Pol. J. Environ. Stud. Vol. 28, No. 6 (2019), 4319-4329
DOI: 10.15244/pjoes/95030

		

			

		

ONLINE PUBLICATION DATE: 2019-06-25

		

Original Research

Soil Particle-Size Distribution and Soil Infiltration
Characteristics of Different Vegetation
Communities in a Typical Mountainous
Region of China
Ranran Ren1, 2, Jiangbao Xia2*, Yongqiang Zhang1, Tao Zhang1,
Xia Liu3, Shuyong Zhang1**
Key Laboratory of Agricultural Ecology and Environment, Forestry College,
Shandong Agricultural University, Taian, China
2
Binzhou University, Shandong Key Laboratory of Eco-Environmental Science for Yellow River Delta, Binzhou, China
3
Jiangsu Key Laboratory of Soil and Water Conservation and Ecological Restoration, Collaborative Innovation Center
of Sustainable Forestry in Southern China of Jiangsu Province, Forestry College of Nanjing Forestry University,
Nanjing, China
1

Received: 28 April 2018
Accepted: 10 September 2018
Abstract
In order to explore the improving effect and mechanisms of vegetation communities on soil structure
and infiltration processes, we used fractal scaling theory to analyse soil particle-size distribution (PSD),
soil dimension and soil infiltration for seven vegetation communities in the Dabie mountainous region
of central China. The results showed that coniferous and broad-leaved mixed forests (PQ) had a higher
function of meliorating soil particle structure and infiltration capability than broad-leaved forests
(PC and QA) and coniferous forests (PD). In general, the amounts of silt and clay increased under PQ,
PC and QA vegetation communities, whereas fine sand content decreased, resulting in higher values
for soil total porosity and capillary porosity. For shelter forests, the infiltration rate was higher than
other vegetation communities. The overall fractal dimensions of PSD ranged from 2.071 to 2.430, and
the fractal dimensions of PQ, PC, QA and PD in shelter forests were far higher (mean value of 2.312)
than those of the others. There was significant positive correlation between the fractal dimension and
the amount of silt and clay (R = 0.815), and negative correlation with fine sand (R = -0.549). There was
also a strong linear positive relationship between the fractal dimension and the soil’s infiltration rate.
Correlations of the fractal dimension with the soil infiltration capability provided strong evidence that
vegetation communities enhanced the soil fractal dimension by increasing the amounts of silt and clay,
thereby improving both aggregate structure and pore structure and enhancing the degree of soil texture
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uniformity and infiltration capacity. This study demonstrates that fractal dimension analysis may be
used to quantify differences in PSD and soil infiltration capability better; furthermore, the results can
provide a reference for scientific selection and the distribution of plant types that will support soil and
water conservation.

Keywords: soil fractal dimension; soil infiltration capability; soil particle-size distribution; vegetation
communities

Introduction
Soil is a porous medium that has different particle
compositions and is made of solid components with
irregular shapes and pores connected in a certain
form [1-2]. The soil structure parameters, including
soil particle diameter, bulk, and soil pore and quantity,
have a certain self-similar structure and some fractal
characteristics. Studies have shown that fractal theory,
a popular approach in recent years, has offered a new
means of quantifying soil structure, soil porosity,
and soil permeability [3-10]. Fractal theory has been
applied to various geological phenomena that display
large, scale-invariant and self-similar characteristics
[11-14]. Fractal theory has also been applied to quantify
the process of fragmentation based on a power law
relationship between the number of soil grains and grain
size [15]. In particular, fractal theory has been shown
to be an appropriate means of modeling the fractal
dimension of soil particle-size distribution (PSD) and
pore structure to describe soil textures, its structural
distribution and its uniformity [16-20].
The fractal dimension of PSD was calculated
using many methods in previous works. Investigators
evaluated the interpretation of number-size distributions
and found that a number-size relationship did not
necessarily imply a fractal structure, as had previously
been assumed [21]. Furthermore, because of the errors
introduced by assumptions regarding the grain size
and density using the number-based approach, a massbased distribution was developed to estimate the
fractal dimension of PSD. In their work, the limits of
fractal behavior and the applications of particle-size
distributions were developed, deriving fractal scaling
relationships for both the soil grains’ mass and number
[2]. For studying the effects of different land use ways
on soil particles and solving the problems of the complex
soil morphology process, we looked at the contents of
the soil particle size of slope field. Soil clay content
was found to have a significantly positive relationship
with the correlation coefficient of fractal dimension
of soil particles [22]. However, some researchers have
found that a single fractal dimension was insufficient to
interpret the complete scale of particle-size distribution
data on soil grain size distributions obtained from soils
composed predominantly of silt and clay [23]. They
suggested that, except under very restrictive conditions,
particle-size distributions in nature should display multifractal behavior. At present, the Yangpeiling and AR

