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Abstract: Plantations sequester atmospheric carbon dioxide and positively respond to climate change,
but the carbon (C) sequestration capacity and the trade-off between plant and soil systems in
plantations may vary significantly across a chronosequence. Masson pine (Pinus massoniana Lamb.)
plantations were selected to investigate the variability of C stocks in 7-, 14-, and 30-year-old stands.
The total ecosystem C stock increased with stand age from 14.82 to 19.21 Mg C. Carbon stocks
increased with stand age in the plant system but decreased in the soil system, with the ratio of
plant-to-soil C stocks increasing from 0.06 in the 7-year-old plantation to 0.70 in the 30-year-old
plantation. Carbon stocks in the first 20 cm of the soil accounted for 44.60%, 43.01%, and 30.18% of
the total ecosystem carbon stock in 7-, 14-, and 30-year-old plantations, respectively. The variation
trends for the proportions of C stock in soil decreased with soil depth as a result of tree and root
growth regardless of stand age. Most C was stored in the stems, which contributed 1.36%, 6.85%, and
29.57% of total ecosystem C stock across the chronosequence. Results of structural equation model
indicated that the effect of plant system C stock on ecosystem C stock was far larger than soil system
C stock, and saturated hydraulic conductivity (ks) and fractal dimension (D) could be the primary
parameters affecting ecosystem C stocks according to redundancy analysis (Variance explained by
the variables selected). In summary, the plant system increased biomass C stocks by regulating soil
properties to meet their growth requirements, the growth of plants in turn changed the soil organic
carbon (SOC) stock, then both regulated ecosystem carbon sequestration in Masson pine plantations.

Keywords: carbon stock; masson pine plantations; plant and soil system; chronosequence

1. Introduction

The effect of global warming on ecosystem functioning caused by carbon dioxide
(CO2) has drawn broad attention in recent decades [1]. Limiting the increase in global
mean temperatures relies on reducing CO2 emissions and the removal of CO2 from the
atmosphere using land carbon (C) sinks [2]. A study on forest C sequestration from 1990
to 2007 found that the cumulative C sink of regrowing forests was equivalent to 60% of
cumulative fossil emissions during the same period [3]. Assessment of climate change
mitigation pathways identified reforestation as the single most important option with the
potential to sequester and store approximately 50% of the total mitigation potential of
23.8 PgCO2e yr−1 by 2030 [4].

Plantations cover an area of 131 million ha, which accounts for 3% of the global forest
area [5], and they may contribute to climate change mitigation while reducing timber
demand from natural forests [6]. Most forest C is contained in living biomass and soil
organic matter, which account for approximately 89% of total ecosystem C stocks, and the
remainder is found in dead wood and litter [5]. Forest age is an essential factor in determin-
ing the accuracy of historical and future C uptake quantifications [7]. With increasing stand
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age, plantations vary in vegetation composition and community structure, which may
influence the ecosystem C pool [8] by shifting stand densities, litter quality and quantity,
and soil nutrients [9]. Previous studies have reported a significant increase in biomass
C with plantation age, but no drastic variation, increase, or decrease is found in the soil
organic carbon (SOC) stocks [10–12]. The SOC density in topsoil continued to increase
and accounted for 71.0%, 36.9%, 71.4%, and 76.8% of the C density in the plant-soil ecosys-
tem across a 3-, 10-, 25-, and 35-year chronosequence in H. ammodendron plantations [12].
Therefore, SOC stocks are the major uncertainty in the C storage of plantations.

Huang et.al. estimated that the C storage of aboveground biomass was highest after
30–40 years, SOC storage at 0–10 cm and 20–50 cm depths were highest after 60 years
and 30–40 years, respectively, and the total carbon storage was higher at 30 years and
then decreased with increasing age [13]. Some studies have reported that tree biomass C
accounts for more than 55% of the total ecosystem C stocks regardless of stand age [14],
others concluded that aboveground biomass contained 61–97 Mg C ha−1, approximately
24–39% of the total C stocks [15], and ecosystem C dynamics tended to balance between
27 and 39 years [16]. Soils are the largest natural C reservoir within terrestrial ecosystems.
Thus, soils are decisive for climate regulation and affect other soil functions [17]. Soil
properties explain the largest proportion of organic C at local and small scales, and the
balance of C between plant and soil systems will drive powerful C-climate feedback over
the coming century [18]. Therefore, there were significant differences in the distribution
pattern of the C stock and the C balance between the plant and soil systems at different
stand ages.

