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Abstract: The growth and overlay of a large number of bryophytes in the broken soil patches between
the exposed bedrocks of karst have an essential influence on the infiltration and runoff process
between the exposed bedrocks and even the whole rocky desertification area. The purpose of this
study is to explore the effects of moss on the infiltration and runoff of soil patches between karst
exposed bedrocks and the processes of rainfall, runoff and infiltration transformation on slopes
through rainfall experiments. The results showed that the slopes between the karst outcrops are
dominated by subsurface and underground pore runoff. More than 50% of precipitation is lost
through underground pores, with surface runoff accounting for only 1-17% of the total. Bryophyte
overlay significantly reduced the initial runoff from subsurface and underground pore runoff, and
advanced the steady-state time of runoff from subsurface and underground pore runoff, suggesting
that bryophyte coverage may reduce the risk of soil erosion caused by short-duration rainfall. Eu-
rohypnum has a significant inhibitory effect on percolation between exposed bedrock and reduces
rainfall leakage from subsurface and underground pores. Thuidium has a strong intercepting effect
on rainfall, significantly reducing the formation of surface runoff and the risk of surface soil erosion.
Moss overlay has an essential role in soil and water conservation between karst exposed bedrock,
and Eurohypnum and Thuidium can be considered as pioneer mosses for ecological restoration in the
process of rocky desertification control and ecological restoration, which can effectively solve the
serious problem of soil and water loss in karst rocky desertification area and improve the benefit of

soil and water conservation in karst area.
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1. Introduction

Rocky desertification is one of the major ecological and environmental problems in
Southwest China. It threatens the security of the local ecological environment, restricts
social and economic development and has a serious impact on human life [1-4]. Soil erosion
control is key to controlling rocky desertification. Therefore, how to effectively control soil
erosion in rocky desert slopes has become a focus of ecological management and research
in this region.

The peculiar surface-subsurface “binary three-dimensional” hydrological structure of
the karst rocky desertification region has resulted in severe surface erosion and subsurface
leakage [5,6]. Under this condition, the driving force of abundant precipitation causes a great
loss of surface soil [3,7], resulting in the rocky desertification of karst land, simplification of
vegetation structure and a large area of bare bedrock [8,9]. Therefore, the slope is cut into
numerous soil patches by a large amount of exposed bedrock (Figure 1). At the same time,
exposed bedrock collects large amounts of rainfall, creating a concentrated flow that directly
scours and destroys soil patches. As a result, the soil patches between these exposed bedrocks
face a higher serious risk of soil erosion, which further aggravates the rocky desertification [10].
Therefore, additional studies of karst-slope soil patches are necessary.
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Figure 1. Soil patches between exposed bedrock on a karst rocky desertification slope.

Due to the large exposed bedrock, thin and discontinuous soil layer and serious soil
degradation [11,12], most of the higher vascular plants in rocky desertification slope (especially
serious rocky desertification slope) have poor recovery effect, and it is difficult to form an
effective protective effect on the soil between bedrock. Bryophytes are the most typical pioneer
plants in degraded ecosystems. They can not only adapt to various degraded habitats [13,14],
but also are one of the most common surface cover plants on karst rocky desertification
slopes [15]. Southwestern karst region, with abundant rainfall, sunshine, complex topography,
habitat diversity and species rich in bryophytes [16,17]. Bryophytes are dwarf in size, and
their branches and leaves are staggered and curled, commonly forming clumps or cushion-
like communities. They have the characteristics of rapid water absorption and large water
storage [18], and have the functions of water conservation and soil conservation. In recent
years, through long-term monitoring experiments and simulated rainfall scouring experiments,
it has been found that bryophytes cover the soil surface and play an influential role in
intercepting rainfall, affecting soil evaporation, infiltration, runoff and other hydrological
processes [19-21], thus affecting soil erosion [4,22,23].

The survey found that bryophytes grew nicely in the soil patch the karst beds, with
a coverage of more than 75%. Bryophyte coverage will inevitably affect the hydrological
processes of soil patches between bedrock, and thus the processes and characteristics of soil
erosion [24-26]. What then will be the effect of moss cover on the hydrological processes in
the soil patches between the beds, and what controls these changes? The study of these
plays an essential role in soil erosion control on rocky desert slopes. However, current
studies of bryophytes in rocky desert habitats have focused on plant diversity, soil physical
structure and soil nutrient changes [27-30]. There have been few studies on the effects of
bryophytes on soil and water conservation on karst slopes, and even fewer on the effects of
bryophytes on hydrological processes in soil patches between bedrock.

