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Abstract: Groundwater is an important ecological water source in arid areas. Groundwater depth
(GWD) is an important indicator that affects vegetation growth and soil salinization. Clarifying the
coupling relationship between vegetation, groundwater, and soil in arid areas is beneficial to the
prevention of environmental problems such as desertification and salinization. Existing studies lack
research on the water—soil-vegetation relationship in typical areas, especially in shallow groundwater
areas. In this study, the shallow groundwater area in Mingin, northwest China, was taken as study
area, and vegetation surveys and soil samples collection were conducted. The relationships between
vegetation fractional coverage (VFC) and GWD, soil salinity, soil moisture, and precipitation were
comprehensively analyzed. The results showed low soil salinity in the riparian zone and high
soil salinity in other shallow-buried areas with salinization problems. Soil salinity was negatively
correlated with VFC (R = —0.4). When soil salinity >3 g/kg, VFC was less than 20%. Meanwhile,
when GWD >10 m, VFC was usually less than 15%. In the areas with soil salinity <3 g/kg, when
GWD was in the range of 4-10 m, VFC was positively correlated with soil moisture content (R = 0.99),
and vegetation growth mainly depended on surface soil water, which was significantly affected by
precipitation. When GWD was less than 4 m, VFC was negatively correlated with GWD (R = —0.78),
and vegetation growth mainly relied on groundwater and soil water. There are obvious ecological
differences in the shallow-buried areas in Mingin. Hence, it is reasonable to consider zoning and
grading policies for ecological protection.

Keywords: groundwater depth (GWD); soil salinity; soil moisture; vegetation fractional coverage
(VEC); NDVI; ecological relationship; Shiyang River Basin

1. Introduction

Desertification is the main ecological and environmental problem in arid
areas [1-3], and vegetation is the main body of ecology in arid areas. Maintaining high
vegetation coverage is the key to preventing desertification [4,5]. As vegetation growth
relies on water, groundwater is an important ecological water source in addition to
limited precipitation [6-8]. Groundwater depth (GWD) is an important factor affecting the
growth of ecological vegetation [9-12]. Greater GWD leads to lower vegetation fractional
coverage (VFC) [9,11], whereas lesser GWD causes salinization [13], which can restrict
vegetation growth and affect VFC. Therefore, studying the ecological relationship between
GWD, soil, and vegetation has important scientific significance.

The Shiyang River Basin in China faces serious salinization [14] and desertification
problems [15], both of which are closely related to the GWD, especially in the Mingin
Qasis at the lower reaches of the basin. After nearly 60 years of excessive groundwater
exploitation, the GWD in the basin has increased significantly, affecting the growth of
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natural vegetation around the oasis. The sandstorm intrusion from the Badain Jaran Desert
to the northwest of the oasis has gradually expanded [16,17], and the Badain Jaran Desert is
now close to become merging with the Tengger Desert in the east to the oasis. Sandstorms
in this area are also one of the main sources of sandstorms in China [18]. In addition to the
increase of the desertification area, the proportion of salinized soil accounts for 80% of the
Mingin area [14], and the salinization problem in this area is extremely serious. Therefore,
studying the ecological value of groundwater in the basin to natural vegetation, the GWD,
and the ecological relationship between soil and vegetation is of important significance to
the ecological protection, management, and restoration of this area.