methods are commonly used [1, 24]. The Yangpeiling
method [24] uses the quality distribution replacing
quantity distribution and then derives the relationship
between soil particle quantity distribution and the fractal
dimension using the critical method. However, the AR
method [1] derives the relationship among soil particle
quantity with size and the fractal dimension using the
integration method. The Yangpeiling method calculates
the fractal dimension of PSD, which could better
describe soil particle size and the well-proportioned
degree of soil textures and is calculated directly through
data on general PSD. However, the AR method calculates
the fractal dimension of the soil particle surface, which
is better able to describe quantitatively the variation in
the soil textures and is also calculated according to the
measurement results of PSD after revision [25].
To date, many studies have applied multi-fractal
analysis of PSD to different land-use patterns and
vegetation types, and to the relationship among the
fractal dimensions of soil particles with soil type,
soil texture, soil density, soil moisture and soil
nutrient content [26-31]. In the past few decades,
some vegetation communities in the Dabie Mountain
region in central China have been transformed from
protected forest areas to commercial forests, croplands,
or shrub–grassland areas for grazing, and much of the
forest has been destroyed due to economic growth and
the exploitation of natural resources. Although many
studies have revealed the potential of fractal dimensions
for quantitatively describing soil physical properties
and fertility characteristics, studies on the relationship
between fractal dimensions and soil infiltration
have been lacking. The soil infiltrating quality is an
important index for evaluating the functions of soil and
water conservation, and the affected water conservation
capacities of soils directly. The better the soil infiltrating
quality, the faster the precipitation is infiltrated; by
contrast, the precipitation is lost through surface runoff,
so the quantitative research between the two measures
was significant for applying fractal dimensions to
describing soil infiltration. At present, few studies have
applied fractal theory to determine the influence of
different vegetation communities or land-use patterns on
PSDs for similar soils. Furthermore, to date, no studies
have been published that investigate the relationship
between the fractal dimension of PSD and soil infiltration
under different vegetation communities or land-use
patterns in the Dabie region. In this paper, the fractal
scaling theory of the Yangpeiling method was used to
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analyze PSD, the soil dimension and soil infiltration
for seven different vegetation communities with similar
soil types; meanwhile, the relationships between the
fractal dimension and soil grain and soil infiltration
capability were evaluated. The objectives of this work
are to assess the effects of vegetation communities or
different land use patterns on fractal characteristics
and soil infiltration, to reveal its fractal mechanism and
the relationship between the fractal dimension and soil
infiltration rate. We can grasp the causes of soil erosion
in the Dabie area, quantitatively evaluate the degree of
degradation of different vegetation types, and the results
provided a basis for rational selection and allocation of
soil and water conservation plant types and vegetation
restoration in this area.

than 69.9% of the total land area. Deciduous broadleaved mixed forest is the zonal vegetation type in this
region. The common types of arboreal vegetation in
the area include Pinus densiflora, Quercus acutissima,
Robinia pseudoacacia, Platycladus orientalis, Castanea
mollissima and Crataegus pinnatifida; the shrub
vegetation mainly includes Lespedeza bicolor and Vitex
negundo heterophylla; the herbage vegetation mainly
includes Poa annua, Roegneria kamoji, Artemisia argyi
and Rubus parvifolius.

Vegetation Community Investigation
In the study region, seven typical vegetation
communities were selected according to the four types
of land use (Table 1). The seven typical vegetation
communities were Pinus densiflora pure forest (PD),
Quercus acutissima pure forest (QA), Populus cathayana
pure forest (PC), Pinus densiflora and Quercus
acutissima mixed forest (PQ), Castanea mollissima pure
forest (CM), Zea mays (ZM), and Scrub herbage (SH).
The first four vegetation communities (PD, QA, PC and
CM) were in shelter forest areas, CM was in an economic
forest area, ZM was under cropland production, and
SH represented shrub–grassland areas that were used
for comparison. All of the vegetation communities for
the study were mainly located on middle-slope areas
facing the south with the same altitude and density.
The other characteristics that were investigated, such as
slope, forest age, diameter at breast height (DBH), tree
height, crown width and the code used in this paper are
referred to in Table 1; the soil’s chemical and physical
properties in seven vegetation communities are referred
to in Table 2.

