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Abstract: Soil organic carbon (SOC) is critical for carbon cycling and sequestration in forest ecosys-
tems. However, how stand age affects SOC components and stability still remains poorly understood.
Here, soil samples (0–20 cm) were collected from Cryptomeria japonica var. sinensis (L. f.) D. Don
plantations of seven stand ages (6, 12, 23, 27, 32, 46, 52 a) in the rainy area of western China. SOC
fractions, including soil particulate organic carbon (POC), easily oxidizable carbon (EOC), labile
organic carbon (LOC), recalcitrant organic carbon (ROC), and light fraction organic carbon (LFOC),
were determined to explore the nature of carbon components and stability across a chronosequence
of C. japonica plantation. Soil carbon fractions first increased and then trended to be stable with
an increase in stand age. SOC concentrations were the largest in mature forests (27 or 32 a), but
the concentrations of other carbon components often peaked in early over-mature forests (46 a).
The concentrations of all carbon fractions were the lowest in the young forests (6 a). The ratios of
ROC/SOC increased and LOC/SOC decreased with increasing stand age. Almost all carbon fractions
were positively correlated with soil bulk density and negatively correlated with soil moisture. The
allometric exponent of ROC or HFOC and soil physicochemical properties was higher as compared
to LOC and LFOC. The results noted in this study indicate that SOC components often accumulate
fast over the first 20 years of afforestation and SOC stability increases with increasing stand age for
C. japonica plantation in this specific region.

Keywords: stand age; soil organic carbon fractions; carbon stability; Cryptomeria japonica var. sinensis
plantation; the rainy area of western China

1. Introduction

Forest soil organic carbon (SOC) storage accounts for approximately two-thirds of the
global SOC pool [1,2]. Even a minor fluctuation in the SOC of forest ecosystems may affect
the carbon balance of the atmosphere and land [1,3]. Previous studies have shown that
forest SOC is thought as an important indicator for sustainable forest management [4–7].
For example, soil-activated carbon fractions are easily decomposed and utilized by soil
microorganisms because of their instability [5]. Furthermore, soil-activated carbon frac-
tions include several carbon sources, such as plant and animal residues, microorganism
metabolism of root exudates, and rhizosphere microorganism entry into the soil via lit-
ter [1,3]. The litter-derived carbon is easily utilized by microbes and forms a stable structure
due to biological activity [3,7]. Although labile organic carbon has a minor percentage
of SOC, its oxidation process drives carbon exchange between land and atmosphere [6].
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However, recalcitrant soil carbon is one of the vital indicators denoting SOC accumulation
and soil fertility due to its stability [7].

SOC fractions are dependent on both abiotic and biotic factors. Studies have indicated
that environmental changes (e.g., nitrogen deposition), land use cover change (e.g., forest
conversion), and management practices (e.g., affectation) on SOC fractions [8–12]. Stand
age is one of the main characteristics of forest growth and development and is closely
related to SOC fractions. Firstly, forest growth and development can regulate SOC by
affecting stand structure, understory vegetation diversity, and soil properties [13,14]. Sec-
ondly, stand-age-associated changes in canopy conditions, stand structure, and understory
vegetation could affect litter residue and root exudate, which could in turn affect soil
microbial biomass, enzyme activity, and soil physicochemical properties, further leading
to changes in SOC accumulation and fractions [15,16]. Thus, the balance between carbon
input (e.g., above- and belowground litter) and output (e.g., soil respiration) determines
SOC fractions [1,8,11,15,16]. Although a number of studies have reported SOC over stand
ages, the stand-age-caused patterns in forest SOC are still highly controversial [13–17]. For
example, Meta et al. (2015) showed that SOC increased with increasing stand age [17],
but other studies found that SOC decreased first and then increased with increasing stand
age [14,16]. Meanwhile, how different carbon components (labile carbon vs. recalcitrant
carbon) respond to stand age in forest ecosystems remains poorly understood.

