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Abstract: Soil erosion in sloping cropland is a major water and soil conservation issue in the Loess
Plateau region, one of the main areas with sloping cropland in China. However, the effect of crop
root systems, a major factor potentially influencing soil and water conservation in cropland, on
farmland erosion, remains unclear. In the present study, soil erosion was investigated using indoor
runoff scouring experiments with millet, maize, and soybean cover, with a bare surface as the control
(CK), on sloping surfaces. Crop root system characteristics, rill initiation time, and erosion law,
as well as their interactions, were investigated. Rill initiation time in slopes with all three crops
slope were greater than that in the bare slope, indicating that crops could significantly enhance soil
anti-scourability. Soil detachment rate decreased under crop cover when compared with bare land,
considering the average soil detachment rate was the highest under CK, followed by under maize and
soybean, and the least under millet. Slope gradient and unit discharge rate were positively correlated
with soil detachment rate. Root length density, root surface area density, and root volume density
were negatively correlated with soil detachment rate. Moreover, roots in the 0–1 mm diameter range
dominantly influenced soil erosion.

Keywords: soil detachment rate; sloping cropland; crop; root characteristics

1. Introduction

Agricultural management practices during perennial cultivation are sources of dis-
turbance in cropland soils and result in loose topsoil structure and unstable vegetation
cover. Similarly, soil erosion is more widespread in croplands than under natural forest
and grassland ecosystems [1,2]. More than 33% of global cropland is affected by soil ero-
sion, whereas the proportion affected in China is as high as 40% according to the national
planning of soil–water conservation for slope farmland in 2009 from the Ministry of Water
Resources of the People’s Republic of China (MWR). The Loess Plateau is one of the most
severely eroded and fragile ecosystems globally, particularly on sloping cropland [3,4]. On
the Loess Plateau, the area of cropland with a slope >3◦ accounts for 47.7% of the total
cultivated area, with soil erosion in cropland accounting for 50–60% of the total erosion [5].
Severe soil erosion on sloping cropland would not only lead to decline in soil fertility and
crop yield, but also cause sediment deposition and non-point source pollution in rivers,
lakes, and reservoirs, which are major threats to agricultural development in the plateau
region [6–9].
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Vegetation communities play an important role in the prevention and control of soil
erosion in most climatic zones [10]. Numerous studies have demonstrated that restoration
of vegetation could reduce soil detachment and transport significantly [11–13]. From a
hydrological perspective, the anti-erosive mechanisms of vegetation include two major
pathways. Firstly, vegetation canopy can intercept raindrops, thereby minimizing their
splashing effect on the soil surface, in addition to delaying runoff initiation time [14,15].
Secondly, the root systems of vegetation can enhance soil stability and water dispersion
resistance by increasing the number and diameter of soil water-stable aggregates [16–18].
Furthermore, vegetation litter in woodlands reduces runoff and sediment losses by decreas-
ing splash erosion and increasing soil roughness, and the minimization of runoff speed and
scale increases soil infiltration [19–21].

In comparison to common forest and grass vegetation, crops are unique annual herba-
ceous plants that typically exhibit single species composition, simple vegetation structure,
and significantly seasonal succession [22,23]. Notably, soil erosion studies have mainly
focused on woodland and grassland ecosystems, with studies on the effects of crop cover
on farmland erosion being relatively limited [24–26]. Consequently, further studies on
the role and contribution of crop cover to runoff regulation and soil erosion mitigation,
particularly in farmland, should be carried out [27,28].

