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Abstract: The natural oases in the plain area of the northwest inland basin strongly depend on the
groundwater depth. With the overexploitation and utilization of groundwater, natural oases are
faced with the problems of serious degradation and rehabilitation. How to evaluate the degree of
the degeneration crisis of groundwater ecological function has become one of the key scientific and
technological problems to be solved. In this paper, the Shiyang River basin of Gansu Province was
selected as a typical research area. The remote sensing interpretation, groundwater—soil ecology
comprehensive investigation, and groundwater in situ monitoring were adopted to carry out the
research. Based on the correlation analysis method of natural ecology and groundwater, the interac-
tive relationship between the natural ecological environment and groundwater depth in different
ecological types of the region were studied: (1) under the arid climate condition in northwest China,
the relationships between the ecological situation and the groundwater depth in different ecological
types of the region were obviously different, and as a result, the optimal or limit ecological water level
of groundwater in different ecological types was also different; (2) in the natural wetland area, the
suitable ecological water level of groundwater was between 0.5 m to 1.5 m, and the limit ecological
water level was 8.0 m; in the natural vegetation area, the suitable ecological water level was between
3.0 m to 5.0 m, and the limit ecological water level was 10.0 m; and in the farmland area, the suitable
ecological water level was between 2.0 m to 5.0 m, and the limit ecological water level was 2.0 m;
(3) in order to effectively protect the natural ecology in different ecological types, a five-level early
warning and control index system should be established for the ecological function degeneration
crisis of groundwater. It may be beneficial to promote restoration and protection of the groundwater
ecological function and natural ecology in the inland area of northwest China.

Keywords: groundwater management; ecological water level; groundwater ecological function;
different ecological region; degree of degeneration crisis; northwest China

1. Introduction

Concept of GEF: groundwater is not only an important resource but also supports
many ecosystems [1]. Because of the low precipitation and high evaporation, as well as
scarce water resources in the arid area of northwest China, the ecological environment is
highly dependent on groundwater, which is also called groundwater-dependent ecological
systems (GDEs) [2-7]. Groundwater plays a positive role or effect in providing numerous
services to humankind [8], such as maintaining natural vegetation, natural wetland, and
land quality, which is called groundwater ecological function (GEF) [9].

Challenges of water resource utilization in arid areas: the sustainable use and manage-
ment of limited groundwater resources remains a challenge owing to the growing demand
for water, the pressures of economic development, climate change, and the increasing
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scarcity of water resources. In the lower reaches of the inland basin of northwest China,
the amount of groundwater recharge in the lower reaches of the basin has been decreasing
due to the long-term large-scale interception of surface runoff from the mountains for farm-
land irrigation in the middle and upper reaches. In order to meet the increasing demand
of water, the groundwater in the lower reaches has to be exploited continuously, which
leads to the decrease in groundwater depth. When the groundwater depth is deeper than
the suitable ecological groundwater level or the limit ecological groundwater level, the
ecosystem such as natural wetland and natural vegetation area may degenerate to different
degrees. Otherwise, in the process of artificial water transfer to natural wetlands to restore
the ecology, the groundwater in the surrounding oasis is too shallow, which makes the
surface soil seriously salinized, thus inhibiting the development and growth of natural
vegetation or crops. Therefore, in the inland of northwest China, if the groundwater depth
is too deep or too shallow, the GEF decreases or disappears [10], which may lead to the
degeneration crisis of the ecological environment and seriously threaten the local ecological
security [11].

Research methods and examples of ecological groundwater level in arid areas: the eco-
logical groundwater level is the key index of water resource management and groundwater
and ecological environment protection in arid oasis regions. Ecological survey statistics
and analysis, hydrological simulation analysis, and remote sensing statistical analysis are
the primary methods to determine the ecological groundwater level [12]. Ecological survey
statistics and analysis is the most common method. The vegetation coverage, frequency,
and abundance can be obtained through the ecological quadrat survey, and then the sta-
tistical model can be used for quantitative analysis of the functional relationship between
each ecological factor and the groundwater depth. Thus, the ecological groundwater level
of different types of ecological protection areas can be determined [13-17]. Hydrological
simulation analysis is used to simulate the groundwater depth and vegetation index by
a mathematical model, or to calculate the appropriate groundwater depth according to
the capillary rise theory. Then, the ecological groundwater level in a natural vegetation
area is determined by scenario contrast analysis and field verification [18-22]. Remote
sensing statistical analysis is used to acquire spatial data such as the vegetation index and
groundwater depth by multi-source remote sensing satellite data, combined with ground
fixed-point observation, to determine the reasonable groundwater depth by the quantita-
tive relationship between groundwater depth and vegetation status [23-25]. For example,
Li et al. fitted the curve of the relation between vegetation and groundwater depth by nor-
mal and lognormal distributions, in which the ‘suitable water depth’ range corresponded
to the higher frequency of vegetation distribution. The suitable groundwater depth for
shrub growth was 3-5 m and 1-3 m for grass growth [26]. Qi et al. considered the sum of
the thickness of the vegetation root layer and the height of the capillary rise of different
soils as the ecological threshold of groundwater in western Jilin province. The reasonable
threshold value of suitable growth of various vegetation crops was 3.76~5.66 m [27]. Soil
salinization is also closely related to the groundwater depth. The salt dissolved in phreatic
water is brought to the soil surface and accumulated mainly through phreatic evaporation.
In northwest China, based on the research investigation and remote sensing inversion, it is
considered that the groundwater depth to prevent soil salinization should be controlled
above 2.0-3.0 m [28-30]. In Uzbekistan, some scholars believed that salinization can be
effectively controlled if the groundwater depth is greater than 1.5 m [31]. The groundwater
depth of natural wetland is of great significance to maintain the stability of the wetland
ecosystem. For example, the temporal variation of wetlands in the lower reaches of the
Tarim River from 2000 to 2018 was analyzed based on the long time series remote sensing
data at the monthly scale. The study showed that the key groundwater depth for the
sustainable and stable growth of wetlands was 3.5-5.0 m [32]. Groundwater depth is
deeply influenced by natural factors (climate change, topography;, soil, etc.) [33,34] and
human-made factors (change in underlying surface conditions, irrigation, groundwater
exploitation, etc.) [35,36], and the ecological groundwater level in different areas has signif-
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icant difference. Therefore, the reasonable threshold of groundwater depth at the regional
scale is usually determined by regional hydrogeological characteristics, vegetation ecology,
soil salinization, agricultural production, and so on [37,38].

