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Abstract: Agricultural soils undergo periods of saturation followed by desiccation throughout the
course of a growing season. It is believed that these periods of wetting and drying influence soil
structure and may affect the rate of soil detachment. Thus, an experiment was conducted to investigate
the influence of a disturbed soil (soil sieved to simulate tillage) subjected to various wetting and
drying cycles, on soil bulk density and the resistance to soil detachment with runoff. Seven treatments
consisting of wetting and drying cycles ranging from 0 to 6 cycles were evaluated under laboratory
conditions using an experimental flume apparatus. A Richards growth model proposed for predicting
the influence of wetting and drying on soil detachment was also evaluated. Results showed that
the soil bulk density increased as the number of wetting and drying cycles increased. The soil
detachment rate decreased as the number of wetting and drying cycles increased. Moreover, initial
soil detachment (occurring as soon as runoff began) rates were high for 1 to 3 wetting and drying
cycles, while the rate of initial detachment decreased after the third cycle. For example, soils with
two and three wetting and drying cycles took 6.5 and 7 min to reach the maximum 1 cm souring
depth, respectively, while the soils subjected to four or more wetting and drying cycles did not reach
the maximum 1 cm depth during the 15 min runoff experiment. In addition, the proposed S-Shaped
Richards growth model was a good predictor for estimating the soil detachment of soils experiencing
various wetting and drying cycles. Findings from this study suggest that more attention should
be given to the influence that soil wetting and drying have on the prediction of soil detachment.
Information from this study is expected to be useful for improving soil management strategies for
reducing soil erosion.

Keywords: soil erosion; water; modeling

1. Introduction

Soil erosion is defined as a process by which soil particles are detached, transported,
and deposited under the action of an erosive agent [1,2]. The detachment process refers to
the dislodgment of vulnerable soil particles from the soil mass under the action of rainfall
splash or scouring from overland flow [3]. Detachment begins when there is sufficient
energy exerted on soil aggregates at the surface to destroy the soil’s cohesive force, enabling
the transport of soil particles [4,5]. Given that erosion can lead to a shift in soil texture, soil
organic matter, and soil nutrients, resulting from loss of fines and organic matter which
is detrimental to the soil structure, the soil water holding capacity, and crop productivity,
considerable effort is being made to predict sediment detachment and transport rates [1,6].
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Soil erosion has become a serious hindrance to the sustainability of agricultural pro-
duction in China’s Loess Plateau region. This region is where the majority of China’s
agricultural production occurs. Intensive tillage and long-term overuse of resources from
traditional farming practices have left the soil surface structure loose and seriously eroded.
The overland flow of water and soil loss from sloping fields have been identified as the
main causes of erosion, deteriorating the productivity of these soils. This persistent erosion
problem has led to barren land, ravines and gullies throughout this region [7]. Thus, many
studies are being conducted to explore the controlling factors affecting soil detachment and
to develop soil erosion models for estimating soil losses in the region.

Cropland that is under intensive and frequent tillage, or that is bare and exposed to
rainfall, is more susceptible to erosion than undisturbed soil [8,9]. Zhang et al. [9] reported
soil detachment rates from disturbed soils were up to 23 times that of natural undisturbed
soil, indicating that the hydraulic characteristics are changed when soil is disturbed. How-
ever, over time, the process of soil restructuring occurs as the reorganization of the pores
occurs. Panachuki et al. [10] reported, after increasing applications of simulated rains, that
there was a tendency for the soil under conventional tillage to consolidate. They suggested
that this occurred because recently tilled soils undergo a process of reconsolidation over
time, and this phenomenon is accelerated by soil wetting and drying. They also correlated
this occurrence to soil aggregation. For example, shortly after tilling, they observed smaller
soil aggregates (soil aggregate diameters) which were attributed to disaggregation as a
result of tillage breaking the aggregates apart. After seven simulated rain events, there was
a structural reorganization of the soil mass, resulting in increased soil aggregate size [11].
Considering that wetting and drying cycles are natural processes that occur in soil, more
research is needed to understand the influence that this process may have on soil erosion.

