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Slope erosion in the black soil region of Northeast China is complex and specific. In
order to effectively control soil erosion and protect scarce black soil resources, it is
necessary to reveal the law of soil erosion and the influence of basic units of soil
structure on its erosion process. This paper used three treatments in the Le
Bissonnais (LB) method to determine soil aggregate stability parameters and soil
erodibility K values based on particle size composition. By establishing a
mathematical fitting of the slope erosion rate along the slope length, it is found
that the sinusoidal function fitting can better characterize the periodic law of the
slope erosion rate of the long and gentle slope cultivated land in the typical black soil
region. The research shows that the primary mechanism of black soil aggregate
breakage is dissipation and mechanical disturbance, while the damage caused by
clay expansion is the least.

KEYWORDS

black soil, soil erosion, combined erosion, cultivated land with long gentle slope, slope
length, aggregate

1 Introduction

Soil erosion is a significant soil degradation phenomenon that threatens the sustainable use
of land productivity and, thus, food security. The problem of water and soil erosion in the
Yangtze River Economic Belt, the Loess Plateau, and the black soil area in Northeast China is
still severe. Among them, the phenomenon of soil and water loss in sloping farmland in the
black soil region of Northeast China is particularly prominent and needs to be solved
urgently(Chen et al., 2021).

Cultivated land is the fundamental guarantee for human survival and development. As an
essential link in the transformation process of land resource utilization, nature has become the
focus of the current human population, resources, and environmental issues(van den Bergh
et al., 1999; Bromley, 1995). The area of cultivated land in the black soil region of Northeast
China is about 18.5 million hectares. Sloping cultivated land is a vital cultivated land resource in
the black soil region, accounting for 59.3% of the cultivated land area in the black soil region of
Northeast China. It is widely distributed and has long gentle slopes. Due to its natural
advantages, such as fertile soil and reasonable structure, it has become an essential
agricultural soil (Rana et al., 2022), which is significant to China’s food security. However,
due to extensive development and utilization, high-quality cultivated land resources have been
degraded, and the thickness of the black soil layer in Northeast China is decreasing year by year
(Fan et al., 2004; Xu et al., 2018; Zhizhen et al., 2018). Compared with other soil erosion regions
in China, the soil erosion in the black soil region of Northeast China is mainly affected by
various external forces of erosion that are replaced by seasons and superimposed in space. In
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addition, the ubiquitous topography of rivers and hills in the black soil
area and the everyday use of farming along the ridges leading to the
complexity and particularity of slope erosion in the black soil area.
Therefore, it is urgent to reveal the law of soil erosion and the influence
of the basic units of soil structure on its erosion process, effectively
control soil erosion and protect the scarce black soil resources.

Many scholars believe that the Le Bissonnais (LB) method is more
suitable for analyzing the stability of soil aggregates than other
methods (Lal et al., 2000) believe that the degradation of any soil is
first manifested in the destruction of the soil aggregate structure
(Ojeda et al., 2008) studied the stability of calcareous soil
aggregates. Many studies in China have used the LB method to
study the stability of soil aggregates in iron-rich soils and hilly
loess areas (Ma et al., 2022). Furthermore, discuss the stability of
water-stable soil aggregates under different vegetation types in loess
hilly areas, showing the applicability of the Le Bissonnais method in
this soil type (An et al., 2013; Jakík et al., 2015; Wu et al., 2017).

The occurrence of slope soil erosion is accompanied by the
destruction of aggregates (Roth and Eggert, 1994; Bissonnais,
1996). The breakage of soil aggregates significantly impacts the
whole process of soil erosion, and the stability of aggregates is
closely related to the degree of soil erosion. In particular, it
significantly impacts the slope erosion process, surface runoff
seepage storage and erosion resistance (Madari et al., 2005; Hu
et al., 2007). Aggregate fragmentation plays an essential role in soil
separation, providing primary material for raindrop splash erosion
and runoff erosion, but erosion sediment is also the primary carrier of
soil nutrients (Wuddivira et al., 2009; Shen et al., 2019). In addition,
studies on the effects of tillage erosion, wind erosion, and most water
erosion on soil aggregate fragmentation and physical and chemical
properties are mainly based on surface soil (Breshears et al., 2003;
Wirtz et al., 2012).

Many scholars have researched the relationship between the slope
erosion process and soil aggregate stability and the mutual influence
mechanism (Huang et al., 2022; Mo et al., 2022). (Fang, 2005) research
shows that soil erosion mainly destroys surface macro aggregates and
increases the loss rate of macro aggregates. Due to the runoff
migration on the slope, the content of macro aggregates in the
sedimentary area is high (Zhang et al., 2011) pointed out that the
stability of surface soil aggregates along the longitudinal slope showed
fluctuations, but the rules were not obvious. The variation of aggregate
stability parameters along the slope length shows apparent differences
caused by the different soil erosion resistance at different parts of the
slope. In the erosion process of black soil, hydraulic erosion mainly
destroys macroaggregates and preferentially migrates
macroaggregates (Yan et al., 2008). Aggregates with a
diameter >1.0 mm are less susceptible to migration. Raindrops will
break up aggregates of >1.0 mm in size, and the loss characteristics will
change with the loss ratio of aggregates of each size (Yang et al., 2008).
The aggregates with a particle size of <1.0 mm are prone to
displacement under raindrops, showing prominent enrichment
characteristics.

