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Building a hydraulic-based empirical model for sediment and soil organic carbon (SOC) loss is significant
because of the complex erosion process that includes gravitational erosion, ephemeral gully, and gully
erosion for loess soils. To address this issue, a simulation of rainfall experiments was conducted in a
1 m x 5 m box on slope gradients of 15°, 20°, and 25° for four typical loess soils with different textures,
namely, Ansai, Changwu, Suide, and Yangling. The simulated rainfall of 120 mm h~"! lasted for 45 min.
Among the five hydraulic factors (i.e., flow velocity, runoff depth, shear stress, stream power, and unit
stream power), flow velocity and stream power showed close relationships with SOC concentration, espe-
cially the average flow velocity at 2 m from the outlet where the runoff attained the maximum sediment
load. Flow velocity controlled SOC enrichment by affecting the suspension-saltation transport associated
with the clay and silt contents in sediments. In consideration of runoff rate, average flow velocity at 2 m
location from the outlet, and slope steepness as input variables, a hydraulic-based sediment and SOC loss
model was built on the basis of the relationships of hydraulic factors to sediment and SOC loss. Nonlinear
regression models were built to calculate the parameters of the model. The difference between the effec-
tive and dispersed median diameter (5D5,) or the SOC content of the original soil served as the indepen-
dent variable. The hydraulic-based sediment and SOC loss model exhibited good performance for the
Suide and Changwu soils, that is, these soils contained lower amounts of aggregates than those of
Ansai and Yangling soils. The hydraulic-based empirical model for sediment and SOC loss can serve as
an important reference for physical-based sediment models and can bring new insights into SOC loss pre-
diction when serious erosion occurs on steep slopes.

Keywords:

SOC loss

Soil erosion
Simulated rainfall
Hydraulic factor
Model

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Soil erosion can remove a significant portion of soil organic
matter (SOM) (Lal, 2005; Schiettecatte et al., 2008a); such process
is important to agricultural productivity (Prokop and Poreba, 2012;
Yitbarek et al., 2012) and sustainable resource management (Li
et al, 2017; Zhao et al,, 2013). Meanwhile, soil organic carbon
(SOC) mobilized by erosion can be lost to the atmosphere within
a short period or transported off site (Polyakov and Lal, 2008).
Breakup of initial soil aggregates by erosive forces increases CO,
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emission. Breakdown of aggregates causes exposure of encapsu-
lated C to microbial processes, thereby increasing SOC mineraliza-
tion rate (Lal, 2003). Thus, SOC loss accompanied with soil erosion
is an important component of the net ecosystem carbon balance
(Nadeu et al., 2014; Wang et al., 2014). However, in recent years,
researchers have focused mainly on the SOC stability (Berhe and
Kleber, 2013), SOC mineralization (Gregorich et al., 2015), SOC
stocks (Li et al., 2017), or redistribution of SOC after erosion (Liu
et al., 2017). SOC loss is mainly understood by sediment erosion
(Palis et al., 1997). Although hydraulic process controlling sedi-
ment loss has been widely studied (Pan and Shangguan, 2006;
Slattery and Bryan, 1992), the direct relationships between
hydraulic factors and SOC concentration are yet to be studied for
any soil in building a hydraulic-based SOC loss model.
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SOC loss is usually estimated by sediment loss (Haring et al.,
2014; Li et al., 2016c). A few physical-process sediment models,
such as Water Erosion Prediction Project (WEPP), have been built
(Foster et al., 1995; Nearing et al., 1989). However, WEPP, which
is a widely used physical-based model, is a steady state model
and cannot obtain high-sediment prediction accuracy when com-
plex erosion processes occur, such as gravitational erosion, ephem-
eral gully, and gully erosion (Zheng, 2006). In China, serious
erosion usually occurs on farmlands with steep slopes (Fu, 1989);
this serious erosion is usually accompanied with gravitational ero-
sion, ephemeral gully, and gully erosion on the hill slopes on the
Loess Plateau (Zheng, 2006). Therefore, building a hydraulic-
based sediment and SOC loss model can provide a reference for
the SOC loss prediction and help improve WEPP applicability in
China. Sediment transport capacity is usually calculated by runoff
rate, slope, and flow velocity (Govers, 1990; Quinton et al., 2006;
Schiettecatte et al., 2008b), and flow velocity is a good predictor
of sediment concentration (Arjmand and Mahmoodabadi, 2015).
A hydraulic-based sediment and SOC loss model can be built by
clarifying the relationship between hydraulic factors and SOC
concentration.

In recent decades, SOM dynamic models, such as Century
(Smith et al., 1997) or erosion productivity impact calculator mod-
els (Sharpely and Williams, 1990) mainly focusing on the SOC
change of the ecosystem, have been proposed. SOC loss is an
important component of SOC dynamic models and is calculated
mainly by two methods (Hdring et al., 2014; Li et al., 2016c). In
the first traditional method, cumulative SOC loss is simply calcu-
lated as the product of SOC concentration, SOC enrichment ratio,
and cumulative sediment loss. According to our previous study
(Li et al., 2016¢), the predicted precision of traditional method is
low under high rainfall intensity for loess soils. The second method
is the recently developed carbon, input, decomposition, and ero-
sion (CIDE) approach. CIDE calculates SOC loss on the basis of the
comparison between un-eroded and eroded cultivated sites; this
method requires large amounts of costly input variables (e.g.,
carbon isotope) (Hdring et al., 2013). Therefore, building a
hydraulic-based SOC loss model, which is rational and scientific,
may be significant for SOC prediction when severe erosion occurs.

