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Abstract: [Objectivel Forest carbon and nitrogen storage significantly affect forest ecosystems and global carbon and nitrogen
cycles. Forest management can achieve sustainable development by regulating stand structure. Therefore, the relationship between
stand structure and soil carbon (SOCD) and nitrogen storage (SOND) needs in depth study. [Method] In this study, experiments
were carried out in mixed and pure Pinus massoniana forests to analyze the effects of stand density, stand age, and their interaction on
the change trends in SOCD and SOND in different soil layers. [Result] The results showed that, in upper (020 cm), middle (20—
40 cm), and lower (40-60 cm) soil layers, with increased stand density, the SOCD of pure P. massoniana stands first increased and
then decreased, while SOND increased monotonically; in mixed P. massoniana stands, SOCD and SOND both increased monotonically.
In different development stages (young, middle-aged, and near-mature), the average SOCD of pure P. massoniana stands were 91.31
t/ha, 88.56 t/ha, and 85.98 t/ha, respectively, while the average SOCD of mixed P. massoniana stands were 55.92 t/ha, 48.61 t/ha and
55.05 t/ha. The SOCD of pure P massoniana stands was significantly higher than mixed P massoniana stands at all growth and
development stages. In pure P massoniana stands, with increasing stand density, the SOCD of young, middle-aged, and near-mature
stands first increased and then decreased, while the SOND increased monotonically. In the mixed P. massoniana stands, with increasing
stand density, the SOCD of young, middle-aged, and near-mature stands increased monotonically, while the SOND of young stands
increased initially and then decreased, while those of middle-aged and near-mature stands increased monotonically. [ Conclusion]
These results emphasized that the artificial regulation of stand density at the appropriate development stage can maximize the carbon

and nitrogen fixation potential of forest soil.

Keywords: Pinus massoniana; stand structure; stand density; stand age; pure forest; mixed forest; soil carbon storage; soil

nitrogen storage.
1 Introduction

The soil carbon and nitrogen pools of forest ecosystems are massive reservoirs that represent more than 70%
of global carbon and nitrogen storage ( Liu et al., 2007; Pan et al., 2011). Controlling the dynamic changes of soil

carbon and nitrogen reserves would be indispensable for alleviating global warming and the sustainable
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development of forest ecosystems (Li et al., 2013). Forest soil carbon is preserved in many forms, mainly through
soil respiration and carbon and nitrogen cycle exchange with aboveground stand and atmosphere. Therefore, a
change in forest status will alter forest soil carbon and nitrogen storage (SOCD and SOND) (Xu and Shang, 2016).
The relationship between forest SOCD and SOND and stand structural characteristics must be understood to
effectively manage forest ecosystems. Forest management can be an important driving force in regulating forest
ecosystems (Hanan et al., 2018). Indeed, through the proper regulation of stand structure factors, such as density,
tree species composition, and age structure, the soil carbon and nitrogen sequestration processes can be controlled

to a certain extent (Nordmeyer et al., 2007; Vesterdal et al., 2013; Truax et al., 2018).

In recent years, studies have shown that stand structure has a significant effect on SOCD and SOND. Stand
density is the main stand factor that forest management regulate stands because it affects soil temperature, humidity,
and soil respiration rate (Cheng et al., 2015; Lei et al., 2018; Zhang et al., 2018). Stand density is often adjusted via
thinning, which decreases stand canopy density, leading to increased stand surface runoff, aggravated soil erosion,
and obvious changes in SOCD and SOND (Jurgensen et al., 2012; Dang et al., 2018). Thinning can also alter the
local plant community, so forest management often implements artificial replanting, which forms mixed forests
(Ming et al., 2018). Artificial replanting and natural regeneration will directly alter the composition of tree species,
making a managed forest significantly different from a natural forest. Tree species composition is another important
index of stand structure that affects the content of SOCD and SOND (Wang et al., 2010). In some cases, rapid
growth by individual trees in pure forests can compensate for the initial SOCD and SOND losses due to thinning
(Augusto et al., 2014). Studies have shown that mixed forest diversity is increased by both naturally regenerated
trees and artificially planted trees, which can maintain the exchange balance between underground soil carbon and
nitrogen and the aboveground stand (Hulvey et al., 2013; Jucker et al., 2014). In addition, mixed forests with diverse
compositions can have enriched litter composition and enhanced litter decomposition rates, both of which affect the

soil carbon cycle (Sun et al., 2016; Li et al., 2020).

