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HIGHLIGHTS

Response of soil erodibility to slope situ-
ation was explored.

Soil and root can contribute 69.8%-
79.7% of variances in soil erodibility.
Slope situation affects soil erodibility by
altering soil-root feedback relations.
Three plant models are suggested to re-
duce soil erodibility along slope situation.
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ABSTRACT

Soil erodibility is an indispensable parameter for predicting soil erosion and evaluating the benefits of soil and
water conservation. Slope situation can alter revegetation and its effects on soil properties and root traits, and
thus may affect soil erodibility. However, whether slope situation will change the effect of revegetation on soil
erodibility through improving soil properties and root traits has rarely been evaluated. Therefore, this study
was conducted to detect the response of soil erodibility to slope situations (loess-tableland, hill-slope and gully-
slope) in a typical watershed of the Loess Plateau. Five soil erodibility parameters (saturated soil hydraulic conduc-
tivity, SHC; mean weight diameter of aggregates, MWD; clay ratio, CR; soil disintegration rate, SDR; soil erodibility
factor, K) and a comprehensive soil erodibility index (CSEI) are selected to clarify the study targets. The results re-
vealed that soil properties, root traits, soil erodibility parameters and CSEI were affected by slope situation signif-
icantly. Soil and root can explain 79.7%, 79.1% and 69.8% of total variance in soil erodibility of loess-tableland, hill-
slope and gully-slope, respectively. Slope situation influenced soil erodibility by changing the effects of revegeta-
tion on soil properties and root traits. Evidently, the slope situation greatly changed the relations between CSEl and
soil and root parameters, whereafter a model considering slope situation (slope steepness), sand, organic matter
content and root surface area density was reliable to estimate soil erodibility (CSEI). Our study suggested that the
Armeniaca sibirica, the combination of Bothriochloa ischcemum and Robinia pseudoacacia and the combination of
Armeniaca sibirica and Lespedeza bicolor can be used as the optimal selection for mitigating soil erodibility of
loess-tableland, hill-slope and gully-slope, respectively. This study is of great significance in optimizing the spatial
layout of soil and water conservation measures for different slope situations of the Loess Plateau.
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1. Introduction

Soil erosion seriously threatens ecological environment, agricultural
production and sustainable development (Nearing et al., 2000; Zhu
et al,, 2018). Accurate prediction of soil erosion is extremely important
for the deployment of soil and water conservation measures. Soil erod-
ibility is defined as the sensitivity of soil material to erosion (Bryan et al.,
1989), and it is an indispensable parameter for estimating soil erosion
amount, revealing soil erosion mechanisms and evaluating the benefits
of soil and water conservation (Saygin et al., 2018). Consequently, it is
critically important to investigate the variations of soil erodibility
under different erosive environments.

Soil erodibility was firstly introduced in the Universal Soil Loss Equa-
tion (USLE) and expressed as the K factor (Zhang et al., 2008). Currently,
several popular models (e.g., Geometric Mean Diameter model and Ero-
sion/Productivity Impact Calculator model) are commonly appointed to
estimate K factor. In addition, some soil properties from different as-
pects are also widely used to characterize soil erodibility. Saturated
soil hydraulic conductivity (SHC) reflects soil permeability and is closely
related to the sloped runoff characteristics, so it is expected to affect soil
erosion (Parsakhoo et al., 2014). Moreover, previous studies have con-
firmed that SCH is an available parameter to characterize soil erodibility
(e.g., Cerda, 1998; Yu et al., 2006). The mean weight diameter of water-
stable aggregate (MWD) is also a frequently-used parameter to charac-
terize soil structural stability and soil erodibility (Le Bissonnais, 1996).
Clay ratio (CR) is defined as the ratio of sand and silt content to clay con-
tent, and it is popularly used for soil erodibility evaluation (Bouyoucos,
1935; Bryan, 1968; Kusre et al., 2018). Soil disintegration rate (SDR) re-
fers to the mass or volume of soil particles separated from original soil in
a still water environment per unit time, and it is also frequently used to
describe soil erosion resistance (Li et al., 2017; Guo et al., 2018, 2020a,
2020b).

Many studies have revealed that the changes in abovementioned
five soil erodibility parameters are significantly affected by basic soil
properties and root traits (Chen and Zhou, 2013; Gao et al.,, 2017;
Ostovari et al., 2018). The effects of soil properties and root traits on
soil erodibility are mainly reflected in two aspects. Firstly, during the
growth of vegetation, roots gradually penetrate into the soil to contrib-
ute additional shear strength, thereby weakening soil erodibility (Wang
and Zhang, 2017). In addition, many root exudates will adhere to the
surface of the soil particles, and the adhesion between root surface
and soil particles can be enhanced through the Van der Waals forces
(Wang et al., 2018b). Secondly, the vegetation litter and various root ex-
udates in topsoil layer could be converted into soil organic matter,
which can improve soil microorganisms' activities and promote the for-
mation of soil aggregates, thus reducing soil erodibility (Forster, 1990;
Six et al., 2004; Walia and Dick, 2018). In summary, these advantageous
effects of vegetation characteristics on soil properties have been verified
to significantly affect soil erodibility (Shit and Maiti, 2012; Li et al., 2017;
Wang et al,, 2018a).

Previous studies have showed that different revegetation options
fundamentally drive the change of land use types and alter soil and
root properties, thereby affecting soil erodibility (e.g., Guo et al.,
2018; Eghdami et al., 2019; Fayiah et al., 2019). Numerous studies
have also clarified the influence of land use change on soil erodibility
and confirmed that revegetation is a practical and crucial way to re-
duce soil erodibility and control soil and water loss (e.g., Boix-Fayos
etal, 2001; An et al., 2013). However, which land use and/or plant
communities is the most effective in weakening soil erodibility is
still controversial. Several studies showed that grassland communi-
ties had a greater benefit of reducing soil erodibility (e.g., Li et al.,
2015b; Zhang et al., 2019). However, Chen and Zhou (2013) found
that the soil erodibility of Robinia pseudoacacia (woodland) is less
than other land use types. This may be due to differences in erosion
environments (e.g., slope situation, climate, vegetation type, soil tex-
ture) among different study regions. Therefore, the optimal land use
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and its corresponding plant communities for reducing soil erodibility
need to be clarified in future studies.