China has the largest area of planted forests in the world [19], which greatly contribute
to the “Global Green”. Masson pine (Pinus massoniana Lamb.), with rapid growth and strong
adaptability, are extensively used for afforestation as pioneer coniferous tree species [20].
Large-scale planting would result in different age classes of plantations, and considerable
changes in C fluxes in this biome will likely occur as a result of changes in stand age.
Quantifying the variability and allocation patterns of C stocks in plantations provide data
support for better predictions of C on large scales [21]. Carbon stock estimates of forest
ecosystems were reported previously [12–14]. However, the magnitude and direction of the
changes in C stocks in the soil, litter and biomass across chronosequences of Masson pine
plantations and the trade-off between plant and soil systems require further investigation.

Therefore, we studied the C sequestration capacity and the trade-off between plant
and soil systems across a 7-, 14-, and 30-year chronosequence of Masson pine plantations
and evaluated the possible mechanisms driving the different C allocation characteristics
between the two systems. These plantations had similar structural, soil, and climate
characteristics, and the only difference was stand age [22]. The present study (1) determined
the variability and allocation of C stocks in Masson pine plantations, (2) investigated
the trade-off between plant and soil systems, and (3) explored potential drivers behind
differences in C allocation and retention.

2. Materials and Methods
2.1. Study Area

This study was performed across a 7-, 14-, and 30-year secondary forest chronose-
quence located in Dushan County in Guizhou Province within state-owned forest farms
that covered an area greater than 18860 km2 and extending at least 50 km from north to
south. This area lies between 107◦27′ E and 107◦30′ E longitude and 25◦41′ N and 25◦41′ N
latitude with a range in altitude from approximately 830 m to 1479 m. The historical mean
annual precipitation is approximately 1346 mm, and the mean annual temperature is 15 ◦C.

The soil in the region is classified as yellow soil. The forest farm is comprised of a
mosaic of secondary forests and artificial forests of different ages. Masson pine (Pinus
massoniana Lamb.) dominates the vegetation in these plantations. The soil properties,
geological characteristics, understory vegetation, and other basic information of the sites
are shown in Table 1.
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Table 1. Basic information of sampling plots in Masson pine plantations.

Stand
Age
(a)

Slope
Direc-
tion

Slope
(◦)

Elevation
(m)

Soil
Type

Bulk
Density
(g/cm−3)

Carbon
(g/kg)

Nitrogen
(g/kg)

Phosphorus
(g/kg)

Canopy
Den-
sity

Average
Diameter
at Breast

High
(cm)

Average
Tree

Height
(m)

Tree
Density
(Individ-

ual/
hm2)

Main Species

7 NW
35◦ 28 1072–

1076
yellow

soil 1.28 20.46 0.93 0.17 0.5 3.25 2.78 1187
Dicranopteris

linearis, Imperata
cylindrica (L.)

Beauv.,
Miscanthus

floridulus (Lab.)
Warb. ex Schum.

et Laut.,
Nandina
domestica

14 NE
13◦ 35 1063–

1066
yellow

soil 1.12 23.19 1.54 0.24 0.7 11.03 10.67 1103

30 NE
45◦ 30 1067–

1068
yellow

soil 1.08 22.80 1.00 0.16 0.9 25.10 15.43 403

2.2. Experimental Design

Under similar site conditions, we established three 30 m × 30 m standard quadrats in
each of the 7-, 14-, and 30-year-old secondary plantations. The elevation and coordinates of
each study site were determined, and a vegetation survey was performed. We recorded
the species present and counted the number of all target species, and three sample trees
were systematically selected within each quadrat (3 trees × 3 quadrats × 3 plantations).
Tree biomass estimation was derived from destructive sampling of sample trees. Each tree
was subdivided into different components, including stems, branches, foliage, and roots.
For the calculation of shrub and herb biomass, the understory vegetation biomass was
collected in squares of 2 m × 2 m and 1 m × 1 m using a hand mower. Five microplots
(1 m × 1 m) were used to collect the litter.

