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Abstract: Forest type conversion is an important factor affecting soil carbon (C) and nitrogen (N)
pools. Planting precious trees in moso bamboo forest is an important measure taken to establish a
mixed forest due to the vulnerable ecological functioning of moso bamboo forest. However, the ways
in which soil C and N pools in moso bamboo forest are affected by precious tree introduction are
still unclear. A pure moso bamboo forest (BF), a bamboo forest interplanted with Phoebe chekiangensis
(BPC), and a bamboo forest interplanted with Taxus wallichiana var. mairei (BTW) were selected.
Soil organic C (SOC), total N, microbial biomass C (MBC), microbial biomass N (MBN), water-
soluble organic C (WSOC), water-soluble organic N (WSON), and litter C and N concentrations
were determined. Our results showed that the concentrations of SOC and N in BF were significantly
lower than those in BPC and BTW. The total SOC and N concentrations decreased with increasing
soil depth, and they were significantly higher at 0–20 cm than those at 20–40 cm and 40–60 cm.
The biomasses of litters and their concentrations of C and N were increased after planting precious
trees in moso bamboo forest, and they were significantly lower in BF than in BPC and BTW. In
addition, precious tree introduction also improved the concentrations of soil MBC, MBN, WSOC, and
WSON. To conclude, planting precious trees in moso bamboo forest significantly increased SOC and
N concentrations at soil depths of 0–60 cm.

Keywords: moso bamboo; Phoebe chekiangensis; Taxus wallichiana var. mairei; mixed forest; microbial
biomass

1. Introduction

Carbon (C) and nitrogen (N) are important elements that constitute components of
forest ecosystems and play important roles in global C and N cycles [1–3]. Numerous
studies have illustrated that accumulations of C and N are affected by vegetation type and
forest composition [4–7]. The conversion of forest type is an important pattern of land use
change in the middle subtropical area [8,9], which affects community structure and function
by changing the interactions and relationships between tree species [10] and also affects soil
C and N pools by changing litters, root exudates, and soil microbial communities [11–14],
affecting the cycles of whole ecosystems [10]. Therefore, it is of great significance to further
understand the effect of forest type change on the cycles of C and N by analyzing the effects
of changes in plant community compositions on soil C and N pools.

Moso bamboo (Phyllostachys edulis) is an important forest type in Southern China, char-
acterized by its high growth rate during sprouting and rapid biomass accumulation [15–17].
Moso bamboo is a clonal plant with strong reproduction, and their culms are connected to
each other through their rhizome–root systems, which provide strong supports for their
rapid and continuous expansion [18–20]. With the encroachment of moso bamboo, soil
organic C (SOC) and N concentrations have been found to decrease, and the changes oc-
curred mainly in the topsoil [2]. It was also found that changes in SOC and N were mainly
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related to soil microbial biomass C (MBC), microbial biomass N (MBN), water-soluble
organic C (WSOC), and water-soluble organic N (WSON). However, an opposite situation
was observed by Song et al., who found an increasing trend with the expansion of moso
bamboo into a broadleaved forest in China [21]. These studies showed that conversion from
a pure broadleaved or pure coniferous forest to a mixed forest invaded by moso bamboo
altered soil C and N concentrations. In addition, many of these studies have focused on
mixed forests formed by the expansion of moso bamboo. However, the ways in which soil
C and N concentrations in moso bamboo forests are affected by precious tree introduction
are still unclear.

