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Biochar-plant interactions enhance nonbiochar
carbon sequestration in a rice paddy soil
Zhiwei Liu1,2, Wei Zhang 3, Ruiling Ma1,2, Shixian Li1,2, Kaiyue Song1,2, Jufeng Zheng 1,2✉, Yan Wang1,2,

Rongjun Bian1,2, Xuhui Zhang1,2 & Genxing Pan1,2

Soil amendment with biochar is being promoted as a promising strategy for carbon (C)

stabilization and accrual, which are key to climate change mitigation. However, it remains

elusive on how biochar addition influences nonbiochar C in soils and its mechanisms,

especially in the presence of plants. Here we conducted a 365-day soil microcosm experi-

ment with and without adding 13C-labeled biochar into topsoil to quantify changes in non-

biochar C in the topsoil and subsoil in the presence or absence of rice plants and to determine

the mechanisms by which biochar controls nonbiochar C accrual in the soil profile. The

nonbiochar C content of topsoil was not affected by biochar addition in the absence of rice

plants, but was significantly increased by 4.5% in the presence of rice plants, which could

result from increases in the soil macroaggregate fraction, iron (Fe)-bound nonbiochar organic

C content, and fungal biomass collectively. However, biochar amendment had no effect on

the content of nonbiochar organic C in the subsoil. Overall, biochar-plant interactions drive

more nonbiochar C sequestration in the topsoil, and the changes of nonbiochar C in planted

soils following biochar addition should be quantified to better assess the soil C sequestration

potential in agricultural lands.
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Deployment of large-scale negative emission technologies is
needed to curb average global warming to <2 °C or pos-
sibly <1.5 °C above preindustrial levels to meet the over-

arching climate goal of the Paris Agreement1. Increasing carbon
(C) storage in soils could be a promising strategy to mitigate
climate change by sequestering atmospheric CO2 into the soil C
pool2 while improving soil health and crop productivity3,4. The
urgency of climate change mitigation was highlighted at the 26th

United Nations Framework Convention on Climate Change
(UNFCCC) Conference of the Parties (COP26) in Glasgow in
20215. Agriculture can contribute to substantial C sequestration
by recycling organic materials into soil C pools, thereby enhan-
cing food security and mitigating climate change6,7.

Among the many soil organic amendments under considera-
tion (e.g., fresh crop residues, manure, biosolids, and biochar),
biochar has great potential for increasing soil C stocks8–11. Bio-
char is produced by heating organic materials under oxygen-
limited conditions (i.e., pyrolysis)12, which results in more
recalcitrant and persistent C-rich material13. In fact, biochar
addition to soils could increase soil organic C (SOC) by an
average of 39%, i.e., 6–8-fold of the SOC increase from con-
servation tillage and cover crops4. While the direct increase in
SOC by biochar-C is well recognized, how biochar amendment
influences other organic C (OC) forms (e.g., native SOC and plant
litter) in soils, termed nonbiochar C, has long been debated.
Previous studies showed either increase, decrease, or no effect of
biochar amendment on the nonbiochar C14–17, but most of these
conclusions were drawn from laboratory incubation experiments
without living plants18–21. In soils with plants, the additional
stabilization and accrual of nonbiochar C induced by biochar
amendment could be substantial22,23. Specifically, biochar
amendment could profoundly influence the incorporation of
plant and microbial biomass into SOC20,24,25. However, the effect
on nonbiochar C and its contribution to the total C pool in
biochar-amended soils are not fully understood at present,
especially in the soil profile. In fact, increased plant root
biomass26 or reduced positive priming of SOC mineralization by
plants24 in biochar-amended soils could lead to greater C
sequestration potential. We recently found that biochar amend-
ment increased photosynthetic C inputs by rice plants into sub-
surface soils by 14–20% using the 13CO2 pulse labeling method27.
Elucidating the effect of biochar amendment on soil C seques-
tration depends on distinguishing and quantifying changes in
biochar-C and nonbiochar C (native SOC and plant-derived C)
accumulation in the soil C pool in the presence of biochar and
growing plants. However, many previous studies fell short of this
aspect23,28,29.

Indeed, various C forms in soils have a broad spectrum of
stability against physical, chemical, and biological degradation.
Increasing evidence indicates the crucial role of the SOC stabili-
zation mechanism (physicochemical protection) in determining
soil C turnover30,31. For example, soil aggregates can offer phy-
sical protection of C from microbial degradation and thus criti-
cally impact microbial C cycling32. Adsorption or coprecipitation
of newly accumulated C to soil minerals such as iron (Fe) oxides
could facilitate C stabilization and accrual33,34. Additionally, soil
microorganisms regulate the formation soil aggregates35,36.
Meanwhile, soil microbial communities play a key role in reg-
ulating C turnover through the activities of extracellular
enzymes37,38, and fungi usually have a greater resource use effi-
ciency than bacteria20,39. Clearly, soil C sequestration by biochar
amendment largely depends on the allocation and accumulation
of organic matter in soils, which is driven by complex physical,
chemical, and biological processes40–42. A recent review high-
lights the significance of parallel evaluation of different
mechanisms for understanding the role of biochar amendments

on soil C sequestration43, but most experimental studies have
addressed only one or two of these soil C sequestration
mechanisms20,26,44. Biochar amendment can simultaneously alter
the physical, chemical, and biological properties of soils30,45.
However, there is insufficient experimental evidence to demon-
strate how these mechanisms collectively drive C sequestration in
soils with biochar addition.