Many scholars have researched the relationship between the slope
erosion process and the stability of soil aggregates and the mutual
influence mechanism. The stability of surface soil aggregates along the
longitudinal slope shows fluctuations, but the law is not apparent. This
study takes the soil of slope farmland in a typical black soil area as the
research object. This paper uses three processing operations in the LB
method to simulate heavy rain, slight rainfall, raindrop splash and

runoff disturbance, respectively. Moreover, the stability of slope
cultivated land’s surface and subsurface soil aggregates was
measured and analyzed. Discuss the fragmentation characteristics
of soil aggregates under different wet treatments, and analyze the
soil aggregates of typical eroded black soil. To clarify slope soil
aggregate stability distribution characteristics and its relationship
with soil physical and chemical properties. The soil erodibility K
value and soil organic carbon content were calculated based on the
geometric particle size to clarify the variation characteristics of the
leading quality factors of black soil slope cultivated land. It provides a
scientific basis for revealing the dynamic change mechanism of soil
erodibility and provides particular theoretical support for preventing
and controlling soil and water loss in sloping farmland in black soil
areas.

2 Materials and methods

2.1 The study region

The typical black soil area in Northeast China is an important
agricultural production area in China. From west to east, it is divided
into typical black soil sub-regions of Eastern Mongolia, Sonnen and
Sanjiang, accounting for 28.5%, 63.8% and 7.7% of the typical black
soil area, respectively. The reclamation period is 30–100 years. The
terrain is higher in the northeast than in the southwest, and the typical
terrain is full of mountains and rivers. Corn and soybeans are mainly
grown. It has the remarkable characteristics of a typical compound
erosion area in the world, and high-intensity rainfall in summer,
autumn and early spring are prone to high-intensity soil erosion.
Freezing and thawing are frequent in late autumn and early winter,
followed by snowmelt erosion. The thickness of the black soil layer in
China in the 1950 s was 50–80 cm, and now it is decreasing at a rate of
3–10 mm per year, down to 20–40 cm in 2000. In some severe areas,
the soil parent material is exposed, and the production capacity is lost.

Keshan Farm belongs to the Qiqihar Branch of Heilongjiang Land
Reclamation Bureau. It was originally a large-scale mechanical farm of
the Mechanical Corps, located in Nehe City and Keshan County.
Keshan Farm is located in the northern part of the typical black soil
sub-region of Songnen, and belongs to the core area of the typical
black soil region transitioning from the southwestern foot of the Lesser
Khingan Mountains to the Songnen Plain. The geographic location is
125°07′40″–125°37′30″east longitude, 48°11′15″–48°24′07″north
latitude. The altitude is between 250 and 383 m. The slope is long
and gentle, and the slope of the sloping cultivated land is mostly 1°–3°,
and the slope length is mostly 500–2000 m, and the longest is 4,000 m.
Chuanmangang has obvious landform features. The temperate
continental monsoon climate has a large temperature difference
between the four seasons, the annual average temperature is 1.9°C,
and the average annual precipitation is 503 mm. The precipitation
from June to September accounts for 80.4% of the annual
precipitation. The soil texture is silty clay with a particle
composition (United States Department of Agriculture) sand, silt,
and clay content of 14.2%, 40.7%, and 45.2%, respectively. The average
thickness of the black soil layer is 20–40 cm, which is a typical thick-
bed black soil area.

The fifth subfield of Keshan Farm was selected for reclamation for
nearly 70 years, with an average slope length of about 2,200 m and a
typically long and gentle slope farmland with an average slope of 1.5°
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along the slope direction. Based on remote sensing images and
topographical features, the cultivated land with long and gentle
slopes adjacent to space was selected for an on-the-spot
investigation. Straight slopes, concave slopes, and concave-straight
compound slopes with the same planting history, adjacent spatial
locations, and a slope length of 1,020 m were selected as the research
objects (Figure 1). The slope is ridged and cultivated in rotation along
the slope. The rotation crops are potatoes (Solanum tuberosum) and
corn (Zea mays). The tillage direction is the same as the runoff
direction, the soil is prepared in autumn, and the seeds are sown
on demand in spring.

2.2 Method

2.2.1 Sampling method
Soil samples were collected in early May 2019 (before planting),

after the spring thaw period. Straight slopes, concave slopes and
concave-straight compound slopes were sampled every 30 m along
the longitudinal section of the slope. The sampling depth is 30 cm, the
sampling length is 1,020 m, and 34 sampling points are collected on
each slope (Zhang et al., 2009) determined through statistical analysis
of many experiments that soil samples with a distance of 0.75–5 m

between sampling points are independent. The mixed sample
composed of more than five independent soil samples can
represent the attributes of the sampling point, and the sampling
diameter does not affect its representativeness when the diameter
of the sampler is 38–86 mm. Therefore, in this study, a soil drill with a
diameter of 5 cm was used to drill into the slope perpendicular to the
horizontal plane to collect soil samples.

Given that the plots are adjacent in space and have the same
planting history, there is no significant difference in soil thickness. The
soil was collected by ring cutter to measure soil bulk density, total
porosity, capillary porosity and soil moisture content. The LB method
was used to determine soil water-stable aggregates’ content to measure
cultivated land soil quality.

