* water

Essay

Temporal and Spatial Changes in Soil Organic Carbon in a
Semi-Arid Area of Aohan County, Chifeng City, China

Long Li 12, Xiaoyu Dong !, Yan Sheng 1*, Peng Zhang !, Shangxuan Zhang ! and Zhizhuo Zhu !

check for
updates

Citation: Li, L.; Dong, X.; Sheng, Y.;
Zhang, P.; Zhang, S.; Zhu, Z.
Temporal and Spatial Changes in Soil
Organic Carbon in a Semi-Arid Area
of Aohan County, Chifeng City,
China. Water 2023, 15, 3253. https://
doi.org/10.3390/w15183253

Academic Editor: Maurizio Barbieri

Received: 16 August 2023
Revised: 31 August 2023
Accepted: 7 September 2023
Published: 13 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Desert Control Science and Engineering, Inner Mongolia Agricultural University,
Hohhot 010018, China; lilongdhr@126.com (L.L.)

Key Laboratory of Desert Ecosystem Conservation and Restoration,

State Forestry and Grassland Administration of China, Hohhot 010018, China

*  Correspondence: shengyan315@126.com; Tel.: +86-136-7474-0136

Abstract: Soil organic carbon (SOC) plays a crucial role in arid zones, while land-use change could
lead to changes in the balance of SOC. Therefore, the aim of this study was to determine the impact of
land-use change on the temporal and spatial variability in SOC at the county scale. A semi-arid zone
(Aohan County, Northeast China) covering a surface of 3800 km? was selected for this study. SOC
data for 65 and 182 soil samples from 1985 and 2021, respectively, were collected for major land-use
types (forestland, farmland, grassland, and sandy land) across Aohan County to a depth of 20 cm.
The impacts of different land-use types and land-use changes on SOC were evaluated. The results
showed that land-use change enhanced the spatial variability in SOC over the last 36 years. The mean
SOCin2021 (749 g kg_l) was significantly higher than that in 1985 (6.91 g kg_l). Converting sandy
land into grassland and farmland into forest or grassland would lead to significant accumulation
of SOC, while the depletion of SOC occurred after grassland afforestation. The balance between
aboveground biomass inputs and SOC decomposition was the determining reason that affected the
accumulation of SOC. Vegetation restoration due to land-use change could alter both soil texture and
the C/N ratio and could have positive effects on ecosystem recovery.

Keywords: county scale; land-use change; spatial pattern distribution; spatial variability

1. Introduction

Soil is the largest carbon pool in terrestrial ecosystems, and it is equal to the sum of
the atmospheric and biotic carbon pools [1]. It is widely accepted that land-use change
affects the balance of soil organic carbon (SOC) and, hence, may cause the modification of
global terrestrial C cycling [2]. Land-use change would lead to an associated change in the
soil carbon pool [3]. The change from one ecosystem to another could result in dynamic
changes in SOC. Particularly, a change in land cover or improper soil-use types may impair
C cycling, thereby decreasing SOC contents and increasing CO, emissions [4]. So, better
knowledge of the characteristics of land-use change will help to explain the characteristics
of spatiotemporal variations in SOC.

Land-use change is an important factor affecting the storage and decomposition of
SOC. For example, Post and Kwon [5] pointed out that returning farmland to forest or
grass has been proposed as a promising way to increase soil carbon storage. At the same
time, many scientists have pointed out the significant decrease in soil carbon as a result of
the conversion of forests or natural vegetation into farmland [6-8]. Similarly, afforestation
is known to be an effective measure for ecological remediation, while some studies have
pointed out that afforestation would lead to a decrease [9] or an increase [10,11] in SOC.
Those different results depended on different factors [12] due to different environments
and the land-use ages of the studied sites, which may distort the effects of land use [3].
These dramatic changes in vegetation cover are expected to modify the soil properties and
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microclimate, as it takes a long time for them to stabilize and establish a new balance of C
cycling [13].

