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Abstract: Land management using suitable thinning intensities can promote the yield of Moso
bamboo (Phyllostachys edulis) forests and alter the nutrient content and stoichiometric characteristics
within the soil. However, the effects of different thinning intensities on soil carbon (C), nitrogen (N),
and phosphorus (P) stoichiometry of P. edulis forests have not been comprehensively studied. Here,
we evaluated the effects of three thinning intensities—no thinning control (NT), moderate thinning
(annual removal of 15% of mature bamboo, MT), and heavy thinning (annual removal of 33% of
mature bamboo, IT)—on the soil organic C (SOC), total N (TN), and total P (TP) stocks and their
stoichiometry characteristics of a P. edulis forest located in the subtropical zone. The results showed
that SOC, TN, and TP stocks decreased with increasing soil depth after three years of thinning. The
SOC, TN, and TP stocks and the ecological stoichiometry ratios were varied with the change of
thinning intensity and SOC stocks declining with the increased thinning intensity, but TN and TP
stocks for the MT treatment were enhanced. The order of TN and TP stocks was MT > NT > IT. In
comparison to CK, TN and TP stocks for MT increased significantly by 18.8 and 37.3%, while SOC,
TN, and TP stocks for IT decreased by 31.0%, 7.2%, and 21.4%, respectively. The C:N and C:P ratios
of MT decreased by 32.8% and 39.0%, and those of IT decreased by 26.5% and 15.6%, respectively.
In summary, we conclude that the MT is an effective management strategy to promote soil nutrient
cycling and provides a reference for formulating management strategies in subtropical Moso bamboo
forests.

Keywords: thinning intensity; carbon; ecological stoichiometry; Moso bamboo (Phyllostachys edulis)
forest; soil nutrient stocks; soil fertility

1. Introduction

Ecological stoichiometry is widely applied in soil nutrient cycling analyses and refers
to the soil nutrient balances of the ecosystem and multiple chemical elements, primarily
carbon (C), nitrogen (N), and phosphorus (P) [1]. Soil C, N, and P are major nutrient
elements and important indicators for evaluating nutrient levels and availability [2,3].
Therefore, the C:N:P stoichiometry characteristics of forest soils are essential for analyzing
biogeochemical cycles, soil nutrient stocks, the structure and function of communities
in the forest, and to reveal the mechanisms of the soil C, N, and P balance [4]. In this
context, a deeper understanding of the nutrient regulation factors influencing the interaction
between soil layers can provide a new theoretical basis for revealing the interaction and
balance restriction relationship between soil C, N, and P through studying the theories and
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methods of ecological chemometrics [5]. Therefore, it is significant to investigate how forest
management practices (e.g., thinning) affect soil C, N, and P stocks and their stoichiometry,
which is important for evaluating the nutrient status in the soil.

Thinning is a widely accepted practice for forest management worldwide and plays
a critical role in the regeneration and growth of forest stands [6]. Forest thinning alters
various abiotic and biotic factors by changing forest stand density and solar radiation,
further influencing soil C, N, and P and their stoichiometry [7]. At present, there is no
consensus on the effects of forest thinning on changes in the soil organic C (SOC), total N
(TN), and total P (TP) concentration. For example, SOC and TN concentrations tended to
decrease gradually with increasing thinning intensity [5], while other researchers revealed
that thinning significantly increased the soil C and N concentrations in coniferous forests
and decreased soil C and N concentrations in broadleaf forests [8]. Hu et al., (2016)
concluded that thinning did not change the soil TP concentration in a reforested spruce
forest [9], while the results from Zhou et al., (2021) [10] showed that thinning increased soil
TP by 6.1% in a global meta-analysis. In addition, different thinning intensities can influence
SOC stocks. Yang et al., (2022) observed that light and moderate thinning significantly
increased SOC stocks, and heavy thinning reduced SOC stocks [11]. In contrast, Zhang
et al., (2018) indicated that thinning did not significantly affect SOC stocks, but reduced the
soil C:N ratio, and accelerated the decomposition of soil organic matter [12]. However, the
effects of different thinning intensities on soil C, N, and P stocks and their stoichiometric
characteristics have not been elucidated in subtropical forest ecosystems.

The stocks of C, N, and P vary with soil depth, but their driving processes could
be also different for thinning. Thinning causes fresh dissolved organic carbon from the
topsoil to leach into the deep subsoil in subtropical regions, enhancing the effect of the
deep soil C decomposition [13,14]. N deposition [15], litter decomposition [16], and rock
weathering [17] contribute to soil N. N input with leaching intensifies the imbalance of N
distribution in different soil layers. In the long term, rock weathering is the primary source
of P in terrestrial ecosystems and the P stock is more abundant than that in deep soil as
topsoil is more weathered than deeper soils [13]. Therefore, vertical changes in soil C, N,
and P stocks and their stoichiometry are heavily influenced by environmental factors [13].
However, it is not clear how forest thinning further affects soil C, N, and P stocks and their
stoichiometry with variation in soil depth.

