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Fourteen-year field evidence reveals o

superior co-benefits of biochar in immobilizing
heavy metals and sequestering carbon
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Abstract

Heavy metal contamination in global agricultural soils has posed severe ecological and health risks. However, little
is known about the long-term effects of soil management on the bioavailable concentration and the speciation

of heavy metals, especially via physicochemical and microbial processes. Utilizing a 14-year field trial, we showed
that high-dosage biochar (HBC) effectively reduced heavy metal bioavailability by 2-91%, outperforming low-
dosage biochar (LBC) and straw amendments. Both HBC and LBC drove residual Cd, Zn, and Pb toward reduc-

ible fractions, whereas straw exhibited no significant impact. Partial least squares-structural equation modeling

and variance partitioning analysis indicated that the concentration and speciation of metals were co-regulated

by physicochemical and microbial properties, with microbial attributes dominating bioavailability (30% variance)
and physicochemical governing speciation (12%). Specifically, biochar reduced bioavailability by increasing the cat-
ion exchange capacity (CEC), soil organic carbon (SOC), and free iron oxides, coupled with enriching Entomoph-
thoromycota and Nitrospirae while suppressing Bacteroidetes and Verrucomicrobia. Conversely, straw increased
bioavailability by decreasing CEC but enhancing enzyme activity alongside Bacteroidetes or Verrucomicrobia.

For metal speciation, biochar drove the transformation of speciation by enhancing SOC, aromatic compound
levels, and Zoopagomycota, but suppressing Ascomycota and Latescibacteria. By evaluating the coupling index

of heavy metal immobilization and carbon sequestration, we showed that HBC had a higher score (0.703) than LBC
(0.361) and straw (0.396). This indicated that HBC can more effectively immobilize heavy metals than LBC and straw,
and achieve extra benefits in promoting carbon sequestration. Our results provided insights into adjusting soil man-
agement practices to achieve soil multi ecosystem functions and improve agricultural sustainability.

Highlights

Coupling index shows HBC can synergistically immobilize heavy metal and sequester C.
HBC reduced heavy metal bioavailability and drove residual toward reducible fractions.
Heavy metal bioavailability was dominated by Entomophthoromycota and Bacteroidetes.
Heavy metal speciation was governed by SOC content and aromaticity.
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1 Introduction
Global agricultural ecosystems face severe challenges
from heavy metal contamination. In China alone, the
concentrations of heavy metals such as Cd, Pb, and
Ni in nearly 20 million hectares of farmland (approxi-
mately one-fifth of the country’s total farmland) exceed
risk control values (Song et al. 2022). Due to their
inherent toxicity, bioaccumulation properties, and
resistance to degradation (Haghighizadeh et al. 2024;
Liu et al. 2024; Weng et al. 2024), heavy metal pollution
continues to spread and triggers multiple ecological
and health risks (Adnan et al. 2024). For example, 2.2—
10% of surveyed rice samples nationwide have Cd con-
tent exceeding the specified maximum allowable level,
which directly threatens human health through diet
(Angon et al. 2024; Gao et al. 2024; Qin et al. 20214, b).
While carbon sequestration-focused agricultural prac-
tices are widely applied, they fall short in controlling
heavy metal pollution, urgently requiring synergistic
strategies to achieve the dual goals of carbon sequestra-
tion and pollution mitigation.

Biochar, defined as a carbon-based material with high
specific surface area and porous structure (Fu et al.
2023), is increasingly recognized as a multifunctional
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amendment for environmental management. It can
immobilize heavy metals (Shentu et al. 2022), remedi-
ate organic pollutants (Wang et al. 2025), and enhance
carbon sequestration (Chen et al. 2024b) and soil fertil-
ity (Dong et al. 2025). Numerous studies have reported
its short-term capacity to immobilize heavy metals in
soil. For example, Zhang et al. (2021) demonstrated a
progressive decrease in bioavailable Cu, Ni, and Pb con-
centrations with increasing biochar application rates,
modulated by biochar-induced pH elevation and aging
processes. Zhu et al. (2015) showed 29.6%, 26.3%, and
48.14% decreases in exchangeable Ni, Cu, and Cd frac-
tions, respectively, at a 0.5% biochar application rate.
The dominant short-term mechanisms include physi-
cal adsorption (Rehman et al. 2019), ion exchange (Qiu
et al. 2021), and complexation (Dai et al. 2018). However,
biochar pore structure collapse during field aging pro-
cesses may lead to remobilization of previously adsorbed
heavy metals (Chen et al. 2025a, b). Most existing stud-
ies remain confined to short-term laboratory conditions,
highlighting the need for long-term field experiments to
assess the persistence of metal immobilization by biochar.
In addition, straw, as another widely used carbon man-
agement measure, can exert contrasting effects on heavy
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metals compared to biochar. By increasing the adsorption
of dissolved organic carbon (DOC) and cellulose (Chen
et al. 2020), straw may promote the mobility of heavy
metals. However, the mechanisms underlying the con-
trasting long-term effects of biochar and straw on carbon
sequestration and metal immobilization remain unclear.
To date, the fundamental effect of biochar on heavy met-
als by altering soil properties has been widely recognized
(El-Naggar et al. 2021; Meng et al. 2018). However, how
these changes in physicochemical properties specifically
affect the bioavailability and speciation of heavy metals
over the long term requires further research. Moreover,
microorganisms can also affect metals through mineral
dissolution (Wang et al. 2017a, b), but most research
focuses on microbial response to metal contamination
(Zhang et al. 2016) and toxicity (Pan and Yu 2011) rather
than their reverse regulatory roles. It is essential to study
how biochar and straw affect heavy metal bioavailability
and speciation over extended periods from the perspec-
tives of soil physicochemical and microbial properties,
and to clarify the synergistic interaction between phys-
icochemical and microbial processes.