Three points were randomly selected in each Masson pine plantation quadrat for soil
sampling. We used a fixed depth for SOC determination, and soil samples were collected
from four depths (0–20, 20–40, 40–60 and 60–80 cm) after removal of the plant residues. We
collected a total of five random samples from each plot following the S-shaped sampling
method and placed the samples in an aluminum specimen box to ensure that the main
structure was maintained during transport to the laboratory.

2.3. Analyses and Calculations

Samples of litter and plant components were dried at 80 ◦C until a constant mass
was reached then ground and passed through a 0.25-mm stainless steel sieve for chemical
analyses. The stem, branch, foliage, and root samples were oven-dried to determine the dry
biomass. Soil samples were broken into blocks with a diameter of approximately 10 mm
according to the natural structure, and litter, stones, and roots were removed. Air-dried
soil samples were used to determine the soil aggregation characteristics and other chemical
analyses. The wet-sieving method was used to determine the composition of water-stable
aggregates in Masson pine plantations of different ages. Aggregated soils were successively
passed through a column of sieves with diameters of 5, 3, 2, 1, 0.5 and 0.25 mm to quantify
the losses of sediment of different sizes.

The basic properties of litter, plant, and soil samples were determined. Soil bulk den-
sity (SBD) was measured using the ring knife method [23]. The constant-head method [24]
was used to measure the saturated hydraulic conductivity (Ks). The soil aggregate sta-
bility was characterized by the mean weight diameter (MWD), geometric mean diame-
ter (GMD), fractal dimension (D), and proportion of >0.25 mm water-stable aggregates
(WSA > 0.25 mm). The stability parameters of aggregates were calculated using the follow-
ing formulae [25]:

MWD = ∑n
i=1 xi ×wi (1)

GMD = exp
[

∑n
i=1(wi × ln xi)

∑n
i=1 wi

]
(2)

R0.25 =
Mt>0.25

Mt
× 100% (3)
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M(r<xi)

Mt
=

(
xi

dmax

)3−D
(4)

where xi is the mean diameter (mm) of the soil aggregate size fractions, wi is the proportion
of all soil in the ith size fraction (%), Mt > 0.25 is the mass of aggregates larger than
0.25 mm (g), Mt is the total mass of aggregates (g), M(r < xi) is the mass of aggregates smaller
than xi (g), and dmax is the maximum diameter of the soil aggregate size fractions (mm).

Soil samples were passed through a 2-mm sieve for the determination of soil C. The
concentrations of SOC in soil, litter, and plant components were determined using a
wet oxidation process with dichromate, according to the method of Walkley and Black
(1934) [26]. We calculated the C density and stocks in the biomass (stem, branch, foliage,
root, shrubs and herbs) and litter by multiplying the C concentration of each component
by the respective dry biomass value.

We defined ecosystem C stock as the sum of the C contained in the following pools:
aboveground biomass, litter, roots, and soil C. We calculated the plant system and plant
system C stocks by summing the individual stocks of plant components and soil C in
each soil layer. Ecosystem-level soil, litter, and plant component C stocks were calculated
from the sampling quadrats (0.09 ha). The organic C density (kg·m−2) in a soil layer was
calculated as follows [27]:

SOCDi = ∑n
i=1 Ci ×Di × Ti × (1−Gi)× 10−2 (5)

SOCSj = SOCDi × S (6)

where SOCDi is the SOC density in the i layer of soil (kg·m−2), Ci is the SOC content in the
i layer of soil (g·kg−1), and Di, Ti and Gi are the soil bulk density (g·cm−3), soil thickness
(cm) and the volume percentage gravel larger than 2 mm in soil, respectively. 10−2 is the
unit conversion factor. SOCSj is the SOC storage of stand type j (Mg), and S is the soil
acreage of the calculation grid.

2.4. Statistical Analysis

All statistical analyses were performed using CANOCO 5.0 (Microcomputer Power,
Ithaca, NY, USA), Statistical Product, and Service Solutions 22.0 (SPSS) and SPSS Amos.
Normal distribution was determined using the Shapiro–Wilk test. Data were transformed
when the assumptions of the parametric analysis were not met. One-way analysis of
variance (ANOVA) was used to analyze the statistically significant differences and variance
between the treatments. We performed a stepwise multiple linear regression to detect
the relative effects of soil properties on SOC stocks. Redundancy analysis (RDA) was
performed to determine the significant discriminating variables of the C stocks, and we
used the structural equation model (SEM) to identify the structural relationships between
the identified factors.

