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Abstract: Habitat loss is a key factor affecting Siberian crane stopovers. The accurate calculation of
water supply and effective water resource management schemes plays an important role in stopover
habitat restoration for the Siberian crane. In this paper, the ecological water demand was calculated
and corrected by developing a three-dimensional model. The results indicated that the calculated
minimum and optimum ecological water demand values for the Siberian crane were 2.47 x 108
m3~3.66 x 108 m® and 4.96 x 10® m3~10.36 x 10% m?, respectively, in the study area. After correction
with the three-dimensional model, the minimum and optimum ecological water demand values
were 3.75 x 10% m® and 5.21 x 10® m3, respectively. A water resource management scheme was
established to restore Siberian crane habitat. Continuous, area-specific and simulated flood water
supply options based on water diversions were used to supply water. The autumn is the best
season for area-specific and simulating flood water supply. These results can serve as a reference for
protecting other waterbirds and restoring wetlands in semi-arid areas.

Keywords: wetland restoration; water supply; three-dimension model; water resource management;
Siberian crane

1. Introduction

Wetland degradation is the main factor underlying the decline of waterbirds and poses a serious
threat to the health and subsistence of waterbirds [1]. Wetland restoration is an important mechanism
to protect waterbird habitat [2]. Most of this study is focused on comparing hydrology, biology, and soil
before and after restoring a wetland, as well as investigating approaches to wetland restoration [3-7].
The results indicate that hydrological conditions affect the structures and features of wetland animals,
plants, and microorganisms, and play an important role in wetland restoration and management [8-11].
Hydrological restoration can be estimated by experience and calculated by models [12-14]. Combining
the theories and methods of ecology and hydrology, ecological water demand has been widely used
in wetland hydrological restoration [15-17]. However, most studies on ecological water demand are
focused on river ecosystems, and studies on wetlands are limited [18,19]. The study on ecological
water demand of wetland is focused on concept, qualitative analysis, and empirical method estimation.
The quantitative evaluations of theoretical models and methods are relatively few [20,21]. The accuracy
and feasibility of ecological water demand calculations have not been effectively corrected, resulting
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in negative effects on wetland restoration [22]. Scientific water supply schemes can result in effective
restoration of wetlands [23,24].

The Siberian crane (Grus leucogeranus) is a large migrating waterbird, listed as a threatened species
on the “red list” of the International Union for Conservation of Nature (IUCN). The global population
of the Siberian crane is estimated to be approximately 4000 individuals. The eastern population is the
largest, accounting for approximately 95% of the total number of Siberian cranes [25]. During their
migration, the Siberian cranes stop at the Songnen Plain wetlands for 1-2 months to replenish their
energy [26]. The Momoge National Nature Reserve (MNNR) is the main stopover site of the Siberian
crane [27]. However, because of droughts and human activities, the wetland stopover sites in the
MNNR have continuously diminished. Siberian cranes have not stopped in the area since 2007,
whereas they had stopped there over the previous 25 years [22]. The loss of stopover habitat has
seriously threatened the migration process of the Siberian cranes. The government of Jilin Province has
enacted a water diversion project around the MNNR. In the present study, the Siberian crane stopover
habitat is intended to be restored, basing on the project.

In this study, the relationship between Siberian crane number and wetland area was analyzed.
The objectives of our study are following: (1) to calculate the minimum and optimum ecological water
demand in the study area; (2) to correct the calculated water supply by a three-dimensional model;
and (3) to develop an effective water resource management scheme.

2. Materials and Methods

2.1. Study Area

The MNNR (45°42/257-46°18'0" E, 123°27/0”"-124°4'33" N) is located in the Songnen Plain in
China and covers an area of 1440 km?. It is one of the largest wetlands in northeast China. Most of the
area contains shallow swamp, and it situated in a semiarid area with the continental monsoon climate
of the north temperate zone [28]. Over the past 60 years, the annual precipitation, evapotranspiration,
and mean temperature values were 385.69 mm, 1530.13 mm, and 4.97 °C, respectively. An increasing
trend in the mean temperature and a decreasing trend in the annual precipitation have occurred in the
nature reserve (Figure 1).
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Figure 1. Trend of precipitation and temperature in the Momoge National Nature Reserve.