We performed a 365-day microcosm experiment to elucidate
the effect and controlling mechanisms of biochar amendment on
C sequestration, especially the allocation and accumulation of
nonbiochar C in soil profiles with growing rice plants. Field soil
profiles were reconstructed in the microcosms using field-
collected topsoil (0–15 cm) and subsoil (15–30 cm) samples
from a rice paddy field. By tracking 13C-labeled biochar-C applied
to the topsoil in microcosms with or without growing rice plants,
characterizing soil aggregates, quantifying Fe-bound OC, and
determining microbial enzymatic activities and communities, we
were able to determine whether biochar-plant interactions cause
greater nonbiochar C accumulation and whether the increase is
caused by enhanced plant and microbial biomass or physico-
chemical C protection. We hypothesized that (i) in the topsoil,
biochar-plant interactions would drive more nonbiochar C
sequestration by enhancing plant productivity, physicochemical
protection, and biological functioning, and (ii) topsoil biochar
amendment might not affect nonbiochar C accumulation in the
subsoil after a 1-year period, but would limit subsoil microbial
biomass and activity due to reduction of nutrient infiltration from
the topsoil to the subsoil.

Here, we proposed a more holistic framework for soil C
sequestration in biochar-amended soils. Briefly, biochar-plant
interactions enhance physicochemical protection of plant-derived
C via soil aggregates and chemical binding (Fe-bound OC), and
increase fungal biomass (especially arbuscular mycorrhizal fungi,
AMF), thereby increasing the accumulation of non-biochar C in
the biochar-amended topsoil. In the subsoil underneath the
biochar-amended topsoil, non-biochar C remains unchanged in
one year, but microbial biomass and enzymatic activities are
decreased with rice plants, probably due to nutrient limitation in
the subsoil. Therefore, this study provides insights into the
mechanisms of C sequestration in soils related to physical, che-
mical, and biological processes driven by biochar-plant interac-
tions, and demonstrates that biochar amendment could enhance
soil organic matter (SOM) accumulation.

Results
Rice shoot biomass. At the harvest of rice shoot on day 120, we
found that biochar addition significantly increased rice shoot
biomass by 23.3% (p < 0.05), with shoot biomass of 34.8 g pot−1

and 42.9 g pot−1 in the control and biochar treatments, respec-
tively (Supplementary Fig. 1).

Soil chemical properties. Soil samples were collected at the end
of 365-day microcosm experiment, we found that biochar addi-
tion significantly increased the total OC and total nitrogen (N)
contents in the topsoil samples by 20.5–24.0% and 6.7–9.1%,
respectively, compared with the biochar-free control treatment
(Table 1). The nonbiochar C content in the topsoil samples with
rice plants was increased by 4.5% (1.0 g nonbiochar C kg−1 soil;
p < 0.05) by biochar addition from that of the control treatment,
but remained unchanged in the absence of plants. The pH of the
topsoil was also significantly increased by the addition of biochar.
However, biochar addition to the topsoil did not affect the total
OC and nonbiochar C contents of the subsoil, but decreased the
total N content by 9.8% in the subsoil with plants. Furthermore,
the contents of available N, available phosphorus (P), and
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available potassium (K) of topsoil were increased by biochar
addition from that of the biochar-free control treatment, but
biochar addition to the topsoil significantly decreased the avail-
able N and available P contents in the subsoil with plants (Sup-
plementary Table 1).

Soil aggregates and nonbiochar C distribution in aggregates.
The effect of biochar on the distribution and stability of soil
aggregates was examined using a wet-sieving method. We found
that biochar addition to the topsoil increased the proportion of
macroaggregates (250–2000 µm) by 18.4–24.2% but decreased the
silt-clay fraction (<53 µm) by 7.1–16.6% (Fig. 1a), compared to
the control treatment. In the subsoil, the distribution of aggre-
gates was not significantly different between the biochar-free
control and biochar-amended treatments with or without rice
plants (p > 0.05; Fig. 1b). The mean weight diameter (MWD), a
widely accepted indicator of soil aggregate stability, increased by
15.3–21.8% in the topsoil with biochar addition (Fig. 1c) but did
not change in the subsoil underneath the biochar-amended top-
soil (Fig. 1d).

Biochar addition changed the amount of nonbiochar C per unit
aggregate mass (i.e., the nonbiochar C concentration). In the
topsoil, biochar addition increased the nonbiochar C concentra-
tion in the macroaggregates by 8.6% (p < 0.05) in the presence of
plants but decreased the nonbiochar C concentration in the
microaggregates by 14.2% (p < 0.01) in the absence of plants
(Supplementary Fig. 2a), compared to the control treatment. In
the subsoil, the nonbiochar C concentration in the macroag-
gregates was 12.5% (p < 0.05) lower in the biochar-amended
treatment than in the control treatment in the absence of plants,
whereas there was no difference in the nonbiochar C distribution
in soil aggregates between the control and biochar treatments in
the presence of plants (Supplementary Fig. 2b). Furthermore,
biochar addition changed the allocation and content of
nonbiochar C in the topsoil samples. Specifically, the allocation
of nonbiochar C increased in the macroaggregates (from 29.7% to
35.9% in the absence of plants; from 36.5% to 44.0% in the
presence of plants) but decreased in the silt-clay fractions from
43.7% to 36.8% in the absence of plants in the biochar-amended
soils (Fig. 2a). Additionally, the nonbiochar C content (i.e.,
nonbiochar C amount per unit dry mass of whole soil) in the
macroaggregates increased by 21.5–28.6% in the biochar-
amended soils than that in the biochar-free control treatments.
However, for the subsoil, biochar addition to the topsoil did not
affect the content and allocation of the nonbiochar C content
within aggregates (Fig. 2b).

