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Understanding the influence of vegetation types on soil particle-size distribution (PSD) is
essential to evaluate the effects of sediment control by vegetation restoration. In this work,
we studied the effects of different vegetation types, including bare land, meadow, shrub
and forest on soil PSD in Jiangjiagou gully, Yunnan province, China. A total of 60 soil
samples were collected and analyzed for soil particle size distribution using the laser
diffraction method. Fractal theory was used to calculate multifractal parameters. The
volume fraction of silt particles in shrub and forest is significantly higher than that in bare
land, meadow, whereas the total volume fraction of sand particles in bare land and
meadow exceed that in shrub and forest. The soil particle size distribution along soil layers
has no significant difference in each vegetation type. The volumetric fractal dimension is
significantly higher in forest and shrub than in bare land and grassland, but there is no
significant difference between forest and shrub. In addition, soil erosion resistance exhibits
significant differences of forest > shrub > grassland > bare land. Multifractal parameters are
highest in bare land except for multifractal spectrum values (f (amax) and f (amin) and the
maximum value of singularity index (amin). All generalized dimensions spectra curves of the
PSD are sigmoidal, whereas the singular spectrum function shows an asymmetric upward
convex curve. Furthermore, soil erosion resistance has significant relationships with
multifractal parameters. Our results suggest that multifractal parameters of the soail
PSD can predict its anti-ability to erosion. This study also provides an important insight
for the evaluation of soil structure improvement and the effects of erosion control by
vegetation restoration in dry-hot valley areas.

Keywords: soil particle-size distribution, multifractal analysis, vegetation restoration, soil erosion resistance, debris
flow-affected area
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1 INTRODUCTION

Vegetation restoration is a key factor to control soil erosion in
degraded land through both hydrological and mechanical
mechanisms (Podwojewski et al., 2011; Burylo et al., 2012; Cui
etal., 2019). It not only can reduce raindrop splash force, regulate
surface runoff, and trap sediment (Lin et al., 2014), but also can
promote soil erosion resistance (Gyssels et al, 2005;
Descheemaeker et al., 2006; Ma et al.,, 2016; Deng et al., 2022).
In general, the effect of vegetation on erosion control differs in
vegetation types due to various plant coverage, species
composition, and community structure (Lin et al., 2014; Dai
et al, 2022). In detail, vegetation with highly complicated
structure and layers has strong ability to prevent soil
detachment and minimize soil movement (Lin et al., 2014),
resulting in comparatively higher fine content and lower
coarses particles (Burylo et al., 2012). However, many studies
mainly focused on the relationship between vegetation change
and the regulation and control of soil erosion (McVicar et al.,
2010; Li et al,, 2021a). The interaction between soil particle size
distribution and vegetation types, especially in extremely
degraded areas is poorly understood.

The particle-size distribution (PSD) is a typical property of
soil texture and has significant effects on bulk density, porosity,
organic matter, and cation exchange capacity (Bieganowski
et al., 2013; Wang et al., 2019). Comparing the characteristics
of soil PSD is essential to understand and determine the
dynamics of soil structure induced by influence factors such
as vegetation succession, tillage, reforestation, and grazing (Lyu
et al,, 2015; Yang et al., 2022). Soil PSD has an irregular shape
and self-similar hierarchical structure, indicating that it has
fractal features (Guan et al., 2011; Zhang et al., 2017). Therefore,

Multifractal Parameters and Erosion Resistance

soil PSD has been the focus of much research concerning on soil
particle fractionation and physical processes (Peng et al., 2014;
Lyu et al.,, 2015). Previous studies have focused on the effects of
soil erosion on fractal dimension of soil PSD. For example, Liu
et al. (2022) found that fractal dimension of soil PSD in
hedgerows can reflect sediment reduction effect. Li et al
(2021a) showed that multifractal analysis captured the
complexity of the PSD of suspend sediment in the Yangtze
River. Although many findings with respect to fractal
dimensions of soi PSD have been obtained, whether soil
erosion anti-ability significantly respond to fractal
dimensions of soil PSD is unknown.

In recent years, many studies have demonstrated that particle
redistribution occurs in soil erosion process (Zhou et al., 2022; Liu
etal,, 2022; Zhang et al., 2020; Ma et al., 2021), this truth provides
important clue that temporal changes in environmental
conditions causing soil erosion can be identified (Schillereff
et al., 2014; Wei et al, 2014). Therefore, the soil erosion
resistance of different vegetation types could be reflected by
their species diversity, plant density, and root characteristics
(Jin and Chen, 2019; Xu et al,, 2019). Several authors highlight
that the size characteristics of eroded soil sediment contribute to
the growing body knowledge on revised soil erosion model in the
wake of erosion processes (Asadi et al., 2011; Shi et al., 2012; Liu
etal.,, 2021). Hence, it is necessary to understand the relationship
between soil erosion resistance and its PSD. However, recent
works on soil PSD mostly concerned about stable or undisturbed
ecosystems such as tidal flats (Lyu et al., 2015), forests (Wang
et al,, 2008; Xia et al,, 2009), vegetation barriers (Bochet et al.,
2000; Burylo et al., 2012), little is known about the relationship
between soil erosion resistance of different vegetation types and
fractal dimensions of soil PSD.
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FIGURE 1 | Geographic location of the Jiangjiagou gully and four vegetation plots. BL: Bare land; GR: Grassland; SH: Shrub; FO: Forest.
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TABLE 1 | Experimental conditions of four vegetation types.

