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A B S T R A C T

Erosive power is characterized by the hydraulic forces of moving water and determines the water transport
capacity of soil organic carbon (SOC) and sediment. Understanding the relationships of hydraulic flow char-
acteristics (flow velocity and depth, shear stress and stream power) with the transport of sediments and SOC will
improve the understanding of the transport mechanism of sediment and SOC, which in turn will improve SOC
prediction. To address this issue, two loess soils (one silt loam and one silty clay) were selected, and 32 simulated
rainfall experiments were conducted in a 1 m by 5 m soil pan at a varying slopes (10°, 15°, 20°, and 25°) and two
rainfall intensities (90 mm h−1 and 120 mm h−1). The results showed that the flow velocities had significant
positive linear relationships with the SOC concentrations (P < 0.001) under the rainfall intensity of 90 mm h−1

and that the flow velocities also had close relationships with the suspension transport of clay particles in the fine-
textured soil and the rolling transport of light large aggregates in the coarse-textured soil. Under the rainfall
intensity of 120 mm h−1, the runoff depth was positively correlated with the SOC concentrations due to the
suspension transport of the clay particles and was negatively correlated with the sediment concentration. The
slope had a greater effect on the sediment and SOC loss of the coarse-textured soil than those of the fine-textured
soil. Additionally, the stream power was a better descriptor of the sediment loss in the loess soils than shear
stress. Overall, both the soil texture and rainfall intensity changed the relationships of the hydraulic flow
characteristics with the sediment and SOC loss. Finally, the results of our study will provide important knowl-
edge for improving or building hydraulic-based SOC and sediment loss models.

1. Introduction

Soil erosion always leads to a significant amount of soil organic
matter loss (Lal, 2005; Schiettecatteet al., 2008a). The losses of soil and
carbon (C) during erosion processes can deplete the fertility of agri-
cultural land and influence atmospheric C circulation (Agata et al.,
2015; Gregorich et al., 1998; Kuhn and Armstrong, 2012; Lal et al.,
2004; Li et al., 2017; Ma et al., 2016; Williams et al., 1980). Soil erosion
disturbs carbon-rich topsoil and preferentially removes soil organic
carbon (SOC) from upslope sites, resulting in mineralization as well as
the distribution and burial of SOC in depositional environments (Huang
et al., 2017; Liu et al., 2017a; Ma et al., 2014; Wang et al., 2014b, 2010;
Kuhn et al., 2009; Polyakov and Lal, 2004a). Gaining a better under-
standing of the removal of SOC due to soil erosion is an important part
of elucidating the mechanisms of the SOC cycle (Li et al., 2016a; Liu
et al., 2017b; Polyakov and Lal, 2004b). In fact, surface soil erosion is a

complicated problem affected by many factors, e.g., microtopography,
surface materials and flow characteristics (Fu, 1989). However, the
hydraulic forces of moving water and soil types determine the extent of
erosion and the transport mechanisms of sediment particles (Slattery
and Bryan, 1992; Trout and Neibling, 1993). Flow depth, flow velocity
and hydraulic parameters (shear stress, stream power, and unit stream
power) are usually used to characterize the erosive power of overland
flow determining sediment concentrations (Shih and Yang, 2009).
Therefore, it is important to find an analytical solution for the me-
chanism by which SOC loss is controlled by hydraulic factors.

During the erosion process, if the rainfall energy is large enough and
stable, the hydraulic factors, which vary with flow discharges and slope
gradients (Schiettecatte et al., 2008b; Shen et al., 2016), control the
amount of transported sediment particles (Kinnell, 2005; Shih and
Yang, 2009). Previously, stream power was usually used as a measure of
the erosive forces associated with the flowing waters for both interrill
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and rill erosion (Kinnell, 2005; Nearing et al., 1997; Shi et al., 2012).
However, flow velocity occasionally has a more significant relationship
with sediment transports (Arjmand and Mahmoodabadi, 2015). Hy-
draulic parameters, e.g., flow velocity, flow depth, stream power and
shear stress, are usually used to determine the sediment transport ca-
pacity of flow in physics-based erosion models, e.g., the Limburg Soil
Erosion Model (LISEM) (De Roo et al., 1996), European Soil Erosion
Model (EUROSEM) (Morgan et al., 1998) and Water Erosion Prediction
Project (WEPP) (Nearing et al., 1989). SOC loss is mainly understood in
term of soil loss (Palis et al., 1997). Although the hydraulic mechanism
controlling soil loss has been widely researched (Pan and Shangguan,
2006; Slattery and Bryan, 1992), the relationships of various hydraulic
flow characteristics with SOC loss have not been studied, and these
relationships are essential for SOC loss prediction.

