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Abstract
Purpose The crisscross region of the Chinese Loess Plateau is
affected from both wind and water erosion, and their relative
contributions remain unclear. A combination analysis of 137Cs
inventories, surface soil sample properties, and the local wind
condition allows the measurements of total soil erosion, as
well as the rates of wind and water erosion that are indepen-
dently affected by slope aspect at a experimental site in the
study area.
Materials and methods This study selected eight straight
slope for investigation. Although the slopes had similar gradi-
ents, lengths, elevations, shapes, vegetation conditions, soil
types, and land-use types, they faced different aspects. This
study tested the soil organic matter content, particle size, spe-
cific surface area, and 137Cs inventory, including the mean
137Cs reference inventory from a region of flat grassland near
a century-old temple located on the top of a hillslope. Water
erosion were assumed to be similar for slope aspects on con-
dition that rainfall and environmental conditions were similar,
and differences in erosion on slope aspects were mainly attrib-
utable to wind erosion. This assumption was confirmed by

stepwise linear regression analysis, and wind erosion was es-
timated from total erosion and water erosion.
Results and discussion The east-facing slope experienced al-
most no wind erosion, and erosion (91.4 t ha−1 year−1) it
experienced was primarily caused by water according to esti-
mation of total erosion and analysis to wind conditions. Based
on the assumption that water erosion was similar on all slopes,
the west-facing slope exhibited a similar rate of water erosion
to the east slope, while the rate of wind erosion was
16.9 t ha−1 year−1. The northwest slope had the highest wind
erosion rate (42.3 t ha−1 year−1), while the slope opposite to it
(the southeast slope) had the highest wind deposition rate.
Wind erosion on average contributed 27.4% to total erosion
on windward slopes (northwest and north), while deposition
occurred on the opposite leeward slopes (southeast and south).
Conclusions Although water erosion was found to be the pri-
mary driver of soil loss in this watershed, the effect of wind
erosion cannot be neglected. It was mainly response for the
erosion difference on slope aspects.

Keywords 137Cs measurements . Contribution . Erosion
driver . Slope aspect .Wind erosion and deposition

1 Introduction

Soil is the foundation of biodiversity, ecosystem services, land
degradation, energy security, food, and water supplies (Brevik
et al. 2015; Keesstra et al. 2016; Wang et al. 2017).
Accordingly, soil erosion is a significant threat to the capacity
of ecosystem services of soil. Soil erosion is affected by mul-
tiple factors, for which terrain factors, such as slope gradient,
length, shape, and aspect, are very important in hilly areas
(USDA 1996; Renard et al. 2011). Although the influence of
slope gradient, length, and shape has been studied in detail
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(Pennock and Jong 1987; Stefano et al. 2000; Zhang et al.
2013), relatively few studies have dealt with slope aspect,
even though it is considered to be the most important terrain
factor after slope gradient (Carter and Ciolkosz 1991).
Researchers have attributed the varying intensities of soil ero-
sion on different slope aspects to changes in hydrological
rainfall, wind-driven rainfall, solar radiation, vegetation con-
dition, antecedent soil moisture, and parent material (Sigua
and Coleman 2010; Beullens et al. 2014; Marzen et al.
2015). These erosional differences also affect soil formation,
transpiration and temperature, landform evolution, the trans-
port and distribution of nutrients and carbon, and microbial
properties (Franzmeier et al. 1969; Sigua and Coleman 2010;
Huang et al. 2015; Fang and Guo 2015). Previous studies
related to the effects of slope aspect on soil erosion were
mainly conducted in areas dominated by water erosion
(Huang et al. 2015), but they did not include areas facing
multiple erosion forces, such as those seen in the wind–water
erosion crisscross region of China. In addition, most studies
used only GIS and DEM analyses, and few were based on
field measurements (Li et al. 2005).

The wind–water erosion crisscross region of China is a
highly eroded belt located on the northern border of the
Chinese Loess Plateau. The geographic coordinates of this
region are 35° 20′–40° 10′ N, 103° 33′–113° 53′ E (see the
map in Fig. 1). In other areas of the plateau, either wind or rain
dominates as the primary agent of erosion, but in the crisscross
region, both these forces are significant, which result in the
highest erosion rates on the plateau. These forces have

produced a characteristic terrain covered by a network of val-
leys and gullies. Moreover, eroded soil is an important source
of sediments, especially coarse particles, in the lower reaches
of the Yellow River (Zha et al. 1993). Erosion also ravages
productive farmland and contributes to air pollution; for these
reasons, understanding both wind and water erosion in the
crisscross region of China is clearly of the highest economic
and environmental importance.

