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• This study quantified the contributions
of wind and water erosion to total
erosion.

• The sites with most serious erosion and
nutrient loss located in the upper posi-
tions on northwest-facing slopes.

• Complex erosion by wind and water ac-
celerated the degradation of the soil
quality.

• Control water erosion could more effec-
tively reduce soil loss compared to the
control wind erosion.
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Wind and water erosion are two dominant types of erosion that lead to soil and nutrient losses. Wind and water
erosion may occur simultaneously to varying extents in semi-arid regions. The contributions of wind and water
erosion to total erosion and their effects on soil quality, however, remains elusive. We used cesium-137 (137Cs)
inventories to estimate the total soil erosion and used the Revised Universal Soil Loss Equation (RUSLE) to quan-
tify water erosion in sloping croplands. Wind erosion was estimated from the subtraction of the two. We also
used 137Cs inventories to calculate total soil erosion and validate the relationships of the soil quality and erosion
at different slope aspects and positions. The results showed that wind erosion (1460 t km−2 a−1) on northwest-
facing slope was responsible for approximately 39.7% of the total soil loss, and water erosion (2216 t km−2 a−1)
accounted for approximately 60.3%. The erosion rates were 58.8% higher on northwest- than on southeast-facing
slopes. Northwest-facing slopes had lower soil organic carbon, total nitrogen, clay, and silt contents than
southeast-facing slopes, and thus, the 137Cs inventories were lower, and the total soil erosions were higher on
the northwest-facing slopes. The variations in soil physicochemical properties were related to total soil erosion.
The lowest 137Cs inventories and nutrient contents were recorded at the upper positions on the northwest-facing
slopes due to the successive occurrence of more severe wind and water erosion at the same site. The results in-
dicated that wind and water could accelerate the spatial variability of erosion rate and soil properties and cause
serious decreases in the nutrient contents in sloping fields. Our research could help researchers develop soil strat-
egies to reduce soil erosion according to the dominant erosion type when it occurs in a hilly agricultural area.
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1. Introduction

Erosion by the forces of eitherwindorwater is an important cause of
soil degradation and reduction in plant productivity in agricultural areas
(Galy et al., 2015; Du et al., 2017; Van Pelt et al., 2017). Although water
and wind erosion are two common types of erosion and may occur in
specific climatic zones: wind erosion in drier regions, andwater erosion
in wetter regions, erosion is complex in semi-arid environments, as
combinations of wind and water erosion occurs on both temporal and
spatial scales (Visser and Sterk, 2007; Tuo et al., 2016).

Many researchers have analyzed the importance of wind and water
erosion processes (Song et al., 2005; Tuo et al., 2016;Wang et al., 2016).
Wind-driven sediment can be deposited directly into channels, where it
is stored until fluvial process to transport the sediment down the chan-
nel (Belnap et al., 2011). According to long-termmonitoring in terraces,
Van Pelt et al. (2017) showed thatwind erosion is a larger component of
net soil redistribution than water erosion. In an experiment that was
first conducted with wind erosion and then with water erosion, Tuo
et al. (2016) noted thatwind erosion clearly has the capacity to intensify
water erosion. In addition, some studies reported that the erosion
change depended on natural factors and human factors (Du et al.,
2017; Xue et al., 2017). Martínez-Graña et al. (2014, 2015) used a carto-
graphic method to show a high risk of water erosion in areas with high
slopes and elevations and little agricultural activity. The risk of wind
erosion is higher in sectors with low vegetation cover and highly erod-
ible textures. Although these studies could help soil conservation re-
searchers develop strategies to reduce total soil loss, quantitative
analysis of wind and water erosion is a complex task (Zhang et al.,
2011; Wang et al., 2016), and few studies have been conducted to dis-
tinguish a single erosion from the total erosion and its relationship to
soil quality (Breshears et al., 2003; Song et al., 2005; Zhang et al.,
2018). These problems hinder the recognition of the consequences of
erosion in regions where both types of erosion occur (Visser et al.,
2004).

The greatest obstacle in partitioning wind and water erosion is the
limitation of feasible methods and techniques to measure wind erosion
compared to water erosion (Van Pelt et al., 2017). Previous studies for
quantifying wind and water erosion by sampling and monitoring re-
quiredmany years andmany points in a field (Zhang et al., 2011). Exper-
iments that combined wind tunnels with simulated rainfall supported
integrated research. Tuo et al. (2015, 2016) studied wind and water ero-
sion to investigate the characteristics of runoff, sediment, and soil parti-
cles under a one-way wind erosion-rain erosion sequence. Breshears
et al. (2003) compared the horizontal mass transport of wind- and
water-driven materials in different semi-arid ecosystems. However,
these techniques basically examined bare soil at horizontal wind velocity,
the other conditions remain unknown. The measurements of sediment
by wind and water are not necessarily indicative of relative soil erosion
rates (Zhang et al., 2011). Recent studies suggested that model simula-
tions for estimating soil redistribution across a landscape could produce
a plausible result and provide a better understanding of wind and water
erosion processes (Schmidt et al., 2017; Zhang et al., 2018).

