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Abstract: Soil organic carbon (SOC) strongly contributes to the operation of the global carbon cycling,
and topographical factors largely influence its spatial distribution. However, SOC distribution and
its leading topographical impact factors in subtropical forest ecosystems (e.g., the Zhejiang Province
in China) have received relatively limited attention from researchers. In this study, 255 forest soil
samples were collected from the Zhejiang Province to quantify the spatial variation in SOC and
impact factors in subtropical forests. The SOC contents over soil profiles were 35.95 4 22.58 g/kg,
20.98 £+ 15.26 g/kg, and 13.77 + 11.28 g/kg at depths of 0-10 cm, 10-30 cm, and 30-60 cm, respectively.
The coefficient variations at different depths were 62.81% (0-10 cm), 72.74% (10-30 cm), and 81.92%
(80-60 cm), respectively. SOC content shows a moderate intensity variation in the Zhejiang Province.
The nugget coefficients of the SOC content for the three depths were 0.809 (0-10 cm), 0.846 (10-30 cm),
and 0.977 (30-60 cm), respectively. Structural factors mainly influence SOC content. SOC content
is positively correlated with elevation and slope, and negatively correlated with slope position
(p < 0.05). However, the SOC content was negatively correlated with slope in mixed coniferous and
broad-leaved forest. The distribution of the SOC content was relatively balanced between different
slope positions. However, the differences became obvious when forest types were distinguished.
Topographical factors affected the SOC content differently: elevation > slope > slope position. Slope
becomes the main influencing factor in 30-60 cm soil. Forest type significantly influenced the SOC
content but with a low statistical explanation compared to topographical factors. Topography has
different effects on SOC of different forest types in subtropical forests. This reminds us that in future
research, we should consider the combination of topography and forest types.

Keywords: soil organic carbon (SOC); subtropical; vegetation type; topography

1. Introduction

Organic carbon (OC) is an indispensable component of soil, which is mainly derived
from various types of plant litter, plant residue and root systems [1,2]. OC can provide the
nutrients required for plant growth and has an important impact on soil physicochemical
properties. Soil organic carbon (SOC) directly affects soil quality through soil function
regulation, and indirectly affects global climate change through carbon cycle, so the study
of soil organic carbon has become a worldwide focus [3,4].

Global warming significantly and profoundly impacts the climate system [5,6]. Green-
house gases, including carbon dioxide (CO,), methane (CHy4), and nitrous oxide (N;O),
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are the leading causes of global warming [7]. An increase of 1000 Gt (Gt = 10° t) in CO,
emissions would increase the global mean temperature by 0.27-0.63 °C [8]. Increasing
temperatures reduce the stability of the soil carbon pool, causing decomposition and soil
carbon oxidation and the release of greenhouse gases into the atmosphere [9]. Globally, the
carbon stored in soils exceeds its combined storage in vegetation and the atmosphere [10].
SOC is an essential component of the soil carbon pool that accounts for approximately
two-thirds of the global soil carbon pool [4]. Therefore, the formation, fixation, and de-
composition of SOC actively contribute to global carbon cycling [11,12]. However, small
changes in the SOC pool can significantly influence atmospheric CO,. Research has shown
that a 10% change in the SOC pool is approximately equal to 30 years of anthropogenic
emissions [13]. Consequently, clarifying the factors influencing SOC can help determine
the driving mechanisms of SOC changes, and this can contribute to the effort to maintain a
stable soil carbon pool [14].

Soil organic carbon is influenced by topography [15], climatic conditions [16], land-use
change [17], litter [18], water content [19], soil depth [20] and microbial communities [21].
Unlike temperature and precipitation, topography does not change and so affects SOC
more gradually. At the sample scale, a change in topography is expressed as the slope,
magnitude, and degree of surface relief. Changes in microtopography affect SOC by altering
the soil’s water-holding capacity. First, topography influences the degree of soil erosion
by controlling the surface water flow and water storage, which in turn can change the
concentration and storage of SOC [22,23]. In addition, soil moisture controls net primary
production and microbial activity, which then affect the input and output of SOC [24,25].

The topography modifies the local microclimate when observed on a larger regional
scale [15]. However, at subcontinental and global observational scales, the influence of
topography on SOC is attenuated [26,27]. The above studies illustrate the differences in the
effects of topography on SOC at different observation scales. Factors affecting topography
change with varying scales of observation [28]. As the size of the study area increases, the
dominant factors impacting SOC change from topographic factors to soil properties and
finally to climate. For example, in a study on SOC distribution in Laos, the slope explained
most of the spatial variation in SOC [29]. However, on a continental scale in Australia,
climate has become the dominant impact factor on SOC [30].

Forest SOC pools contain about 73% of the global SOC pools and more than 67% of
the carbon in forest ecosystems is retained in soil [31-33]. In terrestrial ecosystems, forest
soils are the largest carbon pools. Changes in forest soil carbon pools have a significant
impact on greenhouse gas concentrations. One of the key factors for changes in forest soil
respiration is temperature. An increase in temperature enhances the intensity of forest
soil respiration, thus gradually changing forest ecosystems from sinks to sources [9,34].
In forest ecosystems, vegetations store about 42%-50% of carbon, while soils store about
44%—-45% [35]. Studies have shown that a 10% change in forest SOC is approximately equal
to 30 years of anthropogenic emissions [13].