To address this knowledge gap, we conducted a 14-year
field experiment in Shandong Province. By measuring
the bioavailable concentrations and speciation of heavy
metals through Diffusive Gradients in Thin-films (DGT)
and the Community Bureau Reference (BCR) sequen-
tial extraction, and characterizing soil physicochemical
and microbial properties, we aimed to answer three key
scientific questions: (1) How do low and high dosages of
biochar and straw differentially affect heavy metal bio-
availability and speciation over the long term? (2) What
are the pathways and relative contributions of soil physic-
ochemical and microbial properties in driving changes in
heavy metal bioavailability and speciation? (3) How can
a carbon—metal coupling index be constructed to evalu-
ate the long-term synergistic effects of biochar and straw
amendments on heavy metal immobilization and carbon
sequestration? Our study can provide insights for adjust-
ing soil carbon management to achieve simultaneous car-
bon sequestration and pollution reduction.

2 Materials and methods

2.1 Study area

The field experiment was conducted at the North China
Agro-Ecological Research Station in Huantai County,
which is located in an agricultural intensive area of Shan-
dong Province, between 36°51'50"N and 37°06 00"N
latitude, and between 117°50"00"E and 118°10"40"E lon-
gitude, with a total area of 509 km?. This region experi-
ences a warm temperate continental monsoon climate
with a mean annual temperature of 12.4 °C and precipi-
tation of 600 mm, predominantly concentrated from
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June to August. The county’s alluvial plain geomorphol-
ogy, formed by the historic Yellow River sedimentation,
features Fluvic Cambisol soils with surface soil compris-
ing 70.8% sand, 26.9% silt, and 2.3% clay. The dominant
cropping system follows a winter wheat-summer maize
double-cropping rotation. Detailed environmental char-
acteristics of the experimental site are documented in
Chen et al. (2023b).

2.2 Field experiment design and sample collection

A 14-year field experiment was initiated in June 2007
with four treatments: control (no amendment), low
biochar (LBC, 4.5 Mg ha™! yr™), high biochar (HBC,
9.0 Mg ha™* yr™), and straw (Straw, 15.0 Mg ha™! yr™),
each replicated three times. The LBC rate was deter-
mined based on biochar yield (~30%) from straw bio-
mass. Biochar was produced by pyrolyzing crushed corn
straw or rice husks at 360 °C for 24 h (Jinfu Biochar Co.,
Liaoning Province) and sieved to<1 mm before appli-
cation. Corn straw-derived biochar (pHc,cp)=82, C
content = 657.3 g kg™!) was applied from 2007 to 2012.
Due to discontinued production, rice husk biochar
(PH(caci2)=6.31, C content = 308.0 g kg™') was substi-
tuted post-2012. Soil sampling in March 2021 involved
collecting three topsoil cores (0-20 cm depth) per plot,
which were homogenized into composite samples. Fresh
soils were sieved (<2 mm) to remove roots and gravel
and split into two subsamples: one stored at —80 °C for
microbial analysis, and another air-dried for physico-
chemical characterization and metal bioavailability and
speciation assays. All measurements included triplicate
technical and analytical replicates. Divergent soil phys-
icochemical and microbial properties across treatments
(Gul et al. 2015; Siedt et al. 2021) likely generated distinct
heavy metal bioavailability and speciation patterns under
long-term carbon amendments.

2.3 Deployment and analysis of DGT

The bioavailable concentration of heavy metals in soil
was determined using Diffusive Gradients in Thin-films
(DGT). Unlike traditional methods that measure only
the static equilibrium concentration between soil solid
and liquid phases (such as CaCl, extraction), DGT is an
in-situ technique that simulates the dynamic process of
plant root absorption by artificially constructing a layer
of diffusion gel (Gao et al. 2020; Wu et al. 2023). Heavy
metal ions in soil solution diffuse freely through the dif-
fusion gel and are adsorbed by the resin gel, resulting
in a decrease in concentration. This reduction is sup-
plemented by easily desorbed metals from the soil solid
phase. The DGT device enables quantification of metal
bioavailability by capturing this dynamic consumption-
supplement process (Ding et al. 2016; Tian et al. 2018).
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The DGT device employing cylindrical Chelex-100
binding gels (DGT Research Ltd., UK) was utilized to
quantify the bioavailable concentration of heavy metals
(Chen et al. 2023a, b), which has an exposure window
of 2.54 cm? with resin gel and diffusion gel thicknesses
of 0.50 mm and 0.78 mm, respectively. Soil pastes were
prepared by moistening 60 g of air-dried, sieved (<2 mm)
soil to 70% water-holding capacity (WHC), incubating
for 48 h, then adjusting to 100% WHC for 24 h. Tripli-
cate DGT devices were vertically inserted into soil pastes
to ensure intimate soil-filter membrane contact, fol-
lowed by 24 h deployment at 25+1 °C (Gao et al. 2020).
Pistons were rinsed with ultrapure water to remove soil
particulates before disassembly and resin gels were eluted
with 1.5 mL of 1 M HNOj for 24 h. Soil solutions were
obtained by centrifuging (3000 rpm, 15 min) and filter-
ing through 0.45 pm membranes. Eluent heavy metal
concentrations were determined by inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7700x,
USA). The bioavailable concentrations measured by DGT
were calculated as follows (Xu et al. 2018):

M:M 1)
fe
M x Ag

C = —
DGT DxAxt

()
where C, (mg L) is the bioavailable concentration of
heavy metals in the eluent, V, (L) is the volume of the
binding gel, V,.q (L) is the volume of the eluent, f, is the
elution factor for heavy metals, M is the mass accumu-
lated on the binding gel, Ag is the combined thickness of
the diffusive gel layer and filter membrane, D (cm? s7?) is
the diffusion coefficient of heavy metals at 25 °C, A (cm?)
is the surface area of the gel layer, and t (s) is the deploy-
ment duration. Bioavailable concentrations of Cd, Pb, Ni,
Co, Cu, and Mo are presented in Table S1.