Many scholars have conducted research on the ecological environmental problems
(desertification and salinization) related to groundwater and vegetation in the Minqgin
area [14-16,19-21]. Huang [19,22,23] and Chunyu [24] studied the dynamic simulation
of the oasis driven by ecological water transfer and its significance for the restoration of
natural oases in arid inland basins, and obtained an optimal water diversion amount of
45 million m3. Cao [25] concluded that the most suitable groundwater depth for natural
vegetation growth in the Mingin Oasis was 2.5-3.9 m, which is not completely consistent
with other basins in Northwest China [26-28]. Wang [29,30] improved the theory and
method of groundwater function evaluation and regionalization, and delineated the nature
reserves of groundwater maintaining vegetation ecology, which are mainly distributed
in the shallow groundwater buried areas. Ding [16] and Ren [17] investigated the source
and spatiotemporal pattern of sand migration in the Minqin Oasis. Yang [14] reported that
the area of soil salinization in the Mingin Oasis has gradually increased in recent years.
The degree of salinization is high in spring and low in autumn, and a large proportion
of the salinized land is related to climate and hydrological factors. Liu [31] investigated
the spatial distribution characteristics of soil water and salt under different land use types
in Mingin Oasis. The average salt content is 47.02 g/kg and the degree of salinization
is severe. Existing studies have mostly focused on the analysis of regional and basin-
scale remote sensing of vegetation coverage as well as salinization degree and evolution.
However, the analysis of the coupling effect of groundwater, salinization, and ecological
vegetation is still lacking. Detailed analysis of the groundwater ecological effects based
on the spatial heterogeneity of the Mingin area also required, especially for the study of
shallow groundwater areas.

In this study, we conducted a vegetation ecological survey, measured GWD, and
collected groundwater and soil samples in the shallow GWD area of the Shiyang River
Basin. By analyzing the ecological relationship of groundwater—-soil-vegetation, the main
factors that control and affect the VFC in the region were examined. By combining the
characteristic differences of basic ecological conditions with zoning, targeted ecological
protection and management suggestions were proposed. The objective of this study is to
clarify the VFC under the control of GWD and soil salt in the oasis—desert transition zone of
the Shiyang River Basin and obtain important ecological GWD and salinization indicators,
and provide a reference and scientific basis for the formulation of ecological policies in
the basin.

2. Materials and Methods
2.1. Study Area

The Shiyang River Basin is located in the eastern part of Gansu Province, China.
It is one of the three inland river basins in the Hexi Corridor, with a total area of
4.16 x 10* km? [32]. The Mingin Basin is located in the lower reaches of the Shiyang River
Basin with an area of about 1.58 x 10* km?. The northwestern part is the Badain Jaran
Desert, the southeastern part is the Tengger Desert (Figure 1), and the central part of the
basin is the Minqin Oasis. The study area is mainly located in the oasis and desert transition
zone from 38°00' N to 39°20" N and 102°37’ E to 103°55’ E. These areas are subject to serious
ecological problems and risks. The Mingin Oasis area is characterized by a typical arid
desertification climate with an average annual temperature of 7.8 °C, an average annual
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precipitation of about 116.5 mm, and an average annual evaporation of 2308 mm [33]. The
landform types include mobile dunes, semi-fixed dunes, fixed dunes, interlaced deserts,
and Gobi. Shrubs are the dominant component of natural vegetation in the area, and include
Nitraria spp., Tamarix spp., Haloxylon ammodendron, Kalidium foliatum, Reaumuria soongorica,
and Artemisia arenaria. The trees include Populus euphratica, Populus gansuensis, Elaeagnus
angustifolia, and Salix matsudana. The herbs are mainly Phragmites australis, Achnatherum
splendens, Sophora alopecuroides L., Bassia dasyphylla, and Agriophyllum squarrosum [34-36].
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Figure 1. Remote-sensing image and sampling plots of the lower reaches of Shiyang River Basin.

In recent years, the GWD of agricultural irrigation area in the Mingin area has been
around 15-35 m [25,37,38]. The shallow groundwater area (GWD < 15 m) is mainly
distributed in the oasis-desert transition zone around the irrigation area [25], the riparian
zone [35], and the Qingtu Lake Wetland in the terminal lake of the Shiyang River [19].
According to the geographical location, landform, groundwater depth, and vegetation
community, the shallow groundwater area was divided into six zones; detailed information
is shown in Figure 1 and Table 1. These zones represent the riparian zone in the middle
reaches (WW), the shallow groundwater area in Nanhu Town (NH), Qingtu Lake wetland
(QTH), the west of Mingin oasis (MQW), Mingin Oasis (MQEW) and the east of Mingin
oasis (MQEE).
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Table 1. Sampling sites information and the vegetation communities.
Site Number of Groundwater . . .
Abbreviation Landform Quadrats Depth (m) Vegetation Types Typical Communities
Qasis—Desert
NH Transition 17 1.4-5.9 Shrubs/Herbs Haloxylon ammodendron/Kalidium foliatum
Zone/Wetland
- g Elaeagnus angustifolia/Tamarix
WW Riparian zone 26 1.3-6.0 Trees/Shrubs/Herbs spp./ Achnatherum splendens
QTH Desert/Wetland 24 1.1-4.0 Shrubs/Herbs Kalidium foliatum/Phragmites australis
Qasis—Desert )
MQW Transition Zone 8 9.0-17.8 Shrubs/Herbs Haloxylon ammodendron/Tamarix spp.
Qasis—Desert Lo
MQEW Transition Zone 15 5.2-20.8 Shrubs/Herbs Haloxylon ammodendron/Nitraria spp.
MQEE Oasis-Desert 14 1.97-5.0 Trees/Shrubs/Herbs  Kalidium foliatum/Achnatherum splendens

