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Abstract

Propose Soil organic matter (SOM) content is one critical indicator of agricultural sustainability. Analyzing the spatial distribu-
tion and temporal variation of SOM content and its influencing factors at the watershed scale is essential for maintain sustainable
soil fertility and productivity in the Chinese Mollisol region.

Materials and methods A total of 292 soil samples at the same sampling points in 2005 and 2016 were used to quantitatively
study the spatial heterogeneity of SOM dynamics in Tongshuang small watershed. Effects of land use types and topographic
factors (slope gradient, slope positions, slope aspect, elevations, and topography wetness index (TWI)) on the spatiotemporal
distribution of SOM dynamics were investigated.

Results and discussion The results showed that the variability of SOM content was moderate variation, with an increase rate of
0.21 g kg ' year ' from 2005 to 2016. The spatial autocorrelation of SOM content was strengthened by 30.37% in 2016
compared with that in 2005. Slope gradient, slope position, slope aspect, elevations, and TWI had significant effects on the
SOM content in 2005 and 2016, but not for the variation of SOM content. The explanatory ability of each factor and their
interaction to spatial variability of SOM content was strengthened from 2005 to 2016. Slope gradient and TWI could explain over
8.15% of spatial variability in SOM content.

Conclusion A combination of slope position with TWI was the dominant interaction factor that explaining at least 16.0% of the
SOM distribution. This study is important for the accurate estimation of carbon reserves, sustainable utilization, and management
of soil nutrients and to improve soil productivity in the Chinese Mollisol region.
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1 Introduction

Responsible editor: Weixin Ding Soil organic matter (SOM) is the largest terrestrial sink of carbon
in the global carbon cycle (Fang et al. 2018; Funes et al. 2019;

>4 Xingyi Zhang Mayer et al. 2019), which also plays a critical role in keeping the
zhangxy @iga.ac.cn sustainability of soil quality and productivity (Funes et al. 2019;

Sun et al. 2018). It has long been recognized that small changes
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Y > 8 > in SOM could influence regional carbon balances (He et al.
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Harbin 150081, Heilongjiang, People’s Republic of China 2020; Obalum et al. 2017). Therefore, understanding the spatio-
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China et al. 2018).
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Fig. 1 Location map and land use map of Tongshuang small watershed in 2016

The spatial heterogeneity and temporal variation of SOM
was influenced by various factors, such as land use (Wang
et al. 2020a; Yu et al. 2017), and topographic factors
(Hounkpatin et al. 2018; Zadorova et al. 2014). Land use
altered soil carbon sequestration process (Hu et al. 2018; Xu
et al. 2015) by changing land cover, root activity, and micro-
organisms (biotic mechanisms) (Liu et al. 2017). Numerous
studies have investigated the SOM dynamics under different
land use types (Fang et al. 2018; Lu et al. 2018; Mayer et al.
2019), but have obtained various results. For example, Smal
and Olszewska (2008) proposed that Scots pine forests de-
creased the accumulation of SOM in Poland, while Kalinina
et al. (2015) reported that soil carbon stock showed a
decrease-increase trend during 1-42 years restoration in the
dry steppe zone of Russia. Meena et al. (2018) noted that the
returning of degraded farmland ecosystem to forest and grass
land ecosystem could increase the accumulation of SOM con-
tent in Indian mid-Himalaya region. Thus, the SOM dynamic
remains unclear under various land planning strategies (Xu
et al. 2015).

Topographic factors, including elevation, topographic wet-
ness index (TWI), slope gradient, slope positions, and slope as-
pect (Bai and Zhou 2020; Chen et al. 2016; Sigua and Coleman
2010), can modify geomorphologic and hydrological dynamics

(Huang et al. 2020; Vos et al. 2019) through abiotic influences by
altering land cover pattern and local microclimate (Funes et al.
2019; Wang et al. 2020b). Elevation controls the zonal climatic
conditions along the vertical gradient (Zhu et al. 2019b), with
different heat conditions, precipitation, and decomposition rates
as the increasing elevation, and then resulted in different re-
sponses to SOM accumulation (Li et al. 2019b). TWI is used
to characterize soil wetness at different landscape positions (Xin
et al. 2016). High TWI values within floodplains indicate high
soil moisture content for the strong accumulation of SOM
(Swetnam et al. 2017). Slope gradient affects SOM distribution
through influences soil erosion intensity (Zhang et al. 2020), but
varies among soil types (Nabiollahi et al. 2018; Takoutsing et al.
2018). Slope position governed the SOM distribution through
soil erosion and decomposition process (Tu et al. 2018), and
result in a higher content in the foot slope area than at higher
slope positions (Li 2017). Slope aspect represents solar radiation
conditions (Zhu et al. 2019a), the SOM on the north slopes
generally greater than the south slopes in semiarid regions of
the Northern Hemisphere due to lower soil moisture and more
drought-tolerant species in south slopes (Yu et al. 2020). In gen-
eral, the reshaped climatic, hydrological, and ecological condi-
tions by these topographic factors can sharply modify the spatial
and temporal patterns of SOM contents (Fan et al. 2020; Kobler

Table 1 The descriptive

statistical analysis of SOM Minimum  Maximum  Mean S.D. CV (%)  Skewness  Kurtosis K-S (P)
content and K-S test ekg) (ke (ekeH (kg
2005 0.62 102.55 39.01 11.91 30.53 0.73 347 0.17
2016 845 93.21 41.34 12.39 29.98 033 0.86 0.75
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Table 2 Isotropic semivariogram theory model and related parameters
of SOM content

Year Nugget coefficient Cy/Cy + C (%) Range (m) R? RSS

0.684 5.25E-06
0.763 3.85E-07

2005 16.53 342
2016 11.51 252

et al. 2019). In addition, there existed interaction effect among
various topographic factors on soil properties by changing the
soil erosion process (He et al. 2020; Obalum et al. 2017). Thus,
our understanding of SOM dynamics affected by topographic
factors remains incomplete.

Globeally, serious soil erosion can result in soil degradation (de
Nijs and Cammeraat 2020), the loss of soil nutrients, and the
redistribution of SOM content (Hancock et al. 2019). Previous

studies (Adhikari et al. 2019; Olson et al. 2016; Zhang et al.
2013) reported that the conversion of forest to farmland resulted
in SOM stock decreased approximate 10-52% during 100150
years, which had threaten the sustainable development of local
agriculture (Cui et al. 2007; Zhang et al. 2007; Zhang et al.
2018b). To prevent soil erosion and enhance soil carbon accu-
mulation, Chinese government has established the “Grain for
Green” program since the 1980s (Sun et al. 2018), which in-
volved in returning farmland into forestlands and grasslands (Li
et al. 2019a; Wei et al. 2008; Zhang et al. 2011). Numerous
studies noted that vegetation restoration can recover the soil prop-
erties in the serious eroded areas (Burst et al. 2020; Funes et al.
2019; Li et al. 2019a; Miao et al. 2014; Zhang et al. 2016). Thus,
understanding the SOM dynamics during vegetation restoration
processes is becoming increasingly important (Meena et al.
2018). However, few studies have systematically investigated
the spatial distribution patterns and temporal variation of the
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Fig. 2 Spatial distribution of SOM content in the 2005 (a), 2016 (b), and the variation (c)
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Fig. 3 Box plots showing the influence of land use types, slope gradient,
slope position, and slope aspect on the SOM content. The central divider
of the box is the median of the SOM data of each land use type. The box