Some researchers have reported that crop cover decreases soil erosion. Ma et al. [29]
observed runoff and sediment loss dynamics at different maize growth stages and reported
that the average runoff amount and sediment yield in maize fields were 23.80% and
44.25% lower, respectively, than those in bare soil. Similarly, Zhao et al. [30] studied soil
detachment under spring wheat throughout its growth period and reported that the soil loss
on croplands with spring wheat was 90% lower in all growth stages than in bare cropland.
Furthermore, crop species and planting density influence soil erosion on farmland. Carroll
et al. [31] reported lower runoff and soil loss in wheat fields than in sorghum and sunflower
fields in Australia. In addition, Basic et al. [32,33] reported higher rates of soil erosion in
low-density spring crops than in high-density winter crops under similar tillage conditions.
Although all the factors above influence the physical characteristics of both plant canopy
and root system, many studies have demonstrated that roots play a more prominent role in
reducing soil erosion than the canopy [34,35]. Therefore, investigation of the effect of root
system on soil erosion could reveal soil erosion mechanisms under flow scouring.

Despite a growing number of studies investigating the effect of crop cover on soil
erosion, most of such studies have considered the effect of vegetation as a whole, while
seldom examining the role of root systems in the process and the underlying mechanisms.
Consequently, the objective of the present study was to assess the effects of crop root systems
in regulating runoff and soil loss under different crop species and planting densities, across
different slope gradient and discharge gradients. The results of the present study could
reveal the mechanisms via which crop root systems reduce erosion.

2. Materials and Methods
2.1. Experiment Setup and Materials

The experiments were carried out at the Soil and Water Conservation Engineering
Laboratory, Northwest A&F University, Shaanxi Province, China. A rectangular flume
(6.0 m long, 1.0 m wide, and 0.3 m deep) was used in the experiments in the present study.
The flume was divided into two parts in the longitudinal direction by a glass wall located
at the flume’s centerline, so that two replicate experiments could be run simultaneously.
The flume walls and bed were made of toughened glass fixed with metal rods. A hydraulic
jack located under the flume allowed for the adjustment of the slope gradient (0–15◦). The
lower 0.05 m of the flume was filled with natural fine gravel (2–4 mm), and a 0.2 m thick
layer of soil was placed on top of the gravel (Figure 1).
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Figure 1. Sketch of the set up for the flume experiment.

The experimental soil was collected from the plough layer (0–30 cm) of a fallow
cropland in Yangling District, Xianyang City, Shaanxi Province, China, which is located
in the middle of Guanzhong Plains on the south edge of the Loess Plateau. The tested
soil is classified as Lou soil in the Chinese Soil Classification System. It is a common soil
type in the Guanzhong plain area in Shaanxi Province, China, and an excellent agricultural
soil formed following long-term cultivation of the so-called Cinnamon Soil. The soil has
a gray-brown color (10YR5/2) and a granular structure. It is classified as an Anthrosol
in the WRB (World Reference Base) for Soil Resources. Some intrinsic properties of the
experimental soil are listed in Tables 1 and 2. All the tested soils were air-dried and sieved
(0.01 m) before being used to fill the flume, in order to ensure homogeneity. When the
flume was being filled, the soil was gently tapped to achieve a near-uniform bulk density
of around 1.35 g/cm3 and then left to sit outdoors for six months in order to ensure the
test soil had characteristics similar to those of natural cropland soil in the Loess Plateau
region [36,37].

Table 1. The chemical composition of the tested soil.

Chemical Composition Organic Matter Total Nitrogen Alkaline Nitrogen Total Phosphorus Total Potassium

Content (g·kg−1) 5.0–15.0 0.5–1.3 0.023–0.08 0.002–0.023 17.1–40.8

Table 2. The particle size distribution of the tested soil.

Particle Size (µm) 10,000–2500 2500–500 500–100 100–50 50–10 <10

Percentage (%) 0.4 8.6 44.2 13.5 21.7 11.6

Notes: D50 = 1.17 × 102 µm; D84 = 3.68 × 102 µm; D90 = 4.67 × 102 µm.

Three crops were tested in the experiments, namely, millet (Setaria italica. cv. “Jingu29”),
maize (Zea mays L. cv. “Zhengdan 958”), and soybean (Glycine max (Linn.) Merr. cv.
“Zhonghuang 13”), which are the dominant crops on arable land in the Loess Plateau. The
crops were planted in the experimental flume after cultivation. To ensure consistency with
normal planting density, we drilled millet, maize, and soybean seeds into soil with row
spacings of 0.2 m, 0.6 m, and 0.4 m, respectively, and plant spacings of 0.1 m, 0.25 m, and
0.2 m, respectively (Figure 2). Moreover, a no-tillage treatment, a macroscopic bare soil
surface without any vegetation cover, was set up as a control (CK) to investigate how the
root systems of different crops influence soil detachment.
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Figure 2. The layouts of the crops: (a) Millet; (b) Maize; (c) Soybean.