Fe-bound nonbiochar organic C content. We explored the effect
of biochar addition on the content of Fe-bound nonbiochar OC
in the topsoil and subsoil at the end of 365-day microcosm
experiment (Fig. 3). In the topsoil with plants, the Fe-bound
nonbiochar OC content was increased by 9.7% with biochar
addition from that of the biochar-free control treatment
(p < 0.05). However, there was no significant difference in the Fe-
bound nonbiochar OC content between the biochar and biochar-
free control in the topsoil without plants (p > 0.05) and in the
subsoil with or without plants (p > 0.05).

Soil enzyme activities and microbial community. Two-way
analysis of variance (ANOVA) results showed that biochar
addition had a significant effect on soil enzyme activities in both
topsoil and subsoil samples, except for β-xylosidase activity in the
subsoil (Supplementary Table 2). Intriguingly, biochar addition to
the topsoil increased the topsoil enzymatic activities byT
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15.1–39.9% but decreased the subsoil enzyme activities by
4.8–25.2%.

In the topsoil, biochar addition not only changed the microbial
community structure (Supplementary Fig. 3a) but also increased
the microbial biomass (Fig. 4a). Compared to the control
treatment, biochar amendment increased all phospholipid fatty
acids (PLFAs) by 10.1–19.8% in the absence of plants, and
increased gram-negative bacteria (G--bacteria), AMF, and
saprotrophic fungi (SF) by 9.5%, 29.6%, and 16.8%, respectively,
in the presence of plants. Furthermore, biochar addition
increased the fungi/bacteria ratio of the topsoil in the presence
of plants (Supplementary Fig. 4). However, biochar addition to
the topsoil decreased the concentrations of the PLFAs com-
pounds in the subsoil. Especially in the presence of plants, biochar
addition decreased all PLFAs by 11.3–17.3% except for AMF in
the subsoil (Fig. 4b).

Determinants of nonbiochar C sequestration in soils. To
explore the potential mechanisms driving the observed variation in
non-biochar OC among soils, we analyzed their relationships with
several physical chemical, and biological predictors. The linear
regression model showed that regardless of the soil depth, the
nonbiochar C contents of the bulk soil were significantly positively
correlated with the macroaggregate proportion (Supplementary

Fig. 5a), soil MWD (Supplementary Fig. 5b), and Fe-bound non-
biochar OC content (Supplementary Fig. 5c). Structural equation
model (SEM) analyses provided satisfactory goodness of fit using
the χ2 test and RMSEA in the topsoil (Fig. 5a) and the subsoil
(Fig. 5c). The selected variables explained 97% and 70% of the
variation in the nonbiochar C content of the bulk soil samples in
the topsoil and the subsoil, respectively. In the topsoil, soil MWD
and Fe-bound nonbiochar OC had direct and positive effects on the
nonbiochar C content, with path coefficients of 0.62 and 0.35,
respectively. However, plants and microorganisms affected the
nonbiochar C content mainly through indirect pathways, with total
path coefficients of 0.90 and 0.65, respectively (Fig. 5b). In the
subsoil, the nonbiochar C content was dominantly and directly
affected by soil MWD with a standardized direct effect of 0.66,
while plants indirectly influenced the nonbiochar C content with a
standardized indirect effect of 0.62 (Fig. 5d), likely by facilitating
the formation of macroaggregates.

The variation partitioning analysis (VPA) for nonbiochar C
further estimated the relative contributions of physical (MWD
and macroaggregates), chemical (Fe-bound nonbiochar OC), and
microbial (total PLFAs, AMF, fungi/bacteria ratio, and normal-
ized enzyme activity) variables to the total variation of the
optimized model. For the topsoil, the VPA results showed that
physical, chemical, and microbial variables in total explained
82.9% of the variation in nonbiochar C, most of which (67.5%)

Fig. 1 Soil aggregate size distribution and mean weight diameter. Soil aggregate size distribution changes in the topsoil (a) and subsoil (b). Mean weight
diameter changes in the topsoil (c) and subsoil (d). Data are presented as the average of three replicates ± standard deviation. “*”, “**”, “***”, and “ns”
indicate significance at p < 0.05, p < 0.01, p < 0.001, and no significance (p > 0.05), respectively.
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was due to their interactive effects (Fig. 6a). The individual effects
of physical protection, chemical protection, and microbial
properties explained 6.5%, 4.0%, and 5.4% of the total variation,
respectively. In contrast to the topsoil, physical protection,
chemical protection and microbial properties collectively
accounted for 55.7% of the total variation in the nonbiochar C
in the subsoil. However, the individual effect of physical
protection explained a much higher proportion (12.5%) of the
total variation than that of chemical protection (2.9%) and
microbial properties (<0.1%) (Fig. 6b). These results demon-
strated that the stabilization and accrual of nonbiochar C was
primarily controlled by physical-chemical-microbial interactions
in the topsoil and by aggregate protection in the subsoil.