SOM content at the same sampling points within the controlled
watershed. In addition, the influence of unique environmental
factors and their interactions on the dynamics of SOM content
is still poorly understood at the controlled watershed with certain
land use patterns. Hence, a typical controlled Mollisol watershed
in Northeast China, where the soil had higher SOM content and
is known as “black soil” (Liu et al. 2008; Liu et al. 2012; Zhang
et al. 2018b), was selected as the study case. The objectives of
this study were to (1) examine the spatial and temporal variability
of SOM content at the same sampling points during 2005-2016;
and (2) quantify the distinct influence of environmental factors
on SOM dynamics.

delimits the inter-quartile range (lower quartile Q1 and upper quartile
Q3), and the whiskers indicate the variation outside this interquartile
range. The same in Fig. 4

2 Materials and methods
2.1 Study area

The study has been conducted in Tongshuang small watershed
(126° 14' 45-126° 17" 15" 'E, 47° 26" 00—47° 28' 30 N),
which is located in the southeastern of Baiquan county,
Heilongjiang province, Northeast China (Fig. 1). It covers an
area of 992 ha. This region has a typical temperate monsoon
climate, which was characterized by short warm summer and
long cold winter, with annual average temperature and precip-
itation of 1.28 °C and 490 mm (Wei et al. 2006). The rainy
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Fig. 4 Box and whiskers plots showing influence of elevation, and topographic wetness index on the SOM content

season is from June to August. The elevation ranges from
215.6 to 309.1 m. The slope gradient ranges from 0° to 19°.
This watershed with hilly landscape, with the soil classified as
Mollisols (USDA Taxonomy). The main cultivation is corn-
soybean rotation. Various ecological programs, including
farmland (such as terraces and contour tillage), forest land,
shrub land, and grassland, have been implemented on
hillslopes since 1980s due to the drastic erosion in the late
1970s. The shrub vegetation includes Salix monglica and
Salix viminalis, and forest vegetation includes Larix dahurica
and Pinus sylvestris Var. mongolica (Wei et al. 2008).

2.2 Soil sampling and measurements

A 500 by 500 m grid was used for collecting soil samples ac-
cording to different land use, topographic factors, and represen-
tative principles in the field survey. A total of 292 soil samples in
the top layer of 20 cm (plowed layer), where > 50% of soil
organic carbon was distributed (National Soil Survey Office
1997), were collected at the same sampling points within the
watershed in June 2005 and June 2016 (Fig. 1). Each soil sample
was a composite of five subsamples based on the four corners
and center points of the 1 by 1 m square. A subsample of 1 kg per
mixed sample was isolated for laboratory analysis. Sample sites
were laid on different slope positions including summit, upper,

middle, foot, and valley slope (Wei et al. 2008). The sampling
sites were recorded by the global positioning system (GPS) (Fig.
1). Soil samples of SOM were air-dried and sieved at 0.25 mm,
and analyzed by using an elemental analyzer (Vario EL III,
Germany) (Slepetiene et al. 2008). Because the soils were free
of carbonates, soil organic carbon (SOC) was assumed to be
equivalent to total carbon (Liang et al. 2009; Zu et al. 2011).

2.3 Mapping of land use types and the calculation of
topographic factors

Field mapping of land use types based on a relief map of scale
1:10,000 and Landsat-8 image (ETM+ of August, 2016, 15 m
resolution). A digital map of land use types was built accord-
ing to a triangulation network calculated from contour lines
with 1 m intervals using ArcGIS 10.2 (ESRI 2013, ArcGIS
Desktop: Redlands, CA: Environmental Systems Research
Institute).

Four topographic factors, including elevation, TWI, slope
gradient, and slope aspect, were calculated from DEM.
According to the techniques standard for comprehensive con-
trol of soil erosion in the black soil erosion SL 446-2009,
Ministry of Water Resources, China, the contour tillage, veg-
etated earth bund, and terrace were suitable for built at the
slope gradient < 3°, 3°-5°, and > 5° perpendicular to the

Table 3 Correlation analysis

between environmental factors Land use types

Slope gradient

Slope aspect ~ Slope position ~ Elevation =~ TWI

and SOM content

SOMa005 0.016
SOMa16 0.083
SOMvariation 0.075

0.172"
0.244"
0.086

0.026 0.157" ~0.195%  —0.181"
0.053 0.122" 0211 — 0274
0.030 -0.031 -0025  —0.111

¥ p<001;"p<0.05

@ Springer



J Soils Sediments (2021) 21:736-747

741

Table 4 ¢ values of single factors influencing the spatial variability of
SOM content under different topographic factors

Slope gradient  Slope position ~ Elevation =~ TWI
SOM,g0s  0.034 0.099 0.028 0.043
SOM,g16  0.0815%* 0.057 0.037 0.0820*

" p<0.01; p<0.05

sloping farmland, respectively (Ministry of Water Resources
2009); thus, the slope gradient was grouped into 4 classes (<
0.5°,0.5°-3.0°, 3.1°-5.0°, > 5.1°). Slope aspect was designat-
ed as north (N), northeast (NE), east (E), southeast (SE), south
(S), southwest (SW), west (W), and northwest (NW).

2.4 Statistical methods
2.4.1 Classical statistical analysis

The descriptive statistics was performed using the statistical
software SPSS 21.0 (IBM SPSS Statistics for Windows, IBM
Corp., Armonk, NY, USA). Analysis of variance (ANOVA)
was conducted to examine significant differences in SOM. For
the results of multiple comparisons, the method of least sig-
nificant difference (LSD) procedure was used, and the values
were statistically significant at the 95% confidence level. The
correlation analysis between land use types and topographical
factors with SOM was also investigated.

2.4.2 Geostatistics analysis

Spatial variations in SOM were analyzed by using GS + 9.0
(Gamma Design Software, Plainwell, M1, USA). Besides, the
Kriging spatial interpolation was applied to draw the spatial
distribution map of SOM dynamics. The semivariogram was
calculated using the following equation:

1 N

)
- §hl [Z(x)~Z(x; + h)]? (1)

v(h)

where y(#) is the experimental semi-variogram value at dis-
tance interval s, N(h) is the logarithm of the distance when the
distance equals /, Z(x;) is the value at location x;; and Z(x; + /)
is the value at a distance / from x;.

2.4.3 GeoDetector method

Spatial heterogeneity of geographic phenomena and its key
driving factors could be analyzed by GeoDetector (http://
www.geodetector.org/). Both numerical data and qualitative
data can be detected in geodetector method (Wang et al.
2010). There are four modules of GeoDetector, involved in
factor detector, risk detector, interaction detector, and ecolog-
ical detector(Wang et al. 2016).

In the present study, factor detector and interaction detector
were used to detect the independent and interactive explanatory
abilities of environmental factors to SOM dynamics, respective-
ly. Factor detector can detect the ability of the independent var-
iable to interpret the spatial variability of the dependent variable
(Wang et al. 2019), which can express as ¢ value (ranged from 0
tol, the larger ¢ value represents the greater the explanatory
ability), the significance of the ¢ value also can be test (Wang
et al. 2010). The g values can be calculated as follows:

L
N 2
= 1—’21 o -5 (2)
1= N2 T st
L
SSW = ¥ Nyo,SST = No? (3)
h=1

where 4= 1, ..., L is the classification of independent variable;
Ny, and N are the number of sample units in classification /# and
the whole region, respectively; o7 and o” are the variance in
the classification / and the whole region, respectively; SSW
and SST mean within sum of squares and total sum of squares,
respectively (Wang et al. 2010; Wang et al. 2016).