Research methods and examples of GEF in arid areas: groundwater contributes to
the maintenance of the functioning of ecosystems [39]. In the face of the above challenge,
scientific mapping of GEF at the watershed scale has been given more and more attention
in many countries. It is pivotal to understanding the interaction between groundwater
and ecosystem as well as rational allocation of regional water resources [40]. The mapping
of GEF can be achieved through ecosystem fieldwork [41], and remote sensing data are
necessary and feasible for studying GEF in regions. The identification methods based on
remote sensing include supervised classification [42], unsupervised classification [43], index
classification [44], and standardized NDVI classification [45,46]. For example, Australia
carried out catchment-scale mapping research on groundwater-dependent ecosystems to
provide a scientific basis for natural resource management in 2015 [47]. Jeanette Howard
et al. illuminated the connection between groundwater and surface ecosystems by iden-
tifying and mapping the distribution of groundwater-dependent ecosystems (GDEs) in
California [48]. Cruz et al. identified the GEF in the Azores volcanic islands, dividing
the ecosystem’s dependence on groundwater into five levels: not applicable, very low,
low, moderate, and high [39]. By using the analytic hierarchy process (AHP), Huang et al.
established an index system for evaluating the GEF in the Golmud Plain area and evaluated
the present situation of GEF [49]. From 2017 to 2021, the research team of the authors car-
ried out the project “Groundwater Development and Utilization and Ecological Function
Protection of Special Geomorphic Areas in Western China”. The research team inherited
and developed the technical system of groundwater function evaluation and mapping the
suitability for arid and semi-arid regions [50,51]. It provides scientific support for local
government departments to carry out targeted and rational management of groundwater
through scientific mapping of different groundwater functional areas.

Literature summary and research purpose of the paper: in view of different types of
ecosystems, the predecessors have studied and put forward the suitable ecological water
level of groundwater. According to the dependence of different ecosystems on groundwater,
the mapping and current situation evaluation of GEF were carried out. These research
results are of great help and support to ecological protection and groundwater management.
However, with the dynamic change in groundwater depth, how the state of each ecological
factor gradually degenerates or even deteriorates is still a problem that needs to be further
studied. Moreover, the previous studies on the GEF are limited to the current status and
lack of a prediction of the future dynamic trend. What is more, the state of GEF is not
invariable, but changes with the dynamics of groundwater depth. Once the groundwater
depth is greater than the ecological water level, the ecological function of groundwater
degrades. In addition, the “suitable ecological water level” of a natural vegetation reserve,
natural wetland reserve, and farmland reserve is different. When the groundwater depth
increases gradually, the degree of degeneration of GEF in different regions is also different.
Therefore, in order to realize the sustainable utilization of groundwater and the protection
of ecological environment, it is needed not only to study the state of the GEF and the
degree of degeneration but also to predict its future dynamics, so as to put forward the
crisis classification warning index suitable for different regions of GEF and formulate
the corresponding countermeasures. It is necessary for groundwater management and
ecological protection planning.