Discussion
Our findings provide insight into the response of C in soils to
biochar addition and the role of plant-biochar interactions in soil
C sequestration. In this study, biochar addition increased the total
OC content in the topsoil. Generally, increased soil C storage in
biochar-amended soils mainly results from the higher persistence
of biochar-C10. Nonetheless, emerging evidence highlights the
positive role of plants in C accumulation with biochar
amendment26,27,46. We found that in addition to the accumula-
tion of biochar-C, the nonbiochar C content increased in the
topsoil with plants. However, the C accrual in the subsoil did not
change significantly between the control and biochar treatments.
Based on our results combining 13C isotopic analysis and

Fig. 2 The content and allocation of nonbiochar C within different aggregate size fractions. a in the topsoil and b in the subsoil. The values in the column
graph represent the allocation ratio of nonbiochar C within different aggregate size fractions. Data are presented as the average of three replicates ±
standard deviation. “*”, “**”, “***”, and “ns” indicate significance at p < 0.05, p < 0.01, p < 0.001, and no significance (p > 0.05), respectively.

Fig. 3 Fe-bound nonbiochar OC content. a in the topsoil and b in the subsoil. Data are presented as the average of three replicates ± standard deviation.
“*”, “**”, and “ns” indicate significance at p < 0.05, p < 0.01, and no significance (p > 0.05), respectively.
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multivariate statistical analyses (SEM and VPA), this study pro-
vided empirical evidence that biochar addition changed C allo-
cation and accumulation in the topsoil and the subsoil, which is
characterized by a combination of physical protection, chemical
protection, and biological processes (Fig. 7).

Soil C sequestration is closely related to the formation and
stabilization of soil aggregates, which physically protect the SOM
by forming a physical barrier between enzymes and micro-
organisms and their substrates32. In the topsoil, 34.4–37.9% and
47.0–50.9% of applied biochar-C was preserved in the macro-
aggregates and microaggregates, respectively (Supplementary
Fig. 6a). Hence, the interactions between biochar particles and
soil organic-mineral complexes may have promoted the forma-
tion of soil aggregates26 and thus enhance the stability of soil
aggregates (as characterized by MWD) in the topsoil. Biochar
addition greatly enhanced the nonbiochar C concentration within
macroaggregates of the topsoil in the presence of plants (Sup-
plementary Fig. 2). Plant roots controlled C dynamics mainly
through C input into the soil via rhizodeposition and root litter47.
In our recent study, we found that biochar addition fostered an
increase in plant biomass during the rice growth stage, which may
result in heightened photosynthetic C influx into the soil
matrix27. Moreover, labile and younger organic matter is more
associated with the formation of macroaggregates, as fresh
organic matter is a primary C source for microbial activity and
thereby induces the binding of silt-clay-sized particles and
microaggregates into macroaggregates48. Therefore, during the
phase of root decomposition, the enriched presence of fresh plant
material (root litter) within the biochar-amended soil may be
colonized by microbes and encrusted by primary soil particles
through the binding action of microbial agents. As a cumulative
effect, the amalgamation of these processes facilitated the for-
mation of stable macroaggregates, concurrently elevating the C
concentration49. Simultaneously, greater light C would be phy-
sically protected in intra- and inter-macroaggregates in biochar-
amended soil than in the biochar-free control treatment23,
resulting in increased C stored in the soil by enhancing the
physical protection of organic matter in the macroaggregates50.

The interaction of organic matter with the mineral phase,
especially Fe oxides, is one of the main mechanisms that prevent
microbial decomposition and thus stabilize C in the soil33,51. Our
results showed that biochar addition promoted the formation of
Fe-bound nonbiochar OC in the topsoil, especially in the soils
with rice plants. As shown by the SEM analysis, the C seques-
tration potential in the topsoil was directly determined by the Fe-
bound nonbiochar OC. Biochar functions as a geobattery (elec-
tron shuttle) that facilitates microbial reduction of Fe(III)
minerals to form Fe(II) under anaerobic conditions during the
rice growth stage52. Subsequently, during the root decomposition
phase, reoxidation of the soils could oxidize Fe(II) to Fe(III) and
form Fe(III)-C complexes in the presence of dissolved organic
matter by coprecipitation or adsorption of organic matter to Fe
oxides, which directly contributes to C protection53–55. Further-
more, the increase in root residues in biochar-amended soil may
have promoted the complexation of Fe(III) with functional
groups of C and the precipitation of these complexes56. Conse-
quently, biochar addition promoted the formation and stabiliza-
tion of organic-mineral complexes and soil aggregates by bridging
Fe(III) with newly organic matter and soil minerals, thus pro-
tecting C from microbial degradation21. However, the addition of
biochar to the topsoil did not change the Fe-bound OC content in
the subsoil compared to that of the control treatment, likely due
to the negligible amount of biochar in the subsoil.