With the development of urbanization, China has experienced dramatic and unprece-
dented land-use changes over the last 36 years. Many kinds of land-use changes occurred
rapidly and widely, especially in projects for returning farmland to forests, which have
been an important act of ecological engineering in forestry and have been implemented
since 1999 in China. So far, the area of farmland afforestation has been 9.27 x 10° km?, with
a high preservation rate of 98.4%, which causes carbon fixation of 3.4 x 107 t per year and
oxygen release of 8.2 x 10 t per year [14]. Returning farmland to forests will be a long-term
project in China. It was estimated that there would be 28,268.08 km? of slope farmland and
serious desertification suitable for returning farmland to forests and grasslands by 2020.
However, for a long time, a lack of data spanning different time periods meant that the
study of the soil carbon pool was confined to carbon reserve estimates made at specific
points in time [15]. On the other hand, it is difficult to obtain information on land-use age
and history in many cases. It takes decades to centuries for SOC to equilibrate, so it is more
important to investigate the difference in SOC on a temporal scale [16].

This study took Aohan County of Chifeng City, Inner Mongolia, as the research object
and used remote sensing, GIS, and other tools to determine the sampling location of Aohan
County through indoor simulation and field investigation. We also carried out profile
sampling. Classical statistics and geostatistics were used to analyze the spatial heterogeneity
and distribution pattern of SOC content in the study area, reveal the leading factors affecting
its spatial variation, and estimate the SOC storage and distribution characteristics. Based
on the investigation of the SOC content in Aohan County in 1985 and 2021, the changing
characteristics of SOC storage during the period of 1985-2021 were analyzed, and the
effects of different land-use types and land-use changes on SOC were evaluated in order to
better predict future spatial changes in SOC in the study area, and provide a reference for
accurate fertilization, and scientific and rational use of land resources.

2. Materials and Methods
2.1. Study Site

The study site, Aohan County (41°42'-42°02" N, 119°30'-120°54' E), is located in
Inner Mongolia Autonomous Region, Northeast China. The climate of the study area,
covering a surface of 8300 km?, is a semi-arid temperate continental climate. The mean
annual atmospheric temperature is 6 °C, with a maximum temperature of 39.7 °C and a
minimum temperature of —30.9 °C. The mean annual precipitation is 310460 mm. The
mean annual evaporation ranges from 2000 to 2600 mm. The elevation ranges from 300 to
1250 m (Figure 1). Four types of soil are distributed in the study area. From north to south,
they are brown earth, cinnamon soil, chestnut soil, and aeolian sandy soil.

2.2. Soil Sampling

In this study, the SOC data that were taken in 1985 for 65 sites and records on sam-
pling locations were obtained from the Bureau of Land and Resources of Inner Mongolia
Autonomous Region, China. Soil data for 2021 were collected from different types of soil
plots in the study area, for a total of 182 soil plots (Table 1). Different land-use types were
taken into account to determine the distribution of the sites (Figure 2). In order to explain
the influence of land-use change on SOC, these sites comprised the following four types of
land-use change: farmland to forestland, farmland to grassland, grassland to forestland,
and sandy land to grassland. A total of 24 sites from 1985 were collected as the reference
sites and these 24 sites have not undergone significant land-use changes in at least the
last 100 years. At the same time, the corresponding 24 sites in 2021 were collected as the
conversion sites; they had existed in the present land-use type for at least 20 years and were
chosen to ensure that the major effects of SOC dynamics had already occurred. All of the
conversion sites were situated directly adjacent to the reference sites to maintain consistent
environmental conditions.
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Figure 1. The location of the study area and sample points with classes of elevation.
Table 1. Basic characteristics of the plot distribution.
° Number of . Number of . Number of Land-Use Number
Year Slope () Plots Altitude (m) Plots Soil Type Plots Change Type of Plots
<5 23 <500 24 Aeolian Sandy soil 16 Farmland 12
5~10 16 500~700 15 Chestnut soil 18 Forestland 29
1985 10~15 10 700~900 13 Cinnamon soil 20 Grassland 13
15~20 8 900~1100 7 Brown earth 1 Sandy land 11
20~25 4 >1100 6
>25 4
<5 81 <500 32 Aeolian Sandy soil 45 Farmland 89
5~10 37 500~700 43 Chestnut soil 64 Forestland 30
2021 10~15 22 700~900 54 Cinnamon soil 40 Grassland 37
15~20 21 900~1100 38 Brown earth 33 Sandy land 26
20~25 12 >1100 15
>25 9

After determining the sites, 4 sampling points were arranged in an “S”-shaped dis-
tribution; the interval between the profiles was about 5 m. Surface soil samples (0-20 cm)
were collected at each sampling point. The soil samples from each sampling point were
evenly mixed into one sample to describe the characteristics of that sampling location. The
soil samples were then cleaned for subsequent measurement of the SOC content. The SOC
content was measured by using dichromate oxidation and titration with ferrous ammonium
sulfate. Total N was measured by using the semi-micro Kjeldahl method [17]. The soil
texture (clay, silt, and sand) was measured with a Mastersizer 3000 (Malvern Instruments

Ltd., Malvern, UK).
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Figure 2. Maps of the land-use types in 1985 and 2021 in the study area.