Interaction detector can identify the interaction between
two independent variables by comparing the g values of single
factor and the interaction ¢ values as compared with conven-
tional statistical methods (Wang et al. 2016). There are five
types of interaction between two covariates, as long as inter-
action exists, it can be detected (Wang et al. 2019).

3 Results
3.1 Description statistics of SOM content

The SOM contents increased from 39.01 to 41.34 g kg ' from
2005 and 2016. The increase rate of SOM content was 0.21 g
kg ' year ' (Table 1). The coefficient variations (CV) of SOM
in 2005 and 2016 were 30.53% and 29.98%, respectively,
indicating moderate variation. The SOM contents were nor-
mally distributed, as indicated by the shape parameters (skew-
ness and kurtosis) of the data (p > 0.05), which met the re-
quirement of geostatistic analysis.

3.2 Spatial and temporal variability in SOM content

The exponential model gave the best fit for the SOM contents
in 2005 and 2016 (Table 2). The nugget coefficient in 2005
and 2016 was lower than 25%, indicating high spatial auto-
correlation of SOM content and the spatial variability was
mainly influenced by structural factors. The spatial autocorre-
lation of SOM content was strengthened in 2016; the nugget
coefficient value in 2016 was lower 30.37% than that in 2005.
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The range of spatial autocorrelation decreased 90 m from
2005 to 2016.

In 2005 and 2016, the SOM distributions presented ribbon
and plaque shapes (Fig. 2). The higher SOM content was
distributed in the northeast, southwest, and southwest areas
and the lower SOM content was distributed in the middle area.
In addition, the SOM content increased in east, southwest, and
southwest areas, but decreased in the west and northwest areas
during 2005-2016.

3.3 Analysis of influencing factors on SOM content

The SOM content in grassland was significantly greater than
that in other land use types in 2016 (Fig. 3, p < 0.05). The
value in grassland was 1.23, 1.32, and 1.31 times greater than
that in farmland, forestland, and shrub land, respectively. In
addition, the variation rate of SOM content in grassland was
4.14, 3.96, and 3.07 times greater than that in farmland, for-
estland, and shrub land, respectively (p < 0.05).

The mean SOM content increased with the increasing slope
gradient, and the values increased by 1.20 and 1.33 times as
slope increased in 2005 and 2016, respectively (Fig. 3, p <
0.05). SOM content increased by 3.36%, 6.51% and 7.82% in
0.5°-3°, 3°-5°, and > 5.1°, respectively, while decreased by
2.84% in the slope of < 0.5° from 2005 to 2016 (p > 0.05).

For different slope aspects, the mean SOM content signif-
icantly decreased from N slopes to SE and S slopes, and then
increased to NW slopes in 2005 and 2016 (Fig. 3, p < 0.05).
The values in NE slopes were 1.29 to 1.37 times, and 1.22 to
1.29 times greater than those in S and SE slopes in 2005 and
2016, respectively. The SOM content increased in all slope
aspect except in W slopes, which decreased by 1.68% from
2005 to 2016 (p > 0.05).

For different slope positions, the mean SOM content in-
creased from the summit slope to valley slope, the values in-
creased by 1.54 and 1.41 times in 2005 and 2016, respectively
(Fig. 3, p < 0.05). SOM content increased by 1.90%, 3.65%,
7.45%, 9.19%, and 12.05% in foot, valley, upper, middle, and
summiit slope, respectively from 2005 to 2016 (p > 0.05).

The mean SOM content decreased with elevation, and its
content decreased by 13.63% and 15.10% as elevation de-
creased in 2005 and 2016, respectively (Fig. 4, p < 0.05).
SOM content increased by 5.00% and 6.82% in 275-309 m

and 215-245 m, respectively, while decreased by 6.11% in
245-275 m from 2005 to 2016 (p > 0.05).

For different TWT1 intervals, the mean SOM content in 3.0-6.0
and 6.1-9.0 TWI intervals was significantly greater than that in
12.1-14.0 TWI intervals, and the values were 1.21 and 1.27
times and 1.33, 1.40 times greater than that in 12.1-14.0 TWI
intervals in 2005 and 2016, respectively (Fig. 4, p < 0.05). SOM
content increased by 6.33%, 6.64%, and 10.10% in 3.0-6.0, 6.1—
9.0, and 9.1-12.0, respectively, while decreased by 3.31% in
12.1-24.0 from 2005 to 2016 (p > 0.05).

SOM content was significant positive correlated with slope
gradient and slope positions, but negative correlated with ele-
vation and TWI in 2005 and 2016 (Table 3, p < 0.05). But
there was no correlation among SOM, aation and topographic
factors. The factors that had no significant correlation with
SOM content was excluded from the subsequent analysis.

3.4 Relationships between spatial variability of SOM
content and topographic factors

3.4.1 Influence of single factors on spatial variability of SOM
content

According to the factor detector, the factors influencing SOM
content were differed in 2005 and 2016 (Table 4). There was
no dominant factor influence the spatial variability of SOM
content in 2005; while in 2016, TWI was the dominant factor,
its explanatory ability was 8.20%; followed by slope gradient
with an explanatory ability of 8.15%.

3.4.2 Influence of interactions between factors on spatial
variability of SOM content

The influence of interactions between various factors was en-
hanced compared with the influence of single factors
(Table 5). In 2005, the interactions of slope position with
TWI, elevation, and slope gradient were the dominant factors
influencing SOM content, and their explanatory abilities in-
creased by 6.1%, 3.5%, and 2.5%, respectively, compared
with those of slope position alone. However, different inter-
actions of factors were observed in 2016, when the explana-
tory ability of each interaction was much higher than that in
2005; the explanatory abilities of slope position with TWI

Table 5 ¢ values for the
interactions between factors

SOMZ()OS

SOMZO 16

influencing the spatial variability
of SOM content under different
topographic factors q

Dominant interaction 1

Dominant interaction 2

q
Dominant interaction 3

q

Slope position N TWI

Slope position N TWI

0.160 0.161

Slope position N Elevation Slope gradient N Elevation
0.135 0.158

Slope position N Slope gradient Slope gradient N Slope position
0.125 0.147
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were the highest (16.1%), and the interactions of slope gradi-
ent with elevation (15.8%) and slope position (14.7%) became
the dominant factors influencing SOM content.

4 Discussion

4.1 Dominant factors influencing the spatial
variability of SOM content

In the present study, the spatial variability of SOM content
was mainly affected by structural factors, including topogra-
phy factors, climate, and parent material, which drove the soil
heat and water (Fan et al. 2020; Yu et al. 2020; Zhu et al.
2019a), solar radiation condition (Bai and Zhou 2020; Sigua
and Coleman 2010), and soil erosion (Zhang et al. 2007). The
spatial dependence of SOM was affected little by human fac-
tor in the present study, and the continuity of disturbance from
human factor is not high (Zhu et al. 2019b). According to the
factor detector, slope gradient and TWI could explain the spa-
tial variability of SOM content. This indicated that the slope
gradient and TWI-induced variations in soil temperature and
moisture were the main controls of SOM spatial patterns in the
present study areas.