Furthermore, it is worth noting that the geomorphology varies
greatly in some high-intensity soil erosion regions. Evidently, slope sit-
uation is the most important factor controlling soil moisture, and soil
moisture greatly changes with terrain heterogeneity (Hawley et al.,
1983; Melliger and Niemann, 2010). Gao et al. (2011) concluded that
the steep and undulating gully-slopes can provide a harsher water use
environment for vegetation growth than hill-slopes. Therefore, the
slope situation is expected to influence vegetation growth conditions
and its natural succession processes (Cerda, 1998; Kou et al., 2016),
thereby affecting soil properties and erodibility (Ziadat et al., 2010;
Zhang et al.,, 2019). Nevertheless, current research mainly focused on
the impacts of land use and its associated plant communities on soil
erodibility on single slope situation (gully head, hilly slope or gully
slope) (Guo et al., 2018, 2020b; Wang et al., 2018a, 2019a). The lack of
systematic evaluation on the influence of land use change induced by
revegetation on soil erodibility of different slope situations is not condu-
cive to accurately predict soil erosion and reasonably plan soil and water
conservation measures. Therefore, it is critical to clarify how slope situ-
ation affects the change in soil erodibility induced by revegetation.

Given the abovementioned scientific gaps, we hypothesized that the
plants can alter soil properties during revegetation and further affect
soil erodibility, and the effect is controlled by slope situation. Therefore,
we selected three typical slope situations (loess-tableland, hill-slope
and gully-slope) involving four land uses (farmland, grassland, shrub-
land and woodland) in a typical watershed of the Loess Plateau with
three specific purposes: 1) to illuminate the effects of slope situation
on the change in soil erodibility induced by revegetation reflected by
SHC, MWD, CR, SDR, K factor and a comprehensive soil erodibility
index (CSEI); 2) to clarify the difference in the responses of soil erodibil-
ity to soil properties and root traits among three slope situations; and
3) to give a suggestion on the optimal revegetation models for reducing
soil erodibility of different slope situations.

2. Materials and methods
2.1. Study area

Our study was carried out in the Nanxiaohegou watershed (35°41'-
35°44'N, 107°30’-107°37’E), Qingyang city, China (Fig. 1a). The water-
shed located in the typical loess-tableland and gully region of the Loess
Plateau and covered an area of 36.3 km? with an altitude range of 1050
to 1423 m (Fig. 1b). The climate of study area belongs to a temperate
continental semi-arid climate with the mean annual temperature of
10 °C. The average annual precipitation of the study area in the past
60 years (1954-2014) is 547 mm, 76.9% of which occurs from May to
September (Xia et al., 2017). The main soil type is classified as loessial
soil in Chinese Soil Taxonomy which is equivalent to Haplic Cambisols
in World Reference Base for Soil Resources (IUSS, 2015). Gully headcut
migration is the main reason for serious soil erosion. To contain gully
development and protect loess-tableland, the “Three Protection Belts”
project was conducted to reduce soil and water loss of gully head, hill-
slope and gully channel since 1970s (Zhao, 1994). The “Grain for
Green” project was implemented to transform steep sloped-cropland
into forest and grass lands since 1999 (Fu et al., 2011). Since then, the
land use type has been continuously adjusted, especially the vegetation
distribution has undergone tremendous changes (Jiao et al., 2008). At
present, the annual soil erosion modulus has been controlled at a
lower level (2439 t km—2a™!), and the plants are primarily artificially
planted arbors and herbaceous vegetation and shrubs (Guo et al., 2018).

2.2. Identification of loess-tableland, hill-slope and gully-slope

In this study watershed, the geomorphological feature of the three
selected slope situations (loess-tableland, hill-slope and gully-slope) is



M. Guo, Z. Chen, W. Wang et al.

Science of the Total Environment 772 (2021) 145540

z 100°0'0"E 108°0'0"E 116°00"E 107°30'0"E 107°33'S0"E 107°37'40"E
b 1 1 1 L 1 1
27 N a b
2 A @ Nanxiaohegou watershed (%) z
=
0 Elevation (m) B §:
p High: 1432 A
g z
R S
£ S
o A
Sampling sites on loess tableland | ‘z
0o 1 2 * Sampling sites on hill solpe =
I The Loass Platea (JQingyang City L 1 Ikm e Sampling sites on gully solpe r O?.-
% I Study area — Yellow River 1Boundary between loess-tableland and hill-solpe a
g - CJBoundary between hill-solpe and gully-slope
' 100°00'E 108°0'0"E 116°00"E 107°30'0"E 107°33'50"E 107°37'40"E
~~— Boundary between loess-tableland and hill-slope (©) (d)
.~ Boundary between hill-slope and gully-slope
S~ - Shoulder line Shoulder line
Shoulder line Shoulder line H
Loess- i Loess-
tableland | Hill-slope |  Hill-slope | tableland
. Gully- Gully- |
¢ slope slope |

Fig. 1. Location of study area in the Loess Plateau (a), and the distribution of the 28 sampling sites in the study area (b), geomorphological feature in the loess-tableland and gully region of

the Loess Plateau (c), and the typical profile illustrating the gully shoulder-line's location (d).

significantly different, and the three slope situations are obviously sep-
arated by two clear boundaries (Fig. 1c, d). The area of loess-tableland
region accounts for 57% of the study watershed area, and its terrain is
flat and the slope is generally less than 5°. The hill-slope area accounts
for 16% of the watershed area, and the slope gradient ranges from 5° to
35°. The slope gradient of gully-slope is relatively larger, mostly greater
than 35°. Therefore, the 5° and 35° are treated as the critical slope gradi-
ent to extract the two shoulder lines for identifying the loess-tableland,
hill-slope and gully-slope. Firstly, the DEM (30 m x 30 m) of study wa-
tershed was imported into ArcMap software (version 10.2), and the
slope raster data (Triangulated Irregular Networks Data) was obtained
through the 3D Analysis Tool in the Arc Toolbox. Then, the slope gradient
was divided into three categories (<5°, 5-35°, >35°) (Zhu et al., 2003;
Song et al,, 2013), and the two extracted boundary lines were illustrated
in Fig. 1b.