Cryptomeria japonica var. sinensis is a fast-growing coniferous tree that is commonly
planted in the Sichuan Basin of southwestern China. There is a 2.0 × 105 hm2 C. japonica
plantation in Sichuan province. These plantations play important roles in timber production
and ecological protection. There are a series of C. japonica plantations of different ages in
the local national forestry farm on the western edge of the Sichuan Basin as a result of
frequent afforestation and management. In this study, we selected seven stand ages (6, 12,
23, 27, 32, 46, 52 a) of C. japonica plantations in the rainy area of western China. We aimed
to address the following questions: (1) How do SOC fractions and stability vary with stand
ages? (2) What are the potential drivers of SOC accumulation along a chronosequence?

2. Materials and Methods
2.1. Study Site

This study was performed at the Long-Term Station of Artificial Forest Ecosystems
of Sichuan Agricultural University, which is located at the Hongya National Forestry
Farm of Hongya on the western edge of the Sichuan Basin, China (29◦24′–30◦00′ N,
102◦49′–103◦32′ E). The mean annual temperature is 16.8 ◦C, with extreme maximum
and minimum temperatures being 36.2 ◦C and –3.3 ◦C, respectively. The mean annual pre-
cipitation is 1400 mm, and the mean annual relative humidity is 83%. The soil is classified
as mountain yellow soil according to the FAO, and its pH value range is 4.8–6.5. C. japonica
plantation is the dominant forest type, accounting for 49.6% of the total area. In the local
forestry farm, the area of young (≤10 years), middle-aged (11–21 years), near-mature
(21–25 years), mature (26–35 years), and over-mature forests (≥35 years) are 2134 hm2,
698 hm2, 577 hm2, 866 hm2, and 1790 hm2, respectively. The understory vegetation was
commonly dominated by Fargesia spathacea Franch, Rubus swinhoei Hance, Elatostema involu-
cratum Franch. et Sav, and Pteridophyta in C. japonica plantations [18].

2.2. Experimental Design

In August 2020, we selected seven stand ages (6, 12, 23, 27, 32, 46, 52 a) of C. japonica
plantations based on the stand age classification standard of China [14,16]. There were three
20 m × 20 m plots chosen in each stand age forest community. All plots faced west–north
and had a slope gradient of less than 30◦.

The tree height (H), diameter at breast height (DBH, 1.3 m), and canopy density were
recorded for all trees within each plot. Briefly, the basic characteristics of the sites are shown
in Table 1.
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Table 1. Basic information of C. japonica plantation in the rainy area of western China.

Stand
Age
(a)

Altitude
(m)

Slope
(◦)

Canopy
Density

Average
DBH
(cm)

Average H
(m)

Soil
Bulk

Density
(g·cm−3)

Soil
Water

Content
(%)

Soil
pH

Soil
Total

Nitrogen
(g·kg−1)

SOC
(%)

SOC
Storage

(kg·m−2)

6 1301 20 0.2 8.04 6.41 0.98 ± 0.09 a 53.50 ± 6.82 b 4.35 ± 0.11 a 1.13 ± 0.16 e 1.69 ± 0.23 d 18.55 ± 3.99 c

12 1158 16 0.6 16.20 12.12 0.95 ± 0.04 a 65.88 ± 3.84 b 4.03 ± 0.02 b 2.61 ± 0.11 d 4.60 ± 0.28 c 53.17 ± 1.44 b

23 1239 25 0.7 22.01 16.98 0.55 ± 0.07 b 126.27 ± 13.07 a 3.73 ± 0.06 c 3.74 ± 0.14 c 6.05 ± 0.64 c 117.40 ± 6.37 a

27 1138 26 0.8 22.79 15.44 0.58 ± 0.03 b 121.71 ± 7.02 a 3.74 ± 0.10 c 4.72 ± 0.55 ab 9.89 ± 1.54 a 118.89 ± 15.58 a

32 1248 28 0.6 30.30 20.24 0.65 ± 0.04 b 112.30 ± 9.53 a 3.78 ± 0.08 c 4.34 ± 0.14 bc 7.91 ± 1.01 b 150.28 ± 25.57 a

