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Introduction: Soil-atmosphere carbon exchange is central to global carbon
budgets and forest-based climate mitigation. Although biochar has been pro-
posed as a potential approach to improve soil carbon storage, its effects on soil
CO, efflux and associated soil-plant responses remain uncertain, especially in
subtropical plantation forests and over longer observation periods.

Methods: A 10-year field trial from 2014 to 2024 was conducted in three sub-
tropical evergreen plantations dominated by Cinnamomum subavenium, Phoebe
chekiangensis, and Pseudolarix amabilis. Biochar was applied once at three rates:
0, 5, and 10 t ha™. Soil carbon fractions, annual cumulative soil CO, efflux, tree
growth indicators, and major soil environmental factors were quantified during
the first and tenth years after application to compare short- and decadal-term
responses to biochar addition.

Result: After 10 years, biochar-induced accumulation of organic and microbial C
in soil became more evident than in the first-year observation period (p < 0.01),
whereas dissolved organic carbon and annual cumulative soil CO, efflux
showed no significant differences among biochar treatments (p > 0.05). Biochar
also promoted plant growth, with clear species-specific responses. Under the
10 t ha ltreatment, C. subavenium showed the strongest growth response. The
variables statistically associated with soil CO, efflux differed between the two
observation periods. In the first year, biochar showed a weak negative association
with soil CO; efflux, mainly related to increased soil pH (—0.18). In the tenth year,
soil moisture (0.32), total nitrogen (0.16), and photosynthetic rate (0.19) showed
stronger positive associations with soil CO, efflux.

Discussion: Overall, a single biochar application may enhance soil carbon storage
indicators, particularly SOC and MBC, without significantly increasing annual soil
CO, efflux in the studied subtropical plantations. However, these findings remain
site- and system-specific and require further validation across different forest
types, soil conditions, biochar properties, and management contexts.
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1 Introduction

Soil carbon pools are central to the carbon cycle in terrestrial eco-
systems, with an estimated stock of 1,500-2,400 Pg, approximately
two to three times the size of the atmospheric carbon pool, and play a
critical role in maintaining the global carbon balance (Lal, 2004;
Schmidt et al., 2011). Forest soil carbon cycling is primarily regulated
by organic matter decomposition, a process driven fundamentally by
the coupled metabolic activities of heterotrophic soil microbes and
autotrophic plant roots (Raich and Schlesinger, 1992; Bond-Lamberty
and Thomson, 2010). Soil respiration, driven by microbial decomposi-
tion and root activity, is an important component of the global carbon
cycle, contributing more than 60% of carbon released from land eco-
systems (Luo et al., 2011; Hashimoto et al., 2015). Due to the large
carbon stocks and high rates of carbon release from the soil, even a
slight increase in emissions can significantly raise atmospheric CO,
concentrations, leading to substantial climate responses (Melillo et al.,
2002; Davidson and Janssens, 2006; Crowther et al., 2016). Therefore,
understanding how soil CO, efflux and soil carbon storage indicators
respond to soil amendments is important for evaluating forest carbon
cycling under a changing climate.

Biochar is generally produced through the thermal treatment of
biomass in a low-oxygen environment, forming a C-rich material with
strong aromaticity and high stability. Its production process converts
unstable organic matter into stable and highly aromatized carbon
structures (Woolf et al., 2010; Lehmann and Joseph, 2015). Previous
studies have indicated that biochar amendment enhances soil carbon
retention in agricultural soil systems, particularly through stabiliza-
tion of labile organic matter and suppression of microbial mineraliza-
tion (Major et al., 2010b; Zimmerman et al., 2011; Zhang et al., 2012).
Forest ecosystems represent the largest active carbon reservoir in ter-
restrial environments, containing nearly half of the world’s terrestrial
carbon and strongly influencing carbon exchange between land and
the atmosphere. In forest ecosystems, converting biomass residues
such as litter and thinning by-products into biochar has been pro-
posed as a potential approach for residue recycling and soil carbon
management (Pan et al., 2011). However, the effects of biochar in
forest soils remain highly context-dependent. Although some studies
have reported reduced soil CO, efflux after biochar addition (Li et al.,
2018b), others have observed stimulatory effects (Liu et al., 2013) or
no detectable responses (Zhou et al., 2017). These inconsistent find-
ings suggest that biochar effects on forest soil C release may depend
strongly on ecosystem type, soil properties, biochar characteristics,
and observation duration.

Such context-dependent responses may arise from complex
interactions among biotic and abiotic components in forest eco-
systems (Lehmann and Joseph, 2015). Biochar effects on soil
carbon mineralization may be shaped by forest type, stand devel-
opment stage, soil physicochemical and biological properties, and
environmental conditions (Yang et al., 2025). Based on previous
studies, three non-exclusive response pathways may occur: (1)
Potential soil carbon retention pathway: Biochar may be associ-
ated with reduced soil CO, efflux or enhanced soil carbon reten-
tion because pyrolysis converts biodegradable biomass into
relatively stable aromatic carbon forms that are more resistant to
decomposition (Kuzyakov et al., 2014). Owing to its porous struc-
ture and chemical stability, biochar-derived C may persist in soil
and contribute to soil carbon storage. In addition, biochar may
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influence native SOC stabilization by altering soil aggregate stabil-
ity, pore structure, and the physical protection of organic matter.
Biochar-induced changes in soil aeration and pore structure may
also affect microbial habitat and metabolic processes, potentially
modifying the decomposition of native SOC (Gul et al., 2015). (2)
Potential soil CO, efflux promotion pathway: Previous studies
have also suggested that biochar may increase soil CO, efflux
under certain conditions. For example, biochar can modify soil
pH, porosity, moisture retention, and nutrient availability, which
may improve microbial habitat and potentially stimulate microbial
metabolism and organic C decomposition (Smith et al., 2010;
Jeffery et al., 2011; Lehmann et al., 2011). In addition, biochar
produced at relatively low to moderate pyrolysis temperatures may
retain labile surface compounds, which can provide readily avail-
able substrates for microbial decomposition and induce a positive
priming effect (Luo et al., 2011). Biochar may also influence root
growth and root-related CO, release under specific soil and plant
conditions (Major et al., 2010a). (3) Potential neutral response
pathway: Biochar may show no detectable effect on soil CO, efflux
when positive and negative processes offset each other under spe-
cific soil, vegetation, and temporal conditions (Castaldi et al.,
2011; Karhu et al., 2011). These contrasting findings highlight the
context-dependent nature of biochar effects on soil CO, efflux.
Although individual response pathways have been reported in dif-
ferent forest types, the factors underlying contrasting biochar
responses remain unclear. In particular, empirical evidence
regarding biochar-mediated regulation of soil C release in forest
ecosystems remains largely limited to short-term observations
(<3 years, Supplementary Table S1) (Ge et al., 2020; Walkiewicz
etal., 2020; Lehmann et al., 2021; Xue et al., 2023; Wei et al., 2024;
Yang et al., 2025; Zu et al., 2025). Therefore, it remains unclear
whether biochar effects observed in short-term studies are con-
sistent with those observed at the decadal scale in plantation
forests.