On average within 100 years, 50% of SOM transported off site
can be attributed to erosion on steep slopes (Polyakov and Lal,
2004). Soil texture demonstrates a major control over organic mat-
ter dynamics, and clay percentage determines the SOC concentra-
tion of sediments (Avnimelech and McHenry, 1984; Parton et al.,
1987). Therefore, steep slope and soil texture were the two main
factors considered in our study. The present study aimed to (i)
investigate the effect of hydraulic factors on sediment SOC concen-
tration for four loess soils with different soil textures on steep
slopes and (ii) build a hydraulic-based sediment and SOC loss
model for providing options and references for soil loss and SOC
dynamic models.

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 Pla-
teau. A down sprinkler rainfall simulator device with a rainfall
intensity ranging from 30 mm h~! to 350 mm h~! was used to sim-
ulate rainfall; rainfall intensity was also adjusted by the change in
nozzle size and water pressure (Shen et al., 2016). Prior to perform-
ing the experiments, rainfall intensity calibration was conducted to
reach the target of rainfall intensity with a uniformity of > 0.90.
The structure of the soil pan constructed with metal sheets was

5 m (length) x 1 m (width) x 0.5 m (depth); a metal runoff collec-
tor was set at the end of the soil pan (Shi et al., 2012). The slope of
the pan could be electronically adjusted to a desired slope between
0° and 30°. Tap water (electrical conductivity =0.7 dSm™') was
used for all experiments. The soils used in the experiments were
four loess soils with clay contents of 26%, 21%, 16%, and 12%. The
sample sites were Suide (37°29N, 110°14E), Changwu
(35°22'N, 107 °80’E), Yangling (34 °16'N, 108 °4’E), and Ansai
(36 °58'N, 109 °20'E); these sites are distributed from south to
north across the Loess Plateau of China (Fig. S1). The four sampled
fields have been cultivated with crops for many years. Thus, the
sampling depth was 20 cm. Sampling time was before the crop cul-
tivation. The properties of the loess soils are shown in Table 1. The
basic properties of soil were determined using standard analytical
methods (Finkner and Gilley, 1988).

2.2. Rainfall simulation experiments

All soil samples were air dried to ~10% moisture content (gravi-
metric) and were passed through a 10 mm sieve. The soil pan was
packed with the bulk density, as presented in Table 1. Before pack-
ing the plow layer, a 10 cm-thick layer of coarse sand was added to
the bottom of the experiment plot to maintain permeable condi-
tions. Subsequently, fine gauze was placed on top of the layer of
coarse sand. Finally, a 30 cm-thick soil layer was laid on the coarse
sand layer at 5 cm increments. Each layer of the plot was raked
lightly to ensure uniformity and continuity in soil structure. The
packed soil samples were ensured to be coherent with the wall
by gluing the soil into the tray wall to avoid ponding water. Con-
sidering the similarity of soil properties at different slope locations
(e.g., slope positions or slope angles) for each soil, three typical
slope gradients of 15°, 20°, and 25° were applied. The slope gradi-
ent of 25° corresponded with the maximum slope for cultivated
land according to the classification of farmland slopes in the Loess
Plateau (Comprehensive Scientific Expedition, 1990). Prior to sim-
ulating rainfall, the plot slope was adjusted to a desired slope. The
soil samples were wetted from the top with water applied as mist.
After the soils reached full saturation, the plots were exposed to a
simulated rainfall of 120 mm h~!, a peak intensity of strong storms
in the subhumid climatic regions of China (Cai et al., 1998; Chen,
1987). A total of 12 treatments were conducted (4 x soils with
3 x slope angles each). Each treatment was repeated by repacking
the plot and repeating the simulated rainfall process and was
tested in two replicates. The experimental results of the repeated
treatments did not show a significant difference and were consis-
tent with that in the experiment conducted by Wang and Shi
(2015), who focused on the size selective erosion of the same
two loess soils.

2.3. Measurements

2.3.1. Sediment and SOC measurements

For each rainfall event, runoff was volumetrically measured and
sampled at 1 min intervals for sediment concentration after initia-
tion. Each sample was dried and weighed in forced-air ovens at
60 °C for 24 h. During the rainfall, the runoff-yield time, rill initia-
tion times, rill location, and rill shape were also recorded. The rill
width, length, and location were frequently measured with a
millimeter-scale ruler at numerous locations. Sediment transport
and soil surface conditions were visually observed and recorded
during and after simulating storms. Sediment concentration was
determined by the ratio of each dry sediment mass to sampled
runoff volume. Meanwhile, total sediment loss was defined as
the total sediment load present in runoff water. The SOC concen-
tration of each sample was determined using the dichromate oxi-
dation method (Walkley and Black, 1934) and was defined as the
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Table 1

Properties of selected soils from Suide, Ansai, Yangling, and Changwu (Means + RMSE).