2.3. Geostatistics

The spatial variability and spatial autocorrelation of SOC were analyzed by using a
semivariogram of the geostatistics. A semivariogram is a basic tool of geostatistics that
represents the mathematical expectation of the square of the regional variable Z(x;) and
the increment Z(x; + ), namely, the variance of the regional variable. Its general form is

as follows:
1

() = SN

N(h)
Y [Z(x;) = Z(x; + h))?
i=1

)
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where Z(x;) and Z(x; + h) represent the measured values for the SOC content at location
x;. Xj + h and r(h) are the semivariance for a lag distance /1, and N(h) is the number of data
pairs separated by h.

The nugget value (Cp) and sill (C + Cp) are important parameters in semivariograms.
Based on the theory of geostatistics, the nugget value (Cp) is expressed by the experimental
error, which is less than the actual sampling-scale variation caused by the random part,
namely, the spatial heterogeneity. The sill (C + Cy) usually represents the total variation
in system space, the ratio of the nugget and sill (Cy/C + Cp) describes the degree of the
system variables of the spatial correlation, and (Cy/C + Cp) indicates the spatial variability
caused by the random part, which accounts for the proportion of the total system variance.
The values of <0.25, 0.25-0.75, and >0.75 can show strong, moderate, and weak spatial
autocorrelation in SOC, respectively [18].

A semivariogram analysis was carried out by using GS + 7.0 [19]. Ordinary kriging
was used to estimate the SOC content at the unsampled locations. The optimal theoretical
model was determined by the determining coefficient (R?) and the least residual sums
of squares (RSSs). Predicted maps of the SOC content in 1985 and 2021 were created
with ArcGIS10.0 (Figure 3). The predicted maps of the SOC content were tested through
cross-validation.
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Figure 3. Maps of the distributions of SOC content in the study area in 1985 (a) and 2021(b), and of
changes in SOC between 1985 and 2021 (c).
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2.4. Statistical Analysis

Prior to the analysis, the data were examined for normality with the Kolmogorov—
Smirnov test. Descriptive statistics for the SOC data from 1985 and 2021 were obtained to
gain a preliminary understanding of the datasets. The differences in SOC content between
the different periods and land types were examined by using ANOVA with a Tukey test for
multiple pairwise comparisons. All data were analyzed using R 3.0.1 software.

3. Results and Discussion
3.1. Descriptive Statistical Analysis of SOC

The distributions of SOC content in 1985 and 2021 were similar, indicating that the SOC
content in the northeast was relatively low and gradually increased toward the southwest
(Figure 3). The distribution of SOC content in 1985 showed an island-like pattern; the
low-SOC-value zones were mainly distributed in the northeast, and the SOC level in the
south central zone was greater (Figure 3a). By 2021, the SOC content in most areas was
higher than that in 1985, and the distribution patterns showed a strong variability with a
north-south trend, which showed a transition from a high to a low distribution (Figure 3b).
The lowest SOC content in 1985 and 2021 was still found in the northeast (Figure 3c), and
the overall trend of the SOC distribution patterns did not significantly change between
1985 and 2021.

The results of the descriptive statistical analysis (Table 2) showed that there was a
significant difference in SOC between 1985 and 2021 according to the results of ANOVA
(p < 0.05). The results indicated that, on average, the SOC increased from 1985 to 2021 in
the top 20 cm of soil. The statistical data showed that the coefficient of variation of the
SOC was in the range from 40.96 to 50.73%, illustrating that the SOC content exhibited
a moderate discrete degree in 1985 and 2021, although the SOC in 2021 showed higher
variability. Skewness and kurtosis were able to reflect the distribution characteristics of
SOC. The SOC content in 2021 was represented by a normal distribution, whereas that in
1985 was not well represented by a normal distribution.

Table 2. Summary of the SOC content in the study area in 1985 and 2021.

SOC Contents (g kg~1) SD CV (%) Skewness Kurtosis N
Year .. X
Minimum Mean Maximum
1985 0.58 6912 20.11 2.83 40.96 1.29 5.55 65
2021 1.23 7.49P 19.95 3.80 50.73 0.17 1.09 182

Note: Different letters indicate significant differences in SOC content between 1985 and 2021 at p < 0.05 according
to the Tukey test.