2.2.2 Determination of aggregate stability
Determination steps of Le Bissonnais method (Guo et al., 2010a):

Collect undisturbed soil samples and put them into disposable plastic
boxes. After being brought back to the laboratory, the soil was gently
peeled along the gaps in the natural structure of the soil into a soil mass
with a diameter of about 10–12 mm, and the thick root system and
stones of the plants were removed. The soil samples were sieved, and
the 5–3 mm particle size was taken for testing. In order to eliminate
the influence of initial water content, the prepared soil samples were

FIGURE 1
Location and slope topography of the study area.
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dried at 40°C for 24 h before determining aggregate stability to
standardize their water content. The FW treatment simulated the
disintegration of aggregates in the soil under the condition of rapid
wetting (such as summer rainstorms, irrigation, etc.). It mainly
reflected the dissipation mechanism of aggregate disintegration.
The SW treatment reflects the disintegration of aggregates caused
by soil clay swelling during slow soil wetting. WS treatment applies
ethanol to wet the agglomerates. Because of the characteristics of
ethanol itself and its interaction with soil, the dispersion of aggregates
and the swelling of clay particles were significantly reduced, mainly
reflecting the disintegration of aggregates under mechanical
disturbance.

① Fast wet treatment (FW). Weigh 5–10 g of soil aggregates that
have been pre-dried and passed through a 5–3 mm sieve. Pour
50 mL of deionized water into a 250 mL beaker, pour the soil
sample into the beaker slowly, and immerse it in the deionized
water. After standing for 10 min, remove the supernatant, and use
a washing bottle filled with ethanol to gently flush the treated soil
sample into a 0.05 mm sieve submerged in ethanol.
Simultaneously, shake the sieve helically in ethanol five times
with even force to separate the soil aggregates. Subsequently, the
agglomerates on the sieve were washed into an evaporating dish
and dried at 40°C for 48 h. The dried soil samples were passed
through 2, 1, 0.5, 0.2, 0.1, and 0.05 mm sieves and weighed to the
nearest 0.0001 g.
② slow wet treatment (SW). Samples are consistent as FW. Place
the aggregates on filter paper on a 3 cm sponge pad. Control the
height of the water surface to be 0.2–0.5 cm lower than the surface
of the sponge, and saturate it for 60 min (the specific saturation
time is determined according to the nature of the soil). Then wash it
into a 0.05 mm sieve submerged in ethanol with a washing bottle
filled with ethanol, and the rest of the sieving steps are the same as
above.
③ Mechanical shock treatment (WS). Samples are consistent as
FW. Inject 50 mL of ethanol into a beaker with a capacity of
250 mL, slowly pour the prepared soil sample into the beaker, and
immerse it in ethanol. After standing for 10 min, the supernatant
was removed, and the treated soil sample was transferred to a
250 mL Erlenmeyer flask with 50 mL of deionized water, and the
deionized water was added to 200 mL. Subsequently, the
Erlenmeyer flask was shaken ten times by inversion, and the
supernatant was removed after standing for 30 min. Using a
washing bottle filled with ethanol, gently wash the treated soil
sample into a 0.05 mm sieve submerged in ethanol, and the rest of
the steps are the same as above.

2.2.3 Characteristic parameters of soil aggregates
Determination of physical and chemical properties of soil: Soil

bulk density, capillary porosity (ring knife method), Soil organic
carbon (hydration thermal potassium dichromate sulfuric acid
method) (McBride, 2022).

The mean mass diameter (MWD) and geometric mean diameter
(GMD) are calculated by Eqs 1, 2 formula (Khan et al., 2022):

MWD � ∑n
i�1�xiwi∑n
i�1wi

(1)

GMD � Exp
∑n

i�1wl ln �xi

∑n
i�1wi

(2)

In the formula, �xi is the average diameter of soil particle size (mm);
wi is the proportion of different soil size aggregates to the total
aggregates.

The formula for calculating the fractal dimension of soil aggregates
is as follows Eqs 3, 4:

W r<Ri( )
WT

� Ri

R max
[ ]

3−D
(3)

Take the base 10 logarithm of both sides:

lgW r<Ri( )
WT

� 3 −D( )lg Ri

R max
(4)

In the formula: D is the fractal dimension of each particle size
distribution of soil water-stable aggregates; W is the cumulative mass
with a diameter less than Ri;

WT is the total mass;
Ri is the average diameter of soil particles between two adjacent

particle sizes Ri and Ri + 1;
Rmax is the average diameter of the largest particle size soil

particle.
Soil erodibility factor K adopts a model of global soil erodibility

(without considering soil particle size composition, in the case of organic
matter, soil infiltration and other indicators), only the geometric mean
particle size (GMD) is considered to estimate the soil erodibility K value,
and the specific calculation formula is as follows:

K � 7.954 0.0017 + 0.0494 exp −1 /

2 log MWD( ) + 1.675( )/0.6986( )2[ ]{ }
(5)

After correction, it is used to estimate the soil erodibility value in
eastern China.

K � −0.00911 + 0.55066Kformula (6)

The Relative Dissipation Index (RSI) and the Relative Mechanical
Fragmentation Index (RMI) respectively represent the degree of
destruction of soil aggregates by dissipation and mechanical
destruction. The higher the values of RSI and RMI, the higher the
sensitivity of soil aggregates to the effects of dissipation and
mechanical oscillations (Wang et al., 2022).

RSI � MWDSW −MWDFW

MWDSW
(7)

RMI � MWDSW −MWDWS

MWDSW
(8)

where: MWDSW, MWDFW and WD represent the average weight
diameter of aggregates under SW, FW and WD treatment,
respectively.