Property Clay (%)? Fine silt* Coarse silt” Fine sand® Coarse sand*” CaCOs Bulk density PH Soil organic carbon
(%) (%) (%) (%) (gkg™) (gem™) (S0C) (gkg™")

Suide 121+£1.7 19.4+1.0 36.3+1.5 26.5+2.1 56+15 1152+23 1.25 8.6+0.2 2.06+0.1

Ansai 15.6+1.5 26.8+1.0 38.1+£0.7 146+ 1.1 48+1.2 103.7£3.1 1.20 84+0.2 4.62+0.2

Yangling 26.3+29 38.1+£0.5 28.7+1.0 5.6+0.6 13+0.6 754+1.8 1.30 83+0.3 5.68 +0.2

Changwu 21.2+36 38+1.0 31.3+0.9 56+2.0 39+1.7 81.1+5.6 1.20 83+0.2 6.36+0.3

2 Soil texture is classified on the basis of the USDA soil classification system.

SOC load per kilogram of sampled sediments. SOC loss was defined
as the total SOC load present in sediment loss.

2.3.2. Determination of hydraulic parameters and flow characteristics
A fluorescent dye was used for flow velocity measurement
(Gilley et al., 1990). A dye tracer was used, and its travel time from
the injection point to a downslope point was measured visually.
Surface velocity of overland flow was obtained by dividing travel
distance by travel time. Meanwhile, flow velocity was measured
across a distance of 50 cm successively at four locations within
the plot as follows: 75-125, 175-225, 275-325, and 375-425 cm
from the outlet. These values were referred to as 1, 2, 3, and 4 m
locations, respectively. The flow velocity at the 1 m location was
measured initially. Then, the flow velocity of 2 m location was
measured, and so on, for each of the four locations. After measuring
the velocity at the 4 m location, the flow velocity at 1 m location
was measured again. The measurement was completed by one per-
son for one of the two replicated plots to reduce experimental
error. A correction factor o was also applied to convert the surface
velocity of the flow to average velocity (Zhang et al.,, 2010). The
correction factor increased with velocity or with Reynolds number
for laminar flow and could be as high as 0.83 for turbulent flow
(Planchon et al., 2005). The correction factor o of sediment-laden
flow varied from 0.233 to 0.682 with a mean value of 0.466. Thus,
we selected 0.466 as the correction factor for interrill flow and 0.8
as the correction factor for rill flow (Wang and Shi, 2015). During
rainfall, the rill erosion was observed at the measured location.
Thus, the flow velocity after the time of rill initiation belonged to
the flow velocity of rill flow. The runoff depth, shear stress, stream
power, and unit stream power were determined as follows
(Mahmoodabadi et al., 2014; Nearing et al., 1997):

D-1. M
T = pgDs, (2)
o = pgsq, 3)
Q=Vs, (4)

where D is the average flow depth (m), g is the average unit flow
discharge per unit width (m?s™'), V is the measured flow velocity
(ms~1), 7 is the shear stress (Pa), p is the density of water (g cm>),
g is the gravitational constant (cms 2), S is the slope gradient
(mm™1), w is the stream power (gs>), and € is the unit stream
power (ms~).

2.3.3. Measurements of sediment particle size distribution

The samples for the sediment particle size distribution analysis
were first analyzed with a Malvern Mastersizer 2000 laser diffrac-
tion device (Malvern Instruments Ltd., UK) without a dispersion
treatment to obtain the undispersed sediment particle size distri-
bution and the median diameter of each sample. Thereafter, the
samples were treated with H,O, to remove organic matter and
with sodium hexametaphosphate for chemical dispersion before

being subjected to ultrasonic dispersion. Then, the particle size dis-
tribution of dispersed sediment and the median diameters of each
sample were analyzed with the laser diffraction device. The med-
ian diameter difference of effective to dispersing sediment parti-
cles (6Dsp) was calculated by the equation as follows:

0Dso=De 50 — Dg50, (3)

where D, 5o is the median particle size of the undispersed soil and
Dy 50 is the median particle size of the dispersed soil.

2.4. Sediment and SOC loss model

In process-based sediment models, such as WEPP, sediment loss
is mainly related to the transport capacity (Tc), which is generally
estimated by hydraulic parameters, sediment particle size distribu-
tion, and slope (McHugh et al., 2002; Nearing et al., 1989). A widely
applied Tc equation, which is used in Limburg Soil Erosion Model
(LISEM) (De Roo et al.,, 1996) and European Soil Erosion Model
(EUROSEM) (Morgan et al., 1998), was proposed by Govers
(1990). The transport capacity equations proposed by Govers
(1990) could be predicted by unit stream power, Q (ms™!), as
follows:

Qs = p<Qa[100(Q — Q)" (6)
D 5 -0.6

o [%5r] g
D 5 0.25

- P

where Qs is the total sediment discharge (kg s~!); p; is the material
density (kg m~3); Q is the total runoff discharge (m3s~1!); Q.. is the
critical unit stream power (0.004 m s~! for a wide range of materi-
als); a and b are regression coefficients related to the median parti-
cle diameter, D5y (Lm). Slope and flow velocity exhibited the same
contribution for this transport capacity estimation because unit
stream power was the product of slope and flow velocity. However,
slope and flow velocity showed different contributions to sediment
loss (Hessel and Jetten, 2007; Mahmoodabadi et al., 2014). There-
fore, sediment loss was directly predicted by flow velocity, slope,
and other affecting factors that might be effective. By revising the
transport capacity equations proposed by Govers (1990), sediment
loss was calculated by the equation as follows:

ES:1000><a><p5><qs><t><Vf><Sc, (9)
a=y0 - Ae™, (10)
b = yo + Aln(km), (11
¢ = y0 + A, (12)

where E; is the total sediment loss (kg); gs is the runoff rate
(ml s™1); t is the runoff time (s); V; is the average flow velocity at
the location where runoff becomes transport limited (m s™!); Csoc
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is the SOC content in the original soils; m is the D5, (Lm) of original
soil; a, b, ¢, y0, A, and k are the regression coefficients.

