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Introduction: As a soil amendment, Bamboo charcoal helps to contributes to the
improvement of soil carbon sequestration, but its effect on the accumulation and
transformation of different soil organic carbon in soil of karst forests is not clear.

Methods: The research focused on three distinct forest land succession stages:
virgin forest, secondary forest, and planted forest. A 60-day indoor constant
temperature culture experiment was conducted, applying bamboo charcoal to
the soil of the three forest lands at four different addition ratios: 0%, 1.0%, 2.0%,
and 4.0%. The analysis aimed to study the characteristics of SOC mineralization,
different carbon fractions of organic carbon, and soil enzyme activity.

Results: The findings revealed that bamboo charcoal application led to an
increase in the organic carbon (SOC) content within the three forest soils.
Moreover, the organic carbon content showed an increase corresponding to
the increased proportion of bamboo charcoal, with the highest SOC content
observed in the planted forest land with 4.0% bamboo charcoal. The overall
performance of the Co/SOC value in the three forest soils was ranked as follows:
planted forest < secondary forest < virgin forest (Cq: the mineralization potential
of soil organic carbon). In both planted and secondary forest soils, the Co/SOC
value increased after the application of bamboo charcoal. However, in the virgin
forest soil, the application of 1.0% and 4.0% bamboo charcoal reduced the Co/
SOC value, while the application of 2.0% bamboo charcoal increased the Co/SOC
value. Particularly the Co/SOC value of the planted forest soil without bamboo
charcoal was the smallest at 0.047, whereas that in the virgin forest soil with 2.0%
bamboo charcoal had the largest value at 0.161.

Discussion: Herein, appropriate human intervention can enhance the carbon
sequestration potential of forest soil, in different succession stages within the
karst area. However, the external application of bamboo charcoal does not
significantly improve the carbon sequestration potential in the planted and
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secondary forest. Notably, applying a higher proportion (4.0%) of bamboo charcoal
can enhance the organic carbon sequestration potential, particularly in the virgin
forest soil, representing the climax community of forest succession.
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karst, soil organic carbon, forest land, bamboo charcoal, enzyme activity
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GRAPHICAL ABSTRACT

1 Introduction

The karst areas in China are the largest in the world (Song et al.,
2014), and the southwestern region of China is the most
2020).
Currently, the contradiction between population and land is very

concentrated distribution areas of karst (Teng et al,

prominent, and the predatory activities of destroying the vegetation
cover of the mountains occur occasionally (Zhang et al, 2013).
However, the different intensities of anthropogenic disturbances can
change the soil carbon sequestration capacity, which affects the
carbon cycle in soil ecosystems (Chen et al., 2015). Accordingly,
further understanding the effect of anthropogenic disturbance
intensity on forest soil carbon sequestration at different
successional stages in karst areas is of great significance for
evaluating the carbon sink function of forest soils.

China is one of the world’s largest producers of bamboo, the
current research on bamboo is mostly focused on medicinal food,
However, a
considerable proportion of bamboo is either discarded in forests

or utilized as fuel, leading to both resource wastage and severe

construction and other aspects (Yang, 2022).

environmental pollution (Zheng et al., 2021). Biochar mitigates
climate change and improves soil quality due to its high carbon
content and its stability (Pei et al., 2021). Therefore, bamboo was
selected as the raw material and was prepared to generate bamboo

charcoal by high temperature cracking under oxygen-limited
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conditions, which is characterized by fine pores, large specific
surface area and excellent adsorption properties (Yang et al,
2011). The current research shows that bamboo charcoal added
to agricultural soils can improve soil physicochemical properties,
increase soil carbon storage, and increase the carbon sink function of
soils (Marris, 2006; Theis and Rillig, 2009; Zwieten et al., 2010).
Bamboo charcoal has been shown to have a positive impact on soil
quality, but further research is necessary to investigate its application
effect on forest soil carbon sequestration at different successional
stages in karst areas. Therefore, we hypothesized that the application
of bamboo charcoal to karst forestland soils could increase the
organic carbon content of soils and improve the carbon
sequestration capacity of forestland soils.

Soil organic carbon is the largest carbon pool in terrestrial
ecosystems and can evaluate soil quality conditions (Groenigen
et al, 2014). Reactive organic carbon (microbiomass carbon,
water-soluble organic carbon, and readily oxidizable organic
carbon) is an important in soil nutrient
mineralization, cycling, and energy release (Franzluebbers et al,
2017), and is able to respond to the rate of decomposition and the
level of microbial activity of soil organic carbon (Li et al., 2010).

