools to 
more plant-accessible light fraction pools and promotes 
the formation of micro-aggregates that physically sta-
bilize particulate organic nitrogen, thereby enhancing 
nitrogen bioavailability. Metagenomic analysis reveals 
that biochar suppresses the upregulation of key nitrogen-
cycling genes associated with assimilation, nitrification, 
and nitrate reduction that would otherwise be stimu-
lated under elevated CO2, while synergistically increasing 
plant uptake of both fertilizer-derived and native soil-
derived nitrogen, ultimately leading to a 55.4% increase 
in grain nitrogen accumulation and effective mitigation 
of CO2-induced nitrogen limitation (Yang et al. 2026).

5.3 � Phosphorus cycle
Biochar exerts variable effects on rhizosphere phos-
phorus availability, with net outcomes reflecting the 
dynamic balance between phosphorus mobilization and 
immobilization processes. A 10-year paddy field trial 
showed that annual biochar application reduced rhizo-
sphere phosphorus flux by 11.6% to 79.0% with increas-
ing application rates, indicating progressive phosphorus 
immobilization under high-dose long-term inputs (Yuan 
et al. 2024). In contrast, cattle manure biochar increased 
Olsen P in alkaline desert soil by 134% in the rhizosphere, 
showing net mobilization effects under specific edaphic 
conditions (Fan et  al. 2023). These divergent responses 
are primarily driven by biochar properties, soil type, and 
application duration (Zhang et  al. 2025a). Beyond the 
cycling of inorganic phosphate, biochar also influences 
the fate of dissolved organic phosphorus (DOP) in the 
rhizosphere. DOP compounds, including inositol phos-
phates, nucleic acids, and phospholipids, constitute a 
substantial fraction of total soil phosphorus and require 
enzymatic hydrolysis by phosphatases to become plant-
available.  Biochar application can enhance DOP miner-
alization by stimulating the activity of phosphatases such 
as acid phosphomonoesterase (AcP), alkaline phospho-
monoesterase (AlP), and phosphodiesterase (PD), which 
catalyze the hydrolysis of monoesters and diesters to 
release plant-available orthophosphate. The stimulation 
of phosphatase activity is often accompanied by shifts 
in the abundance and community composition of phos-
phatase-harboring microorganisms, particularly those 
carrying phoD genes, which govern the conversion of 
organic phosphorus to inorganic orthophosphate (Liu 
et al. 2024c). Simultaneously, biochar surfaces can adsorb 
DOP compounds through ligand exchange and electro-
static interactions, temporarily retaining organic phos-
phorus in the rhizosphere and reducing its leaching loss.

Soil pH and interactions with Fe, Al, and Ca mineral 
phases are the core chemical mechanisms regulating bio-
char effects on phosphorus cycling. In acidic soils, the 
liming effect of biochar reduces Fe3+-  and Al3+-  driven 
phosphorus fixation, promoting phosphorus desorption 
and dissolution to increase plant-available phosphorus 
(Zhang et al. 2022). In alkaline soils, increased Ca2+ activ-
ity promotes calcium-bound phosphorus (Ca-P) precipi-
tation, reducing phosphorus availability under high-dose 
long-term application, as supported by the 10-year paddy 
trial showing a shift of soluble phosphorus to Ca-P and 
residual pools (Yuan et al. 2024). In flooded systems, bio-
char modifies Fe redox status to alter the dissolution of 
Fe-bound phosphorus, with effects dependent on soil 
baseline conditions (Li et al. 2021b; Weihrauch And Opp 
2018). Biochar surfaces also provide inherent phosphorus 
adsorption–desorption capacity. Low biochar application 
rates support short-term phosphorus supply via desorp-
tion, while high application rates may immobilize phos-
phorus into a stable slow-release pool (Luo et  al. 2023; 
Mahmoud et al. 2020).

Biochar also regulates phosphorus cycling via micro-
bial and root-mediated pathways. It provides protected 
habitat for phosphorus-transforming microorganisms, 
stimulates phosphorus-solubilizing taxa and phosphatase 
production, and alters the abundance of phosphorus 
transformation functional genes (e.g., phoD), promot-
ing the mobilization of insoluble phosphorus via organic 
acid release and enzymatic mineralization (Bornø et  al. 
2018; Fan et al. 2024). In addition, biochar can promote 
rice root growth and citrate secretion, upregulate phos-
phorus transporter gene expression, and enhance phos-
phorus acquisition under phosphorus-limited conditions 
(Zhang et al. 2022). Overall, while biochar often increases 
phosphorus availability, long-term high-rate application 
in alkaline or flooded systems may reduce availability via 
fixation and precipitation, and more long-term studies 
are needed to clarify its coupling with nitrogen and sulfur 
cycles (Hou et al. 2024; Yuan et al. 2024).

5.4 � Sulfur cycle
Biochar modifies sulfur availability in the soil–plant 
system through shifts in rhizosphere pH, dissolved oxy-
gen, microbial community structure, and root metabolic 
activity (Fig. 7) (Zhang et al. 2014). A notable pot experi-
ment in calcareous soil showed that dairy manure bio-
char applied at 0.5% to 2% increased maize growth and 
chlorophyll content, with optimal performance when 
combined with a medium sulfate input of 50  mg  kg−1. 
When the biochar rate increased to 5%, soil pH rose to 
approximately 8.5, and excessive alkalinity reduced plant 
growth and microbial activity, while decreasing plant-
available sulfur (Zhao and Zhang 2021). Biochar can also 
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regulate sulfur cycling through shifts in the plant metab-
olome that alter the recruitment and activity of sulfur-
cycling microorganisms. In wheat systems, biochar from 
different feedstocks and application rates altered amino 
acid metabolism and shifted cysteine and methionine 
synthesis pathways, with downstream effects on second-
ary metabolites such as flavonoids, alkaloids, and terpe-
noids. These metabolites can act as signaling compounds 
in plant–microbe interactions and can influence the 
abundance of sulfur oxidizers and sulfate reducers in the 
rhizosphere. Network analysis from this study also sug-
gests that biochar can increase positive associations and 
modularity among co-occurring microbial groups (Yang 
et al. 2025a). Across published studies, biochar feedstock 
often exerts a stronger control on sulfur cycling out-
comes than application rate, which indicates that effects 
depend on both the inherent sulfur content and surface 
chemistry of the biochar.

Long-term paddy field evidence suggests that high-
dose repeated biochar application can reduce sulfur 
flux in the rhizosphere. After 10 years of annual applica-
tion, increasing biochar rates were associated with lower 
rhizosphere dissolved oxygen and higher soil pH. These 
conditions promoted sulfate reduction to sulfide and 
the conversion of soluble inorganic sulfur into calcium-
bound and residual forms, which can reduce plant-avail-
able sulfur over time (Yuan et  al. 2024). Biochar effects 
on rhizosphere enzyme activity also contribute to sulfur 
cycling regulation. Low biochar application rates can 
increase the activity of catalase, urease, and sucrase that 
correlate with sulfur transformation efficiency, while 
high rates can inhibit these enzyme activities (Zhao and 
Zhang 2021). In summary, biochar regulation of sul-
fur cycling reflects the combined effects of soil chemis-
try shifts, root metabolic changes, microbial functional 
modifications, and multi-element coupling. Short-term 
moderate-rate biochar application with appropriate sul-
fate input can increase plant-available sulfur by main-
taining suitable pH and active microbial processes, while 
long-term high-rate application can reduce availability 
through over-alkalinity, low dissolved oxygen, and sul-
fur immobilization (Zhao and Zhang 2021). Future work 
should use integrated multi-omics and long-term field 
designs to link root metabolite shifts with sulfur-cycling 
functional microbes and sulfur speciation outcomes in 
the rhizosphere (Yang et al. 2025a).

5.5 � Iron cycle
Biochar influences rhizosphere iron cycling by modifying 
Fe redox transformation, iron plaque formation on root 
surfaces, and Fe mineral evolution, and these changes 
can alter both contaminant mobility and plant iron nutri-
ent availability (Fig.  7) (Si et  al. 2024a; Xu et  al. 2024a). 

These effects arise through coupled physicochemical 
regulation, microbial community selection, and interfa-
cial mineral transformation processes. Biochar sets key 
boundary conditions for Fe cycling by shifting rhizos-
phere pH, CEC, and carbon availability, which regulates 
Fe adsorption and transformation pathways (Si et  al. 
2024a, 2024b; Xu et al. 2024c). A well-documented exam-
ple shows that co-pyrolyzed peanut shell and corn stover 
biochar increased soil pH to 6.36 and CEC to 15.34 
cmol( +) kg−1, which supported enhanced Fe-related 
transformation processes in the tested soil (Xu et  al. 
2024c). Across multiple studies, co-application of biochar 
with AMF or PGPR can further increase rhizosphere dis-
solved organic carbon and provide energy sources for Fe-
cycling microorganisms, which can increase available Fe 
through complexation and activation of mineral-bound 
Fe. Microbial regulation is central to biochar-mediated Fe 
cycling, as biochar provides protected habitat and carbon 
sources and can selectively enrich Fe-metabolizing taxa. 
A key study found that corn stover biochar increased the 
abundance of Geobacter and Clostridium by 43% and 73% 
respectively, and these Fe-reducing bacteria can use labile 
carbon from biochar as an electron donor and promote 
the reduction of Fe(III) to Fe(II), increasing dissolved 
Fe concentrations in soil pore water (Xu et al. 2024a). A 
complementary study found that the same co-pyrolyzed 
peanut shell and corn stover biochar increased Fe-oxidiz-
ing groups and supported iron plaque formation on root 
surfaces through Fe(II) oxidation, with abundance pat-
terns linked to soil pH and cadmium speciation changes 
(Xu et al. 2024c). Fe redox cycling is the core mechanism 
linking biochar amendment to Fe speciation and iron 
plaque formation. Biochar can enhance Fe(III) reduction 
and Fe(II) migration within the soil matrix, and at root 
surfaces Fe(II) can be oxidized through radial oxygen loss 
(ROL) to form iron plaque. Alternative pathways such as 
nitrate reduction coupled with Fe(II) oxidation can pro-
mote Fe and Mn oxide formation and increase oxide-
bound cadmium fractions in contaminated soils (Si et al. 
2024a, 2024b). A key quantitative example shows that 
Fe-modified sewage sludge biochar increased Fe con-
tent in root surface plaque to 12.8 g kg−1, a 67% increase 
compared with the unamended control, and cadmium 
adsorption in the plaque also correlated positively with 
Fe content with a correlation coefficient of 0.83 and 
P < 0.001  (Huang et  al. 2023). These results support the 
concept that biochar can reduce heavy metal transloca-
tion to plant tissues by strengthening Fe plaque and Fe 
oxide sinks at the root–soil interface. Biochar regula-
tion of Fe cycling is strongly environment-dependent. 
In acidic cadmium-contaminated paddy soil, the anion 
type in Fe-modified biochar can shift whether regula-
tion is dominated by Fe(III) reduction or Fe(II) oxidation, 
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which alters the balance between iron plaque formation 
and amorphous Fe oxide accumulation (Si et  al. 2024a). 
In neutral soils, biochar combined with ZVI has been 
reported to increase the Fe cycling rate by 53% through 
coupled ZVI redox reactions and biochar electron shut-
tling, which improved heavy metal immobilization com-
pared with single amendments (Si et al. 2024b).

5.6 � Other nutrient and beneficial element cycles
Biochar regulates the availability of potassium, sodium, 
calcium, magnesium, and silicon through a set of shared 
core processes. These processes include direct input 
of soluble and exchangeable forms of these elements, 
modification of rhizosphere pH and CEC, regulation of 
adsorption–desorption equilibria on soil and biochar 
surfaces, and reshaping of pore structure and microbial 
activity that control ion transport to plant roots. Net 
outcomes depend on biochar feedstock, pyrolysis tem-
perature, application regime, soil properties, and aging 
dynamics (Gondek et al. 2019).

For potassium (K), wheat straw biochar produced at 
700 °C increased soil available K from nearly 20 mg kg−1 
to 300  mg  kg−1, as high-temperature pyrolysis enriches 
inherent K content in biochar and enhances its mobil-
ity. Biochar can retain K in the topsoil to reduce leaching 
and improve K fertilizer use efficiency. Repeated low-rate 
application combined with NPK nitrogen–phospho-
rus–potassium fertilizer outperforms one-time high-rate 
input for sustained K availability (Bao et al. 2024; Latini 
et al. 2019).

For sodium (Na), biochar regulates Na availability 
via direct input, surface adsorption, and CEC-medi-
ated retention. Under salt stress, biochar can reduce 
exchangeable Na and improve the K⁺/Na⁺ balance to alle-
viate salt toxicity, even when soluble Na pools increase. 
However, high-Na feedstock biochar may elevate soil sol-
uble Na content, with net agronomic outcomes depend-
ent on plant salt sensitivity and soil buffering capacity 
(Fernandes et  al. 2018; Gondek et  al. 2019; Latini et  al. 
2019; Rasuli et al. 2022; Wang et al. 2019b).

For calcium (Ca) and magnesium (Mg), manure-
derived biochar provides high Ca and Mg inputs, raises 
soil base saturation, and shifts Ca and Mg speciation 
toward plant-accessible pools via its liming effect, espe-
cially in highly weathered acidic soils. Co-application 
of biochar with compost increased extractable Ca from 
112  mg  kg−1 to 5021  mg  kg−1 in an Ultisol, as organic 
functional groups enhance Ca desorption and biochar 
liming expands the accessible Ca pool (Berek et al. 2018; 
Gondek et  al. 2019; Mahmoud et  al. 2020). Ca binds 
more strongly to cation exchange sites than Mg and Na, 
reducing Mg leaching risk, while Mg release from bio-
char shows strong pH sensitivity, with 19.8 times higher 

release under acidic conditions than alkaline conditions 
(Fernandes et al. 2018; Kypritidou et al. 2022; Latini et al. 
2019; Rasuli et al. 2022; Wei et al. 2013).

For silicon (Si), Si-rich feedstock (e.g., rice straw) bio-
char is a key regulator of the soil Si cycle. Biochar pro-
duced at 550  °C had a total Si content of 78.2  g  kg−1, 
nearly 2.5 times that of raw rice straw, with higher 
proportions of easily soluble silicic acid (H4SiO4) and 
adsorbed silicate fractions that constitute plant-available 
Si (Yao et  al. 2022). The carbon-silicon coupling frame-
work formed during pyrolysis reduces rapid Si leaching 
to enable sustained slow release, while Si protects carbon 
from microbial decomposition to maintain long-term 
pool stability. Biochar-derived silicic acid and organically 
bound Si can also support aluminosilicate formation for 
aluminum detoxification and enhance plant stress resist-
ance (Muhammad et al. 2016; Wang et al. 2019b).

Across all elements, biochar effects are conditional 
rather than universal. Agronomic benefits are consistent 
when biochar type and pyrolysis conditions are matched 
to target soil and crop needs, including K supply and 
retention, Na toxicity mitigation, Ca and Mg nutrition 
improvement, and Si-mediated stress protection. Long-
term performance depends on topsoil nutrient retention, 
moderate repeated inputs, and management of trade-offs 
among cation competition, leaching risk, and soil buff-
ering capacity (Muhammad et  al. 2016; Murtaza et  al. 
2023).