2.4 BCR sequential extraction

Total heavy metal content was determined by HNO;—
HF-H,0, digestion (Sungur et al. 2014). Briefly, 0.04 g
samples were digested in 10-mL polytetrafluoroeth-
ylene (PTFE) vessels with 2 mL concentrated HNO,
and 0.2 mL H,O,. The vessels were then placed on a
hotplate for 24 h to remove organic matter. Subse-
quently, the residues were treated with 1 mL of concen-
trated HNO; and 2 mL of concentrated HEF, sonicated
for 20 min, and sealed at 190 °C for 48 h. Evaporated
residues were reconstituted in 1% HNO; (v/v) and ana-
lyzed by ICP-MS (Agilent 7700x, Agilent Technologies,
USA) (Xu et al. 2018). The analysis of the speciation of
heavy metals in soil was carried out using a modified
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three-step sequential extraction method (Rauret et al.
2001; Gao et al. 2017; Pueyo et al. 2008). We accurately
weighed 0.5 g of the dry soil sample into a polypropyl-
ene centrifuge tube. Exchangeable fraction: 0.11 M ace-
tic acid extraction (pH=2.85). Reducible fraction: 0.5 M
hydroxylamine hydrochloride (pH=1.5). Oxidizable frac-
tion: H,0,/1.0 M ammonium acetate (pH=2-3) diges-
tion. Residual phases were quantified by acid digestion of
post-extraction solids (Gao et al. 2017). The exchangeable
fraction, representing the most bioavailable speciation,
includes ion-exchangeable and carbonate-bound met-
als susceptible to rhizosphere uptake (Ma et al. 2016).
Reducible metals are immobilized through adsorption
onto Fe/Mn oxides or incorporation into their crystal-
line matrices (Liu et al. 2023a, b). Oxidizable metals form
stable complexes with organic ligands or sulfides, exhibit-
ing limited bioavailability (Bogusz and Oleszczuk 2020).
Residual metals are structurally encapsulated within
silicate lattices, rendering them inert. Method accuracy
was assessed using BCR-701 certified reference material,
yielding recovery rates of 80—120%. Speciation data for
Cd, Zn, Pb, Cu, Cr, and Ni are presented in Table S2.

2.5 Soil physicochemical and microbial characterization

Soil pH was determined using a pH meter (FE28-Stand-
ard, Mettler Toledo, Switzerland) in a 1:2.5 (w/v) soil-
to-water suspension. Total carbon (TC) content was
analyzed with an elemental analyzer (Vario EL Cube,
Elementar, Germany). Soil organic carbon (SOC) was
quantified after pretreating samples with 1 M HCI to
remove carbonates, followed by elemental analysis. Soil
inorganic carbon (SIC) was calculated as the difference
between TC and SOC. Dissolved organic carbon (DOC)
was extracted by shaking soil-water suspensions (1:5
w/v) for 24 h, then analyzed using a TOC analyzer (Siev-
ers 900, SUEZ, USA). Notably, these operational proce-
dures capture only the readily extractable DOC fraction,
which may not fully represent in-situ DOC composi-
tion. UV-vis spectroscopy (200-800 nm, 1 nm resolu-
tion) of DOC was performed using a spectrophotometer
(DR6000, Hach, USA). Cation exchange capacity (CEC)
was measured using the barium chloride buffer solu-
tion method (Jaremko and Kalembasa 2014). Soil aggre-
gates were fractionated using a modified dry-sieving
protocol (Jiang et al. 2018), with microaggregates (MA)
defined as particles<0.25 mm. Density fractionation
of MA (<53 pm) isolated mineral-associated organic
matter (MAOM; p>1.6 g cm™) following Weng et al.
(2018). Free iron oxides (Fe;) were quantified using the
citrate-bicarbonate-dithionite (CBD) extraction method
(Lalonde et al. 2012), representing total pedogenic Fe
oxides (amorphous+ crystalline phases). Iron concen-
trations in extracts were determined by ICP-OES (iCAP
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6300, Thermo Scientific, USA). Treatment-specific soil
properties are summarized in Table S3.

To elucidate microbial regulation of heavy metal bio-
availability and speciation, we quantified three micro-
bial properties: enzyme activities, microbial biomass,
and community structure. f —1,4-glucosidase (BG) and
-N-acetylglucosaminidase (NAG) activities were deter-
mined using p-nitrophenyl-f-D-glucopyranoside and
p-nitrophenyl-N-acetyl-B-D-glucosaminide  substrates,
respectively, following Paz-Ferreiro et al. (2012). Phos-
pholipid fatty acids (PLFAs) were extracted from freeze-
dried soils to assess microbial biomass, following the
method of Bossio and Scow (1998). Quantification was
performed using a gas chromatograph equipped with
flame ionization detection (GC-FID; Agilent 7890B,
USA). Peaks were identified using bacterial acid methyl
ester standards and MIDI Sherlock® software (MIDI Inc.,
USA), with concentrations expressed as nmol g™* dry soil.
Microbial diversity and community composition were
analyzed through 16S (bacteria) and ITS (fungi) gene
amplicon sequencing (Wang et al. 2017a, b). Rarefaction
curves approached saturation across treatments (Fig. S1),
confirming sufficient sequencing depth for diversity char-
acterization. Microbial properties under biochar/straw
amendments are detailed in Table S4 and Fig. S2.