In view of the lack of these studies, this study explored the effect of different moss
coverings on the hydrological processes of exposed bedrock patches in rocky desert slopes
based on artificially simulated rainfall. The purpose of this study is to: (1) reveal the effect of
moss overlay on the spatial distribution and runoff process of soil patches between exposed
bedrocks on rocky desertification slopes; (2) reveal the influence factors of the hydrological
process of exposed bedrock soil patches on a rocky desertification slope. The results can
provide an essential scientific and theoretical basis for the control of desertification and the
ecological restoration of karst rocks.
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2. Experimental Materials and Methods
2.1. Experimental Materials and Design

In this study, we used a rectangular soil trough to model karst exposed inter-base soil
patches. The soil trough is 100 cm long, 40 cm wide and 15 cm deep. The exposed bedrock
was simulated with iron sheets on either side of the soil trough, and 2 mm quartz sand
combined with PVC glue was applied to the surface of the soil trough and the iron sheet to
simulate the roughness of the rock surface. Circular holes with a radius of 1 cm are evenly
distributed at the bottom of the soil trough to simulate subsurface pore fissures (Figure 2).
The designed fissure rate is 1% and the slope is 15°, which are common for fissures and
slopes in karst areas [31,32]. Rainfall intensities of 50 mm/h, 70 mm/h and 90 mm /h are
common in the southwestern karst region. The experimental soil is lime soil. In this study,
three dominant mosses, Bryum, Eurohypnum and Thuidium in the karst area were used as
the research objects, and bare soil was used as the control experiment. We carried out three
parallel treatments in each group, a total of 36 rainfalls.

Figure 2. Experimental design of a soil patch device between exposed bedrock.

The soil samples were collected from Gaofeng Town, Anshun City, Guizhou Province
(26°22' 03.33” N; 106°24'50.49” E) of limestone soil in typical karst areas, 0-30 cm surface
soil, remove impurities such as animal and plant residues and large stones in soil samples,
naturally dried, screened by a 5 mm sieve, bagged for later use. Bryophytes used in
the study are the dominant bryophytes in areas of desertification (Bryum, Eurohypnum,
Thuidium). Sampling of bryophytes in 10 cm x 10 cm grids with 1 cm soil thickness to
ensure bryophyte and soil structural integrity. In the laboratory, weeds and stones from the
bryophyte samples were removed, spread on a culture plate, and pure water was sprayed
to maintain the same humidity for the simulated rainfall. The bryophytes were scanned by
EPSON11000XL scanner (Figure 3). The length (L), surface area (S) and volume (V) of each
bryophyte were obtained by WinRHIZ02013 root analysis system. See Table 1 for a basic
overview of bryophytes.

Table 1. Basic overview of bryophytes.

Bryophyte Life form L (cm) S (cm? V(em?3)
B Cluster type 1.004 + 1403 b 0.614 £ 0.055b 0.003 £ 0.00 b
E Cross type 8.996 + 2.527 b 1.013 +0.163 b 0.008 £ 0.001 b
T Cross type 17.531 +9.483 a 3518 +1.384 a 0.033 + 0.014 a

Note: B is Bryum; E is Eurohypnum; T is Thuidium; Lis the length per plant of bryophytes, S is the surface area
per plant of bryophytes, and V is the volume per plant of bryophytes. Lowercase letters indicate significant
differences between different bryophytes (p < 0.05).
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Figure 3. Field growth status and individual scans of bryophytes. Note: B is Bryum; E is Eurohypnum;
T is Thuidium.

2.2. Experimental Method

We conducted a rain test in July 2021 in the laboratory of Guizhou University in
Guiyang City. The rainfall equipment is described by Peng Xudong et al. [6,33]. The rainfall
height is 6 m, the effective rainfall area is 6.5 m x 6.5 m, and the final raindrop velocity
conforms to the characteristics of natural rainfall. The uniform distribution of raindrops is
up to 85 percent, and the rainfall intensity can be controlled remotely or manually between
6 mm/h and 180 mm/h.