Vegetation Types Longitude/Latitude Slope Gradient

(V)]
Bare land 103°08'11"E/26°14'46"N 24 NE
Grassland 103°07'34"E/26°14'55"N 20 NE
Shrub 103°08'01"E/26°14'53"N 19 SW
Forest 103°08'04"E/26°14'44"N 20 NE

Slope-Aspect

Multifractal Parameters and Erosion Resistance

Elevation (m) Dominant Species Vegetation Coverage

(%)
1,356 — 5
1,288 Heteropogon contortus 40
1,337 Desmodium racemosum 80
1,347 Leucaena leucocephala 90

FIGURE 2 | Field views of four vegetation plots.

In extremely degraded areas, fractal dimensions of soil PSD
have been used to describe the degrees of soil damage, recovery
phrase, and sediment retention ability (Deng et al., 2015; Cui
et al., 2019; Luo et al., 2019). Singular fractal dimension of soil
PSD can vary in response to major earthquakes and can predict
the effects of earthquake disturbance on soil system (Deng et al.,
2015). Soil PSD-based analyses also can reflect recover phrase
when natural restoration occurred in disaster-affected areas (Luo
et al., 2019). Furthermore, fractal dimension of sediment PSD can
reveal sediment retention ability of plants (Cui et al., 2019). In our
study area—dry-hot valley of Jinsha River, there also was some
research on the relationship between fractal dimensions of soil
PSD and soil properties (Xie and Wei, 2011; Li et al., 2021¢; Chen
et al., 2016), but little research has been done to understand the
effects of soil sediment sorting by different vegetation types and
the relationship between soil erosion resistance and fractal
dimensions of soil PSD except some qualitative analyses or
overall trend analyses (Wang et al., 2004; Cui et al., 2005).

In this study, we sought to estimate the impacts of vegetation
types on the soil PSD characteristics using a typical basin of dry-
hot valley—Jiangjiagou gully as a case study. Our objectives are to
1) reveal the soil PSD in typical debris flow basin using both

singular and multi-fractal analysis; 2) to determine whether
fractal dimensions reflect the change of vegetation types; and
3) to identify the influence of multifractal parameters on the soil
erosion resistance. Our work took an integrative approach to
study the effects of vegetation types on soil PSD and the
relationship between soil erosion resistance and fractal
dimensions of soil PSD. This study could provide theoretical
support for ecological restoration and vegetation community
improvement and help identify ways to rapidly evaluate the
effects of soil sediment sorting and erosion control by
vegetation types in dry-hot valley.

2 STUDY AREA

The study area is the Jiangjiagou watershed, Dongchuan district,
Kunming, Yunnan province, China (latitude 26°13'-26°17' N,
longitude 103°6'-103°13" E). It is in the altitude between 1,042
and 3269 m m s L. (Figure 1). The study area has three vertical
climate types including 1) dry-hot valley with an elevation
ranging from 1,042 to 1600m, annual precipitation of
600-700 mm year ', mean annual temperature of 20°C, and
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FIGURE 3 | Schematic diagram of anti-scouring test equipment (Chen et al., 2014). 1 is a bucket rack; 2 is a scale ruler; 3 is a glass tube; 4 is a bucket; 5 is a water
pipe; 6is a still water chamber; 7 is a skid; 8 is the flume for the test; 9 is the site for putting the samples; 10 is the cutting ring with 200 cm® (10 cm length, 5 cm width, and

average annual potential evapotranspiration of 3,700 mm year™;
2) subtropical and sub-humid warm temperate climate with an
elevation ranging from 1,600 to 2200 m, annual precipitation of
700-850 mm year_l, mean annual temperature of 13°C, and
average annual potential evapotranspiration of about
1700 mm year ; 3) humid warm temperate climate with an
elevation ranging from 2200 to 3269 m, annual precipitation
of about 1,200 mm year ', mean annual temperature of 7°C,
and average annual potential evapotranspiration of about
1,350 mm year '. The main soil types in dry-hot valley are
calcic vertisols and calcic regosols according to the WRB
system (Li et al., 2021Db).