Cesium-137 (137Cs) has been widely applied as a surrogate to total
soil erosion studies on almost every continent (Van Pelt et al., 2017)
and has been used to determine the impacts of soil erosion on nutrient
dynamics in a wide range of agricultural landscapes (Afshar et al., 2010;
Nie et al., 2013). 137Cs is an artificial radionuclide (half-life of
30.17 years) that was released into the environment as a result of nu-
clear weapons tests primarily during the 1950s–1970s (Fang et al.,
2012). The use of 137Cs to estimates of soil redistribution relies on four
hypotheses (Parsons and Foster, 2011). First, 137Cs fallout is spatially
and locally uniform. Second, the fallout is rapidly fixed onto soil parti-
cles. Third, the subsequent 137Cs redistribution is due to the movement
of soil particles. Fourth, there is a reference site that should be undis-
turbed and representative of the entire study area. Finally, the estimates
of soil erosion can be derived from measurements of 137Cs inventories.
The Revised Universal Soil Loss Equation (RUSLE) models soil loss
to water erosion as a function of climate erosivity (the degree to
which rainfall can result in erosion), topography, soil erodibility,
and land management (Bowker et al., 2008). The RUSLE model is
the most widely used empirical model to calculate water erosion at
both basin and field scales resulting from sheet and rill erosion
(Conforti et al., 2016; Conforti and Buttafuoco, 2017). Unlike
process-based models such as WEPP and EUROSEM, the RUSLE
model usually does not require extensive input data and calibration
efforts (Tiwari et al., 2000; Khaleghpanah et al., 2016). The RUSLE
model has its advantages over the process-based models, because it
is accurate and easy to use in terms of parameterization (Gao et al.,
2012). Li et al. (2017a) even noted that RUSLE models could produce
sound predictions in the Chinese Loess Plateau.

This study selected typical sloped croplands with different as-
pects and positions on a field scale in the wind-water erosion criss-
cross region of the Chinese Loess Plateau. All sites were higher than
the surrounding landforms and vegetation, and thus, soils at the sur-
face were subject to erosion by water and wind. 137Cs was used to es-
timate the total soil erosion, and the RUSLE model was used to
quantify water erosion. Wind erosion results from the subtraction
of water erosion from total soil erosion. In addition, we used 137Cs
to calculate the total soil erosion and soil physicochemical properties
on slopes with different aspects and positions. The objectives of this
study were to (1) quantify the contributions of wind and water ero-
sion to total erosion in sloping croplands, and (2) investigate the re-
lationships between total soil erosion and physicochemical
properties for different slope conditions.

2. Materials and methods

2.1. Study area

The study area was located in the wind-water erosion crisscross re-
gion on the Chinese Loess Plateau (37°13′N, 107°56′E; Fig. 1). The aver-
age elevation of the area ranged from 1577 to 1705mAMSL. The area is
characterized by a semiarid climate, with amean annual temperature of
7.9 °C and a mean annual precipitation of 361.9 mm. The rainfall was
typically high-intensity and short duration rainstorms. The soils are
classified as typical loessial soil, which originated from wind deposits
and are characterized by the absence of bedding, a silty texture, loose-
ness, and macroporosity, with an average thickness of 50–80 m on the
Loess Plateau (Gao et al., 2017). Cropland is themain land use in the re-
gion because most of the native vegetation has been cleared due to the
long history of crop production, resulting in severe soil erosion, land
degradation and soil fertility loss (Jia et al., 2017). The crops in this
area were mainly millet (Setaria italica), potato (Solanum tuberosum),
and maize (Zea mays L.).

The soil in the study area is subjected to both wind and water ero-
sion. Wind erosion is dominant during the winter and spring, and
water erosion is dominant during rainy summers and the autumn. The
main wind direction is from the northwest, followed by north and
west. Wind rarely comes from the southeast. According to the China
Meteorological Data Network, the annual northwest, north, and west
winds in the study area (Dingbian County, China) accounted for 91.6,
4.8, and 3.6%, respectively, of the total wind in 2012–2014. The annual
average wind speed is 3.2 m s−1. The annual average days of wind
speed N6m s−1 are 32, and thesemainly occur inMarch, April, May, No-
vember, and December. By contrast, the monthly average precipitation
is N60 mm in July, August, and September.