6 � Ecological functions of the biochar rhizosphere 
system

6.1 � Signal transduction and information exchange
Biochar modulates rhizosphere signal transduction 
through multiple pathways, including adsorption of 
microbial signaling molecules, regulation of plant hor-
mone metabolism, reshaping of ion homeostasis, mod-
ulation of root metabolite secretion, and synergistic 
interactions with beneficial rhizosphere microorgan-
isms, which jointly shape plant growth, nutrient use 
efficiency, and stress resistance (Masiello et  al. 2013; 
Sarfraz et  al. 2019; Wan et  al. 2025). Quorum sensing 
signals are central to rhizosphere microbial commu-
nication, and biochar adsorption of these signals has 
been directly verified in multiple studies. Biochar can 
bind N-acyl homoserine lactones (AHLs) secreted by 
Gram-negative bacteria, and this adsorption capac-
ity tends to increase with rising pyrolysis tempera-
ture. For example, biochar produced at 700  °C had a 
much higher specific surface area than biochar pro-
duced at 300  °C, increasing the inhibition efficiency of 
AHL-mediated communication by approximately one 
order of magnitude (Masiello et al. 2013). Biochar also 
reshapes rhizosphere microbial community structure 
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and interaction networks. Across agricultural sys-
tems, biochar commonly increases microbial diversity 
and network complexity, enriches functional groups 
such as denitrifiers, and suppresses some undesirable 
groups such as methanogenic archaea. Under plastic 
film mulching, biochar optimized colonization patterns 
in the maize rhizosphere and enriched genera such as 
Sphingomonas and Bradyrhizobium, further reconfig-
uring inter-microbial information exchange (Sui et  al. 
2023). Biochar also reduces allelopathic pressure in 
the rhizosphere by adsorbing phenolic compounds or 
inhibiting their secretion from plant roots. In a con-
tinuous ginseng cropping system, multiple biochar 
products reduced rhizosphere phenolic acid concentra-
tions, suppressed pathogens such as Fusarium and Ily-
onectria, increased beneficial microorganisms such as 
AMF and Bryobacter, and improved plant growth and 
quality traits (Liu et al. 2022a). Biochar further inhibits 
soil-borne pathogens partly by inducing plant systemic 
resistance, as demonstrated in tomato and rice systems, 
where biochar increased the expression of defense-
related genes and signaling pathways and increased 
H2O2 accumulation, contributing to the suppression 
of root-knot nematodes (Arshad et  al. 2024). Synergy 
with PGPR can further strengthen rhizosphere signal-
ing and defensive function. Biochar provides protected 
microhabitats that reduce PGPR population loss, while 
PGPR can enhance glomalin production and plant car-
bon allocation to improve soil aggregation, nutrient 
cycling, and soil carbon sequestration (Sarfraz et  al. 
2019). Plant hormone signaling is a major control point 
for rhizosphere responses to biochar amendment, with 
effects depending on irrigation regimes and microbial 
partners. In maize, wheat straw biochar combined with 
partial root zone drying increased abscisic acid (ABA) 
concentration in xylem sap, while in drought-stressed 
chickpea, co-application of corn stover biochar and 
Paenibacillus lentimorbus increased indole-3-acetic 
acid (IAA), cytokinin (CK), and salicylic acid (SA) lev-
els, maintained stable jasmonic acid (JA) levels, and 
shifted xylem ion profiles toward higher K+, Ca2+, 
Mg2+, NO3

−, and PO4
3− with lower Na+, thereby sup-

porting ion homeostasis and water use efficiency (Liu 
et  al. 2024a; Wan et  al. 2025). Biochar regulation of 
hormone and stress metabolite profiles is crop- and 
context-dependent. In sugarcane, biochar amend-
ment enriched zeatin, melatonin, phenyllactic acid, 
and sucrose in plant tissues, and these changes corre-
lated with the abundance of beneficial bacteria such as 
Bradyrhizobium, which improved soil nitrogen forms 
and enzyme activities and promoted sugar accumula-
tion. Under drought stress, walnut shell biochar opti-
mized tomato root architecture and reduced ABA and 

proline accumulation in plant tissues. In cacao systems, 
in-row placement of biochar-based fertilizer increased 
plant biomass, leaf area, and foliar P concentration, 
outperforming  alternative placement methods (Fallah 
et  al. 2023; Zhang et  al. 2025b). In the Fusarium wilt 
system, biochar induced systemic resistance by shifting 
defense signaling pathways, upregulating JA biosynthe-
sis and signaling genes including LOX, AOS, and JAR1, 
affecting auxin and brassinosteroid pathways, down-
regulating SA pathway genes including PAL and PR1, 
and promoting lignin and flavonoid synthesis to reduce 
disease incidence and improve photosynthetic perfor-
mance (Jaiswal et al. 2020).

Biochar can also act as a Ca2+ source and trigger 
Ca2+-dependent defense signaling cascades, thereby acti-
vating sensor proteins such as CaM, CBL, and CDPKs, 
regulating the expression of stress-related genes includ-
ing  those encoding glutathione S-transferase (GST), 
ascorbate peroxidase (APX), catalase (CAT), and ACC 
oxidase (ACO), and strengthening plant structural 
defense and antioxidant capacity (Bisht et al. 2024; Sarfraz 
et al. 2024). At the molecular scale, biochar can promote 
growth-related signaling while downregulating specific 
defense programs, suggesting a modulation of the plant 
growth-defense trade-off. In Arabidopsis and lettuce, bio-
char upregulated auxin and brassinosteroid-related genes 
such as IAR3, ILL6, DWF4, and CYP72C1, promoted 
cell wall loosening genes such as XTH9 and expansins, 
and simultaneously downregulated JA synthesis genes 
including LOX2 and AOS and defense-related genes such 
as PDF1.2 and THI2.1 (Viger et  al. 2015). Biochar also 
strengthens rhizosphere signal exchange by regulating 
root carboxylate secretion. In barley, carboxylate release 
correlated with biochar ash, P, and Mg content and pre-
dicted plant biomass response to amendment. In maize 
under reduced nitrogen input, corn stover biochar upreg-
ulated ZmMATE1 and increased the secretion of spe-
cific metabolites, which correlated with soil NH4

+-N and 
total P concentrations and mitigated plant biomass loss 
(Cheng et al. 2018; Honvault et al. 2022). Biochar-derived 
humic-like substances can alter root signal perception, 
reducing root hair length and density in Arabidopsis even 
under phosphorus starvation, indicating that regula-
tion occurs through signal perception rather than direct 
nutrient supply (Graber et  al. 2015). Biochar can also 
reprogram root metabolomes and secondary metabolite 
profiles, with effects dependent on application rate and 
feedstock, and moderate rates often producing stronger 
regulatory effects in some systems and plant roots tend-
ing to proliferate toward biochar particles. Long-term 
biochar application can shift rhizosphere metabolites and 
microbiomes toward higher disease suppression capacity 
and crop yield (Prendergast-Miller et al. 2014).
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6.2 � Plant biotic stress alleviation
Biochar can improve soil health while suppressing plant 
diseases across diverse crop-pathogen systems, including 
soil-borne and air-borne diseases, parasitic nematodes, 
and some virus-mediated diseases. Its core value lies in 
multi-pathway regulation of plant–soil–microbe–pro-
tist–pathogen–vector interactions rather than a single 
mode of action, thereby supporting reduced reliance on 
chemical fungicides (Bhatt et al. 2024). Biochar physico-
chemical properties such as pH, CEC, and porosity sup-
port disease suppression, while feedstock type, pyrolysis 
temperature, and modification shape its functional speci-
ficity. For instance, it can enrich beneficial taxa such as 
Pseudomonas and Trichoderma by providing protected 
microhabitats and growth substrates (Jin et  al. 2022). 
Representative agricultural systems show combined 
top-down and bottom-up disease control by biochar. In 
continuous cropping soil, rice husk biochar combined 
with a Bacillus synthetic community increased benefi-
cial bacterial abundance, reduced Ralstonia populations, 
promoted predatory protists, and suppressed Fusarium 
oxysporum to increase plant biomass. In tomato systems, 
biochar enriched a Pseudomonas strain that directly 
antagonized Fusarium and activated plant defense signal-
ing to reduce wilt severity, while its pores can also host 
beneficial Bacillus strains and suppress oomycete patho-
gens such as Pythium (Bhatt et al. 2024; Jin et al. 2022). 
Biochar can also contribute direct pathogen inhibition 
through pyrolysis-derived volatile organic compounds, 
and through selective inhibition by toxic constituents 
that shift rhizosphere microbial community structure, 
thereby increasing AMF root colonization and reduc-
ing Fusarium-related root diseases in some crop spe-
cies (Hou et al. 2022). Biochar can induce both induced 
systemic resistance and systemic acquired resistance in 
plants, enhancing the accumulation of phenolics, flavo-
noids, antioxidant enzymes, and pathogenesis-related 
proteins to reduce disease severity. In pepper systems, 
rice straw biochar increased leaf phenolic and flavonoid 
content and improved catalase and peroxidase activ-
ity, and it showed direct antimicrobial activity against 
pathogens in  vitro (Hou et  al. 2022). For plant-parasitic 
nematodes, biochar effects often reflect induced plant 
resistance rather than direct toxicity, as demonstrated 
by multiple biochar products reducing lesion nema-
tode infestation in carrot systems, and oak wood bio-
char reducing root-knot nematode infestation in rice at 
moderate application rates. For virus-mediated diseases, 
biochar effects can be indirect, operating through the 
suppression of insect vector populations (Singh et  al. 
2022). Biochar can shift root exudate profiles to favor 
beneficial chemotaxis and biofilm formation, thereby 
supporting the colonization of beneficial microorganisms 

and defense signaling activation, while also improving 
overall soil conditions and adsorbing pathogen toxins 
and cell wall-degrading enzymes to reduce pathogen 
virulence. Targeted modification can further enhance 
biochar adsorption capacity and beneficial microbial 
colonization, but application dose remains critical. 
Moderate doses are typically optimal, whereas excessive 
rates risk reduced efficacy through microbial commu-
nity imbalance or adsorption of applied pesticides (Bhatt 
et al. 2024; Jin et al. 2022). In summary, biochar achieves 
enhanced plant disease resistance through the synergis-
tic actions of microbial community remodeling, plant 
defense activation, soil environment improvement, and 
modification-enhanced effects, demonstrating significant 
control effects against fungal, bacterial, nematode, and 
virus-mediated diseases, as well as continuous cropping 
obstacles (Fig.  8). However, the field application of bio-
char still needs to address issues such as dose standardi-
zation, crop cultivar compatibility, and modification cost 
control. Future in-depth exploration of the interaction 
mechanisms between biochar and protists or virus vec-
tors, together with the functional specificity of differently 
modified biochar products, will provide more precise 
technical support for green agricultural disease control.

6.3 � Plant abiotic stress alleviation
Abiotic stresses such as drought, salinity, and heavy metal 
pollution increasingly threaten global crop yields and 
food security. Biochar can alleviate these stresses through 
coordinated soil physical improvement, ion homeostasis 
regulation, redox control, and rhizosphere ecological mod-
ulation (Fig. 9) (Sarraf et al. 2024; Zaib et al. 2022). Under 
salt stress, biochar can reduce soil electrical conductivity, 
sodium adsorption ratio, and exchangeable sodium per-
centage, promote excess Na⁺ leaching, supply Ca2+ and 
Mg2+ to displace exchangeable Na+, and improve soil struc-
ture and water retention capacity, while in plant tissues, 
enhancing antioxidant enzyme activity and supporting cel-
lular K+/Na+ homeostasis, including the upregulation of 
ion transporter genes such as SOS1 and NHX1 (Ali et  al. 
2025; Wu et al. 2023). Synergy with PGPR and AMF can 
amplify plant salt tolerance by improving beneficial micro-
bial establishment, reducing plant Na⁺ uptake, lowering 
stress ethylene levels via 1-aminocyclopropane-1-carboxy-
late deaminase, and improving ABA-related stomatal reg-
ulation, while biochar combined with PGPR can increase 
the activity of soil enzymes that support nutrient cycling 
(Malik et al. 2022; Rahim et al. 2025). Under drought stress, 
biochar can improve soil water holding capacity through 
its porous structure, reduce soil bulk density, increase 
total porosity, and optimize the root growth environment, 
thereby promoting plant osmotic adjustment, enhancing 
antioxidant defense systems, protecting photosynthetic 
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Fig. 8  Mechanisms underlying biochar-mediated regulation of crop biotic stress

Fig. 9  Mechanisms underlying biochar-mediated regulation of crop abiotic stress
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apparatus, and upregulating aquaporin-related genes such 
as plasma membrane intrinsic proteins, while also lower-
ing soil thermal conductivity and moderating rhizosphere 
temperature stress; PGPR synergy can further improve 
root biomass accumulation and plant water use effi-
ciency (Malik et  al. 2022; Wu et  al. 2023). Under heavy 
metal stress, biochar can immobilize toxic metals through 
adsorption and precipitation pathways, reducing plant 
metal uptake, while increasing pH and CEC and improv-
ing plant nutrient uptake to reduce competitive metal 
absorption. For arsenic contamination, biochar can shift As 
speciation toward less toxic forms, and PGPR can reduce 
highly toxic Cr(VI) to less mobile Cr(III), with biochar 
also upregulating antioxidant and metal tolerance genes in 
some crop species (Etesami et al. 2025; Rahim et al. 2025). 
At the molecular level, biochar can upregulate the expres-
sion of antioxidant enzyme genes such as OsSOD, OsPOD, 
and OsCAT​, and metal tolerance genes such as OsFSD1, 
thereby enhancing plant detoxification capacity for heavy 
metals (Sarraf et al. 2024).

Biochar regulation of rhizosphere micro-ecology is a 
core pathway for abiotic stress alleviation. It serves as a 
stable carbon source to promote the proliferation of ben-
eficial microorganisms, increase soil microbial diversity 
and activity, and facilitate the colonization of nitrogen-
fixing bacteria, phosphorus-solubilizing bacteria, and AMF 
(Malik et al. 2022; Zaib et al. 2022). Aged biochar surfaces 
undergo oxidation to form more oxygen-containing func-
tional groups, strengthening interactions with soil microor-
ganisms. Furthermore, compared to large particle biochar, 
nano biochar can better optimize rhizosphere microbial 
community structure by regulating the composition of root 
exudates (Sarma et al. 2024). Synergy between biochar and 
PGPR can upregulate the expression of plant defense genes 
such as PR1a and PI2, induce systemic resistance through 
the jasmonic acid/ethylene signaling pathway, achieve high 
inhibition efficiency against pathogens such as Fusarium 
and root-knot nematodes, and further enhance antioxidant 
defense capacity by regulating plant redox balance via the 
ascorbate–glutathione cycle (Etesami et al. 2025; Mushtaq 
et al. 2024). Furthermore, biochar improves soil aggregate 
stability by increasing the number of macro-aggregates 
larger than 2 mm, reducing the proportion of micro-aggre-
gates smaller than 0.25  mm, increasing the mean weight 
diameter of aggregates, and enhancing soil erosion resist-
ance (Chi et al. 2024).

7 � Biochar life cycle assessment, economic 
feasibility, and environmental risks

7.1 � Life cycle assessment and economic feasibility
Life cycle assessment (LCA) provides a systematic frame-
work for evaluating the net environmental consequences 
of biochar systems from feedstock sourcing to field 

application(Lehmann et al. 2021). Biochar-mediated car-
bon dioxide removal has substantial technical potential, 
although the magnitude of climate benefits depends on 
feedstock scenarios and system implementation. Using 
only forest or crop residues, biochar can achieve approxi-
mately 10% of the required carbon dioxide removal 
for 1.5  °C pathways and about 25% for 2  °C pathways, 
increasing to 15–35% and 35–50%, respectively, when 
dedicated energy crops are included as feedstocks (Tis-
serant And Cherubini 2019). An early foundational LCA 
study analyzing corn stover, yard waste, and switchgrass 
demonstrated that biochar systems are financially viable 
as a distributed system using waste biomass (Roberts 
et  al. 2010). The environmental performance is shaped 
by pyrolysis conditions, soil properties, and field man-
agement practices (Tisserant And Cherubini 2019). 
Among production technologies, gasification exhibits 
superior economic attributes compared to pyrolysis and 
hydrothermal carbonization, while feedstock type plays 
a predominant role in determining biochar properties 
(Li et  al. 2024b). Potential trade-offs between environ-
mental impacts, including particulate matter formation, 
acidification, and eutrophication, depend on the back-
ground energy system and whether residues or dedicated 
feedstocks are used (Tisserant And Cherubini 2019). 
Deployment context significantly shapes the overall per-
formance of biochar systems. Mobile biochar produc-
tion, which uses forest residues that would otherwise be 
pile-burned, reduces global warming potential by 1.9–2.8 
tCO2e per tonne of biochar across three portable pyroly-
sis systems (Puettmann et al. 2020). Co-locating biochar 
production facilities with anaerobic digestion plants min-
imizes feedstock transport distances, and in the United 
Kingdom context, the resulting biochar delivers net emis-
sions reductions of 1.15–1.20 tCO2e per tonne of biochar 
with an 88% stable carbon fraction (Gamaralalage et  al. 
2025).