Transition Zone

2.2. Data Sources and Methods

The ecological survey was conducted in August 2018. According to different landform
types and GWD intervals [25,37], representative plots in each district were selected to
perform tree surveys with 30 x 30 m? vegetation quadrats. Within the large quadrat,
five 5 x 5 m? quadrats were arranged in the four corners and the center according to the
diagonal method to investigate shrubs. Within each shrub quadrat, a 1 x 1 m? quadrat
was set up to conduct herb surveys. The ecological survey recorded the community types
(trees, shrubs, and herbs), number of vegetation species, number of single species, coverage,
growth, and other ecological indicators [39]. The importance of vegetation in the quadrat
was ranked according to the coverage of each species.

In the center of the quadrat, soil samples were collected at 20 cm intervals for a
maximum depth of 1 m [31]. Five samples were thus taken from each sampling point,
stored in aluminum boxes and Ziplock bags, and tested for the soil moisture content and
soluble salt. The moisture content was determined using the drying method [40]. The
averaged value of the five samples was calculated and used as the soil characteristic data
of the sampling point. The GWD was measured using a Luoyang shovel and steel tape.

The normalized difference vegetation index (NDVI) is a commonly used indicator
for evaluating vegetation development. Landsat NDVI data have been widely used for
studying changes in regional ecological environments [8,19,20,41-43]. In general, NDVI
values range between —1 and 1. A high NDVI value indicates that the vegetation is well-
developed, whereas a low NDVI value indicates that the vegetation is in poor condition.
This study used the Landsat satellite data (from 1980 to 2018) with a temporal resolution
of 16 d and a spatial resolution of 30 m. Firstly, the satellite image was preprocessed
using atmospheric and geometric correction. Then, image stitching, cropping, and band
calculation were performed. Finally, the maximum value extraction and annual average
calculation were performed.

The vegetation fractional coverage is estimated using NDVI and the following

formula [44]:
NDVI — NDVIin

NDVImax — NDVIpin

where VFC is the vegetation fractional coverage and NDVI,,;, and NDVI .« are NDVI
values with cumulative probabilities of 5% and 95%, respectively.

The long-term dynamic observation data of groundwater were obtained from the
Shiyang River Administration. They include the data of typical groundwater depth moni-
toring wells in the Mingqin area (1980-2016) and were used to calculate the annual aver-
age GWD.

VEC =

x 100% 1)
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The meteorological data of the Mingin area were downloaded from the China Meteoro-
logical Science Data Sharing Service Network (http://data.cma.cn; accessed on 1 July 2019)
of the China Meteorological Administration. These data mainly include air temperature
(T), relative humidity (RH), and precipitation (P) from 2004 to 2016. The annual average
temperature, annual average relative humidity, and annual rainfall were calculated here
based on the above data.

3. Results
3.1. Surface Soil Moisture and Salt Content

The average surface soil moisture contents (Figure 2a) of the areas in descending order
were QTH > MQEE > NH > MQEW > WW > MQW. The soil moisture contents of all areas
ranged from 0% to 30%. MQW had the lowest average soil moisture content (only 2.5%),
whereas QTH had the highest average soil moisture content (about 16%). However, the
soil moisture content of QTH varied widely (5-30%).
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Figure 2. Surface soil moisture and salinity in different sampling sites: (a) surface soil moisture; (b) surface soil salinity.