Because they are located in the monsoon region, subtropical forests in China are
highly representative and unique [36]. This region contains three main forest types: broad-
leaved forest (BLF), coniferous forest (CF), and mixed coniferous and broad-leaved forest
(MCBF) [37]. However, the factors influencing SOC in subtropical forests, especially
topography, have not been extensively studied. The results showed that the mean SOC
density is 71.15 Mg-ha~!, and the SOC storage is 0.47 Pg (Pg = 10'® g). The SOC density
gradually decreased from southwest to northeast. This feature is consistent with the
topographic characteristics of the Zhejiang Province. The spatial distribution of SOC is
mainly influenced by the dominant species and elevation, and SOC content significantly
decreases with the deepening of the soil layer [38]. Dong suggested that 65% of SOC is
stored in the 0-30 cm soil layer. These studies have demonstrated that topography can
significantly affect SOC. In another study on Chinese subtropical forests, SOC densities
ranged from 13 Mg-ha~! to 358.6 Mg-ha~! [39]. Li’s study results suggest significant
differences in SOC density in subtropical forests in China. The mean annual temperature
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explained most of the variation in SOC storage, followed by elevation. Notably, soil
properties and litter biomass did not significantly affect SOC storage in the study by Li et al.
This is a reminder that we should incorporate soil properties when studying the factors
influencing SOC. Under climatic conditions similar to those in China, Spanish forests
also have a variety of SOC contents, ranging from 4 Mg-ha~! to 465 Mg-ha~! (0-100 cm)
in coniferous, broadleaf, and evergreen broadleaf forests [40]. Precipitation factors and
vegetation type mainly influence SOC in Spain’s forests, whereas topography (elevation)
and soil properties play a lesser role. However, a study in a Mediterranean forest in
southern France showed that precipitation does not affect SOC [41].

Soil organic carbon is affected by various factors, and its strength is highly scale-
related. Therefore, accurately quantifying SOC in the soil and identifying the influencing
factors are important for forest management. This study investigated the topographical
and forest-type effects on SOC in subtropical forests in the Zhejiang Province. We aimed
to (1) investigate the horizontal distribution of SOC with three different soil depths (0-10,
10-30, and 30-60 cm) in a typical subtropical forest ecosystem in the Zhejiang Province;
(2) reveal the topographical and forest-type impacts on SOC; and (3) quantify the contribu-
tion of topographic factors to the spatial variation of SOC.

2. Materials and Methods
2.1. Study Region

This study was conducted in the Zhejiang Province (118°01'-123°10" E, 27°02'-31°11' N),
southeast China (Figure 1), with a total area of 105,500 km?. The geographical location of
the Zhejiang Province belongs to the northern subtropical zone and has a monsoon climate.
The mean annual temperature ranges from 15 to 18 degrees centigrade, and the mean
annual precipitation ranges from 980 to 2000 mm. The topography of the Zhejiang Province
changes in a stepped pattern from the southwest to the northeast (Figure 2). Mountains
and hills cover the southwestern part of the study area. Some hills and basins occur in
the middle part. The northeastern region is an alluvial plain. Hilly terrain covers 70%
of the land in the Province [42]. Among all the soil types in China, red and yellow soils
are the main types in the Zhejiang Province [43,44]. The main forest types in the study
area are BLF, CF, MCBF, bamboo forest (BF), and shrubland (SL) [45,46]. BLF include
alder (Alnus cremastogyne Burkill), hackberry (Celtis sinesis Pers.), schima (Schima superba
Gardner & Champ.), liquidambar (Liquidambar formosana Hance), yellow sandalwood
(Dalbergia hupeana Hance) and red maple (Acer palmatum ‘Atropurpureum’ (Van Houtte)
Schwerim). CF include masson pine (Pinus massoniana Lamb.), wetland pine (Pinus elliottii
Engelm.), huangshan pine (Pinus hwangshanensis W. Y. Hsia), china fir (Cunninghamia
lanceolata (Lamb.) Hook.), china cedar (Cryptomeria japonica (Thunb. ex L. f.) D. Don),
cypress (Cupressus funebris Endl.), and dragon savin (Sabina chinensis (L.) Ant. cv. Kaizuca).
MCBF mainly include pine-broadleaf mixed or cypress-broadleaf mixed. BF include moso
bamboo (Phyllostachys edulis (Carriére) J. Houz.) and CV.Ventricousinternode (Phyllostachys
violascens 'Prevernalis” S.Y.Chen et C.). SL mainly include dwarf fruit trees and shrubs for
food or medicinal use, such as pear (Pyrus spp.), hickory (Carya cathayensis Sarg.) and tea
leaf (Camellia sinensis (L.) Kuntze) (Table 1).

Table 1. Elevation, dominant species, soil type and soil moisture of different forest types.

