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Abstract: As a crucial forest resource in southern China and a significant economic forest species
for forestry production, moso bamboo has a notable influence on carbon stocks across the entire
bamboo forest ecosystem. Studying the impact of different management measures on carbon stocks
in moso bamboo forests and soil carbon stocks can assist bamboo forest operators in incorporating
the carbon sequestration capacity of bamboo into forest production and management decisions, which
can contribute to achieving carbon sequestration, emission reduction, and sustainable development
in the decision-making processes of forest production and management. In this study, we utilized a
randomized block design to investigate the changes in moso bamboo forests’ carbon stocks and soil
carbon stocks under different management measures across three intensities: high-intensity intensive
management (HT), moderate-intensity intensive management (MT), and regular management (CK).
Additionally, we employed meta-analysis methods to enhance the accuracy of our conclusions. The
experimental results showed that MT increased the carbon storage in moso bamboo forests by 19.86%,
which was significantly different from CK (p < 0.05), while there was no significant difference between the
HT group and the MT and CK groups. For soil carbon stocks, in the 10-30 m and 0-50 m soil layers, HT
decreased soil carbon storage by 29.89% and 22.38%, while MT increased soil carbon storage by 64.15%
and 31.02%, respectively. Both HT and MT were significantly different from CK (p < 0.05). However, for
the soil layers of 0-10 m and 30-50 m, there was no significant difference between the treatments within
the experimental group. The results of the meta-analysis indicate that, compared to traditional regular
management, intensive management, especially high-intensity intensive management, can significantly
increase the carbon storage in bamboo forests (p < 0.05). However, it will significantly reduce soil carbon
storage (p < 0.05). Moreover, a significant difference in soil carbon storage is observed only within
the 0-20 cm soil layer group. Therefore, from the perspective of the long-term ecological benefits of
bamboo forest management, the selection of management measures should prioritize reasonable and
moderate-intensity intensive management. Additionally, adopting appropriate and moderate-intensity
fertilization, ploughing, and other management methods is recommended to enhance the productivity of
moso bamboo forests while concurrently protecting the natural environment and improving the carbon
sequestration capacity of moso bamboo forests.
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1. Introduction

In recent years, the global discourse on climate change and environmental conserva-
tion has been intensifying. In March 2023, the Synthesis Report of the Sixth Assessment
Report (AR6) from the United Nations Intergovernmental Panel on Climate Change (IPCC)
comprehensively delineated the current state of climate change. The report explicitly un-
derscored that human activities constitute a substantial contributing factor to the sustained
escalation of global warming [1,2]. From 2011 to 2020, the global surface temperature
rose by 1.1 °C, compared to the period from 1850 to 1900. In 2019, global net greenhouse
gas emissions experienced a significant rise, increasing by 12% compared to the levels
recorded in 2010, registering a substantial 54% surge compared to the levels of 1990 [3].
The imperative to curtail carbon content in the atmosphere and alleviate climate change is
pressing. Forest ecosystems, constituting the primary component of terrestrial ecosystems,
represent the most extensive carbon reservoir among Earth’s terrestrial ecosystems [4,5],
boasting significant potential for emission reduction [6]. The forest carbon pool comprises
the vegetation carbon pool, litter fall carbon pool, and soil carbon pool, playing a distinc-
tive role in regulating atmospheric greenhouse gas concentrations and addressing climate
change [7]. International measures aimed at safeguarding forests have been proposed, with
REDD+ emerging as a frontrunner in global climate change mitigation strategies [8]. As
a prominent forest type, bamboo forests hold substantial economic and ecological value,
concurrently functioning as a reliable carbon sink throughout the entire year [9,10].

