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Land use and its adjustment may greatly affect soil detachment process by overland flow via altering soil prop-
erties, root systems, and tillage operations, but few studies were performed to quantify their effects on soil
detachment in the Loess Plateau. This study was conducted to investigate the potential effects of land use on
soil detachment capacity by overland flow (Dc, kg m−2 s−1) using natural undisturbed soil samples taken from
four different land uses on the red loess soil and six different land uses on the yellow loess soil, and to quantify
the relationships between soil detachment capacity and hydraulic parameters, soil properties, and root systems
in the Loess Plateau. The collected samples were tested in a 4.0 m long, 0.35 m wide hydraulic flume under six
different shear stresses (5.51–16.59 Pa). The result showed that both soil type and land use had significant effects
on Dc. For two tested soils, the mean Dc of the yellow loess soil was 1.49 times greater than that of the red loess
soil. For the red loess soil, Dc of cropland was the maximum, which was 5.57, 5.85, and 34.08 times greater than
those of shrub land, orchard, and grassland, respectively. For the yellow loess soil, croplandwasmuchmore erod-
ible than other five land uses. On average, the ratios of the croplandDc to those of orchard, shrub land, woodland,
grassland, and wasteland were 7.14, 12.29, 25.78, 28.45, and 46.43, respectively. The variability of Dc under
different land uses was closely related to soil properties, root systems, and tillage operations. Soil detachment
capacitywas positively related to silt content, and inversely related to sand content, cohesion, water stable aggre-
gate, aggregate median diameter, organic matter, and root density. The measured detachment capacity could be
well estimated by measurable parameters of stream power, slope gradient, soil bulk density, median diameter,
silt content, cohesion, and root density (Nash–Sutcliffe efficiency = 0.89).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Soil detachment, defined as the soil particles being separated from
the soil matrix at a particular location on the soil surface by erosive
agents (Wang et al., 2014a; Zhang et al., 2003), is a key process affecting
soil erosion since it determines the amount of sediment that is poten-
tially transferred to surface water bodies. Soil detachment rate is
expressed as the sediment amount detached per unit area per unit
time (Zhang et al., 2009a). With increase in sediment concentration in
flowing water, more energy is used for sediment transport, which
causes a decrease in soil detachment rate (Lei et al., 2002; Zhang et al.,
rosion andDryland Farming on
n, Chinese Academy of Sciences
i 712100, China. Tel.: +86
2009b). The maximum soil detachment rate occurs in the case of clear
water and it is termed as soil detachment capacity (Nearing et al.,
1991). Soil detachment capacity is a key parameter in many process-
based erosion models such as the Water Erosion Prediction Project
(WEPP) model (Nearing et al., 1989). Therefore, quantifying Dc under
different conditions is pivotal to calibrate and validate the process-
based erosion models.

Soil detachment capacity by overland flow is influenced by various
factors such as flow hydraulics, soil properties, root systems, tillage op-
erations, and land use (Knapen et al., 2007a; Scherer et al., 2012). For a
given soil, flow hydraulics (e.g. discharge, slope gradient, flow depth,
and velocity) control the process of detachment (Govers, 1992; Zhang
et al., 2003). Soil detachment capacity increases with flow discharge
and slope gradient, and is more sensitive to discharge than slope gradi-
ent. Shear stress and stream power are commonly used to simulate ero-
sion processes in process-basedmodels (Nearing et al., 1991). However,
some studies indicate that stream power is better than shear stress to
predict soil detachment capacity (Cao et al., 2009; Zhang et al., 2003).
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Soil detachment capacity is strongly influenced by soil properties
since it occurs on the interface of flowing water and soil (Zhang et al.,
2009a). Dc decreases with increases in clay content, bulk density, cohe-
sion, water stable aggregate, aggregate median diameter, organic mat-
ter content, and biological crust (Ghebreiyessus et al., 1994; Knapen
et al., 2007a, 2007b;Wang et al., 2013; Zhang et al., 2008), but increases
with silt content and soil moisture (Knapen et al., 2007a; Nachtergaele
and Poesen, 2002). In a flume experiment using disturbed soil samples,
Ciampalini and Torri (1998) found that soil detachment capacity could
bepredicted by clay content, bulk density, shear strength, and aggregate
median diameter. For undisturbed soil samples, De Baets and Poesen
(2010) showed that bulk density and soil moisture could be used to
estimate Dc for both bare and rooted topsoils.

Plant root is another important factor affecting soil detachment ca-
pacity by overland flow via its physically binding effect and chemically
bonding effect to enhance soil stability and resistance to flowing water
erosion (Wang et al., 2014b). Root systems also play a crucial role to im-
prove soil strength, thereby reducing the erodibility of topsoil (De Baets
et al., 2011). Soil detachment capacity decreases exponentially with
increasing root mass density (De Baets et al., 2006; Zhang et al., 2013).
Root architecture also has a great influence on the role of roots to
control soil erosion by flowing water. Fibrous root systems are more
powerful to reduce soil detachment than tap root systems (De Baets
et al., 2007).