Forest Type Elevation (m) Dominant Species Soil Type Soil Moisture (%)
alder (Alnus cremastogyne Burkill), hackberry red soil. vellow soil

BLF 8-1270 (Celtis sinesis Pers.), schima (Schima superba li 24 d padd ! i 7.65-44.10
Gardner & Champ.), etc. imestone and paddy sol
masson pine (Pinus massoniana Lamb.), china fir red soil. vellow soil. and

CF 2-1550 (Cunninghamia lanceolata (Lamb.) Hook.), cypress 0 ii}rf (; o oLl 12.10-34.96

(Cupressus funebris Endl.), etc. estone
MCBF 170-1180 pine-broadleaf mixed, cypress—broadleaf mixed red soil and yellow soil 6.08-36.05
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Table 1. Cont.

Forest Type Elevation (m) Dominant Species Soil Type Soil Moisture (%)
BF 70-830 moso bamboo (P ngﬂszt‘;czytz edulis (Carriere) J red soil and yellow soil 10.93-33.70
. pear (Pyrus spp), hickory (Carya cathayensis Sarg.),  red soil, yellow soil and -
SL 2-980 tea-leaf (Camellia sinensis (L.) Kuntze), etc. paddy soil 15.08-29.68

Note: BLF = broad-leaved forest; CF = coniferous forest; MCBF = mixed coniferous and broad-leaved forest;
BF = bamboo forest; SL = shrubland.
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Figure 1. Research area. (a) Sampling distribution; (b) Soil sample sites; (c) Soil stratification.
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Figure 2. Topographic map of the Zhejiang Province.

2.2. Data Source

We used a mechanical method to establish a grid system in the subtropical forests of
the Zhejiang Province. The sample sites were spaced 4 km (E-W) and 6 km (S-N) apart in
the entire grid system. The fixed sample site was a square with a side length of 28.28 m and
an area of 800 m?. The survey information included the type of aboveground vegetation,
slope gradient, slope position, and slope direction at the fixed sample site. We used the
global positioning system (GPS) to obtain the latitude, longitude, and elevation of the fixed
sample sites. A total of 255 fixed sample sites were selected based on the survey results of
typical sampling (Figure 1a). To reduce interference with the fixed sample sites, we placed
the soil sample sites southwest of the fixed sample plots. The northeast corner of the soil
sample site was 6 m southwest (45°) of the fixed sample site. The soil sample site was
a square with a side length of 8 m and an area of 64 m? (Figure 1b). If the investigation
factor of the soil sample site did not coincide with the fixed sample site, it was adjusted in a
clockwise direction. Five soil sample points were established in the southeast, southwest,
northeast, northwest, and middle of the sampling site (Figure 1b). Each soil profile was dug
to a depth of 60 cm (Figure 1c). Using a tape to measure the distances, a wooden stick was
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inserted at 10, 30, and 60 cm. For each soil layer, the soil from the five sites was thoroughly
mixed before being sent to the laboratory. Climate data were obtained from Climate AP
v2.20 [47].

2.3. Sample Treatment and Determination Analysis

All the soil samples were air-dried in lab conditions and then passed through the
0.25 mm and 0.149 mm screens to filter out all roots and gravel. The potassium dichromate
oxidation method was used to determine the SOC content [48]. The formula for calculating
SOC is as follows:

G2 x (Vo—V) %1073 x3.0x 1.1

SOCC =
m X k

x 1000, 1)

where SOCC is the soil organic carbon content (g/kg); c is the concentration of 0.8000 mol/L
(1/6 KyCryOy7) standard solution; 5 is the volume of potassium dichromate standard
solution added (mL); V is the amount of FeSO; in the control group (mL); V is the amount
of FeSOy in the experimental group (mL); 3.0 is the molar mass of 1/4 carbon atoms (g/mol);
1073 is the factor to convert mL to L; 1.1 is the oxidation correction factor; m is the mass of
soil sample (g); k is the conversion factor between air-dried soil and dried soil.

2.4. Data Analysis

In this study, the GS+ software was used to fit the semi-covariance function model.
Radj2 and Residual SS were used to compare the results of the fitted models and select
the best-fit model. The fitted model parameters were subjected to ordinary kriging in-
terpolation using Arcgis 10.4 software. Correlation, analysis of variance, and regression
analyses were performed using SPSS (version 26.0). In this study, the data were tested
for Kolmogorov-Smirnov (K-S) test before analysis. Data that did not follow a normal
distribution were transformed logarithmically. Analysis of variance (ANOVA) was used to
determine whether there were significant differences in the effects of topographic factors
on SOC. In the regression equation, Radjz indicates the explanatory rate of the individual
and combined variables on the spatial variance of SOC [49,50].

3. Results
3.1. Characteristics of SOC in Subtropical Forests

In this study, log transformation was performed on the data, and outliers were re-
moved before geostatistical analysis was performed. This was because the original data
did not show a normal distribution (Figure 3). Therefore, the number of samples varied for
the different soil layers. The SOC was 1.76-132.99 g/kg with a mean value of 35.95 g/kg at
0-10 cm, 0.67-92.67 g/kg with a mean value of 20.98 g/kg at 10-30 cm, and 0.89-70.11 g/kg
with a mean value of 13.77 g/kg at 30-60 cm, respectively (Table 2). The coefficients of
variation (CV) were 62.81, 72.74, and 81.92%, respectively.