Due to severe soil and water loss, viscous debris flows have
occurred frequently in Jiangjiagou Gully since the early Late
Pleistocene. They combined with human deforestation to
destroy vegetation during the period of 1950-1970, resulting
in serious ecological degradation and native vegetation
destruction (Lin et al,, 2014). Hence, original vegetation has
been replaced by man-made forests. At present, in dry-hot
valley of Jiangjiagou gully, Leucaena leucocephala and
Eucalyptus camaldulensis were planted as the main man-made
forests; Shrubs were mainly dominated by Coriaria sinica, Salix
myrtillacea, Desmodium racemosum, and Sophora davidii;
Grasslands were mainly dominated by Heteropogon contortus,
Eulaliopsis binata, and Themeda triandra. However, vegetation
coverage occupied <10% of the total area of dry-hot valley in 2004
(Cui et al, 2005). Therefore, various vegetation types enable
Jiangjiagou gully to be an ideal site for studying the
relationship between the soil erosion resistance of vegetation
types and fractal dimensions of soil PSD.

Though the average hillslope is 43°in Jiangjiagou watershed
(Lin et al., 2014), forests are mainly on slopes <25°. To avoid the
discrepancy in different slope gradients, four vegetation plots

were selected, including bare land, grassland, shrub, forest in
Jiangjiagou gully (Table 1). All four experimental plots developed
from landslide mass (<40 years) with the soil type of calcic
regosols are located in the downstream of the Jiangjiagou gully
near to Dongchuan Debris Flow Observation and Research
Station, Chinese Academy of Sciences (Figure 2). Among four
plots, bare land developed under natural conditions with slope
gradient of 24°and northeast facing slope. Grassland developed
from bare land to Heteropogon contortus grassland with slope
gradient of 20°and northeast facing slope. Shrub developed from
bare land to Desmodium racemosum shrub with slope gradient of
19°and southwest facing slope. Forest was reforested without land
leveling projects in 2004 with Leucaena leucocephala, slope
gradient of 20°and northeast facing slope.

3 MATERIALS AND METHODS
3.1 Soil Sampling and Analysis

We set up three random quadrats (10 x 10 m in forest, 5 X 5 m in
shrub, and 1 x 1m in both grassland and bare land) each
vegetation type. In selected quadrat, five soil samples were
collected from the depths of 0-10cm, 10-20 cm, 20-30 cm,
30-40 cm, and 40-50 cm. In addition, one sample was taken
with a standard 200 cm® volume (10 cm length, 5 cm width, and
4 cm height) from each soil depth for determining soil erosion
resistance. A total of 60 soil samples for soil particles and soil
erosion resistance were collected from the four vegetation types.

The portion to be analyzed for soil particles were taken to the
lab, air-dried, disaggregated, and passed through 2 mm screen.
We used the Longbench Mastersizer 2000 laser particle size
analyzer to analyze the fractions particle with size <2 mm (Li
et al, 2021a). The 10 ml 10% H,O, was used to remove organic
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matter to soak each 0.3 g soil sample for 24 h. Each sample was
then treated with 5ml of 10% HCIl for 10 min to eliminate
carbonate salts. Deionized water was added up to 500 ml to
rinse the residual H,O, and HCI for 12h before the liquid
supernatant was removed, until the pH of sample solution was
adjusted to 7. We added 5ml 0.1ml/L sodium
hexametaphosphate to separate soil particles before
measurement and used the laser particle analyzer to measure
the percentage volume of soil particles in the range 0.02-2000 pm
after ultrasonic vibration for 10 min.

The portion to be analyzed for soil erosion resistance was
stored in a plastic bag to avoid desiccation. We used the anti-
scouring test equipment (Figure 3) and the method described by
Chen et al. (2014) to determine soil erosion resistance:

k=gxt/m 1)

where k is the soil erosion resistance (Ls/g); g is the water volume
used in flume experiment (L); ¢ is the experiment time (s); m is the
sediment weight eroded by water.

3.2 Fractal Models

The traditional approach for fractal characteristics of soil PSD is
using unitedly laser diffraction method and fractal analysis (Tyler
and Wheatcraft, 1992; Su et al., 2004; Peng et al., 2014; Lyu et al,,
2015). Presently, two common methods including singular and
multi-fractal analysis are widely used (Lyu et al., 2015). Singular
fractal analysis can describe the overall or average characteristics
of soil PSD and predict the change of related soil properties (Guan
etal,2011; Lietal., 2019), but seldom clearly understand the local
heterogeneity of soil PSD. Therefore, multifractal analysis is used
to determine the intrinsic variability of soil PSD in more detail
(Lyu et al., 2015).

3.2.1 Volumetric Fractal Dimension

According to the frequency histogram obtained from the
Longbench Mastersizer 2000 laser particle size analyzer, we
used volumetric fractal model to establish the granularity of
the soil particles as follows (Wang et al., 2005; Li et al., 2021b):

V(‘(<R) — B b (2)
VT /\v

where R is the soil particle size in mmj; V{,g, is the cumulative volume
percent of particles lower than R; Vr is the total volume of soil
particles; Ay is the maximum particle size in mm; and D, is the
volumetric fractal dimension of the soil PSD. The value of R was the
arithmetic mean of the lower and upper limits of a certain class.
The following logarithmic expression was derived from Eq. 2:

Vire R
log[%] =(3- D»log(;) (3)

using Eq. 3, the D, value is equal to three minus the slope of the
logarithmic linear regression equation, representing the space-filling
efficiency of particles (Perfect & Kay, 1995; Biswas, 2019).