Tillage operations (e.g. planting, plowing, hoeing, and harvesting)
disturbed land surface to form a loose erodible layer and hence pro-
motes soil detachment capacity (Zhang et al., 2009a). With time elaps-
ing after tillage, the topsoil consolidates and is difficult to detach by
flowing water due to the effect of consolidation, resulting a decrease
in soil detachment capacity (Knapen et al., 2007a; Zhang et al., 2009a).
In a field study, King et al. (1995) found that soil detachment rate was
much lower in a no-till soil than that in a conventional-till soil. In erod-
ing channels with high-discharge overland flow, Franti et al. (1999)
demonstrated that soil detachment rates from tilled channels were an
order of magnitude greater than those from no-till channels.

Many studies showed that land use has a profound influence on soil
erosion (García-Ruiz, 2010; Podwojewski et al., 2008). Among the fac-
tors related to the intensity and frequency of flowing water erosion,
land use is considered as the most important factor influencing soil de-
tachment, even exceeding the influence of rainfall intensity and slope
gradient in some circumstances (García-Ruiz, 2010). Soil detachment
capacity by overland flow may vary widely under different land uses
(Ciampalini and Torri, 1998; Knapen et al., 2007a), yet few studies
have been conducted to quantify the differences. The study conducted
by Zhang et al. (2008) found that soil detachment capacity was affected
by land use considerably. TheDc of croplandwas themaximumandwas
2.05, 2.76, 3.32, and 13.32 times greater than those of grassland, shrub
land, wasteland, and woodland, respectively.

As one of the severely eroded region, the Chinese Loess Plateauprob-
ably has the most severe erosion in the world, which directly restricts
the ecological security and the social economical sustainability in this
area (Fu et al., 2000). The principal reason for such serious erosion in
the Loess Plateau is low vegetation cover as a result of inappropriate
land use (Fu et al., 2000). Therefore, the Chinese government has paid
great attention to control soil erosion in this region. The long-term,
policy-driven “Grain for Green” project implemented in 1999 is mainly
to plant trees, grass, or to convert croplands to grasslands under natural
vegetation restoration to reduce soil erosion and improve soil quality in
the Loess Plateau (Fu et al., 2000, 2006). This project must lead to great
changes in land use, and thus results in potential changes in soil detach-
ment process.

Land use adjustment certainly causes, at least at a small watershed
scale, many changes in soil properties (Celik, 2005; Islam and Weil,
2000), root systems (Burylo et al., 2012; Pierret et al., 2007), and tillage
operations (Knapen et al., 2007a; Zhang et al., 2009a). Those changes
affect soil detachment diversely as mentioned above. However, the
impact of land use on soil detachment capacity is not yet fully quanti-
fied, especially in a landscape where the complex combinations of soil
type, land use, and plant species could certainly affect soil detachment
capacity by overland flow. The objectives of this study were to investi-
gate the potential effects of land use on soil detachment capacity by
overland flow using undisturbed soil samples collected from the red
loess and yellow loess soils subjected to detach under different hydrau-
lic conditions, and to quantify the relationships between soil detach-
ment capacity and hydraulic parameters, soil properties, and root
systems in a Loess Plateau catchment.

2. Materials and methods

2.1. Study area

Experiments were carried out in the Zhifanggou watershed in Ansai
County, Shaanxi Province, China (36°46′28″–36°46′42″N, 109°13′46″–
109°16′03″E, altitude 1010–1431 m) (Fig. 1). The watershed is
8.27 km2 in size and is characterized by a semiarid continental climate,
with the mean annual temperature and precipitation of 8.8 °C and
505 mm. The geomorphology exhibits the characteristics of a main
valley with a gully density of 4.20 to 8.06 km km−2 (Fu et al., 2006).
The soil, developed from loess parent material, has a homogeneous silt
loam texture, and isweakly resistant to erosion (Fu et al., 2006). The yel-
low loess soil and red loess soil are twomain soil types in thewatershed
and their major properties are shown in Table 1. Due to long-term in-
tensive human activities, most natural vegetation has been destroyed.
Current principal land uses are cropland, orchard, shrub land,woodland,
grassland, andwasteland. Themajor plant species of different land uses
are listed in Table 1.

2.2. Sampling site

After a completely watershed survey, the sampling sites were
stratified by soil types, land uses, and plant species. Altogether 23 sam-
pling sites (including 6 land uses, 23 plant species) and 6 sampling sites
(including 4 land uses, 6 plant species)were chosen for the yellow loess
soil and red loess soil (Table 1, Fig. 1). Some weeds grew in shrub land
and woodland, but few or none in cropland and orchard. Tillage opera-
tions such as planting, plowing, hoeing, and harvesting were operated
in croplands, while no any tillage operations were utilized in shrub
land, woodland, grassland, and wasteland. In orchard, weeds were
hoed once in the jujube on yellow loess soil. A thin layer of soil biological
crust was developed in the jujube orchard on red loess soil and on the
YWaAA wasteland site (Table 1) when soil samples were taken, which
probably had some effect on soil detachment capacity measurement.

