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• Bald patches (BPs) are the precursors of
alpine meadows degradation.

• Mattic epipedon layer of vegetation
patches (VPs) reduces soil permeability.

• VPs produce high runoff during rainfall,
then BPs accept this runoff.

• Lateral flow affects the process of
freezing-thawing, frost heaves, and
thaw slump.

• Marginal meadow at the interface be-
tween BPs and VPs is easily eroded and
detached.
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Bald patches (BPs) are known to accelerate and simultaneously mitigate the process of desertification. However,
the mechanisms of these two synchronous actions are little studied in high desert and cold systems; and the in-
cidence of BPs on alpinemeadows degradation inQinghai-Tibetan Plateau (QTP) of China is still unavailable. This
study first aims to investigate the soil properties and the erodibility of the system BPs-VPs at the Beiluhe basin in
QTP. Then, we adopted dye tracer and HYDRUS-2/3D methods to interpret the water infiltration patterns from
point scale to slope scale. The results show that themattic epipedon layer on the top soil (0–20 cm) of VPs directly
reduced the impact of raindrops on alpine meadow; and the adhesion of root system in VPs prevented the soil
particles from stripping andwashing away by runoff. The soil particles in BPs were easily eroded by rainfall, low-
ering the ground level of BPs relative to the ground level of VPs. The two patches therefore alternated to form an
erosion interface where marginal meadow was likely detached by raindrops, and washed away through runoff.
The saturated hydraulic conductivity (Ks) of surface soil (0–10 cm)was 124% higher in BPs than the VPs. Thereby,
BPs caused a high spatial variation of infiltration and runoff in QTP. Moreover, this difference in Ks between the
two patches conducted to a lateral flow from BPs to VPs, and to soil layers with different water contents. These
findings highlight that the water flow features can potentially disturb the processes of freezing-thawing, frost
heaves, and thaw slump; and accelerate the alpine meadow degradation. Therefore, land cover such as crop
and vegetation should be applied over the bare soil surface to prevent the degradation of alpine meadow.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Bare soil areas interspersed among vegetation (hereafter VPs) are
common features in arid and semiarid zones (Barberá et al., 2007;
Kakembo et al., 2012). These bare soil areas, referred to as bald patches,
or BPs, play a dual role in desertification (accelerate andmitigate desert-
ification). Bald patches support the formation of biological and physical
crusts (Assouline et al., 2015). The biological activities (e.g., root growth
and termite digging) in BPs create macropores (Guebert and Gardner,
2001) that enhances water infiltration at the expense of surface runoff
(Barger et al., 2006; Belnap, 2006; Issa et al., 2011). Alternatively, the
physical soil crusts in BPs reducewater infiltration capacity, and exacer-
batewater stress on the remaining vegetation (Belnap, 2006; Thompson
et al., 2010). The mechanisms leading to this dual role of BPs have been
previously studied in the context of arid and semi-arid environments
(Belnap, 2006; Thompson et al., 2010; Assouline et al., 2015). However,
little research has been conducted to understand these mechanisms in
high desert and cold systems, despite the prevalence of BPs (Barger
et al., 2006; Itzhak et al., 2007; Li et al., 2008) and the increasing degra-
dation of these systems (Harris, 2010; Wen et al., 2010; Chen et al.,
2017).

Alpine meadow in the QTP is representative of high-alpine and cold
systems. It is characterized by three distinct features which are impor-
tant for its ecosystems grassland succession: a mattic epipedon layer
(Zeng et al., 2013), a heterogeneous rainfall distribution (You et al.,
2014), and an active permafrost layer (Zhao et al., 2004; Yin et al.,
2017). These unique features lead to distinct ecohydrological processes
(Wang et al., 2012). As a result, the theories on the role of BPS in arid
and semi-arid environments may not be valid in high desert and cold
environments. However, previous research provides insights into the
complex effects of the above-mentioned three features on the distribu-
tion of water, nutrients, and sediment in the alpine meadow. For in-
stance, the degradation of VPs can increase (Wang et al., 2007) or
decrease (Cheng et al., 2008; Zeng et al., 2013) the soil saturated hy-
draulic conductivity (Ks). More, an uneven distribution of rainfall in
the QTP throughout the year is found the trigger downcutting at ground
levels of BPs to form headward erosion (Zeng et al., 2013). Finally, the
active permafrost soil layer can undergo a melt-freeze process while
the permanent frozen soil layer stays frozen throughout the year
(Wen et al., 2010; Wang et al., 2012; Chen et al., 2017). Thus, the late
freezing process would be affected by flowing rainwater into the active
permafrost layer during melting process.

Such abovementioned features can accelerate the degradation of al-
pine meadow in the QTP. They can also contribute to the expansion of
BPs through the destruction of themattic epipedon layer at the interface
between BPs and VPs (Harris, 2010;Wen et al., 2010; Chen et al., 2017),
to form desertification lands and thermokarst lakes (Wang et al., 2018).
However, few studies have investigated the interaction between these
three unique features and the formation of BPs, the subsequent effects
of BPs on QTP lands desertification, and the occurrence of thermokarst
lakes. Thus, knowing the contribution of BPs on the degradation of al-
pine meadows is urgently required, considering the special geographi-
cal location of the QTP, and the impacts of this latter on ecology,
hydrology, climate and environment (You et al., 2014; Wang et al.,
2018).

The present research aims to (1) evaluate the effects of BPs on QTP
soil properties. Then, it (2) determines the dominantwater flow behav-
ior at the interface between BPs and VPs using combined methods of
dye tracer (at point scale) and HYDRUS-2/3D simulation (at slope
scale). It also (3) evaluates the potential contribution of each soil layer
on sediment yield, once the alpine meadow disappears from the soil
surface exposing deeper soil layers to water erosion. We discussed
and interpreted the results from this study in the broader context of
high desert and cold systems. The findings exhibit the potential mecha-
nisms of alpine meadow degradation, and a conceptual model for un-
derstanding the contribution of these mechanisms in the initial stage
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of QTP desertification and thermokarst lakes. This study is an important
contribution to the knowledge on the degradation of alpine meadows.

2. Materials and methods

2.1. General methodology

This study used a combination of methods to investigate the ques-
tions highlighted in each objective (Fig. 1 A, B, C). We measured in
both BPs and VPs the soil Ks and soil properties concerning initial
water content, capillary porosity, noncapillary porosity, field capacity,
saturated water-holding capacity, soil organic carbon (SOC), particle
size, and root biomass. Moreover, dye-tracer infiltration experiments
at point scale and HYDRUS 2–3/D modelling at slope scale was used to
illustrate and interpret the dominant water flow behavior in the inter-
face between BPs and VPs. Simulated rainfall erosion experiments
were conducted on soil blocks, which were collected from soil layers
of BPs and VPs, to determine the potential effect of each soil layer on
sediment yield. Finally, we discussed and interpret the results of this
study in the broader context of high desert and cold systems through
a literature review.

