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Abstract: The purpose of this study was to explore the effects of different vegetation restoration
types on soil hydrology characteristics in the Karst Plateau Gorge and to clarify the soil moisture (θ)
use characteristics. A barrel experiment was conducted to monitor θ and the water potential (Ψ) of
three vegetation types (Zanthoxylum bungeanum (ZB), Zea mays L. (ZM), and Sophora tonkinensis (ST),
Abandoned land (AL)) was used as a control to explore θ use conditions of each vegetation type. A
larger surface permeability led to lower moisture storage. The soil moisture storage showed the law
of ZM > ST > AL > ZB. The soil moisture storage also had obvious characteristics in dry-wet seasons.
As a typical drought-tolerant crop, ZB responded more obviously to rainfall and had the highest
effective replenishment amount and efficiency. Two processes were clearly involved in decreasing
soil moisture, which could be divided into three stages of changes: a consumption period (CP),
a moisture supplying period (SP), and a relatively stable period (RSP). CP occurred primarily in
November to April, when θ was prone to water stress and required proper artificial replenishment.
SP was characterized by limited rainfall replenishment in January and May, which significantly
increased θ. During the rainy season, corresponding with RSP, θ fluctuated within a relatively stable
range. At the end of the CP, the water shortage was more severe. In actual agricultural production,
attention should be given to reasonable artificial recharge. This research aims to provide a theoretical
basis for karst θ management.

Keywords: Karst; vegetation type; soil moisture; soil water potential

1. Introduction

The soil moisture (θ) in the soil-plant-atmosphere continuum (SPAC) can affect the
interactions among multiple Earth systems and plays an important role in the hydrological
processes and ecological processes of the land surface. θ is a key variable directly control-
ling soil surface water and energy fluxes [1–5]. Surface θ plays an important role in rainfall
infiltration and redistribution, surface runoff formation, soil erosion, vegetation transpi-
ration, and solute migration [6,7]. θ exhibits high spatial and temporal variability due to
the uneven distribution of topography, soil, vegetation, and precipitation [5,8]. θ directly
affects the growth and distribution of vegetation, controls the water supply of vegetation,
and constitutes the main source of vegetation water consumption [4]. Therefore, studying
the dynamic changes in θ is of great value for exploring regional water cycle processes,
revealing the patterns of vegetation water supply and consumption, estimating regional θ
content, effectively managing water resources, and promoting agricultural production.

Affected by spatial heterogeneity, the dynamic changes in θ are complicated. There
are differences in the research of θ at different scales [1,9,10]. On a large regional scale,
the spatial pattern of θ is controlled by precipitation and radiation differences. On a small
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scale (e.g., field or watershed), the spatial heterogeneity of θ is strongly influenced by soil,
vegetation, and terrain [11]. In the karst environment, karstification is intense, and the
shallow soil layer contains more gravel. The heterogeneity of the underlying surface of
karst makes θ flow path more complicated. Moreover, the shallow soil on karst slopes
has weak water holding capacity and strong permeability, which promotes the rapid
downward migration of θ [12]. Highly weathered carbonate rocks, which are exposed to
the surface or lie beneath the surface soil, play an important role in the absorption, storage
and redistribution of precipitation, and there is also a strong spatial difference between
soil water storage and plant available water [5,13,14]. In the karst area of Southwest China,
the shallow soil layer is broken and discontinuous, and the surface vegetation is mainly
composed of uneven grasses and shrubs [15]. These characteristics have led to an uneven
distribution of the permeability of the karst system surface and ground hydrological
conditions; additionally, it is difficult for vegetation to make efficient use of the abundant
precipitation resources, and many ecosystems suffer from water stress [2,16,17].

At present, most studies in karst areas focus on the dynamic changes in θ and its
temporal stability under different site conditions, as well as the main influencing factors
of soil moisture changes. Yang [1] analyzed the dynamic changes in θ on karst slopes,
and the results showed that shallow θ conditions were poor and that θ stress was more
likely to occur. The analysis of the time series showed that with the increase in soil layer
thickness (0–70 cm), the influence of precipitation lasted longer, while the deep layer was
not affected by precipitation. Chen [5] analyzed the seasonal recharge characteristics and
mean retention time (MRT) of θ in small karst watersheds, and the results showed that the
seasonal recharge of soil water on slopes and depressions was similar, but the hydrological
process of slopes was faster. The MRT of the depression was longer than that of other
points, which indicated more intensive water mixing. These studies mainly discussed the
hydrological process of karst soil but seldom involved the function of vegetation type in
soil hydrological regulation and storage. Desertification is the most serious ecological and
environmental problem facing this area, and rocky desertification is one of the three major
ecological and environmental disaster concerns in China. Desertification and fragile karst
ecological management are among the focuses of the current global sustainable develop-
ment strategy research [18,19]. The effective restoration and reconstruction vegetation and
the coordinated utilization of water and soil resources are the main problems affecting the
comprehensive management of rocky desertification in karst areas [20]. Understanding
the θ utilization conditions of vegetation in karst areas and providing a scientific basis for
vegetation restoration and reconstruction are the research emphases of karst ecological
environment management.

We established a barrel planting experiment to dynamically monitor the soil moisture
content of four different vegetation types. Our objectives were to: (1) explore the effects of
different vegetation restoration types on soil hydrology characteristics and (2) clarify the
soil moisture (θ) use characteristics. The results can help elucidate the soil hydrological
processes in karst areas and promote ecological restoration and reconstruction.