Slope gradient affected the redistribution of SOM content
through alter soil erosion process (Miheretu and Yimer 2018;
Zhang et al. 2020). SOM content was significant positive cor-
related with slope gradient. This was also reported in previous
studies, but the increment of SOM content could attribute to
the increase of rock exposure rate in the karst region of south-
west China (Hu et al. 2018), or attribute to the reduced actual
inclusion area of the slope on the China's Loess Plateau
(Zhang et al. 2020); while in the present study, this phenom-
enon could attribute to the implementation of ecological pro-
grams (Ministry of Water Resources 2009) that enhanced the
accumulation of SOM content (Zhang et al. 2020). However,
contradictory results have also been reported, such as de-
creased (Nabiollahi et al. 2018; Takoutsing et al. 2018), no
change (Tu et al. 2018), and exist a slope threshold (Zhang
et al. 2018a). The inconsistency of these abovementioned ob-
servations suggests that the spatial distribution of SOM con-
tent is site-dependence (Bai and Zhou 2020; Sigua and
Coleman 2010).

TWI is used to characterize soil wetness at different land-
scape positions (Xin et al. 2016; Swetnam et al. 2017). SOM
content was significant negative correlated with TWI in the
watershed. This was different with previous report (Liu et al.
2017; Zadorova et al. 2014) that higher TWI values indicate
higher soil water content and resulted in the slower decompo-
sition rates and mineralisation rate of organic matter (di Folco
and Kirkpatrick 2011). One possible reason was that water
movement from upslope to downslope is more divergent in
lower areas (Hounkpatin et al. 2018) and result in TWI may

not capture the movement of water flow well at lower sites
(Fan et al. 2020). Another possible reason was that different
ecological programs changed the topographic concavo-con-
vex, which exhibit different underlying condition influence
the redistribution of water and sediment (including the trans-
port of organic matter). The above reasons may reduce TWI
control on the distribution of SOM content (Li et al. 2018).

Various factors may interact with each other to influence
the spatial variability of SOM content (He et al. 2020; Obalum
et al. 2017) through influence the local microclimate, which
directly affect the decomposition rate and plant production
(Qin et al. 2016). In the current study, the interaction of slope
position with TWI had the highest explanatory ability to the
spatial variability of SOM content, followed by slope position/
slope gradient with elevation, and slope position with slope
gradient. The fine particles combined with organic matter in
the summit and upper slope were transport (Wei et al. 2008;
Xu et al. 2015) and deposited on the foot and valley slope (Li
2017;Tu et al. 2018) along the gentle and long slope in this
region. Moreover, TWI and elevation determines alter soil
water (Li et al. 2019b; Liu et al. 2017) and heat conditions
(Xin et al. 2016; Zadorova et al. 2014). Due to the relatively
low elevation (215 — 309 m), temperature changed little by the
increasing elevations (Hu et al. 2018), the wetter and warmer
conditions in lower elevations promote the increase of the
biomass productivity and organic carbon inputs (Zhu et al.
2019b); while the SOM in high elevation areas could be easily
lost and concentrated in valley lowlands (Yu et al. 2020). In
addition, ecological programs set at different slope gradient
intervals can not only effectively reduced soil erosion
(Ministry of Water Resources 2009), but also enhanced the
accumulation of SOM (Zhang et al. 2020). Different results
also been reported, Zhu et al. (2019a) and Zhang et al. (2020)
proposed that the spatial distribution of SOM was significant-
ly affected by the interaction of elevation and slope aspect,
slope gradient and slope aspect. This could be attributing to
that interaction of the topographic factors affected the SOM
content through their indirect influences on the microclimate
and vegetation type (Fan et al. 2020; Yu et al. 2020; Zhu et al.
2019a).

4.2 Temporal characteristics of the SOM content

During 2005-2016, the spatial autocorrelation of SOM con-
tent strengthened but the spatial autocorrelation range de-
creased; this indicated that the spatial autocorrelation distance
and heterogeneity decreased. This was inconsistent with pre-
vious study in the corn belt of Northeastern China over 1980s
to 2005 (Miao et al. 2014), when the spatial autocorrelation of
SOM content was weakened and the range increased, which
could mainly attributed to the effects of land-use and land
cover changes, crop productivity increase, and agricultural
managements (Zhu et al. 2019a). In addition, the influence
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of single factors and the interactions between various factors
was enhanced in 2016 as compared with that in 2005. This
indicated that topographic factors enhanced the spatial vari-
ability of SOM content after 11 years implementation of eco-
logical programs, which also confirming the results of the
semi-variance analysis.

Based on the balance theory of SOC, the evolution of SOM
on sloping farmland was driven by soil erosion and non-
erosive natural evolution before ecological program imple-
mented (Zhang et al. 2013). The former depends on topsoil
loss per year, namely as soil erosion modulus, the latter de-
pends on the soil mineralization rate and humification rate of
the existing farmland management mode (de Nijs and
Cammeraat 2020; Hounkpatin et al. 2018; Zadorova et al.
2014). After the implementation of ecological programs, the
evolution process of SOM was driven by soil erosion, equi-
librium point, and the returned biomass, the increase of
returned biomass leads to the root and litter increased, and
finally result in the increase of SOM content (Van Oost 2007).

Numerous studies (Fang et al. 2018; Gong et al. 2007,
Zhang et al. 2017) have investigated that land use caused by
human activities was the predominant factor affecting the var-
iation of the SOM content (Deng et al. 2017; Li et al. 2012),
which affected SOM sequestration by alter canopy coverage,
root distribution and activity (Burst et al. 2020; Gao et al.
2020), litter and soil microbial biomass (Chen et al. 2017,
Hu et al. 2018). In the current study, grassland had greater
SOM dynamics than that in other land use types because
grassland has more favorable soil water conditions and a
shorter life cycle (Deng et al. 2014; Karhu et al. 2011,
Laganiére et al. 2010), and less disturbed by human activities
(Miheretu and Yimer 2018; Obalum et al. 2017; Xie et al.
2014). However, land use types had no correlation with
SOM dynamics. The possible reason was that the ecological
programs typically designed based on local topography con-
dition and land use types, and this special land use patterns
resulted in the influence of land use types on SOM overlaps
with the influence of topographic factors may be diluted at
some extent (Gao et al. 2020; Yu et al. 2017).

In addition, the initial SOM contents had significant effect
on the variation in SOM content (Lal 2001). Previous study
(Zhao et al. 2018) reported that initial SOM content accounted
for over 30% of the variation in SOM stocks. The increment in
carbon inputs was the primary reason result in the increase of
SOM content in the low initial SOM contents areas (Xie et al.
2021). However, in the present study, the initial SOM content
in the sloping farmland of the study areas was very low before
1980 (Wei et al. 2008). With the continuous plant-derived
carbon inputs increased (Zhao et al. 2018), the soil in the study
area could maintain relatively high-level SOM content over a
long time period (1980-2005), and then resulted in a small
increase during 2005-2016 as compared with other studies
(Fang et al. 2018; Lu et al. 2018). The variation of SOM
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content was a complex process affecting by the specific to-
pography (Hounkpatin et al. 2018; Zadorova et al. 2014),
vegetation restoration period (Xu et al. 2015; Yu et al.
2017), and human disturbances (e.g., the ecological program
design) (Gao et al. 2020). Therefore, to better evaluate and
clarity the mechanisms of driving factors behind SOM
change, long-term monitoring is required for future research.