Table 2. Descriptive statistics of soil organic carbon content and soil alkali-hydrolyzed nitrogen
content in the subtropical forest ecosystem of the Zhejiang Province.

Depth (cm) Count Mean Median Maximum Minimum SD CV (%) K-Sp (p > 0.05)
0-10 244 35.95 30.40 132.99 1.76 22.58 62.81 0.200
SOCC 10-30 244 20.98 17.44 92.67 0.67 15.26 72.74 0.099
30-60 237 13.77 10.59 70.11 0.89 11.28 81.92 0.056
0-10 244 145.42 118.86 606.23 17.39 91.32 62.79 0.201
SANC 10-30 244 101.61 82.17 554.20 13.94 75.16 73.97 0.086
30-60 244 7491 62.80 328.71 10.46 49.12 65.57 0.063

Note: SOCC = soil organic carbon content; SANC = soil alkali-hydrolyzed nitrogen content; the unit of SOC
content is g/kg; the unit of SAN content is mg/kg; SD = standard deviation; CV = coefficient variance; K-Sp = p of
the Kolmogorov-Smirnov test. All data were log-transformed and subjected to the Kolmogorov—-Smirnov test.
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Figure 3. Frequency distribution of SOCC and the logarithmic conversion value in the Zhejiang
Province. SOCC: soil organic carbon content.

3.2. Spatial Distribution Characteristics of SOC in Subtropical Forests

Semi-covariance models are often used to analyze the spatial distribution of SOC [51,52].
The semi-covariance model fitting results for the SOC content for the three soil layers are
listed in Table 3. In the study area, the SOC content distribution was consistent with
the exponential model, with a determination coefficient (Radj2) of 0.506 in the upper soil
layer. In addition, the SOC content distribution was consistent with the Gaussian model
in the middle and lower soil layers, with determination coefficients (Radjz) of 0.560 and
0.572, respectively. The nugget coefficient Cy/(Cy + C) of the SOC content of all soil
layers was >0.7, suggesting a weakened spatial autocorrelation in the SOC content. The
nugget coefficients indicate that the distribution of the SOC content is mainly influenced
by structural factors such as topography and forest type. As shown in Figure 4, the SOC
content showed a decreasing trend from southwest to northeast in the upper soil layer.
Some high-value areas were distributed in the south and west, and some low-value areas
were distributed in the north and east of the upper soil layer. In the middle soil layer, the
high-value areas were distributed in the west, and the low-value areas were distributed in
the east and north. In the lower soil layer, the high-value areas were patchily distributed in
the south, and the lower-value areas were patchily distributed in the northeast.

Table 3. Semi-variance function model and parameters of soil organic carbon content.

Nugget Coefficient

.2 i
Depth (cm) Model Co/Cy + C Range (km) Ragj Residual SS
0-10 Exponential 0.809 157.74 0.506 0.00509
S50CC 10-30 Gaussian 0.846 286.15 0.560 0.00526
30-60 Gaussian 0.977 11.313 0.572 0.01810

Note: Nugget coefficient is ratio of nugget to sill. Radjz is adjusted R-squared. Residual SS is Residual Sum
of Squares.
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3.3. Analysis of Topographic Factors of SOC in Subtropical Forests
3.3.1. Elevation and Forest Type

The results indicated that the SOC content of each soil layer increased with increasing
elevation (Figures 5 and 6), whereas in the upper soil layer, SOC content was 20.10 g/kg,
32.48 g/kg, 36.50 g/kg, 43.77 g/kg, and 59.36 g/kg, respectively. With the increasing
elevation in the middle soil layer, SOC content was 11.24 g/kg, 17.79 g/kg, 21.40 g/kg,
26.61 g/kg, and 36.70 g/kg, respectively. In the lower soil layer, SOC content was 6.99 g/kg,
12.84 g/kg, 14.29 g /kg, 18.23 g/kg, and 20.37 g/kg, respectively. There were differences
in the patterns of SOC content with elevation among the different forest types (Figure 5).
For the BLF, the pattern of SOC content with elevation in all soil layers was consistent with
the total. For the CF, the SOC content in the upper two soil layers increased with elevation,
decreased slightly, and then increased. However, elevation differences were insignificant in
the lower soil layers (p > 0.05). For the MCBF, there was a reduction in the SOC content
of the upper soil layer as it increased with elevation. In contrast, the SOC content of the
middle soil layer continuously increased, and there was no significant difference in the SOC
content of the lower soil layer (p > 0.05). For the BF, the SOC content showed a bimodal
trend of increasing, decreasing, and then increasing. For the SL, the SOC content was lower
than that of the other forest types, and the difference between different elevations was
insignificant (p > 0.05).