Moso bamboo (Phyllostachys heterocycla) constitutes a vital forest resource in southern
China, with a bamboo coverage exceeding 6.01 million hectares, representing 74% of the
total bamboo forest area in China [11]. The investigation into the carbon sequestration
and sink enhancement potentials of bamboo forest ecosystems holds considerable scien-
tific significance [12,13]. Moso bamboo exhibits a broad and extensive distribution range,
characterized by a rapid growth rate that enables alternating-year harvests and perpetual
utilization [14]. Moreover, moso bamboo demonstrates a robust carbon sequestration capac-
ity, playing a pivotal role in mitigating climate change [15]. In recent years, there has been
a growing global research focus on carbon sinks in bamboo forests, drawing increasing
attention from scholars [16]. In this context, research on the management measures of moso
bamboo forests has been initiated. Lacerda, A.E.B. [17], conducted a comparative study of
forest dynamics over a 14-year period, analyzing the development of unmanaged bamboo
forests and the effects of bamboo removal in Southern Brazil. The study presented a direct
analysis of the influence of bamboo on forest succession. Ma et al. [18] investigated the
variations in soil organic carbon in moso bamboo forests during the summer. They pointed
out that under intensive management, moso bamboo forests can be effectively managed by
integrating bamboo forest management techniques, including soil reclamation, weeding,
judicious bamboo plant retention, and harvesting. These measures contribute to enhancing
soil quality and achieving the sustainable management of moso bamboo forests. Over
the past two years, numerous scholars have persistently conducted comprehensive and
in-depth studies on soil carbon stocks in Chinese moso bamboo forests. Zhang et al. [19]
discovered that soil management techniques employed in bamboo forests exert a notable
influence on enzyme activity and microbial nutrient limitation within the soil. Moreover,
total nitrogen levels and pH values are identified as the primary factors influencing mi-
crobial carbon and nitrogen limitation. In a related study, Ni et al. [20] investigated the
impact of management intensity (including fertilization and reclamation frequency) on
soil aggregates in moso bamboo forest. They highlighted that appropriately reducing
soil disturbance was conducive to the accumulation of large aggregates and the fixation
of organic carbon in the surface soil. Also, this measure would promote the fixation of
nitrogen and phosphorus in micro-aggregates. In the investigation of moso bamboo forest
carbon storage and soil carbon storage, deriving comprehensive and accurate conclusions
from individual traditional studies often poses challenges. Therefore, we chose to employ
meta-analysis to analyze the data, aiming to produce more thorough and precise findings.
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Meta-analysis is an analytical tool to integrate and compare multiple studies, and it
is also a systematic evaluation method. This approach involves quantifying the results of
numerous independent studies by statistically merging them into a single effect size or
effect scale to comprehensively reflect the results of these independent studies [21]. The
synthesis of responses from these independent studies enhances the credibility of this study
and addresses the issue of inconsistent results obtained from individual studies [22,23].
Moreover, meta-analysis enables the establishment of relatively generalized conclusions at
regional, national, or even global scales [24,25]. In recent years, meta-analysis has gained
prominence. In 2016, meta-analysis was employed to investigate soil carbon changes at
various depths and time points. The findings indicated that the conversion of farmland
to perennial crops resulted in a slight increase in soil carbon levels at depths of 0-30 cm
compared to depths of 0-100 cm [26]. In 2020, it was utilized to assess the impact of
different tillage practices on the carbon footprints of wheat and maize in the Loess Plateau
region [27]. In 2021, Wang et al. [28] integrated and analyzed data from 845 studies across
214 articles to compare the differential response behaviors of soil carbon cycling processes
to precipitation changes in arid and humid zones within terrestrial ecosystems. In the
same year, Dong et al. [29] delved into the effects of farmland management practices on
soil organic carbon (SOC) in China spanning from 1980 to 2019. Subsequently, in 2022,
meta-analysis methods were employed to systematically investigate the impacts of forest
harvesting, a significant forest management practice, on soil N, O fluxes. The results derived
from the study indicated that heavy logging led to increased soil N,O emissions [30]. And
in 2023, Siddique et al. [31] employed meta-analysis methods to examine the effect of
perennialization on organic carbon accumulation in soil. Their research findings indicate
that the duration since conversion from an annual to a perennial system significantly
increased soil organic carbon stock by 16.6% and 23.1% at depths of 0-30 cm compared
with monoculture and crop rotation, respectively.

In this study, we employed meta-analysis to systematically synthesize information
from the published literature, facilitating a comprehensive comparison of the impacts of
various management measures on the carbon stocks of both moso bamboo forests and soil
carbon stocks. We focus on contrasting the distribution characteristics of soil carbon stocks
in moso bamboo forests under different treatments, including regular management (CK)
and intensive management with varying intensities (HT, MT). Furthermore, we conducted
subgroup analyses to assess the significance of differences in soil organic carbon stocks
within each soil layer under distinct management measures. Through this study, we aim
to establish a scientific foundation for determining the appropriate intensity of bamboo
forest management measures with careful consideration given to the carbon storage within
bamboo forests and soils. By leveraging meta-analysis advantages, we seek to offer valuable
insights for determining management intensity in future studies exploring innovative
bamboo forest management techniques. This effort is intended to establish a scientific
foundation for bamboo forest management, foster the sustainable development of bamboo
forest ecosystems, and make contributions to climate change mitigation and ecological
environment preservation.