Stripping of the soil surface, resulting from rill erosion, has become an important issue
studied in the Loess Plateau region. Rill erosion primarily occurs when a concentrated
overland flow of water develops small well-defined channels [11]. These channels act as
sediment sources and transport passages for soil loss [12]. Nearing et al. [13,14] conducted
a series of field experiments evaluating the hydrodynamic characteristic of rill erosion from
several soils as a function of hydraulic shear stress, stream power and hydraulic friction.
Their results illustrated that rill erosion rates were better correlated to a power function
of either shear stress or stream power. Lyle and Smerdon [15] first used an experimental
flume to simulate the relationship between soil erosion and shear stress from surface runoff.
Since then, numerous researchers have used this approach [16–18]. Zhang et al. [19,20]
demonstrated that there is a functional relationship between the erosion rate, slope, flow
rate and water depth. They [19,20] also suggested that the soil erosion rate increases with
an increasing flow rate of runoff and slope and that the effect of flow rate on erosion is
greater than that of the slope. These studies have led to a better understanding of the
mechanisms influencing soil detachment from rill erosion. However, there has been limited
research evaluating the influence of soil wetting and drying on soil erosion, especially
on the Loess Plateau soils. This information is necessary for the better development of
process-based erosion models. Therefore, the objective of this study was to determine the
influence of soil wetting and drying on soil detachment. The resulting detachment data
were then compared with predictions derived from empirical relationships.

2. Materials and Methods

This experiment was conducted using a Loess Plateau soil at the College of Na-
ture Resources and Environment, Northwest A&F University, Yangling, Shaanxi, China.
The soil used was collected from cropland topsoil (0–20 cm depth) in the Rougu Valley
(34◦16′56.24′′ N, 108◦4′27.95′′ E), Yangling District of Shannxi Province, which had been
previously managed under a corn-wheat double cropping system (raising two crops in
succession per year on the same field). Following collection, the Loessial soil was passed
through a 5 mm sieve after air-drying to facilitate the removal of straw and coarse particles
and then thoroughly mixed. This soil, from the study site, was formed from loess parent
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material and is relatively deep, with a loam texture (USDA soil classification criteria). The
soil was a loam (loess) composed of 28.9% sand, 45.4% silt, and 25.7% clay, with a median
particle size of 13.3 µm and a specific surface area of 1.17 m2 g−1.

2.1. Experimental Setup and Treatments

To investigate the influence of wetting and drying cycles on soil detachment, the
soils were saturated, simulating the soil water absorption process that occurs following a
wetting by rainfall, and then dried, simulating the process of drying by solar radiation. The
influence of the soil wetting and drying cycles was evaluated under controlled conditions
using small steel boxes (0.30 × 0.30 × 0.25 m in dimensions) with several perforated holes
in the bottom.

In order to achieve the objective of this study, six wetting and drying cycles (1–6 cycles)
replicated in triplicates were evaluated. Each steel box was lined with cheesecloth and then
the sieved air-dried soil was packed into the box to a uniform bulk density of 1.2 g cm−3,
mimicking the field conditions from where the soil was collected. The boxes were wetted
through capillary saturation from the bottom by placing boxes into a shallow water tank.
Subsequently, the tank was filled slowly with tap water until the water level was 5 mm
below the top of the steel boxes. This water level was maintained for 24 h to allow the
soil samples to soak and reach saturation. After saturating the samples, the erosion boxes
were removed from the tank and allowed to drain by gravity for a few minutes and were
then subjected to drying. For each wetting and drying cycle, the samples in the erosion
boxes were oven-dried at 105 ◦C from saturation to a constant weight of 15% dry basis
moisture, weighing the boxes every 2 h. The 15% dry basis moisture content was based on
the average annual soil moisture for farmland soil in the study area.

2.2. Measurement of Soil Detachment

Soil detachment was determined in the laboratory under temperature-controlled
conditions by eroding soil samples with tap water using an experimental flume apparatus.
The flume apparatus’ main section was a scour trough with a slope length of 1 m and
a width of 30 mm. The flume apparatus could be manually adjusted to the appropriate
slope gradient. A soil chamber (200 mm slope length, 30 mm width, and 40 mm deep) was
located on the downslope end of the flume apparatus for evaluating the soil detachment
by overland flow. Prior to each erosion simulation, a subsample (200 mm slope length ×
30 mm width × 40 mm depth) was taken from the steel soil erosion boxes described above
using a rectangular cutting frame (Figure 1) and placed in the soil chamber of the flume
apparatus (Figure 1) at the downslope end of the channel having a 17.6% slope. During
laboratory simulations, water was delivered into the tank at the upper end of the flume
by a pump. The flow rate was measured using a model LZB-4F variable area flowmeter
(Changzhou Cheng Heng Instrument Co., Ltd. (Changzhou, Jiangsu, China)) with a
16–160 mL min−1 specified flow rate range. The flow rate was adjusted using a valve. Each
soil erosion test was conducted at a constant flow rate of 40 mL min−1 and was continued
until the top 1 cm was eroded away from soil in the soil chamber, or until 15 min had
elapsed, whichever occurred first. Following the initiation of runoff, a separate subsample
was taken every 30 s from the water outflowing at the base of the flume apparatus. A
picture of this experimental setup is shown in Figure 2.
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2.3. Sample Analysis 
Soil bulk density was determined from the soil in the soil erosion boxes for each wet-
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method. The bulk density was calculated as the ratio of oven-dried soil (105 °C for 24 h) 
mass to the cutting ring’s volume. 