2.2. Selection of study sites and soil sampling

In the April of 2014,we selected land on northwest-facing slope (de-
fined as S7, Table 1) with a long slope length (approximately 105 m)
and a uniform slope gradient (approximately 10°) to investigate the



Fig. 1. The locations of the study site and reference site.
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water erosion and total soil loss using the RUSLE model and 137Cs mea-
surements. The slope (Setaria italica) was higher than the surrounding
landforms and the vegetation and soils directly at the surface were sub-
ject to erosion by water and wind. For the entire slope, 40 sampling
points were collected from the surface soil (20 cm) using a 5-cm-
diameter hand-operated core sampler for the determination of soil
137Cs inventories. Soil bulk density (BD) of the 0–20 cm layer wasmea-
sured at each adjacent sampling point using a soil bulk sampler with a
5-cm diameter and 5-cm-high stainless-steel cutting ring. All sampling
points were equally spaced and evenly distributed on the sloped land.
Table 1
Detailed information for the study sites.

Site Slope
aspect

Average
slope
gradient (°)

Slope
length
(m)

Average
altitude
(m)

Northwest-facing
slopes

S1 NW20° 17 80 1647
S2 NW10° 16 95 1602
S3 NW32° 22 75 1637

Southeast-facing slopes S4 SE15° 18 80 1617
S5 SE30° 17 85 1678
S6 SE17° 21 75 1607

Northwest-facing
slopes

S7 NW15° 10 105 1640
In addition, six cropland sites were selected (three on northwest-
facing slopes and three on southeast-facing slopes, defined as S1–S3
and S4–S6, respectively; Table 1) based on exploratory visits and in-
terviews with local farmers. These sites were adjacent to each other
and had similar previous farming practices. Millet (Setaria italica)
was the main crop grown on these six slopes. The slopes were
ploughed, smoothed, left bare after harvest, and had never been irri-
gated. The slope gradients ranged from 16 to 22°, the slope lengths
ranged from 75 to 95 m, and the elevations ranged from 1602 to
1678 m. For each slope, four sample positions were established at
equal intervals, including upper, middle, lower, and bottom. Each
position included three points along a horizontal transect. A 5-cm-
diameter hand operated core sampler was used to collect soil sam-
ples to a depth of 20 cm for measuring the soil 137Cs inventories. In
addition, soil samples were collected from 0 to 5, 5–10, and
10–20 cm layers using a soil drilling sampler (4 cm inner diameter).
Soil samples were collected from three points and then mixed to
form one soil sample in each soil layer for measuring the physico-
chemical properties.

Four reference 137Cs inventories of the soil sampleswere collected to
a depth of 20 cm using a 5 cm diameter soil auger from a nearby site
(within 1 km) in an uncultivated, mature, naturally restored Locust for-
est. These sites had not been affected by soil erosion or deposition over
the last 55 years.
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2.3. Soil sample analysis

The soil samples were air-dried, weighed, crushed, and passed
through a 2-mmmesh screen. A 400-g sample was used to measure the
137Cs activity using a hyperpure coaxial germanium detector linked to a
multichannel digital analyser. 137Cs inventories were detected at the
662 keV peak over a counting time of 80,000 s, which provided an analyt-
ical precision of±5% for 137Cs at the 95% confidence level (An et al., 2014).

The soil organic carbon (SOC) contentwas determined by the potas-
sium dichromate volumetric method (Nelson and Sommer, 1982). The
total nitrogen (TN) content was measured by the semi-micro Kjeldahl
method (Bremner and Mulvaney, 1982). The BD was calculated de-
pending on the volume of the core sampler and the oven-dried weight
of the undisturbed soil samples. Soil particle-size distribution was ana-
lyzed by laser diffraction (Mastersizer 2000, Malvern Instruments,
Malvern, England).

2.4. Partitioning the contributions of wind and water to soil erosion

In the study, the 137Cs inventory was used to estimate the total soil
erosion for the northwest-facing slope (S7) on the hilly landscape, and
the RUSLEmodel was used to calculate water erosion. Thewind erosion
was the result of the subtraction of the two methods.

Mass balance models have frequently been used to establish cal-
ibration relationships, which consider the removal of freshly depos-
ited 137Cs fallout (by erosion) before its incorporation into the
ploughed layer in cultivated soils. In this model, sampling sites that
had lower 137Cs inventories than the reference site inventory were
regarded as eroding sites; in contrast, sampling sites that had higher
137Cs inventories than the reference site inventory were regarded as
depositional sites. In our study, the 137Cs inventories of all sampling
sites were less than the reference site inventory.