2.3. Selection of sampling sites

From July to September 2018, we investigated in detail the land uses
and plant communities of three slope situations (loess-tableland, hill-
slope and gully-slope) in the Nanxiaohegou watershed. As a result, 11,
10 and 7 sampling sites were selected on the loess-tableland, hill-
slope and gully-slope, respectively (Fig. 1d). In general, the vegetation
restoration on loess-tableland is close to the shoulder line between
loess-tableland and hill-slope for containing gully head migration.
Therefore, the sampling sites on loess-tableland were selected at least
0.5 m away from the shoulder line for sampling safety (Guo et al.,
2020b). Consequently, four land uses (11 plant communities) were se-
lected on loess-tableland, including one farmland, five grasslands, two

shrublands and three woodlands. Four land uses (10 plant communi-
ties) were also selected on the hill-slope, including one farmland, five
grasslands, one shrubland and three woodlands. Three land uses (7
plant communities) were selected on gully slope, including three grass-
lands, one shrubland and three woodlands. It was almost impossible to
find slope farmland on gully slope due to the steep slope and implemen-
tation of ecological restoration project. Therefore, no farmland sampling
site was selected on the gully-slope. It should be noted that these se-
lected sampling sites are the most typical vegetation communities
along slope situation. The Table S1 shows the basic information of
plant species and topography of 28 sampling sites.

2.4. Sampling and measurement of basic soil and root properties

Three repeated quadrats were established in each sampling site to
collect soil and root samplings according to the “S”-shaped sampling
method. Firstly, 252 topsoil samples (28 site x 3 quadrats/site x 3 sam-
ples/quadrat) were collected from the 0-10 cm soil layer by cutting
rings (100 cm® in volume), and then these samples were oven-dried
to determine soil bulk density (SBD) at 105 °C for 24 h. Similarly, an-
other 252 soil samples were collected using steel cutting rings
(100 cm?) to measure soil capillary porosity (SCP) (Wang et al., 2013,
2014). In each quadrat, three undisturbed soil samples were collected
using a steel cubic box (15 cm in length) and mixed and air-dried in
lab, and then the roots, gravel, litter and debris were picked out. As a re-
sult, 84 mixed soil samples (28 sampling site x 3 samples/site) were ob-
tained to measure clay content (Cl), silt content (Si), sand content (Sa)
and soil organic matter content (OMC). The detailed measured methods
for Cl, Si, Sa and OMC could be referred in many previous studies



M. Guo, Z. Chen, W. Wang et al.

(e.g., Wang et al., 2013, 2014; Zhu et al., 2010; Guo et al., 2018). In each
quadrat, three root samples were taken using a self-made 10 x 10 x 10 cm
(length x width x depth) steel box, and a total of 252 root samples (28
sites x 3 quadrats/site x 3 soil samples/quadrat) were acquired. These
soil-root samples were firstly placed in water to increase soil dispersion.
Then, we washed them with low pressure water and picked all the live
roots with tweezers (Guo et al., 2018). The washed live roots were
scanned by the Epson V700 Scanner (Seiko Epson Corporation, Nagano
Prefecture, Japan) and then the scanned images were analyzed in Win
RHIZO image analysis software (version 2007 pro) to indirectly acquire
root length density (RLD) and root surface area density (RSAD). Then,
the roots were oven-dried at 65 °C for 48 h and weighed to calculate the
root mass density (RMD). The measured basic soil and root property pa-
rameters were showed in Table S1.

2.5. Determination of soil erodibility parameters

Our study selected five soil erodibility parameters including satu-
rated hydraulic conductivity (SHC), soil disintegration rate (SDR),
mean weight diameter of water-stable aggregate (MWD), clay ratio
(CR) and K factor (K). The sampling of SHC, SDR, and WSA were also con-
ducted in an ‘S’-shaped pattern method. SDR is defined as the mass or
volume of soil particles separated from original soil dissipated in a static
water environment per unit time (Li et al., 2015a,2017; Guo et al., 2018,
2020Db). In this study, 252 soil samples were collected using iron cube
boxes (5 cm in side-length) and then were placed in a disintegrating
box to measure SDR (Guo et al., 2018). Similarly, another 252 soil sam-
ples were sampled with cutting ring (200 cm?) to measure SHC by the
constant water head height being 5 cm (Hu et al., 2012; Guo et al,,
2020a). The sampled 84 mixed soil samples were also used to measure
soil water-stable aggregate distribution by an aggregate analyzer with
five apertures (0.25, 0.50, 1.0, 2.50 and 5.0 mm) (An et al., 2013). The
aggregate fragments left on five sieves were oven-dried and weighted,
and then the mean weight diameter (MWD) can be calculated by
Eq. (1).

MWD = 31 [Rw;) /21w (1)

where R; and w; are the mean diameter of the i-class aggregate and the
weight of i-class, respectively.

Clay ratio (CR) is defined as the ratio of sand and silt content to clay
content and is also used to evaluate soil erodibility (Bouyoucos, 1935).
CR was calculated as follows:

CR = (Sa + Si)/Cl (2)

where Sa, Si and Cl represent the soil sand content (2-0.05 mm, %),
silt content (0.05-0.002 mm, %) and clay content (<0.002 mm, %),
respectively.

The K factor in USLE was also employed to evaluate soil erodibility,
and it was calculated by the EPIC method which was proposed by
Williams and Arnold (1997), as shown in Eq. (3).

B _0.0256Sa(1—Si) Si \%3
Kepic = {0.2 +03 exp{ 100 } } . (ct — st) 3)
T10- 0.25C
= C+exp(3.72—2.95C

-{1.0— 0.7SN; }

SNy + exp(—5.51+ 22.955N;)

where C is the organic carbon content (%), C = 0.583 x OMC;
SNy =1 — Sa / 100; Kepic is the K factor, and its unit is the US unit stan-
dard, which can be converted to the international unit (t hah MJ~ !
mm~! ha~') by multiplying by 0.1317.