To date, study results on the contributions of wind and
water erosion in the crisscross region of China have been
inconsistent. Both Dong (1998) and Zhang (1997) con-
ducted studies in the Liudaogou watershed, but their re-
sults suggested a water-to-wind erosion ratio ranging from
4.69:1 to 12.25:1, with a mean wind erosion rate from
18.87 to 32.00 t ha−1 year−1. Such inconsistent results
may be due to the methods used, which treat water ero-
sion and wind erosion as independent processes. Before
recent advances in erosion measurement, wind and water
erosion were measured using different techniques that did
not consider the interrelations between these two process-
es. Researchers studied wind erosion by tracking changes
in soil surfaces or analyzing particulate matter collected
from the air (Offer and Goossens 1995; Hagen et al.
2010), while water erosion was typically studied by mea-
suring sediment and runoff (Owens and Xu 2011; Zhang
et al. 2011). These techniques, while they were the best
available approaches at that time, are inadequate consid-
ering the complexity of the task. Furthermore, although
remote sensing could be applied to assess water and wind

Fig. 1 Study area (a, b) and
layout of soil sampling grids (c). a
Crisscross region of the Loess
Plateau. b Locations of the study
sites in the Liudaogou watershed.
c The soil sampling grid as
applied to each of the eight slopes,
which shows transects and
sampling sites
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erosion, it is not sufficiently accurate for quantitative
studies (Ganasri and Rames 2016; Zhou et al. 2016).

Measurements of radionuclides could be used to study both
water and wind erosion and also to comprehensively study
their interactions. Cesium-137 (137Cs) has been widely used
in water erosion studies, and its use was extended to wind
erosion studies in the 1990s (Ritchie and McHenry 1990;
Sutherland et al. 1991; Yang et al. 2006; Van Pelt 2013).
This method is able to overcomemany problems in measuring
erosion and deposition rates, and has been applied successful-
ly in many regions of the world (Zapata et al. 2003). However,
few studies have applied this technique to study both wind and
water erosion within the same terrain. Li et al. (2005) used
137Cs measurements on slopes facing the four cardinal direc-
tions in the Liudaogou watershed and showed that soil erosion
rates on these slopes were significantly different and that wind
erosion contributed greater than 18% of total erosion.
Unfortunately, their results were not sufficiently detailed to
quantify erosion rates on the slopes facing different directions
(ordinal directions), and the contribution of wind erosion was
estimated based only on the difference between south-facing
and north-facing slopes.

The present study used soil fraction analyses and 137Cs
measurements to investigate soil loss on eight typical slopes
in the Liudaogou watershed. These slopes face north (N),
northeast (NE), east (E), southeast (SE), south (S), southwest
(SW), west (W), and northwest (NW), but have similar slope
gradients, lengths, elevations, shapes, vegetation conditions,
soil types, and land-use type. The objective of this study was
to estimate the contribution of water and wind erosion to total
erosion under different slope aspects.

2 Materials and methods

2.1 Study area

This study describes landforms in the Liudaogou watershed, a
typical area in the crisscross region of the Loess Plateau, lo-
cated 14 km west of Shenmu County in Shaanxi Province,
China (see Fig. 1a). The watershed has a total area of
6.89 km2, and it is characterized by a mean gully-channel
density of 7.4 km km−2. Elevations range from 1273.9 m
AMSL in the northwest to 1081.0 m AMSL in the southeast.
The region’s highly fragmented landforms are dominated by
loess hills and exhibited both aeolian (i.e., wind) and fluvial
(i.e., water) geomorphologic characteristics. The local weather
is characterized by dramatic inter-annual variations. Weather
records from 1957 through 2011 indicate an annual average
temperature of 8.9 °C with a recorded maximum of 25.0 °C in
July and a minimum of − 8.1 °C in January. Annual precipi-
tation averages 422.7 mm, most of which (76.3%) falls from
June through September. The prevailing wind is from the

northwest, with an average velocity of 3.6 m s−1, and an av-
erage of 13.5 days of gale winds (≥ 17 m s−1) per year. There
are also frequent episodes of blowing sand (approximately
255.1 h year−1), most of which (63.0%) occur in April.
Local vegetation is sparse, and slope tillage croplands are
widely distributed; almost all slopes are at least in part culti-
vated. The lack of ground cover allows extensive water and
wind erosion to occur throughout the year due to strong winds
and heavy rainfall.