2.3. Soil sampling

Undisturbed soil sampleswere collected from surface soil using steel
rings with a diameter of 10 cm and a height of 5 cm from August to
September 2013 for soil detachment capacity measurement. Detailed
information of soil sampling procedures could be found in previous
papers (Zhang et al., 2003, 2008, 2009a). The procedures were de-
scribed briefly here. The sampling procedures were almost the same
for all sites except for the treatment of weeds. In shrub land, woodland,
grassland, andwasteland, theweedswere clipped carefully near the soil
surface with a pair of scissors, and thus some roots existed in soil sam-
ples. In cropland and orchard, soil samples were collected from flat
patches, and few roots were taken within soil samples. When sample
was taking, the steel ring was slowly pressed down into the soil, and
was excavated carefully after the top rim of the ring was flushed with
the soil surface. Then the core bottom was trimmed to level with the
ring rims, and both ends were covered with cotton cushions and lids
to avoid disturbance during sample transport. To ensure the same soil
moisture, the soil cores were saturated for 8 h in a container with a



Fig. 1. Locations of the study watershed and the sampling sites.
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water level of 1 cm below the top soil surface, and then drained for 12 h
for soil detachment capacity measurement.

Additional soil samples were collected for each site to determine
bulk density, particle size distribution, water stable aggregate, organic
matter content, and root density. Soil bulk density was measured by
the oven-dryingmethodwith three replicates. Soil particle size distribu-
tion was determined using a Mastersizer 2000 (Malvern Instruments,
Malvern, England) with three replicates and then the median soil
grain size was calculated. Water stable aggregate was measured by
thewet-sievingmethodwith three replicates. The aggregatemedian di-
ameter was computed from the size distribution of aggregates (Wang
et al., 2012). Soil organic matter was measured using the potassium
dichromate colorimetric method for three replicates. After soil surface
was saturated by a light sprayer, soil cohesion was measured ten
times using a torvane (DurhamGeo-enterprises, Inc., UK). Soil moisture
was measured by the oven-dry method in six replicates taken around
the sampling point and the mean value was used to compute the origi-
nal dry mass of each soil sample. The mean values were used to repre-
sent soil properties for each sampling site (Table 1).

2.4. Hydraulic parameter measurement

The soil detachment capacity was measured in a 4.0 m long and
0.35 m wide hydraulic flume. The yellow loess soil (passing 2 mm
sieve) was glued on the flume bed to simulate natural grain roughness.
The slope of the flume could be adjusted manually. Flow discharge was
controlled by five valves and measured five times with plastic buckets
and a volumetric cylinder. After the flowbecame stable, theflow surface
velocity was measured using a fluorescent dye technique for ten times,
and the averagewasmultiplied by a reduction factor of 0.8 to obtain the
mean flow velocity (Luk and Merz, 1992). Flow depth was calculated
using mean velocity as:

H ¼ Q
BV

ð1Þ

whereH is the flow depth (m),Q is the flow discharge (m3 s−1), B is the
width of flume (m), and V is the mean flow velocity (m s−1). To mea-
sure soil detachment capacity under a wide range of flow hydraulics,
six combinations of slope gradient (17.4%–42.3%) and unit width flow
discharge (0.0029–0.0071 m2 s−1) were utilized in this study. Flow
shear stress (5.51–16.59 Pa) and stream power (4.86–29.58 kg s−3)
were calculated as follows:

τ ¼ ρgHS ð2Þ

where τ is the flow shear stress (Pa), ρ is the water mass density
(kg m−3), g is the gravity constant (m s−2), and S is the slope gradient
(m m−1).

ω ¼ τV ¼ ρgHSV ð3Þ

where ω is the stream power (kg s−3). The hydraulic parameters used
in this study are presented in Table 2.

image of Fig.�1


Table 1
Soil properties and root mass density of each sampling site.

Site code Land use Dominant plant species Soil texture Median soil
grain size
(μm)

Bulk
density
(kg m−3)

Soil cohesion
(kPa)

Water stable
aggregate
(0–1)

Aggregate
median
diameter
(mm)

Soil organic
matter
(g kg−1)

Root mass
density
(kg m−3)

Clay
(%)

Silt
(%)

Sand
(%)