Materials and Methods
Study Area Description
The study was conducted at the forestry farm in
Tongbai County, located in the hinterland of the Dabie
Mountain area in Henan Province of central China. The
geographical coordinates are 31°50′N and 115°02′E. It
belongs to the north-subtropical zone with a monsoon
climate. The average annual temperature is about
14.3±0.6ºC. The total sunlit time is about 2,320 h, and
the frostless season is about 200 days. The average
annual evaporation is 960 mm, with more than 73%
occurring between May and June. The average annual
precipitation is 920 mm, and more than 60% of it
occurs mainly between June and September. The parent
rock material is mainly granite-gneiss. Brown soil and
cinnamon soil are the main soil types, soil texture is
sandy soil and sandy loam, and they account for more
than 75% of the utilizable land area. Low mountains and
hills are the main landform types and account for more
than 80% of the total area. The altitude above sea level
is between 800 m and 1,000 m. Soil and water loss in
this area is severe, and the area of soil erosion is more

Sampling and Processing
Three sample plots were selected as sampling units
in each of the seven vegetation communities, with
each plot unit covering an area of approximately
400 m2 (20 m × 20 m). Five soil sampling sites were

Table 1. Structure investigation of seven vegetation communities in the study area.
Vegetation
community

Code

Slope (°)

Forests age
(year)

DBH
(cm)

Tree
height
(m)

Crown
width
(m)

Canopy
density

P. densiflora

PD

14.4±0.15

30

13.2±1.2

8.2±0.9

3.2×2.6

0.92±0.1

Q. acutissima

QA

14.3±0.12

32

8.0±1.7

6.3±1.4

2.8×2.0

0.78±0.08

P. cathayana

PC

13.2±0.10

28

8.7±1.1

7.2±2.1

2.9×2.1

0.88±0.09

P. densiflora and
Q. acutissima

PQ

17.4±0.08

32

4.5±2.1

3.1±1.8

1.3×2.4

0.91±0.05

Economic
forest land

C. mollissima

CM

11.1±0.13

27

15.6±1.7

6.3±2.0

5.1×6.3

0.67±0.07

Crop land

Zea mays

ZM

11.3±0.07

—

—

—

—

—

Shrub
-grassland

Scrub herbose

SH

14.2±0.10

—

—

—

—

0.75±0.15

Land-use type

Shelter forest
land

Management
type

Protection

cultivation
Protection
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Table 2. Soil chemical and physical properties in seven vegetation communities.
Vegetation community

pH

Organic matter
(mg/kg)

Soil
moisture (%)

Bulk density
(g/cm3)

Capillary
porosity (%)

Non-capillary
porosity (%)

P. densiflora

7.13±0.02

4.75±0.05

10.92±0.15

1.33±0.07

28.6±0.8

15.1±0.2

Q. acutissima

7.20±0.05

4.90±0.08

14.36±0.10

1.23±0.04

37.8±0.7

12.9±0.2

P. cathayana

7.17±0.03

5.43±0.07

10.50±0.21

1.19±0.05

39.4±0.9

14.1±0.1

P. densiflora and
Q. acutissima

7.04±0.04

5.87±0.04

12.60±0.17

1.16±0.04

41.1±1.3

11.5±0.7

Economic
forest land

C. mollissima

7.24±0.01

5.22±0.06

13.09±0.12

1.35±0.06

24.2±0.8

14.8±0.5

Crop land

Zea mays

7.47±0.06

4.26±0.08

14.07±0.10

1.51±0.02

21.4±0.5

17.0±0.9

Shrub
-grass land

Scrub herbose

7.26±0.05

3.35±0.07

18.01±0.18

1.28±0.02

26.0±1.1

16.6±0.8

Land-use type

Shelter forest
land

located in each plot unit at equidistant positions
along the length of the diagonal sampling line. The
soil type was brown soil in each plot. Soil infiltration
and PSD were measured at each soil sampling site.

Measurement of PSD and Calculating
the Fractal Dimension
The quality distribution of the soil particle size
was measured by a nest of ASTM sieves according
to the procedure described in a previous study [32].
Soil samples were collected from the 0-40 cm soil
layer from all of the plots. Five samples were collected
from each plot unit using a soil sampling auger and
then mixed uniformly for PSD analysis. A total of
15 samples were taken per vegetation community.
Initially, soil samples were air-dried and machinesieved through a 2-mm screen to remove roots and
other debris. The soil samples were successively passed
through the standard sieves with apertures of 1.00 mm,
0.50 mm, 0.25 mm, 0.10 mm and 0.05 mm using
a ZBSX-92A type standard vibrating machine
produced by the Institute of Soil Science, Chinese
Academy of Sciences. The machine sways 221 times
and vibrates 147 times per minute; the swaying distance
is 25 mm, and the power of the electrical machinery
is 0.37 kw. Finally, the PSD was described in terms
of the percentage of gravel (1.0~2.0 mm), coarse
sand (0.25~1.0 mm), fine sand (0.05~0.25 mm) and
clay-silt particles (﹤0.05 mm). Although the soil
samples were largely composed of different sand
fractions and gravel, each PSD sample was measured
in duplicate to minimize the underestimation of
primary silt and clay particles and achieve good
reproducibility.
The fractal dimension of PSD was calculated
according to the Yangpeiling method, using the
following equation [25]:
D=