2.2. Study site

The study site (34° 39′N, 92° 55′ E; 4635m asl) is located in Beiluhe
basin in the “Three-River-Source National Park” on the QTP. The basin is
in flat terrain with most slopes <10°. It is characterized by continental-
monsoon with long severe winters and short cool summers. Based on a
ten years (2002−2011) meteorological data from the Beiluhe Weather
Station, the area mean annual, maximum, and minimum air tempera-
tures are−3.8 °C, 19.2 °C, and− 27.9 °C, respectively. Themean annual
precipitation at the study site is 290.9 mm (more than 95% falls during
thewarm season from April to October), and themean annual evapora-
tion is 1316.9 mm (You et al., 2014). Over 90% of precipitation falls be-
tween May and September when air temperatures remain above 0 °C.
The mean annual potential evaporation is about 1317 mm yr−1, much
higher than the mean annual precipitation. The soil freezes from Sep-
tember to April of the next year. The soil of the study site is typically al-
pinemeadow soil (or felty soil, comparable to FAO-UNESCO's cambisols)
(Wang et al., 2008), with Kobresia pygmaea as dominant species (You
et al., 2014).

Beiluhe basin is underlain with warm and ice-rich permafrost
aquitard, which can become supra-permafrost water in the QTP
(Cheng and Jin, 2013). The permafrost has a low permeability that
blocks soil water infiltration and affects subsurface water flow, which
combined with the infiltration processes are important for the redistri-
bution of precipitation in themiddle and lower slope regions (Pan et al.,
2017). The degradation of permafrost can also enhance the hydrologic
and hydrogeological connectivity (Grenier et al., 2013).

2.3. Plots installation and Ks measurements

Three replicate plots were randomly established in the study site
(Fig. 1 A) between July 2018 and August 2018. Each plot was installed
to obtain an interface between BPs (average vegetation cover was less
to 5% ± 2.4%) and VPs (average vegetation cover was approximately
90% ± 6.6%) (Fig. 1 B). Six bulk soil samples (three on BPs and three on
VPs) were taken in each plot at depths of 5, 15, 30, and 50 cm using vol-
umetric rings (inner diameter: 70.00mm, height: 52.00mm, and volume:
200 cm3). Given that the mattic epipedon layer was very compact and
hard due to abundant roots entwinedwith each other, we applied a treat-
ment during the soil collection to facilitate the insertion of the volumetric
ring, as described in the following sentences. The volumetric ring was
placed on the soil surface and its position was set to form a circular ring
that divided the soil into two internal and external sub-regions. Then,
we cut the roots connections between the two sub-regions, and inserted



Fig. 1. Study site location (Beiluhe basin) in the Qinghai-Tibetan Plateau, China (You et al., 2014). Three plots (separated by more than 15 m) containing bald patches (BPs), vegetation
patches (VPs), and the interface between the two patches were considered (A). In each plot (B), one dye-tracer infiltration was conducted at the centre axis of the interface, 24 intact
soil cores and 24 intact soil blocks were collected at various depths of 5, 15, 30, and 50 cm in each plot of the BPs and VPs. The ground slope of the experimental site was <10°. Flowchart
summarizing the general experiments, methods, and statistical tests of the present study (C).
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the volumetric ring into the subsoil. We kept the volumetric ring in a sta-
ble position throughout the collection of intact soil cores.

The collected intact soil cores were first placed in a tray containing
distilled water in laboratory for 24 h, then soil Ks was measured by
mean of infiltration method using a designed infiltration apparatus
(per Jiang et al., 2017). To measure Ks, the top cover of the volumetric
ring (containing the soil column)was removed and replaced by a circu-
lar wire mesh. Then, a hollow volumetric ring was spliced on the top of
the ring containing soil column, and poured with distilled water. A bu-
rette was used to ensure that the water level was as high as the height
of the volumetric ring, and a small cup was placed at the bottom of
the volumetric ring containing the soil column to collect the outflow.

During the infiltration experiment, the infiltration and outflow vol-
umes were recorded each 2 min. The steady-state condition occurred
when the rate of infiltration is similar to the rate of outflow. The
steady-state infiltration rate (Is, cmmin−1), which is the water passage
per unit area per unit thickness per unit time, was calculated using the
last five infiltration and outflow volumes (Bodhinayake et al., 2005). Is
was converted to Ks at 10 °C (Yang et al., 2017) using the formula in
Eq. (2).

Is ¼ Q � L
t � S� H þ Lð Þ ð1Þ
3

Ks ¼ Is
0:7þ 0:03 T

ð2Þ

where Q is the total amount of outflow (cm3), L is the soil thickness
(cm), S is the cross-sectional area of the volumetric ring (cm2), H is
the height of the volumetric ring (cm), t is the recorded time (min), T
is the water temperature in field (°C).

2.4. Measurement of soil properties

Soil physical properties are critical parameters affecting its hydro-
logical properties, and they are typically used to simulate and under-
stand soil characteristics. The soil physical properties were determined
using soil cores recovered from Ks experiments. Soil effective saturation
was measured using the volumetric rings (containing intact soil cores)
placed in a tray containing distilled water. We estimated initial water
content, bulk density, capillary porosity, noncapillary porosity, field ca-
pacity, and saturated water-holding capacity at 5, 15, 30, and 50 cm
depths of BPs and VPs (per Zhu et al., 2019). The total porosity was es-
timated in intact water-saturated samples of 200 cm3, assuming that
air was not trapped in the soil pores, and confirmed using dry bulk den-
sity and particle density of 2.65 g cm−3 (Danielson and Sutherland,
1986).
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Soil chemical properties and particle size were measured from bulk
soils collected at depths of 5, 15, 30, and 50 cm in BPs and VPs using
5.0 cm diameter auger. The SOCwas determined by elemental analyzer
(Elementar Analysensysteme GmbH, German) after air drying the soil
samples at room temperature (20 °C). The particle size was measured
using aMalvernMastersizer 3000 laser particle size analyzer, combined
with a Hydro 2000MU pump accessory (Malvern Instruments Ltd.,
Worcestershire, UK). As has advised Per Miller and Schaetzl (2012),
we used a soil refractive index and absorption value of 1.549 and 0.01,
respectively. Distilled water was used as dispersant and was assumed
to have a refractive index of 1.33. In addition, the root biomass was de-
termined from soil samples collected at 5, 15, 30, and 50 cm depths of
BPs and VPs using root sampler (inner diameter, 25 mm; height,
150 mm). The roots were first gathered after sieving (2 mm mesh)
and washing the soil, then they were dried in the oven at 80 °C to con-
stant weight.