In China, the area of moso bamboo forest is 4.68 million ha, according to the 9th
National Forest Resources Inventory, accounting for 72.96% of the total area of bamboo
forest [22]. The long-term, highly intensive management has resulted in a single struc-
ture of moso bamboo forest, which has significantly reduced the ecosystem stability and
ecological function [23]. The establishment of a multi-storied forest is an important mea-
sure to solve the problem of weak ecological functioning in a single-storied forest [24,25].
Phoebe chekiangensis and Taxus wallichiana var. mairei are endangered tree species and ex-
cellent precious timber species with high wood densities and radial uniformity. They
are representatives of broadleaved and coniferous species, respectively, which have been
widely planted in moso bamboo forests. Precious tree species introduced into moso bamboo
change the forest composition (tree species), which may influence the inputs and outputs
of soil C and N [7]. This process also has an impact on soil microbial processes associated
with C and N cycling in forest ecosystems due to differences in the quality, quantity, and
decomposition rates of litters [26–28]. However, the effects of planting precious tree species
in moso bamboo forests on soil C and N pools remain unclear. Therefore, the purposes
of this study were (1) to determine soil C and N changes due to planting precious tree
species in moso bamboo forests and (2) to explore the potential mechanism of soil C and
N changes.

2. Material and Methods
2.1. Study Site

This study was conducted on the Xikou forest farm of Longyou County, Zhejiang
Province, China (119◦12′38′′–119◦35′47′′ E, 28◦53′25′′–28◦92′74′′ N). This area has a subtrop-
ical monsoon climate, an average annual temperature of 17.1 ◦C, a mean annual sunshine
duration of 1762 h, a mean annual precipitation of 1603 mm, and a mean relative humidity
of 79%. The altitude above sea level at the experimental site is 247 m, and the slope is
23◦–27◦. The soil is Ultisol, and the soil properties (0–60 cm) are shown in Table 1.

Table 1. Soil properties of the experimental site.

Bulk Density
(g cm−3) pH Organic C

(g kg−1)
Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

1.03 ± 0.16 6.2 ± 0.35 11.36 ± 0.86 1.30 ± 0.24 0.32 ± 0.08 12.35 ± 1.34

2.2. Experimental Design

Moso bamboo forests regenerate naturally, and management mainly focuses on bam-
boo shoot harvesting and bamboo timber cutting. Combined with timber cutting, tending
and thinning in the moso bamboo forest were conducted in January 2012. The stand density
of bamboo forest was 1537 individuals ha−1, with a canopy cover of 60%. A standard
plot with an area of 3 ha (300 m × 100 m) was established and divided into three subplots
(100 m × 100 m). Phoebe chekiangensis and Taxus wallichiana var. mairei were introduced into
the moso bamboo forest in April 2012. Then, three forest types were established, namely,
(1) a pure moso bamboo forest (BF), (2) a bamboo forest interplanted with Phoebe chekiangensis
(BPC), and a bamboo forest interplanted with Taxus wallichiana var. mairei (BTW). BF was
located between BPC and BTW. Two-year-old seedlings were planted, and the spacing in
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the rows was 5 m × 5 m. The bamboo timber was cut down every two years in the off-year
to maintain a reasonable density.

In October 2020, the diameter at breast height (DBH, 1.3 m) of each bamboo culm was
measured and recorded. At the same time, the age of each bamboo culm was recorded.
Bamboo age was defined as “du” because of the unique phenomenon of the on-year and off-
year in moso bamboo forests [17,29]. One (I) “du” represents 1–2 years; similarly, 2 (II) and
3 (III) “du” correspond to 3–4 and 5–6 years, respectively [29,30]. In addition, the ground
diameters and seedling heights of the precious tree species were measured and recorded.
The values for Phoebe chekiangensis and Taxus wallichiana var. mairei were 25.83 mm and
62.27 mm for ground diameter and 1.76 m and 4.07 m for seedling height, respectively.
Brief descriptions of the stand characteristics are presented in Table 2.

Table 2. Brief descriptions of the three experimental stands.

Forest Type Density
(Individual ha−1)

DBH
(cm)

Height
(m)

Age Structure
(I:II:III)

BPC 1533.33 ± 137.69 a 10.23 ± 1.26 a 13.72 ± 1.82 a 0.47:0.36:0.17
BTW 1516.67 ± 125.83 a 10.17 ± 1.49 a 13.31 ± 1.77 a 0.49:0.40:0.11

BF 1566.67 ± 142.16 a 10.58 ± 1.63 a 14.07 ± 1.63 a 0.50:0.37:0.13
Lowercase letters in the same column indicate the differences between different forest types. BF, BPC, and BTW
represent pure moso bamboo forest, bamboo forest interplanted with Phoebe chekiangensis, and bamboo forest
interplanted with Taxus wallichiana var. maireii, respectively. DBH represents the diameter at breast height (1.3 m).
I, II, and III represent the ratios of 1–2-, 3–4-, and 5–6-year-old bamboos, respectively.

