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Abstract: With increasing age, plants will cause changes in soil physicochemical properties. The
objective of this study was to investigate differences in the soil physicochemical properties in
different-aged Masson pine forest plantations (i.e., 10, 20, 40, and 60 years old). Soil samples
were collected in a pure Masson pine forest plantation in Southwest China. The soil determination
indexes included organic carbon, nitrogen, phosphorus and potassium contents, water content, bulk
density, and pH. The soil pH of a 20-year-old forest was significantly (p < 0.05) higher than that of
a 10, 40, and 60-year-old forest. In addition, soil-available phosphorus in a 60-year-old forest was
significantly (p < 0.05) higher than that in the other three age forest groups. With increasing forest
age, available phosphorus increased, while available nitrogen decreased at 20 years old and then
increased at 40 years old. There was a significant positive correlation (p < 0.05) between total nitrogen
and available potassium; no significant correlation (p > 0.05) between total phosphorus and total
potassium, organic carbon, bulk density, and pH; and a significant negative correlation (p < 0.05)
between available phosphorus and the water content. The availability and utilization efficiency of
soil nutrients in young forests were higher than those in old forests and the intermediate forest age
was an important time point that affected the soil properties. To improve the availability of soil
nutrients and ensure the sustainable utilization of soil resources, it is necessary to increase the input
of nitrogen and especially phosphorus. More attention should be given to the phytochemometric
response with respect to the age of plantations.
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1. Introduction

Forest soil quality such as water and nutrient storage is important to maintain the
growth of forests and is critical for the mineralization and fixation of nutrients [1]. Soil qual-
ity is directly related to the growth and sustainable development of plantations. Currently,
the expansion of fast-growing tree plantations is a worldwide process and plantations
play an increasingly important role in forestry construction and ecological construction.
Negative and positive effects of afforestation were found for soil nutrients in different
studies depending on local conditions [2—4]. In the natural environment with the passage
of time, the heterogeneity of understory soil quality is enhanced and these differences
are usually due to differences in climate, land use history [5], soil texture, and so on, in
addition to management-related factors such as planting age and tending measures [6].

Previous studies have suggested that forest mismanagement affects the effectiveness
of soil nutrients that will lead to soil degradation and hence influence forest health. For
example, the interaction between soil acidification caused by fertilization and the long-term
accumulation of organic matter affected soil microbial activity and enzyme activity [7]. The
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change in soil quality is affected by the increase in forest age. An increase in forest age will
lead to a change in the comprehensive score of the soil quality and forest age also has an
important effect on soil acidification [8,9]. In other words, with an increase in forest age, if
reasonable management measures are not implemented in a timely manner, it will affect
the sustainable use of forest soil.

Soil nutrient availability is one of the most direct indicators to evaluate soil quality.
Among the indicators, the ratios of carbon, nitrogen, and phosphorus (C:N, C:P, and N:P)
are referred to as ecological chemometrics (EST). EST provides a new method to predict
the recycling of soil nutrients [10,11]. An increase in the total nitrogen content in forest soil
helps to improve the availability of soil nutrients, thus changing the soil stoichiometric
value [12]. Changes in plantation age have a strong influence on soil nutrients and the
stoichiometric value [13]. Tree demand for soil nutrients differs among trees of different
ages. For example, the growth of middle-aged larch forests (20 years) was reported to be
limited by N, the growth of near-mature larch forests (37 years) was limited by phosphorus
(P), and the growth of young larch forests (14 years) did not indicate a soil nutrient
deficiency [14,15].

At present, research results on the characteristics of soil nutrient changes with the
age of plantations vary with tree species, regions, and soil conditions. For example, Lucas
Borja et al. [16] studied the soil nutrient characteristics of different-aged pine forests at five
different locations in Spain and reported that age had a significant impact on most of the
analytical elements, and nutrients tended to occur in the soil rather than to accumulate
in other components. Jonard et al. [17] conducted long-term monitoring of the changes
in soil organic carbon (SOC) in French forests and the results demonstrated that the SOC
accumulation rate was linear in response to forest age and was affected by the stand
structure. Leuschner et al. [18] found that the age of beech forests in northern Germany
was a key factor in soil carbon (c) storage potential and nutrient storage, and the continuity
of forest cover may be related to tree age. In addition, Bautista-Cruz et al. [19] studied
the ecological significance of forest age in the functional interpretation of the selected
soil quality index (SQI) in the Tropical Mountain Cloud Forest (TMCF) in Mexico and
the results demonstrated that soil organic carbon, pH, and available phosphorus were
important evaluation indicators. These findings indicate that the influence of forest age
on soil has received attention from researchers worldwide. Unfortunately, the effects of
tree growth cycles on soil stoichiometry and soil quality are often overlooked especially in
plantations that lack nutrient management [20,21].