2.5. Dye-tracer infiltration

Three dye-tracer infiltrations were carried out at the interface be-
tween BPs and VPs using the following procedure. The surface vegeta-
tion and a thin layer of the soil (less than 2.0 cm) were carefully
removed to ensure a horizontal surface; and the infiltration hollow
stainless-steel cylinder (single-ring infiltrometer) was inserted at
5 cm soil depth. The side walls and edges of the cylinder were water-
tight. Each cylinder (diameter: 0.2 m, height: 0.3 m) was filled with
42 L of water dye solution containing 4.0 g L−1 Brilliant Blue FCF dye
tracer (Flury and Flühler, 1995) to conduct the tracing infiltration
experiment.

After the infiltration experiments, the wetted area of each plot was
covered with a vinyl film to prevent external water input, and we dug
a vertical section at each interface centre 24 h after the end of the infil-
tration experiment. Then, a pit (length: 100.0 cm, width: 60.0 cm,
height: 70.0 cm) was excavated in front of the vertical soil sections, to
support a digital camera (Canon EOS Rebel T3, Japan) at the distance
of 50 cm from the front and 50 cm from the bottom. Frames (height,
30.0 cm; width, 50.0) were placed at right angles along the vertical
sides of each profile to provide further geometric correction, and a
black umbrella was used to provide soft light during the camera shot
of the soil profiles.

Three dye-stained calibration patches were prepared to define the
concentration ranges (0.05–0.5, 0.5–2.0, and > 2.0 g L−1) of the ob-
tained images (Weiler and Flühler, 2004) on the basis of dye-stained in-
tensity using the Earth Resources Data Analysis System (ERDAS)
IMAGINE version 9.0 (per Forrer et al., 2000; Cey and Rudolph, 2009).
We subsequently performed on each image a geometric correction,
background subtraction, colour adjustment, histogram stretching,
image classification, and visual check. Then, the area of each concentra-
tion rangewas estimated through the value of stained pixels in the dye-
staining patterns (per Jiang et al., 2015).

After the soil profiles shots, the area of each profile was subdivided
into grids (1.5 cm × 1.5 cm) to collect soil samples (height, 1.5 cm;
width, 1.5 cm; thickness, 1.0 cm), which are used to determine soil
gravimetric water content. In total, 1215 soil samples were collected
from each profile (width, 60.0 cm; depth, 55.0 cm). Moreover, the
outer surface of each sample was cut to a thickness of 1.0 to avoid the
impact of climatic factors. Finally, the obtained soil samples were
transported into plastic bag (width, 5.0 cm; depth, 5.0 cm; thickness,
0.25 cm) to the laboratory for further analysis.

2.6. HYDRUS-2/3D subsoil water flow simulation

We used the HYDRUS 2–3/D software package (version 2.03)
(Šimůnek et al., 2006, 2016) to simulate soil watermovement processes
across different ratios of VPs and BPs in the 20 cm (matching the root
depth) of soil in the experimental plots, using a model domain of
4

400 cm2. We selected an atmospheric boundary layer for the upper
boundary condition, towhich precipitationwas applied, andwe applied
a ‘no flux’ lower boundary condition. The left and right boundary condi-
tion were set as free drainage conditions, the evaporation rate is as-
sumed negligible, and the initial water contents are assumed uniform
across the flow domain. Then, the model was simulated with a time
step of 1 h. The HYDRUS-2/3D outputs were used to compute and visu-
alize the subsoil flow across various BPs/VPs configurations (m, 100%
VPs; n, 80% VPs and 20% BPs; o, 60% VPs and 40% BPs; p, 40% VPs and
60% BPs; q, 20% VPs and 80% BPs). Finally, the subsoil volumetric
water content was estimated from HYDRUS-2/3D outputs, in ranges
similar to those of the dye patterns, and compared with observed volu-
metric water content of the field infiltration experiments.

Assuming a homogeneous and isotropic soil, the governing two-
dimensional flow is described by the Richards equation (Celia et al.,
1990), and the equation is solved by the Galerkin finite-element
method:

∂θ
∂t

¼ ∂
∂χ

K hð Þ ∂h
∂χ

� �
þ ∂
∂z

K hð Þ ∂h
∂z

� �
þ ∂K hð Þ

∂z
ð3Þ

where θ is the saturatedwater content (cm3 cm−3), t is the time (min), x
is the horizontal coordinate (cm), z is the vertical coordinate that is pos-
itive upward (cm), h is the pressure head (cm), and K(h) is the unsatu-
rated hydraulic conductivity (cm min−1).

The soil water retention, θ(h), and hydraulic conductivity,K(h), were
described using the analytical functions of van Genuchten (1980) as fol-
lows:

θ hð Þ ¼ θ1 þ θs−θr
1þ αhj jn� �1−1=n h < 0

θ5 h≥0
ð4Þ

K hð Þ ¼ KsS
l
e 1− 1−Sn= n−1ð Þ

e

h i1−1=n
� �2

ð5Þ

where Se is effective saturation:

Se ¼ θ hð Þ−θr
θs−θr

ð6Þ

and where θs is the saturated water content (cm3 cm−3), θr is the resid-
ualwater content (cm3 cm−3),Ks is the saturated hydraulic conductivity
(cmmin−1),α is the air entry parameter (cm−1), n is the pore size dis-
tribution parameter, and l is the pore connectivity parameter. Parame-
ters α, n, and l are empirical coefficients that determine the shape of
hydraulic functions. The van Genuchten hydraulic function parameters
(θr, α, n, and l) were estimated using the Neural Network Function in
Rosetta (Schaap et al., 2001) with soil texture (sand, silt and clay frac-
tions) and soil bulk density as input variables, and the other two hy-
draulic parameters (Ks is and θs) were from our field data (Table 1).