2.2 Soil sampling

Eight straight hill slopes in the watershed were chosen for
sampling (Fig. 1b). Although these slopes were as nearly iden-
tical as possible with regard to slope gradient, length, eleva-
tion, vegetation condition, soil type, and land-use type, each
slope faced a different direction (i.e., N, NE, E, SE, S, SW,W,
and NW). The average gradient was approximately 12°, and
the common effective sampling length was approximately
70m,measured from the top of the hill downwards. The lower
sections of slopes were not included, since the gullies or val-
leys at the slope bottoms varied significantly. For all slopes, in
the sampling areas of all slopes, there were no visible traces of
erosion or deposition by wind or rainfall. Moreover, during
field observation on the NW slope in 2014, we collected
1.96 t ha−1 of sediment from a 20-m × l-m plot during the
rainy season (total rainfall was 405.4 mm). Three soil traps
(60 cm tall, 5 mm opening width with a collecting efficiency
approximately 80%) located on the flat hilltops facing the NW
collected few (< 145.6 g m−1) particles during the windy sea-
son. In 2004 (with a total rainfall of 426.6 mm), on a SE-
facing slope located south of our study area, Jiang and Shao
(2011) collected 2.33 t ha−1 sediments from a grassland plot
(20 m × 5 m) under 80% vegetative cover. These data sug-
gested low soil erosion on slopes in the study area and that
together wind erosion and water erosion removes just a thin
layer of surface soil each year. Prior to 2000, all hillslopes
applied in this study were cultivated land. These croplands
were plowed along contour lines using an animal-drawn, tri-
angular, single-furrow plow. The tillage depth was approxi-
mately 20 cm, and the furrow width averaged 15 cm. These
slopes have since become grasslands under the BGrain for
Green^ program, a national conservation program initiated
by the Government of China in 1999. The well-established
vegetation Stipa bungeana (Gramineae) is the dominant spe-
cies in the region, and we determined that there was similar
vegetation cover (from 60.0 to 70.0%) on the eight selected
slopes, using the quadrat method (1 m × 1 m in close proxim-
ity to every other sampling site along the middle transect of
each slope). Total vegetation cover averaged 66.5% in
October 2014 (residue cover included). Therefore, loss soil
on these slopes could be due to wind, rainfall, and tillage
before 2000, but only could be due to wind and rainfall

J Soils Sediments



processes after 2000. The greatest distance between any sam-
pled slope was less than 2.0 km. Thus, 137Cs analysis is ap-
propriate in this case, based on the similar conditions and the
locations of the eight slopes.

The soil sampling strategy used for 137Cs testing in this
study was based on transects. We marked three evenly spaced
transects on each slope, all of which extended from the top of
the hill downwards for approximately 70 m; seven soil collec-
tion locations were spaced at equal intervals along each tran-
sect line. All soil samples were taken at a depth of from 0 to
30 cm using a steel core tube with an inner diameter of 6 cm.
The uppermost sampling sites were approximately 1 m from
the hilltop (Fig. 1c). Previous studies (Zhang et al. 1990, 1994;
Li et al. 2005) have demonstrated that a depth of 30 cm is
sufficient to detect 137Cs activity for cultivated land, depend-
ing on the position of the sampling site on the slope. To in-
crease the accuracy of our results, we collected two soil cores
0.1 m on either side of the transect line at each sampling site.
These two cores were combined, giving a total of 21 samples
for each slope, and tested 137Cs activity separately. We also
collected soil samples at depths of from 0 to 5 cm and from 40
to 45 cm along transects near each 137Cs sampling sites. We
took two samples from either side of each transect, making for
a total of 7 surface soil samples and 7 sub-tillage samples (40–
45 cm) for each slope. We collected these surface samples for
analysis of grain size distribution, specific surface area (SSA),
and organic matter content, to provide additional information
on wind erosion in the region. Reference samples for 137Cs
were collected from flat grasslands near a century-old temple
located close to the study slopes (Fig. 1b). Grass shorter than
5 cm on average distributed in tufts with a total coverage
approximately 23%. Eleven additional soil cores were taken
at depths from 0 to 30 cm at randomly chosen locations in
areas approximately 10 m × 15 m, each sample was greater
than 300 g, used for separate testing of 137Cs activity. We
collected sample using a steel core tube with an inner diameter
of 6 cm in a profile with a depth-incremental of 10 cm and
then bulked together. The distribution of 137Cs in disturbed
and undisturbed soils differed (Uğur et al. 2004; Sac and
Ichedef 2015). Our study also collected a group of depth-
incremental samples from 0 to 30 cm depth-incremental of
5 cm using a steel core tube with an inner diameter of 6 cm.

2.3 Soil analysis

All samples were air-dried, ground, sieved through a 1-mm
screen, fully mixed, and weighed. They were analyzed at the
State Key Laboratory of Soil Erosion and Dryland Farming on
the Loess Plateau, Institute of Soil and Water Conservation,
Chinese Academy of Science and Ministry of Water
Resources during November and December 2014.

Each surface soil sample was divided into two parts: one
part was passed through a 0.25-mm sieve and its soil organic

matter content was measured using dichromate oxidation and
external heat methods; particle size analysis was conducted on
the second part, using a Mastersizer 2000 particle size analyz-
er (Malvern Instruments, Malvern, UK). Values of SSAwere
estimated from the particle size distribution, assuming spher-
ical particles. All samples were tested twice. The grain size of
particles was classified according to the United States
Department of Agriculture (USDA) soil particle size classifi-
cation system, and soil textures were described by the percent-
age of clay (< 0.002 mm), silt (0.002 to 0.05 mm), and sand
(0.05 to 2 mm) (Minasny and McBratney 2001).