Masson pine (Pinus massoniana Lamb.) is a typical coniferous tree species. Studies
have shown that coniferous forests are more vulnerable to soil degradation than other
tree species such as broadleaf forests [8]. The growth cycle of Masson pine is long and
its growth is easily affected by changes in the environment, climate, and time. According
to Corwin et al. [22], a long-term planting pattern will lead to soil nutrient loss and soil
quality decline. The contents of soil carbon, nitrogen, and phosphorus were reported
to decrease with increasing plantation age and the soil fertility decreased gradually [23].
Justine et al. [24] demonstrated that the soil carbon—nitrogen ratio (TOC/TN) decreased
significantly with increasing forest age. At present, the research data on the relationship
between the age of Masson pine trees and soil quality are insufficient and most of the
studies do not have sufficient soil sampling depths. As an important economic timber
forest species worldwide, Masson pine has a large distribution area. Therefore, it is urgent
to systematically discuss the influence of Masson pine forest age on soil quality, notably
very important for understanding the soil cycle process of a specific forest.

The objectives of this study were to investigate the soil physicochemical properties
in Masson pine plantations of different ages and to analyse the effect of plantation age
on soil quality in Southwest China. To achieve this aim, four forest ages (i.e., 10, 20, 40,
and 60 years) were selected and soil samples were collected at six soil depths (i.e., 0-10,
10-20, 20-30, 3040, 40-50, and 50-60 cm). The results provide a reference for Masson
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pine plantation management (e.g., forest tending and stand transformation) and a deeper
understanding of the forest soil nutrient characteristics.

2. Research Area and Research Method
2.1. Study Area

This study was conducted in a pure Masson pine plantation (106°44'20” E, 26°29'35” N)
in the Nanming District Forestry Research Institute, Guiyang City, Southwest China, that
belongs to the Central Asian hot monsoon climate. The average annual temperature is 15.2
°C and the average annual rainfall is 1199 mm. The soil type is aluminous luvisols and
the parent material is sandstone. Correlative tending measures were adopted in different
growth periods of Masson pine. In the tending process of the planting year, only the grass
was cut but the soil was not loosened and was properly cultivated after the seedlings were
levelled. After 20 years, thinning intensity was controlled at 30% and canopy density of
stand was controlled at about 70% [25] (Figure 1).

N 60y
a0y
N 20y

10y

Figure 1. Test plot (the study area is located in Southwest China; 10 years, 20 years, 40 years, and 60 years represent a

Masson Pine forest age of 10, 20, 40, and 60 years old, respectively; (A-D) are the respective 10, 20, 40, and 60-year-old

Masson pine plantations).

2.2. Experimental Design

From May to November 2019, representative forest ages (10, 20, 40, 60 years) with
consistent site conditions of Masson pine plantations were selected as the test sample
sites in the study area (see Figure 1 for the specific sample sites). Each sample size was
20 m x 20 m and samples were collected in triplicates. The general condition of the sample
plots is shown in Table 1. Samples were collected from the 0-10, 10-20, 20-30, 3040,
40-50, and 50-60 cm soil layers using a 5-point sampling method. Five samples from the
same soil layer were mixed evenly and 1 kg soil was removed according to the quartering
method, rapidly transported to the laboratory for natural air drying, and the DBH (DBH)
of all Masson pine in various formulae were determined. The experiment was conducted
throughout a single growing season that allowed us to determine the seasonal variations
in the soil nutrients.
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Table 1. Basic information of the sample plots.
Diameter
Forest Age (Years)  Longitude Latitude Elevation (m) at Breast Me.an Tree Leaf Area
. Height (m) Index

Height (cm)

10 106.74 26.52 1216.40 + 4.9 18.79 8.20 1.57

20 106.74 26.54 1174.44 £ 4.9 25.22 13.53 1.44

40 106.74 26.51 1174.65 + 4.9 36.06 21.89 1.45

60 106.74 26.52 1183.08 + 4.9 36.65 23.63 1.46

2.3. Sample Analysis

After the soil dried naturally, stone, roots, leaves, and other material were removed
prior to grinding and screening. Soil bulk density (BD) was determined by the ring—knife
method and the soil water content (SW) were measured by the drying method; soil pH
was determined by the 1:2.5 water immersion potential method; soil total nitrogen (TN)
and available nitrogen (AN) were measured by an elemental analyser (CleverChem380P,
Germany); total phosphorus (TP) and available phosphorus (AP) were measured by
molybdenum-antimony colorimetric method; total potassium (TK) and available potas-
sium (AK) were measured using a flame photometer; potential of hydrogen (pH) was
determined by potentiometric method; and soil organic carbon (SOC) was heated using
potassium dichromate [26]. Leaf area index (LAI) was measured using HemiView that
mainly consisted of a self-levelling mount, camera (Canon 80D), and HemiView canopy
analysis software (Delta-T devices Ltd., Cambridge, UK). The procedure and method of
HemiView can be found in the study by Bao et al. [27].