Plantation forests account for 10%-20% of forest soil carbon
stocks (FAO, 2020). They represent an important system for evaluating
biochar-based soil carbon management in forest ecosystems (Malhi et
al.,, 1999). However, the effectiveness of biochar amendment in planta-
tion forests remains uncertain and may depend on tree species, soil
conditions, biochar properties, and stand development (Lehmann and
Joseph, 2015; Zhou et al., 2017; Sarauer et al., 2019; Li et al., 2023). To
compare first-year and decadal-term responses, a 10-year field experi-
ment was established at Tiantong Mountain. This study compared soil
CO, efflux, soil C fractions, plant photosynthesis, growth responses,
and soil physicochemical properties between the first and tenth years
after a single biochar application. Because intermediate years were not
continuously monitored, the study aimed to identify contrasting
short- and decadal-term responses. Specific research questions
include: (1) Does biochar addition affect soil C fractions and annual
soil CO, efflux differently in the first and tenth years after application?
(2) Do the measured soil physicochemical variables and plant-related
variables associated with soil CO, efflux differ between the two obser-
vation periods? (3) Are plant growth and photosynthetic responses to
biochar addition species-specific? By addressing these questions, this
study aims to provide preliminary evidence for understanding short-
and decadal-term biochar responses in subtropical plantation systems
and to inform future long-term evaluations of biochar-based soil
carbon management.
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2 Materials and methods
2.1 Site description

The experimental plots were established in the hilly forest of
Tiantong Mountain, Ningbo City, Zhejiang Province (29°46'N,
121°48E) (Figure 1). The study site features a low-mountain and hilly
landscape, with its vertical profile spanning an altitudinal range of 310
to 510 m. Annual sunshine amounts to roughly 1,515 h alongside a
mean temperature of 16.2 °C, reflecting the typical hydrothermal pro-
file of this subtropical monsoon region. It is also characterized by high
relative humidity (84%) and a frost-free period lasting 230-240 days.
Annual precipitation averages about 1,480 mm, exhibiting marked
seasonal variation. The summer months (June-August) account for
approximately 28% of the annual rainfall total, reflecting distinct dry
and wet seasons, the annual evaporative demand fluctuates between
1,300 and 1,500 mm. The soil is classified as mountain yellow-red soil,
which is acidic in nature. The native flora is dominated by subtropical
evergreen broad-leaved forests, primarily composed of Fagaceae spe-
cies. Species belonging to Machilus, Castanopsis, and Cyclobalanopsis
constitute the primary vegetation cover within the region, which are
evergreen trees, with associated species such as Chinese sweet gum,
Chinese fir, and Masson pine.

2.2 Experimental setup and soil analysis

To minimize interspecific interference, the experiment was con-
ducted in artificial monocultures of three zonal dominant tree species
(Cinnamomum subavenium, Phoebe chekiangensis, and Pseudolarix

10.3389/ffgc.2026.1879259

plots. Perimeter PVC isolation barriers (40 cm buried depth, 20 cm
aboveground height) were installed to block biochar displacement by
surface runoff or wind. Three biochar addition levels were tested: con-
trol (S/LCK), 5 t/ha (S/L5BC), 10 t/ha (S/L10BC). For each species,
plots were randomly assigned to biochar treatments, with three inde-
pendent plot-level replicates per treatment (Figure 2). Each plot was
treated as the experimental unit in all statistical analyses. The same
plots were repeatedly measured during each observation period.
Measurements from multiple collars, trees, leaves, or repeated obser-
vations within the same plot were summarized at the plot level before
statistical analysis to avoid pseudoreplication. Effects were assessed at
two time points: the first year (referred to as the short-term observa-
tion period) and the tenth year (referred to as the long-term observa-
tion period) after biochar application, corresponding to the treatments
SCK, S5BC, and S10BC (referred to as the short-term period controls
and biochar amendments) and LCK, L5BC, and L10BC (referred to as
the long-term observation period counterparts), respectively. Biochar
was applied in summer 2014, marking the initiation of the experi-
ment. Biochar was produced from local woody debris (e.g., Quercus
myrsinifolia) via pyrolysis at 600 °C for 24 h under nitrogen atmo-
sphere (Supplementary Table S2) (Junna et al., 2016), then sieved
(2 mm) and uniformly incorporated into the surface soil (depth
<10 cm).

Before biochar application, five topsoil subsamples were taken
from the 0-20 cm layer of each plot following an S-shaped sampling
design and combined into one composite sample. For each plot, five
soil samples were thoroughly mixed to produce a composite sample
for subsequent physicochemical analysis (Supplementary Table S2).
All samples were pretreated according to (Li G. et al., 2018). The
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FIGURE 1
Spatial distribution and regional setting of the study area. The inset map shows the location of Ningbo within Zhejiang Province, and the red rectangle
in the main map indicates the experimental study area.
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FIGURE 2
Experimental plot schematic diagram. Three plantation species, Cinnamomum subavenium, Phoebe chekiangensis, and Pseudolarix amabilis, were
included. For each species, three biochar treatments were established: CK, 5 BC, and 10 BC, corresponding to 0, 5, and 10 t ha™* biochar addition,
respectively. Each treatment included three independent plot-level replicates, and each plot was 2 m x 5 m. Treatments were randomly assigned within
each species. PVC barriers were installed around each plot, with 20 cm aboveground and 40 cm belowground, to reduce lateral movement of biochar.

heating-assisted oxidation using potassium dichromate (Wang et al.,
2012); soil MBC was extracted using 0.5 mol K,SO, after a 24 h chlo-
roform fumigation (Babur et al., 2021), while DOC was recovered
from a 1:5 soil-water extract (Niu et al., 2014); a calibrated precision
pH meter was employed to determine edaphic acidity, while soil
moisture levels were quantified via the gravimetric oven-drying tech-
nique (Li et al., 2025).

2.3 Soil CO, efflux, photosynthesis, and
growth parameters measurement

The observation period spanned 10 years after a single biochar
application. To evaluate short- and decadal-term responses while
minimizing potential physical disturbance caused by repeated soil
sampling, this study focused on two observation periods: the first
year and the tenth year after biochar application. Therefore, the data-
set represents a comparison between two key observation years
rather than a continuous temporal trajectory. Intermediate years were
not sampled, and temporal processes occurring between the first and
tenth years could not be directly monitored. Data were collected
during a full annual cycle in each observation period using an
LI-8100 system (LI-COR Biosciences, USA) to account for variations
between growing and dormant seasonssoil. The following protocols
were adopted to mitigate measurement bias: (1) Three standardized
PVC collars (20.3 cm ID x 15.0 cm height) per plot were randomly
positioned (>50 cm from trees) and inserted 5 cm into the soil. The
average of these three collars represented the plot-level CO, efflux,
which encompassed both autotrophic and heterotrophic compo-
nents. The measured soil CO, efflux represents total soil respiration,
including both autotrophic and heterotrophic components; however,
root-derived and microbial-derived CO, fluxes were not separated in
this study; (2) Field campaigns were performed on three consecutive
clear days per season. Measurements were taken during three specific
windows (08:00-11:00, 11:00-14:00, and 14:00-17:00) to account for
diurnal fluctuations; (3) Daily efflux rates were calculated as the
mean of the three time intervals, and seasonal averages were then
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determined from these three-day observation periods. Annual
cumulative soil CO, efflux was calculated from seasonal mean soil
CO, efflux rates using the following equation (Gao et al., 2014):

R=12x10"°x86400x X R;D;

Where (R) is annual cumulative soil CO, efflux expressed as g C
m~ yr.”}, (R) is the mean soil CO, efflux rate during season (i)
expressed as pmol CO, m™ 57, and (D)) is the number of days in
season (7).

Concurrent with soil measurements, net photosynthesis rate (Pn)
was measured using a portable system (LI-6800, LI-COR, USA). Pn
was analyzed for Cinnamomum subavenium and Phoebe chekiangen-
sis, the only two species in the dataset with complete, seasonally
resolved photosynthetic measurements. Comparable Pn data were
unavailable for Pseudolarix amabilis; consequently, all Pn-related
analyses and interpretations were confined to these two species.
Three plants were selected from each subplot, with 3 to 7 mature
leaves collected from the upper canopy. Following a photosynthetic
induction period of 15+2min under saturating irradiance
(1,500 pmol'm~ s7'), Pn was measured. Measurements were con-
ducted under a controlled leaf-chamber microclimate: 25 + 1 °C,
60 £ 5% relative humidity, and 400 pmol-mol™" CO,. To ensure data
representativeness, Pn values were calculated as the mean of ten con-
secutive, instantaneous measurements per leaf. Basal diameter, tree
height, and crown width were recorded according to the protocol
described by Hao et al. (2022).