Soil organic carbon mineralization is the most important

participant

biochemical process in soil, which is directly related to the
release and supply of soil nutrients and the maintenance of soil
quality (Lii et al., 2019). Soil enzymes (sucrase, urease and catalase)

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1411122

Hu et al.

are catalysts for most of the biochemical reactions in the soil and
reflect the level of soil fertility and its metabolism of organic matter
(Zhang P. P. et al,, 2018). Therefore, the amount of organic carbon
mineralization, organic carbon and its different carbon fractions, and
soil enzyme activity were selected as the indicators measured in this
study to reflect the effects of bamboo charcoal application on soil
microbial activity in the forest floor as well as the stability of the soil
carbon pool.

This study selected soil from three distinct forest succession
stages—typically planted forests, secondary forests, and virgin
forests in Hechi, Guangxi, China—as its focal point. Different
proportions of bamboo charcoal were utilized to analyze the
influence of bamboo charcoal on soil mineralization across these
three forest succession stages. This analysis aimed to provide a
theoretical foundation regarding the influence of exogenous carbon
on soil carbon sequestration in karst forest land.

2 Materials and methods
2.1 Overview of the study area

The study area resides in Huanjiang County, Guangxi, a
concentrated area of karst in southwest China. This area has cone-
shaped mountains and an exposed pure limestone mountain
environment, representing a mid-subtropical monsoon climate
zone. Its average annual temperature is 15.7°C, with an average of
10.1°C and 28°C in January and July, respectively, and the minimum
temperature reaches —5.2°C over the years. The frost-free period is
290 days, with an average annual sunshine duration of 145.1 h. The
area experiences an average annual rainfall of 1389.1 mm, mainly
concentrated from April to September, accounting for 70% of the
annual rainfall. Moreover, the average evaporation is 1571.1 mm, with
an average relative humidity of 70% (Song et al., 2010).

2.2 Sample collection and processing

This research particularly targeted three forest soil types—virgin
forest (DV), secondary forest (DS), and planted forest (DP). The
0-20 cm surface soil of the sample plots was sampled by using the
plum blossom five-point sampling method. Subsequently, the soil of
the sampled stand was cleaned of plant and animal debris and gravel,
following which it was air-dried and sieved for 2 mm for further
testing. The basic physical and chemical properties as detailed in
Supplementary Table S1. During field sampling, factors such as
altitude, slope, and aspect remained similar among the soil samples
collected from each forest land. The collection of forest soil samples
was completed in November 2021.

2.3 Experimental design and methods

The study selected soil from karst areas within virgin forest,
secondary forest, and planted forest, applying bamboo charcoal in
proportions of 0%, 1.0%, 2.0%, and 4.0% (by mass). The bamboo
charcoal utilized was sourced from Guilin Ruizhu Ecological
Agriculture Co., Ltd. (temperature: 500°C, time: 2 h). The
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crushed bamboo charcoal was sieved to 0.25 mm and mixed with
soil. Three replicates were set for each treatment, resulting in a total
of 36 forest soil samples.

In the forest soil culture experiment, 1 kg of air-dried forest soil
sample that was sieved using a 2-mm sieve was collected in a 2-L
polyethylene bottle. Varying proportions of bamboo charcoal were
applied to the forest soil according to the experimental design and were
mixed evenly. Deionized water was then added to maintain the water-
holding capacity of the forest soil at approximately 40%. The
polyethylene bottles containing the soil-charcoal mixture were
incubated at 25°C for 60 days, and soil samples were collected at
intervals of 1, 3, 8, 15, 25, 40, and 60 days for analysis. Each time, the
amount of dirt is approximately 100 g. Fresh soil samples were either
kept in a refrigerator at —4°C (Measured within 48 h) or were promptly
evaluated for microbial carbon, water-soluble organic carbon, and
enzyme activity. To
characteristics of the soil, further soil samples are air-dried and sieved.

ascertain the physical and chemical

The soil samples was placed in a 500 mL polyethylene bottle with
50 g of air-dried woodland soil sieved through a 2 mm sieve. The
same treatments were used as in the soil cultivation test.
Simultaneously, the beaker containing 10-mL NaOH (0.5 mol-L™")
absorption solution was placed in a 500-mL culture flask, after which
the flask was sealed and incubated in a constant temperature
incubator at 25°C. CO, release from each forest soil sample was
determined by BaCl,-HCl titration on days 1, 3, 8, 15, 25, 40, and 60.