The method involves filling the soil with the unit weight of 1.14 g - cm™ ° in soil trough,
and then spreading the soil-bearing bryophytes in the soil trough. The rainfall intensity
(30 mm/h) is then adjusted until the underground pore begins to produce runoff, then
stand for 24 h. Before the experiment started, the soil trough was covered with plastic film,
the rain intensity was adjusted to the design level, and then the plastic film was removed
and the rain started. Timing begins when one of the surface, subsurface or subsurface pores
begins to flow. Runoff samples of surface, subsurface and underground pore are collected
every 5 min and placed in graduated vats to measure slope runoff. The slope area is the
sum of the projected areas of exposed bedrock and soil on either side.

3

2.3. Data Analysis

(1) Coefficient of runoff (C,)
The coefficient of runoff (C;) is the ratio of the surface, subsurface or underground
pore runoff volume to the total runoff volume. C, is calculated by Equation (1) [33]:

Cr = =7 (1)

where C, is the coefficient of runoff, R; is the surface, subsurface or underground runoff
volume (L), and R is the total runoff volume (L).

(2) Modulus of runoff (K;)

The modulus of runoff (K;) is the runoff volume produced per unit time per unit area.
K, is calculated by Equation (2) [33]:

R;

K, = -
LAt

@)

where K; is the modulus of runoff (L/(m?2-h)), A is the slope area (m?), and ¢ is the rainfall
duration (h).
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(3) Infiltration rate

Infiltration rate reflects the amount of infiltration per unit time per unit area of soil
surface, average infiltration rate (A) is calculated by Equation (3); instantaneous infiltration
rate (A;) is calculated by Equation (4) [34]:

cosa — R
A= qfs 6)
B 10Rs
A; = Pcosa (- t)A 4)

where A is the average surface infiltration rate (mm-min~1); g is rainfall (mm); R; is the
surface runoff (ml); a is the slope (°); t is rainfall time (min); A; is the slope instantaneous
infiltration rate (mm-min~'); P is the rain intensity (mm-min~!); A is slope projection area
(cm?); tiy1 and t; are the start and end time of each time period (min).

This study used Excel2016 and SPS519.0 for statistical analysis of data. Principal com-
ponent analysis (PCA) was used to analyze the correlation between different bryophytes
and rainfall runoff and infiltration by using Origin9.1. At the same time, the correlation
calorific value analysis between the characteristics of bryophytes such as length, surface
area and volume and rainfall intensity, runoff and infiltration was carried out by using
Origin9.1. We used Amos24.0 to analyze the structural equation model path of moss
type, rainfall intensity, surface infiltration rate, surface coefficient, surface runoff modulus,
surface runoff and other factors.

3. Results
3.1. Effect of Moss Cover on Spatial Distribution of Runoff

It can be seen from Figure 4 that the coverage of Sphagnum significantly increased
surface runoff and inhibited underground and underground pore fissure flow. Thuidium
coverage significantly reduces surface runoff. Not only moss cover but also rainfall in-
tensity affected runoff yield between exposed bedrock, and runoff yield increased with
the increase in rainfall intensity. The surface runoff under the coverage of Eurohypnum
is between 2.28-5.53 L and is 4-7 times higher than that of Bryum, Thuidium, bare soil.
Subsurface and underground pore runoff is formed by rainfall through infiltration, and
moss cover has different effects on subsurface and subsurface pore runoff at different
rainfall intensities. Under 50 mm/h rainfall intensity, moss coverage significantly increased
subsurface and underground pore runoff, and the runoff was in the order of Bryum >
Thuidium > Eurohypnum > bare land. Under 70 mm/h and 90 mm/h rainfall intensity, moss
coverage significantly reduced the subsurface runoff, and under 90 mm/h rainfall intensity,
the subsurface runoff was in the order of bare land> Thuidium > Bryum > Eurohypnum, and
the difference between the four was extremely significant (p < 0.01). The underground pore
runoff is the loss of precipitation from the underground pore fissure through infiltration.
At 70 mm/h rainfall intensity, moss coverage increases the underground pore runoff but
the difference is not significant. At 90 mm/h rainfall intensity, moss coverage significantly
inhibits the underground pore runoff, and the inhibition effect of the Eurohypnum and the
Bryum is the most significant.