To study the effect of crop root system on farmland erosion by concentrated flow, we
applied the runoff scouring method in the present study to directly investigate the soil
reinforcement effects of crop root systems, and in turn the effects on soil anti-scourability
and anti-erodibility. Experiments were carried out under five unit discharge rates (0.10,
0.15, 0.20, 0.25, and 0.30 L m−1s−1), which were equivalent to different rainfall intensities
(60, 90, 120, 150, and 180 mm/h, respectively) in the effective rainfall area of the flume (6 m
× 0.5 m). The rainfall intensity ranges are based on long-term monitoring in the Loess
Plateau region [38,39]. Unit discharge rate was defined using the following equation:

q =
Q
b

(1)

where q is unit discharge rate (L m−1s−1), Q is the discharge rate (L s−1), and b is the
width of the flume (m). Different slopes (2◦, 4◦, 6◦, 8◦, 10◦, and 12◦) were set up in the
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experiments. Before each experiment, the flume was set at the desired slope gradient.
At the start of an experiment, the water supply system was turned on to apply a preset
discharge at the upper flume end. Incoming discharge was controlled by a flowmeter. The
flowmeter was calibrated before each experiment to ensure the real discharge was consis-
tent with the design discharge. Each experiment lasted 20 min, during which hydraulic
measurements were obtained. At the bottom end of the flume, samples were collected for
use in measurement of outgoing discharge and soil losses.

2.2. The Measurement and Calculation of the Root Parameters

The millet, maize, and soybean plants that were tested in the experiment were all 60 d
after seedling emergence to minimize the influence of planting time. After the experiment,
all tested crops were taken out from the slope with soil attached, in order to avoid damaging
the roots, and the roots were analyzed. Subsequently, the stems and leaves of the crops
were cut off and only the roots were retained, which were washed repeatedly with clean
water until there was no residual soil attached. Root parameters, including root diameter
(D), root length (RL), root surface area (RSA), and root volume (RV), were measured using
a WinRhizo root analysis software (Regent, Canada), which is capable of applying both
Regent’s non-statistical method (WinRHIZO method) and Tennant’s statistical method
(line-intersect method) [40]. In addition, the system can detect and make corrections for
areas of root overlap to ensure accurate results (Figure 3).

Figure 3. The root scanning system: (a) Root samples; (b) Scanning result.

Considering the different planting density of crops, we estimated the root parameters
as follows:

RLD =
RL · N

V
(2)

RSAD =
RSA · N

V
(3)
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RVD =
RV · N

V
(4)

where RLD is root length density (m m−3), RL is root length (m), RSAD is root surface area
density (m2 m−3), RSA is root surface area (m2), RVD is root volume density (m3 m−3),
RV is root volume (m3), N is number of crop plants, and V is volume of the soil in the
flume (m3).

After scanning, the tested root samples were oven-dried at 80 ◦C for 72 h. Afterward,
each sample was weighed using an electronic precision balance. The root weight density
was calculated using the following equation:

RD =
RW · N

V
(5)

where RD is root weight density (kg m−3) and RW is root dry weight (kg).
The volumes of runoff and sediment samples collected at the bottom end of the flume

were first measured using a standard cylinder. Afterward, they were allowed to settle for
24 h and were oven-dried at 105 ◦C for 12 h, and then the samples were weighed. The soil
detachment rate was calculated using the following equation:

Dr =
W

A · t
(6)

where Dr is the soil detachment rate (g m−2 s−1), W is the weight of soil loss (g), t is the
duration of the experiment (s), and A is the wetted surface area of flume (m2).