Moso bamboo is one of the most important bamboo species in China, and globally.
According to the National Ninth Forest Resources Inventory, the area of Moso bamboo
forests was as high as 4.68 million hectares (ha), accounting for 73% of the total area
of bamboo forests in China [18]. Moso bamboo exhibits a fast height growth (about
12 cm per 2 months) (Wang et al., 2016), and its annual average carbon sequestration
is 5.1 t C ha~!, which is 46-116% higher than that of Chinese fir [19]. The total carbon
storage of Moso bamboo forest ecosystems is 106.36-288.47 t C ha~!, which highlights
its significance as a carbon pool [20]. However, with the management intensification of
Moso bamboo forests, soil acidification, fertility decline, and increased greenhouse gas
emissions are observed on Moso bamboo plantations, leading to the overall decline of
bamboo productivity [21]. Previous studies have shown that about half of Moso bamboo
forests in China have implemented intensive management; however, little is known about
the impact of thinning on soil nutrients in Moso bamboo forests, carbon cycling, and
productivity limiting factors [22]. The suitable thinning intensity of intensively managed
Moso bamboo forests can facilitate the soil nutrient balance of bamboo forests, ensuring
a high quality and yield. Therefore, the influence of different thinning intensities on soil
nutrients in Moso bamboo forests requires greater understanding.

The primary objective of this study was to evaluate the effects of different thinning
intensities on the SOC, TN, and TP stocks, and the stoichiometric change characteristics of
a Moso bamboo forest located in a subtropical zone in Qingyang County, Anhui Province
(China). The thinning intensities included a no-thinning control (NT), moderate thinning
(MT), and intensive thinning (IT). The results provide scientific data to support bamboo
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forest management (thinning and fertilization) and to facilitate an increased productivity
of Moso bamboo forests.

2. Materials and Methods
2.1. Site Description

The study site was located at a Moso bamboo garden in Yangchong Village, Rongcheng
Town, Qingyang County, Anhui Province, China (117°49'38.71” E; 30°36/54.05” N) (Fig-
ure 1), at the junction of the middle and lower Yangtze River plain area and the mountainous
area of southern Anhui. This area has a humid subtropical monsoon climate, with an aver-
age annual temperature of 14 to 22 °C, and an average annual rainfall of 960 to 1600 mm,
and the rainy season lasts from May to July. The landscape slope is 10 to 21°, and the soil
depth is 60 to 80 cm. The soil has a homogeneous silt loam texture, mainly consisting of
typical loess. The forest density is excessively high, and the forest structure is relatively
poor, which is not conducive to bamboo shoot growth.
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Figure 1. Study area location in Rongcheng Town, Qing yang County, Anhui Province of China.

2.2. Experimental Design and Soil Sampling

From July to August 2017, test areas were selected with the same management histories
and topographical conditions (i.e., slope position, gradient, and aspect). Three random
blocks were created and three test plots under different thinning intensities were arranged
in each block. A total of 9 test plots of 20 m x 20 m were established (see Table 1 for basic
information), as follows:

1. No thinning (NT, 3 plots): no management activities were carried out after the aban-
donment of management.

2. Moderate thinning (MT, 3 plots): In 2017, 2018, and 2019, about 15% of stem numbers
of mature Moso bamboo were removed by selective cutting each year.

3.  Intensive thinning (IT, 3 plots): In 2017, 2018, and 2019, about 33% of stem numbers of
mature Moso bamboo were removed by selective cutting each year.
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Table 1. Basic information of the stand before (2017) and after (2020) the experiment.

Density (Stem ha-1) DBH (cm)

Slope Altitude(a.s.l. Average Canopy

Treatment Age (a) Aspect o Before After Before After v I
©) m) Thinning Thinning * Thinning Thinning * Height (m) Density

(2017) (2020) (2017) (2020)

NT 10 northeast 15 205 3700 4092 11 11.1 14 0.8

MT 10 northeast 17 205 3725 1950 10.6 10.7 13.2 0.6

1T 10 northeast 15 205 3638 1738 11 10.3 15.5 0.57

NT: no-thinning (Control); MT: moderate-intensity thinning; IT: heavy-intensity thinning; DBH: diameter at breast
height; *: the density and breast diameter after thinning including new bamboo.