2.4 Statistical analysis

The first-year and tenth-year data were interpreted as a two-
period comparison rather than a continuous temporal trend. All mea-
surements were summarized at the plot level, and each plot was
treated as the experimental unit. One-way ANOVA was used to com-
pare soil carbon fractions, soil physicochemical properties, annual soil
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CO, efflux, net photosynthetic rate, and plant growth indicators
among biochar treatments within each observation period.
Homogeneity of variance was assessed using Levene’s test before
ANOVA; LSD post hoc tests were used when variance homogeneity
was met, whereas Welch’s ANOVA and Games-Howell comparisons
were used when it was not met (Supplementary Table S3). Repeated-
measures ANOVA was used to evaluate the effects of biochar treat-
ment, tree species, and season on soil CO, efflux, net photosynthetic
rate, and plant growth indicators within each observation period, with
season as the within-subject factor and plot identity as the subject
identifier. Structural equation modeling (SEM) was used to explore
hypothesized statistical associations among biochar addition, soil
physicochemical properties, plant variables, and soil CO, eftlux, based
on the biochar-soil-plant conceptual framework, previous studies,
and preliminary relationships among measured variables. SEM paths
were interpreted as model-based statistical associations rather than
causal mechanisms. All analyses were conducted in R 4.4.3 using the
“stats,” “lavaan,” and “car” packages.

3 Results

3.1 Direct effects of biochar addition on soil
carbon components and soil CO, efflux

Statistical analysis revealed comparable annual cumulative soil
CO, efflux for Cinnamomum subavenium, Phoebe chekiangensis and
Pseudolarix amabilis under all biochar regimes during the short-term
observation period (p > 0.05; Table 1). The incorporation of biochar

TABLE 1 Annual cumulative soil CO, efflux from plantation plots of Cinnamomum subavenium,

Phoebe chekiangensis, and Pseudolarix amabilis under biochar amendment across

experimental periods.

Tree Biochar  Short-term Long-term
species addition annual annual
rate (t/ cumulative cumulative
ha) soil CO, soil CO,
efflux (g efflux (g
C-m=2a) C-m=2a7)
Cinnamomum 0 800.48 + 41.59Aa 733.67 £98.01Aa
subavenium 5 849.34+99.15Aa | 641.17 + 22.00Aa
10 827.70 +70.80Aa | 902.75+ 115.70Aa
Phoebe 0 949.67 + 57.56Aa | 543.39 +85.71Aa
chekiangensis 5 755.44 £ 52.55Aa | 83433 +169.73Aa
10 790.02 +79.13Aa | 711.02 + 85.16Aa
Pseudolarix 0 761.44 + 61.66Aa 812.84 + 60.82Aa
amabilis 5 768.12 + 144.45Aa | 651.72 + 107.67Aa
10 765.12 + 127.40Aa | 70121 + 34.16Aa
Mixed tree 0 837.20 + 39.49A 696.63 + 57.61A
species 5 790.97 + 54.81A 709.07 + 66.26A
10 794.28 + 48.73A 771.66 + 53.79A

Uppercase letters represent differences between different biochar treatments, while lowercase
letters represent differences between species under the same biochar treatment. Dissimilar

letters denote significant differences, whereas identical letters denote no statistical

significance.
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(5and 10 t ha™") significantly increased the measured soil carbon frac-
tions, effectively bolstered the soil carbon fractions (SOC and MBC),
showing a significant upward trend over the SCK control (p < 0.01;
Table 2). Specifically, SOC content increased by 4.63% and 12.45%,
and MBC content increased by 8.06% and 12.39%, respectively
(p <0.01; Table 2). However, DOC content remained statistically
unchanged across the different biochar application rates (p > 0.05;
Table 2).

During the long-term observation period, different biochar treat-
ments had no significant effect on annual cumulative soil CO, efflux
for any of the three tree species (p > 0.05; Table 1). Compared to the
long-term control treatment (LCK), biochar additions at 5 t-ha™" and
10 t-ha™' (L5BC and L10BC) significantly increased SOC and MBC
contents (p < 0.001; Table 2). Specifically, SOC content increased by
39.45% and 65.14%, and MBC content increased by 19.67% and
30.84%, respectively (p < 0.001). However, these two treatments did
not significantly affect DOC content (p > 0.05). Relative to the short-
term effects, long-term biochar addition exerted a significantly greater
enhancing effect on SOC and MBC accumulation (p <0.01;
Supplementary Table S4).

Soil CO, efflux rates exhibited significant seasonal fluctuations in
both the short- and long- duration observation periods (p < 0.001),
but were not significantly influenced by biochar addition treatments.
No significant interaction among biochar addition, season, and tree
species was detected for soil CO, efflux rates. However, the interaction
between season and tree species significantly affected soil CO, efflux
rates during the short-term observation period (p < 0.05), whereas
this interactive effect was no longer significant during the long-term
observation period (p > 0.05; Supplementary Table S5).

3.2 Plant photosynthetic performance and
growth responses under biochar addition

During the short-term observation period, for the two species
with available Pn data, different biochar addition gradients signifi-
cantly increased plant net photosynthesis rate (Pn) (p <0.001).
However, long-term observations showed that the enhancement in Pn
was approximately 20% lower compared to the short-term effect
(p < 0.05). The variation in Pn was significantly influenced by the
interaction between season and tree species (Supplementary Table S6).
Specifically, in the short term observation period, Pn values in the
Cinnamomum subavenium forest and Phoebe chekiangensis forest
peaked during summer and reached their minimum in winter. In the
long term observation period, the average Pn values for these two
forest types declined to 6-8 pmol'm™s™' and 2-4 pmolm™2s~",
respectively (Figure 3).

During the short-term observation period, biochar addition gen-
erally increased annual basal diameter growth in all three forest types
(p < 0.05), whereas tree height and crown width increments remained
statistically unchanged (p > 0.05). Pseudolarix amabilis showed rela-
tively high absolute basal diameter growth, especially under the
S10BC treatment, but the magnitude of biochar-associated responses
varied among species (Table 3). Over the 10-year observation period,
biochar application mainly enhanced mean annual basal diameter
growth, while tree height and crown area responses varied among spe-
cies and treatments (p < 0.01; Supplementary Table S7). Among these
forest types, the Cinnamomum subavenium forest under the L10BC
treatment exhibited the greatest annual cumulative basal diameter
growth, which was significantly greater than that in the Phoebe
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TABLE 2 Soil carbon pool responses (SOC, MBC, and DOC) to biochar treatments during
different observation periods.

Soil
microbial
biomass

Soil
dissolved
organic
carbon
content
(mg/kg)

(€17e]0] ) Soil organic
carbon

content (g/

kg) carbon
content
(mg/kg)

SCK 18.56 + 0.33B 200.83 £ 3.59B 47.42 + 1.82A
LCK 2593 £ 0.81A 214.49 £ 6.70A 47.62 £ 1.41A
S5BC 19.42 + 0.36B 217.00 + 3.48B 48.64 £ 2.11A
L5BC 36.16 £ 0.97A 256.69 £ 8.23A 49.01 + 1.55A
S10BC 20.87 £ 0.35B 225.72 + 3.48B 51.44 £2.22A
L10BC 42.84 + 1.35A 280.64 + 7.95A 48.84 + 1.56A

Statistical differences among experimental groups are indicated by different uppercase letters
(p <0.05). SCK and LCK refer to control groups; SSBC/S10BC and L5BC/L10BC refer to
short-term and long-term observation periods with 5 and 10 t/ha of biochar, respectively.

chekiangensis and Pseudolarix amabilis forests (Figure 4). Compared
with the corresponding LCK treatment, tree height and crown area of
Cinnamomum subavenium under LIOBC increased from
2690+ 1.81cm to 40.98 +3.45cm and from 0.53 +0.07 m* to
0.71 + 0.07 m? respectively (Table 3).

3.3 Indirect pathways through which
biochar addition affects soil CO, efflux

In the short-term observation period, the SEM fitted the observed
data well (Supplementary Table S8), accounting for 74% of the vari-
ance in soil CO, efflux (Figure 5a). Statistical analysis revealed that the
direct path of biochar addition on soil CO, efflux was not statistically
significant (p > 0.05), while the total effect was weakly negative (total
effect = —0.04). This indirect pathway through soil physicochemical
properties was also weakly negative (—0.05), with the significant nega-
tive impact of soil pH being the main contributing factor (path coef-
ficient = —0.18) soil CO, efflux. In addition, net photosynthetic rate
(Pn) and basal diameter growth (BDG) showed path coefficients of
0.04 and —0.02, respectively, indicating minimal effects on soil CO,
efflux (Supplementary Table S9).