2.3. Soil and Litter Sampling

In October 2020, we established three standard plots (20 m × 20 m) in the three forest
types, respectively. Soil samples were collected using a soil sampler (5 cm in diameter) from
the 0–60 cm soil layer at five random points in each standard plot and separated into 20 cm
depth increments. Before soil sampling, the surface litters (1 m × 1 m) in the standard
plots were collected, and the soil particles and stones were removed artificially. Then, the
litters were dried at 70 ◦C to a constant weight for the determination of biomass. Each
soil sample was put into two sample bags. One bag was stored at −20 ◦C in a refrigerator,
and the other bag was stored at room temperature. The frozen samples were used to
determine the microbiological indexes, and the air-dried samples were used to analyze the
chemical properties after being ground and sieved through 2 mm and 0.15 mm meshes.
The dried litters were also ground and sieved through 2 mm and 0.15 mm meshes for the
determination of C and N concentrations.

2.4. Measurements

Total SOC concentrations and litter C concentrations were measured by the K2Cr2O7-
H2SO4 wet oxidation method [31], and soil total N concentrations and litter N concentra-
tions were determined by the Kjeldahl digestion–distillation method [8]. Soil microbial
biomass C (MBC) and soil microbial biomass N (MBN) were determined using the chlo-
roform fumigation extraction method [32]. The concentration of water-soluble organic C
(WSOC) was measured using the method described by Jiang et al. [33]. The concentration
of organic N (WSON) was measured using the method described by Bai et al. [2].

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) and least significant difference tests were
used to determine the significant differences between treatments for each variable over
the whole experiment. Statistical significance was evaluated at p < 0.05. All statistical
analyses were conducted in the SAS 9.0 software. Figures were prepared using the Origin
8.6 software program.
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3. Results
3.1. SOC and N Concentrations

The introduction of precious trees into moso bamboo forest led to a large increase in
SOC concentrations (Figure 1). At a depth of 0–20 cm, the SOC concentration in BF was
significantly lower than in BPC and BTW (p < 0.05), while no significant difference was
found between BPC and BTW (p > 0.05). At depths of 20–40 and 40–60 cm, there were no
significant differences in SOC concentrations between the three forest types (p > 0.05). The
SOC concentrations showed decreasing trends with soil depth in the three forest types and
were significantly higher at depths of 0–20 cm than at 20–40 and 40–60 cm (p < 0.05).
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Figure 1. SOC and N concentrations in BPC, BTW, and BF. Capital letters indicate the differences
between different soil depths in the same forest type, and lowercase letters indicate the differences
between different forest types at the same soil depth. BF, BPC, and BTW represent pure moso bamboo
forest, bamboo forest interplanted with Phoebe chekiangensis, and bamboo forest interplanted with
Taxus wallichiana var. maireii, respectively.

The introduction of precious trees into moso bamboo forest also increased soil total N
concentrations (Figure 1). At a depth of 0–20 cm, the total N concentrations in BPC and BTW
were significantly higher than in BF (p < 0.05), while there was no significant difference
between BPC and BTW (p > 0.05). At a depth of 20–40 cm, the total N concentration in BPC
was significantly higher than in BTW and BF (p < 0.05), while at depths of 40–60 cm no
significant difference was found between the three forest types (p > 0.05). The distribution
of total N concentrations showed a decreasing trend with increasing soil depth, which
was similar to what was observed for SOC concentrations. The total N concentration at a
depth of 0–20 cm was the highest, and it was significantly higher than those at 20–40 and
40–60 cm (p < 0.05).