Multifractal Parameters and Erosion Resistance

3.2.2 Calculation of the Multifractal Parameters

In this study, the measurement interval I = [0.02, 2000] of the
laser particle size analyzer is divided into 64 smaller intervals I; =
[¢i @iral, I =1,2 ..., 64, with constant Ig (¢;11/¢;). A new
dimensionless interval J = [0, 5.3] can then be created. A number
N(e) = 2F of cells with equal size € = 5.3 x 27 for k is set up
ranging from 1 to 5 (i.e., e= 2.65, 1.325, 0.6625, 0.33125, and
0.165625). We created a certain measure y that distributes over
the interval of sizes I and each cell y;(¢) is contained in available
data. N(¢) is taken as the number of samples when the scale is ¢;
and pi(e) is the probability density (percentile) of the ith
subinterval (J;), namely the sum of all measurements in the
sub interval J. The generalized fractal dimension D, is defined
as follows:

1 1g[35 7w (e)1]

Dy = 933 q-1 lge (a#1) @
D, = lim 2l 488 (©) (5)
=l S e =)

The singularity spectrum could be computed through a
parameter g by:

Y u; (g, €)lg s, (¢)

oc(q) - ?LI(} lge ©)
o 2 u (g.€)gu; (9. €)
£ (@ = lim = )

using Eqs 4-7), in the range of-10 < g < 10, the fitting calculation
is carried out with 1 step size to get D(q), a(g) and f(a). When g =
0, Do is the capacity dimension, reflecting the range of a
continuous distribution. When g = 1, D; is the entropy
dimension of the measure, providing a measure of the
heterogeneity of soil particle size distribution. When g = 2, D,
is the correlation dimension that can capture some of the inner
details of the particle-size distributions. The parameter of D,/D,
can be used to quantitatively describe the dispersion degree of soil
particle size distribution (Guan et al., 2011; Rodriguez-Lado &
Lado, 2017).

The parameters of a(q) and fla) can characterize local
multifractal characteristics of soil particle size distribution.
a(0) is the average value of multifractal singular spectrum.
The greater a(0) means the smaller the local density of soil
particle size distribution.

The width of multifractal singular spectrum Aa(q)
representing the spatial heterogeneity of soil particle size
distribution is defined as follow:

Aa(q) = a(q) max = @(q) min (8)

where the min and max denote the minimum and maximum
values, respectively.

The shape of multifractal singular spectrum Af [a(g)] is
defined as follow:

Af[‘x(q)] = f[“(Q) maX] - f[‘x(q) min] )
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TABLE 2| Soil particle size distribution and singular fractal dimension among four vegetation types and five soil layers. BL: Bare land; GR: Grassland; SH: Shrub; FO: Forest; D: volumetric fractal dimension; SER: Soil erosion
resistance; Different letters indicate significant differences at p < 0.05. All data are shown using mean + standard error. * means median; T means mode.

Source

Vegetation types (VT)

Soil layers (SL)

VTxSL

Very Coarse
Sand (1,2 mm)

BL (n = 15)0.25 + 0.372
*0.06 10
GR (n = 15)0.13 + 0.412
*0 10
SH(n = 15)0%
*0 10
FO(n = 15)0.00 + 0.00%
*0 10
p = 0.051

0-10 cm (n = 12)0.01 + 0.04°
0 Null
10-20 cm (0 = 12)0.11 + 0.29°
0 Null
20-30 cm (n = 12)0.22 + 0.512
0 tNull
30-40 cm (0 = 12)0.02 + 0.042
*0 +Null
40-50 cm (0 = 12)0.10 + 0.232
*0 tNull
p=0412
p=0.783

Coarse Sand
(0.5-1 mm)

7.41 + 4.012
*7.78 tNull
412 + 3.66°
*3.30 TNull
0.51 +1.10°
*0.02 tNull
0.71 + 1.60°
*0.20 TNull
p < 0.001

2.16 + 2.79%
*0.74 +NUI
3.40 + 4.05°
1 .24 +NUI
451 + 4.84°
*2.52 +NUI
2.69 + 3.48°
*0.57 NI
2.78 + 4.56°
*0.25 Null
p = 0.667
p=0.185

Medium Sand
(0.25-0.5 mm)

19.04 + 5.03°
*20.53 Null

16.14 + 4.542
*15.39 1Null

4.94 + 4.26°
*3.53 tNull

6.06 + 8.47°
*2.13 +Null
p < 0.001

10.58 + 7.23°
*9.28 tNull
10.88 + 8.52°
*12.17 TNull
13.64 + 10.12%
*15.16 TNull
11.40 + 8.33%
*11.04 +Null
10.58 + 8.612
*9.66 TNull
p =0.898
p =0.784