2.6 Partial least squares-structural equation modeling
(PLS-SEM) and variance partitioning analysis (VPA)

We used the plspm package to construct a partial least
squares-structural equation modeling (PLS-SEM) to
investigate the direct and indirect effects of biochar/
straw amendments on metal bioavailability/speciation
(Chen et al. 2022). PLS-SEM has low demands regard-
ing measurement scales, sample sizes, and less restric-
tive assumptions for data normality (Monecke and Leisch
2012). Multivariate techniques such as PCA combine
data into a robust index by assigning weights to indi-
cators (Mukherjee and Lal 2014). In contrast, the PLS
regression method can calculate a set of optimal weights
for these indicators based on the correlation between the
indicators and the response variables, thereby integrat-
ing them into a composite index capable of predicting
the response variable (Obade and Lal 2016). In addi-
tion, PLS-SEM can estimate unmeasured latent variables
through multiple observed variables, and quantitatively
analyze causal path relationships between latent vari-
ables or between observed variables and latent vari-
ables, which cannot be achieved by PCA and RDA (Li
et al. 2024; Liengaard 2024). This model incorporated
five latent variables—soil physicochemical properties,
fungal properties, bacterial properties, bioavailability,
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and speciation—each represented by multiple observed
variables. To mitigate multicollinearity, covariates with
correlation coefficients<0.8 and variance inflation fac-
tors (VIF) <5 were retained following Smart PLS 4.0 cal-
culations (Li et al. 2024). Model adequacy was evaluated
using the goodness-of-fit (GOF) index, where values>0.7
indicate excellent fit (Wang et al. 2016). In the results of
PLS-SEM, the influence of latent variables is represented
by the combination of path coefficients and significance
levels (p values) (Cheah et al. 2021). Variance partition-
ing analysis (VPA) using the vegan package quantified the
relative contributions of soil properties versus microbial
properties to metal bioavailability/speciation variances
(Qin et al. 20214, b).

2.7 Construct Carbon-Metal Coupling Index (CMCI)

The study constructed the CMCI using the entropy
weight method (Lu et al. 2019) to evaluate the compre-
hensive effectiveness of different carbon management
strategies in terms of carbon sequestration capacity
and heavy metal immobilization potential. This index
integrated two core dimensions, namely the carbon
sequestration capacity (characterized by the Carbon
Sequestration Efficiency (CSE)) and the heavy metal
immobilization potential (characterized jointly by the
reduction rate of bioavailable concentration (ABC) and
the increase in the proportion of stable speciation (ASS)).
After data were normalized using min-max scaling to
eliminate dimensional discrepancies, the entropy values
(e7) and coefficient of variation (d}) of each indicator were
calculated. After obtaining the weights, the compos-
ite CMCI score was computed using a linear weighted
model (He et al. 2017):

CMCI = wj x 4} (3)
where w; is the weight of CSE, ABC and ASS and x”™ is
the normalized values of CSE, ABC and ASS in the HBC,
LBC and Straw treatments. The specific calculations of
CSE, ABC, ASS, normalization and weights are shown in
the Supplementary Information.

2.8 Statistical analyses

Spearman correlation analyses were performed in R
v4.3.1 (https://www.r-project.org/) using the heatmap
and corrplot packages to assess relationships between
heavy metal bioavailability/speciation and soil properties
(pH, SOC, SIC, DOC, SUVA,.,, CEC, MA, MAOM, Fe,)
and microbial properties (BG, NAG, PLFAs, a-diversity
indices, phylum-level abundances) (Zhou et al. 2024).
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3 Results and discussions

3.1 Effects of biochar and straw on heavy metal
bioavailable concentration

3.1.1 Heavy metal bioavailable concentration

The bioavailable concentrations of six heavy metals (Cd,

Pb, Ni, Co, Cu, Mo) were quantified in the four tested

soils. The bioavailable concentrations of Cd and Pb

remained below 0.1 mg L™ across treatments. Ni, Co,

and Cu exhibited moderate bioavailability, ranging from

0.40 to 0.52 mg L™}, while Mo demonstrated the highest

bioavailability (1.93 mg L™"). The bioavailable concentra-

tions of heavy metals fell within the lower range of values

reported in the literature (Chen et al. 2021).

For polluting elements such as Cd, Pb, Ni, HBC
amendment induced slight reductions in bioavailability
by 2-5%. Conversely, LBC increased their bioavailability
by 14%, 11%, and 8%, respectively. Straw incorporation
elevated Cd and Ni bioavailability by 6% and 33% while
reducing Pb bioavailability by 18% (Fig. 1). For biogenic
elements including Co, Cu, Mo (Ma et al. 2017), LBC
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treatment reduced the bioavailability of Co and Cu by
36% and 28%, respectively, while Mo bioavailability
remained unchanged. HBC induced further significant
reductions in bioavailability by 91%, 31%, and 55% for Co,
Cu, and Mo, respectively. In contrast, straw amendment
decreased Cu bioavailability by 23% but increased Co and
Mo bioavailability by 17% and 58% (Fig. 1).