The content of 137Cs was measured using low-background
gamma spectrometry with a hyperpure coaxial germanium
detector linked to a multi-channel digital analyzer system
(EG and G, ORTEC). All sample weights were greater than
300 g. All 137Cs samples were measured at 661.6 keV, and
count times were typically over 28, 800 s. The minimum de-
tectable activity value of the instrument was 0.2 Bq kg−1 in
this study calculated from the equation of GB/T 11713-2015
(2015).There were 25 counting channels used in the calcula-
tion of 137Cs activity. Results had a precision of approximately
6% at the 95% level of confidence.

2.4 Calculation of net soil loss

Net soil loss from each sampling locationwas calculated using
a simplified mass balance model (Zhang et al. 1990; Walling
et al. 2007). The reliability and precision of this model have
been demonstrated in several sloping field soil erosion estima-
tion applications (Yang et al. 2004; Sac et al. 2008) (the
possible effects of tillage erosion are discussed in
Section 4.1). The model used the following equations:

Y ¼ 10dB

P
1− 1−

X
100

� �1= t−1963ð Þ !
ð1Þ

X ¼ 100
Aref−At

Aref
ð2Þ

where

Y is the mean annual soil loss (t ha−1 year−1);
d is the depth of the plow layer (m), 0.2 m in this study;
B is the bulk density of soil (kg m−3), which was

1120 kg m−3;
P is the particle size correction factor;
X is the percentage reduction of the total 137Cs inventory;
t is the sampling year (2014);
Aref is the local reference inventory of 137Cs (Bq m−2),

which averages 1150 ± 132 Bq m−2; and
At is the measured 137Cs inventory at the sampling point

(Bq m−2).
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The distribution of 137Cs activity is characterized by a typ-
ical vertical depth distribution in undisturbed soil. We deter-
mined that 137Cs activity decreased exponentially with in-
creasing sampling depth (Fig. 2). Generally, 137Cs is prone
to be absorbed onto fine particles, and both water- and wind-
driven erosion soil particles are sorted by size during transport.
The particle size correction factor P is therefore necessary for
estimation. In water erosion studies, the mobilized sediment is
easy to collect, and its SSA can be calculated accurately.
However, in the wind erosion or wind–water erosion studies,
the eroded sediment is difficult to collect, and it is therefore
difficult to calculate an accurate SSA of mobilized sediment.
Yang et al. (2013) used the SSA of sediment remaining after
erosion to calculate P, and we also applied this method in our
study. The remaining soil often is coarser than the original
soil; consequently, P should generally be below 1.0. The P
values for slopes were calculated using Eq. (3) (Yang et al.
2013):

P ¼ Se
So

� �v

ð3Þ

where

Se is the specific surface area of the remaining erosion
sediment (m2 g−1), represented by the SSA of soil
collected from 0 to 5 cm depth;

So is the specific surface area of the original soil (m2 g−1),
determined from the SSA of soil below the tillage layer
(collected from 40 to 45 cm depth in this study); and

v is a constant, set to 0.75 based on the work by Yang et al.
(2013).

2.5 Discrimination of wind and water erosion

The seasonal distribution of the study area fluctuates between
rainy and drought months. The duration of the rainy season
lasts from June to September, and during this time, winds are
relatively weak. There are occasional gales, but most are ran-
dom and of short duration, typically occurring just before rain-
fall (Zha et al. 1993). Wind erosion is negligible during the
rainy season due to high soil moisture and extensive vegetation
coverage. Thunderstorms are frequent and cause intensive wa-
ter erosion. The study area typically experiences a period of
drought from October to May. Precipitation is scarce, and run-
off and water erosion are relatively insignificant. During this
period, dry weather, sparse vegetation, strong winds, and cycles
of freezing and thawing tend to significantly increase wind
erosion. Meteorological records of wind direction, and frequen-
cy, collected from the study area between 1961 and 2010, show
that N winds had the highest average annual accumulative fre-
quency, followed by NWand S winds, which were the second
and third most common wind directions, respectively; E winds
exhibited the lowest frequency (Fig. 3a). Winds that blew most
frequently and forcefully during drought periods were shown to
cause the greatest soil erosion, but it should be noted that not all
winds led to soil erosion.

During periods of drought, winds blowing from different
directions show significant differences in wind energy. Based
on a 5-year study conducted from 1992 to 1996, Zhang (1997)
calculated the effective wind erosion energy of different wind
directions in the Liudaogou watershed. The present study used
this older data set, due to a lack of relevant current observa-
tional or recorded data detailing wind speed, wind direction,
and blowing hours for this region. The effective erosion ener-
gy for E winds was only 0.2 J day m−2, while the greatest
energy, exhibited by W winds, was 12.9 J day m−2 during
April. Values for all other months were less than
2.0 J day m−2 (Fig. 3, Table S1, Electronic Supplementary

Material). However, it has been suggested that the average
threshold wind velocity for soil loss was 7.3 m s−1 in this area
(Zhang 1997), indicating that when the effective erosion en-
ergy is less than 7.6 J day m−2, no wind erosion will occur.
Moreover, vegetation cover has increased since the implemen-
tation of the BGrain for Green^ program, and the threshold
wind erosion velocity should have been greater than
7.3 m s−1 at the time of the present study.