3.2. Litter C and N Concentrations

The litter biomasses and concentrations of C and N increased after planting precious
trees in moso bamboo forest (Table 3). Planting precious trees in moso bamboo forest
significantly increased litter biomass (p < 0.05). The litter C and N concentrations in BPC
and BTW were significantly higher than in BF (p < 0.05), while no significant difference was
found between BPC and BTW (p > 0.05).

Table 3. Litter biomasses and concentrations of C and N in BPC, BTW, and BF.

Forest Type Litter Biomass (t ha−1) C Concentration (mg g−1) N Concentration (mg g−1)

BPC 0.83 ± 0.13 a 427.33 ± 24.64 a 14.33 ± 0.81 a
BTW 0.85 ± 0.09 a 436.67 ± 22.10 a 15.60 ± 0.96 a

BF 0.73 ± 0.10 b 391.33 ± 19.45 b 11.63 ± 0.45 b
Lowercase letters in the same column indicate the differences between different forest types. BF, BPC, and BTW
represent pure moso bamboo forest, bamboo forest interplanted with Phoebe chekiangensis, and bamboo forest
interplanted with Taxus wallichiana var. maireii, respectively.
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3.3. MBC and MBN Concentrations

The MBC and MBN concentrations increased after planting precious trees in the moso
bamboo forests (Figure 2). At a depth of 0–20 cm, the MBC and MBN concentrations in BF
were significantly lower than in BPC and BTW (p < 0.05), while no significant difference
was found between BPC and BTW (p > 0.05). At depths of 20–40 and 40–60 cm, there was
no significant difference in MBC and MBN concentrations between the three forest types
(p > 0.05). Soil MBC and MBN concentrations also decreased with increasing soil depth for
all three forest types, and the differences were significant (p < 0.05).
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Figure 2. MBC and MBN concentrations in BPC, BTW, and BF. Capital letters indicate the differences
between different soil depths in the same forest type, and lowercase letters indicate the differences
between different forest types at the same soil depth. BF, BPC, and BTW represent pure moso bamboo
forest, bamboo forest interplanted with Phoebe chekiangensis, and bamboo forest interplanted with
Taxus wallichiana var. maireii, respectively.

3.4. WSOC and WSON Concentrations

Details about the WSOC and WSON concentrations for each treatment are shown in
Figure 3. At depths of 0–20 and 20–40 cm, the WSOC and WSON concentrations in BPC
and BTW were significantly higher than in BF (p < 0.05), while no significant difference was
found between BPC and BTW (p > 0.05). At a depth of 40–60 cm, there was no significant
difference between the three forest types (p > 0.05). Soil WSOC and WSON concentrations
also decreased with increasing soil depth in all three forest types, and the differences were
significant (p < 0.05).
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Figure 3. WSOC and WSON concentrations in BPC, BTW, and BF. Capital letters indicate the
differences between different soil depths in the same forest type, and lowercase letters indicate
the differences between different forest types at the same soil depth. BF, BPC, and BTW represent
pure moso bamboo forest, bamboo forest interplanted with Phoebe chekiangensis, and bamboo forest
interplanted with Taxus wallichiana var. maireii, respectively.

4. Discussion

Forest conversion can markedly influence SOC and N concentrations [8,34]. A previous
study showed that concentrations of SOC and N decreased with the encroachment of moso
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bamboo on native evergreen broadleaved forests and that they were significantly higher
in the transition zone (mixed forest formed by native evergreen broadleaved forest and
expanded moso bamboo) than in pure moso bamboo forest [35,36], which suggested that
mixed forest could significantly improve concentrations of SOC and N. In our study, the
conversion from moso bamboo forest to mixed forest by planting precious tree species
increased SOC and N concentrations. This result was consistent with the findings of
Bai et al. [2]. The higher concentrations of SOC and N in BPC and BTW compared to
BF indicated that precious tree species introduction into moso bamboo forest to produce
a mixed forest could increase SOC and N pools, which is consistent with the results of
Wang et al. [35] and Li et al. [36].