In September 2020, five sampling points in an S-shape (it means the connection of five
sampling points in each plot like an “S” shape) from each test plot were identified, the litter
was removed, and the soil profile was excavated with a ring-knife soil sampler (100 cm?)
in each sampling point from three soil layers (0-10, 10-20, and 20-30 c¢m) for bulk density
measurements. Approximately 100 g of soil from each layer of the soil profile was collected,
and then samples from the five sampling points of the same soil layer were thoroughly
mixed. The homogenized samples were brought back to the laboratory in ziplock bags for
analysis. The small rocks, plant roots, and other materials in the samples were removed
using a 0.149 mm sieve and the samples were air-dried before the analysis of the soil
physical and chemical properties. Soil bulk density and total porosity were measured by
the ring-knife method [23]; pH was measured using the potentiometric method (soil/water
ratio: 1:2.5); moisture content was measured by the oven-dry method; organic carbon
concentration was tested by the HySO4—K;Cr;O; method; soil total nitrogen (TN) was
determined by the Kjeldahl determination method; and soil total phosphorus (TP) was
quantified by the Mo-Sb colorimetric method after digestion with HCIO4—H,SO4 [24].

2.3. Calculation of Soil Bulk Density and Porosity

The following indicators were determined using the ring-knife method [23]: the weight
of each empty ring knife was weighed on a balance scale before sampling (W), and after
sampling, it was put into an oven at 105 °C to dry to a constant weight, and after drying, it
was weighed (W1) when the temperature in the oven dropped to room temperature, and
the formula was calculated as follows:

(W1 —W)

BD =
A%

1)
where BD denotes the bulk density (g cm2) and V denotes the volume of the ring knife
(cm?).
Vi
STP = (11— v ) 100% 2

where STP denoted the total porosity (%), Vi denotes the volume of soil particle (cm?), and
V denotes the volume of the ring knife (cm?).

2.4. Calculation of SOC, TN, and TP Stocks

According to previous methods [25], the SOC, TN, and TP stocks (t ha~!) were calcu-
lated as follows:

SOCst00 = SOC; X BD; x % 3)
D;

TNistock = TNj x BD; x 10 4)
D;

TPistock = TP; x BD; x 0 5)

n
D.
S:ZCIXBDI T(; (6)
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where SOCi denotes the organic carbon concentration of the i-th soil layer (g kg’l), TNi
denotes the total nitrogen concentration of the i-th soil layer (g kg~!), TPi denotes the total
phosphorus concentration of the i-th soil layer (g kg~!), BD; denotes the bulk density of
the i-th soil layer (g cm~3), D; denotes the depth of the i-th soil layer (cm), S denotes the
C, N, and P stocks of the 0-30 cm soil layer (t ha™1), and Ci represents the C, N, and P
concentrations of the i-th soil layer (g kg™ 1).

2.5. Statistical Analyses

Excel 2010 and SPSS 22.0 (SPSS Inc., Chicago, IL, USA) were used for the data pro-
cessing and statistical analysis. The physical and chemical properties, C, N, and P stocks,
and stoichiometric ratios of the soil from the Moso bamboo forest under different thinning
intensities were tested using a one-way analysis of variance (one-way ANOVA) and a least
significant difference (LSD) test (e = 0.05). A Pearson correlations analysis method was
used to deal with the relationship between soil physicochemical properties and element
stocks and their stoichiometry. Additionally, a two-way ANOVA was employed to analyze
the influences of thinning intensities and soil depth and their interactions on the physical
and chemical properties of the soil and the SOC, TN, and TP stocks, and C:N, C:P, and N:P
(p = 0.05). The relationships of soil physicochemical properties (i.e., SOC, TN, TP, moisture
content, pH, bulk density, and total porosity) with soil element stocks (i.e., SOC, TN, and
TP stocks) and soil element stoichiometry (i.e., C:N, C:P, and N:P) were determined via a
principal component analysis (PCA).

Origin 2021 was used for plotting the results.

3. Results
3.1. Impacts of Thinning on Soil Physical and Chemical Properties

With an increasing soil depth, the soil C, N, and P concentrations (Figure 2) and total
porosity (Supplementary, Table S1) of each soil layer decreased, while the soil bulk density
and pH (Supplementary Table S1) gradually increased. In the 0-10 cm soil layer, the SOC
concentration of MT was significantly higher than that of the IT treatment (Figure 2a,b; p <
0.05). Compared with NT, the TN and TP concentrations in the 0-10 cm layer of MT were
15.5% and 30.8% more, respectively (Figure 2d,f; p < 0.05). In the 10-20 cm soil layer, in
comparison with NT, the SOC from MT was 39.9% less (Figure 2b; p < 0.05) and TN and TP
were 37.1% and 36.4% higher, respectively (Figure 2d,f; p < 0.05). The pH of each soil layer
for MT significantly increased compared to NT and IT (Table S2). The soil bulk density
and total porosity of each soil layer were similar between the different thinning intensities
(Table S2; p < 0.05).