Soil erosion due toWwinds would therefore transport only
a small soil mass over the top of hills and would not produce
significant deposition on the E slope. Slopes in this study were
grouped into windward (NW and N) and leeward (S and SE)
slopes, based on local prevailing winds. Based on the seasonal
distribution of rain and drought, the effective erosion energy
of winds, and the conditions of the E and W slopes, we as-
sumed that east-facing slopes were affected primarily bywater
erosion, while hillsides facing the other seven directionsFig. 2 The depth distribution of 137Cs activity at the reference site
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underwent both water and wind erosion. The erosion on east-
facing slope was used as the benchmark for estimation of the
amount of wind erosion or deposition on all other slopes.

In order to confirm our assumption, linear regression anal-
ysis was applied. Factors that affects soil erosion on slopes in
this study included vegetation, slope gradient and aspect, wind
and rainfall conditions, and soil erodibility. We assumed that
rainfall distribution on slope aspects were uniform due to the
limited distance between sampling slopes (< 2.0 km) on con-
dition that windblown rainfall was not taken into account
since wind often blows just before rainfall according to a study
by Zha et al. (1993). Vegetation was used its coverage due to
the similarity of vegetation types. Soil erodibility was repre-
sented by the content of high erodible particles (fine sand and
medium sand) according to a study by Skidmore and Powers
(1982). Thus, the factors affecting variation in total erosion on
slope aspects used in this study were expressed as follows:
vegetation cover (%), slope gradient (°), slope aspect (°), con-
tent of fine and medium sand (%), and cumulative time of
winds greater than the threshold of wind erosion
(≥ 7.3 m s−1) based on the study of Zhang (1997). We con-
ducted linear regression analysis using IBM SPSS 19.

3 Results

3.1 The significance of influencing factors to total soil
erosion

Results from stepwise linear regression analysis showed that
the cumulative time of winds greater than the threshold of

wind erosion significantly contributed to the variation in total
erosion on different slope aspects (P < 0.05, R2 = 0.89)
(Table 1). This confirmed our assumption that wind erosion
primarily influenced variations on sloping facing different di-
rections and also proved the emendation that water erosion
was similar on the slope aspects investigated in this study.

3.2 Differences in total soil erosion rates on slope aspects

By comparing the 137Cs inventory of soil samples from the
eight slopes to the reference samples, we were able to calcu-
late the overall total water and to estimate wind erosion rates
for each slope based on the assumption that water erosion rates
were similar on slope aspects. The NW slope, facing local
p reva i l ing winds , had the highes t e ros ion ra te
(133.7 t ha−1 year−1), and its opposite slope (SE) had the
lowest rate, a difference of 53.1 t ha−1 year−1. The N slope
had the second highest erosion rate (118.9 t ha−1 year−1),
which was 32.0 t ha−1 year−1 higher than that of the opposite
(S) slope. The differences in erosion rate were similar for the
remaining pairs of slopes and their opposite directions (i.e.,
NE–SW and E–W), with an average of 14.9 t ha−1 year−1.
Erosion rates of the S and E slopes were similar
(< 5.2 t ha−1 year−1) to those measured by Li et al. (2005),
while the erosion rate on the N slope was 22.2 t ha−1 year−1

higher than they reported, and W slope was much higher
(96.7 t ha−1 year−1) than they reported (Fig. 4a). These large
differences could be related to changes in different slope gra-
dients between these two studies. For example, the gradient of
the W slope decreased downslope in the study of Li et al.
(2005), while it remained almost constant in our study.

Fig. 3 Average wind direction and force in the Liudaogou watershed on
8 and 16 directions. a Average annual cumulative wind frequency, based
on meteorological records collected from 1961 to 2015. b Effective wind
erosion energy (J day m−2) for different wind directions based on a study
of Zhang (1997). Note that the original measurements for wind frequency
were for 16 wind directions, which were combined into 8 directions,
following the method by Zhang (1997): dividing the wind frequency of

a given direction (e.g., NNW) in half and moving them to their adjacent
directions (e.g., N and W). If the number was odd, it was rounded to an
integer and added to the adjacent direction with a greater wind frequency;
when the wind frequency of these two adjacent directions were equal, the
number was added in a counterclockwise direction. The original data used
in this study is shown in the Supplementary Information