The contents of SOCD and SOND can be significantly different in different stages of forest growth and
development (Wu et al., 2020). In younger stages, the consumption of water and nutrients for tree growth is low, as
is the intake of SOCD and SOND from the soil. With increasing age, the consumption of nutrients by trees increases,
and the soil carbon and nitrogen from decomposed litter are also utilized more. The SOCD and SOND of stands
also change dynamically with increasing stand age. In addition, this dynamic may be closely related to changes in
stand structure, and may be affected by factors such as tree species composition and stand density (Xia et al., 2021;
Na et al., 2021). With the growth of trees, the expansion of tree roots in soil increases correspondingly. With
increased soil depth, the carbon and nitrogen in the soil exist in more stable forms that are not easily used by trees
and are less affected by trees. Therefore, the influence of stand structure on SOCD and SOND is different at different
depths (Sun etal., 2019). Indeed, topsoil has been seen to be more sensitive to changes in stand structure. The carbon
and nitrogen input from litter decomposition and forest root precipitation complete the biochemical process in the
surface soil. As it is processed, small amounts of carbon and nitrogen are transported into the deep soil in various

forms. The stored carbon and nitrogen in the deep soil mainly comes from the soil itself (Yu et al., 2014; Witing et
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al., 2019). However, some studies have found that stand structure does not have different effects on deep soil and
surface soil, and the specific respiration rate of deep soil can store unstable carbon and nitrogen in a progressive
process, which is a key pathway by which carbon and nitrogen are input into deep soil (Guenet et al., 2012;
Heitkotter et al., 2017). Based on the above research, this study explored the relationship between SOCD, SOND,

and stand structure in the upper (020 cm), middle (20—40 cm), and lower (40—-60 cm) soil layers.

Pinus massoniana is the main tree species used for afforestation in barren mountainous areas in subtropical
areas. Forest management can improve the P. massoniana stand quality by adjusting stand structure (Zhang et al.,
2020). Changes in stand structure will affect the exchange between soil and aboveground forest biomass, affect soil
respiration rates, and subsequently affect SOCD and SOND. The relationship between the dynamic changes in forest
SOCD and SOND and stand structure is of fundamental importance to forest management. Therefore, this study
explored the relationship between forest SOCD and SOND and stand structure, primarily to guide and optimize the

effectiveness of human Intervention and forest management practices to achieve sustainable forest development.
2 Materials and methods

2.1 Study site

The study was conducted in the Tropical Forestry Experimental Center of Chinese Academy of Forestry,
Pingxiang City, Guangxi Province, within latitudes 21°57°477-22°19°27” N and longitudes 106°39°50”-106°59°30”
E. The study area has a subtropical semi-humid-humid climate with distinct dry and wet seasons and abundant light,
water, and heat resources. Historically, the mean annual rainfall for the area ranges between 1200—-1500 mm and the
annual evaporation ranges between 1261-1388 mm. The geomorphology is mainly mountainous and hilly, with an
altitude range of 130-1045.9 m, but most areas fall between 500-800 m. The soil-forming parent rocks are mainly

argillaceous sandstone, gravelly limestone, granite, and limestone, and the soils are mainly red soil and latosol.