Red loess soil
RCC Cropland Corn 18.19 71.16 10.66 17.77 1441 ± 5 7.66 ± 0.22 0.29 ± 0.01 0.79 5.52 ± 0.01 0.16 ± 0.04
ROA Orchard Apple 17.53 69.11 13.36 24.28 1307 ± 26 9.92 ± 0.43 0.44 ± 0.07 0.69 9.66 ± 0.01 0.37 ± 0.09
ROJ Jujube 26.84 67.55 5.61 10.40 1388 ± 41 10.21 ± 0.37 0.65 ± 0.04 3.26 12.36 ± 0.01 0.34 ± 0.16
RSS Shrub land Sea-buckthorn 18.01 65.73 16.26 19.24 1309 ± 58 9.98 ± 0.18 0.57 ± 0.02 2.35 10.74 ± 0.03 0.97 ± 0.21
RGA Grassland Artemisia sacrorum 19.17 65.70 15.13 16.24 1547 ± 21 10.53 ± 0.18 0.44 ± 0.03 0.87 13.78 ± 0.05 4.52 ± 0.61
RGB Bothriochloa ischaemum 12.21 55.51 32.28 31.04 1477 ± 16 11.29 ± 0.22 0.74 ± 0.07 3.76 25.01 ± 0.05 7.41 ± 0.52

Yellow loess soil
YCC Cropland Corn 11.18 68.23 20.58 28.65 1320 ± 6 7.45 ± 0.23 0.27 ± 0.02 1.26 4.98 ± 0.04 0.20 ± 0.04
YCM Millet 9.61 66.76 23.63 37.22 1165 ± 7 8.19 ± 0.19 0.26 ± 0.03 1.19 6.28 ± 0.02 0.23 ± 0.03
YCP Potato 11.08 70.77 18.15 30.96 1270 ± 19 8.04 ± 0.36 0.17 ± 0.01 1.66 7.78 ± 0.14 0.28 ± 0.06
YCS Soybean 12.16 68.29 19.55 30.00 1191 ± 23 8.70 ± 0.19 0.37 ± 0.01 0.60 6.05 ± 0.05 0.15 ± 0.02
YOA Orchard Apple 13.10 68.02 18.88 26.28 1215 ± 27 9.84 ± 0.30 0.26 ± 0.03 0.81 10.08 ± 0.12 0.28 ± 0.06
YOH Hawthorn 9.77 60.21 30.02 36.42 1346 ± 18 12.52 ± 0.32 0.43 ± 0.01 2.54 9.89 ± 0.06 0.42 ± 0.13
YOJ Jujube 16.71 67.23 16.06 20.77 1391 ± 60 12.88 ± 0.27 0.56 ± 0.05 1.82 11.24 ± 0.05 0.38 ± 0.06
YOW Walnut 8.96 63.33 27.71 35.61 1210 ± 64 10.84 ± 0.24 0.47 ± 0.01 2.42 16.45 ± 0.14 0.99 ± 0.11
YSK Shrub land Korshinsk peashrub 7.99 61.17 30.85 38.27 1049 ± 13 10.96 ± 0.23 0.42 ± 0.01 2.06 16.93 ± 0.17 0.93 ± 0.13
YSSB Sea-buckthorn 10.23 61.09 28.69 35.32 1217 ± 32 12.56 ± 0.33 0.40 ± 0.01 2.09 10.40 ± 0.07 1.58 ± 0.23
YSSD Sophora davidii 9.14 63.92 26.94 33.28 1335 ± 29 12.52 ± 0.35 0.61 ± 0.01 3.18 17.70 ± 0.03 1.27 ± 0.13
YWB Woodland Black locust 12.83 67.34 19.83 27.51 1310 ± 2 12.82 ± 0.37 0.51 ± 0.03 2.73 8.14 ± 0.10 1.46 ± 0.24
YWC Chinese pine 8.33 61.07 30.61 38.32 1155 ± 40 13.01 ± 0.24 0.45 ± 0.02 2.32 10.07 ± 0.04 1.21 ± 0.18
YWS Simon poplar 15.65 63.13 21.22 22.44 1463 ± 25 13.25 ± 0.27 0.63 ± 0.02 3.33 20.55 ± 0.16 2.18 ± 0.24
YGAA Grassland Astragalus adsurgens 12.65 62.16 25.19 28.60 1196 ± 28 12.94 ± 0.27 0.68 ± 0.01 3.84 17.79 ± 0.01 4.93 ± 0.54
YGAC Artemisia capillaris 10.78 67.10 22.11 29.97 1307 ± 30 12.15 ± 0.42 0.43 ± 0.02 2.37 9.62 ± 0.07 1.70 ± 0.22
YGAS Artemisia sacrorum 7.70 60.0 32.30 38.44 1165 ± 55 10.98 ± 0.27 0.33 ± 0.01 1.33 28.15 ± 0.23 0.72 ± 0.15
YGBI Bothriochloa ischaemum 9.74 58.43 31.83 37.73 1432 ± 23 11.92 ± 0.42 0.55 ± 0.02 2.80 12.87 ± 0.15 5.51 ± 0.81
YGCL Carex lanceolata 9.63 61.09 29.27 36.41 1252 ± 9 12.60 ± 0.39 0.38 ± 0.02 1.75 8.22 ± 0.02 5.90 ± 0.79
YGSB Stipa bungeana 14.46 59.56 25.97 30.23 1192 ± 6 12.68 ± 0.40 0.40 ± 0.01 1.68 10.48 ± 0.09 2.42 ± 0.25
YGSV Setaria viridis 10.18 59.95 29.87 35.01 1247 ± 19 12.39 ± 0.29 0.58 ± 0.06 2.74 23.60 ± 0.12 1.87 ± 0.15
YWaAA Wasteland Astragalus adsurgens +