Fine Sand
(0.1-0.25 mm)

11.63 + 2.12°
*11.26 tNull

12.82 + 3.06°
*11.80 tNull
7.00 + 2.28°
*7.39 tNull

6.26 + 6.12°
*3.63 tNull
p < 0.001

9.03 + 4.40°
*9.52 +Null
8.61 + 4.39°
*9.28 +Null
9.51 + 5.00%
*9.61 +Null
1017 + 4.61°
*10.23 +Null
9.57 + 5.39%
*8.57 +Null
p = 0.951
p=0813

Very Fine Sand
(0.05-0.1 mm)

12.40 + 2.95%
*11.55 TNull

12.70 + 1.69%
*12.45 tNull

9.49 + 1.43°
*9.75 tNull

7.73 + 2.44°
*7.16 tNull
p < 0.001

11.41 + 4518
*11.33 tNull
10.21 + 3.09°
*11.08 tNull
10.08 + 2.08%
*10.88 tNull
10.46 + 1.76%
*9.97 tNull
10.57 + 3.00%
*11.10 tNull
p =0.846
p = 0.644

silt
(0.002-0.05 mm)

42.76 + 7.08°
*43.39 tNull
46.06 + 7.37°
*45.69 TNull
67.61 + 6.28°
*68.76 TNull
66.68 + 14.38%
*72.11 Null
p < 0.001

57.46 = 12.74°
*53.35 Nl
57.44  15.10°
*51.91 tNUl
52.87 + 16.842
*49.45 tNUI
55.47 + 14.67%
*58.06 NI
56.70 + 15.922
*57.99 NI
p = 0.941
p = 0.901

Clay
(< 0.002 mm)

6.51 + 0.86°
*6.47 tNull
7.99 + 0.87°
*7.78 tNull

10.46 + 1.10°
*10.86 tNull

12.58 + 2.68%
*13.83 tNull
p < 0.001

9.39 + 2.59°
*8.43 Null
9.34 + 2.77°
*8.19 Null
9.12 + 3.29°
*7.95 tNull
9.65 + 2.60°
*10.06 tNull
9.67 + 3.09°
*9,15 +Null
p = 0.990
p =0.858

D

2.63 + 0.02°
*2.63 tNull
2.65 + 0.02°
*2.65 tNull
2.70 + 0.022
*2.71 tNull
2.72 + 0.04%
*2.74 tNull
p < 0.001

2.68 + 0.04°
*2.66 tNull
2.68 + 0.04°
*2.65 tNull
2.67 + 0.05%
*2.66 tNull
2.68 + 0.05%
*2.69 tNull
2.68 + 0.05%
*2.68 TNull
p =0.975
p =0.829

SER

21.32 + 5,172
*22.05 Null
44.02 + 4.34°
*42.66 Nl
83.71 + 8.95°
*82.48 Nl
92.10 + 12.179%°
*90.72 tNull
p < 0.001

58.04 + 32.65%
*61.02 +Null
68.94 + 36.812
*72.58 +Null
58.72 + 26.57%
*58.31 +Null
62.81 + 30.242
*76.24 +Null
56.42 + 26.38°
*62.34 +Null
p = 0.864
p =0.025
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where A f [a(q)] < 0 indicates that the high probability subsets of
the soil particle size play the key role in the fractal system,
showing a left hook upper convex curve (Tian et al., 2020; Li
et al,, 2021a).

3.3 Statistical Analysis

A one-way ANOVA in conjunction with the least significant difference
(LSD) test (« = 0.05) was used to examine sources of variation between
soil particles, volumetric fractal dimensions, soil erosion resistance, and
multifractal parameters among four vegetation types. Linear regression
analysis was conducted to identify the relationships between soil
erosion resistance and multifractal parameters. Statistical analyses
were performed using R language (Version 3.4.1). All data in all
tables are mean + standard error.

4 RESULTS

4.1 Soil Particle-Size Distribution and Soil

Erosion Resistance

The volume fraction distribution of soil showed significant
differences across the four vegetation types except very coarse
sand, but no significant difference across soil layers (Table 2).

Among all soil particle-sizes, shrub and forest were characterized
by significantly higher silt and clay and lower very fine sand, fine
sand, and medium sand, compared with those in bare land and
grassland. There was a significant difference in clay between shrub
and forest and in coarse sand between bare land and grassland.

Table 2 also summarized the statistics of volumetric fractal
dimension and soil erosion resistance across the four vegetation
types. The results showed that volumetric fractal dimension was
significantly higher in forest and shrub than in bare land and
grassland, but there was no significant difference between forest
and shrub. Soil erosion resistance showed significant differences
of forest > shrub > grassland > bare land.

