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Dan Yuan', Jiao Yuan'?, Xiangxiang Hao?, Xinliang Dong'", Ping Wu', Yuming Zhang', Zhenhua Yu® and
Shuping Qin'"

Abstract

Returning crop residues to soil is a central strategy for increasing soil organic carbon (SOC), yet whether biochar-
associated persistent free radicals (PFRs) actively regulate the stabilization of residue-derived carbon remains unre-
solved. Here, graded PFR activities were generated by selective radical quenching while maintaining similar biochar
physicochemical properties, and '*C-labeled straw was used to trace residue-derived carbon dynamics in two
contrasting agricultural soils. Biochar PFRs enhanced hydroxyl radical (OH) production in a dose-dependent manner,
with the highest-PFR treatment generating 6.1- and 18.1-fold higher -OH levels than the straw-only control in black
soil and fluvo-aquic soil, respectively. This abiotic oxidation accelerated early-stage (0-14 d) straw carbon mineraliza-
tion without increasing net carbon loss. Instead, it redirected straw-derived carbon toward aromatic intermediates
that preferentially accumulated as mineral-associated organic matter (MAOM), increasing the proportion of MAOM
carbon derived from straw from 59.4% to 64.2% in black soil and from 53.8% to 60.0% in fluvo-aquic soil. Structural
equation modeling further demonstrated that PFRs promoted MAOM formation primarily through -OH-driven chemi-
cal transformation, whereas microbial communities acted mainly as secondary responders. These findings demon-
strate that biochar-derived PFRs redirect, rather than simply accelerate, straw-derived carbon turnover by coupling
abiotic oxidation with microbial processing. This study establishes a mechanistic link between biochar surface redox
chemistry and soil carbon persistence, providing a mechanistic basis for designing biochars with enhanced carbon
sequestration potential.

Highlights

- Biochar persistent free radicals initiate abiotic oxidation of straw-derived carbon.
-« PFR-driven chemical transformation redirects residue carbon into mineral-associated pools.
- Coupled abiotic-biotic pathways explain biochar-induced straw carbon stabilization.

Keywords Soil organic carbon, Biochar, Persistent free radicals (PFRs), Mineral-associated organic matter (MAOM),
Abiotic oxidation, Microbial community function

*Correspondence:

Xinliang Dong

xldong@sjziam.ac.cn

Shuping Qin

ginshuping@sjziam.ac.cn

Full list of author information is available at the end of the article

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory

L]
@ SP rlnge r regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this

licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-026-00658-0&domain=pdf
http://orcid.org/0000-0001-7087-9709

Yuan et al. Biochar (2026) 8:147

Page 2 of 13

Graphical Abstract

Early transformation

- * Aromatic intermediates €
/ c c
Straw residues Biochar with PFRs O |
(o) C

-OHA

A 4

l Abjotic

Q\\\:\§‘}
oxidation “\K 9q o
N 7
) P

Microbial response

v

L/@( r
L :

Aromatic MAOM
v

Stable C sequestration

activity
—

Polyphenol oxidase

1 Introduction

Soil organic matter (SOM) represents the largest actively
cycling carbon reservoir in terrestrial ecosystems. Small
changes in its size can exert disproportionate effects on
atmospheric CO, concentrations and climate regulation
(Raza et al. 2024). Increasing soil organic carbon (SOC)
stocks through agricultural management is therefore
widely recognized as a key strategy for climate change
mitigation while sustaining soil fertility and productiv-
ity (Nazir et al. 2024; Shi and Xia 2024). Returning crop
residues to soil is the most widely implemented practice,
directly reintegrating photosynthetically fixed carbon
into the soil system (Karan et al. 2023; Xu et al. 2024).
However, residue-derived carbon is highly dynamic, and
a large fraction is rapidly mineralized following incorpo-
ration. More than half of residue carbon can be lost as
CO, within the first year, substantially limiting the long-
term contribution of residue return to SOC accumula-
tion (Alvarez 2024; Khan et al. 2022; Lenka et al. 2019).
Identifying mechanisms that redirect residue-derived
carbon toward persistent soil carbon pools remains a
central challenge in soil carbon research.