2. Materials and Methods
2.1. Study Area

In the northwest inland basin, from the upper reaches to the lower reaches, not only the
topography, meteorology, hydrology and water resources, but also the natural ecological
conditions, population, and economic and industrial conditions all show distinct zonation.
The upper reaches is the water source area, the middle reaches is the main development
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and utilization area of water resources and groundwater, and the lower reaches is the main
area of serious water shortage, ecological fragility, and degradation. The groundwater
resources in the middle and lower reaches of the basin are mainly derived from the surface
water of the mountains in the upper reaches, and are replenished by river seepage, the
canal system, and field infiltration. Although the groundwater depth is deeply influenced
by natural factors (climate change, topography, and soil) and human factors (change in
underlying surface conditions, irrigation, and groundwater exploitation), human factors
play an absolutely dominant role. Due to the scarce precipitation and high evaporation, the
precipitation has little significance on groundwater recharge. Therefore, the shortage of
natural water resources and groundwater supply in the inland areas of northwest China,
coupled with the continuous development of the population and economy, have led to a
series of ecological and environmental problems, in which the Shiyang River basin is a
typical and representative basin with the most serious overutilization of water resources
and groundwater and the most intense impact of human activities.

Shiyang River basin is in the east of Hexi Corridor of Gansu province (101°06'-104°04’ E,
37°10'-39°24’ N), the watershed area of which is 41,600 km?, and belongs to a typical
continental temperate arid climate [52]. The topography of the basin is high in the south
and low in the north, and the bedrock is mainly sandstone. Controlled by geological faults,
several relatively independent water resource systems are formed in the basin: Qilian
Mountains, Wuwei Basin, Mingin Basin, and Qingtu Lake (Figure 1). The quaternary strata
in the basin are the main aquifer, and the lithology is mainly alluvial-diluvial sediments.
The thickness of the quaternary in the Wuwei Basin reaches from 470 m in the south
to 100 m in the north, and the thickness of the quaternary system in the Mingin Basin
gradually changes from about 400 m to less than 200 m from south to north.
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Figure 1. Water cycle patterns and ecological functions in the natural state of the Shiyang River
basin. 1. Bedrock; 2. Quaternary; 3. fault; 4. water cycle transformation and GEF zoning number;
5. groundwater depth; 6. groundwater movement; 7. spring; 8. precipitation; 9. surface runoff.

Under natural conditions, the upper, middle, and lower reaches of the basin have
different GEFs because of the obvious vertical climate characteristics in the basin [53]:
(1) The upper reaches of the basin is the Qilian Mountains, where the climate belongs to
the alpine semi-arid and humid region, with an annual average precipitation of 361 mm.
This area is the source of water resources in the basin, and the GEF is mainly soil and water
conservation and river base flow maintenance; the human activities in this area have little
influence, and the ecological environment is in the natural characteristics; (2) the middle
reaches of the basin is Wuwei sub-basin, where the climate belongs to the arid plain, with an
annual average precipitation of 166 mm. The water resources mainly come from the surface
runoff of the upper Qilian Mountains. The Wuwei sub-basin can be further divided into
the piedmont inclined alluvial-diluvial fan area and fine soil plain area according to the
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groundwater depth. The dominant function of groundwater in piedmont alluvial-diluvial
fan is water resource function, while in the fine soil plain, the GEF is strong and mainly
manifested as maintenance of surface vegetation, farmland quality, and ecological base
flow in the downstream area; the human activities have the strongest influence in this area,
and the ecological environment is dominated by artificial oases such as irrigated farmland;
(3) the lower reaches of the basin is the Mingin sub-basin and desert, where the climate
belongs to warm arid areas, with an annual average precipitation of 113 mm. This area is
a severe water shortage area, with almost no surface runoff, and water resources mainly
depend on water supply from the middle and upper rivers. The GEF is strong, and mainly
manifested as maintenance of natural oases and artificial oases; (4) Qingtu Lake is the tail
lake of Shiyang River, located at the end of the basin, with an annual precipitation of less
than 100 mm and groundwater depth of 1-3 m. It has strong GEF and is mainly manifested
as the maintenance of surface vegetation and wetland. The natural water resources in
the area are extremely poor, and the natural ecology is extremely fragile. Artificial water
conveyance is still needed to maintain the ecological stability.

2.2. Materials and Methods

Based on the evaluation and mapping of groundwater function in the Shiyang River
basin [51], natural wetland reserve, natural vegetation reserve, and farmland quality re-
serve were selected as the main research areas (Figure 2) to carry out a field ecological
vegetation-groundwater—soil comprehensive investigation and in situ groundwater moni-
toring. Combined with previous research results, remote sensing interpretation technology
and ArcGIS 10.3 platform were used to analyze the relationship between typical ecological
factors and groundwater in each reserve, to explore the response characteristics of differ-
ent ecological factors with the change in groundwater depth, reveal the process of GEF
degeneration from good to catastrophic degeneration so as to develop indexes of GEF crisis
classification and early warning in different ecological reserves in northwest China. The
descriptions of data including the monitoring duration, periods, and types of parameters
are listed in Table 1.

Table 1. Data description of field investigation and collection.