3.2. Analyses of the Spatial Structures of SOC

The data from 1985 that did not conform to a normal distribution needed to be
square-root transformed and fitted for the semivariance function. A comparison of the
precision of fitting with different models, the theoretical model, and the parameters of
the semivariogram for the SOC content are presented in Table 3. The SOC content in
2021 was fitted with a spherical model, whereas the SOC content in 1985 was fitted with
an exponential model. C0/(C + C0) of the SOC in 2021 was 36.61% (Table 3). Both the
structural factors and random factors had influences on the spatial variability of SOC. The
proportion of spatial variability caused by the random part in 2021 was 36.61%, showing
a moderate spatial dependence. In contrast, C0/(C + CO0) of the SOC in 1985 was far
lower than 25%, indicating that the spatial variability in the SOC was mainly caused by
structural factors with a strong spatial autocorrelation; the spatial variability caused by
the random factors was decreased and the structural factors gradually became dominant.
The possible causes for the spatial variability derived from structural factors were the
topographical factors, climatic factors, and soil parent materials, which strengthened the
spatial correlation of SOC. The random factors, which were mainly derived from drastic
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human activities, weakened the spatial correlation of the SOC content [18]. This was in
agreement with the trend of the decrease in the values of the semivariogram from 18.3 km
for 1985 to 2.1 km for 2021.

Table 3. Theoretical model and parameters of semivariogram for the SOC content.

Year Model Nugget Sill Range (m) Nugget/Sill (%) RSS R?
1985 Exponential 0.001 0.387 18300 0.26 0.04 0.74
2021 Spherical 0.28 0.77 2100 36.61 21.10 0.73

3.3. 50C Content according to the Change in Land-Use Types

The mean SOC content was significantly different among the land-use types in 1985
and 2021 according to the ANOVA (p < 0.05) (Figure 4). The SOC content exhibited
a significant order from high to low: forestland > farmland > grassland > sandy land.
Considering the soil of forestland as a reference, the farmland and grassland showed a
decrease in the mean SOC of approximately 30%, and the mean SOC content was reduced
by almost 56% in sandy land.
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Figure 4. Box plot of the SOC content on different types of land in (a) 1985 and (b) 2021. Values
followed by different lowercase letters are significantly different between land-use types based on
the Tukey test at p < 0.05; n is the number of soil samples.
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The SOC content was different when one land-use type had been changed to another
land-use type (Table 4). Farmland-to-grassland conversion led to the greatest increase in
the total accumulation of mean SOC content of 4.21 g kg~!, which was similar to the SOC
accumulation after farmland afforestation (2.01 g kg~!). Major depletion of SOC occurred
after converting grassland into forestland (—1.43 g kg~!). At the same time, a significant
accumulation of SOC was found after conversion of sandy land into grassland.

Table 4. Changes in SOC with the changes in land-use type; the values from after the land-use
change are given in parentheses and the values from before the land-use change are given outside
of parentheses.

Land-Use Change Type S(zglfg h_alr;ge N Clay (%) Silt (%) Sandy (%) C/N Ratio

Farmland to Forestland 2.01 7 065 (1.12)*  17.01 (17.75)  82.33 (81.13)*  11.51 (13.46)*

Farmland to Grassland 421 8 0.84 (1.44) * 21.21 (2441) * 77.96 (74.15) * 10.12 (11.54) *

Grassland to Forestland —1.43 5 1.04 (1.11) 2379 (22.64)  75.18(7625)*  12.52(13.12)*
*

Sandy land to Grassland

3.11 4 097 (122)*  11.47(13.98)*  87.32 (84.79) 10.41 (12.25) *

Note: Values with * indicate a statistically significance difference between the reference sites (outside of parenthe-
ses) and conversion sites (in parentheses) based on the Tukey test at p < 0.05.