In previous studies, clay particles, silt particles and light aggregates
were the first to be transported during erosion processes (Palis et al.,
1997; Rodriguez et al., 2002). These clay and silt particles, which are
easily the first to be transported, were strongly correlated with the SOC
concentrations (Leifeld et al., 2005; Meersmans et al., 2008; Parton
et al., 1987, 1993; Xu et al., 2015). In addition, Moss et al. (1979) noted
that sediment particles of different sizes were broadly associated with
particular sediment transport modes (e.g. suspended, saltating and
contact (rolling) loads). In particular, clay was usually associated with
suspension/saltation, whereas large aggregates were transported by
rolling (Asadi et al., 2007). Thus, hydraulic forces and soil type de-
termine the sediment transport and sediment size distribution and
consequently influence SOC concentration. The SOC concentration re-
lated to the selective transport of the sediment, which is controlled by
hydraulic factors, needs to be quantified to understand the effects of
erosion on the SOC loss in loess soils.

The mechanism of the SOC loss through erosion is determined by
three key factors: the distribution of the organic carbon pools in the soil
aggregates, the kinetic energy of the rainfall and the structural stability
of the soil (Martínez-Mena et al., 2012). For loess soils on the Loess
Plateau, soil texture has a considerable effect on the sediment size
distribution (Wang and Shi, 2015; Wang et al., 2014a). Hence, this
study aimed (i) to analyze the relationships of the hydraulic flow
characteristics (flow velocity, runoff depth, stream power and shear
stress) with the sediment and SOC loss from the two different soil
textures on the Loess Plateau of China and (ii) to determine how the
hydraulic factors affect the SOC concentrations due to the selective
transport of sediment particles during the erosion process.

2. Methods and materials

2.1. Experimental devices

Simulated rainfall experiments were conducted at the State Key
Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau.
The down sprinkler rainfall simulator system comprises three nozzles
(Shen et al., 2015). The nozzles were placed 18 m above the ground to
ensure that the raindrops created in the experiments were similar to
natural raindrops. By adjusting the nozzle size and water pressure,
rainfall intensities ranging from 30 mm h−1 to 350 mm h−1 were ob-
tained. The soil pans were constructed with metal sheets measuring 5 m
(length) × 1 m (width) × 0.5 m (depth). Each soil pan was

electronically adjusted to the proper slope before each experiment. A
metal runoff collector was placed at the end of the soil pan to collect the
runoff (Shi et al., 2012). Tap water (electrical con-
ductivity = 0.7 dS m−1) was used in all experiments.

2.2. Experimental design

Two loess soil types were selected for this study, one from Suide
(37°31′N, 110°16′E) and one from Changwu (35°12′N, 107°47′E), which
are distributed in the north and south of the Loess Plateau, respectively.
Both of these soil types were sampled from the topsoil (20 cm) of
farmland that had been used to cultivate maize (Zea mays L.) for several
decades. The samples were collected before crop cultivation, when no
vegetation was planted in the farmland. The two soils were silt loam
and silty clay. The Suide soil had a SOC content of 2.06 g kg−1, whereas
the Changwu soil had a SOC content of 6.36 k kg−1. The properties of
these soils are shown in Table 1. The climate of the study area is af-
fected by the oceanic monsoon climate and belongs to the subhumid
region (Wang and Xiao, 1993; Wei and Shao, 2007). Two rainfall in-
tensities, 90 mm h−1 and 120 mm h−1, which represent the typical
rainfall intensities of strong storms in the subhumid climatic regions of
China, were used in the experiments (Shi et al., 2012; Wang and Shi,
2015). Four typical slope gradients, 10°, 15°, 20°, and 25°, were selected
for our study. The slope gradient of 25° is the steepest incline of slope in
the region according to the classification of farmland slopes in the Loess
Plateau (Comprehensive Scientific Expedition, 1990). A total of 16
treatments were conducted, with two repetitions of each experimental
setup.

2.3. Experimental process

Before the experiments, all samples were passed through a 10-mm
sieve and mixed thoroughly before being air dried to a 10% moisture
content (gravimetric). Before packing the soil, a 10 cm-thick layer of
coarse sand was added to the bottom of the experimental soil pan to
maintain permeable conditions. Then, a fine gauze was placed on top of
the layer of coarse sand. Afterwards, a 30-cm-thick soil layer was placed
over the coarse sand layer in 5 cm increments. The Suide and Changwu
soil plow layers in the soil pan were packed with bulk densities of
1.25 g cm−3 and 1.20 g cm−3, respectively. Each layer was raked
lightly to ensure the uniformity and continuity of the soil structure.
Prior to performing the experiments, the simulated rainfall device was
tested to ensure that it could attain the proper rainfall intensity. The soil
surface of the experimental plot was exposed to accept rainfall evenly.
During the rainfall process, the runoff and rill initiation times were
recorded, and the runoff and soil loss were collected at the outlet once
each minute. The rill locations and shapes were frequently measured
with a millimeter-scale ruler at numerous points. The changes in sedi-
ment transport and soil surface conditions were both visually observed
and recorded throughout the erosion process. A fluorescent dye method
was used to measure the flow velocity (Gilley et al., 1990). The time for
the tracer to travel from the injection point to a downslope point was
measured visually. The surface velocity of the overland flow was ob-
tained by dividing the travel distance by the travel time. The flow ve-
locities were measured over a distance of 50 cm successively at four
locations within the plot: 75–125, 175–225, 275–325, and 375–425 cm

Table 1
Selected properties of the original soils from Changwu and Suide.