The study area is located in the western area of the MNNR, with an area of 300 km? (Figure 2).
The shallow water meadows of the study area are the main stopover habitat for the threatened
Siberian crane.
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Figure 2. Location of the study area.

2.2. Data Collection

2.2.1. Remote Sensing Data

Landsat Thematic Mapper (TM) and Landsat Earth Thematic Mapper (ETM) remote sensing
images were obtained from the International Scientific Data Service Platform. The resolution of
Landsat TM/ETM images is 30 m. The collection dates for these data were 5 July 1988, 25 June
1990, 29 May 1992, 10 October 1994, 12 October 1996, 3 September 1998, 1 May 1999, 5 October 2001,
17 October 2003, 8 October 2005, 16 October 2006, and 12 September 2007. Strips of TM images
were repaired by ENVI 4.7 software, and then all remote images were calibrated. The resulting data
were geo-referenced to the same coordinates using GPS information on the feature points, and a
second-order polynomial transformation was performed with nearest-neighbor resampling using
ArcGIS 9.3. The error of geo-referencing was ensured within a pixel. In addition, the landscape types
in the study area were interpreted.

2.2.2. Siberian Crane Data

Siberian cranes stop at the MNNR from the beginning of April to the middle of May in the
spring and from the middle of September to the beginning of November in autumn each year.
During the stopover of the Siberian cranes, observers recorded the stopover number every two
days. The observation time was from 08:00 to 10:00 h. The data were obtained at the MNNR in the
spring from 1983 to 2007.

2.3. Model Calculation

2.3.1. Ecological Water Demand Calculation

Yang et al. proposed the calculation method of ecological water demand suitable for lake and
wetland [29,30]. Ecological water demand includes plant water demand (wetland plant transpiration
and plant water content), surface evaporation water demand (surface evaporation at Siberian crane
stopover sites), wetland soil water demand (soil water capacity), waterfowl stopover site water demand
(water demand for maintaining the growth and survival of Scirpus planiculmis and Siberian crane
stopover and feeding), and water supply demand (supply underground water). Because the study
area is in a water-scarce area, minimum and optimum water demands were analyzed in this paper.
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The minimum water demand is the lowest water demand for maintaining Siberian crane stopovers.
The optimum water demand is the water demand that would improve the ecological environment of
the wetland and make the area suitable to Siberian crane stopovers and feeding [29]. The ecological
water demands can be calculated using the following equations [30].

Wi = Wy + Wy + W, + W), + W, (1)
W, =E,-A )

Wy = Ego1- Ao 3)

W, = a-A.-H, 4

Wy, = B-A-Hy, )

Wy =k-B-A,-T (6)

where W; is the ecological water demand for the Siberian crane (m?); W) is the wetland plant water
demand (m?); W, is the surface evaporation water demand (m?); W, is the wetland soil water demand
(m3); W, is the Siberian crane stopover habitat water demand (m?); W, is the water supplement
demand (m3); Ep is the wetland plant evaporation (mm); A is the area of the study area (km?); Egpq is
the surface evaporation measured by E-601 evaporator; A, is the water area of the study area (km?);
« is the field capacity; H, is the soil thickness (m); A, is the soil area of the study area (km?); B is the
percentage of wetland surface area in study area; Hj, is the optimal water level for Siberian crane
stopovers (m); k is the permeability coefficient (m/d); and T is the time length (d).

2.3.2. Three-Dimensional Simulation for Water Supply

A 1:10,000 topographic map was vectored and attributed by R2 V based on WGS84
(World Geodetic System) for the coordinates of latitude and longitude. Spatial relationships and
related attribution information for every element were saved, generating a Digital Line Graph (DLG).
A two-dimensional spatial model was established. The Digital Elevation Model (DEM) for describing
the spatial distribution of the regional geomorphic form was established after attributing contour lines.
The three-dimensional visualization of the DEM model was developed using ArcView 3.3. The TM
remote sensing image (September 2007) was fused with the satellite image, using ERDAS 8.5 software
for inputting data and Dataprep for correcting the image. The Document Object Model (DOM) was
established by matching image and digital height. The DLG, DEM, and DOM were stacked by ArcGIS
9.3 based on the 9 GPS feature points, generating a three-dimensional static model for Siberian crane
stopover sites. To confirm the precision of the simulation, when the water level of study area border
exceeds the elevation of the border in the process of simulation, the water will flow out from study
area based on the difference in elevation (Figure 2).