Biochar systems are economically complex and multi-
faceted. A cost–benefit analysis spanning application 
rates from 4 to 28 t ha−1 estimated total production costs 
at $233 t−1, with labor accounting for 27.1% of produc-
tion and application expenses  (Patel And Panwar 2024). 
A systematic review concluded that profitability is highly 
uncertain and case-specific, depending on location, 
feedstock type, scale of operation, pyrolysis conditions, 
biochar price, cultivated crop, and the potential internali-
zation of externalities (Campion et  al. 2023). Economic 
outcomes vary markedly across different agricultural 
contexts. In a cost–benefit analysis across two contrast-
ing geo-economic settings, biochar application had a pos-
itive net present value for cereal cropping in Sub-Saharan 
Africa when the yield effect extended for 30  years, 
whereas all North-Western European scenarios showed 
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negative net present values even over an indefinite time 
horizon, with grain yield improvements of from + 0.07 
to + 0.28 t ha−1 yr−1 in North-Western Europe and + 0.18 
to + 1.00 t ha−1  yr−1 in Sub-Saharan Africa  (Dickinson 
et  al. 2015).  In rice production systems, benefit–cost 
ratios of biochar-amended fields were below 1 in the first 
cropping season but rose to between 1.22 and 1.84 in the 
second cropping season due to the residual effect of bio-
char (Danso et al. 2023).

Despite considerable academic enthusiasm, the eco-
nomic reality of biochar deployment remains sobering. 
Feedstock costs can comprise up to 75% of production 
expenses, rendering systems viable only with access to 
free residues or monetized carbon credits (Gristina And 
Scalenghe 2026). Overall, biochar application in soils 
presents relatively low risks of negative environmental 
impacts and can also improve soil quality when feed-
stock mix and pyrolysis conditions are optimized (Tis-
serant and Cherubini 2019). Translating these agronomic 
advantages into economic viability, however, requires 
carbon credit monetization, economies of scale, and pol-
icy mechanisms that convert environmental benefits into 
tangible financial incentives for farmers (Campion et al. 
2023; Gristina And Scalenghe 2026).

7.2 � Potential environmental risks
7.2.1 � Biochar nano‑colloid formation and mobility
A critical but underappreciated secondary risk of bio-
char application arises from the physical disintegra-
tion of bulk biochar into micro- and nano-scale colloids 
during field aging. Biochar colloids originate from fine 
fractions produced during pyrolysis or are generated 
through post-application weathering involving physi-
cal, chemical, and biological fragmentation (Gui et  al. 
2021; Zhang 2025). Biochar colloids exhibit high colloi-
dal stability under environmentally relevant conditions 
and can travel through soil profiles or in runoff, poten-
tially transporting sorbed contaminants or nutrients over 
long distances (Gui et  al. 2021). Formation is driven by 
initial production of nano-scale particles and subse-
quent fragmentation, while stability depends on surface 
charge, ionic strength, cation valence, natural organic 
matter interactions, and hetero-aggregation with soil 
minerals (Song et al. 2019). A central controversy exists 
in that while biochar colloids can immobilize pollutants 
and enhance nutrient retention in situ, their mobility may 
facilitate contaminant migration and carbon loss from 
the target soil horizon (Xie et al. 2026). Chemical aging 
substantially increases the mobility of biochar colloids in 
porous media by increasing the abundance of negatively 
charged oxygen-containing functional groups on colloid 
surfaces, thereby enhancing electrostatic stabilization 
and transport potential (Wang et  al. 2019c). Compared 

to pristine biochar, aged nano-biochar exhibited higher 
dispersion stability due to a more negative zeta potential 
and increased specific surface area and mesoporous vol-
ume (Wang et al. 2019c). The rhizosphere, with its high 
concentrations of organic acids and intense microbial 
activity, may accelerate biochar fragmentation and col-
loid generation compared to bulk soil, as suggested by 
the well-documented chemical weathering of biochar by 
organic acids and the role of microbial processes in the 
physical breakdown of soil organic  matter; both pro-
cesses raise the possibility that similar fragmentation 
processes are intensified in the rhizosphere (Wang et al. 
2016). Once formed, nano-biochar exhibits better disper-
sion and stronger migration ability than bulk biochar in 
soil environments, and pollutants associated with nano-
biochar may disperse further in soil as a result. Beyond 
its potential to exert adverse ecotoxicological impacts 
on soil fauna, nano-biochar also alters soil microbial and 
enzymatic activities, plant growth, and physicochemical 
properties (Zhang 2025).

7.2.2 � Contaminant co‑transport, groundwater risk, 
and endogenous pollutant hazards

Building on the above understanding of nano-colloid 
behavior, direct experimental evidence has confirmed 
that these colloids facilitate the downward transport of 
contaminants along the soil profile, posing a potential 
risk to groundwater quality. Biochar colloids derived 
from wood chip and wheat straw at two pyrolysis tem-
peratures were shown to facilitate the transport of Cr(VI) 
in a loam clay Ultisol by 0.5–7.0 times compared to sys-
tems without biochar colloids, with the enhancement 
attributed to competition between biochar colloids and 
Cr(VI) for available sorption sites on soil surfaces (Chen 
et al. 2022a, 2022b). Similar co-transport risks have been 
documented for other heavy metals, with biochar col-
loids acting as carriers for Cd2+ to considerably facilitate 
its transport, mainly due to strong binding affinities of 
colloids toward Cd2+ and the high mobility of colloids 
in porous media (Zhang et  al. 2024c). Low-molecular-
weight aromatic acids, common organic substances in 
the rhizosphere environment, further promoted biochar 
colloid mobility and enhanced the contaminant-mobi-
lizing transport capacity of colloids (Pan et  al. 2023). 
These observations lead to the recommendation that risk 
assessment of biochar-facilitated heavy metal transport 
should be carefully considered when biochar is applied to 
the remediation of heavy metal-contaminated sites (Sun 
et  al. 2022). The co-transport of organic contaminants 
with biochar colloids has also been documented. Column 
experiments found that biochar colloids mainly acted 
as a vehicle to facilitate the transport of phenanthrene, 
atrazine, and oxytetracycline, with dissolved organic 
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carbon released from biochar colloids also contributing 
to increased mobility of organic contaminants in dis-
solved form (Hameed et  al. 2020, 2021). These findings 
collectively demonstrate that colloid-facilitated contami-
nant transport represents a significant secondary envi-
ronmental risk that has received insufficient attention in 
the biochar application literature.

Beyond colloid-mediated transport, biochar can serve 
as a direct source of environmental contaminants. A 
comprehensive review categorized biochar-associated 
risks into endogenous risks, originating from pollut-
ants inherently present in feedstock materials including 
heavy metals, PAHs, dioxins, volatile organic compounds 
(VOCs), persistent free radicals, and metal cyanide, and 
exogenous risks, arising from contaminants adsorbed 
from the surrounding environment after application 
(Dong et  al. 2025). Biochar produced at high tempera-
tures under oxygen-limited conditions can contain both 
well-known contaminants and emerging contaminants, 
whose potential to induce phytotoxicity, cytotoxicity, 
and neurotoxicity highlights the need for effective con-
taminant control strategies (Brtnicky et  al. 2021; Han 
et al. 2022). Post-production treatments such as thermal 
treatment or natural and artificial aging help organic con-
taminant removal and breakdown, while co-pyrolysis of 
metal-rich feedstock with metal-free biomass is the pri-
mary approach for reducing total potentially toxic ele-
ment levels (Han et  al. 2022). The aging process itself 
may release previously immobilized contaminants back 
into the soil solution, as biochar undergoes oxidation 
and mineral dissolution during long-term field aging, and 
heavy metals that were initially stabilized through pre-
cipitation or complexation may gradually become more 
labile, particularly under conditions of soil acidification 
or increased salinity (Mia et  al. 2017; Ren et  al. 2022). 
These converging risks from colloid-facilitated transport, 
endogenous pollutants, and aging-induced contami-
nant remobilization underscore the need for systematic 
environmental risk assessment protocols and quality 
standards for biochar products before field deployment 
(Dong et  al. 2025). Future research should focus on 
long-term quantification of colloid export from biochar-
amended soils, fate assessment of biochar colloids in 
aquatic systems, and comprehensive evaluation of sub-
tle ecological effects from chronic low-level exposure to 
biochar-derived contaminants.

8 � Research perspectives
8.1 � Current research gaps
Most existing studies focus on individual rhizosphere 
processes such as water retention, heavy metal adsorp-
tion, or microbial community shifts, while the synergis-
tic regulatory mechanisms within the multi-interface 

biochar–soil–microorganism–root system remain poorly 
resolved. Three core knowledge gaps stand out. First, the 
specific interaction mechanisms between biochar sur-
face functional groups and root exudates, mineral ions, 
or signaling molecules remain unclear, and the cascade 
pathways linking biochar-driven physical microenviron-
ment remodeling, rhizosphere chemical signal dynamics, 
and microbial functional responses lack a unified quan-
titative framework. Second, the dynamic aging mecha-
nisms of biochar and its long-term functional attenuation 
patterns are not fully characterized, with multi-year 
field data on aging-driven changes in biochar structure, 
surface properties, and associated microbial functions 
remaining limited and pollutant release risks during 
aging insufficiently assessed. Third, methodological bot-
tlenecks restrict in-depth mechanistic insight. Microscale 
in  situ real-time monitoring of rhizosphere dynamics 
is scarce, and most data derive from pot experiments 
or short-term field trials rather than long-term cross-
regional positioning studies, a limitation that permeates 
the mechanistic evidence synthesized in this review. This 
is particularly acute for high-resolution process stud-
ies addressing microbial community succession (Sect. 4) 
and rhizosphere signal transduction (Sect.  6), where 
root density is artificially amplified, the rhizosphere vol-
ume is compressed, and water and nutrient regimes are 
tightly controlled, conditions that can exaggerate bio-
char–microbe–root interactions and distort the ecologi-
cal functions attributed to biochar. Field validation of the 
pot-derived mechanisms, including community network 
rewiring, keystone taxa enrichment, and quorum sensing 
interference, remains a critical unmet need. Future pro-
gress requires field-based in  situ monitoring at the mil-
limeter scale of root–biochar–soil interfaces to explicitly 
test whether these mechanisms operate with comparable 
significance under natural environmental heterogeneity. 
Furthermore, interdisciplinary integration remains inad-
equate to build quantitative mechanistic models linking 
gene regulation, metabolite dynamics, and rhizosphere 
environmental variables.

8.2 � Future key research directions
To advance from descriptive understanding to predictive 
capability, we propose a three-tier research framework 
with clearly defined priorities, each directly linked to spe-
cific contradictions and unresolved inconsistencies iden-
tified in the preceding sections.

8.2.1 � Priority 1 (highest): Resolve the context‑dependence 
of biochar effects on rhizosphere physical and chemical 
functioning

The manuscript has identified several persistent contra-
dictions that require targeted investigation. Section  2 
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documents that biochar improves hydraulic conductiv-
ity in most soils but reduces infiltration at high applica-
tion rates, yet the rate threshold at which benefits reverse 
to detriments remains undefined for different soil textures 
and biochar particle sizes. Section  3 reveals that biochar 
simultaneously immobilizes contaminants through sorp-
tion and precipitation while its colloidal fractions can facili-
tate contaminant transport downward, yet the net balance 
between immobilization and mobilization under field-rel-
evant flow conditions has not been quantified. Section 5.3 
highlights that biochar increases phosphorus availability 
in acidic soils through liming but decreases it in alkaline 
soils through Ca-P precipitation, yet the soil pH and cal-
cium content boundaries separating these opposing out-
comes are not established. Addressing these contradictions 
requires systematic dose–response experiments that map 
the transition from benefit to detriment across gradients 
of application rate, soil texture, and biochar particle size for 
each target function, paired with mechanistic studies using 
isotope tracing and synchrotron-based spectroscopy to 
quantify the competing immobilization and mobilization 
pathways at the biochar–soil interface.

8.2.2 � Priority 2 (high): Systematically characterize biochar 
aging dynamics and establish quantitative benefit‑risk 
trade‑off frameworks

Section  3.2 shows that aging progressively oxidizes bio-
char surfaces, increasing CEC and nutrient retention while 
reducing sorption capacity for hydrophobic organic con-
taminants. Section  7.2 demonstrates that aging generates 
nano-colloids that facilitate contaminant co-transport, 
yet the timescale over which the beneficial aging effects 
peak and the point at which colloidal risks begin to domi-
nate are unknown. Section 3.3 further reveals a functional 
transition from precipitation-dominated to complexation-
dominated metal immobilization as biochar ages, yet the 
timing and reversibility of this transition across soil types 
have not been characterized. Coordinated long-term field 
trials across contrasting soil types and climates, paired with 
laboratory accelerated aging experiments, are needed to 
track the co-evolution of surface chemistry, pore structure, 
colloidal generation rates, and microbial community func-
tion over decadal timescales, with the goal of constructing 
predictive models that define safe application windows by 
identifying when the net benefit of biochar aging transi-
tions to net risk for each soil-biochar combination.

8.2.3 � Priority 3 (medium‑term): Resolve the contradictory 
microbial responses to biochar and build an integrated 
monitoring framework

Section 4.4 documents that low biochar rates stimulate 
enzyme activity while high rates inhibit it, and Sect. 4.1 
notes that biochar enriches beneficial microbes but 

certain feedstocks introduce toxic compounds that sup-
press sensitive groups, yet the ecological significance of 
these bidirectional effects, whether the temporary inhi-
bition at high rates or from toxic feedstocks has lasting 
consequences for rhizosphere function, remains unre-
solved. Section  6.2 reports disease suppression across 
diverse pathosystems, but the mechanisms (induced 
resistance versus direct antagonism versus microbial 
community shifts) likely vary by system in ways that 
are not yet predictable. Addressing these gaps requires 
field-based microbial time-series studies that pair 
metatranscriptomics with enzyme assays and disease 
incidence tracking to disentangle transient responses 
from persistent functional changes, together with the 
development of microscale in situ monitoring technol-
ogies for the root–biochar–soil interface and the estab-
lishment of long-term field trials with standardized 
protocols to provide the data foundation for resolv-
ing these inconsistencies and constructing predictive 
mechanistic models.

9 � Conclusions
This review systematically synthesizes the multidimen-
sional regulatory effects of biochar on the rhizosphere, 
and clarifies its core value in enhancing plant stress 
resistance and supporting sustainable agricultural pro-
duction. These effects are driven by the synergistic cou-
pling of physical, chemical, and biological pathways. 
Physically, biochar optimizes soil structure and water 
dynamics to support root growth. Chemically, it buffers 
soil acidity, mediates nutrient cycling, and drives pol-
lutant immobilization via interfacial reactions. Biologi-
cally, it reshapes rhizosphere microbial communities by 
providing protected habitats and enriching beneficial 
functional taxa. These pathways form an integrated 
regulatory network to modulate plant growth, nutri-
ent use efficiency, and stress resistance. Biochar shows 
substantial application potential in alleviating major 
abiotic stresses including drought, salinity, and heavy 
metal pollution, and suppressing biotic stresses such 
as soil-borne diseases and plant-parasitic nematodes. 
Future advances in this field require targeted design 
of functional biochar, in-depth mechanistic dissection 
of biochar–rhizosphere–microbe–plant interactions, 
standardized application frameworks paired with long-
term field monitoring, and comprehensive economic 
and environmental benefit assessments. Ultimately, 
precise matching of biochar application strategies to 
specific soil-crop systems, alongside effective risk and 
cost control, is essential for the safe, scalable and sus-
tainable deployment of biochar in global agricultural 
systems.



Page 35 of 42Gui et al. Biochar           (2026) 8:135 	

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s42773-​026-​00649-1.

Supplementary Material 1.

Acknowledgements
This work was funded by the Shanghai Agricultural Science and Technology 
Innovation Program (T2023320), the Outstanding Team Program of Shanghai 
Academy of Agricultural Sciences (Hu-Nong-Ke-Zhuo 2022-008), and the 
Institute Go-Sailing Program (QB 2026-4).

Author contributions
Xiangyang Gui and Zheng Zhao drafted the manuscript. All other authors 
critically revised the manuscript. All authors approved the final version of 
the manuscript and take full responsibility for the work. All authors read and 
approved the final manuscript.

Funding
The Shanghai Agricultural Science and Technology Innovation Program 
(T2023320): Zheng Zhao; the Outstanding Team Program of Shanghai Acad-
emy of Agricultural Sciences (Hu-Nong-Ke-Zhuo 2022-008): Shuhang Wu; the 
Institute Go-Sailing Program (QB 2026-4): Xiangyang Gui

Data availability
Data sharing is not applicable to this article as no new data were created or 
analysed in this review. All sources cite dare included in the reference list.

Declarations

Competing interests
Xinde Cao is an EBM of the journal Biochar, and he was not involved in the 
peer-review or handling of the manuscript. The authors have no competing 
interests to declare that are relevant to the content of this article.