The average surface soil salt contents (Figure 2b) of the areas in descending order
were NH > QTH > MQEE > MQEW > MQW > WW. The salt contents of all areas ranged
from 0 to 40 g/kg. The average salt content of WW was the lowest (at 1.5 g/kg), whereas
that of NH was the highest (approximately 17.5 g/kg). The soil salt content of NH varied
from 2 to 38 g/kg. With the exception of the WW area, the average salt content of the other
five areas exceeded 3 g/kg, indicating salinized land.

3.2. Ecological Vegetation Coverage and Groundwater Depth

The remote sensing data showed the average VFC of each area (Figure 3 or Figure 4a).
The VFCs of the areas in descending order were as follows: WW > MQEE > QTH > MQEW
> NH > MQW. The VFCs of all areas were less than 60%. The average VFC of WW was
the highest at 32%, which indicated medium vegetation coverage. The VFC of MQW was
the lowest at 8%, which indicated mostly bare land. In contrast, the VFCs of other areas
ranged from 10 to 20% and were classified as medium and low vegetation coverage areas.
The VFCs of the quadrats in the WW area varied widely (with a maximum of 60% and a
minimum of 2%), with a high coefficient of variation.
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The GWDs of the areas in descending order were MQW > MQEW > NH > MQEE
> QQ > QTH (Figure 4b). The average GWD in MQW was 13.94 m; that in MQEW was
11.31 m; those in WW and NH were similar (3.42 m and 3.43 m, respectively); those in QTH
and MQEE were less than 3 m; and that in QTH, at 2.16 m, was the lowest.

The vegetation quadrats demonstrate that a combination of shrubs and herbs is the
main community type in the study area (Figure 5). There were 66 quadrats of this type,
accounting for 71% of all investigated quadrats. The average VFC was 15%. The number of
communities with trees was small, and they were only distributed in the WW area. In the
communities with trees, the VFC was significantly higher (25-45%).

70 ~ - 60
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Vegetation community structure and importance ranking
Figure 5. Statistics of vegetation community structure types and vegetation fractional coverage.

4. Discussion
4.1. Ecological Relationship among Groundwater, Soil and Vegetation

Figure 6 shows that the quadrats with higher vegetation fractional coverage were
mainly concentrated in areas with shallow groundwater depth (<6 m) and relatively
low surface soil salinity (<5 g/kg). These samples were distributed in WW, whereas the
coverage rates of other areas were around 10-20%. When the GWD was more than 10 m, the
VEC was less than 10% and the surface was bare soil, reflecting the poor overall ecological
conditions of shallow-buried areas in the Shiyang River Basin.
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Figure 6. The vegetation fractional coverage (VFC) with different soil salinity and groundwater
depth of the Shiyang River Basin.

The correlation analysis results of the water-soil-vegetation relationship showed that
the VFC had the closest relationship with surface soil salinity, with a correlation coefficient
between them of —0.43, whereas the VFC correlation with GWD was only —0.21. The
relationship between GWD and vegetation growth was less obvious, meaning that the
GWD does not significantly affect the VFC. Higher soil salinity may limit the types of
vegetation and vegetation growth, resulting in a lower GWD that cannot produce high VFC.

To better understand the ecological effect of GWD and confirm the weak relationship
between GWD depth and VFC, we analyzed the changes of GWD and vegetation conditions
in a long time series. Figure 7 presents the change trend of groundwater from the 1980s
to 2017. The GWDs of MQEE, NH, MQEW, WW, and MQW have trended upward. After
2012, the GWDs of the NH, MQEE, and MQW monitoring wells decreased and the water
levels increased. After 2010, the GWD of the QTH area slowly decreased due to the
implementation of ecological water transfer measures. As a wetland, the surface water area
of QTH has also expanded [19,24,45]. The vegetation data in the same period show that,
with the increase in GWD, the vegetation coverage conditions did not decrease significantly
in the NH, WW, MQEW, and MQEE areas (Figure 8a,b,e,f). From the 1980s to 1996 and
then from 2000 to 2017, the vegetation NDVI did not decrease significantly, but there
were fluctuations. The average value of NDVI in MQW changed from 0.22 in 1980 to
0.15 in 1996, and subsequently remained stable at around 0.15 (Figure 8d). The NDVI of
vegetation in QTH fluctuated around 0.13 from 1980 to 2010, and increased steadily after
2010 (corresponding to the decrease in GWD) (Figure 8c).
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Figure 8. Normalized difference vegetation index (NDVI) changes in different zones from 1980 to 2016. (a) NH; (b) WW;
(c) QTH; (d) MQW; (e) MQEW; (f) MQEE.