The three-dimensional model was analyzed by ArcGIS 9.3, including transverse section analyses
of 0.25 m to divide the drainage basin and calculate water levels for different water, slope, aspect and
hydrology analyses to determine the flow direction, flow rate, fitting pattern and distribution of water
network. In the process of the three-dimensional dynamic simulation, the water of the study area at
time ¢ can be calculated using the following equations:

Wi = Whi1 + We = Wy — Ws = Wig — Wipp @)
Wy = Aqy-6-At ®)

Ws = Agj-e-At 9)

W1 = Agi-Hgi-61-At (10)

Wyp = Asi'Hsi'52'At (11)
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where W;; is the water at t; time (m3); W;;_ is the water at t;_; time (m?3); W, is the water inflow from
ti_1 to t; time (m®); Wy, is the surface evaporation at t; time (subtract evaporation from precipitation,
m3); A,,; is the water area at t; time (calculate by ArcGIS 9.3, m?); @ is the water evaporation rate; At is
the interval between t;_1 and f; time; Wj is the soaking soil evaporation (m3); A,; is the soaking soil
area (calculate by ArcGIS 9.3, m?); ¢ is the soaking soil evaporation rate; W, is the soil infiltration
capacity before saturation (m?); 87 is the soil infiltration coefficient before saturation; W, is the soil
infiltration capacity after saturation (m3); and &, is the soil infiltration coefficient before saturation.

3. Results and Discussion

3.1. Relationship between Siberian Crane Number and Wetland Area

The number of Siberian cranes in the spring from 1983 to 2006 is shown in Figure 3, with 200~800
Siberian cranes in the study area. However, there have been no Siberian crane stopovers at the study
area since 2007. In 2007, the increase of water supply for human production activities (e.g., paddy field
irrigation), the increase in temperature, and the decrease in precipitation (Figure 1) aggravated the
degradation of wetlands, resulting in further reduction of wetland area. The reason for no stopovers is
attributed to the poor hydrological conditions and drying of the wetlands. Therefore, Siberian cranes
left the study area and went to stopover sites with good hydrological conditions.
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Figure 3. Stopover numbers of Siberian cranes in spring from 1983 to 2006.

The wetland areas in the study area from 1988 to 2007 were interpreted from remote sensing
images (Figure 4). The wetland area of the study area was relatively large from 1992 to 1999. Because of
the large flood in 1998, the wetland area rapidly increased. However, in the following years, the wetland
area substantially decreased. One of important reasons for the decrease was the continuous drought.
The temperature increased and the precipitation decreased from 1999 (Figure 1), leading to a reduction
in water inflow and an increment in water outflow in the study area.
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Figure 4. Variation of wetland area in study area.
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The relationship between the Siberian crane number and § value (the percentage of wetland
surface area in study area) was determined (Figure 5). Because the wetland area was interpreted every
summer or autumn, the hydrological conditions influenced the wetland area the following spring.
Therefore, the Siberian crane number was selected from the spring, and the B value was selected
from the previous year. The Siberian crane number in the Momoge wetland did not increase with an
increasing 8. When the 8 was approximately 4~7%, the Siberian crane number was 600~900. When the
B increased, the Siberian crane number was stable (300~500). Furthermore, the distribution pattern of
the Siberian crane was observed. The results show that when the Siberian crane number was 300~500,
the distribution of the Siberian crane was dispersed; when the Siberian crane number was 600~900,
the distribution of the Siberian crane was concentrated in the northeast of study area. The different
distribution patterns are attributed to the persistent drought in the Songnen Plain starting in 2000
and unreasonable use of water resources by humans (such as water conservancy project, agricultural
irrigation). The habitat for Siberian crane stopover sharply decreased, but the shallow water meadows
of the study area can still provide some stopover sites for the Siberian crane. The number of Siberian
crane stopovers at other wetlands in the Songnen Plain decreased, leading to the number of Siberian
crane stopovers at the study area increasing. At the same time, the distribution of Siberian crane
showed a concentration phenomenon.
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Figure 5. Relationship between Siberian crane number and § value.