2.3. Statistical Analysis

Data were analyzed using IBM SPSS Statistics 19 (IBM Corp., Armonk, NY, USA).
Analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) tests were
used to compare soil detachment rates among different crops. The effects of RD, RLD,
RSAD, and RVD on soil detachment rate were analyzed using one-way ANOVA. All the
results are reported at the α = 0.05 level of significance. Regression analysis was used to
establish relationships between soil detachment rates and hydraulic variables.

3. Results and Discussion
3.1. Rill Initiation Time with Different Crops Cover

The rill initiation time on tested slopes with millet, maize, and soybean are shown in
Table 3. Rill initiation times in the slopes of all three crops were greater than that on the
smooth slope, in the order of millet (4.91 min) > soybean (4.11 min) > maize (3.35 min) >
CK (2.67 min), which indicated that crops could significantly increase the time required to
produce rills on sloping farmland, i.e., crops enhanced soil anti-scourability compared to
the bare land. Notably, millet crop had the most enhanced soil anti-scourability, followed
by soybean crop, with the least enhancement under maize crop.

Root systems did not always play a dominant role in the erosion process, as we
observed overland flow in the early stages of the experiments when rills had not yet been
formed. Therefore, we recorded runoff initiation time under different crop covers at the
bottom end of the flume. According to the data, runoff initiation time was in the order
of millet (3.99 min) > maize (2.98 min) > soybean (2.36 min) > CK (1.67 min). The results
indicate that crops could delay runoff initiation time, which is consistent with the findings
of previous studies [39].
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Table 3. The summarization of rill initiation time with different crops.

Unit Discharge (L m−1s−1) Slope Gradient (◦)
Rill Initiation Time (Min)

CK Millet Maize Soybean

0.1

2 5.32 10.47 6.31 7.24
4 5.14 9.54 6.09 7.34
6 4.29 8.16 5.31 6.13
8 4.13 7.02 4.69 5.77
10 3.38 5.83 3.85 5.20
12 2.31 4.64 3.20 4.06

0.15

2 4.55 7.54 5.69 6.55
4 4.17 6.86 5.26 6.18
6 3.25 6.49 4.81 5.73
8 2.86 5.59 4.04 4.92
10 2.51 4.33 3.82 4.15
12 1.73 3.61 2.55 3.33

0.2

2 3.88 6.21 4.60 5.77
4 3.34 5.73 4.06 5.22
6 3.02 5.15 3.52 4.46
8 2.41 4.59 3.24 3.80
10 2.10 3.60 2.63 3.29
12 1.57 3.08 1.81 2.84

0.25

2 2.96 5.32 3.39 4.53
4 2.23 4.46 2.76 3.64
6 1.78 3.77 2.33 2.99
8 1.44 3.26 2.08 2.52
10 1.19 2.81 1.95 2.17
12 0.98 2.54 1.60 1.94

0.3

2 2.52 4.43 2.91 3.46
4 1.96 3.49 2.24 2.70
6 1.57 2.70 1.83 2.22
8 1.33 2.31 1.60 1.91
10 1.23 1.98 1.39 1.56
12 0.94 1.77 1.06 1.42

In addition, runoff initiation time in all slopes under the three crops were longer
than the corresponding rill initiation times, which demonstrated that runoff initiation
time was mainly influenced by the resistance effect of the slope surface on runoff, with no
direct relationship with crop roots within the soil. Table 4 lists aboveground plant part
characteristics of different crops, including plant number, planting density, and average
ground diameter. Considering the fact that stem cross-sections are generally circular, we
found that the proportions of the cross-sectional areas of the different crop stems in the total
slope area were in the following order: millet > maize > soybean, which is consistent with
the order of runoff initiation time. In the case of overland flow, the larger the cross-sectional
area of crop stems accounting for the slope area, the stronger the flow resistance effect of
crops on the flow.

Table 4. The parameters of aboveground part of different crops.