2. Materials and Methods
2.1. Study Area

The study area is located at the Ecohydrological Observation Station of the State
Engineering Technology Institute for Karst Desertification Control in the Beipanjiang
catchment, Zhenfeng County, Guizhou Province, Southwest China (25◦39′13′′–25◦41′00′′ N,
105◦36′30′′–105◦46′30′′ E), which is in the Huajiang section of the Beipanjiang River basin,
with a total area of approximately 26 km2. The karst area accounts for 87.92% of the total
area, which is a typical type of the Karst Plateau Gorge landform [21] (Figure 1). The terrain
is dominated by karst troughs and valleys, peak clusters and depressions. Carbonate rocks
are exposed, and the terrain is undulating with elevations of 400–1100 m. The area has
deep river valleys, and the groundwater level is deep, which makes it difficult to utilize
the water resources. The climate type is a subtropical dry and hot valley climate, with a
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long-term average temperature of 18.4 ◦C, hot and humid summers and autumns, warm
and dry winters and springs, and an uneven distribution of rainfall in different seasons.
The annual rainfall is 1100 mm, mainly concentrated from May to October, and the rainy
season precipitation accounts for 83% of the annual rainfall. The soil is mainly composed
of limestone and marl as the parent material of soil formation, and the exposed amount
of bedrock is as high as 70%. The surface rocks are exposed and broken, the rate of soil
formation is slow, the soil layer is barren, and the soil water retention performance is
poor. Karstification is strong, and rocky desertification landscapes such as karst gullies
and fissures are widespread. The coverage rate of surface vegetation is low, the area of
intense rocky desertification is large, and the soil erosion is serious and now on the verge
of no soil flow. Affected by the special geomorphic pattern, the temperature is relatively
high, the daily evaporation amount is large, the soil is thin, the water retention is poor, the
drought tolerance is poor, and the abundant rainfall resources are difficult to efficiently
utilize by plants. The primary vegetation in the small watershed has been destroyed, and
the plants are mainly secondary forests, while the artificial economic forests are mainly
drought resistant ZB, Hylocereus undatus (HU), Lonicera japonica (LJ), ST, and ZM. The
evolution of rocky desertification patterns leads to difficulty in restoring degraded habitat
vegetation and the poor structure of the remaining vegetation, which seriously restricts the
comprehensive management of the ecological environment in this area.

Water 2021, 13, x FOR PEER REVIEW 3 of 19 
 

 

area, which is a typical type of the Karst Plateau Gorge landform [21] (Figure 1). The ter-
rain is dominated by karst troughs and valleys, peak clusters and depressions. Carbonate 
rocks are exposed, and the terrain is undulating with elevations of 400–1100 m. The area 
has deep river valleys, and the groundwater level is deep, which makes it difficult to uti-
lize the water resources. The climate type is a subtropical dry and hot valley climate, with 
a long-term average temperature of 18.4 °C, hot and humid summers and autumns, warm 
and dry winters and springs, and an uneven distribution of rainfall in different seasons. 
The annual rainfall is 1100 mm, mainly concentrated from May to October, and the rainy 
season precipitation accounts for 83% of the annual rainfall. The soil is mainly composed 
of limestone and marl as the parent material of soil formation, and the exposed amount 
of bedrock is as high as 70%. The surface rocks are exposed and broken, the rate of soil 
formation is slow, the soil layer is barren, and the soil water retention performance is poor. 
Karstification is strong, and rocky desertification landscapes such as karst gullies and fis-
sures are widespread. The coverage rate of surface vegetation is low, the area of intense 
rocky desertification is large, and the soil erosion is serious and now on the verge of no 
soil flow. Affected by the special geomorphic pattern, the temperature is relatively high, 
the daily evaporation amount is large, the soil is thin, the water retention is poor, the 
drought tolerance is poor, and the abundant rainfall resources are difficult to efficiently 
utilize by plants. The primary vegetation in the small watershed has been destroyed, and 
the plants are mainly secondary forests, while the artificial economic forests are mainly 
drought resistant ZB, Hylocereus undatus (HU), Lonicera japonica (LJ), ST, and ZM. The evo-
lution of rocky desertification patterns leads to difficulty in restoring degraded habitat 
vegetation and the poor structure of the remaining vegetation, which seriously restricts 
the comprehensive management of the ecological environment in this area. 

 
Figure 1. Locations of study area and experiment site. 

2.2. Experimental Design 
The study area is an area of intensive rocky desertification, which seriously affects 

the production of agriculture, forestry, and animal husbandry and restricts the sustainable 
development of the local society and economy. The area is influenced by the dual pres-
sures of ecological reconstruction and accelerating economic construction [22]. Through 
scientific research on the comprehensive control of rocky desertification, the study area 
has been developed as a model of ZB production, with the subsequent development of 
the industrial scale production of characteristic economic forest fruits (such as HU, LJ, and 

Figure 1. Locations of study area and experiment site.

2.2. Experimental Design

The study area is an area of intensive rocky desertification, which seriously affects
the production of agriculture, forestry, and animal husbandry and restricts the sustainable
development of the local society and economy. The area is influenced by the dual pressures
of ecological reconstruction and accelerating economic construction [22]. Through scientific
research on the comprehensive control of rocky desertification, the study area has been
developed as a model of ZB production, with the subsequent development of the industrial
scale production of characteristic economic forest fruits (such as HU, LJ, and ST). Therefore,
typical local economic crops, such as ZB, ST, and ZM, were selected as the research objects,
and AL was used as the control to discuss θ utilization of different vegetation types.

In karst areas, the soil layer is shallow, surface moisture can move quickly through the
soil profile, and the spatial heterogeneity of soil hydrology is strong. The soil hydrological
process is affected by multiple factors, such as soil physical and chemical properties,
vegetation types, topographic factors, and rock exposure rates. Therefore, we used a barrel
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experiment in a relatively closed environment to avoid the disturbance of surrounding
topographic environmental factors.