3−

lg( wi w0 )
lg(d i / d max )

…where D is the fractal dimension of PSD, di is the mean
particle diameter (mm) of the ith particle-size class,
dmax is the mean diameter (mm) of the largest particle,
wi is the cumulative mass (g) of the soil particles of
ith size less than di, and w0 is the total mass of the soil
sample, respectively. The mean particle diameter is
taken as the arithmetic mean of the upper and lower
sieve sizes.
During the calculating process, the values of
lg(di/dmax) and lg(wi/w0) of each soil particle fraction
(di) were first calculated, then the scatter plot was
made with lg(di/dmax) as the X coordinate and the
lg(wi/w0) as the Y coordinate. Slope (K) was obtained
by straight-line regression, and finally the fractal
dimension of soil particle in each vegetation community
was calculated by the following equation: D = 3 – K.

Observation and Modelling of Soil
Infiltration Process
The soil infiltration process was determined by a
Guelph permeameter (2800K1type, SEC, USA) with
three replicates of each sample point unit. So as to find
models suitable for the prediction of water infiltration
in seven vegetation communities, using SPSS statistical
analysis software, infiltration rates simulated by
three popular infiltration models, the Philip model
(1), the Horton model (2), and the common empirical
model (Power function) (3), were compared by using
those observed results. Soil infiltration was simulated
using the following three models: the Philip model
(1), the Horton model (2) and the common empirical
model (Power function) (3). Next, some infiltration
characteristic parameters, such as the initial infiltration
rate and the steady infiltration rate, were obtained by
simulation. The expressions and parameter meanings of
three models were found to be:

(1)
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…where f is the infiltration rate (mm/min), S is the water
absorption rate (m/min½), and A is a constant equal to
the steady infiltration rate (mm/min);
(2)
… where f is the infiltration rate (mm/min), f0 is the initial
infiltration rate (mm/min), fc is the steady infiltration rate
(mm/min), t is the soil infiltration time (min), and k is an
empirical constant; and
(3)
…where f is the infiltration rate (mm/min), a, b and n are
empirical constants, b is equal to the steady infiltration
rate (mm/min), n is a decaying constant, and t is the soil
infiltration time (min).

Results
PSD among the Different Vegetation
Communities
Table 3 shows the quality percentage of different
PSDs among the seven vegetation communities. As
shown in Table 3, the predominant soil particle size was
found to be coarse sand. The percentages of coarse sand
were between 39.3% and 47.3%, with a mean value of
43.3%. Fine sand was the second-most abundant particle
type, ranging between 21.5% and 37.4%, with a mean
value of 27.3%. The content of gravel and silt-clay was
relatively lower, with the percentage of gravel ranging
between 10.2% and 21.3% (mean value of 16.8%) and
silt-clay ranging from 9.2% to 17.3% (mean value of
12.7%). There were significant differences (P<0.05) in
other particle-size distributions except for gravel and
silt-clay. The content of sand was much higher than that

of silt-clay, which is indicative of skeletal-type soils that
are commonly found in rocky mountainous terrain in
northern China [33].
In addition, the greatest differences in PSD
among the seven vegetation communities were in
the percentages of silt-clay. The sequence was as
follows: QA (17.3%)>PQ (16.8%)>PC (15.5%)>PD
(10.2%)>SH (9.9%)>CM (9.8%)>ZM (9.2%). There
was a significant difference (P<0.05) among the other
plant communities except for PD, SH, and CM. There
were also greater differences in the percentages of fine
sand content among the seven vegetation communities,
with a difference value of 15.9%. The sequence was as
follows: ZM (37.4%)>SH (30.2%)>CM>D (27.3%)>PQ
(24.3%)>QA (22.8%)VPC (21.5%). Whereas there
was not a significant difference (P>0.05) among the
latter three plant communities (PQ, QA and PC), there
was a significant difference (P<0.05) with the other
plant communities. Moreover, the differences in the
soil particle size fractions for PC, QA and PQ were
characterized by a considerable increase in silt-clay
particle size fractions, and were accompanied by a
decrease in the fine sand fraction, indicating that the
soils in the shelter forest region (PC, QA and PQ) have
become more fine-textured over time. This suggests
that the changes in the protection management of these
areas have accelerated the increase of clay and silt as
a result of increased canopy and residue cover, which
would otherwise serve to lessen the rainfall impact and
overland flow, and thereby also decrease soil erosion.