4. Discussion
4.1. Spatial Distribution Characteristics of SOC

The spatial heterogeneity of SOC is an unavoidable problem in the soil carbon pool.
Jobbagy pointed that about 59% of the SOC is stored below a depth of 20 cm [20]. The
current research on the spatial variations in SOC mostly focuses on the surface soil, and
the variations in surface SOC are also complex. Therefore, research on spatial variations in
SOC has greater requirements for the number of samples. On the time scale, the differences
in the accumulation, decomposition, and transformation efficiency of soil organic matter
would show different characteristics with time, and the passing of time would strengthen
the original differences [21]. For example, affected by Horqin sandy land, the northern
part of this study area had strong wind and sand activities, with sparse vegetation, very
low coverage, and serious wind erosion. As a result, the accumulation of SOC in the area
with aeolian sandy soil worsened year by year. However, in the middle of Aohan county,
the rainfall was more than 450 mm, and the soil type also changed from cinnamon soil
and chestnut soil to cinnamon soil and brown soil. The main vegetation type was forest
vegetation and the litter under the forest was enriched with a large amount of organic
matter, which is an important source of SOC. As time went on, the difference in SOC
content between the different regions became more and more obvious, which led to great
differences in SOC in the local areas. On the spatial scale, the horizontal distribution of
SOC in the study area was high in the south and low in the north. Aohan county is located
in a semi-arid area and the north is connected with Horgin sandy land, so the soil fertility
level is not high as a whole. However, there are obvious differences in soil and vegetation
between the south and north of Aohan county. The zonal distribution of vegetation from
south to north was forest vegetation, herb vegetation, and sandy vegetation. Vegetation and
soil have interacted in the region for a long time. The zonal distribution of soil controls the
distribution of vegetation and comprehensively affects the horizontal distribution of SOC.
Studies in different regions have verified that the soil type is an important environmental
factor that changes the differences in the spatial distribution of SOC [22]. Aboveground
vegetation is an important source of SOC, and differences in SOC are obvious with different
vegetation types. On a small scale, the distribution of SOC with different species of trees
in areas with the same soil type showed great differences. On a large spatial scale, the
communities of vegetation showed obvious regional characteristics, and the SOC was more
obviously affected by the zonal distribution of vegetation [23]. At the county level, the
distribution of vegetation from south to north was characterized by a transition from forest
vegetation to xerophytes and then to sandy vegetation [24]. Meng et al. pointed out that
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the zonal vegetation in Inner Mongolia was closely related to the distribution of SOC [25].
They suggested that the carbon sequestration effect of temperate forest vegetation was the
best, followed by that of temperate shrub vegetation, and the carbon sequestration values
of meadow and desert vegetation were the lowest, which verified the conclusions of this
study. In this study, there were no significant changes in climate and temperature within
the study area. The sensitivity of SOC to external environmental changes was mainly
reflected in the vegetation, water, and terrain. At present, in studies on similar scales, more
attention is paid to the correlation between environmental factors and the overall SOC;
such studies generally come to the conclusion that vegetation, soil bulk density, water
content, topography, and other factors affect the average content of organic carbon in the
whole soil profile [26,27].

The distribution of SOC in different times and spaces showed great differences. In
this study, the changes in SOC before and after 30 years were analyzed on a time scale.
The results showed that, through the restoration of vegetation and rational allocation of
land use, the SOC content was significantly higher than that 30 years before. Xueqi et al.
suggested that changes in land-use modes were the main driving force affecting spatio-
temporal variations in SOC, which was consistent with the conclusion of this study [27].
However, vegetation restoration mainly enhanced the capacity for conserving SOC by
controlling regional water and soil loss. Due to the increase in the duration of vegetation
restoration, the growth of vegetation tends to stabilize the community and greatly improves
soil fertility. Especially in the sandy soil area, there was much room for an increase in SOC,
and the potential for soil carbon fixation was high [28]. This study also pointed out that the
growth rate of SOC was the highest in the aeolian sandy soil area in the north of Aohan
County after 30 years of vegetation restoration. Peng et al. showed that SOC reserves
were increased by 19.21% after 30 years of returning farmland to forests in a loess hilly
region [29]. Li et al. also suggested that SOC increased and other soil properties changed
after years of returning farmland. This was consistent with the obvious soil improvement
due to the changes in land-use modes found in this study [30]. However, the research
on the time scale was mainly limited by the shortage of historical data; a complete time
series of soil data was extremely difficult to obtain and short-term research would not be
enough to reflect the dynamic change trends in SOC. Therefore, space is often used to
replace methods focused on time or a comparative analysis of time points could be carried
out. The dynamic simulation and prediction of future SOC are still important directions for
soil carbon pool research.

