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Abstract: The natural vegetation in arid areas of northwest China is strongly dependent on the
availability of groundwater. Significantly, capillary water plays an essential role in regulating the
ecological groundwater level in the multilayered structure of the vadose zone. The soil-column
test and field survey in the lower reaches of the Shiyang River Basin were conducted to investigate
the influence of the multi-layered structure of the vadose zone on maintaining the ecological effect
of groundwater. Based on the field survey, the results show that the depth of groundwater is
3.0 m, and the rising height of capillary water is 140 cm. In the soil-column test, the height of
the wetting front of the column was 125 cm. During the water releasing test, the water held by
the vadose zone was 182.54 mm, which would have maintained Haloxylon’s survival in a growing
season. Therefore, the multi-layered structure of the vadose zone extends the ecological groundwater
depth and consequently enhances the ecological function of groundwater. Importantly, with a
lower groundwater level, the clay soil layer within the rising height range of the original capillary
water would hold more water and maintain a higher water content for a certain period to supply
surface vegetation.

Keywords: ecological groundwater level; vadose zone; multi-layered structure; capillary water;
water content; soil column test; ecological effect; Shiyang River Basin

1. Introduction

Inland basins of northwest China have a typical continental climate, which is char-
acterized by low precipitation and high evaporation, as well as scarce water resources.
Therefore, the natural vegetation of inland basins is highly dependent on groundwater [1,2].
Groundwater depth controls water availability to vegetation and is essential for conserving
groundwater-dependent ecosystems (GDEs). Once the depth of groundwater table is lower
than ecological groundwater level for a long time, the natural vegetation ecosystem will
lose the water supplied by groundwater through the supporting capillary zone [3]. What is
worse, it will lead to natural vegetation degradation or even death and desertification [4].
Since the 1950s, because of the rapid development of the economy and society, groundwa-
ter has been over-exploited, which led to the continuous decrease of groundwater depth,
exceeding the ecological groundwater level of natural vegetation in most inland basins.
Hence, how to exploit and utilize groundwater reasonably and protect ecology effectively
is an urgent problem to be solved in northwest China.

The ecological groundwater level has attracted worldwide attention because of the close
relationship between groundwater and groundwater-dependent ecosystems (GDEs) [5–10].
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Many concepts have been proposed to define the reasonable ranges of groundwater depth
for sustaining the GDEs [11], such as critical groundwater depth [12], ecological ground-
water table [13], depth-to-groundwater threshold [14], and critical groundwater level [15].
Although the literal expressions are different, these statements have the same essence
concerning ecological groundwater level [16]. The influence of the ecological groundwater
level on different vegetation types is different. When the groundwater depth is less than
5 m, the diversity and richness of herbage species are significantly higher than that of shrub
layer, while the diversity and richness of herbage species are lower than that of shrub layer
when the groundwater depth is more than 5 m. The ecological groundwater level is not a
single value but a series of values. The threshold of ecological groundwater level suitable
for different vegetation growth has been put forward by various methods [5]. For example,
the interactions among groundwater, vadose zone and vegetation are discussed based on
correlation analysis between the soil water content, groundwater chemical property, plant
growth and the groundwater depth [17,18], or by establishing distributed eco-hydrological
model and HYDRUS solute transport model [19,20]. No matter what method is used to
calculate the ecological groundwater level, the extreme ecological groundwater level should
be less than the sum of the height of supporting capillary water and the depth of vegetation
root system (Figure 1). As long as the root system of vegetation reaches the depth of
groundwater rising through capillarity, it can continue to obtain groundwater recharge.
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Figure 1. Mechanism of maintaining natural vegetation by supportive capillary water.

Different vegetation types have different depths of root development. Zhang et al.
selected typical vegetation in an arid area of northwest China and statistically analyzed the
average root development depth of tree, shrub and herb; they are 2.7 m, 2.2 m and 1.8 m,
respectively [21]. Sheng et al. [22] studied the root system of Haloxylon ammodendron at
different ages, and the average root length is 1.4 m (young seedling, 1 year), 2.5 m (young,
4 years), 8.0 m (middle age, 20 years) and 13.5 m (40 years) separately. In addition, the root
system of vegetation grows with the increase of groundwater depth to absorb the deep
groundwater and keep growing. The vadose zone is a key factor connecting groundwater
and surface vegetation [23]. A different structure of the vadose zone supports a different
rising height of capillary water, which affects the ecological groundwater level and leads to
a different ecological response of vegetation on land surface [24–27]. However, when the
groundwater level drops, the release of water from pore channels with different sizes in the
soil is not synchronous, which results in the delay of gravity drainage. Different vadose
zones have different water-holding capacities and delayed water-releasing capacities, which
lead to different effects on the growth of natural vegetation [28,29].