Land Surface Parameter Millet Maize Soybean

Number of plants 95 11 33
Plant density (quantity/m2) 31.7 3.7 11.0

Average ground diameter (mm) 9.3 ± 2.7 25.6 ± 5.4 14.3 ± 3.2
Note: As an example, 9.3 ± 2.7 refers to the mean with standard deviations; the same is the case in other cells.

Figure 4 shows that rill initiation time in cropland with millet, maize, and soybean on
2◦ slopes were 10.47, 6.33, and 7.24 min, respectively, under a unit discharge rate of 0.1 L
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m−1s−1. When the slope gradient increased to 12◦, rill initiation times in millet, maize, and
soybean crops decreased to 4.64, 3.20, and 4.06 min, respectively. Such trends were also
observed under other unit discharge rates, indicating that rill initiation time decreased with
an increase in slope gradient. Moreover, differences in rill initiation time between millet,
maize, and soybean crops, and bare surface on 2◦ slopes were 5.15, 1.01, and 1.92 min,
respectively, under a unit discharge rate of 0.1 L m−1s−1, which decreased to 2.33, 0.89, and
1.75 min, respectively, on the basis of the 12◦ slope, indicating that the capacity of crops to
hinder rill generation decreased with an increase in slope gradient, and unit discharge rate
had a similar effect on the basis of a similar analysis.

Figure 4. The rill initiation time under different crops cover versus slope gradient with a unit
discharge of 0.1 L m−1s−1.

Overall, the flow scouring effect was relatively low under low slope gradient and
low unit discharge rate conditions. Conversely, under high slope gradient and high unit
discharge rates, the scouring effect intensified, resulting in a reduction of rill initiation time
and a decrease in the influence of crop cover on rill initiation time.

3.2. Correlations between Soil Detachment Rate, Slope Gradient, and Unit Discharge Rate

Slope gradient and unit discharge rate are two key variables that influence soil detach-
ment. Table 5 lists the detachment rates under different crop covers with different slope
gradients and unit discharge rates. Soil detachment rates among different crop covers were
significantly different (p < 0.05) under different slope gradients and unit discharge rates.
Figure 5 illustrates how the two parameters influence soil detachment rate under different
crop covers.

Generally, soil detachment rate increased with the rising of both slope gradient and
unit discharge rate on all surfaces. For instance, the mean soil detachment rates under
millet, maize, and soybean cover, and bare surface increased by 2.511, 5.711, 2.821, and
7.962 g m−2s−1, respectively, as slope gradient increased from 2◦ to 12◦, and increased by
1.862, 2.879, 1.852, and 6.650 g m−2s−1, respectively, as unit discharge rate increased from
0.1 L to 0.3 L m−1s−1. The increasing effects of slope gradient and unit discharge rate on
soil detachment rate were in the order of CK > maize > soybean > millet, implying that
crops could attenuate the increasing soil erosion trends significantly with increases in slope
gradient and unit discharge when compared with the bare surface. The weakening effect
was the greatest under maize cover, and the least under millet cover.
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Table 5. The detachment rates under different crops with different slope gradient and unit discharge.

Unit Discharge (L m−1s−1) Slope Gradient (◦) Soil Detachment Rate (g m−2s−1)

CK Millet Maize Soybean

0.1

2 0.011 0.001 0.026 0.059
4 0.023 0.004 0.576 0.421
6 0.041 0.359 0.429 0.763
8 0.054 1.180 0.990 3.648
10 1.233 1.783 1.927 1.855
12 1.755 1.465 2.641 1.458

0.15

2 0.052 0.002 0.024 0.098
4 0.082 0.169 0.654 0.780
6 0.802 0.926 1.239 0.664
8 1.496 1.606 1.412 2.774
10 1.499 2.164 3.801 0.998
12 4.403 2.035 4.620 2.237

0.2

2 0.088 0.065 0.195 0.374
4 0.109 0.626 1.018 0.771
6 1.722 0.968 2.737 2.196
8 3.767 3.528 1.639 4.127
10 4.906 3.100 2.980 2.670
12 7.446 2.877 5.820 2.911