5 Conclusions

In the current study, a total of 292 soil samples at the same
sampling points were used to investigate the spatial and tem-
poral variations in SOM content over the period of 2005—
2016, and identified the dominant factors of the spatial distri-
bution of SOM content. Results showed that the SOM content
increased at a rate of 0.21 g kg ' year ' over the 11 years, and
belongs to moderate variation. The spatial autocorrelation of
SOM content was strengthened but the range decreased over
the 11 years. SOM content was significant positive correlated
with slope gradient and slope positions, but negative correlat-
ed with elevation and TWI in 2005 and 2016. No factor was
identified as the dominant driver of the increment in SOM
content. In addition, the explanatory ability of each factor
and their interaction to spatial variability of SOM content
was enhanced over the 11 years. No dominant driving factors
were found in 2005, while slope gradient (¢ = 0.0815) and
TWI (¢ = 0.0820) were the main drivers of the spatial vari-
ability of the SOM content in 2016. The interaction of slope
position with TWI (¢ values 0f0.160 and 0.161) predominant-
ly explained the spatial heterogeneity of the SOM content.
This study could provide scientific guidance for soil conser-
vation, environment protection, and agricultural production
planning in the study region.

Funding This study was jointly supported by the projects of the National
Key Research and Development Program of China (2017YFC0504200),
the Science and Technology Project of Heilongjiang Province
(GX18BO051), and the National Natural Science Foundation of China
(41571264 and 41701313). The data was supported from “National
Earth System Science Data Center (http:// www.geodata.cn).”

References

Adhikari K, Owens PR, Libohova Z, Miller DM, Wills SA, Nemecek J
(2019) Assessing soil organic carbon stock of Wisconsin, USA and
its fate under future land use and climate change. Sci Total Environ
667:833 — 845. https://doi.org/10.1016/j.scitotenv.2019.02.420

Bai YX, Zhou YC (2020) The main factors controlling spatial variability
of'soil organic carbon in a small karst watershed, Guizhou Province,
China. Geoderma 357:113938. https://doi.org/10.1016/j.geoderma.
2019.113938

Burst M, Chauchard S, Dambrine E, Dupouey JL, Amiaud B (2020)
Distribution of soil properties along forest-grassland interfaces: in-
fluence of permanent environmental factors or land-use after-


http://www.geodata.cn
https://doi.org/10.1016/j.scitotenv.2019.02.420
https://doi.org/10.1016/j.geoderma.2019.113938
https://doi.org/10.1016/j.geoderma.2019.113938

J Soils Sediments (2021) 21:736-747

745

effects? Agric Ecosyst Environ 289:106739. https://doi.org/10.
1016/j.agee.2019.106739

Chen LF, He ZB, Du J, Yang JJ, Zhu X (2016) Patterns and environmen-
tal controls of soil organic carbon and total nitrogen in alpine eco-
systems of northwestern China. Catena 137:37—43. https://doi.org/
10.1016/j.catena.2015.08.017

Chen YQ et al (2017) Reforestation makes a minor contribution to soil
carbon accumulation in the short term: Evidence from four subtrop-
ical plantations. Forest Ecol Manag 384:400—405. https://doi.org/10.
1016/j.foreco.2016.10.053

Cui M, Cai QG, Zhu AX, Fan HM (2007) Soil erosion along a long slope
in the gentle hilly areas of black soil region in Northeast China. J
Geogr Sci 17:375-383. (in Chinese, with English Abstract). https://
doi.org/10.1007/s11442-007-0375-4

de Nijs EA, Cammeraat ELH (2020) The stability and fate of Soil Organic
Carbon during the transport phase of soil erosion. Earth-Sci Rev
201:103067. https://doi.org/10.1016/j.earscirev.2019.103067

Deng L, Liu GB, Shangguan ZP (2014) Land-use conversion and chang-
ing soil carbon stocks in China's 'Grain-for-Green' Program: a syn-
thesis. Global Change Bio 20:3544-3556. https://doi.org/10.1111/
gcb.12508

Deng L, Han QS, Zhang C, Tang ZS, Shangguan ZP (2017) Above-
ground and below-ground ecosystem biomass accumulation and
carbon sequestration with caragana korshinskii kom plantation de-
velopment. Land Degrad Dev 28:906-917. https://doi.org/10.1002/
1dr.2642

di Folco MB, Kirkpatrick JB (2011) Topographic variation in burning-
induced loss of carbon from organic soils in Tasmanian moorlands.
Catena 87:216-225. https://doi.org/10.1016/j.catena.2011.06.003

Fan MM, Lal R, Zhang H, Margenot AJ, Wu J, Wu P, Zhang L, Yao J,
Chen F, Gao C (2020) Variability and determinants of soil organic
matter under different land uses and soil types in eastern China. Soil
Till Res 198:11. https://doi.org/10.1016/}.still.2019.104544

Fang JY, Yu GR, Liu LL, Hu SJ, Chapin FS (2018) Climate change,
human impacts, and carbon sequestration in China. Proc Natl
Acad Sci U S A 115:4015-4020. https://doi.org/10.1073/pnas.
1700304115

Funes I et al (2019) Agricultural soil organic carbon stocks in the north-
eastern Iberian Peninsula: Drivers and spatial variability. Sci Total
Environ 668:283-294. https://doi.org/10.1016/j.scitotenv.2019.02.
317

Gao GY, Tuo DF, Han XY, Jiao L, Li JR, Fu BJ (2020) Effects of land-
use patterns on soil carbon and nitrogen variations along revegetated
hillslopes in the Chinese Loess Plateau. Sci Total Environ 746:
141156. https://doi.org/10.1016/j.scitotenv.2020.141156

Gong J, Chen LD, Fu BJ, Wei W (2007) Integrated effects of slope aspect
and land use on soil nutrients in a small catchment in a hilly loess
area, China. Int J Sustain Dev World Ecol 14:307-316. https:/doi.
0rg/10.1080/13504500709469731

Hancock GR, Kunkel V, Wells T, Martinez C (2019) Soil organic carbon
and soil erosion - understanding change at the large catchment scale.
Geoderma 343:60-71. https://doi.org/10.1016/j.geoderma.2019.02.
012

He Y, Hu YX, Gao X, Wang R, Guo SL, Li XW (2020) Minor topogra-
phy governing erosional distribution of SOC and temperature sen-
sitivity of CO, emissions: comparisons between concave and con-
vex toposequence. J Soil Sediment 20:1906-1919. https://doi.org/
10.1007/s11368-020-02575-6

Hounkpatin OKL, de Hipt FO, Bossa AY, Welp G, Amelung W (2018)
Soil organic carbon stocks and their determining factors in the Dano
catchment (Southwest Burkina Faso). Catena 166:298-309. https://
doi.org/10.1016/j.catena.2018.04.013

Hu PL, Liu SJ, Ye YY, Zhang W, Wang KL, Su YR (2018) Effects of
environmental factors on soil organic carbon under natural or man-
aged vegetation restoration. Land Degrad Dev 29:387-397. https:/
doi.org/10.1002/1dr.2876

Huang XD et al (2020) Spatial patterns in baseflow mean response time
across a watershed in the Loess Plateau: Linkage with land-use
types. Forest Sci 66:382-391. https://doi.org/10.1093/forsci/fxz084

Kalinina O, Barmin AN, Chertov O, Dolgikh AV, Goryachkin SV, Lyuri
DI, Giani L (2015) Self-restoration of post-agrogenic soils of
Calcisol-Solonetz complex: soil development, carbon stock dynam-
ics of carbon pools. Geoderma 237:117-128. https://doi.org/10.
1016/j.geoderma.2014.08.013

Karhu K, Wall A, Vanhala P, Liski J, Esala M, Regina K (2011) Effects
of afforestation and deforestation on boreal soil carbon stocks—
comparison of measured C stocks with Yasso07 model results.
Geoderma 164:33-45. https://doi.org/10.1016/j.geoderma.2011.05.
008