2.4. Data Processing

The hierarchical clustering analysis and mapping of soil properties were conducted
with SPSS 26.0 (SPSS Inc., Chicago, IL, USA). Redundancy analysis (RDA) was conducted
using Canoco 5 software (Microcomputer Power, Clover Lane, Ithaca, NY, USA). RDA uses
a polynomial regression to determine the relationship between the typical variable (y) and
the total variation percentage of another group of variables (x). The calculation formula is
as follows [28]:

Ra(X; We) = A%Ra(X; Vi) @

Ray(Y; Vi) = A%Ry(Y; W) 2)

In formula (1), R4(X; Wy) represents the percentage variation explained by typical
variables in the first group that is repeatedly explained by typical variables in the second
group, referred to as the redundancy measure of typical variables in the first group. In
formula (2), Ry(Y; Vi) refers to the percentage variation explained by typical variables
in the first group that is repeatedly interpreted by typical variables in the second group,
referred to as the redundancy measure of typical variables in the first group; the size of the
redundancy measure refers to the degree to which these two typical variables can explain
each other’s variation in the other group.

The iterative control strategy is adopted in cluster analysis that separates clusters from
top to bottom to form nested clusters and optimizes the clustering step by step. According
to the similarity criteria, the most similar parts are merged and the least similar parts are
divided; “tree view” is used to represent the divided hierarchy classes.

SPSS 26.0 was used for statistical analysis. All data were tested for normality and
homogeneity of variance before the statistical analysis and were expressed as the mean and
standard deviation (SD). Two-factor analysis of variance (one-way ANOVA, n =3, p < 0.05)
and Pearson’s correlation analysis were used to analyse the differences in soil nutrients
and stoichiometry in different soil layers of different-aged forests (p < 0.05). Data were
graphed using Originlab software.
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3. Results
3.1. Soil Physical Properties

In reference to Figure 2, there were significant differences in the mean pH values
of the 0-60 cm space soils of the four forest ages (p < 0.05). The SW value at 40 years
was significantly different from that at 60 years (p < 0.05); SW exhibited a trend of first
decreasing, increasing, and then decreasing with the increase of forest age. There was no
significant difference in BD among different ages (p > 0.05). The SW and BD increased with
the depth of the soil layer. The SW of each forest age was as follows: the maximum SW of
M of forest age was 21.68 =+ 3.455%, followed by that of 10 and 20 years (24.6 £ 2.335% and
21.68 £ 2.169%, respectively), and the minimum SW of 60 years was 17.86 £ 2.897%. The BD
of each forest age was as follows: the BD of 10 years was the maximum 1.4 & 0.064 g/cm?,
followed by that of 60 and 20 years was 1.38 + 0.113 and 1.35 £+ 0.129 g/ cm?, respectively,
and the minimum BD of 40 years was 1.32 + 0.096 g/cm?.
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Figure 2. Physical and chemical properties of soil in Masson pine plantations of different ages. Different small letters
indicate significant differences (p < 0.05). The histogram displays the average value from 0 to 60 cm and the curve shows the
measured value from 0 to 60 cm. AN, AP, AK, SW, and BD represent soil available nitrogen, available phosphorus, available
potassium, water content, and bulk density, respectively. (A-F) represents soil available nitrogen, available phosphorus,

available potassium, pH, water content and bulk density, respectively.
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3.2. Soil Chemical Properties