Author details
1 Eco-Environmental Protection Research Institute, Shanghai Academy 
of Agricultural Sciences, Shanghai 201403, China. 2 School of Environmental 
Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, 
China. 3 Key Laboratory of Low‑Carbon Green Agriculture in Southeastern 
China, Ministry of Agriculture and Rural Affairs, Shanghai 201403, China. 
4 Anhui Academy of Eco-Environmental Science Research, Hefei 230071, China. 
5 College of Resources and Environment Science, Anhui Science and Technol-
ogy University, Fengyang 233100, China. 6 National Observation and Research 
Station of Erhai Lake Ecosystem in Yunnan, Dali 671000, China. 

Received: 1 April 2026   Revised: 15 June 2026   Accepted: 9 July 2026

References
Alfei S, Pandoli OG (2024) Biochar-derived persistent free radicals: a plethora 

of environmental applications in a light and shadows scenario. Toxics 
(Basel) 12(4):245

Ali B, Batool R, Arshad A, Azmat A, Hafeez A, Wahid N, Ali S, Khan MN, Singh 
N, Garhwal V, Fahad S (2025) Chapter 10-Regulation of enzymatic and 
nonenzymatic antioxidants in plants by biochar under abiotic stress. 
Biochar in Mitigating Abiotic Stress in Plants. 159–171.

Ameloot N, Graber E, Verheijen F, De Neve S (2013) Interactions between 
biochar stability and soil organisms: review and research needs. Eur J 
Soil Sci 64:379–390

Amendola C, Montagnoli A, Terzaghi M, Trupiano D, Oliva F, Baronti S, Migli-
etta F, Chiatante D, Scippa GS (2017) Short-term effects of biochar on 
grapevine fine root dynamics and arbuscular mycorrhizae produc-
tion. Agric Ecosyst Environ 239:236–245

An Q, Jin N, Deng S, Zhao B, Liu M, Ran B, Zhang L (2022) Ni(II), Cr(VI), Cu(II) and 
nitrate removal by the co-system of Pseudomonas hibiscicola strain L1 
immobilized on peanut shell biochar. Sci Total Environ 814:152635

Arshad U, Altaf MT, Liaqat W, Ali M, Shah MN, Jabran M, Ali MA (2024) Biochar: 
black gold for sustainable agriculture and fortification against plant 
pathogens-a review. J Crop Health 76:385–396

Arthur E, Danso EO, Beiranvand M, Pouladi N, Yakubu A, Abenney-Mickson 
S, Sabi EB (2019) Rice straw biochar effects on Atterberg limits and 
aggregate characteristics of an Acrisol in Ghana. Arch Agron Soil Sci 
66(13):1861–1872

Bao Z, Dai W, Su X, Liu Z, An Z, Sun Q, Jing H, Lin L, Chen Y, Meng J (2024) 
Long-term biochar application promoted soil aggregate-associated 
potassium availability and maize potassium uptake. Glob Change Biol 
Bioenergy 16(4):e13134

Baronti S, Magno R, Maienza A, Montagnoli A, Ungaro F, Vaccari FP (2022) Long 
term effect of biochar on soil plant water relation and fine roots: results 
after 10 years of vineyard experiment. Sci Total Environ 851:158225

Berek AK, Hue NV, Radovich TJK, Ahmad AA (2018) Biochars improve nutri-
ent phyto-availability of Hawai’i’s highly weathered soils. Agronomy 
8(10):203

Bhat SA, Kuriqi A, Dar MUD, Bhat O, Sammen SS, Islam ARMT, Elbeltagi A, 
Shah O, Ai-Ansari N, Ali R, Heddam S (2022) Application of biochar 
for improving physical, chemical, and hydrological soil properties: A 
systematic review. Sustainability 14(17):11104

Bhatt B, Gupta SK, Mukherjee S, Kumar R (2024) A comprehensive review on 
biochar against plant pathogens: current state-of-the-art and future 
research perspectives. Heliyon 10(17):e37204

Bisht N, Singh T, Ansari MM, Bhowmick S, Rai G, Chauhan PS (2024) Synergistic 
eco-physiological response of biochar and Paenibacillus lentimorbus 
application on chickpea growth and soil under drought stress. J Clean 
Prod 438:140822

Blanco-Canqui H (2017) Biochar and soil physical properties. Soil Sci Soc Am J 
81(4):687–711

Bolan S, Hou D, Wang L, Hale L, Egamberdieva D, Tammeorg P, Li R, Wang B, 
Xu J, Wang T, Sun H, Padhye LP, Wang H, Siddique KHM, Rinklebe J, 
Kirkham MB, Bolan N (2023) The potential of biochar as a microbial 
carrier for agricultural and environmental applications. Sci Total Environ 
886:163968

Bölscher T, Cardon ZG, Arredondo MG, Grand S, Griffen G, Hestrin R, Imboden 
J, Jamoteau F, Lacroix EM, Castro SP, Persson P, Riley WJ, Keiluweit M 
(2025) Vulnerability of mineral-organic associations in the rhizosphere. 
Nat Commun 16:5527

Bornø ML, Eduah JO, Müller-Stöver DS, Liu F (2018) Effect of different biochars 
on phosphorus (P) dynamics in the rhizosphere of Zea mays L. (maize). 
Plant Soil 431(1):257–272

Bostani A, Meng X, Jiao L, Rončević SD, Zhang P, Sun H (2025) Differentiated 
effects and mechanisms of N-, P-, S-, and Fe-modified biochar materials 
for remediating Cd- and Pb-contaminated calcareous soil. Ecotoxicol 
Environ Saf 289:117661

Brtnicky M, Datta R, Holatko J, Bielska L, Gusiatin ZM, Kucerik J, Hammer-
schmiedt T, Danish S, Radziemska M, Mravcova L, Fahad S, Kintl A, 
Sudoma M, Ahmed N, Pecina V (2021) A critical review of the possible 
adverse effects of biochar in the soil environment. Sci Total Environ 
796:148756

Bruun E, Petersen CT, Hansen E, Holm JK, Hauggaard-Nielsen H (2014) Biochar 
amendment to coarse sandy subsoil improves root growth and 
increases water retention. Soil Use Manag 30(1):109–118

Campion L, Bekchanova M, Malina R, Kuppens T (2023) The costs and benefits 
of biochar production and use: a systematic review. J Clean Prod 
408:137138

Campos P, Miller AZ, Prats SA, Knicker H, Hagemann N, De la Rosa JM (2020) 
Biochar amendment increases bacterial diversity and vegetation cover 
in trace element-polluted soils: a long-term field experiment. Soil Biol 
Biochem 150:108014

Cantou G, Wang JJ, Zhou B, Lee JM, Park JH (2025) Toxicological fate of biochar 
according to feedstock and pyrolysis temperature. Ind Crops Prod 
236:122094

Cao H, Jia M, Xun M, Wang X, Chen K, Yang H (2021) Nitrogen transforma-
tion and microbial community structure varied in apple rhizosphere 
and rhizoplane soils under biochar amendment. J Soils Sediments 
21:853–868

https://doi.org/10.1007/s42773-026-00649-1
https://doi.org/10.1007/s42773-026-00649-1


Page 36 of 42Gui et al. Biochar           (2026) 8:135 

Chang L, Ju T, Liang K, Li Y (2025) Biochar-influenced solubilization and 
mineralization mechanisms of phosphorus in saline-sodic soils. Soil Biol 
Biochem 209:109890

Chen C, Wang R, Shang J, Liu K, Irshad MK, Hu K, Arthur E (2018) Effect of 
biochar application on hydraulic properties of sandy soil under dry and 
wet conditions. Vadose Zone J 17:180101

Chen G, Fang Y, Zwieten LV, Xuan Y, Tavakkoli E, Wang X, Zhang R (2021a) Prim-
ing, stabilization and temperature sensitivity of native SOC is controlled 
by microbial responses and physicochemical properties of biochar. Soil 
Biol Biochem 154:108139

Chen T, Wei Y, Yang W, Liu C (2021b) Highly efficient As(III) removal in water 
using millimeter-sized porous granular MgO-biochar with high adsorp-
tion capacity. J Hazard Mater 416:125822

Chen H, Yuan J, Chen G, Zhao X, Wang S, Wang D, Wang L, Wang Y, Wang Y 
(2022a) Long-term biochar addition significantly decreases rice rhizo-
sphere available phosphorus and its release risk to the environment. 
Biochar 4:54

Chen M, Chen X, Xu X, Xu Z, Zhang Y, Song B, Tsang DCW, Xu N, Cao X (2022b) 
Biochar colloids facilitate transport and transformation of Cr(VI) in soil: 
active site competition coupling with reduction reaction. J Hazard 
Mater 440:129691

Chen D, Xu J, Ling P, Fang Z, Ren Q, Xu K, Jiang L, Wang Y, Su S, Hu S, Xiang J 
(2024a) Formation and evolution mechanism of persistent free radicals 
in biochar during biomass pyrolysis: insights from biochar’s element 
composition and chemical structure. Fuel 357:129910

Chen X, Jiang S, Hu Z, Chen S, Jiang H (2024b) Biotoxicity attenuation and the 
underlying physicochemical mechanism of biochar aged under simu-
lated natural environmental conditions. Chemosphere 350:141029

Chen Y, Zwieten LV, Xiao K, Liang C, Ren J, Zhang A, Li Y, Dong H, Sun K (2024c) 
Biochar as a green solution to drive the soil carbon pump. Carbon 
Research 3:44

Chen X, Alvarez PJJ, Masiello CA (2025a) Environmentally persistent free 
radicals in biochar: environmental context and future research needs. 
Environ Sci Technol 59(23):11440–11454

Chen Y, Kuzyakov Y, Ma Q, Du Z, Sun K, Xiao K, Liang X, Li Y, Zhang Y, Lai X, Fu 
W, Gao B, Wang F, Zhu S, Gao Q, Rilig MC (2025b) Aggregate size medi-
ates the stability and temperature sensitivity of soil organic carbon in 
response to decadal biochar and straw amendments. Soil Biol Biochem 
211:109969

Cheng N, Peng Y, Kong Y, Li J, Sun C (2018) Combined effects of biochar addi-
tion and nitrogen fertilizer reduction on the rhizosphere metabolomics 
of maize (Zea mays L.) seedlings. Plant Soil 433:19–35

Chi W, Nan Q, Liu Y, Dong D, Qin Y, Li S, Wu W (2024) Stress resistance enhanc-
ing with biochar application and promotion on crop growth. Biochar 
6:43

Craswell ET, Chalk PM, Kaudal BB (2021) Role of 15N in tracing biologically 
driven nitrogen dynamics in soils amended with biochar: a review. Soil 
Biol Biochem 162:108416

Cruz AF, Borges LAB, Gomes MO, Figueiredo CC (2024) Changes in the soil 
microbial community 5 years after the application of sewage sludge 
biochar to soils cultivated with corn. J Plant Nutr Soil Sci 187(6):804–815

Cui X, Yuan J, Yang X, Wei C, Bi Y, Sun Q, Meng J, Han X (2024) Biochar applica-
tion alters soil metabolites and nitrogen cycle-related microorganisms 
in a soybean continuous cropping system. Sci Total Environ 917:170522

Dahlawi S, Naeem A, Rengel Z, Naidu R (2018) Biochar application for the 
remediation of salt-affected soils: challenges and opportunities. Sci 
Total Environ 625:320–335

Dai Z, Xiong X, Zhu H, Xu H, Leng P, Li J, Tang C, xu J (2021) Association of 
biochar properties with changes in soil bacterial, fungal and fauna 
communities and nutrient cycling processes. Biochar 3:239–254

Danso F, Agyare WA, Bart-Plange A (2023) Benefits and costs of cultivating 
rice using biochar-inorganic fertilizer combinations. J Agric Food Res 
11:100491

Das N, Pandey P (2025) Biochar-driven rhizoremediation of soil contaminated 
with organic pollutants: engineered solutions, microbiome enrichment, 
and bioeconomic benefits for ecosystem restoration. Biochar 7:101

Deinert L, Hossen S, Ikoyi I, Kwapinski W, Noll M, Schmalenberger A (2024) 
Poultry litter biochar soil amendment affects microbial community 
structures, promotes phosphorus cycling and growth of barley (Hor-
deum vulgare). Eur J Soil Biol 120:103591

Demisie W, Liu Z, Zhang M (2014) Effect of biochar on carbon fractions and 
enzyme activity of red soil. CATENA 121:214–221

Deng X, Teng F, Chen M, Du Z, Wang B, Li R, Wang P (2024) Exploring negative 
emission potential of biochar to achieve carbon neutrality goal in 
China. Nat Commun 15:1085

Dickinson D, Balduccio L, Buysse J, Ronsse F, van Huylenbroeck G, Prins W 
(2015) Cost-benefit analysis of using biochar to improve cereals agricul-
ture. GCB Bioenergy 7(4):850–864

Dimitriadou S, Isari EA, Grilla E, Kokkinos P, Kalavrouziotis IK (2025) Revitalizing 
degraded soils: the role of biochar in enhancing soil health and produc-
tivity. Environments (Basel) 12(9):324

Dong X, Li G, Lin Q, Zhao X (2017) Quantity and quality changes of biochar 
aged for 5 years in soil under field conditions. CATENA 159:136–143

Dong H, Zeng Q, Sheng Y, Chen C, Yu G, Kappler A (2023) Coupled iron cycling 
and organic matter transformation across redox interfaces. Nat Rev 
Earth Environ 4:659–673

Dong M, Jiang M, He L, Zhang Z, Gustave W, Vithanage M, Niazi NK, Chen 
B, Zhang X, Wang H, He F (2025) Challenges in safe environmental 
applications of biochar: identifying risks and unintended consequence. 
Biochar 7:12

Etesami H, Mahabadi SH, Umarov O, Zahro B, Tulkin O, Muhammad A (2025) 
Biochar as a rhizosphere modulator: Enhancing root resilience to 
multifaceted environmental stresses for sustainable agriculture. J Soil 
Sci Plant Nutr 25:10330–10363

Fahad S, Danish S, Datta R, Saud S, Lichtfouse E (2023) Biochar to improve 
crop production and decrease plant stress under a changing climate. 
Sustainable Agriculture Reviews 61:189–216

Fallah N, Pang Z, Lin Z, Lin W, Mbuya SN, Abubakar AY, Fabrice KMA, Zhang 
H (2023) Plant growth and stress-regulating metabolite response to 
biochar utilization boost crop traits and soil health. Front Plant Sci 
14:1271490

Fan Y, Lv G, Chen Y, Chang Y, Li Z (2023) Differential effects of cow dung and its 
biochar on Populus euphratica soil phosphorus effectiveness, bacterial 
community diversity and functional genes for phosphorus conversion. 
Front Plant Sci 14:1242469

Fan Y, Chen Y, Lv G (2024) Effects of biochar on soil inorganic phosphorus com-
ponents, available phosphorus, enzyme activities related to phospho-
rus cycle, microbial functional genes, and seedling growth of Populus 
euphratica under different water conditions. Forests (Basel) 15(5):831

Fang G, Gao J, Liu C, Dionysiou DD, Wang Y, Zhou D (2014a) Key role of 
persistent free radicals in hydrogen peroxide activation by biochar: 
implications to organic contaminant degradation. Environ Sci Technol 
48(3):1902–1910

Fang Y, Singh BP, Singh B (2014b) Temperature sensitivity of biochar and native 
carbon mineralisation in biochar-amended soils. Agric Ecosyst Environ 
191:158–167

Fang Y, Singh BP, Matta P, Cowie AL, Zwieten LV (2017) Temperature sensitivity 
and priming of organic matter with different stabilities in a Vertisol with 
aged biochar. Soil Biol Biochem 115:346–356

Fang W, Yang Y, Wang H, Yang D, Luo J, Williams PN (2021) Rice rhizospheric 
effects on the bioavailability of toxic trace elements during land appli-
cation of biochar. Environ Sci Technol 55(11):7344–7354

Feng W, Wang T, Yang F, Cen R, Liao H, Qu Z (2023) Effects of biochar on soil 
evaporation and moisture content and the associated mechanisms. 
Environ Sci Eur 35:66

Fernandes JD, Chaves LHG, Silva MJ, Chaves IB, Tito GA (2018) Soil chemical 
amendments and the macronutrients mobility evaluation in oxisol 
treated with biochar. J Agric Sci 10:238–247

Finzi AC, Abramoff RZ, Spiller KS, Brzostek ER, Darby BA, Kramer MA, Phillips RP 
(2015) Rhizosphere processes are quantitatively important com-
ponents of terrestrial carbon and nutrient cycles. Glob Change Biol 
21(5):2082–2094