2.4 Assay method

2.4.1 Characterization determination of
bamboo charcoal

The pH of bamboo charcoal was determined using the
potentiometric method, while conductivity was measured through
electrode methodology. Cation exchange capacity (CEC) was
method
employing cobalt hexamine trichloride. The surface morphology

evaluated using the extraction-spectrophotometric
of the bamboo charcoal was characterized using the Hitachi Regulus
8100 field-emission scanning electron microscope (SEM). The
functional groups on the bamboo charcoal surface were analyzed
using Brook ALPHALL infrared spectroscopy.

2.4.2 Determination of forest soil index

Physicochemical  properties were assessed using the
methodology outlined by Bao (2000). Volume weight was
measured using a 100 cm’ ring knife. pH was determined using
the pH meter (water-to-soil ratio = 2.5:1). Conductivity was
measured using the electrode method. CEC was evaluated using
the BaCl,-H,SO, exchange method. Available potassium content
was determined using the 1 mol-L"! ammonium acetate extraction-
flame photometer method. Available phosphorus content was
determined using the sodium carbonate extraction-molybdenum
antimony anti-spectrophotometric method. Ammonia nitrogen
content was assessed using the potassium chloride solution
extraction-spectrophotometry method.

The determination of active carbon components included the
assessment of microbial biomass carbon (MBC) content using the
chloroform fumigation extraction method. Soil organic carbon (SOC)

content was determined using the potassium dichromate volumetric
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external heating method. Dissolved organic carbon (DOC) content was
evaluated by weighing 2 g of fresh soil sample mixed at a water-to-soil
ratio of 5:1, after which the sample was subjected to agitation at 25°C
and 250 r-min™ for 1 h, and passed through a 0.45-um filter membrane.
The DOC content was determined using a carbon automatic analyzer.
The content of readily oxidizable organic carbon (ROC) was assessed
using the potassium permanganate oxidation (333 mmol-L") process.
Soil organic carbon mineralization was determined by alkali absorption
(BaCl,-HC titration) (Lu, 2000).

Soil enzyme activity determination primarily followed the methods
outlined by Guan (1986). Catalase activity was determined by
potassium permanganate titration, urease activity through the
phenol sodium-sodium hypochlorite colorimetric method, and
sucrase activity using the 3,5-dinitrosalicylic acid method.

2.5 Data processin

The experimental data were initially analyzed and organized in
Excel 2019 and plotted using Origin Pro2022 software. Statistical
analyses were performed using IBM SPSS Statistics 22 with one-way
ANOVA to test the significance of differences between microbial
amount carbon and water soluble organic carbon at the level of
significance (p < 0.05). Correlation analysis was performed with
Pearson’s coefficient. The data in the chart are presented as mean +
standard deviation.

3 Result

3.1 Structural characteristics of
bamboo charcoal

The basic properties and element content of bamboo charcoal
are shown in Supplementary Table S2.

As shown in Supplementary Figure S1. The Supplementary Figure
S1A shows the SEM-energy spectrum analysis of bamboo charcoal. The
figure illustrates a surface structure displaying a complete block
structure, smooth surface, evident tubular structure, and a uniformly
dense void structure (Li et al., 2020). The Supplementary Figure S1B
presents the Fourier transform infrared (FTIR) spectrum of bamboo
charcoal. The absorption peaks observed in FTIR provide evidence of
functional groups on the bamboo charcoal surface (Ting et al,, 2017).
The figure indicates that there are fewer functional groups on bamboo
charcoal, with peaks appearing solely at 1579.68 cm ™ and 1045.03 cm ™.
The absorption peak near 1579.68 cm ' signifies the stretching vibration
of C = O, indicating the presence of ring opening, ketones, or aldehydes
(Li et al,, 2020). The absorption peak around 1045.03 cm™" belongs to
the —CO stretching vibration of alcohol and aromatic compounds
(Wang et al,, 2013).

3.2 Effect of bamboo charcoal on the
physical and chemical properties of
forest land

As shown in Supplementary Table S3. The application of bamboo
charcoal decreased the soil pH of the planted forest and virgin forest,
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and increased the soil pH of the secondary forest. The pH values of the
two types of forestland soils, planted forest and secondary forest, were
around 7.0 and overall neutral, while the pH values of the virgin forest
forestland soils ranged from 5.5 to 6.5 and were overall weakly acidic.
The application of bamboo charcoal decreased the CEC content of both
virgin and planted forests soils, and the application of 2.0% bamboo
charcoal decreased the CEC content of virgin and planted forests soils
the least, by 1.12 cmol'kg” and 18.53 cmol-kg’, respectively. The
application of 4.0% bamboo charcoal increased the CEC content of
forest soils in secondary forests, by 49.33 cmol-kg™. The application of
bamboo charcoal decreased the AP content of two types of forest soils,
planted forest and secondary forest, with the AP content of forest soils
in planted forest decreasing by 36.50%-46.00% and that of forest floor
soils in secondary forest decreasing by 15.00%-24.00%. The application
of 4.0% bamboo charcoal increased the AP content of the forest soil of
virgin forest by 5.79 mg-kg™. The AP content of the three forest soils
showed the following pattern: virgin forest > secondary forest > planted
forest. The application of bamboo charcoal increased the AK content
and decreased the ammonia nitrogen content of the three forest soils.
The AK content increased with the increase in bamboo charcoal
application. Compared with DP, DS, and DV, the AK content of
4% DV increased the most with 258.7 mgkg”, and the AK content of
1% DS increased the least with 40.66 mg-kg™. Compared with DP, DS,
and DV, the ammonia nitrogen content of 2% DS decreased the least
with 247.50 mgkg’, and the ammonia nitrogen content of 2% DS
decreased the most with 800.69 mgkg".