46 1248 28 0.7 40.61 23.91 0.60 ± 0.04 b 111.96 ± 12.76 a 3.59 ± 0.08 d 5.07 ± 0.67 a 9.33 ± 1.18 ab 121.35 ± 20.51 a

52 1160 20 0.9 47.64 25.20 0.93 ± 0.18 a 63.98 ± 18.41 b 3.67 ± 0.04 cd 3.88 ± 0.39 c 8.03 ± 0.38 b 148.81 ± 31.76 a

Different lowercase letters in the same column indicate significant differences between different stand ages at 0.05 level.
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2.3. Soil Sampling

Before soil collection, the litter layer in each plot was removed. Five soil cores (5 cm
in diameter, 20 cm in depth) from each plot were randomly collected and mixed to form
composite samples. The soil samples were sieved through 2 mm, and roots and other
debris were removed. Each sample was air-dried and stored at room temperature for the
determination of the soil physical and chemical properties.

2.4. Soil Nutrient Measurement

The SOC was measured by the dichromate oxidation method [14], and soil easily
oxidizable carbon (EOC) was measured according to the potassium permanganate (KMnO4)
oxidizable method [19,20]. The soil particulate organic carbon (POC) was determined by
the hexametaphosphate separation method [14]. The soil labile organic carbon (LOC) and
recalcitrant organic carbon (ROC) were assayed with the acid hydrolysis method [21]. The
soil light fraction organic carbon (LFOC) and heavy fraction organic carbon (HFOC) were
measured with the 1.70 g·cm−3 NaI solution separation method [3]. The soil pH was
measured using a glass electrode [19], and the soil total nitrogen (TN) was determined
using the Kjeldahl method [10]. The soil bulk density (g cm−3) was measured using a soil
bulk sampler (100 cm3 volume) [19].

2.5. Statistical Analysis

The SOC storage was calculated using the following equation [7]:

SOC storage = C × BD × H × (1 − G)/100

where SOC storage is the SOC storage (kg·m−2), C is the soil organic carbon (g·kg−1), BD
is the soil bulk density (g·cm−3), H is the soil depth (cm), and G is the proportion of the
dry weight of gravel that is greater than 2 mm to the total dry weight of soil (%).

The POC/SOC, EOC/SOC, LOC/SOC, ROC/SOC, LFOC/SOC, and HFOC/SOC
were calculated based on the content ratio. Differences in SOC fractions among stand
ages were tested by one-way ANOVA analysis of variance. The Duncan test was used for
multiple comparisons (p < 0.05). If the data does not meet the homogeneity of variance,
it will be transformed by a logarithm or trigonometric function to assume the normal
distribution and improve the homogeneity of variance. Regression analysis was used to
fit soil organic carbon with stand age and soil physicochemical properties. Standardized
major axis estimation (SMA) was performed to estimate allometric relationships between
SOC fractions (EOC and POC, LOC and ROC, LFOC and HFOC) concentrations with soil
BD, water content, pH, and TN, and thus to assess the difference in soil carbon fractions
in response to environmental change based on the allometric exponents [22]. Statistical
analyses were performed using IBM SPSS statistics 26.0 and Standardized Major Axis Tests
and Routines (SMATR) 2.0 [23], and the figures were drawn with Origin 2019b.

3. Results
SOC Fractions

The SOC concentrations and storage of the C. japonica plantation varied from 16.88 to
98.92 g·kg−1 and 1.86 to 15.03 kg·m−2, respectively (Figure S1). Both SOC concentration
and storage first increased and then trended to be stable with an increase in stand age,
showing a logistic function. Both of them were the largest in mature forests (27 or 32 a)
and the lowest in young forests (6 a) (Figures 1 and S1). The SOC concentrations of mature
and over-mature stands were significantly higher than those of young, middle-aged, and
near-mature forests. The SOC storage of young and middle-aged forests was significantly
lower than those of other stand ages (Table 1, Figure S1).
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Figure 1. (A) soil organic carbon concentrations and (B) storage of SOC in C. japonica plantation of
different stand ages in the rainy area of western China.