Water 2022, 14, 59 3 of 18

Scholars have made outstanding contributions to the research, as mentioned above.
However, when the groundwater level drops, can the water held by the vadose zone
continue to be absorbed by the roots of the vegetation? And if so, for how long? The
issue is rarely discussed, but it is essential for the conservation of natural vegetation.
Moreover, the results can provide more accurate data to optimize the period and volume
of ecological water conveyance, which positively affects elevating the groundwater table
in arid areas [30,31]. Given the above problems, this paper aims to study the influence
of the multi-layered structure of the vadose zone on the ecological effect of groundwater:
(1) to explore the lithological structure of the vadose zone in the typical natural vegetation
area; (2) based on the exploration results, to survey pit profile, including the field test of
groundwater capillary rise height; (3) to discuss the availability of water-holding capacity
in the vadose zone on vegetation root water uptake by a soil-column test.

2. Materials and Methods
2.1. Study Area

The Shiyang River Basin is located in the east of Hexi Corridor in northwest China,
Gansu Province, which is one of the driest regions in China. In Shiyang River Basin, the
upper reaches are the Qilian mountains, the middle reaches are the corridor plains, and the
lower reaches are the oasis of Minqin (Figure 2). The ecological environment of Shiyang
River Basin is extremely fragile, and desertification is becoming more and more serious [32].
Minqin basin, which lies in the lower reaches of the Shiyang River Basin, is in danger of
becoming the second “Lop Nur” surrounded by the Tengri and Badain Jaran deserts. It is a
typical desert island, known as a “Desert Oasis”. The basin geographical boundary lies
between 103◦02′ E to 104◦02′ E longitude and 38◦05′ N to 39◦06′ N latitudes, and total area
of the basin is 1.59 × 104 km2, in which desert and desertification area accounted for 94%;
oasis area only accounted for 6%. The studied catchment experiences an arid-continental
climate with an annual average temperature of 8.8 ◦C and 3142.2 h of sunshine. The
mean annual evaporation in the watershed is 2675.6 mm, far exceeding the mean annual
precipitation (113.2 mm) [33].
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Note: The image is based on Landsat 8 data of 2019 and has been processed by
radiation correction, atmospheric correction, geometric correction, image fusion and color
synthesis. In the image, the green color indicates the vegetation area, including natural
vegetation and farmland; the brown color indicates desert areas; the dark color indicates
wetlands; the red box area is the study area; and the black oval area indicates the different
positions of the upper, middle and lower reaches of the basin.

2.2. Materials and Methods

The field survey and soil-pit sampling (field survey) are more in line with the actual
situation, but the experimental conditions cannot be controlled. While the soil-column test
can control the test conditions according to the experimental purpose, the results are too
ideal. Therefore, in this paper, field survey and soil-column tests were designed according
to the purpose of the research, and the results of the two were compared and verified with
each other. Based on the typical stratum-structure investigation, a specific area was selected
to conduct the field survey, study the groundwater capillary rise height and retrieve soil
samples from different stratums for soil-column tests. The result obtained by the field
survey was the closest to the actual value and can be used as an accurate measure of
the soil-column tests. The soil-column tests included the capillary-water rising test and
the water-releasing test of the multi-layered structure of the vadose zone. The capillary-
water rising test, which is the basis of the water-releasing test, aimed to study the height
of groundwater capillary rise of the typical vadose zone structure, the process of water
migration, and the water content of different lithological soils. The purpose of the water-
releasing test was to study: (1) whether the amount of water held by different lithological
soils in the vadose zone can continue to maintain the survival of the vegetation when the
depth of the local groundwater drops significantly below the ecological groundwater level,
and (2) how long it will last.

2.2.1. Field Survey

In order to study the capillary rising height of the typical stratum structure in the
natural vegetation area, the phreatic water-depth and stratum-structure drilling survey
were performed in the study area in the early stage. Two survey routes were established
in the natural vegetated area, and each was approximately 10 km. At each survey line,
drilling was carried out at intervals of approximately 1 to 2 km depending on the growth
of vegetation and the change in vegetation type (Figure 3). Soil samples were taken
every 20 cm to record soil lithology. All boreholes were manually drilled with an earth-
boring auger until the groundwater table and each soil lithology were analyzed for particle
composition in the laboratory.

Based on the analysis and comparison of the boreholes, the pit site was chosen to be
located in the natural vegetation area about 2 km southeast of the fifth team of Fengqing
village in Minqin Basin, which is between farmland and the Tengger Desert. The pit was
rectangular, digging from the ground surface to the phreatic water, of which the depth was
3.0 m. The surrounding vegetation was mainly composed of Tamarix ramosissima, Salt claw
and Black fruit Chinese wolfberry, while the pit was located near Tamarix chinensis.