Type of Data Source of Data Types of Parameters Duration of Data Period of Data
L Vegetation growth including
rtolgdivm::’z;)?—soﬂ coverage, dominant species, August 2018 and
& . Field surveys plant height, salt content of & Yearly
comprehensive topsoil, and August 2019
investigation groundwater depth
Monitoring of
groundwater depth In situ monitoring Groundwater depth August 2018 to 30 min
in wetland December 2019
Collected by the local From September to

Area of wetland

groundwater authority

Water area October of 2018 and Daily
2019, respectively

Groundwater depth of
the study area

Collected by the local
groundwater authority

Groundwater depth 2000 to 2017 Monthly

NDVI

Collected by Landsat

satellite data Index of NDVI 2000 to 2017 Monthly
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Figure 2. Mapping of groundwater function in Shiyang River basin.

2.2.1. Field Surveys

The field ecological vegetation-groundwater—soil comprehensive investigation was
carried out in the Mingin Oasis and Qingtu Lake area in August 2018 and August 2019
which is the best season for natural vegetation (Figure 3a). There were 50 investigation
points in the area, and the groundwater depth, ecological status of surrounding natural
vegetation, and soil salt content within 1 m depth were studied in detail. At the same
time, a total of 21 in situ groundwater monitoring sites (Figure 3b) were set up in and
around the Qingtu Lake wetland, which is in the lower reaches of the Shiyang River, to
monitor the annual variation of groundwater depth in the lake area. The groundwater
monitoring period was from August 2018 to December 2019 at a frequency of 30 min using
the groundwater level meter (Levelogger 5 LTC) that is made by solinst in Toronto, Canada.
In addition, the response characteristics of the water area of Qingtu Lake wetland to the
dynamic change of groundwater depth were determined by remote sensing interpretation
in 2018 and 2019 during the period of artificial conveyance from August to September.
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Figure 3. The map of field survey points. (a) Field ecological vegetation-groundwater—-soil compre-
hensive investigation; (b) in situ monitoring sites of groundwater.

Qingtu Lake wetland is a seasonal water area, which needs artificial water conveyance
to maintain a certain water area after agricultural irrigation in August every year. The
wetland water area gradually increases with the artificial water conveyance, and gradually
decreases with the influence of leakage and evaporation after the water conveyance, so
there are only a few areas that can maintain water throughout the year. Since the moni-
toring points in the central area of the wetland are inundated by seasonal lake water, the
monitoring point (d11) was selected to establish the correlation between the wetland water
area and groundwater depth during the water conveyance period (September—October)
(Figure 3b), which is about 1 km away from the south of the wetland.

2.2.2. The NDVI

The NDVI is the most widely used vegetation index and has become the best remote
sensing index for monitoring vegetation coverage and growth [54,55]. Its value ranges from
—1to 1. A negative value indicates that the ground object has high reflection characteristics
in the visible light band, and is often associated with cloud, water, snow, etc.; a value
of 0 tends to represent rock or bare soil; a positive value represents different degrees of
vegetation coverage, and the larger the value, the higher the vegetation coverage. Remote
sensing data were collected from Landsat satellite data during 20002017, with a temporal
resolution of 16 days and a spatial resolution of 30 m. Based on the annual mean value
of NDVI calculated by 30 m spatial resolution Landsat satellite data [56] and long-term
observation data of groundwater depth in the Minqin Basin that were collected from 2000 to
2017, the relationship curve between groundwater depth and NDVI value was established
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to determine the index of GEF degeneration classification and early warning in the natural
vegetation oasis area.

3. Results
3.1. Index of GEF Crisis Classification and Early Warning in Natural Wetland
3.1.1. Relationship between Wetland Water Area and Groundwater Depth

As can be seen from Figure 4, the wetland water area was closely related to groundwa-
ter depth. When the groundwater depth was more than 3.0 m, the wetland water area was
the smallest in the whole water conveyance period, which was less than 5 km?; when the
groundwater depth was 1.5-3.0 m, the wetland water area increased gradually from 5 km?
to 15 km? with the rise in groundwater depth; when the groundwater depth was 0.5-1.5 m,
the wetland water area could be maintained at about 15 km?; when the groundwater
depth was less than 0.5 m, the wetland water area could be maintained at a large level
of 25-35 km?. Therefore, 1.5 m can be used as the key groundwater depth threshold of
“suitable ecological water level” for the wetland area. When groundwater depth is less
than 1.5 m, it can maintain the wet water area which does not continue to decrease, and
ensure the ecological safety of the wetland.
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Figure 4. Correlation between wetland water area and groundwater depth.

