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Abstract: The Qinghai-Tibet Plateau (QTP) has an important function in ensuring the water ecological
security of China, even Asia, and the soil water storage of alpine grassland is an important part of the
ecosystem water. Grassland degradation directly affects the soil water storage capacity. However,
the impact of degradation on specific soil storage capacity, especially alpine shrubs, is rarely studied.
Here, we chose two plots of alpine non-degraded shrub and degraded shrub, using the automatic
soil moisture monitoring system to study the change process of soil moisture storage, and then
adopted the boosted regression tree (BRT) model to quantitatively evaluate the relative influence
of environmental variables on soil water storage. Our results show: (1) The soil water storage in
the growing season (May—-September) is higher than that in the non-growing season (January—-April
and October-December), and the soil water storage reaches its highest in mid-July. (2) During the
growing season, the 100 cm soil temperature was the most important factor affecting the seasonal
variation in soil water storage, accounting for 51% of the total variation. During the non-growing
season, the 40 cm soil temperature was the most important factor affecting the variation in soil
water storage, accounting for 80% of the total variation. (3) The soil water storage of non-degraded
Potentilla fruticosa shrub meadow increased by 6-25%, compared with degraded grassland shrub
meadow during growing-season. (4) Various meteorological factors have a weak impact on soil
water storage.

Keywords: soil water storage; alpine shrub; meteorological factor; northeastern Qinghai-Tibetan Plateau

1. Introduction

Soil water is a limiting factor for vegetation growth [1,2] and is an important part
of water circulation in the soil-vegetation—atmosphere system; thus, soil water storage
plays a vital role in the ecological system and hydrological processes in the interaction
between groundwater and surface water, with research in this field having acquired a
global scale [3]. However, because of the grass degradation caused by global warming and
human activities, water loss and soil erosion are aggravated, resulting in the continuous
decline of grassland ecosystem productivity and water holding capacity [4,5], as well as the
acceleration of soil desiccation leading to increased vegetation water shortage overall [6].
The topsoil layer provides conditions for the transformation of precipitation into the soil
water. The soil receives rainfall, whereas it also consumes water because of vegetation
growth [2]. Therefore, the changing pattern of soil moisture and its influencing factors
have become a topic of great interest in the research of water conservation functions in
recent years.
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Many scholars have adopted modeling methods [7,8] to simulate the impact of climate
change and predict the change on water storage in the coming decades, using remote
sensing images, satellite altimetry data, and gravimetry data, such as ICESat/GLAS al-
timetry data, MSS/TM/ETM plus imagery [9], and GRACE Satellites [10]; though the
results obtained from these methods have been limited. However, many recent studies
have shown that extensive evaluation of global-scale high-resolution satellite-based rainfall
(SBR) products, especially IMERG-V5 and GSMaP-V7 [11-13], which can be a good alter-
native for monitoring daily precipitation, explains the merit of precipitation products in a
near-real-time way. Dekai Lu (2018) indicated that accurately measuring light rainfall and
winter snow was still a challenging task for the current satellite precipitation retrievals in
the paper “Evaluation and Hydrological Utility of the Latest GPM IMERG V5 and GSMaP
V7 Precipitation Products over the Tibetan Plateau” [14]. Based on these aspects, on the
one hand, the parameters of the same models are often different because of spatiotemporal
heterogeneity, leading to the uncertainty of the models. At the same time, some models
fail to consider important meteorological factors, such as evaporation. On the other hand,
because the change in water storage is a complex process, it is not only affected by climate
conditions and human activities, but also by vegetation, topography, and other factors, re-
sulting in significant dissimilarities in the simulation results of different models. Therefore,
it is necessary to combine the measured water content data to further clarify the response
characteristics to environmental factors.