In reference to Figure 2, there was also a significant difference (p < 0.05) between
the soil AP value of the 60-year-old Masson pine forest and the forests aged 10, 20, and
40 years, and the soil AP first increased and then decreased with the increase of forest age.
The soil AP at 10, 20, 40, and 60-year forest ages was 0.31 £ 0.061, 0.47 % 0.365, 0.24 £ 0.020,
and 0.26 £ 0.039 g/kg, respectively. There was a significant difference (p < 0.05) between
the soil AK value at 40 years and that at 10, 20, and 60 years of age; AK first decreased and
then increased with increasing forest age, while soil AK was 3.45 £ 1.270, 2.70 £ 0.644,
2.06 £ 0.558, and 3.48 + 0.812 g/kg at 10, 20, 40, and 60-year forest ages, respectively. The
pH value first increased and then decreased with increasing forest age. The pH value
at 20 years was 5.07 & 0.438 (the mean =+ standard deviation; the same below), followed
by that at 60 years of age (4.77 & 0.275), 10 years (4.80 & 0.126), and the lowest value of
40 years was 4.54 £ 0.145, all of which are acidic. There was no significant difference in
the AN value among forest ages (p > 0.05). Soil AN decreased with the increase of forest
age. Soil AN at 10, 20, 40, and 60 years of forest age was 87.76 + 38.88, 77.18 £ 20.28,
77.40 £ 25.93, and 71.14 = 36.10 g/kg, respectively. Soil AN generally decreased with the
depth of the soil layer with the maximum value appearing in the 0-10 cm soil layer. The
soil AP and AK in different-aged forests did not change greatly with soil depth.

3.3. Soil Stoichiometric Characteristics

In reference to Table 2, we can observe that the soil C:N ratio was the highest at the
age of 60 years, followed by that at 20 years and 40 years, whereas the 10-year-old forest
had the lowest C:N ratio. The soil C:N ratio at age 10 years was 47.40%, 12.07%, and 50.33%
lower than that of age 40, 20, and 60 years, respectively. The soil C:P ratio decreased in the
following order: 60 years, 40 years, 10 years, and 20 years. The soil C:P ratio at the age
of 20 years was 3.37%, 23.04%, and 48.58% lower than that of the 10, 40, and 60-year-old
forests, respectively. The soil N:P ratio was the highest at the age of 40 years, followed by
that at ages of 60, 10, and 20 years. The soil N:P ratio at 20 years was 12.96%, 21.67%, and
27.69% lower than that at 10, 60, and 40 years, respectively.

Table 2. Soil stoichiometric mean value in forests of different ages. C:N, C:P, and N:P represent the
ratios of soil total organic carbon to total nitrogen, total organic carbon to total phosphorus, and total
nitrogen to total phosphorus, respectively.

Forest Age (Years) C:N C:P N:P
10 160.02 91.52 0.54
20 201.57 88.44 0.47
40 181.99 114.91 0.65
60 322.18 171.99 0.60

Table 3 demonstrates that in the surface layer (0-10 cm), the soil organic carbon,
total nitrogen, total phosphorus, and carbon-nitrogen ratio, the C:P ratio and N:P ratio in
the 20-year-old forest were lower than those of the other three forest ages. The soil C:N
ratio, C:P ratio, and N:P ratio of the 20-year-old forest were 4.05-25.04%, 47.87-65.52%,
and 43.94-64.08% lower than those of the other three forest ages (10, 40, and 60 years),
respectively. The soil carbon in the Masson pine forests was the highest at the age of
60 years at 47.13 £ 9.094 g/kg, followed by that at age 40, 20, and 10 years, and the soil
carbon content was 27.13 £ 9.631, 25.73 & 9.407, and 23.98 £ 13.765 g/kg, respectively
(Figure 3A). Soil stoichiometry did not change regularly with the soil layer, while the
maximum C:N ratio and C:P ratio occurred in the 60-year-old Masson pine forest. There
was no significant difference in N:P ratio among the four forest ages.
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Table 3. C:N ratio, C:P ratio, and N:P ratio in different-aged forests. The mean =+ standard deviation is
shown in the table; C:N, C:P, and N:P represent the ratios of soil total organic carbon to total nitrogen,

total organic carbon to total phosphorus, and total nitrogen to total phosphorus, respectively.