3.1.2. Correlation between Vegetation Diversity and Groundwater Depth

Artificial water conveyance starts in August every year, which is the lowest water
level period of the Qingtu Lake wetland, with the smallest lake area and the largest
groundwater depth at each monitoring point. The relationship between vegetation diversity
and groundwater depth was studied by ecological sample investigation in the wetland. In
the area where the groundwater depth was less than 0.5 m, the topography was low, and
the topsoil was almost saturated. The area is a seasonal lake, which forms a lake quickly
when the water is transported artificially, and then it gradually dries up or retains only a
few water surfaces along with leakage and evaporation. The dominant vegetation around
is Phragmites australis. In the area with a groundwater depth of 0.5-1.5 m, most of the area is
submerged after artificial water conveyance, and the dominant vegetation in this area is also
Phragmites australis. In the area with a groundwater depth of 1.5-3.0 m, only a small part
of the area is submerged after artificial water conveyance. There are abundant species in
this area, such as Nitraria sibirica, Tamarix ramosissima, Lycium barbarum, Phragmites australis,
Goose down vine, etc., and the dominant species is shrub. The area with a groundwater
depth of 3.0-8.0 m belongs to the periphery of the wetland, and the vegetation type is
mainly cultivated Haloxylon ammodendron. The area with a groundwater depth greater than
8.0 m is the desert area, where the vegetation is dominated by Nitraria sibirica. It is about
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4 km away from the center of the lake area, and the groundwater dynamic changes are
basically not affected by the wetland. Therefore, 8.0 m can be used as the key groundwater
depth threshold of “limit ecological water level” for wetland area degradation into a desert.

3.1.3. Early Warning Index System and Countermeasures

The natural wetland is closely related to the groundwater depth. According to the
relationship between groundwater depth and the wetland area, as well as that between
groundwater depth and vegetation growth, it not only determines the suitable ecological
water level but also analyzes the response of the natural wetland area to the gradual
decrease in groundwater depth. When groundwater depth was less than 0.5 m, the GEF
in the natural wetland reserve was in a good state, and wetland water had the maximum
area. When groundwater depth was in the range of 0.5-1.5 m, the GEF situation was in
a normal state, and groundwater could basically maintain a stable wetland water area.
When the groundwater depth was in the range of 1.5-3.0 m, the GEF of the nature wetland
reserve was in a gradual degeneration state, and the groundwater could not maintain a
stable wetland water area. With the increase in groundwater depth, the wetland water area
gradually declined, and the vegetation communities began to change from a single reed
community to multiple vegetation species. When groundwater depth was in the range of
3.0-8.0 m, the GEF in the nature wetland reserve was in a serious degeneration, and the
wetland water was basically dried up, and as a result, cultivated Haloxylon ammoderma is
needed to ensure ecological security and prevent further ecological degradation. When
groundwater depth was greater than 8.0 m, the GEF in the nature wetland reserve was
in a catastrophic degeneration state, and the land desertification occurred. Therefore, the
GEF of nature wetland reserve in the lower reaches of northwest China can be divided into
five levels of warning based on the above analysis: good, normal, gradual degeneration,
serious degeneration, and catastrophic degeneration, as shown in Table 2. In each level
of early warning state, different “conclusions of early warning” and “countermeasures
and suggestions” were formulated according to the dynamic trend of the groundwater
level. Among them, the decline in groundwater level corresponds to “general change”,
“negative change”, and “worse change”, while the rise of groundwater level corresponds
to “positive change”.

Table 2. Ecological security early warning and management threshold index system of natural
wetland in northwest inland basin.

Groundwater Ecological Security =~ Groundwater Conclusion of .
. . . . Countermeasures and Suggestions
Depth (m) Situation Dynamic Early Warning
T Positive change Maintain existing regulatory measures
<0.5 Good i itori
General change Appropriately strengthen monitoring
and management
T Positive change Maintain existing regulatory measures
0.5-1.5 Normal itori i
i Negative change Strengthen monitoring and early warning
measures
T Positive change Maintain existing regulatory measures
15-3.0 Gradual 5 n — |
20-3. degeneration 1 Negative change .trengt en monitoring, early
warning measures, and management
T Positive change Maintain existing regulatory measures
3.0-8.0 Serious Strengthen monitoring and early warning
degeneration i Worse change measures, and appropriately reduce

groundwater exploitation or increase
groundwater recharge
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Table 2. Cont.

Groundwater Ecological Security =~ Groundwater Conclusion of .
. . . . Countermeasures and Suggestions
Depth (m) Situation Dynamic Early Warning
T Positive change Maintain existing regulatory measures
Catastrophic Strengthen monitoring, early warning
>8.0 degeneration measures, and management; meanwhile,
1 Worse change

strictly control groundwater exploitation or
increase groundwater recharge

Note: “1” means groundwater level is rising; on the contrary, “|” means groundwater level is in a state of decline.

3.2. Index of GEF Crisis Classification and Early Warning in Natural Vegetation Area
3.2.1. Relationship between Vegetation NDVI and Groundwater Depth

Jin’s research showed that vegetation is considered to develop when the NDVI is
greater than 0.08 in the arid areas of northwest China [57]. It can be seen from Figure 5 that
the NDVI is negatively correlated with the groundwater depth, and the NDVI gradually
decreases with the increase in groundwater depth in the range of 1-5 m. According to
the correlation curves between the NDVI and groundwater depth in 2000, 2008, and 2016,
the following characteristics could be obtained: when groundwater depth was less than
3.0 m, the NDVI decreased rapidly with the increase in groundwater depth, indicating that
it is most suitable for the growth of land surface vegetation which strongly depends on
groundwater for survival; when groundwater depth was between 3.0 m and 5.0 m, the
NDVI decreased slowly with the increase in groundwater depth, indicating that it can still
provide water for parts of land surface vegetation; when groundwater depth was greater
than 5.0 m, the NDVI was basically unrelated to groundwater depth. With the increase in
groundwater depth, the NDVI was always limited in the range of 0.06-0.18. In this case,
the vegetation was degraded and could only survive by precipitation or human irrigation.
Therefore, in natural conditions, 3.0 m can be as the key threshold of groundwater depth
that is most suitable for the growth of land surface vegetation, while 5.0 m can be as the key
threshold of groundwater depth at which most vegetation growth is inhibited and begins
to degenerate.