The QTP has great strategic significance to guarantee water resource security in China
and Southeast Asia [15]. The study of environmental factors on the characteristics of water
storage on QTP, and the seasonal and interannual dynamics of water storage is weak and
mainly focuses on lakes, such as Nam Co Lake [16], Aksai Chin Lake, and Bangdag Co
Lake [17], Chibuzhang Co Lake and Duoersuodong Co Lake [18], and alpine meadow [19].
The study of water storage in alpine shrubs, which is an important part of alpine meadows,
has been rarely reported. Previous studies have shown that soil water storage was largely
determined by soil organic matter [20] and mattic epipedon [21] in alpine grassland; soil
water infiltration rates of topsoil decreased as alpine grasslands degraded [22]. Rainfall
exerts little effect on the seasonal dynamics of deep soil water infiltration, as almost all
rainfall returns to the atmosphere via evapotranspiration on QTP [23]. In addition to the
soil and biological factors, the capacity of soil water storage is restricted by meteorological
factors through interaction with the soil-vegetation—atmosphere system [24]. Climate
change could reduce soil water storage in many regions [25,26]; this is consistent with
the data observed from 2001 to 2020 in our monitoring sites. Reductions in soil water
storage will affect the hydrological cycle by affecting surface albedo [27]. Furthermore,
meteorological factors are an important measure of climate change; in this study, we tried
to deplore the meteorological factors on soil water storage on the QTP.

Therefore, we used continuous automatic observation data of total net radiation, air
temperature, differential pressure of saturated water vapor, precipitation, wind speed,
relative humidity, and sunshine duration from 2017 to 2020, with the aim of quantitatively
evaluating the contribution of meteorological factors to soil water storage in an alpine shrub
meadow at the stage of degradation and non-degradation in this study. Consequently,
we examined the dominant factors and revealed the influencing mechanism of grassland
degradation on soil water retention. These results will help inform decisions on the
management of degraded alpine shrub meadows.

2. Materials and Methods
2.1. Study Area

The study was conducted at Ganchaitan, which is a site close to the Haibei station
(101°19’ E, 37°37' N, 3240 m) in the northeastern QTP, located in Qinghai Province, China
(Figure 1), from June 2017 to November 2020. This site has a plateau continental monsoon
climate. The mean annual precipitation is approximately 562 mm, of which almost 80%
falls during the growing season (May to September) [28]. The mean annual air temperature
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is approximately —1.7 °C, with the maximum in July (9.8 °C) and the minimum in January
(—14.80 °C) [29]. The soil type in the study area was classified as Mollic Gryic Cambisols
according to Soil Taxonomy [30], with abundant soil organic matter (SOM) in the surface
layer. The thickness of the aquifer is approximately 50-70 m, and the shallow groundwater
depth is 2.56 m [20]. Rodent infestation has been recognized as the main cause of shrub
degradation at this site [20]. We used Potentilla fruticosa shrub coverage and the number of
species as indicators of degradation. The aboveground biomass, belowground biomass,
and other basic information of the study site are shown in Table 1. The soil characteristics
are shown in Table 2 [31].
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Figure 1. The location of study area. Site 1 was the location of the degraded shrub, while site 2 was
the location of the non-degraded shrub.

Table 1. The basic information of alpine shrub meadow in this study.

Non-Degraded Shrub Degraded Shrub
Altitude (m) 3335 3337
Potentillafruticosa shrub coverage (%) 95% 75%
Number of species (N) 23 22
Aboveground biomass (g/m?) 388 + 25 293 + 36
Root biomass (g/m?) 2447 + 349 1656 + 640

Dominant species composition and
plant community description

Potentilla fruticosa L.
Kobresia humilis,
Double-stigma Bulrush,

Polygonum viviparum L.

Elymus nutans Griseb.

Polygonum viviparum L.,
Elymus nutans Griseb.,
Double-stigma Bulrush
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Table 2. The soil characteristics of alpine shrub meadow in this study.

Soil Nutrient Soil Depth/cm Non-Degraded Shrub Degraded Shrub
0-10 64.39 + 3.04 61.93 + 6.98
Soil organic matter/ 10-20 59.35 +2.62 60.90 & 5.69
(g'kg 1) 20-30 58.31 £2.78 29.39 £5.30
3040 32.68 £+ 3.31 28.75 +4.29
0-10 528 +0.42 5.06 + 0.35
Soil total nitrogen/ 10-20 494 +0.29 4.38 £0.18
(g'kg™) 20-30 453 +£0.24 2.21+0.35
3040 3.15+0.27 2.35+0.65
0-10 54.48 £ 3.18 59.49 + 4.17
Soil total carbon/ 10-20 49.88 £ 1.56 52.86 + 1.05
(g'kg™) 20-30 4553 £ 1.65 37.58 £ 1.41
30-40 30.92 £3.11 38.06 + 3.86