In the 0-30 cm soil layer, the SOC of MT and IT was, respectively, 14.6% and 21.3%
lower than that of NT (Figure 2b; p < 0.05), while compared with NT, the TN and TP of
MT were 20.2% and 38.0% higher, respectively (Figure 2d,f). The data demonstrate that
thinning treatments can reduce the SOC concentration and that MT increases TN and TP
concentrations in the soil. The effects of the treatments and soil depth on SOC, TN, and TP
were significant (Figure 2a,c,e; p < 0.05), and their interactions on SOC were also significant
(Figure 2a; p < 0.05).

3.2. Soil C, N, and P Stocks and Stoichiometric Characteristics under Thinning

Figures 2 and 3 show that SOC, TN stocks, and C:P decreased with increasing soil
depth. In the 0-10 cm soil layer, the SOC, TN, and TP stocks of the MT soil layer were
27.5%, 24.9%, and 43.2% higher, respectively, compared with NT (Figure 3b,d.f; p < 0.05),
and the C:N of the IT soil layer was 21.5% lower (Figure 4b). Furthermore, N:P was 27.3%
more (Figure 4f; p < 0.05). In the 10-20 cm soil layer, the SOC stocks of MT and IT were
43.3% and 33.8% less, respectively (Figure 3b; p < 0.05), and C:N was 55.7% and 26.8%
lower, respectively (Figure 4b; p < 0.05), while in the MT soil layer, C:P was 55.1% less
(Figure 4d; p < 0.05). In the 20-30 cm soil layer, compared with NT, the SOC stocks of MT
and IT were 44.8% and 47.1% lower, respectively (Figure 3b; p < 0.05); C:N was 44.4% and
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31.6% less, respectively (Figure 4b; p < 0.05); and C:P was 60.3% and 38.2% less, respectively

(Figure 4d; p < 0.05).
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Figure 2. Vertical distribution of soil organic carbon (SOC) (a,b), total nitrogen (TN) (c,d), and total
phosphorus (TP) (e,f) (mean £ SD, n = 3) in the 0-30 cm soil profile for the no-thinning control (NT),
moderate thinning (MT), and heavy thinning (MT), respectively. Significant differences between
thinning treatments (T), soil depths (D), and their interactions are shown at **, p < 0.01; and ns, p >
0.05. Different capital letters (A, B, and C) indicate significant differences between the same thinning
treatment and different depths (p < 0.05); different capital (D, E) and lowercase (a—c) letters indicate
significant differences among different thinning treatments in the total soil profile (30 cm) and each
10 cm layer with corresponding soil layers (p < 0.05), respectively.
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Figure 3. Vertical distribution stocks of soil organic carbon (SOC) (a,b), total nitrogen (TN) (c,d),
and total phosphorus (TP) (e,f) (mean + SD, n = 3) in the 0-30 cm soil profile for the no-thinning
control (NT), moderate thinning (MT), and intensive thinning (IT), respectively. Significant differences
between thinning treatments (T), soil depths (D), and their interactions are shown at **, p < 0.01
and ns, p > 0.05. Different capital letters (A, B, and C) indicate significant differences between the
same thinning treatment and different depths (p < 0.05); different capital (D, E, and F) and lowercase
letters (a,b) indicate significant differences among different thinning treatments in the total soil profile

(30 cm) and each 10 cm layer with corresponding soil layers (p < 0.05), respectively.
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Figure 4. Vertical distribution of soil C:N (a,b), C:P (¢,d), and N:P (e,f) (mean £ SD, n = 3) stoichiom-
etry in the 0-30 cm soil profile in the no-thinning control (NT), moderate thinning (MT), and heavy
thinning (IT), respectively. Significant differences between thinning treatments (T), soil depths (D),
and their interactions are shown at *, p < 0.05; **, p < 0.01. Different capital letters (A, B, and C)
indicate significant differences between the same thinning treatment and different depths (p < 0.05);
different capital (D, E, and F) and lowercase letters (a, b, and c) indicate significant differences among
different thinning treatments in the total soil profile (30 cm) and each 10 cm layer with corresponding
soil layers (p < 0.05), respectively. Abbreviations: C:N, SOC—to-TN ratio; C:P, SOC-to-TP ratio; N:P,
soil TN—to-TP ratio.