Mass detached soil collected from each 30 s interval was determined by filtering the 
runoff samples through filter paper and then drying the remaining particulate matter at 
55 °C until a constant mass was achieved and then weighed. The detachment rate was 
calculated as the mass of eroded soil collected in each 30 s time interval. 

  

Figure 1. Schematic diagram of the experimental setup for the flume apparatus used to measure soil
detachment. (a) Flume apparatus. (b) Cutting ring. Scour trough length is 1 m. Adjusting device
provides for manual adjustment of the scour trough. Cutting ring wall thickness is 2 mm. Dimensions
are in mm.
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Figure 2. Side view of the experimental setup for the flume apparatus used to measure soil detachment.

2.3. Sample Analysis

Soil bulk density was determined from the soil in the soil erosion boxes for each
wetting and drying cycle treatment using the steel cutting ring (cylinder of known volume)
method. The bulk density was calculated as the ratio of oven-dried soil (105 ◦C for 24 h)
mass to the cutting ring’s volume.

Mass detached soil collected from each 30 s interval was determined by filtering the
runoff samples through filter paper and then drying the remaining particulate matter at
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55 ◦C until a constant mass was achieved and then weighed. The detachment rate was
calculated as the mass of eroded soil collected in each 30 s time interval.

2.4. Simulation of Soil Detachment using Richards Model

The Richards model is a growth process description equation and the basic form is:

Y = K× (1− αe−bx)
1/(1−c)

(1)

where K is the cumulative sediment loss value, a is the initial sediment loss value, b is the
rate change, and c is the allometric parameter.

Equation (1) can be rearranged as:

Y/K = (1− αe−bx)
1/(1−c)

(2)

The Richards model can be described as a monotonically increasing function. As x
tends to infinity, Y approaches K. It is a four-parameter model which lends itself to easily
describing measured data and increasing the prediction accuracy [21,22].

There are two maximum values for describing the Richards growth model rate of
change [23], and the two coordinates are:

x =
lnH

b
, Yx = K(1− a

H
)

1/(1−c)
(3)

where H is given by:

H1,2 =
a(2 + c±

√
4c + c2)

2(1− c)
(4)

Using the two values of H from Equation (4), in Equation (3), we get two values of
x. The smaller x value denotes the inflection point, which is the cutoff point between the
initial stage and the exponential phase. The larger x value denotes the cutoff point between
the exponential phase and stabilization phase.

Soil erosion can be affected by soil texture, and the cumulative loss of sediment during
the erosive process can be described as a monotonically increasing function following an
S-shaped curve response.

The Richards model is a four-parameter nonlinear model which describes the variation
of soil detachment with time. The selection of initial values is important when the model
parameters are fitted. According to characteristics of the Richards model, Y tends to reach
its maximum value K when x→ ∞. Therefore, a reasonable initial estimate K0 can be taken
as the approximate maximum value of Y when x→ ∞ in terms of the relationship between
Y and x.

The equation is as follows:

Y = K× c
1

1−c (5)

Furthermore, the initial estimate value c0 can be determined by using Equation (5).
Equation (1) can be rearranged as:

(Y/K)(1−c) = 1− αe−bx (6)

Equation (7) is obtained by taking the natural logarithm of both sides of Equation (6):

ln(1−Y/K)(1−c) = ln(α)− bx (7)
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The initial estimates of ln(α) and b are ln (α0) and b0, and can be determined by
linear regression. Once the initial parameters K, α, b and c are determined, they are
used as input for the SPSS v20.0 statistical program. SPSS was used to fit the Richards
model for describing the soil erosion process using nonlinear regression according to
procedures described by Christian et al. [23] from the values obtained during the laboratory
runoff experiment.