According to Table 2, it can be seen that the coverage of Eurohypnum significantly
increased the surface runoff coefficient, and was significantly different from the surface
runoff coefficient of Bryum, Thuidium and bare land (p < 0.01). The underground runoff
coefficient is in the order of bare land > Bryum > Thuidium > Eurohypnum, and the differ-
ence in the runoff coefficients between the four is extremely significant. Moss coverage
significantly increased the flow coefficient of underground pores, and the flow coefficient
of underground pores in the Thuidium genus was higher. According to Table 3, the surface
runoff modulus is low, ranging from 0.31 to 8.50 L-m~2-h~!, and the runoff modulus of
Eurohypnum is higher and significantly different from that of bare land. The underground
runoff modulus was between 6.78-23.04 L-m~2-h~!. Bryophytes significantly increased
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the surface runoff modulus under 50 mm/h rainfall intensity. The runoff modulus under
the coverage of Bryum and Plumbago was higher, while the moss coverage decreased the
underground runoff modulus under 70 mm/h and 90 mm/h rainfall intensity. The runoff
modulus of underground pore is high, and the highest runoff modulus is 38.92 L-m~2-h~!
under 90 mm /h rainfall intensity.
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Figure 4. Effect of moss coverage on runoff yield in soil patches between exposed bedrock. Note: BR
is bare land; B is Bryum; E is Eurohypnum; T is Thuidium; the capital letters represent the significant
difference between different mosses under the same rainfall intensity and runoff type (p < 0.05);
the lowercase letters represent the same type of mosses, under the same runoff type, the difference
between different rainfall intensities is significant (p < 0.05).

Table 2. Influence of moss cover on runoff coefficient of soil between exposed bedrock patches.

Rainfall Coefficient of Runoff
Type . 1
Intensity (mm-h—1) BR B E T
50 0.022 + 0.003 Bb 0.016 £ 0.001 Bb 0.127 + 0.004 Ab 0.016 =+ 0.002 Ba
Surface 70 0.032 + 0.002 Ba 0.010 + 0.001 Cc 0.130 4 0.003 Ab 0.013 + 0.002 Ca
90 0.022 + 0.002 Cb 0.029 + 0.001 Ba 0.172 4+ 0.001 Aa 0.018 % 0.001 Da
50 0.473 £ 0.011 Aa 0.385 =+ 0.009 Ba 0.314 + 0.001 Da 0.348 + 0.004 Ca
Subsurface 70 0.396 + 0.003 Ab 0.377 + 0.006 Bb 0.282 + 0.004 Db 0.347 + 0.005 Ca
90 0.365 & 0.001 Ac 0.356 4+ 0.011 ABb 0.243 4 0.004 Dc 0.346 + 0.002 Ca
Undereround 50 0.505 + 0.010 D¢ 0.599 + 0.009 Ba 0.559 + 0.004 Cb 0.636 + 0.003 Aa
o%es 70 0.572 + 0.004 Db 0.613 + 0.007 Ba 0.588 + 0.007 Ca 0.640 + 0.004 Aa
P 90 0.613 &+ 0.002 Ba 0.616 + 0.012 Ba 0.585 4 0.003 Ca 0.636 + 0.002 Aa

Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium; the capital letters represent the significant
difference between different mosses under the same rainfall intensity and runoff type (p < 0.05); the lowercase
letters represent the same type of mosses, under the same runoff type, the difference between different rainfall
intensities is significant (p < 0.05).

The rainfall on the slope between karst exposed bedrock mainly forms the subsurface
and underground pore runoff. As shown in Figure 5, the surface runoff ratio is small
(1-17%), followed by the subsurface runoff ratio (24-47%), and the underground pore
runoff ratio is the highest and higher than 50%. Under the three rainfall intensities, the
surface runoff of Eurohypnum was relatively elevated and higher than 10%, while the surface
runoff ratios of the other two bryophytes and bare land were lower than 5%. The subsurface
runoff ratio of bare land is the highest under three rainfall intensities, and the runoff ratio
of bare land is as high as 47% under 50 mm/h rainfall intensity. In the underground pore
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runoff ratio, the underground runoff ratio of Thuidium under three rainfall intensities was
higher than that of the other two mosses and bare land, and the runoff ratio was up to 64%.

