
Preferential flow characteristics of reclaimed mine soils
in a surface coal mine dump

Lv Gang & Li Jun & Li Yexin & Wang Ting &

Liu Yazhuo & Fu Xinyang

Received: 12 December 2016 /Accepted: 26 April 2017 /Published online: 11 May 2017
# Springer International Publishing Switzerland 2017

Abstract There are a large number ofmacropores/tubular
channels of a few centimeters and plant roots in reclaimed
dump soils, which are the main reasons for the formation
of soil macropores and soil preferential flow. To systemat-
ically study the morphological characteristics and variation
of soil preferential flow for different reclaimed vegetations
in a dump, a dye-staining experiment and physical and
chemical analysis were carried out to investigate the for-
mation mechanism and influencing factors of soil prefer-
ential flow in the vegetation restoration process. The results
indicate that there were differences in the soil water break-
through curves for different plots. The macropore effluent
rate generally increased at first and then tended to stabilize.
The soil steady effluent rate decreased with increasing soil
depth, which reached the maximum and minimum values
at the depths of 0∼5 cm (0.0193∼0.0315 mm s−1) and
50∼60 cm (0.0028∼0.0035 mm s−1), respectively. Further-
more, the radius of soilmacropores under different types of
reclaimed vegetation ranged from 0.03 to 4.71 mm, most
of which ranged from 0.11 to 2.36 mm. The soil
macroporosity of different reclaimed vegetation types
ranged from 0.03 to 16.58%, which was significantly
greater than 5%. The soil macroporosity determined 65%
of the variation in the steady effluent rate and 42% of the

variation in the saturated hydraulic conductivity. Further-
more, the dye coverage ratio decreased as the soil layer
depth increased in different plots, and there were some
differences in each plot. The maximum dye coverage ratio
occurred in the 0∼5 cm soil layer, which reached 90.37%.
The dye coverage ratio at a depth of 0∼60 cm in six plots
followed the order of Robinia pseudoacacia
(26.48%) > Ulmus pumila (20.12%) > mixed forest
(17.32%) > farmland (15.06%) > shrub (13.97%) > weeds
(10.07%). The soil preferential flowmostly occurred in the
0∼40 cm soil depth layer, which occupied more than 93%
of the total soil profile (0∼60 cm). Moreover, a Pearson
correlation was used to analyze the relationship between
environmental factors (soil, water, and plant factors) and
the dye coverage ratio. The dye coverage ratio of soil
preferential flow under different reclamation vegetations
was very significantly or significantly positively correlated
with the gravel content, mean radius of soil macropores,
soil saturated hydraulic conductivity, root weight density,
and root length density, which promoted the formation and
development of soil preferential flow. This study will
provide a scientific basis for understanding the formation
mechanism and perfecting the research system of soil
preferential flow, vegetation restoration, and reconstruction
in a dump; furthermore, this research offers significance
guidance in the construction of green mines and the devel-
opment of regional economics.
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Introduction

Preferential flowwas defined as a phenomenon in which
soil water moves along certain pathways, such as soil
macropores, soil cracks, wormholes, and plant roots,
bypassing most of the porous matrix and quickly mov-
ing through the soil media (Bauters et al. 2000;
Hagedorn and Bundt 2002; Hendrickx and Flury
2001). Soil preferential flow was caused by the spatial
heterogeneity of the soil structure, which existed in the
process of soil water infiltration (Clothier et al. 2008;
Miao et al. 2016a). The surroundings and imbalance
were two important features of preferential flow
(Zhang et al. 2016a). In structured soils, preferential
flow existed along meso- and macropores (Beven and
Germann 1982), whereas in non-structured soils, the
channeling of rainfall on its way into the ground likely
occurred as Bfingered^ flow (Glass et al. 1988). Prefer-
ential flow could promote the supplementation of soil
water infiltration into groundwater, increase the risk of
pesticides, fertilizers and other pollutants moving into
the groundwater, reduce the utilization efficiency of
rainfall and irrigation for plants, and weaken the ability
of soil water conservation (Larsson et al. 1999; Miao
et al. 2016b).

Soil macropores were considered the main determi-
nant of preferential flow. Luxmoore (1981) found that
soil macropores, including soil pores among soil aggre-
gates, soil cracks caused by soil swelling-shrinkage, root
channels, and soil animal channels, could provide a
preferential path for soil water infiltration. Furthermore,
soil macropores were distributed in aggregation. The
formation of a preferential flow path was determined
by the number and distribution characteristics of soil
macropores in certain areas (Cheng et al. 2001;
Luxmoore et al. 1990). The scope and number of soil
macropore radius were calculated by water break-
through curves in forest soil, and the corresponding
characteristics were also analyzed (Radulovich 1989;
Shi et al. 2005). Moreover, the morphological charac-
teristics of soil macroporosity and preferential flowwere
observed with a dye staining experiment, and the distri-
bution of a preferential path in the soil profile was
established with image processing (Flury et al. 1994;
Forrer et al. 2000; Gazis and Feng 2004; Wang and
Zhang 2011). The formation of soil preferential flow
was affected by both external and internal factors
(Zhang et al. 2007). There are some factors affecting
preferential flow, such as soil properties (Jørgensen et al.

2002; Koestel et al. 2012; Zavala et al. 2009), soil initial
water content (Wang et al. 1999), gravel content
(Herrick et al. 2010; Jomaa et al. 2012), rainfall intensity
(Dušek et al. 2006; Yan and Zhao 2016; Miao et al.
2015), and plant roots (Hangen et al. 2005; Stewart et al.
1999; Zhang et al. 2015). The soil water content could
influence the soil water infiltration ability by changing
the potential soil gradients, thus influencing the distri-
bution of preferential flow. Preferential flow was also
affected by the content, size, position, lithology, and
other characteristics of gravel. Plant roots can form a
series of root channels in the soil that promote the
formation of preferential flow.

The formation and development of preferential flow
can influence surface runoff, deep soil water distribu-
tion, and groundwater level. Water and soil nutrients
will enter the deep soil and groundwater with preferen-
tial flow, which result in the redistribution and inhomo-
geneity of water pressure in the soil, thus causing geo-
logic hazards, such as collapse, landslides, and debris
flow. However, most of the studies in China have fo-
cused on preferential flow on forest lands and farmland
(Yan and Zhao 2016) and the influence of soil cracks on
preferential flow (Zhang et al. 2016b), while few studies
have focused on the distribution and characteristics of
preferential flow in reclaimed dump soils with different
vegetations. During the mining process at the surface
coal mine, the land was excavated and occupied, the
vegetation was destroyed, animal and plant habitats
were influenced, and the natural hydrological, geologi-
cal, and geomorphological conditions were also
destroyed. The dump was a typical loose engineering
spoil, and it has compaction platform, loose slope, com-
plexmaterial composition, and special soil macrospores.
Thus, the dumpwas the most serious soil erosion area of
surface coal mines. Furthermore, the dump was mostly
located in eco-environmentally fragile areas with poor
climate, water, nutrient conditions, and vegetation cov-
erage. Moreover, the dump had typical reconstructed
soil with loose structure, lower capacity for water stor-
age, and developed soil macropores, which resulted in
the loss of soil water and nutrients.