Co-application of biochar with crop residues has
emerged as a promising strategy to enhance soil carbon
retention. Biochar contains condensed aromatic struc-
tures that are intrinsically resistant to microbial decom-
position and can persist in soils for centuries, directly
contributing to stable SOC pools (Chang et al. 2022;
Chen et al. 2021). In addition, biochar can indirectly pro-
mote carbon stabilization by sorbing dissolved organic
compounds, providing microhabitats, and facilitating
organic—mineral associations (Ma et al. 2023; Tang et al.
2025; Weng et al. 2022). Despite these well-documented

effects, most explanations emphasize biochar’s physical
structure or bulk chemical composition, treating biochar
largely as a passive amendment. Such perspectives pro-
vide limited insight into how biochar actively regulates
the transformation pathways of fresh organic inputs.

An increasingly recognized property of biochar is the
presence of persistent free radicals (PFRs), which have
recently emerged as one of the most important redox-
active components governing the environmental reactiv-
ity of biochar (Chen et al. 2025; Ruan et al. 2019). Recent
studies have demonstrated that biochar-derived PFRs can
mediate extracellular electron transfer and continuously
activate molecular oxygen to generate reactive oxygen
species (ROS), particularly hydroxyl radical (-OH) (Tang
et al. 2021; Tao et al. 2022), thereby extending the role of
biochar beyond passive carbon storage to active regula-
tion of redox reactions. Increasing evidence further sug-
gests that ROS-mediated oxidation can substantially alter
the molecular composition of natural organic matter,
promote aromatization and humification, and regulate
soil carbon turnover (Dong et al. 2025; Fang et al. 2025;
Yang et al. 2025a, b). Although these findings imply that
biochar-derived PFRs may actively participate in soil
carbon cycling, current knowledge primarily focuses
on contaminant degradation, dissolved organic matter
oxidation, or mechanistic reviews, whereas their direct
role in regulating the transformation and stabilization
of fresh residue-derived carbon in soils remains largely
unexplored.

Biochar is widely recognized as an effective strategy
for enhancing soil carbon sequestration, but its influ-
ence on residue-derived carbon transformation remains
controversial. Some studies have reported that biochar
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accelerates the mineralization of residue-derived or
native soil carbon by stimulating microbial activity and
oxidative processes (Lu et al. 2022), whereas others have
shown enhanced carbon stabilization through increased
MAOM formation and organo—mineral associations
(Wang et al. 2026). These apparently conflicting observa-
tions suggest that biochar may simultaneously stimulate
early carbon turnover and long-term carbon stabiliza-
tion, yet the mechanism underlying this apparent para-
dox remains unresolved. One major reason for these
inconsistencies is that previous studies have generally
compared biochars differing simultaneously in surface
area, mineral composition, oxygen-containing func-
tional groups, and PFR abundance, making it difficult to
distinguish the specific contribution of PFRs (Chacén
et al. 2020; Fuertes et al. 2010; Li et al. 2020a; Wang et al.
2022).

Here, we selectively manipulated PFR activity on bio-
char from a single feedstock using chemical quench-
ing while minimizing changes in other physicochemical
properties, and tested the proposed mechanism in two
contrasting agricultural soils differing in pH and native
SOC. Using 'C-labeled straw together with ROS quan-
tification, DOM spectroscopy, microbial community
analysis, and structural equation modeling, we directly
disentangled abiotic and biotic pathways controlling
straw-derived carbon transformation. This experimental
design enables direct evaluation of the specific contri-
bution of PFRs to residue-derived carbon stabilization,
thereby providing a mechanistic explanation for the
long-standing paradox that biochar can simultaneously
accelerate early carbon transformation while enhancing
long-term carbon stabilization. Our findings establish a
mechanistic link between biochar surface redox chem-
istry and soil carbon persistence, providing a theoretical
basis for the rational design of biochars that maximize
long-term SOC stabilization.