2.2 Experimental design

In order to study the relationship between stand structure and SOCD and SOND, selection of P massoniana
evenaged plantation of Tropical Forestry Experimental Center, initial density for 2500 trees/ha. The P. massoniana
plantation had been managed completely according to the rotation period management mode. We selected 90
standard sample P. massoniana plantation plots, including 45 pure P. massoniana plots and 45 mixed P. massoniana
plots. The sample plots were circular plots of 400 m?. The mixed forest broad-leaved tree species mainly include
Eucalyptus, Mytilaria laosensis, Castanopsis hystrix, etc. P massoniana pure forest sample plots are those tree
sample plots with more than 65% of the total stock of P. massoniana, and P. massoniana mixed forest sample plots
are those tree sample plots with 35%-65% of the total stock of P. massoniana (Meng, 2006). According to the
established requirements of the experiment, the plots were selected so that there was no significant difference
between stand factors (i.e., DBH and tree height) and site factors (i.e., altitude, slope, etc.) (Table 1). According to
the growth characteristics of P massoniana, the pure and mixed plots could be divided into different age classes:
young forest (Mean stand age is 1-10 years), middle-aged forest (Mean stand age is 11-20 years), and near-mature
forest (Mean stand age is more than 21 years), with 15 plots in each age group (Meng, 2006).
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Table 1. Summary of the characteristics of the sample plots.

Pr
oportio Initi Mean
n of al Mean .
Sta . Age stand Mean H Elevation Slope
nd type volume - planting group density(tre DBH (m) pH (m) ©
of P density(t (cm)
es/ha)
masson  rees/ha)
iana
Young 650 14.8342. 9.43+1.3 4.52+0.3 305.95+59. 24.18+
P stand 2laA 2aA SaA 72aA 3.87aA
massoni 92 250 Middle- 550 18.85+2. 11.73+1. 4.49+0.2 316.55+67. 24.12+
ana pure % 0 aged stand 31bB 41bB laA 23aA 4.23aA
stand Near- 475 22.73+1. 15.23+1. 4.42+0.2 321.48+53. 23.82+
mature stand 43cC 81cC 8aA 8laA 2.88aA
Young 650 14.52+0. 10.43+0. 4.56+0.3 305.45+63. 24.59+
P stand 67aA 77aA 6aA 75aA 4.53aA
massoni 49 250 '
ana % 0 Middle- 575 17.85+1. 11.23+1. 4.63+0.2 314.22461. 23.73+
mixed aged stand 22bB 09aB 8aA 34aA 4.26aA
stand
Near- 500 21.29+2. 14.95+2. 4.51+0.2 324.17+43. 24.62+
mature stand 34cC 63cC 6aA T4aA 3.52aA

Note: different lowercase letters "a, b, ¢" indicate that there are significant differences, and different capital letters "A, B, C" indicate significant differences
in P. massoniana pure stand and P. massoniana mixed stand.

2.3 Field survey and soil sampling

In sample plots where trees have DBH > 5 cm and young trees have heights > 30 cm and DBH < 5 cm, the
DBH and tree height can be measured using the DBH ruler and ultrasonic tree altimeter. For each plot, the tree
species names were recorded, the DBH and tree heights were measured, and the shrub species, numbers, and heights
were recorded. Soil samples were collected according to the plum blossom method, and 1 kg of the upper, middle,
and lower soils were collected according at 20 cm intervals in the east, west, south, north, and center of each plot
area. The upper layer of soil was 0-20 cm, the middle layer of soil was 20-40 cm, and the lower layer of soil was
40-60 cm. The samples were air-dried and crushed, and then the fine roots of the plants were removed and samples
were sealed for storage. Soil organic carbon was determined using the potassium dichromate method; and available

nitrogen was determined via alkaline hydrolysis distillation (Qiu et al., 2019).

2.4 Data processing

We calculated the SOCD as follows (Kong et al., 2019):

SOCD = SOC x h x p x 10 (1)
SOND = N; xh x p x 10 ©)

where SOCD is soil organic carbon storage (t’ha); SOND is soil nitrogen storage (t/ha); SOC is soil organic
carbon content(g/kg); N is soil organic nitrogen content (g/kg); h is soil thickness (h = 0.2 m); and p is soil bulk
density (g/cm?).