2.7. Simulated rainfall erosion experiment

Three replicates of 200 g intact soil blocks were collected in each soil
plot at of 5, 15, 30, and 50 cm depths. The abundant roots of the root
zone (about 15 cmdepth)were cut off in the boundaries to obtain intact
soil blocks, which were wrapped with plastic film and carefully
transported to the laboratory to produce new-cube soil sub-blocks
(100 g). Then, the sediment yield was measured from the soil sub-
blocks under simulated rainfall using a Meyer style rainfall simulator
(Meyer andHarmon, 1984). The sprinkling pipe of the rainfall simulator
(3 m long) was installed horizontally at 2 m above the ground, and set
to spray an area of 3 m × 3 m through a back and forth swivelling. A
basin collector (50 cmdiameter) containing 100 g intact soil was placed
under the scope to erode the intact soil with a spraying intensity of
10 mmmin−1. This rain intensity was slightly higher than those of the



Table 1
Variation of soil properties (mean ± SE, n = 9) between bald patches (BPs) and vegetation patches (VPs) at different soil depth. KS: saturated hydraulic conductivity; SOC: soil organic
carbon.

Depth
(cm)

Plot Initial gravimetric
water content (%)

Root
biomass
(g m−2)

Bulk
density
(g cm−3)

Noncapillary
porosity (%)

Capillary
porosity
(%)

Field
capacity
(%)

Saturated water-
holding capacity (%)

Ks

(cm day−1)
SOC
(g kg−1)

Particle size

Clay
(%)

Silt (%) Sand
(%)

0–10 VPs 21.85(0.48) 2653.2
(11.29)

1.16(0.01) 5.15(0.38) 49.39
(1.83)

37.54
(3.72)

46.82(1.58) 13.92(1.73) 30.9
(1.11)

3.7
(0.18)

48.0
(0.46)

48.3
(0.29)

BPs 12.43(0.71) 1628.2
(15.11)

1.39(0.02) 4.37(0.55) 45.33
(2.23)

25.78
(2.22)

35.81(1.96) 31.20(2.09) 17.9
(0.90)

2.0
(0.22)

32.6
(1.14)

65.4
(1.22)

10–20 VPs 16.51(0.96) 1416.4
(10.38)

1.17(0.05) 3.88(0.22) 50.43
(1.38)

33.58
(2.04)

46.50(2.65) 24.69(0.68) 29.7
(0.40)

3.8
(0.08)

46.6
(0.46)

49.6
(0.50)

BPs 10.10(2.04) 1219.8
(6.45)

1.42(0.04) 4.49(0.71) 43.57
(2.79)

23.96
(3.79)

33.76(2.39) 29.28(1.73) 15.8
(0.92)

1.8
(0.06)

31.1
(0.92)

67.1
(0.98)

20–40 VPs 15.79(0.72) 800.1
(12.63)

1.30(0.04) 4.39(0.38) 48.26
(1.58)

27.48
(1.99)

40.51(1.99) 27.23(0.85) 20.3
(0.45)

3.2
(0.17)

43.4
(0.69)

53.4
(0.86)

BPs 10.95(0.11) 791.3
(10.00)

1.54(0.05) 3.55(0.27) 41.74
(2.16)

22.47
(1.92)

29.55(2.13) 28.32(2.09) 12.7
(0.25)

3.4
(0.10)

40.0
(0.40)

56.6
(0.35)

40–60 VPs 13.68(0.93) 333.0
(13.74)

1.47(0.07) 3.49(0.59) 42.74
(5.08)

23.52
(4.08)

31.58(5.01) 28.80(0.83) 19.1
(0.84)

2.0
(0.06)

35.8
(0.42)

62.2
(0.37)

BPs 11.94(0.30) 325.6
(9.69)

1.47(0.04) 3.69(0.67) 41.13
(0.96)

21.33
(1.13)

30.59(1.20) 29.28(2.54) 12.5
(0.58)

2.1
(0.07)

33.9
(0.64)

64.0
(0.67)

Summary of ANOVA (p values)
Depth <0.001 <0.001 <0.001 0.343 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Plot <0.001 <0.001 <0.001 <0.01 <0.01 <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 <0.001
Depth × Plot <0.001 <0.001 <0.001 0.057 0.284 <0.05 <0.01 <0.001 <0.001 <0.001 <0.001 <0.001

LSD0.05 values within each bracket after the p values.
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studied site, but it is the lowest intensity of our simulator. The sediment
and water were directed to another basin using a pipe (diameter,
10 cm), and the content was collected every five mins for 40 mins. Fi-
nally, each 5 min collected sample was evaporated and oven dried at
105 °C for 24 h, and the remaining soil was weighted with an electronic
balance to estimate the sediment yield (g).

2.8. Statistical analysis

Soil properties, root biomass, and sediment yields were first tested
for normal distribution, and the non-normally distributed variables
were log or square root transformed. Then, the two-way analysis of var-
iance (ANOVA) test was applied to assess the effects of factors such as
land type (BPs and VPs) and soil depth on the soil properties. Moreover,
t-test was used to compare the dye-staining characteristics such as
maximum dye-stained width, maximum dye-stained depth, and dark
blue area; and the sediment yield between land types. Spearman's
correlation was computed on the data to obtain the relationship be-
tween variables of soil property. All these analyses were computed
using SPSS 20.0 (Statistical Package for Social Sciences, SPSS Inc., Chi-
cago, IL, USA). Moreover, we applied linear redundancy analysis to ex-
plore the relationships between sediment yield and soil properties,
Table 2
Correlations coefficients between soil properties of both bald and vegetation patches. IGWC: in
rosity; CP: capillary porosity; FC: field capacity; SWHC: saturated water-holding capacity; Ks: s

IGWC RB BD NCP CP FC

IGWC 1 0.657⁎⁎ −0.820⁎⁎ 0.417⁎ 0.704⁎⁎ 0.873⁎⁎

RB 1 −0.703⁎⁎ 0.665⁎⁎ 0.575⁎⁎ 0.765⁎⁎

BD 1 −0.499⁎ −0.879⁎⁎ −0.895⁎⁎

NCP 1 0.398 0.445⁎

CP 1 0.854⁎⁎

FC 1
SWHC
KS

SOC
CLAY
SILT

⁎ P < 0.05.
⁎⁎ P < 0.01.
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and conductedMonte Carlo permutation test based on 499 randomper-
mutations to evaluate the significance of the canonical axes eigenvalues
(ter Braak and Smilauer, 2002). Ordination analyses were performed
with CANOCO 4.5.