3.2.2. Relationship between Natural Vegetation Growth and Groundwater Depth

Based on the investigation of vegetation, groundwater, and soil in the Shiyang River
basin, it was found that the main natural plant species include Elaeagnus angustifolia, Tamarix
chinensis, Haloxylon ammoderma, Caragana Korshinskii Kom, Reaumuria songarica, Hedysarum
scoparium, Nitraria sibirica, Kalidium foliatum, and Phragmites australis. Kalidium foliatum and
Phragmites australis were mainly distributed in wetland areas, in which the groundwater
depth is generally in the range of 0-2.0 m; Tamarix chinensis and Phragmites australis were
generally distributed in the riparian zone, in which the groundwater depth is generally from
1.0 m to 3.0 m; Elaeagnus angustifolia and Caragana Korshinskii Kom were generally distributed
far from the riparian zone, in which the groundwater depth is generally from 3.0 m to
5.0 m; the groundwater depth in the oasis and desert transition zone was 3.0-7.0 m, and the
distribution of Reaumuria songarica was mainly near the oasis area, while the distribution
of Nitraria sibirica and Haloxylon ammoderma were mainly near the desert area; when
groundwater depth was greater than 7.0 m, the relationship between surface vegetation
distribution and groundwater depth was not obvious, and there were only Nitraria sibirica
and Haloxylon ammoderma left; when groundwater depth was greater than 10.0 m, the
land surface was mostly desertification, and generally, there were only herbaceous plants
maintained by precipitation or Nitraria sibirica with little dependence on groundwater
(Table 3).
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Figure 5. Relationship between NDVI and groundwater depth.

Table 3. Relationship between natural vegetation growth and groundwater depth [58]. Reprinted
with permission from Ref. [58]. 2021 Journal of Grounduwater Science and Engineering.

Groundwater Species Richness Vegetation Dominant Species Height of Dominant
Depth (m) P Coverag (%) P Species (m)

Tamarix chinensis 3.8
0-2 1-3 75-90 Phragmites australis 1.0
Kalidium foliatum 0.6
Elaeagnus angustifolia 6.0
2-4 2-7 45-100 Tamarix chinensis 2.6
Caragana Korshinskii Kom 22
Reaumuria songarica 0.6

3-6 3-10 30-70 -
Hedysarum scoparium 1.2
Nitraria sibirica 0.5

5-7 2-4 20-30 ; ;
Reaumuria songarica 0.5
Haloxylon ammoderma 1.2

7-10 1-2 <25 . ..

Nitraria sibirica 04

3.2.3. Early Warning Index System and Countermeasures

Based on the above analysis, establishing the relationship between groundwater depth
and NDVI, as well as that between groundwater depth and vegetation growth, not only
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determines the suitable ecological water level but also analyzes the response of the natural
vegetation area to the gradual decrease in groundwater depth. When groundwater depth
was less than 3.0 m, the GEF in the natural vegetation area was in a good state, and the
natural vegetation grew well; When groundwater depth was between 3.0 m and 5.0 m,
the GEF in the natural vegetation area was in a normal state, and the vegetation species
were abundant; when groundwater depth was between 5.0 m and 7.0 m, the GEF in the
natural vegetation area was in a gradual degeneration state, and vegetation coverage
decreased significantly; when groundwater depth was between 7.0 m and 10.0 m, the
GEF in the natural vegetation area was in a serious degeneration state, the vegetation
community changed, vegetation growth had no relation to groundwater, and the dominant
species was replaced by xerophytic vegetation; when groundwater depth was greater
than 10.0 m, the GEF in the natural vegetation area was in a catastrophic degeneration
state, and desertification occurred in the natural vegetation area. Therefore, the GEF
of the natural vegetation area in the lower reaches of northwest China can be divided
into five levels of warning: good, normal, gradual degeneration, serious degeneration,
and catastrophic degeneration, as shown in Table 4. In each level of early warning state,
different “conclusions of early warning” and “countermeasures and suggestions” were
formulated according to the dynamic trend of the groundwater level. Among them, the
decline in groundwater level corresponds to “general change”, “negative change”, and
“worse change”, while the rise of groundwater level corresponds to “positive change”.

Table 4. Ecological security early warning and management threshold index system of natural
vegetation area.