On the basis of the mechanism of flow velocity controlling SOC
concentration and relationship of SOC loss and stream power
investigated in our study, the SOC loss mass at the foot of hill slope
was calculated by the following equation:

Closs = 1000 x @, p, x Csoc x G X t x VP x S, (13)

where Cp,ss is the total SOC loss (g), and Csoc is the SOC content
in the original soils (g kg™ '). The regression coefficients a, b, and ¢
could also be calculated using Egs. (10)-(12).

2.5. Data treatment

All statistical analyses, except principal component analysis
(PCA) and correlation analysis, were performed using SPSS 19.0.
All graphics, except the biplot, were drawn using Origin 8.0 soft-
ware. PCA and correlation analysis were conducted using SAS
JMP 11.0. PCA analyzes several dependent variables, which are
generally intercorrelated, and extracts and expresses the important
information from variables using a set of new orthogonal variables
called principal components (PCs, Abdi and Williams, 2010;
Meyers et al., 2006). PC is obtained as linear combinations of the
original variables. The Kaiser-Meyer-Olkin (KMO) measure of
sampling adequacy is a statistic that indicates the proportion of
variance in variables that may be caused by underlying factors.
Values greater than 0.50 generally indicate that PCA is useful for
the data because the patterns of correlations are relatively com-
pact. Bartlett’s test of sphericity tests the hypothesis that the cor-
relation matrix is an identity matrix, which indicates that the
variables are unrelated and therefore unsuitable for structure
detection (Armentano et al., 2015). From our data, the KMO was
0.655, and the Bartlett test was significant (P < 0.01). Thus, the data
of the following 11 parameters were all incorporated into the PCA:
sediment concentration, total sediment loss, SOC concentration,
total SOC loss, effective median diameter of sediments, median
diameter difference between the effective and dispersed sedi-
ments, flow velocity at locations 1, 2, 3, and 4 m, and SOC enrich-
ment. Prior to the PCA analysis, the data table was standardized. A
scatter plot map of the variables (i.e., average flow velocity at four
locations and percentage of different sediment particle size) and a
three-dimensional (3 D) “point cloud” fitted by ellipsoid, which
were built to detect the interaction effect of factors (e.g., flow
velocity and 6Dsp) on sediment loss, were obtained by correlation
analysis. Average flow velocities were used in our analysis for each
treatment. A one-way analysis of variance [Duncan’s test
(oc =0.05)] was used to compare the SOC concentration, sediment
concentration, total sediment loss, or total SOC loss for different
treatments. Three statistical procedures were used to assess the
agreement between the predicted and observed data as follows:

1) The average error produced by a model is encapsulated in
the root mean squared error (RMSE), which is frequently
used to evaluate models and shown as follows:

RMSE — z":w7 (14)

i=1 n

2) The efficiency of a model is defined by R? (analogous to the
coefficient of determination) as the proportion of the initial
variance accounted for by that model (Nash and Sutcliffe,
1970) and calculated as follows:

(P — 0,
R=1-5— (15)

S (0 -0y

-

3) This new descriptive statistic (d) reflects the degree to which
the observed variate is accurately estimated by the simu-
lated variate, thereby representing the ratio of the mean
square error and the potential error (Willmott, 1981), as

follows:
n

Y (Pi—0)?

d=1- =1 , (16)

n

> (IPi— 0] +0; - 0])*

i=1

where n is the number of samples; P; and O; are the predicted and
observed values, respectively. O is the mean of the observed data.
An RMSE value close to 0 means the model is accurate. The model-
ing efficiency (R?) and agreement index (d) represent a perfect
match between modeled values and observed data when the values
of R? and d are close to 1.

3. Results
3.1. Features of sediment and SOC loss

Fig. 1 shows that, under the high-rainfall intensity of
120 mm h™! on the Loess Plateau, the SOC loss did not always
change with sediment loss. The sediment losses of Suide soil exhib-
ited the maximum values, whereas the maximum SOC loss
occurred on the Yangling soil except on the slope of 25° where
the Changwu soil was accompanied with the maximum SOC loss.
Therefore, although the sediment loss decided the SOC loss to some
extent, the SOC concentration was important for SOC loss. Further-
more, the total sediment loss and total SOC loss for the Suide,
Ansai, and Yangling soils exhibited the largest values on the slope
of 20°. However, for the Changwu soils, SOC loss increased with the
increase in slope angle. The sediment or SOC concentration of dif-
ferent soils varied with slope. However, SOC concentration and
SOC loss changed more serious with slope for Ansai and Yangling
soils with high aggregate contents than that of Suide and Changwu
soils. The sediment concentration of different soils showed a sim-
ilar change trend to that of total sediment loss.