3. Results

3.1. Soil properties in BPs and VPs

BPs significantly affected the QTP soil properties, whichwere in turn
significantly influenced by soil depth only for the non-capillary porosity
(Table 1). The difference in soil properties between BPs and VPs was
mainly observed at the upper 20 cm of the soil profile. More than half
of the root biomass was confined to the upper 20 cm soil; and the root
biomass in this layer was 43% higher in VPs compared to BPs. The root
biomass was significantly negatively correlated with bulk density
(Table 2). As a result, the bulk density in the 0–10 cm, 10–20 cm, and
20–40 cm soil layers was 17%, 18%, and 16%, respectively, lower in VPs
compared to BPs. The soil Ks was significantly different only in surface
soil (0–10 cm), where the Ks was 124% higher in BPs than VPs (Table 1).
The SOC in the 0–20 cm soil was higher in VPs than BPs. The SOC posi-
tively correlated with the root biomass (0.705**), clay (0.617**) and silt
itial gravimetric water content; RB: root biomass; BD: bulk density; NCP: noncapillary po-
aturated hydraulic conductivity; and SOC: soil organic carbon.

SWHC KS SOC Clay Silt Sand

0.813⁎⁎ −0.831⁎⁎ 0.863⁎⁎ 0.631⁎⁎ 0.820⁎⁎ −0.804⁎⁎

0.701⁎⁎ −0.677⁎⁎ 0.705⁎⁎ 0.444⁎ 0.473⁎ −0.473⁎

−0.982⁎⁎ 0.624⁎⁎ −0.895⁎⁎ −0.586⁎⁎ −0.725⁎⁎ 0.715⁎⁎

0.508⁎ −0.390 0.465⁎ 0.185 0.202 −0.201
0.943⁎⁎ −0.503⁎ 0.759⁎⁎ 0.531⁎⁎ 0.672⁎⁎ −0.660⁎⁎

0.916⁎⁎ −0.759⁎⁎ 0.874⁎⁎ 0.609⁎⁎ 0.751⁎⁎ −0.740⁎⁎

1 −0.630⁎⁎ 0.890⁎⁎ 0.615⁎⁎ 0.751⁎⁎ −0.741⁎⁎

1 −0.700⁎⁎ −0.640⁎⁎ −0.720⁎⁎ 0.716⁎⁎

1 0.617⁎⁎ 0.761⁎⁎ −0.750⁎⁎

1 0.922⁎⁎ −0.939⁎⁎

1 −0.999⁎⁎
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fractions (0.761**), and negatively correlated with the sand fraction
(0.750**) (Table 2). Likewise, the root biomass was also positively corre-
latedwith the clay (0.444*) and silt (0.473*) fractions, andwas negatively
correlated with the sand fraction (0.473*).

3.2. Dominant flow behavior

The distribution of gravimetric soil water content was different be-
tween soil layers and between BPs and VPs (Fig. 2 d-f). A lateral flow,
Fig. 2. Infiltration pattern (a, b, and c) and spatial distribution contour maps (d, e, and f) of soi
vegetation patches (VPs). The dark blue area indicates the flow paths that are heavily stained
green areas are slightly stained with Brilliant Blue FCF dye, and the concentrations ranged fro
preferential flow. The light blue and green areas indicate strong and weak interactions, respec
soil water content in the vertical soil profiles were produced through ordinary kriging wi
gravimetric moisture content was measured.
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a type of preferential flow arising at the interface between soil layers
having different permeability, occurred first at the 20 cm surface layer
of soil profile from VPs to BPs (Fig. 2). The lateral flow continued in
the 20–30 cm subsoil with an opposite direction, and high water was
stored at the upper 30 cm of VPs (Fig. 2 d-f). To clarify, the dark blue
dye stained area was significantly higher in VPs than BPs, while the
light blue and green areas showed no significant differences between
VPs and BPs (Fig. 3 A). The soil water content ranged from 17% to 40%
(average of 32%) in VPs, and from 16 to 37% (average of 30%) in BPs,
l water content (SWC) in the vertical profiles of interface between bald patches (BPs) and
with Brilliant Blue FCF dye (>2.0 g L−1) as water infiltrated the subsoil. The light blue and
m 0.5 to 2.0 g L−1 and from 0.05 to 0.5 g L−1, respectively. The dark blue areas indicate
tively, between the macropores and the surrounding soil matrix. The kriging maps of the
th the Surfer program (Version 10.0, Golden Software Inc., Golden, CO, USA) after the
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though themodal value ofwater contentwas 27% higher in VPs than the
BPs (Fig. 3 B). The estimated total stored water was lower in BPs than
the VPs due to the larger stained area in VPs (Fig. 2 a-c). The subsoil
water flowed uniformly in domain without BPs (Fig. 4m) compared to
domainswith interspersed BPs (Fig. 4 n-q); and for these latter thewet-
ted area mainly restrained at the top soil of VPs. However, a wider area
of interspersed BPs in the VPs induced a larger lateral flow in the do-
main subsoil (Fig. 4 n-q). As a result, the cumulative infiltration and
bulk volume (1 cm× 1 cm× 1 cm) in BPs were linked by a simple linear
relationship with coefficients of determination of 0.969 (Fig. 5).
3.3. Sediment yield

The sediment yield was lower in VPs than the BPs in 0–10 cm,
10–20 cm, 20–40 cm soil layers, while no difference in sediment yield
occurred in the 40–60 cm layer (Fig. 6). The sediment yield in
0–10 cm and 10–20 cm layers was respectively 3.4-fold and 3.1-fold
higher in BPs than the VPs during the first 5 min of artificial rainfall
(Fig. 6). The redundancy analysis of the sediment yield and soil proper-
ties shows that the first two axes explained 91.1% of the total variance of
soil variables (Fig. 7). The first ordination axis wasmainly related to the
Fig. 4. Lateral flowwasmore dominant along with the greater BPs, whichwas simulatedwith H
considered BP and VP (matched soil properties in soil depth of 0–10 cm in Table 1) as twomate
100% VPs; n, 80% VPs and 20% BPs; o, 60% VPs and 40% BPs; p, 40% VPs and 60% BPs; q, 20% VP
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sediment yield and SOC (Fig. 7). The correlations of sediment yield and
soil properties with the first and second axes were 0.957 and 0.699, re-
spectively. The sediment yields negatively correlated with soil proper-
ties such as noncapillary porosity, root biomass, clay, silt, initial water
content, capillary porosity, saturated water-holding capacity, and field
capacity, while it positively correlated with bulk density, sand, and Ks.
SOC showed opposite relationshipswith these soil properties compared
with sediment yield.
4. Discussion