Zhang et al. (2008, 2016) suggested that the revised Kepic by Eq. (4)
can be used to calculate the K factor on the Loess Plateau.
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K = 0.5158 - K¢pic—0.01383 (4)

To comprehensively evaluate soil erodibility, a comprehensive soil
erodibility index (CSEI) that reflected comprehensively the above-
mentioned five erodibility parameters was introduced and calculated
by Eq. (5).

CSEl = Y_TK; - S; (5)

where K; and S; are the weight and score of the ith soil erodibility param-
eter, respectively (Wang et al., 2018a).

The CSEI was calculated by principal component analysis (PCA) ac-
cording to the following three steps: (1) selection of parameters: SHC,
MWD, SDR, CR and K are selected as soil erodibility parameters for CSEI
index calculation; (2) In the principal component analysis, the common
factor variance reflects the contribution of a certain parameter to the
overall variance. The larger the common factor variance, the higher
the contribution. In this study, for each slope situation, the weight of
the soil erodibility parameter (K; value) was calculated as the ratio of
the common factor variance of each soil erodibility parameter to the
total common factor variance (Table 1); and (3) The value of each soil
erodibility parameter is converted into the membership value (0-1),
and the maximum value (b) and the minimum value (a) are deter-
mined. The membership value (S;) of each parameter is calculated ac-
cording to the equations shown in Fig. 2. To a certain extent, the CSEI
is positively correlated with SDR, CR, K, and thus the membership
value of the three parameters is calculated by the S function (Fig. 2a).
The CSEl is negatively correlated with SHC and MWD, and the member-
ship value of SHC and MWD is calculated by the inverse S function
(Fig. 2b).

2.6. Statistical analysis

The one-way analysis of variance (ANOVA) followed by HSD Tukey
test was employed to determine the difference in soil properties (Cl,
Si, Sa, SBD, SCP, OMC), root traits (RMD, RLD, RSAD), soil erodibility pa-
rameters (K, SHC, MWD, CR, SDR) and a comprehensive soil erodibility
index (CSEI) among different slope situations, land uses and plant com-
munities. The independence of observations, approximate normal dis-
tribution and homogeneity of variances of these parameters were
examined and verified before the ANOVA. The correlations between
soil erodibility parameters and influencing factors were determined by
Pearson correlation method. The contributions of soil, root and their
combination to total variance in soil erodibility were determined by Re-
dundancy analysis (RDA), and a Monte Carlo test with 999 permuta-
tions was employed to test the significance of the RDA (Peres-Neto
et al., 2006). Correlations among CSEI, soil properties and root traits
were determined by the Pearson's method, and the simple regression
analysis was employed to identify the relationships between CSEI and
soil properties and root traits.

According to the previous studies (Henseler et al., 2014; Sarstedt
et al., 2016; Hao et al., 2020), the partial least squares structural equa-
tion model (PLS-SEM) was used to further identify possible pathways
whereby factors control soil erodibility and also to assess the direct

Table 1
Weight of different soil erodibility parameters for calculating CSEL
Slope situation ~ Item K SHC MWD (R SDR
Loess-tableland Common factor variance 0.730 0.423 0.806 0.753 0.807
Weight 0214 0.124 0236 0.221 0.236
Hill-slope Common factor variance 0.842 049 0.816 0.457 0.809
Weight 0247 0.144 0239 0.134 0.237
Gully-slope Common factor variance 0.642 0.811 0.865 0.979 0.865
Weight 0.154 0.195 0208 0.235 0.208

Note: K, SHC, MWD, CR and SDR refer to soil erodibility factor, saturated soil hydraulic con-
ductivity, mean weight diameter, clay ratio and soil disintegration rate, respectively.
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and indirect effects of topography (elevation, EL; slope steepness, SS),
soil properties, root traits on soil erodibility parameters. The PLS-SEM
evaluation is based on the overall model goodness-of-fit index. The
models were constructed using the “plspm” package. Significant differ-
ence was determined at levels of P < 0.05, P < 0.01, and P < 0.001. All
statistical analyses were conducted with the SPSS software (version
16.0), and all figures except for Fig. 1 were produced using R software
(version 3.6.3) and Origin software (version 2020a).

3. Results
3.1. Soil properties and root traits along slope situation

Slope situation significantly influenced the majority of soil and root
properties (Fig. 3). Loess-tableland had greater clay content (Cl) and
silt content (Si) than hill-slope and gully-slope (Fig. 3a, b), while its
sand content (Sa) significantly lower than hill-slope and gully-slope
(Fig. 3c). Soil bulk density (SBD) of gully-slope was significantly 4.1%
and 5.8% greater than those of loess-tableland and hill-slope, respec-
tively (Fig. 3d). However, no significant difference in soil capillary
porosity (SCP) was found among three slope situations (Fig. 3e).
Loess-tableland had the maximum organic matter content (OMC),
which was significantly higher than those of hill-slope and gully-slope
(Fig. 3f). The root mass density (RMD), root length density (RLD) and
root surface area density (RSAD) on loess-tableland were significantly
larger than those on hill-slope and gully-slope (Fig. 3g, h, i), while no
significant differences in RLD and RSAD were found between hill-slope
and gully-slope.

3.2. Change in five soil erodibility parameters along slope situation

Fig. 4 illustrates the changes in five soil erodibility parameters along
slope situation. The K of loess-tableland and hill-slope significantly de-
creased by 30.3% and 11.8%, respectively, compared with gully-slope
(Fig. 4a). The loess-tableland had the largest saturated soil hydraulic

conductivity (SHC) (0.25 mm min~!), followed by gully-slope and
hill-slope (Fig. 4b). The mean weight diameter (MWD) of gully-slope
was minimum (0.85 mm), and it was significantly less than that of
loess-tableland but showed a non-significant difference with that
of hill-slope (Fig. 4c). The minimum clay ratio (CR) found in loess-
tableland was significantly less than those of other two slope situations
(Fig. 4d). The soil disintegration rate (SDR) of gully-slope was 1.40 times
and 1.01 times significantly greater than those of loess-tableland and
hill-slope, whereas the SDR values between loess-tableland and hill-
slope are slightly different (Fig. 4e). Overall, the five soil erodibility pa-
rameters increased from up to low slope situations.