3.3 Mineralization characteristics of soil
organic carbon in the forest land after the
application of bamboo charcoal

3.3.1 Effect of bamboo charcoal application on soil
mineralization rate in forest land

As shown in Supplementary Figure S2. The application of bamboo
charcoal significantly increased the mineralization rate of forest soil, and
the mineralization rate of forest soil showed a downward trend during
the culture period. The mineralization rate of forest soil decreased
rapidly in the early culture period and tended to be stable in the late
culture period. After 1 day of cultivation with bamboo charcoal, the
mineralization rate of the three forest soil types was the highest, and the
mineralization rate of 1% DP was the highest, and the mineralization
rate of 392.0 mg-kg'-d"', 2% DV was the lowest, and the mineralization
rate was 227.7 mg-kg™-d™.

3.3.2 Effect of applying bamboo charcoal on the
cumulative emission of carbon dioxide in
forest land

As shown in Supplementary Figure S3. The application
increased the cumulative mineralization, showing a significant
increase in the early culture stage before stabilization. Soil treated
with 4.0% bamboo charcoal displayed slightly higher cumulative
mineralization than other treatments. At the end of cultivation,
compared with DP, the cumulative mineralization of 1% DP, 2% DP,
and 4% DP increased by 48.53%, 56.94%, and 52.34%, respectively.
Similarly, compared with DS, the cumulative mineralization of 1%
DS, 2% DS, and 4% DS increased by 2027.6 mg-kg™, 2031.5 mg-kg ',
and 2404.7 mgkg', respectively. Additionally, the cumulative
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mineralization of 1% DV, 2% DV, and 4% DV was 1.64, 1.63, and
1.69 times that of DS.

The first-order kinetic equation used for fitting is expressed as
C, = Cy (1-e™) (C, denotes the amount of carbon dioxide released
from organic carbon mineralization in an ideal state, and K denotes
the rate constant of carbon mineralization in the soil). The kinetic
parameters of soil carbon mineralization are presented in
Supplementary Table S4. Apart from the simulation fitting
correlation coefficient R*> = 0.84 for 1% DP and 2% DP, the
simulation fitting correlation coefficient R* > 0.95 for other
treatments indicated a good fitting effect. The soil carbon
mineralization rate of 1% DP, 2% DP, and 4% DP after bamboo

! which is

charcoal application ranged from 0.049 to 0.069 days™
lower than the DP (0.120). Similarly, the soil carbon mineralization
rates of 1% DS, 2% DS, and 4% DS were 0.031-0.034 days™', and the
K values were less than that of DS (0.076). Moreover, the soil carbon
mineralization rate of 1% DV, 2% DV, and 4% DV ranged from
0.024 to 0.036 days™" after applying bamboo charcoal to virgin forest
soil. Notably, the K value of 1% DV was greater than the DV (0.035),
while 2% DV and 4% DV were lower than the DV (0.035). Bamboo
charcoal application significantly increased the potential
mineralization of Cy/SOC in the three forest soils (the Co/SOC
value indicates the proportion of soil organic carbon consumed by
soil organic carbon mineralization degradation). In planted and
secondary forest soils, bamboo charcoal augmented the Co/SOC of
the forest soil. However, in virgin forest soil, the Co/SOC value of 4%
DV was the smallest at 0.120.