3 Results

3.1 The particle size distribution
characteristics of soil aggregates

On straight slopes, concave slopes, and concave-straight compound
slopes, there were significant differences in the particle size distribution
of soil aggregates with different treatments of the LB method (Figure 2).
Except for the aggregate percentage of 2–1 mm particle size did not
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reach a significant level between SW and WS treatments, there were
significant differences in the aggregate content of other particle sizes (p<
0.01). After FW treatment, the particle size distribution of water-stable
aggregates is relatively dispersed, mainly 1–0.5 mm, 0.5–0 mm and
0.1–0.05 mm. The percentages ranged from 12.6% to 24.0%, 32.5%–
38.8% and 15.9%–37.3%, respectively. Compared with the SW and WS
methods, the difference is most evident in the particle size distribution of
0.1–0.05 mm, and the content of aggregates broken into the
0.1–0.05 mm particle size is 11.17 and 4.2 times that of the SW and
WS treatments, respectively. After WS treatment, the water-stable
aggregates were mainly concentrated in the 1–0.5 mm particle size,
and the percentage ranged from 31.6% to 36.5%. The second was
concentrated at 2–1 mm, with a percentage range of 20.3%–36.2%.
The primary performance is that the particle size of the >2 mm
aggregate is broken down to the particle size of 2–0.5 mm. After SW
treatment, the particle size of soil aggregates was relatively concentrated,
mainly distributed in >2 mm particle size, and the percentage ranged
from 29.5% to 40.3%. It is the most significant percentage of >2 mm
particle size among the three treatments, four times and 21 times that of
WS and FW treatments, respectively. The percentage of <0.2 mm
particle size is tiny, ranging from 2.4% to 5.9%. Under the three
treatments of the LB method, the proportion of soil aggregates with
particle size >2 mm after aggregate crushing was SW >WS > FW. The
proportion of aggregates mainly broken into the 2–1 mm size fraction is
WS > SW > FW, the same as that of the aggregates broken into the
1–0.5 mm size fraction. The proportion of 0.5–0.2 mm size aggregates is
FW>WS > SW, which is the same as that of <0.2 mm size aggregates. It
indicated that the FW treatment disintegratedmost large aggregates into
smaller ones. The FW treatment had the most significant effect on
aggregate disintegration, while the SW treatment had the most
negligible effect. Because of this, torrential rain or heavy rain is the

most fundamental driving force for the loss of cultivated land or bare
land in the black soil region of Northeast China.

A particle size >0.25 mm is generally believed to be an important
indicator of soil erodibility. However, previous studies have shown
that under simulated rainfall conditions, runoff depth, soil erosion
volume and soil stability >0.2 mm aggregate content are negatively
correlated after 30 min(Barthès and Roose, 2002). The LSD test
showed that at the three particle size levels of >0.2 mm, >0.5 mm,
and >1 mm, there were significant differences (p < 0.01) among the
accumulated aggregate content of each corresponding size under the
three treatments. Judging from the accumulation content of aggregates
at the three particle size levels, the SW and WS treatments differed
significantly from the FW treatments. At the >0.2 mm particle size, the
difference between SW and WS is minimal. Nevertheless, as the
particle size increases, the difference becomes more considerable.
This law of soil aggregate fragmentation is reflected in the minor
variation between different slope shapes. The three treatment methods
were paired with T-tests among the three slopes, and the significant
differences were 0.677, 0.861 and 0.876, respectively. It shows that
different slope shapes have no significant effect on the percentage
content of the particle size after the aggregates are broken, so the
straight slope is used for the analysis below.

3.2 Effect of soil aggregate stability along
slope length distribution

Since the runoff on the slope is mainly concentrated in the surface
soil, the 0–10 cm soil layer on the slope is now analyzed (Figure 3). The
SW in the LBmethod was used to simulate the SW process of light rain
on the slope. The soil aggregates were broken into

FIGURE 2
Size distribution of aggregates under different treatment methods of LB method: Cumulative particle size content of aggregates under different
treatment methods.
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aggregates >0.2 mm, and the fluctuation along the slope length was
noticeable. The central particle size distribution along the slope length
was 1–0.5 mm size and >2 mm size alternately, which indicated the
difference in slope soil resistance to dissipation. Among them, the
1–0.5 mm and 0.5–0.2 mm particle size distributions showed
consistent fluctuations on the slope, and both showed the opposite
fluctuation trend to the >2 mm particle size distribution along the
slope length. The content of 0.2–0.05 mm particle size is less, and the
distribution along the slope is more uniform, with less fluctuation. WS
simulated the process of raindrop splashing and runoff disturbance on
the slope. The soil aggregates were mainly broken at the 2–0.2 mm
particle size, and the 2–1 mm and 0.5–0.2 mm particle size
distribution along the slope length fluctuated more than SW. The
distribution of >2 mm and <0.2 mm particle size fragmentation along
the slope length showed a consistent pattern, both relatively gentle.
The >2 mm particle size was less on the slope, indicating that
the >2 mm particle size aggregates were mainly split under the
impact of raindrops.