Collectively, these results demonstrated that HBC
effectively immobilized heavy metals, substantially
reducing their bioavailability. LBC exhibited limited
immobilization capacity and even increased the bio-
availability of polluting elements. Traditional straw
incorporation generally enhanced metal bioavailabil-
ity, except for Pb and Cu. These results indicated that
biochar had more effective immobilization than straw,
with enhanced performance at higher application
rates. This finding was supported by Li et al. (2025),
who reported that the dosage of biochar had a nega-
tive correlation with the bioavailability of Cd, Pb, Ni,
and Cu (p<0.01). Our results highlighted the superior
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Fig. 1 Bioavailable heavy metal concentrations of Cd (a), Pb (b), Ni (c), Co (d), Cu (e) and Mo (f) in soils amended with biochar and straw. Control,
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addition group, 15.0 Mg ha™" yr™'. Different lowercase letters denote significant differences from one-way ANOVA
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ability of biochar, especially at a high application rate, 3.1.2 Impact of soil physicochemical properties on heavy

to remediate heavy metal contaminated agricultural metal bioavailable concentration

soil in comparison with straw amendment. The correlation analysis revealed that the bioavailable
concentrations of Ni and Mo were negatively corre-
lated with CEC (p<0.05, p<0.01, respectively, Fig. 2a).
This indicated that the immobilization mechanism of

Cd Zn Pb Cu

(a) NiCoCuMo  (b) F2F4 F2F4 F2F4 F2F4
pH * pH N
SOC =" mEm 8OC IEIIIII
SIC SIC :
Soi DOC O DOC B [ ]
oil SUVA,, =l SUVA,., [l EE ...
properties ooy [ ] | CEC = B 1
MA mEENE MA - LI El -
MAOM n'lm B MAOM He=lm
) Fe, AN m N Fe, E R
Enzymatic BG 1 [ 1 % BG ® o
activity NAG [0 0 = NAG B
Fungi PLFA ] Fungi PLFA B = =
Fungi diversity Fungi diversity I
Ascomycota Ascomycota ¥ [* H)
Mortierellomycota Mortierellomycota (] |
Fungi Basidiomycota = Basidiomycota &
. Chytridiomycota ~ I Chytridiomycota * [ |
D .and Glomeromycota Glomeromycota & = | = = =
community Mucoromycota (] Mucoromycota |
Olpidiomycota Olpidiomycota ]
Kickxellomycota ] Kickxellomycota |
Zoopagomycota Zoopagomycota [ ¥%
Entomophthoromycota .... Entomophthoromycota = 8 - = = = &%
Bacteria PLFA Bacteria PLFA B = 1
Bacteria diversity = % . Bacteria diversity %% = % %%
Proteobacteria [ Proteobacteria L] |
Acidobacteria Acidobacteria .
. Bacteroidetes [ %% | %3« Bacteroidetes [ ]
Bacterial Gemmatimonadetes 8 =@ ~ = Gemmatimonadetes ;
properties and Actinobacteria = 1 1 B Actinobacteria (] |
community Rokubacteria Rokubacteria = |
Chloroflexi [ | Chloroflexi HE=- N
Nitrospirae ok Nitrospirae ‘
Latescibacteria Latescibacteria [l © 10 [0 1 W%
Verrucomicrobia [ &%  #% Verrucomicrobia

. . . [ ee—— I . ; 7 —
Standardized regression coefficient_, ' 0" y'c 54 05 ( 02 04 06 08 1.0
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Ni and Mo by biochar could arise from elevated CEC.
The increased CEC under biochar application directly
enhanced ion exchange adsorption between soil colloids
and Ni** by providing more adsorption sites, effectively
sequestering Ni** on colloidal surfaces (Nkoh et al. 2022).
Meanwhile, biochar-amended soil indirectly attracted
additional MoO,>~ anions for surface complexation to
maintain charge balance (Wei et al. 2023a, b), thereby
facilitating the further stabilization of Mo. Furthermore,
the elevated CEC could further contribute to Ni and Mo
immobilization by reducing desorption through electro-
static reinforcement (Gjoka et al. 2011).

Besides, the bioavailable concentrations of Co and Mo
were negatively correlated with Fe4 (p <0.05, Fig. 2a). This
is understandable, as Fe, could contribute to heavy metal
immobilization through two pathways, such as providing
abundant adsorption sites (Cheng et al. 2023) and form-
ing stable hydroxyl-metal complexes by surface hydroxyl
functional groups (Liang et al. 2022). Biochar amendment
significantly enhanced Fey content (Table S3), which
could facilitate Co** immobilization by Co(OH), precipi-
tation. Conversely, straw treatment decreased CEC while
maintaining relatively stable Fe4 levels (Table S3), leading
to an increase in the bioavailability of Ni, Co, and Mo.

In addition, the bioavailability of Cu was positively
correlated with pH (p<0.05) and negatively correlated
with SOC (p<0.05, Fig. 2a). This indicated that biochar-
induced decrease in soil pH may promote the encapsu-
lation of Cu** ions by accelerating the reaction between
Cu** and chloride (CI7) ions to form complexes (e.g.,
[CuCl,]*") (Tian et al. 2022). On the other hand, the bio-
char-induced increase in SOC content could strengthen
the binding of Cu** with carboxyl and phenolic hydroxyl
groups in SOC to form poorly soluble complex precipi-
tates (Table S3; Shen et al. 2022), leading to a decrease in
the bioavailability of Cu.

Overall, the immobilization of Ni, Co, and Mo was
driven by CEC-mediated ion exchange adsorption and
Fes-dominated hydroxyl complexation, while the bio-
availability of Cu was regulated by pH-SOC-synergized
coordination precipitation. Biochar enhanced the immo-
bilization efficiency of Ni, Co, Cu, and Mo by amplifying
the CEC-Fey-SOC system, whereas straw amendments
exacerbated heavy metal mobilization risks through
organic ligand release.

3.1.3 Impact of soil microbial properties on heavy metal
bioavailable concentration

B-1,4-glucosidase (BG) and B-N-acetylglucosaminidase

(NAG) enzymatic activities exhibited positive corre-

lations with Mo bioavailability (p<0.05 and p<0.01,

respectively, Fig. 2a). This phenomenon was attributed

to enzyme-mediated acceleration of organic matter
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decomposition, generating low-molecular-weight organic
compounds (e.g., soluble carboxylates and amino acids)
that form bioavailable Mo-organic complexes (Li et al.
2022). Biochar amendment reduced Mo bioavailability
by lowering soil pH, which suppressed enzymatic activ-
ity (Table S4). In contrast, straw incorporation elevated
enzyme activity through enhanced organic matter inputs
(Li et al. 2021), consequently increasing Mo bioavailabil-
ity (Table S4).