In this study, six areas of the Haizhou surface coal
mine dump in Fuxin, China, were reclaimed with similar
reconstruction techniques; however, differing vegeta-
tion types were studied to compare the characteristics
of soil macropore radius and preferential flow. The
objectives of this study were as follows: (i) to define
the scope and number of soil macropore radius; (ii) to
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study the distribution of preferential flow within the soil
profile; and (iii) to investigate the main influencing
factors of preferential flow for the different reclaimed
vegetation types.

Materials and methods

Study site

The study was conducted at the Haizhou surface coal
mine dump, which has an area of 16 km2 and is located
in Fuxin city, Liaoning Province, China (Fig. 1). The
climate was semi-arid and semi-humid, with an average
annual rainfall of 550 mm, 79% of which occurs be-
tween June and September. The average annual evapo-
ration was 1700 mm. The average annual temperature
was 9.5 °C. In 2004, the area was reclaimed by being
covered with natural soil to a depth of 30 cm. This study
was carried out in April of 2012.

Considering factors such as the vegetation type, to-
pographic features, and discarding process, six
reclaimed vegetation types, which were located in the
same region of the dump and without influence among
them, were selected as study objects. The reclamation
types included Robinia pseudoacacia (A), Ulmus
pumila (B), mixed forest (R. pseudoacacia and
U. pumila,C), shrub (Amorpha fruticosa Linn, D), farm-
land (crop, E), and weeds (F). The vegetation restoration
characteristics of each plot were studied by setting the
s t anda rd g round . The s t andard g round of
R. pseudoacacia, U. pumila, and mixed forest was
20 m × 20 m. The standard ground of the shrub and
weeds was 10 m × 10 m and 5 m × 5 m, respectively
(Table 1).

Experimental measurements

Determination of soil macropores

Soil samples were collected by using steel cutting rings
(5 cm in height; 200 cm3 in volume) in the field for an
indoor seepage experiment to obtain a water break-
through curve. The equivalent radius, number, and dis-
tribution of the large pores were calculated according to
the Poiseuille equation.

(1) Basic principal
For this study, macropores were defined as

pores that drained when the soil reached field
capacity, and our work concentrated on pores
draining as the soil passed from saturation to field
capacity. When the soil moisture content reached
field capacity, the soil water infiltration capacity
mainly depended on the water supply intensity.
Typically, the soil pores were hypothesized to be
circular, with an aperture of r. Thus, the flow rate
could be calculated by using the Poiseuille
equation

Q ¼ πr4Δp
.

8ητLð Þ ð1Þ

For the steady flow, the formula could be simplified
as follows

Q ¼ πτr2L
.
t ð2Þ

whereQwas the unit discharge (cm3 s−1); τwas the ratio
of the actual path and the length of the soil column, 1.2
in this study; η was the mean viscosity coefficient of
water (g cm−1 s−1); rwas the mean pore radius (cm);Δp
was the mean pressure head (cm); t was the start time of
water first being adding (s); and L was the mean soil
column length (cm).

When the soil moisture content reached field capac-
ity, the water in the macropore first drained out, leading
to a gradual change to a relatively smaller radius of the
macropore. The radius after the first drainage was set as
the maximum. The radius of the initial drainage in the
soil pore was set as the maximum pore radius, and the
radius of the steady flow in the soil pore was set as the
minimum pore radius. The equivalent radius of the
macropores could be calculated according to the follow-
ing formula

r ¼ τL 8η
.

tΔpð Þ
h i1

.
2

ð3Þ

The radius of the soil pore during arbitrary periods
was calculated according to formula (3). The relation-
ship of soil macropore discharge Q with radius area S
and flow velocity v was as follows

Q ¼ nSv ¼ nπr2v ð4Þ
Thus, when the flow Q was known, the number of

macropores n can be calculated following formula (4).
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According to the above equations, the following values
could be obtained:

1) The maximum pore radius of the soil samples
was calculated according to Eq. (3), where τ
was 1.l; the minimum pore radius was calcu-
lated according to Eq. (2), where τ was 1.2.
The τ value in arbitrary periods could be ob-
tained with an interpolation method, and then,
the relative macropore radius could be calcu-
lated according to formula (3).

2) The number of the average radius r could be calcu-
lated by the measured discharge and formula (4).

3) The macropore area could be calculated according
to the average radius of r.

4) The macropore volume in an arbitrary range was
the product of the size of the area and the length of
the soil column, and the macropore proportion
could be calculated.

(2) Methods
The soil macropores were measured by using a

Markov bottle, where the water head height was
kept at 1 cm. Timing began when the first drops
were drained, which were measured at 5 s inter-
vals. All of the experimental treatments had the
same run time of 120 s.

Beijing

Y
angtse

River

Shenyang

Yellow River

Shenyang

FuxinStudy Area

Boundary of Liaoning Province

Boundary of Fuxin City

River system  of Liaoning Province

Study Area

Fig. 1 Location of the study area

Table 1 The basic profiles in all plots

Index Robinia pseudoacacia
(A)

Ulmus pumila
(B)

Mixed forests
(C)

Shrub (D) Farmland (E) Weeds (F)

Geographical
position

N 41° 57′ 22.39″ 41° 57′ 27.42″ 41° 57′ 36.62″ 41° 57′ 11.75″ 41° 57′ 43.34″ 41° 57′ 06.89″

E 121° 39′ 40.09″ 121° 40′ 08.64″ 121° 40′ 06.76″ 121° 39′
26.62″

121° 40′
06.37″

121° 39′
51.26″

Altitude (m) 263.30 268.50 234.7 262.0 262.5 258.8

Small terrain Flatland Flatland Flatland Flatland Flatland Flatland

Water source Precipitation Precipitation Precipitation Precipitation Precipitation Precipitation

Litter thickness (cm) 1∼2 2∼3 1∼2 0.5∼1 0 0.5∼1
Cover of litter (%) 98 99 60 60 0 95

coverage of tree stories
(%)

65 65 70 65 0 0

Total plant cover (%) 99 96 99 98 5 97

Soil and water loss Moderate Moderate Moderate Moderate Moderate Moderate
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Dye staining experiment

(1) Experimental preparation
A study plot (65 cm × 65 cm) was chosen in

each reclaimed-vegetation type, and the rocks and
litter were removed with a small shovel. Then, four
pieces of metal with a size of 65 cm × 50 cm were
buried in the soil and kept in a box shape, which
was elevated 20 cm above the soil surface and
30 cm under the soil surface. To improve the test
accuracy, the soil within 5 cm of the inside frame
could be compacted (Fig. 2). All of the experi-
ments were replicated three times.

(2) Dyeing tracer

Brilliant Blue FCF (BB) dye was used in this study
due to its good visibility in soils, low toxicity, low
sorption, and transport properties similar to water (Ger-
mán-Heins and Flury 2000). In each plot, a total of 32 L
of dye solution, with a concentration of 4 g L−1, was
poured into the closed box shape with ponding
infiltration.

