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Abstract

Raindrop splash engenders the dispersion and transport of the soil particles, that is the primary stage in the process of soil
erosion. Raindrops with different diameters may have different influences on different soil structures. The research objective
was to quantitatively and visually analyze the change in surface aggregates and pore microstructure of five soils (Eum-Orthic
Anthrosol, Ustalf, Cumulic Haplustoll, Ustochnept and Quartisamment) in the Loess Plateau caused by various raindrop
diameters (2.67, 3.39 and 4.05 mm) using rainfall tests, synchrotron-based X-ray micro-computed tomography (SR-uCT) and
digital picture processing. Surface aggregate fragmentation and pore plugging rose as growing raindrop diameter. Under
raindrop splash, the increase in raindrop diameter increased the number of microaggregates ({less than or equal to} 250 pum)
of Cumulic Haplustoll, Ustalf and Eum-Orthic Anthrosol; the irregular pore-shape factor of Quartisamment and Ustochnept;
and the total number of aggregates and pores. Moreover, the soil physicochemical properties also had a significant impact on
surface aggregate breakdown and pore plugging (P < 0.01). Higher sand contents made the soil structure of Quartisamment and
Ustochnept more susceptible to splashing. The FD of Eum-Orthic Anthrosol, Ustalf and Cumulic Haplustoll were lower than
those of Quartisamment and Ustochnept. The results showed that during rainfall, both raindrop diameter and soil properties
affect surface aggregate stability and pore connectivity, which creates the material basis for forming surface crust, clogging

pores and reducing the infiltration rate.
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Key Points:

e Soil aggregates and pore microstructure were investigated under different
raindrops

e X-ray micro-computed tomography and digital picture processing were
used

e The number of aggregates and pores increase with the increase in raindrop
diameter

¢ Raindrop diameter and soil properties affect aggregate stability and pore
connectivity.

Abstract

Raindrop splash engenders the dispersion and transport of the soil particles,
that is the primary stage in the process of soil erosion. Raindrops with different
diameters may have different influences on different soil structures. The research
objective was to quantitatively and visually analyze the change in surface ag-
gregates and pore microstructure of five soils (Eum-Orthic Anthrosol, Ustalf,
Cumulic Haplustoll, Ustochnept and Quartisamment) in the Loess Plateau
caused by various raindrop diameters (2.67, 3.39 and 4.05 mm) using rainfall
tests, synchrotron-based X-ray micro-computed tomography (SR- CT) and dig-
ital picture processing. Surface aggregate fragmentation and pore plugging rose
as growing raindrop diameter. Under raindrop splash, the increase in rain-
drop diameter increased the number of microaggregates ( 250 m) of Cumulic
Haplustoll, Ustalf and Eum-Orthic Anthrosol; the irregular pore-shape factor
of Quartisamment and Ustochnept; and the total number of aggregates and
pores. Moreover, the soil physicochemical properties also had a significant im-
pact on surface aggregate breakdown and pore plugging (P < 0.01). Higher
sand contents made the soil structure of Quartisamment and Ustochnept more
susceptible to splashing. The FD of Eum-Orthic Anthrosol, Ustalf and Cumulic
Haplustoll were lower than those of Quartisamment and Ustochnept. The re-
sults showed that during rainfall, both raindrop diameter and soil properties
affect surface aggregate stability and pore connectivity, which creates the mate-
rial basis for forming surface crust, clogging pores and reducing the infiltration
rate.

1 Introduction
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The soil structure comprises solid, liquid and gas phases (Young & Crawford,
2004), which can reflect the quality of soil. In addition, soil structure is the basis
of maintaining soil function, which can determine the status of soil water and
gas, nutrient supply and soil anti-erosion ability (Angers & Caron, 1998). Soil
aggregate is the basic unit of soil structure, and its alinement and distribution
will affect soil physical properties (Six & Paustian, 2014). While the character-
istics of soil pore can veritably reflect the internal framework of soil structure,
which can be used as the test index to directly and factually reflect the qual-
ity of soil structure (Rabot et al., 2018). Raindrop splash erosion destroys the
surface soil structure, disperses soil particles, and causes pore plugging, which
is the first step in water erosion. During the process of water erosion, the main
reason for aggregate detachment is the mechanical damage caused by rainwater
wetting and raindrop impact force (Le Bissionaais,1996; Legout et al., 2005; Le
Bissonnais, & Arrouays, 1997). Based on simulated rainfall experiments, Li et
al. (2018), Fu et al. (2016) and Fu et al. (2017b) found that larger diameter
raindrops can lead to a higher degree of aggregate breakdown and dispersion.
Compared with in-situ soil, smaller soil particles will be generated due to aggre-
gate breakdown, then these particles will replace the particles of original soil,
and redirect a more consecutive structure, creating the surface seal (Ramos et
al., 2003). This seal reduces surface soil porosity, and ultimately decreases the
infiltration rate of surface soil and promotes runoff (Arjmand Sajjadi & Mah-
moodabadi, 2015; Fu et al., 2016; Fu et al., 2020; Li et al., 2018).

Generally, the structural properties of soil (e.g., organic matter, clay, etc.) are
also important factors affecting soil aggregate fragmentation. Previous studies
have shown that aggregates with larger particle sizes and soils with higher or-
ganic matter content can reduce splash erosion and decrease the separation of
soil particles (Ekwue, 1991). In addition, the lower the content of soil organic
matter, the higher the susceptibility of crust (Ramos et al., 2003). Aggregate
breakdown and dispersion were stronger in soils with a lower organic matter
content (Lado, 2004). Furthermore, soil with a low sand content or a high clay
content is also less affected by splash erosion (Dimitrova & Yanful, 2012; Fu
et al., 2020). However, all of these studies approached the breakdown mech-
anism of soil aggregates from a macroscopic view, and there are few studies
that observe and quantitatively analyze soil aggregates based on the internal
microstructure of the aggregates, the sieving method will destroy the original
soil structure to some degree, and it is difficult to observe the real distribution
of pores in soil structure. Thus, quantitative and visual analysis of soil internal
microstructure plays an important role in studying the change of soil structure
under rainfall.