For an eroding point, erosion rate can be calculated from the follow-
ing equation (Walling and He, 1999):

dA tð Þ
dt

¼ 1−Γð ÞI tð Þ− λþ P
R
d

� �
A tð Þ ð1Þ

where R the erosion rate (kg m−2 a−1), A(t) is the cumulative 137Cs
activity per unit area (Bq m−2), d the cumulative mass depth
representing the average plough depth (kg m−2), λ the decay constant
for 137Cs (a−1), I(t) is the annual 137Cs deposition flux (Bqm−2 a−1); Γ is
the percentage of the freshly deposited 137Cs fallout removed by erosion
before being mixed into the plough layer, and P is the particle size cor-
rection factor.

ThemodifiedRUSLEmodel predicts long-termaverage annualwater
erosion using six factors that are associated with climate, soil, topogra-
phy, vegetation and management and is calculated as follows
(Rendard et al., 1997):

A ¼ R� K � LS� C � P ð2Þ

where A is the average water erosion rate (t km−2 a−1), R is the rainfall
erosivity factor (MJ mm ha−1 h−1), K is the soil erodibility factor
(t h MJ−1 mm−1), LS is the slope-length and steepness factor, C is the
cover management factor, and P is the conservation support practice
factor.
Table 2
Descriptive statistical analysis of 137Cs inventories, erosion thickness and rate on sloping land (

Variables Minimum M

Reference site
Sloping land

137Cs inventory (Bq m−2) 1376 1
137Cs inventory (Bq m−2) 240 1
Erosion thickness (cm a−1) 0.13 0
Erosion rate (t km−2 a−1) 1513 8
In this study, the R value is defined as 1345 MJ mm/(ha h), which
was taken from the result obtained by Qin et al. (2009) in this study
area. EPIC was used to model the K value for bare soil as (Sharply and
Williams, 1990):

K ¼ 0:2þ 0:3 exp −0:0256Sa 1−
Si
100

� �� �� �
Si

Cl þ Si

� �0:3

� 1−
0:25SOC

SOC þ exp 3:72−2:95SOCð Þ
� 	

1−
0:7Sn

Sn þ exp −0:51þ 22:9Snð Þ

 �

ð3Þ

where Sa is the sand content (%), Si is the silt content (%), Cl is the clay
content (%), SOC is the soil organic carbon content (%), and Sn = 1 −
Sa/100. The LS factor is calculated according to the following relation-
ships (Nearing, 1997; Qin et al., 2009):

L ¼ l
22:13

� �m

ð4Þ

m ¼
0:2; θ≤0:5 °

0:3; 0:5 °bθ≤1:5 °

0:4; 1:5 °bθ≤2:5 °

0:5; θN2:5 °

8>><
>>:

ð5Þ

S ¼ −1:5þ 17
1þ exp 2:3−6:1 sinθð Þ ð6Þ

where l is the slope length (m), m is a variable slope-length exponent,
and θ is the slope angle (°). As there is no soil conservation practice
for the plot, the P and C factors are set to be 1 (P = 1, C = 1).

2.5. Statistical analysis

The data are expressed as the means ± standard deviations. One-
way ANOVAswere used to determine the significance of the differences
in the soil properties among the slope positions and soil depths. Signif-
icancewas evaluated at the 0.05 level (p b 0.05).When significance was
observed at the p b 0.05 level, a least significant difference (LSD) test
was used to conduct multiple comparisons. Pearson correlation coeffi-
cients between the 137Cs inventories and soil propertieswere calculated
to analyse the significance of the correlations. Regression analyses were
used to determine the relationships between the 137Cs inventories and
SOC and TN contents. All of the above statistical tests were conducted
using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Spatial distribu-
tions of soil 137Cs inventories and erosion rates were obtained through
theKrigingmethod using the software surfer 8.0 (Golden Software Inc.).

3. Results

3.1. Erosion rates by wind andwater based on 137Csmeasurements and the
RUSLE model

The descriptive statistic results of 137Cs inventories for the slope
site (S7) and reference site are shown in Table 2. For the reference
site, the measured inventories were 1449 Bq m−2, with a maximum
value of 1521 Bq m−2, a minimum value of 1376 Bq m−2, and a coef-
ficient of variation 4%. For the slope site, the 137Cs inventories ranged
S7) and reference site.

aximum Mean Median Variation coefficient (%)

521 1449 1449 4
049 690 194 28
.69 0.31 0.13 41
314 3731 1539 41
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from 240 to 1049 Bq m−2, with an average of 690 Bq m−2 and a co-
efficient of variation of 28%. In addition, there were large differences
between the minimum and maximum values of the erosion thick-
ness and erosion rate for the entire slope (Table 2). The erosion
rates ranged from 1513 to 8314 t km−2 a−1, with an average value
of 3731 t km−2 a−1 and a coefficient of variation of 41%. Moreover,
the variations in the 137Cs inventories and erosion rates were af-
fected by the slope position. The 137Cs inventories in the upper part
of the slope were lower than those in the bottom part of the slope,
and an increasing trend from top to bottom occurred along the
slope (Fig. 2a). The erosion rate showed a decreasing trend from
the top to the bottom of the slope, which is opposite of the 137Cs in-
ventory trend (Fig. 2b).