First, a multi-factor variance analysis was conducted to analyze whether stand density, age group, and soil layer
had significant effects on SOCD and SOND. Second, a linear mixed model was adopted to consider the effects of
age group, soil layer, and their interaction on SOCD and SOND. The expressions were as follows (Hernandez et al.,
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2016):

Yij=a0+,uj+a1 XNij+gij

Yik=a0+/,tk_+a1><N]-k+£ik (3)

Yin = ap + 1 X e + ag X Ny + €

where ag and a; are the fixed parameters of the model; ; and i are the random effects;ej; , gjand &, are
error term; Yj is the logarithmic conversion value of SOCD or SOND at it sample of the j" age group; Yi is the
logarithmic conversion value of SOCD or SOND at i sample of the k' soil layer ; and Yj is the logarithmic
conversion value of SOCD or SOND at i" sample of the k' soil layer and the j" age group. Njj is the stand density
at i sample of the j'" age group; Ny is the stand density at it sample of the k'™ soil layer; Nijy is the stand density at
it sample point of the k' soil layer and the j* age group. Age group, soil layer, and stand density are nested structure,
such as in the same age group, several soil layers are nested in the same age group; in the same age group and soil

layer, several stand density levels are nested in the same age group and soil layer.

Since the defined domain of the independent variable (stand density) in this study was small, a logarithmic
conversion of soil carbon and nitrogen reserves was carried out, and the logarithmic conversion values of the soil
carbon and nitrogen reserves were used to eliminate any autocorrelation or heteroscedasticity in the data. Data

analysis and illustrations were completed in R 4.0.3 and the OriginPro software, respectively.
3 Results

3.1 Factors affecting SOCD and SOND

The multivariate analysis of variance (Table 2) showed that stand density and soil depth had significant effects
on SOCD and SOND (P < 0.001). The interactions between stand age and soil depth and between stand density and
soil depth significantly affected SOCD and SOND. Stand density and soil depth both significantly affected SOCD
and SOND, the former above ground and the later underground, and the interaction between them was more

sensitive than the interaction between stand age and soil depth.

Table 2. Analysis results affecting SOCD and N. In the table, asterisk represents statistical significance.

Factor SOCD N

F Value P Value F Value P Value
Stand age 0.0472 0.8284 1.5511 0.2148
Stand density 19.7672 <0.001*** 7.6151 0.0065**
Soil depth 79.3354 <0.001%*** 57.9299 <0.001%***
Stand agexStand density 0.1232 0.7261 2.9043 0.0903
Stand agexSoil depth 1.2457 0.0345* 3.5624 0.0475*
Stand densityxSoil depth 1.5763 0.0241* 4.1352 0.0286*

*P < 0.05, **P < 0.01, and ***P <0.001.

3.2 SOCD and SOND at different depths in mixed and pure P. massoniana stands of different densities

The linear regression was able to accurately describe the effect of stand density on SOCD at different depths
(Figure 1a, 1b). The change trends of SOCD in the upper, middle, and lower layers were similar to the trend with

decreasing stand density. In the pure P massoniana stands, with increased stand density, the SOCD in the upper,
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middle, and lower layers increased at first and then decreased. When the stand density was less than 1500 trees/ha,
the growth rate of SOCD in the upper layer was significantly higher than those in the middle and lower layers. When
the stand density was 1500-2000 trees/ha, upper layer, the SOCD in lower layer and middle layer reached the peak
respectively. When stand density exceeded 1500 trees/ha, the SOCD in upper, middle, and lower layers decreased
with increasing stand density, and the rate of SOCD decrease in the upper layer was the fastest. In mixed P.
massoniana stands, the SOCD of the upper, middle, and lower layers increased uniformly with increasing stand
density. When the stand density increased to 2500 trees/ha, the increases in SOCD in the upper, middle, and lower
layers were 94.07 t/ha, 53.07 t/ha, and 29.83 t/ha, respectively.

a b —— Upper layer
Pinus massoniana pure stand Pinus massoniana mixed stand Middle layer
— Lower laycr
300} TR 150 F
F F
Z 200t E 0ol
[a] —_— )
o B QO
o Q
w2 w2
100 | 2 — 50
0 1000 2000 3000 0 1000 2000 3000
Stand density (trees/ha) Stand density (trees/ha)

Figure 1. SOCD at different depths and stand densities. (a) SOCD at different depths and different stand densities in pure P
massoniana stands; (b) SOCD at different depths and different stand densities in mixed P. massoniana stand.