Conventionally the study of soil micromorphology is based on the observation
of soil thin sections by electron microscopy to carry out two-dimensional mi-
croscopic morphology and quantitative analysis of soil (Pagliai, Vignozzi, &
Pellegrini, 2004; Vogel, 1997). However, the fabrication process of soil samples
is more tedious. Sharp tools such as knife are usually used to cut and process
the air-dried samples to be studied. Next, right curing agents are also needed



for grinding and curing. Finally, the production of soil thin section was com-
pleted (Liu et al.,2016; Qin et al., 2009). In the process of making soil thin
sections, due to the fragility of soil structure and the complexity of soil com-
ponents, preparing soil sections requires much time, and only two-dimensional
structural information on soil structure can be obtained from soil thin sections
(Murphy, 1987), these will cause human disturbance to soil samples. Nowa-
days, in order to research various soil structures in a rapid and nondestructive
manner, the adoption of synchrotron-based X-ray micro-computed tomography
(SR- CT) is popular. This technique has the simultaneous advantages of rela-
tively high contrast and resolution (Garbout et al., 2012; Taina et al., 2008) and
can be used to study the micromorphology of soil structure. The images got by
SR~ CT technology are processed through image reconstruction, and then com-
bined with digital image processing technology, the 3D microstructure of soil
can be procured. Through quantitative analysis of the 3D microstructure in soil,
nondestructive and comprehensive internal information of soil structure can be
procured. Many scholars have studied the micromorphological characteristics
of soil structure in different fields. Based on the non-destructive identification
characteristics of SR- CT technology, soil aggregates (volume, surface area and
sphericity) and pores (quantity, porosity and shape index) were quantitatively
analyzed (Garbout et al., 2013; Yang et al., 2020). Through SR- CT technol-
ogy, Ma et al. (2021), Starkloff et al. (2017) and Taina et al. (2013) and other
scholars found that freeze-thaw cycles have negative effects on soil macropores
and weaken the stability of soil aggregates. Moreover, some researchers found
that the increase of organic matter enhanced the pore connectivity under dif-
ferent fertilization conditions and during the process of wasteland vegetation
succession (Dal Ferro et al., 2013; Zhao et al., 2017; Hu et al., 2016).

Erosion capacity on the Loess Plateau has reached 37 Mg ha ! y -1, it is one
of the most severe regions in the world (Li & Pang, 2014). Rainfall erosion
is the main driving force for dispersion and transportation of loess aggregates
(Fu et al., 2016; Li & Pang, 2010; Wang et al., 2018). Rainfall erosion on the
Loess Plateau has been studied; for example, taking Ustalf and Eum-Orthic
Anthrosol as the research objects, Fu et al.(2017a) analyzed the discrepancy of
fragmentation mechanism of different soil aggregates in the Loess Plateau. Their
results showed that compared with Ustalf, the degree of splash for Eum-Orthic
Anthrosol was lower for the identical raindrop diameter. Moreover, owing to
secondary raindrop splash erosion, the fracture again of Eum-Orthic Anthrosol
aggregate that causing a decline in soil fertility and soil productivity (Fu et al.,
2020). Due to changes in climate and soil formation conditions on the Loess
Plateau, the characteristics of various soil types are quite variable (Fu et al.,
2020). About the study of soil erosion mechanisms have only focused on a single
or a few soils, so that it restricts the comprehension of erosion condition in the
Loess Plateau. In addition, the research of soil aggregate and pore plugging in
the Loess Plateau under rainfall conditions from a microscopic perspective are
rarely. Therefore, based on rainfall simulation experiments, the intentions of this
research were to research (1) the changes in the 3D microstructure of surface soil



aggregates and pores under different rainfall conditions and (2) the differences
in the 3D microstructure of surface aggregates and pores in different soil types
on the Loess Plateau using synchrotron radiation micro CT and digital image
processing. This research is significant because it allows a better understanding
of the mechanisms by which the internal soil structure changes during the rainfall
erosion process and because it addresses the issues of soil surface crust and
infiltration that are caused by rainfall.

2 Materials and Methods
2.1 Soil sampling

Five soil types (distributed from south to north according to latitude) on the
Loess Plateau were studied (Table 1). According to USDA, these soils are Eum-
Orthic Anthrosol, Ustalf, Cumulic Haplustoll, Ustochnept and Quartisamment,
respectively. The location of specific sampling points is shown in Figure 1. The
description of each sampling point is shown in Table 1. Five sampling points
belonged to traditional agricultural planting areas in China. Maize (Zea mays
Linn.) and wheat (Triticum aestivum L.) as principal crops.
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Figure 1. Location map of soil sampling points. (Notes: (A) represent Eum-
Orthic Anthrosol, (B) represent Ustalf, (C) represent Cumulic Haplustoll, (D)
represent Ustochnept and (E) represent Quartisamment.) (Fu, Yang, et al.,
2020). Data source: Geospatial Data Cloud site, Computer Network Informa-
tion Center, Chinese Academy of Sciences (http://www.gscloud.cn). This figure
was created via ArcMap 10.2 (http://www.esri.com/).