2.5. Data Processing

Statistical analysis for this study was performed using the SPSS 18.0 software (SPSS Inc.,
Chicago, IL, USA). An analysis of variance was conducted to examine the significant
differences in bulk density and soil detachment. Multiple comparisons among treat-
ments were separated with Duncan’s multiple range test and deemed significant using the
5% significance level. A correlation matrix of the Pearson correlation coefficient was used
to determine the correlations between data from the Richards growth equation to that of
the experimental data collected during this study.

3. Results and Discussion
3.1. Wetting and Drying Cycle Influence on Soil Bulk Density

Soil bulk density is an important indicator of soil physical conditions and is defined
as the ratio between a dried mass of soil to its total volume [24]. It is commonly used to
help characterize soil structural quality. For example, soil bulk density can be useful in
describing both the packing structure of a soil and its permeability [25], whereby drainage
characteristics can be inferred [26].

The influence of wetting and drying (0–6 cycles) on soil bulk density observed in this
study is shown in Figure 3. Following one wet-dry cycle, soil bulk density increased from
1.20 to 1.26 g cm−3. After the sixth wet-dry cycle, soil bulk density reached 1.29 g cm−3.
Thus, the bulk density increase following the first wet-dry cycle was 67%, and the last
five cycles accounted for 33%. These results suggest that the soil became more compacted
following the wetting and drying cycles. Soil bulk density increases as the number of
wetting and drying cycles progressed, which is most likely a result of the soil undergoing
a process of reconsolidation. This is a result of disaggregation from the initially sieved
soil undergoing structural reorganization. In other words, the loose aggregates formed
a more coherent soil structure following the wetting and drying. During this process,
mean soil pore space diameter decreases from the increasing density and reconsolidation
occurs following wetting and drying, with reconsolidation being accelerated by wetting
and drying. Our results also imply that the amount of soil reconsolidation per wet-dry cycle
decreased as the number of cycles increased. The differences in bulk density between the
wet-dry cycles 2–6 were considerably lower than that observed between the initially sieved
soil and the second wet-dry cycle. Previous reports have shown that soil porosity increases,
caused by tillage, and gradually decreases over time due to reconsolidation during wetting
and drying cycles [27–29]. It has also been reported that most of the reconsolidation occurs
during the first wetting and drying cycle and progressively less occurs in the succeeding
cycles [30]. These reported occurrences are similar to our findings.

3.2. Wetting and Drying Cycles Influence on Soil Detachment

Figure 4 depicts the change in soil detachment lost over time to a runoff under the
influence of wetting and drying. Each data point represents the mean of three replicates.
Soils with two or fewer wetting and drying cycles exhibited a different soil detachment
trend than soils with three or more wetting and drying cycles. For example, during the
runoff experiment, soils with only one wetting dry cycle took only 4 min for it to reach the
maximum 1 cm souring depth. Soils with two and three wetting and drying cycles took 6.5
and 7 min to reach the maximum 1 cm souring depth, respectively, while the soils subjected
to four or more wetting and drying cycles did not reach the maximum 1 cm depth during
the 15 min runoff experiment. In addition, approximately 127, 133 and 117 g of soil were
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detached for one, two, and three wetting cycles. When the number of wetting cycles was
four or more, less than 108 g of soil was detached. These findings suggest that the erosivity
of freshly tilled Loess Plateau soil decreases with increased wetting and drying.
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represents one standard deviation (n = 3). Means with the same lowercase letter are not significantly
different (p ≤ 0.05).
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Soil detachment rate is influenced by wetting and drying and time. For example,
soils with only one wetting and drying cycle had the greater sediment loading losses, a
detachment rate of 256 g m−2 s−1. Although sediment loading losses for the soil with two
and three wetting and drying cycles were high at the 1 min time interval, the detachment
rates for these soils were less than that observed for only one wetting and drying cycle. It is
also important to note, however, that the temporal patterns of soil detachment for soil with
greater than four wetting and drying cycles were different from those subjected to fewer
than three wetting and drying cycles. For instance, for soils subjected to 4–6 wetting and
drying cycles, the percent soil detachment was relatively low at the beginning of the runoff
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experiment and increased gradually until reaching a maximum and then decreased. On
the other hand, soil detachment was maximum after runoff commenced (as observed at the
1 min time interval) and decreased rapidly thereafter.