The SOND of upper, middle, and lower layers showed a “J” curve, and the SOND increased with increasing
stand density (Figure 2a, 2b). The N contents of upper and middle layers were higher in pure P. massoniana stands
than in mixed P massoniana stands, while the SOND content of the lower layer was lower in pure P. massoniana
stands than in mixed P. massoniana stands. With increasing stand density, the difference in the SOND contents of
the upper and middle layers of the pure and mixed P. massoniana stands became larger, while the SOND content in
the lower layer of the pure P. massoniana stand gradually increased and eventually surpassed that in the mixed stand.
When the stand density increased to 2500 trees/ha, the SOND contents in the upper, middle, and lower layers of the
pure P. massoniana stand increased by 2.86 g/kg, 2.15 g/kg, and 1.33 g/kg, respectively, while those of the mixed
P. massoniana stands increased by 1.63 g/kg, 1.13 g/kg, and 0.91 g/kg.

a b —— Upper layer
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Figure 2. SOND at different depths and stand densities (a) SOND at different depths and stand densities in pure P. massoniana
stands; (b) SOND at different depths and different stand densities in mixed P. massoniana stands.

3.3 Effects of age group on SOCD and SOND at different depths in pure and mixed stands of P. massoniana

According to the analysis of variance (Table 3; Figure 5a, 5b, 5c, 5d), there were significant differences in
SOCD among the different soil layers in different age groups of pure and mixed P. massoniana stands. The SOCD
of the upper, middle, and lower layers of the pure P massoniana stands were significantly higher than those of the
mixed P. massoniana stands. The SOND contents in the upper layers of both pure and mixed P. massoniana stands
were significantly different from those of the middle and lower layers, and there were no significant differences
between middle and lower layers. There were no significant differences in SOND content between the upper, middle,

and lower layers of either pure or mixed P. massoniana stands.

Table 3. Analysis results of SOCD and N of different age groups and different depths in pure and mixed stands of P

massoniana.
SOCD(t/ha) N(t/ha)
. Ne
Sta:d de t: 0(llcm) Youne stand Middle- near-mature Young Middle- ar-
P p ung aged stand stand stand aged stand mature
stand
A 137.74+14.57a 148.13+17 141.61+26.06a 1.95+0.48a 1.56+0.64a 120 319'8
A SlaA A A A n a
£ 71.43+13 1.11+0.57b 1.13+£0.31b 11
massoniana AB 82.52+6.34bA ' ' 70.19+11.51bA ' ' ' ' 6+0.44b
61bA A A
pure stand A
0.8
46.12+2. 0.97+0.65b 0.95+0.29b
B 53.64+5.76cA 7 46.14+8.74cA 7 1+0.17b
ScA A A
A
79.36+8.5 1.53+0.51a 1.45+0.28a 14
A 87.51+4.24aB ' ' 89.02+3.48aB ' ' ' ' 9+0.24a
2aB A A
A
P 42.23+6.0 1.11£0.45b 0.99+0.21b 09
massoniana AB 51.91+3.49bB ' ’ 47.95+5.77bB ' ’ ' ' 1+0.21b
. 2bB A A
mixed stand A
0.7
2314, .87£0. .84+0.
B 28.35+£2.61cB 24.23+4.8 28.17£1.56cB 0.87+0.320 0-84£0.220 9+0.24b
3cB A A A

Note: values are the mean =+ standard deviation (SD), different lowercase letters "a, b, ¢" indicate that there are significant differences in SOCD and N
reserves in different soil layers, and different capital letters "A, B, C" indicate significant differences in SOCD and N reserves in different stand types.