Artemisia sacrorum
10.31 59.00 30.69 35.15 1245 ± 2 12.52 ± 0.32 0.46 ± 0.03 2.41 14.30 ± 0.16 0.48 ± 0.07

YWaBS Bothriochloa ischaemum +
Setaria viridis

9.28 61.71 29.01 34.13 1404 ± 31 12.37 ± 0.39 0.58 ± 0.03 3.29 24.15 ± 0.05 3.30 ± 0.32
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2.5. Soil detachment capacity measurement

Prior to each test, the flow discharge and flume slope gradient were
adjusted to designed values. The pre-saturated soil sample was inserted
in a circle hole on the flume bed, located at a distance of 0.5 m from the
lower end of flume, with the sample surface flush with the flume bed.
Then the soil detachment capacity measurement started, and the test
lasted no more than 300 s for each sample. When the scouring depth
reached 2 cm, the test was stopped to prevent the boundary effects
from sampling ring (Knapen et al., 2007b; Nearing et al., 1991). After
each test, the soil sample was oven dried at 105 °C for 12 h and weight-
ed to determine the final oven dry mass. Soil detachment capacity
(Dc, kg m−2 s−1) was calculated as:

Dc ¼
Mo−Mf

At
ð4Þ
Table 2
Hydraulic parameters used in this study.

Flow
discharge
(m2 s−1)

Slope
gradient
(%)

Mean flow
velocity
(m s−1)

Flow
depth
(mm)

Shear
stress
(Pa)

Stream
power
(kg s−3)

0.0029 17.4 0.88 3.2 5.51 4.86
0.0057 17.4 1.10 5.2 8.81 9.72
0.0057 25.9 1.41 4.1 10.26 14.49
0.0043 42.3 1.42 3.0 12.51 17.75
0.0057 42.3 1.59 3.6 14.88 23.67
0.0071 42.3 1.78 4.0 16.59 29.58
whereMo is the original dry mass of soil sample (kg, weight of wet soil
sample minus the water weight), Mf is the final oven-dry mass of soil
sample (kg), A is the cross-section area of soil sample (m2), and t is
the test period (s). For each shear stress, soil detachment capacity was
measured for four replicates and the mean was considered as the soil
detachment capacity for that shear stress and sampling site. Altogether,
696 samples were tested. After each test, roots within each soil sample
were collected by washing over a sieve (1 mm) and weighted after
oven-drying for 12 h at 65 °C.

2.6. Statistical analysis

Significant differences of the mean soil detachment capacity
between soil types, land uses, and plant species were detected using a
one-way analysis of variance (ANOVA) followed by LSD (p b 0.05) and
two-way ANOVA analysis. Relationships between soil detachment
capacity and flow hydraulics, soil properties or root mass density were
analyzed by a simple regression method. A non-linear regressionmeth-
od was used to estimate the relationships between soil detachment ca-
pacity and hydraulic parameters, soil properties, and root mass density.
The regression results were evaluated by the coefficient of determina-
tion and Nash–Sutcliffe model efficiency. All statistical analyses were
conducted in SPSS 17.0.

3. Results and discussion

3.1. Soil type impacts on soil detachment capacity

Two-way ANOVA analysis indicated that soil detachment capacity
was influenced by soil type, land use, and their interaction significantly



Fig. 3. Comparison of soil detachment capacities between different land uses on red loess
soil. Error bars represent the standard deviation.
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(p b 0.01). For comparison, the detachment capacities under six shear
stresses were averaged for each land use. In most cases (66.7%), soil
type influenced soil detachment capacity significantly (Fig. 2). Soil de-
tachment capacity of the yellow loess soil was 1.49 times greater than
that of the red loess soil. The ratios of soil detachment capacity in
corn, apple, jujube, Artemisia sacrorum, and Bothriochloa ischaemum
fields of the yellow loess soil to those of the red loess soil were 1.34,
1.32, 8.65, 2.46, and 6.71, respectively. The difference in soil detachment
capacity between two soils was probably caused by the differences in
the clay content and bulk density, which were reversely related to soil
detachment. The average clay content and bulk density were 18.66%
and 1412 kg m−3 for the red loess soil; whereas they were 11.44% and
1290 kg m−3 for the yellow loess soil. Thus the low measured Dc for
the yellow loess soil was expected. No significant differences between
two soil types in apple fields can be explained as follows. First, the
large variations between shear stress groups were treated as within-
treatment variances. If the tests were conducted for each shear stress
level, the results were significant. Second, the weeds were hoed in
applefields for high productivity, which certainly disturbed land surface
and thus reduced the influence of soil type on detachment. It was well
known that soil detachment rate declinedwith root density via its phys-
ically binding and chemical bonding effects (De Baets et al., 2006; Zhang
et al., 2013). In this study, the root mass density in sea-buckthorn land
of the yellow loess soil was 1.63 times greater than that of the red
loess soil, which led to the low measured Dc in the yellow loess soil.