The field survey was used to measure the rising height of capillary water in ground-
water directly. In the excavation process, the soils of different depths and lithology were
arranged in order, and about 100 kg of silt, clay, silty fine sand and medium-fine sand
were taken back to prepare the soil-column experiment. After excavating the test pit, the
field lithology was described first. The 20–30 g soil samples were taken from the section at
intervals of 10 cm depths and placed in the aluminum box, and then 3 repeated samples
were taken from each layer. The soil moisture content was measured by drying method in
the laboratory. Then soil samples were taken from the section with a 100 cm3 soil sample
ring every 20 cm depth to determine its dry bulk density. After collecting soil samples, the
observation profile was covered with a shading net to avoid sun exposure and to ensure
soil moisture drying under natural conditions. Repeated samples were taken again from
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the same location in the early morning 3 days later. After 3 days of natural evaporation,
the water content in the upper part of the formation will be significantly reduced when
measured again. In contrast, the water content in the lower part of the formation is rarely
changed due to the continuous recharge by groundwater capillary. The intersection of the
two curves is where the water content is significantly reduced. The water content below
the intersection is basically unchanged due to the continuous recharge of groundwater
capillary action. Therefore, the intersection of the two water content curves indicates the
position of the height of groundwater capillary rise [24].
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Figure 3. The location map and photos of the survey pit. (a) location map of the survey pit; (b) pit
section sampling; (c) cover the shading net after sampling; (d) pit profile under the shading net.

2.2.2. Soil-Column Tests

In order to study the effect of the layered structure of the vadose zone on the ecological
groundwater level, the laboratory soil-column tests were designed, which included the
capillary water rising test and the water releasing test of the multi-layered structure of the
vadose zone.

(1) Instrument of Soil-Column Tests

The instrument, made of plexiglass, was divided into a water supply device and a
test device. The water supply device, Mariotte’s bottle, can keep the constant water head
during the water supply, and has a diameter of 20 cm and a height of 80 cm. The diameter
of the test device is also 20 cm, and the height is 200 cm. A series of sampling holes with a
diameter of 2 cm were arranged from top to bottom at intervals of 10 cm, and were used
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to measure the water content of soil samples during the experiment (Figure 4). Before the
test, water was added to ensure the sealing effect was good. Then, soil samples were filled
in layers in the test equipment. The section structure of the soil column was optimized
according to the strata of the test pit. The main body of the soil column was 150 cm. It was
composed of silty soil (40 cm), clay soil (40 cm), silty fine sand (20 cm) and medium fine
sand (50 cm) from top to bottom. The bottom of the soil column was coarse sand (30 cm) as
the aquifer (Figure 4).

Water 2022, 14, 59  6  of  20 
 

 

(1) Instrument of Soil‐Column Tests 

The instrument, made of plexiglass, was divided into a water supply device and a 

test device. The water supply device, Mariotte’s bottle, can keep the constant water head 

during the water supply, and has a diameter of 20 cm and a height of 80 cm. The diameter 

of the test device is also 20 cm, and the height is 200 cm. A series of sampling holes with 

a diameter of 2 cm were arranged from top to bottom at intervals of 10 cm, and were used 

to measure the water content of soil samples during the experiment (Figure 4). Before the 

test, water was added to ensure the sealing effect was good. Then, soil samples were filled 

in  layers in the test equipment. The section structure of the soil column was optimized 

according to the strata of the test pit. The main body of the soil column was 150 cm. It was 

composed of silty soil (40 cm), clay soil (40 cm), silty fine sand (20 cm) and medium fine 

sand (50 cm) from top to bottom. The bottom of the soil column was coarse sand (30 cm) 

as the aquifer (Figure 4).   

   

Figure 4. The structure and photograph of the test equipment. 

After drying, crushing and sieving, the soil samples were filled in layers according 

to the original dry bulk density. Different lithological soil was separated using 100 mesh 

nylon screens  to distinguish  the soils after the experiments. The soil moisture test  tube 

was installed in the center of the soil column to monitor the change of soil moisture in the 

soil‐column section during the test. The bottom of the column was backfilled with small 

gravel of 20 cm thickness as a filter layer, and 30 cm‐thick coarse sand was backfilled at 

the top of the filter as an aquifer. The Mariotte’s bottle acted as a water supply device in 

the capillary rising process and a drainage device in the water release process. 

(2) Capillary Water Rising Test of the Multi‐layered Structure of Vadose Zone 

After  finishing  the soil backfill,  the water content of  the  initial soil‐column profile 

was measured by the soil‐moisture meter and corrected by the fitting formula that is listed 

in the following section. A hose was used to connect the water tap at the bottom of the 

Mariotte’s  bottle  to  the  bottom  of  the  soil  column,  from which  the Mariotte’s  bottle 

supplies water to the soil column. The water level in the soil column was determined by 

the water head that set in the Mariotte’s bottle. When the water supply started, the coarse 

sand aquifer backfilled by the soil column was gradually filled, and the time started when 

the water level reached the set depth. During the experiment, it was necessary to record 

the  rising  position  of  the wetting  front  of  the  soil  column  and  the  amount  of water 

supplied, which was expressed by the scale of Mariotte’s bottle. After the wetting front of 

the  soil  column  stopped  rising,  the moisture  content  of  the  soil‐column  section was 

Figure 4. The structure and photograph of the test equipment.

After drying, crushing and sieving, the soil samples were filled in layers according
to the original dry bulk density. Different lithological soil was separated using 100 mesh
nylon screens to distinguish the soils after the experiments. The soil moisture test tube
was installed in the center of the soil column to monitor the change of soil moisture in the
soil-column section during the test. The bottom of the column was backfilled with small
gravel of 20 cm thickness as a filter layer, and 30 cm-thick coarse sand was backfilled at the
top of the filter as an aquifer. The Mariotte’s bottle acted as a water supply device in the
capillary rising process and a drainage device in the water release process.