There was no significant difference among soil layers in
volumetric fractal dimension and soil erosion resistance. The
interaction between vegetation type and soil layer only markedly
influenced soil erosion resistance (Table 2).

4.2 Multifractal Characteristics

Rényi dimensions spectra D(g) were calculated for -10<g<10at 1
lag increment (Figure 4). The generalized dimensional spectrum of
the soil PSD under different vegetation types across five soil layers
decreased monotonically and showed sigmoidal patterns
(Figure 4). The multifractal parameters following the order of
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TABLE 3 | Multifractal parameters among four vegetation types and five soil layers. BL: Bare land; GR: Grassland; SH: Shrub; FO: Forest; Dy: Capacity dimension; D4: Entropy dimension; D,: Correlation dimension; «(0): the
average value of multifractal singular spectrum; amax: the maximum value of singularity index; amn: the minimum value of singularity index; Aa(q): singularity index; f (¢max): Multifractal spectrum value in amax; f (@min):
multifractal spectrum value in amin; Af [a(Q)]: the shape of multifractal spectrum. Different letters indicate significant differences at p < 0.05. All data are shown using mean + standard error. * means median; T means mode.

Source

Vegetation types (VT)

Soil layers (SL)

VTxSL

Do

BL (h = 15)0.98 + 0.012
*0.98 tNull

GR (0 = 15)0.97 = 0.01°
*0.97 tNull

SH(n = 15)0.96 + 0.01°
*0.96 tNull

FO(n = 15)0.96 + 0.01°
*0.96 tNull
p < 0.001

0-10cm (n = 12)0.97 + 0.012
*0.97 TNull

10-20 cm (n =12)0.97 + 0.01¢
*0.97 TNull

20-30 cm (n = 12)0.97 + 0.012
*0.97 TNull

30-40 cm (n = 12)0.97 + 0.01?
*0.97 tNull

40-50 cm (0 = 12)0.97 + 0.012
*0.97 tNull
p =0.789

p = 0.090

D,

0.90 + 0.012
*0.90 tNull
0.89 + 0.012
*0.89 tNull
0.86 +0.01°
*0.86 tNull
0.83 + 0.02°
*0.83 tNull
p < 0.001

0.87 + 0.03°
*0.87 +Null
0.87 + 0.04°
*0.88 +Null
0.87 + 0.03
*0.88 +Null
0.87 + 0.02°
+0.87 Null
0.87 + 0.04°
+0.87 Null
p =0.987

p = 0.007

D,

0.89 + 0.022
*0.89 tNull
0.89 + 0.012
*0.88 +Null
0.85 + 0.02°
*0.85 tNull
0.80 + 0.02°
*0.80 +Null
p < 0.001

0.85 + 0.042
*0.86 +NUI
0.86 + 0.05%
*0.87 NI
0.85 + 0,042
*0.87 Null
0.86 + 0.03%
*0.87 Null
0.85 + 0,042
*0.87 Null
p = 0.993

p = 0.081

D4/Do

0.92 +0.012
*0.92 tNull
0.92 +0.012
*0.92 tNull
0.89 +0.01°
*0.89 tNull
0.86 + 0.01°
*0.87 tNull
p < 0.001

0.90 + 0.03°
*0.90 +Null
0.90 + 0.03%
*0.90 tNull
0.90 + 0.02%
*0.91 tNull
0.90 + 0.02
*0.90 tNull
0.90 + 0.08°
*0.90 tNull
p = 0.999

p = 0.263

a(0)

1.73 + 0.05%
*1.72 tNull
1.57 + 0.04°
*1.57 TNull
1.62 + 0.04°
*1.63 TNull
1.65 + 0.06°
*1.64 TNull
p < 0.001

1.60 + 0.08°
*1.58 tNull
1.62 £ 0.07%
*1.60 tNull
1.62 + 0.05%
*1.62 TNull
1.67 +0.06%°
*1.64 TNull
1.69 = 0.072
*1.67 TNull
o = 0.008

p = 0.679

®max

3.81 +£0.43%
*3.59 tNull
2.92 +0.09°
*2.88 TNull
3.00 +0.08°
*2.97 tNull
3.02 +0.07°
*3.01 tNull
p < 0.001

3.03 £0.212
*2.94 +Null
3.10 + 0.30%
*2.97 +Null
3.19 £ 0.23%
*3.10 tNull
3.27 £ 0.52%
*3.08 +Null
3.31 +0.65%
*3.00 tNull
p =0.452

p < 0.001

Amin

0.76 + 0.03%
*0.77 tNull
0.80 + 0.06%
*0.79 tNull
0.80 + 0.04%
*0.80 tNull
0.71 £ 0.05°
*0.70 TNull
p < 0.001

0.76 + 0.06%
*0.78 +Null
0.77 + 0.06%
*0.79 +Null
0.76 + 0.06%
*0.77 +Null
0.78 + 0.06%
*0.78 +Null
0.77 + 0.05%
*0.77 +Null
p = 0.941

p =0.943

Aa(q)