3.4 The effect of bamboo charcoal on soil
organic carbon and its carbon components
in forest land

3.4.1 Effects of bamboo charcoal application on
soil organic carbon (SOC) in forest land

As shown in Supplementary Figure S4. Bamboo charcoal
application resulted in a notable increase in the organic carbon
content within the forest soil. Among the three forest soil types, the
organic carbon content in the planted forest soil surpassed that of
the other two forest types. The effect of bamboo charcoal application
on organic carbon content was in the following order: 4.0% bamboo
charcoal >2.0% bamboo charcoal >1.0% bamboo charcoal >0%
bamboo charcoal. The organic carbon levels in planted forest soil
peaked on the 8th day of cultivation, measuring 68.782 g-kg™ (1%
DP), 70.616 g-kg™' (2%DP), and 89.416 g-kg" (4%DP), respectively.
The soil from virgin and secondary forests exhibited a fluctuating
trend, initially decreasing and then ascending over the cultivation
period, reaching its lowest point on the 40th day. On that day, the
organic carbon contents of 1% DV, 2% DV, and 4% DV were
20.128 g-kg, 22.579 gkg', and 35.223 g-kg", respectively. On the
same day, the organic carbon contents of 1% DS, 2% DS, and 4% DS
were 40.950 g-kg', 42.041 gkg', and 41.314 gkg, respectively.

3.4.2 Effects of bamboo charcoal application on
soil microbial biomass carbon (MBC) in forest land
As shown in Supplementary Figure S5. The MBC content
notably increased in planted forest soil after the application of
bamboo charcoal. By the end of the cultivation period, the MBC
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content in 1% DP, 2% DP, and 4% DP was 4.7, 3.7, and 4.4 times
higher than that of DP, respectively. In secondary and virgin forest
soils, the MBC content displayed fluctuations after bamboo charcoal
application. For instance, at 60 days of cultivation, compared to day
one, the MBC content in DS, 1% DS, 2% DS, and 4% DS increased
by -22520 mgkg', 493.85 mgkg', 341.34 mgkg', and
531.78 mgkg”’, respectively. Notably, 1% DV and 4% DV had
the lowest MBC content on day one, measuring 56.59 mgkg"
and 114.22 mgkg", respectively, but reached maximum levels on
the 60th day, measuring 704.67 mgkg"' and 582.89 mgkg’,
respectively. The MBC content in 2% DV reached its minimum
value (228.15 mg-kg") on the 8th day but peaked on the 40th day
(684.00 mg-kg™") of cultivation.

3.4.3 Effects of bamboo charcoal application on
soil dissolved organic carbon (DOC) in forest land

As shown in Supplementary Figure S6. In both planted and
secondary forest soils, the early application of bamboo charcoal
(1-25 days) decreased the DOC content, while its later application
(40-60 days) increased the DOC content. On the 25th day of
cultivation, the maximum 1% DP value recorded was 487.27 mg-kg"
!, whereas on the 40th day, the maximum 2% DP and 4% DP values
were 607.00 mgkg' and 581.70 mgkg”’, respectively. The highest
values for 1% DS, 2% DS, and 4% DS were observed on the 40th
day, measuring 846.50 mgkg’, 835.60 mgkg’, and 715.73 mgkg’,
respectively. After incubation, the DOC content of 1% DS, 2% DS, and
4% DS was 3.84, 3.31, and 2.81 times higher than that of DS,
respectively. When bamboo charcoal was applied to virgin forest
soil, the DOC content decreased in the initial 3 days but increased
from days 8-60. Ultimately, the DOC content of DV, 1% DV, 2% DV,
and 4% DV increased by —19.31%, 268.20%, 119.03%, and 76.41%,
respectively.

3.4.4 Effects of bamboo charcoal application on
readily oxidizable organic carbon (ROC) in
forest land

As shown in Supplementary Figure S7. Overall, the application
of bamboo charcoal increased the content of readily oxidizable
organic carbon in the forest soil. In the planted forest, the trend
of ROC content exhibited a decrease after bamboo charcoal
application, reaching its peak on the 40th day, with values of
55264 mgkg' (4% DP), 57.349 mgkg' (2% DP), and
62.562 mgkg' (1% DP). However, the secondary forest soil
showed different changes during the culture period. On the 40th
day, 1% DS reached its maximum value at 67.775 mg-kg™, while 4%
DS reached its minimum value at 25.031 mg-kg™. In the virgin forest
soil, the ROC contents of 1% DV, 2% DV, and 4% DV reached their
minimum on the 15th day of culture, measuring 21.584 mg-kg’,
15.329 mgkg', and 20.541 mgkg™, respectively.