4.2. The Influence of Land-Use Types on SOC Content

Land-use changes such as tillage, afforestation, and urban expansion have taken place
on a massive scale and have weakened the spatial correlation of SOC [31-33]. Juan et al. [34]
also found that surface soil was most directly influenced by land-use change and the impact
was gradually enhanced by the spatial variability in SOC. This finding is in agreement with
those of previous studies by Assad et al. [35] and Martin et al. [36]. This is mainly because
the different land uses and managements affect the inputs of organic residues. One of the
main sources of SOC is surface litter; because of the high levels of litter inputs in forests,
the SOC in forestland was significantly higher than that of other land-use types [37]. In
the present work, more SOC was found in forestland than in farmland. This was related to
lower input, an increased microbial availability of organic matter [38], the deterioration
of SOC stabilization due to tillage, and a subsequent mineralization of SOC promoted by
increased soil temperature [6,8]. The higher forestland root turnover might also explain the
greater SOC accumulation in forestland than in farmland because root-derived carbon is
regarded as a major source of SOC [39]. At the same time, the SOC content of sandy land
was less than half of forestland. The desertification of land is an important threat, as it
causes a decrease in SOC. The lowest SOC content in sandy land was likely caused by soil
erosion because of the low vegetation coverage and the aeolian environment [40].
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Changes in land-use types are key factors influencing SOC content. Christopher and
Axel [41] pointed out SOC accumulation after a land-use change from farmland to grassland
and forestland. Several studies also showed that the afforestation of grassland would lead
to a depletion of SOC [42-44]. Afforestation significantly alters SOC storage due to plant
residual inputs. However, SOC accumulation following afforestation is largely induced by
both the increased biomass input and decreased SOC decomposition [45,46]. In this study,
a significant accumulation of SOC after returning farmland to forestland and grassland was
found. The process of the conversion from forestland or grassland into farmland and the
management afterward reduced carbon inputs from litter and enhanced the carbon outputs
by breaking the protection of SOC [6]. The cessation of plowing after converting farmland
into grassland or forestland led to an accumulation of SOC near the surface and provided a
better protection of SOC against decomposition [47,48]. Furthermore, Aslan et al. [49] found
that the adoption of no-tillage practices could protect soil from biological degradation and
maintain soil quality in comparison with that under plow tillage management. Hence,
it was shown that returning farmland to forestland and grassland would provide a new
environment without the disturbance of plowing for vegetation restoration, which further
explains the increase in forestland SOC [48,50].

It is widely accepted that land-use change affects soil properties, and the changes in
land-use types strongly impacted the physical and chemical soil attributes associated with
carbon cycling in this area. The C:N ratios of different land-use types in our results showed
that the forestland and grassland had higher C:N ratios than those of farmland and sandy
land (Table 3). A significant increase in the C:N ratio was found after the conversion of
farmland into forestland and grassland, and from sandy land into grassland, indicating that
there was a slower decomposition rate on forestland and grassland [51,52]. The lower C:N
ratio on farmland compared to that on forestland and grassland explained the increase in
SOC decomposition [53,54]. Clay-rich soil even tended to show higher SOC content (Table 3,
Figure 5). A significant increase in clay after returning farmland to forest- and grassland
was found. As SOC and clay particles interact to slow the decomposition process [55], soil
with higher clay content has the potential to hold more SOC. Vegetation restoration would
be an effective method of increasing the SOC by changing the soil properties, which were
shown to depend on the land-use type.
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5. Conclusions

Extrinsic anthropogenic activities—especially land-use changes—have taken place
on a massive scale, thus enhancing the spatial variability of SOC over the last 36 years.
Significantly different means of SOC content were found among different land-use types,
which exhibited the following order from high to low: forestland > farmland > grassland >
sandy land. By 2021, the SOC content was higher than that in 1985 in most regions of the
study area. The average SOC in 2021 was 7.49 g kg~ !, which was significantly higher than
6.91 g kg~! in 1985. The phenomenon of SOC accumulation after returning farmland to
forest or grassland was found, while SOC depletion occurred after converting grassland
into forestland. The abundant aboveground inputs and relatively low decomposability on
forestland could increase SOC compared to other land-use types. However, agricultural
tillage is a key factor in reducing SOC by reducing carbon inputs from litter and breaking
the protection of carbon. This was attributed to the accumulation of SOC by different land-
use types, which was mainly associated with the balance between aboveground biomass
inputs and SOC decomposition. The changes in SOC appeared to be influenced by both
soil texture and the C/N ratio during processes of land-use change. We concluded that
vegetation restoration is a key process in SOC accumulation.
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