2.2. Data Collection
2.2.1. Meteorological Data

The meteorological parameters included relative humidity (RH), wind speed (WS), net
radiation (NR), soil temperature (ST), effective radiation (ER), air pressure (AP), heat flux
(HF), and mean air temperature (MT). They were obtained from a meteorological station
(Molis 520; Vaisala, Finland) between 2017 and 2020. Precipitation was collected using a
precipitation gauge (52,203, RM Young, MI, USA) at a height of 0.5 m. Evapotranspiration
(ET) was collected from the eddy covariance system at a distance of 80 m away from our
study site in the southwest. The observation frequency of all meteorological parameters
was 30 min.

2.2.2. Ground Reference Data

The plant community was surveyed every month during the growing season using a
grid method of quadrat survey procedure (0.5 x 0.5 m). Absolute coverage was calculated
based on the occurrence within 100 points. The number of species was measured based
on the relative aboveground biomass in the same quadrat. Aboveground biomass was
obtained using a standard harvesting method; 5-8 repeated samplings were carried out
using a 50 x 50 cm sample box, root biomass was obtained using root drilling with an inner
diameter of 7 cm, randomly arranged in the aboveground biomass survey quadrats, the
roots were washed and then dried at 65 °C to constant weight; the total number of samples
was 18. Soil organic matter was determined by volumetric dichromate method, and total
soil carbon and total nitrogen were determined by an elemental analyzer (Perkin Elmer
24001I).

2.2.3. Soil Water Storage

Soil volumetric water content (SWC) and soil temperature (Ts) were simultaneously
measured by a coaxial impedance dielectric reflectometer (Hydra probe 1II, Stevens, OR,
USA), and the observation equipment was installed in May 2016. The observed soil depths
were 5, 10, 15, 20, 30, 40, 50, 60, 80, and 100 cm in sequence, and the observation frequency
was 30 min. The different depths of soil temperature were described as x5 cm ST, x10 cm
ST, x15 cm ST, etc. The measured data were recorded in a data collector CR800 (Campbell,
UT, USA). There were no repetitions in the instrument measurement, and measurement
frequency was increased to reduce errors. Furthermore, to avoid the effect of soil properties
on the accuracy of soil water content measured by reflectometer, we adopted a field
manual calibration method to calibrate the soil water content measured by reflectometer
measurements, i.e., using a cutting ring sampler to obtain the undisturbed soil sample
at the same depth around the buried site of the probe sensors in each month, with four
replicates in each depth; then the soil moisture was measured by manual measurement
with linear regression and the soil moisture was measured by reflectometer measurements
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to obtain the calibration coefficient. The total soil water storage (SWS), defined as the actual
water content in a soil sample of a given thickness under natural conditions and expressed
in mm precipitation, was calculated as follows:

SWS=Y""  (Wuvi x Hi x 10) 1)

SWS is the soil water storage (mm), Wv is the soil moisture content (wt %), and H is
the thickness of the soil (cm).

The daily soil water storage and meteorological data from 2017 to 2020 was averaged
according to the sequence day to obtain the general seasonal variation characteristics of
soil water storage at different levels in order to reduce the impact of abnormal weather.
The resolution (temporal/spatial), sources, and data ranges of the different datasets of the
study site are shown in Table 3.

Table 3. The dataset information of alpine shrub meadow in this study.

Item Temporal Resolution Sources Data Ranges
Meteorological data Every 30 min Molis 520; Vaisala, Finland
Precipitation Every 30 min 52,203, RM Young, USA
Potentillafruticosa shrub coverage During the growing season Manual investigation 0-100%
Number of species During the growing season Manual investigation
Aboveground biomass During the growing season Standard harvesting method
Root biomass During the growing season Root drilling method
Soil organic matter During the growing season Volumetric dichromate method
Total soil carbon During the growing season Perkin Elmer 240011
Total nitrogen During the growing season Perkin Elmer 240011
. . . Hydra probe II, Stevens, USA, o
Soil volumetric water content Every 30 min Campbell, USA 0-100%
. . Hydra probe II, Stevens, USA, B 5
Soil temperature Every 30 min Campbell, USA 40-60 °C