2 Materials and methods

2.1 Soils and experimental materials

2.1.1 Soil collection and pre-treatment

Surface soils (0-20 cm) were collected from two rep-
resentative agricultural regions in China. A black soil
(Pachic Haploboroll, USDA Soil Taxonomy) (Soil Sur-
vey Staff 2010) was sampled from the Hailun Agricul-
tural Ecological Experimental Station, Heilongjiang
Province (126°38’E, 47°26'N), characterized by high
organic carbon content and well-developed struc-
ture (SOC 28.5+0.87 g kg™'; pH 6.8+0.08). A fluvo-
aquic soil (Haplic Cambisol, WRB/FAO classification)
(Mantel et al. 2023) was collected from the Luancheng
Agricultural Ecosystem Experimental Station, Hebei
Province (37°53’N, 114°41"E), representing an intensively
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managed soil with lower organic carbon content (SOC
12.3+0.48 g kg™"; pH 8.1+0.11). These classifications fol-
low the nomenclature convention used by the respective
long-term experimental stations and previous studies
(Hao et al. 2022; Qin et al. 2012). These two soils, both
widely distributed in northern China, were selected for
their contrasting pH and SOC contents to evaluate the
generality of this mechanism and whether it is modulated
by soil properties.

All soils were air-dried, gently crushed, passed through
a 2-mm sieve to remove visible plant residues and stones,
and stored at 4 °C prior to incubation. Soil physicochemi-
cal properties were determined as follows: soil pH was
determined in a soil-to-water suspension (1:2.5, w/v)
using a calibrated glass electrode; SOC was determined
by the potassium dichromate oxidation—external heating
method (Walkley—Black method).

2.1.2 "3C-labeled straw and biochar preparation

Maize plants were cultivated in a controlled cham-
ber continuously supplied with >CO,. After harvest,
aboveground straw was oven-dried (60 °C), ground, and
sieved (<0.15 mm). The 8'3C value of labeled straw was
+450 £ 25%o.

Unlabeled maize straw was pyrolyzed at 500 °C for 2 h
under an N, atmosphere to produce base biochar. The
biochar was ground (<0.15 mm), repeatedly washed with
deionized water until pH stabilized, and dried at 60 °C.
This material served as the unquenched biochar (BC-QO0).

2.1.3 Generation of graded PFR activity by chemical
quenching

Persistent free radical (PFR) activity was selectively regu-
lated using L-ascorbic acid as a radical scavenger. Biochar
was reacted with L-ascorbic acid solutions (0, 20, 40, 60,
80, and 100 g L) at a solid-to-liquid ratio of 1:10, shaken
for 24 h at 25 °C in the dark. After reaction, suspensions
were centrifuged (8,000 rpm) and washed repeatedly
with deionized water until no residual ascorbic acid was
detected in the supernatant by UV spectroscopy, thereby
minimizing potential carryover of the quenching rea-
gent into subsequent soil incubation experiments. Bio-
chars were then dried (60 °C) and designated BC-QO to
BC-Q100, forming a continuous gradient of decreasing
PER activity.

2.2 Incubation experiment design

A two-factor completely randomized design was
employed, with soil type (black soil vs. fluvo-aquic soil)
and biochar PFR level as factors. Treatments included
straw-only controls (S) and straw amended with biochars
differing in PFR activity (S+BC-Q0 to S+BC-Q100),
each with four replicates.
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Soils were pre-incubated for 7 days, then amended with
13C-labeled straw (1% w/w) and biochar (2% w/w). Soil
moisture was adjusted to 60% of water-holding capac-
ity. Aliquots equivalent to 50 g dry soil were placed into
150 mL sealed incubation jars containing a vial with 5 mL
of 1 M NaOH to trap CO,. Jars were incubated at 25 °C
in the dark. Destructive sampling was conducted on days
1, 3, 7, 14, 28, 56, and 84 to capture the rapid physico-
chemical and biological responses immediately following
straw incorporation during the first 2 weeks, later sam-
pling focused on the slower processes of organic matter
transformation and residue-derived carbon stabilization
(Cotrufo et al. 2015; Kallenbach et al. 2016).

2.3 Biochar characterization and PFRs determination
Elemental composition (C, O) was determined using an
elemental analyzer (Elementar, Germany). Specific sur-
face area was measured by N, adsorption at 77 K using a
BET analyzer (ASAP 2460, Micromeritics, USA). Biochar
PFRs were quantified by electron paramagnetic reso-
nance (EPR) spectroscopy (Bruker ELEXSYS E500, Ger-
many). Spin concentrations were calculated by double
integration of EPR spectra relative to a calibrated stand-
ard, and g-factors were used to verify radical types (Text
S1).