4.1. Soil properties as affected by bald patches

Bald patches did not affect the soil properties in the deep soil layer of
20–60 cm (Table 1). However, the difference in soil properties between
BPs andVPswasmainly observed at the surface 0–20 cm layer of the soil
profile, because of the highest root biomass in this layer (Table 1). The
root biomass of alpine meadow principally confined at the upper
20 cm of the soil profile, and the corresponding fluctuations in the soil
physical properties mostly appeared in this layer (Table 1). The pres-
ence of root biomass in subsoil can involve two essential changes to
YDRUS-2/3D. Given that the significantly defference of Ks was observed in the top soil, we
rial in this model. Rainfall intensity was 12 cm hour−1. Various BPs/VPs configurations (m,
s and 80% BPs).
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Fig. 7. Redundancy analysis ordination diagram of sediment yield (SY), soil organic
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soil properties: (1) the roots activities (growth, development, and
death) and root channels can directly affect soil bulk density, porosity,
and Ks (Ilstedt et al., 2007; Benegas et al., 2014; Jiang et al., 2018), and
(2) decayed roots can serve as a source of SOC (Carsan et al., 2014;
Chen et al., 2018). Previous research found that bulk density, water-
holding capacity, and SOC are primary indicators of grassland or
meadow degradation (Dong et al., 2012). Here, the soil properties sig-
nificantly varied between VPs and BPs, and between soil layers, apart
from noncapillary porosity which did not vary among soil layers
(Table 1).

The results from this study also show that the SOC was lower in BPs
than the VPs, and this low SOC in BPs conducted to low porosity, field
capacity, and saturated water-holding capacity, but high bulk density
and Ks (Table 2, Fig. 7). This finding is consistent with previous findings
where high SOC loss from soil results in high bulk density and low po-
rosity; reducing the soil infiltration, water storage, and air storage ca-
pacity (Franzluebbers, 2002; Wall and Heiskanen, 2003; Celik, 2005).
Moreover, Gregorich et al. (1994) reported that SOC is important in
maintaining soil tilth, aiding infiltration and promoting agroecosystems
water retention. However, for Piccolo andMbagwu (1999) the degrada-
tion of soil properties is associated to a decrease in soil SOC hydrophilic
components (e.g., polysaccharides), which may limit the surface soil
water absorption. In this study, the SOC was lower in BPs than the VPs
indicating both the decrease in SOC and deterioration of the other soil
properties can be the consequences of the occurred BPs in QTP alpine
meadow. The existence of BPs in QTP alpine meadow degrades its soil
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properties, and the degrading VPs can lead to severe environmental is-
sues at the regional and global scales. This phenomenon is similar to the
effect of unsustainable management practices (ploughing, overgrazing,
and plant cover change) in alpine pasturelands (Li et al., 2007).

4.2. Water infiltration behavior as affected by bald patches

The degradation of alpine meadow has been of concern in the past
years because of the importance and uniqueness of QTP eco-hydrology,
the contribution of soil hydraulic properties and its associated internal
factors (Li et al., 2007; Wang et al., 2007; Cheng et al., 2008). The in-
crease in alpine meadow degradation has significantly reduced the
root activity and SOC (Zeng et al., 2013), but raised the sand fraction
(Table 1). These changes lead to high soil bulk density and low porosity,
especially in BPs, thereby lowering the air and water storage capacities
(Wall and Heiskanen, 2003; Celik, 2005), and disturbing the subsoil
water flow behavior (Kabir et al., 2020). In this research, we used Ks,
which represents the ability of soil to facilitate the water flux under
Time (min)
5 10 15 20 25 30 35 40
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B

layers of the two patches. A, bald patches; B, vegetation patches.
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saturated conditions (Kutílek, 2004), to analyze the soil water conduc-
tivity. Moreover, the volumetric water contents and HYDRUS-2/3D sim-
ulations were used to examine the dominant water flow at the interface
between BPs and VPs.

The results of this study show that Ks was lower in VPs than the BPs
for the top 0–20 cm layer (Table 1). This finding is in agreement with
the results of Cheng (2008) and Zeng et al. (2013), but in conflict with
the result of Wang et al. (2007) who found that soil Ks increases with
the increasing vegetation degradation. This discrepancy can be due to
the existing mattic epipedon layer which in our study site compara-
tively to that of Wang et al. (2007). The Ks of BPs soils significantly in-
creased with the decreasing area of the mattic epipedon layer. This
result was different from those in arid and semiarid zones where the
Ks is higher in VPs than the BPs (Assouline et al., 2015) or increases
along with aboveground biomass of VPs (Thompson et al., 2010).
Besides, the Ks of both BPs and VPs significantly correlated with bulk
density, porosity, soil organic matter, and root density, which was con-
sistent with the conclusions of Zeng et al. (2013). However, as expected
the Ks negatively linked to root biomass (−0.677, P < 0.01, Table 2)
because of the high entwined roots at the topsoil soil layers (mainly
in VPs) of the mattic epipedon layer that can reduce the water
permeability.

In the system BPs-VPs, VPs with low Ks generated high runoff during
rainfall, and BPswith high Ks accepted and infiltrated the produced run-
off. Therefore, the presence of BPs in the QTP can amplify the effect of
spatial variation of water infiltration and runoff on the water distribu-
tion in soil of alpine meadow. This result was different from previous
findingswhere BPs are the sources of runoff water, sediments, nutrients
and other soil materials (Carmi and Berliner, 2008; Kakembo, 2009;
Davis et al., 2010); while VPs are sinks of these materials (Eldridge
and Greene, 1994; Boer and Puidefábregas, 2005; Itzhak et al., 2007).
Thus, BPs play a major role in the distribution of water, nutrients, and
sediment (Carmi and Berliner, 2008; Kakembo, 2009; Davis et al.,
2010). Such differences in soil properties between BPs and VPs can
also affect the distribution pattern of vegetation cover (Wamelink
et al., 2018).

The existence of BPs in the VPs highly affected the QTP subsoil water
flow behavior. The subsoil water flowed uniformly in domains without
BPs (Fig. 4 m) compared to the domainswith interspersed BPs (Fig. 4 n-
q). Thus, a lateralflowoccurred, both at point and slope scales, fromVPs
to BPs in the top soil layer (0–20 cm); then, it expandedwider from the
shallow layer of BPs to the deep soil layer of VPs in the subsoil (> 20 cm)
(Figs. 2 and 4). Wider was the area of BPs in the VPs, larger was the lat-
eral flow in the subsoil (Fig. 4 n-q), resulting in a linear relationship be-
tween cumulative infiltration and BPs bulk volume (R2 =0.969, Fig. 5).
The lateral flow became more dominant in the subsurface than in shal-
low soil, alongwith the increasing area of BPs, leading tomorewater in-
filtration into soil (Figs. 4 and 5). The roots at the soil surface have
potential to retain soil moisture (Wang et al., 2007; Cheng et al.,
2008), resulting in higher soil moisture in VPs than the BPs and in
20–50 cm subsoil than the 0–10 cm layer (Table 1 and Fig. 2). In short,
thepresence of BPs in theQTP created a heterogeneity of its soil physical
and biological properties, which can change the soil Ks and water stor-
age capacity, aswell as thewater flowpatterns andwater flow behavior
in the system BPs-VPs.