Property* Clay (%) Fine silt (%) Coarse silt (%) Sand (%) MWD (mm) Bulk density (g cm−3) CaCO3 (g kg−1) SOC (g kg −1) CEC (cmolc kg−1) pH (in H2O)

Suide 12.1 19.4 36.3 32.1 0.04 1.25 115.2 2.06 8.1 8.7
Changwu 21.2 38.0 31.3 9.5 0.28 1.20 81.1 6.36 12.4 8.3

MWD: mean weight diameter of aggregates after wet sieving; CEC: cation exchange capacity.
* Soil texture is classified on the basis of the USDA soil classification system.
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from the outlet. To reduce the experimental error, the flow velocities
for each of the two replicated experiments were measured by the same
person. After taking the flow velocity measurements at the first loca-
tion, the flow velocity at each of the remaining three locations was
measured in succession. Once the flow velocity was measured at the last
location, the flow velocity at the first location was measured again. In
addition, after the initiation of rill erosion, the flow velocity was
measured at the location where the rill erosion occurs.

2.4. Sample collection and measurement

For each rainfall event, the runoff volume was instantly recorded
during the experimental process. After letting the collected runoff
samples sit, the sediments were separated from the water, dried and
weighed in forced-air ovens at 60 °C for 24 h. Total sediment loss was
defined as the total sediment load present in the runoff water. Because
the internal flow velocity and surface flow velocity were different, the
experimental velocity measurements obtained the maximum surface
flow velocities, which were multiplied by a correction factor, α, to
obtain the exact flow velocity (Zhang et al., 2010). According to pre-
vious studies, for different soils, the value of α ranges between 0.2 and
0.8. The correction factor increased with the velocity or Reynolds
number for laminar flow, and could be as high as 0.83 for turbulent
flow (Planchon et al., 2005). According to Zhang et al. (2010), the
correction factor α of sediment-laden flow varied from 0.233 to 0.682,
with a mean value of 0.466. Therefore, 0.466 and 0.8 were selected as
the correction factors for interrill flow and rill flow, respectively, which
is consistent with Wang and Shi (2015). Before and after the dispersion

treatment, the sediment particle distribution of each sample was ana-
lyzed twice using a Malvern Mastersizer 2000 laser diffraction device
(Malvern Instruments Ltd., UK). To disperse the soil particles, the
samples were treated with H2O2 to remove any organic matter and with
sodium hexametaphosphate for chemical dispersion, before being sub-
jected to ultrasonic dispersion. The other basic properties of the soil
were determined by traditional methods (Liu et al., 1996). The SOC
concentration of each sample was determined by the dichromate oxi-
dation method (Walkley and Black, 1934) and was defined as the SOC
load per kilogram of sampled sediments. SOC loss was defined as the
total SOC load present in the total sediment loss.

2.5. Data analysis

All statistical analyses were conducted with either SPSS 19.0 or
Origin 8. Pearson correlation analyses were used to study the correla-
tions of the flow velocity, flow depth, hydraulic parameters (stream
power and shear stress), sediment loss and SOC loss. The flow velocity,
flow depth and hydraulic parameters for each treatment were calcu-
lated as the average values for the entire experimental erosion process.
One-way analysis of variance (Duncan’s test at a = 0.05) was con-
ducted to compare the hydraulic variables, sediment losses and SOC
losses of each treatment. Linear regression analysis was conducted to
investigate the relationship of the flow velocity with the SOC con-
centration in the sediments. Nonlinear regression analysis was used to
investigate the relationship of the total sediment loss with the SOC
enrichment ratio. The flow depth, shear stress and stream power were
determined as follows (Mahmoodabadi et al., 2014; Nearing et al.,

Fig. 1. The sediment concentration, the total sediment loss, the SOC concentration and the total SOC loss distribution for the Suide and Changwu soils with experimental slopes of 10°,
15°, 20° and 25°. Uppercase letters indicate the significant differences between the treatments, with the same slope for the four soils at P < 0.05. Lowercase letters indicate the significant
differences between the treatments for one soil at P < 0.05.
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1997):

=D
q
V (1)

=τ ρgDS (2)

=ω ρgSq (3)

where D is the average flow depth (m), q is the average unit flow dis-
charge per unit width (m2 s−1), V is the measured flow velocity
(m s−1), τ is the shear stress (Pa), ρ is the density of water (assumed to
have a constant value of 1000 kg m−3 at 25 °C), g is the gravitational
constant (9.8 m s−2), S is the slope gradient (m m−1) and ω is the
stream power (W m−2).