Table 3. The influence of moss cover on the runoff modulus of exposed bedrock soil patches.

T Rainfall Modulus of Runoff (L/(m?-h))
ype Intensity (mm-h—1) BR B E T
50 0.31 4 0.06 Bcd 0.50 & 0.04 Bb 3.51+0.23 Ac 0.49 4 0.09 Bb
Surface 70 1.30 £0.15Ba 0.37 £0.03 Cb 5.22 £0.36 Ab 0.54 £ 0.09 Cb
90 141 +0.17 Ba 1.56 + 0.08 Bc 8.50 £ 0.35 Aa 1.08 + 0.09 Ba
50 6.78 £ 0.37 Dc 11.70 £ 0.31 Ac 8.69 + 0.35 Cb 10.36 = 0.38 Bc
Subsurface 70 16.06 £ 0.70 Ab 14.34 4 0.34 Bb 11.33 + 0.64 Ca 13.74 £ 0.54 Bb
90 23.04 £0.76 Aa 19.30 £ 0.49 Ca 12.07 £ 0.73 Da 21.18 £ 0.83 Ba
50 7.25 4+ 0.68 Cc 18.26 £ 1.18 Ac 15.45 £ 0.67 Bc 18.91 £ 0.85 Ac
Underground
ore fissure 70 23.15+ 0.74 Bb 23.30 + 0.57 ABb 23.61 £ 0.73 ABb 25.36 + 1.35 Ab
P 90 38.76 £ 1.11 Aa 33.41 +£1.40 Ba 28.98 +1.15Ca 38.92 £1.29 Aa

Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium; the capital letters represent the significant
difference between different mosses under the same rainfall intensity and runoff type (p < 0.05); the lowercase
letters represent the same type of mosses, under the same runoff type, the difference between different rainfall
intensities is significant (p < 0.05).
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Figure 5. The effect of bryophytes on the proportion of runoff in soil patches between exposed beds.
Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium.

3.2. Effect of Moss Cover on Percolation-Runoff Process

Runoff of Bryum, Eurohypnum, Thuidium and bare Land vary with rainfall duration as
shown in Figure 6. With the increase in rainfall intensity, the initial runoff increased and
the stable time of runoff advanced. In surface runoff, Eurohypnum not only significantly
increases surface runoff, but also lags behind the stability time of surface runoff with an
average time of 45 min. The stable time of surface runoff was advanced under the coverage
of Bryum and Thuidium plants. In subsurface runoff, bryophytes significantly reduce the
initial subsurface runoff. Initial runoff in Eurohypnum and Bryum was low at 70 mm/h and
90 mm/h rainfall intensity, and significantly different from that of the bare land. In the
underground pore runoff, the runoff yield of bryophytes increased sharply at 50 mm/h
rainfall intensity, and tended to be stable after 40 min of rainfall duration, while the runoff
yield of bare land increased slowly in the first 30 min and tended to be stable in 35 min.
At rainfall intensities of 70 mm/h and 90 mm/h, the runoff from the underground pores
increases dramatically during the first 20 min of the rainfall duration. Under the coverage
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of Eurohypnum and Thuidium, the runoff of underground pore first reached the stability of
runoff, and the bare land and Bryum lagged the stability time of runoff of the underground
pore. On the whole, moss coverage increased the initial surface runoff, and the initial
surface runoff covered by Eurohypnum was higher and lagged behind the stable runoff.
Moss coverage significantly reduces the initial runoff in the subsurface and underground
pores and stabilizes the runoff in the subsurface and underground pores in advance.
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Figure 6. Variational characteristics of runoff yield for soil patches between exposed bedrock as a
function of rainfall duration. Note: SF is surface; SUF is subsurface; UPF is underground pores; BR is
bare land; B is Bryum; E is Eurohypnum; T is Thuidium.