3. Results
3.1. Carbon Stocks and Allocation Characteristics

The C stored in the plant and soil systems had a wide dynamic range, which reflected
the variation across the plantation chronosequence and the variability within each plan-
tation (Figures 1 and 2). Figure 1 shows that the C stocks increased in stems, branches,
foliage, roots, litter, and shrubs, but decreased in herbs, with stand age. The greatest C
stock was observed in stems across the chronosequence. Litter and branches were also
important components of plant system C stocks in the 7- and 14-year-old plantations. The
C stock of roots in the 30-year-old plantation was lower than the stems but higher than the
other vegetation components.
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Figure 1. Variability of carbon stocks across a chronosequence of Masson pine plantations. Significance level: *, p < 0.05. 
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Figure 2. Carbon stocks in the plant and soil systems of Masson pine plantations. The different
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Within each stand, the 0–20 cm soil layer contained the highest SOC stock, and the
C stock decreased gradually with increasing soil depth (Figure 1). For the different soil
layers, SOC stocks decreased with stand age, except in the 20–40 cm soil layer. The total
ecosystem C stock and plant system C stock increased significantly, but the soil system C
stock decreased with forest stand age (Figure 2).

3.2. The Variation of C Density across a Chronosequence

Carbon densities of stems, branches, foliage, roots, shrubs, and litter also increased
significantly with stand age and reached the maximum value in the 30-year-old plantation,
but the C density in herbs decreased (Figures 3 and 4). The C density of trees was signifi-
cantly higher than litter, herbs and shrubs regardless of forest stand age (Figure 4), and the
greatest C density in the tree components was observed in stems, with values of 2.24, 11.43
and 64.88 Mg C ha−1 across the chronosequence. The lowest C density was observed in
the tree roots of 7-year-old plantations, and the lowest values of 1.74 and 2.08 Mg C ha−1

were observed in the foliage of the 14- and 30-year-old plantations, respectively (Figure 3). C
densities in the 14- and 30-year-old plantations were ranked as trees > litter > shrubs > herbs,
and 7-year-old plantations had the smallest C densities of shrubs (Figure 4).
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The 7-, 14-, and 30-year-old plant systems accounted for 5.86%, 12.81% and 41.21%, 

respectively, of the total ecosystem C stock (Figure 6a). Trees contributed the largest pro-
portion of the plant system C stock in each stand, and shrubs and herbs played a much 
smaller overall role (Figure 6b). Compared to the plant system, the soil system contained 
a higher proportion of C stock regardless of forest stand age, especially in the 7-year-old 
plantation, which had a larger proportion of plant system C stock to ecosystem carbon 
stock (94.14%) (Figure 6a). The 0–20 cm soil layer contributed the highest proportion of 
the ecosystem C stock compared to the other soil layers in each plantation (30.18–44.60%) 
(Figure 6b). The ratio of the plant system C stock to the soil system increased from 0.06 in 
the 7-year-old plantation to 0.70 in the 30-year-old plantation (Figure 6a). 

Figure 4. The variation in carbon density in different plant types and litter across a chronosequence of Masson pine plantations.
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The Masson pine plantation stand age had a significant effect on SOC density. The
densities of SOC in the 0–20 cm, 40–60 cm, and 60–80 cm layers decreased with stand age.
The 14-year-old plantation had the highest SOC density in the 20–40 cm soil layer, with
a value of 3.09 kg/m2, and the 30-year-old plantation had a value of 2.44 kg/m2, which
was the lowest in this soil layer (Figure 5). The SOC density of the 0–20 cm soil layer
was the highest, and it decreased gradually with increasing soil depth regardless of forest
stand age.
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3.3. Allocation Proportion of Ecosystem C Stocks

The 7-, 14-, and 30-year-old plant systems accounted for 5.86%, 12.81% and 41.21%,
respectively, of the total ecosystem C stock (Figure 6a). Trees contributed the largest
proportion of the plant system C stock in each stand, and shrubs and herbs played a much
smaller overall role (Figure 6b). Compared to the plant system, the soil system contained
a higher proportion of C stock regardless of forest stand age, especially in the 7-year-old
plantation, which had a larger proportion of plant system C stock to ecosystem carbon
stock (94.14%) (Figure 6a). The 0–20 cm soil layer contributed the highest proportion of
the ecosystem C stock compared to the other soil layers in each plantation (30.18–44.60%)
(Figure 6b). The ratio of the plant system C stock to the soil system increased from 0.06 in
the 7-year-old plantation to 0.70 in the 30-year-old plantation (Figure 6a).