2.4 Analytical methods
2.4.1 Carbon mineralization and isotopic partitioning
CO, trapped in NaOH was precipitated with 0.5 M
BaCl,, and residual NaOH was titrated with 0.25 M HCl
to determine cumulative CO, production. First-order
mineralization rate constants (k) were estimated by fit-
ting early-stage CO, release data to exponential decay
models. For treatments, §'°C values of CO, were meas-
ured using a GasBench II coupled to an isotope ratio
mass spectrometer (IRMS), allowing quantification of
straw-derived CO, based on isotopic mass balance (Text
S2).

The contribution of straw-derived carbon to CO, emis-
sion and soil organic matter fractions was quantified
using a two-endmember isotope mixing model:

13 13
s Csample i
813 Cstraw — 513Csoil

fstraw =

where f .., represents the fraction of carbon derived
from '3C-labeled straw, and 8'3C values represent iso-
topic signatures of the measured sample, native SOC
background, and labeled straw, respectively. The amount
of straw-derived carbon in each physical fraction was
calculated by multiplying f,,..., by the total carbon con-
tent of that fraction. The percentage of straw-derived
carbon in each fraction, including MAOM, represents
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the proportion of carbon within that fraction originating
from the added "*C-labeled straw.

2.4.2 Quantification of -OH production

-OH production was quantified using the p-hydroxyben-
zoic acid (p-HBA) probe method. Fresh soil subsamples
(1.0 g dry weight equivalent) were suspended in 10 mL
phosphate buffer (10 mM, pH 7.0) containing 1.0 mM p-
HBA and incubated at 25 °C for 1 h in the dark with gen-
tle shaking (150 rpm). After incubation, suspensions were
centrifuged (10,000Xg, 10 min) and filtered (0.22 pm).
Formation of 3,4-dihydroxybenzoic acid (3,4-DHBA) was
quantified by HPLC with fluorescence detection (excita-
tion 305 nm; emission 430 nm). External calibration with
authentic standards was used, and -OH production rates
were calculated based on stoichiometric conversion.
Probe-free controls were included to correct for back-
ground signals (Text S3).

2.4.3 Soil organic matter fractionation and chemical
characterization

On day 84, soils were fractionated into free light fraction,
microaggregate-occluded fraction, and mineral-associ-
ated organic matter (MAOM) using a combined density
and particle-size fractionation method. Each fraction was
freeze-dried and analyzed for total carbon and §'3C using
an elemental analyzer coupled to IRMS, allowing quanti-
fication of straw-derived carbon allocation. MAOM frac-
tions were further analyzed by solid-state '*C CP/MAS
NMR spectroscopy. Aromatic carbon proportion was
quantified by integrating the aromatic carbon resonance
region (110-160 ppm) of the spectra and used as an indi-
cator of oxidative chemical transformation.

2.4.4 Dissolved organic matter chemistry

Fresh soils were extracted with 0.5 M K,SO,, filtered
(0.45 pm), and analyzed for dissolved organic carbon
using a TOC analyzer. Specific ultraviolet absorbance at
254 nm (SUVA,;,) was calculated as DOC-normalized
absorbance and used as an index of DOM aromaticity
and chemical transformation.

2.4.5 Microbial community and functional indicators

Total DNA was extracted from soils collected on day
84 for selected treatments. Bacterial 16S rRNA genes
(V3-V4) and fungal ITS1 regions were amplified and
sequenced on an Illumina MiSeq platform. Sequences
were quality-filtered and taxonomically assigned using
reference databases. Microbial functional responses were
assessed using polyphenol oxidase activity as an indica-
tor of oxidative enzyme associated with aromatic carbon
processing (Text S4).
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Fig. 1 Biochar persistent free radicals (PFRs) control hydroxyl radical (OH) generation in soil. a EPR-determined PFR spin concentrations of biochars
subjected to graded chemical quenching (BC-Q0 to BC-Q100). b-OH generation rates in black soil (BS) and fluvo-aquic soil (FS) amended
with biochars differing in PFR activity. ¢, d Linear relationships between biochar PFR concentration and -OH production rate in black soil (c)

and fluvo-aquic soil (d). Error bars represent standard deviations (n=4)

2.5 Statistical analysis

Treatment effects were assessed using one-way
ANOVA followed by Tukey’s HSD test (a=0.05). Lin-
ear regression was used to evaluate dose—response
relationships between PFRs, -OH production, chemi-
cal transformation indicators, and MAOM-C. Struc-
tural equation modeling (SEM) was conducted using
the lavaan package in R to quantify direct and indirect
pathways linking PFRs, abiotic oxidation (-OH), chem-
ical transformation (SUVA,;,, MAOM chemistry),
microbial functional indicators, and straw-derived
MAOM stabilization.