4.3. Sediment yield as affected by bald patches

The existence of BPs in theQTP affected its soil erosion. The sediment
yieldwas negatively correlatedwith the root biomass, SOC, clay, and silt
fractions;while it was positively correlatedwith bulk density, sand frac-
tion and Ks (Table 2 and Fig. 7). The high bulk density and sand provided
original materials for the sediment yield, and water flow with high Ks

could carry the lost sediment. Previous research found that SOC can ad-
here to soil particles to reduce sediment loss (Gregorich et al., 1994;
Kay, 2000). Once BPs occurs on the QTP, this latter lose its soil cover
9

and the water erosion reduces SOC and other nutrients from soil (Su
et al., 2006; Mekuria et al., 2012; Wang et al., 2014). Water erodes
14.1 t ha−1 of sediment and 0.69 t ha−1 of SOC annually, leading to a
loss of small soil particles and an increase in the fraction of larger soil
particles (Su et al., 2006; Al-Farraj, 2008;Huet al., 2016). The SOC signif-
icantly and positively correlated with clay and silt fractions, but nega-
tively correlated with the sand fraction (Table 2). As a result, particles
such as clay and silt were washed away by runoff during the formation
of BPs, leading to the emergence of coarse texture at the upper soil layer
(Table 1).

About one quarter of the total sediment eroded in the first 5 min of
the artificial rainfall. The sediment yield was 37% higher in the BPs
than the VPs. Moreover, for the first 5 min of simulated rain, sediment
yield of VPs was 131% lower in the shallow 0–20 cm layer (with root)
than in the deep 20–40 cm (without root) layer, while BPs experienced
opposite trendwith 14% higher sediment yield in shallow layer than the
deep layer (Fig. 6). Such difference of sediment yield between VPs and
BPs can be mainly due to the root system of the alpine meadow,
which was confined in the upper 20 cm of the soil profile (Table 1).
This difference in sediment yield between VPs and BPs could become
heavier along with the increasing slope (Bouchnak et al., 2009). Previ-
ous research reported thatmore than half of the roots of alpinemeadow
spreads in the 0–20 cm depth (Yan et al., 2001; Wang et al., 2009; Zeng
et al., 2013). The cumulative sediment yield was higher in the BPs than
the VPs (Fig. 6), suggesting a potential contribution of each soil layer on
soil erosion once the cover of alpine meadow disappears. The sediment
yields were negatively correlated with the root biomass (−0.578,
P< 0.01), and clay (−0.754, P< 0.01), and silt (−0.855, P< 0.01) frac-
tions; while it was positively correlated with sand fraction (0.850,
P < 0.01) and KS (0.71, P < 0.01) (Table 2 and Fig. 7). The adhesion of
root system to soil can serve as an important physical barrier, protecting
the soil particles both from subsurface water flow and runoff erosions
(lateral flow and overland flow), and the mattic epipedon layer on soil
surface can directly reduce rain splash erosion.

4.4. Process of alpine meadow degradation

The formation of BPs, leading to alpine meadow degradation, was
mediated by the roots loss in the 0–20 cm soil layer, followed by sedi-
ment erosion which principally depended on the interrelationship be-
tween soil properties. BPs took place after loss of the VPs vegetation
cover and high sediment loss, which lowers the ground surface of alpine
meadow and progressively increased the size of BPs (Fig. 8 A). As a re-
sult, the root system in the soil decreases and the soil particles settle
at surface soil layer of BPs. This occurring soil fraction in BPs (without
root system) was easily moved and eroded by high water flow (Fig. 8
B), leading to two common phenomena in Beiluhe basin: (1) a lateral
flow occurred at subsurface layer (Fig. 8 C), and (2) some isolated VPs
were easily eroded, removed, slid down, and lost (Fig. 8 D). Indeed,
the simulated rainfall mainly eroded the smallest soil particles from
the BPs to form a coarse surface soil layers, and the downcutting of
headwards erosion lowered its ground levels. The created lower ground
level of BPs relative to the ground level of VPs alternated to form an ero-
sion interface, where raindrops detached soil particles which was likely
eroded by lateral flows. Raindrops also easily separated or stripped the
marginal alpine meadows (especially, those near the lower edge of
VPs), then washed them away through runoff (Figs. 6 and 8).

The processes and compositions of runoff in the QTP aremainly con-
trolled by bidirectional freezing of the active layer (Zhang et al., 2011;
Wang et al., 2017). Here, we designed a conceptual model to under-
stand the impact of freezing-thawing on soil erosion in unidirectional
freezing over the ground (Fig. 9). Thus, considering the thickness of
the active layer (only 140 cm) and the results from the above sections,
(1) the soil freeze earlier in the lands with small vegetation coverage,
then (2) the frost heave or upheaval becomes more substantial in
areas with high water content (egg. VPs). Previous study suggested



Fig. 8. Structural equationmodel (A) and field evidence (B, C, and D) demonstrate that plausible pathways throughwhich Ks could enhance sediment yield (SY) and the indirect effects of
RB and BD on SY. Arrow widths indicate the strength of standardized path coefficients. The numbers associated with the arrows indicate the path coefficients calculated from Mantel
correlations. R2 value represents the proportion of total variance explained for the specific dependent variable. χ2 = 58.983, df = 13, probability level = 0.000, RMSEA = 0.392,
AIC = 102.983. B: Root biomass confined to the upper 20 cm of the soil profile. The belt area marked by blue line shows that the soil particles (without the adherence of root systems)
easily eroded by lateral flow, rainfall, wind, and so on. C: A pipe flow appeared when soil particles eroded by lateral flow that occurred at the surface between BP and VP. D: some
isolated VPs could be removed, slid down, and lost when soil particles between BPs and VPs eroded by lateral flow. Thus, various water flow behavior could provide different water
content for the soil layers, inducing a disturbance in the freezing-thawing process between meadow soil layers. RB: root biomass; BD: bulk density; NCP: non-capillary porosity; SOC:
soil organic content; Ks: saturated hydraulic conductivity.
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that the beginning of freezing is linked to vegetation coverage (Wu
et al., 2003). The size of the frost heave was affected by soil water con-
tent and can in turn influence the soil Ks and soil water flow behavior
(Fig. 9 B). The soil with higher water content can release and absorb
more heat during the freezing-thawing process (Wang et al., 2007;
Cheng et al., 2008).