2. Materials and Methods
2.1. General Situation of Study Area

The study area is situated in the moso bamboo forest base in Taihuyuan town, Lin’an
district (Figure 1), Hangzhou city, with geographical coordinates at 30°15'58” N and
119°35’50" E. Located at the southern foot of East Tianmu Mountain, the research site
features higher elevations in the northwest and lower elevations in the southeast. The
region falls within the mid-latitude north subtropical monsoon climate, characterized by an
annual average temperature of approximately 16.4 °C and a mild, humid climate. Over the
years, the region has experienced an annual average of 1847.3 h of sunshine and a frost-free
period spanning 237 days, and the average annual precipitation is measured at 1628.6 mm.
The soil class of the study area is classified as red soil, with a subclass of yellow-red soil. It
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belongs to the soil genus of yellowish-brown soil, specifically categorized as the soil type
of yellow sandy soil. The soil-forming parent material primarily consists of sand shale
residual slope deposits.
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Figure 1. Geographical location of the study area.

2.2. Sample Plot Setting

To mitigate interference arising from the spread of bamboo rattan in adjacent sample
plots [32], following the principle of partial control, we established three kinds of sample
plots with varying management modes and intensities in the bamboo forest base for the
experiment: the high-intensity treatment group (HT group), moderate treatment group
(MT group), and regular management group (CK group). Each sample plot and each kind
of management measure was repeated 3 times, resulting in a total of 9 control samples
(Figure 2) with a size of 30 m x 30 m.

HT1 MT. CK1 HT: MT: CK2

Figure 2. Setting of sample plots in the study area, where HT represents sample plots under high-
intensity treatment, MT represents sample plots under moderate treatment, and CK represents sample
plots under regular management.

At each sample plot, the fertilizer was administered via furrow application, utilizing a
specialized fertilizer tailored for moso bamboo containing 13% nitrogen (N), 3% phosphorus
(P), 2% potassium (K), and over 15% organic matter. In addition, one-year-old bamboo
(classified as one-degree bamboo) and two-to-three-year-old bamboo (classified as two-
degree bamboo) were retained, while bamboo aged six years or above (classified as four-
degree bamboo) was not retained. The treatments applied to three-year-old bamboo
(classified as three-degree bamboo) as well as the fertilization applications under various
operation modes are detailed in Table 1 below.

A five-meter-wide square strip was designated around the sample plot as a buffer zone
where no samples or determination data were collected. Measuring the carbon emission
data of the moso bamboo forest was undertaken in the middle of the sample plot, with
dimensions of 20 m x 20 m as the boundary [32].
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Table 1. Specific measures operated under different management modes and intensities.

Modes Treatment Specific Measures
HT Intensive Fertilization Fertilize 1800 kg-ha~! per two years in two applications
Intensive Harvesting Total harvesting of three-degree bamboo
MT Medium Fertilization Fertilize 900 kg-ha~! per two years in two applications
Medium Harvesting Half harvesting of three-degree bamboo
No Fertilization No fertilization is applied
cK Weak Harvesting No harvesting of three-degree bamboo

2.3. Data Source

The literature search was conducted across various databases, including CNKI, Wan
fang, Web of Science, Google Scholar, and others. Publications from April 2006 to May
2018 were retrieved using the following keywords: “Management measures/bamboo forest
management/verification measures” + “Carbon storage/carbon footprint/soil greenhouse
gases”. Relevant studies investigating the influence of different management measures
on bamboo forests and soil carbon storage were collected. The retrieved literature was
subsequently screened based on the following evaluation criteria:

(1) The sample focused on moso bamboo forests.

(2) Thestudy included different management measures (intensive management (Group T)
and regular management (Group CK)).

(38) The study included soil organic carbon storage data from underground layers of
0-20 cm, 2040 cm, and 40-60 cm.

(4) In experiments involving intensive management with varying intensity levels, data
from the highest intensity level were uniformly adopted.

(5) The experimental results presented carbon storage data along with standard devia-
tions, either explicitly or in the form of charts.

After applying the aforementioned evaluation criteria, a total of 19 papers were
included in the study. Among them, 11 papers investigated the impact of different manage-
ment measures on carbon stocks in moso bamboo forests, while the remaining 8 papers
focused on the influence of various management measures on soil carbon storage. We
extracted data from the included documents, recording details such as document name,
document author, publication year, soil depth, sample number, average value, and standard
deviation for both the control and experimental groups. This information was meticulously
documented using Excel 2021, and the experimental research areas of each document are
shown in Figures 3 and 4 below.

N

A o Zhengzhou
Xi'an

35°N

Anhui

. Nanjing

Hefei

Hubei
A

Wuhan

A
1&&1.@
A

Chongging Zhejiang

30°N

o Nanchang
Changsha 1. A
Jiangxi

Guiyang =y
e l"_n:l n

Fuzhou

25°N

Taipei
Legend
®  Provincial capital

N o 0 75 150 300 450 600
A Literature research site of bamboo forest carbon storage - — —

110°E 115°E 120°E 125°E

Figure 3. Distribution of literature research sites for carbon stocks in moso bamboo forests.
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Figure 4. Distribution of literature research sites for soil carbon stocks.