3. Results

3.1. Sediment loss and SOC loss

At the rainfall intensity of 120 mm h−1, the silt loam soil suffered
from serious rill soil erosion, and a large amount of sediment was
eroded from the slope (Fig. 1 and Table 2). Due to the considerable
sediment loss, the amount of SOC loss from the silt loam soil was also
large. Therefore, rainfall intensity has a greater effect than slope on
sediment and SOC loss from silt loam soils. Furthermore, under both
rainfall intensities (90 mm h−1 and 120 mm h−1), the sediment con-
centration and sediment loss of the silt loam soil were consistently
greatest at slopes of 15° and 20°, respectively (Fig. 2). For the silty clay
soil, the sediment loss and SOC loss did not consistently show sig-
nificant differences under the different rainfall intensities; thus, slope
clearly has a greater effect than rainfall intensity on sediment and SOC
losses. For the silty clay soil, the sediment concentration, sediment loss
and SOC loss all increased with the slope angle. Additionally, the SOC
enrichment ratio of the silt loam was larger than that of the silty clay
soil, which was between 0.97 and 2.22 for the former and between 1.18
and 1.69 for the latter (Table 2). For both soils, under 90 mm h−1

rainfall, two treatments resulted in significant, large SOC enrichment
ratios. One is the treatment with a slope of 15° for the silt loam soil, and
the other is the treatment with a slope of 20° for the silty clay soil.
Under 120 mm h−1 rainfall, the SOC concentrations for both soils did
not show significant differences.

3.2. The relationships of hydraulic factors and sediment losses

In our study, under the rainfall intensities of 90 mm h−1 and

120 mm h−1, the average flow velocity was greatest for slopes of 15°
and 20°, respectively, which is consistent with the sediment con-
centrations and total sediment losses of the silt loam soil; however,
those of the silty clay soil did not present the same obvious regulation
(Figs. 1 and 2). Although the runoff depth decreased with slope, it did
not show the same trend as the other sediment parameters calculated
for the two soils. However, for the rainfall intensity of 120 mm h−1, the
stream power showed the same trend as the sediment concentrations
and sediment losses for the silt loam soil, but this trend was not ob-
served for the rainfall intensity of 90 mm h−1. Additionally, the shear
stress of the silt loam soil did not show an obvious relationship with the
slope. However, for the silty clay soil, the stream power and shear stress
increased with the slope angle, as did the sediment concentrations and
sediment losses. Therefore, the average flow velocity and runoff depth
changed proportionally with the slope for the silt loam soil but did not
do so with the other hydraulic variables, whereas the stream power
changed proportionally with the slope for the silty clay soil but did not
do so with the other hydraulic characteristics. Overall, the flow velocity
directly affected on sediment loss for the silt loam soil, whereas the
stream power directly affected the sediment loss for the silty clay soil.
Additionally, all the sediment loss parameters increased with increased
rainfall intensity.

3.3. The relationships of hydraulics factors and SOC losses

Considering the combined effects of the soil type and slope, for the
rainfall intensity of 90 mm h−1, the average flow velocities sig-
nificantly affected the total sediment loss (P < 0.05), the SOC con-
centration and the total SOC loss (P < 0.01) (Table 3). The stream
power was significantly correlated with the sediment concentration and
total sediment loss (P < 0.05). For the rainfall intensity of
120 mm h−1, the runoff depth was negatively correlated with the se-
diment concentration and positively correlated with the SOC con-
centration (P < 0.01) (Table 4). According to the linear regression
method, the average flow velocity for each treatment was significantly
and linearly correlated with the SOC concentration (R2 = 0.731 and
P < 0.001), especially under the rainfall intensity of 90 mm h−1

(R2 = 0.958 and P < 0.001) (Fig. 3). Because the flow velocities were
consistently high for the soils with large clay percentages and SOC
concentrations, we concluded that the clay percentage or SOC contents
were positively correlated to the flow velocities for these loess soils.
However, under the rainfall intensity of 90 mm h−1, the flow velocities
were not only controlled by soil properties but also positively correlated
with the SOC concentrations in the sediments. Under the rainfall

Table 2
Results of the soil erosion and SOC loss for the soils from Suide and Changwu.