The experimental device was installed in October 2016. The barrel experiment was
a regular trapezoid with a height of 65 cm and a volume of 500 L. The gravel was placed
5 cm from the bottom of the barrel, and a small hole was provided at the bottom to ensure
the permeability of the device to prevent root rot during extreme rainfall events (Figure 2a).
The same texture of soil was used for filling (Figure 2b). The fertilization and ploughing
of planted ZB and ST occurred in the same period and ploughing and fertilization were
generally not used in the latter period. ZM was planted in the spring of the following year,
and ZM was fertilized and ploughed once a year. AL was abandoned naturally without
tillage and fertilization. Three control devices were set for each vegetation type. From
October 2016 to June 2019, each barrel was planted in a state of natural growth, and there
was no other artificial disturbance except fertilization and ploughing (Figure 2c). For each
vegetation type, we selected a group of barrel equipment with good growth conditions to
collect samples of soil physical properties and install monitoring instruments. In June 2019,
a ring knife (5 cm) was used to collect undisturbed soil within 0–15 cm, 15–30 cm, and
30–45 cm from the top to the bottom of each experimental bucket. Soil bulk density (ρb),
field water holding capacity (FC), the total porosity (TP), and capillary porosity (CP) were
measured using the ring knife method. Saturated water conductivity (Ks) was measured
using the constant head method, and soil noncapillary porosity (NCP) was calculated by
the difference of TP and CP [23]. The characteristics of these basic soil properties are shown
in Table 1. At the same time, a 5TE θ sensor, MPS6 water potential (Ψ) sensor (Meter, USA),
and data collector (EM50, USA) were installed at distances 10–15 cm from both ends of
vegetation roots and 7.5 cm, 22.5 cm and 37.5 cm vertically downward from the horizontal
plane (Figure 2d). Each layer (0–15 cm, 15–30 cm, 30–45 cm) was monitored to determine
θ and Ψ. Using the EM50 data collector (Decagon, USA), the data indexes θ and Ψ were
dynamically collected at a frequency of 30 min/time. The monitoring data used in this
paper were from 1 October 2019 to 24 July 2020. A meteorological station (Meter, USA) was
set 15 m from the experimental sample site. The main monitoring indexes of meteorological
station included rainfall, air temperature. The data collection frequency was 30 min/time.
The dynamic monthly changes in all indicators are shown in Figure 3. The rainfall was
mainly concentrated in October 2019, June 2020, and July 2020.

Water 2021, 13, x FOR PEER REVIEW 5 of 19 
 

 

ST 
0–15 1.24 26.31 31.34 21.59 8.24 

15–30 1.33 32.00 33.72 16.33 6.50 
30–45 1.21 29.17 30.84 23.19 5.30 

Notes: Labels are bulk density (ρb), field capacity (FC), capillary porosity (CP), noncapillary po-
rosity (NCP), and saturated conductivity (Ks). 

 
Figure 2. Design process of barrel planting experiment. Place gravel at the bottom of the experi-
ment barrel (a), the same texture of soil was used for filling (b), the natural growth state of each 
vegetation (c), and the placement of 5TE θ sensor and MPS6  sensor(d). 

 

Figure 3. Dynamic monthly changes in meteorological indicators. 

2.3. Analytical Method 
Based on meteorological data and the continuous dynamic monitoring of soil hydrol-

ogy, this paper analyzed soil water storage and the lag time, rate and efficiency of effective 
soil water recharge by rainfall, and the gradient change in  , and quantitatively analyzed 
the soil water retention performance and soil water transport patterns under different 
vegetation types. 
(1) Soil water storage [24]. Soil water storage refers to θ within a certain depth range. 

The soil water storage was calculated using Equation (1): 

 =    (1)

where SW (mm) was 0–45 cm soil water storage,  was soil moisture content in layer  (m3/m3), and  was soil depth in layer  (mm). In this study, soil water storage was 
calculated for 3 layers (0–15 cm, 15–30 cm, 30–45 cm). 
(2) The soil water replenishment was calculated using Equation (2): ∆ = −  (2)

Figure 2. Design process of barrel planting experiment. Place gravel at the bottom of the experiment barrel (a), the same
texture of soil was used for filling (b), the natural growth state of each vegetation (c), and the placement of 5TE θ sensor and
MPS6 Ψ sensor (d).



Water 2021, 13, 1719 5 of 19

Table 1. Basic properties of the soil profile for the four types of vegetation.

Vegetation Types Soil Depth (cm) ρb (g/cm3) FC (%) CP (%) NCP (%) Ks (mm/min)

AL
0–15 1.24 24.16 28.75 24.42 7.38

15–30 1.40 28.29 29.08 18.54 5.60
30–45 1.51 33.52 30.44 13.62 3.88

ZB
0–15 1.25 27.72 27.39 25.37 5.72

15–30 1.13 24.98 28.41 28.36 13.88
30–45 1.28 26.32 25.24 26.54 1.57

ZM
0–15 1.17 33.36 33.18 22.09 4.96

15–30 1.38 26.12 26.56 21.70 3.88
30–45 1.53 29.30 27.20 16.39 2.33

ST
0–15 1.24 26.31 31.34 21.59 8.24

15–30 1.33 32.00 33.72 16.33 6.50
30–45 1.21 29.17 30.84 23.19 5.30

Notes: Labels are bulk density (ρb), field capacity (FC), capillary porosity (CP), noncapillary porosity (NCP), and saturated conductivity (Ks).
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2.3. Analytical Method

Based on meteorological data and the continuous dynamic monitoring of soil hydrol-
ogy, this paper analyzed soil water storage and the lag time, rate and efficiency of effective
soil water recharge by rainfall, and the gradient change in Ψ , and quantitatively analyzed
the soil water retention performance and soil water transport patterns under different
vegetation types.

(1) Soil water storage [24]. Soil water storage refers to θ within a certain depth range.
The soil water storage was calculated using Equation (1):

SW =
3

∑
i=1

θidi (1)

where SW (mm) was 0–45 cm soil water storage, θi was soil moisture content in layer
i (m3/m3), and di was soil depth in layer i (mm). In this study, soil water storage was
calculated for 3 layers (0–15 cm, 15–30 cm, 30–45 cm).

(2) The soil water replenishment was calculated using Equation (2):

∆SiW = SiWmax − SiW0 (2)
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where ∆SiW was the soil water replenishment at each rainfall event (mm), SiWmax was the
highest value of soil water storage after a rainfall event (mm), and SiW0 was the antecedent
soil water storage before a rainfall event (mm).