Soil water infiltration is the process of rainfall from the soil surface into its internal
movement and storage [35]. Infiltration is a direct factor in the yield of runoff. The peculiar
underground “binary” structure in the karst area, the development of underground pores
and fissures makes the slope rainfall infiltration swift [6]. However, rainfall infiltration is
not only affected by site conditions and rainfall intensity, but also affected by moss overlay.
According to Figure 7, the percolation rate increases with increasing rainfall intensity, the
percolation rate is lower in the case of Eurohypnum plant coverage, the percolation rate
changes considerably with increasing rainfall duration, and the percolation rate decreases
sharply during 0-25 min of rainfall duration. The infiltration rate of bare land, Bryum and
Thuidium decreased gradually with the increase in rainfall duration and the overall shift of
infiltration rate was not significant after 40 min of rainfall duration. In 50 mm /h rainfall
intensity, the infiltration rate under moss coverage is lower than that of bare land, indicating
that under low rainfall intensity, moss coverage inhibits rainfall infiltration. In the 70 mm/h
rainfall intensity, Eurohypnum coverage promoted surface runoff and infiltration, while the
infiltration under Bryum and Thuidium coverage was higher than that of bare land, and
the infiltration rate was significantly different from that of bare land after the infiltration
rate was stable, which proved that in the larger rainfall intensity, Bryum and Thuidium
plant coverage promoted surface infiltration and inhibited surface runoff formation. In
90 mm /h rainfall intensity, the infiltration rate of bare land, Bryum and Thuidium had the
same change rule in rainfall duration, and the instantaneous infiltration rate of the three
was not significant, indicating that Bryum and Thuidium had no significant effect on surface
infiltration and runoff at 90 mm/h rainfall intensity.
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Figure 7. Variational characteristics of the surface permeability of exposed bedrock soil patches as a
function of rainfall duration. Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium.

According to Figure 8, the average infiltration rates of bare land, Bryum and Thuidium
were not significantly different, and the average infiltration rates of the three were higher
than that of Eurohypnum. The average infiltration rate of Eurohypnum was low, between
0.74-1.31 mm-min~1. The average infiltration rate of bare land, Bryum and Thuidium
was between 0.80-1.43 mm-min~!. The average infiltration rate under moss coverage at
90 mm/h rainfall intensity was twice that at 50 mm /h rainfall intensity.
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T

—
[ 8]
T

Average infiltration rate  (mm:min ')
(=) —
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Figure 8. Effect of moss coverage on the average percolation rate of soil patches between exposed
beds. Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium. Capital letters represent the
significant difference between different bryophyte genera under the same rainfall intensity (p < 0.05).
The lowercase letters represent the same bryophyte, and the difference between different rainfall
intensities is significant (p < 0.05).

3.3. Correlation Analysis of Moss Cover between Exposed Bedrock on Percolation-Runoff

The results of principal component analysis showed that Eurohypnum coverage sig-
nificantly increased surface runoff, surface runoff coefficient and surface runoff modulus,
while Thuidium coverage significantly inhibited the formation of surface runoff (Figure 9).
There is a strong positive correlation between rainfall intensity and infiltration, runoff and
runoff modulus.
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Figure 9. Principal component analysis (PCA) of different bryophytes and rainfall infiltration.
Note: BR is bare land; B is Bryum; E is Eurohypnum; T is Thuidium. Rg is the surface runoff; Rgg is
underground runoff; Ry is the underground pore flow; Cg is the surface runoff coefficient; Cgg is
an underground runoff coefficient; Cy is the underground pore runoff coefficient; Kg is the surface
runoff modulus; Kgg is an underground runoff modulus; Ky; is the underground pore runoff modulus;
A is the average infiltration rate.