In this study, the 137Cs inventory was used to estimate the degree
of total soil erosion, and the RUSLE was used to quantify water ero-
sion. The wind erosion is the result of the subtraction of the two.
The results of the 137Cs measurements showed that the total soil ero-
sion was 3676 t km−2 a−1, and the results of the RUSLE model
showed that the water erosion was 2216 t km−2 a−1. Thus, wind ero-
sion was responsible for approximately 37.9% of the total soil
erosion.
Slope position

Upper Middle Lower Bottom
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r
o
s
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a
t

0

2000

Fig. 3. Soil 137Cs inventories (a) and erosion rates (b) for the slope aspects and positions
(slope sites S1–S6).
3.2. Differences in erosion rates in various slope aspects and positions

The variations in the 137Cs inventories and erosion rates among the
slope aspects (SAs) and slope positions (SPs) were obtained for the
S1-S6 sites (Fig. 3). The 137Cs inventories ranged from 828 to
1129 Bq m−2 and 526 to 908 Bq m−2 on the southeast- and
northwest-facing slopes, respectively (Fig. 3a). The average 137Cs inven-
tory was 26.8% higher on the southeast- than northwest-facing slopes.
In addition, the inventories increased from the tops to the bottoms of
Fig. 2. The distributions of soil 137Cs inventories (a) and erosion rates (b) on slope
cultivated land (S7 slope site).
the slopes. The 137Cs inventories were lower on the upper SPs than on
the bottom SPs for both SAs (Fig. 3a). The spatial patterns of the erosion
rates on the SAs and SPs were similar to those of the 137Cs inventories.
The erosion rate varied from 2516 to 4814 t km−2 y−1 on the
northwest-facing slopes, with a mean of 3396 t km−2 y−1, and from
1525 to 2750 t km−2 y−1 on the southeast-facing slopes, with a mean
of 2139 t km−2 y−1 (Fig. 3b). The average erosion rate in the study
area was 2768 t km−2 y−1. The site with the most serious erosion (ap-
proximately 4814 t km−2 y−1) was at the top of a northwest-facing
slope.
3.3. Differences in soil physicochemical properties at various slope aspects
and positions

3.3.1. SOC and TN contents
The SOC content was 5.50% higher on the southeast- than the

northwest-facing slopes and ranged from 6.58 to 8.32 g kg−1 and 6.31
to 7.25 g kg−1 on the southeast- and northwest-facing slopes,
respectively (Table 3). The SOC content increased down the slopes for
both aspects and was highest at the bottom SPs and lowest at the
upper SPs. The SOC content was significantly lower by 22.9% in the
0–5 cm layer compared to the 10–20 cm layer on the northwest-
facing slopes (p b 0.01) but did not differ significantly on the
southeast-facing slopes (p N 0.05).

The effects of SA and SP on the TN content were similar to those on
the SOC content. The TN content was 31.67% higher on the southeast-
than the northwest-facing slopes and ranged from 0.47 to 0.64 g kg−1

and 0.33 to 0.40 g kg−1 on the southeast- and northwest-facing slopes,
respectively (Table 3). The TN content was highest at the bottom SPs
(0.64 g kg−1) on the southeast-facing slopes and lowest at the upper
SPs (0.33 g kg−1) on the northwest-facing slopes. The TN content was



Table 3
Soil physicochemical properties for the slope aspects and positions.

Topographic factors Chemical properties Physical properties

SOC content (g kg−1) TN content (g kg−1) Sand content (%) Silt content (%) Clay content (%)

Northwest-facing slope Slope position
Upper 6.64 ± 1.58a 0.33 ± 0.01b 76.29 ± 0.88a 15.30 ± 0.50a 8.41 ± 0.37a

Middle 6.31 ± 0.64a 0.39 ± 0.02a 75.57 ± 0.85a 15.65 ± 0.60a 8.78 ± 0.28a

Lower 6.80 ± 0.82a 0.40 ± 0.01a 76.07 ± 0.46a 15.09 ± 0.28a 8.79 ± 0.23a

Bottom 7.25 ± 0.51a 0.39 ± 0.00a 75.63 ± 0.34a 15.51 ± 0.08a 8.85 ± 0.26a

Soil depth
0–5 cm 5.96 ± 0.12b 0.36 ± 0.03a 76.41 ± 0.41a 15.12 ± 0.23a 8.46 ± 0.25b