(3) The lag time at each rainfall event was calculated using Equation (3):

∆ti = ti − t0 (3)

where ∆ti was soil water supply lag time at layer of i (h), ti was the time at which θ start
to increase at layer of i (h), and t0 was the time which rainfall start (h).

(4) The rainfall replenishment rate to soil water was calculated by using Equation (4):

V =
∆SiW

ti−max − ti
(4)

where V was the rainfall replenishment rate to soil water (mm/h), ti−max was the time
when soil water storage reached the highest value during a rainfall event, and ti was the
time when soil water in the layer i started to increase (h).

(5) The rainfall replenishment efficiency to soil water was calculated by using Equation (5):

R =
∆SiW

P
× 100% (5)

where R was the rainfall replenishment efficiency of soil water (%), and P was the rainfall
amount (mm).

(6) Soil water potential gradient [25]. The water potential gradient is equal to the ratio
of the difference in Ψ between two points and the distance between two points. The
water potential gradient was calculated by using Equation (6):

δ =
Ψ1 −Ψ2

h1 − h2
(6)

where δ was the water potential gradient, cm/cm; Ψ1 and Ψ2 was Ψ at points 1 and
2 (ground based, point 1 is below point 2); h1 and h2 of the depth of the points 1 and 2,
respectively. Inside the soil, water moves according to the gradient of soil water poten-
tial [7]. A positive gradient of water potential represents the downward direction of water
movement.

2.4. Statistical Analysis

In this paper, Origin 2017 software was used for mapping, and IBM SPSS Statistics
22 was used for the statistical analysis of soil moisture data. The analysis indexes included
maximum (Max), minimum (Min), mean, standard deviation (SD), and coefficient of
variation (CV).

3. Results
3.1. Dynamic Changes in Profile θ

The spatial and temporal variations in θ of the four vegetation cover types were
significantly different (Figure 4). The surface soil water was highest in ZM, followed by
that in ST and AL, and the lowest was in ZB. The profile θ of AL had an average range
of 19.4–26.3%, compared with the surface layer, the θ of the 15–30 cm and 30–45 cm soil
profiles increased by 0.7% and 35.3%, respectively (Table 2). The θ in the 15–30 cm layer
of the AL profile changed actively, and its CV value was 21.8%, which accounted for the
highest proportion. The average CV value of the AL profile was 15.9%, which indicated a
moderate change and was considered the sub-active layer [26]. The θ of the ZB and ZM
profiles first decreased and then increased with increasing depth. Additionally, the θ of ZB
was the lowest among the four vegetation types, with an average range of 13.3% to 15.7%;
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in relation to the θ of the surface layer, the θ of the 15–30 cm and 30–45 cm layers increased
by −15.5% and−4.7%, respectively. The layers with the greatest changes in θ also had
the highest CV values. The 0–30 cm can be classified as the fast-changing layer, and the
30–45 cm as the active layer. The average range of θ of ZM was 21.6% to 28.3%, while those
of the 15–30 cm and 30–45 cm, increased by −23.7% and 10.5%, respectively, in relation
to the θ at the surface. The CV value gradually increased with increasing depth, and the
spatial heterogeneity of θ became stronger as the depth increased. Compared with the
other three vegetation types, in ZM, the CV and SD of θ were the lowest at each soil depth
and showed low to moderate variance. The profile θ of ST had an average range of 21.9%
to 26.2%, while in relation to the surface layer, the moisture content of the 15–30 cm and
30–45 cm soil profiles increased by 18.6% and −0.7%, respectively. In ST, the CV change
trend was opposite to the change trend of θ. The 15–30 cm layer was relatively stable, while
the surface and bottom layers were relatively active, and the profile θ indicated moderate
change and was considered the sub-active layer. In the time series, AL, ZM, ZB and ST all
had typical dry-wet seasonal variation.
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3.2. The Hysteresis of θ during Typical Rainfall

To explore the response characteristics of θ to rainfall in each vegetation type, 12 typical
rainfall events were selected for analysis, including 4 events in the dry season and 8 events
in the rainy season. Moreover, the rainfall required for the first increase in θ of 0–45 cm
was used to analyze the hysteresis of the response of different vegetation to rainfall. The
results of the analysis of the four typical rainfall plots in the dry season were shown in
Figure 5. The θ of 0–45 cm increase times of the different vegetation types were as follows:
ZB (4 times) > AL, ST (2 times) > ZM (1 time). The critical rainfall for the first increase
in θ of ZB 0–45 cm was 7.8 mm, and that for AL was 8.4 mm. The critical rainfall of ZM
and ST was higher than 8.4 mm. In the same rainfall event, the rainfall required for the
increase in θ of ST was less than ZM. Therefore, the hysteresis of the initial increase in
θ of each vegetation type was ZM > ST > AL > ZB. Eight rainfall types with increase in
θ in the drought-rainy season were selected to analyze the response characteristics. As
shown in Figure 6, the surface of the soil responded most rapidly to rainfall, and the
hysteresis gradually strengthened with increasing depth. The 0–15 cm lag of all vegetation
types was as follows: AL (1.4 h) > ZM (1.3 h) > ZB (1.1 h) > ST (0.8 h). The AL soil water
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infiltration increased uniformly, and the lag time of deep θ increased by approximately
25% on average compared with that of shallow θ. However, the profiles of ZB, ZM, and ST
and the migration time from 0–15 cm to 15–30 cm were longer, and the hysteresis times of
the 15–30 cm and 30–45 cm layers were relatively close. The overall performance of the
hysteresis of θ of each vegetation type was ZB (2.2 h) > ST and ZM (1.9 h) > AL (1.73 h).

Table 2. Statistical characteristics of the soil moisture profiles of AL, ZB, ZM and ST from 1 October 2019 to 24 July 2020.