An exponential relationship existed between the total SOC loss
and the median diameter difference of the effective and dispersing
sediment particles (Dsg) (Fig. 2). 6Dsp, which can represent the soil
roughness related to soil erodibility (e.g., aggregate contents) and
the SOC content, was also proposed as a variable in our study. With
the increase in 6Dsy, total SOC loss increased quickly first and then
increased slowly.

3.2. Relationships of sediment and SOC loss to hydraulic factors

The relationships of two primary flow dynamic characteristics
(i.e., average flow velocity and runoff depth) and three hydraulic
parameters (i.e., shear stress, stream power, and unit stream
power) to sediment and SOC loss were analyzed (Table 2). The
average flow velocity at the plot was significantly correlated with
SOC concentration (P < 0.01) but not with SOC loss, sediment con-
centration, and total sediment loss. Stream power was significantly
correlated with SOC concentration (P<0.05) and SOC loss
(P<0.01) but not with sediment concentration and total sediment
loss. Arjmand and Mahmoodabadi (2015) proposed that all
hydraulic characteristic parameters (e.g., stream power, shear
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Fig. 2. The relationship of total SOC loss with median diameter difference for the
effective and dispersing sediment particles (5Dsp).

stress, and unit stream power) exhibit significant relationships
with sediment concentration, especially flow velocity. However,
the runoff depth, shear stress, and unit stream power in our study
did not significantly correlate with sediment concentration, total
sediment loss, SOC concentration, and total SOC loss.

3.3. Relationship of flow velocity to SOC concentration

PCA was conducted to investigate the mechanism of flow veloc-
ity in affecting SOC concentration. Three PCs were extracted from
the 11 parameters mentioned above by PCA analysis because the
three PCs explained 92.62% of the variability in the original vari-
ables (Table 3). The third PC was the uncertainty effect factor or
the experimental error. The values of the first PC (PC-1) increased
with flow velocity; thus, this PC was defined as the hydraulic factor
(Fig. 3). The values of the second PC (PC-2) significantly repre-
sented the sediment loss or its related factors (e.g., 5Dsp); thus, this
PC was defined as the soil erodibility factor. Fig. 3 shows that the
PC-1 values of each soil increased with the SOC concentration in
sediments. Meanwhile, the PC-2 values of each soil increased with
its SOC loss amounts. Thus, the points of each soil were distributed
in different quadrants. Given that the treatment with a slope of 20°
was accompanied by a large SOC enrichment ratio, one point sep-
arated from the point cloud for Ansai soil. Meanwhile, the points of
Yangling soil were scattered from one another because of the sig-
nificant difference of sediment loss among treatments. The soil
erodibility factor that determined sediment loss was a more
important effect factor for total SOC loss than the hydraulic factor
that decided the SOC concentration, as PC-1 only accounted for
0.493 of total SOC loss and PC-2 accounted for 0.793 of total SOC
loss. From PC, SOC concentration was found to also share a close
relationship with flow velocity, especially the flow velocity on
the 2 m location from the outlet.
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Table 2
Correlation relationships of soil loss, SOC loss, flow characteristics (average flow velocity, runoff depth) and hydraulic parameters (shear stress, stream power and unit stream
power).
Factors SC TSL SOcCC Total SOC Slope Averageflow Runoff Shear Stream power  Unit stream
(gml™") (kg) (gkg™") loss (g) (mm™")  velocity (ms™) depth (m)  stress (Pa) (W m™2) power (m s~ )
SC(gml™) 1 0.942" —0.662°  0.402 0.028 -0.477 0.173 0.127 —0.286 -0.179
TSL (kg) 0.942" 1 —0.533" 0.566 -0.100 -0.419 0.402 0.323 -0.079 -0.230
SOCC (gkg™) -0662° -0533 1 0.247 0.178 0.899" -0.045 0.170 0.622" 0.366
Total SOC loss (g) 0.402 0.566 0.247 1 -0.001 0.540 0.222 0.286 0.434 0.136
Slope (mm~™1) 0.028 —-0.100 0.178 —0.001 1 0.134 —-0.481 0.134 0.404 0.771"
Average flow -0.477 ~0.419 0.899" 0.540 0.134 1 -0.299 —0.022 0.592° 0.544
velocity (ms™')
Runoff depth (m) 0.173 0.402 —0.045 0.222 —0.481 -0.299 1 0.780" 0.215 —0.641"
Shear stress (Pa) 0.127 0.323 0.170 0.286 0.134 —0.022 0.780" 1 0611 —0.160
Stream power —0.286 -0.079 0.622° 0434 0.404 0.592 0.215 0.611 1 0.547
(Wm~™2)
Unit stream power —0.179 -0.230 0.366 0.136 0.771" 0.544 —0.641" -0.160 0.547 1
(ms)

SC: sediment concentration; TSL: total sediment loss; SOCC: SOC concentration; Average flow velocity: average flow velocity of the four locations on the plot.

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

Table 3
Rotated principal component (PC) pattern for soil and SOC loss and its related factors
for Suide, Ansai, Yangling, and Changwu soils (n = 24).