Soil microorganisms not only contribute to the formation of
aggregates57 but also participate in the decomposition and sta-
bilization processes of SOM38. During the rice plant growth stage,
biochar as a physical growth matrix and nutrient source in
combination with the rice root system might promote AMF
colonization and development58. The increase in AMF biomass in
biochar-amended soils could improve soil aggregate stability
because fungal hyphae are expected to promote the formation of
macroaggregates by binding soil primary particles, small aggre-
gates, and organic materials together59,60, resulting in increased
residence time of organic matter within macroaggregates. Biochar
addition changed the microbial community structure in the
topsoil (Supplementary Fig. 3), and the increased C:N ratio and

Fig. 4 Absolute concentration (nmol g−1) of phospholipid fatty acids assigned to different microbial groups. a in the topsoil and b in the subsoil. PLFA,
phospholipid fatty acid; G+, gram-positive bacteria; G-, gram-negative bacteria; AMF, arbuscular mycorrhizal fungi; SF, saprotrophic fungi; Act,
actinomycetes. Data are presented as the average of three replicates ± standard deviation. “*”, “**”, “***”, and “ns” indicate significance at p < 0.05,
p < 0.01, p < 0.001, and no significance (p > 0.05), respectively.
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recalcitrant organic matter promoted fungal activity more than
bacterial activity (Supplementary Fig. 4). Changes in microbial
activity and composition in biochar-amended soil may alter
microbial C use efficiency and C sequestration potential20,61. It is
acknowledged that on average, fungi generate more biomass C
per unit of C metabolized than do bacteria, thus leading to a
greater proportion of C being stored in fungal-dominated systems
(high fungal-bacterial ratio) compared to bacterial-dominated
systems62. In our previous study, we also found a greater
microbial carbon C efficiency and C sequestration in fungal-
dominated systems under biochar-amended soil20. Therefore,
during the root litter decomposition phase, higher C use effi-
ciency in fungi-dominated (mainly saprotrophic fungi) system in
the biochar-amended soil would cause more root-derived C

sequestration. Moreover, nutrient availability (e.g., N, P, and K)
affects microbial growth and respiration because decomposer
cells must maintain a balanced elemental composition, i.e., a
balance of C and nutrient63. The increase in nutrient availability
in the topsoil with biochar addition would enhance the microbial
C use efficiency. However, biochar addition to the topsoil
decreased microbial biomass and enzyme activity in the subsoil,
especially in the presence of plants. Biochar could enhance
nutrient retention directly through chemical sorption and indir-
ectly by improving soil aggregates64,65, and thus reducing nutri-
ent leaching into the deep soil66,67. In this study, biochar addition
increased the total N and available nutrient contents of the top-
soil, whereas it may have limited the N and P leaching from the
topsoil into the subsoil, especially in the presence of plants, thus

Fig. 5 Model of relationships between environmental variables and nonbiochar carbon content. Structural equation model (SEM) for quantifying the
direct effects of physical, chemical, and biological factors on the nonbiochar C content of bulk soil in the topsoil (a) and subsoil (c), and the standardized
total effects (indirect plus direct effects) in the topsoil (b) and subsoil (d) calculated by the SEM. “*”, “**”, and “***” indicate significance at p < 0.05,
p < 0.01, and p < 0.001, respectively. Black and red arrows indicate positive and negative relationships, respectively. Solid and dotted arrows indicate
significant and insignificant relationships, respectively. The arrow width is proportional to the strength of the relationship.
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Fig. 6 Variation partitioning analysis for the variations in nonbiochar C content. a in the topsoil and b in the subsoil. Physical protection includes mean
weight diameter and macroaggregates. Chemical protection refers to the Fe-bound nonbiochar OC content. Microbial properties include total phospholipid
fatty acids and arbuscular mycorrhizal fungi concentrations, fungi/bacteria ratio, and normalized enzyme activity.

Fig. 7 Conceptual framework illustrating how biochar-plant interactions influence nonbiochar C sequestration and related physical, chemical, and
microbial factors in the topsoil and subsoil. Biochar-plant interactions increased macroaggregates fraction, iron-bound organic C (Fe-bound OC) content,
and microbial biomass and activity of the topsoil, resulting in increased nonbiochar C storage in the topsoil, whereas they decreased nutrient availability
(available nitrogen and available phosphorus content) and microbial biomass and activity of the subsoil.
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limiting the growth and activity of the subsoil microorganisms in
the biochar-amended soil.