Kobler J, Zehetgruber B, Dirnbock T, Jandl R, Mirtl M, Schindlbacher A
(2019) Effects of aspect and altitude on carbon cycling processes in
a temperate mountain forest catchment. Landscape Ecol 34:325—
340. https://doi.org/10.1007/s10980-019-00769-z

Laganiere J, Angers DA, Paré D (2010) Carbon accumulation in agricul-
tural soils after afforestation: a meta-analysis. Global Change Bio
16:439-453. https://doi.org/10.1111/j.1365-2486.2009.01930.x

Lal R (2001) Soil degradation by erosion. Land Degrad Dev 12:519-539.
https://doi.org/10.1002/1dr.472

LiZW etal (2017) Response of soil organic carbon and nitrogen stocks to
soil erosion and land use types in the Loess hilly-gully region of
China. Soil Till Res 166:1-9. https://doi.org/10.1016/j.still.2016.10.
004

Li DJ, Niu SL, Luo YQ (2012) Global patterns of the dynamics of soil
carbon and nitrogen stocks following afforestation: a meta-analysis.
New Phytol 195:172—181. https://doi.org/10.1111/j.1469-8137.
2012.04150.x

Li X, McCarty GW, Lang M, Ducey T, Hunt P, Miller J (2018)
Topographic and physicochemical controls on soil denitrification
in prior converted croplands located on the Delmarva Peninsula,
USA. Geoderma 309:41-49. https://doi.org/10.1016/j.geoderma.
2017.09.003

Li T, Zhang HC, Wang XY, Cheng SL, Fang HJ, Liu G, Yuan WP
(2019a) Soil erosion affects variations of soil organic carbon and
soil respiration along a slope in Northeast China. Ecol Processe 8:
28. https://doi.org/10.1186/s13717-019-0184-6

LiY,HuJM, Han X, Li YX, Li YW, He BY, Duan XW (2019b) Effects
of past land use on soil organic carbon changes after dam construc-
tion. Sci Total Environ 686:838—846. https://doi.org/10.1016/j.
scitotenv.2019.06.030

Liang AZ, Zhang XP, Yang XM, Mclaughlin NB, Shen Y, Li WF (2009)
Estimation of total erosion in cultivated Black soils in northeast
China from vertical profiles of soil organic carbon. Eur J Soil Sci
60:223-229. https://doi.org/10.1111/j.1365-2389.2008.01100.x

Liu BY, Yan BX, Shen B, Wang ZQ, Wei X (2008) Current status and
comprehensive control strategies of soil erosion for cultivated land
in the Northeastern black soil area of China. Sci Soil Water Conserv
6:1-8 (in Chinese with English abstract)

Liu XB, Lee Burras C, Kravchenko YS, Duran A, Huffman T, Morras H,
Studdert G, Zhang X, Cruse RM, Yuan X (2012) Overview of
Mollisols in the world: distribution, land use and management.
Can J Soil Sci 92:383-402. https://doi.org/10.4141/cjss2010-058

Liu HY, Zhou JG, Feng QY, Li YY, Li Y, Wu JS (2017) Effects of land
use and topography on spatial variety of soil organic carbon density
in a hilly, subtropical catchment of China. Soil Res 55:134-144.
https://doi.org/10.1071/sr15038

Lu F et al (2018) Effects of national ecological restoration projects on
carbon sequestration in China from 2001 to 2010. P Natl Acad Sci
USA 115:4039-4044. https://doi.org/10.1073/pnas.1700294115

Mayer S, Kiihnel A, Burmeister J, Kogel-Knabner I, Wiesmeier M (2019)
Controlling factors of organic carbon stocks in agricultural topsoils
and subsoils of Bavaria. Soil Till Res 192:22-32. https://doi.org/10.
1016/).stil1.2019.04.021

@ Springer


https://doi.org/10.1016/j.agee.2019.106739
https://doi.org/10.1016/j.agee.2019.106739
https://doi.org/10.1016/j.catena.2015.08.017
https://doi.org/10.1016/j.catena.2015.08.017
https://doi.org/10.1016/j.foreco.2016.10.053
https://doi.org/10.1016/j.foreco.2016.10.053
https://doi.org/10.1007/s11442-007-0375-4
https://doi.org/10.1007/s11442-007-0375-4
https://doi.org/10.1016/j.earscirev.2019.103067
https://doi.org/10.1111/gcb.12508
https://doi.org/10.1111/gcb.12508
https://doi.org/10.1002/ldr.2642
https://doi.org/10.1002/ldr.2642
https://doi.org/10.1016/j.catena.2011.06.003
https://doi.org/10.1016/j.still.2019.104544
https://doi.org/10.1073/pnas.1700304115
https://doi.org/10.1073/pnas.1700304115
https://doi.org/10.1016/j.scitotenv.2019.02.317
https://doi.org/10.1016/j.scitotenv.2019.02.317
https://doi.org/10.1016/j.scitotenv.2020.141156
https://doi.org/10.1080/13504500709469731
https://doi.org/10.1080/13504500709469731
https://doi.org/10.1016/j.geoderma.2019.02.012
https://doi.org/10.1016/j.geoderma.2019.02.012
https://doi.org/10.1007/s11368-020-02575-6
https://doi.org/10.1007/s11368-020-02575-6
https://doi.org/10.1016/j.catena.2018.04.013
https://doi.org/10.1016/j.catena.2018.04.013
https://doi.org/10.1002/ldr.2876
https://doi.org/10.1002/ldr.2876
https://doi.org/10.1093/forsci/fxz084
https://doi.org/10.1016/j.geoderma.2014.08.013
https://doi.org/10.1016/j.geoderma.2014.08.013
https://doi.org/10.1016/j.geoderma.2011.05.008
https://doi.org/10.1016/j.geoderma.2011.05.008
https://doi.org/10.1007/s10980-019-00769-z
https://doi.org/10.1111/j.1365-2486.2009.01930.x
https://doi.org/10.1002/ldr.472
https://doi.org/10.1016/j.still.2016.10.004
https://doi.org/10.1016/j.still.2016.10.004
https://doi.org/10.1111/j.1469-8137.2012.04150.x
https://doi.org/10.1111/j.1469-8137.2012.04150.x
https://doi.org/10.1016/j.geoderma.2017.09.003
https://doi.org/10.1016/j.geoderma.2017.09.003
https://doi.org/10.1186/s13717-019-0184-6
https://doi.org/10.1016/j.scitotenv.2019.06.030
https://doi.org/10.1016/j.scitotenv.2019.06.030
https://doi.org/10.1111/j.1365-2389.2008.01100.x
https://doi.org/10.4141/cjss2010-058
https://doi.org/10.1071/sr15038
https://doi.org/10.1073/pnas.1700294115
https://doi.org/10.1016/j.still.2019.04.021
https://doi.org/10.1016/j.still.2019.04.021

746

J Soils Sediments (2021) 21:736-747

Meena VS, Mondal T, Pandey BM, Mukherjee A, Yadav RP, Choudhary
M, Singh S, Bisht JK, Pattanayak A (2018) Land use changes:
Strategies to improve soil carbon and nitrogen storage pattern in
the mid-Himalaya ecosystem, India. Geoderma 321:69-78. https://
doi.org/10.1016/j.geoderma.2018.02.002

Miao ZH, Wang ZM, Song KS, Zhang CH, Ren CY (2014) Spatial and
temporal variability of soil organic carbon in the corn belt of
Northeastern China, 1980s—2005: a case study in four counties.
Commun Soil Sci Plan 45:163—-176. https://doi.org/10.1080/
00103624.2013.854376