(2) Capillary Water Rising Test of the Multi-layered Structure of Vadose Zone

After finishing the soil backfill, the water content of the initial soil-column profile was
measured by the soil-moisture meter and corrected by the fitting formula that is listed in the
following section. A hose was used to connect the water tap at the bottom of the Mariotte’s
bottle to the bottom of the soil column, from which the Mariotte’s bottle supplies water
to the soil column. The water level in the soil column was determined by the water head
that set in the Mariotte’s bottle. When the water supply started, the coarse sand aquifer
backfilled by the soil column was gradually filled, and the time started when the water
level reached the set depth. During the experiment, it was necessary to record the rising
position of the wetting front of the soil column and the amount of water supplied, which
was expressed by the scale of Mariotte’s bottle. After the wetting front of the soil column
stopped rising, the moisture content of the soil-column section was measured again by the
soil-moisture meter, and the soil-moisture content was measured by the drying method
with a soil sample of about 20 g packed in an aluminum box from the sampling point.

(3) Water-Releasing Test of the Multi-layered Structure of Vadose Zone

The water-release test was the inverse process of the capillary water-rising test. The
water in the Mariotte’s bottle was emptied to act as a drainage device to record the water
release. The entire soil began to release water freely by gravity after opening the water tap
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at the bottom of the column, and at the same time started to record the time and the amount
of water entering the Mariotte’s bottle. The moisture content of the whole soil-column
section was measured twice a day by a soil-moisture meter, once in the morning and once
in the evening. When the water in the bottle was no longer increased, the water-release test
was finished.

2.2.3. Methods

(1) Drying Method [34]

The drying method is the most commonly used standard method for measuring soil
moisture. The soil samples are dried at 105 °C to a constant weight, at which time the soil
organic matter does not decompose and the free water and hygroscopic water in the soil
are entirely removed. Calculate the ratio of the water quality of the soil to the quality of the
drying soil, that is, the mass water content, expressed as a percentage.

The weight of the sample container (aluminum box) is weighed by balance first, and
about 20 g of soil sample is put into the aluminum box and weighed again. Then the
aluminum box containing the soil sample is placed in an oven and dried at 105–110 °C to
the constant weight (about 8 h). Finally, it is taken out and cooled in the dryer for about
20 min and weighed immediately.

ω% = (w2 − w3)/(w3 − w1) × 100

ω—mass moisture content (%); w1—the weight of aluminum box (g); w2—the weight
of aluminum box and fresh soil (g); w3—the weight of aluminum box and dry soil (g).

(2) Dry Bulk Density [34]

The soil-sample ring method is commonly used to measure soil-bulk density, and the
soil-sample ring with a volume of 100 cm3 is usually used for sampling. Before sampling,
the soil-sample ring should be weighed. When sampling, the edge of the soil-sample ring
should be pressed down into the soil vertically until it is filled with samples. Cut the soil
around the edge of the ring with a repair knife, carefully cut off the excess soil at both
ends of the soil-sample ring, and wipe off the outside soil. At the same time, take another
sample in the same layer with an aluminum box to measure the natural mass moisture
content by drying method. Cover both ends of the soil-sample ring immediately to prevent
water evaporation and then weigh and record. The drying method is used to measure mass
moisture content,

γ = (x2 − x1) × (1 − ω%)/v

where γ is dry bulk density (g/cm3);ω is mass moisture content (%); x1 is the weight of
soil-sample ring (g); x2 is the weight of soil-sample ring and fresh soil (g); v is volume of
soil-sample ring (cm3);ω is mass moisture content (%).

The volumetric water content (θ) of the soil mentioned in this paper can be calculated
from the mass moisture content and the dry bulk density of the soil.

θ =ω × γ

(3) Data Calibration

The soil-moisture meter used to measure the moisture content of the soil column
in this test is Trime-Pico-IPH TDR (Trime), which is made in IMKO Micromodultechnik
GmbH (Ettlingen, Germany). Based on the time domain reflectometry with intelligent
microelements, Trime can directly measure the dielectric constant of soil or other media,
which is closely related to the soil moisture content. The soil moisture content can be
calculated and displayed by the reading system through the output of the analog voltage.
Because the calibration of Trime is carried out by the ideal medium, there are some errors
for the actual testing of rock and soil, so it is necessary to use the drying method to calibrate
the Trime. Based on the collected soil samples, after gradually adding water to the target
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soil sample and mixing different water content from low to high, the correlation between
the data measured by Trime and the data measured by drying method is established. The
data of the Trime test cannot be analyzed until they are calibrated by fitting formula.