Fractal Dimension of PSD for Different
Vegetation Communities
Fig. 1 shows calculated fractal dimension values
for PSD using the Yangpeiling method for each of the
seven vegetation communities. According to an analysis
of variance, there were significant differences (P<0.05)
in the fractal dimension among certain types of plant
communities. Overall, fractal dimensions varied among

Table 3. Quality percentages of different soil particle-size fractions among the seven vegetation communities (%).
Land use type

Shelter forest land

Soil particle-size fractions (mm)

Vegetation
communities

Code

Gravel
2.0-1.0

1.0-0.5

0.5-0.25

0.25-0.1

0.1-0.05

<0.05

P. densiflora

PD

15.2±0.9

24.9±0.4

19.2±1.0

24.5±1.1

2.8±0.3

10.2±0.5

Q. acutissima

QA

20.7±0.8

26.2±0.7

15.4±0.5

16.1±1.0

6.7±0.2

17.3±0.4

5.6±0.2

15.5±0.5

Coarse sand

Fine sand

Silt-clay

P. cathayana

PC

21.3±1.6

25.1±1.1

14.2±0.4

15.9±0.7

P. densiflora and
Q. acutissima

PQ

14.8±0.7

16.2±0.2

31.1±0.9

12.4±0.4 11.9±0.4 16.8±1.1

Economic forest land

C. mollissima

CM

17.0±1.3

23.6±0.5

17.8±0.5

23.2±0.7

4.1±0.2

9.8±0.7

Cropland

Zea mays

ZM

10.2±1.8

25.3±1.3

20.6±0.7

28.3±1.5

9.1±0.3

9.2±0.5

Shrub-grass land

Scrub herbose

SH

18.5±1.1

25.6±1.4

17.6±1.3

25.4±1.4

4.8±0.4

9.9±0.5

Note: The same particle size was included in the bigger particle size range; for example, the soil that was about 0.5 mm was included
in the particle size of 1.0-0.5 mm, and not 0.5-0.25 mm.
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than those of SH, CM and ZM (Fig. 1). There was also a
significant difference (P<0.05) in the fractal dimensions
for different shelter forest communities, with the highest
value of fractal dimensions corresponding to PQ (2.430),
followed by PC (2.355), QA (2.284), and PD (2.177).

Relationships between the Fractal Dimension
and PSD

Fig. 1. Fractal dimension of soil particle-size distribution under
different vegetation communities. Fractal dimension of soil
particle-size distribution under Pinus densiflora pure forest (PD),
Quercus acutissima pure forest (QA), Populus cathayana pure
forest (PC), Pinus densiflora and Quercus acutissima mixed
forest (PQ), Castanea mollissima pure forest (CM), Zea mays
(ZM), and scrub herbage (SH); histograms are the mean of at
least 15 replicate samples per vegetation community; vertical
bars indicate ±1 SE of the mean.

individual plant communities from 2.071 to 2.430 (mean
value of 2.218, Fig. 1), representing soils of perhaps
lesser quality. The fractal dimensions of four vegetation
communities (PQ, PC, QA and PD) for the shelter forest
region, with a mean value of 2.312, were much higher

Fig. 2 shows the linear regression analyses between
fractal dimension values and the contents of gravel,
coarse sand, fine sand, and silt-clay under different
vegetation communities. As shown in Fig. 2, the
relationships between the fractal dimension and the
contents of different soil particle-size fractions had
remarkable distinctions. The fractal dimension of PSD
had a strong positive correlation with the content of
silt-clay (Fig. 2a), R = 0.815), a negative correlation
with the content of fine sand (Fig. 2b), R = -0.549),
and no correlation based on the content of coarse sand
(Fig. 2c), R = -0.084) and gravel (Fig. 2d), R = 0.172).
Thus, based on regression analysis, the reflection of the
fractal dimension on the content of different particlesize fractions was different, and the soils with higher
contents of silt-clay and lower fractions of fine and
coarse sand had higher fractal dimension values. The
values of the fractal dimension did not appear to be
related to the content of coarse sand and gravel. Other
studies had obtained similar results in very different
landscapes and under contrasting climate conditions [29,
34].