Miheretu BA, Yimer AA (2018) Spatial variability of selected soil prop-
erties in relation to land use and slope position in Gelana sub-water-
shed, Northern highlands of Ethiopia. Phys Geogr 39:230-245.
https://doi.org/10.1080/02723646.2017.1380972

Ministry of Water Resources (2009) Techniques standard for comprehen-
sive control of soil erosion in the black soil erosion SL 446-2009.
China Water&Power Press, Beijing, pp 711

Nabiollahi K, Golmohamadi F, Taghizadeh-Mehrjardi R, Kerry R,
Davari M (2018) Assessing the effects of slope gradient and land
use change on soil quality degradation through digital mapping of
soil quality indices and soil loss rate. Geoderma 318:16-28. https://
doi.org/10.1016/j.geoderma.2017.12.024

National Soil Survey Office (1997) Data book of the second national soil
survey in China. China Agriculture Press, Beijing

Obalum SE, Chibuike GU, Peth S, Ouyang Y (2017) Soil organic matter
as sole indicator of soil degradation. Environ Monit Assess 189:176

Olson KR, Al-Kaisi M, Lal R, Cihacek L (2016) Impact of soil erosion on
soil organic carbon stocks. J Soil Water Conserv 71:61-67. https://
doi.org/10.2489/jswc.71.3.61A

Qin YY, Feng Q, Holden NM, Cao JJ (2016) Variation in soil organic
carbon by slope aspect in the middle of the Qilian Mountains in the
upper Heihe River Basin, China. Catena 147:308-314. https:/doi.
org/10.1016/j.catena.2016.07.025

Sigua GC, Coleman SW (2010) Spatial distribution of soil carbon in
pastures with cow-calf operation: effects of slope aspect and slope
position. J Soil Sediment 10:240-247. https://doi.org/10.1007/
s11368-009-0110-0

Slepetiene A, Slepetys J, Liaudanskiene I (2008) Standard and modified
methods for soil organic carbon determination in agricultural soils.
Agron Res 6:543-554

Smal H, Olszewska M (2008) The effect of afforestation with Scots pine
(Pinus silvestris L.) of sandy post-arable soils on their selected prop-
erties. II. Reaction, carbon, nitrogen and phosphorus. Plant Soil 305:
171-187. https://doi.org/10.1007/s11104-008-9538-z

Sun XF et al (2018) China’s progress towards sustainable land develop-
ment and ecological civilization. Landscape Ecol 33:1647-1653.
https://doi.org/10.1007/s10980-018-0706-0

Swetnam TL, Brooks PD, Barnard HR, Harpold AA, Gallo EL (2017)
Topographically driven differences in energy and water constrain
climatic control on forest carbon sequestration. Ecosphere 8:17.
https://doi.org/10.1002/ecs2.1797

Takoutsing B, Weber JC, Martin JAR, Shepherd K, Aynekulu E, Sila A
(2018) An assessment of the variation of soil properties with land-
scape attributes in the highlands of Cameroon. Land Degrad Dev 29:
2496-2505. https://doi.org/10.1002/1dr.3075

Tu CL, He TB, Lu XH, Luo Y, Smith P (2018) Extent to which pH and
topographic factors control soil organic carbon level in dry farming
cropland soils of the mountainous region of Southwest China.
Catena 163:204-209. https://doi.org/10.1016/j.catena.2017.12.028

Van Oost K et al (2007) The impact of agricultural soil erosion on the
global carbon cycle. Science 318:626—629. https://doi.org/10.1126/
science.1145724%JScience

Vos C, Don A, Hobley EU, Prietz R, Heidkamp A, Freibauer A (2019)
Factors controlling the variation in organic carbon stocks in agricul-
tural soils of Germany. Eur J Soil Sci 70:550-564. https://doi.org/
10.1111/ejss.12787

@ Springer

Wang JF, Li XH, Christakos G, Liao YL, Zhang T, Gu X, Zheng XY
(2010) Geographical detectors based health risk assessment and its
application in the Neural Tube Defects study of the Heshun region.
China. Int J Geogr Inf Sci 24:107-127. https://doi.org/10.1080/
13658810802443457

Wang JF, Zhang TL, Fu BJ (2016) A measure of spatial stratified hetero-
geneity. Ecol Indic 67:250-256. https://doi.org/10.1016/j.ecolind.
2016.02.052

Wang H, Gao JB, Hou WJ (2019) Quantitative attribution analysis of soil
erosion in different geomorphological types in karst areas: Based on
the geodetector method. J Geogr Sci 29:271-286. https://doi.org/10.
1007/s11442-019-1596-z

Wang D, Chi Z, Yue B, Huang X, Zhao J, Song H, Yang Z, Miao R, Liu
Y, Zhang Y, Miao Y, Han S, Liu Y (2020a) Effects of mowing and
nitrogen addition on the ecosystem C and N pools in a temperate
steppe: A case study from northern China. Catena 185:104332.
https://doi.org/10.1016/j.catena.2019.104332

Wang S, Adhikari K, Zhuang QL, Gu HL, Jin XX (2020b) Impacts of
urbanization on soil organic carbon stocks in the northeast coastal
agricultural areas of China. Sci Total Environ 721:137814. https://
doi.org/10.1016/j.scitotenv.2020.137814

Wei JB, Xiao DN, Zhang XY, Li XZ, Li XY (2006) Spatial variability of
soil organic carbon in relation to environmental factors of a typical
small watershed in the black soil region, northeast China. Environ
Monit Assess 121:597-613. https://doi.org/10.1007/s10661-005-
9158-5

Wei JB, Xiao DN, Zeng H, Fu YK (2008) Spatial variability of soil
properties in relation to land use and topography in a typical small
watershed of the black soil region, northeastern China. Environ Geol
53:1663-1672. https://doi.org/10.1007/s00254-007-0773-z

Xie J et al (2014) Long-term variability and environmental control of the
carbon cycle in an oak-dominated temperate forest. Forest Ecol
Manag 313:319-328. https://doi.org/10.1016/j.foreco.2013.10.032

Xie EZ, Zhang YX, Huang B, Zhao YC, Shi XZ, Hu WY, Qu MK (2021)
Spatiotemporal variations in soil organic carbon and their drivers in
southeastern China during 1981-2011. Soil Till Res 205:104763.
https://doi.org/10.1016/j.stil1.2020.104763

Xin ZB, Qin YB, Yu XX (2016) Spatial variability in soil organic carbon
and its influencing factors in a hilly watershed of the Loess Plateau,
China. Catena 137:660-669. https://doi.org/10.1016/j.catena.2015.
01.028

Xu GC, Lu KX, Li ZB, Li P, Yang YY (2015) Impact of soil and water
conservation on soil organic carbon content in a catchment of the
middle Han River, China. Environ Earth Sci 74:6503-6510

Yu Y, Wei W, Chen LD, Feng TJ, Daryanto S, Wang LX (2017) Land
preparation and vegetation type jointly determine soil conditions
after long-term land stabilization measures in a typical hilly catch-
ment, Loess Plateau of China. J Soil Sediment 17:144-156. https://
doi.org/10.1007/s11368-016-1494-2

Yu HY, Zha TG, Zhang XX, Nie LS, Ma LM, Pan YW (2020) Spatial
distribution of soil organic carbon may be predominantly regulated
by topography in a small revegetated watershed. Catena 188:
104459. https://doi.org/10.1016/j.catena.2020.104459