As C sequestration and greenhouse gas emission reduction in
agriculture are becoming increasingly urgent, the use of biochar
enriched with recalcitrant C as a soil amendment to increase soil
C pools has been proposed as a global strategy to mitigate climate
change10,68. Many previous studies have mainly focused on the
effect of biochar addition on greenhouse gas emission reductions
and C sequestration potential related to the stability and persis-
tence of biochar-C in soils10,13, while overlooking the effect of
biochar amendment on nonbiochar C stocks in soils, probably
due to the inability to distinguish between C sources being bio-
char or nonbiochar (native SOC and plant-derived C)23,28.
Moreover, the high variation in field trials due to variability in
climate, environment, and management factors and sampling
uncertainty may overshadow the effect of biochar on nonbiochar
C if its change in C is not dramatic. In this study, we found that
the C sequestration potential of biochar soil amendment was
attributed not only to the greater persistence of biochar-C but
also to the increase in nonbiochar C in the rice paddy soils.
Although the nonbiochar C content was only 4.5% (1.0 g non-
biochar C kg−1 soil) greater in the biochar-amended soil than in
the biochar-free control treatment in the rice paddy, the non-
biochar C storage in typical topsoil (0−15 cm depth) could be
approximately increased by 1.7 t C ha−1 based on a soil bulk
density of 1.16 g cm−3 with only 1 year of biochar addition, which
would be 2.8 times the level demanded by the “4 per 1000
Initiative” to offset emissions by 0.6 t C ha−1 per year69. Fur-
thermore, the increase in soil C sequestration potential of biochar
amendment could be lasting in future growing seasons following
biochar application23. We previously found that a higher C
sequestration capacity for plant-derived C was still observed after
three or even six years following biochar addition to the soil19,20.
Therefore, considering only the persistence of biochar-C while
ignoring the accumulation of plant-derived C would under-
estimate the soil C sequestration potential offered by biochar
amendment26. Although there was no change in the nonbiochar
C content of the subsoil after 1 year of biochar addition to the
topsoil, we found a decrease in total N content, microbial biomass
and enzyme activity, as well as changes in the microbial com-
munity in the biochar-amended subsoil. As biochar is applied
over time, more biochar fragments are generated through phy-
sical breakdown, and these particles could percolate to the
subsoil70 and change the soil nutrient contents, which in turn
would change the C storage in the subsoil71. Therefore, when
assessing the C sequestration potential of biochar soil amend-
ment, it is important to pay attention to the changes in C
sequestration in the soil profile at longer time scales10. Further-
more, in this study, we only examined changes in the physical,
chemical and microbial properties of soils at the end of 365-day
microcosm experiment, which was suitable for exploring the
effect of biochar amendment on nonbiochar C accrual in the soil
profile and its mechanisms. However, nutrient evolution, plant
biomass, physicochemical properties, and microbial endpoints
might show very variable outcomes depending on sampling
time25,27. Thus, more comprehensive sampling within the period
of the microcosm experiment could provide insight into how
these variables vary and interrelate. In addition, in order to better
distinguish the C dynamics in the 3-part systems including soil,
biochar, as well as plants and their roots, we can apply dual
13C/14C isotopic labels to partition C sources in future studies72.

Conclusions
Our study used 13C-labeled biochar to determine the effect of
topsoil biochar amendment on nonbiochar C allocation and

sequestration in the topsoil and the subsoil. Effects of biochar-
plant interactions on C sequestration in the soil profile are the
result of combined physical, chemical and microbial controls. In
the topsoil, biochar addition promotes the formation of mac-
roaggregates and Fe-bound OC, and improves microbial char-
acteristics (abundance and activity), leading to higher
nonbiochar C sequestration. In contrast, in the subsoil, biochar
soil amendment did not change the C content but limited the
microbial activity. These findings suggest that biochar-plant
interactions and soil depth should be taken into account when
assessing long-term C sequestration in soils amended with
biochar. Future studies should be directed at studying other
cropping systems and parameterizing such interactions into C
cycle models to better predict the soil C sequestration potential
of biochar amendment as a mitigation strategy for climate
change.

Materials and methods
Soil samples and biochar preparation. The topsoil (0–15 cm
depth) and subsoil (15–30 cm depth) samples for the microcosm
experiment were collected from a rice paddy field in Jing-tang
village (31°24′N, 119°41′E), Yixing Municipality, Jiangsu Pro-
vince, China. This region is located on the southern edge of the
Tai Lake Plain, and has a subtropical humid monsoon climate
with a mean annual precipitation and temperature of 1177 mm
and 15.7 °C, respectively. The soil was classified as a Hydroagric
Stagnic Anthrosol73. Fine roots and other visible plant residues in
the soil samples were carefully removed, followed by air-drying,
passing through a 2-mm sieve, and thorough homogenization
before analysis of soil properties and the microcosm experiment.
Selected physicochemical properties of the topsoil and subsoil
samples were 21.8 g kg−1 and 12.6 g kg−1 SOC, 2.35 g kg−1, and
1.50 g kg−1 total N, 6.31 and 6.85 soil pH, 1.16 g cm−3 and
1.24 g cm−3 bulk density, and −28.45‰ and −27.02‰ δ13C,
respectively.

The 13C-labeled biochar was produced from rice straw labeled
with 13C using the 13CO2 pulse-labeling procedure as described
in our previous study27. The 13C-labeled rice straws were first
pulverized, passed through a 2-mm sieve, and then filled into
closed steel crucibles. Next, the crucibles were heated in a muffle
furnace at a rate of 5 °C min−1 to 450 °C, which was maintained
for 2 h before cooling to ambient temperature74. The basic
properties of the biochar were 462.5 g kg−1 total C, 6.37 g kg−1

total N, 4.63 g kg−1 total P, 30.47 g kg−1 total K, 30.12 cmol (+)
kg−1 cation exchange capacity, 9.43 pH and 1092 δ13C (‰).