In the 0-30 cm soil layer, compared with NT, the TN and TP stocks of the MT soil layer
were 18.8% and 37.3% higher, respectively (Figure 3d,f; p < 0.05), and the C:N and C:P ratios
were lower by 32.8% and 39.0%, respectively (Figure 4b,d; p < 0.05). The SOC, TN, and
TP stocks in IT soil layers were 31.0%, 7.2%, and 21.4% lower, respectively (Figure 3b,d,f;
p < 0.05), and the C:N and C:P ratios were 26.5% and 15.6% lower, respectively (Figure 4b,d;
p < 0.05). The effects of treatments and soil depth on the SOC, TN stocks, and C:N:P
stoichiometry were significant (Figures 3 and 4; p < 0.05), and their interactions on the SOC
stock and C:N:P stoichiometry were significant (Figures 3a and 4a,c,e; p < 0.05).
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3.3. Relationships among Nutrient Stocks, Stoichiometric Ratios, and Soil
Physicochemical Properties

The carbon and nutrient stocks and their stoichiometric ratios (i.e., C:P, N:P) across
different thinning treatments were correlated with the changes in their concentrations
(Supplementary, Figure S1; Figure 5). Specifically, the N:P was positively associated with
SOC, regardless of treatment (Figure 5b,c; p < 0.05). In addition, the SOC stocks and C:P
were positively associated with TN, regardless of treatment (Supplementary, Figure S1;
Figure 5ef; p < 0.05). Overall, enhanced correlations between nutrient concentrations
(SOC, TN, and TP) and these soil stocks in MT and IT, compared with NT were observed
(Supplementary, Figure S1; p < 0.05).

40 12
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Figure 5. Linear regressions of the relationships between contents of soil organic carbon (SOC)
(a—c), total nitrogen (TN) (d—f), and total phosphorus (TP) (g-i), as well as their stoichiometry in the
no-thinning control (CK), moderate thinning (MT), and heavy thinning (IT), respectively. Straight
lines correspond to significant relationships. Abbreviations: C:N, SOC-to-TN ratio; C:P, SOC-to-TP
ratio; N:P, soil TN—to-TP ratio.

A PCA revealed the relationships between the soil physicochemical properties, element
stocks, and their stoichiometry in the topsoil layer (0-10 cm) and subsoil layers (10-20
and 20-30 cm) (Figure 6). The correlation analysis further demonstrated more quantitative
relationships between these variables (Supplementary, Figure S2). Compared with the
subsoil layer, the SOC, TN, and TP stocks of topsoil were positively correlated with bulk
density and negatively correlated with total porosity (except for the TN stock in the
20-30 cm soil layer) (Figure 6; Supplementary, Figure S2; p < 0.05).
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Figure 6. Principal component analysis (PCA) of soil physicochemical properties, element stocks,
and their stoichiometry in the topsoil layer (0-10 cm) (a) and subsoil layers (10-20 and 20-30 cm)
(b,c). Abbreviations: SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; SOCs, soil
organic carbon stocks; TN, total nitrogen stocks; TPs, total phosphorus stocks; C:N, SOC-to-TN
ratio; C:P, SOC—-to-TP ratio; N:P, soil TN-to-TP ratio; M, soil moisture content; BD, soil bulk density;
STP, soil total porosity.

4. Discussion
4.1. Effects of Thinning Intensity on Soil C, N, and P Concentrations and Stocks

Nutrients play a pivotal role in maintaining the quality and productivity of soil [26,27].
However, bamboo forest thinning changes the litter decomposition rates, root secretion, soil
mineralization rate, and the contributions from soil animals and microorganisms, which
further evokes the change of soil C, N, and P concentration [28,29]. In this study, the
SOC stock decreased significantly with increased thinning intensity (Figures 1b and 2b).
We propose three possible reasons for this result: (1) Thinning led to a reduction of litter,
which reduced the input and conversion of exogenous organic matter and increased the
leaching of soluble organic carbon, resulting in decreased SOC [30]. (2) The increase in soil
surface temperature and humidity as a result of thinning and the subsequent accelerated
decomposition of soil organic matter resulted in decreased SOC stocks [31]. (3) The decrease
in overmature bamboo density due to thinning led to a reduced decomposition rate of
bamboo roots and whip, decreasing SOC stocks [32]. However, a recent meta-analysis based
on China’s forest thinning dataset found that thinning significantly increased SOC stocks
in planted forests by 7.2% [33]. In addition, the SOC stocks were more than that of a not-
thinned forest land when trees with a diameter of <2 cm were cut after five years [34]. The
response of SOC stocks to thinning varies with thinning intensity, management practices,
recovery time, and forest type.
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Our experiments revealed that in MT, the stocks of TN and TP markedly increased and
were higher than those in NT and IT (Figures 2 and 3). The reasons could be that thinning
mature bamboo by up to 15% led to moderate canopy closure and plant density (Table 1),
as well as an increased light, temperature, humidity, and water content (Supplementary,
Table S1). Additionally, changes in primary production caused by thinning could improve
both the quality and quantity of litter supply and root decomposition within the soil [35]. It
also increased microbial biomass and enzyme activity, and accelerated the decomposition
of litter, bamboo roots, and whip, resulting in cascading effects that increased the release
and circulation of soil nutrients [35]. However, a surprising observation was that the
stocks of SOC, TN, and TP in IT soil decreased and were lower than those in NT and
MT (Figure 3). In addition, the SOC and TN stocks were positively correlated with these
concentrations in IT stands (Supplementary, Figure S1). This is attributed to the plant
density becoming too low via thinning the mature bamboo by up to 33% (Table 1), resulting
in less litter input and a reduced supply of soil nutrients [32]. Meanwhile, due to the
bamboo growth characteristics, the new, and rapidly growing bamboo plants had a higher
nutrient consumption rate compared to mature bamboo after three years [36]. Studies have
also shown that, with an increased abundance of surface litter, microbial decomposition
activities and the growth of understory vegetation increased, intensifying the demand for
soil C and N [37]. Therefore, it can be inferred that stand productivity is closely related to
the density of bamboo forests. Different plant densities led to different competitive effects
(higher competition for nutrients) among Moso bamboo forests, which resulted in a change
in productivity with different thinning intensities [12].