Fu P, Chang F, Yuan D, Wang Y, Fan Y, Kang Y, Zhou L, Yang C, Bi W, Qin J, Yang H, 
Liu F (2024) Biochar-induced alterations in Acidithiobacillus ferrooxidans 
activity and its impact on Cd(II) and As(III) adsorption from acid mine 
drainage. Biochar 6:28

Gamaralalage D, Rodgers S, Gill A, Meredith W, Bott T, West H, Alce J, Snape C, 
McKechnie J (2025) Biowaste to biochar: a techno-economic and life 
cycle assessment of biochar production from food-waste digestate and 
its agricultural field application. Biochar 7:50



Page 37 of 42Gui et al. Biochar           (2026) 8:135 	

Gao M, Chang X, Xu Y, Guo Z, Song Z (2021) Effects of Fe-Mn impregnated 
biochar on enzymatic activity and bacterial community in phthalate-
polluted brown soil planted with wheat. Environ Pollut 284:117179

Giagnoni L, Renella G (2022) Effects of biochar on the C use efficiency of soil 
microbial communities: components and mechanisms. Environ-
ments 9:138

Głąb T, Palmowska J, Zaleski T, Gondek K (2016) Effect of biochar application 
on soil hydrological properties and physical quality of sandy soil. 
Geoderma 281:11–20

Głuszek S, Paszt LS, Sumorok B, Kozera R (2017) Biochar-rhizosphere interac-
tions - a review. Pol J Microbiol 66(2):151–161

Godlewska P, Ok YS, Oleszczuk P (2021) The dark side of black gold: ecotoxi-
cological aspects of biochar and biochar-amended soils. J Hazard 
Mater 403:123833

Gondek K, Mierzwa-Hersztek M, Kopeć M, Sikora J, Głąb T, Szczurowska K 
(2019) Influence of biochar application on reduced acidification of 
sandy soil, increased cation exchange capacity, and the content of 
available forms of K, Mg, and P. Pol J Environ Stud 28(1):103–111

Gorovtsov AV, Minkina TM, Mandzhieva SS, Perelomov LV, Soja G, Zamulina 
IV, Rajput VD, Sushkova SN, Mohan D, Yao J (2020) The mechanisms of 
biochar interactions with microorganisms in soil. Environ Geochem 
Health 42:2495–2518

Graber ER, Tsechansky L, Mayzlish-Gati E, Shema R, Koltai H (2015) A humic 
substances product extracted from biochar reduces Arabidopsis root 
hair density and length under P-sufficient and P-starvation condi-
tions. Plant Soil 395:21–30

Gregory SJ, Anderson CWN, Arbestain MC, McManus MT (2014) Response 
of plant and soil microbes to biochar amendment of an arsenic-
contaminated soil. Agric Ecosyst Environ 191:133–141

Gristina L, Scalenghe R (2026) Biochar boom-and-bust cycle. Nat Sustain 
9:338–339

Gryndler M, Larsen J, Hrselova H, Řezáčová V, Gryndlerová H, Kubát J (2006) 
Organic and mineral fertilization, respectively, increase and decrease 
the development of external mycelium of arbuscular mycorrhizal 
fungi in a long-term field experiment. Mycorrhiza 16:159–166

Gu Y, Zhang H, Liang X, Fu R, Li M, Chen C (2022) Impact of biochar and 
bioorganic fertilizer on rhizosphere bacteria in saline–alkali soil. 
Microorganisms 10:2310

Gui X, Song B, Chen M, Xu X, Ren Z, Li X, Cao X (2021) Soil colloids affect 
the aggregation and stability of biochar colloids. Sci Total Environ 
771:145414

Gui X, Xu X, Zhang Z, Hu L, Huang W, Zhao L, Cao X (2025) Biochar-
amended soil can further sorb atmospheric CO2 for more carbon 
sequestration. Commun Earth Environ 6:5

Guo Y (2024) Biochar and rice cadmium. Nat Food 5:94
Gusiatin MZ, Rouhani A (2023) Application of selected methods to modify 

pyrolyzed biochar for the immobilization of metals in soil: a review. 
Materials (Basel) 16(23):7342

Hagemann N, Joseph S, Schmidt HP, Kammann CI, Harter J, Borch T, 
Young RB, Varga K, Taherymoosavi S, Elliott KW, McKenna A, Albu M, 
Mayrhofer C, Obst M, Conte P, Dieguez-Alonso A, Orsetti S, Subdiaga 
E, Behrens S, Kappler A (2017) Organic coating on biochar explains 
its nutrient retention and stimulation of soil fertility. Nat Commun 
8:1089

Hameed R, Lei C, Lin D (2020) Adsorption of organic contaminants on 
biochar colloids: effects of pyrolysis temperature and particle size. 
Environ Sci Pollut Res 27:18412–18422

Hameed R, Lei C, Lin D (2021) Co-transport of biochar colloids with organic 
contaminants in soil column. Environ Sci Pollut Res 28:1574–1586

Hamilton TF, Martinelli RE, Kehl SR, Hayes MHB, Smith IJ, Peters SKG, Tamblin 
MW, Schmitt CL, Hawk D (2016) A preliminary assessment on the 
use of biochar as a soil additive for reducing soil-to-plant uptake 
of cesium isotopes in radioactively contaminated environments. J 
Radioanal Nucl Chem 307:2015–2020

Hammer EC, Balogh-Brunstad Z, Jakobsen I, Olsson PA, Stipp SLS, Rillig MC 
(2014) A mycorrhizal fungus grows on biochar and captures phos-
phorus from its surfaces. Soil Biol Biochem 77:252–260

Han H, Buss W, Zheng Y, Song P, Rafiq MK, Liu P, Mašek O, Li X (2022) Con-
taminants in biochar and suggested mitigation measures-a review. 
Chem Eng J 429:132287

Han R, Gao Y, Jia Y, Wang S (2024) Heterogeneous precipitation behavior and 
mechanism during the adsorption of cationic heavy metals by biochar: 
roles of inorganic components. J Hazard Mater 480:136322

Hardie M, Clothier B, Bound S, Oliver G, Close D (2014) Does biochar influ-
ence soil physical properties and soil water availability? Plant Soil 
376:347–361

He C, Harindintwali JD, Cui H, Zheng W, Zhu Q, Chang SX, Wang F, Yang 
J (2024a) Decoupled fungal and bacterial functional responses to 
biochar amendment drive rhizosphere priming effect on soil organic 
carbon mineralization. Biochar 6:84

He Z, Li A, Tang C, Zhou A, Liu W, Ren Y, Li Z, Wang A (2024b) Biochar regulates 
anaerobic digestion: insights to the roles of pore size. Chem Eng J 
480:148219

Honvault N, Nobile C, Faucon MP, Firmin S, Houben D (2022) Direct and indi-
rect interactions between biochar properties, plant belowground traits, 
and plant performance. GCB Bioenergy 14(12):1254–1265

Horel Á, Tóth E, Gelybó G, Dencső M, Farkas C (2019) Biochar amendment 
affects soil water and CO2 regime during Capsicum annuum plant 
growth. Agronomy 9(2):58

Hou J, Pugazhendhi A, Phuong TN, Thanh NC, Brindhadevi K, Velu G, Chi NTL, 
Yuan D (2022) Plant resistance to disease: using biochar to inhibit harm-
ful microbes and absorb nutrients. Environ Res 214:113883

Hou J, Yi G, Hao Y, Li L, Shen L, Zhang Q (2024) The effect of combined applica-
tion of biochar and phosphate fertilizers on phosphorus transformation 
in saline-alkali soil and its microbiological mechanism. Sci Total Environ 
951:175610

Huang D, Liu L, Zeng G, Xu P, Huang C, Deng L, Wang R, Wan J (2017) The 
effects of rice straw biochar on indigenous microbial community and 
enzymes activity in heavy metal-contaminated sediment. Chemos-
phere 174:545–553

Huang D, Chen N, Lin Y, Ge C, Wang X, Wang D, Zhu C, Fang G, Zhou D (2023) 
Pyrogenic carbon accelerates iron cycling and hydroxyl radical produc-
tion during redox fluctuations of paddy soils. Biochar 5:38

Hussain M, Farooq M, Nawaz A, Al-Sadi AM, Solaiman ZM, Alghamdi SS, 
Ammara U, Ok YS, Siddique KHM (2017) Biochar for crop production: 
potential benefits and risks. J Soils Sediments 17:685–716

Idbella M, Baronti S, Giagnoni L, Renella G, Becagli M, Cardelli R, Maienza A, 
Vaccari FP, Bonanomi G (2024) Long-term effects of biochar on soil 
chemistry, biochemistry, and microbiota: results from a 10-year field 
vineyard experiment. Appl Soil Ecol 195:105217

Ippolito JA, Cui L, Kammann C, Wrage-Mönnig N, Estavillo JM, Fuertes-
Mendizabal T, Cayuela ML, Sigua G, Novak J, Spokas K, Borchard N 
(2020) Feedstock choice, pyrolysis temperature and type influence 
biochar characteristics: a comprehensive meta-data analysis review. 
Biochar 2:421–438

Islam MU, Jiang F, Guo Z, Peng X (2021) Does biochar application improve soil 
aggregation? A meta-analysis. Soil Tillage Res 209:104926

Islam MS, Deng H, Dong Y, Zhu J, Gao M, Song Z (2024) Improving arsenic 
and cadmium contaminated paddy soil health and rice quality with 
plant-animal-based modified biochar: a mechanistic study. J Clean Prod 
448:141659

Jaafar NM, Clode PL, Abbott LK (2014) Microscopy observations of habitable 
space in biochar for colonization by fungal hyphae from soil. J Integr 
Agric 13(3):483–490

Jaafar NM, Clode PL, Abbott LK (2015) Soil microbial responses to biochars 
varying in particle size, surface and pore properties. Pedosphere 
25(5):770–780

Jaiswal AK, Alkan N, Elad Y, Sela N, Philosoph AM, Graber ER, Frenkel O (2020) 
Molecular insights into biochar-mediated plant growth promotion and 
systemic resistance in tomato against Fusarium crown and root rot 
disease. Sci Rep 10:13934

Jia Y, Liu Z, Zhou L, Liu X, Ma K, Feng X (2023) Soil organic carbon sourcing 
variance in the rhizosphere vs. non-rhizosphere of two mycorrhizal tree 
species. Soil Biol Biochem 176:108884

Jia A, Song X, Li S, Liu Z, Liu X, Han Z, Gao H, Gao Q, Zha Y, Liu Y, Wu X, Wang G 
(2024) Biochar enhances soil hydrological function by improving the 
pore structure of saline soil. Agric Water Manag 306:109170

Jiang H, Han S, Zhang H, Liu T, Huang S, Zhu X, Fang J, Mu J, Zhu X (2025) 
Calvin cycle driven autotrophic CO2-fixation traits and autotrophic 
microbial communities in paddy (Anthrosol) and upland (Vertisol) soils: 
rhizosphere effects and impacts of biochar. Biochar 7:118



Page 38 of 42Gui et al. Biochar           (2026) 8:135 

Jin X, Bai Y, Rahman MKU, Kang X, Pan K, Wu F, Pommier T, Zhou X, Wei Z 
(2022) Biochar stimulates tomato roots to recruit a bacterial assem-
blage contributing to disease resistance against Fusarium wilt. iMeta 
1(3):e37

Jin F, Piao J, Miao S, Che W, Li X, Li X, Shiraiwa T, Tanaka T, Taniyoshi K, Hua S, 
Lan Y (2024) Long-term effects of biochar one-off application on soil 
physicochemical properties, salt concentration, nutrient availability, 
enzyme activity, and rice yield of highly saline-alkali paddy soils: 
based on a 6-year field experiment. Biochar 6:40

Jones DL, Rousk J, Edwards-Jones G, DeLuca TH, Murphy DV (2012) Biochar-
mediated changes in soil quality and plant growth in a three year 
field trial. Soil Biol Biochem 45:113–124

Joseph SD, Camps-Arbestain M, Lin Y, Munroe P, Chia CH, Hook J, van Zwi-
eten L, Kimber S, Cowie A, Singh BP, Lehmann J, Foidl N, Smernik RJ, 
Amonette JE (2010) An investigation into the reactions of biochar in 
soil. Aust J Soil Res 48(7):501–515

Joseph S, Husson O, Graber ER, Van Zwieten L, Taherymoosavi S, Thomas T, 
Nielsen S, Ye J, Pan G, Chia C, Munroe P, Allen J, Lin Y, Fan X, Donne 
S (2015) The electrochemical properties of biochars and how they 
affect soil redox properties and processes. Agronomy 5(3):322–340

Joseph S, Cowie AL, Van Zwieten L, Bolan N, Budai A, Buss W, Cayuela ML, 
Graber ER, Ippolito JA, Kuzyakov Y, Luo Y, Ok YS, Palansooriya KN, 
Shepherd J, Stephens S, Weng Z, Lehmann J (2021) How biochar 
works, and when it doesn’t: A review of mechanisms controlling 
soil and plant responses to biochar. Glob Change Biol Bioenergy 
13(11):1731–1764

Kalu S, Seppänen A, Mganga KZ, Sietiö OM, Glaser B, Karhu K (2024) Biochar 
reduced the mineralization of native and added soil organic carbon: 
evidence of negative priming and enhanced microbial carbon use 
efficiency. Biochar 6:7

Keiluweit M, Kleber M, Sparrow MA, Simoneit BRT, Prahl FG (2012) Solvent-
extractable polycyclic aromatic hydrocarbons in biochar: influ-
ence of pyrolysis temperature and feedstock. Environ Sci Technol 
46(17):9333–9341

Khan ZH, Li Z, Gao M, Islam MS, Xiao L, Qiu W, Song Z (2023) Simultaneous 
and efficient removal of Cd(II) and As(III) by a magnesium-manganese 
codoped biochar composite: sorption performance and governing 
mechanisms. J Environ Chem Eng 11(3):109919

Kordrostami M, Ghasemi-Soloklui AA (2025) Innovative applications of biochar 
in nuclear remediation and catalysis. Biochar 7:74

Korenblum E, Massalha H, Aharoni A (2022) Plant-microbe interactions 
in the rhizosphere via a circular metabolic economy. Plant Cell 
34(9):3168–3182

Kumar V, Radziemska M (2022) Impact of physiochemical properties, microbes 
and biochar on bioavailability of toxic elements in the soil: a review. 
Environ Geochem Health 44:3725–3742

Kuzyakov Y, Razavi BS (2019) Rhizosphere size and shape: temporal dynamics 
and spatial stationarity. Soil Biol Biochem 135:343–360

Kypritidou Z, Doulgeris C, Tziritis E, Kinigopoulou V, Jellali S, Jeguirim M 
(2022) Geochemical modelling of inorganic nutrients leaching from 
an agricultural soil amended with olive-mill waste biochar. Agronomy 
12(2):480

Latini A, Bacci G, Teodoro M, Gattia DM, Bevivino A, Trakal L (2019) The impact 
of soil-applied biochars from different vegetal feedstocks on durum 
wheat plant performance and rhizospheric bacterial microbiota in low 
metal-contaminated soil. Front Microbiol 10:2694

Lee JM, Jeong HC, Gwon HS, Lee HS, Park HR, Kim GS, Park DG, Lee SI (2023) 
Effects of biochar on methane emissions and crop yields in east asian 
paddy fields: a regional scale meta-analysis. Sustainability 15:9200

Lehmann J (2007) A handful of carbon. Nature 447:143–144
Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D (2011) Bio-

char effects on soil biota-a review. Soil Biol Biochem 43(9):1812–1836
Lehmann J, Kuzyakov Y, Pan G, Ok YS (2015) Biochars and the plant-soil inter-

face. Plant Soil 395:1–5
Lehmann J, Cowie A, Masiello CA, Kammann C, Woolf D, Amonette JE, Cayuela 

ML, Camps-Arbestain M, Whitman T (2021) Biochar in climate change 
mitigation. Nat Geosci 14:883–892

Lei Y, Huang D, Zhou W, Wang G, Xiao R, Xu W, Huang H, Li S, Shen L, Ren Y 
(2024) Combining phytoremediation with carbon-based materials 
under carbon neutral background: is it a close step to sustainable 
restoration? Crit Rev Environ Sci Technol 54(14):1070–1091

Leng L, Xiong Q, Yang L, Li H, Zhou Y, Zhang W, Jiang S, Li H, Huang H (2021) 
An overview on engineering the surface area and porosity of biochar. 
Sci Total Environ 763:144204

Li X, Song Y, Bian Y, Wang F, Gu C, Yang X, Jiang X (2019) Effects of root 
exudates on the sorption of polycyclic aromatic hydrocarbons onto 
biochar. Environ Pollut Bioavailabil 31(1):156–165