Differences in soil detachment were most likely a result of increased soil reconsolida-
tion, soil bulk density, and soil aggregation occurring with increasing wetting and drying
cycles. The detachment rate as a function of wetting and drying decreased most after the
first cycle. These results are consistent with the soil bulk density data observed in this
study. Most of the loose particles from the disturbed soil used in this study settled into
the soil mass following the wetting and drying cycle (denoted by increases in soil bulk
density) increasing the soil’s resistance to detachment, thereby leading to a decrease in
sediment loss. These findings are in accordance with others who have shown that erosion
is increased after soil disturbance, as well as those who have also observed reductions in
sediment loss following soil consolidation [19,31,32].

3.3. Characteristics of Soil Detachment Process

The best empirical representation of the soil detachment data from this study can
be described using the S-curve response. Soil detachment was modest at the beginning
and then entered a period of rapidly increasing detachment until it reached a period of
maximum loss. The S-curve response of this study is best described by fitting our data to one
of the hyperbolastic growth models, such as the Logistic, Gompertz, Richards, Mitschelich
or Bertalanffy theoretical growth equations. Of these, the Richards equation had the best fit.
The Richards function was fitted to the detachment data using the Levenberg–Marquardt
algorithm provided in the SPSS software package. The Richards equation gives physically
sound values for the function parameters being evaluated. An illustration of the erosion
process data being fitted to the Richards equation can be found in Figure 5. In the present
study, the model given by Equation (2) was fitted to the experimental data obtained from
the soil detachment rates as affected by wetting and drying cycles observed during the
laboratory runoff experiments. The curves obtained are illustrated in Figure 5, with model
fitting curves being depicted as a solid line. Model parameters from the Richards equation
for K (cumulative sediment loss value), a (initial sediment loss value), b (rate change), and c
(allometric parameter) and the residual are presented in Table 1. These data were shown to
be normally distributed. The fit of the modified Richards model to the wetting and drying
cycles experimental data provided good performance, with an R2 greater than 0.98.
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fit. The Richards function was fitted to the detachment data using the Levenberg–Mar-
quardt algorithm provided in the SPSS software package. The Richards equation gives 
physically sound values for the function parameters being evaluated. An illustration of 
the erosion process data being fitted to the Richards equation can be found in Figure 5. In 
the present study, the model given by Equation (2) was fitted to the experimental data 
obtained from the soil detachment rates as affected by wetting and drying cycles observed 
during the laboratory runoff experiments. The curves obtained are illustrated in Figure 5, 
with model fitting curves being depicted as a solid line. Model parameters from the Rich-
ards equation for K (cumulative sediment loss value), a (initial sediment loss value), b (rate 
change), and c (allometric parameter) and the residual are presented in Table 1. These data 
were shown to be normally distributed. The fit of the modified Richards model to the 
wetting and drying cycles experimental data provided good performance, with an R2 
greater than 0.98. 

 
Figure 5. S-curve comparisons of soil detachment data collected with time from the laboratory run-
off experiment to the fitted curves as the influence of soil wetting and drying. 

Table 1. Richards model parameters (cumulative sediment loss value (K), the initial sediment loss 
value (a), the rate of change (b), and the allometric parameter (c)) used for predicting the soil detach-
ment rate as affected by wet-dry cycles and their corresponding correlation and residual values. 

Number of Wet-
ting and Drying 

Cycles 

Model Parameters 
Correlation Residual 

K a b c 

1 126.66 0.600 2.023 0.928 0.995 0.005 
2 132.65 0.128 0.999 0.968 0.991 0.012 
3 117.33 0.934 1.621 0.825 0.980 0.022 
4 107.60 −3.064 0.450 1.346 0.998 0.006 

Figure 5. S-curve comparisons of soil detachment data collected with time from the laboratory runoff
experiment to the fitted curves as the influence of soil wetting and drying.
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Table 1. Richards model parameters (cumulative sediment loss value (K), the initial sediment
loss value (a), the rate of change (b), and the allometric parameter (c)) used for predicting the soil
detachment rate as affected by wet-dry cycles and their corresponding correlation and residual values.