In our study, the soil TN stocks of different thinning regimes (5.43-7.30 kg ha~!)
were well below the average of China’s forest soil TN stocks (34.64 kg ha=') [38] but
were slightly higher than another bamboo forest in the same climate zone with intensive
management for 15 years [32]. Furthermore, the soil TP stocks between 0.88 and 1.51 t ha~!
were slightly lower than those of a Phyllostachys praecox stand in the same climate zone
with a mulching management period of three years and six years, respectively [39]. These
results indicate that soil TN and TP stocks induced by thinning were lower than averages
in China or similar climate zones. Therefore, appropriate fertilization management regimes
to alleviate the N and P limitations of Moso bamboo forests in subtropical regions should
be considered.

4.2. Effects of Thinning on Soil C:N, C:P, and N:P Stoichiometry

Soil is the most prominent pool of C and N in terrestrial ecosystems, providing
plants with these elements and other essential nutrients such as P, K, S, and Ca [29].
These represent the structural elements and nutrients within soil organic matter, whose
content and stoichiometric ratios are significant for maintaining ecosystem stability [40].
In addition, soil C, N, and P stoichiometry is a useful indicator of soil nutrient status and
potential plant nutrient limitations. However, one of the crucial factors regulating the
stoichiometric ratios of C, N, and P is forest thinning [41]. Generally, the soil C:N ratio
can be used to predict the decomposition rate of organic matter, which is also an indicator
of N mineralization capacity [42]. Specifically, a C:N threshold for N mineralization is
commonly set at 25, with a lower C:N ratio indicating that N mineralization dominates
over N immobilization [43,44]. In this study, thinning significantly decreased the soil C:N
(Figure 4b), which confirmed the accelerated rate of organic matter decomposition and N
mineralization with a low C:N; the soil C:N in MT stands was the lowest under all thinning
intensities. This phenomenon might be ascribed to a more favorable soil environment in
these stands, i.e., a suitable plant density, canopy density (Table 1), and pH, as well as higher
soil TN, TP (Figure 3d,f), and water contents (Supplementary, Table S1). Soil C:P reflects the
P mineralization capacity; a lower C:P demonstrates higher P availability [43,45], which can
also promote the decomposition of organic matter by microorganisms and increase nutrient
bioavailability [46]. Soil C:P was found to decrease significantly following thinning and
was the lowest in MT stands (Figure 4d), indicating an improvement in P bioavailability.
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Our findings are consistent with the results of Tian et al. (2019) [47] and Qiu et al. (2020) [7],
who showed that moderate thinning can improve soil P availability due to higher soil C,
microbial biomass and activity, and soil moisture, thereby accelerating the decomposition
and circulation of soil nutrients. These changes in soil properties were also apparent in
our study (Supplementary, Table S1; Figure 2d,f). The soil N:P value reflects the restrictive
effect of N and P nutrients on plant growth and is also an indicator of N saturation [44].
However, our research surprisingly found that N:P first decreased and then rose with
increasing thinning intensity, and it was the lowest in MT stands (Figure 2f). Another
study found that in P-deficient areas, a low soil C:P and N:P led to increased plant growth,
explaining why MT stands had the most growth in our study [48]. The N:P ratio was the
highest in the soil of IT, which was attributed to the low plant density, as thinning released
large amounts of N and P into the soil. Substantial new bamboo growth occurred during
the study period, resulting in a short-term response of soil N:P to thinning succession
and plants were gradually limited by the P concentration [49]. In this study, the organic
matter decomposition rates and nutrient fertility were MT > IT > NT. A low bioavailability
of soil nutrients limits ecosystem net primary productivity and reduces organic matter
decomposition, resulting in an accumulation of surface carbon [39].