In the present study, conversion from pure moso bamboo forest to mixed forest by
planting precious tree species increased the concentrations of SOC and N at 0–20 cm depths
but not in deeper soil. This result showed no difference from those of Yang et al. [37] and
Gelaw et al. [38], who considered that soil disturbances only happened in the topsoil in
these ecosystems. This may be related to the longer planting time (8 years after planting).
In deep soil, the concentrations of SOC and N returned to the levels before the planting of
precious trees, while their concentrations in surface soil were affected by the increase in
litter biomass. In addition, a negative correlation between SOC and N concentrations and
soil depth was found in BF, BPC, and BTW. The result was similar to that of Guan et al., who
found a declining trend in SOC and N concentrations with increasing soil depth [8]. In our
research, the high concentrations of SOC and N in topsoil have two possible explanations:
first, the decomposition of surface litter increased SOC and N concentrations [35]; second,
the high activities of microorganisms on the surface soil accelerated the decomposition of
litter [39].

The changes in SOC and N concentrations in moso bamboo forest due to precious tree
species introduction are complex, being mainly affected by species compositions, litters,
and microbial communities [3]. In our study, the high SOC and N concentrations in BPC and
BTW may depend on several factors. First, the increase in SOC and N concentrations may
be partly determined by litter quantity and quality. Planting precious tree species in moso
bamboo forest altered plant diversity, especially understory diversity. Previous studies have
shown that relatively poor plant diversity decreased soil C inputs and accumulation [2].
Moreover, mixed forest was able to produce and accumulate more litter due to precious
trees and other vegetation [40], which was beneficial for maintaining and improving soil
fertility [41]. In our study, litter C and N concentrations in BPC and BTW were significantly
higher than in BF (Table 3). The decomposition of mixed litter may promote the release of
nutrient elements [42].

Second, increased microbial activity may be an important factor in the improvement
of SOC and N pools. MBC and MBN are soil microbial active resource banks, which can
sensitively reflect soil microbial activities [2]. In this study, concentrations of soil MBC
and MBN in BPC and BTW were significantly higher than in BF (Figure 2), which was
consistent with previous results [12,43]. The increases in MBC and MBN concentrations
in BPC and BTW might be attributed to the increases in soil microbial communities and
diversity due to the precious tree introduction [2]. After planting precious tree species in
moso bamboo forest, the biomasses of litter and root exudates increased (Table 3), which
provided favorable conditions for microbial growth and reproduction. The increases in
microbial communities further promoted litter decomposition, accelerating the release of
effective nutrients, and subsequently improved the concentrations of SOC and N.

Finally, the increased WSOC and WSON may be another important factor affecting
SOC and N concentrations. Previous studies have shown that WSOC and WSON are mainly
released through litter decomposition, root exudation, and the mineralization of soil organic
matter through microbial activities [2,44,45]. In this study, precious tree species introduction
changed the compositions and decomposition rates of litters and subsequently increased the
concentrations of WSOC and WSON (Figure 3), illustrating that the mixed forests favored
the processes of transformation of soil C and N. Additionally, soil WSOC and WSON were
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organic C and N sources, which can be directly utilized by soil microorganisms [46]. The
increase in WSOC and WSON in BPC and BTW indicated that the mixed forests had strong
microbial activities, which can improve SOC and N concentrations.

5. Conclusions

This study clearly demonstrated that SOC and N concentrations were significantly
influenced by the conversion of a pure moso bamboo forest to a mixed forest. The concen-
trations of SOC and N in BF were lower than in BPC and BTW, indicating that planting
precious trees in the moso bamboo forests increased the SOC and N concentrations. In
addition, converting pure moso bamboo forests to mixed forests by planting precious trees
not only increased the biomasses of litters and their concentrations of C and N, but also
increased the concentrations of soil MBC, MBN, WSOC, and WSON. The results indicated
that the conversion of a pure moso bamboo forest to a mixed forest by planting precious
trees significantly increased SOC and N concentrations at soil depths of 0–60 cm. Con-
tinuous research on the interactions between precious trees and moso bamboo should be
explored in further studies.
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