The correlation analysis further indicated that
Entomophthoromycota was negatively correlated with
the bioavailability of Ni, Co, and Mo, while Bacteroidetes
was positively correlated with them (p<0.05, Fig. 2a).
Similarly, Verrucomicrobia was positively correlated
with the bioavailability of Co and Mo (p<0.01, Fig. 2a).
These results suggest that biochar-induced enrichment
of Entomophthoromycota and the decline in Bacteroi-
detes and Verrucomicrobia abundances could explain
the reduced bioavailability of Ni, Co, and Mo (Fig. S2).
Specifically, Entomophthoromycota could adsorb Ni**,
Co**, and MoO,?~ through its hyphae with larger specific
surface area (Bano et al. 2018; Wang et al. 20213, b), and
its pathogenicity may further suppress microbial groups
involved in Ni/Co/Mo mobilization (Gryganskyi et al.
2012). The decrease in Bacteroidetes abundance could
reduce organic ligand availability (Cui et al. 2021) and
small molecular organic acids production (Chen et al.
2024b, a), thereby limiting soluble Ni/Co/Mo-organic
complexes. Furthermore, Bacteroidetes could consume
oxygen and create localized anaerobic microsites, and
their reduced abundance weakens anaerobic respiration
using heavy metals as electron acceptors (Upadhyay et al.
2025). This process typically dissolves metal oxides and
releases soluble metals, such as iron-manganese oxides.
Verrucomicrobia could promote Co?*/MoQ,>” release
from minerals by secreting organic acids (Naznin et al.
2017), as well as form bioavailable metal complexes by
producing extracellular polymeric substances (Fan et al.
2024). Other bacterial phylum, including Gemmatimona-
detes and Actinobacteria, could also negatively impact
Ni and Mo bioavailability (p<0.05, Fig. 2a), potentially
through adsorption, complexation-precipitation, and
microbial community restructuring (Liu et al. 2023a, b;
Wei et al. 2023a, b).

The availability of Cu was negatively related to Nitro-
spirae abundance (p<0.01, Fig. 2a). Biochar and straw
amendments provided abundant substrates for Nitro-
spirae, enhancing its proliferation and consequently
reducing Cu bioavailability (Fig. S2). This is because
Nitrospirae can limit Cu?* participation in redox reac-
tions by competitively sequestered electrons (Sun et al.
2021). On the other hand, Nitrospirae activities provide
an effective nitrogen source for soil microorganisms,
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which may promote the formation of SOC (Zhang et al.
2025). SOC immobilized Cu®* through complexation to
form a stable Cu-organic complex, thereby reducing the
bioavailability of Cu.

Collectively, Entomophthoromycota, Bacteroidetes,
Verrucomicrobia, and Nitrospirae reduced metal bio-
availability via hyphal adsorption, organic ligand com-
plexation, metabolite mediation, and electron transfer
interference. Biochar immobilized Ni, Co, Cu, and Mo
through enriching Entomophthoromycota and Nitros-
pirae while suppressing Bacteroidetes and Verrucomi-
crobia. Conversely, straw amendments promoted the
mobilization of Ni, Co, and Mo through facilitating
enzyme-activated redox cycling and stimulating organic
ligand complexation driven by the proliferation of Bacte-
roidetes and Verrucomicrobia.

3.2 Effects of Biochar and Straw on Heavy Metal
Speciation
3.2.1 Heavy metal speciation
BCR sequential extraction revealed distinct changes in
the speciation of Cd, Zn, Pb, Cu, Cr, and Ni under bio-
char and straw amendments (Fig. 3). Cd, Zn, Pb, and
Cu predominantly occurred in reducible (10-44%)
and residual fractions (29-84%). Biochar amendment
increased reducible fractions by 1-18% while decreasing
residual fractions by 2—18% (except for Cu). In contrast,
straw elevated reducible Cd and Zn by 1% and 3%, while
slightly decreasing (by 2%) or maintaining the residual
fractions. However, straw reduced reducible Pb and Cu
fractions by 1% and 2%, respectively, accompanied by
2-3% increases in their residual fractions.

Cr and Ni were primarily distributed in oxidizable (19—
30%) and residual fractions (66-73%). HBC increased
oxidizable Cr and Ni by 3% and 1%, respectively, while
reducing residual fractions by 2%. LBC had no effect on
Cr speciation, whereas straw decreased Cr oxidizable
fractions by 2% and increased residual fractions by 4%.
Both LBC and straw reduced Ni oxidizable fractions by
2% and increased residual fractions by 2%.

These results demonstrated that biochar amendments
increased the reducible or oxidizable phases of Cd, Zn,
Pb, Cr, and Ni, thereby maintaining their bioavailability
at relatively low levels and achieving effective immobili-
zation of these metals (Fig. 4). In contrast, straw exhib-
ited no significant impact on heavy metal speciation,
because percentage changes in concentrations across
all metal speciation remained below 5%. Beyond con-
centration changes, our findings confirmed that biochar
can alter the speciation of heavy metals, highlighting the
importance of monitoring speciation changes during
heavy metal immobilization processes to mitigate associ-
ated risks.
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3.2.2 Impact of soil physicochemical properties on heavy
metal speciation

The reducible Cd and Zn fractions exhibited positive cor-
relations with SOC and SUVA,;, (indicator of DOC aro-
maticity) (p<0.05), and the reducible Cd fraction showed
positive correlation with microaggregate (p<0.01,
Fig. 2b). This can be attributed to the ability of Cd** and
Zn** to interact with organic ligands and aromatic com-
pounds in SOC, forming soluble Cd** and Zn**-organic
complexes (Egli et al. 2010). These complexes exhibited
high bioavailability, thereby increasing the reducible frac-
tion of Cd and Zn. In addition, microaggregates provided
abundant adsorption sites, and Cd?* enhances the reduc-
ible fraction by forming soluble complexes with carboxyl
and phenolic hydroxyl groups (Wang et al. 2021a, b).