3.04 +0.412
*2.82 tNull
2.12 + 0.09°
*2.11 tNull
2.20 +0.07°
*2.18 tNull
2.31+0.09°
*2.34 TNull
p < 0.001

2.27 + 0.23°
*2.19 Nl
2.33 + 0.31°
*2.20 +NUI
2.43 + 0.23
*2.34 +NUI
2.49 + 053
*2.27 +NUI
2.54 + 0.05%
222 +NUI
p = 0.505

p < 0.001

f
(@max)*1,000

0.09 + 0.16°
*0.02 tNull
9.16 + 12.79°
*2.80 tNull
6.13 + 8.25%°
*2.65 TNull
0.52 + 9.42%°
*~2.00 tNull
p = 0.021

2.7 +5.71°
*0.01 +Null
11.47 +13.342
*13.48 Null
-0.26 + 3.53°
*0.98 +Null
10.86 + 9.23°
*13.50 1Null
1.41 £ 1.40°
*1.83 tNull
p < 0.001

p = 0.096

f

(amin)

0.37 + 0.09°
*0.37 tNull
0.52 + 0.20°
*0.46 tNull
0.58 + 0.06°
*0.59 tNull
0.49 + 0.09%°
*0.51 tNull
p < 0.001

0.45 +0.13°
*0.44 tNull
0.47 + 0.142
*0.47 tNull
0.49 + 0.12°
*0.53 tNull
0.52 +0.172
*0.54 tNull
0.52 + 0.16°
*0.53 tNull
p=0.738

p = 0.970

Af
[a(a)]

-0.37 + 0.09°
*~0.37 tNull
-0.51 + 0.20°
*~0.52 tNull
-0.58 + 0.06°
*0.58 tNull
-0.49 + 0.09%°
*~0.52 tNull
p < 0.001

-0.46 + 0.132
*.0.46 TNull
-0.46 + 0.147
*0.46 TNull
0.49 + 0.12°
*-0.54 tNull
-0.51 +0.172
*-0.54 tNull
-0.52 £ 0.16°
*0.53 +Null
o =0.760

p =0.973
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FIGURE 5 | Multifractal spectrum functions of the soil particle-size distribution in different soil layers of four vegetation types in Jiangjiagou Gully.

capacity dimension (D) > entropy dimension (D;) > correlation
dimension (D,) for each vegetation type showed the non-
uniformity of the soil PSD, indicating more pronounced non-
uniformity in sparse areas than in dense areas (Li et al., 2021b).
Generally, multifractal parameters are higher in bare land than
in the other vegetation types (Table 3) except for oyin, f (Omax)>
and f (ayin), indicating that the soil PSD in bare land has a wider
range or more homogeneous distribution in particle size and a
higher heterogeneity. Dy, D;, and D, were highest in grassland,
intermediate in shrub, and lowest in forest. D;/D, was highest in
bare land and grassland, intermediate in shrub, and lowest in
forest, whereas a, was higher in shrub and forest than in
grassland. There were no significant differences in ap,y, Aa, f
(max)> and f (o) across grassland, shrub, and forest, whereas
Qmin Was lower in forest than in the other vegetation types.
There was no significant difference among soil layers in
multifractal parameters. The interaction between vegetation type
and soil layer only has significant effects on D, oy, and Aa (Table 3).

4.3 Multifractal Singularity Spectrum

The multifractal singularity spectra named Af [a(g)]-a(q) curves of all
vegetation types across five soil layers are asymmetric, left hook
upper, and convex functions (Figure 5), indicating that the soil PSD
has heterogeneous and multifractal characteristics. In the right part of
all curves, the slope downward to the right are higher in bare land
than in the other vegetation types across five soil layers, suggesting
that bare land experiencing heavy soil erosion had a higher

superposition of soil particle size. Therefore, the local average
singularity (a(0)), the width of the multifractal singularity
spectrum (Aa(g)), and the symmetry degree of the multifractal
spectrum (Af [a(q)]) were significantly higher in bare land than
the other vegetation types (Table 3).

4.4 Relationships Between Multifractal

Parameters and Soil Erosion Resistance

Linear regression analysis was conducted between soil erosion
resistance and multifractal parameters (D, Dy, D;, D,, D;/Dy,
a(0), Aa(q), Af [a(q)]) in four vegetation types across five soil
layers (Figure 6). We found that soil erosion resistance was
significantly negatively correlated with Do, Dy, D5, a(0), Aa(g), Af
[a(g)] but positively with D and D,/D,, indicating that
multifractal parameters could represent the ability of
vegetation types for soil erosion control to a certain extent.