Soil type Rainfall intensity
(mm h−1)

Slope (°) Time to runoff
initiation (min)

Time to rill
initiation (min)

Sediment concentration
(kg L−1)

Total sediment
loss (kg)

SOC concentration
(g kg−1)

ERoc Total SOC
loss (kg)

Suide 90 10 5.24 none 0.010 1.92 2.49 1.21 0.004
15 7.29 26 0.030 7.15 4.56 2.22 0.022
20 6.30 none 0.014 2.42 2.20 1.07 0.003
25 7.50 none 0.013 1.82 2.48 1.20 0.002

120 10 3.50 20 0.050 20.50 2.44 1.19 0.080
15 3.2 18 0.101 37.18 2.00 0.97 0.069
20 4.06 18 0.125 39.18 2.13 1.03 0.079
25 4.45 24 0.112 26.34 2.31 1.12 0.042

Changwu 90 10 2.30 none 0.017 5.78 7.95 1.25 0.039
15 2.43 none 0.017 6.12 7.54 1.19 0.038
20 2.12 none 0.019 5.57 10.75 1.69 0.052
25 2.51 30 0.040 13.35 7.60 1.19 0.067

120 10 2.06 40 0.015 6.147 7.87 1.24 0.045
15 2.01 39 0.034 13.66 7.68 1.21 0.057
20 1.32 18 0.048 17.69 7.48 1.18 0.040
25 2 26 0.039 13.60 7.72 1.21 0.087

ERoc: the enrichment ratio of soil organic carbon.
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intensity of 120 mm h−1, the SOC enrichment ratio displays a sig-
nificant positive exponential relationship with the total sediment loss
(Fig. 4).

3.4. Selective transport of the sediment particles affected by the hydraulic
factors

For all treatments, during the first 20 min of rainfall, the clay per-
centages in the sediments quickly increased with time, whereas the
percentages of sand particles clearly decreased (Fig. 5). Therefore, the
large light aggregates were consistently transported first by overland
flow during the early stages of rainfall. However, over the entire erosion

process, clay percentages in the sediments under 90 mm h−1 rainfall
were consistently higher than those under 120 mm h−1 rainfall. Thus,
clay particles were easily enriched in the loess soils. In fact, the original
silt loam soil with 32.1% coarse sand particles usually generated runoff
sediments with> 32% coarse sand particles. The original silty clay soil
with 9.5% coarse sand particles generated runoff sediment con-
taining>15% coarse particles (Table 1 and Fig. 6). Therefore, the
aggregates and sand particles were prone to transport under either
rainfall intensity tested, even if the clay particles were also enriched
during the sheet/interrill erosion. Except for the treatment with a 15°
slope and 90 mm h−1 rainfall, the effective/ultimate particle size dis-
tribution ratios in the coarse silt and sand fractions were above 1.0 and

Fig. 2. The hydraulic parameter distribution for the Suide and Changwu soils with different slopes (10°, 15°, 20° and 25°). Uppercase letters indicate the significant differences between
the treatments, with the same slope for the four soils at P < 0.05. Lowercase letters indicate the significant differences between the treatments for one soil at P < 0.05.

Table 3
Correlation coefficients of the hydraulic parameters versus the sediment and SOC losses for the Suide and Changwu soils under 90 mm h−1 rainfall.

Parameters Average flow
velocity (m s−1)

Depth (m) Shear stress
(Pa)

Stream power
(W m −2)

Sediment concentration
(kg L−1)

Total sediment
loss (kg)

SOC concentration
(g kg−1)

Total SOC
loss (kg)

Average flow velocity
(m s−1)

1

Depth (m) −0.258 1
Shear stress (Pa) −0.020 −0.223 1
Stream power (W m−2) 0.682 −0.256 0.703 1
Sediment concentration

(kg L−1)
0.639 −0.313 0.413 0.793* 1

Total sediment loss (kg) 0.765* −0.103 0.331 0.824* 0.945** 1
SOC concentration

(g kg−1)
0.982** −0.181 −0.057 0.642 0.520 0.679 1

Total SOC loss (kg) 0.928** −0.145 0.246 0.855** 0.817* 0.927** 0.891** 1

* Correlation is significant at the 0.05 level (two-tailed).
** Correlation is significant at the 0.01 level (two-tailed).
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near 1.0, respectively. Under 120 mm h−1 rainfall, the effective/ulti-
mate ratios of coarse silt particles were all less than 1.0 whereas the
effective/ultimate ratios of sand particles were all above 1.0. These
results indicated that for the silt loam soil clay-bonded microaggregates
(0.02–0.05 mm) were prone to transport under 90 mm h−1 rainfall,
whereas large macroaggregates were easily transported under
120 mm h−1 rainfall. For the silty clay soil, although the percentages of
each particle size in the sediments varied considerably under
90 mm h−1 rainfall, there is not a clear difference between the two
rainfall intensities.