The long-term observation period, SEM achieved an acceptable
fit to the observed data (Supplementary Table S8), accounting for 69%
of the variance in soil CO, efflux (Figure 5b). Biochar addition showed
a weak positive total effect on soil CO, efflux (0.09). The indirect posi-
tive effect mediated by soil physicochemical properties was 0.37, pri-
marily associated with soil moisture content (0.32) and total nitrogen
(0.16). Soil physicochemical properties mediated an indirect positive
effect of 0.37, primarily associated with soil moisture content (0.32)
and total nitrogen (0.16). Meanwhile, net photosynthesis rate (Pn) and
basal diameter growth showed statistical associations of 0.19 and
—0.18 on soil CO, efflux, respectively, with both effects significantly
enhanced compared to short-term results (Supplementary Table S10).

Biochar addition showed contrasting statistical associations with
soil CO, efflux between the first-year and tenth-year observation peri-
ods. The total SEM effect was weakly negative during the first-year
observation period (total effect: —0.04), whereas it was weakly positive
during the tenth-year observation period (total effect: 0.09). Similarly,
the indirect association mediated by soil physicochemical properties
was negative during the first-year observation period (—0.05) but
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positive during the tenth-year observation period (0.37). Indirect
associations related to plant variables, including net photosynthetic
rate and basal diameter growth, were stronger during the tenth-year
observation period than during the first-year observation period. In
addition, SOC showed a negative indirect association with soil CO,
efflux in both observation periods.

4 Discussion

4.1 Contrasting first-year and tenth-year
plant photosynthetic and growth responses
to biochar amendment

Biochar-induced changes in plant photosynthesis and growth dif-
fered between the first-year and tenth-year observation periods, with
clear seasonal variation and species-specific responses. In the first-
year observation period, biochar significantly increased net photosyn-
thesis rate and promoted basal diameter growth, but had no significant
effect on tree height or crown width. Similar results were reported by
Palviainen et al. (2018), who found that biochar initially enhanced
photosynthetic performance and basal diameter growth potentially
through changes in soil nutrient -related conditions and rhizosphere
environments, whereas whole-tree growth responses may appear only
after a certain time delay. However, root development and detailed
rhizosphere processes were not directly measured in the present study,
and therefore these explanations should be interpreted cautiously.
Moreover, different tree species showed marked differences in their
responses to biochar, particularly in growth indicators: Pseudolarix
amabilis showed relatively high absolute basal diameter growth com-
pared with Cinnamomum subavenium and Phoebe chekiangensis, sug-
gesting that coniferous species may be more responsive to changes in
soil nutrient availability, whereas broadleaf species may adopt a rela-
tively more conservative resource utilization strategy (Nguyen et
al,, 2017).

In the tenth-year observation period, biochar was associated with
sustained impetus for radial stem expansion and concurrently accel-
erating the mean annual increments of tree height and canopy spread,
suggesting that measured soil and plant variables related to growth
differed between the two observation periods rather than indicating a
confirmed shift in biochar mechanisms. Biochar may facilitate organo-
mineral association, thereby potentially affecting soil hydraulic con-
ductivity and aeration. These processes may influence the
bioavailability of mineral nitrogen (N) and phosphorus (P), while
concurrently mitigating soil toxicity and fostering a stable microenvi-
ronment conducive to root system expansion. In summary, these
effects may partly contribute to coordinated plant growth in terms of
stem thickening, height increment, and crown expansion (Joseph et
al., 2010; Glaser et al., 2015; Thomas and Gale, 2015). Nevertheless,
organo-mineral association, hydraulic conductivity, root biomass,
nutrient bioavailability, and root system expansion were not directly
measured in this study; therefore, these processes should be consid-
ered plausible explanations rather than mechanisms directly demon-
strated by our data.

Tenth-year observations revealed that the enhancement of Pn
induced by biochar was weaker than that observed during the first-
year observation period, which may be attributed to the gradual
aging of biochar in soil, declining surface reactivity, and diminished
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nutrient release capacity, potentially limiting sustained positive
regulation of the photosynthetic processes (Nguyen et al., 2010;
Lehmann and Joseph, 2015). However, several biochar properties,
such as ash content, specific surface area, volatile matter, H/C and
O/C ratios, and aromaticity indices, were not measured in our
study. This limitation may constrain detailed interpretation of bio-
char aging, persistence, and soil-biochar interaction mechanisms.
Nevertheless, biochar-treated plots maintained relatively high levels
of Pn, which may be related to improved leaf nutritional status and
photosynthetic physiological processes, including enhanced car-
boxylation efficiency and photochemical efficiency of photosystem
IT (Liu et al., 2013; Ding et al., 2016). However, leaf nutritional
status, carboxylation efficiency, and photochemical efficiency of
photosystem II were not directly measured in this study, so these
physiological processes should be interpreted as possible explana-
tions based on previous studies rather than direct evidence from the
present data. Furthermore, seasonal fluctuations in Pn were evident,
with peak values occurring in summer and minimum values occur-
ring in winter. Similar seasonal patterns were also reported by
Jeffery et al. (2011) and Li Y. et al. (2018), emphasizing the impor-
tant role of seasonal environmental variation in regulating plant
photosynthetic responses.
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4.2 Contrasting first-year and tenth-year
responses of soil carbon fractions and
microbial biomass

Biochar addition affected soil carbon fractions differently between the
first-year and tenth-year observation periods, whereas annual soil CO,
efflux showed no significant treatment response. In the short term obser-
vation period, biochar treatments significantly increased SOC and
MBC. This increase may be partly related to the relatively stable aromatic
structure of biochar, as well as its well-developed porous structure that can
enhance physical protection of SOC by adsorbing organic carbon, reduc-
ing microbial access to organic substrates, and promoting microaggregate
formation (Lehmann et al,, 2011). Concurrently, the porous structure of
biochar may provide microbial microhabitats and improve soil aeration
and water-holding capacity, thereby facilitating MBC accumulation
(Zimmerman et al, 2011). DOC concentration remained largely
unchanged after biochar addition, possibly because stable biochar con-
tributed little to the labile C pool, while the limited DOC released from
biochar may have been rapidly consumed by microorganisms during the
first-year observation period (Gao et al., 2025).

In the tenth-year observation period, the positive effects of bio-
char addition on SOC and MBC became even more pronounced. The
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TABLE 3 Mean annual growth rates of basal diameter, tree height, and crown area across different biochar treatments during both short-term and long-term observation periods.

Tree Metric L5BC S10BC
species
Cinnamomum Basal diameter 10.36 + 0.79Bb 11.78 £ 1.25Ba 14.73 + 0.36ABa 16.81 + 0.79Aa 14.92 + 2.07Aab 15.12 + 1.41ABa
subavenium (mm)
Tree height (cm) 35.83 + 0.48Ab 26.90 + 1.81Bb 36.37 £ 0.02Ab 3823 +£2.17Aa 38.33 + 4.48Ab 40.98 + 3.45Ab
Crown width (m?) 0.41 + 0.09Ab 0.53 + 0.07Aa 0.31 + 0.03Ab 0.76 +£ 0.07Aa 0.31 + 0.03Ab 0.71 £ 0.07Aa
Phoebe Basal diameter 10.40 + 0.69Bb 5.60 + 1.33Bb 15.79 £ 1.23Aa 8.19 £ 0.74ABb 12.81 £ 0.98ABb 9.52 £ 0.79Ab
chekiangensis (mm)
Tree height (cm) 28.83 +3.77Ab 19.24 + 1.59Bb 24.50 + 6.17Ab 38.18 + 5.84Aa 25.72 +7.38Ab 32.93 + 3.34ABb
Crown width (m?) 0.40 + 0.03Ab 0.56 £ 0.06Aa 0.48 + 0.04Ab 0.58 £ 0.09Aa 0.47 + 0.14Ab 0.66 + 0.06Aa
Pseudolarix Basal 15.01 £ 0.28Ba 7.54 + 0.76Bb 15.94 + 0.82ABa 9.86 + 0.79Ab 17.94 £ 0.75Aa 11.03 + 0.31Ab
amabilis diameter(mm)
Tree height (cm) 58.30 + 8.17Aa 49.62 + 4.30Aa 52.67 + 0.87Aa 45.46 + 2.60Aa 60.27 £ 5.29Aa 53.27 £ 3.19Aa
Crown width (m?) 0.90 + 0.07Aa 0.62 + 0.08Aa 0.95+0.11Aa 0.73 £ 0.02Aa 0.97 £ 0.09Aa 0.77 £ 0.02Aa
Mixed tree Basal diameter 11.92 +0.83B 8.31 + 1.08B 15.48 + 0.48A 11.62 + 1.37AB 1522 + 1.01A 11.89 + 0.96A
species (mm)
Tree height (cm) 40.99 £ 5.15A 31.92+4.78A 37.84 + 4.46A 40.62 £ 2.29A 41.44 £ 5.83A 42.39 £ 3.39A
Crown width (m?) 0.57 £ 0.09A 0.57 + 0.04B 0.58 + 0.10A 0.69 + 0.04A 0.65+0.11A 0.71 £ 0.03A