3. Results
3.1. Results of the Field Survey Soil Sample Analysis and Groundwater Depths

The survey showed that the vadose zone was a multi-layered structure composed of
silty soil, clay soil, silty fine sand and medium fine sand from surface to phreatic water. The
composition and dry-bulk density of different lithological particles are shown in Table 1.
The overall trend of groundwater depth decreases from northwest to southeast. As shown
in Figure 5, the groundwater depth near farmland is about 3.5 m, and that near Tengger
Desert is about 2.0 m.

Table 1. Particle composition and dry bulk density of soil samples.

Lithology
Percentage of Different Soil Particles (%) Dry Bulk Density

(g/cm3)>1 mm 1–0.5 mm 0.5–0.25 mm 0.25–0.1 mm 0.1–0.075 mm <0.075 mm

silty soil 0 0 0.04 47.78 20.82 31.36 1.35
clay soil 0.23 4.65 3.14 29.17 28.98 33.84 1.44

silty fine sand 0 0.24 17.88 53.90 15.32 12.66 1.51
medium fine sand 0.01 16.85 26.93 33.40 14.85 7.96 1.60
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3.2. Calibration Results

It can be seen from Figure 6 that the fittings of all the soil are good, among which
the silty soil calibration formula is y = 1.9577x + 0.0149, R2 = 0.9698, the clay soil calibra-
tion formula is y = 1.6073x + 0.0243, R2 = 0.9536, the silty fine sand calibration formula
is y = 1.984x − 2.0331, R2 = 0.9811, and the calibration formula of medium fine sand is
y = 1.0885x + 0.6578, R2 = 0.9948.
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The data tested by the Trime were recalibrated by the above fitting formulas and then
used for the calculation in the paper.

3.3. Capillary Water Rising Height of Typical Stratum Structure in Natural Vegetation Area

By comparing the soil-moisture curves drawn from the profile, it can be concluded
that the 2 curves have an obvious intersection point at a depth of 160 cm from the surface
(Figure 7). The soil moisture content of the stratum above the intersection decreased
obviously after 3 days of drying, while the continuous recharge moisture content of the
stratum below the intersection was little changed. It can be concluded that the depth of
the point was 140 cm, which indicated the capillary rising height of the groundwater. In
the field investigation, a large number of calcareous nodules were found in the silty soil
at a depth of 60–170 cm, the existence of which may lead to larger pores in the soil, thus
blocking the capillary rise of groundwater.

As shown from Figure 6, the overall trend of soil-moisture content decreases with
the increase of capillary water height in the whole range of capillary water height, which
shows that the capillary-water holding capacity decreases above the water level. Only
about 20 cm above the water level can maintain a higher soil moisture content. We found
that 180–220 cm of the test pit profile had the lowest soil-water content, about 10%, due to
the silty fine sand with loose and uneven soil particles.

3.4. Capillary Water Rising Process in Layered Vadose Zone

The soil-column test began on 4 October 2020, and ended on 17 October 2020, with
a cumulative running time of 317.45 h. During the test, the cumulative water supply
of the Mariotte’s bottle was 297 mm, and the cumulative height of the wetting front of
the soil column was 112.6 cm (Figure 8). The total amount of water supplied to the soil
column was 291.28 mm (Table 2), calculated from the soil moisture content measured by
the drying method, which was basically consistent with the water supplement record of
the Mariotte’s bottle.
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In the range of 0–80 cm, the wetting front increased rapidly, at about 1.6 cm/h, and
then the ascending speed decreased to 0.12 cm/h during the following time. According to
the scatter plot of cumulative height of wetting front with the time, the relationship was in
accordance with logarithmic function, y = 14.798ln(x) + 22.762, R2 = 0.9689 (Figure 8).

As shown from Figure 9, the distribution of water content is different obviously from
the groundwater level to max height of the capillary rise, and the height of the saturated-
water content zone maintained by groundwater level is only about 15 cm. The water content
of silt and clay soil is higher than that of sand soil, and the composition and structure of soil
particles directly impact the water content. From the water-content distribution, it can be
seen that the capillary-rise height of groundwater is 125 cm, which is slightly higher than
the height of the wetting front (112.6 cm), which is observed visually, and the observation
error is inevitable.
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Table 2. The total amount of water supplied to the soil column during the capillary-water rising experiment.

Testing Depth (cm) Lithology θfinal (%) θinitial (%) θfinal – θinitial (%) ∆W (mm)

5 Silty soil 6.41 6.69 — —
15 Silty soil 7.47 6.69 0.78 0.78
25 Silty soil 7.21 6.69 0.51 0.51
35 Silty soil 17.52 6.69 10.83 10.83
45 Clay soil 29.76 1.54 28.22 28.22
55 Clay soil 32.17 1.54 30.63 30.63
65 Clay soil 32.95 1.54 31.41 31.41
75 Clay soil 34.16 1.54 32.62 32.62
85 Silty fine sand 26.09 0.26 25.83 25.83

105 Medium fine sand 18.71 0.58 18.13 18.13
115 Medium fine sand 21.96 0.58 21.38 21.38
125 Medium fine sand 28.59 0.58 28.01 28.01
135 Medium fine sand 32.35 0.58 31.77 31.77
145 Medium fine sand 31.74 0.58 31.17 31.17

Cumulative water supply (mm) 291.28

Testing Depth: distance from position of test point to top of soil column; θinitial: volumetric moisture content
before the experiment; θfinal: volumetric moisture content after the experiment; ∆W: water storage at various
depths, ∆W = (testing depthn − testing depthn-1) × (θfinal − θinitial); “—“: eliminated value which is negative
because of the measurement error.
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Figure 9. Comparison of initial water content and final water content.