In QTH, the buried depth was usually less than 3 m, and the surface vegetation
was consistent with the downward trend of ecological water transfer and buried depth,
reflecting the ecological contribution of groundwater to the vegetation in the area. In other
areas, the vegetation changes and buried depths were inconsistent with the evolution of
GWD, indicating the weak influence of GWD and the close correlation between vegeta-
tion and surface soil. For areas with deeper GWD (>10 m), the soil moisture content is
mainly affected by meteorological factors, such as precipitation, temperature, and relative
humidity [34], especially summer precipitation. The meteorological data of the Mingin area
from 2004 to 2017 (Figure 9) showed certain fluctuations in annual precipitation during
this period. There were very high precipitation values in 2007, 2011, and 2014 and the
fluctuations in annual precipitation and annual relative humidity were consistent with the
change of vegetation NDVI in WW, NH, MQEW, and MQEE (Figure 10). This indicates
that the growth of vegetation in these areas mainly depends on precipitation and soil
water [21,46], and is not closely related to groundwater.

200 ~70
Precipitation Temperature
= Relative humidity 60
150 -
E p f-\‘.\ L] ’.\\ = =
= - L] . o . -2 ey
g | m ] 40 5
=100 -
= §
=3 .30 £
Q (0]
g £
20 ©
o (]
50 K
L 10
0 T . 1 L 1 = 1 k: I * T 1 ¥ 1 _0
2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 9. Meteorological changes in Mingin from 2004 to 2016.
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Among these areas, the VFC in the WW area had the closest relationship with precipi-
tation with a correlation coefficient R of 0.63 (Table 2). This means that WW has a close
relationship with the surface soil moisture content. Figure 11a shows all the quadrats and
soil survey points in the WW area. According to the differences in GWD, these survey
points were divided into three groups. When the local GWD was less than 2 m (Group 1),
the soil moisture content and VFC were higher, and VFC reached 40-50%. When GWD was
about 2—4 m (Group 2), the relationship between VFC and soil moisture content was not
significant and VFC ranged from 20-50%. When the GWD was above 4 m (Group 3), VEC
was less than 35% and there was a significant linear relationship between soil moisture
content and VFC (R = 0.99). The higher the soil moisture content, the higher the VFC.
From the perspective of community structure, Group 1 was composed of trees/shrubs
and herbs, where shrubs were the dominant community, and marsh meadows were more
developed [35]. Group 2 was dominated by a combination of trees, shrubs, and herbs,
where trees were usually the dominant species. Group 3 included shrubs and herbs, where
herbs were the dominant species in some of the quadrats. Desert vegetation communities in
the Shiyang River Basin are usually composed of shrubs and herbs (Figure 5). The roots of
shrubs and herbs in arid areas are mainly distributed at a depth of 1.2 m below the soil sur-
face (Figure 12a) [47-50]. The water in this layer is the main water source that supports the
growth of vegetation, which indicates the ecological significance of soil moisture in the sur-
face unsaturated zone. For example, the root system of Haloxylon ammodendron is generally
within 1 m of the surface, and the horizontal root system is concentrated 50-100 cm below
the soil surface [47,48,50]. The root system of Tamarix spp. is distributed 40 cm below the
soil surface. The roots of Nitraria spp. are distributed approximately 120 cm below the soil
surface [47]. The main roots of the thin-branched Kalidium foliatum penetrate to 80-145 cm
below the soil surface, where the main root system is distributed in the 10-30 cm soil layer,
and the root width ranges from 100-115 cm [51]. For vegetation in the WW area, 4 m is an
ecological water level boundary for the structure of the vegetation community (Figure 12a).
When the GWD is greater than 4 m, the vegetation of the community dominated by small
shrubs and herbs mainly depends on summer precipitation and surface soil moisture for
growth. The vegetation roots extend laterally to access water, especially in annual plants
(Figure 12b). The degree of lushness is greatly affected by the total amount of precipitation
and its annual and seasonal distribution. When the precipitation is appropriate, it can
form Nitraria spp. + Calligonum shrubs and “Halogeton arachnoideus + Reaumuria soonorica
shrubs with a coverage of more than 40%. This type of vegetation has become an important
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part of the vegetation in this area [46,52]. The trees and some shrubs with a root depth of
4-10 m mainly rely on deep groundwater to survive [49,53]. When the GWD is less than
4 m, the roots of the vegetation can grow vertically and penetrate the groundwater surface
or reach the groundwater capillary water uplift zone (Figure 12c). Hence, the vegetation
no longer completely depends on the surface soil moisture to survive. When the GWD is
further reduced to 2 m, vegetation growth can fully access soil moisture and groundwater
to survive [54] (e.g., some species of Tamarix [49,55]), and thus VFC can reach a higher
value [56]. Figure 11b displays the relationship between GWD and VFC when GWD <4 m.
These two were highly negatively correlated (R = —0.78). The smaller the buried depth, the
higher the VFC. This was consistent with an analysis of the NDVI-GWD relationship in
the Mingin Oasis conducted by Cao [25].