Across the stand ages, the ranges of POC, EOC, LOC, ROC, LFOC, and HFOC concen-
trations were 0.20–4.74, 1.05–7.38, 9.04–30.55, 7.84–68.83, 1.53–27.90, and 12.38–74.93 g·kg−1,
respectively (Figure S2). There were logistic function relationships between soil carbon
fractions and stand ages (Figure 2). Specifically, the POC, EOC, LOC, and LFOC were the
highest in the early over-mature forests (46 a), and the ROC and HFOC were highest in
the early over-mature forest (27 a) (Figure S2). Overall, soil carbon fractions of mature
and over-mature forests were significantly higher than those of young, middle-aged, and
near-mature forests (Figures 2 and S2).
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rainy area of western China.
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The proportions of the POC, EOC, LOC, ROC, LFOC, and HFOC to SOC were
1.2%–5.4%, 16.8%–46.7%, 30.8%–53.9%, 46.1%–69.1%, 9.1%–30.1%, and 63.3%–77.6%, re-
spectively (Table 2). The proportion of carbon fractions to SOC varied among stand ages
(Table 2). Specifically, the POC/SOC of young, middle-aged, and mature forests were
significantly lower than those of other stand ages (Table 2). The rank of an average value of
the EOC/SOC was over-mature forests > mature forests > near-mature, middle-aged, and
young forests. The LOC/SOC of young forests was higher than that of other stand ages,
but a contrasting result was observed in ROC/SOC. The highest and lowest proportion
of the LFOC/SOC was observed in the early over-mature forests (46 a) and young forests,
respectively (Table 2). The HFOC/SOC of young, near-mature, and mature forests were
higher than those of middle-aged and over-mature forests (Table 2).

Table 2. Proportion (%) of carbon fractions to SOC of C. japonica plantation at different stand ages in
the rainy area of western China.

Stand Age (a) POC/SOC EOC/SOC LOC/SOC ROC/SOC LFOC/SOC HFOC/SOC

6 1.18 ± 0.56 c 18.37 ±5.54 c 53.90 ±11.16 a 46.10 ±11.16 b 9.09 ±1.13 c 73.36 ±3.11 abc

12 2.12 ± 0.17 bc 25.95 ±3.87 bc 31.28 ±4.37 b 68.72 ±4.37 a 11.00 ±3.83 c 67.92 ±3.74 d

23 4.98 ± 0.62 a 16.84 ± 2.39 c 39.68 ± 3.54 b 60.32 ± 3.54 a 9.63 ± 1.98 c 77.61 ± 2.51 a

27 4.77 ± 0.14 a 32.66 ± 2.26 b 30.84 ± 4.18 b 69.13 ± 4.18 a 17.67 ± 0.94 b 75.57 ± 2.16 ab

32 5.36 ± 0.78 a 30.05 ± 3.61 b 35.80 ± 6.39 b 64.20 ± 6.39 a 11.85 ± 1.53 c 73.30 ± 3.03 abc

46 5.01 ± 1.95 a 46.72 ± 6.51 a 32.69 ± 2.80 b 67.31 ± 2.80 a 30.13 ± 3.04 a 63.28 ± 1.63 cd

52 3.70 ± 1.20 ab 46.54 ± 7.54 a 31.02 ± 4.98 b 68.98 ± 4.98 a 13.96 ± 3.75 bc 70.41 ± 4.03 bc

SOC: soil organic carbon, POC: particulate organic carbon, EOC: easily oxidizable carbon, LOC: labile organic
carbon, ROC: recalcitrant organic carbon, LFOC: light fraction organic carbon, HFOC: heavy fraction organic
carbon. Different lowercase letters in the same column indicate significant differences between stand ages.