The range of the average C:N in the three soil layers under different treatments was
15.93-23.70, which is higher than the global and Chinese average soil C:N of 14.3 and
10-12, respectively [50]. It is also one to two times that of a two-year study on thinning in
a Chinese fir plantation (11.94-12.21) [51]. This result indicates low rates of soil nutrient
cycling and organic matter decomposition, promoting the accumulation of organic matter
in the soil. The C:P average ratio in the three soil layers under different treatments in
the study area (107.18) was higher than the Chinese average value (61) [50]. However, it
was lower than the average soil C:P in bamboo forests from another study, with different
productivity levels and the same climate type [52]. Moreover, the soil P availability was
relatively low, which is consistent with the results of Wu et al., (2020) [37] and indicates
that the forest conversion increased the understory vegetation, increasing soil P uptake.
The average N:P in the three soil layers under different treatments in the study area was
between 4.84 and 6.27, which is higher than the global and Chinese forest soil averages
of 3.9 and 5.9, respectively [50]. It was previously shown that the spatial variability of
soil N:P is quite small and relatively stable [52]. Some studies reported that when the soil
N:P <10, the system is N-limited [5], severely restricting bamboo and understory vegetation
growth [18].

4.3. Changes in Soil C, N, and P Stocks and Stoichiometric Characteristics with Soil Depth

Soil depth is a key factor affecting SOC, TN, and TP stocks and the stoichiometric
characteristics of soil [53]. We found that soil depth significantly influenced the concen-
trations and stocks of C, N, and P (except TP stocks, Figure 3). The observed trend of
soil bulk density, pH, and C, N, and P concentrations with soil depth is consistent with
results from the literature (e.g., Shuai et al., 2017; Yang et al., 2016) [32,53]. The SOC and
TN stocks of the three thinning intensities decreased with increased soil depth and those in
the topsoil (0-10 cm) were significantly higher than those in the subsoil (20-30 cm) (except
NT, Figure 3b,d). This is due to the topsoil being impacted by external environmental
factors such as light, precipitation, soil microorganisms, and the release of nutrients in the
surface litter. The nutrients released via litter mineralization were primarily concentrated
on the soil surface, resulting in the surface accumulation of SOC, TN, and TP [2], which
were transported to the subsoil during the leaching with rainwater. In addition, the input
of organic matter was limited by soil permeability, microbial decomposition activity, and
bamboo root absorption [54]. The surface soil bulk density in the study area was low and
the soil porosity was high (Supplementary Table S1). The hydrothermal conditions and
aeration were satisfactory and soil microorganisms exerted a strong decomposition effect
on litter [55], resulting in the enrichment of nutrients in the surface soil [8]. With increasing
soil depth, bamboo roots, whips, and total biomass decreased, and root exudates and soil
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microorganisms were the main sources of deep soil nutrition [56]. In this study, the stocks
of SOC, TN, and TP in the topsoil (0-10 cm) were significantly higher in MT stands than
in NT and IT stands (Figure 3). We also determined that in the topsoil (0-10 cm), there
was a higher bulk density and lower total porosity in MT stands compared to the NT
and IT stands (Supplementary Table S1), which is consistent with other studies reporting
that soil bulk density and porosity were important indicators of C, N, and P stocks [53].
Furthermore, both the PCA and correlation analysis indicated that soil nutrient stocks were
positively correlated with bulk density and negatively correlated with total porosity in the
topsoil (0-10 cm) (Figure 6; Supplementary, Figure S52). There was no significant effect of
soil depth on TP stocks compared to SOC and TN stocks (Figure 3e), which is consistent
with prior research [55]. This is attributed to the fact that the source of P is primarily rock
weathering and is, thus, greatly affected by the parent material, while C and N are mainly
associated with land management, in addition to the soil parent material [40].