5–10 cm 6.55 ± 0.96ab 0.38 ± 0.02a 75.74 ± 0.90a 15.47 ± 0.64a 8.75 ± 0.37ab

10–20 cm 7.73 ± 0.65a 0.39 ± 0.04a 75.52 ± 0.15a 15.57 ± 0.20a 8.91 ± 0.10a

Southeast-facing slope Slope position
Upper 6.58 ± 0.31c 0.47 ± 0.01c 71.61 ± 1.01a 18.31 ± 0.80b 10.08 ± 0.22a

Middle 6.41 ± 0.39c 0.53 ± 0.01b 70.36 ± 0.02ab 19.37 ± 0.19ab 10.27 ± 0.20a

Lower 7.26 ± 0.19b 0.57 ± 0.02a 69.65 ± 1.35b 19.88 ± 0.86ab 10.47 ± 0.49a

Bottom 8.32 ± 0.27a 0.64 ± 0.02a 68.97 ± 1.03b 20.36 ± 0.63a 10.67 ± 0.40a

Soil depth
0–5 cm 6.94 ± 1.04a 0.54 ± 0.07a 70.93 ± 1.17a 19.02 ± 1.01a 10.05 ± 0.17b

5–10 cm 7.07 ± 0.72a 0.55 ± 0.07a 70.26 ± 1.07a 19.32 ± 0.85a 10.41 ± 0.23ab

10–20 cm 7.42 ± 0.86a 0.56 ± 0.08a 69.25 ± 1.41a 20.09 ± 0.98a 10.66 ± 0.43a

Note: Different letters within a column among slope positions and soil depths indicate significant differences at p b 0.05.
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Fig. 4. Relationships between soil 137Cs inventory and SOC (a) and TN (b) contents (slope
sites S1–S6).
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lower in the 0–5 than the 10–20 cm soil layer, but the differencewas not
significant (p N 0.05).

3.3.2. Soil particle-size distribution
The sand content ranged from 75.57 to 76.29% and 68.97 to

71.61% on the northwest- and southeast-facing slopes, respec-
tively (Table 3). The sand content was 7.57% higher on the
northwest- than southeast-facing slopes, and the clay and silt con-
tents were 21.01 and 16.05% higher on the southeast- than
northwest-facing slopes, respectively. In addition, the clay content
was significantly lower in the 0–5 than the 10–20 cm layer on both
the southeast- and northwest-facing slopes (p b 0.05). The sand
and silt contents, however, did not clearly differ among the three
layers (p N 0.05).

3.4. Relationships of 137Cs inventory, SOC content, TN content, and soil
texture

Table 4 presents Pearson's correlation coefficients between the 137Cs
inventories and soil physicochemical properties for the S1-S6 site in the
0–20 cm soil layer. The 137Cs inventory was positively correlated with
the clay and silt contents and negatively correlated with the sand con-
tent (p b 0.05). The relationships between the 137Cs inventory and
SOC and TN contents were described well by linear functions (Fig. 4).
The areas with low 137Cs inventories had low SOC and TN contents.

4. Discussion

4.1. Contributions of wind and water erosion to total soil loss

137Cs inventories were used to estimate the degree of total soil ero-
sion. 137Cs fallout is rapidly and irreversibly fixed to soil particles. The
reference 137Cs inventory was estimated in an undisturbed, non-
Table 4
Correlations between 137Cs inventory and soil physicochemical properties.

Parameter 137Cs inventory SOC content TN content Sand content Silt content Clay content

137Cs inventory 1 0.472⁎ 0.549⁎⁎ −0.440⁎ 0.418⁎ 0.451⁎

SOC content 1 0.470⁎ −0.435⁎ 0.438⁎ 0.499⁎

TN content 1 −0.802⁎⁎ 0.815⁎⁎ 0.722⁎⁎

Sand content 1 −0.993⁎⁎ −0.959⁎⁎

Silt content 1 0.920⁎⁎

Clay content 1

Note: ⁎ and ⁎⁎ indicate significance at 0.05 and 0.01 lever, respectively.
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eroded andflat forest siteswhere the vegetation is dominated by Locust.
Generally, plant canopy determines the size and velocity of raindrops,
while soil redistribution and particle selectivity depends on the energy
of the raindrops (Wang and Shi, 2015). In our study, the canopy densi-
ties (N85%) are higher, and there is less bare soil in the Locust stands
(55 years) than in the study area. After being intercepted by the canopy,
the energy of the raindrops declines when they reach the soil; thus, the
soil loss (i.e., 137Cs migration) can be ignored. Although this hypothesis
is not exact, we believe that this did not bias the soil redistribution esti-
mations due to the large variations in climate (Van Pelt et al., 2017). The
reference 137Cs inventory in our study (1449 Bqm−2) was similar to the
result observed by Li et al. (2005), who calculated a 137Cs reference in-
ventory of 1580 Bq m−2 from soil samples on the Chinese Losses
Plateau.