160

BLF LR MCBF

120 4

80 4

40

ab ab

BF SL Total

SOCC g/kg

804

60 4

404

204

04
0-199

B 0-10cm g
[ ]10-30cm
[ 30-60cm

200-399 400-599 600-799 =800  0-199 200-399 400-399 600-799 >R800 0-199  200-399 400-599 600-799 =800

Elevation m

Figure 5. Distributions of SOCC by elevation and forest type. BLF: broad-leaved forest; CF: coniferous
forest; MCBF: mixed broad-leaved and coniferous forest; BF: bamboo forest; SL: shrubland; green
indicates 0-10 cm; yellow indicates 10-30 cm; red indicates 30-60 cm. The same below. Lowercase
letters show a significant difference between different elevations at the same soil depth (p < 0.05).
Vertical bars refer to the standard deviation. Blank indicates no data.
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Figure 6. Linear regression of SOCC and elevation. Radjz is adjusted R-squared. Square indicates
0-10 cm; cycle indicates 10-30 cm; triangle indicates 30-60 cm. The same below.

3.3.2. Slope Gradient and Forest Type

The results indicated that the SOC content of each soil layer increased from a gentle
slope to a dangerous slope (Figures 7 and 8): in the upper soil layer, with an increasing
slope gradient, SOC content was 15.56 g/kg, 31.07 g/kg, 35.63 g/kg, 40.19 g/kg, and
52.34 g /kg, respectively. In the middle soil layer, with an increasing slope gradient, SOC
content was 7.52 g/kg, 16.09 g/kg, 20.89 g/kg, 24.46 g/kg, and 30.41 g/kg, respectively.
SOC contents in the lower soil layer were 5.25 g/kg, 10.35 g/kg, 13.83 g/kg, 15.75 g/kg,
and 20.40 g/kg, respectively. For the BLE, the SOC content of each layer increased with
increasing slope gradient, but the difference gradually diminished from the upper soil
layer to the lower soil layer. For the CF, the SOC content decreased on steep slopes as the
gradient increased. The SOC content of the dangerous slope was significantly higher than
that of the gentle slope in the middle and lower soil layers (p < 0.05). However, in the upper
soil layer, the SOC content was not significantly different between the slope gradients
(p > 0.05). For the MCBE, the SOC content decreased with increasing slope gradient, but
the difference was not significant (p > 0.05). For the BE, the SOC content increased with
increasing slope gradients in the upper and middle layers, but a decrease occurred from the
abrupt slope to the steep slope in the lower layer. For the SL, the SOC content was highest
at an abrupt slope, but the difference between slope gradients was insignificant in all soil
layers (p > 0.05).



Forests 2023, 14,1023 11 of 22

BLF CF MCBF
1204 H 2
d
80 ab 2 a
a a a
be
a
404 ¢
B " A
jdn T ab “ B H !
= o
S BF SL Total
@ B 0-10cm a
wn [ ]10-30em
[ 30-60em !
80 i a b
a
ab b
a
404 b a
SEE e B T

gentle  moderate  abrupt  sleep dangerous gen(le moderate  abrupl  sleep dangerous genlle  moderate  abrupt  sleep  dangerous
slope slope slope slope slope slope slope slope slope slope slope slope slope slope slope

Slope gradient

Figure 7. Distributions of SOCC by slope gradient and forest type. Lowercase letters show a
significant difference between different slope gradients at the same soil depth (p < 0.05). Vertical bars
refer to the standard deviation. Blank indicates no data.

100 75
BLF R =0.11,p<0.01 CF —Dp>0.05 MCBFE —— 005
2%
. = RZ;=0.12,p<0.01 R;4=0.05,p<0.05 o p>0.05
(i s S
—RgdeO»U,IKO-OI =R 4=0.06,p<0.05
[ ] 50 F
ob
®
|®]
8 25}
- oam
= | —
L J
L A
A~
0F
0 10 20 30 40 50 0 10 20 30 40 50
50 75 2 2
SL, e R2,=0.36,p<0.01 Total e R2,=0.12,p<0.01
p>0.05 R2;=0.13,p<0.01
e 50,05 100} i
0 IS e R2,=0.11 p<0.01
501
o
2230
ol
S’
3
O 20
w2

10

1 i 1 S 1 2
BlepeC) M 0-10cm 180?3%%1 )A 30-60cm Slepe)

Figure 8. Linear regression of SOCC and slope.



Forests 2023, 14, 1023

12 of 22

SOCC g/kg

100

80

60

404

204

100

80

60

40

20

3.3.3. Slope Position and Forest Type

The results indicated that the SOC content gradually decreased from the upper slope
to the lower slope (Figures 9 and 10). In the upper soil layer, SOC content from high
to low was 42.91 g/kg (upper slope), 39.16 g/kg (middle slope) and 23.71 g/kg (lower
slope), respectively. SOC content in the middle soil layer was 24.34 g/kg (upper slope),
23.11 g/kg (middle slope), and 14.18 g/kg (lower slope), respectively. In the lower soil
layer, SOC content was 15.15 g/kg (upper slope), 15.06 g/kg (middle slope), and 10.11 g/kg
(lower slope). The SOC content of the lower slope was significantly lower than that of the
upper and middle slopes (p < 0.05). In the upper soil layer, the SOC content gradually
decreased from the upper to the lower slopes for all forest types. For the CE, MCBE, and
SL, the SOC content of each soil layer was not significantly different among the slope
positions (p > 0.05).
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Figure 9. Distributions of SOCC by slope position and forest type. Lowercase letters show a significant
difference between different slope positions at the same soil depth (p < 0.05). Vertical bars refer to the
standard deviation.