2.4. Data Calculation
2.4.1. Calculation of Carbon Stocks in Bamboo Forests

The total carbon stock of the vegetation in moso bamboo forests was mainly deter-
mined by the total carbon stock in the arbor layer of the moso bamboo forests, and the
average change in the carbon stock of the vegetation under moso bamboo forests accounted
for 4.24% of the average change in the total carbon stock of the vegetation in moso bamboo
forests [33]. Therefore, the calculation of the carbon stock in moso bamboo forests in our
study mainly concerned the arbor layer of moso bamboo forests. In the 9 standard sample
plots, we firstly conducted a survey of each standing bamboo plant, recorded the diameter
at breast height and age of each bamboo plant, and then summed up the biomass of each
individual plant in the sample plots to obtain the aboveground biomass using the binary
biomass model of the single moso bamboo plant. After that, we utilized the biomass
multiplied by the conversion coefficient of 0.5042 to obtain the aboveground carbon stock
in the arbor layer. The calculation model for the binary biomass of a single moso bamboo
plant [34] is as follows:

0.148 A >
= 747.787 D71 [ —2 1 772 1
M 8 0028+ A +3 M

where M is the biomass of the single moso bamboo plant in kg, D is the diameter at breast
height in cm, and A is the age in degrees. The calculation model of the carbon stock of
biomass per unit area within the sample plot (tC-ha~!) is as follows:

10,000

Cag =)_fas(DBH, A) x CF x P

()

where C 4p is the aboveground biomass carbon stock per unit area within the sample plot in
tC-ha~'; fap(DBH, A) is the binary anisotropic growth equation for aboveground biomass
of moso bamboo in t d.m. per plant; CF is the average carbon content rate (unitless); and

AP is the area of the sample plot in m?.

2.4.2. Calculation of Soil Carbon Stocks

Soil organic carbon content was measured utilizing the potassium dichromate oxidation—
external heating method [35]. The calculation of soil organic carbon storage per unit area in
the sample plot is as follows:

I
Csoc = ), Csoc,i X BDyxhy (©)
=1
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where Cs,. is the soil organic carbon storage per unit area of the sample plot in tC-ha~!;
Csoc, is the soil organic carbon content of each soil layer in gC-(per 100 g of soil)~!; BD; is
the bulk density of the soil layer in g-cm~3; and h; is the thickness of each soil layer in cm.

2.5. Meta-Analysis

In this study, meta-analysis was used to analyze the effects of different management
measures on bamboo forests and soil carbon stocks, and subgroup analyses of soil depth
were conducted to improve the scientific validity and accuracy of the experimental results.

2.5.1. Calculation of Standard Deviation

The standard deviation of an experiment is an important metric in meta-analysis. In
this study, the standard deviation was calculated by Formula (4) for data whose standard
deviations were not provided in the literature but standard errors were provided [36].

SD =SE x+/n 4)

where SD is standard deviation, SE is standard error, and n is number of replicates. For
cases where standard deviation and standard error are not explicitly given in the literature
but original data graphs are available, we used Plot Digitizer to extract the data and
recalculate the mean and standard deviation after redefining the coordinate system. For
data with missing SD values, the proportion of the overall SD value to the mean value can
be estimated based on the existing SD, and the proportion is then multiplied by the mean
value of the missing SD indicator to obtain the estimated SD value [37].

2.5.2. Establishment of the Analytical Model

The study utilized R for meta-analysis. For continuous variable data, we applied the
continuous variable analysis model [38]. Then, we entered the sample size, mean, and
standard deviation of the corresponding intensive management group (TREAT, referred to
as Group T) and the rough management group (CK control group, referred to as Group
C), respectively. We chose a random effects model for the analytical model of cumulative
effect values, and the parameters were estimated using the restricted maximum likelihood
(REML) method [39] with a confidence level interval set as 95%.