For a given slope situation, the land use also greatly influenced soil
erodibility (Fig. 5). On the loess-tableland, the lowest K value found in
shrubland was significantly lower than that of farmland (Fig. 5a), but
the SHC showed a non-significant change among four land use types
(Fig. 5b). Compared with farmland, the MWDs of the three revegetated
land uses increased significantly by 48.7%-69.3%, but there was no sig-
nificant difference among the three revegetated land uses (Fig. 5¢).
Changes in CR and SDR with land use were the exact opposite of MWD
(Fig. 5d, e). Similarly, on the hill-slope, the K values of three restored
land uses significantly decreased by 11.1%-17.8% compared with farm-
land (Fig. 5f). Woodland had the largest SHC (0.25 mm min~!),
followed by grassland, shrubland and farmland (Fig. 5g). After revegeta-
tion, the MWD significantly increased by 0.38-1.29 times, of which the
woodland showed the maximum increase, followed by shrubland and
grassland (Fig. 5h). We found the revegetation affected the CR weakly
(Fig. 5i), whereas the conversion of farmland to vegetated land uses
can significantly decrease SDR by 61.9%-82.5%, especially in the wood-
land (Fig. 5j). On the gully-slope, however, the most of soil erodibility
parameters showed a weak change among three vegetated land uses.
The woodland had a significantly lower K than grassland and shrubland
(Fig. 5k), however, the difference in SHC among grassland, shrubland
and woodland did not reach a significant level (Fig. 51). The MWDs of
shrubland and woodland were significantly greater than that of grass-
land by 65.8% and 37.4%, respectively (Fig. 5m). Similar to loess-
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Fig. 3. Variations in basic soil and root properties of different slope situations.

tableland and hill-slope, the CR was not affected by land use (Fig. 5n),
but the shrubland had a significantly lower SDR (0.92 g min~!) than
grassland and woodland (Fig. 5n).

3.3. Contributions of soil and root to the variation of soil erodibility

The redundancy analysis (RDA) followed by Monte Carlo permuta-
tion test revealed that the variations in five soil erodibility parameters
were influenced significantly by soil and root properties on the three
slope situations (P < 0.01, Fig. 6). On the loess-tableland, the 79.7% of
total variance can be explained by soil and root properties, with soil
properties, root traits and the combination of soil and root explaining
16.1%, 5.0%, and 58.6% of the total variance, respectively. For the hill-
slope, the soil and root can contribute 79.1% of the total variance of
soil erodibility (Fig. 6b), of which soil, root and their combination
accounted 18.2%, 26.8%, and 34.1% of the total variance, respectively.
However, on the gully-slope, only the 69.8% of total variance in soil
erodibility could be explained by soil and root properties, of which soil
properties driven the most of variability (57.1%) and root and the com-
bination of soil and root only contributed 7.9% and 4.7% of total variance,
respectively (Fig. 6¢).

Our conceptual model significantly explained 87% of the change in
soil erodibility, with a goodness of fit of 0.58. Root traits were the factors
that directly influenced soil erodibility with a standardized path coeffi-
cient (SPC) of —0.45 (Fig. 7a), followed by basic soil properties (SPC =
—0.36) and topography factor (SPC = 0.24). The total effect of root
traits on soil erodibility was highest with the SPC of —0.74 that resulted
from the significant effects of root systems on soil properties. The total
effect of topography on soil erodibility was positive (SPC = 0.56) that
was mainly derived from direct effect (SPC = 0.24) and indirect effect
(SPC = 0.33) via plant root system (Fig. 7b). The cross-loading effects

also can show the differentiation among different factors in the PLS-
SEM model (Fig. 7c). Only the slope steepness and soil bulk density
displayed the positive effects on soil erodibility with SPCs of 0.74 and
0.34, respectively. However, with respect to the negative effects, we
found the OMC exhibited the highest negative effect on soil erodibility
(SPC = —0.87), followed by RBD (SPC = —0.86), RSAD (SPC =
—0.78), RLD (SPC = —0.67), Cl (SPC = —0.51), elevation (SPC =
—0.46), Si (SPC = —0.36), and SCP (SPC = —0.20).

3.4. Change in comprehensive soil erodibility index (CSEI)

The results from Sections 3.2 and 3.3 showed that the five soil
erodibility parameters and its response to influencing factors exhib-
ited a significant different change along slope situation. Therefore,
the CSEI comprehensively considering five soil erodibility parame-
ters was employed to evaluate the effects of slope situation, land
use and plant community on soil erodibility (Fig. 8).

The gully-slope had the maximum CSEI (0.72), and it was significantly
larger than that of loess-tableland but exhibited a non-significant differ-
ence with that of hill-slope (Fig. 8a). Overall, the soil erodibility
reflected by CSEI increased from the up to down slope situations.
For a given slope situation, the land use type also greatly affected
CSEI. On the loess-tableland, compared with farmland, only the
CSEI of the woodland significantly decreased by 8.0% (Fig. 8b). On
the hill-slope, the CSEI of farmland was the highest, and it was signif-
icantly higher than that of woodland (Fig. 8c). In addition, we found
that no significant difference in CSEI was obtained among farmland,
grassland and shrubland (P > 0.05), although CSEIs of grassland
and shrubland were less than that of farmland. Similarly, for the
gully-slope, the woodland had the significantly lower CSEI (0.67)
than grassland and shrubland (Fig. 8d).
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The difference in CSEI among different plant communities was com-
pared to determine the optimal revegetation model on each slope situ-
ation. On the loess-tableland, the LGBY grassland site (Bothriochloa
ischcemum) and LWSX woodland site (Armeniaca sibirica) had the rela-
tively lower CSEIs that were significantly less than those of the other
sites except for Herba Artimisiae Sieversianae (LGBH) (Fig. 9a); thus,
the two plant communities can be determined as the optimal revegeta-
tion models to reduce soil erodibility of loess-tableland. For the hill-
slope, only a grassland site (Bothriochloa ischcemum, HGBY) and the
three woodland sites showed the significantly lower CSEIs than the
other sites, of which the woodland site (HWCH) dominated by Robinia
pseudoacacia had the minimum CSEI; and thus, the combination of for-
est and grass (Bothriochloa ischcemum and Robinia pseudoacacia) should
be preferred as revegetation species (Fig. 9b). On the gully-slope, the
three woodlands showed relatively lower CSEIs than the three grass-
lands and a shrubland (Fig. 9c). The GWCH dominated by Robinia
pseudoacacia had the lowest CSEI and could be as the first choice for re-
ducing soil erodibility of gully-slope.