3 Results
3.1 Establishment of graded PFR levels in biochars
Chemical quenching successfully regulated a continuous
gradient of persistent free radical (PFR) intensities in bio-
chars while preserving their core physicochemical prop-
erties. Electron paramagnetic resonance (EPR) spectra
showed a decline in spin concentration from unquenched
biochar (BC-QO0) to the most strongly quenched treat-
ment (BC-Q100) (Fig. la). The PFR signal intensity of
BC-Q100 was reduced to approximately 12% of that of
BC-Qo.

Across treatments, specific surface area and elemen-
tal composition (C, H, and O contents) did not differ
significantly (Table S1), confirming that the quenching
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procedure selectively altered PFR abundance without
modifying bulk biochar structure or chemistry.

3.2 PFR-dependent -OH production and early straw
carbon mineralization

Biochars differing in PFR activity induced distinct pat-
terns of -OH production during early incubation. In
both black soil and fluvo-aquic soil, soils amended with
high-PFR biochar (BC-QO) exhibited significantly higher
-OH generation rates than straw-only controls and low-
PER biochar treatments (Fig. 1b). Across all soil treat-
ments, -OH production rates were positively correlated
with EPR-determined PFR spin concentrations (black
soil: r=0.89, P<0.05; fluvo-aquic soil: r=0.96, P<0.01)
(Fig. 1c, d).

Consistent with enhanced abiotic reactivity, high-PFR
biochar significantly increased the first-order minerali-
zation rate constant (k) of straw-derived carbon during
the early incubation phase (Fig. 2a). Relative to the straw-
only control, k values under BC-QO increased by 49.8%
in black soil and 47.5% in fluvo-aquic soil, respectively.
Cumulative straw-derived CO, emission by day 14 also
increased systematically with PFR activity (Fig. 2b). The
k values showed a significant positive correlation with
-OH production rates both in black soil (Fig. 2c, r=0.99,
P<0.001) and fluvo-aquic soil (Fig. 2d, r=0.96, P<0.01).
Although the response patterns were consistent across
both soils, the magnitude of -OH production and subse-
quent MAOM accumulation was generally greater in the
black soil than in the fluvo-aquic soil.

3.3 Enhanced chemical transformation of straw-derived
carbon
Dissolved organic matter (DOM) chemistry responded
sensitively to biochar PFR gradients. DOM aromatic-
ity, indicated by SUVA,;, value, was significantly higher
in high-PFR treatments than in low-PFR or biochar-free
treatments, particularly during the early incubation stage
(Fig. 2e, f). Across treatments, SUVA,;, value increased
most rapidly within the first 14 days, coinciding with ele-
vated -OH production and accelerated mineralization.
These results indicate that biochar PFR activity was
associated not only with increased carbon turnover but
also with pronounced chemical modification of straw-
derived carbon during early decomposition.

(See figure on next page.)

Page 6 of 13

3.4 Redistribution of straw-derived carbon among soil
fractions

Despite enhanced early-stage mineralization, end-point
carbon partitioning revealed substantial differences in
the fate of straw-derived carbon among soil organic mat-
ter fractions. Increasing biochar PFR activity resulted
in a significant increase in the proportion incorporated
into MAOM (Fig. 3a). Under the highest PFR treat-
ment (S+BC-QO0), straw-derived carbon accounted
for 64.2+£2.1% of total MAOM carbon in black soil and
60.0+1.4% in fluvo-aquic soil, significantly exceed-
ing corresponding straw-only controls (59.4+1.9% in
black soil and 53.8+2.1% in fluvo-aquic soil). Solid-state
13C NMR analysis further showed that MAOM formed
under high-PFR biochar treatments contained a higher
proportion of aromatic carbon derived from straw com-
pared with MAOM from low-PFR or control treatments
(Fig. 3¢).