Compared with the clay expansion and mechanical crushing
effects of SW and WS treatments, the dissipation effect of
simulated rainstorms under FW treatment significantly increased
the content of 0.2–0.1 mm and 0.1–0.05 mm grain size on the
slope, and there were fluctuations along the slope length. Trend.
The contents of >2 mm and 2–1 mm particle size were small, and
the soil aggregates were mainly concentrated in <1 mm. It shows that
under the action of air explosion, the aggregates of slope aggregates are
mainly broken down to <1 mm particle size. The ability of aggregates
to resist damage is relatively weak, and the resistance ability of all
points on the slope is relatively consistent with that of light rain,
raindrop splash and runoff disturbance. Furthermore, the more small
particle aggregates on the slope surface, the more substances that can
be splashed and carried by raindrops are more likely to be transported

and migrated by runoff, resulting in severe soil erosion. However,
under the action of SW andWS, the broken particle size distribution of
surface aggregates showed undulating changes along the slope length,
indicating that the soil in different parts of the slope is susceptible to
uneven expansion and mechanical breakage; there are differences
between the two.

After the slope soil experienced a series of freeze-thaw cycles, the
stability of aggregates showed noticeable differences under simulated
rainfall erosion conditions. Furthermore, with the change in slope
length, the stability of aggregates showed a fluctuating trend with the
slope length (Figure 4). Under SW treatment, the stability of

FIGURE 3
The distribution of the particle size content of soil water-stable aggregates along the slope length.

FIGURE 4
Distribution of soil aggregate stability along slope length.
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aggregates on the slope surface was the most stable (1.09 mm ≤
MWD < 1.69 mm). However, the stability was the lowest under
FW treatment (0.40 mm ≤ MWD < 0.73 mm). Under the WS
treatment, the erosion was moderate (0.99 mm ≤ MWD<1.31 mm),
and the entire slope showed a uniform change trend. The stability of
soil aggregates in slope soil was the worst under air explosion, but the
stability fluctuation trend was relatively gentle. It shows that the results
of resistance to dissipation at each position on the slope are the
smallest and equal. During the wetting process, the soil aggregates are
due to the compression of the enclosed air inside the aggregates,
resulting in an increase in the internal pressure of the aggregates and
the breakdown of the aggregates. The characteristic index of soil
porosity (adequate capillary pore size and total pore size) and the
increase of soil porosity will provide more places for the confined air
required for “air explosion”, thus promoting the trend of aggregate
fragmentation. That is, the distribution of soil pores directly affects the
strength of aggregate stability. There was a clear negative correlation
between aggregate stability (MWDFW) and soil pore condition. As
capillary porosity increases, the stability of soil aggregates decreases.
To a certain extent, it proves the existence of the “air explosion”
phenomenon. Along the slope length direction, the total and capillary
porosity variability on the slope is 2.9% and 9.0%, respectively, which
belongs to weak variability. The variability of the porosity of the
aggregates on the slope before breaking is small, so the distribution of
aggregates broken along the slope due to the difference in pore size

under the action of FW is small. The fluctuation trend of soil aggregate
stability on the slope surface is slight.

3.3 Distribution characteristics of soil
aggregate stability along the profile

Table 1 shows the relationship between soil properties and
aggregate stability under different methods. Under the fast-wetting
treatment of the LB method (FW, simulating the summer rainstorm
scenario), the aggregates of each soil layer depth (0–10 cm, 10–20 cm
and 20–30 cm) on the slope were damaged to a certain extent, and the
large aggregates collapsed. A solution to finer aggregates (Figure 5).
The particle size of aggregates is mainly concentrated in <1 mm, and
the cumulative percentages in the 0–10 cm, 10–20 cm, and 20–30 cm
soil layers are 91.86%, 87.16% and 84.29%, respectively, and the
particle size >2 mm only accounts for 2.45%. The content of
aggregates >0.2 mm in each soil layer was not significantly
different, indicating that soil aggregates at all depths were
destroyed after FW treatment. However, with the increase of soil
depth, the conversion ratio of >0.5 mm soil aggregates to large
aggregates increased. The 0–20 cm soil aggregates were broken in
the same way under the FW treatment, but the 20–30 cm soil
aggregates were broken differently than the upper soil. It shows
that the effect of air explosion on the soil damage of the 0–20 cm

TABLE 1 The stability of soil aggregates and the correlation of each parameter.

Parameter Organic carbon Bulk density Total porosity Capillary porosity

MWDFW 0.408* −0.377 0.338 −0.341*

MWDSW 0.370* −0.590 0.532 −0.096

MWDWS 0.455** −0.068 −0.015 −0.026

Note: * indicates a significant correlation at the 0.05 level (two-sided). **Indicates a significant correlation at the 0.01 level (two-sided), n = 35.

FIGURE 5
Size composition of soil aggregates under FW treatment.

FIGURE 6
Size composition of soil aggregates under SW treatment.
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soil layer in the black soil region of Northeast China is more
prominent.

The aggregates treated with SW have apparent advantages in the
proportion of >2 mm, 2–1 mm, 1–0.5 mm, and 0.5–0.2 mm,
accounting for 97% of the total. It shows that the original 5–3 mm
large aggregates were mainly broken into >0.2 mm aggregates under
SW treatment (Figure 6). The particle size of >2 mm aggregates
increased significantly with soil depth. In the 20–30 cm soil layer,
the particle size of aggregates >2 mm accounted for more than 50%,
and the distribution of aggregates was relatively uniform except for the
soil aggregates >0.2 mm in the 0–10 cm soil layer. The damage of the
soil aggregates in the lower layer decreased step by step and broke
down step by step, indicating that it was under the action of clay
expansion. The soil aggregates in the upper layer were more easily
broken than in the lower layer, and the transformation ratio of soil
aggregates in the lower layer to macroaggregates was significantly
higher than that in the upper layer.