3.5. Response relationships between CSEI and soil and root

The CSEI of each slope situation was significantly and negatively re-
lated to OMC, RBD, RLD, and RSAD, but significantly and positively re-
lated to Sa and slope steepness (SS) (P < 0.05, Table 2). The SBD only
significantly affect the CSEI of loess-tableland, and the clay and SCP
only related to CSEI of gully-slope (P < 0.05), but the Si had no

significant effect of CSEI of three slope situations (P > 0.05). Regression
analysis revealed that the CSEI linearly increased with the increase of SS
(Fig. S1a) but linearly decreased with OMC increased (Fig. S1c). The pos-
itive logarithmical functions can be used to express the changes in CSEI
of three slope situations with Sa (Fig. S1b), whereas the CSEI logarithmi-
cally or linearly decreased with the increase of three root trait parameters
(Fig. S1d-f). In terms of all slopes, we found the CSEI was significantly cor-
related with all soil, root and topography factors (Table 2). A non-linear
regression analysis showed the CSEI could be well estimated by SS, Si,
OMC and RSAD (Eq. (6)). This result seemed satisfactory because of the
high coefficient of determination (R?> = 0.805), and less scatter was ob-
served around the fitted line (Fig. S2).

CSEI = 0.17455%%72 . In(Sa +22.51) - exp(—0.0950MC—0.043RSAD),

(6)
R? = 0.804,N = 84, P < 0.001

4. Discussion
4.1. Changes in soil and root along slope situation

Our study quantified the significant effect of slope situation on soil
properties and root traits (Fig. 3 and Table S1). The loess-tableland
had finer soil texture (higher Cl and Si and lower Sa) than hill-slope
and gully-slope (Fig. 3), which confirmed previous erosion-related
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Fig. 5. Change in five soil erodibility parameters with land use along slope situation.

studies showing that gully-slope was subject to more serious soil ero-
sion than loess-tableland and hill-slope and resulted in soil coarsening
of gully-slope (Beuselinck et al., 2000; Wang et al., 2019b). The severe
erosion on gully-slope also caused the higher soil bulk density and
poor soil porosity structure than loess-tableland and hill-slope (Neris
et al.,, 2012). Soil organic matter (OMC) is commonly considered as an
important parameter influencing soil erosion (Knapen et al., 2007;
Guo et al., 2018; Zhang et al., 2019). Our data showed that OMC de-
creased from top to down slope situation, indicating that the lower
slope of loess-tableland not only can maintain more rainfall water that
was conducive to plant growth causing the litter accumulation on top-
soil and the decomposition of plant litter and dead roots (Wang et al.,
2018a) but also cause less loss of the soil, litter and humus in topsoil
(Sun et al,, 2016). Overall, the loess-tableland had the best soil proper-
ties, followed by hill-slope and gully-slope, and root density also
showed a similar change along slope situation (Fig. 3), which, in fact,
was closely related to a complicated plant-soil feedback system induced
by revegetation (Miki, 2012; Lucas-Borja et al., 2016; Wu et al., 2016).

The better soil properties can provide a better soil environment for
plant growth, and in turn, the better growing plants also can produce
larger root density and more litter that was conducive to the improve-
ment of soil properties.

4.2. Effect of slope situation on soil erodibility

Our study revealed that slope situation significantly affected five soil
erodibility parameters and CSEI (Figs. 4, 8a). Overall, soil erodibility in-
creased gradually from up to low slope situations, which is consistent
with the result of Wang et al. (2019b) who stated the soil detachment
capacity on hillslopes of permanent gullies gradually increased from
up to down landscape positions under same erosion condition. How-
ever, Geng et al. (2017) found that soil erodibility decreased gradually
from up to low landscape positions. This disagreement may be associ-
ated with the differences in erosion characteristics, vegetation types,
soil and root properties between two study areas. The study of Geng
et al. (2017) mainly focused on the sheet, rill, ephemeral gully, and
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respectively.

gully erosion in the hilly and gully region of the Loess Plateau, while the
erosion characteristics of three slope situations of this study were gully
erosion in the loess tableland and gully region the Loess Plateau. In ad-
dition, we found the distinct differences in basic soil property, root den-
sity and vegetation community among the two studies.

The significant difference in soil erodibility among three slope situa-
tions was closely related to difference in topographical feature. In gen-
eral, soil moisture decreased with the increasing distance along gully-
shoulder line and slope gradient (Qiu et al., 2001; Hébrard et al., 2006;
Bi et al., 2008). Specifically, for a given rainfall condition, surface runoff
easily generated on gully-slope due to low soil permeability (Fig. 4b),
and the runoff and soil water drained quickly due to high slope gradient
(Fitzjohn et al., 1998; Melliger and Niemann, 2010), which meant that
the loess-tableland with lower slope gradient had the relatively higher
soil water storage. Therefore, the loess-tableland can provide a rela-
tively better soil moisture environment for plant growth, which was
conducive to the improvement of root density and soil properties
(Lawless et al., 2008; Duan et al., 2016). From the erosion perspective,
the hill-slope and gully-slope had the larger slope gradient and the
lower infiltration capacity than loess-tableland, implying that the larger
runoff rate was generated easily and quickly on hill-slope and gully-
slope and had larger runoff transport capacity under same rainfall con-
dition (Ali et al., 2013). As a result, the hill-slope and gully-slope were
subject to more serious soil erosion, and thus, the losses of organic
matter, humus and nutrient in topsoil and litter in land surface are
more severe than loess-tableland, which would provide a harsher soil
environment for plant growth, resulting in higher soil erodibility of
hill-slope and gully-slope than that of loess-tableland. Soil moisture is
a crucial factor in controlling the process of vegetation restoration
(Jian et al., 2015; Hupet and Vanclooster, 2002), and further influenced
soil erodibility (Zhang et al., 2019). Therefore, how to strengthen reveg-
etation and reasonably use soil water resource of different slope situa-
tions to decrease soil erodibility is a scientific issue worthy of further
consideration on the Loess Plateau.