Soil Layer Forest Age
C:N C:P N:P
(cm) (Years)
10 169.24 +86.903  111.08 + 0.080 0.66 + 0.201
20 155.94 + 57.542  57.91 + 0.399 037 + 0.243
0-10 40 16253 + 87.696  167.96 + 0.049 1.03 + 0.435
60 209.72 + 129576 166.45 + 0.025 0.79 + 0.034
10 157.06 + 60.893  94.25 -+ 0.066 0.60 + 0.130
20 144.63 £57.758  61.25 + 0.183 042 + 0.137
10-20 40 12629 + 25188 82.44 + 0.042 0.65 =+ 0.071
60 30245+ 133.624  189.79 + 0.021 0.59 + 0.097
10 7612 £ 54783  40.68 -+ 0.072 0.53 + 0.039
20 219.71 + 156971  142.19 + 0.082 0.44 + 0.106
20-30 40 17820 +80.785  91.21 =+ 0.039 0.51 + 0.149
60 25852 + 119.293  149.28 -+ 0.052 0.58 + 0.096
10 172.07 +£242.893  94.11 + 0.094 0.55 + 0.057
20 22399 + 168.894  24.19 + 1.555 0.11 + 0.315
30-40 40 19594 + 167.877  122.63 + 0.067 0.63 + 0.149
60 41828 +203.629  233.99 + 0.017 0.56 + 0.076
10 18473 +179.696  59.17 + 0.123 0.32 + 0.092
20 83.96 +55.654 45.27 + 0.080 0.54 + 0.095
40-50 40 18043 + 134109  73.81 + 0.021 041 + 0.117
60 387.85+259.649  169.04 -+ 0.007 0.44 + 0177
10 16733 +73.636  42.32 + 0.138 0.25 + 0.186
20 10750 £ 212,540 112.29 + 0.026 1.04 + 1.012
50-60 40 23410 + 33513 133.03 - 0.053 0.57 + 0.277
60 320.54 + 104394  180.44 + 0.037 0.56 + 0.150

Figure 3 demonstrates that there was a significant difference (p < 0.05) between the soil

C value at 60 years and that at 10, 20, and 40 years, and there was a significant difference
(p < 0.05) between the soil TK value at 10 years and that at 20, 40, and 60 years. Soil C,
TN, and TK first decreased and then increased with increasing forest age, and soil TP first
increased and then decreased with increasing forest age. In general, soil C, TN, and TP
decreased with increasing soil depth. In the 0-60 cm layer, the soil TN content of each forest
age increased with the increase of forest age, and the TN content of 10, 20, 40, and 60 years
of forest age was 87.75 & 38.883, 77.18 4 20.285, 77.00 & 25.939, and 71.14 + 36.100 g/kg,
respectively. The maximum TK of each forest age was 5.92 £ 1.078 g/kg at 10 years of
forest age, followed by 3.37 £ 0.883 and 2.78 + 0.371 g/kg at 40 and 60 years, respectively,
and the minimum TK at 20 years was 2.46 & 0.444 g/kg. The average value of TP in the
four forest soils was the highest at 20 years, followed by that at 10, 60, and 40 years; the
average value of TK was the highest at 10 years, followed by that at 40, 60, and 20 years.

3.4. Correlational Analyses of Soil Chemometrics

In reference to Figure 4, regression analysis of TN and TP against C:N, C:P, and
N:P demonstrated that C:N decreased with increasing N and P contents, that C:N and N
demonstrated exponential functional relationships, and that P demonstrated logarithmic
functional relationships. C:P was negatively correlated with the N and P contents. There
was a positive correlation between the N:P ratio and N content, the relation between them
is y = 8.9114x% — 0.7348x + 0.4269, R? = 0.6867.
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Figure 3. Content of soil organic carbon, total nitrogen, total phosphorus, and total potassium in different-aged forests.
Different small letters indicate significant differences (p < 0.05). The histogram displays the average value from 0 to 60 cm
and the curve shows the measured value from 0 to 60 cm. SOC, TN, TK, and TP represent soil organic carbon, total nitrogen,
total potassium, and total phosphorus, respectively. (A-D) represents soil organic carbon, total nitrogen, total potassium,

and total phosphorus, respectively.

As observed from Table 4, TN was positively correlated with AN and AK and nega-
tively correlated with AP and BD. There was no significant correlation between TP and
each index. TK was positively correlated with SW. There was a significant positive corre-
lation between TK and AK, and TK and AP exhibited a significant negative correlation.
AN and AK exhibited highly significant positive correlations, and AN and BD exhibited
highly significant negative correlations. AP and SW exhibited highly significant negative
correlations, and SW and BD exhibited highly significant negative correlations.