Number of Wetting
and Drying Cycles

Model Parameters
Correlation Residual

K a b c

1 126.66 0.600 2.023 0.928 0.995 0.005
2 132.65 0.128 0.999 0.968 0.991 0.012
3 117.33 0.934 1.621 0.825 0.980 0.022
4 107.60 −3.064 0.450 1.346 0.998 0.006
5 105.70 −64.516 0.559 2.209 0.998 0.009
6 104.97 −673.855 0.655 2.887 0.997 0.012

The S-shaped growth curve can be generally described as having three phrases: the
initial stage of growth (increases slowly); the intermediate stage of growth (accelerated
or rapid increase where exponential growth occurs); and then the final phase of growth
(negative acceleration occurs until reaching a zero growth rate). In our case, soil detachment
was influenced by the overland flow of water in the flume apparatus. Detachment rates
for soil subjected to 1–3 wetting and drying cycles increased exponentially first and then
reached stabilization. For the detachment rates from soil subjected to 4–6 wetting and
drying cycles in the first stage, sediment loss increased slowly (having some lag time). In
the second phase, sediment loss began to occur more swiftly due to the loosening of weakly
bound soil particles. In the final phase, after most loosened particles were lost to runoff,
the detachment rate began to reduce.

As shown in the data in Table 2, as the number of wetting and drying cycles increased,
the time before soil detachment rates reached the exponential stage also increased. The
data in Table 2 further demonstrates that, as wetting and drying increased, the amount of
sediment loss decreased, thus implying that the rate of soil detachment decreased and the
soil’s ability to resist water erosion is enhanced with wetting and drying. These results
show that the data obtained using the Richards growth equation is consistent with that
observed from the runoff experiments using the experimental flume. Given that surface
water runoff is a driving force of soil erosion and sediment transport, the data obtained
from this study could be used to improve our understanding of how to minimize soil losses
by better predicting the influence that soil wetting and drying have on soil detachment.

Table 2. Coordinates of inflection points predicted by the Richards model for forecasting the rate of
soil detachment as affected by the number of wetting and drying cycles.

Number of Wetting
and Drying Cycles

Demarcation Point Time
(min)

Growth Rate
Percentage

(%)Left Right

1 (0.59, 7.73) (1.51, 84.86) 0.92 77.14 60.90
2 (0.44, 8.98) (2.34, 89.82) 1.90 80.84 60.94
3 (0.49, 5.13) (1.58, 76.27) 1.09 71.14 60.63
4 (2.39, 13.65) (7.30, 78.60) 4.90 64.95 60.36
5 (4.65, 24.76) (9.57, 84.78) 4.92 60.02 56.79
6 (6.62, 31.29) (11.33, 87.70) 4.71 56.41 53.74

4. Conclusions

This study evaluated the influence of increasing wetting and drying cycles on sediment
loss from loess soil under laboratory conditions. A modified version of the Richards growth
model was evaluated using data collected from the laboratory experiment to describe the
effects that soil wetting and drying have on a soil detachment of a Loess Plateau soil. Soil
wetting and drying increased the cohesion between soil particles, resulting in soil bulk
density increases. In addition, the soil detachment capacity was generally highest for
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soil subjected to only one wetting and drying cycle. Reductions in soil detachment were
observed as the occurrence of wetting and drying cycles increased. This study shows that
consideration must be given to the influence that soil wetting and drying cycles may have
on soil detachment. The use of the Richards growth model, which is based on the S-curve,
exhibits a consistent pattern in the data collected under laboratory conditions. These results
suggest that this predictive method can be applied with confidence to Loessial soils for
making soil erosion predictions.

Author Contributions: Conceptualization, J.W., Q.M., F.M., Q.Z. and P.Z.; methodology, J.W., Q.M.,
F.M., Q.Z. and P.Z.; formal analysis, J.W., D.B.W. and T.R.W.; data curation, J.W., D.B.W. and T.R.W.;
writing—original draft preparation, J.W., D.B.W. and T.R.W.; writing—review and editing, J.W.,
D.B.W., Q.M., F.M., Q.Z., P.Z. and T.R.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset generated during and/or analyzed during the current
study is available from the corresponding author on responsible request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ellison, W.D. Soil Erosion Studies-Part I. Agric. Eng. 1947, 28, 145–146.
2. Ellison, W.D. Soil Erosion Studies-Part II. Agric. Eng. 1947, 28, 197–201.
3. Owoputi, L.O.; Stolte, W.J. Soil detachment in the physically based soil erosion process: A review. Trans. ASAE 1995, 38, 1099–1100.

[CrossRef]
4. Rauws, G.; Govers, G. Hydraulic and soil mechanical aspects of rill generation on agricultural soils. J. Soil Sci. 1988, 39, 111–124.

[CrossRef]
5. Holz, D.J.; Williard, K.W.J.; Edwards, P.J.; Schoonover, J.E. Soil erosion in humid regions: A review. J. Contemp. Water Res. Educ.