Vegetation
Types

Soil
Depth (cm)

Soil Moisture

MIN (%) MAX (%) Mean (%) SD (%) CV (%)

AL

0–15 15.40 25.30 19.40 2.48 12.76
15–30 11.00 27.60 19.54 4.27 21.84
30–45 19.00 32.70 26.25 3.46 13.18
mean 15.03 28.53 21.73 3.40 15.93

ZB

0–15 9.10 24.03 15.69 5.02 32.00
15–30 8.20 22.30 13.26 4.12 31.07
30–45 10.30 24.10 14.96 4.07 27.23
mean 9.20 23.57 14.64 4.40 30.10

ZM

0–15 23.10 32.40 28.31 2.40 8.48
15–30 17.30 26.80 21.60 2.35 10.90
30–45 17.60 31.40 25.35 3.81 15.04
mean 19.33 30.20 25.09 2.86 11.47

ST

0–15 15.10 29.80 22.06 4.19 19.01
15–30 20.90 31.20 26.16 3.13 11.98
30–45 15.10 30.10 21.90 4.29 19.60
mean 17.03 30.37 23.37 3.87 16.86
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3.3. Effective Replenishment of θ during Typical Rainfall

As shown in Table 3, in typical rainfall events, the average effective recharge of each
vegetation type was ZB (19.79 mm) > AL (18.88 mm) > ST (15.83 mm) > ZM (8.36 mm).
Under similar rainfall intensities, as more rainfalls, the amount of recharge increases. The
effective recharge efficiency of soil moisture can indicate the vertical transport speed of soil
moisture in the profile, and the average recharge rate of each vegetation type was as follows:
AL 5.67 mm/h, ST 3.66 mm/h, ZB 3.59 mm/h, and ZM 1.80 mm/h. The results showed that
the soil moisture infiltration of the AL profile was the fastest and that of the ZM profile was
the slowest. Additionally, the effective replenishment efficiency of ZB was the highest, and
the proportion of rainfall converted to θ was 49.81%, followed by the recharge efficiency of
AL and ST, which had rainfall replenishment efficiencies of 49.26% and 42.28%, respectively,
and that of ZM was the lowest, with a value of only 24.60%, indicating that approximately
quarter of the precipitation could be used by ZM. Overall, the response characteristics of ZB to
rainfall were better than those of ZM and ST, and the recharge amount and effective recharge
efficiency were both higher in ZB than in ZM and ST.

3.4. Dynamic Changes in Soil Moisture Storage

Figure 7 shows the dynamic change in soil moisture storage of each vegetation type.
The variation trend of soil water storage of vegetation with rainfall was consistent with the
trend of θ. The average soil moisture storage capacity was ZM (75.25 mm) > ST (70.09 mm)
> AL (65.18 mm) > ZB (43.85 mm). There were three periods of the seasonal variation in soil
water storage. There was an obvious consumption period (CP) from the middle of October
2019 to early January 2020 (CP1) and from February 2020 to April 2020 (CP2), in which soil
water storage decreased greatly. Compared with that of the early dry season, the water
storage of all vegetation types at the end of the dry season increased by: ZM 10.56%, ST
14.98%, AL 15.96%, and ZB 1.22%, indicating that the ZB moisture storage was relatively
stable during the whole consumption period. There was an obvious water supply period
(SP), during which the soil moisture storage gradually increased. The first stage of SP was
in January 2020 (SP1) and the second stage was in May 2020 (SP2). After SP2, the supply of
ZM and AL increased by more than 12%, while the water storage capacity of ZB remained
basically unchanged, the increase in ST was 3.0%, and its soil was still in a state of water
consumption. After the soil completely entered the rainy season (from June to July), the
soil moisture storage fluctuated, although it was a relatively stable period (RSP). During
RSP, the soil moisture storage of ZB increased by 32.30%, followed by that of ST by 19.23%,
indicating that ZB and ST were more responsive than ZM and AL to rainfall replenishment.
In different hydrological years, the specific dates of these three periods were different.
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Table 3. Effective θ replenishment amount, replenishment rate and replenishment efficiency of different vegetation types
under typical rainfall conditions.

Date Precipitation
(mm)

AL ZB ZM ST

∆SW V
(mm/h) R (%) ∆SW V

(mm/h) R (%) ∆SW V
(mm/h) R (%) ∆SW V

(mm/h)
R

(%)

5 Octo-
ber

2019
32.00 23.60 4.29 73.75 19.10 1.01 59.69 10.23 1.86 31.98 10.10 3.37 31.56

6 Jan-
uary
2020

8.40 6.88 0.32 81.90 6.24 0.32 74.29 4.24 0.20 50.48 7.12 0.79 84.76

25 Jan-
uary
2020

30.60 15.84 2.26 51.76 21.84 1.90 71.37 11.68 1.17 38.17 22.24 2.22 72.68

30
April
2020

30.40 12.30 1.29 40.46 15.20 3.80 50.00 5.30 0.28 17.43 9.50 0.59 31.25

2 June
2020 97.20 26.00 13.00 26.75 40.71 9.05 41.88 7.00 3.50 7.20 28.00 7.00 28.81

8 June
2020 43.00 10.40 4.16 24.19 9.30 1.86 21.63 4.30 1.08 10.00 6.90 1.73 16.05

25 June
2020 101.00 26.90 17.93 26.63 20.90 6.97 20.69 11.20 4.48 11.09 20.30 10.15 20.10

1 July
2020 42.40 29.10 2.08 68.63 25.00 3.85 58.96 12.90 1.84 30.42 22.50 3.46 53.07

mean 48.13 18.88 5.67 49.26 19.79 3.59 49.81 8.36 1.80 24.60 15.83 3.66 42.28
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3.5. Dynamic Change of Ψ