As observed from Figure 5A, the cluster analysis of the indicators of different-aged
forests demonstrated that C:P and DBH were grouped together; C:P and C:N were grouped
together; C:N, C:P, and pH were grouped together; and the other soil physical and chemical
indexes were all self-contained. As observed from Figure 5B, through detrended correspon-
dence analysis (DCA) of the soil quality principal component of different forest ages, SW,
pH, TK, and BD were negatively correlated with C:N, C, DBH, and TN; C:N and N:P were
negatively correlated with TP, AN, AP, AK, and LAL and in general, C:P, C, C:N, SW, and
TK had strong effects on soil quality.
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Figure 4. Relationships between soil chemometrics in different-aged forests. The graphs represent (A-F) the ordinate of two
identical; (A,C,E) between the same abscissa; and (B,D,F) between the abscissa of the same. C:N, C:P, and N:P represent
the ratios of soil total organic carbon to total nitrogen, total organic carbon to total phosphorus, and total nitrogen to total

phosphorus, respectively.
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Table 4. Correlations between soil chemometrics in different-aged forests (TN, TP, TK, AN, AP, AK, SW, BD, and SOC repre-
sent soil total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, available potassium,
water content, bulk density, and soil organic carbon, respectively).

Index TN TP TK AN AP AK SW BD pH SOC
TN 1.000
TP 0.011 1.000
TK —0.016 —0.004 1.000
AN 0.626 ** 0.123 —0.023 1.000
AP —0.325 ** —0.088 —0.258 * —0.294 * 1.000
AK 0.460 ** 0.097 0.250 * 0.484 ** —0.239 * 1.000
SW 0.054 0.022 0.435 ** 0.026 —0.347 ** —-0.122 1.000
BD —0.367 ** —0.038 0.086 —0.448 ** 0.280 * —0.149 —0.403 ** 1.000
pH 0.047 0.221 —0.156 —0.092 —0.148 0.199 —0.058 —0.023 1.000
SOC 0.297 * 0.004 —0.183 0.173 —0.019 0.196 —0.104 —0.164  0.091 1.000

** indicates a significant correlation at the 0.01 level. * indicates a significant correlation at the 0.05 level.
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Figure 5. Hierarchical cluster tree (A) and redundancy analysis (B) of the physical and chemical properties of soil at
different forest ages. TN, TP, TK, AN, AP, AK, SW, BD, and SOC represent soil total nitrogen, total phosphorus, total
potassium, available nitrogen, available phosphorus, available potassium, water content, bulk density, and soil organic
carbon, respectively.

4. Discussion
4.1. Effect of Forest Age on Soil Physical Properties

Soil physical properties are an important index to reflect the soil structure and hy-
drological status and to evaluate soil quality. The quality of soil physical properties will
directly or indirectly affect soil aeration, water permeability, and soil fertility [29]. Studies
have shown that forest age has a significant impact on the physical properties of soil. An
increase in forest age can reduce the bulk density of the 0—40 cm soil layer and improve the
soil porosity [30]. A similar result was obtained in this experiment regarding the increase in
forest age as the soil bulk density gradually decreased in the 0-50 cm soil layer. There are
two reasons for this: On the one hand, as time progresses, the alternation of root growth
and senescence (root pores will be produced during root growth and organic matter will
be produced during senescence) will cause the soil to become looser and have better air
and water permeability. On the other hand, the bulk density decreases with the increase
of soil layer due to the accumulation of litter layer beneath the forest over time [31]. In
this experiment, there was no significant difference in the bulk density of Masson pine at
different ages that may be because of the small difference in soil compaction at different
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ages due to the tending measures implemented during the growth period that affected the
development of the soil structure [31].

Many studies have shown that a change in soil water is the result of natural and
man-made activities such as the age of plants and land-use patterns. The soil water-holding
capacity plays an important role in the growth of trees [32-35]. A study demonstrated
that with increasing forest age, the soil water-holding capacity increased [36] because soil
and water permeability gradually increase with increasing forest age. The soil and water
permeability of overmature forests are the highest which is conducive to water infiltration
and can effectively alleviate surface runoff and promote water conservation [37]. In this
experiment, the change in the water content with forest age was different from that which
is reported in other research. With increasing forest age, the water content first decreased,
increased, and then decreased. This may be due to the rapid growth of trees in the early
stage of afforestation that requires more water from the soil for tree growth. At intermediate
forest ages, material exchange between soil organisms and the external environment occurs
frequently due to tree growth and metabolism [38—40]. In the mature forest period, soil
porosity is high [41]. In the current study, the difference in the canopy leaf area index
(LAI) of different-aged forests may also be one of the reasons for the change in the water
content. With increasing forest age, the canopy leaf area gradually increases and rainfall
interception by the canopy also increases which leads to a decrease in the amount of rain
that reaches the soil. In intermediate forest stages, the canopy enlarges, the evaporation of
soil water decreases, the soil water conservation capacity is enhanced, and the soil water
content increases. In the mature stage, the rainfall interception capacity of the canopy and
litter layer increases which leads to a decrease in the soil moisture content [42,43].