The water-stable aggregates in the WS treatment were mainly
concentrated in the 2–0.5 mm particle size, and the cumulative
proportions of each soil layer were 70.58%, 71.14%, and 72.79%,
respectively. It shows that the original 5–3 mm large aggregates are
mainly broken down to 2–0.5 mm aggregates under WS treatment
(Figure 7). Under each depth of soil layer, the aggregate content tends
to be normally distributed, that is, there are more aggregates with a size
of 2–0.5 mm. Furthermore, with it as the centre, it decreases step by
step to both sides, but with the increase of soil layer, it also shows the
trend of shifting to large particle size. Overall, the distribution of
crushed aggregates was relatively similar, indicating that the impact of
mechanical vibration treatment on each soil layer of cultivated soil
aggregates was equivalent. The difference from the SW treatment was
that the mechanically disturbed soil aggregates severely damaged the
particle size aggregates >2 mm, mainly breaking down to <2 mm
particle size. Unlike the FW treatment, the proportion of <0.2 mm
aggregates was small. It shows that under the action of disintegration
under mechanical disturbance, the degree of fragmentation of
cultivated soil aggregates is moderate.

The stable state of soil aggregates in different soil layers was
different due to different treatments of aggregates (Table 2). Under
FW treatment, the stability of soil aggregates at different depths was
mostly at an unstable level (0.4 <MWDFW < 0.8). Under the WS and
SW treatments, except for the 0–10 cm soil layer, the aggregate
stability was above the stable level (MWDsw, MWDws > 0.8). The
results showed that the stability of soil aggregates was the strongest
after the SW treatment. The second is the pre-wetting and shaking
treatment. After the rapid wetting treatment, the stability and
corrosion resistance of the aggregates are the weakest. It can be
seen that the dissipation effect caused by rapid wetting and the
mechanical disturbance effect caused by pre-wetting oscillation are
the main effects of soil aggregate destruction.

Among all the soil samples on the slope, 95% had the largest
MWD after SW treatment, and 5.88% had the largest aggregate MWD
after WS treatment. However, only 0.98% of the samples had the
largest MWD after FW treatment. The performance is MWDSW >
MWDWS > MWDFW. The aggregates treated with FW had the
lowest MWD, i.e., the aggregates were most destructive. The aggregate
MWD value of SW treatment was the largest, and the aggregate
damage was the least. There were significant differences in the
MWD values of the aggregates treated with FW, WS and SW in
the Le Bissonnais method. However, the MWD values of aggregates in
different soil layers have the same variation after treatment. The
MWD0-10 cm < MWD10-20 cm < MWD20-30 cm among
different soil layers under the three failure mechanisms showed
that the structure of soil aggregates in the 20–30 cm soil layer was
the most stable, while the 0–10 cm soil layer had the worst stability.

Under SW treatment, the average weight diameters (MWD0-
10 cm, MWD10-20 cm and MWD20-30 cm) of soil aggregates in
each soil layer were 1.18, 1.44, and 1.66, respectively. The soil
aggregates in the lower layer increased by 21.8% and 11.2%,
respectively compared with the upper layer. It shows that the
10–20 and 20–30 cm soil layers are less sensitive to aggregate
breakage caused by simulating the wetness of light rain in the field
than the 0–10 cm soil layer, that is, the soil erosion resistance of the
10–30 cm soil layer is significantly better than that of 0–10 cm soil
layer. Under the FW treatment, the average weight diameters of
aggregates in the 0–10, 10–20, and 20–30 cm soil layers were 0.42,
0.51, and 0.62, respectively, and the stability was the worst. The soil
aggregate stability of the lower layer was 11.9% and 22.2% higher than
that of the upper layer, respectively, and the difference was most
evident between 0–20 cm and 20–30 cm. It shows that the 20–30 cm
soil layer is less sensitive to air explosion than the 0–20 cm soil layer.
That is, the corrosion resistance is significantly enhanced. Under WS
processing, the mean weight diameters (MWD0-10 cm, MWD10-
20 cm and MWD20-30 cm) of the aggregates in each soil layer

FIGURE 7
Size composition of soil aggregates under WS treatment.

TABLE 2 Aggregate stability at different soil depths.

0–10 cm 10–20 cm 20–30 cm

MWD/
mm

CV/
%

MWD/
mm

CV/
%

MWD/
mm

CV/
%

SW 0.62–1.54 20.40 0.88–2.06 18.80 1.25–1.98 11.20

WA 0.42–1.10 19.40 0.86–1.22 12.70 0.80–2.30 22.80

FW 0.28–0.68 17.76 0.33–0.71 15.70 0.35–0.95 23.60
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were 0.86, 0.98 and 1.1, respectively. The soil aggregate stability of the
lower layer was 14.0% and 11.9% higher than that of the upper layer.
The susceptibility of different soil layers to soil erosion was
comparable under simulated field mechanical disturbance. That is,
relative to the pre-wetting disturbance, and there is no noticeable
difference in the corrosion resistance of each soil layer. It shows that
the soil aggregates in the 0–10 cm soil layer are more sensitive to the
damage of light rain in the field, and the soil aggregates in the 0–20 cm
soil layer are more sensitive to air explosion. Each soil layer’s
susceptibility to soil aggregate damage was equivalent under mild
mechanical vibration and other conditions.