For the silt loam soil, the sediment loss of the treatment with a slope
of 15° under 90 mm h−1 rainfall was significantly less than those under
120 mm h−1 rainfall, and the median diameters of the effective sedi-
ment particles decreased (Fig. 1 and Table 5). Thus, although rill ero-
sion occurred with this treatment, interrill erosion still played an im-
portant role. Additionally, the median diameter of the effective
sediment particles of the treatment with a slope of 15° was significantly
larger than the other treatments under 90 mm h−1 rainfall. The clay
percentage in sediments and the effective/ultimate ratios of clay par-
ticles for the treatment with a slope of 15° were the lowest under
90 mm h−1 rainfall (Figs. 5 and 6). Therefore, under 90 mm h−1 rain-
fall, high flow velocities induced by rill erosion resulted in large
amounts of clay-bonded aggregates first transported from the silt loam
soil. For the silty clay soil under 90 mm h−1 rainfall, both the percen-
tages of the clay particles in the sediments and the flow velocities have
the highest values for the treatment with a slope of 20°. Under
90 mm h−1 rainfall, the median diameter of the effective sediment
particles of the treatment with a slope of 20° was the lowest, while the

median diameter of the ultimate sediment particles of this treatment
was the largest. Hence, the clay particles were clearly enriched in the
sediments generated from this treatment. Overall, under 90 mm h−1

rainfall, flow velocities are closely related with the transport of light
particles (light aggregates or clay particles), but this was not true for
other hydraulic variables (e.g., runoff depth, shear stress and stream
power). Under the rainfall intensity of 120 mm h−1, the flow velocity
did not have a clear relationship with the transport of sediment parti-
cles.

3.5. Processes of SOC loss affected by hydraulic factors

According to the time variations of the SOC enrichment ratio for
each treatment in both the silt loam and silty clay soils (Fig. 8), the SOC
enrichment ratio was consistently large at the beginning of the soil
erosion process, and then decreased during the experiment, becoming
stable within 10 min. For the silt loam soil, under the rainfall intensity
of 90 mm h−1, only the treatment with a slope of 15° had a clear SOC
enrichment ratio trend during the whole erosion process. Under the
rainfall intensity of 120 mm h−1, the SOC enrichment ratio for the silt
loam soil remained approximately 1.0 throughout the erosion process.
For the silty clay soil, the treatment with a slope of 20° and rainfall
intensity of 90 mm h−1 was the only treatment in which a large SOC
enrichment ratiowas observed. However, the SOC enrichment ratio for
the silty clay soil was consistently slightly greater than 1.0 under the
rainfall intensity of 120 mm h−1. Additionally, for the silt loam soil
under the rainfall intensity of 90 mm h−1, the flow velocity of the
treatment that accompanied the large SOC concentration was also

Table 4
Correlation coefficients of the hydraulic parameters versus the sediment and SOC losses for the Suide and Changwu soils under 120 mm h−1 rainfall.

Parameters Average flow
velocity (m s−1)

Depth (m) Shear stress
(Pa)

Stream power
(W m−2)

Sediment concentration
(kg L−1)

Total sediment
loss (kg)

SOC concentration
(g kg−1)

Total SOC
loss (kg)

Average flow velocity (m
s−1)

1

Depth (m) 0.224 1
Shear stress (Pa) 0.473 0.304 1
Stream power (W m−2) 0.919** 0.436 0.691 1
Sediment concentration

(kg L−1)
−0.416 −0.912** −0.105 −0.519 1

Total sediment loss (kg) −0.508 −0.714 0.089 −0.475 0.928** 1
SOC concentration

(g kg−1)
0.544 0.838** 0.116 0.622 −0.973** −0.944** 1

Total SOC loss (kg) 0.085 −0.056 0.694 0.336 0.282 0.500 −0.236 1

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

Fig. 3. The linear relationship between the average flow velocities and the SOC concentration for the rainfall intensities of 90 mm h−1 and 120 mm h−1 (note that the (b) was only for the
rainfall intensity of 90 mm h−1).
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consistently significantly higher than the other treatments throughout
the whole rainfall process (Fig. 7). For the silty clay soil, the flow ve-
locity of the treatment that accompanied a large SOC concentration
fluctuated considerably and also had the highest velocity.

For the silt loam soil, during the erosion process, of the treatment
with a slope of 15° and a large SOC enrichment ratio, the clay particles
were clearly less common than those of all the other treatments under
90 mm h−1 rainfall (Fig. 5). The percentage of sand particles in the

sediments was obviously higher than those of all the other treatments.
Therefore, the silt, clay, and light aggregates, which contain large or-
ganic carbon loads in the silt loam soil, were transported first, resulting
in a large SOC enrichment ratio of 90 mm h−1. However, for the silty
clay soil, the percentage of clay particles in the sediments of the
treatment with a large SOC enrichment ratio was larger than that ob-
served in all other treatments. The percentages of sand in the sediments
of the treatment with a slope of 20° under the 90 mm h−1 rainfall in-
tensity were lower than those in the other treatments. Additionally, the
effective/ultimate ratios of the clay particles for the above scenario
were closer to 1.0 than all the other treatments under 90 mm h−1

rainfall. These observations indicate that the SOC was mainly bonded
with clay particles for the silty clay soil and was enriched in the sedi-
ments under 90 mm h−1 rainfall, which lead to increased SOC con-
centrations. Therefore, the soil texture has an important effect on the
mechanisms of sediment particle transport and SOC loss because it af-
fects the hydraulic factors (e.g. flow velocity).