3.4. The Contribution of Soil Properties to C Stocks

In the RDA ordination plot, axes 1 and 2 explained 98.0% and 1.1% of the total variance,
respectively. The soil system C stock negatively correlated with the plant system C stock,
and saturated hydraulic conductivity and fractal dimension negatively correlated with
the soil system C stock (Figure 7). For the different soil layers, soil bulk density showed a
positive correlation with the SOC stock in the 0–20 cm soil layer, and 80.2% of the variation
in the SOC stock was explained by soil bulk density. WSA > 0.25 mm contributed 72.3% of
the SOC stock variation at 40~60 cm, and geometric mean diameter explained 68.4% of the
SOC stock variation at 60~80 cm. Positive correlations were observed between geometric
mean diameter, WSA > 0.25 mm and the SOC stock (Table 2 and Figure 7). Mean weight
diameter was also an important property for the C stock, and 64.4% of the SOC stock
variation was explained by mean weight diameter and soil bulk density together in the
20–40 cm soil layer (Table 2). Therefore, the stability of aggregates is very important for
organic C sequestration.
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Figure 7. The sorting of correlations between carbon stocks and soil properties. Cstock-1, Cstock-2,
Cstock-3, and Cstock-4 represent carbon stocks in the 0–20 cm, 20–40 cm, 40–60 cm, and 60–80 cm soil
layers, respectively; Cstock-S, plant system carbon stock; Cstock-P, plant system carbon stock; Cstock-T,
carbon stock of trees; Cstock-L, carbon stock of litter; Cstock-B, carbon stock of shrubs; Cstock-H, carbon
stock of herbs.
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Table 2. Stepwise multivariate regression analysis of the SOC stocks at different depths.

Soil Depth
(cm) Term Nonstandard

Coefficient
Standard

Coefficient
Adjusted

R2 p Value

0–20
(Constant) 3.608

0.802 0.001SBD 2.514 0.909

20–40
(Constant) 4.216

0.644 0.019MWD 1.087 1.039
SBD −2.203 −0.653

40–60
(Constant) 0.827

0.723 0.002WSA > 0.25 mm 0.820 0.870

60–80
(Constant) 0.533

0.684 0.004GMD 4.632 0.851

The goodness of fit indices for the structural model shown in Figure 8 indicated that
the model had a good fit to the data. Per the structural equation model outcome, the
ecosystem biomass had a direct impact on the plant system C stock. The effect of stand age
on ecosystem biomass was close in magnitude to the plant system C stock. However, the
effect of stand age on plant system C stock was negative. The effect of the plant system C
stock on the ecosystem C stock was far larger than the plant system C stock (Figure 8).
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respectively. Chi-squared = 2.782, df = 4, P = 0.595, GFI = 0.895, RMR = 0.124, RMSEA = 0.000,
NFI = 0.987, RFI = 0.968.

4. Discussion
4.1. Carbon Partitioning in the Plant-Soil System

The spatial distribution of the C stock in the Masson pine ecosystem was largely
related to the forest stand age. The total ecosystem C stock and plant system C stock
increased significantly, but the soil system C stocks decreased with stand age. The soil
system always contained a higher proportion of C stock than the plant system. Fan et al.
showed that aboveground live tree biomass consistently had a larger C pool than mineral
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soil, which is not consistent with our results [28]. Our results showed the importance of soil
in C sequestration. The total ecosystem C stock increased strikingly due to the increased
storage of C in the biomass [15,29]. Plant nutrient acquisition is often a suggested reason
for the reduction in plant system C stocks, and plants increase their biomass by mining the
soil for nutrients, which decreases SOC storage [30].