3.3.4. Slope Direction and Forest Type

There were some differences in SOC content between different slope directions in the
forest ecosystem of the Zhejiang Province (Figure 11). The slope directions are north (N),
northeast (NE), east (E), southeast (SE), south (S), southwest (SW), west (W), and northwest
(NW) in clockwise order. SOC contents of the N and NW directions were higher than those
of the other slope directions. No significant difference was observed between the SOC
contents of the different slope directions in all soil layers (p > 0.05). For the BLF, the SOC
content in the upper and middle soil layers was significantly higher than in the SL (p < 0.05).
For the CF, the SOC content of the SL was higher than that of the other slope directions.
For the MCBF, NW had the highest SOC content.
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3.4. Analysis of Main Control Factors

There were significant differences in the average SOC content among the different
elevations, slope gradients, and slope positions in all the soil layers (p < 0.01) (Table 4).
However, the differences in the average SOC content between the different slope directions
were insignificant in all the soil layers (p > 0.05). The influences of elevation, slope gradient,
slope position, slope direction, and forest type on the spatial variation in SOC in subtropical
forest ecosystems in the Zhejiang Province varied (Table 5). Regression analysis showed
that elevation explained the greatest variation in the spatial distribution of the SOC content
in the upper soil layer; Radjz was 0.300. The Rad]-2 slope gradient, slope position, slope
direction, and forest type were 0.210, 0.134, 0.001, and 0.135, respectively. The Radj2 values
of the elevation and slope gradient SOC content models were 0.333. The Radjz value was
improved by 0.033-0.366 after introducing the slope gradient into the model. With the
deepening of the soil layer, the explanation rate of the spatial variation of SOC by each
influencing factor gradually decreased. However, the interpretation rate of the slope
gradient increased from the upper to the middle soil layer. The Radj2 values of the SOC
model for elevation and slope gradient were 0.343 in the middle soil layer and 0.265 in the
lower soil layer.

Table 4. Results of analysis of variance of SOCC with different topographic factors.

Topographic Factor Depth (cm) p
0-10 <0.001
Elevation 10-30 <0.001
30-60 <0.001
0-10 <0.001
Slope gradient 10-30 <0.001
30-60 <0.001
S0CC 0-10 <0.001
Slope position 10-30 <0.001
30-60 <0.01
0-10 >0.05
Slope direction 10-30 >0.05
30-60 >0.05

Table 5. Results of regression analysis of SOCC and its influencing factors.

Depth (cm) Topographic Factor r Radj2 p
EL 0.550 0.300 <0.001
SG 0.462 0.210 <0.001
Sp 0.372 0.134 <0.001
0-10 sD 0.070 0.001 0.282
FT 0.372 0.135 <0.001
EL/FT 0.582 0.333 <0.001
EL/FT/SG 0.611 0.366 <0.001
EL 0.534 0.282 <0.001
SG 0.502 0.248 <0.001
SP 0.276 0.072 <0.001
10-30 SD 0.069 0.001 0.289
FT 0.288 0.079 <0.001
EL/SG 0.590 0.343 <0.001
EL 0.425 0.177 <0.001
SG 0.468 0216 <0.001
SP 0.172 0.026 0.008
30-60 SsD 0.058 0.001 0.379
FT 0.216 0.042 0.001
EL/SG 0.521 0.265 <0.001

Note: EL = elevation; SG = slope gradient; SP = slope position; SD = slope direction; FT = forest type.
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4. Discussion
4.1. Spatial Distribution of SOC Content in Subtropical Forests

Soil organic carbon is highly spatially variable [53]. A combination of factors influ-
ences the spatial distribution of SOC in forests. Environmental factors include climate,
topography, and soil properties, and anthropogenic factors include artificial carbon ap-
plication and fertilizer use [54-58]. The subtropical forest in the Zhejiang Province is a
complex and variable ecosystem. The coefficient of spatial variation of the SOC content
was 62.81%-81.92%, which was moderate [59]. Dai et al. obtained the same results for the
spatial variation in SOC density in subtropical forest ecosystems in southeastern China [43].
High SOC content values were mostly distributed in the southwest part of Zhejiang. Low
values were found in the northeast part (Figure 4). This coincides with the topographic
trend in which the elevation decreases from southwest to northeast. This is due to the ability
of topographic factors to influence the spatial variation in SOC [60]. The nugget coefficient
for the SOC content was 0.809-0.977. Cambardella et al. classified nugget coefficients as
follows: <0.25, strong spatial dependence; 0.25-0.75, moderate spatial dependence; and
>0.75, weak spatial dependence [61]. The results showed that the deeper the soil layer,
the greater the nugget coefficient of the SOC content (Table 3). Therefore, SOC content is
susceptible to structural factors. The interaction effect of adjacent soils is weak.