3.2. Land use impacts on soil detachment capacity

3.2.1. Red loess soil
As shown in Fig. 3, it was obvious that land use affected soil detach-

ment capacity of the red loess soil significantly except for the difference
between A. sacrorum and jujube lands. On average, soil detachment
capacity of corn was the maximum (0.81 kg m−2 s−1), and followed
by shrub land (0.14 kgm−2 s−1), orchard (0.14 kgm−2 s−1), and grass-
land (0.02 kgm−2 s−1). The mean detachment capacities of shrub land
and orchard were almost the same since themeasuredDc of jujube land
(as an orchard)was very low thatwas caused by soil biological crust de-
velopment (Knapen et al., 2007b; Wang et al., 2013).

3.2.2. Yellow loess soil
Similarly, land use influenced soil detachment capacity of the yellow

loess soil considerably (Fig. 4). The mean soil detachment capacity of
cropland (1.31 kg m−2 s−1) was the maximum among the six land
uses and was 7.14, 12.29, 25.78, 28.45, and 46.43 times greater than
Fig. 2. Comparison of soil detachment capacities between yellow loess and red loess soils
(S-B: sea-buckthorn, AS: Artemisia sacrorum, and BI: Bothriochloa ischaemum.). Error bars
represent the standard deviation.
those of orchard, shrub land, woodland, grassland, and wasteland, re-
spectively. This result agreed with the conclusion of previous studies
that land use had a significant impact on soil detachment capacity and
the cropland was the most erodible land use in the Loess Plateau
(Zhang et al., 2008, 2009a).

For four croplands, soil detachment capacity of potato was themax-
imum, followed by soybean, corn, and millet (Fig. 4A). The measured
detachment capacity of croplands (0.03–4.43 kg m−2 s−1) was an
order magnitude greater than the data (0.002–0.311 kg m−2 s−1)
reported by Wang et al. (2012), although almost the same hydraulic
conditionswere utilized. This differencewas probably caused by the dif-
ferences in soil properties and the size of the soil sample. Loess soil used
in this study was much more erodible than purple soil utilized in the
study of Wang et al. (2012). Meanwhile, the length of soil samples
was 39 cm in their study and low measured Dc was expected due to
the sediment feedback effect on soil detachment capacity (Zhang
et al., 2009b).

For four orchard lands, the weeds were hoed in apple and jujube
lands, but no any operation was applied in hawthorn and walnut lands.
Thus the measured detachment capacities of the former were signifi-
cantly greater than the latter (Fig. 4A). For shrub lands, soil detachment
capacity of korshinsk peashrub was the maximum that was caused by
low root density and differed significantly from sea-buckthorn and
Sophora davidii lands (Fig. 4A). For threewood lands, soil detachment ca-
pacities of black locust and simon poplarwere 2.53 and 2.13 times great-
er than that of Chinese pine land (Fig. 4B). This difference was probably
related to the restoration ages, which were 7, 18, and 38 years for black
locust, simon poplar, and Chinese pine, respectively. Soil detachment ca-
pacity declined sharply when cropland was just abandoned and the rel-
ative stable stage was reached after 28 years (Wang et al., 2013). The
measured soil detachment capacities of shrub land and woodland were
similar to the results of Zhang et al. (2008).

For seven grasslands, Stipa bungeana had the maximum soil detach-
ment capacity (0.12 kg m−2 s−1) and was 1.05 to 9.28 times greater
than the other six grasslands (Fig. 4B). No significant difference was
found between S. bungeana and A. sacrorum. Artemisia capillaris differed
with other six grasslands significantly. No significant differencewas de-
tected between B. ischaemum and Setaria viridis, Astragalus adsurgens
and Carex lanceolata (Fig. 4B). The measured soil detachment capacities
of seven grasslands varied from 0.001 to 0.309 kgm−2 s−1, whichwere
considerably greater than those reported by Mamo and Bubenzer
(2001). Those differences were probably attributed to the differences
in hydraulic conditions and soil properties. For two wastelands, the
soil detachment capacity measured in A. adsurgens + A. sacrorum was

image of Fig.�2
image of Fig.�3


Fig. 4. Comparison of soil detachment capacities between different land uses on yellow
loess soil. Error bars represent the standard deviation.
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significantly less than that in B. ischaemum+ S. viridis (Fig. 4B). This re-
sult was probably caused by soil biological crust development under
A. adsurgens+ A. sacrorum, although its organicmatter and root density
were less than those of B. ischaemum+ S. viridis (Table 1).