Fig. 2. Relationships between soil fractal dimension and weight percentage of: silt and clay content a), fine sand content b), coarse sand
content c) and gravel content d); regression lines were fit using a polynomial expression.
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Notes: Pinus densiflora pure forest (PD) and Quercus acutissima pure forest (QA), Populus cathayana pure forest (PC), Quercus acutissima mixed forest (PQ), Pinus densiflora (PD), Scrub herbage (SH), Castanea mollissima pure forest (CM), and Zea mays (ZM).

0.959
0.92±0.03
36.41±1.14
0.999
0.83±0.02
3.50±0.17
22.98±1.37
0.996
0.19±0.03
4.41±0.26
19.14±0.92
13.25±0.78
ZM

4.53±0.16

0.964
3.04±0.05
32.52±0.98
0.972
0.74±0.01
4.65±0.13
18.18±1.18
0.985
0.17±0.02
6.00±0.15
16.95±1.37
12.75±1.18
CM

4.86±0.08

0.974
0.98±0.01
43.15±1.78
0.986
0.82±0.06
3.26±0.15
27.05±1.87
0.996
0.16±0.01
4.85±0.18
20.32±1.16
14.74±1.36
SH

4.94±0.10

0.989
1.31±0.03
40.53±1.54
0.993
0.83±0.05
3.35±0.12
23.72±1.16
0.968
0.19±0.02
4.93±0.26
19.11±0.93
15.07±0.37
PD

5.54±0.21

0.962
2.27±0.04
50.09±1.31
0.969
0.48±0.03
3.47±0.27
29.77±1.37
0.993
0.17±0.02
7.13±0.62
29.16±1.31
22.55±1.50
PQ

7.56±0.57

0.992
1.01±0.02
61.46±233
0.995
0.63±0.02
3.24±0.16
30.02±1.43
0.995
0.26±0.01
7.25±0.33
30.56±2.12
25.00±1.75
PC

8.05±0.35

3.62±0.06
49.78±1.83
0.996
0.81±0.03
6.96±0.32
25.17±1.12
0.988
0.29±0.01
8.83±0.51
32.90±1.14
9.07±0.26
26.64±1.10
PD and QA

A

Philip model

S
R2
-n
Power function

B
fc
fc

fo

Horton model

-k

R2

a

Soil infiltration models
Measurement

fo

Three infiltration models – the Horton, the power
function and the Philip models – were presented to
simulate the soil infiltration process under different
vegetation communities, and the simulation results
are shown in Table 4. The coefficient of determination
(R 2) of the three models corresponding to different
vegetation communities was more than 0.96, indicating
that these three models could reflect the soil infiltration
process to a certain extent. However, there was a
bigger distinction among the simulation results in
terms of the steady infiltration rate (parameter fc of
the Horton model, parameter B of the power function
and parameter A of the Philip model). As shown in

Vegetation communities

Simulating the Soil Infiltration Process

Table 4. Measurement and fitting parameters of soil infiltration character under different vegetation communities.

The actual measurement of the soil infiltration rate
under different vegetation communities is referred to in
Table 4. As shown in Table 4, there were considerable
differences in the initial infiltration rate and steady
infiltration rate among the seven vegetation communities.
The initial infiltration rate (within 0~5 min, f0) showed
an increasing trend among the seven vegetation
communities, with PQ (26.64)>PC (25.00)>QA
(22.55)>PD (15.07)>SH (14.74)>ZM (13.25)>CM (12.75).
Overall, the initial infiltration rate of the shelter forest
areas (PC, PQ and QA) was significantly higher as
compared with that of the other vegetation community
regions. Variation analysis showed significant differences
in the soil’s initial infiltration rate among the various
vegetation communities (P<0.05). However, there was
no significant difference between certain groups of
plant communities (P>0.05), including 1) PD and SH,
and 2) ZM and CM. Among the different vegetation
communities, mixed forest (PQ) and broad-leaved forest
(PC and QA) had the higher initial infiltration rates. If
we presumed the f0 of CM to be 100%, then the average
f0 of PC, QA and PQ would be 194.1%, and the f0 of SH
and PD would be 115.6% and 118.2%, respectively.
The steady infiltration rate (within 40~70 min, fc)
also showed an increasing trend among seven vegetation
communities, respectively, with PQ (9.07)>PC
(8.05)>QA (7.56)>PD (5.54)>SH (4.94)>CM (4.86)>ZM
(4.53). Furthermore, there was no significant difference
between certain groups of plant communities (P>0.05),
namely 1) PC and QA, and 2) PD, SH, CM and ZM.
Among the different vegetation communities, the broadleaved mixed forest community had the highest steady
infiltration rate, and the broad-leaved forest had a higher
steady infiltration rate than the needle-leaved forest, the
shrubby grassland of barren hillsides and the economic
forest. If we presumed the fc of ZM to be 100%, then the
fc of PQ would increase by 100.2%, and the average fc of
the broad-leaved forest (PC and QA) would increased by
72.3%. These data indicated that the soil in this area had
high infiltration and permeability capability.