Groundwater Ecological Security =~ Groundwater Conclusion of .
A . . . Countermeasures and Suggestions
Depth (m) Situation Dynamic Early Warning
T Positive change Maintain existing regulatory measures
<3 Good A iatel h o
General change ppropriately strengthen monitoring
and management
T Positive change Maintain existing regulatory measures
3-5 Normal . h itori 1
i Negative change Strengthen rpomtormg and early
warning measures
T Positive change Maintain existing regulatory measures
5.7 Gradual — -
_ degenera tion f Negative Change Strengthen monitoring, early warning
measures, and management
T Positive change Maintain existing regulatory measures
71 Serious Strengthen monitoring and early warning
-10 degeneration measures, and appropriately reduce
+ Worse change L .
groundwater exploitation or increase
groundwater recharge
T Positive change Maintain existing regulatory measures
Catastrophic Strengthen monitoring, early warning
>10 degeneration measures, and management, meanwhile,
N Worse change

strictly control groundwater exploitation or
increase groundwater recharge

Note: “1” means groundwater level is rising; on the contrary, “|” means groundwater level is in a state of decline.

3.3. Index of GEF Crisis Classification and Early Warning in Farmland Area

When the groundwater depth is too deep, the farmland mainly depends on artificial
irrigation and has no relation to the groundwater. However, along with the natural wetland
restoration process, the farmland around the natural wetland or with shallow groundwater
depth in the lower reaches should be focused on the problem of soil salinization caused by
the rise in groundwater level. In the classification index of soil salinization in China [59],
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the salinization degree is divided into five levels according to soil salt content (Table 5
and Figure 6). Studies have shown [60-62] that when the soil surface salt content reaches
0.3% of dry soil weight, salt-sensitive crops are slightly inhibited and their yields are
affected. Once the soil salt content is greater than 2.0%, the growth of most crops is
severely inhibited and crop yields are severely reduced. Based on the research of Wang
et al. [50], the relationship between the groundwater depth and the total salt content of
0-20 cm surface soil was established. Thus, the corresponding groundwater depth could be
deduced according to different salinization conditions of surface soil (Table 5). As can be
seen from Figure 6, the shallower the groundwater depth was, the higher the salt content
of surface soil was. On the contrary, the deeper groundwater depth was, the lower soil salt
content was; when groundwater depth was greater than 5.0 m, farmland was not salinized,
and once groundwater depth was less than 5.0 m, the farmland was salinized to a different
degree, which affected the growth of crops and reduced the yield. Therefore, 5.0 m is the
key groundwater depth threshold of surface soil salinization in the irrigated farmland area,
and it is the maximum groundwater depth that can form salinized soil.

Table 5. Classification of soil salinization and corresponding groundwater depth.

Degree of Salinization Non-Salinization .M.lld . M.OQera.t ¢ Ir}te.nsu.y Saline Soil
Salinization Salinization Salinization
Total of soil salinity (%) <0.2 0.2-0.4 0.4-0.6 0.6-2.0 >2.0
Groundwater depth (m) >5.0 4.0-5.0 3.5-4.0 2.0-3.5 <2.0
2 -
L]
S
= 15
o
0
o
L2
[
S
o
S . ®
@]
= y =9.4014e70753x
@ R?=0.8651
0.5 A
0 L[]
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Groundwater depth (m)

Figure 6. Correlation between salt content of topsoil and groundwater depth.

Based on the above analysis, according to the relationship between soil salinization
and groundwater depth, the GEF of farmland area in the lower reaches of northwest China
can be divided into five levels of warning according to the degree of salinization: good,
normal, gradual degeneration, serious degeneration, and catastrophic degeneration, as
shown in Table 6. When groundwater depth is greater than 5.0 m, the GEF in the farmland
area is in a good state, the total soil salt content is less than 0.2%, and soil salinization does
not occur; when groundwater depth is between 4.0 m and 5.0 m, the GEF in farmland area
is in a normal state, the total salt content in soil is between 0.2% and 0.4%, soil may be
slightly salinized, and crop growth may be slightly affected; when groundwater depth is
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between 3.5 m and 4.0 m, the GEF in the farmland area is in a gradual degeneration state,
and the total salt content in soil is between 0.4% and 0.6%, so the soil may be “moderately
salinized”, which has a significant impact on crop growth; when groundwater depth is
between 2.0 m and 3.5 m, the GEF in the farmland area is in a serious degeneration state,
the total salt content in soil is between 0.6% and 2.0%, and soil may be “intensive salinized”,
which has a severe impact on crop growth; when groundwater depth is less than 2.0 m, the
GEF in the farmland area is in a catastrophic degeneration state, the total salt content in soil
is more than 2.0%, the soil becomes salinized soil, and the yield of most crops is seriously
reduced. In each level of early warning state, different “conclusions of early warning” and
“countermeasures and suggestions” were formulated according to the dynamic trend of
the groundwater level. Among them, the decline in groundwater level corresponds to
“positive change”, while the rise of groundwater level corresponds to “general change”,
“negative change”, and “worse change”.

Table 6. Ecological security early warning and management threshold index system of farmland area.