Zadorova T, Zizala D, Penizek V, Cejkova S (2014) Relating extent of
Colluvial soils to topographic derivatives and soil variables in a
Luvisol sub-catchment, central Bohemia, Czech Republic. Soil
Water Res 9:47-57. https://doi.org/10.17221/57/2013-swr

Zhang XY, Sui YY, Zhang XD, Meng K, Herbert SJ (2007) Spatial
variability of nutrient properties in black soil of northeast China.
Pedosphere 17:19-29. https://doi.org/10.1016/s1002-0160(07)
60003-4

Zhang SL, Zhang XY, Huffman T, Liu XB, Yang JY (2011) Influence of
topography and land management on soil nutrients variability in
Northeast China. Nutr Cycl Agroecosys 89:427-438. https://doi.
org/10.1007/s10705-010-9406-0


https://doi.org/10.1016/j.geoderma.2018.02.002
https://doi.org/10.1016/j.geoderma.2018.02.002
https://doi.org/10.1080/00103624.2013.854376
https://doi.org/10.1080/00103624.2013.854376
https://doi.org/10.1080/02723646.2017.1380972
https://doi.org/10.1016/j.geoderma.2017.12.024
https://doi.org/10.1016/j.geoderma.2017.12.024
https://doi.org/10.2489/jswc.71.3.61A
https://doi.org/10.2489/jswc.71.3.61A
https://doi.org/10.1016/j.catena.2016.07.025
https://doi.org/10.1016/j.catena.2016.07.025
https://doi.org/10.1007/s11368-009-0110-0
https://doi.org/10.1007/s11368-009-0110-0
https://doi.org/10.1007/s11104-008-9538-z
https://doi.org/10.1007/s10980-018-0706-0
https://doi.org/10.1002/ecs2.1797
https://doi.org/10.1002/ldr.3075
https://doi.org/10.1016/j.catena.2017.12.028
https://doi.org/10.1126/science.1145724%JScience
https://doi.org/10.1126/science.1145724%JScience
https://doi.org/10.1111/ejss.12787
https://doi.org/10.1111/ejss.12787
https://doi.org/10.1080/13658810802443457
https://doi.org/10.1080/13658810802443457
https://doi.org/10.1016/j.ecolind.2016.02.052
https://doi.org/10.1016/j.ecolind.2016.02.052
https://doi.org/10.1007/s11442-019-1596-z
https://doi.org/10.1007/s11442-019-1596-z
https://doi.org/10.1016/j.catena.2019.104332
https://doi.org/10.1016/j.scitotenv.2020.137814
https://doi.org/10.1016/j.scitotenv.2020.137814
https://doi.org/10.1007/s10661-005-9158-5
https://doi.org/10.1007/s10661-005-9158-5
https://doi.org/10.1007/s00254-007-0773-z
https://doi.org/10.1016/j.foreco.2013.10.032
https://doi.org/10.1016/j.still.2020.104763
https://doi.org/10.1016/j.catena.2015.01.028
https://doi.org/10.1016/j.catena.2015.01.028
https://doi.org/10.1007/s11368-016-1494-2
https://doi.org/10.1007/s11368-016-1494-2
https://doi.org/10.1016/j.catena.2020.104459
https://doi.org/10.17221/57/2013-swr
https://doi.org/10.1016/s1002-0160(07)60003-4
https://doi.org/10.1016/s1002-0160(07)60003-4
https://doi.org/10.1007/s10705-010-9406-0
https://doi.org/10.1007/s10705-010-9406-0
Administrator
高亮


J Soils Sediments (2021) 21:736-747

747

Zhang XY, Sui YY, Song CY (2013) Degradation process of arable
Mollisols. Soil Crop 2:1-6

Zhang SL, Jiang LL, Liu XB, Zhang XY, Fu SC, Dai L (2016) Soil
nutrient variance by slope position in a Mollisol farmland area of
Northeast China. Chinese Geogr Sci 26:508-517. https://doi.org/10.
1007/s11769-015-0737-2

Zhang QY, Yao YF, Jia XX, Shao MA (2017) Estimation of soil organic
carbon under different vegetation types on a hillslope of China's
northern Loess Plateau using state-space approach. Can J Soil Sci
97:667—677. https://doi.org/10.1139/cjss-2017-0042

Zhang XQ, Hu MC, Guo XY, Yang H, Zhang ZK, Zhang KL (2018a)
Effects of topographic factors on runoff and soil loss in Southwest
China. Catena 160:394-402. https://doi.org/10.1016/j.catena.2017.
10.013

Zhang XY, Liu XB, Zhao J (2018b) Utilization and Conservation of
Black Soil. Science Press, Beijing

Zhang XF, Adamowski JF, Liu C, Zhou J, Zhu G, Dong X, Cao J, Feng Q
(2020) Which slope aspect and gradient provides the best
afforestation-driven soil carbon sequestration on the China's Loess
Plateau? Ecol Eng 147:105782. https://doi.org/10.1016/j.ecoleng.
2020.105782

Zhao YC, Wang M, Hu S, Zhang X, Ouyang Z, Zhang G, Huang B, Zhao
S, Wu J, Xie D, Zhu B, Yu D, Pan X, Xu S, Shi X (2018)
Economics- and policy-driven organic carbon input enhancement
dominates soil organic carbon accumulation in Chinese croplands.
Proc Natl Acad Sci U S A 115:4045-4050. https://doi.org/10.1073/
pnas.1700292114

Zhu M et al (2019a) The role of topography in shaping the spatial patterns
of soil organic carbon. Catena 176:296-305. https://doi.org/10.
1016/j.catena.2019.01.029

Zhu M, Feng Q, Zhang MX, Liu W, Qin YY, Deo RC, Zhang CQ
(2019b) Effects of topography on soil organic carbon stocks in
grasslands of a semiarid alpine region, northwestern China. J Soil
Sediment 19:1640—1650. https://doi.org/10.1007/s11368-018-
2203-0

ZuYG, LiR, Wang WJ, Su DX, Wang Y, Qiu L (2011) Soil organic and
inorganic carbon contents in relation to soil physicochemical prop-
erties in northeastern China. Acta Ecolgica Sinica 31:5207-5216 (in
Chinese with English abstract)

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s11769-015-0737-2
https://doi.org/10.1007/s11769-015-0737-2
https://doi.org/10.1139/cjss-2017-0042
https://doi.org/10.1016/j.catena.2017.10.013
https://doi.org/10.1016/j.catena.2017.10.013
https://doi.org/10.1016/j.ecoleng.2020.105782
https://doi.org/10.1016/j.ecoleng.2020.105782
https://doi.org/10.1073/pnas.1700292114
https://doi.org/10.1073/pnas.1700292114
https://doi.org/10.1016/j.catena.2019.01.029
https://doi.org/10.1016/j.catena.2019.01.029
https://doi.org/10.1007/s11368-018-2203-0
https://doi.org/10.1007/s11368-018-2203-0

	Impact...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study area
	Soil sampling and measurements
	Mapping of land use types and the calculation of topographic factors
	Statistical methods
	Classical statistical analysis
	Geostatistics analysis
	GeoDetector method


	Results
	Description statistics of SOM content
	Spatial and temporal variability in SOM content
	Analysis of influencing factors on SOM content
	Relationships between spatial variability of SOM content and topographic factors
	Influence of single factors on spatial variability of SOM content
	Influence of interactions between factors on spatial variability of SOM content


	Discussion
	Dominant factors influencing the spatial variability of SOM content
	Temporal characteristics of the SOM content

	Conclusions
	References