J Soils Sediments



For each slope, total erosion rate showed a slightly decreas-
ing trend along downslope while undulating along sampling
transects. The distribution of the three replication transects
was roughly similar, but exhibited some changes, which could
have been caused by the variation in vegetation cover and
microrelief. Thus, the mean erosion rate of the three replica-
tions is reported in this study (Fig. 4b). Previous studies sug-
gested that erosion typically increased downslope. Even a
decrease in deposition can have an effect on the slope bottom
if rainfall is the dominated erosion factor under the provision
that surface slope condition is similar (Abrahams et al. 1991;
An et al. 2014; Liu et al. 2016). Tillage leads to soil removal
from upslope to downslope, and under such conditions, depo-
sition typically occurs at the bottom of the slope.Wind erosion
increases along the wind direction on the windward slope, and
such changes are complex judging from research on aeolian
sand dunes (Dong et al. 2014; Jiang et al. 2017). That is to say,
water erosion and tillage erosion will cause an increase in
erosion downslope, and variation in wind erosion is complex.

Accordingly, the chaotic distribution of total erosion with ob-
vious spatial heterogeneity should closely relate to wind
erosion.

3.3 Contribution of wind andwater erosion to total erosion

Conditional on the assumption of this study, erosion on the E
slope was used as a benchmark to estimate wind erosion on the
remaining slopes. The W slope had a wind erosion rate of
16.9 t ha−1 year−1, and the erosion rate by wind on the NW
and N slopes averaged 34.9 t ha−1 year−1; the wind-driven
erosion rate on the NW slope was higher than that on the N
slope, and wind erosion contributed 31.6% of total erosion on
this slope (Table 2). Moreover, the effective wind-driven ero-
sion energy (Zhang 1997) showed that NW winds were the
most erosive, although N winds were relatively strong during
months when wind-driven erosion was dominate (Table S1,
Electronic Supplementary Material). Therefore, both NW and N
winds could cause deposition on their opposite slopes, and

Fig. 4 Distribution of total erosion on each slope aspect ((b) and black
circles in (a)) and the comparison with results fromLi et al. (2005) (empty
squares). In the study by Li et al. (2005), the particle size correction factor
was not considered in the calculation. The slopes they investigated got

steeper on downslope direction for the E (14°(average), 12–17°(range)),
N (17°, 12–21°), and S (13°, 12–14°) slopes and gentler for the W (14°,
12–16°) slope

Table 1 Results of stepwise
linear regression analysis N NE E SW S SW W NW P

value

Slope aspect (°) 0 45 90 135 180 225 270 315 0.628

Slope gradient (°) 13.2 12.7 12.2 11.6 12.8 11.7 11.5 13 0.760

Vegetation cover (%) 60 66 68 68 69 70 68 63 0.439

Content of fine sand and
medium sand (%)

39.2 32.1 36.9 41.7 41.2 56.6 39.2 32.1 0.977

Cumulative period of winds
> 7.3 m s−1 (h)

112.8 19.2 2.4 18.1 131.6 76 55.6 152.7 0.003*

*Significant at a level of a = 0.05
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erosion estimates showed that wind deposition on SE and S
slopes averaged 7.7 t ha−1 year−1. The NE and SW slopes were
not windward slopes during windy months, and the low effec-
tive wind erosion implied that the effects of prevailing winds
are limited on these slopes. The contribution of wind erosion on
the SW slope was 9.5% higher than that on the NE slope,
mainly because the effective wind erosion energy onto the
SW slope was greater. The average contribution of wind ero-
sion to the total erosion rate on wind erosion slopes was 21.3%.

The effects of wind erosion on slope aspects are also sub-
ject to soil particle size distribution and organic matter con-
tent. Wind erosion is a process of decreases erodible particles
and relative enrichment of non-erodible particles on soil sur-
face. Although particle size shows similar effect on erodibility
for both wind and water erosion, particles within a given mid-
dle size range (such as fine sand) are more susceptible to
erosion, while large and very fine particles are more stable
(such as coarse sand and clay). For the study region, Tang
(1996) reported only negligible water erosion but strong wind
erosion on almost flat (slope < 3°) hilltops. Therefore, the soil
particle size distribution and organic matter content of surface
soil samples from the top of each transect (1 m below the
hilltops) could represent the effect of wind erosion.

Soil wind erosion typically shows strong sorting properties
(Skidmore and Powers 1982). Soil samples from the NW
slope had the largest fraction of coarse particles (i.e., sand)
and the lowest fine particles (i.e., silt and clay), while the S

slope exhibited the opposite distribution pattern. Comparing
slopes facing opposite directions (i.e., N–S, E–W, NE–SW,
and NW–SE), differences in sand content at the uppermost
sampling sites were greatest (22.9%) between the NW and
SE slopes and smallest (4.3%) between the W and E slopes.
The N and NE slopes were more similar than the S and SW
slopes (Fig. 5a, b). The differences in soil particle size distri-
bution on the eight slopes represented the differences effects
of wind erosion. The directions exposed to prevailing winds
underwent significant erosion, while directions protected from
the winds experienced little or no erosion. Sand was the pri-
mary component of surface soil samples on the NW-facing
slope, which showed the most significant drop in silt content,
while silt was the primary component on the remaining seven
slopes. These results indicated two possibilities: (1) that sand
is less likely than silt and clay to be redistributed by wind and
(2) that silt in the soil is easily lost to wind erosion and can be
transported long distances.