3.5 Effect of bamboo charcoal on soil
enzyme activity in forest land

As shown in Supplementary Figure S8. The effects of bamboo
charcoal on urease, sucrase, and catalase activities in forest soil varied
distinctly. Following the application of bamboo charcoal, the urease
activity in the forest soil exhibited a declining trend during the
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incubation period, showcasing a reduction due to bamboo charcoal
application. Across the three types of forest soil, urease activity was
ranked as follows: planted forest > secondary forest > virgin forest. On
the third day of incubation, the urease activity peaked at
1.742 mgkg'-d™, 1.013 mgkg'-d™, and 1.294 mgkg"-d™" for 1%
DS, 2% DS, and 4% DS, respectively. Conversely, the application of
bamboo charcoal amplified sucrase activity in forest soil, indicating an
upward trajectory during the incubation period. The peak values for 1%
DP, 2% DP, and 4% DP were recorded on the 8th day of incubation,
measuring  180.659  gkg'.d', 180782 gkg'd"', and
196487 gkg'-d™', respectively. After the cultivation period, the
sucrase activity for 1% DS, 2% DS, and 4% DS was 2.64, 1.87, and
2.15 times higher than that of DS, respectively. Similarly, for 1% DV, 2%
DV, and 4% DV, the sucrase activity escalated to 337.581 g-kg™'-d™’,
342427 gkg'-d™', and 347.457 g-kg-d”', respectively. The effect of
bamboo charcoal on catalase activity within the forest soil exhibited
varying patterns. Initially, catalase activity remained relatively stable
during the early phase of incubation. However, substantial changes were
observed during the later stages. By the end of the incubation period,
catalase activity for 1% DV, 2% DV, and 4% DV surged by
1.35 mgg “h™" compared with DV. Moreover, the catalase activity
for planted forest and secondary forest soil, after bamboo charcoal
application increased by 1.77 times compared with the forest soil
without bamboo charcoal. Among the increments, the smallest
increase was observed in 1% DP, which was 1.26 times that of DP
by the end of the incubation period.

3.6 Analysis of relationship

As shown in Supplementary Figure S9. Deeper shades of red
indicate a stronger positive correlation between indicators, while
deeper shades of blue signify a more significant negative correlation.
In the soil of planted forest land, notable positive correlations were
observed between pH, SOC with ammonia nitrogen, CEC.
Additionally, AP demonstrated a significant positive correlation
with CEC. Conversely, DOC, MBC exhibited significant negative
correlations with CEC, ammonia nitrogen, while SOC showed a
significant negative correlation with DOC, ROC. In the soil of the
secondary forest, a significant negative correlation was observed
between DOC and pH. SOC exhibited positive correlations with pH,
AK, CEC, ammonia nitrogen, and ROC. In virgin forest land, SOC
displayed a significant positive correlation with pH, AK. Moreover,
DOC exhibited a significant positive correlation with sucrase
activity, while ammonia nitrogen showed a significant negative
correlation with DOC and sucrase.

4 Discussion

4.1 The effect of bamboo charcoal on the
physical and chemical properties of
forest land

Soil pH is a measure of the H* ions in the soil solution (Seliskar,
1992) and plays a pivotal role in controlling SOC changes (Peng et al.,
2018). The application of bamboo charcoal reduced the pH of the soil in
two types of forestland soils: virgin and planted forests. This may be due
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to the fact that chemical oxidation and microbial decomposition of
bamboo charcoal produce acidic compounds that contribute to
lowering soil pH, and organic acids dissociate H+ from acid
functional groups, thus lowering the pH of forest soils (Mihoub
et al, 2022). CEC reflects the ability of soil to retain positively
charged ions (Khaledian et al, 2017; Emamgholizadeh and
Mohammadi, 2021). In this study, the application of bamboo
charcoal reduced the CEC content of the soil in both forested and
native forests, probably because the organic matter enriched the soil
with humic and xanthic acids, which blocked the intrinsic voids of
bamboo charcoal and prevented it from the next step of physical
adsorption. The application of 4.0% bamboo charcoal increased the
CEC content in the soil of secondary forest stands, which might be
attributed to the transitional state of the secondary forest between the
planted and virgin forests. The charged ions in the soil are more active,
and the larger specific surface area and surface negative charge of more
bamboo charcoal (4.0%) facilitate the adsorption of inorganic ions and
polar or nonpolar organic compounds (Wu, 2015), consequently
elevating the CEC content of the secondary forest soil.