Li X, Song Y, Bian Y, Gu C, Yang X, Wang F, Jiang X (2020) Insights into the 
mechanisms underlying efficient rhizodegradation of PAHs in biochar-
amended soil: from microbial communities to soil metabolomics. 
Environ Int 144:105995

Li M, Xiong Y, Cai L (2021a) Effects of biochar on the soil carbon cycle in agro-
ecosystems: an promising way to increase the carbon pool in dryland. 
IOP Conf Ser Earth Environ Sci 693:012082

Li Y, Shahbaz M, Zhu Z, Deng Y, Tong Y, Chen L, Wu J, Ge T (2021b) Oxygen 
availability determines key regulators in soil organic carbon mineralisa-
tion in paddy soils. Soil Biol Biochem 153:108106

Li T, Li W, Yu S, Zhao C, Liu L, Li Y, Gao B, Chen H, Wang B, Wang X, Wang S, 
Rinklebe J (2023) Biochar inhibited hydrogen radical-induced Cd bio-
availability in a paddy soil. Sci Total Environ 892:164521

Li J, He Q, Lin W, Xu Y, Gao Y, Zhang M, Wen X, Xue W (2024a) Assessment of 
biochar supported sulfidized iron-based nanoparticles for immobiliza-
tion of cadmium in sediment: effectiveness, contribution of iron reduc-
ing bacteria, and mechanism insight. J Clean Prod 467:143026

Li J, Sun W, Lichtfouse E, Maurer C, Liu H (2024b) Life cycle assessment of bio-
char for sustainable agricultural application: a review. Sci Total Environ 
951:175448

Li K, Xu Y, Tan Y, Cai X, Liu Z, Xu Q (2025a) Research on the strength characteris-
tics of red soil amended by biochar. Sustainability 17(3):1174

Li Y, Sun M, Raaijmakers JM, Mommer L, Zhang F, Song C, Medema MH (2025b) 
Predicting rhizosphere-competence-related catabolic gene clusters in 
plant-associated bacteria with rhizoSMASH. Nat Commun 16:8400

Liao S, Pan B, Li H, Zhang D, Xing B (2014) Detecting free radicals in biochars 
and determining their ability to inhibit the germination and growth 
of corn, wheat and rice seedlings. Environ Sci Technol 48(15):8581–8587

Liao X, Kang H, Haidar G, Wang W, Malghani S (2022) The impact of biochar 
on the activities of soil nutrients acquisition enzymes is potentially 
controlled by the pyrolysis temperature: a meta-analysis. Geoderma 
411:115692

Liu X, Zhang X (2012) Effect of biochar on pH of alkaline soils in the Loess 
Plateau: results from incubation experiments, segregation in residential 
areas. Int J Agric Biol 14:745–750

Liu G, Chen L, Jiang Z, Zheng H, Dai Y, Luo X, Wang Z (2017a) Aging impacts of 
low molecular weight organic acids (LMWOAs) on furfural production 
residue-derived biochars: porosity, functional properties, and inorganic 
minerals. Sci Total Environ 607–608:1428–1436

Liu S, Lu Y, Yang C, Liu C, Ma L, Dang Z (2017b) Effects of modified biochar on 
rhizosphere microecology of rice (Oryza sativa L.) grown in As-contami-
nated soil. Environ Sci Pollut Res 24:23815–23824

Liu Z, Dugan B, Masiello CA, Gonnermann HM (2017c) Biochar particle size, 
shape, and porosity act together to influence soil water properties. 
PLoS ONE 12(6):e0179079

Liu L, Tan Z, Gong H, Huang Q (2019) Migration and transformation mecha-
nisms of nutrient elements (n, p, k) within biochar in straw–biochar–
soil–plant systems: A review. ACS Sustain Chem Eng 7(1):22–32

Liu C, Xia R, Tang M, Liu X, Bian R, Yang L, Zheng J, Cheng K, Zhang X, Drosos 
M, Li L, Shan S, Joseph S, Pan G (2022a) More microbial manipulation 
and plant defense than soil fertility for biochar in food production: a 
field experiment of replanted ginseng with different biochars. Front 
Microbiol 13:1065313

Liu X, Ma Y, Manevski K, Andersen MN, Li Y, Wei Z, Liu F (2022b) Biochar and 
alternate wetting-drying cycles improving rhizosphere soil nutrients 
availability and tobacco growth by altering root growth strategy in Fer-
ralsol and Anthrosol. Sci Total Environ 806:150513

Liu J, Shen S, Zhu K, Li Z, Chen N, Lichtfouse E, Jia H (2024a) Novel insights into 
the factors influencing rhizosphere reactive oxygen species production 
and their role in polycyclic aromatic hydrocarbons transformation. Soil 
Biol Biochem 198:109562

Liu X, Wu C, Jiang D, Zhang Y, Chen Z (2024b) Biochar application regulates 
organic phosphorus fractions and the release of available phosphorus 
in farmland soil. J Sci Food Agric 105:671–681



Page 39 of 42Gui et al. Biochar           (2026) 8:135 	

Liu Z, Dai Y, Wen T, Wei P, Fu Y, Qiao M (2024c) Study on the effect of magne-
sium chloride-modified straw waste biochar on acidic soil properties. 
Molecules 29(14):3268

Liu S, Cen B, Yu Z, Qiu R, Gao T, Long X (2025) The key role of biochar in 
amending acidic soil: reducing soil acidity and improving soil acid 
buffering capacity. Biochar 7:52

Lopes ÉMG, Reis MM, Frazão LA, da Mata Terra LE, Lopes EF, dos Santos MM, 
Fernandes LA (2021) Biochar increases enzyme activity and total 
microbial quality of soil grown with sugarcane. Environ Technol Innov 
21:101270

Luo Y, Zang H, Yu Z, Chen Z, Gunina A, Kuzyakov Y, Xu J, Zhang K, Brookes PC 
(2017) Priming effects in biochar enriched soils using a three-source-
partitioning approach: 14C labelling and 13C natural abundance. Soil 
Biol Biochem 106:28–35

Luo D, Wang L, Nan H, Cao Y, Wang H, Kumar TV, Wang C (2023) Phosphorus 
adsorption by functionalized biochar: a review. Environ Chem Lett 
21:497–524

Luo L, Li J, Xing Z, Jing T, Wang X, Zhang G (2025) Biochar for mitigating nitrate 
leaching in agricultural soils: mechanisms, challenges, and future direc-
tions. Water 17(17):2590

Ma R, Ji S, Jiang S, Lei D, Cai Y, Wu X, Liu Z, Yi Q, Xia S, Bian R, Zhang X, Zheng 
J (2025) Biochar amendment reduced microbial necromass carbon 
accumulation in a paddy soil profile. J Integr Agric. https://​doi.​org/​10.​
1016/j.​jia.​2025.​10.​001

Mahmoud E, Baroudy AE, Ali N, Sleem M (2020) Spectroscopic studies on the 
phosphorus adsorption in salt-affected soils with or without nano-
biochar additions. Environ Res 184:109277

Malik L, Sanaullah M, Mahmood F, Hussain S, Siddique MH, Anwar F, Shahzad T 
(2022) Unlocking the potential of co-applied biochar and plant growth-
promoting rhizobacteria (PGPR) for sustainable agriculture under stress 
conditions. Chem Biol Technol Agric 9:58

Masiello CA, Chen Y, Gao X, Liu S, Cheng HY, Bennett MR, Rudgers JA, Wagner 
DS, Zygourakis K, Silberg JJ (2013) Biochar and microbial signaling: 
production conditions determine effects on microbial communication. 
Environ Sci Technol 47(20):11496–11503

Mavi MS, Bhullar RS, Choudhary OP (2022) Differential ability of pyrolysed 
biomass derived from diverse feedstocks in alleviating salinity stress. 
Biomass Convers Biorefin 12:5229–5240

Meng F, Hou R, Li T, Fu Q (2020) Variability of soil water heat and energy 
transfer under different cover conditions in a seasonally frozen soil area. 
Sustainability 12(5):1782

Meng F, Zhang X, Hu Y, Sheng G (2024a) New barrier role of iron plaque: pro-
ducing interfacial hydroxyl radicals to degrade rhizosphere pollutants. 
Environ Sci Technol 58(1):795–804

Meng L, Cheng Z, Wang Y, Li S, Clarke N (2024b) Arbuscular mycorrhizal fungal 
interacted with biochar and enhanced phosphate-solubilizing micro-
organism abundance and phosphorus uptake in maize. Agronomy 
14(8):1678

Mia S, Dijkstra FA, Singh B (2017) Chapter one - long-term aging of biochar: a 
molecular understanding with agricultural and environmental implica-
tions. Adv Agron 141:1–51

Mueller CW, Baumert V, Carminati A, Germon A, Holz M, Kögel-Knabner I, Peth 
S, Schlüter S, Uteau D, Vetterlein D, Teixeira P, Vidal A (2024) From rhizo-
sphere to detritusphere – soil structure formation driven by plant roots 
and the interactions with soil biota. Soil Biol Biochem 193:109396

Muhammad, N., Brookes, P.C. and Wu, J. (2016) Addition impact of biochar 
from different feedstocks on microbial community and available con-
centrations of elements in a Psammaquent and a Plinthudult. Journal 
of Soil Science and Plant Nutrition 16, 1.

Mukherjee S, Sarkar B, Aralappanavar VK, Mukhopadhyay R, Basak BB, Srivas-
tava P, Marchut-Mikołajczyk O, Bhatnagar A, Semple KT, Bolan N (2022) 
Biochar-microorganism interactions for organic pollutant remediation: 
challenges and perspectives. Environ Pollut 308:119609

Murtaza G, Ahmed Z, Eldin SM, Ali B, Bawazeer S, Usman M, Iqbal R, Neupane 
D, Ullah A, Khan A, Hassan MU, Ali I, Tariq A (2023) Biochar-soil-plant 
interactions: a cross talk for sustainable agriculture under changing 
climate. Front Environ Sci 11:1059449

Mushtaq T, Bano A, Ullah A (2024) Effects of rhizospheric microbes, growth 
regulators, and biochar in modulating antioxidant machinery of plants 
under stress. J Plant Growth Regul 44:1846–1867

Nan Q, Speth DR, Qin Y, Chi W, Milucka J, Gu B, Wu W (2025) Biochar applica-
tion using recycled annual self straw reduces long-term greenhouse 
gas emissions from paddy fields with economic benefits. Nat Food 
6(5):456–465

Ni N, Li X, Yao S, Shi R, Kong D, Bian Y, Jiang X, Song Y (2021) Biochar applica-
tions combined with paddy-upland rotation cropping systems benefit 
the safe use of PAH-contaminated soils: from risk assessment to micro-
bial ecology. J Hazard Mater 404:124123

Nissen R, Khanal G, Elsgaard L (2021) Microbial ecotoxicity of biochars in 
agricultural soil and interactions with linear alkylbenzene sulfonates. 
Agronomy 11(5):828

Nkoh JN, Baquy MA, Mia S, Shi R, Kamran MA, Mehmood K, Xu R (2021) A 
critical-systematic review of the interactions of biochar with soils and 
the observable outcomes. Sustainability 13(24):13726

Oguntunde PG, Abiodun BJ, Ajayi AE, van de Giesen N (2008) Effects of char-
coal production on soil physical properties in Ghana. J Plant Nutr Soil 
Sci 171(4):591–596

Omokaro GO, Kornev KP, Nafula ZS, Chikukula AA, Osayogie OG, Efeni OS 
(2025) Biochar for sustainable soil management: Enhancing soil fertility, 
plant growth and climate resilience. Farming System 3(4):100167

Palansooriya KN, Li J, Dissanayake PD, Suvarna M, Li L, Yuan X, Sarkar B, Tsang 
DCW, Rinklebe J, Wang X, Ok YS (2022a) Prediction of soil heavy metal 
immobilization by biochar using machine learning. Environ Sci Technol 
56(7):4187–4198

Palansooriya KN, Yoon IH, Kim SM, Wang CH, Kwon HJ, Lee SH, Igalavithana 
AD, Mukhopadhyay R, Sarkar B, Ok YS (2022b) Designer biochar with 
enhanced functionality for efficient removal of radioactive cesium and 
strontium from water. Environ Res 214(2):114072

Paliaga S, Laudicina VA, Muscarella SM, Said-Pullicino D, Badalucco L (2025) 
Comparison of different methods for estimating microbial biomass in 
biochar-amended soils. Soil Biol Biochem 203:109733

Pan Y, Zhang Y, Wang Y, Shang J (2023) Effects of typical components of root 
exudates on the stability and transport of biochar colloids. Acta Pedol 
Sin 60(3):824–834

Pan Y, Tan T, Ren R, Meng J, Yu N, Jin X, Zhang Y, Zou H, Bolan N, Siddique KHM 
(2026) Soil organic carbon decomposition in response to moisture, 
microbial communities, and biochar addition in Alfisols. Biochar 8:5

Parasar BJ, Agarwala N (2025) Unravelling the role of biochar-microbe-soil 
tripartite interaction in regulating soil carbon and nitrogen budget: a 
panacea to soil sustainability. Biochar 7:37

Patel MR, Panwar NL (2024) Evaluating the agronomic and economic 
viability of biochar in sustainable crop production. Biomass Bioenergy 
188:107328

Pausch J, Kuzyakov Y (2018) Carbon input by roots into the soil: quantification 
of rhizodeposition from root to ecosystem scale. Glob Change Biol 
24(1):1–12

Pei J, Dijkstra FA, Li J, Fang C, Su J, Zhao J, Nie M, Wu J (2020) Biochar-induced 
reductions in the rhizosphere priming effect are weaker under elevated 
CO2. Soil Biol Biochem 142:107700

Peng L, Yin X, Zi R, Fang Q, Han Z, Zhao L (2026) Biochar delays the downward 
water infiltration and improves soil moisture retention on cultivated 
sloping land in the karst region. Soil Tillage Res 256:106839

Pingree MRA, Kardol P, Nilsson MC, Wardle DA, Maaroufi NI, Gundale MJ (2022) 
No evidence that conifer biochar impacts soil functioning by serving as 
microbial refugia in boreal soils. GCB Bioenergy 14(8):972–988

Pokharel P, Ma Z, Chang SX (2020) Biochar increases soil microbial biomass 
with changes in extra- and intracellular enzyme activities: a global 
meta-analysis. Biochar 2:65–79

Prabhakaran P, Ashraf MA, Aqma WS (2016) Microbial stress response to heavy 
metal in the environment. RSC Adv 6:109862–109877

Prayogo C, Jones JE, Baeyens J, Bending GD (2014) Impact of biochar on 
mineralisation of C and N from soil and willow litter and its relation-
ship with microbial community biomass and structure. Biol Fertil Soils 
50:695–702

Prendergast-Miller MT, Duvall M, Sohi SP (2014) Biochar-root interactions are 
mediated by biochar nutrient content and impacts on soil nutrient 
availability. Eur J Soil Sci 65(1):173–185

Puettmann M, Sahoo K, Wilson K, Oneil E (2020) Life cycle assessment of 
biochar produced from forest residues using portable systems. J Clean 
Prod 250:119564

https://doi.org/10.1016/j.jia.2025.10.001
https://doi.org/10.1016/j.jia.2025.10.001


Page 40 of 42Gui et al. Biochar           (2026) 8:135 

Puspanathan TK, Jayawardane VS, Paul SC, Ying KS, Shukla SK, Anggraini V 
(2022) Effect of biochar on desiccation of marine soils under con-
stant and cyclic temperatures. Acta Geotech 17:5441–5464

Qi J, Yuan H, Zhuang Q, Zama EF, Tian X, Tao B, Zhang B (2023) Effect of 
different types of biochar on soil properties and functional microbial 
communities in rhizosphere and bulk soils and their relationship with 
CH4 and N2O emissions. Front Microbiol 14:1292959

Qiu M, Liu L, Ling Q, Cai Y, Yu S, Wang S, Fu D, Hu B, Wang X (2022) Biochar 
for the removal of contaminants from soil and water: a review. 
Biochar 4:19

Qu J, Dong M, Wei S, Meng Q, Hu L, Hu Q, Wang L, Han W, Zhang Y (2020) 
Microwave-assisted one pot synthesis of β-cyclodextrin modified 
biochar for concurrent removal of Pb(II) and bisphenol a in water. 
Carbohydr Polym 250:117003