The upper soil layer had a higher SOC content than the lower layer (Figure 12). Li et al.
demonstrated that soil depth significantly affects the SOC content in karst areas [62]. Yu et al.
also found that the SOC content of the Loess Plateau decreased along the vertical profile [63].
The CV of the SOC content increased from 62.81% to 81.92% vertically downward along
the soil profile (Table 2). This indicates that the difference among horizontal positions is
more pronounced in deeper soil layers than in the surface layers. The explanation is that
the surface soil is in contact with the outside world and is influenced more by climate,
topography, and other environmental factors. Spatial autocorrelation still exists in a small
area with a patchy distribution [43,64]. In deeper layers, the soil is mainly affected by root
secretions, decaying roots, and soil microorganisms [65].
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Figure 12. Distributions of SOC by soil depth and forest type.
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4.2. Topographic Factors Influence SOC Content in Subtropical Forests

The aboveground vegetation type strongly influences the distribution of SOC [66].
Subtropical forest ecosystems have complex and diverse vegetation. In this study, all soil
samples were divided into five forest types according to aboveground vegetation type (BLF,
CE, MCBE, BE, and SL) to control for the effect of aboveground vegetation type as a variable
on SOC content. Previous studies have shown that topographic factors can better explain
variations in SOC [44,67-70]. Hence, we selected four topographic factors (elevation, slope
gradient, slope position, and direction) to explore their impact on the SOC content of typical
subtropical forests in the Zhejiang Province.

It has been demonstrated that in subtropical forest, high elevation areas tend to have
higher SOC content [71]. The same conclusion was reached in this paper (Figure 5). This
might be due to a decrease in temperature with increasing elevation (Figure 13a), leading
to a reduction in the rate of SOC decomposition and mineralization [72-74]. These changes
create an environment conducive to SOC accumulation. For the BLE the SOC content
increased with increasing elevation. This may be because the vertical distribution of forest
vegetation gradually changed from evergreen broad-leaved forests to deciduous broad-
leaved forests. An increase in litter promotes organic carbon input [75]. For the CF, a slight
decrease in the SOC content was observed between 200 and 800 m elevation with increasing
elevation (Figure 5). This is probably because SOC is more sensitive to the temperature at
higher elevations, which accelerates the mineralization of SOC, leading to a lower SOC
content [76].
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Figure 13. Linear fit of topography factor to MAT (mean annual temperature) and MAP (mean annual
precipitation). (a) Elevation; (b) Slope; (c) Slope position; (d) Slope direction.

For the BF, the influence of elevation on the SOC content did not show a clear pattern
(Figure 5). The highest SOC content was found at 600-800 m. In this study, the BF vegetation
type was Moso bamboo. As a cash crop, most Moso bamboo forests are under long-term
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management in the subtropical forests of southeastern China [77]. Many studies have
shown that the intensity and duration of artificial management significantly influence the
SOC of the Moso bamboo forests [78,79]. In the Zhejiang Province, most of the commercial
Moso bamboo forests in the middle- and high-elevation areas have been abandoned due to
high operational costs and transportation challenges, which contributes to the increase in
SOC [80].

For the SL, the SOC content increased with elevation, but the magnitude gradually
decreased (Figure 5). The direct effect of elevation on SOC in SL is less than the indirect
effect through a combination of other factors (e.g., soil nutrients such as N, P, and K) [81].
The increase in elevation diminishes these indirect effects, resulting in a weaker increase
in SOC. In general, high elevations promote organic carbon accumulation in subtropical
forest soils. Usually, higher carbon leaching occurs in the soil at higher slope gradients.
Soil organic content and density decrease [82-84]. However, in the present study, steeper
slopes accumulated more SOC (Figure 7). An increased slope gradient promoted SOC
accumulation in the BLF and BF. Some scholars have used soil density to explain this
phenomenon (p). Zhang et al. found that p is negatively correlated with SOC content,
indicating that high soil density is not conducive to SOC accumulation [85].

As shown in Figure 13b, precipitation increased with increasing slope and decreasing
temperature in subtropical forests. Heavy precipitation creates an environment of low soil
density in large slope areas, and lower temperatures reduce the rate of SOC decomposition
and promote the accumulation of SOC. However, a reduction in soil density may cause
a decrease in SOC density. This relationship needs to be further analyzed in conjunction
with soil bulk density. In addition, we surmise that other factors may be involved. Steep
slopes are generally unsuitable for the growth of broad-leaved tree species. Moreover,
because of its slender shape and shallow roots, bamboo is more likely to fall over than other
tree species. As the plant decomposes, the residues enter the soil, thereby increasing the
organic carbon input. However, the driving mechanism of the slope gradient on the SOC
distribution still needs to be analyzed in greater depth. We observed a decrease in SOC
content from an abrupt slope (25-34°) to a steep slope (35-44°) in CF and SL (Figure 7).
This is probably because a large slope is not conducive to litter deposition and reduces the
organic carbon sources.

For the MCBEF, the SOC content decreased and then remained at the same level from
a moderate slope to a steep slope. This may be because of the loss of SOC caused by
increased soil erosion with increasing slope. A threshold existed between 24° and 29°.
After the threshold, soil erosion decreased. As soil erosion decreased, SOC loss no longer
increased [86]. In addition, because steep slopes are generally located at high elevations,
the change in temperature and humidity after a shift in geographical location affects the
decomposition rate of SOC, which may also be a reason for the difference in SOC content.