The ability of soil to store and supply phosphorus and potassium
can be gauged by the levels of available phosphorus and potassium (Jing
etal,, 2020). In this study, the application of bamboo charcoal decreased
the overall available phosphorus content in the forest soil while
increasing the available potassium content. Moreover, the proportion
of bamboo charcoal correlated positively with the increase in available
potassium content in the forest soil. The decline in the available
phosphorus content due to bamboo charcoal application may be
attributed to the high pyrolysis temperature, which encourages the
accumulation of thermally stable carbon (predominantly aromatic C),
or the elevated temperature causing reduced acidity due to increased
levels of Ca** and Mg*". This alteration promotes the adsorption of P
(Ngatia et al,, 2017). Across the three types of forest soil studied, the
virgin forest soil exhibited higher levels of available phosphorus and
potassium than the soil of planted and secondary forests. The
undisturbed nature of virgin forest soil, untouched by human
interference, accounted for its elevated background values of
available potassium and available phosphorus. The application of
bamboo charcoal reduced the ammonia nitrogen content of forest
soils in three forest soils. Due to the application of bamboo charcoal,
which increased the C/N ratio in the soil, reduced the rate of
mineralization of nitrogen fertilizers in the soil at the rate of profit
(Manirakiza et al., 2019), and reduced the ammonia nitrogen content of
forest soils (Tammeorg et al., 2014).

4.2 The change of mineralization
characteristics of soil organic carbon in
forest land by applying bamboo charcoal

The rate of mineralization in bamboo charcoal was higher in
both planted and secondary forests than in virgin forests. Virgin
forests, undisturbed by human activities, typically maintain a
conducive environment for SOC storage, resulting in lower
mineralization rates. However, bamboo charcoal application
increased the mineralization rate in forest soil. This increase
could be attributed to bamboo charcoal, produced through
pyrolysis, which contains easily decomposable organic carbon
components. These components might offer available carbon
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sources for forest soil microorganisms, stimulating microbial
activity and subsequently elevating the mineralization rate of
forest soil. Notably, the highest mineralization rate of bamboo
charcoal occurred on the first day in all three forest soils. This
initial spike could be attributed to the interference of bamboo
charcoal in the local carbon pool, triggering soil microorganisms’
activity, biodegrading biochar components, and intensifying carbon
dioxide release (Blagodatskaya and Kuzyakov, 2008).

Soil with biochar demonstrated higher carbon dioxide emissions
than soil without biochar (Amin, 2020). In this study, bamboo charcoal
application significantly increased the cumulative mineralization in
three forest soils. Moreover, the cumulative mineralization of forest
soil increased with the percentage of bamboo charcoal application. This
is mainly attributed to the applied bamboo charcoal being rich in fibers,
which provide the microorganisms with nutrients and energetic
substances needed for organic mineralization. Hence, a higher
application of bamboo charcoal yields more nutrients.

In this study, the cumulative mineralization process of SOC in each
treatment was fitted using first-order kinetics. The Co/SOC value
represents the proportion of organic carbon consumed by
mineralization and degradation. A smaller Co/SOC value indicates a
stronger carbon sequestration capacity in soils (Nie et al., 2018). The Co/
SOC of DP and DS was the smallest, 0.047 and 0.063, respectively, in
both forest soils of planted and secondary forests, and the application of
bamboo charcoal increased the carbon transformation in soils of both
planted and secondary forests and decreased the carbon sequestration
in forest soils. In the virgin forest soil, the forest soil applied with 4%
bamboo charcoal exhibited the smallest Cy/SOC value of 0.12,
suggesting that a 4% bamboo charcoal application in the virgin
forest benefited forest soil carbon sequestration.

4.3 The effect of bamboo charcoal on the
active components of soil organic carbon in
forest land

The application of bamboo charcoal led to an increase in the
organic carbon content of forest soil. Additionally, the organic
carbon content increased with higher proportions of bamboo
charcoal, consistent with the findings reported Yuan et al. (2022)
and Dong et al. (2018). This phenomenon may be due to bamboo
charcoal’s inherent richness in carbon, rapidly becoming a source of
forest SOC upon application, thereby directly elevating the SOC
content (Ding et al., 2023). It can also be attributed to the formation
of microaggregates between the porous structure of bamboo
charcoal and soil minerals, which provide physical protection for
soil organic carbon, thus increasing the content of soil organic
carbon (Weng et al,, 2017).

Soil MBC originates from the breakdown of soil organic matter, soil
microorganisms, and their metabolites (Zhang et al., 2018). Bamboo
charcoal application into the soil of planted forests notably increased the
overall MBC content. This increase might be attributed to the bamboo
charcoal application, which heightened the carbon content of the forest
soil. Consequently, this influx of carbon could have provided a
substantial carbon source, invigorating microbial activity (Elfstrand
et al, 2007), and, consequently, enhancing the assimilation of more
organic carbon. Observations from both secondary and virgin forest
soils indicated a reduction in the organic carbon content following
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bamboo charcoal application, occurring on the 25th day (secondary
forest) and the 15th day (virgin forest). This decrease might be due to
the relatively minor human-induced disturbance in forest soil. Organic
carbon stability tends to be higher in such conditions. However, the less
stable organic carbon components could have been partially consumed
or mineralized due to bamboo charcoal application, leading to a
reduction in the MBC content of forest soil (Huang et al., 2021).