2.5.3. Meta-Analysis Process

SMD (Hedges’ d) is the most widely used effect size for meta-analyses [40]. Con-
sidering the limited sample size in the single-case study, we employed Hedges’ d for the
calculation of effect values and weights of individual study cases. Let Y, be the mean
value of the experimental group (T group) and Y. be the mean value of the control group
(CK group). The Hedges’ d effect value is calculated as Formula (5):

Y. — Y.
= d = 5
v \/<Nefl)sz+<chl>S% / ©)
N+ N;—2
where | is calculated as Formula (6):
3
]_174(NE+NC—2)—1 ©)
The within-case variance is calculated as Formula (7):
2
b=y = Nt ey 1 @)

+
NeN, 2(Ne + N¢)

We selected the random effects model to calculate the cumulative effect values for the
experimental group, and the parameter estimation of the between-case variance (1%) was
performed using the REML method, which is directly computed from R language. We then
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calculated the weights for the individual studies as Formula (8) and the cumulative effect
values as Formula (9):

w; =1/ (v; + T2) 8)
— Z?:l wfyi

= &=l "iJt 9

y 2521 w:- ( )

The identification and treatment of publication bias are crucial steps in the meta-
analysis process [41,42]. We used R Studio to generate funnel plots for the selected literature
after screening, and the results of the meta-analysis in this study were scrutinized for
potential biases by assessing the symmetry of the funnel plots. The funnel plots of the
meta-analysis are shown in Appendix A.

2.6. Data Processing

In this study, Excel 2021 was utilized for data collection and dataset establishment. For
graphical data included in the literature, Web Plot Digitizer v4.5 aided in data extraction.
SPSS Statistics 26 was employed to analyze the significance of differences in the carbon
stocks of bamboo forests and soil carbon stocks across various soil layers under differ-
ent management modes using one-way ANOVA. Origin 2023b was used for visualizing
the results of the difference analysis. Meta-analysis was conducted using R language,
and the results were graphed using R Studio v2023.09.1. ArcGIS 10.4 was utilized for
data visualization.

3. Results
3.1. Effects of Different Management Measures on Bamboo Forest Carbon Stocks in Measured Data

The effects on the organic carbon stock of moso bamboo forests under different man-
agement measures in the experiment (unit: tC-ha~!) are depicted in Figure 5. The results
of the one-way ANOVA indicated that the organic carbon stock of moso bamboo forests
was significantly influenced by different management measures and management intensity.
Under HT, MT and CK, the mean values of the organic carbon stock in the moso bamboo
forests were 35.3786, 39.1931 and 32.69938 tC-ha~!, respectively. There was a significant
difference in the organic carbon stock of the moso bamboo forests between MT and CK
(p < 0.05), with the MT group increasing the carbon stock of the moso bamboo forests by
19.86%, compared to CK. However, there was no significant difference between the HT
group and the MT and CK groups.

50 -

40 |

ab

30 |

20

Organic Carbon Storage in Bamboo Forest /(tC-ha™")

HT MT CK

Management Measures

Figure 5. Carbon stocks in moso bamboo forests under different treatments of management measures.
Values in the graphs are (mean + standard deviation). Different lowercase letters in the graphs
indicate significant differences (p < 0.05). HT represents the high-intensity treatment group, MT
represents the moderate treatment group, and CK represents the regular management group.
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3.2. Effects of Different Management Measures on Soil Carbon Stocks in the Measured Data

The effects of different management measures on soil organic carbon stock
(unit: tC-ha~1) in the experiment are depicted in Figure 6. At the soil depth of 10-30 m and
across the combined soil layer of 0-50 m, the results of the one-way ANOVA for each soil
layer indicated a significant impact on the soil organic carbon stock under different man-
agement measures and management intensities. At the soil depth of 10-30 m, there were
significant differences in soil organic carbon stocks between the HT, MT, and CK groups
(p < 0.05), with the mean values of soil organic carbon stocks under HT, MT, and CK being
15.9000, 37.2300, and 22.6767 tC-ha™1, respectively. In comparison to CK, HT decreased the
soil carbon stock by 29.89%, while MT increased the soil carbon stock by 64.15%.

Bl HT
50 b a [ MT

[ 1CK
40 + a

Soil Organic Carbon Storage /(tC - ha™)

0-10m 10-30m 30-50m Total
Experimental Soil Depth

Figure 6. Soil carbon stock in each soil layer under different treatment and management measures.
Values in the graphs are (mean + standard deviation). Different lowercase letters in the graphs
indicate significant differences (p < 0.05) HT represents the high-intensity treatment group, MT
represents the moderate treatment group, and CK represents the regular management group.

In the overall soil layer of the experiment, the soil organic carbon stocks in moso bam-
boo forests under HT and MT were significantly different from those under CK (p < 0.05),
and the mean values of soil organic carbon stocks under the HT, MT, and CK treatments
were 15.8733, 26.7922, and 20.4489 tC-ha~!, respectively. Compared with CK, the HT group
decreased the soil carbon stocks of moso bamboo forests by 22.38%, while the MT group
increased the soil carbon stocks of moso bamboo forests by 31.02%. We also found that at
the soil depths of 0-10 m and 30-50 m, there were no significant differences between the
treatments in the experimental groups.