4. Discussions

4.1. Mechanisms for the selective transport of sediment particles

Moss et al. (1979) noted that suspended, saltating and contact
(rolling) loads were normally broadly associated with particular sedi-
ment size ranges. Clay and silt particles in loess soils were mainly as-
sociated with suspension-saltation transport, while the coarse fractions
were mainly transported by rolling (Shi et al., 2012). In our study, when

Fig. 4. Exponential relationship between the total sediment loss and SOC enrichment
under a rainfall intensity of 120 mm h−1.

Fig. 5. Temporal variations in the percentages of the effective sediment particles on the four selected slopes for the two soils from Changwu (CW) and Suide (SD).
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only sheet and splash erosion occurs, the flow velocities are closely
related to the transport of clay or large light aggregates. Both soil type
and hydraulic flow characteristics determine the transport mechanisms
(Asadi et al., 2011). Hence, the flow velocity is associated with sus-
pension-saltation transport for the silty clay and rolling transport for
the silt loam; these associations also need to be further investigated. We
observed that the stream powers, also associated with rolling load (Shi
et al., 2012), of the silt loam soil were consistently lower than those of

the silty clay soil potentially because the rolling of large sediment
particles could consume more energy in the coarse-textured soil
(Fig. 2). After rill development or on steep hillslopes, bed-load transport
by rolling of large particles becomes an important transport mechanism
that increases the coarse-sand-sized particle content after rill initiation
(Asadi et al., 2007). In addition, the sediments from the loess soils
contain more coarse particles than the original soils because the clay
and silt particles were more likely transported as aggregates to the loess
soils, which is consistent with the observations of Wang and Shi (2015).
Overall, hydraulic flow characteristics and soil type have important
effects on sediment size distribution and sediment transport (Loch and
Donnollan, 1983; Shi et al., 2012).

4.2. Mechanisms of the hydraulic parameters controlling SOC
concentrations

With lower rainfall intensity, the flow velocity had a significant
positive effect on the SOC concentration because it controlled the
preferential transport of the light SOC-enriched sediment fraction. For
the coarse-textured soil with a lower clay percentage and SOC content,
the initial transport of the light aggregates was responsible for the SOC
enrichment, but the selective transport of the fine particles resulted in
the SOC enrichment of the fine-textured soils with large SOC contents.
In general, this selective process has been attributed to the selective
transport of fine particles or the depletion of heavy particles (Maïga-
Yaleu et al., 2015; Martínez-Mena et al., 2012; Polyakov and Lal,
2004a). In our study, although parts of the clay particles were included

Fig. 6. Comparison of the effective/ultimate particle size distribution ratios in the clay, fine silt, coarse silt, and sand fractions of the Changwu (CW) and Suide (SD) soils on the four
selected slopes.

Table 5
Median diameter (μm) of the effective and ultimate sediment particles from the Suide
(SD) and Changwu (CW) soils with different slopes and rainfall intensities.

Slope SD CW

90 mm h−1 120 mm h−1 90 mm h−1 120 mm h−1

Effective
10 38.93a 43.81a 21.46a 25.04ab
15 43.54b 46.54b 23.55b 27.60a
20 40.11a 45.62b 19.89c 22.35b
25 40.80a 43.61a 25.79d 23.13b

Ultimate
10 38.20a 37.83a 17.40a 17.30a
15 39.48b 39.06b 17.94b 17.11a
20 40.13b 39.39b 17.40a 17.28a
25 41.41c 39.34b 16.87c 17.13a

Values for the effective/ultimate sediment particles in a column followed by the same
letter are not significantly different at P < 0.05.
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in the aggregates of the loess soils (Wang and Shi, 2015), soils with
different textures underwent the selective transport of different parti-
cles, which contributed to the SOC enrichment. Specifically, for the
loess soils, the clay percentage and SOC content of the original soils had
a considerable effect on the flow velocities. The flow velocity associated
with the suspension-saltation or rolling of the sediments was a good
descriptor of the SOC enrichment in sediments, especially when only
interrill erosion occurred. If the SOC is mainly concentrated in the
heavy aggregates, it becomes difficult for the soil to enrich in SOC, and
the SOC concentrations are not related to the flow velocity. In fact, the
SOC within large low-density aggregates displays higher mineralization
ratios than those within particles less than 0.050 mm in size (Martínez-
Mena et al., 2012). This difference occurs because the soil aggregates
are broken up during the soil erosion process (Shi et al., 2010), and the
loss of the SOC in the aggregates promotes microbial mineralization
(Starr et al., 2000). Additionally, the mineral-associated organic carbon
stabilizes with the silt and clay particles and is critical to the persistence
of SOC (Cai et al., 2016; Nie et al., 2017; Polyakov and Lal, 2008;
Trigalet et al., 2014). Therefore, the coarse-textured loess soil con-
tributes more than the fine-textured soils to SOC loss to the atmosphere.
Finally, the relationships of the hydraulic characteristics and SOC
concentration should be used in SOC loss prediction. However, the re-
lationships of the hydraulic variables and the transport of sediment and
SOC in other soils need to be further investigated.