The present study selected three northwest-facing slopes (S1-S3),
three southeast-facing slopes (S4-S6), and a typical northwest-facing
slope (S7). The erosion rates on these slopes were 3396 t km−2 y−1,
2139 t km−2 y−1, and 3731 t km−2 y−1, respectively, with an average
of 3089 t km−2 y−1. By using geographic information systems and the
RUSLE, Qin et al. (2019) estimated the average annual soil erosion in
the Simianyangou watershed of our study area, which ranged from
3251 to 5927 t km−2 y−1. Although this value was higher than our re-
sults, we believe that the data obtained in our study are credible consid-
ering the simulation errors and effect of topography. In addition, the
northwest-facing slopes that we selected faced an open valley, and the
dominant wind direction was from the north and northwest, as men-
tioned in Section 2.1. Thus, the northwest-facing slopes directly faced
the winds and suffered from serious wind erosion. By contrast, the
southeast-facing slopes were on the leeward side, and wind erosion
should be lower on these slopes than for the other aspects (Li et al.,
2005). The present study demonstrated that the erosion rates on
northwest-facing slopes (S1–S3) were 58.8% higher than those on
southeast-facing slopes (S4–S6). By observing and analysing, we can
infer that wind erosion could have probably promoted this difference
in soil loss between the southeast- and northwest-facing slopes. Based
on the 137Cs measurements and the RUSLE model for slope site S7,
wind erosion was estimated to approximately 39.7% of total soil loss
in the study area on the Chinese Loess Plateau. Interestingly, this value
was consistent with the result (N18%) observed by Li et al. (2005) in
the wind-water erosion crisscross region in Shenmu City on Chinese
Loess Plateau.

4.2. Response of soil physicochemical properties to wind and water erosion

Water erosion involves the detachment and transport of soil mate-
rials via raindrop impacts and runoff scouring (Issa et al., 2006; Shi
et al., 2012b). The energy of raindrops can impact the redistribution of
soil and particle selectivity (Wang and Shi, 2015; Hu et al., 2016).
Wind erosion is a dynamic process that coarsens soil texture (Dong
and Qian, 2007). Both wind and water erosion preferentially remove
finer particles (i.e., small sizes including clay and silt) and lead to high
concentrations of soil nutrients and fine particles in soil sediments
(Visser and Sterk, 2007; Tuo et al., 2016). The results showed that the
northwest-facing slopes experienced higher soil erosion and thus have
lower clay and silt contents than the southeast-facing slopes. In addi-
tion, wind erosion may have a direct influence on water erosion in re-
gions where both types of erosion occur. Wind erosion can destroy the
soil structure and loosen the ground surface material, providing the
conditions upon which water erosion can act more easily than without
precedingwind erosion (Song et al., 2005). Soil properties also affect the
transport of soil materials under the impacts of raindrop detachment
and runoff. For example, soil water retention, soil infiltration and hy-
draulic conductivity can influence the temporal variations in soil ero-
sion (Ouyang et al., 2018). Northwest-facing slopes in our study have
coarser particles than the southeast-facing slopes, which probably re-
sults in higher soil erosion. As a result, the present study demonstrated
that the soil properties were directly linked to soil redistribution. Soil
erosion affects soil nutrients not only because of its impact on soil phys-
ical properties but also because it induces a net soil loss, and then pro-
duces a net soil nutrients loss.

Terrain is a very important factor that affects soil nutrient contents in
hilly areas. Generally, the direction of sediment transport is generally
controlled by wind direction for wind erosion and by topography for
water erosion (Visser et al., 2004). Slope runoff carries fine particles of
soil from upper positions to the lower positions (Shi et al., 2012a).
Wind erosion has a stronger effect on the selective transport of soil par-
ticles in theupper parts of the slope than in the bottomparts of the slope
due to the higher terrain, resulting in the exacerbation of the soil parti-
cle redistribution in the uphill sections. As a result, the lowest 137Cs in-
ventories and the lowest SOC, TN, clay, and silt contents were obtained
at the upper SPs on the northwest-facing slopes, which were attributed
to the complex erosion forces bywindandwater and their interaction in
the same area. In addition, soil water contentmay be another factor that
affects the spatial patterns of SOC and TN contents (Jia et al., 2017).
Compared to the southeast-facing slope, the northwest-facing slopes
in our findings had lower soil water contents due to the higher winds
and more direct sunlight. The higher soil water content on the
southeast-facing slope was generally found to promote plant growth
and increase litter production, which provides soil C and N sources via
decomposition processes (Sigua and Coleman, 2010).