Table 2. Correlation analysis between NDVI and meteorological factors in different zones.

Soil moisture (%)

5 4

R WW NH MQW MQEW MQEE QTH
n 12 12 3 11 5 4
PRE/mm 0.30 0.17 —0.05 —0.13
TEM/°C —0.29 —0.15 —0.05 —0.06 —0.12
RH/% 0.23 0.03 —0.25 0.04 0.09
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Figure 11. Relationship between vegetation fractional coverage (VFC) and soil moisture and groundwater depth (GWD):
(a) VFC—soil moisture; (b) VFC-GWD.

Figure 12.
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GWD<2m
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(b) Reaumuria soongorica; (c) Tamarix.

(a) Sketch of root distribution in the profiles of different groundwater depth in Shiyang River Basin;
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4.2. Ecological Degradation of Transition Zone Dominated by Groundwater

Changes in the GWD can cause salinization and desertification [13]. A large GWD
can result in reduced surface vegetation (as in MQW), which can in turn cause deser-
tification (Figure 13), whereas a small GWD affected by surface evaporation can re-
sult in soil salinization. The growth of a small amount of salt-tolerant vegetation can
limit the VFC [31], whereas lower vegetation cover can increase the risk of desertifica-
tion. This process can make soil salinization a major environmental problem leading to
land desertification [57,58].

Soil salinity (g/kg)
0 5 10 15 20 25 30

QTH
ww
5 MQEE N

A

.. Desertification
8 - Salinization

m m
10 1 MQEW

12 O
144 O

16 -

Groundwater depth (m)

18 - Desertification ¥

20

Figure 13. Ecological evolution process of desertification and salinization in shallow groundwater
area of Shiyang River Basin. The circle size of each area represents the mean value of the number of
vegetation species in the area, with the minimum of 2.6 and the maximum of 5.2; green represents the
level of VFC, blue represents the level of salinization, and orange represents the level of desertification.

In addition to the WW area, the VFCs of other areas were not high, but their soil
salinity values were above 3 g/kg (Figure 2b). This suggested that the soil salinity may
have constrained the VFC. For the NH area, with the highest salinity, the VFC was not high
with scattered distribution of Kalidium foliatum and Sophora alopecuroides L. In the NH area,
the correlation between NH and precipitation (R = 0.3) was also smaller than that of WW
(R = 0.63), reflecting the obvious limitation of soil salinity on VFC. The expansion of the
saline area in the Mingin Oasis and parts of the Qingtu Lake and the increase in salinity
were mainly driven by ecological water transfer [14,46]. Figure 13 shows the relationship
between desertification and salinization in the shallow buried area of the Shiyang River.
When GWD was <4 m and soil salinity was <3 g/kg, the VEC was the highest and the
number of species was the largest. There were 8-9 species of plants in the community of
trees near the river bank (Figure 14). When the soil salinity was greater than 5 g/kg, VFC
began to decrease. When the soil salinization reached 20 g/kg, it began to transform into
bare land (Figure 6) and desertification occurred. When GWD was >6 m, the vegetation
VFC began to drop. When GWD was >10 m, VFC was less than 10% and began to transform
into bare land (Figure 6).