Different bryophytes have different morphological characteristics, plant length, surface
area, volume and life forms, so the effect of different bryophytes on runoff yield on slopes
between exposed beds is different. Therefore, the correlation heat map analysis of the
length, surface area and volume of bryophyte plants on the inflow and infiltration of slope
under different rainfall conditions (Figure 10). The results of the correlation analysis show
that the plant length of the bryophytes is positively correlated with the plant surface and
volume. The plant length, surface area and volume of the bryophytes were positively
correlated with the coefficient of runoff from underground pores and fissures on the slopes
between exposed beds, with coefficients of 0.51, 0.71 and 0.69, respectively. The plant
length, surface area, and volume of the bryophyte were negatively correlated with surface
runoff, surface runoff modulus, and surface runoff coefficient.
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Figure 10. Heatmap of the correlation between the basic features of the bryophyte and the rainfall
penetration. Note: P is the rain intensity; Rg is the surface runoff; Rgg is underground runoff; Ry
is the underground pore flow; Cg is the surface runoff coefficient; Cgg is an underground runoff
coefficient; Cy is the underground pore runoff coefficient; Kg is the surface runoff modulus; Kgg
is an underground runoff modulus; Ky is the underground pore runoff modulus; A is the average
infiltration rate; L is the single plant length of bryophytes; S is the surface area per plant of bryophytes;
V is the single plant volume of bryophytes.
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The path analysis results of the structural equation model showed that the moss
type and rainfall intensity jointly affected the surface infiltration rate (Figure 11), and the
path determination coefficient (R?) was 0.98, but the moss cover had a negative effect on
the surface infiltration. Rainfall increased surface runoff by increasing the surface runoff
modulus with a correlation factor of 0.93 and 0.96, respectively. The correlation between
bryophyte types and surface runoff is not significant, and surface runoff is mainly affected
by rainfall intensity and runoff molding. Bryophytes mainly inhibit percolation, thereby
reducing rainfall leakage through subsurface and underground pores.

Bryophyte types

9} Infiltration rate
R2=0.98

Rain intensity

Figure 11. Model of the path structure equation for moss type and rainfall intensity on surface runoff.

4. Discuss
4.1. The Effect of Moss Overlay on the Spatial Distribution of Slope Runoff between Exposed Bedrocks

In this study, most of the rainfall between exposed bedrock formations was subsurface
and underground pore runoff, and surface runoff was minor, accounting for less than 20%
of the total. This is because the exposed bedrock and soil form a rock—soil interface [36-38],
and the rock and soil cannot be sufficiently adhered together, typically forming a narrow
gap. During the rainfall process, the production flows through these narrow gaps to form a
preferential flow [39], so that the rainfall quickly infiltrates into the lower soil layer, forming
subsurface runoff and underground pore fissure runoff [40—43]. Rainfall is one of the
land water sources, and rainfall intensity is the main factor affecting runoff [44,45]. Under
certain conditions, the greater the intensity of the rainfall, the greater the amount of rainfall
and the greater the slope runoff [21,46]. Dandan Han et al. found a positive correlation
between rainfall intensity and slope runoff, as well as delayed vegetation cover and reduced
slope runoff [47]. This study found that the surface runoff yield of bare land was lower at
50 mm/h rainfall intensity, while the surface runoff yield of bare land was higher than that
of Thuidium at 70 and 90 mm/h rainfall intensities. It is because the coverage of bryophytes
reduces the evaporation of some soil moisture [19,20]. In addition, the total runoff yield is
lower at low rainfall intensities, and bare land absorbs some of the rainfall, resulting in a
lower runoff yield at low rainfall intensities for bare land. Under extreme rainfall intensity,
heavy rainfall makes bare land quickly form runoff [48], and bryophytes have strong water
holding capacity [49-51], so that some bryophytes reduce runoff formation.

Rainfall is the fundamental source of runoff on the slopes, and rainfall intensity is
strongly positively correlated with runoff yield, runoff modulus and runoff coefficient [33].
Surface cover is one of the factors that shift the spatial distribution of runoff. The length,
surface area and life form of different bryophytes are different, which affect the surface,
subsurface and underground pore runoff. The study showed that the surface area and
volume of bryophytes were positively correlated with the runoff yield, runoff modulus, and
infiltration rate of subsurface and subsurface pores between exposed bedrocks (Figure 10).
This is because bryophytes with large surface area and volume reduce the ability of rainfall
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to erode and splash surface soil, intercepting a portion of the rainfall, reducing the formation
of surface runoff and preventing soil erosion.