5 DISCUSSION

5.1 Soil Size Distribution, Volumetric Fractal
Dimension, and Soil Erosion Resistance in
Different Vegetation Types

Vegetation types can effectively control soil particle size
distribution (Gui et al.,, 2011). Our study proved it that shrub
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and forest had significantly higher volume fractions of clay and
silt but lower volume fractions of very fine sand, fine sand,
medium sand, and coarse sand compared with bare land and
grassland, indicating that vegetation with complicated
community structure, higher vegetation coverage, and greater
species number could improve the soil structure (Liu et al., 2017).
In other words, fine particles are easily eroded and detached from
surface soil due to stronger soil erosion in younger vegetation
communities, such as bare land and grassland. This result is
consistent with the findings of Burylo et al. (2012), who suggest
that fine particles would be preferentially detached, while coarse
particles would be deposited first during water erosion. It has
been well documented that soil particle size distribution can affect
the structure and properties of soil (Lyu et al., 2015; Ding and
Huang, 2017). Volumetric fractal dimension (D) ranging from
2.63 to 2.72 in our study sites is similar to the findings of Peng
etal. (2014), who observed that the D value of forest ranged from
2.50 to 2.68. Previous studies also demonstrated that soils had
good texture when D values range from 2.60 to 2.80 (Liu et al,
2009; Xu et al,, 2013). However, this strategy may not be working
in our case, because soils in our study developed from landslide
mass (Lin et al., 2019). This may be due to discrepancies in soil
formation background, parent material, and development process
between our study sites and the other sites.

It is well-known that the effects of vegetation on soil erosion
control can increase in accordance with positive community

succession (Lin et al,, 2014; Cui et al., 2019). Although our study
does not carry out long-term field observations on the process of
vegetation succession, it does reveal that soil erosion resistance will
fluctuate in different vegetation types. For example, we observed that
the community structure, vegetation coverage, and species number
increased in order of forest > shrub > grassland > bare land
correspondingly; the mean soil erosion resistance is in order of
forest > shrub > grassland > bare land. This result is consistent with
previous investigations, which highlighted species composition and
community structure as the indicators of soil and water conservation
(Wang and Liu, 1999; Ma and Jiao, 2005).

However, soil layer did not significantly affect any concerned
parameters, indicating that short-term (<40 years) vegetation
succession could not change soil properties in soil depth (Zhou
et al., 2009).

5.2 Multifractal Features in Different
Vegetation Types

Multifractal analysis can capture the inner variations in the soil
PSD and the inhomogeneity of its fractal structure using a
distributional spectrum (Miranda et al.,, 2006; Cui et al., 2019;
Lietal., 2021b). Capacity dimension (Dy), entropy dimension (D),
correlation dimension (D,), and D,/D, could be used to describe
the ranges of continuous distribution and particle size distribution,
the homogeneity and heterogeneity among fractions, respectively
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(Montero, 2005; Miranda et al., 2006). In this study, all soils in four
vegetation types across 5layers showed the trend of Dy > D; > D,,
indicating that soils have high-dispersion particle distribution in a
disordered system. This result is consistent with the findings of Cui
etal. (2019), who observed that trapped sediment similar to the soil
in our study displayed such laws.

Bare land and grassland had higher D;/D; values than shrub and
forest, suggesting that measures dispersed over the set of sizes in their
soils, because D,/D, value close to 1 will indicate sets with similar
dimensions (Wang et al., 2008). Similarly, a(0), Aa(g), and Af [a(g)]
are significantly higher in bare land than in the other vegetation types,
indicating that there was a wider range of variability in the
heterogeneity of the samples collected from bare land. Therefore,
the Af [a(g)]-a(q) curve of bare land across five soil layers is more
asymmetric and has a higher slope downward to the right in its right
part than the other vegetation types. Therefore, the bare land has a
higher superposition of soil particle size. This result is consistent with
other studies demonstrating significantly negative impacts of bare
land on soil particle size distribution (Cui et al., 2005; Luo et al., 2019).

5.3 Influence of Multifractal Parameters on
Soil Erosion Resistance

Soil erosion resistance in all four vegetation types across five soil
layers exhibit significant linear correlations with D, Dy, Dy, D,,
D,/Dy, «(0), Aa(g), and Af [a(gq)]. It implies that multifractal
parameters could represent the ability of soil erosion control by
vegetation. However, a(0) and Aa(q) are less strongly related with
soil erosion resistance than the other six multifractal parameters.
In other words, a(0) and Aa(g) were not suitable for predicting
soil erosion resistance, but the other six multifractal parameters
can reveal erosion control effects and determine ecosystem
service value of vegetation in eroded lands by considering
their capacity for soil erosion resistance, because erosion
control of vegetation is listed as one of the 17 major
ecosystem services (Costanza et al, 1997). However, this
statement should be tempered by the fact that the experiments
cannot carry out on-site field observations on the whole process
of vegetation succession from bare land to forest. Elucidating the
relationships between soil erosion resistance and vegetation types
in different soil depths would require additional research.

6 CONCLUSION

In this study, we analyzed the differences in soil particle size
distribution, soil erosion resistance and multifractal parameters
among four vegetation types (bare land, grassland, shrub, and
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