In addition, linear regression analysis showed that the SOC concentrations decreased
with increasing soil bulk density (R2 = 0.306, p = 0.005) and soil pH (R2 = 0.761, p < 0.001),
but increased with increasing water content (R2 = 0.292, p = 0.007) and nitrogen content
(R2 = 0.926, p < 0.001) (Figure 3).
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Almost all soil carbon fractions were negatively correlated with soil bulk density and
soil pH but positively associated with water content and nitrogen content, respectively
(Figure 4). In addition, the allometric exponent between ROC, HFOC, and soil physico-
chemical properties were higher than those of LOC and LFOC and soil physicochemical
properties (Figure 4).
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erties and carbon fractions in C. japonica plantation in the rainy area of western China. (A–D) analysis
between EOC and POC with soil bulk density, water content, pH and total nitrogen, respec-
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(I–L), analysis between HFOC and LFOC with soil physicochemical properties, respectively. S: slope.
Different lowercase letters denote the correlation between the slope of two straight lines in the same
box is significantly different.

4. Discussion

SOC in forest ecosystems is 2–3 times more than that of vegetation and atmospheric
carbon, which plays an important role in the global carbon cycle and sequestration [1,24].
Previous studies have found that SOC concentrations and storage are regulated by many
abiotic and biotic variables, including litter production, root exudates, understory plant
diversity, and microenvironments during forest growth and development [11,25]. For
example, Zhu et al. [11] have shown that an increase in litter input stimulates SOC and
microbial biomass carbon in Picea schrenkiana forest. Furthermore, fine roots are another
important source of SOC fractions. In this study, there were logistic relationships between
SOC concentrations and stand ages, where the SOC concentration was the highest in mature
forests (98.92 g·kg−1) and the lowest in young forests (16.88 g·kg−1) (Table 1). The results
noted in this case were different from the observation of other studies [16,17]. This may
be due to the differences in stand age sequence chosen between studies. In general, stand
age can promote the accumulation of SOC through the following aspects: Firstly, forest
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litter is the major source of forest organic carbon. Litter yield often increases with stand
age in forest ecosystems [14], which may promote microbial activity and the accumulation
of SOC [16]. Secondly, in addition to aboveground litter, belowground root residues and
exudates also contribute to SOC [8,15]. For example, Zhang et al. [8] showed that SOC
was positively associated with fine root biomass. Thirdly, the better conditions of both
underground plant diversity and micro-environments in the old than young forests were
beneficial to the accumulated SOC [17,25,26]. In our study, the SOC concentration was
lower in over-mature forests compared to mature forests. Similar findings were observed
in Chinese fir and Pinus koraiensis forests [14,27]. It may be because of the increased soil
bulk density in the over-mature forests, which was not conducive to the extension of plant
roots, infiltration of surface water, and microbial activity [28,29]. Additionally, we also
found that SOC storage increased by 13.17 kg m−2 from young (6 a) to mature forests
(32 a), indicating that soil carbon sinks increased with the development of the C. japonica
plantation in this region.

Compared with total SOC, SOC fractions can better indicate the changes in soil quality
and stability [19]. In this study, SOC fractions of C. japonica plantations often were the high-
est in mature (27 a) or early over-mature forests (46 a) and the lowest in young forests (6 a),
which also showed logistic functions (Figure 2). The POC consists of plant residues and
microbial debris, which is usually at the transition stage of fresh animal and plant residues,
transforming into soil humus, and is mainly concentrated in the soil aggregates [14,30].
Previous studies found that forest development could increase POC concentrations by
improving the stability of soil aggregates [14]. The EOC has the highest turnover rate,
which is directly involved in the nutrient supply for plants and microorganisms [19,24].
The LFOC is a free organic matter with a low relative density in soil, and it is mainly
composed of microbial and plant debris [4]. The increase in plant litter soil animals and
microorganisms with increasing stand ages can increase the concentrations of EOC and
LFOC [4,14,31,32]. A study in Southwest China revealed that soil carbon sequestration
depended on stand age [31]. Both EOC and LFOC in topsoil (0–10 cm) increased with stand
age [31]. Furthermore, both ROC and HFOC are generally considered to be indicators of
soil carbon stability and storage capacity as a result of their high stability, long turnover,
and decomposition period [1,21,33]. C. japonica is a coniferous tree species, and its residues
contain rich lignin and tannin. Thus, the accumulation of ROC and HFOC may be due to the
increasing refractory substances along stand ages. Belay-Tedla et al. [33] demonstrated that
there was a positive linear correlation between the accumulation of ROC and litter input.