Soil water storage

Every 30 min formula calculation

2.3. Statistical Analysis

Because stronger collinearities and nonlinearities were observed among meteorolog-
ical variables, it is inappropriate to examine the results based solely on the coefficient
value of independent variables in multiple regression analysis. Consequently, a boosted
regression tree (BRT) model was adopted to quantitatively evaluate the relative influence
of environmental variables on soil water storage, without any transformations. The BRT
approach has often been applied to improve the performance of a single model by fitting
a large number of models, which are then combined to yield an overall prediction. The
BRT model only uses two algorithms [32]. First, regression trees are obtained from the
regression and classification groups of individual models. Second, the collection of models
is then combined to yield the boosted regression tree. In addition, BRT incorporates the
important advantages of tree-based methods and can deal with different types of predictor
variables, irrespective of whether the variables are normally distributed. Furthermore,
neither transformations nor outlier elimination are required, and the method can cope
well with nonlinear relationships [33]. Therefore, BRT was applied to assess the individual
influences of controlling factors on the variations in soil water storage, without gap-filling,
and then each of the variables’ contributions to dependent factors was demonstrated using
the BRT results.

The Corrgram package and Dismo [34] package was used in R software to complete
the statistical analysis. The bag fraction, learning rate, and tree complexity, which were
the main parameters in the BRT model sampling were 0.5, 0.001 and 5, respectively, and
10 cross-validations were performed. All statistical analyses were conducted using R
software version 4.03, and all figures were plotted using Origin 9.1.
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3. Results and Analysis
3.1. The Variation of Meteorological Factors

All meteorological factors exhibited seasonal changes (Figure 2); the daily mean
temperature raised gradually from January to July and reached the maximum value in
July, which was 11.18 °C, and showed a downward trend from August to December. The
evapotranspiration had a similar trend with the temperature change, with a maximum
value of 107.18 &+ 5.62 mm in July. The precipitation and relative humidity increased
gradually from January to August and May, reached their maximum in August, which
was 101.87 &£ 4.46 mm and 85 =+ 1%, respectively, and decreased from August to December.
The effective radiation, net radiation, and heat flux reached the maximum in May. The
wind speed and air pressure reached the maximum in April and September. However, the
rainfall was mainly concentrated in the growing season (80%), and the precipitation was
lower in the non-growing season. The difference of evapotranspiration and precipitation
was —29.86 to 4.63, evapotranspiration was greater than precipitation except for August,
September, and October, on a monthly scale. The total evapotranspiration and precipitation
value was 576.97 £ 5.83 mm and 531.9 1 & 4.47 mm on an annual scale during 2017 to 2020.
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Figure 2. Seasonal variation of meteorological factor.

The temperature and soil water content of each soil layer varied greatly throughout
the year according to the data from 2017 to 2020 (Figure 3). The temperature of each soil
layer in both non-degraded and degraded shrub had the same trend: the shallow soil
temperature (0—60 cm) fluctuated greatly, while the deep soil temperature (60—100 cm)
fluctuated slightly for the shallow soil temperature, which was significantly affected by
air temperature (Figure 3a). The change in soil water content of non-degraded shrub
(Figure 3b) and degraded shrub (Figure 3c) was roughly the same as that of temperature.
In the growing season, the change in soil water content in the shallow layer (0—60 cm)
fluctuated greatly, while that in the deep layer (60—100 cm) fluctuated slightly because the
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precipitation from May to September was more abundant than that in the non-growing
season, and 70% occurred from July to September. In the non-growing season, the soil
water content in each layer decreased compared with the growing season, and the surface
soil water content was the lowest, which was mainly caused by the gradually increasing
freezing depth. The soil frost began to melt on mid-March, completely melted in early
May, and a new round of permafrost began until early November; the soil water content
increased significantly when the soil frost completely melted. This is consistent with the
theory that freezing is one-way freezing and thawing is two-way thawing [23].
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Figure 3. Variations of soil temperature (a), water content in non-degraded shrub (b) and water
content in degraded shrub (c) during the year.
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3.2. Soil Water Storage of the Degraded and Non-Degraded Shrub

Based on the data for 2017—2020 (Figure 4), on a seasonal scale, the soil water storage
in the growing season was significantly higher than that in the non-growing season, and
there were obvious fluctuations in soil water storage at 0—100 cm soil depth in the alpine
shrub. During the growing season, soil water storage can be characterized by a double
peak. Due to the melting of seasonally frozen soil, soil water storage began to increase
dramatically in mid-March, peaking at the beginning of the growing season in May and
then gradually decreasing until mid-July, when the lowest value of the growing season
appeared, and peaked again in September due to the withering of the pants; until mid-
December, the soil water storage decreased sharply (Figure 4). The soil water storage of
degraded shrub was 7% lower than that of the non-degraded shrub, except for the period
from mid-March to mid-May, which had unstable difference of soil water storage.