It can be concluded that the finer-grained formation affects the capillary height and
rate from Figure 10. Region ‘A’ means the wetting front moved from medium fine sand to
silty fine sand. It can be seen from the red points in region ‘A’ that when the wetting front
passes through the interface of medium fine sand and silty fine sand, there is an obvious
stagnation and then a rapid rise. Region ‘B’ means the wetting front moved from the silty
fine sand to clay soil. It can be seen from region ‘B’ that after the wetting front passes
through the interface between silty sand and clay, it continues to rise for a while (yellow
points) before it comes to an obvious stagnation and then rapidly rises again (red points).
The two regions have a common rule in the curve, that is, the wetting front has a short
delay in the transition from coarse-grained to fine-grained lithology, and the wetting-front
rate increases after entering into fine-grained lithology, in which the variation of region ‘A’
is more obvious. This phenomenon shows that the different lithology interface hinders the
water migration, and the more significant the difference is between the upper and lower
soil lithology, the greater is the influence.
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3.5. Water Release Process in Layered Vadose Zone

In order to study the influence of the vadose zone multi-layer structure on maintaining
the ecological effect under the condition of groundwater drawdown in a natural vegetation
area, the water-release experiment was carried out from 17 to 24 October 2020, based on
the capillary-water rising test. The water in the Mariotte’s bottle was drained and used to
measure the drainage during the release experiment.

Timing and recording the drainage should be started once the soil column drained
water to the Mariotte’s bottle. At 21:30 on the 17th, Trime was used to test the water content
of the initial soil profile, and drainage began at 23:25. At the same time, the water content
of the soil-column section was measured by Trime, and the drainage process ended at 08:45
on the 24th, with a cumulative time of 9200 min. According to the curve of cumulative
drainage and time, the drainage rate decreased with the increase of time and the cumulative
drainage recorded by the Mariotte’s bottle was 111 mm (Figure 11).
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It can be seen from Figure 12 that the water content of medium fine sand and silty fine
sand changed obviously after the water release, whereas the water content of clay soil and
silty soil changed inconspicuously, with the clay soil especially keeping high water content.
The water content below the silty fine sand dropped significantly in 11 h (from 21:30 17th
to 08:30 18th), and in the following 24 h, the decreasing rate of water content below the silty
fine sand slowed. The moisture distribution of the soil profile was tested respectively again,
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at 09:00 on the 21st, 22nd and 24th. Since the water content distribution of three times
had no noticeable change, the water-release test was finished. According to test results by
Trime, the water-holding capacity was 340.21 mm (including the amount of water supplied
by the Mariotte’s bottle and the previously held by the previous soil column) in the soil
column before water releasing, and 305.09 mm after water releasing (Table 3). Therefore,
the total water-releasing capacity was 35.12 mm (the cumulative drainage recorded by the
Mariotte’s bottle was 111 mm, including 75.88 mm of water in the filter and the aquifer), in
which the medium fine sand and silty fine sand layer contributed 35.06 mm, accounting for
99.83% in the drainage.

3.6. Available Water Content of Soil Column after the Water-Releasing Experiment

According to the experiment results in this paper, the water content of the whole soil
column was still 305.09 mm (Table 3) according to the water content of the soil profile that
was measured at 09:00 on 24 October. However, the available water content of the soil
column after water release still needs to be discussed. It is well known that not all of the
water in the soil can be used by vegetation, and the available water content is determined
by the field capacity and the permanent wilting point [35–38]. According to the method in
reference [39], when the soil pressure head is −1.5 MPa, the corresponding water content is
at permanent wilting point. In this study, hydrus-1D software was used to fit the soil water
characteristic curves of four different lithologies according to the neural network prediction
model, as shown from Figure 13. According to the soil water characteristic curves, the
corresponding permanent wilting point was determined, and the permanent wilting points
of clay, silty fine sand and medium fine sand are 12.47%, 12.37, 6.51% and 4.88% (Table 4),
respectively. The water content of the soil-column section after releasing water subtracts
the wilting water content of the corresponding soil, and the remaining water is available
for vegetation. The available water content of each testing depth in soil column after the
water-releasing experiment are shown from Table 5, and the available water storage is
182.54 mm, which can be used by vegetation.
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Table 3. Water holding capacity of soil column before and after the water-releasing experiment.