In theory, when the B value is low, Siberian cranes were concentrated in the study area,
which indicated that the wetland hydrological condition was not at the optimum. It is a maintained
hydrological condition for the Siberian crane stopover habitat after serious reduction of wetland area.
When the B value increases, the Siberian cranes disperse in the study area, and their number is stable.
This condition can be defined as the optimum hydrological condition. Therefore, § values that are
4~7% and 20~70% describe the minimum and optimum water demand, respectively.

3.2. Wetland Ecological Water Demand

3.2.1. Wetland Plant Water Demand

An important food for Siberian cranes in the study area is the tuber S. planicumis [31]. To maintain
Siberian crane feeding and S. planicumis reproductive capacity, the minimum and optimum vegetation
coverage values for the feeding of Siberian cranes are 30~50% and 60~80%, respectively, based on the
survey results. Therefore, wetland plant water demand can be calculated by Equation (2) (Table 1).
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Table 1. Water demand for wetland plants.

Grade Cover Degree (%)  Study Area (km?)  Evaporation (mm) Water Demand (108 m?3)

Minimum 30-50 303.10 1000 0.91-1.52
Optimum 60-80 303.10 1000~1200 1.82-2.91

3.2.2. Surface Evaporation Water Demand

The evaporation in Zhenlai County is used in the study area, and the mean evaporation was
1813.4 mm. The surface evaporation water demand can be calculated by Equation (3) (Table 2).

Table 2. Water demand for evaporation.

Grade Evaporation (mm)  Area of Study Area (km?)  B(%)  Water Demand (10® m3)

Minimum 1813.4 303.10 4~7 0.22~0.39
Optimum 1813.4 303.10 20~70 1.10~3.85

3.2.3. Wetland Soil Water Demand

The minimum soil water demand is defined as the water demand for maintaining the moisture of
soil based on the condition of minimum water surface evaporation. The soil area can be calculated as
the total area and wetland area. The soil field capacity is measured in the field. The wetland soil water
demand can be calculated by Equation (4) (Table 3).

Table 3. Water demand for wetland soil.

Grade Field Capacity (%) Soil Thickness (m) Soil Area (km?) Water Demand (108 m®)

Minimum 35~45 1.2 281.88~290.98 1.22~1.52
Optimum 45~55 1.2 90.93~248.54 0.60~1.31

3.2.4. Siberian Crane Stopover Habitat Water Demand

Previous ecological studies have concluded that a basic requirement for Siberian cranes at stopover
habitats involves suitable water levels between 0 m and 0.50 m because these levels provide suitable
conditions for walking and obtaining food from the soil [22]. The minimum and optimum water
levels are 0.10~0.20 m and 0.30~0.50 m, respectively. Therefore, Siberian crane stopover habitat water
demand can be calculated by Equation (5) (Table 4).

Table 4. Water demand for stopover habitat.

Grade Area of Study Area (km?) B (%) Water Level (m) Water Demand (10% m®)
Minimum 303.10 4~7 0.10~0.20 0.01~0.04
Optimum 303.10 20~70 0.30~0.50 0.18~1.09

3.2.5. Water Supply Demand

Due to the complexity of wetland hydraulic connections, a hypothesis was proposed to calculate
the supply of underground water from the water surface area. The supply time is calculated from
non-freezing period (180 d). The permeability coefficient is 0.005 m/d. The water supply demand can
be calculated by Equation (6) (Table 5).
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Table 5. Water demand for supplying groundwater.

Grade Area of Study Area B (%) Permeability Supplement  Water Demand
(km?) ? Coefficient (m/d) Time (d) (10® m®)
Minimum 303.10 4~7 0.005 180 0.11~0.19
Optimum 303.10 20~70 0.005 180 0.55~1.91

3.2.6. Total Ecological Water Demand

The total ecological water demand can be calculated by Equation (1) (Table 6). The minimum and
optimum ecological water demand values for the study area are 2.47 x 108 m3~3.66 x 10 m® and 4.96
x 108 m3~10.36 x 108 m3, respectively.