(3) Profile excavation and soil sample collection

The canvas was removed 24 h into the dye staining
experiment, and the soil profile was excavated in the
middle of the 50 cm × 50 cm region. Then, a vertical
acquisition dyeing profile was obtained using a digital
camera with 12 million pixels after dressing the soil
profile, and 3∼5 photos were selected for the next pic-
ture process.

The soil samples were measured at 10 cm intervals at
a depth of 0∼60 cm, whereas the 0∼10 cm soil layer was
divided into 0∼5 and 5∼10 cm, respectively. The soil
water content, soil bulk density, porosity (total porosity,
capillary porosity, and non-capillary porosity), and sat-
urated hydraulic conductivity were measured using the
ring method. The gravel content was mass percent, and
it was measured by washing methods. Then, 1 kg of soil
sample was collected in each soil layer and taken to the
laboratory for further analysis (Institute of Soil Science
1978). All experiments were replicated three times.

The roots were collected at 10 cm intervals by using a
root drilling method (10 cm diameter and 10 cm length),
which was located at a distance of 30 cm away from the
standard plant in each plot. The root samples were
cleaned from root drilling in the laboratory. Then, the

roots were classified by root diameter <1, 1∼2, and
2∼5 mm. The root length was determined using the
WinRHIZO PRO 2009 software (Regent Inc., Canada).
The root biomass was weighted after being oven-dried
at 75 °C (Table 2).

(4) Dyeing image processing

The dye coverage was determined based on the soil
profile images according to the following description.
These images were processed with Photoshop 11.0, and
several steps were necessary in order to obtain diagrams
that could express the depth and proportion of the
stained area. (1) The soil profile images were input into
Photoshop 11.0, and the images that could not be
photographed orthogonally were deskewed based on
the steel rulers in the pictures. Then, the stained areas
along the boundaries between stained areas and un-
stained areas were vectorized, and the stained areas were
filled with white color. (2) A scale for the stained pro-
files was added, which were transformed to TIF format
images. (3) The total pixels (P) of an image from the
histogram were checked; then, all of the white areas
were selected with the magic wand to obtain the pixels
(P1) of the stained areas. The dye coverage ratio, the
ratio of P1 to P in the image, was used to quantitatively
describe the preferential flow morphological
characteristics.

Results

Soil water breakthrough curve characteristics

The macropore effluent rate generally increased at first
and then tended to be stable in 60∼80 s, finally reaching
a stable state in 100 s (Fig. 4). There were differences in
the soil water breakthrough curves in different plots.
The soil effluent rate was relatively high at a depth of
0∼5 cm in the arbor forest. The steady effluent rate
under R. pseudoacacia, U. pumila, and mixed forest
was 0.0281, 0.0292, and 0.0315 mm s−1, respectively,
whereas the steady effluent rate under shrubs, farmland,
and weeds was lower than 0.02 mm s−1, and the steady
effluent rate under waste grasslands was the lowest
(0.0193 mm s−1). The steady effluent rate was closely
related to reclamation vegetation growth and the im-
proved effect of its root on soil structure at the dump.
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For all six plots, the steady soil effluent rate de-
creased with an increase in the soil depth, which reached
the minimum and maximum values at the depths of 0∼5

and 50∼60 cm, respectively. For R. pseudoacacia (A),
there were differences in the soil water breakthrough
curve in different soil layers and changes to the time

6
5
c
m

65cmFig. 2 Diagram of experimental
installation for the Brilliant Blue
FCF dye staining experiment

Brilliant Blue FCF Configurated Brilliant Blue FCF added

Sample layout Brilliant Blue FCF infiltration

Acquisition vertical dyeing profile Image processing

Fig. 3 The dyeing test process
and image processing
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required to reach a steady effluent rate. The soil at a
depth of 0∼10 cm reached a stable flow in the 80 s,
whereas the soil at a depth of 10∼60 cm reached a stable
flow in 60 s. The soil water breakthrough curve in the
different soil layers had different fluctuation degrees.
The soil water fluctuated less at 10∼60 cm, whereas it
fluctuated relatively dramatically at 0∼10 cm, especially
at 0∼5 cm. According to the changing processes of the
soil water characteristic curve, the effluent rate can be
divided into an active phase, a fluctuation phase, and a
stable phase. The active phase occurred at 0∼30 s; the
effluent rate rapidly increased from the initial

0.0134 mm s−1 (5 s) to 0.0320 mm s−1 (30 s), with a
growth rate of 139.28%. The fluctuation period oc-
curred between 30 and 90 s, and the effluent rate fluc-
tuated to different degrees, ranging from 0.0285 to
0.0331 mm s−1. The stable phase occurred between 90
and 120 s, when the effluent rate was 0.0281 mm s−1.
The steady effluent rate was different in the different soil
l aye r s and fo l lowed the o rde r o f 0∼5 cm
( 0 . 0 2 8 1 m m s − 1 ) > 5 ∼ 1 0 c m
( 0 . 0 2 1 9 m m s − 1 ) > 1 0 ∼ 2 0 c m
( 0 . 0 1 6 2 m m s − 1 ) > 2 0 ∼ 3 0 c m
( 0 . 0 0 7 2 m m s − 1 ) > 3 0 ∼ 4 0 c m
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Fig. 4 Soil water breakthrough curve in the different plots
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Fig. 6 Image of soil preferential flow characteristics in different plots
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Fig. 5 The relationship between the mean radius of soil macropores with the steady effluent rate and saturated hydraulic conductivity
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( 0 . 0 0 3 9 m m s − 1 ) > 4 0 ∼ 5 0 c m
(0.0037 mm s−1) > 50∼60 cm (0.0035 mm s−1). The
steady effluent rate at 0∼5 cm was significantly greater
than that in the other soil layers, and it was eight times
that at 50∼60 cm.

The scope and density of soil macropores

The scope of the minimum radius was different from
that of the maximum radius between the field capacity
and saturated water content (Table 3). The minimum
radius of the six samples were 0.10∼0.15 mm,
0.03∼0.04 mm, 0.03∼0.04 mm, 0.18∼0.20 mm,

0.03∼0.04 mm, and 0.19∼0.22 mm; the maximum radi-
us of the six samples were 1.00∼3.23 mm,
0.61∼1.92 mm, 2.11∼4.71 mm, 0.79∼1.36 mm,
2.11∼4.71 mm, and 2.11∼4.71 mm. There were no
significant differences in the radius and the number of
soil macropores in the different soil layers for all six
plots. The scope of the soil macropore radius of the
lower soil was greater than that in the upper layer. For
U. pumila (B), the macropore radius in each of the soil
layers of 0∼60 cm was 0.12∼0.43 mm, 0.10∼0.43 mm,
0.11∼0.43 mm, 0.14∼0.43 mm, 0.16∼0.96 mm,
0.40∼3.23 mm, and 0.12∼0.43 mm, with an average
size of 0.17, 0.16, 0.20, 0.19, 0.23, 0.59, and 0.17 mm,
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Fig. 6 (continued)
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respectively. There was no significant difference in the
average radius of the soil macropores in the 0∼40 mm
soil layer (P < 0.05), which suddenly increased in the
40∼50 cm soil layer and then decreased to 0.17 mm in
the 50∼60 cm soil layer.