350
—&— Non-degraded shrub —_
@ Degraded shrub E
—w— Difference - 160
300 - Tg
= ©
£ 3
£ - 120 2
S 250 - .
Qo
g &
o =
k7 - 80 =
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o
100 - -0
O

1 I I 1 I
219  4/9 529 718 96 10/26 12/15
Date (month/day)

Figure 4. Variation of soil water storage of degraded and non-degraded shrub during the year.

3.3. Factors Influencing Soil Water Storage in Alpine Shrub

The driving factors of soil water storage were different during the growing and non-
growing seasons. Thus, we analyzed the relationships between driving factors and soil
water storage during the frozen and growing seasons separately. During the growing
season (Figure 5a), the BRT results show that the 100 cm soil temperature was the most
important factor affecting the seasonal variation in soil water storage, accounting for 51%
of the total variation. This was followed by the 40 cm soil temperature (20%), mean soil
temperature (5%), 20 cm soil temperature (4%), total radiation (4%), mean air temperature
(3%), 5 cm soil temperature (3%), total reflected radiation (2%), air pressure (2%), wind
speed (2%), and relative humidity (1%). Meanwhile, net radiation and rainfall had little
impact on the seasonal variation in soil water storage. During the non-growing season
(Figure 5b), the 40 cm soil temperature was the most important factor affecting the variation
in soil water storage, accounting for 80% of total variation, followed by soil temperature
at 100 cm (16%), mean soil temperature (2%), soil temperature at 5 cm (1%), and soil
temperature at 20 cm (1%).
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100 cm soil temperature
Mean soil temerature
Total radiation

5 cm soil temperature
Air pressure

Relative humidity

Rainfall

20 cm soil temperature
5 cm soil temperature
Mean soil temerature
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40 cm soil temperature
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o
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Figure 5. Relative influence of environmental factors on soil water storage during the growing
season (a) and the non-growing season (b).

To better understand the effects of driving factors on soil water storage, we next
examined the partial effects of environmental factors on soil water storage during both the
growing and non-growing seasons. During the growing season (Figure 6a), the 100 cm
soil temperature showed a positive effect on soil water storage when the 100 cm soil
temperature exceeded 0 °C, suggesting that the soil water storage rose as the ground
thawed; soil temperatures at the 5 cm, 20 cm, and 40 cm depths had negative impacts on
soil water storage, but their effects became weak when soil temperature exceeded 0 °C.
During the non-growing season (Figure 6b), the soil water storage declined with increasing
40 cm soil temperature below 0 °C, but there was little effect above 0 °C. The 100 cm soil
temperature was positively related to soil water storage, but there was little effect above
1 °C. Relative humidity, precipitation, and other environmental factors had no significant
impact on soil water storage.
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Figure 6. Partial effects of environmental factors on soil water storage during the frozen growing
season (a) and non-growing season (b). The fitted functions from a BRT model were plotted using
gbm. plot. The function gbm. plot. fit was used to plot the fitted values in relation to each of
the predictors used in the model. Positive or negative relationships were indicated by the slope
value; x100 cm ST: 100 cm soil temperature, x40 cm ST: 40 cm soil temperature, X5 cm ST: 5 cm
soil temperature, x20 cm ST: 20 cm soil temperature, SLT: soil lowest temperature, ST: mean soil
temperature, P: precipitation, MT: mean air temperature, SHT: soil highest temperature, RR: total
reflected radiation, AP: air pressure, WS: wind speed, and RH: relative humidity.
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4. Discussion
4.1. Factors Influencing Shrub Water Storage