The SOCD decreased with increasing soil depth in all different age groups of both pure and mixed P
massoniana stands, albeit at different rates (Figure 3a, 3b, 3c). The changes in SOCD of different age groups in the
upper, middle, and lower layers were consistent with the trends observed with changes in stand density. When the
stand density was 1000—-1500 trees/ha, the SOCD of the middle-aged P. massoniana pure stand peaked. At stand
densities of 1500-2000 trees/ha and 2000-2500 trees/ha, the SOCD of the near-mature and young stands peaked,
respectively. Compared with the initial SOCD, the SOCD peaks of the middle-aged, young, and near-mature pure
P. massoniana stands increased by 3.5, 1.7, and 4.1 times, respectively. When the stand density increased to 2500
trees/ha, the SOCD of middle-aged, young, and near-mature mixed P. massoniana stands increased by 0.85, 1.59,

and 2.69 times, respectively.
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Figure 3. SOCD with different stand densities and different age groups at different depths in pure and mixed P. massoniana stands.
(a) SOCD in the upper soil layer with different stand densities and different age groups in mixed and pure P massoniana stands; (b)
SOCD in the middle soil layer with different stand densities and different age groups in mixed and pure P massoniana stands; (c)
SOCD in the lower soil layer with different stand densities and different age groups in mixed and pure P. massoniana stands.

The SOND contents of different age groups of pure and mixed P. massoniana stands decreased with increasing
soil depth (Figure 4a, 4b, 4c¢). Overall, in the upper, middle, and lower layers, the SOND contents of different age
groups of the pure P. massoniana stands increased with increasing stand density. The young mixed P. massoniana
stands increased initially, but then decreased with increasing stand density, while the middle-aged and near-mature
stands increased continuously. With increasing stand density, the SOND contents of young pure P. massoniana
stands were always higher those that of the mixed P. massoniana stands the in upper and middle layers, but at
densities between 500—1200 trees/ha, the SOND content of the middle layers of mixed P massoniana stands were

briefly higher than the middle layer of the young pure P. massoniana stands.
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Figure 4. SOND with different stand densities and different age groups at different depths in pure and mixed P. massoniana stands.
(a) SOND in the upper soil layer with different stand densities and different age groups in mixed and pure P massoniana stands; (b)
SOND in the middle soil layer with different stand densities and different age groups in mixed and pure P. massoniana stands; (c)
SOND in the lower soil layer with different stand densities and different age groups in mixed and pure P massoniana stands.

501



b TS T E AL A RS S22 EHH MIX 43237

a
cn i SOND
Pure stand-Y oung stand
0 0.4
20
0.0
-40
-60 - 041
Hp 08}
-100 +
12|
-120 1
-140 F -1.6
Upper-Middle  Upper-Lower  Middle-Lower Upper-Middle Upper-Lower Middle-Lower
¢ SOCD d SOND
0.0 0r
01k -10 F
20
021
30}
0.3
-40
0.4+ "
50 F
0.5F -60 |
7 . L L -70 L . .
04 Young forest Middle aged forest Near-macture forest Young [orest Middle aged forest  Near-macture forest

Figure 5. Analysis of variance results. (a) 95% family-wise confidence level for SOCD in different age groups in different soil
layers; (b) 95% family-wise confidence level of SOND in different age groups; (¢) 95% family-wise confidence level of SOCD in
mixed and pure P. massoniana stands; (d) 95% family-wise confidence level of SOND in mixed and pure P. massoniana stands.