0.25

2 0.231 0.136 0.134 0.445
4 0.178 0.955 2.380 1.447
6 1.967 2.483 3.249 1.607
8 4.854 3.861 2.578 2.185
10 6.655 3.908 4.114 4.083
12 11.044 3.280 5.891 3.887

0.3

2 1.076 0.151 0.439 0.685
4 2.510 1.450 2.259 1.641
6 5.168 2.867 3.750 3.468
8 7.813 4.214 3.978 3.835
10 9.835 4.033 6.035 4.413
12 16.620 3.254 7.403 5.274

We carried out multiple regressions to assess how slope gradient (S) and unit discharge
(q) influence soil detachment rate (Dr) with different crop covers. The regression equations
are as follows:

Millet : Dr = 70.456 S0.966q0.995 R2 = 0.802 (7)

Maize : Dr = 198.497 S1.350q0.982 R2 = 0.906 (8)

Soybean : Dr = 69.989S0.946q0.944 R2 = 0.753 (9)

CK : Dr = 4827.029 S2.024q2.106 R2 = 0.976 (10)

The regression equations indicated that detachment rate was positively correlated
with both slope gradient and unit discharge rate on all surfaces, including under crop cover
and on bare surfaces, with the Dr-S and q relations being described as power functions. The
coefficients of determination (R2) of all equations were high, indicating that soil detachment
rate can be well predicted by a power function of slope gradient and unit discharge rate. In
addition, the regression coefficients of slope gradient and unit discharge rate were quite
close, and were 0.966 and 0.995 for millet, 1.350 and 0.982 for maize, and 0.946 and 0.944
for soybean, respectively, on slopes with millet, maize, and soybean, which indicated that
both slope gradient and unit discharge rate have important effects on soil detachment
rate in cropland, and the extents of the impacts were essentially similar. In addition, the
regression coefficients of slope gradient and unit discharge were close to 1 under different
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crop covers, indicating that the effect of the change in slope and unit discharge is nearly
linear in cropland.

Figure 5. Soil detachment rate versus slope gradient and unit discharge rate under different crops.

In contrast, the regression coefficients of slope gradient and unit discharge rate on the
bare surfaces were 2.024 and 2.106, respectively, which were nonlinear and significantly
larger than those on cropped surfaces, indicating that the effects of the change in slope
and unit discharge were related to root system but not crop density, and crops can weaken
the increasing detachment rate trend with increases in slope gradient and unit discharge
rate when compared with a bare surface. The results are consistent with our previous
conclusion.

3.3. Soil Detachment Rate with Different Crop Covers

Across the four treatments, average soil detachment rate was the highest under CK
(3.248 g m−2s−1), followed by under maize (2.498 g m−2s−1) and soybean (2.059 g m−2s−1),
and the least under millet cover (1.782 g m−2s−1) (Table 5). Soil detachment rates in crops
on slopes were lower than that on the bare surface, with significant differences (p < 0.05).
The results are consistent with the findings of many previous studies [41–43]. Moreover,
soil anti-erodibility under various crop covers varied in the order of millet > soybean
> maize. The results of the present analysis are based on a crop system, while the anti-
scourability based on a single plant could present different results. According to the present
experimental design, the planting densities of millet, maize, and soybean were 31.7, 3.7,
and 11.0 individuals per square meter, respectively, with soil erosion rates in the order
of maize (0.675 g m−2s−1) > soybean (0.187 g m−2s−1) > millet (0.056 g m−2s−1), as the
difference of planting density of three crops was excluded. Consequently, not only the
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soil reinforcement capability of a single crop but also crop planting density influenced the
erosion characteristics in croplands.

Root systems regulate soil erosion when rills are formed and when rill head grad-
ually “cut down” as gully erosion intensifies. Both millet and maize have fibrous root
systems, whereas soybean has a tap root system. Therefore, the effects of differences in root
characteristics among different crops should be taken into account.