Testing Depth (cm) Lithology θinitial (%) ∆W1 (mm) θfinal (%) ∆W2 (mm)

10 Silty soil 6.94 6.94 6.60 6.60
15 Silty soil 7.47 3.73 6.74 3.37
20 Silty soil 7.34 3.67 7.42 3.71
25 Silty soil 7.21 3.60 10.93 5.47
30 Silty soil 12.37 6.18 13.85 6.92
35 Silty soil 17.52 8.76 14.59 7.29
40 Silty soil 23.64 11.82 23.64 11.82
45 Clay soil 29.76 14.88 30.07 15.04
50 Clay soil 30.96 15.48 30.98 15.49
55 Clay soil 32.17 16.08 32.19 16.09
60 Clay soil 32.56 16.28 33.05 16.52
65 Clay soil 32.95 16.47 33.43 16.72
70 Clay soil 33.55 16.78 33.64 16.82
75 Clay soil 34.16 17.08 34.42 17.21
80 Clay soil 30.12 15.06 27.46 13.73
85 Silty fine sand 26.09 13.05 20.30 10.15
90 Silty fine sand 24.25 12.12 16.10 8.05
95 Silty fine sand 22.40 11.20 12.26 6.13

100 Silty fine sand 20.55 10.28 10.38 5.19
105 Medium fine sand 18.71 9.35 14.75 7.38
110 Medium fine sand 20.33 10.17 17.51 8.76
115 Medium fine sand 21.96 10.98 19.44 9.72
120 Medium fine sand 25.27 12.64 21.96 10.98
125 Medium fine sand 28.59 14.29 25.05 12.53
130 Medium fine sand 30.47 15.23 28.30 14.15
135 Medium fine sand 32.35 16.17 29.13 14.57
140 Medium fine sand 32.04 16.02 27.96 13.98
145 Medium fine sand 31.74 15.87 21.44 10.72

Water storage 340.21 305.09
Testing depth: distance from position of test point to top of soil column; θinitial: volumetric moisture content
before the experiment; θfinal: volumetric moisture content after the experiment; ∆W1: initial water storage at
various depths, ∆W1 = (testing depthn − testing depthn-1) × θinitial-n; ∆W2: final water storage at various depths,
∆W2 = (testing depthn − testing depthn-1) × θfinal-n.
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Table 4. Fitting parameters and permanent wilting point of the different soils.

Lithology
Fitting Parameters

Permanent Wilting Point (%)
Qr Qs Alpha (1/cm) n Ks (cm/days) l

Clay Soil 0.0813 0.431 0.0141 1.3895 8.65 0.5 12.47
Silty Soil 0.0804 0.4536 0.0171 1.3884 20.21 0.5 12.37

Silty fine sand 0.0496 0.3904 0.0313 1.5032 49.33 0.5 6.51
Medium Fine sand 0.0425 0.3603 0.0401 1.6131 60.66 0.5 4.88

Qr: residual water content; Qs: saturated water content; Ks: saturated hydraulic conductivity; Alpha,
n and l: empirical coefficients affecting the shape of the hydraulic functions in HYDRUS.

Table 5. Available water content of soil column after the water-releasing experiment.

Testing Depth (cm) Lithology θfinal (%) ∆W2 (mm) θpwp (%) θavailable (%) ∆W3 (mm)

10 Silty soil 6.60 6.60 12.37 — —
15 Silty soil 6.74 3.37 12.37 — —
20 Silty soil 7.42 3.71 12.37 — —
25 Silty soil 10.93 5.47 12.37 0.93 —
30 Silty soil 13.85 6.92 12.37 3.85 0.74
35 Silty soil 14.59 7.29 12.37 4.59 1.11
40 Silty soil 23.64 11.82 12.37 13.64 5.64
45 Clay soil 30.07 15.04 12.47 20.07 8.80
50 Clay soil 30.98 15.49 12.47 20.98 9.26
55 Clay soil 32.19 16.09 12.47 22.19 9.86
60 Clay soil 33.05 16.52 12.47 23.05 10.29
65 Clay soil 33.43 16.72 12.47 23.43 10.48
70 Clay soil 33.64 16.82 12.47 23.64 10.59
75 Clay soil 34.42 17.21 12.47 24.42 10.98
80 Clay soil 27.46 13.73 12.47 17.46 7.50
85 Silty fine sand 20.30 10.15 6.51 10.30 6.90
90 Silty fine sand 16.10 8.05 6.51 6.10 4.80
95 Silty fine sand 12.26 6.13 6.51 2.26 2.88
100 Silty fine sand 10.38 5.19 6.51 0.38 1.94
105 Medium fine sand 14.75 7.38 4.88 4.75 4.94
110 Medium fine sand 17.51 8.76 4.88 7.51 6.32
115 Medium fine sand 19.44 9.72 4.88 9.44 7.28
120 Medium fine sand 21.96 10.98 4.88 11.96 8.54
125 Medium fine sand 25.05 12.53 4.88 15.05 10.09
130 Medium fine sand 28.30 14.15 4.88 18.30 11.71
135 Medium fine sand 29.13 14.57 4.88 19.13 12.13
140 Medium fine sand 27.96 13.98 4.88 17.96 11.54
145 Medium fine sand 21.44 10.72 4.88 11.44 8.28

Water storage 305.09 182.54

Testing Depth: distance from position of test point to top of soil column; θfinal: volumetric moisture content after
the experiment; θpwp: permanent wilting point, when the soil moisture content is lower than θpwp, the water will
not be absorbed by the vegetation; θavailable: available volumetric moisture content, θfinal − θpwp; ∆W2: final water
storage at various depths, ∆W2 = (testing depthn − testing depthn-1) × θfinal-n; ∆W3: available water storage at
various depths, ∆W3 = (testing depthn − testing depthn–1)*θavailable-n; ”—”: eliminated value which is negative.