Interestingly, the SOC and TN contents in our study were slightly
lower in the topsoil (0–5 cm) than the 5–10 and 10–20 cm layers
(Table 3), which is perhaps due to the severewinderosion that occurred
in the winter and spring. The soil samples in our study were collected
during the spring in May, and the soils at the surface were subject to
wind erosion only after they were ploughted to the 20 cm depth.
Thus, fine soil particles would have been removed by wind erosion dur-
ing the winter and spring, which would decrease the nutrient contents
(Pires et al., 2017). Sigua and Coleman (2010) noted that nearly 77% of
the variability in the concentration of soil organic carbonwas due to the
soil clay content. Soil nutrient losses by wind erosion cannot be negligi-
ble at a field scale, compared to water erosion (Yan et al., 2005; Visser
and Sterk, 2007). For example, Buerkert and Hiernaux (1998) reported
that nearly 15 kg N and 2 kg P ha−1 y−1 were lost from traditionally cul-
tivated fields due to wind erosion. Yan et al. (2005) estimated that ap-
proximately 75 Tg C y−1 of organic carbon was lost from the surface
horizon in eroded regions in China because of wind erosion.

4.3. Implications and future work

The selected sloped croplands in our study had been converted
from forest prior to the 1950s due to the long history of crop production
and expanding human population (Jia et al., 2017). Our results showed
that the mean 137Cs inventories on the northwest-facing slopes
(749 Bq m−2) and the southeast-facing slopes (1015 Bq m−2) were
lower than that at the reference site, demonstrating that the landscape
over the last 55 years has experienced substantial net erosion. The phys-
ical degradation of soils through erosion is associated with chemical deg-
radation. Wind and water erosion control the movement of water and
material on hillslopes and substantially contribute to overall soil degrada-
tion (Visser and Sterk, 2007; Belnap et al., 2011). Middleton and Thomas
(1997) noted that wind and water erosion could account for N85% of the
soil degradation in dryland areas. This degradation process does not only
lead to losses of soil particles but also leads to reductions in plant nutri-
ents and water storage capability, resulting in the severe decline of crop
yields and environmental quality (Pansak et al., 2008).

Soil erosion intensity mainly depends on topographical factors, the
size and velocity of raindrops, and the interception of raindrops or
winds by the canopy and floor cover, which would reduce the erosive
power (Li et al., 2017b). The water erosion rate (2216 t km−2 a−1) in
our study was higher than thewind erosion rate (1460 t km−2 a−1). Al-
though the control of soil loss should fully consider the different impacts
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of water and wind erosion, our results indicated that taking somemea-
sures (such as check dams and terraces) to reduce water erosion can
maximize the reduction in total soil erosion. In addition, the different
tree species and vegetation cover had different soil erosion control
and soil C and N sequestration benefits (Jia et al., 2017). Feng et al.
(2017) noted that planting Hippophae rhamnoides was an optimal
choice for soil erosion control and soil carbon loss mitigation in the
loess hilly-gully region. Alliaume et al. (2014) reported that stubble
mulch and no-till management could be a feasible alternative to re-
duce the susceptibility of erosion by wind and water. Consequently,
topographic factors could regulate erosion control and nutrient ac-
cumulation; thus, we must consider the corresponding influencing
factors to regulate ecosystem services. These measures include
building bench terraces to fully utilize soil and water resources and
implementing no-till management on northwest-facing slopes to
control total soil erosion.
5. Conclusions

Wind and water erosion alternately occur on the Loess Plateau and
are affected by wind direction and topography, respectively. Based on
the 137Cs inventories among different slope aspects and positions, this
study indicated that total soil erosion was much more intense at the
upper positions than at the other positions, and total soil erosion was
higher on northwest-facing slopes than on southeast-facing slopes.
Soil properties were linked to soil erosion at different topographic posi-
tions. Soil erosion affects soil nutrients not only because of its impact on
soil physical properties but also because it induces a net soil loss. The
lowest SOC and TN contents were obtained at the upper positions on
the northwest-facing slopes due to severe wind and water erosion.
The results indicated that complex erosion by wind and water acceler-
ated the degradation of the soil quality.

Based on the differences in erosion amount of the typical selected
slope land that were identified using the RUSLE model and 137Cs mea-
surements, we found that the water erosion rate (2216 t km−2 a−1)
was higher than thewind erosion rate (1460 t km−2 a−1).Wind erosion
accounted for 39.7% of the total erosion, and water erosion accounted
for 60.3%. Control water erosion could effectively reduce soil loss as
compared to the control wind erosion. The results will provide a valu-
able reference for researchers to develop soil strategies to reduce soil
erosion according to the type of erosion that dominates the year when
it occurs in a hilly agricultural area.
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