Microcosm experiment. This microcosm experiment was con-
ducted in a controlled environment chamber. The experimental
treatments included: (1) biochar-free control treatment without
rice plants; (2) biochar addition treatment (1% w/w) without
rice plants; (3) biochar-free control treatment with rice plants;
and (4) biochar addition treatment (1% w/w) with rice plants.
Each treatment was replicated three times. Biochar was passed
through a 1-mm sieve prior to incorporation into the soil
samples. The subsoil and topsoil samples were filled to depths
of 20–35 cm and 5–20 cm with polyvinyl chloride (PVC) tubes
(35.0 cm in height, 15.0 cm in inner diameter, and 15.5 cm in
outer diameter) at field bulk densities of 1.24 g cm−3 and
1.16 g cm−3, respectively. The 0-5 cm depth of the PVC tube
was used to hold water during the rice growth stage. For the
biochar addition treatments, the 13C-labeled biochar was
thoroughly mixed with the topsoil sample at a rate of 1% (w/w)
prior to packing into the PVC tube. For the treatments with rice
plants, two 21-day-old rice seedlings (Oryza sativa L. cv.,
Changyou No.5) were transplanted into the soil. A schematic
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setup is displayed in Supplementary Fig. 7. In the microcosms,
172 mg N kg−1 (urea, equal to the local field application rate of
300 kg N ha−1), 235 mg P kg−1 (Ca(H2PO4)2), and
235 mg K kg−1 (KCl) on the basis of the topsoil mass were
added as basal fertilizers. All microcosms were regularly irri-
gated with deionized water to maintain a water depth of 2–3 cm
above the soil surface throughout the whole rice growth stage.
During the rice growing period, the controlled-environment
chamber was maintained at 32 °C/22 °C (day/night) with 12 h of
supplemental lighting by LED light27. For the planted treat-
ments, the aboveground plant shoots were cut from the base of
the stem at the rice maturity stage (total 120 days) and oven-
dried, while the roots were retained in the soil. To stimulate the
decomposition of plant roots in the soil, soil moisture was
maintained at approximately 60% water holding capacity, and
ambient temperature was controlled at 25 °C for 245 days, after
the rice harvest.

Soil sampling. On Day 365, the topsoil and subsoil samples were
retrieved from the microcosms. All fresh soil samples were
handpicked to remove visible roots, homogenized, and then
divided into three subsamples. One subsample was air-dried for
chemical property analyses, one fresh subsample was used to
determine the soil enzymatic activity and aggregate fractions, and
the third subsample was freeze-dried for analysis of PLFAs.

Soil chemical analysis. The δ13C (‰) value, SOC, and total N of
the air-dried soil samples were determined using a MAT253
isotope ratio mass spectrometer (IRMS) coupled with a FLASH
2000 elemental analyzer (Thermo Fisher Scientific, Waltham,
MA, USA). Soil pH was measured with a soil/water ratio of 1:2.5
(w/v). Soil bulk density was determined using 100-cm3 soil cores
and the gravimetric method. Available N (NH4

+ and NO3
−) was

extracted from moist soil using 2-M KCl solution and analyzed
on a continuous-flow autoanalyzer (Skalar San++, Holland).
Available P was extracted using 0.5-M NaHCO3 (pH 8.5) and
analyzed using the molybdenum-antimony anti-spectro-
photometric method. Available K was extracted with 1-M
NH4OAc and determined by a flame spectrophotometer
(FP6410, INESA, China).

Determination of soil aggregate fractions. Soil aggregates were
separated using a wet-sieving method according to Six, Paustian48

with some modifications. Briefly, the fresh soil sample (100 g dry
soil weight) was placed on top of a 2-mm sieve and submerged in
deionized water for 10 min. The sequentially stacked sieves
(2 mm, 250 μm, and 53 μm) were gently moved up and down 50
times with a distance of ~3 cm for 2 min. Soil mass on the 250-
μm sieve and the 53-μm sieve was separately collected as mac-
roaggregates (250–2000 μm) and microaggregates (53–250 μm),
while those that passed through the 53-μm sieve were collected as
the fine particle fraction (silt-clay). All aggregate-size fraction
samples were dried at 60 °C for 72 h, weighed, and then ground to
pass through a 0.15-mm sieve before analysis for δ13C (‰) value
and C concentration of the aggregate size fraction.

Determination of Fe-bound organic C. Fe-bound OC of the
bulk soil samples was extracted by the dithionite-citrate-
bicarbonate (DCB) extraction method75. Briefly, 0.50 g of a
freeze-dried soil sample was mixed with 30 mL buffer solution
(0.27 M trisodium citrate and 0.11 M sodium bicarbonate, pH
7.3) in a 50-mL polycarbonate centrifuge tube and heated to
80 °C in a water bath, followed by the addition of 0.5 g sodium

dithionite and maintenance at 80 °C for 15 min. To quantify the
amount of C released from the soil sample during heating, the
soil samples were extracted with sodium chloride (NaCl) at an
equivalent ionic strength instead of trisodium citrate and
sodium dithionite under the same conditions. Following both
treatments, all samples were separated, and the supernatant was
removed by centrifugation at 3000 × g for 10 min. Each soil
sample was extracted three times using the buffer solution and
then washed three times using deionized water. Finally, the
residual soil samples were dried at 60 °C for 72 h and were then
ground to pass through a 0.15-mm sieve before analyzing the
δ13C (‰) value and C concentration of the DCB- or NaCl-
extracted soil samples.

Enzyme activity analysis. Enzymatic activities of α-glucosidase,
β-glucosidase, β-xylosidase and cellobiohydrolase were measured
with modified universal buffer (MUB)-linked substrates through
the fluorometric method76. Briefly, each equivalent of 2.4 g dry
mass of fresh soil was homogenized in 300ml of buffer solution.
Then, 200 μl of homogenized soil slurry and 50 μl of 200 μM
MUB-linked substrate were dispensed into a black 96-well poly-
styrene plate. The fluorescence was measured at excitation
wavelength of 365-nm and emission wavelength of 450-nm by a
SpectroMaxM5 plate reader (Molecular Devices, USA).