R2

Soil Infiltration Rates for Different Vegetation
Communities
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Table 4, the simulation value of parameter fc of the Horton
model was comparatively similar to the measurement;
in contrast, the simulation values of the power function
and the Philip model were obviously lower than the
measurements. These data show that the Horton model
was better able to simulate the infiltration process and
steady infiltration rate, but the steady infiltration rate
that was simulated by either the power function or the
Philip model had a big wrap to measurement.

Correlation between Fractal Dimension
and Soil Infiltration Rate
Linear regression analyses were performed to
determine the strength of relationships between fractal
dimension of soil particle size and soil infiltration rate
(Fig. 3). There were significant positive correlations
between the fractal dimension and the initial infiltration
rate (Fig. 3a), and the stable infiltration rate (Fig. 3b).
The fractal dimension of soil particle size had a
strong positive correlation with the initial infiltration
rate (R 2 = 0.9037) and the stable infiltration rate
(R 2 = 0.9229). Thus, based on regression analysis,
the correlation with the steady infiltration rate was
stronger than with the initial infiltration rate, which
is due to the fractal dimension of PSD reflecting the
spatial filling capacity of soil based on the distribution
of soil particles [35]. In other words, the smaller the soil
particle diameter (i.e., clay, silt, and organic matter),
the greater the spatial filling capacity of the soil, which
corresponds to higher fractal dimension values of PSD.
In addition, as a result of a higher degree of aggregation
among the finer soil particles, non-capillary porosity
decreases, thereby improving water-holding capacity.

Discussion
Soils of this nature are classified as multi-gravel
coarse sand soils according to the Chinese soil texture
classification system [33]. This type of soil has higher

rocky sand content because it lacks clay-silt sand and
usually has some prominent problems with coarse
texture, porous structure, strong water permeability and
weak water retention [36-37]. However, shelter forest
communities could increase the content of clay-silt sand
and reduce the rocky sand content, thereby improving
both soil physical structure and water retention. With
regards to quantitatively describing soil texture, soil
physical properties and fertility characteristics by soil
fractal dimension, the existing studies indicated that
the fractal dimension of PSD appeared in ascending
order, with soil texture changing from coarse to fine
[24]. The fractal dimension under different vegetation
communities in the Dabie region was about 2.071~2.430
(average 2.218, Fig. 1), and all of the soil particles that
were less than that (about 2.60~2.80) had better texture
structure and fertility characteristics [38] and belonged
to the sandy soil range (about 1.83~2.64) [24]. Although
the range of fractal dimension values in this study is
relatively low, it is apparent that the plant communities
with higher fractal dimension values correspond to those
with improved soil conditions. Thus, fractal dimension
values based on PSD might provide additional
information regarding soil degradation among different
plant communities as compared with PSD or soil texture
alone. Clearly, the higher the soil fractal dimension in
vegetation communities, the stronger the improving
effect on soil structure.
The
functional
mechanism
of
vegetation
communities in improving soil physical structure
was related to the essence of soil fractal dimension
because the fractal dimension of the soil particle, as the
parameter that describes the geometric figure of soil
structure, reflected the fill capability of the soil particle
to inter-space [39]. Specifically, the smaller the diameter
of the soil particle, the higher the fine grain (claysilt sand and organic matters) content. Therefore, soil
particles had a stronger fill capability than inter-space
and a larger fractal dimension, so it was propitious to
form better soil texture and pore structure, and vice
versa. This relationship was especially obvious in soil