Statistical differences among experimental groups are indicated by different uppercase letters (p < 0.05). SCK and LCK refer to control groups; S5BC/S10BC and L5BC/L10BC refer to short-

term and long-term observation periods with 5 and 10 t/ha of biochar, respectively.
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sustained accumulation of SOC and MBC may reflect the persistence
of relatively stable biochar-derived C and its potential contribution to
soil carbon retention over time (Jones et al., 2011). In contrast, DOC
showed no significant change during the tenth-year observation
period, possibly because most unstable carbon fractions in biochar
were largely lost through prolonged microbial decomposition or
leaching. In addition, as a carbon source directly available to micro-
organisms, DOC often fluctuates with seasonal microbial activity and
may exhibit a trade-off relationship with MBC, particularly under
high summer temperatures when it is rapidly consumed (Kuzyakov et
al,, 2014).

Regarding soil CO, eftlux, cumulative annual emissions did not
differ significantly between biochar and control treatments in either
the short- or long-term observation period (p > 0.05; Table 1). This
null net change may reflect the combined influence of statistically
opposite pathways rather than the absence of biochar effects. Path
analysis (Section 4.3) suggested a dominant negative indirect associa-
tion related to elevated pH during the first-year observation period,
whereas positive indirect associations related to soil moisture, total
nitrogen and photosynthetic rate were observed during the tenth-year
observation period. Meanwhile, SEM identified a negative direct sta-
tistical pathway between biochar addition and soil CO, efflux, which
was opposite in direction to the positive indirect pathways mediated
by soil physicochemical properties and plant-related variables.
Biochar’s aromatic structure and high chemical stability may partly
contribute to soil carbon retention by slowing the decomposition of
biochar-derived C and potentially influencing native SOC mineraliza-
tion (Major et al., 2010b; Spokas et al., 2012). However, this process
should be regarded as a plausible explanation based on previous stud-
ies rather than direct evidence for the SEM-derived direct pathway in
the present study. Soil CO, efflux exhibited seasonal summer peaks,
but these peaks were not significantly intensified by biochar amend-
ment. One possible explanation is that biochar may have reduced the
accessibility of organic matter to microbial decomposition through
physical protection or adsorption processes (Zimmerman et al., 2011).
However, aggregate formation, adsorption processes, and related
physical protection mechanisms were not directly measured in this
study. Therefore, the absence of a significant increase in annual soil
CO, efflux should be interpreted in the context of heterogeneous

Frontiers in Forests and Global Change

responses reported in previous biochar studies, and the present results
should be considered site- and system-specific rather than universally
applicable. Although biochar increased SOC and MBC without
increasing annual soil CO, efflux, these results reflect changes in mea-
sured soil carbon storage indicators, while a full ecosystem carbon-
budget assessment is still needed to evaluate net carbon sequestration.
It should be noted that SOC was reported as concentration rather than
stock in this study. Although soil bulk density was measured as part
of the initial soil characterization, SOC stock was not calculated
because equivalent-soil-mass or depth-specific stock estimates were
not available for all observation periods. Therefore, the observed SOC
increase should be interpreted as a change in soil carbon concentra-
tion or soil carbon storage indicators rather than direct evidence of
SOC stock accumulation.

4.3 Contrasting soil and plant associations
with soil CO, efflux between the first and
tenth years

Building on the two-period comparison described above, the
factors statistically associated with soil CO, efflux differed between
the first and tenth years after biochar application. In the first-year
observation period, SEM results suggested that biochar addition was
weakly and negatively associated with soil CO, efflux, mainly
through the pathway related to soil pH. During the early stages of
biochar application, the increase in soil pH showed a negative indi-
rect association with soil CO, efflux. Lehmann et al. (2011) also
reported that biochar amendment can rapidly raise the pH of acidic
soils because of its alkaline nature. However, the effect of pH
increase on soil CO, eftlux in acidic soils is not necessarily unidirec-
tional. Moderate pH increases may relieve acidity stress and stimu-
late microbial activity in some acidic soils, whereas context-specific
pH shifts may also alter microbial community structure, substrate
availability, or enzyme-mediated organic matter decomposition
(Rousk et al., 2010). Therefore, the negative pH-related pathway
observed in this study should be interpreted as a context-specific
statistical association rather than a universal inhibitory mechanism.
However, microbial community composition and extracellular
enzyme activity were not directly measured in this study; therefore,
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this explanation should be interpreted as a plausible interpretation
rather than direct evidence from the present data. Although total
soil nitrogen and microbial biomass carbon showed positive associa-
tions with soil CO, efflux, these associations did not offset the nega-
tive pH-related association in the SEM. This pattern was consistent
with previous studies in acidic red soils and subtropical forest soils
(Zheng et al., 2013). Therefore, during the first-year observation
period, biochar showed a weak negative association with soil CO,
efflux, primarily through the pH-related statistical pathway,
although the interpretation of this pathway should remain
context-specific.

In the tenth-year observation period, biochar showed positive
indirect associations with soil CO, efflux through changes in soil
physicochemical properties, particularly soil moisture and total
nitrogen. This pattern may be partly related to the gradual stabiliza-
tion of biochar structure over time, which could improve water
retention and soil moisture conditions, thereby influencing micro-
bial and root-related metabolic processes. Elevated nitrogen levels
may also be associated with greater root activity and nitrogen
cycling, potentially contributing to higher soil CO, efflux. This inter-
pretation is consistent with previous studies suggesting that the
longer-term effects of biochar may arise from sustained improve-
ments in soil structure and nutrient status, thereby strengthening
soil-plant interactions rather than relying solely on initial pH
changes (Lehmann and Joseph, 2015; Yoshitake et al., 2025).
However, because this study measured total soil CO, efflux without
separating autotrophic and heterotrophic respiration, and did not
directly measure available nitrogen, root respiration, microbial met-
abolic activity, or nitrogen cycling processes, these explanations
should be regarded as plausible interpretations rather than mecha-
nisms directly supported by the present data. Importantly, the differ-
ence in statistical associations between the first-year and tenth-year
observation periods did not lead to a net increase in total soil CO,
efflux, because the negative direct SEM pathway counterbalanced the
positive indirect pathways. Collectively, the two-period comparison
suggests that biochar-soil CO, efflux relationships differed between
the first- and tenth-year observation periods. Biochar showed a weak
negative association with soil CO, efflux in the first-year observation
period, whereas a weak positive association was observed in the
tenth-year observation period. The tenth-year response may be
related to higher plant growth and changes in soil physicochemical
conditions, but these relationships should be interpreted as statistical
associations rather than direct evidence of a continuous mechanistic
transition.

In addition, climatic variability across the decade, including inter-
annual precipitation differences, possible extreme weather events, and
stand development independent of biochar addition, was not explicitly
separated in this study; therefore, the differences between the first-
year and tenth-year observation periods should be interpreted cau-
tiously as two-period contrasts rather than as changes attributable
solely to biochar addition.

5 Conclusion

This study compared the responses of soil CO, efflux, soil
carbon fractions, and plant growth to a single biochar application
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during the first-year and tenth-year observation periods in sub-
tropical evergreen plantations. Biochar significantly increased
SOC and MBC, with greater accumulation observed during the
tenth-year observation period, while annual soil CO, efflux did
not differ significantly among treatments. These findings indicate
that biochar boosts soil carbon storage via elevated SOC and
MBC, yet they do not provide direct proof of whole-ecosystem net
carbon sequestration. Overall, biochar may enhance SOC and
MBC accumulation in the studied plantations, but its broader
implications for net carbon sequestration require further verifica-
tion across different sites, biochar types, soil conditions, and
forest systems, as well as through complete carbon-budget
assessments.