Effects of soil macropores on the effluent rate
and saturated hydraulic conductivity

There was a very significant positive correlation be-
tween the average radius of the soil macropores with a
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y = -4.0475x + 77.535

R
2
 = 0.2309

0

20

40

60

80

100

0 5 10 15 20

Soil water content(%)

D
y

ei
n

g
 a

re
a 

ra
ti

o
(%

)

y = 20.451x - 6.4145

R
2
 = 0.7722

0

20

40

60

80

100

0 1 2 3 4 5 6 7

Saturated hydraulic conductivity(mm·min
-1

)

D
y

ei
n

g
 a

re
a 

ra
ti

o
(%

)

Fig. 8 The relationship between the dye coverage ratio and water factors
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steady effluent rate and saturated hydraulic conductivity
(P < 0.01; Fig. 5). The soil macroporosity with different
reclaimed vegetations at the dump ranged from 0.03 to
16.58%, which was greater than 5%. The soil
macropores determined 65% of the variation in the
steady effluent rate and 42% of the variation in the
saturated hydraulic conductivity.

The occurrence and morphological characteristics
of soil preferential flow

There were differences in the preferential flow charac-
teristics among the different plots (Fig. 6). The prefer-
ential flow in each plot mostly occurred in the 0∼40 cm
soil layer, which occupied 98.54% (A), 98.12% (B),
93.93% (C), 98.53% (D), 97.09% (E), and 98.71% (F)
of the whole soil profile. The dye coverage ratio under
the arbor decreased as the soil layer increased. The dye
coverage ratio under R. pseudoacacia was less than 5%
when the soil layer depth was below 40 cm. However,

the dye coverage ratio under the U. pumila and mixed
forest slightly increased at depths of 40∼50 cm and
50∼60 cm, respectively; the ratios were 17.28 and
11.76%, respectively. There was no obvious variation
in the dye coverage ratio at a depth of 0∼20 cm on
farmland, which ranged from 38.11 to 44.36%. Com-
pared with the dye coverage ratio at a depth of
10∼20 cm, the dye coverage ratio at 20∼30 cm de-
creased by 75.02% and reached 9.52%. This indicated
that when the preferential flow came close to or reached
the bottom of the soil, it was affected by the soil layer.

For R. pseudoacacia, the preferential flow mainly
occurred at a depth of 0∼35 cm, the front part (the
maximum migration depth) could reach approximately
38 cm, and the dye coverage ratio was 26.48%. The dye
coverage ratio of each layer was 79.84% (0∼5 cm),
73.19% (5∼10 cm), 52.92% (10∼20 cm), 22.86%
(20∼30 cm), 4.12% (30∼40 cm), 2.15% (40∼50 cm),
and 1.31% (50∼60 cm). From the profile images of
R. pseudoacacia, the preferential flow pathways were

y = 99.774x + 2.9922

R
2
 = 0.6142

0

20

40

60

80

100

Root weight density(g·cm
-3

)

D
y
ei

n
g
 a

re
a 

ra
ti

o
(%

)

y = 9971.6x + 14.516

R
2
 = 0.122

0

20

40

60

80

100

1~2mm Root lenght density(cm·cm
-3

)

D
y
ei

n
g
 a

re
a 

ra
ti

o
(%

)

y = 19884x + 15.232

R
2
 = 0.1261

0

20

40

60

80

100

200.0100.00

2~5mm Root lenght density(cm·cm
-3

)

D
y
ei

n
g
 a

re
a 

ra
ti

o
(%

)

y = 826.17x + 11.067

R
2
 = 0.0879

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8

0 0.001 0.002 0.003

0 0.01 0.02 0.03 0.04

<1mm Root lenght density(cm·cm
-3

)

D
y
ei

n
g
 a

re
a 

ra
ti

o
(%

)

Fig. 9 The relationship between the dye coverage ratio and plant factors
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Table 2 The basic physical properties in each plot in the study area

Plots Depth
(cm)

PD (%) GC
(%)

BD
(g cm−3)

CP
(%)

SHC
(mm min−1)

RWD
(g cm−3)

RLD (cm cm−3)

Sand
(%)

Silt
(%)

Clay
(%)