4.2. Effect of Forest Age on Soil Chemical Properties

Previous studies on different-aged Masson pine plantations (5, 14, and 39 years) and
Chinese fir plantations (10, 20, and 30 years) demonstrated that the soil organic carbon and
total nitrogen contents increased with increasing forest age [44,45]. Luyssaert et al. [46]
also reported a positive correlation between soil organic carbon accumulation and forest
age. Soil carbon and nitrogen mainly originate from the return of litter. These elements first
accumulate in the surface layer and then migrate and diffuse downward through leaching.
In this study, with the increase in forest age, both organic carbon and total nitrogen first
decreased and then increased. This result may be because in the young forest stage, the
forest canopy is being built; there is low net productivity, high return, high absorption,
and the shortest turnover time of soil nutrients due to the high density of the stand. In the
intermediate forest stage, the net productivity of the stand increases markedly, biomass
accumulates greatly, litter return decreases, and high amounts of soil nutrients are absorbed
with low nutrient return to the soil, resulting in a decrease in the contents of soil carbon
and nitrogen. In the mature forest, the soil carbon and nitrogen contents exhibited an
increasing trend due to the decreased growth rate of the trees, the low tree density, limited
litter return, and relatively low absorption and return of soil nutrients that are conducive
to the accumulation of soil nutrients in forests [47,48].

Soil pH is a major factor directly related to soil quality. At present, there are different
reports on the impact of forest age on soil pH. Some studies have pointed out that the pH
value increases significantly with increasing forest age [49]; other studies have reported
that the soil pH value gradually decreases with increasing forest age and there is a trend
of soil acidification. In this experiment, the pH value first increased and then decreased
with increasing forest age which may be related to ion absorption by the root system
that occurs through the release of H* [50]. Simultaneously, the leaching of bases with
water, atmospheric acid deposition, the accumulation of organic matter, and the respiration
of soil microorganisms may lead to a decrease in the soil pH value [50,51]. There was
no significant difference in the pH value between the young forest and mature forest
which indicated that in the process of forest growth in the experimental area, forest age
did not cause obvious acidification of the soil. Although the pH value of soil affects the
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availability of soil nutrients, there is no significant correlation between the pH value and
soil nutrients [52]. The same results were obtained in this study. No significant correlation
was found between pH and other soil nutrient indexes. Therefore, it can be concluded that
pH affects soil nutrients indirectly by affecting root growth and soil microorganisms.

Soil phosphorus mainly originates from rock weathering. Phosphorus is the most
insoluble mineral nutrient [53]. In this experiment, the total soil phosphorus first increased
and then decreased with increasing forest age which is consistent with the change trend of
the pH with increasing forest age that may be due to the acidic soil in South China. The
availability of phosphorus will increase with the increasing pH because the solubility of
iron phosphate and aluminium salt increases with increasing pH. Simultaneously, soil
phosphorus is also affected by the soil organic matter and nitrogen contents [54]. The soil
total phosphorus value in the study area was low and the range is between 0.13-2.96 g/kg
that may be because the test area is located in the Guizhou Plateau area in Southwest China.
The main source of phosphorus in this area is rock weathering. Most of the rock types are
limestone and the weathering speed is very slow, resulting in a low content of phosphorus
in the soil. Another possibility regarding the reason behind the low total phosphorus
content in the soil is the slow vertical movement of soil nutrient elements due to the
absorption of phosphorus by soil particles or the formation of insoluble phosphate [54].
The total potassium in the mature forest soil was significantly lower than that in the other
forests that may be due to an increase in acidic matter in the soil and a decrease in root
activity, leading to a decrease in plant potassium absorption.

In the 0-60 cm soil layer, the contents of organic carbon, total nitrogen, total phospho-
rus, available nitrogen, and available potassium of Masson pine plantations of different
forest ages were the largest in the topsoil (0-10 cm) and all the indexes exhibited a general
downward trend with the increase of soil depth that is consistent with other research [55,56].
This is because the input of soil carbon and nitrogen in Masson pine plantations mainly
depends on the decomposition of surface litter, animal debris, and faeces that are mainly
concentrated in the 0-10 cm soil layer [56] and then gradually move downward. The
study area is a pure forest; undergrowth vegetation is rare or comprises individual species,
the litter stock is low, and decomposition and transformation are slow, resulting in the
decline of soil fertility. With an increase in forest age, although the litter decomposition
rate increases, the forest soil nutrient content can be controlled [57]. It is of positive signif-
icance to promote the recycling of soil nutrients to adopt stand adjustment measures at
the appropriate age stage to make the forest productivity gradually stabilize in the mature
stage [57].