3.3. Factors influencing soil detachment capacity

3.3.1. Hydraulic parameters
The statistical properties of the measured Dc under different shear

stresses are shown in Table 3. It was found that the maximum soil
detachment capacity of different land uses varied considerably from
0.117 to 4.427 kg m−2 s−1; whereas the minimum Dc only ranged
Table 3
Statistical parameters of measured soil detachment capacity under different shear stresses.

Shear stress
(Pa)

Minimum
(kg m−2 s−1)

Maximum
(kg m−2 s−1)

Mean
(kg m−

5.51 0.000 0.117 0.013f
8.81 0.002 0.991 0.072e
10.26 0.002 1.672 0.166d
12.51 0.003 2.011 0.308c
14.88 0.007 3.533 0.453b
16.59 0.007 4.427 0.720a

Different letters indicate significant differences between shear stresses (p b 0.05).
from 0 to 0.007 kgm−2 s−1. Under each shear stress, the great standard
deviations and coefficients of variation indicated a strong heterogeneity
in soil detachment capacity between different sampling sites as strongly
affected by soil types, land uses, and plant species. Soil detachment ca-
pacities measured under different shear stresses differed significantly
(Table 3) and increased as a power function of either shear stress
(Fig. 5A) or stream power (Fig. 5B) with a coefficient of determination
of 0.42. This result is inconsistent with the conclusion of previous stud-
ies that stream power was better than shear stress to simulate soil de-
tachment process (Nearing et al., 1999; Zhang et al., 2003).

3.3.2. Soil properties
Pearson correlation analysis showed that soil detachment capacity

was positively correlated with silt content (p b 0.01), while it was neg-
atively correlated with sand content (p b 0.01, Table 4). This result is in
accordancewith thefindings of Knapen et al. (2007b) that soilwith high
silt content general showed a higher susceptibility for detachment. No
statistical significant relationshipswere found between soil detachment
capacity and clay content, median soil grain size, and bulk density
(p N 0.05, Table 4). These results were probably resulted from the inclu-
sion of the Dc variations caused by other factors such as land use in the
statistical tests. Soil detachment capacity decreased with soil cohesion
(p b 0.01, Table 4) as a power function (Fig. 6). This result is corroborat-
ed with the results of some recent studies (Wang et al., 2014a; Zhang
et al., 2009b).

Both water stable aggregate and aggregate median diameter reflect
the stability of soil, and have often been used as indicators of soil suscep-
tibility to flowing water erosion (Barthes and Roose, 2002; Bissonnais,
1996). In this study, soil detachment capacity was influenced by water
stable aggregate or aggregate median diameter significantly (p b 0.01,
Table 4). The measured detachment capacity decreased as a power
function of water stable aggregate with a coefficient of determination
of 0.35 (Fig. 7). This result is different from the finding of Nearing
et al. (1991). Soil detachment capacitywas also closely related to soil or-
ganic matter (p b 0.01, Table 4) and a reverse relationship was detected
between them. This result was in agreement with the conclusion of
Knapen et al. (2007a).

3.3.3. Root systems
The correlation between soil detachment capacity and root mass

density was significant (p b 0.01, Table 4), which implied that root den-
sity had a great impact on soil detachment capacity by overland flow. As
shown in Fig. 8, it was obvious that soil detachment capacity decreased
exponentially with an increase in root mass density. The coefficient of
determination was 0.31. This erosion-reducing effect by root systems
was also reported by De Baets et al. (2006) and Zhang et al. (2013).
The decrease in detachment capacitymostly occurred in the root density
range of 0 to 1 kgm−3.When root density increased from 1 to 4 kgm−3,
the detachment capacity declined continuously but at a very low rate.
When root density was greater than 4 kgm−3 themeasured soil detach-
ment capacity was almost stable. This result was somewhat different
with the study of Zhang et al. (2013), in which most of Dc decline oc-
curred when the root density was less than 4 kg m−3. This difference
2 s−1)
Standard deviation
(kg m−2 s−1)

Coefficient of
variation

n

0.026 2.038 29
0.185 2.554 29
0.348 2.101 29
0.528 1.716 29
0.793 1.750 29
1.242 1.726 29

image of Fig.�4


Fig. 5. Soil detachment capacity as a function of shear stress (A) and stream power (B).

Fig. 6. Soil detachment capacity as a function of soil cohesion.

15Z.-W. Li et al. / Catena 124 (2015) 9–17
was probably caused by the differences in plant species, root diameter,
and root architecture.

3.4. Soil detachment capacity estimation

Considering time-consuming and costly experiments of soil detach-
ment capacity measurement in field conditions, it is imperative to de-
velop a convenient and effective model based on some measureable
hydraulic, soil, and vegetation parameters to estimate soil detachment
capacity by overland flow in the Loess Plateau. Non-linear regression
analysis showed that soil detachment capacity could be estimated by
shear stress (τ, Pa), soil cohesion (CH, kPa), water stable aggregate
(WSA, 0–1), and root density (RD, kg m−3).