Quilliam RS, Glanville HC, Wade SC, Jones DL (2013a) Life in the “charo-
sphere” - does biochar in agricultural soil provide a significant habitat 
for microorganisms? Soil Biol Biochem 65:287–293

Quilliam RS, Rangecroft S, Emmett BA, DeLuca TH, Jones DL (2013b) Is bio-
char a source or sink for polycyclic aromatic hydrocarbon (PAH) com-
pounds in agricultural soils? Glob Change Biol Bioenergy 5(2):96–103

Rahim HU, Ali W, Uddin M, Ahmad S, Khan K, Bibi H, Alatalo JM (2025) Abi-
otic stresses in soils, their effects on plants, and mitigation strategies: 
a literature review. Chem Ecol 41:552–585

Ramezanzadeh H, Zarehaghi D, Baybordi A, Bouket AC, Oszako T, Alenezi 
FN, Belbahri L (2023) The impacts of biochar-assisted factors on the 
hydrophysical characteristics of amended soils: a review. Sustainabil-
ity 15(11):8700

Rani R, Garg N (2025) Role of biochar in modulating soil properties, plant 
productivity and abiotic stresses: a review. J Soil Sci Plant Nutr 
25:3285–3305

Rasuli F, Owliaie H, Najafi-Ghiri M, Adhami E (2022) Effect of biochar on 
potassium fractions and plant-available P, Fe, Zn, Mn and Cu concen-
trations of calcareous soils. Arid Land Res Manag 36(1):1–26

Razzaghi F, Obour PB, Arthur E (2020) Does biochar improve soil water 
retention? A systematic review and meta-analysis. Geoderma 
361:114055

Rehman H, Khan AHA, Rehman W, Ahmad M, Iqbal M (2025) Biochar for sus-
tainable restoration of heavy metals contaminated soil: performance, 
assessment, and mechanisms. Adv Sustain Syst 9(12):e00776

Ren H, Huang B, Fernández-García V, Miesel J, Yan L, Lv C (2020) Biochar and 
rhizobacteria amendments improve several soil properties and bacte-
rial diversity. Microorganisms 8(4):502

Ren X, He J, Chen Q, He F, Wei T, Jia H, Guo J (2022) Marked changes in bio-
char’s ability to directly immobilize Cd in soil with aging: implication 
for biochar remediation of Cd-contaminated soil. Environ Sci Pollut Res 
29:73856–73864

Rhymes JM, McNamara NP, Jones DL, Albanito F, Evans CD (2026) Harnessing 
peatland rewetting for effective biochar-based carbon dioxide removal. 
Biochar 8:16

Rittl TF, Oliveira DMS, Canisares LP, Sagrilo E, Butterbach-Bahl K, Dannenmann 
M, Cerri CEP (2021) High application rates of biochar to mitigate N2O 
emissions from a N-fertilized tropical soil under warming conditions. 
Front Environ Sci 8:611873

Roberts KG, Gloy BA, Joseph S, Scott NR, Lehmann J (2010) Life cycle assess-
ment of biochar systems: estimating the energetic, economic, and 
climate change potential. Environ Sci Technol 44(2):827–833

Sarfraz R, Hussain A, Sabir A, Ben Fekih I, Ditta A, Xing S (2019) Role of biochar 
and plant growth promoting rhizobacteria to enhance soil carbon 
sequestration-a review. Environ Monit Assess 191:251

Sarfraz R, Priyadarshani SVGN, Fakhar A, Khan MI, Hassan ZU, Kim PJ, Kim GW 
(2024) Unlocking plant defense: exploring the nexus of biochar and 
Ca2+ signaling. Plant Stress 14:100584

Sarma H, Shyam S, Zhang M, Guerriero G (2024) Nano-biochar interactions 
with contaminants in the rhizosphere and their implications for plant-
soil dynamics. Soil Environ Health 2(3):100095

Sarraf M, Janeeshma E, Arif N, Yadav V, Zahra N, Bouzroud S, Mirmazloum I, Yadi 
R, Hasanuzzaman M (2024) Biochar for the mitigation of metal/metal-
loid stress in plants. J Plant Growth Regul 43:3303–3319

Schmidt HP, Kammann C, Hagemann N, Leifeld J, Bucheli TD, Monedero MAS, 
Cayuela ML (2021) Biochar in agriculture-A systematic review of 26 
global meta-analyses. Glob Change Biol Bioenergy 13(11):1708–1730

Schnee LS, Knauth S, Hapca S, Otten W, Eickhorst T (2016) Analysis of physical 
pore space characteristics of two pyrolytic biochars and potential as 
microhabitat. Plant Soil 408:357–368

Shabtai IA, Hafner BD, Schweizer SA, Höschen C, Possinger A, Lehmann J, 
Bauerle T (2024) Root exudates simultaneously form and disrupt soil 
organo-mineral associations. Commun Earth Environ 5:699

Shang W, Razavi BS, Yao S, Hao C, Kuzyakov Y, Blagodatskaya E, Tian J (2023) 
Contrasting mechanisms of nutrient mobilization in rhizosphere 
hotspots driven by straw and biochar amendment. Soil Biol Biochem 
187:109212

Shi G, Hou R, Li T, Fu Q, Chen Q, Xue P, Yang X (2024) Effects of biochar on the 
transformation and utilization of nitrogen fertilizer in the black soil 
region of Northeast China. Sci Total Environ 953:176218

Si T, Chen X, Yuan R, Pan S, Wang Y, Bian R, Liu X, Zhang X, Joseph S, Li L, Pan G 
(2024a) Iron-modified biochars and their aging reduce soil cadmium 
mobility and inhibit rice cadmium uptake by promoting soil iron redox 
cycling. J Environ Manage 370:122848

Si T, Yuan R, Qi Y, Zhang Y, Wang Y, Bian R, Liu X, Zhang X, Joseph S, Li L, Pan 
G (2024b) Enhancing soil redox dynamics: comparative effects of Fe-
modified biochar (N-Fe and S-Fe) on Fe oxide transformation and Cd 
immobilization. Environ Pollut 347:123636

Singh C, Tiwari S, Singh JS (2017) Application of biochar in soil fertility and 
environmental management: a review. Bull Environ Contam Toxicol 
6:7–14

Singh H, Northup BK, Rice CW, Prasad PVV (2022) Biochar applications influ-
ence soil physical and chemical properties, microbial diversity, and crop 
productivity: a meta-analysis. Biochar 4:8

Sokol NW, Kuebbing SE, Karlsen-Ayala E, Bradford MA (2019) Evidence for the 
primacy of living root inputs, not root or shoot litter, in forming soil 
organic carbon. New Phytol 221(1):233–246

Song Y, Li Y, Zhang W, Wang F, Bian Y, Boughner LA, Jiang X (2016) Novel 
biochar-plant tandem approach for remediating hexachlorobenzene 
contaminated soils: proof-of-concept and new insight into the rhizos-
phere. J Agric Food Chem 64(27):5464–5471

Song B, Chen M, Zhao L, Qiu H, Cao X (2019) Physicochemical property and 
colloidal stability of micron- and nano-particle biochar derived from a 
variety of feedstock sources. Sci Total Environ 661:685–695

Stewart CE, Zheng J, Botte J, Cotrufo MF (2013) Co-generated fast pyrolysis 
biochar mitigates green-house gas emissions and increases carbon 
sequestration in temperate soils. Global Change Biol Bioenergy 
5(2):153–164

Su Q, Du Z, Huang X, Hassan MU, Altihani FA (2025) Managing arsenic pol-
lution from soil-plant systems: insights into the role of biochar. Plants 
(Basel) 14(10):1553

Sugihara S, Tomita Y, Nishigaki T, Kilasara M, Wasaki J, Funakawa S (2016) Effects 
of different phosphorus-efficient legumes and soil texture on fraction-
ated rhizosphere soil phosphorus of strongly weathered soils. Biol Fertil 
Soils 5:367–376

Sui Y, Wang Y, Xiao W, Chang C, Zhang S, Zhao H (2023) Proper biochar 
increases maize fine roots and yield via altering rhizosphere bacterial 
communities under plastic film mulching. Agronomy 13(1):60

Sun F, Lu S (2014) Biochars improve aggregate stability, water retention, and 
pore-space properties of clayey soil. J Plant Nutr Soil Sci 177(1):26–33

Sun D, Lan Y, Xu EG, Meng J, Chen W (2016) Biochar as a novel niche for cultur-
ing microbial communities in composting. Waste Manag 54:93–100

Sun Z, Zhang Z, Zhu K, Wang Z, Zhao X, Lin Q, Li G (2020) Biochar altered 
native soil organic carbon by changing soil aggregate size distribution 
and native SOC in aggregates based on an 8-year field experiment. Sci 
Total Environ 708:134829

Sun P, Zhao Z, Fan P, Chen W, Ruan Y, Wang Q (2021) Ammonia- and nitrite-
oxidizing bacteria are dominant in nitrification of maize rhizosphere soil 
following combined application of biochar and chemical fertilizer. Front 
Microbiol 12:715070

Sun Y, Zhang Z, Heng J, Gao C, Jin Q, Chen Z, Guo Z (2022) Co-transport of 
U(VI) and colloidal biochar in quartz sand heterogeneous media. Sci 
Total Environ 816:151606

Tanure MMC, da Costa LM, Huiz HA, Fernandes RBA, Cecon PR, Junior JDP, da 
Luz JMR (2019) Soil water retention, physiological characteristics, and 
growth of maize plants in response to biochar application to soil. Soil 
Tillage Res 192:164–173



Page 41 of 42Gui et al. Biochar           (2026) 8:135 	

Teng X, Huang D, Zhi Y, Li Y, Dong D, Wu X, Wang Y, Jiang Z, Huang H, Tang Y, 
Liu D, Xu W (2025) Effects of biochar on soil properties as well as avail-
able and TCLP-extractable Cu contents: a global meta-analysis. Sci Rep 
15:32853

Tirgarsoltani M, Bahrami H, Mokhtassi-Bidgoli A, Zarebanadkouki M (2021) 
The potential impact of biochar: soil hydraulics and responses of maize 
under soil drying cycles. Geoderma 401:115301

Tisserant A, Cherubini F (2019) Potentials, limitations, co-benefits, and trade-
offs of biochar applications to soils for climate change mitigation. Land 
8(12):179

Uchimiya M, Klasson KT, Wartelle LH, Lima IM (2011) Influence of soil 
properties on heavy metal sequestration by biochar amendment: 1. 
Copper sorption isotherms and the release of cations. Chemosphere 
82(10):1431–1437

Van Zwieten L, Kimber S, Morris S, Chan KY, Downie A, Rust J, Joseph S, Cowie 
A (2010) Effects of biochar from slow pyrolysis of papermill waste on 
agronomic performance and soil fertility. Plant Soil 327:235–246

Viger M, Hancock RD, Miglietta F, Taylor G (2015) More plant growth but less 
plant defence? First global gene expression data for plants grown in soil 
amended with biochar. Global Change Biol Bioenergy 7(4):658–672

Wan H, Wei Z, Liu C, Yang X, Wang Y, Liu F (2025) Biochar amendment modu-
lates xylem ionic constituents and ABA signaling: its implications in 
enhancing water-use efficiency of maize (Zea mays L.) under reduced 
irrigation regimes. J Integr Agric 24(1):132–146

Wang C, Kuzyakov Y (2024) Rhizosphere engineering for soil carbon sequestra-
tion. Trends Plant Sci 29(4):447–468

Wang J, Xiong Z, Kuzyakov Y (2016) Biochar stability in soil: meta-analysis 
of decomposition and priming effects. Glob Change Biol Bioenergy 
8(3):512–523

Wang C, Shen J, Liu J, Qin H, Yuan Y, Fan F, Hu Y, Wang J, Wei W, Li Y, Wu J 
(2019a) Microbial mechanisms in the reduction of CH4 emission from 
double rice cropping system amended by biochar: a four-year study. 
Soil Biol Biochem 135:251–263

Wang H, She D, Fei Y, Tang S (2019b) Synergic effects of biochar and poly-
acrylamide amendments on the mechanical properties of silt loam soil 
under coastal reclamation in China. CATENA 182:104152

Wang Y, Xiao X, Xu Y, Chen B (2019c) Environmental effects of silicon within 
biochar (sichar) and carbon–silicon coupling mechanisms: a critical 
review. Environ Sci Technol 53(23):13570–13582

Wang Y, Zhang W, Shang J, Shen C, Joseph SD (2019d) Chemical aging 
changed aggregation kinetics and transport of biochar colloids. Environ 
Sci Technol 53(14):8136–8146

Wang L, O’Connor D, Rinklebe J, Ok YS, Tsang DCW, Shen Z, Hou D (2020) 
Biochar aging: mechanisms, physicochemical changes, assess-
ment, and implications for field applications. Environ Sci Technol 
54(23):14797–14814

Wang J, Yuan R, Zhang Y, Si T, Li H, Duan H, Li L, Pan G (2022a) Biochar 
decreases Cd mobility and rice (Oryza sativa L.) uptake by affecting soil 
iron and sulfur cycling. Sci Total Environ 836:155547

Wang Y, Gu F, Huang Y, Ding Z, Chen Y, Hu X (2022b) Insight into biomass 
feedstock on formation of biochar-bound environmentally persis-
tent free radicals under different pyrolysis temperatures. RSC Adv 
12(30):19318–19326

Wang H, Long X, Miran W, Zhao Y, Cao X, Li X, Wang X, Yang F (2024a) Extracel-
lular electron transfer-coupled heavy metal reduction in biogeobattery: 
perspectives and challenges. J Clean Prod 452:142142

Wang X, Ding J, Han L, Tan J, Ge X, Nan Q (2024b) Biochar addition reduces 
salinity in salt-affected soils with no impact on soil pH: a meta-analysis. 
Geoderma 443:116845

Wang B, Liu B, Liu G, Xue L, Wang S, Chen F (2025) Synergistic mechanisms 
of biochar and microorganisms in soil remediation: from heavy metal 
immobilization to sustainable agriculture. Int J Environ Res 20:12

Warnock DD, Lehmann J, Kuyper TW, Rillig MC (2007) Mycorrhizal responses to 
biochar in soil-concepts and mechanisms. Plant Soil 300:9–20

Warnock DD, Mummey DL, McBride B, Major J, Lehmann J, Rillig MC (2010) 
Influences of non-herbaceous biochar on arbuscular mycorrhizal fungal 
abundances in roots and soils: results from growth-chamber and field 
experiments. Appl Soil Ecol 46(3):450–456

Wei L, Xu G, Shao H, Sun J, Chang SX (2013) Regulating environmental factors 
of nutrients release from wheat straw biochar for sustainable agricul-
ture. Clean: Soil, Air, Water 41(7):697–701

Wei B, Peng Y, Lin L, Zhang D, Ma L, Jiang L, Li Y, He T, Wang Z (2023) Drivers of 
biochar-mediated improvement of soil water retention capacity based 
on soil texture: a meta-analysis. Geoderma 437:116591

Wei Y, Ma J, Liu K, Zhang S, Wang J (2025) Biochar-based remediation of heavy 
metal-contaminated soils: mechanisms, synergies, and sustainable 
prospects. Nanomaterials 15(19):1487

Weihrauch C, Opp C (2018) Ecologically relevant phosphorus pools in soils and 
their dynamics: the story so far. Geoderma 325:183–194

Wen Z, Chen Y, Liu Z, Meng J (2022) Biochar and arbuscular mycorrhizal fungi 
stimulate rice root growth strategy and soil nutrient availability. Eur J 
Soil Biol 113:103448

Weng Z, Van Zwieten L, Singh BP, Tavakkoli E, Joseph S, Macdonald LM, Rose 
TJ, Rose MT, Kimber SWL, Morris S, Cozzolino D, Araujo JR, Archanjo BS, 
Cowie A (2017) Biochar built soil carbon over a decade by stabilizing 
rhizodeposits. Nat Clim Chang 7:371–376

Weng Z, Van Zwieten L, Tavakkoli E, Rose MT, Singh BP, Joseph S, Macdonald 
LM, Kimber S, Morris S, Rose T, Archanjo BS, Tang C, Franks AE, Diao H, 
Schweizer S, Tobin MJ, Klein AR, Vongsvivut J, Chang SLY, Kopittke PM, 
Cowie A (2022) Microspectroscopic visualization of how biochar lifts 
the soil organic carbon ceiling. Nat Commun 13:5177

Wijitkosum S (2022) Biochar derived from agricultural wastes and wood 
residues for sustainable agricultural and environmental applications. Int 
Soil Water Conserv Res 10(2):335–341