The main crop root system characteristics are listed in Table 6. According to the root
scanning results, average root diameter in the three crops was in the order of soybean
(0.97 mm) > maize (0.85 mm) > millet (0.63 mm). In addition, RD, RLD, and RSAD of
millet were the highest, followed by those of soybean and maize. Conversely, soybean had
the largest RVD, and that of millet was slightly lower than that of soybean, with maize
having the lowest RVD. According to the results of one-way ANOVA, root diameter and
RVD had non-significant effects on soil detachment rate, whereas RD, RLD, and RSAD
had significant effects (p < 0.05) on soil detachment rate. However, some researchers have
demonstrated that anti-scourability varies under different root diameter ranges [44,45].
Consequently, to further study how root characteristics influence soil detachment rate, we
divided roots into diameter ranges at five intervals (0–0.5, 0.5–1, 1–2, 2–5, and >5 mm), and
the root scanning data were reclassified and analyzed (Figure 6). According to the results,
there were still significant differences in root characteristics across different crops (p > 0.05)
in each of the root diameter intervals.

Table 6. Mean values and standard deviation of root parameters of tested crops.

Root Parameter Millet Maize Soybean

Average diameter (mm) 0.63 ± 0.07 0.85 ± 0.04 0.97 ± 0.16
Root weight density (kg m−3) 0.81 ± 0.12 0.42 ± 0.06 0.69 ± 0.09
Root length density (m m−3) 753.44 ± 103.37 256.92 ± 87.34 360.08 ± 123.23

Root surface area density (m2 m−3) 1.41 ± 0.24 0.67 ± 0.08 1.13 ± 0.10
Root volume density (cm3 m−3) 236.55 ± 38.16 137.54 ± 18.95 247.17 ± 30.43

Note: As an example, 0.63 ± 0.07 refer to the mean with standard deviations; the same is the case in other cells.

The root length densities of millet, maize, and soybean were the maximum in the
0–0.5 mm root diameter range, accounting for 65.4%, 61.9%, and 62.3% of the total root
lengths, respectively. In addition, root length density was inversely proportional to root
diameter in all three crops. Most crop roots were fine roots, with a root diameter of
0–0.5 mm. RSAD first increased and then decreased with an increase in crop root diameter.
Specifically, millet RSAD was the largest (0.44 m2 m−3) in the 0.5–1 mm root diameter
range, accounting for 33.6% of the total root surface area, and the smallest in the >5 mm root
diameter range, accounting for 1.1% of the total root surface area. Soybean RSAD trends
were largely consistent with those of millet, with the maximum (0.29 m2 m−3; 32.2%) in the
0.5–1 mm root diameter range, and the minimum (0.09 m2 m−3; 9.8%) in the range >5 mm
root diameter range. In the case of maize, RSAD was the largest (0.21 m2 m−3; 34.3%) in
the 2–5 mm root diameter range; nevertheless, the RSAD was not significantly different
from those in other diameter intervals. In addition, RVD in both millet and maize increased
first and then decreased with an increase in root diameter. RVD of millet in 2–5 mm root
diameter range was the largest (96.04 cm3 m−3), accounting for 41.5% of the total volume,
and the smallest in the >5 mm root diameter range, accounting for 4.4%. The largest RVD
in maize (63.78 cm3 m−3; 45.1%) was observed in the 2–5 mm root diameter range, and the
smallest (8.61 cm3 m−3; 1.7%) was observed in the 0–0.5 mm root diameter range. Unlike
millet and maize RVDs, soybean RVD increased exponentially with an increase in root
diameter, and the maximum in the > 5 mm range was 80.94 cm3 m−3 (32.6%), whereas the
minimum in the 0–0.5 mm range was 17.22 cm3 m−3 (3.5%).
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Figure 6. The root parameters of different ranges of root diameter for different crops. Note: For each
range of root diameter, significant differences of root parameters between different crops (p < 0.05)
are denoted by different letters.