Variables PC 1¢ PC 2° PC 3¢
(Hydraulic (Soil (others)
factors) erodibility)
SC (gml) —-0.632 0.649 0.403
TSL (kg) -0.570 0.711 0.368
SOCC (gkg™!) 0.967 —0.140 -0.107
Total SOC loss (g) 0.493 0.762 0.010
EMD (pum) -0.369 0.806 —0.339
3Dsp (num) 0.523 0.651 -0.532
Flow velocity (1 m) 0.880 0.347 0.145
(ms)

Flow velocity (2 m) 0.965 —0.045 -0.128
(ms™)

Flow velocity (3 m) 0.947 0.052 0.287
(ms™)

Flow velocity (4 m) 0.830 —0.020 0.486
(ms™)

SOC enrichment 0.846 0.281 0.041

Explained variance (%) 57.44 25.50 9.68

SC: sediment concentration; TSL: total sediment loss; SOCC: SOC concentration;
EMD: effective median diameter; 6Dso: median diameter difference for the effective
and dispersing sediment particles.

2 Values in bold have a loading of 0.6 or higher and contribute strongly to the PC.

Significant linear relationships between flow velocity and SOC
concentration were observed (R?>0.467 and P<0.01) (Fig. 4).
The flow velocity at the 2 m location from the outlet exhibited
the most important relationship with SOC concentration
(R?=0.893 and P<0.001). Nonparametric scatter plot matrix of
the soil particle distribution (clay, fine silt, coarse silt, and sand)
and flow velocities at different locations of the plot were obtained
by Pearson correlation analysis to further investigate the internal
mechanism of the effect of flow velocity on SOC concentration
(Fig. 5). Fig. 5 shows that average flow velocities showed positive
correlation with the clay and fine silt contents in sediments
(P<0.01), especially the average flow velocity at 2 m location from
the outlet. Conversely, average flow velocities exhibited negative
correlations with coarse silt, fine sand, and coarse sand contents
(P<0.05). Meanwhile, SOC concentration presented significant
positive exponential relationship with clay and silt contents
(R?=0.951 and P < 0.001, Fig. 6). Clay and silt usually combine with
SOM (Leifeld et al., 2005; Meersmans et al., 2008). Therefore, we
concluded that the selective transport of clay and silt controlled
by flow velocity resulted in the correlation of flow velocity and
SOC concentration.

The average flow velocity at the low and middle parts of hill
slope showed a significant relationship with SOC loss whereas that
at the foot of hill slope did not. To investigate the reason for this
result, we compared flow velocities under a perfect smoothing
slope without erosion with flow velocities in an actual erosion sit-
uation. In a perfect situation, the increased rate of flow velocity
decreases with distance from the plot top. However, the increased
rate of flow velocity increased with distance during erosion in our
study (Fig. 7). This phenomenon was due to that significant rill ero-
sion occurred at the 3 m location and the sediment runoff was
under transport-limiting conditions. Li et al. (2016a) certified that
heavy erosion occurs in the upper- and lower-middle regions of
slope. Therefore, the flow velocity at the location of the hill slope
where maximum sediment load was attained for runoff could be
regarded as the representative factor for the SOC concentration
for the loess soils.

3.4. Sediment loss prediction

Under high-rainfall intensity, WEPP cannot perfectly predict the
sediment loss on steep slopes when complex serious erosion
occurs, such as gravitational erosion, ephemeral gully, and gully
erosion, especially in China (Zheng, 2006). Referring to the estima-
tion of sediment loss in process-based models (e.g., WEPP) and
considering the hydraulic mechanism accompanied with soil ero-
sion, sediment loss could be calculated by a hydraulic-based sedi-
ment empirical model even with the occurrence of serious erosion,
as shown in Eq. (9). To understand the model easily, bulk density
for each soil and correction coefficient (1000) were incorporated
into the erosion model. Parameters a, b, and c for the Suide, Ansai,
Yangling, and Changwu soils were preliminary calculated by non-
linear regression. The regression results are shown in Table 4.

3D scatter plots were provided for further investigating the
effect of 6Dso and SOC content on SOC loss (Fig. 8). We found that
oDsq of the original soil affected E; by controlling V. SOC content
also affected E; by controlling S. These conditions illustrated that
é6Dsp and SOC content decided the contribution of flow velocity
and slope to total sediment loss, respectively. Then, parameters a
and b showed significant positive exponential and logarithmic
relationships with 6Dsy, respectively (Fig. 9). Parameter c displayed
a significant negative exponential relationship with the SOC con-
tent of the original soil. Therefore, we proposed that parameters
a, b, and c could be predicted by 5Dsq or the SOC content of the orig-
inal soil. The formulas are shown in Egs. (10)-(12). The regression
coefficients and its error are shown in Table 5. After building the
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model, its evaluation was conducted; the input variables are
shown in Table 6. Model parameters a, b and ¢ were recalculated
by entering the values of éDsp and SOC content into Eqs. (10)-
(12). The calculated parameters were reentered into the proposed
erosion model. Sediment loss was predicted by entering the values
of runoff rate, flow velocity, and slope into the model. All predicted
values could be fitted well with the measured ones (Fig. 10). How-
ever, the sediment model exhibited better performance for the
Suide and Changwu soils (R? > 0.905, and d > 0.977) than for the
Ansai and Yangling soils (R? > 0.410 and d > 0.822) (Table 7). In fact,
the aggregate contents for the Ansai and Yangling soils were higher
than those for the Suide and Changwu soils.