The plant and soil systems accounted for 5.86% and 94.14%, respectively, of the total
ecosystem C stock in the 7-year-old plantation, and the ratio of plant system C stocks
to the soil system increased with stand age. Carbon stocks in plant and soil systems
became increasingly similar when most of the Masson pines were 30 years old. Carbon
dynamics tended to be balanced during the transitional period (27 to 39 years), followed
by a decline in the later stage of ecosystem development [16]. Some authors reported
increased biomass C from a 7- to 29-year stand and a decrease in a 33-year stand [31]. Plant
systems played an important role in our study region, and the effect of the plant system
C stock on the ecosystem C stock was far larger than the soil system C stock. Vegetation
stores a relatively small proportion of the C pool in boreal forests [3]. Wellock et al. [32]
suggested a significant decline in the C density of the surface soil following afforestation
from grassland to a 27-year-old forest, but the soils switched from a C source to a C sink in
a 47-year-old forest. Yang et al. [33] also reported that forest ecosystems triggered negative
feedback to climate warming. Therefore, it is essential to study the balance of C between
plant systems and soil systems in more detail.

Among the plant systems, trees accounted for the largest proportion of the C stock,
followed by litter then shrubs and herbs. Carbon sink strength differed between forest
types primarily because of the differences in organic matter stabilization [34]. The quantity
of litter gradually increases during the growing process, and it is an important C pool [35].
Leaf litter plays a more important role in SOC than fine roots [36]. There was a decreasing
trend with age in the biomass C storage of the herbaceous vegetation, likely because canopy
closure reduced light penetration and air circulation, which restricted vegetation growth.
Therefore, herbaceous vegetation was an essential part of the plant system C stock in the
7-year-old plantation. For the different plant components, the C stock of roots was more
important in 30-year-old plantations.

4.2. Correlation between Plant and Soil Systems

Ecosystem C stocks showed high variation within different plantations, which may be
due to various reasons. The average tree biomass C density in the 30-year-old plantation
was 86.10 Mg C ha−1 in our study, which is higher than the national average biomass C
density of all forests (41.0 Mg C/ha) [37]. Carbon is the major limiting nutrient for plants,
and it constitutes the major proportion of the dry matter of plants [38]. Vegetation compo-
nents fix CO2 via photosynthesis into stable organic compounds [39]. The total biomass
of the plant system increased significantly with time, which resulted in the accumulation
of organic C, particularly the biomass of Masson pine, which accounted for the largest
proportion. A reduction in SOC occurred with increasing stand age, which may be due
to vegetation growth. There are several reasons for this occurrence. The first reason is the
nutrient requirements of Masson pine. Plants acquire limiting resources from soils via C
investment belowground in root growth, exudates and other ways, and the priming effect
decreases SOC by accelerating the decomposition of organic matter [30]. Plant C inputs,
including plant residues and root exudates, accelerate the decomposition of soil organic
matter via the priming effect [40]. The growth and death of plant roots improve soil texture
and enhance moisture retention and fertility [41]. Root exudates strongly regulate the num-
ber of soil organisms and biological activity in the rhizosphere by changing the chemical
environment of the soil [42]. Therefore, older plantations experience higher decomposition
of SOC with the growth of plant roots.

Vegetation is the main source of SOC [43], and plantations may alter understory
vegetation and soil properties [44] Therefore, changes in species composition and biomass
may affect soil C. The distribution of SOC in the soil profile is generally influenced by
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the vertical distribution of the plant root system [45]. The 7-year-old plantation had no
obvious differences in the SOC stocks of the 20–40 cm, 40–60 cm, and 60–80 cm layers,
likely because most of the fine roots were distributed near the soil surface [46], which
made little difference in the proportion of the C stock. The decreased variation in the SOC
content with soil depth indicated that the influence of plant roots on SOC decreased with
increasing soil depth [47]. The biomass and length of roots increased with stand age, which
may explain why the C stocks in the 30-year-old plantation were higher than the 7-year-old
plantation in each soil layer.

For C stock sequestration, litter biomass and quality are the main drivers of the
potential for soil to sequester C [48], and the 0–20 cm soil layer contained the highest value
of the soil stock in all plantations. The rhizosphere priming effect may accelerate or inhibit
the decomposition of SOC [49]. There is a relative balance between plant and soil system,
and promoting the decomposition of organic C and vegetation replenish the C in the soil.
Herb biomass accounted for a relatively larger proportion of the plant system biomass in
the 7-year-old stand between the three plantations. Because of their high decomposition
and transformation rate, herbs were more important in the 7-year-old plantation than the
14- and 30-year-old plantations in regulating the supply of organic C.