2015, 154, 48–59. [CrossRef]
6. Li, Q.; Prendergast, L.J.; Askarinejad, A.; Chortis, G.; Gavin, K. Centrifuge modeling of the impact of local and global scour

erosion on the monotonic lateral response of a monopile in sand. Geotech. Test. J. 2020, 43, 1084–1100. [CrossRef]
7. Huisman, J.; Sperl, C.; Bouten, W.; Verstraten, J. Soil water content measurements at different scales: Accuracy of time domain

reflectometry and ground-penetrating radar. J. Hydrol. 2001, 245, 48–58. [CrossRef]
8. Lanzanova, M.E.; Eltz, F.L.F.; Nicoloso, R.D.S.; Cassol, E.A.; Bertol, I.; Amado, T.J.C.; Girardello, V.C. Residual effect of soil

tillage on water erosion from a Typic Paleudalf under long-term no-tillage and cropping systems. Rev. Bras. Ciênc. Solo 2013, 37,
1689–1698. [CrossRef]

9. Zhang, G.H.; Liu, B.Y.; Liu, G.B.; He, X.W.; Nearing, M.A. Detachment of undisturbed soil by shallow flow. Soil Sci. Soc. Am. J.
2003, 67, 713–719. [CrossRef]

10. Panachuki, E.; Bertol, I.; Sobrinho, T.A.; De Oliveira, P.T.S.; Rodrigues, D.B.B. Effect of soil tillage and plant residue on surface
roughness of an oxisol under simulated rain. Revista Brasileira de Ciência do Solo 2015, 39, 268–278. [CrossRef]

11. Haile, G.; Fetene, M. Assessment of soil erosion hazard in Kilie catchment, East Shoa, Ethiopia. Land Degrad. Dev. 2012, 23,
293–306. [CrossRef]

12. Wirtz, S.; Seeger, M.; Ries, J. Field experiments for understanding and quantification of rill erosion processes. Catena 2012, 91,
21–34. [CrossRef]

13. Nearing, M.A.; Norton, L.D.; Bulgakov, D.A.; Larionov, G.A.; West, L.T.; Dontsova, K.M. Hydraulics and erosion in eroding rills.
Water Resour. Res. 1997, 33, 865–876. [CrossRef]

14. Nearing, M.A.; Simanton, J.R.; Norton, L.D.; Bulygin, S.J.; Stone, J. Soil erosion by surface water flow on a stony, semiarid
hill-slope. Earth Surf. Processes Landf. 1999, 24, 677–686. [CrossRef]

15. Lyle, W.M.; Smerdon, E.T. Relations of compaction and other soil properties to erosion resistance of soil. Trans. ASAE 1965, 8,
419–422.

16. Poesen, J.; De Luna, E.; Franca, A.; Nachtegaele, J.; Govers, G. Concentrated flow erosion rates as affected by rock fragment cover
and initial soil moisture content. Catena 1999, 36, 315–329. [CrossRef]

17. Yu, Y.C.; Zhang, G.H.; Geng, R.; Li, Z.W. Temporal variation in soil rill erodibility to concentrated flow detachment under four
typical croplands in the Loess Plateau of China. J. Soil Water Conserv. 2014, 69, 352–363. [CrossRef]

http://doi.org/10.13031/2013.27927
http://doi.org/10.1111/j.1365-2389.1988.tb01199.x
http://doi.org/10.1111/j.1936-704X.2015.03187.x
http://doi.org/10.1520/GTJ20180322
http://doi.org/10.1016/S0022-1694(01)00336-5
http://doi.org/10.1590/S0100-06832013000600025
http://doi.org/10.2136/sssaj2003.7130
http://doi.org/10.1590/01000683rbcs20150187
http://doi.org/10.1002/ldr.1082
http://doi.org/10.1016/j.catena.2010.12.002
http://doi.org/10.1029/97WR00013
http://doi.org/10.1002/(SICI)1096-9837(199908)24:8&lt;677::AID-ESP981&gt;3.0.CO;2-1
http://doi.org/10.1016/S0341-8162(99)00044-2
http://doi.org/10.2489/jswc.69.4.352


AgriEngineering 2022, 4 543

18. Ma, R.; Cai, C.; Wang, J.; Wang, T.; Li, Z.; Xiao, T.; Peng, G. Partial least squares regression for linking aggregate pore characteristics
to the detachment of undisturbed soil by simulating concentrated flow in ultisols (subtropical China). J. Hydrol. 2015, 524, 44–52.
[CrossRef]