Soil organic matter binds strongly to fine soil particles,
which is less likely to be lost due to wind erosion (Spain
1990). Samples from slopes facing NE, E, SE, and S
contained more organic matter than the slopes facing the op-
posite directions (i.e., SW, W, NW, and N). We found that
organic matter content was greatest on the SE slope and
smallest on the NW slope (with a difference of 0.78%).
Organic matter content was most similar between the NE
and SW slopes (with a difference of 0.06%). The difference
between the S and N slopes was 0.3%, which was greater than
that between the E and W slopes (0.2%) (Fig. 5d). Despite
minor variations, the general trend was clear: fine particles,
including organic matter, tended to erode from slopes facing
prevailing winds, leaving a more significant proportion of
sand in their place. The effect of wind erosion was most prev-
alent on the NW direction, and silt had the highest eroded
fraction compared to sand and clay. The low content of organ-
ic matter observed from the NWaspect indicated that organic
matter is likely to attach more to silt particles. Thus, the loss of
silt directly leads to the decrease in organic matter (Fig. 5).

Although both 137Cs measurements and distributions of
particle size and organic matter content imply different con-
tributions of wind erosion on different slope aspects, it is clear
from the relative proportions of eroded terrain by means of
wind and water that water erosion is the primary cause of soil
loss in this watershed. Typical water-eroded gullies and chan-
nels cover 32.7% of the watershed, with a density of
7.4 m km−2 (Zhang 1997) (Fig. 6a). Although water erosion
is certainly the primary process of the landscape formation in
the studied watershed, the effects of wind erosion are also
significant, with aeolian landforms represented by sand sheets
totaling 12.1% of the watershed (Wang et al. 1993; Zhang
1997) (Fig. 6b). Wind erosion also plays an important role in
the formation of hyperconcentrated flows (i.e., sediment-
saturated flows that can be classified as either fluvial or debris

Table 2 Mean 137Cs activity and soil wind erosion rate on slopes facing
different directions

Slope
aspect

Mean
137Cs
activity
(Bq m−2)a

Total soil
erosion rate
(t ha−1 year−1)

Wind erosion/
deposition rate
(t ha−1 year−1)

Percentage of wind
erosion on total
erosion for each
slope (%)

N 173 ± 25 118.9 27.5 23.1

NE 133 ± 21 105.6 14.2 13.4

E 235 ± 27 91.4 0 0

SE 256 ± 19 80.6 − 10.8b

S 208 ± 28 86.9 − 4.5b

SW 160 ± 29 118.5 27.1 22.9

W 143 ± 23 108.3 16.9 15.6

NW 136 ± 23 133.7 42.3 31.6

The number for the calculation of each slope was from all 21 samples
except those smaller than the minimum detectable activity of the applied
gamma spectrometry. There was three for N slope, two invalid data for
NWand SE slopes, and one for the remaining five slopes, respectively. In
the calculation, the particle size correction factor (P) on the E slope was
set to 1.0, and based on this, P for the remaining seven slopes was
calculated
aMeasurement uncertainty was at 95% confidence level. The uncertainty
was calculated using its net area (A) of 137Cs activity (Owens et al. 1996)

as follows:M e ¼ 1:96� 100
ffiffiffi
A

p
A

� �
b Negative values represent wind deposition
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flows) in the Yellow River and its tributaries (Xu 2000). Based
on the assumption, in the sampled area of each slope, wind
erosion rates were found to be significantly higher than depo-
sition rates. Average soil erosion by wind exceeded
25.6 t ha−1 year−1, while deposition averaged slightly more
than 7.7 t ha−1 year−1. In addition, results from the uppermost
sampling sites indicated that the greater proportion of hilltop
soil (46.2%) consisted of silt that is highly susceptible to wind
erosion. Winds carry particles E and SE, whereby they con-
tribute to river sedimentation and air pollution.

4 Discussion

4.1 Contribution of tillage erosion to total erosion

As described in Section 2.2, the eight slopes investigated in
this study were croplands prior to 2000 and had been plowed
once per year for an indeterminate number of years after cul-
tivation Therefore, it is reasonable to surmise that soil erosion
on sloping croplands prior to 2000 was caused by a combina-
tion of rainfall, wind, and tillage and that some portion

(perhaps a significant portion) of soil loss on these slopes
could have been caused by tillage erosion.