3.3. Meta-Analysis Results of the Effects of Different Management Practices on Carbon Stocks in
Moso Bamboo Forests

In comparison to regular management (CK group), intensive management (T group)
resulted in a higher carbon stock in moso bamboo forests, with a mean difference (MD)
of 1.64, combined effect size Z of 2.5680, and a 95% confidence interval (CI) ranging from
0.39 to 2.90. The meta-analysis results indicated that intensive management significantly
increased the carbon stock of bamboo forests (p < 0.05) compared to regular management
(Figure 7).
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Study ID Mean [95% CI]
Zhu et al., 2014 - 1.18[0.18, 2.18]
Lietal., 2010 —a— 2.37[0.89, 3.84]
Lietal., 2017 - -1.42[-2.22,-0.62]
Du et al,, 2015 —a— 2.19[0.16, 4.21]
Zhou et al., 2006 —a— -0.47 [-1.72, 0.79]
Yu et al,, 2016 —a— 2.89[0.60, 5.18]
Qi et al., 2009 L - i 12.76[6.36, 19.17]
Duetal., 2013 —— 2.51[0.37, 4.65]
Fanetal., 2012 HH 0.71[0.21, 1.20]
Feng et al., 2012 —— 4.88[1.69, 8.07]
Tang et al., 2012 —— 0.46 [-1.16, 2.09]
Heterogeneity test: Qt = 64.22, df = 10, P = 0.00; 1’ =89.7%

Test of overall effect: Z = 2.5680, P = 0.0102 | g 1.64[0.39, 2.90]
f T T T 1
-5 0 5 10 15 20

Effect size (In Hedges’ d )

Figure 7. Forest plot of the effects of different management measures on carbon stock in moso bamboo
forests [34,43-51].

3.4. Meta-Analysis Results of the Effects of Different Management Practices on Soil Carbon Stocks

In comparison to rough management (CK group), the soil carbon storage mean dif-
ference (MD) of intensive management (T Group) was —2.90, the combined effect Z was
—2.1371, and the 95% confidence interval (CI) ranged from —5.56 to —0.24. The results of
the meta-analysis indicate that intensive management can significantly reduce soil carbon
storage (p < 0.05) compared with regular management (Figure 8).

Study ID Mean [95% CI]
Lietal., 2015 - -1.99 [-2.87,-1.12]
Zhu et al., 2014 = 2.94[ 1.60, 4.27]
Chen et al., 2018 - -1.07 [-2.06,-0.08]
Qi et al., 2009 b = ! -14.80 [-22.18,-7.42]
Duetal., 2013 . -4.50 [-7.51,-1.49]
Lietal., 2016 om -5.98 [-7.66,-4.31]
Lietal., 2018 —l— -2.78 [-4.07,-1.48]
Lietal., 2013 —a— -1.26 [-3.01, 0.49]
Heterogeneity test: Qt = 91.92, df =7, P = 0.00; 2= 96.1%

Test of overall effect: Z =-2.1371, P = 0.0326 - -2.90[-5.56,-0.24]
[ T T I T 1
-25 -20 -15 -10 -5 0 2

Effect size (In Hedges’ d )

Figure 8. Forest plot of the effects of different management measures on soil carbon stocks
[32,33,43,48,49,52-54].

The results of the subgroup analyses of the soil layers, as determined through the
establishment of a meta-analysis model, are depicted in Figure 9 below. The results of
the meta-analysis indicated significant differences in the study groups with soil depths of
0-20 m (p < 0.05), while there were no significant differences in the study groups with soil
depths of 2040 m and 40-60 m. This suggests that, in all the study cases, the effects of
different management practices on soil carbon stocks were primarily observed in the top
soil layer.
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Figure 9. Effectiveness of different management practices on soil carbon stocks in different soil
layers. Different colors represent different subgroups.

4. Discussion
4.1. Impacts of Different Management Practices on Carbon Stocks in Moso Bamboo Forests

For moso bamboo forest carbon stock, the meta-analysis results revealed that intensive
management significantly increases carbon stock (p < 0.05). Comparing this with our
measured data, medium-intensity intensive treatment (MT) also significantly increased
carbon stock (p < 0.05), while high-intensity intensive treatment (HT) did not show a
significant increase. The results of this study are consistent with those of Zhou et al. [34]
in terms of the differences in carbon storage in the arbor layer in the ecosystems of moso
bamboo forests of different management types, and Zhu et al. [43] in terms of the stand
structure of moso bamboo forests and the soil nutrient status of the forest floor under
different management measures.