The dynamic changes in Ψ in different vegetation types were shown in Figure 8,
and its seasonal changes were significant. The profiles of ZB and ST experienced three
long-lasting water stresses (CP, SP2). The 15–45 cm layer of both AL and ZM had one
long-lasting moisture stress restriction during CP2, and the 0–15 cm had two long-lasting
moisture stress restrictions during CP. Entering CP1, the Ψ of the soil layer in ZM gradually
decreased, the change at 0–15 cm was the largest, while that at 15–45 cm showed a trend of
Ψ (30–45 cm) < Ψ (15–30 cm), and the magnitude was relatively low. Entering CP2, the
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change range of Ψ was −1369.0 kPa~−142.7 kPa lower than that during CP1, indicating
that the moisture demand of ZM increased in CP2. The variation trend of the AL Ψ was
consistent with that in ZM, but the variation range of the Ψ in AL was larger than that in
ZM, indicating that the amount of moisture available for plant growth and absorption was
lower. ZB may have experienced 3 long-lasting moisture stress restrictions and 3 phase
change trends that were the same: Ψ (30–45 cm) > Ψ (15–30 cm) > Ψ (0–15 cm). In CP1,
the range of Ψ (0–15 cm) was −6514.5 kPa~−1084.3 kPa, the range of Ψ (15–30 cm) was
−3569.0 kPa~−986.7 kPa, and the range of Ψ (30–45 cm) was −1526.3 kPa~−589.5 kPa. In
CP2, the Ψ of these layers increased by 53.2%, 48.8% and 34.4%, respectively. The third
moisture shortage period (10 May 2020 to 1 May 2020) lasted for a short time, and Ψ was
the highest in each dry period. During the three stages of relative moisture shortage, the
profile Ψ of ZB fluctuated greatly, but that of θ remained in a relatively stable state with
a fluctuation range of 8–12%. Only in the third stage did θ (0–15 cm) show a short and
significant increase. The change trend of Ψ in ST was similar to that of ZB and could be
divided into 3 main water shortage stages. The Ψ in ST was second only to that in ZM.
In the first drought stage, Ψ was expressed as Ψ (30–45 cm) > Ψ (15–30 cm), and the Ψ
(0–15 cm) fluctuation was large. In the absence of rainfall, the value of Ψ (0–15 cm) was
somewhere in between those in the other two layers. After rainfall recharged the soil, the
surface Ψ increased rapidly and was higher than that in the 15–45 cm layer for a period
of time. However, in the two subsequent drought stages, the surface Ψ was relatively
high, and the change trends of the 15–30 cm and 30–45 cm soil layers were consistent and
close. In the first two drought stages, the changes in the ST soil layers were not significant.
Compared with the first drought stage, the Ψ of each layer increased by 13.5%, −17.9% and
5.4% in the second drought stage, respectively. In the dry period of ST, the Ψ (15–30 cm)
and Ψ (30–45 cm) were similar, but with the 15–30 cm soil moisture generally higher than
that in the 0–15 cm and 30–45 cm layers.
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3.6. Temporal Variation in Moisture Potential Gradient

The dynamic changes in the soil moisture potential gradient of each vegetation type
are shown in Figure 9. The large fluctuations in the moisture potential gradient of the
four vegetation types were mainly caused by the water consumption period. The sur-
face water potential gradient of AL was mostly positive, and the variation range was
−39.9~153.4 cm/cm. The deep soil moisture potential gradient was relatively stable and
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fluctuated greatly only in CP2, the soil moisture mainly moved upward. The change in
the soil moisture potential gradient of ZM in CP1 was similar to that in AL. After entering
CP1, the soil moisture potential gradient range of the ZM surface was −42.5~39.88 cm/cm,
and the depth was only −9.6~17.5 cm/cm. In this period, the surface soil moisture moved
upward, and the deep soil moisture moved downward. The ZB soil moisture mainly
moved downward, and the gradient trends of the surface and deep moisture potentials
were basically the same, with the gradient value changing by approximately 12.1%. During
CP1, the surface and depth of profile soil moisture in ST moved in opposite directions. The
gradient of downward infiltration in the surface layer ranged from −11.8~50.1 cm/cm,
while that in the deep layer ranged from −40.1~−0.31 cm/cm. During CP2, affected by a
small amount of precipitation recharge in the early stage, both surface and deep moisture
exhibited temporary downward recharge, and then the deep soil moisture moved upward,
while the surface moisture moved downward. In this stage, the moisture potential gradi-
ents of the surface and deep moisture were −55.9~36.0 cm/cm and −50.9~10.1 cm/cm,
respectively. AL, ZM, and ST all showed a decreasing trend with increasing depth. Due to
the phenomenon of serious rocky desertification and the intense evaporation in the shallow
soil layer, the soil layer was mainly a zone with alternating infiltration and evaporation
based on the change characteristics of the soil moisture potential gradient of the different
vegetation types in this area [27].
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4. Discussion
4.1. Variations in θ for the Four Vegetation Types

Soil hydrological processes are significantly affected by rainfall, vegetation types, tran-
spiration, and rock exposure [1]. The results showed (Figure 4) that there were significant
spatial and temporal differences in θ of different vegetation types. The θ of the surface was
ZM > ST > AL > ZB, indicating that the ZB surface had relatively poor moisture-holding
capacity and good permeability, and θ could be replenished quickly in the deep layer with a
short lag time and a high recharge rate. However, the permeability of the ZM surface layer
was relatively low, and the overall lag time in the process of precipitation replenishment
was relatively long (Figure 6). Cai [28] studied the saturated moisture conductivity of ZB,
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ZM, and AL, and showed that the maximum moisture permeability coefficient of the ZB
surface soil could fully infiltrate, effectively preventing the loss of surface soil and moisture.