Fig. 3. Relationships between soil fractal dimension and soil initial infiltration rate a) and stable infiltration rate b); regression lines were
fit using a polynomial expression.
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with more coarse textures (sandy soil). It was important
that the fractal dimension had a positive correlation
with silt and clay and a negative correlation with sand
content (Fig. 2). Vegetation communities raised the soil
fractal dimension by increasing the fine grain content,
which was its fractal mechanism for improving the soil
physical structure and giving full play to the function of
soil and water conservation.
Soil infiltration, an important process in the field
water cycle, is influenced by many factors under natural
conditions, such as rainfall, ground cover and soil
physical structure. However, the infiltration process
of the point source, measured in the sufficient water
supply, was most strongly influenced by the soil physical
structure, such as soil texture, pore structure and
soil water content, but has no direct relationship with
topographical factors such as gradient and grade length.
Therefore, its feature parameter, such as the steady
infiltration rate and the initial infiltration rate, could
better reflect the effect of vegetation communities on
soil hydrologic-physical properties. This study indicated
that four shelter forest communities had effects on
raising the soil infiltration rate, especially on raising
the steady infiltration rate; the conifer and broad-leaved
mixed forest had higher effects than the broad-leaved
and needle-leaved forest (Table 4), which was probably
similar to the results of relevant studies on the effects
of different vegetation communities on improving soil
infiltration capability [40].
To date, studies referring to the relationship between
soil infiltration rate and fractal dimension were lacking.
In our study, the soil infiltration rate had an obvious
positive relationship with the fractal dimension (Fig. 3),
which probably had something to do with the texture
structure of the rocky-coarse sand in the study region.
In the rocky mountain region, the soil water movement
in the soil-rock mixed medium was more complex than
that of the homogeneous soil, and the existence of rock
fragments and sand grain could increase the curve
degree and flow resistance of pores (water movement
channels). Therefore, the soil infiltration rate not only
depended on the quantity of the soil pores, but also and
more importantly on the curve degree and connectivity.
Moreover, the vegetation communities could raise the
soil fractal dimension (Table 3 and Fig. 1) by reducing
the sand content and increasing silt and clay. At the
same time, the formation of many aggregate structures
was promoted to enhance the connectivity and water
permeability of pores, especially non-capillary porosity.
This was also the fractal mechanism of vegetation
communities for improving the soil infiltration rate in
the rocky mountain region.
At present, simulating the soil infiltration process by
semi-theoretical and semi-empirical or pure empirical
infiltration models on the basis of actual measurements
is still an important method for investigating the soil’s
eco-hydrological function. As compared to existing
studies [41], the results – which were simulated by
different models for the infiltration process of the same
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soil texture or the same models for various soil textures
– were different, showing that no infiltration model was
universally suitable for various soil types [41]. It was
correlated with the boundary conditions, the applicable
conditions and limitations of different models, as well as
the many factors influencing the soil infiltration process.
For example, the applicability of the Philip model was
weak in our study because it was difficult to adapt the
change of soil infiltration in different water content,
or the early soil water content was higher in different
vegetation communities, which did not satisfy the
applicable condition of the Philip model with low initial
water content.

Conclusions
Fractal dimension analyses were used to quantify
differences in the particle-size distribution in the Dabie
region of China in relation to land degradation caused
by human disturbances. The conversion of native forests
to commercial forests, cropland and shrub–grassland in
the Dabie region has resulted in various levels of soil
degradation. Among the different plant communities,
shelter forest communities maintained adequate soil
structure and quality through litter decomposition and
plant root development, which served to enhance the
soil’s ability to retain water and reduce the transport
capacity of overland flow, and thereby had obvious
effects on improving the soil’s physical properties,
fractal dimension and infiltration rate. The order of
effectiveness, from greatest to least, was conifer and
broad-leaved mixed forest (PQ), broad-leaved forest (PC
and QA), and needle-leaved forest (PD). PSDs in other
plant communities were characterized by a considerable
decrease in soil silt-clay particles, accompanied by an
increase in the sand fraction.
Significant linear relationships were found between
the fractal dimension and soil particle size and
infiltration. There were positive correlations between the
fractal dimension and silt-clay sand and soil infiltration,
but negative correlations between the fractal dimension
and fine sand and coarse sand content. Thus, lower
contents of silt-clay and higher sand contents resulted
in lower fractal dimension values. The fractal geometry
mechanism by which plant communities improved soil
fractal structure and infiltration property was to increase
the soil fractal dimension by raising the content of fine
sand and clay particles, thereby improving aggregate
structures, pore structure, soil texture uniformity
and infiltration capacity. The results of this study
demonstrate that the fractal dimension analysis of PSD
offers a useful approach for quantifying and assessing
the degree of soil degradation among similar soil types,
as affected by different plant communities in the Dabie
mountainous region.
Finally, the Horton model was best able to simulate
the soil infiltration and stable infiltration rate in the
Dabie mountainous region, followed by the power
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function and then, finally, the Philip model. Overall,
this study suggests that shelter forest communities are
needed to enhance and sustain soil quality in the area
and to avoid further soil degradation resulting from
land-use changes due to anthropogenic disturbances.
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at breast height; fc, steady infiltration rate; f0, initial
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