Groundwater Ecological Security =~ Groundwater Conclusion of .
A . . . Countermeasures and Suggestions
Depth (m) Situation Dynamic Early Warning
Strengthen monitoring and significantly
Catastrophic T Worse change increase the amount of
<2.0 degeneration groundwater exploitation
K Positive change Maintain existing regulatory measures
Strengthen monitoring and significantly
Serious T Worse change increase the amount of
2.0-3.5 degeneration groundwater exploitation
+ Positive change Maintain existing regulatory measures
. Strengthen monitoring and increase the
Gradual T Negative change -
3.5-4.0 . amount of groundwater exploitation
degeneration — ——
N Positive change Maintain existing regulatory measures
Appropriately strengthen monitoring and
T Negative change increase the amount of
4.0-5.0 Normal groundwater exploitation
J Positive change Maintain existing regulatory measures
Appropriately strengthen monitoring and
T General change increase the amount of
>5.0 Good groundwater exploitation
K Positive change Maintain existing regulatory measures

Note: “1” means groundwater level is rising; on the contrary, “|” means groundwater level is in a state of decline.

4. Discussions

The irrational utilization of water resources and the serious overexploitation of ground-
water caused the degradation of GEF in arid areas. In the process of groundwater depth
decreasing gradually, the GDEs received less and less water from groundwater until they
could not get enough water, and had different degrees of degradation, which was confirmed
in the above-mentioned research results.

The other scholars have only studied the suitable ecological water level for different
ecological types of areas. However, what are the response characteristics of GDEs if the
groundwater depth is not in the appropriate ecological water level range? In order to
solve this problem, on the basis of previous studies, this paper analyzed the response
characteristics of the state of different ecological types of areas with the dynamic change in
groundwater depth, and determined the different groundwater depth thresholds from good
to catastrophic degeneration. The results showed that the dynamic relationship between
the states of each ecological factor and the groundwater depth was not a simple linear
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relationship but a complex variation limited by the groundwater depth threshold. In the
suitable ecological water level range, the states of each ecological factor changed gradually
with the decrease in groundwater depth, but once the specific groundwater depth threshold
was exceeded, the ecological factor deteriorated sharply. It was particularly evident in
the relationship between natural wetland and groundwater depth. As can be seen from
Figure 4, the water area of the natural wetland decreased gradually with the decrease in
groundwater depth within the range of 1.5-3 m, and once the groundwater depth was
greater than 3 m, the water area of the natural wetland decreased sharply or even shrank.
In addition, the relationship between the degree of soil salinization and groundwater depth
was not linear but an exponential function. When the groundwater depth was greater than
5 m, the soil was not salinized, but when the local groundwater depth was less than 5 m,
the soil was salinized rapidly to varying degrees, and especially when the water level depth
was less than 2 m, serious saline soil salinization occurred (Figure 6).

The research results were based on the ecological vegetation-groundwater—soil com-
prehensive investigation and analysis of remote sensing interpretation data in the Shiyang
River basin of China. Although the research results may not be applicable to all arid areas
because of certain regional limitations, the ideas and methods of this study can be used
as a reference for other regions. It is suggested to further study the groundwater depth
thresholds of different types of ecological areas from good, normal, gradual degeneration,
serious degeneration, and catastrophic degeneration processes, and strengthen the dynamic
monitoring of groundwater depth. Then, according to the dynamics of groundwater depth,
it is suggested to predict the ecological states and formulate countermeasures in time. It
should be noted that the premise of this work was to carry out the groundwater ecological
function zoning of the basin first, and obtain the current situation information of different
ecological environments such as natural wetlands, natural vegetation areas, and farmland
protection areas.

5. Conclusions

The development of groundwater resources at the basin scale should establish a hi-
erarchical control threshold according to different groundwater ecological function areas.
Taking the Shiyang River basin of China as an example, this paper subdivided the thresh-
old of ecological water level in different areas into five levels according to the response
characteristics of different ecological factors to the dynamic change of groundwater, which
corresponded to the five-level warning status of GEF (good, normal, gradual degeneration,
serious degeneration, and catastrophic degeneration) for the natural wetland protection
area, natural vegetation protection area, and farmland protection area. According to the
dynamic trend of groundwater depth, different “warning conclusions” and “countermea-
sure suggestions” were formulated for each warning level. Among them, in the natural
wetland area, the suitable ecological water level of groundwater was between 0.5 m to
1.5 m, and the limit ecological water level was 8.0 m; in the natural vegetation area, the
suitable ecological water level was between 3.0 m to 5.0 m, and the limit ecological water
level was 10.0 m; in the farmland area, the suitable ecological water level was between
2.0 m to 5.0 m, and the limit ecological water level was 2.0 m.

The study may be helpful for better recognition of relationships among groundwater
sustainability, ecosystem health, and groundwater management policies. It is suggested that
the local management department carries out real-time monitoring and early warning to the
GEF. According to the status and degeneration degree of the GEF in different groundwater
function areas, the protection and management of groundwater in different zones should
be carried out. It is of great significance to realize the sustainable utilization of groundwater,
fine management, and ecological protection.
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