Dry branches and fallen leaves were removed from the surface layer before sam-
pling, and a cutting ring (diameter was 10 cm and height was 5cm) was used to
gather the undisturbed surface soil (0 to 20 cm) samples through the diagonal



method. Each soil sample gathered 36 cutting ring samples, 180 samples were
collected in all. According to Wang et al. (2018), in order to attain the bulk
density, the round knife method was adopted, the organic matter was measured
through potassium dichromate heating method, the total nitrogen (N) and total
phosphorus (P) were analyzed via Kjeldahl N and HC104-H2SO4 method, re-
spectively, and the mechanical composition was obtained with a Malvern laser
particle size analyzer. The basic physicochemical properties are shown in Table
1.

Table 1. Basic situation of sampling points and basic soil physicochemical
properties

@ >p(-22) * >p(-22) * >p(-22) * >p(-22) * >p(- 22) * >p(-22) * >p(-
22) % >p(- 22) ¥ >p(- 22) * >p(- 22) * >p(- 22) ¥ >p(- 22) * @ sites &
Soil type & longitudes and latitudes & Annual average temperature
/°C & Annual average precipitation /mm & Bulk density /(g - cm™) &
Soil organic/% & Total nitrogen/(g/kg) & Total phosphorus/(g/kg) &
Soil mechanical compositions & &

& & & & & & & & & Sand/%

(2~0.02mm) & silt/%
(0.02~0.002mm) & clay/%

(0.002mm)

Yangling & Eum-Orthic Anthrosol & 108°03 29 E, 34°18 24 N & 13.00 & 660.00
& 1.37 & 1.46 & 1.04 & 0.62 & 33.26 & 44.07 & 22.67

Meixian & Ustalf & 107°45 36 E, 34°29 24 N & 12.90 & 609.50 & 1.29 & 1.33
& 0.87 & 0.83 & 45.96 & 41.06 & 12.98

Changwu & Cumulic Haplustoll & 107°40 59 E, 35°14 27 N & 9.10 & 580.00 &
1.12 & 1.55 & 0.95 & 0.70 & 52.31 & 37.44 & 10.25

Ansai & Ustochnept & 109°19 23 E, 36°51 30 N & 8.80 & 500.00 & 1.18 & 0.9
& 0.43 & 1.40 & 72.82 & 21.56 & 5.62

Jingbian & Quartisamment & 109°20 15 E, 38°03 15 N & 7.80 & 395.40 & 1.46
& 0.41 & 0.22 & 0.80 & 81.80 & 14.55 & 3.65

2.2 Rainfall test

This experiment used the device of needle-head simulated rainfall. It comprised
raindrop generator and collecting device. The raindrop generator was a drop-
type, composing of a cylindrical box, and it was open-top (diameter was 10
cm and height was 10 cm). Bottom of the box arranged 21 injector needles
at 2 cm intervals, including US needles sizes of 7, 12 and 16. In order to
control the raindrop diameter, the needle size needs to be adjusted (Table 2)
(Fu et al., 2016). The stainless steel plate formed the collecting device for the
splashed soils (the diameter was 110 cm). Throughout the experiment, in order
to avoid disturbance from crossflow, around the experiment equipment placed
the plastic wrap (Fu et al., 2016). For each raindrop diameter, the rainfall period



was 10 minutes with three replications, that is, for each raindrop diameter, the
total number of raindrops impacts in the experimental treatments was three.
The specific test methods and test devices are shown in Fu et al. (2017a).
The specific rainfall experimental parameters are shown in Table 2. During
the experiment, three raindrop diameters were selected (2.67mm, 3.39mm and
4.05mm). These raindrop diameters belong to the range of raindrop diameter in
natural rainfall. Its corresponding rainfall kinetic energy and rainfall intensity
are shown in Table 2, these parameters are corresponding with the rainfall
features on the Loess Plateau (Jiao, 1999). The specific calculation procedures
are shown in Yang et al. (2020).

Table 2. Rainfall experiment parameters

Rainfall experiment parameters

Needle size 7 12 16
Falling height / m 2 2 2
Raindrop diameter / mm 2.67 3.39 4.05
Terminal speed / m s 5.36 5.48 5.54
Rainfall kinetic energy / J m2 st 241x10-° 5.15x10-° 8.97x10-5
Rainfall intensity / mm h! 5.76 68.61 217.26

2.3 CT scanning and image processing

Before image scanning, soil samples inside the cutting ring were air-dried. Be-
fore and after each rainfall event, dry soil clods (2 cm length x 2 c¢cm width)
were obtained from the splashed soil surface layer (depth 0.5 cm) using a knife.
The soil blocks were kept in containers with sponges to maintain their struc-
tural integrity (Yang et al., 2020). 54 dry soil blocks were selected for CT
scanning from each soil for a total of 270 samples. Image scanning was taking
place in synchrotron-based X-ray micro-computed tomography (SR- CT) that
belongs to the BL13W1 beam line of the Shanghai Synchrotron Radiation Fa-
cility (SSRF). For purpose of image reconstruction, the Phase-sensitive X-ray
image processing and tomography reconstruction software (PITRE) was applied.
Nearly 1500-2000 gray scale images (1052 x 1052 pixels) with a 32-bit TIFF
format were reconstructed using the back-projection algorithm. Finally, the im-
age was converted into an 8-bit TIFF format for subsequent processing. Each
voxel presented 3.25 m cubic volume.

ImagePy v0.2 was an open-source software, it was used to perform the image
processing, visualization and quantitative analysis (Yang et al., 2020; Wang
et al., 2018). In order to further image analysis, Sub-volumes of 512 cubic
voxels (viz., 1.664 mm cubic volume) were extracted to show inscribed cubes
of aggregates. That can avoid edge effects and the effects of soil depth. In the
process of binary imaging, the automatic Otsu algorithm was used to segment
the gray images, it belongs to the global threshold method (Zhao et al., 2017;
Zhao, Xu et al., 2017). Furthermore, in order to obtain the threshold value,



visual observation and reiterated debugging were also vital (Yang et al., 2020).
Because of the constraints of image resolution, only aggregates and pores larger
than 3.25 m could be identified and studied. Finally, the 3D aggregates and
pores were visualized and quantitatively analyzed using Viewer 3D and Analysis
3D of ImagePy v0.2, respectively.