3.5. SOC loss prediction

The mechanism of flow velocity in controlling SOC concentra-
tion was investigated in our study for loess soils. Meanwhile,
stream power was found correlated to SOC loss. However, SOC loss
is usually estimated by sediment loss (Hdring et al., 2014; Li et al.,
2016¢). Therefore, a similar hydraulic-based SOC loss model was
proposed, as shown in Eq. (13), by incorporating the SOC content
into the erosion model. In fact, SOC content variable (C,c), which
can be predicted by flow velocity, is not the essential variable
and can be ignored if necessary without reducing the model pre-
diction accuracy. Parameters a, b, and c of the SOC loss model were
also calculated by nonlinear regression (Table 4). The parameters
also showed the same regular relationships with éDsy or SOC con-

tent as obtained by the above-mentioned method (Fig. 8). The rela-
tionships between parameters a, b, and ¢ and 6Dsy or SOC content
could also be nonlinearly regressed by Egs. (10)-(12) (Fig. 9). The
regression results and regression accuracy are shown in Table 5
(R?>0.932 and P < 0.05).

Parameters a, b, and c of the SOC loss model were recalculated by
entering the values of 5Ds, and SOC content into Egs. (10)-(12). The
prediction accuracy of the SOC loss model was estimated, as shown
in Fig. 10 and Table 7. The prediction accuracy for four soils with dif-
ferent soil textures was similar to that of the erosion model. The
SOC model also exhibited better performance for the Suide
and Changwu soils (R? > 0.903, and d > 0.974) than for the Ansai
and Yangling soils with high aggregate contents (R > 0.496, and
d>0.861). The aggregates concentrated on the same soil particle
grade for different loess soils (Wang and Shi, 2015); thus, D5 could
represent the aggregate content. The effect of flow velocity on
sediment or SOC loss increased with the increase in aggregate
content in soils as obtained by the model. The effect of slope on
sediment or SOC loss decreased as SOC content increased.

4. Discussion

4.1. Hydraulic factors and sediment and SOC loss

Among the hydraulic factors, average flow velocity showed
close correlations with SOC concentration, whereas stream power
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Fig. 4. Relationships of the average flow velocity at 1, 2, 3, and 4 m from the outlet to the SOC concentration.

was closely related to SOC concentration and SOC loss. Shi et al.
(2012) noted that different sediment transports [i.e., suspended,
saltating, and contact (rolling) loads] are normally broadly associ-
ated with particular sediment size ranges. From our study, the
organic carbons were found mainly bonded with clay and silt par-
ticles in sediments, which were easily transported by suspension-
saltation transport of overland flow (Shi et al., 2012). A positive
correlation between SOC content and clay content is previously
observed (Leifeld et al., 2005; Meersmans et al., 2008). A positive
correlation between clay and silt content and flow velocity was
also found in our study. We concluded that flow velocity controlled
SOC enrichment by increasing the amount of clay particles in sed-
iments; this deduction was possible because the smallest particles
(< 0.005 mm) were easily transported by overland flow (Rodriguez
et al., 2002; Starr et al., 2000; Swanson and Dedrick, 1967). Thus,
suspension-saltation transport of loess soils was mainly related
to flow velocity. Some clay-sized particles are usually transported
as aggregates (Wang and Shi, 2015), and stream power generally
exhibits a close relationship with the relative effect of sediment
transport by contact (rolling) load (Shi et al., 2012). From our
study, SOC loss was found to present a close relationship with
éDsp, which could represent aggregate contents for loess soils. In
fact, water-stable macroaggregation is also an important determin-
ing factor of erodibility (Barthés et al., 1999). Therefore, stream
power and 5D5y were found correlated with SOC loss in our study.

The enrichment of organic carbon in sediments is generally attrib-
uted to the preferential transportation of poorly decomposed non-
cohesive plant fragments or fine-sized sediments (Li et al., 2016b).
The SOC enrichment of loess soils in our study was due to the
increase in the amounts of small sediment particles and clay-
comprised aggregates. SOC usually combines with clay particles
and is the most stably sized fraction in soils (Anderson et al.,
1981; Starr et al., 2000). In our study, clay particles were first
transported for the loess soil; thus, SOC loss amount could seri-
ously affect the loess soil as a carbon sink (De et al., 2015; Ma
et al,, 2014).

All findings and conclusions about the hydraulic mechanism of
SOC transport were investigated under short-high rainfall inten-
sity. The relationships of hydraulic factors and SOC loss should
be further investigated under small rainfall intensity. Meanwhile,
the hydraulic mechanism controlling SOC enrichment ratio should
also be further investigated for other soils and large scales.

4.2. Simple sediment and SOC loss model

Referring to previous physical-based model and the relationship
between flow velocity and SOC concentration, a hydraulic-based
soil and SOC loss empirical model was proposed in our study.
Model parameters were related to dDs or the SOC content of the
original soil because of the effect of the hydraulic roughness and
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the median particle size of the soil on sediment loss (Quinton et al.,
2006). In our study, aggregate content exhibited obvious effect on