De Alba et al. (2004) and Wang (2002) suggested that
tillage erosion is affected by topography and that slopes with
a fairly constant gradient show significantly less soil loss than
slopes with a profile curvature (i.e., convex). Soil loss due to
tillage on continuously cultivated slopes, with the exception of
the very top and bottom of slopes, could be ignored because
soil that moves downslope from any point could be compen-
sated for by soil washing in from upslope (Vieira and Dabney
2009). Agricultural practices in the study watershed included
contour tillage with an effective width of approximately 15 cm
for each tillage pass. Soil samples from the highest-elevations
on the selected eight straight slopes were all taken approxi-
mately 1 m downslope from the top of the hill, a distance
greater by a factor of 6 compared to the effective width of
one tillage pass. Plowing would cause little net soil loss, and
minor variations in hill profiles (i.e., concave and convex
areas) would have also canceled each other out as well. The
only net gain would have been at the bottom of the slope,
below the last furrow and certainly below the proposed 70 m
transects. Therefore, there would have been little or no net soil
loss caused by tillage prior to 2000 on the portions of the

Fig. 5 a–d Percentages of soil
particles (sand, silt and clay, and
clay) and organic matter found in
surface soil samples
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slopes sampled, and soil loss was therefore essentially due
entirely to water and wind erosion.

4.2 Possible causes of uncertainty in this study

Two factors introduced uncertainty in this study. The first is
due to surface variation on slope aspects caused by differences
arising fromwind-driven rainfall, solar radiation, and anteced-
ent soil moisture (Beullens et al. 2014; Marzen et al. 2015).
Using erosion on the E slope as a benchmark to estimate wind
erosion on the remaining slopes, we determined that wind
erosion on windward slopes (NWand N) was underestimated
and that on the opposite leeward slopes (SE and S) was
overestimated as a result. Compared to E slope, windward
slope surfaces were more sensitive to wind during windy
months, as they faced strong winds that resulted in low solar
radiation and antecedent soil moisture. During rainy months,
especially July and August, where the possibility of very high
water erosion is a factor (high effective water erosion energy)
(Table S2, Electronic Supplementary Material), prevailing SW
winds drive erosive, wind-driven rainfall onto SW slope.
Therefore, water erosion on SW slope should be greater than
91.4 t ha−1 year−1. The second source of uncertainty is due to
the use of soil erosion estimation models in conjunction with
137Cs measurements. The estimation models used in this study
were designed for tillage fields, while the slopes used in this
study have not been plowed since 2000. This results in bias in

total erosion estimates, but there is at present no better option.
Nevertheless, we believe our estimation results are acceptable,
since these abandoned slope farmlands are densely covered
with grass and have experienced little wind or water erosion
since that time. We presumed that erosion had mainly oc-
curred during the many years of active cultivation. The
20 m × 5 m observation plots studied by Jiang and Shao
(2011) in 2004 collected only 2.33 t ha−1 sediments from a
30-cm tall grassland under 80% vegetation cover, demonstrat-
ing limited erosion of soils under dense grassland cover.
Estimation models and methods using 137Cs measurements
should be improved upon to make them more suitable for
areas undergoing land-use changes.

5 Conclusions

Measurements of 137Cs allowed for the calculation of total soil
erosion caused by wind and water. Water erosion should have
affected E and W slopes almost equally, because the slope
gradients, lengths, elevations, shapes, vegetation conditions,
soil types, and land-use types of the slopes in the study area
were all similar, and no wind erosion occurred on the E slope,
based on analysis of wind conditions. The assumption was
validated using stepwise linear regression analysis. It showed
the acceptability of the assumption and the importance of
wind erosion on variation in total erosion on slope aspects.
The effect of wind erosion was also indicated by the chaotic
distribution of erosion rates for each slope. Given this assump-
tion, total erosion on the E slope was considered to be caused
by water erosion alone, and the amount of wind erosion was
calculated from the total values and the water erosion values
for the remaining seven slopes. The S and SE slopes exhibited
soil deposition, while the other five slopes exhibited wind
erosion. The average soil loss by wind was 25.6 t ha−1 year−1

and contributed, on an average, 21.3% of the total erosion;
windward slopes (NW and N) contributed 27.4%, while the
deposition rate on their opposite (SE and S) slopes was
7.7 t ha−1 year−1. The NW slope experienced the severest wind
erosion (42.3 t ha−1 year−1), and its opposite slope (SE) had
the greatest amount of deposition (10.8 t ha−1 year−1). This
was also confirmed by the distribution of particle fraction and
the content of organic matter. Therefore, water erosion must
be considered to be the primary process of soil loss in this
watershed, which was also confirmed by the proportion of
typical terrains that were primarily formed by wind erosion
and water erosion. Assuming that water erosion is in a similar
range on all slopes, we can conclude that wind erosion was
only a secondary process of erosion. According to the results
of the regression analysis, wind was the main factor responsi-
ble for the variation in the erosion rate on slope aspects.

Fig. 6 Autogenetic landforms, which were primarily sculptured bywater
erosion (a) and wind erosion (b), seen in the red line of (b) was covered
by sand
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