2.4 Data analysis

After image processing, the soil structure divided into soil aggregates (white)
and pores (black) in the binary image. However, soil aggregates and pores have
varied morphology and sizes, so the number of pixels in each aggregate or pore is
also different. Six-neighborhood connectivity method was used for quantitative
analysis of aggregates and pores in image processing (Yang et al., 2020). Based
on Up Down Watershed 3D of ImagePy v0.2, the soil aggregate was segmented
by watershed segmentation algorithm.

At present, there are few studies on the classification of soil aggregates from
the viewpoint of digital image, and the classification criteria of soil pores is
not strict. Therefore, in the test, the soil aggregates were classified into five size
classes: > 500, 250-500, 106-250, 53-106, and 53 m based on their cementation
type and size. According to the type of binders and aggregate diameter, soil
aggregates were divided into macroaggregates (> 250 m) and microaggregates
( 250 m). The quality of soil structure can be judged through the number of
water-stable aggregates (> 250 m). On the basis of the equivalent diameter of
the pores, the soil pores were classified into six size classes: > 1000, 100-1000,
75-100, 50-75, 25-50, and 25 m. In line with capillary potential of soil pores,
soil pores were divided into macropores (> 100 m) (Luxmoore, 1981) and small
pores ( 100 m). The distribution characteristics of surface soil aggregates and
pores were represented by the relative quantity percentage (i.e., the number of
aggregates or pores of the same particle size in the soil out of the total number
of aggregates or pores) and the relative volume percentage or relative porosity
(namely, the volume of aggregates or pores of the same particle size in the soil
out of the total volume of aggregates or pores).

The aggregate or pore-shape factor was used to describe the morphological
changes in surface soil aggregates and pores under raindrop splash (Lars J.
Munkholm 2016). The calculation was based on equation (1):

(1)

In the equation, V and A express the actual volume and actual superficial area
of the measured aggregate or pore, respectively. Where F belongs between 0
and 1. When the research object is aggregates, the larger the F, the more
regular and spherical the aggregate shape; the smaller the F, the more irregular
the aggregate shape. According to Yang et al. (2020), Zhou et al. (2012),
when the research object is pores, the soil pores were divided into three kinds of
morphology as regular pore (F  0.5), irregular pore (0.2 < F 0.5) and elongated
pore (F 0.2).



The 3D mass fractal dimension (FD) of soil aggregates was calculated by the
BoneJ plug-in in ImageJ1.52p (http://imagej.nih.gov/ij) software. The FD
can represent the geometric fractal characteristics of objects, self-similarity and
scale-independence (Dal Ferro et al., 2013). It was got through box-counting
method. That is, using cube box with different sides to cover the image stack,
and record the number of boxes (Perret et al., 2003). The lower the FD is,
the better the stability of soil aggregates is (Gong & Yu Rong, 2001). The
calculation was based on equation (2):

(2)
In the equation, N () represents the number of boxes, represents the side
length of the box.

For sake of carrying out data processing and chart drawing, Microsoft Excel 2010
and Origin 2018 were adopted. At 5% significance level, the variance analyses
(one-way analysis of variance [ANOVA], Two-way ANOVA and multivariable
variance analysis [MANOVA]), correlation analysis and multiple comparisons
(least significant difference [LSD]) were performed by SPSS 18.0 statistical anal-
ysis software.

3 Results
3.1 The 3D microstructure analysis of soils

It can be observed that from the 2D micrograph, soil aggregates and pores
changed in response to raindrop splashes with different diameters (Figure 2). For
unsplashed soil, the soil aggregate structure was compact. Under the impact
of 2.67 mm raindrops, soil aggregates began to break down; the trend was
more obvious in larger aggregates. Under the impact of 3.39 mm raindrops,
small aggregates gathered around the large aggregates, and more small pores
appeared between the aggregates. Under the impact of 4.05 mm raindrops, small
aggregates gathered to form dense, large aggregate structures, and the small
pores between the aggregates became increasingly clear. These phenomena were
also observed in the 3D aggregate microstructure (Figure 3). In addition, among
the five soil pores, the small pores were mostly isolated, and the macropores were
mostly continuous structures. With increasing raindrop diameter, the number
of small pores increased, and the connectivity of macropores decreased (Figure
4).
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Figure 2. Two-dimensional microstructure changes in soil aggregates (yellow)
and pores (black) under raindrop splash (1.664 mm length x 1.664 mm width).
(Notes: (A) represent Eum-Orthic Anthrosol, (B) represent Ustalf, (C) repre-
sent Cumulic Haplustoll, (D) represent Ustochnept and (E) represent Quarti-
samment. - represent unsplashed soil, soil splashed by 2.67 mm raindrops, soil
splashed by 3.39 mm raindrops and soil splashed by 4.05 mm raindrops.)



Figure 3. Three-dimensional microstructure changes in soil aggregates under
raindrop splash (the length, width and height are all 1.664 mm). (Notes: The
yellow part represents macroaggregates (> 250 m), and the gray part represents
microaggregates ( 250 m). (A) represent Eum-Orthic Anthrosol, (B) represent
Ustalf, (C) represent Cumulic Haplustoll, (D) represent Ustochnept and (E)
represent Quartisamment. - represent unsplashed soil, soil splashed by 2.67
mm raindrops, soil splashed by 3.39 mm raindrops and soil splashed by 4.05
mm raindrops.)
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Figure 4. Three-dimensional microstructure changes in soil pores under rain-
drop splash (the length, width and height are all 1.664 mm). (Notes: The
pink part represents macropores (> 100 m), and the gray part represents small
pores ( 100 m). (A) represent Eum-Orthic Anthrosol, (B) represent Ustalf, (C)
represent Cumulic Haplustoll, (D) represent Ustochnept and (E) represent Quar-
tisamment. - represent unsplashed soil, soil splashed by 2.67 mm raindrops,
soil splashed by 3.39 mm raindrops and soil splashed by 4.05 mm raindrops.)