Witzgall K, Steiner FA, Hesse BD, Riveras-Muñoz N, Rodríguez V, Teixeira PPC, 
Li M, Oses R, Seguel O, Seitz S, Wagner D, Scholten T, Buegger F, Angst 
G, Mueller CW (2024) Living and decaying roots as regulators of soil 
aggregation and organic matter formation—from the rhizosphere to 
the detritusphere. Soil Biol Biochem 197:109503

Woolf D, Lehmann J (2012) Modelling the long-term response to positive and 
negative priming of soil organic carbon by black carbon. Biogeochem-
istry 111:83–95

Woolf D, Amonette JE, Street-Perrott FA, Lehmann J, Joseph S (2010) Sustain-
able biochar to mitigate global climate change. Nat Commun 1:56

Woolf D, Lehmann J, Ogle S, Kishimoto-Mo AW, McConkey B, Baldock J (2021) 
Greenhouse gas inventory model for biochar additions to soil. Environ 
Sci Technol 55:14795–14805

Wu Y, Wang X, Zhang L, Zheng Y, Liu X, Zhang Y (2023) The critical role of 
biochar to mitigate the adverse impacts of drought and salinity stress 
in plants. Front Plant Sci 14:1163451

Wu D, Zhang W, Sun W, Zhang Y, Gu W, Sun Y, Liu Z, Wang W, Chen W (2025a) 
Biochar as a long-term strategy for rehabilitating degraded soils: multi-
omics analysis of soil-metabolite-microbe interactions in continuous 
soybean cultivation. Land Degrad Dev 36(13):4718–4731

Wu D, Zhang Y, Gu W, Liu Z, Wang W, Sun Y, Xiu L, Zhang W, Chen W (2025b) 
Rhizosphere metabolite-mediated soil enhancement: long-term 
biochar application optimizes continuous soybean production systems. 
Biochar 7:95

Xiao X, Chen B, Chen Z, Zhu L, Schnoor JL (2018) Insight into multiple and 
multi-level structures of biochars and their potential environmental 
applications: a critical review. Environ Sci Technol 52(9):5027–5047

Xiao Z, Rasmann S, Yue L, Lian F, Zou H, Wang Z (2019) The effect of biochar 
amendment on N-cycling genes in soils: a meta-analysis. Sci Total 
Environ 696:133984

Xie A, Wu W, Jin M (2026) Formation, stability, and mobility of biochar colloids 
in soil environments. Water Air Soil Pollut 237:711

Xu Z, Xu X, Tao X, Yao C, Tsang DCW, Cao X (2019) Interaction with low 
molecular weight organic acids affects the electron shuttling of biochar 
for Cr(VI) reduction. J Hazard Mater 378:120705

Xu W, Whitman WB, Gundale MJ, Chien CC, Chiu CY (2020) Functional 
response of the soil microbial community to biochar applications. Glob 
Change Biol Bioenergy 13(1):269–281

Xu Z, Yu Y, Xu X, Tsang DCW, Yao C, Fan J, Zhao L, Qiu H, Cao X (2022) Direct 
and indirect electron transfer routes of chromium(VI) reduction with 
different crystalline ferric oxyhydroxides in the presence of pyrogenic 
carbon. Environ Sci Technol 56(3):1724–1735

Xu M, Lin Y, Ma J, Long L, Chen C, Yang G, Song C, Wu J, Zhang X, Gao P (2024a) 
Biochar regulates biogeochemical cycling of iron and chromium in a 
soil-rice system by stimulating Geobacter and Clostridium. Pedosphere 
34(5):929–940

Xu M, Ren M, Yao Y, Liu Q, Che J, Wang X, Xu Q (2024b) Biochar decreases cad-
mium uptake in indica and japonica rice (Oryza sativa L.): roles of soil 



Page 42 of 42Gui et al. Biochar           (2026) 8:135 

properties, iron plaque, cadmium transporter genes and rhizobacteria. 
J Hazard Mater 477:135402

Xu W, Xie X, Li Q, Yang X, Ren J, Shi Y, Liu D, Shaheen SM, Rinklebe J (2024c) 
Biochar co-pyrolyzed from peanut shells and maize straw improved soil 
biochemical properties, rice yield, and reduced cadmium mobilization 
and accumulation by rice: biogeochemical investigations. J Hazard 
Mater 466:133486

Xu Q, Han H, Xu Y, Xia H, Li M, Gong P, Wang C, Li Y, Li P, Liu H (2025) Effect of 
the biochar interlayer on saline wasteland desalination and the devel-
opment of Suaeda salsa roots. Environ Technol Innov 37:103976

Yang F, Lee X, Theng BKG, Wang B, Cheng J, Wang Q (2017) Effect of biochar 
addition on short-term N2O and CO2 emissions during repeated drying 
and wetting of an anthropogenic alluvial soil. Environ Geochem Health 
39:635–647

Yang F, Xu Z, Yu L, Gao B, Xu X, Zhao L, Cao X (2018) Kaolinite enhances the 
stability of the dissolvable and undissolvable fractions of biochar via 
different mechanisms. Environ Sci Technol 52(15):8321–8329

Yang H, Chen N, Wang Z, Liu J, Qin J, Zhu K, Jia H (2023) Biochar-associated 
free radicals reduce soil bacterial diversity: new insight into ecoenzy-
matic stoichiometry. Environ Sci Technol 57(48):20238–20248

Yang H, Kerner P, Liang X, Struhs E, Mirkouei A, You Y (2025a) Biochar amend-
ment modulates root metabolome and rhizosphere microbiome of 
wheat. Biochar 7:46

Yang J, Xia L, van Groenigen KJ, Zhao X, Ti C, Wang W, Du Z, Fan M, Zhuang 
M, Smith P, Lal R, Butterbach-Bahl K, Han X, Meng J, Liu J, Cai H, Cheng 
Y, Liu X, Shu X, Jiao X, Pan Z, Tang G, Yan X (2025b) Sustained benefits 
of long-term biochar application for food security and climate change 
mitigation. Proc Natl Acad Sci U S A 122(33):e2509237122

Yang Y, li H, Yuan Y, Zheng Y, Zhang T, Wu Y (2025c) Microbiological mecha-
nisms and effects of dissimilatory iron reduction on combined con-
taminants bio-transformation: a review. Process Biochem 153:47–65

Yang Q, Li L, Jin W, Li P, Gao Z, Zhang D, Shi X, Hao X, Zong Y (2026) Biochar-
driven redistribution of soil nitrogen pools enhances nitrogen uptake 
in wheat under elevated CO2. J Integr Agric. https://​doi.​org/​10.​1016/j.​
jia.​2026.​03.​033

Yao D, Wu J, Gao H, Wu D, Wei Z (2022) Changes in soil silicon forms and availa-
bility as affected by rice straw and its biochar. Eur J Soil Sci 73(6):e13316

Yin X, Peñuelas J, Xu X, Sardans J, Fang Y, Wiesmeier M, Chen Y, Chen X, Wang 
W (2021) Effects of addition of nitrogen-enriched biochar on bacteria 
and fungi community structure and C, N, P, and Fe stoichiometry in 
subtropical paddy soils. Eur J Soil Biol 106:103351

Yoo SY, Kim YJ, Yoo G (2020) Understanding the role of biochar in mitigating 
soil water stress in simulated urban roadside soil. Sci Total Environ 
738:139798

Yu X, Wu C, Fu Y, Brookes PC, Lu S (2016) Three-dimensional pore structure and 
carbon distribution of macroaggregates in biochar-amended soil. Eur J 
Soil Sci 67(1):109–120

Yu C, Zhu X, Mohamed A, Dai K, Cai P, Liu S, Huang Q, Xing B (2023) Enhanced 
Cr(VI) bioreduction by biochar: insight into the persistent free radicals 
mediated extracellular electron transfer. J Hazard Mater 442:129927

Yu B, Yang K, Cui M, Chen Z, Dai Y, Qian X, Chen Z (2024) Meta-analysis study 
on the role of biochar on soil nitrogen cycling. J Soil Sci Plant Nutr 
24:5644–5660

Yuan Y, Bolan N, Prévoteau A, Vithanage M, Biswas JK, Ok YS, Wang H (2017) 
Applications of biochar in redox-mediated reactions. Bioresource 
Technol 246:271–281

Yuan J, Chen H, Chen G, Pokharel P, Chang SX, Wang Y, Wang D, Yan X, Wang S, 
Wang Y (2024) Long-term biochar application influences phosphorus 
and associated iron and sulfur transformations in the rhizosphere. 
Carbon Res 3:25

Yuan X, Ban G, Luo Y, Wang J, Peng D, Liang R, He T, Wang Z (2025a) Biochar 
effects on aggregation and carbon-nitrogen retention in different-
sized aggregates of clay and loam soils: a meta-analysis. Soil Tillage Res 
247:106365

Yuan Y, Liang Y, Cai H, Yuan J, Li C, Liu H, Zhang C, Wang L, Zhang J (2025b) Soil 
organic carbon accumulation mechanisms in soil amended with straw 
and biochar: entombing effect or biochemical protection? Biochar 7:33

Yuan Z, Ge T, Guan D, He B, Zhang X, Li Y, Zhu Z, Li G, Kim PJ, Guggenberger 
G, Xu M, Chen J, Kuzyakov Y (2026) Iron plaque in paddy: formation, 
properties, functions, and applications. Soil Biol Biochem 214:110075

Zaib M, Farooq U, Adnan M, Sajjad S, Abbas Z, Haider K, Khan N, Abbas R, Nasir 
AS, Muhay-Ul-Din MF (2022) Remediation of saline soils by application 
of biochar: a review. J Environ Agric Sci 24:29–36

Zhang F (2025) Nano-biochar in soil ecosystems: occurrence, transport, and 
negative environmental risks. Ecotoxicol Environ Saf 298:118312

Zhang J, Chi F, Zhou B, Wei D, Kuang E (2014) Sulfur bioavailability of black soil 
in northeast China. Acta Agric Scand B Soil Plant Sci 63:172–179

Zhang Q, Du Z, Lou Y, He X (2015) A one-year short-term biochar application 
improved carbon accumulation in large macroaggregate fractions. 
CATENA 127:26–31

Zhang L, Xiang Y, Jing Y, Zhang R (2019) Biochar amendment effects on the 
activities of soil carbon, nitrogen, and phosphorus hydrolytic enzymes: 
a meta-analysis. Environ Sci Pollut Res 26:22990–23001

Zhang Q, Song Y, Wu Z, Yan X, Gunina A, Kuzyakov Y, Xiong Z (2020) Effects 
of six-year biochar amendment on soil aggregation, crop growth, and 
nitrogen and phosphorus use efficiencies in a rice-wheat rotation. J 
Clean Prod 242:118435

Zhang L, Jing Y, Chen C, Xiang Y, Rashti MR, Li Y, Deng Q, Zhang R (2021) 
Effects of biochar application on soil nitrogen transformation, microbial 
functional genes, enzyme activity, and plant nitrogen uptake: a meta-
analysis of field studies. Glob Change Biol Bioenergy 13(12):1859–1873

Zhang Y, Chen H, Xiang J, Xiong J, Wang Y, Wang Z, Zhang Y (2022) Effect of 
rice-straw biochar application on the acquisition of rhizosphere phos-
phorus in acidified paddy soil. Agronomy 12(7):1556

Zhang L, Chen Z, Zhu S, Li S, Wei C (2023) Effects of biochar on anaerobic 
treatment systems: some perspectives. Bioresource Technol 367:128226

Zhang R, Zimmerman AR, Zhang R, Li P, Zheng Y, Gao B (2024a) Persistent free 
radicals generated from a range of biochars and their physiological 
effects on wheat seedlings. Sci Total Environ 908:168260

Zhang X, Zhou Q, Wang L, Wan B, Yang Q (2024b) How biochar addition affects 
denitrification and the microbial electron transport system (ETSA): a 
meta-analysis based on a global scale. Agriculture 14(12):2320

Zhang Y, Ding G, Zhao Z, Gao S, Li L, Feng Q, Farooq U, Lu T, Chen W, Qi Z 
(2024c) Insight into the effects of low-molecular-weight aromatic acids 
on biochar colloid-assisted transport of Cd2+ through saturated porous 
media. Colloids Surf A Physicochem Eng Asp 685:133306

Zhang L, Chang L, Liu H, de Jesús Puy Alquiza M, Li Y (2025a) Biochar applica-
tion to soils can regulate soil phosphorus availability: a review. Biochar 
7:13

Zhang Y, Nisa R, Saleem AR, Nisa W, Idris AM, Yu G, Sohail MT, Ullah H (2025b) 
Impact of pyrogenic carbon on tomato root architecture and metabo-
lites (ABA and proline) under drought stress. Front Plant Sci 16:1634455

Zhao L, Cao X, Mašek O, Zimmerman A (2013a) Heterogeneity of biochar prop-
erties as a function of feedstock sources and production temperatures. 
J Hazard Mater 256–257:1–9

Zhao X, Ouyang W, Hao F, Lin C, Wang F, Han S, Geng X (2013b) Properties 
comparison of biochars from corn straw with different pretreatment 
and sorption behaviour of atrazine. Bioresource Technol 147:338–344

Zhao W, Zhou Q, Tian Z, Cui Y, Liang Y, Wang H (2020) Apply biochar to ame-
liorate soda saline-alkali land, improve soil function and increase corn 
nutrient availability in the Songnen Plain. Sci Total Environ 722:137428

Zhao B, Zhang T (2021) Effects of biochar and sulfate amendment on plant 
physiological characteristics, soil properties and sulfur phytoavailability 
of corn in calcids soil. 30(3):2917–2925.

Zhao P, Gao X, Liu D, Sun Y, Li M, Han S (2023) Effect of different biochar addi-
tions on the change of carbon nitrogen content and bacterial commu-
nity in meadow soils. Environ Pollut Bioavailab 35(1):2268272

Zhou Z (2015) Content of heavy metals in biochars and assessment of ecologi-
cal risk on their application to soil. Energy Environ Sustain Ecosyst Dev.

Zhou Z, Cui E, Abid AA, Zhu L, Xu J, Chen H (2024) Evaluating the impact of 
biochar amendment on antibiotic resistance genes and microbiome 
dynamics in soil, rhizosphere, and endosphere at field scale. J Hazard 
Mater 477:135440

https://doi.org/10.1016/j.jia.2026.03.033
https://doi.org/10.1016/j.jia.2026.03.033

	Biochar as a rhizosphere interface engineer: integrated regulation of microenvironments, biogeochemical cycling, and plant resilience
	Abstract 
	1 Introduction
	2 Physical modulation of the rhizosphere by biochar
	2.1 Soil structure, pore architecture, and root penetration
	2.2 Soil water retention and hydraulic transport
	2.3 Thermal and mechanical properties, and electrical conductivity
	2.4 Practical considerations regarding application rates

	3 Chemical modulation of rhizosphere processes by biochar
	3.1 Acid–base buffering
	3.2 Sorption and desorption
	3.3 Complexation and precipitation
	3.4 Redox mediation and electron transfer

	4 Microbial ecology and functional responses in the biochar rhizosphere
	4.1 Creation of microbial habitats
	4.2 Microbial community assembly, diversity, and network structure
	4.3 Functional gene and metabolic responses
	4.4 Regulation of rhizosphere enzyme activity

	5 Biochar mediated biogeochemical cycling of key rhizosphere elements
	5.1 Carbon cycle
	5.2 Nitrogen cycle
	5.3 Phosphorus cycle
	5.4 Sulfur cycle
	5.5 Iron cycle
	5.6 Other nutrient and beneficial element cycles

	6 Ecological functions of the biochar rhizosphere system
	6.1 Signal transduction and information exchange
	6.2 Plant biotic stress alleviation
	6.3 Plant abiotic stress alleviation

	7 Biochar life cycle assessment, economic feasibility, and environmental risks
	7.1 Life cycle assessment and economic feasibility
	7.2 Potential environmental risks
	7.2.1 Biochar nano-colloid formation and mobility
	7.2.2 Contaminant co-transport, groundwater risk, and endogenous pollutant hazards


	8 Research perspectives
	8.1 Current research gaps
	8.2 Future key research directions
	8.2.1 Priority 1 (highest): Resolve the context-dependence of biochar effects on rhizosphere physical and chemical functioning
	8.2.2 Priority 2 (high): Systematically characterize biochar aging dynamics and establish quantitative benefit-risk trade-off frameworks
	8.2.3 Priority 3 (medium-term): Resolve the contradictory microbial responses to biochar and build an integrated monitoring framework


	9 Conclusions
	Acknowledgements
	References