Dc ¼ 0:06τ2:83CH−2:53WSA−0:94e−1:85RD R2 ¼ 0:84
NSE ¼ 0:84 n ¼ 174

ð5Þ

Generally, Eq. (5) predicted soil detachment capacitywell with coef-
ficient of determination (R2) andNash–Sutcliffe efficiency (NSE) of 0.84.
Table 4
Pearson correlation coefficients between soil detachment capacity and soil properties, and roo

Item Clay
(%)

Silt
(%)

Sand
(%)

Median soil
grain size
(μm)

Bulk
density
(kg m−3)

Dc (kg m−2 s−1) −0.015 0.437⁎⁎ −0.240⁎⁎ −0.037 −0.093

⁎⁎ Significant at p b 0.01 (n = 174).
For all dataset, themean estimated detachment capacity was very close
to the meanmeasured Dc and the ratio between themwas 0.95. Never-
theless, considerable scatter was still found when soil detachment ca-
pacity was greater than 3 kg m−2 s−1 (Fig. 9A). When shear stress
was replaced with stream power (ω, kg s−3), a new equation was
developed.

Dc ¼ 0:57ω1:69CH−2:56WSA−0:98e−1:64RD R2 ¼ 0:84
NSE ¼ 0:83 n ¼ 174

ð6Þ

As expected, no any improvementwas detectedwhen streampower
was used to estimate soil detachment capacity (Fig. 9B).

Torri et al. (1998) found that soil detachment by overland flow was
closely related to stream power, and supposed the stable aggregate to
be spherical, and then the following equation was developed to esti-
mate soil detachment capacity:

Dc ¼
δsD50ωe
1:5CHl

ð7Þ

where δs is the bulk density (kg m−3), D50 is the aggregate median di-
ameter (mm), and e/l is the function of clay content (%). Based on the
finding of Torri et al. (1998), Ciampalini and Torri (1998) and Zhang
et al. (2008) developed new equations to predict soil detachment
capacity using hydraulic (stream power, slope gradient, and density of
water) and soil parameters (bulk density, median diameter, clay con-
tent, and cohesion). However, the effect of root density on soil detach-
ment capacity was neglected. For current study, nonlinear regression
indicated (Fig. 10):

Dc ¼ 0:35
δsD50ω
CH

exp 0:02
Silt
D50

þ 1:97S−3:99
δs−δw
δw

−7:51RD
� �

R2

¼ 0:89 NSE ¼ 0:89 n ¼ 174

ð8Þ

where Silt is the silt content (%) and δw is the density of water (kgm−3).
Compared to Eqs. (5) and (6), the performance of Eq. (8) was improved
and the R2 and NSE were 0.89. Compared to Fig. 9, the notable scatter
t density.

Soil
cohesion
(kPa)

Water stable
aggregate
(0–1)

Aggregate median
diameter
(mm)

Organic
matter
(g kg−1)

Root
density
(kg m−3)

−0.547⁎⁎ −0.463⁎⁎ −0.402⁎⁎ −0.351⁎⁎ −0.316⁎⁎

image of Fig.�5
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Fig. 7. Soil detachment capacity as a function of water stable aggregate.

Fig. 9.Measured vs. estimated soil detachment capacities using Eqs. (5) (A) and (6) (B).

16 Z.-W. Li et al. / Catena 124 (2015) 9–17
disappeared when Dc was greater than 3 kg m−2 s−1. Nevertheless, a
slight worse in detachment capacity estimation was found when Dc

was less than 1 kg m−2 s−1.

4. Conclusions

Land use has great influence on soil detachment capacity by over-
land flow. However, its effects are not fully quantified in the Loess
Plateau. This study was conducted to investigate the effects of land
use on soil detachment capacity measured using undisturbed topsoil
samples collected from 29 sites in a typical small watershed of the
Loess Plateau. The result showed that Dc was strongly influenced by
soil type. Yellow loess soil was more susceptible to detachment than
red loess soil, and themean Dc of yellow loess soil was 1.49 times great-
er than that of red loess soil. Similar to soil type, Dc was also affected by
land use significantly. For red loess soil, Dc of cropland was the maxi-
mum and followed by shrub land, orchard, and grassland. For yellow
loess soil, the mean soil detachment capacity of cropland was also the
maximum, and was 7.14, 12.29, 25.78, 28.45, and 46.43 times greater
than those of orchard, shrub land, woodland, grassland and wasteland,
respectively. Soil detachment capacity was negatively related to sand
content, soil cohesion, water stable aggregate, aggregate median diam-
eter, soil organicmatter, and root density, while it was positively related
to shear stress, streampower, and silt content. Soil detachment capacity
by overland flow could be well estimated (NSE = 0.89) by stream
power, slope gradient, bulk density, D50, silt content, cohesion, and
root density. The results are helpful to understanding the mechanism
Fig. 8. Soil detachment capacity as a function of root density. Fig. 10. Measured vs. estimated soil detachment capacities using Eq. (8).
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of detachment process and to allocating soil conservation measures in
small watershed of the Loess Plateau.
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