It is reflected by the Figure 2,3 and 4 that the microstructure was different
in the different soils. It is similar for the structure of aggregate and pore in
Cumulic Haplustoll, Ustalf and Eum-Orthic Anthrosol (Figure 2 & Figure 3).
The structure was mainly composed of macroaggregates with irregular shapes,
and macroaggregates were most abundant in the Cumulic Haplustoll. Moreover,
compared with Ustochnept and Quartisamment, the macropores of these three
soils were more continuous and connected (Figure 4). However, the structures
of Ustochnept and Quartisamment were similar (Figure 3). The structure of
those soils was mainly composed of regularly-shaped microaggregates.

Before and after raindrop splash, the FD of each soil changes as shown in Fig-
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ure 5. On the whole, the FD are between 2 and 3. The FD of Eum-Orthic
Anthrosol, Ustalf and Cumulic Haplustoll were lower than those of Quartisam-
ment and Ustochnept. The FD of Cumulic Haplustoll reached the lowest value
(mean: 2.72051402), the FD of Ustochnept reached the highest value (mean:
2.933258392). From Figure 5, the FD of each soil increased compared with that
of unsplashed soil under splashed by raindrop size of 3.39mm. The FD of Cu-
mulic Haplustoll, Ustochnept and Quartisamment decreased under splashed by
raindrop size of 4.05mm.
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Figure 5. 3D mass fractal dimension of soil aggregates.
3.2 Effects of raindrop splash on the number of soil aggregates and pores

After impact by raindrop, the amount of aggregates and pores changed. In
rainfall erosion, the influence of soil type and raindrop diameter upon the to-
tal number of aggregates and pores were significant (P < 0.05) (Table 3). As
raindrop diameter increased, the total quantity of aggregates and pores in five
soil surface layers increased. In addition, the number of pores was greater than
that of aggregates (Figure 6A, B). Raindrop splashing later, the total number
of aggregates were ranked as Quartisamment > Ustochnept > Eum-Orthic An-
throsol > Ustalf > Cumulic Haplustoll (Figure5A), and the total number of
pores were ranked as Ustochnept > Quartisamment > Eum-Orthic Anthrosol >
Ustalf > Cumulic Haplustoll (Figure 6B). In Eum-Orthic Anthrosol and Ustalf,
to compare and contrast with unsplashed soil aggregates and other splashed soil
aggregates, the total number of aggregates in soil splashed by 4.05 mm raindrops
differed significantly (P < 0.05) (Figure 6A). Under the same rainfall conditions,
the total number of aggregates in Ustochnept and Quartisamment differed sig-
nificantly from those in the other three soils (P < 0.05) (Figure 6A). Besides
Ustalf, the total number of soil pores in soils splashed by 4.05 mm raindrops
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was significantly different from those of the unsplashed soil and other splashed
soils (P < 0.05) (Figure 6B).

Table 3. Multivariable variance analysis of soil types and raindrop diameters
on the number of aggregates and pores (P < 0.05)

@ >p(- 10) * >p(- 10) * >p(- 10) * >p(- 10) * >p(- 10) * >p(- 10) * @

Source
&
Type III Sum of Squares
&
df
&
Mean Square
&
F
&
Sig.
Corrected Model
&
5.709E7*
&
19
&
3004530.516
&
26.062
&
.000
&
4.777E8P
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19

2.514E7

18.437

.000

Intercept

9.469E7

9.469E7

821.378

.000

1.270E9

1.270E9

931.595
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.000

Raindrop Diameter

5.369E7

1.342E7

116.439

.000

1.399E8

3.498E7

25.652

.000

Soil Type

2151357.000
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717119.000

6.221

.001

2.120E8

7.067TE7

51.828

.000

Raindrop Diameter * Soil Type

1240997.375

12

103416.448

.897

555
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& &

1.257E8

12

1.048E7

7.685

.000

Error

6916972.000

60

115282.867

8.181E7

60

1363573.738

Total

1.587E8

80
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& &&

&
1.830E9
&
80
& &&
Corrected Total
&
6.400E7
&
79
& & &
&
5.595E8
&
79
& &&

Dependent Variable: a. Total number of aggregates; b. Total number of pores
a. R Squared = 0.892 Adjusted R Squared = 0.858
b. R Squared = 0.854 Adjusted R Squared = 0.807
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Figure 6. Quantitative change characteristics of aggregates (A) and pores (B)
under raindrop splash. (Notes: Differences in the various raindrop diameters
and the same soil types are represented by uppercase letter at 5% significant
level. Differences in the various soil types and the same raindrop diameters are
represented by lowercase letter at 5% significant level) .