Data availability statement

The datasets generated and analyzed during the current study are
available from the corresponding author upon reasonable request.

Author contributions

YY: Data curation, Formal analysis, Investigation, Methodology,
Software, Validation, Visualization, Writing — original draft. XL:
Conceptualization, Funding acquisition, Investigation, Methodology,
Supervision, Writing - review & editing. NS: Investigation, Software,
Writing - review & editing. XY: Conceptualization, Funding acquisi-
tion, Writing - review & editing. TG: Conceptualization, Funding
acquisition, Writing - review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by the National
Natural Science Foundation of China (Grant Nos. U24A20429 and
42371027), the Key Technology Breakthrough Plan Project of Science
and Innovation Yongjiang 2035 (Grant Nos. 20232146 and 2024Z7262),
the Ningbo Natural Science Foundation (Grant No. 2021J084), and the
Public Welfare Science and Technology Program Projects of the Ningbo
Natural Science Foundation (Grant No. 2024S123).

Acknowledgments

We thank our lab members for their helpful discussions.

Conflict of interest

NS was employed by Ningbo Chaosheng Ocean Technology
Co., Ltd.

frontiersin.org


https://doi.org/10.3389/ffgc.2026.1879259
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Yu et al.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

References

Babur, E., Dindaroglu, T., Solaiman, Z. M., and Battaglia, M. L. (2021). Microbial respira-
tion, microbial biomass and activity are highly sensitive to forest tree species and seasonal
patterns in the eastern Mediterranean karst ecosystems. Sci. Total Environ. 775:145868.
doi: 10.1016/j.scitotenv.2021.145868

Bond-Lamberty, B., and Thomson, A. (2010). Temperature-associated increases in the
global soil respiration record. Nature 464, 579-582. doi: 10.1038/nature08930

Castaldi, S., Riondino, M., Baronti, S., Esposito, E. R., Marzaioli, R., Rutigliano, E A., et al.
(2011). Impact of biochar application to a Mediterranean wheat crop on soil microbial
activity and greenhouse gas fluxes. Chemosphere 85, 1464-1471. doi: 10.1016/j.
chemosphere.2011.08.031

Crowther, T. W,, Todd-Brown, K. E. O,, Rowe, C. W.,, Wieder, W. R,, Carey, J. C,,
Machmuller, M. B,, et al. (2016). Quantifying global soil carbon losses in response to
warming. Nature 540, 104-108. doi: 10.1038/nature20150

Davidson, E. A, and Janssens, I. A. (2006). Temperature sensitivity of soil carbon decom-
position and feedbacks to climate change. Nature 440, 165-173. doi: 10.1038/
nature04514

Ding, Y, Liu, Y,, Liu, S., Li, Z., Tan, X., Huang, X,, et al. (2016). Biochar to improve soil
fertility. A review. Agron. Sustain. Dev. 36:36. doi: 10.1007/s13593-016-0372-z

FAO (2020). Global Forest Resources Assessment 2020. Main Report. Rome: FAO.

Gao, Q., Hasselquist, N. J., Palmroth, S., Zheng, Z., and You, W. (2014). Short-term
response of soil respiration to nitrogen fertilization in a subtropical evergreen forest. Soil
Biol. Biochem. 76, 297-300. doi: 10.1016/j.s0ilbio.2014.04.020

Gao, C,, Qin, ], Tian, Y., Yang, J., and Wang, G. (2025). Biochar and soil water synergisti-
cally regulating root growth to affect photosynthesis in maize (Zea mays L.). Agronomy
15:2170. doi: 10.3390/agronomy15092170

Ge, X,, Cao, Y., Zhou, B., Xiao, W, Tian, X., and Li, M.-H. (2020). Combined application
of biochar and N increased temperature sensitivity of soil respiration but still decreased
the soil CO, emissions in moso bamboo plantations. Sci. Total Environ. 730:139003. doi:
10.1016/j.scitotenv.2020.139003

Glaser, B., Wiedner, K., Seelig, S., Schmidt, H.-P, and Gerber, H. (2015). Biochar organic
fertilizers from natural resources as substitute for mineral fertilizers. Agron. Sustain. Dev.
35, 667-678. doi: 10.1007/s13593-014-0251-4

Gul, S., Whalen, J. K., Thomas, B. W,, Sachdeva, V,, and Deng, H. (2015). Physico-
chemical properties and microbial responses in biochar-amended soils: mechanisms
and future directions. Agric. Ecosyst. Environ. 206, 46-59. doi: 10.1016/j.
agee.2015.03.015

Hao, W., Mu, L., and Hu, X. (2022) Indirect measurement methods for soil basal
respiration rates under different vegetation types. Available online at: https://kns.cnki.
net/kcms2/article/abstract?v=z8lpvIhA63HApXIdYUt2fNdN8XFtY ZsuVdyo_xysI-
ChvJhZ0c2t8Lx6j7EO0wHubr]Ma46GreGDP_bVoQ0Ts7YeFl17PKildfFIqsfuyD8Pg-
clEBtOxxYpNJ36K7NSz]2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64z1q1 Myj
wPHdrBNmQ==&uniplatform=NZKPT&language=CHS (Accessed December
13, 2025)

Hashimoto, S., Carvalhais, N., Ito, A., Migliavacca, M., Nishina, K., and
Reichstein, M. (2015). Global spatiotemporal distribution of soil respiration mod-
eled using a global database. Biogeosciences 12, 4121-4132. doi: 10.5194/
bg-12-4121-2015

Jeffery, S., Verheijen, E. G. A., van der Velde, M., and Bastos, A. C. (2011). A quantitative
review of the effects of biochar application to soils on crop productivity using meta-
analysis. Agric. Ecosyst. Environ. 144, 175-187. doi: 10.1016/j.agee.2011.08.015

Frontiers in Forests and Global Change

11

10.3389/ffgc.2026.1879259

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/ftgc.2026.1879259/
full#supplementary-material

Jones, D. L., Murphy, D. V,, Khalid, M., Ahmad, W., Edwards-Jones, G., and DeLuca, T. H.
(2011). Short-term biochar-induced increase in soil CO, release is both biotically and
abiotically mediated. Soil Biol. Biochem. 43, 1723-1731. doi: 10.1016/j.
50ilbi0.2011.04.018

Joseph, S. D., Camps-Arbestain, M., Lin, Y., Munroe, P, Chia, C. H., Hook, J., et al. (2010).
An investigation into the reactions of biochar in soil. Aust. J. Soil Res. 48, 501-515. doi:
10.1071/SR10009

Junna, S., He, E, Pan, Y., and Zhang, Z. (2016). Effects of pyrolysis temperature and resi-
dence time on physicochemical properties of different biochar types. Acta Agric. Scand.
B. Soil Plant Sci. 67, 1-11. doi: 10.1080/09064710.2016.1214745

Karhu, K., Mattila, T., Bergstrom, L., and Regina, K. (2011). Biochar addition to agri-
cultural soil increased CH4 uptake and water holding capacity - results from a short-
term pilot field study. Agric. Ecosyst. Environ. 140, 309-313. doi: 10.1016/j.
agee.2010.12.005

Kuzyakov, Y., Bogomolova, I, and Glaser, B. (2014). Biochar stability in soil: decomposi-
tion during eight years and transformation as assessed by compound-specific 14C analy-
sis. Soil Biol. Biochem. 70, 229-236. doi: 10.1016/j.s0ilbio.2013.12.021

Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food secu-
rity. Science 304, 1623-1627. doi: 10.1126/science.1097396

Lehmann, J., Cowie, A., Masiello, C. A., Kammann, C., Woolf, D., Amonette, J. E., et al.
(2021). Biochar in climate change mitigation. Nat. Geosci. 14, 883-892. doi: 10.1038/
541561-021-00852-8

Lehmann, J. and Joseph, S. (eds.) (2015). Biochar for Environmental Management: Science,
Technology and Implementation. London: Routledge.