The increased canopy closure in the mature forest resulted in a dramatic change in
understory microclimatic conditions and resource availability, which may limit understory
vegetation growth and affect biomass C accumulation [16]. A favorable environment is
provided for the growth of soil organisms. An increase in the number of soil organisms
and biological activity also triggers and accelerates the decomposition of SOC [50], which
may lead to an increase in C release from soils.

4.3. Controls of C Stocks in Plant-Soil Systems

Stand age and community structure significantly affected biomass and favorably
affected the C stock in the plant system. The ecosystem C stock generally increased with
stand age in the present study. The main explanation for this trend is the contribution of
plant biomass, especially the large increase in biomass stocks of trees. With forest stand age,
the increased canopy closure resulted in a dramatic change in understory microclimatic
conditions, including light penetration, temperature, and air circulation, which regulated
the C sequestration processes in plantation ecosystems by affecting plant growth, litter
decomposition and soil biological activity [16,31].

Significant differences in the C stocks of Masson pine plantation ecosystems occurred
in the present study for many reasons, except vegetation, which was primarily associated
with soil properties. Soil bulk density characterizes the compaction of soil and its water
permeability, and it is an important index used to assess SOC [51]. Saturated water
conductivity is closely related to SOC, and the distribution of soil aggregates is of great
significance for soil C sequestration [52]. Therefore, we quantified the contributions of
soil properties to ecosystem C stocks and found that saturated hydraulic conductivity and
fractal dimension may be the primary parameters affecting ecosystem C stocks according
to the redundancy analysis.

The vertical distribution of SOC density may be altered by soil bulk density [53].
The results of statistical analysis demonstrated that soil bulk density was an important
controlling factor affecting the SOC stock in the 0–20 cm soil layer, and a positive correlation
between these factors was observed regardless of stand age. A total of 64.4% of the variation
in the SOC stock in the 20–40 cm soil layer was also explained by soil bulk density and
MWD, and there were significant positive correlations between the SOC stock and MWD.
Many researchers investigated and agreed with the importance of the MWD for SOC [54,55].
Soil bulk density was significantly higher in the 7-year-old stand than the other stands,
which resulted in the highest SOC stock in this stand. Saturated hydraulic conductivity is a
critical soil property affecting water flow and solute transport [56], and the higher Ks in
the surface soil may cause the loss of dissolved organic C, which is why the SOC stock had
a negative correlation with Ks in the different soil layers.
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Physical protection of SOC by aggregates is an important mechanism for C stabiliza-
tion [57]. In the 40–60 cm and 60–80 cm soil layers, fractal dimension negatively correlated
with the SOC stock, but positive correlations were observed between MWD, GMD and
WSA > 0.25 mm and the SOC stock from the results of redundancy analysis. Strengthening
the structural stability of soil aggregates may be beneficial to promote organic C storage.
WSA > 0.25 mm accounted for 72.3% of the SOC stock variation at 40~60 cm, and GMD
explained 68.4% of the variability in the SOC stock at soil depths of 60~80 cm. Forest stand
age in our study may have increased the proportion of <0.25 mm. Therefore, stand age
may have affected SOC stocks by regulating the composition of water-stable aggregates. In
general, the C stock was affected to a great extent by these soil properties.

5. Conclusions

Carbon sequestration increased along the chronosequence as a consequence of tree
growth. Although the largest increment with stand age was found in the plant system,
the soil system contained the largest amount of C in the ecosystem. However, soil C
stocks decreased with stand age, and the variation trend of the SOC stocks decreased
with depth in the three stands. The mechanisms underlying the effects of the plant and
soil systems on SOC stocks in each layer were different. The plant system accelerated or
inhibited C sequestration by increasing litter inputs, the rhizosphere effect, and nutrient
acquisition. Soil properties, including saturated hydraulic conductivity, soil bulk density,
and soil aggregate stability, were identified as important controlling variables that regulated
ecosystem C stocks via a trade-off between plant and soil system C stocks. The plant-to-soil
ecosystem C ratio cannot remain constant, and the plant system C stock will decrease when
plantations begin to decline. Therefore, stand age was the controlling factor of ecosystem C
stock accumulation, and vegetation increased their biomass by mining the soil for nutrients.
Therefore, the increase in vegetation was not accompanied by an increase in the soil C
stock. This finding may have relevant consequences for estimates of the potential of C
sequestration of forests, and the continuous monitoring of the changes in C dynamics with
stand age should be investigated in more detail in future studies.
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