The residual Pb and reducible Cu fractions showed
negative correlations with SOC and SUVA,;, (p<0.05,
Fig. 2b). This is because Cu®*, with strong coordina-
tion ability, can be stabilized as precipitates of relatively
low bioavailability, which could lead to a decrease in
the Cu reducible fraction (Fan et al. 2015). Meanwhile,
SOC can stimulate the release of Pb** from the residual
fraction, since the functional groups of SOC can form
strong chemical bonds with Pb?* (Tuo et al. 2024). Fur-
thermore, reducible Cu negatively correlated with Feg
(p<0.01), while residual Cu positively correlated with SIC
(p<0.001, Fig. 2b). This is due to the fact that the reduc-
tive dissolution of Fey to Fe* can reduce Cu (II) to less
mobile Cu(I) (Liu et al. 2020), whereas carbonate miner-
als can form insoluble Cu,(OH),CO; with Cu?* (Rizwan
etal. 2021).

We showed that biochar amendment promoted the
transformation of Cd, Zn, and Pb from the residual frac-
tion to the reducible fraction, whereas it facilitated the
transformation of Cu from the reducible to the residual
fraction, maintaining their relatively low bioavailability
(Fig. 3). Three mechanisms associated with physicochem-
ical properties may help explain this transformation:
(1) SOC and SUVA,;, drove Cd/Zn reducible fraction
enrichment by organic ligand complexation, while micro-
aggregate adsorption promoted Cd mobilization. (2) Pb**
was released from residual fractions by its strong chemi-
cal bonding with functional groups. (3) Fes-mediated
redox transformations and SIC precipitation stabilized
residual Cu.

3.2.3 Impact soil microbial properties on heavy metal
speciation

Based on microbial analysis, we found that reducible Cd

negatively correlated with fungal PLFA biomass, bacte-

rial PLFA biomass and Ascomycota relative abundance

(p<0.05), while residual Cd was positively correlated

with them (all p<0.05, Fig. 2b). In addition, the residual
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Cd was negatively correlated with the relative abun-
dance of Zoopagomycota (p<0.01). This indicated that
the speciation of Cd can be attributed to two microbial
processes: (1) Ascomycota reduced the reducible and

increased the residual fraction of Cd through secreting
metabolites which stimulate the formation of Cd-organic
acid precipitation (Tuan et al. 2018). Specifically, Cd**
forms cadmium oxalate precipitation with reduced oxalic
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acid secreted by Ascomycota (Xie et al. 2021). Mean-
while, Ascomycota promoted Cd>* to exist in minerals in
the form of residual fraction by utilizing other inorganic
components in the environment (Lin et al. 2019). (2)
Zoopagomycota reduced the residual Cd by dissolving
Cd precipitates to release Cd** (Zhu et al. 2023). Addi-
tionally, it physically disrupted the mycelial encasements
formed by Ascomycota (Hurdeal et al. 2021). Indeed, our
results demonstrated that biochar decreased the abun-
dance of Ascomycota but increased that of Zoopago-
mycota (Fig. S2), which led to immobilization of Cd by
locking it in low-mobility Fe—Mn oxides.

The residual fraction of Pb and the reducible fraction of
Cu were positively correlated with the relative abundance
of Latescibacteria (p<0.01). Latescibacteria dominates
the mineralization of Pb** with inorganic components
(Li et al. 2013), promoting the formation of PbCO; pre-
cipitates. Moreover, Latescibacteria-derived copper

oxidase enzymes oxidized Cu(I) to Cu (II) (Irawati et al.
2021). The addition of biochar reduced the residual frac-
tion of Pb and the reducible fraction of Cu (Fig. 3), pos-
sibly through inhibiting the Pb biomineralization and Cu
biooxidation processes dominated by Latescibacteria.

Overall, biochar drove the transformation of Cd and
Pb from residual to reducible fractions, while stabilizing
Cu from reducible to residual fractions, maintaining their
low bioavailability through two microbial pathways: (1)
suppressing Ascomycota-mediated Cd precipitation and
activating Zoopagomycota-driven Cd release; (2) inhibit-
ing Latescibacteria-dominated Pb biomineralization and
Cu biooxidation.

3.3 PLS-SEM and VPA analyses of Heavy Metal
Bioavailability and Speciation Regulation

PLS-SEM analysis indicated that soil properties and

microbial properties were important predictors of
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changes in the bioavailable concentration and speciation
of heavy metals after the addition of biochar and straw.
Both microbial properties and soil properties had direct
positive effects on the bioavailable concentration and
speciation of heavy metals, respectively (Fig. 5a). For the
bioavailable concentration, soil physicochemical proper-
ties also showed an indirect effect by negatively affecting
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bacterial characteristics. Specifically, biochar and straw
amendments directly influenced metal bioavailability
through modulation of bacterial PLFA biomass and phy-
lum-specific abundances (path coefficient (PC)=0.768,
p<0.01), with Bacteroidetes identified as the primary
driver of metal immobilization (PC=0.883; Fig. 5a). Soil
properties were not the main factor contributing to the
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decrease in the bioavailable concentration of heavy met-
als (PC=0.170, p>0.05, Fig. 5a). Regarding metal spe-
ciation, physicochemical properties (SOC, CEC, Fey)
directly impacted the changes of the reducible fraction
of heavy metals (PC=0.805, p<0.05, Fig. 5a), whereas
microbial communities exerted indirect effects. SOC and
Fey emerged as dominant regulators of speciation shifts
(PC=0.878 and 0.914, respectively; Fig. 5a). Consistent
with the aforementioned results of correlation analysis,
microbial properties dominated the bioavailable concen-
tration of heavy metals, while the physicochemical prop-
erties of the soil were the key factors causing changes in
the speciation of heavy metals (Fig. 2).