19. Zhang, G.H.; Liu, Y.M.; Jan, Y.F.; Zhang, X.C. Sediment transport and soil detachment on steep slopes: I. Transport capacity
estimation. Soil Sci. Soc. Am. J. 2009, 73, 1291–1297. [CrossRef]

20. Zhang, G.H.; Liu, Y.M.; Han, Y.F.; Zhang, X.C. Sediment transport and soil detachment on steep slopes: II. Sediment feedback
relationship. Soil Sci. Soc. Am. J. 2009, 73, 1298–1304. [CrossRef]

21. Wang, X.S.; Wu, J.H.; Yang, Y. Richards model revisited: Validation by and application to infection dynamics. J. Theor. Biol. 2012,
313, 12–19. [CrossRef] [PubMed]

22. Tjørve, E.; Tjørve, K.M.C. A unified approach to the Richards-model family for use in growth analysis: Why we need only two
model forms. J. Theor. Biol. 2010, 267, 417–425. [CrossRef] [PubMed]

23. Christian, D.; Jacob, W.; Hisae, N. Modeling individual growth and competition in plant populations: Growth curves of
chenopodium album at two densities. J. Ecol. 2002, 90, 666–671.

24. Walter, K.; Axel, D.; Tiemeyer, B.; Freibauer, A. Determining soil bulk density for carbon stock calculations: A systematic method
comparison. Soil Sci. Soc. Am. J. 2016, 80, 579–591. [CrossRef]

25. Dexter, A.R. Advances in characterization of soil structure. Soil Tillage Res. 1988, 11, 199–238. [CrossRef]
26. Reidy, B.; Simo, I.; Sills, P.; Creamer, R.E. Pedotransfer functions for Irish soils-estimation of bulk density (ρb) per horizon type.

Soil 2016, 2, 25–39. [CrossRef]
27. Cassel, D.K. Spatial and temporal variability of soil physical properties following tillage of Norfolk loamy sand. Soil Sci. Soc. Am.

J. 1983, 47, 196–201. [CrossRef]
28. Onstad, C.A.; Wolfe, M.L.; Larson, C.L.; Slack, D.C. Tilled soil subsidence during repeated wetting. Trans. ASAE 1984, 27, 733–736.

[CrossRef]
29. Rousseva, S.S.; Ahuja, L.R.; Heathman, G.C. Use of a surface gamma-neutron gauge for in situ measurement of changes in bulk

density of the tilled zone. Soil Tillage Res. 1988, 12, 235–251. [CrossRef]
30. Mapa, R.B.; Green, R.E.; Santo, L. Temporal variability of soil hydraulic properties with wetting and drying subsequent to tillage.

Soil Sci. Soc. Am. J. 1986, 50, 1133–1138. [CrossRef]
31. Franti, T.G.; Laflen, J.M.; Watson, D.A. Predicting soil detachment from high discharge concentrated flow. Trans. ASAE 1999, 42,

329–335. [CrossRef]
32. Potter, K.N.; de J Velázquez-Garcia, J.; Torbert, H.A. Use of a submerged jet device to determine channel erodibility coefficients of

selected soils of Mexico. J. Soil Water Conserv. 2002, 57, 272–277.

http://doi.org/10.1016/j.jhydrol.2015.02.027
http://doi.org/10.2136/sssaj2008.0145
http://doi.org/10.2136/sssaj2009.0074
http://doi.org/10.1016/j.jtbi.2012.07.024
http://www.ncbi.nlm.nih.gov/pubmed/22889641
http://doi.org/10.1016/j.jtbi.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20831877
http://doi.org/10.2136/sssaj2015.11.0407
http://doi.org/10.1016/0167-1987(88)90002-5
http://doi.org/10.5194/soil-2-25-2016
http://doi.org/10.2136/sssaj1983.03615995004700020004x
http://doi.org/10.13031/2013.32862
http://doi.org/10.1016/0167-1987(88)90014-1
http://doi.org/10.2136/sssaj1986.03615995005000050008x
http://doi.org/10.13031/2013.13363

	Introduction 
	Materials and Methods 
	Experimental Setup and Treatments 
	Measurement of Soil Detachment 
	Sample Analysis 
	Simulation of Soil Detachment using Richards Model 
	Data Processing 

	Results and Discussion 
	Wetting and Drying Cycle Influence on Soil Bulk Density 
	Wetting and Drying Cycles Influence on Soil Detachment 
	Characteristics of Soil Detachment Process 

	Conclusions 
	References