The SOC stability is mainly dependent on the proportion of SOC fractions [14,24,34,35].
For example, the larger ROC/SOC reflects a more stable carbon pool [34,35]. Our results
showed that the proportion of organic carbon fractions to SOC varied with stand ages
(Table 2). In this study, the ROC/SOC of young forests was lower than that of other
stand ages. The young forests have less carbon input due to the lower vegetation biomass
and cover. In addition, the higher solar radiation and precipitation leaching may not be
conducive to the accumulation of SOC in the young than in mature forests [30]. However,
the relatively high plant and biological biomass in mature forests could increase carbon
input, potentially increasing ROC/SOC [16]. Similarly, a high LOC/SOC means low SOC
stability [34,35]. In this study, POC/SOC, EOC/SOC, and LFOC/SOC increased with stand
age. This might be explained by the fact that soil nitrogen, bulk density, and water content
increased with stand age, which could promote microbial activity and the accumulation of
LOC, HFOC, and EOC [4,19,24]. However, we found that LOC/SOC decreased with stand
age. It could be the variation of LOC/SOC is also affected by other soil LOC fractions,
e.g., microbial biomass carbon, dissolved organic carbon water-soluble organic carbon,
and mineralized organic carbon [14,24]. These results demonstrate that the SOC stability
increased with the development of C. japonica plantations.

In general, there are significant differences in soil physicochemical properties among
forest ages [30]. In this case, almost all SOC fractions were negatively correlated with
soil bulk density but positively correlated with water content. Similar results were also
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recorded in other studies [20,36]. As mentioned above, both POC and LFOC mainly include
mineral particles, animal, and plant residues, which are mediated by soil bulk density and
moisture [4]. However, the conversion and renewal rate of EOC is fast. Consequently,
the relationships between EOC and physicochemical properties are not well exhibited as
expected [14,19]. Moreover, SOC fractions were negatively correlated with soil pH. This
pattern was consistent with the results found in the Chinese Loess Plateau and agricultural
soils [20,37]. The increase in soil pH was not beneficial for microorganism growth and
enzymatic reactions, which may in turn inhibit the accumulation of SOC [38]. Furthermore,
the SOC fractions were positively correlated with nitrogen. It could be explained by the fact
that soil carbon is closely coupled with nitrogen in biogeochemical cycles [39]. However,
the allometric exponent of ROC and HFOC and physicochemical properties was higher as
compared to those of LOC and LFOC, implying that the recalcitrant carbon fractions (ROC
and HFOC) may be more responsive to soil physicochemical properties relative to active
carbon fractions (LOC and LFOC). Microorganisms can promote the transformation from
recalcitrant carbon fractions to active carbon fractions [37]. A previous study has suggested
ROC is more sensitive to the priming effect compared to LOC [40]. ROC may trigger great
microbial nitrogen demand and ROC decomposition [40].

5. Conclusions

Our results suggest that all carbon components increase with increasing stand age
although they peak at different stand ages. The stability of SOC increased with the devel-
opment of C. japonica plantations. Soil physicochemical properties (e.g., soil bulk density,
moisture, pH, and TN) well indicate the changes in carbon fractions. Recalcitrant carbon
fractions (ROC and HFOC) are more mediated by soil physicochemical properties relative
to active carbon fractions (LOC and LFOC). Taken together, soil carbon pools accumu-
lated fast in the early stage after C. japonica afforestation. Such findings are helpful for
the management of C. japonica plantations in this specific region and for modeling soil
carbon accumulation.
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(ROC), light fraction organic carbon (LFOC) and heavy fraction organic carbon (HFOC) in C. japonica
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