VPA analysis was further adopted to quantify the
relative contributions of soil properties and micro-
bial properties to heavy metal bioavailability (Fig. 5b)
and speciation (Fig. 5c) shifts under biochar and straw
amendments. Soil physicochemical properties and
microbial properties explained 61% of the variance in
metal bioavailability, and 29% in metal speciation. Micro-
bial properties (30%) were more important factors than
soil properties (20%) in explaining the bioavailable con-
centration of heavy metals (Fig. 5b). By contrast, soil
properties (12%) had a higher degree of explanation for
the speciation compared to microbial properties (Fig. 5c).
Integrated with PLS-SEM results, these findings demon-
strate that biochar-induced metal immobilization arises
from physicochemical-microbial interactions: reduced
bioavailability by suppression of Bacteroidetes and
enhanced reducible fractions (through elevated SOC and
Fe,y) coupled with reduced residual fractions, collectively
stabilizing metals.

3.4 Potential of biochar for synergistic metal
immobilization and carbon sequestration

Previous studies have predominantly assessed biochar
and straw amendments through a singular perspective
of either carbon sequestration or pollution remediation
(Ji et al. 2022; Wang et al. 2023; Zhong et al. 2023). This
research integrated carbon sequestration data to reveal
the potential of biochar for synergistic carbon sequestra-
tion and heavy metal immobilization (Chen et al. 2023a,
b, 2025a). Four well-recognized mechanisms explain
the carbon sequestration achieved by biochar addition.
First, biochar itself is rich in highly condensed aromatic
structures, decreasing substrate degradability, imposing
greater energetic barriers to microbial decomposition,
thereby inhibiting carbon mineralization while increasing
SOC content (Chen et al. 20253, b; Wang et al. 2023). Sec-
ond, biochar promoted mineral-associated organic mat-
ter formation and free iron oxide content, improving the
physical protection of both native and biochar-derived C
(Chen et al. 2025a, b; Qin et al. 2019). Third, microbial
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analysis showed that biochar suppressed microbial activ-
ity of SOC decomposition, such as the decrease in both
fungal and bacterial PLFAs and extracellular enzyme
activity, which reduced carbon decomposition (Chen
et al. 2023a, b; Yang et al. 2025). In addition, the experi-
ments showed that biochar could directly adsorb CO, by
its micropore structure (Cao et al. 2023). In contrast, as
a readily degradable organic carbon source, straw appli-
cation stimulated microbial and enzyme activity, acceler-
ated the mineralization of SOC from the added straw and
the original soil (Fig. S3).

By constructing a carbon—metal coupling index using
the entropy weight method, this study found that HBC
achieved the highest composite score (0.703), signifi-
cantly outperforming LBC (0.360) and Straw (0.396),
demonstrating its optimal dual benefits in carbon
sequestration and heavy metal immobilization (Table S5).
Specifically, despite receiving the highest exogenous car-
bon input (27.63 g kg™'), straw incorporation exhibited
the lowest CSE (12%), whereas HBC and LBC (17.94 and
8.97 g kg!, respectively) achieved significantly higher
CSE values of 63% and 55%, highlighting the superior
carbon sequestration capacity of biochar compared to
straw under equivalent field conditions.

Regarding heavy metal immobilization, HBC signifi-
cantly reduced bioavailable concentrations (ABC=32%),
whereas LBC showed limited efficacy (ABC=5%), and
Straw increased bioavailability (ABC= —12%). These
findings prove high-dosage biochar’s long-term efficacy
in simultaneously immobilizing metals and sequestering
carbon. This highlights the need to adjust biochar appli-
cation strategies to achieve multiple ecosystem functions
and enhance agricultural sustainability.

4 Conclusion

This study demonstrated that HBC more effectively
reduced the bioavailable concentration of heavy met-
als by 2-91% than LBC by 1-36%. Straw amendment
increased bioavailability by 6-58%, except for Pb and Cu.
Both HBC and LBC drove residual fractions of Cd, Zn,
and Pb to reducible fractions with respective variation
of 1-18% and 1-5%, whereas straw exhibited no signifi-
cant impact (<5% variation). PLS-SEM and VPA analyses
showed that soil physicochemical and microbial proper-
ties jointly regulated heavy metal bioavailability with 61%
of variance explained and speciation with 29% explained.
Among them, the primary determinant of bioavailability
was microbial properties, with an independent variance
contribution of 30%, and that for speciation was physico-
chemical properties with 12%. When evaluating the car-
bon-metal coupling index, we found that HBC (0.703)
outperformed LBC (0.361) and straw (0.396) in immobi-
lizing heavy metals and sequestering carbon.
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Our study revealed the dominant role of micro-
bial processes in long-term regulation of heavy metal
bioavailability, and proposed high-dose biochar as a
preferred strategy to achieve agricultural carbon neu-
trality and heavy metal pollution control. However, this
study has certain limitations: it is difficult to reveal the
dynamic process of biochar aging and its heavy metal
immobilization effect based on the end-state measure-
ment after 14 years. Future research should further
clarify the mechanism through long-term dynamic
sampling, and provide more scientific basis for the
long-term application of biochar in agricultural ecosys-
tems to achieve heavy metal immobilization and car-
bon sequestration.
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