Determination of microbial abundance. Microbial biomass and
community composition were estimated by determination of
PLFAs, which were extracted by a single-phase chloroform-
methanol-citrate buffer mixture (1:2:0.8; pH= 4.0)77. Briefly,
3.0 g of a freeze-dried bulk soil sample was extracted by a single-
phase chloroform-methanol-citrate buffer mixture (1:2:0.8;
pH= 4.0). Phospholipids were separated from neutral lipids and
glycolipids on a solid phase extraction column (Supelco, Inc.) and
then methylated by a mild alkaline methanolysis to form fatty
acid methyl esters (FAMEs). Methyl nonadecanoate fatty acid
(19:0) was added as an internal standard. Finally, the FAME
samples were dissolved in hexane and analyzed by gas chroma-
tography (Agilent 7890 B, USA) coupled to a quadrupole mass
selective detector (Agilent 5977 B, USA). The sums of PLFAs
i14:0, i15:0, a15:0, i16:0, i17:0 and a17:0 were considered bio-
markers for gram-positive bacteria (G+-bacteria); 16:1ω9c,
16:1ω7c, 17:1ω8c, cy17:0, 18:1ω7c, 18:1ω5c and cy19:0 for G--
bacteria; 16:1ω5c for AMF, 18:2ω6,9c and 18:1ω9c for SF; and
10Me16:0, 10Me17:0, and 10Me18:0 for actinomycetes. Mean-
while, the fungi/bacteria ratio was determined by dividing the
sum of all fungal PLFAs markers (AMF and SF) by the sum of
G+-bacteria, G--bacteria, 15:00 and 17:00 PLFAs markers.

Data analyses. The nonbiochar C content was calculated by
subtracting the 13C-biochar content from the total OC content.

The C content of each soil aggregate size fraction (g kg−1 bulk
soil) was calculated as follows:

Content ¼ Pa ´ ca
100

ð1Þ

where Pa and ca are the proportion (%) and the C concentration
(g kg−1 aggregate) of the aggregate size fraction, respectively.

The δ13C values of biochar, soil and Fe-bound OC were
expressed as δ values (%) relative to the Pee Dee Belemnite
standard, and then converted to atom (%) using the following
formula:

Atomð%Þ ¼ ð δ
1000 þ 1Þ ´ 0:0111802

ð δ
1000 þ 1Þ ´ 0:0111802þ 1

´ 100 ð2Þ
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The fractions of 13C in soil C derived from biochar (fbs, %)
were calculated using the end-member mixing model78 as follows:

f bsð%Þ ¼ Atombs�Atomcs

Atombiochar�Atomcs
´ 100 ð3Þ

where Atombs, Atomcs, and Atombiochar are the Atom (%) values
of the biochar-amended soil, biochar-free control soil, and
biochar samples, respectively. The 13C of soil or Fe-bound OC
derived from biochar is calculated by multiplying its fraction by
the total OC content.

The Fe-bound OC content of the bulk soil sample was
calculated based on the difference in the Fe-bound OC content
between the NaCl-treated and DCB-treated samples, as follows:

Fe� boundOC ¼ CNaCl � CDCB ð4Þ
where CNaCl and CDCB are the C contents of the soil residues after
extraction with NaCl and DCB, respectively.

The δ13C of Fe-bound OC (δ13CFe-bound OC) was calculated
according to the isotopic mass balance79, as follows:

δ13CNaCl ¼
δ13CDCB ´ ð100�f Fe�boundOCÞ þ δ13CFe�boundOC ´ f Fe�boundOC

100

ð5Þ

δ13CFe�boundOC ¼ δ13CNaCl ´ 100�δ13CDCB ´ ð100�f Fe�boundOCÞ
f Fe�boundOC

ð6Þ
where δ13CNaCl and δ13CDCB are the C isotopic values of the soil
residues after extraction with NaCl and DCB, respectively. fFe-
bound OC is the percentage of Fe-bound OC to total OC in the bulk
soil sample.

The MWD of soil aggregates was calculated as follows23:

MWD ¼ ∑
3

i¼1
Pi ´ Si ð7Þ

where P is the mass percentage of individual size fraction, S is the
average diameter of the individual size fraction (μm), and i is a
given soil aggregate fraction (i.e., macroaggregates, microaggre-
gates, or silt-clay).

The individually measured enzyme activities were normalized to
obtain an overall enzyme activity using the following equation23:

xi ' ¼
xi

∑12
i¼1 xi

ð8Þ

where xi is a single individual enzyme activity of a sample i (a total
of 12 samples in the topsoil and subsoil), and xi’ is the normalized
value of the individual enzyme activity of the sample. Subsequently,
the arithmetic average of four measured enzyme activities was
obtained as the normalized overall enzyme activity value for each
sample.

The individual effects of biochar addition and rice planting, and
their interactions on the measured parameters were analyzed by
two-way ANOVA using JMP11.0 software (SAS Institute, USA). A
two-sided t test was used to examine the effect of biochar addition
on the measured parameters in the presence or absence of rice
plants. A SEM was used to analyze the direct and indirect effects of
physical, chemical, and biological variables on nonbiochar C in
bulk soil samples using IBM-SPSS AMOS 23.0 software. The
relative contributions of these unique and interaction effects of
physical protection, chemical protection, and microbial properties
on the variations in nonbiochar C content were determined by
variation partitioning analyses (VPA) using the varpart function of
the “vegan” package in R 4.1.2.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
All source data for the figures presented in this manuscript and the Supplementary
Information can be accessed at https://doi.org/10.6084/m9.figshare.24464107.v1.
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