Our results showed that soil water storage was less affected by the external climate
and showed obvious characteristics of hydrothermal coupling. Soil temperature of 100 cm
and soil temperature of 40 cm were the main factors affecting soil water storage in the grow-
ing and non-growing seasons, respectively. These results are inconsistent with previous
studies conducted in alpine grasslands on the QTP [19], where shallow groundwater is an
important contributor to grassland moisture, and soil temperature was the second most
important environmental factor affecting grassland water storage. The reason for this is
that groundwater measurements were not performed in our experiments because it was
difficult to detect, so the soil temperature was more important than the external climate
on our study site. Furthermore, the correlation between soil moisture and precipitation
is low [35,36], which was not in line with previous studies that have concluded that in
lake water storage [8,37], rainfall is the dominant factor, and evaporation is of secondary
importance to the lake water storage, rainfall, and evaporation causing lake expansion and
shrinking directly. However, the evapotranspiration was greater than precipitation except
for August, September, and October, on a monthly scale, and greater, too, on an annual
scale on our experimental sites. A possible explanation for the phenomenon is that ecosys-
tem water includes storage and fluxes [10,23], and soil water storage is related to water
processes, especially on the QTP. On average, 80% of precipitation occurs in the growing
season, the sunshine duration is long, and the evaporation capacity is strong. There was
infiltration only after the heavy rain in August; however, most of the precipitation returned
to the atmosphere in the form of evaporation or transpiration; when the soil freezes, the
soil hydraulic conductivity decreases significantly, resulting in a more significant decrease
in the infiltration of precipitation in the soil layer [38,39]. In contrast, the active soil layer
reflects the degree to which the soil is affected by external factors such as soil temperature
and evaporation, and the active layer of soil moisture is always deep in arid and semi-arid
lands [2]. Last but not least, frozen soil regulates soil moisture and affects the ecosystem
and hydrological cycle of the QTP [40]. In other words, the thawing of seasonally frozen
soil influences the soil water storage.

4.2. Instructions for the Management of Alpine Shrub Degradation and Hydrological Processes

The soil water storage of the non-degraded Potentilla fruticosa shrub meadow increased
by 7%, compared with degraded grassland shrub meadow during the growing season.
With the intensification of the degradation degree of Potentilla fruticosa shrub meadow,
its aboveground biomass, underground root biomass, and species richness, all showed a
gradual decline; however, underground root biomass tended to accumulate in the surface
soil to obtain more nutrients and moisture [20]. Above all, stemflow can be an important
source of soil moisture in arid and semi-arid lands [41], litter also proved to be the key
control factor of increasing soil water storage [20], and the special sedge plants, such
as Kobresia humilis and Scirpus trigueter L. on our experimental sites, which have a thick
grass felt root system, lead to strong water absorption characteristics [42]. Secondly, the
aboveground biomass reduced, and the rainfall infiltration rate reduced, which was not
conducive to the replenishment of shallow soil moisture [43]. At the same time, the soil
water potential of each layer of grassland is significantly reduced, and the drought stress
of degraded grassland is enhanced [44], which aggravates the degradation of grassland,
and ultimately a decline in ecosystem stability and a loss of ecological functions [29,45].
Ultimately, the topsoil Mattic Epipedon, soil organic matter content, and root systems’
role in vertical moisture movement should be taken into consideration when modeling
hydrological processes in alpine meadows.

5. Conclusions and Future Directions

On a seasonal scale, soil water storage showed a bimodal curve. The soil water
storage in the growing season (May—-September) was higher than that in the non-growing
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season (January—April and October-December), and the soil water storage reached the
highest in mid-July (319 & 6 mm, 300 &+ 3 mm, respectively). The lowest soil water
storage level in January was approximately (103 £ 3, 93 £ 2 mm, respectively). Soil water
storage was less affected by the external climate, and showed obvious characteristics of
hydrothermal coupling.

Although our study used meteorological data from automatic meteorological obser-
vatories to explore the driving laws of meteorological factors on soil water storage in the
growing and non-growing seasons, the change in soil water storage is a comprehensive
effect of multiple factors, and the water distribution of the ecosystem is not limited to
storage water or flux water. Due to the complex terrain of the QTP and few meteorological
stations, it is difficult to obtain data. This study was based only on three-year data from a
meteorological station and the time period of this study was short. Multi-site continuous
observation in time, with a view to clarifying the temporal and spatial variation laws of
water changes on the QTP is needed for future studies.
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