There were differences in the fractal dimension of soil aggregates
among different soil layers among the treatments. However, the
variation trends were not the same (Figure 8). The average fractal
dimensions of the 0–10, 10–20, and 20–30 cm soil layers under the SW
treatment were 2.36, 1.95, and 1.85, respectively. The average fractal
dimensions of the 0–10, 10–20, and 20–30 cm soil layers under WS
treatment were 2.47, 2.39, and 2.36, respectively. The average fractal
dimensions of the 0–10, 10–20, and 20–30 cm soil layers under the FW
treatment were 2.73, 2.70, and 2.70, respectively. Both showed a
decreasing trend with the increase of the soil layer. It indicated
that the degree and effects of the three treatments on the soil
structure were different and changed with the depth of the soil
layer. However, in the soil profile under FW treatment, the soil
fractal dimension D) was unchanged in each soil layer, and the
value range was small. However, the fractal dimension of the soil
in the slow-moisture treatment gradually decreases and changes
obviously with the depth of the profile.

3.4 The impact of soil aggregate
fragmentation on the main factors of soil
quality

The soil erodibility K value in the black soil region of Northeast
China was estimated using the modified geometric particle size model,
which can be used as an estimation model for soil erodibility K value in

eastern China. As a comprehensive relative index of soil water erosion
resistance, the more significant the K value, the more unstable the
aggregates and the more prone to erosion. Conversely, the stronger the
soil erosion resistance. The soil erodibility of the slopes in the study
area was analyzed (Table 3), and it was found that the soil erodibility of
each slope showed that the K value of the straight slope was the
smallest. The variability was the most minuscule (14.8%). Composite
and concave slopes had similar K values, with a variability of 22.4%
and 21.0%, respectively. The variation range of soil K value of the three
slopes is 0.008–0.043, and the average value is 0.018 (Keli et al., 2007)
research shows that China’s K value of soil erodibility is relatively
concentrated in the 0.001–0.04. The overall soil erodibility in the study
area belongs to medium variation (16%–32%), and the K value of soil
erodibility decreases significantly with the increase of soil depth. It
shows that with the increase of the depth of the soil layer, the ability of
soil erosion resistance is gradually enhanced.

The K value of soil erodibility is closely related to aggregates, and
rainfall erosion further affects the potential erodibility of soil and the
final soil erosion process (Zhu et al., 2022). The Pearson correlation
analysis was performed on the soil erodibility, aggregate size and SOC,
as shown in Table 3. The soil erodibility K value was positively
correlated with the aggregate content of 0.5–0.2 mm, 0.2–0.1 mm,
and 0.1–0.05 mm, and the correlation coefficients were 0.317, 0394,
and 0.319, respectively (p < 0.01). The results showed that fine
particles could clog soil pores during precipitation when
the <0.5 mm particle size content increases. In turn, it hinders the
infiltration of soil moisture, increases surface runoff, accelerates
surface runoff and sand production, and enhances soil erosion
capacity. The erodibility K value was negatively correlated with the
particle size of >2 mm and 2–1 mm aggregates, and the correlation
coefficients were 0.211 and 0.192, respectively (p < 0.01). It shows that
the large particles have intense anti-erosion media stripping and
transport ability, and the soil’s anti-corrosion ability is strong. The
erodibility K value was significantly negatively correlated with the
organic carbon content (Table 3), with a correlation coefficient of
0.261 (p < 0.01). This shows that soil organic carbon can enhance the
bonding between soil particles and water, mainly showing a significant
negative correlation between the <1 mm particle size and SOC
content. It shows that SOC promotes soil water stability and the
formation of aggregates, which is beneficial to the stability of soil
structure and enhances soil erosion resistance.

4 Discussion

According to the average value of the particle size distribution on
the slope under the three treatments, the particle composition is
mainly >2 mm. Among them, the 1–0.5 mm and 0.5–0.2 mm
particle sizes showed similar fluctuation trends. >2 mm, 2-1 mm
particle size showed a similar trend. The particle size distribution
of >1 mm and the particle size distribution of 1–0.2 mm showed
opposite trends in the slope fluctuation trend. It shows that rainfall
erosion mainly breaks>2 mm, 2-1 mm grain size into 1–0.2 mm grain
size. Thus, abundant loose aggregate particles are provided for
raindrop splash erosion and runoff erosion, which is the primary
source of erosion materials in soil erosion. The particle size
distribution of aggregates on the slope surface after crushing
directly affects the impact of raindrops and runoff on the initiation
and transportation of soil particles. The difference in particle size

FIGURE 8
Soil fractal dimension at different soil depths.
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distribution will lead to the difference in the sediment carried by the
runoff scouring process, leading to the erosion-sedimentation
fluctuation law on the slope surface. There is a periodic change law
of ebb and flow or similarity among the grain fractions on the slope
along the slope length. Although it does not precisely match the
fluctuation trend of erosion intensity of slope farmland, the
fundamental trends reflected by the two are similar.

Under simulated light rain conditions, the stability of aggregates
on the slope surface fluctuated most obviously along the slope length.
Agglomerates break up due to uneven expansion and contraction of
soil clay particles. Studies have shown that the fracture mechanism can
only be expressed when the soil contains many clay minerals with
expansive lattices. The internal structure of the agglomerates produces
fine cracks (cracks), which leads to the breakage of the agglomerates.
The clay mineral montmorillonite and clay content (37%) in the soil
are relatively high; the main clay mineral is montmorillonite. Its
expansion and contraction are substantial, and montmorillonite
aggregates are more sensitive to the stress generated by expansion.
Although less destructive, it is better than rapid wetting for
differentiating unstable soils between different locations on a slope.