Studies have shown that nitrogen is the nutrient with the highest demand during plant
growth and influences the photosynthetic assimilation of crops [55]. Fertilizer application
provides a rich source of nitrogen, resulting in an increase in the number of bamboo leaves
per plant, and an increase in overall chlorophyll content. Photosynthesis uses sunlight to
convert water and carbon dioxide into biomass and oxygen [56]. Suitable irrigation and
tillage in MT provided sufficient water, increased the air permeability of soil, and provided
sufficient raw materials for photosynthesis, which in turn increased the photosynthetic
rate of moso bamboo, resulting in a significantly higher carbon stock in bamboo forests
under MT than those under CK. Reclamation changes soil porosity and permeability,
which prompts the release of unstable organic matter from the interior, leading to soil
organic matter loss [57,58]. The excessive addition of nitrogen fertilizer leads to the rapid
decomposition of soil organic matter, making the soil susceptible to mineralization [59,60].
In the HT group, intensive fertilizer application and tillage contributed to a rapid decrease
in soil organic matter content. Despite the supplementation of the soil with a certain
amount of organic matter through fertilizer application, the rate of organic matter loss
remained higher than that of supplementation. Compared to the MT group, the HT group
exhibited a more significant loss of organic matter. This condition facilitated soil sloughing,
negatively affecting the uptake of soil organic matter and minerals by the moso bamboo
root system. Consequently, the photosynthetic rate of moso bamboo decreased; thus, the
HT group did not significantly contribute to the augmentation of carbon stock in moso
bamboo forests.
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4.2. Effects of Different Management Practices on Soil Carbon Stocks in Bamboo Forests

Comparing the self-measured data with the meta-analysis reveals that intensive man-
agement, particularly under high-intensity treatment (HT), leads to a significant decrease in
soil carbon stock (p < 0.05). Conversely, medium-intensity intensive treatment (MT) results
in a significant increase in soil carbon stock (p < 0.05). This aligns with the observations
made by Yang et al. [61] on the effects of management practices on the soil organic carbon
of moso bamboo and Fan et al. [62] on the effects of management intensity and topography
on the differences in moso bamboo forest carbon stocks.

A certain amount of organic fertilizer was applied during the intensive management
process of bamboo forest production and management. This application facilitates the
growth of fine roots and enhances the ability of moso bamboo forests to invade the sur-
rounding native forest stands, which in general decreased soil total organic carbon by
2%, total nitrogen by 15.9%, and nitrate nitrogen by 21.7%, while it increased ammonium
nitrogen and effective phosphorus by 14.7% and 54.9%, respectively [63]. Roots invaded the
forest stand, increased soil bacterial and fungal diversity, and fixed more airborne carbon
with the assistance of microorganisms. However, as the activity and diversity of these
microorganisms increase, the decomposition of organic matter also accelerates accordingly.
In the HT group, roots displayed vigorous growth and a more pronounced invasion of the
forest structure. This enhances the activity and diversity of soil microorganisms, thereby
facilitating the decomposition of more carbon-containing organic matter in the soil. Conse-
quently, the soil carbon stock for the moso bamboo forest was lower compared to the CK
group, while the moso bamboo forest exhibited a limited invasion of the forest structure in
the MT group, and the decomposition of carbon-containing organic matter made by soil
microorganisms was less pronounced compared to HT, allowing the soil carbon stock to be
maintained at a higher level.

The change in soil respiration rate is jointly regulated by temperature and moisture,
and soil respiration rate is positively correlated with temperature [64,65]. Tilling not only
destroys the soil aggregation structure to a certain extent, so that the soil organic matter is
fully exposed to the loss of protection and decomposition, but also changes the original
temperature, humidity, porosity, and other related conditions of the soil, which enhances
the respiration of microorganisms [66]. The application of organic fertilizer accelerates
the growth of the root system, resulting in an increase in the number of fine roots per
unit area of the soil. This, in turn, accelerates the autotrophic respiration of the root
system. In addition, intensive management measures such as fertilizer application and
tilling intensified soil disturbance and stimulated the mineralization of soil organic carbon,
consequently leading to a reduction in soil organic carbon content [67]. Therefore, in
comparison to the CK treatment, the intensive management process, particularly under
the high-intensity treatment mode, with measures such as fertilizing, irrigating, tilling,
and mulching, enhanced both the autotrophic respiration of the root system and the
heterotrophic respiration of soil animals and microorganisms. Simultaneously, it disrupted
the soil aggregation structure, which plays a crucial role in protecting soil organic matter,
and accelerated the rate of mineralization of soil organic carbon. This led to a rapid
depletion of organic matter, ultimately resulting in a lower soil carbon stock for the moso
bamboo forest under the HT group compared to the CK group. However, in the MT group,
the intensity of heterotrophic respiration was moderate, and the rate of organic matter
depletion was slower compared to the HT group. Moreover, appropriate tillage practices
protected soil aggregation and mitigated carbon loss. This is highly likely to be the reason
for the highest average soil carbon stock under MT.