3.5 Microbial community shifts along biochar PFR
gradients

Microbial community composition exhibited systematic
shifts along gradients of biochar PFR activity. In both
soils, increasing PFR levels were associated with enrich-
ment of bacterial taxa linked to aromatic compound
degradation and oxidative stress tolerance, including
members of the Sphingomonadaceae, Burkholderiaceae,
and Comamonadaceae (Arkan-Ozdemir et al. 2024;
Méndez et al. 2025; Tancsics et al. 2010) (Fig. 4a, b). In
contrast, taxa commonly associated with rapid decom-
position of labile polysaccharides, such as Streptomyc-
etaceae and Micromonosporaceae (Yeager et al. 2017),
declined in relative abundance.

Fungal communities showed parallel directional
responses. The relative abundances of Fusarium, Mor-
tierella, and Penicillium decreased with increasing PFR
activity, whereas Chaetomium and members of Agari-
comycetes increased (Fig. S1). These patterns were con-
sistent across soil types, although response magnitudes
differed.

Polyphenol oxidase activity increased significantly
under high-PFR biochar treatments and was positively
correlated with the proportion of straw-derived carbon
stabilized in MAOM (Fig. 4c—e).

Fig. 2 Biochar PFRs accelerate early straw carbon mineralization while enhancing chemical condensation. a First-order mineralization rate
constants (k) of straw-derived carbon during early incubation. b Cumulative straw-derived CO, ('3COZ) released during the early phase (day 14).c,
d Dose-response relationship between biochar -OH concentration and mineralization rate constant (k) in black soil (c) and fluvo-aquic soil (d). e,
f Temporal changes in dissolved organic matter aromaticity (SUVA,,,) during early incubation in black soil (e) and fluvo-aquic soil (f) (***P <0.001;

*P<0.05). Error bars represent standard deviations (n=4)
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<« Fig. 3 Biochar PFRs redirect straw-derived carbon
toward mineral-associated organic matter (MAOM). a The
accumulated straw-derived carbon stabilized in the MAOM pool (30).
b Proportion of straw-derived carbon stabilized in the MAOM pool.
¢ Aromatic carbon proportion of straw-derived MAOM quantified
from the aromatic resonance region (110-160 ppm) of solid-state '*C
NMR spectroscopy. Data are shown for black soil and fluvo-aquic soil.
Error bars represent standard deviations (n=4)

3.6 Structural equation modeling of coupled abiotic
and biotic pathways

Structural equation modeling (SEM) integrated abi-
otic and biotic variables into a unified framework link-
ing biochar PFRs to straw-derived carbon stabilization
(Fig. 5). The model showed good fit (GOF=0.83), with
high explanatory power for chemical transformation
(R*=0.48), microbial functional indicators (R?=0.98),
and MAOM accumulation (R*=0.94).

PFRs exerted a strong direct effect on -OH production
(path coefficient=0.61, P<0.05), which in turn strongly
influenced chemical transformation indicators (0.70,
P<0.05). Chemical transformation showed a dominant
effect on microbial functional responses (0.95, P<0.001)
and a strong total effect on straw-derived MAOM
accumulation.

Overall, indirect effects accounted for the majority of
the total influence of PFRs on MAOM stabilization, with
pathways mediated primarily through -OH-driven chem-
ical transformation rather than direct microbial effects.

4 Discussion
4.1 Biochar PFRs initiate abiotic oxidation that redirects
early straw carbon transformation
Residue decomposition in soil is traditionally viewed as a
microbially dominated process. However, increasing evi-
dence highlights the importance of abiotic oxidation in
shaping early transformation pathways of complex plant-
derived carbon (Cong et al. 2025; Li et al. 2020b; Liu et al.
2024). Our results indicate that biochar-associated PFRs
function as effective drivers of abiotic oxidation, oper-
ating through pathways fundamentally distinct from
microbial enzymatic processes.

During the early incubation stage, biochar PFR inten-
sity was tightly coupled to-OH production (Fig. 1c, d) and
to increased early-stage mineralization rates of straw-
derived carbon (Fig. 2¢, d). -OH are highly reactive oxi-
dants capable of oxidizing complex organic compounds
and generating chemically transformed aromatic and
oxygen-containing intermediates (Kim et al. 2020; Patel
et al. 2021). Consistently, increasing PFR activity accel-
erated the initial turnover of straw-derived carbon and
increased DOM aromaticity during the early incuba-
tion (Fig. 2e, f), indicating that PFR-mediated oxidation
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Fig. 4 Biochar PFRs reshape microbial functional indicators associated with aromatic carbon processing. a, b Relative abundances of representative
bacterial taxa (family level) along the biochar PFR gradient in black soil (@) and fluvo-aquic soil (b). ¢ Polyphenol oxidase activity under different
biochar treatments. d, e Relationships between polyphenol oxidase activity and straw-derived carbon accumulation in MAOM in black soil (d)
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Fig. 5 Structural equation model (SEM) illustrating PFR-mediated
chemo-biological coupling in soil carbon stabilization. Biochar
persistent free radicals (PFRs) initiate a coupled abiotic-biotic
pathway by stimulating hydroxy! radical (OH) production, driving
chemical transformation of straw-derived carbon and its preferential
stabilization in mineral-associated organic matter (MAOM),