In the barrel planting experiment, the distribution of vegetation roots, litter and soil
evaporation were important factors leading to the differences in θ. Existing studies have
shown that the change in θ is caused by the joint action of precipitation, vegetation types,
vegetation transpiration, and soil evaporation [2,29]. Fu [30] researched the difference in θ

in different land types in karst areas, and the results showed that the litter layers played
important regulating roles in soil moisture retention and moisture-holding capacity. In the
karst area of Southwest China, the soil layer is thin, the rock exposure rate is high, and the
content of gravel in the soil is high. Plant roots are mostly distributed in shallow soil, and
the development of lateral roots and adventitious roots promotes the lateral movement
of soil moisture [31]. In this study, all the vegetation was shallow-rooted plants. AL had
herbaceous species. Roots were evenly distributed in the 0–20 cm soil layer, and soil
moisture maintained a relatively stable infiltration process. Due to the high permeability
of the surface soil led to the low θ and low soil moisture storage of the AL soil. In the
growth process of ZB and ST, artificial tillage was not needed, and the change in soil
physical and chemical properties was mainly controlled by the vegetation growth process.
ZB roots were mainly distributed at 0–35 cm, with a relatively small number of taproot
roots and a developed lateral root system. The horizontal root distribution was far greater
than the vertical root distribution, and the absorption root distribution was denser, which
was conducive to absorbing moisture [32]. The soil texture of ZB was loose, and in the
process of ZB growth, spiny litter was atop the soil surface. As the cycle of shallow soil
porosity increased, the replenishment effect of the ZB deep soil profile was remarkable. The
evaporation of soil was stronger, and θ had a rapid variation made the ZB moisture-holding
ability poor. The coverage of soil overburden vegetation of ST was second only that to
the AL, and its root system was mainly distributed at 15–30 cm. This layer had the most
moisture in the ST soil profile, and it was usually replenished by infiltration of the topsoil
and absorption of deeper moisture. In CP2, θ of ST decreased. Under the action of water
potential gradient, the surface soil water moved upward, and the deep soil water moved
downward, and the water supply in the main root distribution area was low (Figure 9). Its
soil spatial variability was low and its water holding capacity was relatively high, second
only to ZM.

However, under drought conditions, θ was reduced, soil evaporation was strength-
ened, surface θ was lost through transpiration, and it was difficult to replenish roots in
deep layers (Figure 9). The permeability of ST was lower than that of ZB, and the moisture
holding capacity was higher. Affected by its growth cycle, the dynamic change in moisture
storage was relatively complex (Figures 7 and 9). The average total moisture storage was
second only to that of ZM, which had a low surface soil porosity and a dense soil layer. The
soil profile was mainly composed of 0–30 cm moisture with a large migration range. The
deep θ was relatively stable, and the Ψ was higher than that of the other crops. Therefore,
the soil moisture storage in this study was closely related to the surface permeability. In
conclusion, soil water storage was closely related to the change of CV value. The lower the
soil CV value, the higher the soil water storage. In this study, ZB has the highest average
CV and the lowest soil water storage, while ZM has the lowest average CV and the highest
soil water storage. The total soil water storage presented the law of ZM > ST > AL > ZB.

4.2. Rainfall Response of Soil Moisture

The response of θ of various vegetation types to precipitation is a complex process
that is affected by factors such as the scale of rainfall events, rainfall intensity, previous
drought interval, and soil texture. Additionally, vegetation types play an important role
in the process of rainfall redistribution and evapotranspiration [33–35]. Precipitation is
one of the important agricultural water replenishment sources in karst areas. As shown
in Figure 10, the effective rainfall recharge of the AL, ZB, and ST soil profiles at different
depths was positively correlated with rainfall, indicating that rainfall had a direct impact



Water 2021, 13, 1719 14 of 19

on the soil water replenishment of these three types of vegetation. The replenishment
rate of AL was the highest, mainly due to the relatively strong surface permeability of AL
and the even distribution of vegetation roots in the shallow layer, which was conducive
to sufficient precipitation infiltration. The amount of soil replenishment was affected
by the rainfall process, soil evaporation and plant transpiration. The surface layer was
highly permeable, which accelerated the infiltration of precipitation and at the same
time promoted the evaporation of the soil, accelerated the loss of θ, and reduced the
water retention performance of the soil. Therefore, the combination of soil properties and
overlying vegetation led AL to be significantly affected by rainfall and to exhibit a weaker
water storage capacity. With increasing depth, the effective replenishment amount of ZB
decreased gradually, and the root absorption was strong. The effective replenishment of
rainfall was the largest, and the recharge efficiency was the highest, but the duration of
rainfall was short. The effective amount of replenishment in ST was 0–15 cm > 30–45 cm >
15–30 cm, which was consistent with the characteristics of the distribution area of the main
ST root water consumption in ST. The effective replenishment of each layer in ZM did not
show a good linear relationship with rainfall, which might have been due to the relatively
weak permeability of ZM. In the process of rainfall, ZM exhibited a strong hysteresis and
was not sensitive to rainfall response. Compared with the other three vegetation types, the
rainfall replenishment efficiency of ZM was the lowest.
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He [36] studied the response of θ to rainfall under different land-use patterns, and the
results showed that rainfall intensity and drought duration affected the dynamic change in
θ, and the increase in θ within 20–40 cm was in direct proportion to the rainfall intensity.
In the present study, there was no significant correlation between the amount of θ in each
layer of the four vegetation types and the rainfall intensity. In the rainy season, under the
conditions of medium rainfall, short duration, heavy rainfall, short duration, and heavy
rain, the effective replenishment of each vegetation type had a low increase because the
rainy season in this area provided relatively abundant rainfall resources and the θ was
relatively high. In a state of relative surplus, and under the conditions of heavy rainfall,
the soil infiltration capacity will slow, and the amount of replenishment will be reduced.
Research by Peng [17], showed that heavy rainfall with high rainfall intensity formed a
large amount of surface runoff and caused soil loss, so the effective replenishment of θ
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was limited. The longer the drought lasted, the more obvious the response of soil moisture
to rainfall; additionally, more rainfall increased the depth of soil moisture replenishment.
For example, in the 6 January 2020 rainfall event, the rainfall amount was only 8.4 mm.
Under the influence of the long-duration non-small rainfall event in the earlier stage, the
surface soil of all vegetation responded faster, and the effective replenishment was greater
than that during the rainy season heavy rainfall event (Table 3). In the rainy season, soil
evaporation and plant transpiration increase the loss of soil water, and high-frequency and
small rainfall events do not promote an increase in soil water storage [37]. In small rainfall
events (6 January 2020 and 31 May 2020) with similar rainfall, the increase in soil moisture
storage in the dry season was 20–30% higher than that in the rainy season.