The difference in soil water content between BPs and VPs affected
soil freezing times in the system BPs-VPs, resulting in frost heaves in
the gentle slope surface soil between two adjacent BPs and VPs (Fig. 9
C). These slope patchesmayblockheat dissipation fromVPs subsoil dur-
ing winter, and serve as heat insulation and temperature buffer (Wu
et al., 2003). Thus, the thawing process in VPs was lagged behind that
in the BPs at the soil interface, resulting in the formation of thaw
slump at the soil interface between VPs and BPs (Fig. 9 D). Previous re-
search similarly found that small freeze-thawing solifluctions creep oc-
cursmainly in the shallow surface (Harris andDavies, 2000;Matsumoto
et al., 2010). Consequently, the soil can be moved across the active soil
layer with water as a lubricant, because of the difference in Ks between
the soil layers of BPs and VPs.Wang et al. (2018) similarly reported that
the ground above the sliding surface is easily deformed and displaced
after undergoing a year-round cycle of freezing and thawing. To con-
clude, soil water content can obviously affect freezing-thawing process
of the active permafrost layer and solifluctions creep process, which in
turn may accelerate the degradation of alpine meadow in Beiluhe
basin. The degradation will becomemore serious when more water in-
filtrates into the soil along with the increasing area of the BPs (Figs. 4
and 5). Thus, BPs can spread very fast after experiencing several degra-
dation processes (Fig. 9), increasing the desertification process in the
QTP with the formation of sparse small–sized thermokarst lakes.

The current study improves our understanding of the degradation of
alpine meadow soil and its ecosystem. It also enables us to predict the
10
changes in QTP to provide guidelines that can help to improve the
water flow modelling in QTP and similar regions. Considering the
wide distribution of BPs on the QTP in China, and the difficulty to totally
restore the QTP (Wang et al., 2007), the degradation of alpinemeadows
can be controlled through the guidance of relevant principles: a cover of
residues (crop, vegetation, plastic mulch, etc.) should be maintained on
bald soil surface once soil vegetation is removed to delay the formation
of BPs. This strategy can reduce the special variation of soil water con-
tent and soil properties in the QTPs, and weaken the freezing-thawing
and erosions which lead to the formation of BPs.

Many areas of the world share similar features with our study
site. Thus, the findings from this research are not only restricted to
alpine meadow of QTP. Our results are also applicable to alpine tun-
dra ecosystem in Changbai Mountain (Northeast China), and even
other ecosystems such as alpine vegetation in Japan; alpine tundra
ecosystem in North American (USA, Canada) and South American
(Peru) (Schorghofer et al., 2017); alpine ecosystems in the Pacific
Islands (Hawai‘i, New Zealand, and New Guinea) or in Africa Tropical
Mountains (Kenya, Tanzania, Mt. Kilimanjaro, and Uganda); and per-
mafrost zones in Europe (Abramov et al., 2008; Vieira et al., 2010)
and Antarctica. Since surface vegetation is very sensitive to temper-
ature (Solangi et al., 2019), and the alpine meadow/tundra supplies
water for many downstream uses; it will be interesting to know
howwater resources could affect the future changes in precipitation,
evapotranspiration, and the accumulation and loss of snowpack in
high mountains and cold regions.

5. Conclusions

The incidence of BPs inQTPwidely affected the degradation of alpine
meadows. This study used a combination of methods (soil properties,



Fig. 9. Conceptual diagram of the underlyingmechanisms controlling the alpinemeadow degradation in the Qinghai-Tibetan Plateau of China. A: bald patches resulting from overgrazing,
human and plateau pika (Ochotona curzoniae) activities. B: Marginal meadow and soil particles eroded readily by rainfall and lateral flow. C: Frost heave in the surface soil resulting from
different episodes of soil freezing and variation of soil water flow behavior between vegetation patches and bald patches. D: Thaw slump at the soil interface between vegetation patches
and bald patches resulting from the differences in thawing processes at this soil interface. Move distance shows the degradation of the vegetation patches after a cycle of themechanisms
(A to D); where vegetation patches area was reduced expanding the area of bald patches.
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soil erodibility, and water infiltration patterns) to interpret the impact
of BPs on the underlying mechanisms of QTP soil water storage and as-
sociated soil erosion,which substantially contributed to thedegradation
of alpine meadow. Both the mattic epipedon layer and over half of the
entwined roots system on the top soil (0–20 cm) of VPs contribute to
the difference in soil properties between BPs and VPs. In addition,
about one quarter of the total sediment eroded in the first 5 min of
the artificial rainfall, and the sediment yield was 37% higher in the BPs
than the VPs. Based on these findings, the BPs soils erode faster than
those of the VPs; and the downcutting of headward erosion lowers
the ground levels of BPs. The created lower ground level of BPs relative
to the ground level of VPs alternated to form an erosion interface, where
marginal meadow is likely detached by raindrops, and washed away
through runoff. Concomitantly, the mattic epipedon layer in the VPs di-
rectly reduced the impact of raindrops, and the adhesion of its root sys-
tem prevents soil particles from stripping and washing away by runoff.
The saturated hydraulic conductivity (Ks) at the surface soil (0–10 cm)
was 124% higher in BPs than the VPs. Therefore, the strewing of BPs in
the VPs caused a spatial variation of infiltration and runoff in QTP, lead-
ing to higher infiltration capacity of the BPs soils compared to those of
VPs. This difference in Ks between the two patches conducted to soil
11
layers with different water contents; and a lateral flow occurred from
BPs to VPs. Such soil and water feature can disturb both the freezing-
thawing process and the thaw slump rate between soil layers; acceler-
ating the alpine meadow degradation. The degradation would become
more serious if BPs continued to propagate in the QTP. This research
highlight that the differences in soil physical and hydrological proper-
ties between BPs and VPs would provoke the alpine meadow degrada-
tion in the QTP. Future study would focus on the relationship between
vegetation recovery and alpine meadow degradation in other high de-
sert and cold systems. A limitation of this study is the use of higher rain-
fall intensity for the simulated erosion experiments compared to the
maximum rain intensity of our study sites. Such higher rain intensity
might overestimate the amount of eroded soil particles compared to
the real environment. However, it will not affect the comparison of
soil loss between soil layers and between BPs and VPs.
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