with microbial functional responses acting as secondary mediators.
Solid arrows indicate significant paths (P<0.05); dashed arrows
indicate weak or non-significant paths. Standardized path coefficients
are shown

actively altered the chemical transformation of fresh
residues.

Although the same mechanistic pathway was observed
in both soils, the magnitude of PFR-induced -OH produc-
tion, straw carbon mineralization, and MAOM forma-
tion differed substantially, indicating that the efficiency of
biochar-derived PFRs is regulated by soil physicochemi-
cal properties, particularly soil pH and native SOC. Soil
pH controls the redox reactivity of environmental PFRs
and ROS generation, with near neutral conditions gen-
erally favoring -OH production over alkaline environ-
ments (Dangal et al. 2026). Moreover, soils with higher
native SOC generally contain larger pools of dissolved
and redox-active organic compounds, which can facili-
tate ROS generation and subsequent oxidative transfor-
mation (Yu et al. 2022). Consequently, the black soil (pH
6.8; SOC 28.5 g kg!) exhibited greater -OH production
and MAOM formation than the fluvo-aquic soil (pH 8.1;
SOC 12.3 g kg !). These results suggest that the proposed
mechanism is broadly applicable across contrasting agri-
cultural soils, whereas the magnitude of PFR-induced
carbon transformation is regulated by intrinsic soil phys-
icochemical properties, particularly soil pH and native
SOC, which together determine ROS generation and the
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subsequent efficiency of substrate oxidation and MAOM
formation.

Collectively, these results indicate that the early stage of
straw decomposition is dominated by PFR-driven abiotic
oxidation, which modifies substrate chemistry through
ROS generation rather than directly stimulating micro-
bial decomposition.

4.2 PFR-driven chemical transformation redirects
straw-derived carbon toward MAOM

Following the initial oxidative stage, PFR-mediated oxi-
dation changes the chemical trajectory of straw-derived
carbon. It is reported that MAOM formation depends
on the transformation of plant-derived compounds into
products with enhanced mineral affinity, which facilitates
their association with mineral surfaces (Sokol et al. 2019,
2022). Our results provide evidence that biochar PFRs
accelerate this transformation process through an abiotic
oxidation pathway. Specifically, PFR-mediated electron
transfer facilitates the activation of molecular oxygen,
leading to the generation of highly reactive -OH, which
may oxidize straw-derived organic matter and promote
its chemical transformation (Fang et al. 2025). Among
the structural components of straw, lignin exhibits higher
reactivity toward radical-mediated oxidation than cel-
lulose or hemicellulose, due to its abundant phenolic
hydroxyl groups and aromatic framework that stabilize
radical intermediates (Tao et al. 2022; Yang et al. 2016).
-OH preferentially attacks the 8-O-4 linkages in lignin via
hydrogen abstraction, generating phenolic and quinone-
like fragments with high mineral affinity (Kim et al. 2020;
Patel et al. 2021), increasing their potential for interaction
with mineral surfaces through ligand exchange, hydrogen
bonding, and organo—mineral association (Fang et al.
2025; Yang et al. 2025a). This is consistent with the rapid
increase in DOM aromaticity observed in our high-PFR
treatments (Fig. 2e, f), as well as the greater accumula-
tion of straw-derived carbon in the MAOM pool and the
enhanced stability of straw-derived MAOM associated
with higher PFR biochars (Fig. 3). Furthermore, SEM
analysis quantitatively identified chemical transformation
as the primary pathway linking biochar PFR activity to
straw-derived MAOM accumulation (Fig. 5).