Lehmann, J,, Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C., and Crowley, D.
(2011). Biochar effects on soil biota — a review. Soil Biol. Biochem. 43, 1812-1836. doi:
10.1016/j.s0ilbio.2011.04.022

Li, Y, Huy, S., Chen, J., Miiller, K., Li, Y., Fu, W,, et al. (2018). Effects of biochar application
in forest ecosystems on soil properties and greenhouse gas emissions: a review. J. Soils
Sediments 18, 546-563. doi: 10.1007/s11368-017-1906-y

Li, L., Long, A., Fossum, B., and Kaiser, M. (2023). Effects of pyrolysis temperature and
feedstock type on biochar characteristics pertinent to soil carbon and soil health: a meta-
analysis. Soil Use Manag. 39, 43-52. doi: 10.1111/sum.12848

Li, G., Zhang, Z., Shi, L., Zhou, Y., Yang, M., Cao, J., et al. (2018). Effects of different
grazing intensities on soil C, N, and P in an alpine meadow on the Qinghai—Tibetan
plateau, China. Int. J. Environ. Res. Public Health 15:2584. doi: 10.3390/
ijerph15112584

Li, Z., Zheng, L., Zheng, Z., Li, H., Wang, Y., and Ming, A. (2025). Method optimization
for the determination of soil organic carbon and its components by automatic titrator.
Rock Miner. Anal. 43, 632-640. doi: 10.15898/j.ykes.202404210092

Liu, X,, Zhang, A., Ji, C., Joseph, S., Bian, R., Li, L., et al. (2013). Biochar’s effect on crop
productivity and the dependence on experimental conditions—a meta-analysis of litera-
ture data. Plant Soil 373, 583-594. doi: 10.1007/s11104-013-1806-x

Luo, Y., Durenkamp, M., De Nobili, M., Lin, Q., and Brookes, P. C. (2011). Short term
soil priming effects and the mineralisation of biochar following its incorporation to
soils of different pH. Soil Biol. Biochem. 43, 2304-2314. doi: 10.1016/j.
s0ilbio.2011.07.020

Major, J., Lehmann, J., Rondon, M., and Goodale, C. (2010a). Fate of soil-applied black
carbon: downward migration, leaching and soil respiration. Glob. Change Biol. 16,
1366-1379. doi: 10.1111/j.1365-2486.2009.02044.x

frontiersin.org


https://doi.org/10.3389/ffgc.2026.1879259
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/ffgc.2026.1879259/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/ffgc.2026.1879259/full#supplementary-material
https://doi.org/10.1016/j.scitotenv.2021.145868
https://doi.org/10.1038/nature08930
https://doi.org/10.1016/j.chemosphere.2011.08.031
https://doi.org/10.1016/j.chemosphere.2011.08.031
https://doi.org/10.1038/nature20150
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature04514
https://doi.org/10.1007/s13593-016-0372-z
https://doi.org/10.1016/j.soilbio.2014.04.020
https://doi.org/10.3390/agronomy15092170
https://doi.org/10.1016/j.scitotenv.2020.139003
https://doi.org/10.1007/s13593-014-0251-4
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.agee.2015.03.015
https://kns.cnki.net/kcms2/article/abstract?v=z8lpvlhA63HApXIdYUt2fNdN8XFtYZsuVdyo_xysIChvJhZ0c2t8Lx6j7E0wHubrJMa46GreGDP_bVoQ0Ts7YeFlI7PKiIdfFIqsfuyD8PgclEBtOxxYpNJ36K7NSzJ2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64zIq1MyjwPHdrBNmQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=z8lpvlhA63HApXIdYUt2fNdN8XFtYZsuVdyo_xysIChvJhZ0c2t8Lx6j7E0wHubrJMa46GreGDP_bVoQ0Ts7YeFlI7PKiIdfFIqsfuyD8PgclEBtOxxYpNJ36K7NSzJ2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64zIq1MyjwPHdrBNmQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=z8lpvlhA63HApXIdYUt2fNdN8XFtYZsuVdyo_xysIChvJhZ0c2t8Lx6j7E0wHubrJMa46GreGDP_bVoQ0Ts7YeFlI7PKiIdfFIqsfuyD8PgclEBtOxxYpNJ36K7NSzJ2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64zIq1MyjwPHdrBNmQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=z8lpvlhA63HApXIdYUt2fNdN8XFtYZsuVdyo_xysIChvJhZ0c2t8Lx6j7E0wHubrJMa46GreGDP_bVoQ0Ts7YeFlI7PKiIdfFIqsfuyD8PgclEBtOxxYpNJ36K7NSzJ2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64zIq1MyjwPHdrBNmQ==&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=z8lpvlhA63HApXIdYUt2fNdN8XFtYZsuVdyo_xysIChvJhZ0c2t8Lx6j7E0wHubrJMa46GreGDP_bVoQ0Ts7YeFlI7PKiIdfFIqsfuyD8PgclEBtOxxYpNJ36K7NSzJ2Cy_xrDBcyP5278jLRd2wtwr265F35uDAu0Td64zIq1MyjwPHdrBNmQ==&uniplatform=NZKPT&language=CHS
https://doi.org/10.5194/bg-12-4121-2015
https://doi.org/10.5194/bg-12-4121-2015
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1016/j.soilbio.2011.04.018
https://doi.org/10.1016/j.soilbio.2011.04.018
https://doi.org/10.1071/SR10009
https://doi.org/10.1080/09064710.2016.1214745
https://doi.org/10.1016/j.agee.2010.12.005
https://doi.org/10.1016/j.agee.2010.12.005
https://doi.org/10.1016/j.soilbio.2013.12.021
https://doi.org/10.1126/science.1097396
https://doi.org/10.1038/s41561-021-00852-8
https://doi.org/10.1038/s41561-021-00852-8
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1007/s11368-017-1906-y
https://doi.org/10.1111/sum.12848
https://doi.org/10.3390/ijerph15112584
https://doi.org/10.3390/ijerph15112584
https://doi.org/10.15898/j.ykcs.202404210092
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1016/j.soilbio.2011.07.020
https://doi.org/10.1016/j.soilbio.2011.07.020
https://doi.org/10.1111/j.1365-2486.2009.02044.x

Yu et al.

Major, J., Rondon, M., Molina, D., Riha, S. J., and Lehmann, J. (2010b). Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna oxisol. Plant
Soil 333, 117-128. doi: 10.1007/s11104-010-0327-0

Malhi, Y., Baldocchi, D. D., and Jarvis, P. G. (1999). The carbon balance of tropical, tem-
perate and boreal forests. Plant Cell Environ. 22, 715-740. doi:
10.1046/.1365-3040.1999.00453.x

Melillo, J. M., Steudler, P. A., Aber, J. D., Newkirk, K., Lux, H., Bowles, E. P, et al. (2002).
Soil warming and carbon-cycle feedbacks to the climate system. Science 298, 2173-2176.
doi: 10.1126/science.1074153

Nguyen, B. T., Lehmann, J., Hockaday, W. C., Joseph, S., and Masiello, C. A. (2010).
Temperature sensitivity of black carbon decomposition and oxidation. Environ. Sci.
Technol. 44, 3324-3331. doi: 10.1021/es903016y

Nguyen, T. T. N, Xu, C.-Y,, Tahmasbian, I, Che, R., Xu, Z., Zhou, X,, et al. (2017). Effects
of biochar on soil available inorganic nitrogen: a review and meta-analysis. Geoderma
288, 79-96. doi: 10.1016/j.geoderma.2016.11.004

Niu, J., Feng, Z., Zhang, W., Zhao, P,, and Wang, X. (2014). Non-stomatal limitation to
photosynthesis in Cinnamomum camphora Seedings exposed to elevated O,. PLoS One
9:€98572. doi: 10.1371/journal.pone.0098572

Palviainen, M., Berninger, E, Bruckman, V. J., Koster, K., de Assumpcao, C. R. M.,
Aaltonen, H., et al. (2018). Effects of biochar on carbon and nitrogen fluxes in boreal
forest soil. Plant Soil 425, 71-85. doi: 10.1007/s11104-018-3568-y