<1 mm 1–2 mm 2–5 mm

A 0–5 6.06 10.35 0.35 83.24 1.14 40.64 3.01 0.7076 0.0100 0.0016 0.0010
5–10 7.28 2.51 0.40 89.81 1.24 39.64 2.14

10–20 17.83 4.66 0.65 76.86 1.25 38.09 2.35 0.5685 0.0080 0.0027 0.0009

20–30 25.32 1.85 0.36 72.47 1.34 39.57 1.31 0.4983 0.0060 0 0

30–40 22.27 7.66 1.96 68.11 1.37 44.87 1.08 0.1507 0.0007 0 0

40–50 19.86 3.72 0.61 75.81 1.36 37.07 0.76 0.1021 0.0067 0.0028 0

50–60 25.82 4.45 0.89 68.84 1.42 41.13 0.31 0.0985 0.0042 0 0

B 0–5 6.42 4.34 0.68 88.56 1.17 45.03 5.86 0.3100 0.0116 0 0
5–10 10.64 4.17 0.86 84.33 1.32 31.13 3.24

10–20 22.00 2.42 0.36 75.22 1.34 33.51 2.25 0.2131 0.0067 0.0006 0.0007

20–30 22.23 3.43 0.54 73.80 1.49 35.12 1.51 0.1003 0.0022 0 0

30–40 25.54 6.31 0.86 67.29 1.48 32.51 1.30 0.0977 0.0263 0.0010 0

40–50 33.31 4.04 0.49 62.16 1.42 34.68 1.25 0.0758 0.0034 0 0

50–60 34.70 7.35 1.13 56.82 1.39 37.88 0.98 0.0521 0.0021 0 0

C 0–5 6.32 10.52 0.31 82.85 1.18 45.70 2.37 nd nd nd nd

5–10 32.10 6.62 1.12 60.16 1.34 37.42 2.15 nd nd nd nd

10–20 28.77 5.04 0.96 65.23 1.28 37.73 1.57 nd nd nd nd

20–30 30.13 9.35 1.11 59.41 1.12 46.79 1.21 nd nd nd nd

30–40 40.96 8.02 0.86 50.16 1.31 35.60 0.98 nd nd nd nd

40–50 35.85 7.79 1.00 55.36 1.29 40.36 0.89 nd nd nd nd

50–60 42.88 7.27 1.34 48.51 1.43 42.17 0.76 nd nd nd nd

D 0–5 24.72 6.97 0.74 67.57 1.35 40.52 1.84 0.1218 0.0354 0 0
5–10 21.63 4.01 0.63 73.73 1.20 39.75 1.31

10–20 21.01 6.04 1.80 71.15 1.20 50.92 0.94 0.0786 0.0184 0 0

20–30 25.75 2.93 0.67 70.65 1.16 48.07 0.63 0.0393 0.0117 0 0

30–40 25.70 5.24 1.92 67.14 1.15 50.30 0.57 0.0756 0.0156 0 0.0016

40–50 36.93 3.44 0.62 59.01 1.28 46.93 0.43 0.0325 0.0070 0 0

50–60 36.10 5.52 0.47 57.91 1.23 45.76 0.31 0.0215 0.0024 0 0

E 0–5 14.25 6.30 0.70 78.75 1.15 39.06 3.57 nd nd nd nd

5–10 11.50 6.88 0.99 80.63 1.17 42.64 3.15 nd nd nd nd

10–20 17.88 4.87 0.70 76.55 1.15 44.84 2.41 nd nd nd nd

20–30 24.51 4.18 1.06 70.25 1.32 41.68 1.05 nd nd nd nd

30–40 28.98 7.28 0.58 63.16 1.34 31.10 0.98 nd nd nd nd

40–50 35.01 5.28 0.48 59.23 1.25 35.63 0.57 nd nd nd nd

50–60 30.74 10.29 1.65 57.32 1.31 24.41 0.24 nd nd nd nd

F 0–5 13.08 9.38 1.24 76.30 1.25 35.88 2.10 0.2617 0.0174 0.0009 0
5–10 11.53 4.79 0.68 83.00 1.31 38.85 1.56

10–20 17.15 3.95 0.62 78.28 1.35 38.24 1.04 0.0603 0.0132 0.0005 0

20–30 21.15 3.04 0.42 75.39 1.38 34.83 0.87 0.0804 0.0026 0 0

30–40 27.44 4.67 0.85 67.04 1.42 36.57 0.84 0.0110 0.0069 0 0

40–50 40.92 3.47 0.29 55.32 1.44 44.54 0.52 0.0137 0.0021 0 0

50–60 45.98 7.89 0.79 45.34 1.46 40.02 0.47 0.0102 0.0015 0 0

PD particle-size distribution (sand (0.02–2 mm), silt (0.002–0.02 mm), clay (0–0.002 mm)), GC gravel content (>2 mm), BD bulk density,
CP capillary porosity, SHC saturated hydraulic conductivity, RWD root weight density, RLD root length density, nd no data
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Table 3 The scope and number of soil macropores radius

Plots Depth (cm) Radius ranges (mm) Number (106) Radius ranges (mm) Number (106) Radius ranges (mm) Number (106)

A 0∼5 0.12–0.15 86.09 0.16–0.19 30.99 0.22–0.43 17.22

5∼10 0.10–0.15 215.23 0.16–0.19 60.32 0.22–0.43 37.22

10∼20 0.11–0.14. 55.39 0.16–0.19 44.39 0.22–0.43 38.22

20∼30 0.14–0.16 41.32 0.18–0.22 25.83 0.25–0.43 10.33

30∼40 0.16–0.19 151.87 0.20–0.29 84.37 0.30–0.96 18.94

40∼50 0.40–0.49 41.61 0.50–0.89 41.6 1.00–3.23 0.89

50∼60 0.12–0.15 86.09 0.16–0.19 30.99 0.22–0.43 17.22

B 0∼5 0.11–0.14 21.99 0.15–0.18 10.63 0.22–0.30 26.94

5∼10 0.12–0.15 38.22 0.16–0.19 21.74 0.22–0.43 63.03

10∼20 0.03–0.04 31.57 0.05–0.08 15.42 0.08–0.54 18.24

20∼30 0.34–0.39 33.29 0.43–0.56 17.83 0.68–0.96 10.74

30∼40 0.12–0.15 37.28 0.16–0.19 22.94 0.22–0.43 18.47

40∼50 0.32–0.39 25.83 0.40–0.59 14.35 0.63–1.67 3.21

50∼60 0.26–0.39 113.64 0.40–0.58 19.03 0.61–1.92 4.74

C 0∼5 0.11–0.14 61.99 0.15–0.18 24.11 0.22–0.30 10.33

5∼10 0.43–0.59 21.93 0.61–0.96 15.83 1.05–2.36 12.73

10∼20 0.64–0.98 10.74 1.00–1.92 21.93 2.11–4.71 16.53

20∼30 0.03–0.04 33.72 0.05–0.09 11.63 0.11–0.54 19.83

30∼40 1.03–1.49 22.71 1.57–1.92 10.23 2.11–4.71 22.42

40∼50 0.14–0.19 60.26 0.22–0.30 19.8 0.35–0.61 5.17

50∼60 0.87–0.98 2.61 1.00–1.92 3.41 2.11–4.71 0.22

D 0∼5 0.22–0.29 53.38 0.30–0.39 13.77 0.43–0.96 5.17

5∼10 0.18–0.20 25.83 0.22–0.30 25.83 0.35–0.61 5.17

10∼20 0.22–0.29 94.53 0.30–0.39 28.41 0.41–0.96 11.19

20∼30 0.27–0.33 37.02 0.34–0.48 18.6 0.51–1.36 4.82

30∼40 0.39–0.48 8.61 0.51–0.68 3.79 0.79–1.36 1.03

40∼50 0.32–0.39 18.08 0.41–0.48 6.54 0.51–0.96 3.27

50∼60 0.21–0.29 60.61 0.30–0.39 13.77 0.43–0.96 5.17

E 0∼5 0.35–0.48 29.7 0.50–0.96 9.81 1.11–1.92 0.52

5∼10 0.43–0.59 19.8 0.61–0.96 6.03 1.05–2.36 0.86

10∼20 0.64–0.98 18.47 1.00–1.92 3.41 2.11–4.71 0.22

20∼30 0.03–0.04 41.19 0.05–0.09 21.21 0.11–0.54 29.4

30∼40 1.03–1.49 2.67 1.57–1.92 0.43 2.11–4.71 0.22

40∼50 0.34–0.39 7.23 0.43–0.56 4.13 0.68–0.96 1.03

50∼60 0.38–0.48 10.85 0.51–0.96 4.65 1.36–3.33 0.34

F 0∼5 0.32–0.39 33.58 0.40–0.58 19.03 0.61–1.92 4.74

5∼10 0.80–0.98 2.91 1.03–1.78 1.61 2.11–4.71 0.22

10∼20 0.21–0.29 108.48 0.30–0.48 34.95 0.51–1.36 4.82

20∼30 0.20–0.27 13.03 0.30–0.35 6.03 0.43–0.61 2.58

30∼40 0.20–0.28 70.25 0.30–0.38 14.64 0.41–0.79 6.03

40∼50 0.33–0.49 58.66 0.50–0.79 12.45 0.83–1.93 2.09

50∼60 0.19–0.22 15.5 0.25–0.30 9.61 0.43–0.50 1.72
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partial to the left of the soil layer, where lots of plant
roots were distributed, whereas the other areas had little
or no plant roots. In the additional mining staining soil
profile, Brilliant Blue was seen in parts of the coal
gangue; this indicated that the weathering velocity of
coal gangue was fast, and the preferential flow might
move along with the pathways of plant roots and the
internal preferential flow path of coal gangue.