4.3. Effect of Forest Age on Soil Chemometrics

Soil stoichiometry is a new method to study soil nutrient cycling. Among the indica-
tors, soil C:N reflects the level of soil fertility and decomposition rate of organic matter. In
general, soils with lower C:N ratios have better fertility and faster mineralization rates of C
and N [58]. In this study, compared with the older Masson pine plantation, the younger
plantation had a lower soil C:N ratio that may be related to the high input of N caused by
the change in N cycling in the atmosphere. Soil C:P is used to measure the release potential
of P from soil microbially mineralized organic matter. A lower C:P value indicates a higher
availability of soil P [45]. The soil C:P ratio of the different-aged Masson pine plantations
in this study area was 119.54, which was similar to the results of other studies [59]. The
threshold of the soil C:P ratio is 200; when the value is higher than 200, P is mainly fixed
in the soil, and when the value is lower than 200, soil microbial C increases. P mainly
undergoes net mineralization [46]. In this study, the soil C:P ratio in the four forests was
ranked as follows: 60 years > 40 years > 10 years > 20 years, and the value of the soil C:P
ratio of the four forests was less than 200, indicating that in this study area with the increase
in forest age, P mainly undergoes net mineralization. The availability of P was higher in
the younger forest that may be due to the increasing P demand for aboveground growth
with the increase in forest age.
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The soil N:P ratio is an important indicator of N supply [60,61]. In this study, the soil
N:P ratio in the four forests was ranked as follows: 40 years > 60 years > 10 years > 20 years.
On the whole, the soil C:N, C:P, and N:P ratios at the age of 20 years were lower than
those of the other three forest ages (i.e., 10, 40, and 60 years old), indicating that the soil
fertility in the intermediate forest stage was higher. In this study, the soil C:P (i.e., 119.54)
and N:P (i.e., 0.57) ratios measured in the Masson pine plantations were quite different
from those of the global natural forest ecosystems (i.e., C:P (81.9) and N:P (6.6) [24]; this is
because there is an abundance of gravel in the soil beneath the Masson pine plantations
in Southwest China and because the weathering rate of the parent material is low which
leads to the slow mineralization of soil P. Therefore, the soil P content is low in the Masson
pine plantations [61], leading to the imbalance of N and P that affects the growth and
development of trees, the material, and energy cycling of the ecosystem. According to
Walker and Syers [62], nutrient concentrations are highest in young soils but decrease
during soil formation because nutrients are lost during leaching (converted into forms
that plants cannot obtain such as phosphorus) at a faster rate than they are replenished
from parent materials [63]. In the tropical montane rainforests in Mount Kinabalu, Borneo,
researchers found that soil nutrient availability decreased with soil age and soil nutrient
limitation has adverse effects on tree growth [64]. No species [65] can use light and
nutrients efficiently for a long time. Therefore, to ensure a high harvest index of Masson
pine plantations, higher inputs of N and especially P are needed. We aimed to establish a
simple conceptual model to describe the relationship between soil nutrient contents and
stoichiometry. The conceptual model demonstrates that C:N decreases with increasing P
content; that the relationship between C:N and N is exponential; the relationship between
C:N and P is logarithmic; and the relationship between C:P and N is negative. This reveals
that there is antagonism between elements.

5. Conclusions

The age of Masson pine forests has a significant effect on soil physical and chemical
indexes and the level of soil fertility. With the increase in plantation age, the total nitrogen
first decreased and then increased, and the total phosphorus content first increased and
then decreased. The soil stoichiometric values at the age of 20 years were lower than those
at other forest ages. The intermediate forest age is the optimal period for soil nutrient
regulation and the improvement of soil properties can achieve the best results in this
period. With increasing soil depth, the values of soil organic carbon, total nitrogen, total
phosphorus, available nitrogen, and available potassium decreased, while the soil moisture
and bulk density increased, and the maximum values were measured in the 50-60 cm
soil layer. There was a significant non-linear correlation between the stoichiometric ratio,
nitrogen, and phosphorus in the soil. In the growth process of Masson pine, soil organic
carbon and total nitrogen are the main factors that control the soil ecostoichiometric ratios.
Considering this study area as a reference, to ensure the sustainable supply of soil nutrients
for the growth of Masson pine and to improve soil quality, higher inputs of nitrogen
and especially phosphorus are necessary in the intermediate stage of forest growth. The
results of this study are beneficial to improve the sustainability of Masson pine plantation
production, further study the relationship between soil stoichiometry and forest age, and
provide a basis for the protection and management of plantations.
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