3.3 Effects of soil physicochemical properties on the number of soil aggregates
and pores

Under raindrop splash, the discrepancy of amounts in surface aggregate and pore
could be caused by the differences of the physical and chemical characteristics
in unsplashed soil. As the organic matter, silt and clay contents increased, the
amount of surface soil aggregate and pore decreased as a whole (Figure 7A, D
& E). Overall, the amount of pores rose with increasing bulk density (Figure
7B). The overall number of aggregates and pores decreased with increasing sand
content (Figure 7C). The number of aggregates corresponding to organic matter
contents of 0.41% and 0.9%, bulk densities of 1.18 g - cm3 and 1.46 g - cm3, sand
contents of 72.82% and 81.8%, silt contents of 14.55% and 21.56% and clay
contents of 3.65% and 5.62% were significantly higher than those corresponding
to other contents (P < 0.05). The number of pores corresponding to an organic
matter content of 0.41%, bulk density of 1.46 g - cm3, sand content of 81.8%,
silt content of 14.55% and clay content of 3.65% were significantly higher than
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those corresponding to other contents (P < 0.05).
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Figure 7. The relationship between soil properties and the amount of aggregate
and pore. (Notes: A-E represent organic matter, bulk density, sand, slit and clay,
respectively. Differences in the various soil types, differences between aggregates
and differences between pores are represented by small letter at 5% significant
level.)

3.4 Effect of raindrop splash on soil aggregates and pores

From the quantity distribution chart of soil aggregates and pores, microaggre-
gates ( 250 m) and small pores ( 100 m) are the major part in soil structure
(Figure 8A & Figure 9A). Among them, the microaggregates mainly consisted of
106-250 m aggregate fragments, and surface soil pores were mainly composed of
small pores ( 100 m), 99% of which were small pores 25 m. It can be seen in
Figure 8 that the particle size distribution (quantity or volume) of aggregates in
Eum-Orthic Anthrosol, Ustalf and Cumulic Haplustoll differ greatly from those
in Ustochnept and Quartisamment. In Ustochnept and Quartisamment, there
were no aggregate fragments > 500 m (Figure 8), the relative quantity per-
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centage of microaggregates were 96.22-98.45% and 97.20-99.31%, respectively
(Figure 8A).
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Figure 8. Relative quantity percentage (A) and relative volume percentage (B)
of soil aggregate size classifications under raindrop splash. (Notes: 0 represents
unsplashed soil, 2.67 represent soil splashed by raindrops of 2.67 mm, 3.39 rep-
resent soil splashed by raindrops of 3.39 mm and 4.05 represent soil splashed by
raindrops of 4.05 mm.)

21



I <>5pm [ 25-50pm [_]50-75pm [ 75-100pm (I 100-1000pm [I]>1000um

100
0 IIIIIIIIIIII

0 2.673.394.05 0 2.673.394.05 0 2.673.394.05 0 2.673.394.05 0 2.673.394.05

0 267339405 0 267339405 0 2.673.394.05 0 267339405 0 2.673.394.05

B Eum-Orthic Ustalf  Cumulic Ustocl Quarti
Anthrosol

'S a 3
S 3 13

The relative quantity percentage (%)
0
2

S x e =
S & S 3

a
S

The relative porosity (%)
2 g & 2

s =

Figure 9. Relative quantity percentage (A) and relative porosity (B) of soil
pore size classifications under raindrop splash. (Notes: 0 represents unsplashed
soil, 2.67 represent soil splashed by raindrops of 2.67 mm, 3.39 represent soil
splashed by raindrops of 3.39 mm and 4.05 represent soil splashed by raindrops
of 4.05 mm.)

From the volume distribution chart of soil aggregates and pores, macropores
(> 100 m) are the major part in soil structure (Figure 8A & Figure 9A). Eum-
Orthic Anthrosol, Ustalf and Cumulic Haplustoll were mainly comprised of large
aggregates, the relative volume percentages were 60.77-71.93%, 75.03-86.05%
and 72.35-97.30%, respectively (Figure 8B). Microaggregates still predominated
in Ustochnept and Quartisamment (Figure 8B). The influence of soil type upon
the >106 m aggregate fragments were significant (P < 0.05) (Table 4). The
influence of soil type and raindrop diameter upon the macropores (> 100 m)
were significant (P < 0.05) (Table 5). Under different rainfall conditions, the
relative porosity of macropores (> 100 m) in Eum-Orthic Anthrosol, Ustalf,
Cumulic Haplustoll, Quartisamment and Ustochnept was 94.04-96.71%, 93.56-
95.59%, 89.89-97.40%, 89.14-96.93% and 85.39-97.77%, respectively, and was
mainly composed of macropores (> 1000 m).

Table 5. Two-way ANOVA of soil types and raindrop diameters on the relative
porosity of aggregates (P < 0.05).
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Dependent Variable: The particle size of soil aggregates ( m).
a. R Squared = 0.484 (Adjusted R2 = 0.321);
b. R Squared = 0.663 (Adjusted R2 = 0.556);
c. R Squared = 0.259 (Adjusted R2 = 0.025);
d. R Squared = 0.194 (Adjusted R2 = -0.061);
e. R Squared = 0.195 (Adjusted R2 = -0.059);

40



f. R Squared = 0.230 (Adjusted R2 = -0.014) (P<0.05)

Under raindrop splash, the morphology of aggregates and pores in soil sur-

face changed (Figure 10 & Figure 11).

Under the same rainfall conditions,

Except for the unsplashed soil of Cumulic Haplustoll, the aggregate-shape fac-
tor first increased and then decreased with decreasing aggregate size, and the
macroaggregate-shape factor was less than that of the microaggregates (Fig-
ure 10). The pore-shape factor increased with decreasing pore diameter. The
macropore-shape factor was less than that of the small pores (Figure 11). The
shape factor of the 25 m pores had a maximal value, and the shape factor of
the > 1000 m aggregate fragments had a minimal value.
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Figure 10. Morphological changes in soil aggregates under raindrop splash.
(Notes: (A) represent Eum-Orthic Anthrosol, (B) represent Ustalf, (C) repre-
sent Cumulic Haplustoll, (D) represent Ustochnept and (E) represent Quarti-
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Figure 11. Morphological changes in soil pores under raindrop splash. (Notes:
(A) represent Eum-Orthic Anthrosol, (B) represent Ustalf, (C) represent Cu-
mulic Haplustoll, (D) represent Ustochnept and (E) represent Quartisamment.)