4.3. Contributions of soil and root to change in soil erodibility as affected by
slope situation

Soil erodibility is the inherent soil property that is inseparably af-
fected by basic soil characteristics and external environmental factors
(Bryan, 2000; Gyssels et al., 2005; Wu et al., 2018). Our data analysis
showed that the soil properties and root traits explained significantly
the 79.7%, 79.1% and 69.8% of total variances in soil erodibility, and the
soil, root, and their combination revealed markedly different explana-
tions among three slope situations (Fig. 6), indicating that the responses
of soil erodibility to soil and root was controlled by slope situation sig-
nificantly. This observation was supported by some previous studies
(e.g., Kara and Baykara, 2014; Li et al., 2015b). The PLS-SEM model
quantitatively revealed that the slope situation (reflected by EL and
SS) effects on erodibility was obtained mainly by affecting plant growth
and root traits (Fig. 7a). Simultaneously, the model also confirmed that
the root traits had the greatest effect on soil erodibility by improving soil
properties (Fig. 7b). Lots of erosion-related studies unanimously sup-
ported the positive and significant effects of vegetation on mitigation
of soil erodibility or improvement of soil erosion resistance (De Baets
et al., 2006; Burylo et al., 2012; Vannoppen et al., 2015; Guo et al.,
2018, 2020a). Besides, in our case, we found that only the SS and SBD
displayed the positive effects on soil erodibility, and other soil and
root factors showed the negative effects, which was a little different
from the results of Hao et al. (2020) who stated that Cl, Si and specific
root length had the positive effects on erodibility. This controversial re-
sult may due to the longer revegetation time, which involved complex
ecosystem processes among climate, landscape, plant species, and soil
texture (Duyck et al., 2012; Rodriguez-Caballero et al., 2013; Hao
etal, 2020).

With regard to the mechanism of erodibility mitigation induced by
revegetation, in fact, the change in soil erodibility depended on the
soil-root feedback relationship. The root structural systems, as the dy-
namic interface between soil and vegetation, not only absorbed nutrients
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(significant levels are *<0.05, **<0.01 and

from the soil to supply the aboveground growth, but also gradually im-
proved the intrinsic properties of the soil through the existence of the
root layer (Zhang et al., 2019; Guo et al., 2020b). The positive root system
effect on soil erodibility was mainly due to root bonding effect (Li et al.,
2015a). Specifically, the diverse root exudates, mainly carbohydrates,
amino acids, organic acids and enzymes, can effectively optimize soil po-
rosity structure, improve soil cohesion and increase soil organic matter,
nutrient substances and soil microorganism species, and thus improve
soil infiltration capacity and soil structure stability and reduce soil disin-
tegration capacity, CR and K factor (McDonald et al., 2002; Wang et al.,
2013; Li et al., 2017). In turn, the variations of soil properties caused by
revegetation also influenced the succession of plant community
(Herbrich et al., 2018; Heydari et al., 2020). Our results also proved
that the change in soil erodibility strongly depended on the feedback
mechanism or interaction between plant and soil (Fig. 6), and the PLS-
SEM further indicated that slope situation greatly affected soil erodibility
by altering the plant-soil feedback relationship (Fig. 7). Therefore, slope
situation is a critical factor influencing soil erodibility (Wang et al.,
20193, b; Geng et al., 2021). Also, the scientific and reasonable spatial
planning of vegetation restoration measures should be well-designed

10

<0.001). R? indicates the variance explained by the model.

and carried out based on the difference in slope situations to further con-
trol soil and water loss and improve the quality of ecological environ-
ment of the Loess Plateau.

4.4. Response of CSEI to soil properties and root traits

Our study showed the distinct difference in correlations between
CSEI and soil properties and root traits among three slope situations
(Table 2), indicating the slope situation significantly affected the re-
sponse of soil erodibility to soil and plant root systems (Geng et al.,
2017). Moreover, we found that the slopes of the fitted equations be-
tween CSEI and SS and OMC all decreased from up to down slope situa-
tion (Fig. S1), but the gully-slope had the larger slopes of fitted
equations between CSEI and Sa and the three root trait parameters
than those for loess-tableland and hill-slope (Fig. S1). This fully signified
that the sensitivity of soil erodibility to SS and OMC declined along slope
situation from top to down, and the response of soil erodibility of gully-
slope to the changes in Sa and root traits was more sensitive than loess-
tableland and hill-slope. When considering all slope situations, we
found that Cl, Si, Sa, SS and EL showed the stronger correlation with
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Fig. 8. Variation in comprehensive soil erodibility index with slope situation and land use.

CSEl, fully manifesting the slope situation is a vital factor influencing soil
erodibility via altering soil properties and root traits (Martz, 1992;
Ziadat et al., 2010; Wang and Zhang, 2021). Furthermore, the soil erod-
ibility reflected by CSEI involving all slope situations could be predicted
by SS, Si, OMC and RSAD (Fig. S2). The SS as the slope situation factor is
applied to the prediction of soil erodibility. However, Geng et al.
(2017) suggested the median soil grain size (Ds), soil cohesion, WSA
and RMD are the optimal parameters for predicting soil erodibility.
This difference may be due to the great difference in landforms between
this study and their study, which altered the effect of revegetation on
soil, root and erodibility. In general, it is time-consuming and labor-
costing to measure a series of soil erodibility parameters for calculating
CSEI (Sheridan et al., 2000; Geng et al., 2021). The Eq. (6) in this study
can accurately and conveniently estimate CSEI using four relatively eas-
ily measured soil and root parameters, and thus it can be used as an
available approach to estimate soil erodibility of all slopes in this
study region.