The vertical variation of soil preferential flow

The dye coverage ratio decreased as the soil layer depth
increased in the different plots. The sequence of the dye
coverage ratio at a depth of 0∼60 cm in the six plots
f o l l ow ed t h e o r d e r o f R . p s e u d o a c a c i a
(26.48%) > U. pumila (20.12%) > farmland
(15.06%) > shrub (13.97%) > weeds (10.07%). For
every plot, the maximum dye coverage ratio occurred
in the 0∼5 cm soil layer, which followed the order of
R . p s e u doa ca c i a ( 9 0 . 3 7% ) > U . pum i l a
(79.84%) > mixed forest (65.37%) > farmland
(44.36%) > shrub (41.54%) > weeds (38.38%). The
dye coverage ratio under the arbor was greater than that
under shrub and weeds; that is, the distribution of pref-
erential flow reached a maximum in the soil surface.
Compared with weeds, the distribution of the preferen-
tial flow was more uniform under forestland. The dye
coverage ratio of the soil surface was relatively high and
sometimes reached 90%. The dye coverage ratio de-
creased with increasing soil depth, which decreased
rapidly at a depth of 40 cm and closed to 0 at a depth
of 60 cm.

The linear and inverse function regression equation
was used to discuss the vertical variation of the prefer-
ential morphological flow characteristics. The relation-
ship between the dye coverage ratio (y) and soil depth

(x) was used to develop a regression analysis for the
observation profile of the six plots (Table 4).

The fitting effects were good in different plots; the R2

values were greater than 0.651, and the P values were
lower than 0.05, indicating that the fitting analysis re-
sults were consistent with the actual situation (Table 4).
The fitting effect of the linear function was better than
that of the inverse function. For the linear function, the
R2 ranged from 0.784 to 0.910, with an average of 0.86,
and the P values was less than 0.01; however, for the
inverse function, the R2 values ranged from 0.651 to
0.972, with an average value of 0.805, and the P values
were less than 0.05. Therefore, the linear function had a
better fitting effect, which could be used to forecast and
simulate the dyeing area, pathways, and frontal move-
ment of the soil preferential flow in the dump, and has
good practical guiding significance.

The influencing factors of soil preferential flow

A correlation matrix of the Pearson correlation coeffi-
cient was used to analyze the correlations between the
environmental factors (soil, water, and plant factors) and
the dye coverage ratio (Table 5). The soil factors include
the soil bulk density, total porosity, capillary porosity,
non-capillary porosity, average soil radius, gravel con-
tent, sand content, silt content, and clay content. The
water factors include the soil water content and saturated
hydraulic conductivity. The plant factors include the
root weight density, <1 mm root length density,
1∼2 mm root length density, and 2∼5 mm root length
density. A total of 15 environmental factors were taken
into account (Table 5).

The dye coverage ratio of soil preferential flow under
different vegetation reclamation types was very signifi-
cantly positive correlated with the gravel content, the

Table 4 The relationship between the dye coverage ratio (y) and the soil depth (x)

Plots y = ax + b y = a + b/x

Equations R2 F P Equations R2 F P

A y = −1.600x + 82.914 0.910 50.456 0.001 y = 5.511 + 444.521/x 0.742 14.345 0.013

B y = −1.653x + 85.266 0.830 24.488 0.004 y = 2.007 + 511.029/x 0.838 25.874 0.004

C y = −1.173x + 63.930 0.902 45.908 0.001 y = 6.178 + 341.878/x 0.809 21.217 0.006

D y = −0.648x + 33.250 0.784 18.174 0.008 y = −0.747 + 221.856/x 0.972 171.310 0.000

E y = −0.893x + 47.880 0.876 35.342 0.002 y = 5.377 + 236.976/x 0.651 9.324 0.028

F y = −0.608x + 33.335 0.860 30.714 0.003 y = 3.053 + 182.692/x 0.820 22.845 0.005
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mean radius of the soil macropores, the soil saturated
hydraulic conductivity, the root weight density, and the
<1 mm root length density (P < 0.01), which were very
significantly negatively correlated with the soil bulk
density and soil water content (P < 0.01). It was signif-
icantly positive correlated with the 1∼2 mm root length
density and 2∼5 mm root length density (P < 0.05) but
had no correlation with the remaining environment fac-
tors (P > 0.05).

Soil factors

(1) Gravel content

The gravel content at the dump ranged from 45.34 to
89.81%, with an average of 69.02%, and the coefficient
of variation was 15.86%, which belongs to weak vari-
ability (Fig. 7). The gravel content in different plots had
a significant positive correlation with the dye coverage
ratio. The dye coverage ratio increased with increasing
gravel content. The gravel content in the circles, which
was in the lower part of the line, was relatively high,
whereas the dye coverage ratio was not very large. This
indicated that much water passed along near the gravel
and thus reduced the dye coverage ratio. If these data
were removed, the gravel content would be reduced, and
the gravel content and the dye coverage ratio would

have better correlation; thus, the effect of the gravel
content on the soil preferential flow was verified.

(2) Average radius of soil macropores
The average soil macropore radius for different

reclaimed vegetation types at the dump ranged from
0.08 to 2.22 mm, the mean was 0.773 mm, and the
coefficient of variation was 81.98%, which indicates
medium variation (Fig. 7). The average radius of the
soil macropores in different plots exhibited a signif-
icant positive correlation with the dye coverage ratio,
and the staining area ratio increased with increasing
average radius of the soil macropore. This indicated
that some of the average soil macropore radius
ranged from 1.5 to 2.5 mm and that both the average
soil macropore radius and the corresponding staining
area ratio were large. The greater the average soil
macropore radius was, the bigger the staining area
ratio where the soil preferential flow occurred.

(3) Soil bulk density
The soil bulk density under different reclaimed

vegetation types at the dump ranged from 1.12 to
1.49 g cm−3, the mean value was 1.30 g cm−3, and
the coefficient of variation was 7.82%, which be-
longs to weak variation (Fig. 7). The soil bulk
density under different plots exhibited a significant
negative correlation with the dye coverage ratio.

Table 5 Spearman correlation between the dye coverage ratio and the environmental factors

Environmental factors Correlation coefficient Two-tailed significances Sample number (N)

Soil factors Sand content (%) 0.157 0.351 126

Silt content (%) −0.046 0.770 126

Clay content (%) −0.163 0.303 126

Gravel content (%) 0.767** 0.000 126

Soil bulk density (g cm−3) −0.475** 0.001 126

Total porosity (%) 0.136 0.390 126

Capillary porosity (%) −0.073 0.647 126

Non-capillary porosity (%) 0.095 0.550 126

Mean radius of soil macropores (mm) 0.619** 0.000 126

Water factors Soil water content (%) −0.415** 0.006 126

Saturated hydraulic conductivity (mm min−1) 0.902** 0.000 126

Vegetation factors Root weight density (g cm−3) 0.770** 0.000 72

<1 mm root length density (cm cm−3) 0.599** 0.002 72

1∼2 mm root length density (cm cm−3) 0.448* 0.028 72

2∼5 mm root length density (cm cm−3) 0.414* 0.044 72

*P<0.05, **P<0.01
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The staining area ratio decreased with increasing
soil bulk density.

Water factors

(1) Soil saturated hydraulic conductivity

The saturated hydraulic conductivity ranged from
0.24 to 5.86 mm min−1, the average value was
1.49 mm min−1, and the coefficient of variation was
73.89%, which indicates medium variation (Fig. 8).
The soil saturated hydraulic conductivity in different
plots exhibited a significant positive correlation with
the dye coverage ratio; the staining area ratio increased
with increasing soil saturated hydraulic conductivity.
The saturated hydraulic conductivity and the dye cover-
age ratio of the five data points, which formed a circle
near the straight line, were greater. This indicated that
the greater the saturated hydraulic conductivity was, the
lager the dye coverage ratio where the soil preferential
flow occurred.