model accuracy. The soils with low aggregate content were better
predicted than the ones with high-aggregate content. Our pro-
posed model mainly focused on the sediment loss during serious
erosion on the Loess Plateau. Although the empirical model could
not predict the sediment loss at any hill slope location, it could
effectively predict the sediment loss for the cases that could not
be addressed using physical-based models (Wang et al., 2007).
Rainfall intensity affected the erosion process mainly by con-
trolling the hydraulic process on slope (Kinnell, 2005). Rill erosion
mainly occurred during the flow detachment with transport by
flow period when transport mechanism of suspension and rolling
was more important than saltation. Although rainfall intensity is
important on the conversion between raindrop detachment/splash
erosion and flow detachment/flow erosion, transport mechanisms
decided the application of our proposed model. Therefore, the
effect of varying high-rainfall intensity was not also considered
in our studies. In addition, as the submodel of SOC dynamic model,
SOC loss was mainly predicted by the sediment loss for large-scale
or long-time scale in previous studies (Haring et al., 2014; Li et al.,
2016c¢). Field monitoring under simulated rainfall conditions is a
good method to develop diagnostic models and to study the
hydraulic effects (Cao et al., 2015; Foltz et al., 2009). Meanwhile,
the same calculation method may be effectively used for the calcu-
lation of soil and SOC loss on gauging station at small catchment
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Table 4
Model parameters for the sediment and SOC loss prediction model for the Suide, Ansai, Yangling, and Changwu soils.
Soil types Parameters-sediment Parameters-SOC
a b c a, b, Co
Suide 0.046 —0.934 0.758 0.090 -0.774 1.070
Ansai 1486 E-11 —4.290 0.132 3428 E-5 —4.243 0.630
Yangling 3.601 E7 16.018 -1.593 7.530E7 16.320 —1.485
Changwu 0.119 3.863 —3.666 0.150 3.946 —3.715
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Fig. 8. The three-dimensional (3D) scatter plot fitted by ellipsoid of 5D, flow velocity at 2 m to the outlet and total sediment loss, and SOC content, slope and total sediment
loss.

scale. Therefore, hydraulic-based SOC model can bring a new

important reference for the SOC prediction. However, under the
low rainfall intensity, a physical-based model may exhibit a good

prediction accuracy when erosion is not serious. Finally, by this
method, hydraulic-based sediment or SOC loss empirical model
for severe erosion for different soils may also be built.
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Fig. 9. Relationships between the parameters (a, b, and c) and éDsp or SOC content for the Suide, Ansai, Yangling, and Changwu soils.
Table 5

Regression coefficients and statistical indices for the relationships between model parameters and éDs, or SOC content of original soils.

Model parameters

Coefficients-sediment

Agreement index-Sediment

y0 A k R? P
a 0.002 +0.011 0.002 + 0.000 0.700 + 0.006 1.000 0.001
b —8.912 +2.400 6.918 +1.130 1.000 + 0.000 0.974 0.009
c 0.836 +0.103 —0.008 + 0.000 1.000 + 0.000 0.999 0.046
Coefficients-SOC Agreement index-SOC
a, 0.019 +0.036 —0.002 £ 0.002 0.721+0.721m 1.000 0.009
bo —8.912+2.343 6.999 +1.103 1.000 + 0.000 0.932 0.012
Co 1.255 +0.261 —0.009 + 0.001 1.00 + 0.000 0.996 0.038
Table 6
Input values [Flow velocity at the 2 m location from outlet, runoff rate and median diameter difference of the effective and dispersing soil particles (6Dso)] of the model.
Soil types Average flow velocity (2 m) at different slopes (m s™") Average runoff rate at different slopes (ml s~') Dsg
15° 20° 25° 15° 20° 25°
Suide 0.17 0.15 0.15 85.89 72.11 3491 4.27
Ansai 0.20 0.24 0.19 96 83.69 73.47 1.63
Yangling 0.23 0.26 0.25 110.39 108.75 109.44 34.00
Changwu 0.24 0.27 0.23 70.83 100.92 93.89 6.09

5. Conclusion

To improve the prediction accuracy of sediment and SOC loss

of the model. The proposed model shows good prediction accu-
racy even if rill morphology and other erosion processes suffer
complex changes. However, high-aggregate contents decreased

accompanied with complex serious erosion, an empirical sedi-
ment and SOC model was proposed. The results showed that
the flow velocity, especially the flow velocity at the location
where the runoff was transport limited, exhibited direct effect
on SOC concentration by controlling selective transport of the
fine particles. When runoff rate, slope, flow velocities, &Dsg,
and SOC content served as input variables, a hydraulic-based
empirical model was built. In the model, 6Dsp and SOC content
were used to determine the parameters of the master equation

the prediction accuracies of the proposed sediment and SOC
model. From the model, aggregate contents exhibit positive
effect on the contribution of flow velocity to sediment or SOC
loss, whereas SOC content displays negative effect on the slope
contribution. Considering that our study mainly focused on the
loess soils, similar model may be built for other soils, which
need to be further investigated. Overall, the applicability of the
newly proposed models will serve as an important reference
for WEPP and the SOC dynamic model.
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Fig. 10. Map plots of the measured sediment loss and the predicted sediment loss (a), and the measured total SOC loss and the predicted total SOC loss (b) for the Suide, Ansai,

Yangling, and Changwu soils.

Table 7
Statistical indices for the sediment and SOC loss prediction model for the Suide, Ansai,
Yangling, and Changwu soils.

Soil types Agreement index-sediment
RMSE R? d
Suide 3.694 0.935. 0.983
Ansai 1.470 0.756 0.936
Yangling 8.428 0.410 0.822
Changwu 4927 0.905 0.977
Agreement index-SOC
Suide 8.233 0.903 0.974
Ansai 13.750 0.526 0.861
Yangling 51.302 0.496 0.866
Changwu 38.371 0.903 0.977
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