The shape factor of the 53-106 m aggregate fragments had a maximal value and
were nearly spherical. The shape factor of the > 500 m aggregate fragments had
a minimal value and were irregular. In Ustochnept and Quartisamment, there
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was little change in the aggregate-shape factor of different particle sizes before
and after raindrop splash (Figure 10D, E). Pore diameter >1000 m corresponds
to elongated pore; pore diameter 50-1000 m corresponds to irregular pore; and
when the pore diameter 50 m, the pore shape was regular. In Ustochnept and
Quartisamment, compared with splashed soil, the irregular pore-shape factor of
unsplashed soil was lower, and the pore shape factor increased with increasing
raindrop diameter (Figure 11D, E).

4 Discussion

4.1 Quantity and volume distribution characteristics of soil structure under dif-
ferent rainfall conditions

With increasing raindrop diameter, the total number of surface soil aggregates
and pores increased (Figure 6). The influence of soil type and raindrop diame-
ter upon the total number of aggregates and pores were significant (P < 0.05).
when the diameter of raindrop arrived at 4.05 mm, the total number of aggre-
gates and pores reached their maximum. This conclusion indicates that for the
soil aggregate breakdown and pore plugging, the raindrop diameter is one of
the influencing factors, and the effect increases with increasing raindrop diame-
ter. This is coincident with the experimental results of Fu et al. (2017a), who
stated that large raindrops were the main power source for aggregate breakdown
and dispersion in a rainfall event. Cumulic Haplustoll, Ustalf and Eum-Orthic
Anthrosol was less affected by splashing than Quartisamment and Ustochnept
(Figure 6). This may be explained by the higher organic matter, silt and clay
contents of these three soils (Table 1) and the more stable soil structure. Aggre-
gate breakdown and pore plugging caused by raindrop impacts depend not only
on rainfall factors but also on soil erodibility (Li et al., 2018). However, soil
erodibility is related to soil physicochemical characteristics, for example, organic
matter, clay, and CaCO3 contents and the proportion of exchangeable sodium
(Lado 2004). After raindrop splash, the relationship between the number of ag-
gregates and clay, silt and organic matter was remarkably negative correlation
(P < 0.01), and was remarkably direct correlated with sand content (P < 0.01)
(Table 6). The relationship between the amount of pores and organic matter
and silt was remarkably inversely correction (P < 0.01), and was remarkably
direct associated with bulk density and sand content (P < 0.01) (Table 7).

Table 6. Correlation analysis between the total number of aggregates and soil
physicochemical properties

Factor Soil organic Mechanical composition Bulk density

Sand Silt Clay
correlation index -0.804"" 0.801° -0.850" -0.652"  0.178
significance level  0.000 0.000 0.000 0.002 0.453

Notes: ** express the 1% significance level, * express the 5% significance level
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Table 7. Correlation analysis between the total number of pore and soil physic-
ochemical properties

Factor Soil organic Mechanical composition Bulk density

Sand Silt Clay
correlation index -0.763" 0.576"" -0.638"" -0.423  0.644""
significance level  0.000 0.008 0.002 0.063  0.002

Notes: ** express the 1% significance level, * express the 5% significance level.

The main power in rainfall erosion is raindrop splash, which causes soil disper-
sion and saltation on the surface (Wu & Zhou, 1991). Meanwhile, the distribu-
tion of splashed soil aggregate particle size will be affected by the aggregate size
distribution of undisturbed soil (Wang et al., 2018). In soil erosion experiments,
the soil aggregate breakdown caused by raindrop splash may be a major factor
affecting the distribution of sediment particle size (Hairsine et al., 1999). In
Cumulic Haplustoll, Ustalf and Eum-Orthic Anthrosol, the number of macroag-
gregates decreased with increasing raindrop diameter, whereas microaggregates
showed the opposite trend. This indicates that the degree of fragmentation and
decomposition of macroaggregates into microaggregates increased with increas-
ing rainfall erosivity, and larger raindrops led to a greater degree of decomposi-
tion, the research of Li et al. (2018) and Fu et al. (2016) also have coincident
conclusions. Under the same rainfall conditions, microaggregates were more
spherical than macroaggregates. In other words, among the surface soil aggre-
gates, microaggregates were the most numerous, and their shape was the closest
to spherical. Generally, soils containing finer aggregates exhibit higher migra-
tion ability of preseparated substances than soils containing larger aggregates
(Arjmand Sajjadi & Mahmoodabadi, 2015). This relationship indicates that
under rainfall, microaggregates are easier to transport than macroaggregates
and can be suspended or deposited in the process of soil water erosion (Li et
al., 2018). Subsequent surface soil pore plugging creates the conditions for the
formation of soil surface crust. In addition, soils with larger aggregates have
higher infiltration rates because such soils are less sensitive to crust formation
(Arjmand Sajjadi & Mahmoodabadi, 2015). Therefore, under raindrop splash,
Ustochnept and Quartisamment more easily form surface crust, resulting in a
reduced infiltration rate and increased runoff.