Table 6. Total water demand in study area.

Grade Plant (10° m®) Surface Evaporation  Stopover Habitat Soil Water Supplement Total Water

(108 m?) (108 m®) (108 m?) (108 m3) Demand (108 m?)
Minimum 0.91~1.52 0.22~0.39 0.01~0.04 1.22~1.52 0.11~0.19 2.47~3.66
Optimum 1.82~2.91 1.10~3.85 0.18~1.09 0.60~1.31 0.55~1.91 4.96~10.36

3.3. Three-Dimensional Dynamic Simulation and Correction of Ecological Water Demand

3.3.1. Three-Dimensional Model

The DLG, DEM and DOM are stacked, generating a three-dimensional static model for the study
area. During the simulation, the highest water level obtained by the spatial analysis with no effects on
farmland, the main road and the village was 130.5 m. In the three-dimensional dynamic simulation,
according to the climate and hydrological conditions of the study area, the water supply flow was
30 m3/s. The water level was mapped from the water at ¢; time using ArcGIS 9.3, and the nearest
low-laying land from the water point was filled. One visualization picture at ¢; time was performed
by the 3Dmax-OpenGL software. Then, the water filled next to the low-laying land at the t;,; time.
The low-laying lands were continually filled with the water variation. The N visualization pictures
were shown based on the time (Figure 6).

Figure 6. Effect of dynamic simulation for water supplementation. (a) initial stage; (b) drained stage;
(c) evaporation completing stage.

3.3.2. Correction Effect for Water Supply

The effect of the water supply in the three-dimensional model can be simulated based on the
calculated ecological water demand. Under the condition of a minimum water supply, the simulated
B value was 0.83~2.29% (Figure 7a,b), which was less than the expected value (4~7%). Under the
condition of an optimum water supply, the simulated B value was 7.98~36.27% (Figure 7c,d), which was
less than the expected value (20~70%). These results indicated that there was a difference between
the simulated and remote sensed interpreted B values. An examination of the parameters used for
calculating the wetland ecological water demand demonstrated that the optimum stopover water level
was used to calculate the stopover habitat water demand. However, the water levels were higher than
1 m for some regions in the study area. Therefore, the simulated  value was smaller.
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Figure 7. Effect of different levels simulated from ecological water demand. (a) The lowest threshold of
minimum water demand; (b) the highest threshold of minimum water demand; (c) the lowest threshold
of optimum water demand; and (d) the highest threshold of optimum water demand.

To correct the ecological water demand, the water supply was simulated based on § values of 4%,
7%, 20% and 70%. When the B value is 4~7%, the water area was small and dispersive. Some shallow
water meadows appeared in the northeastern region of the study area (Figure 8a). Comparison of
the B value of 4%, there are more small water areas with the  value of 7% (Figure 8b). The shallow
water wetlands in the northeast of the study area can provide food resources and stopover sites for the
Siberian cranes. This result could explain why the Siberian cranes stopped in the northeastern region
of the study area when the B value was 4~7%. When the 8 value was 20%, there were two large water
areas in the northeastern and southwestern regions of the study area (Figure 8c), which could provide
stopover sites for a large group of Siberian cranes. In addition, some wetlands with small areas and
disjunctive distributions in the middle of study area could provide stopover sites for a small number
of Siberian cranes. Currently, the area of the study area is approximately 60 km?. When the f value
was 70%, the study area was covered by water except hills and farmlands (Figure 8d). As opposed to
S. planiculmis, Phragmites australis has become the dominant species. Because of the high-water levels
and lack of food, the Siberian crane cannot stop at the study area. A § value of 70% is inadvisable.