(2) Soil water content
The soil water content ranged from 4.9 to

19.55%, the average value was 13.20%, and the
coefficient of variation was 23.08%, which repre-
sents medium variation (Fig. 8). The dye coverage
ratio in different plots decreased with increasing
soil water content.

Plant factors

(1) Root weight density

The root weight density at the dump ranged from
0.0102 to 0.7076 g cm−3, the mean value was
0.1576 g cm−3, and the coefficient of variation was
118.20%, which represents strong variation (Fig. 9).
This indicated that the vegetation root growth in each
plot was affected by the soil structure and nutrient
conditions. The root weight density in the different plots
exhibited a significant positive correlation with the dye
coverage ratio, and the dye coverage ratio increased
with increasing root weight density.

(2) Root length density

The root length density of different reclamation veg-
etations ranged from 0.0007 to 0.0354 cm cm−3, the
mean value was 0.00985 cm cm−3, and the coefficient
of variation was 88.22%, which represents medium
variation (Fig. 9). The <1 mm root length density
accounted for 68.97∼100% of all the root length density.
The root length density in the different plots had a
significant positive correlation with the dye coverage
ratio. Compared with the 1∼2 mm and 2∼5 mm root
length densities, the dye coverage ratio had a higher
correlation with the <1 mm root length density. The root
length between 0.005 and 0.015 mm had a higher dye
coverage ratio.

Discussion

Soil macropores were one of the basic physical soil
properties and the main reasons for the formation of
preferential flow, which also affected the soil hydrolog-
ical cycle, such as surface runoff, soil water infiltration,
and groundwater distribution. However, there was no
uniform standard of the definition of a soil macropore
and the scope of soil pore size. Germann and Beven
(1981), Vermeul et al. (1993), Bouma et al. (1977),
Warner et al. (1989), and Singh et al. (1991) defined
the size of the soil macropores as >0.03, >0.085, >0.1,
>1, and >1.6 mm, respectively. Liu et al. (2001), Shi and
Liu (2005), Feng and Hao (2002), and Li et al. (2007)
also defined the size of soil macropores as >0.03 mm,
0.03∼3 mm, >0.188 mm, and >1 mm, respectively.
Typically, the size of the soil macropores ranged from
0.03 to 3 mm, most of which was concentrated in the
0.3∼3 mm (Lv et al. 2012; Shi et al. 2005; Shi et al.
2008; Wang et al. 2010). This indicated that the dump
was mixed with soil and rock, which belonged to the
reconstructed soil. The soil pore structure of the dump
changed greatly after the dumping process, such as
mechanical leveling off, rolling, soil covering, and
other methods, after which the function of soil and
water conservation was influenced. Wang et al. (2016)
found that the pore volume and porosity of reclaimed
dump soil were reduced by large mechanical compac-
tion, especially the volume and porosity of the soil
macropores. The soil macropores under natural forest
ranged from 0.4 to 2.3 mm (Shi et al. 2008),
0.3∼3.0 mm (Wang et al. 2010), and 0.5∼2.3 mm (Lv
et al. 2012). In the present study, the radius of the soil
macropores under different reclaimed vegetations
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ranged from 0.03 to 4.71 mm; most radius ranged from
0.11 to 2.36 mm, which was lower than 0.3 to 3.0 mm.
This indicated that the quantity and scope of the soil
macropores decreased from compaction, which was
consistent with Wang et al. (2016). Most previous stud-
ies have focused on forest soil under natural forestland,
which has a better soil genetic horizon. However, the
research object in the present study included the soil
under reclaimed vegetation and the coal gangue layer
(the upper layer was compacted reclaimed soil, and the
lower layer was coal gangue with no soil structure). At
the same time, the extreme climate, soil conditions, and
soil water conditions led to the deaths of some reclaimed
vegetation and many rotten roots. The mixture effects of
coal gangue and plant roots affected the development of
soil macropores and soil water movement.

The soil water movement was affected by the scope
and radius of the soil macropores at the dump. In the
present study, the minimum radius of the soil
macropores in reclaimed soil occurred at a depth of
20∼30 cm. The minimum radius value was 0.03 mm,
which was consistent with the general recognition of the
scope of the soil macropores. Thus, the minimum radius
of the soil macropores was defined as 0.03 mm in the
present study. The maximum radius of the soil
macropores was distributed on the soil surface or in part
of the deep soil, and the value was 4.71 mm, which was
greater than that on forestland (3 mm) and farmland
(2.8 mm). This was due to the soil macropores of forest
soil resulting from the tree roots and the channels of
animal activity, whereas the soil macropores on
farmland were mostly caused by crop roots, surface
tillage, and the application of manure. Öhrström et al.
(2004) and Lipsius and Mooney (2006) noted that plant
roots were one of the main factors affecting the forma-
tion of soil macropores. Stewart et al. (1999) found that
soil macropores were concentrated in the vicinity of
plant roots, the quantity of which could reach 80% of
the total soil macropores. However, the scope of soil
macropores in the coal gangue layer was too large, and
this was not only caused by plant roots and animal
channels but also related to the weathering degree of
coal gangue. Related research found that the hydrolog-
ical characteristics of coal gangue include poor struc-
ture, large porosity, poor soil water retention and
fertilizer-retaining ability, and high permeability, in
which it was easier to induce vertical erosion (Gao
et al. 2006; Hu 1995; Zhang et al. 2008). The
weathering degree of coal gangue was greater than that

of natural soil (Gao et al. 2006; Hu et al. 1993). Com-
bined with soil profile pictures, the larger radius of soil
macropores was mainly distributed at the site with seri-
ous weathering of coal gangue. The soil water moved
along the priority pathway within the weathered coal
gangue, which resulted in a corresponding larger scope
and numbers of soil macropores. Related studies have
found that soil macropores only occupied 5% of the total
soil volume, whereas they still determined 67.4∼77.0%
of the variation in the steady effluent rate (Lv et al. 2012;
Shi and Liu 2005; Shi et al. 2008) and 50∼75% of the
variance of the saturated hydraulic conductivity (Lv
et al. 2012; Shi et al. 2005). In the present study, there
was a very significant positive correlation between the
average radius of the soil macropores with the steady
effluent rate and saturated hydraulic conductivity
(P < 0.01). The soil macroporosity for different
reclaimed dump vegetations ranged from 0.03 to
16.58% and determined 65% of the variation in the
steady effluent rate and 42% of the variation in the
saturated hydraulic conductivity, both of which were
lower than in the previous results. This was due to the
dump soil having no soil genetic horizon and being
mixed with gravel, coal gangue, and plant roots. Thus,
the formation of soil macropores and the soil water
movement were affected.