Under high rainfall intensity, the silty clay soil consistently had a
slightly higher SOC enrichment ratio than the silt loam soil because of
the high clay content and SOC content in the silty clay soil.
Additionally, runoff depth showed clear, direct relationships with the
SOC concentrations under high rainfall intensity. Runoff depth, which
may also be correlated with the sediment transport mechanism, was a
good descriptor of the SOC concentration under the high rainfall

intensity, which will be further investigated in future studies. In pre-
vious studies, the enrichment ratio of OC decreased with increasing soil
loss (Fiener et al., 2015; Polyakov and Lal, 2004a) and consistently had
a significant power relationship with the total sediment loss after
rainfall (Li et al., 2015). In our study, the enrichment ratio of the OC
had a significant exponential relationship with the total sediment loss
under only the high rainfall intensity. This result was observed because
at the initiation of the runoff, the fine particles or light SOC-enriched
fraction was transported, and the rill erosion later decreased the SOC
enrichment ratio (Fiener et al., 2015; Polyako and Lal, 2004a;
Schiettecatte et al., 2008a). Studying the dynamic flow velocity me-
chanism affecting the SOC concentrations will provide important
knowledge about the SOC loss process and will help to regulate SOC
transport.

4.3. The relationships of hydraulic factors with sediment and SOC losses

Flow depth, flow velocity and hydraulic parameters (e.g., shear
stress, stream power, and unit stream power) are usually used to
characterize the erosive powers of overland flows and to determine
sediment concentrations (Shih and Yang, 2009; Trout and Neibling
1993). In soil erosion models, e.g., the Water Erosion Prediction Project
(WEPP) (Nearing et al., 1989), Limburg Soil Erosion Model (LISEM) (De
Roo et al., 1996) and European Soil Erosion Model (EUROSEM)
(Morgan et al., 1998), the transport capacity was also generally esti-
mated by hydraulic parameters (Govers, 1990). In our study, under
different rainfall intensities, the hydraulic characteristics have different
relationships with the sediment and SOC loss parameters. Thus, the
rainfall intensity could change the relationships of the hydraulic char-
acteristics with sediment and SOC losses, which should be considered in
the estimation of sediment and SOC loss for the loess soils. Under the

Fig. 7. Comparisons of the flow velocities for the Suide and Changwu soils on different slopes (10°, 15°, 20° and 25°) and for different rainfall intensities (90 and 120 mm h−1). The
different letters indicate significant differences at P < 0.05.
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low rainfall intensity, stream power, usually used as a measure of the
erosive forces associated with the flowing waters for both interrill and
rill erosion (Kinnell, 2005; Nearing et al., 1997; Shi et al., 2012), was a
good descriptor for sediment loss, while the flow velocity was a good
descriptor for SOC concentration. However, under high rainfall in-
tensity, no direct relationships existed between the hydraulic variables
and sediment loss because the sediment concentration usually attained
the maximum sediment transport capacity when serious rill erosion
occurred. Considering the effect of soil texture, the slope had a more
important and direct effect on the sediment and SOC loss in the fine-
textured soil than in the coarse-textured soil, which is consistent with
the results of our previous studies (Li et al., 2016b). Additionally,
spatially distributed hydrologic models are often used to predict the
excess flows and sediment transport processes in a watershed (Shih and
Yang, 2009). Therefore, our researches serve as important references to
improve or build a sediment or SOC model. However, the relationships
of the hydraulic factors with the sediment and SOC losses on gauging
station at small catchment scale should be further investigated in the
future.

5. Conclusions

The relationships of hydraulic factors with sediment and SOC losses
were investigated for two soils with different textures and a range of
slopes. The results suggested that the flow velocity associated with the
suspension or rolling transport is positively related to the SOC con-
centration during the interrill erosion process. However, the runoff
depth had a close relationship with the SOC concentration in the high
rainfall intensity experiments. Among the four hydraulic variables,
stream power was the best descriptor of sediment loss for the interrill

erosion. For the coarse-textured soil, the selective transport of light
aggregates and large sediment losses could result in more SOC lost to
the atmosphere than for the fine-texture soil. In addition, rainfall in-
tensity could change the relationships of the hydraulic factors and se-
diment and SOC loss by controlling soil erosion process. The slope had a
more important and direct effect on the sediment and SOC loss from the
fine-textured soil than from the coarse-textured soil. The relationships
of the hydraulic factors and the sediment and SOC losses provide im-
portant references for building hydraulic-based sediment or SOC
models.
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