These results indicate that -OH produced by biochar’s
PFRs oxidized straw carbon into mineral-reactive inter-
mediates, which ultimately promotes MAOM formation
rather than net carbon loss. Thus, biochar’s PFRs altered
the chemical trajectory of straw-derived carbon by con-
verting fresh plant residues into compounds with greater
stabilization potential. The positive relationship between
-OH production, DOM aromaticity, and straw-derived
MAOM contribution supported that PFR-induced
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oxidation selectively redirects carbon flux from rapid
mineralization toward mineral-associated stabilization.

4.3 Microbial functional responses follow PFR-mediated
substrate transformation

During the later stage of incubation, biochar amendment
frequently alters soil microbial communities (Deshoux
et al. 2023; Xu et al. 2021b). Our results indicate that the
observed microbial shifts were secondary responses to
PFR-mediated substrate transformation rather than the
primary drivers of straw carbon decomposition.

High-PFR biochar selectively enriched bacterial taxa
associated with aromatic compound metabolism and oxi-
dative stress tolerance, while taxa specializing in rapid
polysaccharide degradation declined (Fig. 4a, b). Par-
allel shifts were observed in fungal communities, with
increased relative abundance of taxa linked to oxidative
and aromatic substrate processing (Fig. S2). These com-
positional changes were accompanied by elevated poly-
phenol oxidase activity, a functional marker of oxidative
carbon transformation (Fig. 4c) (Fu et al. 2025; Xu et al.
2021a).

Rather than directly initiating straw decomposition,
these microbial communities likely responded to chemi-
cally modified substrates generated during PFR-mediated
oxidation. This interpretation is further supported by
the SEM analysis, which identified microbial functional
responses as downstream processes regulated primar-
ily by chemical transformation rather than directly by
PFRs or -OH (Fig. 5). Therefore, during the later stage of
decomposition, microbial communities functioned pri-
marily as secondary responders that further processed
chemically transformed substrates, rather than initiating
straw carbon transformation.

4.4 Implications, limitations, and future perspectives
Collectively, our findings support a mechanistic frame-
work in which biochar PFRs regulate straw-derived car-
bon fate through a sequential chemo-biological pathway,
whereby PFR-driven -OH production initiates abiotic
chemical transformation, reshapes microbial functional
responses, and ultimately promotes the incorporation of
straw-derived carbon into MAOM. These findings estab-
lish biochar surface redox chemistry as an important reg-
ulator of straw-derived carbon stabilization, extending
the role of biochar beyond a passive carbon amendment
to an active driver of soil carbon persistence.
Nevertheless, several limitations should be acknowl-
edged. First, although chemical transformation was
inferred from ROS production, DOM characteristics,
and NMR analyses, neither the molecular composition
of the transformation intermediates nor the relative con-
tributions of intrinsic biochar-derived ROS, background
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soil ROS, and incubation-generated radicals were directly
resolved. In addition, the preferential transformation
of individual straw components (e.g., cellulose, hemi-
cellulose, and lignin) was not directly characterized.
Consequently, both the specific molecular targets of PFR-
mediated oxidation and the quantitative contributions of
different ROS sources remain to be elucidated. Second,
microbial functional responses were evaluated based
on community composition and enzyme activity rather
than direct measurements of functional gene expression.
Finally, the proposed mechanism was established under
controlled laboratory conditions using a single biochar
produced from one feedstock and pyrolysis tempera-
ture. Future studies should combine component-specific
analyses, high-resolution molecular characterization,
multi-omics approaches, diverse biochar materials, and
validation under environmentally realistic conditions,
including drying-rewetting cycles, fluctuating tem-
peratures, and long-term field experiments, to further
evaluate the robustness and generality of the proposed
PFR-mediated chemo-biological coupling mechanism
across different soil-biochar systems.

5 Conclusions

This study demonstrates that PFRs associated with bio-
char actively regulate the fate of straw-derived carbon
through a PFR-mediated chemo-biological coupling
mechanism. Biochar PFRs stimulate abiotic oxidation,
initiating chemical transformation of fresh residues into
aromatic, mineral-reactive intermediates that prefer-
entially accumulate as MAOM. Microbial functional
responses subsequently mediate, rather than dominate,
this stabilization pathway by favoring oxidative process-
ing of chemically transformed substrates. These find-
ings reframe biochar as a chemically active regulator of
soil carbon pathways and provide a mechanistic basis for
designing biochars to enhance soil carbon persistence.
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