Therefore, the ecological water demand of study area can be corrected based on the g value.
The minimum S value for Siberian crane stopover sites was 7%, corresponding to the minimum
ecological water demand of 3.75 x 10% m®. The optimum B value was 20%, corresponding to the
optimum ecological water demand of 5.21 x 108 m®. The simulated minimum ecological water demand
was similar to the maximum of the calculated water demand. The simulated optimum ecological water
demand was in the range of the calculated optimum water demand. It indicates that these results can
provide a reference for wetland restoration and scientific management of the study area.
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Figure 8. Effect drawing of different level simulated from 8 values. (a) B value is 4%; (b) B value is 7%;
(c) B value is 20%; and (d) B value is 70%.

3.4. Water Resource Management Schemes

A scientific and practical water resource management scheme plays a key role in habitat
restoration [32]. The study area is next to the Nenjiang River that has an average annual runoff
of 2.15 x 10'° m3. A water conservation project was conducted by the Chinese government and
focused on water diversion from the Nenjiang River for paddy fields and wetland around the study
area. The water after irrigating paddy fields enters into wetland. It is an important resource for
restoring degraded wetland system. The total annual water diversion is 7.36 x 108 m3. If the water
diversion can be reasonably used, then the water supply can meet the optimum ecological water
demand with a  value of 20%. Therefore, ecological restoration of the study area is feasible by
introducing water from the Nenjiang River.

The water diversion project was influenced by an upstream interception and the hydrological
cycle, resulting in a difference between the actual and planned water diversion. An effective water
management strategy should be developed to restore the Siberian crane stopover sites. We suggest
implementing three schemes to supply water based on different water diversion options.

First, when the water of the Nenjiang River is sufficient and expected water diversion can be
reached, continuous water supply is adapted in the thawing period. The water supply refers to the
calculated optimum ecological water demand.

Second, water should be provided based on different regions of the study area. In the process
of water diversion, if the water supply cannot meet the optimum ecological water demand, then the
low-lying land should be restored in the northeastern and southwestern regions of the study area to
meet the minimum ecological water demand. This process can provide the improvised stopover sites
for the Siberian cranes under conditions of water shortage.

Third, the water supply is provided by a simulated flood. The Nenjiang River, affected by the
hydrological periods of wet years and dry years, can provide limited water resources for restoring
wetlands in some years. If the water of the study area does not meet the optimum ecological water
demand in the implementation process of the water diversion project for 3~5 years, then we should
adjust the water diversion from the Nenjiang River and supply water through a simulated flood based
on the optimum ecological water demand in the short term. This would keep a hydrological condition
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of alternating wet and dry. This can limit the growth of xerophytic vegetation in degraded wetlands
and provide a basis for wetland restoration.

In different schemes to supply water, the continuous water supply is adapted in the thawing
period, but the water supply in different regions and from simulated flood should arrive at an
appropriate time. The autumn is defined as the best time to supply water through analysis. There
are several reasons for this: (1) in autumn, the agricultural water use needed in the spring is avoided,
and water resources can be easily adjusted; (2) the water from Nenjiang River is adequate in the
autumn after storing water from rainfall in the summer; (3) the water from paddy fields further
increases the available water in the autumn; and (4) the water supply in the autumn can effectively
reduce the water shortage the following spring, provide a good habitat for waterfowl, and avoid
submerging bird nests.

4. Conclusions

Ecological restoration is an effective way to protect Siberian crane stopover sites. In this study;,
the minimum and optimum ecological water demand values of 2.47 x 108 m3~3.66 x 108 m3, and 4.96
x 108 m3~10.36 x 10® m3 were calculated, respectively. A three-dimensional model was performed
to simulate ecological water demand. However, there is a difference between the calculated and
simulated ecological water demands. After correction, the minimum and optimum ecological water
demand values suitable for the Siberian crane stopover habitat were 3.75 x 108 m® and 5.21 x 10®

m3

, respectively, based on f values of 4%, 7%, 20%, and 70%. In addition, an effective water resource
management scheme to protect Siberian crane stopover habitat has been established, including three
methods of water supply: continuous water supply when there is sufficient water, water supply
only to different regions when there is not sufficient water, and water supply from simulated floods
every 3~5 years. The methods to calculate and correct ecological water demand and implement a
water resource management scheme in this area can serve as a reference for restoring other waterfowl

stopover sites and wetlands in semi-arid areas.
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