4. Discussion
4.1. Water Consumption of Typical Vegetation in Arid Area

The arid area in northwest China is characterized by sparse precipitation, large po-
tential evapotranspiration and low soil-moisture content, so the xerophytic vegetation
depends on groundwater growth. There are many studies on water consumption of typical
plants in different watersheds in arid areas of northwest China. Generally speaking, the
transpiration water consumption of different plants is quite different in the growing season.
The transpiration of aquatic plants such as Phragmites australis and Tamarix ramosissima in
the riparian zone is higher than that of xerophytes such as Apocynum venetum, Nitraria,
Populus euphratica and Haloxylon. Moreover, the water consumption of the same vegetation
in the growing season is different under different groundwater depths. With the increase
of groundwater depth, the water available to the roots of desert plants decreases. Plants
can reduce water consumption by regulating physiological characteristics such as stomatal
conductance. The growth period of vegetation in arid areas is from April to September.
Moreover, in the same growing season, the plant evapotranspiration can be reduced by
about 50% when the suitable ecological groundwater depth decreases to the limit of eco-
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logical groundwater depth. Using the Tardieu–Davies model, Zhang et al. [40] calculated
water consumption during the growing season under different ecological groundwater
depths in the Shiyang River Basin. Under suitable ecological groundwater depths, the
transpiration of Phragmites australis and Tamarix chinensis were 1292 mm and 1147 mm,
respectively, during the growing season; and the transpiration of Haloxylon ammodendron
was 279 mm; and Halocnemum, Apocynum venetum, Nitraria tangutorum and Populus eu-
phratica were 940 mm, 913 mm, 534 mm and 448 mm, respectively. However, under the
extreme ecological groundwater depth, the transpiration of all vegetation decreased to
some extent. The transpiration of Phragmites australis and Tamarix chinensis were 1050 mm
and 999 mm, respectively; the transpiration of Haloxylon ammodendron was 130 mm; and
that of Halocnemum, Apocynum venetum, Nitraria tangutorum and Populus euphratica were
706 mm, 686 mm, 345 mm and 298 mm, respectively.

4.2. Influence of Multi-Layer Structure of Vadose Zone on Maintaining Ecological Effect
of Groundwater

After the groundwater level drops, the moisture content of the soil above the water
table can still maintain the vegetation to a certain extent. Taking Haloxylon ammodendron as
an example, the water-supply time of the layer structure vadose zone was analyzed after
the groundwater level dropped. Under the condition of suitable ecological groundwater
depth, the water consumption of Haloxylon ammodendron in the growing season (from April
to September) was 279 mm, which is a typical arid vegetation in the arid area of northwest
China. In contrast, the water consumption of vegetation decreased by about 50% (that is
130.0 mm) under the extreme ecological groundwater depth. Therefore, according to the
experimental results in this paper (Table 5), it can be concluded that under ideal conditions,
the water stored in the stratum (182.54 mm) can maintain a growing season (6 months) of
Haloxylon ammodendron after the groundwater level drops. In particular, the existence of
a clay soil structure makes the soil profile hold higher water content after the water level
drops, which has a significant positive effect on maintaining the benign development of
land surface ecology.

5. Conclusions

(1) According to the field survey, it was found that the structure of the vadose zone of
natural vegetation in arid areas is a multi-layered structure, which has a positive effect
on maintaining ecology. Moreover, the clay soil layer in the vadose zone will make
the groundwater capillary rise higher (140 cm), making it easier for the roots of the
vegetation on the ground to obtain water;

(2) When the groundwater level drops, the water-holding capacity of the multi-layered
vadose zone will continue to maintain high water content for the survival of surface
vegetation in a certain time and range. Combined with the ecological water consump-
tion of Haloxylon ammodendron in the growing season and indoor soil-column test,
the available water held by multi-layered structure of the vadose zone can maintain
Haloxylon ammodendron to survive in a growing season (6 months) after the groundwa-
ter level drops;

(3) The research results can provide a scientific basis for the fine management of ground-
water in arid regions. As we all know, artificial water delivery is an effective means to
control ecological problems, but the period and the amount of water delivery have
been debated by a wide range of scholars. The research calculated the available water
held by the multi-layered vadose zone and the survival time of the typical vegetation
when the groundwater depth drops below the ecological groundwater level. It will
provide a scientific basis for the optimization of an ecological water-delivery period
and water quantity;

(4) Based on the above research, it is recommended to investigate the structure of the
vadose zone in natural vegetation areas in arid areas to carry out the district manage-
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ment of ecological protection [41–44], realize refined management of groundwater
and improve water-resource utilization efficiency.
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