To investigate the potential influence of root characteristics under different diameter
ranges on soil detachment rate, we conducted a correlation analysis between detachment
rate and root parameter of tested crops using one-way ANOVA (Table 7). According to the
results, the correlations between all root parameters and soil detachment rate were negative,
indicating that RLD, RSAD, and RVD were negatively correlated with soil detachment rate.
Moreover, in the 0–0.5 mm and 0.5–1 mm root diameter ranges, the correlations between
root parameters and soil detachment rate were highly significant (p < 0.01). In addition,
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the correlations in the 0–0.5 mm root diameter range were more significant than those in
the 0.5–1 mm root diameter range. In the 1–2 mm root diameter range, the correlations
between soil detachment rate and RLD and RSAD were significant (p < 0.05), although the
correlation with RVD was not significant. In the 2–5 mm and >5 mm root diameter ranges,
the correlations between soil erosion rate and RLD, RSAD, and RVD were not significant.

Table 7. Correlation analysis between detachment rate and root parameters with different ranges of
root diameters.

Root Parameter Range of Root Diameter
Crops

Millet Maize Soybean

Root length
density

0–0.5 mm −0.883 ** −0.867 ** −0.904 **
0.5–1 mm −0.829 ** −0.795 ** −0.771 **
1–2 mm −0.652 * −0.590 * −0.583 *
2–5 mm −0.416 −0.388 −0.421
>5 mm −0.217 −0.209 −0.195

Root surface
area density

0–0.5 mm −0.879 ** −0.902 ** −−0.897 **
0.5–1 mm −0.833 ** −0.818 ** −0.791 **
1–2 mm −0.644 * −0.680 * −0.635 *
2–5 mm −0.402 −0.365 −0.344
>5 mm −0.171 −0.249 −0.266

Root volume
density

0–0.5 mm −0.837 ** −0.815 ** −0.886 **
0.5–1 mm −0.722 * −0.756 ** −0.779 **
1–2 mm −0.538 −0.464 −0.510
2–5 mm −0.231 −0.304 −0.319
>5 mm −0.162 −0.223 −0.215

Note: * and ** indicate significant correlation (p < 0.05) and extremely significant correlation (p < 0.01), respectively.
The same below.

Data analysis showed that the correlations between crop root parameters and soil
erosion rate were highly significant in the 0–1 mm root diameter range (p < 0.01), and
decreased gradually with an increase in root diameter, which indicates that crop roots in
the 0–1 mm diameter range could significantly influence soil erosion in cropped slopes, as
well as improve cropland anti-erodibility capacity. Such a finding has also been reported by
Wang [46]. Among the root parameters examined, soil detachment rate was more sensitive
to RLD and RSAD than to RVD.

4. Conclusions

In the present study, rill initiation times on the slopes with crop covers were longer
than that on the bare slope, in the order of millet > soybean > maize > CK, indicating that
the crops had considerable soil consolidation effects. However, with increases in slope and
unit discharge rate, the capacities of crops to hinder rill generation decreased. In addition,
crops could significantly slow down increasing soil erosion trends on sloping farmland
with increases in slope gradient and unit discharge rates. As the planting density in the
present study was in the order of millet > soybean > maize, the sediment loss reduction
capacity was also in the order of millet > soybean > maize. Conversely, when considering
only single plants, we found that the sediment loss reduction capacity was in the order of
maize > soybean > millet. The trends indicate that the erosion reduction effects of crops
depend not only on crop species but also on crop planting density. Regression analysis
results showed that soil detachment rate had positive power function relationships with
slope gradient and unit discharge rate, and the regression coefficients of slope gradient and
unit discharge rate in cropped slopes were lower than those in bare surfaces, indicating
that the increases in soil detachment rate on cropped slopes are lower than that on the bare
slope with increases in slope gradient and unit discharge rate. The results further confirm
the anti-erodibility functions of the crop cover.
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Soil detachment rate was closely related to crop root characteristics. The average root
diameter, RD, RLD, RSAIS, and RVD of crops were negatively correlated with the soil
erosion rate. Among them, the correlations between RLD and RSAD and soil erosion rate
were more significant, with roots in 0–1 mm diameter range having the greatest influence
on soil erosion rate.
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