Under the conditions of simulated raindrop impact and runoff
disturbance, the stability of aggregates on the slope surface is between
the two. When the external mechanical damage kinetic energy is
significant enough, soil aggregates combined with dissipation or clay
expansion will disperse and break aggregates. It shows that the
cementation effect of soil organic matter on aggregates is dominant
(excluding the destruction effect of dissipation and clay expansion).
Thick-layer black soil has a high content of organic matter and clay,
both cementing substances. It dramatically enhances the cementation
ability between soil aggregates and plays an essential role in the
formation and stability of soil aggregate structure. Analysis of the
correlation between aggregate stability parameters and soil organic
carbon content showed that organic carbon was significantly

correlated with its stability (MWDWS) under mechanical
disturbance. It is confirmed that the soil aggregates on the slope
will destroy the cohesion of soil organic matter during mechanical
disturbance and crushing. The organic carbon content enhances its
ability to resist mechanical damage. Along the slope length direction,
the variability of organic carbon on the slope is 8.7%, which is weak
variability. Therefore, under mechanical disturbance, there is little
difference in the distribution of aggregate breakage along the slope.

Regardless of the destruction method, after the aggregates
experienced rainfall, the aggregates were broken into smaller
particles. Nutrients mainly exist in the soil in an adsorption or
organic state, and most soil flow is fine particles. Since the fine
particles have a larger specific surface area, they have a more
substantial adsorption effect on nutrients. Therefore, it can be
inferred that the enormous loss of fine particles in the slope runoff
accompanies the enormous loss of soil nutrients. In the long-term
rainfall erosion process, with the continuous development of runoff,
the sediment content carried by it has been in the mutual conversion
state of “saturated-unsaturated”. Due to the combined effect of erosion
and deposition, the nutrient content inevitably erodes and deposits
continuously with the runoff and sediment on the slope, and finally
presents a trend of fluctuating changes.

By analyzing the changes of organic carbon along the length of the
three slopes: straight slope, concave slope and compound slope, it was
found that the average value of soil organic carbon content (SOC) on
the slope was 46.58 g·kg-1. The variation range is 26.76–68.09 g·kg-1.
There was a significant difference in the content of SOC in different
slope shapes (p ≤ 0.01). The SOC content of each slope shape is mainly
as follows: open slope < compound slope < straight slope. The SOC
content of the straight slope is 1.04 and 1.11 times that of the
composite and concave slopes. The soil SOC content of the
concave slope with the highest soil erosion rate is the lowest.
Straight slopes with the lowest soil erosion rates have the highest

TABLE 3 Correlation between slope soil erodibility K value, SOC and each particle size.

K SOC >2 mm 2-1 mm 1-0.5 mm 0.5–0.2 mm 0.2–0.1 mm 0.1–0.05 mm

K 1 −0.261** −0.211* −0.192* 0.190 0.317** 0.394** 0.319**

SOC −0.261** 1 −0.091 −0.043 −0.270** −0.314** −0.287** −0.320**

FIGURE 9
Distribution characteristics of soil SOC and soil erosion rate along the slope length.
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average concentrations. The erosion intensity and SOC content of the
composite slope is in between. In terms of the change along the slope
length, the soil SOC content generally showed a high-low-high
variation trend. Contrary to the change in soil erosion rate along
the slope length, the site with a higher soil erosion rate corresponds to
lower soil SOC content and vice versa (Figure 9).

The variation trend of slope soil SOC and soil erosion intensity is
opposite to that of slope distribution, reflecting that the spatial
distribution of soil erosion intensity directly affects the distribution
of slope soil organic carbon distribution. Analyzing the reasons, soil
organic carbon mainly exists in soil aggregates in a close combination
of organic and inorganic substances. The migration and
transformation of soil particles mainly accompany it. The study of
slope soil is mainly based on the erosion-transport process, and the soil
erosion-transport process is also the process of soil SOC transport. The
SOC accumulated on the soil surface is easily lost with the migration of
the surface soil. This will cause a large amount of fertile soil on the
surface of the cultivated land, and the soil and its nutrients will be lost
through runoff and sediment. The remaining content of cultivated
land is reduced, and the black soil layer is thinned, resulting in barren
soil and a decline in cultivated land quality.

5 Conclusion

This paper uses three processing methods of the LB method to
clarify the crushing characteristics of soil aggregates under different
damage effects. The breaking mechanism of typical black soil
aggregates was clarified, and the distribution characteristics of the
stability of soil aggregates in different parts and layers along the slope
were analyzed. Furthermore, the response of slope soil erodibility K
value and soil SOC content loss to slope surface was discussed. The
main conclusions are as follows.

(1) Overall, the aggregate stability showed MWDSW > MWDWS >
MWDFW.

(2) The analysis of the aggregates in the topsoil layer (0–10 cm) found
that the fluctuation trends along the slope length among the
various grain sizes on the slope did not completely match.
However, the fundamental trends reflected by the two were
similar.

(3) Under the three failure mechanisms, MWD0-10 cm <
MWD10-20 cm < MWD20-30 cm is reflected among
different soil layers.
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