The reclaimed dump soil included loose deposits,
which were caused by artificial accumulation through
different reconstruction processes. A large amount of
gravel and coal gangue could form macropores or
tubular channels of a few centimeters, which resulted
in the formation and distribution of soil preferential flow,
which was different than that under forest soil. A large
amount of water and nutrients moved rapidly along the
preferential flow path to the deep soil, which resulted in
a soil water deficit and nutrient loss and induced
geological disasters such as collapse, landslides, and
debris flows. This can hinder the recovery and
improvement of land productivity. Warner et al. (1989)
found that plant root systems and the sedimentary struc-
ture of coal ganguewere the main factors influencing the
movement of preferential flow in reclaimed mine forest-
land. In a previous study, there were significant differ-
ences in the characteristics of preferential flow between
the soil layer and the weathering layer of coal gangue. In
the soil layer, the dye coverage ratio (0∼30 cm) ranged
from 21.46 to 57.20%, while that in the weathering layer
of coal gangue (30–60 cm) ranged from 3.84 to 9.12%.
There were two reasons for this phenomenon. First,
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compared with the gangue layer, the soil layer had better
soil structure and more developed vegetation roots,
which promoted the occurrence and development of
preferential flow to a certain degree. Second, the struc-
ture of coal gangue became loose after the 8 years of
weathering, and most of the soil water moved within the
coal gangue, where Brilliant Blue existed inside, which
could have been verified by the soil profile pictures.
Rainfall, temperature, plant biomass, and human factors
were the main factors affecting the weathering degree of
coal gangue (Allaire-Leung et al. 2000), which then
influenced the morphological characteristics of the pref-
erential flow of reclaimed areas. Thus, the effects of the
weathering degree of coal gangue on the characteristics,
influencing factors, and mechanisms of preferential flow
still require systematic study.

The factors influencing preferential flow in dumps
were complex. Related research found that plant roots
had an important influence on the formation and devel-
opment of the soil macropores in forest soil (Allaire-
Leung et al. 2000; Beven and Germann 1982; Lipsius
and Mooney 2006). The soil structure changed as a
result of the interpenetration and extension of roots.
The size and connectivity of soil macropores were di-
rectly affected by the number, length, diameter, surface
area, and volume of roots.Meanwhile, the effects of root
holes (Gaiser 1952; Gish et al. 1998), animal activity
channels (Green and Askew 1965; Murphy and
Banfield 1978), human activities (tillage) (Li et al.
2002; Omoti and Wild 1979; Miao et al. 2011; Kong
et al. 2015), and soil fissures caused by wet-dry cycles
(Bouma 1981; Bouma andWÒSten 1984) and freezing-
thawing cycles (Beven and Germann 1982; Ou et al.
1999) were the key factors affecting soil macropores,
which further affected the path and distribution of
preferential flow and then affected soil water and
solute transport. De Vries and Chow (1978) found that
the movement of preferential flow caused by soil
macropores was faster and deeper than others, which
was also the main reason for the formation of interflow.
Furthermore, the gravel content (Green and Askew
1965; Li et al. 2002; Murphy and Banfield 1978) and
rainfall intensity (Omoti and Wild 1979) were also the
main factors affecting preferential flow. In the present
study, a total of 15 environmental factors, including soil,
water, and plant factors, were selected to evaluate the
preferential flow of reclaimed soil. The dye coverage
ratio of preferential flow for different reclamation
vegetations was significant and positively correlated

with the root weight density, root length density, gravel
content, average radius of the soil macropores, and soil
saturated hydraulic conductivity, which promoted the
formation and development of preferential flow. Among
them, the effects of plant roots on preferential flow were
more obvious than other factors. The dye coverage ratio
of the preferential flow increased with increasing root
weight density and root length density. The dye cover-
age ratio had a very significant positive correlation with
the root weight density and had a significant positive
correlation with the <1 mm root length density. Zhang
et al. (2015) found that the fine roots (<1 mm) made a
higher contribution to the preferential flow, which
reached 94.8%. The gravel content also had a significant
effect on the preferential flow. However, the increase in
gravel content was bad for soil and water conservation
and promoted soil water and nutrient loss. Thus, appro-
priate measures should be taken to reduce the impact of
gravel content on preferential flow. In the future, the
quantitative effects of various environmental factors on
preferential flow should be strengthened, and an evalu-
ation index system of preferential flow in reclamation
areas should be determined, which could provide a
scientific basis for the study of preferential flow sys-
tems, soil hydrological processes and hydrological ef-
fects, and regional vegetation restoration and recon-
struction at the dump.

Conclusions

There were differences in the soil water breakthrough
curve on different plots, which could be divided into
three stages: an active period, a fluctuation period, and a
stable period. The soil macropore effluent rate generally
increased first and then tended toward a stable state. The
steady effluent rates under R. pseudoacacia, U. pumila,
and mixed forests (R. pseudoacacia and U. pumila) at a
depth of 0∼5 cm were 0.0281, 0.0292, and
0.0315 mm s−1, respectively, while the rates under
shrub, farmland, and weeds were lower than
0.02 mm s−1. The soil steady effluent rate decreased
with increasing soil depth and reached the maximum
and minimum values at the depths of 0∼5 cm
(0 . 0193∼0 . 0 315 mm s − 1 ) a n d 50∼60 cm
(0.0028∼0.0035 mm s−1), respectively. Furthermore,
the radius of soil macropores under different reclaimed
vegetations ranged from 0.03 to 4.71 mm, most of
which ranged from 0.11 to 2.36 mm. There were no
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significant differences in the radius and the number of
soil macropores in the different soil layers under all of
the six plots. The scope of the soil macropore radius in
the lower soil was greater than that in the upper layer.
The soil macroporosity for different reclaimed vegeta-
tions ranged from 0.03 to 16.58%, which determined
65% of the variation in the steady effluent rate and 42%
of the variation in the saturated hydraulic conductivity.
Furthermore, the dye coverage ratio under different
plots followed the order of R. pseudoacacia
(26.48%) > U. pumila (20.12%) > mixed forests
( 1 7 . 3 2% ) > f a rm l a n d ( 1 5 . 0 6% ) > s h r u b
(13.97%) > weeds (10.07%). The preferential flow at
each plot mostly occurred at a depth of 0∼40 cm, which
occupied 98.54% (A), 98.12% (B), 93.93% (C), 98.53%
(D), 97.09% (E), and 98.71% (F) of the whole soil
profile (0∼60 cm). The dye coverage ratio decreased
rapidly at a depth of 40 cm and reached 0 at a depth of
60 cm. The dye coverage ratio under arbors was greater
than that under shrubs and weeds. There was a better
linear relationship between the dye coverage ratio and
soil depth (y = ax + b), and the determination coefficient
R2 was greater than 0.78. Moreover, the Pearson corre-
lation was used to analyze the relationship between the
environmental factors (soil, water, and plant factors) and
the dye coverage ratio. The dye coverage ratio of the soil
preferential flow for different reclaimed vegetations was
very significantly or significantly positively correlated
with the gravel content, mean radius of the soil
macropores, soil saturated hydraulic conductivity, root
weight density, and root length density (P < 0.01),
which was also significantly positive correlated with
the 1∼2 mm and 2∼5 mm root length densities
(P < 0.05). This promoted the formation and develop-
ment of soil preferential flow. The dye coverage ratio
was very significantly negatively correlated with the soil
bulk density and soil water content (P < 0.01).
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