4 Discussion

4.1 Effect of stand density on SOCD and SOND of pure and mixed P. massoniana stands

Forest type, stand density, and age group structure do not provide a sufficiently comprehensive assessment for
effective forest management, so other important influencing factors like the relationships between soil carbon and
nitrogen and stand structure must be considered (Ali et al., 2019). The SOCD of pure P. massoniana stands and
SOND of mixed P. massoniana stands of different densities exhibited significant differences. The change trends of
SOCD in pure and mixed P. massoniana stands with different densities were different, while the change trends of
SOND were roughly similar across different stand densities. With increases in stand density, the SOCD of pure P
massoniana stands initially increased, but then decreased, while the SOCD of mixed P. massoniana stands increased
monotonically. As for the interpretation rate of biological characteristics, the interpretation rate of SOCD was higher
and tended to be more stable at higher stand densities. Most research to date has shown that stand density has a
significant effect on SOCD, but the effect of stand density on SOCD is indirect, acting through its direct effect on
soil respiration (Kuzyakov and Gavrichkova, 2010; Olajuyigbe et al., 2012; Bujalsky et al., 2014). Soil respiration
is an important soil carbon loss pathway and it is significantly affected by climate characteristics such as soil
temperature and humidity. The regulation of stand density will produce obvious changes in local microclimates,
therefore soil respiration will be significantly enhanced or weakened. When the stand density is too high or too low,
soil respiration can be restricted. Therefore, through soil respiration, stand density will indirectly affect soil carbon
storage. As stand density increases, soil respiration will increase until peaking, at which point the soil carbon storage
will also peak; continued increases in stand density will then lead to decreases in respiration and soil carbon storage,
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resulting in an “S” curve change trend (Colman and Schimel, 2013; Shao et al., 2013; Liu et al., 2021). The
difference of soil aggregation size distribution indicates that plant root input and litter decomposition play a key
role in the change of SOCD (Oades, 1993). Macroaggregates can absorb carbon quickly, while microaggregates
absorb carbon slowly, but the storage form of carbon will be more stable (Li et al., 2013). The pure forest has a
single tree species, and most of the soil is dominated by macroaggregates, while mixed forest has larger soil diversity
and soil pore space, which makes it easier for soil to form micro poly collective. With the increase of stand density,
the macroaggregates in pure P massoniana forest soil quickly absorb the carbon decomposed by litter, which leads
to the increase of SOCD. However, coniferous species mainly produce low-quality litter, and there are many
substances that are difficult to decompose (such as lignin, cellulose, etc.) (Shiet al., 2018). A small amount of micro
poly collectively absorb carbon more slowly, and the soil carbon absorbed by macro-aggregates is unstable and
gradually loses, which leads to the decrease of SOCD. In the mixed forest, fast-growing broad-leaved tree species
such as Eucalyptus, Mytilaria laosensis, Castanopsis hystrix, etc. mainly produce high-quality litter. The litter
accumulated by the increase of stand density is slowly decomposed and absorbed by a large number of
microaggregates, forming stable soil carbon (Contrufo et al., 2019; Lavallee et al., 2020), and the SOCD increases

monotonically.

The SOCD and SOND of mixed P. massoniana stands increased with increasing stand density, which was
consistent with the study by Laganiere (2017) of the soil carbon cycle balance, which observed a specific “threshold”
at which capacity limitations were reached at the input and output ends of the carbon and nitrogen cycles. According
to the afforestation principle of mixed forests, with increased or decreased stand density, the complementary tree
species in mixed stands will show relative increases or decreases, which is the theoretical equivalent to enlarging or
reducing the specific “threshold” of soil carbon and nitrogen cycles according to a specific multiplier, while the
SOCD and SOND showed relative exponential growth, or “J”, curves (Son et al., 1999; Kuzyakov and Larionova,
2005). With increasing stand density, mixed P. massoniana stands became predominantly composed of small-
diameter trees, which accounted for ~56%. In the mixed P. massoniana stands, most of the naturally regenerated
tree species that met the standards of imported wood were tree species considered complementary for afforestation.
As the undergrowth seedlings increasingly meet the standards for imported wood, the carbon fixation and nitrogen
fixation in forest ecosystem will increase, and the SOCD and SOND reserves will also naturally increase. Mixed P
massoniana stands have a stronger resilience to climate change disturbance because of their tree species diversity
and stable stand structures. Local climate changes caused by the regulation of stand density can promote the cyclic
conversion between understory vegetation and soil carbon, thus contributing to the long-term preservation of SOCD

(Silva et al., 2015).