Under different rainfall conditions, the relative porosity was greatest in macrop-
ores (Figure 9B), and macropores were more elongated than small pores. Thus,
among the surface soil pores, compared to the porosity of other pore shapes,
the elongated pores (>1000 m) showed much higher porosity (Figure 9B &
Figure 11). The influence of raindrop diameter upon the macropores (> 100
m) were significant (P < 0.05). Particularly after splashing by 4.05 mm rain-
drops, the connectivity of the macropores decreased notably (Figure 4). This
indicates that after raindrop splashing, the decrease in porosity of elongated
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pores and macropores is one of the main reasons for pore plugging. This find-
ing is coincident with the study results of Yang et al. (2020). In the surface
pores of Ustalf, they found that before and after raindrop splashing, the elon-
gated pores accounted for 83.93% of the total imaged porosity on average, which
make up the primary morphology of soil pores (Yang et al., 2020). Moreover,
boosting the relative porosity of elongated pores and macropores can make soil
connectivity better, which is more favorable to store water and interchange gas
in polyporous medium (Pagliai et al., 2004; Vandenbygaart, Protz, & Tomlin,
1999). The higher the infiltration rate of soil water and solutes, and the more
stable the soil structure (Flury & Fltihler, 1994).

4.2 Microstructure characteristics of soil under different rainfall conditions

During rainfall, the aggregates were broken by the outside force due to the rain-
drops hitting the soil surface. The particle size of soil aggregates changed with
the fragmentation of aggregates. Microaggregates increased with the increase
of raindrop diameter (Figure 3), and then migrated and transported on the soil
surface. Subsequently, these migrated aggregates partially enter the surface
pores, reducing the surface soil porosity, and finally forming the surface crust.
The aggregate and pore structures of Quartisamment and Ustochnept are quite
different from those of Cumulic Haplustoll, Ustalf and Eum-Orthic Anthrosol,
which are mainly composed of microaggregates with regular shapes. Both of the
former soils have fewer macroaggregates (Figure 2 & Figure 3), and the content
of > 250 m macroaggregates can represent the soil anti-erodibility, which in-
creases with the increase of macroaggregates (Mbagwu, 1990). And both of the
former soils have low macropore connectivity, the macropores were mostly iso-
lated pores, particularly when the raindrop diameter arrived at 4.05 mm. The
reason for this result may be that under rainfall, fine aggregates which are close
to spherical shape are more likely to transport with water, and enter the surface
soil macro-pores, resulting in pore plugging. Ustochnept and Quartisamment
containing more sand (Table 1). These results show that the anti-erodibility
of Cumulic Haplustoll, Ustalf and Fum-Orthic Anthrosol is stronger, especially
for the Eum-Orthic Anthrosol. Under splashing, fine sand has the least resis-
tance (Ellison,1947). Therefore, the higher the sand content, the more serious
the fragmentation and decomposition of the aggregates (Baver,1966). The sand
content directly affects soil permeability and porosity, thereby affecting soil
erodibility (Huaduan & Yingming, 2009). In the soil erosion process, aggregate
breakdown and dispersion will affect soil porosity, make the infiltration rate and
water conductivity rate reduce, then increase the formation of surface crust and
the sensitivity of erosion. At the same time, for the saturated hydraulic con-
ductivity, the soil antecedent water content, bulk density and the constituents
of clay are important influencing factors (Zhang et al., 2020). Moreover, for
Ustochnept and Quartisamment, there are no macroaggregates > 500 m. This
may be related to the low organic matter and clay contents (Table 1), poor ad-
hesion of macroaggregates (Fu et al., 2017a), and few macroaggregates formed
by fine particles (Wang et al., 2018).
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Both the stability of soil aggregates and the structural properties of soils can
be represented and reflected by 3D mass fractal dimension (Gong & Yu Rong,
2001). In the experiment, the 3D FD was adopted to represent the microstruc-
tural feature of soil aggregates. The 3D FD can signify the geometric fractal
characteristics, self-similar feature and scale independence (Dal Ferro et al.,
2013). Accordingly, the lower the 3D FD is, the better the aggregate structure
is, and the stronger the soil stability and erosion resistance are (Jing & Zhao,
2009). The FD of each soil increased compared with that of unsplashed soil
under splashed by raindrop size of 3.39mm, this shows that soil anti-erodibility
decreased via raindrop splash. The stability of soil aggregates has been used to
characterize soil anti-erodibility and soil quality (Ghadiri et al., 2007). The FD
of Eum-Orthic Anthrosol, Ustalf and Cumulic Haplustoll were lower than those
of Quartisamment and Ustochnept. It showed that the structure of Eum-Orthic
Anthrosol, Ustalf and Cumulic Haplustoll are more stable. Soil physicochemical
properties may explain this phenomenon. The cementation of organic matter
on microaggregates is an important mechanism for the formation of macroag-
gregates. The clay content affects the soil porosity, permeability, cohesion and
internal friction angle, thereby affecting the soil anti-erodibility and wash resis-
tance of the soil (Huaduan & Yingming, 2009). The results of Haghighi, Gorji,
& Shorafa (2010) also showed that the aggregate stability and hydraulic charac-
teristics of soil could be improved through the retention of organic matter. The
stability also increases with increasing clay content of soil (Lado, 2004).

5 Conclusions

Under raindrop splash, the influence of soil type and raindrop diameter upon
the total number of aggregates and pores were significant (P < 0.05). Under the
same rainfall conditions, the number of pores was higher than the number of
aggregates. After raindrop splash, as raindrop diameter increased, the number
of microaggregates ( 250 m) in Cumulic Haplustoll, Ustalf and Eum-Orthic
Anthrosol; the irregular pore-shape factor of Quartisamment and Ustochnept
and the total number of aggregates and pores also increased. Under raindrop
splash, the soil structure of Eum-Orthic Anthrosol, Ustalf and Cumulic Haplus-
toll were more stable, Quartisamment and Ustochnept more readily formed a
surface crust, resulting in a lower infiltration rate and increased runoff.

The changes in surface aggregates and pore microstructure under rainfall ero-
sion are discussed, which provides a theoretical basis for understanding the soil
erosion transport mechanism, water and soil conservation and ecological restora-
tion on the Loess Plateau.
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