DOC is typically the most easily utilized organic carbon
component by soil microorganisms (Santos et al., 2012). Initially,
the DOC content in the three forest soils was higher than that of
bamboo charcoal. Conversely, in the later stages of cultivation, the
opposite was observed. The early decline in DOC content following
bamboo charcoal application might be due to DOC adsorption onto
the bamboo charcoal surface or its penetration into the microporous
structure, where microorganisms degrade it (Li et al., 2017). These
findings align with those reported by Lu et al. (2014). In the later
stages, the absence of bamboo charcoal resulted in a lower DOC
content in the forest soil without bamboo charcoal than in the forest
soil with bamboo charcoal application. This could be attributed to
the active organic carbon components present in bamboo charcoal,
promoting the transformation of stable carbon components and
leading to increased DOC content (Ye and Horwath, 2017).

ROC constitutes the fastest turnover component within the SOC
(Yang et al, 2012). However, the effects of bamboo charcoal
application on the ROC content in forest soil varied in this
study. The discrepancy from the findings reported by Ke et al.
(2014) might be due to differences in pyrolysis temperature and raw
materials (Qi et al., 2022), resulting in distinct effects on the ROC
content in forest soil following various proportions of bamboo
charcoal application.

4.4 The effect of bamboo charcoal on soil
enzyme activity in forest land

The study conducted by Chang et al. (2016) revealed that applying
biochar reduced soil urease activity, aligning with the results observed in
this study. Bamboo charcoal application suppressed urease activity in
forest soil. On the one hand, this effect might be attributed to the
numerous charges on the surface of bamboo charcoal and its large pore
size, which could lead to enzyme adsorption, consequently reducing
urease activity; on the other hand, the pH level of forest soil may have
played a role; when the pH value is higher than the isoelectric point of
the enzyme, bamboo charcoal tends to adsorb more enzymes (Foster
et al, 2018). Soil organic matter profoundly affects sucrase activity (Li
etal., 2005). In this research, bamboo charcoal application increased the
organic carbon levels in forest soil. Throughout the later stage of the
study, a consistent upward trend in the organic carbon content of the
soil was observed. The application of bamboo charcoal also amplified
the invertase activity within the forest soil. Even during the later phase of
the study, invertase activity continued to show a positive incline.
Overall, the application of bamboo charcoal had a positive effect on
enhancing catalase activity. This enhancement might be attributed to
the alteration of the forest soil’s microbial environment due to the
bamboo charcoal application. This alteration likely increased the
available nutrients for microorganisms, consequently heightening
microbial activity and catalase levels, aligning with findings from
Masto et al. (2013). However, on the 15th day of the study, distinct

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1411122

Hu et al.

variations in catalase activity were observed within the disturbed forest
soil that had been planted. This disparity might be due to the bamboo
charcoal application’s influence on stabilizing soil organic carbon and
elevating soil organic acid content. Notably, increased acidity in the soil
might have an inhibiting effect on catalase activity (Wang et al., 2023).

5 Conclusion

(1) The application of bamboo charcoal increased the quick-acting
potassium content and decreased the ammonia nitrogen and
quick-acting phosphorus content of the forest soils as a whole.
Among the three woodland soils, the application of 4.0%
bamboo charcoal increased the quick-acting phosphorus
content of the primary forest woodland soil by 5.79 mgkg".
The application of 4.0% bamboo charcoal promoted the
fixation of cations in the secondary forest woodland soil and
increased the CEC content of the woodland soil.

—
S
~

Among the three forest soils, virgin forest soil exhibited the
least cumulative mineralization. Bamboo charcoal application
augmented the mineralization rate and cumulative
mineralization of forest soil but did not alter the fact that
virgin forest soil had the least cumulative mineralization. In
planted and secondary forest soils, bamboo charcoal reduced
the carbon sequestration potential, with greater application
weakening this capacity. However, in virgin forest soil, the
application of 1.0% and 4.0% bamboo charcoal increased the

soil’s carbon sequestration potential.

In summary, bamboo charcoal was applied to the three types
soils of forest lands: virgin forest, secondary forest and planted
forest. The application of more bamboo charcoal (4.0%) was more
favorable for carbon sequestration in the soil of virgin forest. The
carbon sequestration capacity of the anthropogenically disturbed
forest soils was weakened by the application of bamboo charcoal,
and the carbon sequestration capacity decreased with the increase of
the proportion of bamboo charcoal applied.
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