4.3. Effects of Different Management Practices on Subgroup Differences in Soil Carbon Stocks

The analysis of soil depth subgroups reveals a significant difference in soil carbon stor-
age within the 0-20 m soil layer group (p < 0.05), while the 2040 m and 40-60 m soil layer
groups show no significant difference. This is consistent with the results of Qi et al. [68] on
the distribution of soil organic carbon in pure stands of moso bamboo, and Chen at al. [52]
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on the effects of different fertilization methods on soil chemical properties. The measured
results indicated a significant difference in soil carbon stocks between the samples within
the soil depth of 10-30 m and the overall 0-50 m sample group (p < 0.05). However, there
was no significant difference observed in the 0-10 m and 30-50 m sample groups.

The primary absorbing root system of moso bamboo tends to be distributed in the
surface layer [69]. As various management measures directly affect the surface soil, their
impact is more pronounced on the top layer. This observation aligns with the significant
differences observed within the 0-20 m soil layer group in the meta-analysis. The root
system of moso bamboo is primarily concentrated in the soil layer of 0-20 m. Therefore,
there may be no significant difference within the group in the 0-10 m soil layer in this
experiment, while significant differences may also exist in the 10-30 m soil layer.

Soil aggregates in moso bamboo forests are mainly dominated by large aggregates,
accounting for 67.1%-98.1%. The proportion and distribution characteristics of these large
aggregates, defined as aggregates with a size of 250 um or larger, can serve as indicators of
the soil structure’s quality. In general, a higher presence of large soil aggregates correlates
with increased stability and an enhanced erosion resistance of the soil [70,71]. Some studies
have indicated that, compared with rough management, medium- and high-intensity
intensive management decreased the proportion of macroaggregates and aggregate stability
in the 0-10 m soil layer. Conversely, they increased the proportion of macroaggregates
and aggregate stability in the 20-30 m soil layer [20]. Therefore, the absence of significant
differences in the 0-10 m soil layer is most likely due to the low proportion of large
aggregates in the soil layer and the unstable soil structure. In contrast, the 10-30 m
soil layer had a higher proportion of macroaggregates and a more stable soil structure,
resulting in more pronounced differences in soil carbon stocks under varying management
intensities. Additionally, the significant difference in the overall samples from 0 to 50 m
could be attributed to the cumulative effect of insignificant differences among the various
soil layer groups.

5. Conclusions

This experimental data study demonstrated that, compared with traditional regular
management, the increase in carbon stock in moso bamboo forests under strong intensive
management was not significant and would lead to a significant decrease in soil carbon
stock (p < 0.05), while medium-intensity intensive management would lead to a significant
increase in carbon stock for moso bamboo forests (p < 0.05) and, concurrently, a noteworthy
elevation in soil carbon stock (p < 0.05). Therefore, in order to sustain the carbon stock of
moso bamboo forests and soil carbon stock at a high level, a reasonable, medium-intensity
intensive management mode should be adopted in the selection of management measures.

Comprehensive analysis showed that, among the different management measures,
fertilization, irrigation, and tilling in intensive management could accelerate the rate of
organic matter conversion and thus increase the bamboo forest carbon stock. Nevertheless,
high-intensity fertilization and tilling in intensive management had little effect on increas-
ing the carbon stock in bamboo forests; instead, it significantly reduced the soil carbon
stock. Therefore, suitable and medium-intensity fertilization and tilling measures should
be adopted.

Combined with the measured data and the results of the meta-analysis, we suggest
further subdividing management measures into additional gradients and exploring diverse
management methods to delve into the specific implementation methods of medium-
intensity intensive management. As the timeframe for setting sample plots extends, experi-
mental data should be collected over multiple years and gradients, along with obtaining
more experimental samples within the same plots each year, to improve the precision
of experimental outcomes and establish a more scientifically robust groundwork for the
cultivation and administration of moso bamboo forests, as well as the carbon sequestration
potential of bamboo ecosystems.
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Appendix A

Appendix A presents additional figures for Section 3. Funnel plots for bamboo forest
carbon stocks and soil carbon stocks are shown as follows. They can be considered as a
supplement to meta-analysis.

Funnel Plots For Bamboo Forest carbon stocks
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Figure A1. Funnel Plots for Bamboo Forest Carbon stocks.
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Figure A2. Funnel Plots for Soil Carbon stocks (Including subgroups).
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