It has been shown that the slope position (i.e., upper or lower slope) can influence
the distribution of SOC (Figure 9). For instance, Lin and Cui found that SOC content was
higher at lower slope positions in cool conifer forests in the north of the Great Khingan
Mountains [87]. Xue et al. found that in the CF, the SOC content was higher on the lower
slope than on the upper slope [88]. The present study obtained the opposite result: the SOC
content was in the descending order of upper slope > middle slope > lower slope. All the
forest types showed similar patterns. The SOC content was significantly lower in the lower
slope than in the upper and middle slopes in the BLF and the upper and middle soils of
the BF (p < 0.05). The effects of slope position on SOC are the following: (i) different slope
positions change the temperature and humidity, thus changing the SOC content in the soil
by affecting the rate of SOC accumulation [89]; (ii) there are different degrees of soil erosion
or leaching at different slope locations, which changes the organic carbon content of the
soil [90,91].

The temperatures of the middle and upper slopes were lower than those of the lower
slopes in the subtropical forests of the Zhejiang Province (Figure 13c). Low temperatures
inhibit soil microorganism activity and slow the rate of SOC decomposition. This factor
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could be the reason why the SOC content of the upper slope was greater than that of the
lower slope. There was no significant difference in SOC distribution among the different
slope directions (Figure 11). However, differences became apparent after the division of the
forest types. The SOC content was significantly higher on the northeast slope than on the
southwest slope of the BLF. This trend may be due to the difference in slope direction, which
affects the intensity of sunlight. The sunshine intensity on the northeast slope was less than
that on the southwest slope because the Zhejiang Province is in the northern hemisphere.
Lower ground temperature with low sunlight intensity slows the mineralization rate of
SOC [92].

4.3. Topographic Factors Influence SOC Spatial Heterogeneity in Subtropical Forests

The complex topography, unstable subtropical monsoon climate, and anthropogenic
disturbances caused by high social development levels have jointly influenced the spatial
heterogeneity of SOC in the typical subtropical forest ecosystems in the Zhejiang Province.
This study found that elevation explained the highest SOC spatial differentiation charac-
teristics in subtropical forests in the Zhejiang Province (Table 5). The SOC model with
elevation and forest type for the upper soil layer (0-10 cm) explained 33.3% of the spatial
variation. This result supports that of the study by Oueslati et al., which reported that
elevation could explain 31.8% of the variation [93]. After introducing a slope gradient into
the model, the explanation rate increased to 36.6%. This suggests that elevation, slope
gradient, and forest type should be considered as influencing factors when investigating
the spatial variability of soil in the surface layer. The forest-type variable was removed
from the model when the regression analysis was performed in the middle (10-30 cm)
and lower (30-60 cm) soil layers. Therefore, we can ignore the effect of forest type when
studying the spatial differentiation characteristics of soil organic carbon at 10-30 cm.

The distribution characteristics of soil organic carbon density (SOCD) under different
topographic conditions were similar to those of SOCC. We could not clearly analyze the
distribution characteristics of SOCD in the vertical direction because the depth of each soil
layer was not the same. Therefore, we did not include SOCD as an index in our study. The
effect of geology and parent material on soil organic carbon content was not within the
scope of our study because we did not record geology and parent material data of the soil.

5. Conclusions

The average SOC content of each soil layer in the study area was 35.95 g/kg (0-10 cm),
20.98 g/kg (10-30 cm), and 13.77 g/kg (30—-60 cm). The CV was 62.81% (0-10 cm), 72.74%
(10-30 cm), and 81.92% (30-60 cm). The SOC content showed moderate intensity variations.
The semi-covariance function model shows the structural and spatial variability of SOC
in the 0-10 c¢m soil layer and 10-30 cm soil layers and randomness in the 30-60 cm. The
spatial distribution of SOC showed a decreasing trend from southwest to northeast. In the
0-30 cm soil layer, the high- and low-value areas of SOC had a continuous distribution,
while 30-60 cm had a patchy distribution.

Elevation was positively correlated with SOC content. The slope was positively
correlated with SOC content in broad-leaved, coniferous, bamboo, and shrubland forests
but negatively correlated in mixed coniferous and broad-leaved forests. The slope position
(upper to lower) was negatively correlated with SOC content. In the upper (0-10 cm) and
middle (10-30 cm) soil layers, elevation explained the most spatial variation in SOC. Next
were the slope gradient, slope position, and slope direction. The slope gradient had the
highest explanation rate in the lower (30-60 cm) soil layer.

The results of the semi-covariance function model illustrate that structural factors
primarily influence the spatial distribution of SOC in the upper and middle soil layers.
However, the spatial distribution of SOC in the lower soil layer is more likely to be influ-
enced by stochastic factors. In 0-10 cm, the SOC model that integrated forest type was
better. This indicates that the effect of forest type should be considered when analyzing the
spatial distribution of SOC in the top soil layer.
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