Pan, Y., Birdsey, R. A, Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A, et al. (2011). A
large and persistent carbon sink in the world’s forests. Science 333, 988-993. doi: 10.1126/
science.1201609

Raich, J. W,, and Schlesinger, W. H. (1992). The global carbon dioxide flux in soil respira-
tion and its relationship to vegetation and climate. Tellus Ser. B Chem. Phys. Meteorol. 44,
81-99. doi: 10.3402/tellusb.v44i2.15428

Rousk, J., Baith, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., et al.
(2010). Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME
J. 4, 1340-1351. doi: 10.1038/ismej.2010.58

Sarauer, J. L., Page-Dumroese, D. S., and Coleman, M. D. (2019). Soil greenhouse gas,
carbon content, and tree growth response to biochar amendment in western United States
forests. GCB Bioenergy 11, 660-671. doi: 10.1111/gcbb.12595

Schmidt, M. W. L, Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, L. A.,
et al. (2011). Persistence of soil organic matter as an ecosystem property. Nature 478,
49-56. doi: 10.1038/nature10386

Smith, J. L., Collins, H. P, and Bailey, V. L. (2010). The effect of young biochar on soil
respiration. Soil Biol. Biochem. 42, 2345-2347. doi: 10.1016/j.50ilbi0.2010.09.013

Spokas, K. A., Cantrell, K. B., Novak, J. M., Archer, D. W,, Ippolito, J. A., Collins, H. P,
et al. (2012). Biochar: a synthesis of its agronomic impact beyond carbon sequestration.
J. Environ. Qual. 41, 973-989. doi: 10.2134/jeq2011.0069

Frontiers in Forests and Global Change

12

10.3389/ffgc.2026.1879259

Thomas, S. C., and Gale, N. (2015). Biochar and forest restoration: a review and meta-
analysis of tree growth responses. New For. 46, 931-946. doi: 10.1007/s11056-015-9491-7

Walkiewicz, A., Kalinichenko, K., Kubaczynski, A., Brzeziniska, M., and Bieganowski, A.
(2020). Usage of biochar for mitigation of CO, emission and enhancement of CH4 con-
sumption in forest and orchard haplic Luvisol (Siltic) soils. Appl. Soil Ecol. 156:103711.
doi: 10.1016/j.aps0il.2020.103711

Wang, Y., Wang, H., Wang, Z.-L., Zhang, W., Guo, C., Wen, X, et al. (2012). Optimizing
manual sampling schedule for estimating annual soil CO, efflux in a young exotic pine
plantation in subtropical China. Eur. J. Soil Biol. 52, 41-47. doi: 10.1016/j.
€jsobi.2012.06.002

Wei, J., Li, Y., Li, J., Yan, W, Yin, Q, Jiang, H., et al. (2024). A 2-year pure biochar addition
enhances soil carbon sequestration and reduces aggregate stability in understory condi-
tions. Sci. Rep. 14:30122. doi: 10.1038/s41598-024-81232-1

Woolf, D., Amonette, J. E., Street-Perrott, F. A., Lehmann, J., and Joseph, S. (2010).
Sustainable biochar to mitigate global climate change. Nat. Commun. 1:56. doi: 10.1038/
ncomms1053

Xue, P, Hou, R, Fu, Q, Li, T,, Li, M., Liu, D., et al. (2023). Mechanisms of the effects of
the biochar application rate and time on farmland water, heat and gas environments
during soil thawing in seasonally frozen soil areas: a two-year field trial. J. Environ. Chem.
Eng. 11:110928. doi: 10.1016/j.jece.2023.110928

Yang, W,, Zhang, L., Wang, Z., Zhang, ], Li, P, and Su, L. (2025). Effects of biochar and
nitrogen fertilizer on microbial communities, CO, emissions, and organic carbon content
in soil. Sci. Rep. 15:9789. doi: 10.1038/s41598-025-94784-7

Yoshitake, S., Enichi, K., Tsukimori, Y., Ohtsuka, T., Koizumi, H., and Tomotsune, M.
(2025). Long-term effects of biochar application on soil heterotrophic respiration in a
warm-temperate oak forest. Forests 16:489. doi: 10.3390/f16030489

Zhang, A., Bian, R, Pan, G., Cui, L., Hussain, Q,, Li, L., et al. (2012). Effects of biochar
amendment on soil quality, crop yield and greenhouse gas emission in a Chinese rice
paddy: a field study of 2 consecutive rice growing cycles. Field Crop Res. 127, 153-160.
doi: 10.1016/j.fcr.2011.11.020

Zheng, H., Wang, Z., Deng, X., Zhao, J., Luo, Y., Novak, J., et al. (2013). Characteristics
and nutrient values of biochars produced from giant reed at different temperatures.
Bioresour. Technol. 130, 463-471. doi: 10.1016/j.biortech.2012.12.044

Zhou, G., Zhou, X., Zhang, T., Du, Z., He, Y., Wang, X,, et al. (2017). Biochar increased
soil respiration in temperate forests but had no effects in subtropical forests. For. Ecol.
Manag. 405, 339-349. doi: 10.1016/j.foreco.2017.09.038

Zimmerman, A. R, Gao, B., and Ahn, M.-Y. (2011). Positive and negative carbon miner-
alization priming effects among a variety of biochar-amended soils. Soil Biol. Biochem.
43, 1169-1179. doi: 10.1016/j.s0ilbio.2011.02.005

Zu, H., Deng, Z., Liu, X, Luo, J., Chen, Y, Yi, M,, et al. (2025). Effects of biochar on soil
respiration mediated by rainfall events: evidence from one-year field experiment in an
urban forest. Ecol. Process. 14:1. doi: 10.1186/s13717-024-00571-z

frontiersin.org


https://doi.org/10.3389/ffgc.2026.1879259
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://doi.org/10.1007/s11104-010-0327-0
https://doi.org/10.1046/j.1365-3040.1999.00453.x
https://doi.org/10.1126/science.1074153
https://doi.org/10.1021/es903016y
https://doi.org/10.1016/j.geoderma.2016.11.004
https://doi.org/10.1371/journal.pone.0098572
https://doi.org/10.1007/s11104-018-3568-y
https://doi.org/10.1126/science.1201609
https://doi.org/10.1126/science.1201609
https://doi.org/10.3402/tellusb.v44i2.15428
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1111/gcbb.12595
https://doi.org/10.1038/nature10386
https://doi.org/10.1016/j.soilbio.2010.09.013
https://doi.org/10.2134/jeq2011.0069
https://doi.org/10.1007/s11056-015-9491-7
https://doi.org/10.1016/j.apsoil.2020.103711
https://doi.org/10.1016/j.ejsobi.2012.06.002
https://doi.org/10.1016/j.ejsobi.2012.06.002
https://doi.org/10.1038/s41598-024-81232-1
https://doi.org/10.1038/ncomms1053
https://doi.org/10.1038/ncomms1053
https://doi.org/10.1016/j.jece.2023.110928
https://doi.org/10.1038/s41598-025-94784-7
https://doi.org/10.3390/f16030489
https://doi.org/10.1016/j.fcr.2011.11.020
https://doi.org/10.1016/j.biortech.2012.12.044
https://doi.org/10.1016/j.foreco.2017.09.038
https://doi.org/10.1016/j.soilbio.2011.02.005
https://doi.org/10.1186/s13717-024-00571-z

	Contrasting first-year and tenth-year responses of soil CO2 efflux and soil carbon storage indicators to biochar addition in plantation forests
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental setup and soil analysis
	2.3 Soil CO2 efflux, photosynthesis, and growth parameters measurement
	2.4 Statistical analysis

	3 Results
	3.1 Direct effects of biochar addition on soil carbon components and soil CO2 efflux
	3.2 Plant photosynthetic performance and growth responses under biochar addition
	3.3 Indirect pathways through which biochar addition affects soil CO2 efflux

	4 Discussion
	4.1 Contrasting first-year and tenth-year plant photosynthetic and growth responses to biochar amendment
	4.2 Contrasting first-year and tenth-year responses of soil carbon fractions and microbial biomass
	4.3 Contrasting soil and plant associations with soil CO2 efflux between the first and tenth years

	5 Conclusion

	Acknowledgments
	References