4.2. The Effect of Moss Coverage on the Runoff Process between Exposed Bedrock Slopes

In this study, the effect of rainfall intensity on slope runoff was significant, and the
growth overlay of bryophytes redistributed the rainfall between the exposed bedrocks in
the karst rocky desertification area [24]. Ground cover plants such as mosses and algae
are one of the main factors affecting runoff. In this study, runoff increased and eventually
stabilized as the duration of rainfall increased. With the increase in rainfall intensity, the
initial runoff increased [52], and the stability time of runoff lagged behind. Runoff between
exposed bedrock increases rapidly during the first 20 min of the rainfall process. Yan
Youjin [33] and Xia Zhang [53] found that the runoff increased rapidly during the rainfall
process after the rainfall formed runoff. When percolation is stable, surface, subsurface and
underground pore runoff tend to be stable. The stability of rainfall runoff is also affected
by the surface cover. A large number of studies have shown that the interception effect of
broad-leaved is stronger than that of coniferous, and the surface runoff is higher under the
coverage of coniferous litter [54,55]. In this study, Thuidium plants reduced surface runoff
and reduced the risk of surface soil erosion to a certain extent. Eurohypnum plants have
a significant hysteresis effect on the stability of surface runoff, allowing soil infiltration
to be moderate under moss cover and reducing subsurface and underground pore water
loss. In the process of rainfall, the runoff of subsurface and underground pore fissures will
increase rapidly with the increase in rainfall duration, and then tend to be stable, which
is consistent with the research results of Peng Xudong et al. [31]. This suggests that the
increased duration of rainfall not only increases surface erosion, but also causes severe
seepage from subsurface and underground pores, which exacerbates the occurrence of
heavy rock desertification.

The rainfall infiltration rate is not only affected by rainfall intensity, but also shows
different rules under different surface cover. Bryophyte growth coverage significantly
affects soil physical and chemical properties [27], surface roughness [56,57] and soil perme-
ability [58], thereby promoting or inhibiting slope runoff to varying degrees. In this study,
the Eurohypnum plant had a strong inhibitory effect on surface percolation. As the intensity
of rainfall increases, the rate of percolation under moss cover increases significantly. The
reason is that at low rainfall intensities, the secretions of bryophytes bind to the soil, block-
ing soil capillary pores and preventing soil water infiltration, thus reducing the infiltration
rate [30,59,60]. Larger rainfall intensities produce larger surface runoff, which disrupts the
crust formed by moss secretions and soil, thus creating excellent infiltration channels on
the surface and underground and accelerating rainfall penetration [30].

Eurohypnum plants are cylindrical in diameter, with fewer branches and narrow
leaves [61]. They are interwoven and creeping, forming an excellent interception layer on
the surface. Lengthy, cylindrical plants grow along the slopes, providing a great diversion
for surface runoff. Moreover, the Eurohypnum plant has a strong water holding capacity [61].
In the process of rainfall settlement, the moss plants absorb part of the water, thereby re-
ducing the infiltration of rainfall. Bryophytes and Thuidium plants significantly increase
runoff from subsurface and underground pores, as Bryophytes grow in clumps, have dense
clumps of roots and are firmly earth-fixing, thus allowing Bryophytes and soil to form a
thicker crust, which with water evaporation shrinks, thus creating discontinuous surface
cracks in the crust [52,62,63]. Runoff seeps through crevices and forms subsurface and
underground pore flows during rainfall [6,32]. Thuidium plants have additional branches,
longer plants, larger surface area and volume, so that the mosses in the unit area form
a thicker interwoven creeping cushion, and that rainfall can produce surface runoff lag,
increase rainfall infiltration and reduce the formation of surface runoff. Eurohypnum plants
inhibit underground runoff, thereby reducing the loss of underground water and soil
resources. Thuidium plants have an intercepting effect on surface runoff and inhibit the
formation of surface runoff, which can effectively reduce surface soil erosion in karst areas.
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5. Conclusions

There is significant subsurface leakage of rainwater between the exposed bedrock of
the karst. More than 50% of the precipitation is lost from the cracks of underground pore,
and the surface runoff is only 1-17% of the total runoff. Bryophyte coverage significantly
reduces the initial runoff from subsurface and underground pores, and stabilizes the runoff
from subsurface and underground pores in advance. The surface infiltration rate under
Eurohypnum coverage was 6-8% lower than that of bare land. Eurohypnum significantly
reduced precipitation infiltration and reduced the loss of water resources in the subsurface
and underground pores. Thuidium coverage reduces surface runoff and the risk of surface
rainfall erosion. Therefore, it can be considered as the pioneer moss of ecological restoration
between exposed bedrocks in karst areas. The coverage area of Eurohypnum and Thuidium
can be increased by in situ protection or artificial planting, which can effectively solve the
serious problem of soil erosion between exposed bedrocks in karst areas and improve the
soil and water conservation benefits in karst areas.
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