4.2 Differences in SOCD and SOND between pure and mixed P. massoniana stands

The SOCD of the pure P. massoniana stands was significantly higher than that of the mixed P massoniana
stands, while the difference in SOND was not significant. This conclusion was different from previously published
reports (e.g., Guckland et al., 2009; SchleuB3 et al., 2014). Specifically, comparing pure to mixed P. massoniana

stands, it could be seen that artificially replanted and naturally renewed broad-leaved tree species grew slower than
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P. massoniana, which is a fast-growing tree species. Therefore, the pure stands could form a main forest layer more
quickly, thereby reducing light penetration to the understory and inhibiting the growth of herbs and shrubs, which
is matched by corresponding increases in litter and SOCD (Dawud et al., 2017; Terrer et al., 2021). However, as
broad-leaved species of mixed stand gradually grow into the main forest layer, the canopy density gradually
increases and exceeds that of pure stands, and the SOCD of the mixed stand will also increase. In this study, while
the soil in the upper layer was strongly affected by surface runoff, the differences in the SOCD of the pure and
mixed stands in the middle and lower layers decreased with increasing age, from 30.61 to 22.24 and from 25.29 to
17.97. This conclusion was supported by previous studies which have shown that the characteristics of species or
existing functional groups significantly impact soil carbon storage, with coniferous species having a stronger
adaptability to environmental change than broad-leaved species, and coniferous species also having a more positive
impact on root biomass (soil carbon input), which can promote increases in SOCD (Dawud et al., 2016; Ratcliffe et

al., 2017; Finér et al., 2017).

4.3 Effect of stand age on SOCD and SOND in pure and mixed stands of P. massoniana

In this paper, the differences in SOCD and SOND between pure and mixed stands of P. massoniana in different
age groups and their change trends with changing stand density were studied. The SOCD of different age groups of
P. massoniana pure stand increased initially and then decreased with increasing stand density, and the SOCD of
different age groups of mixed P massoniana stands increased with increasing stand density. Among the peaks of
SOCD of each age group of the pure P massoniana stands, that of the near-mature stand was highest, possibly
because there was obvious difference in the number of large-diameter trees among different age groups. However,
with increasing age, the litter layer will form a thicker layer of coarse humus and the abundance of strong
enzymatically-active microorganisms will be higher, which will enhance the soil carbon cycle and increase the soil
carbon content (Prieto et al., 2012; Stevenson et al., 2017; Xu et al., 2021). The N of young mixed P. massoniana
stands increased initially and then decreased with increasing stand density. In the young stands the canopy was in
the developing stage, this meant that the canopy density was low and the shading effect in the upper story was poor,
so the water and light resources in the young stands were relatively abundant. The SOND content increased
gradually as soil ammoniation and nitrification were promoted. With increasing stand density, tree crown growth,
canopy density, and upper shading effect gradually increased, but soil ammoniation and nitrification slowed as
resources became limited, thus N decreased. Deep soil nitrogen exists in a more stable form, and its sensitivity to

aboveground stand changes gradually decreases with depth (Mayer et al., 2020).

5 Conclusions

Through qualitative analysis of linear mixed models, it was found that stand density had a significant impact
on SOCD and SOND in pure and mixed stands of P. massoniana. With increasing stand density, SOCD and SOND
in pure P. massoniana stands first increased and then decreased, while SOCD and SOND in mixed P. massoniana
stands increased monotonically. During the growth and development of trees, the SOCD and SOND trends in young,
middle-aged, and near-mature pure and mixed P. massoniana stands were consistent with the increases in stand

density. For SOND content, that of young mixed P. massoniana stands first increased and then decreased, while
504



b TS T E AL A RS S22 EHH MIX 43237

those of middle-aged and near-mature stands increased monotonically. Taking corresponding management measures
in the appropriate growth and development stages and regulating stand density can therefore effectively realize the
maximum carbon and nitrogen fixation potential of the stand, thus maximizing the SOCD and SOND of the stand.
There were significant differences in SOCD of different stand types. This paper showed that the SOCD of pure P.
massoniana stands in each growth and development stage was significantly higher than that of mixed stands. Under
the rotation management scheme, pure P. massoniana stand has higher storage potential, which further shows that

regulating stand density can directly and effectively affect SOCD.
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