Research on the influencing factors of θ temporal stability has mainly focused on
land-use type, soil properties, topography and other factors [38,39]. However, for karst
areas with high heterogeneity, θ movement is more complex, so it is still difficult to identify
the important influencing factors. The results showed that the seasonal variation in rainfall
was an important factor affecting the fluctuation of θ, but there was little difference in the
variation in θ among soil layer between the rainy season and dry season.

4.3. Soil Water Stress of Different Vegetation Types

The existing research has described remarkable vegetation restoration efforts in a
series of ecological restoration projects, which resulted in a drying trend of the regional soil
moisture content in the humid karst areas [40]. Monitoring θ and Ψ in different vegetation
types allowed the availability of θ in different vegetation types to be examined in this
study. Ψ is a useful predictive tool in agricultural irrigation scheduling is associated with
physiological responses to water deficit [41]. The soil effective water content was between
the field water holding capacity and the permanent wilting coefficient, both of which are
affected by the soil texture, structure and vegetation type [14]. Usually, in the study of Ψ,
−1500 kPa is regarded as the wilting point of θ; however, some plants begin to protect
themselves from permanent damage before this point. This point is not the wilting point of
all plants and is affected by plant growth characteristics. Therefore, the soil profile water
stress of the four vegetation types had obvious differences.

ZB had strong drought tolerance, had the lowest permanent wilting point, and mainly
faced water stress at 0–30 cm. As shown in Figure 8, water stress mainly occurred in the
dry season, when the precipitation resources were insufficient, and the water absorbed by
the ZB root system mainly came from the water stored in the soil pores. In the early dry
season, the growth of ZB was relatively slow, and it did not germinate and blossom, so
there was no need for artificial intervention for irrigation. Because of the high temperatures
in the Karst Plateau canyon region, crops took root and sprouted earlier than crops in
other regions. The temperature began to rise in February, and ZB gradually entered the
germination stage. Due to the gradual strengthening of soil evaporation and low soil water
storage in this stage, ZB mainly faced water stress, which was not conducive to later growth.
Therefore, appropriate irrigation was needed in this stage (Figures 7 and 11). AL and ZM
were mainly exposed to high risk of shallow water stress, the ZM was mainly in the early
planting period from March to April, and plant growth was easily restricted. Which might
have been due to the combined effect of strong near-surface soil transpiration and plant
absorption. However, because of the low surface permeability of ZM, the water holding
capacity was relatively strong, the water condition was good, and the possibility of water
stress was low. ZM seeds should be planted in March and April, which will artificially
disturb the soil. Due to insufficient precipitation and enhanced transpiration, the soil water
required for plant growth was limited, and irrigation was needed. The 15–30 cm layer of
ST mainly faced water stress. This layer was the main water absorption layer of ST roots,
and when water stress occurred, the growth of ST was affected. The θ of ST was relatively
high, and the change in the water potential gradient was relatively stable. Under normal
circumstances, the water shortage of ST will lead to the obstruction of water absorption by
plants, but the permanent withering state is not typically reached. Since ST is a perennial
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crop, it requires a large amount of water, so it needs to be irrigated during the dry season
and at the beginning of the rainy season.
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The results showed that the four vegetation types were more prone to water stress
at the end of the dry season, mainly due to the lack of precipitation and soil transpiration
when the temperature increased and the increase in water consumption as the plants
gradually entered the growing period. Boeck [42] also showed that when drought and high
temperature were combined, the plants experienced significant stress. Apart from the dry
season, the changes in soil water potential were relatively stable for all vegetation types,
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and the soil water content was at a comfortable state for the plants. Zhang [43] showed
that in the rainy season, heavy rainfall could lead to a relatively uniform wet condition of
soil moisture across the whole depression area by enough soil infiltration and overflow. In
conclusion, there were two significant processes of decreased θ, presenting three stages of
changes, which could be divided into the consumption period, the water replenishment
period and the relatively stable period. The consumption period was mainly in the dry
season, when the soil moisture was prone to water stress, and it needed to be artificially
recharged. In the dry season, there was less rainfall replenishment in January and May,
which significantly increased θ, and this stage was the water replenishment period. When
the rainy season came, precipitation resources were abundant, and θ fluctuated within a
relatively stable range.

5. Conclusions

The profiles θ of AL, ZB, ZM, and ST were monitored in barrel planting experiments,
and the dynamic changes in the soil hydrology of each vegetation type were analyzed. The
results showed that the soil moisture dynamics were affected by vegetation types and soil
physical and chemical properties. Different vegetation types had significant differences in
soil water storage. The stronger the surface soil permeability was, the lower the soil water
storage was. Additionally, the water storage had obvious dry-wet season changes with time.
The θ of each vegetation type showed different change trends with increasing soil depth.
The profiles of AL, ZM, and ST were classified as composed of a sub-active layer, while that
of ZB was comprised the rapidly changing layer and the active layer. Precipitation was an
important source of water replenishment for vegetation growth. ZB, as a typical drought-
tolerant crop, had a clearer response to rainfall, with the highest effective replenishment
amount and replenishment rate. According to the analysis of the time series of soil moisture,
there were two significant soil moisture decreasing processes during monitoring phase,
presenting three stages of changes, which could be divided into the consumption period
(November to April), the water supplying period (January and May), and the relatively
stable period (June to October). The consumption period was mainly in the dry season,
when soil moisture was prone to water stress, and needed to be artificially recharged. In the
dry season, there was less rainfall supply in January and May, which significantly increased
the soil moisture, and this stage was the water supply period. When the rainy season
came, precipitation resources were abundant, and the soil moisture fluctuated greatly but
was still with a relatively stable stage. At the end of the consumption period, soil water
consumption increased significantly, and water shortages were more serious. In actual
agricultural production, attention should be given to artificial replenishment.
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