The ratios of C:N, C:P, and N:P in the topsoil (0-10 cm) under the three thinning
intensities were greater than those in the subsoil (20-30 cm) because the surface litter
released more nutrients into the topsoil [53]. With increasing depth, the C:N ratio of
each soil layer was significantly different in MT stands compared to NT and IT stands
(Figure 4b), which may be related to the SOC concentration (Figure 5a). Studies have shown
that changes in SOC depend on the balance between the C input generated by primary
net production and C consumed by soil organic matter decomposition [57]. Moreover,
we found that thinning changed the quantity and quality of substrates in the surface
litter, while litter deposits and decomposition were the main sources of SOC input, and
differences in the quantity of soil organic matter between soil layers were observed [6].
The C:P ratio decreased with the increasing soil depth, which was related to the humus
content in each layer of soil [2]. We observed that the C:N and C:P ratios of the MT and IT
subsoils (10-20 cm and 20-30 cm layers) decreased significantly (except for the C:P ratio
of the IT subsoil at 10-20 cm) and were the lowest in MT (Figure 4b,d). In addition, we
found that the C:P ratio of the subsoil layers was negatively correlated with pH, compared
to the topsoil (Figure 6; Supplementary, Figure S2). A probable reason is that the plant
density of Moso bamboo forests under NT was too high, compared with MT and IT stands
(Table 1), and the bottom bamboo root whip aged with the increase in the proportion of
mature bamboo. Many dead roots and mature bamboo root whip decomposed, leading
to the enhancement of microbial activity that in turn provided a large amount of organic
matter for the deep soil and altered the soil pH (Supplementary, Table S1) [36]. The SOC in
the deeper soil was greatly affected by plant root input [56]. We discovered that the effects
of treatments, soil depth, and their interaction on the SOC stock and C:N:P stoichiometry
were significant (Figures 3a and 4), indicating that thinning intensity and soil depth were
significant factors affecting soil nutrient distribution.

The study of ecosystem C, N, and P cycles is an extremely complex process. This
study addressed the effects of three years of thinning on the soil C, N, and P stocks and
ecological stoichiometric characteristics of Moso bamboo forests (Figure 7). However, the
lack of long-term fixed—point monitoring data on the effects of thinning treatment on the
stoichiometric processes of C, N, and P made it challenging to elucidate the average carbon
cycling time of 21.35 years for Moso bamboo forests [36]. Future studies should include
systematic and long-term monitoring of the effects of different thinning intensities on C,
N, and P flows and balance in the bamboo ecosystem to provide scientific data that can
support improvements in bamboo forest management and enhance soil fertility.
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Figure 7. A conceptual diagram showing the effects of thinning on soil element contents, stocks, and
their stoichiometry in a Chinese Phyllostachys edulis forest. Abbreviations: C, soil organic carbon; N,
total nitrogen; P, total phosphorus; Cs, soil organic carbon stocks; Ns, total nitrogen stocks; Ps, total
phosphorus stocks; C:N, SOC-to-TN ratio; C:P, SOC—to-TP ratio; N:P, soil TN—-to-TP ratio. The red
and blue lines represent the influencing pathways of moderate thinning (MT) and heavy thinning (IT)
on soil C, N, and P contents, stocks, and their stoichiometry, respectively. The percentage values and
the solid or dashed arrows beside them indicate the ratio of significant (p < 0.05) and nonsignificant
differences in the 0-30 cm soil layer compared to the control, respectively. Downward and upward
arrows represent negative and positive effects, respectively.

5. Conclusions

Our results demonstrated that in comparison with NT, moderate thinning significantly
increased TN and TP stocks and significantly decreased C:N and C:P in the soil of a
subtropical Moso bamboo forest. A stoichiometric analysis of soil C, N, and P, soil organic
matter decomposition rate, and soil fertility status, determined that they were optimal in
MT, followed by IT, and then NT. Moreover, the moderate thinning treatment resulted
in a plant density and canopy density that were most suitable for improving the light,
temperature, and humidity in the forest stand, thereby promoting the release, and cycling
of soil nutrients. As a result, the use of MT management can be considered an effective
forest management practice for enhanced soil fertility and improving the yield of bamboo
wood and shoots.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f13111770/s1, Figure S1: Linear regressions of the re-
lationships between contents of soil organic carbon (SOC) (a,b), total nitrogen (TN) (c,d), and total
phosphorus (TP) (e,f), as well as their stocks in the no-thinning control (NT), moderate thinning
(MT), and heavy thinning (IT), respectively. Straight lines correspond to significant relationships.
Abbreviations: SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus, Figure S2: Pearson
correlations between soil physicochemical properties and element stocks and their stoichiometry in
the topsoil layer (0-10 cm) (a) and subsoil layers (10-20 and 20-30 cm) (b,c). Red and blue markings
denote positive and negative correlations, respectively. Abbreviations: SOC, soil organic carbon; TN,
total nitrogen; TP, total phosphorus; SOCs, soil organic carbon stocks; TNs, total nitrogen stocks;
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TPs, total phosphorus stocks; C:N, SOC—to-TN ratio; C:P, SOC-to-TP ratio; N:P, soil TN-to-TP ratio;
M, soil moisture content; BD, soil bulk density; STP, soil total porosity, Table S1: Mean values and
significance levels of main effects of thinning treatment and soil depth and their interactions, obtained
from a two-way ANOVA, on soil physicochemical properties.
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