Water 2021, 13, 1642

14 of 17

= 30 1 @ Number of quadrats - 30
R —e— V/FCmean

9 25 - L 25

© &
Q o
3 20 1 - 20 ©
8 :
®© o
5§10 7 - 155
E 2
& 10 A - 10 g
C =}
o) zZ
g 5 | - 5

[y

o)

@

> 0 - - 0

1 2 3 4 5 6 7 8 9
Plant species

Figure 14. Statistics of species number, VFC and number of quadrats.

4.3. Suggestions and Measures for Ecological Protection in Different Levels and Districts

Over-exploitation of groundwater in the Shiyang River Basin has been detrimen-
tal. Since the 1960s, the groundwater level has declined significantly [25,38,59], and the
ecological environment has deteriorated considerably. Since the implementation of eco-
logical protection measures (such as ecological water transfer and a limitation on ground-
water extraction), the initial achievements of ecological restoration in some areas have
appeared [25,37]. The shallow groundwater area (<10 m) in the basin is the key area for
protection and the easiest area for governance. Therefore, due to differences in GWD, soil
quality, and salinity, it is necessary to implement targeted ecological protection measures
at different levels. For the existing shallow groundwater areas, the WW area has a small
GWD and low soil salinity. Its vegetation should be mainly protected by forest farms and
grasslands. Groundwater exploitation in the riparian zone should be restricted. At the
same time, attention should be paid to the salinization of areas with a GWD of less than
2 m. The current ecological environment of QTH is significantly affected by ecological
water transfer [24]. It is recommended to maintain the existing water transfer measures
and gradually expand the impact on the ecological vegetation around the wetland. The soil
salinity in the MQW and MQEW areas are not very high, and the main factor limiting VFC
is a large GWD. By restricting groundwater exploitation in the irrigation area, planting and
maintaining ecological forest construction, and expanding the ecological forests with small
trees, we can expect ecological improvement, which may gradually serve as an effective
barrier against the Badain Jaran Desert. The NH and MQEE areas had GWD:s of less than
5 m, but the high soil salinity limited the VFCs of these areas. Salinization control measures
should be adopted in these areas.

5. Conclusions

In this work, the soil moisture, soil salinity, GWD, and VFC were integrated to study
the ecological relationship of groundwater—soil-vegetation in Shiyang River Basin. The role
of GWD and soil salinity in desertification and salinization were innovatively analyzed,
and the key GWD and soil salinity standard for ecological vegetation maintenance and
restoration were proposed.
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In the Shiyang River Basin, soil salinity is the factor most closely related to VFC and is
inversely correlated with VEC (R = —0.4). High salinity can significantly limit VFC. When
soil salinity is greater than 3 g/kg, VFC is generally less than 20%.

The surface vegetation community is dominated by shrubs and herbs. In the areas
with soil salinity less than 3 g/kg, when GWD >10 m, the vegetation fractional coverage
is usually less than 15%. For areas with GWD <10 m, when GWD >4 m, VFC and soil
moisture content are positively correlated (R = 0.99), or significantly affected by annual
rainfall, and vegetation growth mainly depends on surface soil moisture. When GWD <4 m,
VFC and GWD are negatively correlated (R = —0.78), and vegetation growth mostly relies
on groundwater and soil moisture.

The water—soil-ecological conditions of the shallow-buried areas of the Shiyang River
Basin have obvious differences, and ecological management measures should be formu-
lated in specific areas.

Further work is required to better understand the water use strategies of typical
vegetation under different GWD and salinization levels. In addition, it is beneficial to
ecological protection to study the causes of soil salinity difference in the transition area.
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