4.5. Optimal selection of revegetation model for mitigating soil erodibility
along slope situation

Our study concluded that revegetation could be confirmed as an ef-
fective measure to mitigate soil erodibility (Zhang et al.,, 2019), and the
optimal land use and plant species for reducing soil erodibility were sig-
nificantly different among three slope situations. Therefore, the selec-
tion of land use and its corresponding plant species for reducing soil
erodibility should be seriously considered according to the difference
in slope situation on the Loess Plateau. The comprehensive soil erodibil-
ity (CSEI), fully considering various soil erodibility parameters, was
assigned to clear the optimal models of different slope situations. The
comparison recommended strongly that the Armeniaca sibirica, the
combination of Bothriochloa ischcemum and Robinia pseudoacacia, and
the combination of Armeniaca sibirica and Lespedeza bicolor could be
used as the first-choice revegetation models for mitigating soil erodibil-
ity of loess-tableland, hill-slope and gully-slope, respectively. This selec-
tion was supported by some studies (e.g., Korkanc et al., 2008; Duan
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et al,, 2016; Wang et al., 2019a), and was also different from some pre-
vious studies (e.g., Li et al., 2015b; Wei et al., 2007; Zhang et al., 2019).
The differentiation was probably mainly caused by different plant com-
munities that was determined by the different erosion environments
(e.g., climate, rainfall, topographic conditions, seed bank, soil texture)
(Jiao et al., 2008; Liu et al.,, 2018; Wang et al., 2018b). It's worth noting
that the herbaceous vegetation on gully-slope easily caused severe shal-
low landslide and soil erosion under extreme rainfall conditions (Guo
et al., 2020c). Therefore, we should cautiously consider the use of herba-
ceous vegetation as the main revegetation species on the steep gully-
slope. Fortunately, our recommendation (combination of Armeniaca
sibirica [grass] and Lespedeza bicolor [shrub]) satisfied this requirement.

4.6. Limitations and significance of this study

Soil erodibility is an indispensable parameter in the field of soil ero-
sion (Saygin et al., 2018), and the slope situation is an important factor
driving vegetation restoration progress and affecting soil erodibility.
This study clarified the response of soil erodibility to slope situation
and its relationships with soil properties and root traits in a typical wa-
tershed of the loess-tableland and gully region. Moreover, an empirical
model was developed and well estimated soil erodibility of all slopes.
However, there is a potential limitation of single watershed sampling
design combined with a relatively small sample size of sites. Thus, fur-
ther studies should be conducted in more typical watersheds of the
study region to make the results of this study more reliable and univer-
sally applicable. The empirical equation also needs to be calibrated for
estimating soil erodibility of other areas of the Loess Plateau. Although
the earlier-noted imperfection represents a limitation of our study, we
clearly identified the effect of slope situation on soil erodibility and
developed a model for predicting soil erodibility of different slope situ-
ations by using some easily measured topography, soil and root param-
eters. More important, our study recommends the optimal revegetation
models for reducing soil erodibility of loess-tableland, hill-slope and
gully-slope, which is of great guiding significance for reasonably collo-
cating vegetation measures on different slope situations.
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Fig. 9. Difference in comprehensive soil erodibility index among different vegetation communities on different slope situations. Note: LFYM, Zea may; LGCM, Stipa bungeana; LGBH, Herba
Artimisiae Sieversianae; LGMX, Medicago sativa; LGZM, Artemisia scoparia; LGBY, Bothriochloa ischaemum; LSHZ, Lespedeza bicolor; LSHQ, Hippophae rhamnoides; LWSX, Armeniaca sibirica;
LWCH, Robinia pseudoacacia; LWHT, Juglans regia; HFXM, Z. may; HGZM, A. scoparia; HGBC, Agropyron cristatum; HGBH, H. Artimisiae Sieversianae; HGTG, Artemisia gmelinii; HGBY,
B. ischaemum; HSSZ, Ziziphus jujuba var. spinosa; HWCH, R. pseudoacacia; HWCB, Platycladus orientalis; HWSX, A. sibirica; GGTG, A. gmelinii; GGCM, S. bungeana; GGBY, B. ischaemum;
GSHZ, L. bicolor; GWCH, R. pseudoacacia; GWSX, A. sibirica; GWYS, Populus tomentosa.

Table 2
Correlations between comprehensive soil erodibility index and soil properties and root traits in different slope situation.
Slope Soil properties Root traits Topography N
situation
Cl Si Sa SBD SCP OMC RBD RLD RSAD SS EL
Loess- -0.02 -0.29 0.43™ -0.30  —0.75" -042° -035" —0.68" 046~ —0.06 33
tableland
Hill-slope 0.30 -0.25 0.30 —0.26 —0.55" —0.63" -0.65" —0.55" 043" 0.12 30
Gully- —0.46° —0.002  0.50 0.30 -0.53" -0.51" —0.63™ —0.60™ 0.08 21
slope
—0.57"" —0.68"" —0.53" 84

Allslopes  —0.38** —0.38" - 033 -0.21 - —0.65™

Note: Cl, clay content; Si, silt content; Sa, sand content; SBD, soil bulk density; SCP, soil capillary porosity; OMC, soil organic matter content; RBD, root
mass density; RLD, root length density; RSAD, root surface area density; SS, slope steepness; EL, elevation. Significant levels are *<0.05 and “*<0.01. N
is the sample number.
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5. Conclusions

We found that soil properties and root traits changed significantly
along the slope situation. Soil erodibility reflected by K, SHC, MWD, CR,
and SDR was also affected by slope situation and land use. The variations
of soil erodibility parameters were significantly affected by soil and root,
and the soil and root can contribute 79.7%, 79.1% and 69.8% of total var-
iances in soil erodibility of loess-tableland, hill-slope and gully-slope, re-
spectively. The PLS-SEM revealed that the slope situation significantly
affected soil erodibility by altering plant (root) growth and its induced
soil properties. Furthermore, the CSEI also showed significant changes
with slope situations, as well as land uses and plant communities, and
the slope situation strongly changed the relationships between CSEI
and soil properties and root traits. An empirical model involving SS, Sa,
OMC and RSAD was recommended to estimate soil erodibility (CSEI). Be-
sides, the Armeniaca sibirica, the combination of Bothriochloa ischcemum
and Robinia pseudoacacia and the combination of Armeniaca sibirica and
Lespedeza bicolor strongly recommended as the preferred restoration
species for reducing soil erodibility of loess-tableland, hill-slope and
gully-slope, respectively. This study is of great guiding significance for
the rational planning of revegetation measures on different slope situa-
tions of the Loess Plateau.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145540.
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