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Abstract
The Siberian crane (Grus leucogeranus), a critically endangered species, is used as an indicator species for ecosystem stability because of its sensitivity to the environment. The distribution of Siberian cranes has shown dramatic fluctuations on an order of magnitude at the main stopover site (Jilin Momoge National Nature Reserve) since the present century, which poses a great challenge to the conservation of endangered species. Research on the threshold values of key factors of the Siberian crane in stopover habitats and the relationship between the Siberian crane and hydrological temporal and spatial fluctuations can promote endangered species conservation. The response of population changes and distribution patterns of Siberian cranes to hydrological temporal and spatial patterns of wetlands was analyzed from 1984 to 2020. The results showed that population changes and distribution patterns of Siberian cranes were highly correlated with hydrological temporal and spatial patterns in the study area, and their variation trend was the same. However, there were obvious stage migration changes in the core activity area of the Siberian crane (1984-2000, 2001-2010 and 2010-2020). The habitat characteristics of fragmentation, dispersion and complex shape of water bodies changed from steady to dramatic fluctuations and then leveled off in the core activity area of Siberian cranes during the 37 years of migration transit. This was closely related to the early agricultural reclamation and the later ecological water replenishment project in the study area. In addition, the trend of the water pattern index of the spatial distribution of Siberian crane active habitat was also closely related to their habitat selection preference. When the perimeter area fractal dimension of water (1.27-1.30), landscape division index (0.73-0.95) and aggregation index (80.97-91.36) are within a certain stable threshold, the stopover habitat of the Siberian crane is suitable. This study will provide scientific guidance for the conservation of the Siberian crane population and the development of wetland restoration projects.
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1. Introduction
The Siberian crane (Grus leucogeranus) is a critically endangered species on the IUCN Red List of Threatened Species and is mainly distributed in Asia. The eastern population of the Siberian crane accounts for more than 99% of the world’s total number (Germogenov et al. 2013; Parchizadeh & Williams 2018). A total of 5,616 individuals were counted by a synchronized survey in Siberian crane wintering grounds in 2022. This population mainly selects the Poyang Lake area in China as its wintering grounds, Siberia in Russia as its breeding grounds (Kanai et al. 2002) and the Songnen Plain in China as its stopover site for energy replenishment. The stopover habitat plays the role of a transit station and food supply in the whole migration network of waterfowl and is the basic guarantee for the success of waterfowl migration (Si et al. 2018). If the stopover habitat changes, it will have a great impact on the waterfowl population (Hansen et al. 2015). In recent years, satellite tracking has shown that the Siberian coniferous forest zone in the migration route of Siberian cranes is not suitable for energy supply (Wang et al. 2018). Therefore, the stopover on the Songneng Plain is an important guarantee for the success of Siberian crane migration.
Long-term climate change and human activities can have cumulative effects on wetland ecosystems (Jitariu et al. 2022), leading to hydrological fluctuations and the evolution of landscape patterns (Wilson et al. 2022). It can affect the waterfowl population structure, distribution pattern and stopover number (Mitchell et al. 2022). Siberian cranes are sensitive to environmental changes. Hydrological conditions, as the most fundamental factor determining Siberian crane habitat stability, can directly affect the choice of stopover sites (Haverkamp et al. 2022). Jilin Momog National Nature Reserve (hereafter referred to as Momoge Reserve) is a major stopover site for the eastern population of Siberian cranes. In recent years, wetland loss has continued in the area due to continuous drought and water project construction (Deng et al. 2022). Subsequently, unreasonable wetland restoration projects have led to excessive water in the area (Dong et al. 2021). The stopover number of Siberian cranes in the area has shown a significant increase and then a decrease (Jiang et al. 2015a; Jiang et al. 2016). It has greatly affected the stability of Siberian crane stopover habitat (Jiang et al. 2015b). The maximum stopover number of the Siberian crane in this area was 3809, and the minimum number was 52, which is a visual reflection of the habitat stability change in this area.
How do changes in the spatial and temporal patterns of wetland hydrology affect Siberian crane stopover? What are the hydrological characteristics of a suitable habitat for Siberian crane stopovers? In this study, the response of Siberian crane population stopover numbers and distribution patterns to spatial and temporal patterns of wetland hydrology over the past 40 years was investigated. The research objects are as follows: (1) to analyze the characteristics of Siberian cranes and hydrological spatial and temporal changes in their habitats; (2) to investigate the response of Siberian crane spatial and temporal distribution to changes in hydrological patterns; and (3) to illustrate the spatial characteristics of water bodies required for stable hydrological patterns of Siberian crane stopover sites.
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2.1 Study area
The study area is located in Momoge Reserve in northeastern China, where the maximum number of Siberian cranes resting in the area accounts for more than 95% of the world population (Figure 1). The study area is located in the semiarid region in the western part of Songnen Plain in China and is an important stopover area in the East Asia–Australia migratory route for migratory birds. Momoge Reserve was included in the list of internationally important wetlands in 2013. This area has a temperate continental monsoon climate with an average annual temperature of 4.2 °C, annual evaporation of 1200-1900 mm, and average annual precipitation of 378.14 mm (Tian et al. 2019). The distribution of precipitation during the year is extremely uneven and is mainly concentrated in June, July and August, accounting for 79% of the total annual precipitation (Wang et al. 2011). The Tao’er River and Erlongtao River flow through the study area. The Tao'er River is located in the southern part of the study area. There are some reservoirs upstream of the Tao’er River, including the Tuanjie Reservoir, Qunchang Reservoir, Wuzhang Reservoir, and Venture Reservoir. The Erlongtao River is a seasonal river that loses its obvious riverbed after flowing into the study area from west to east. The starry ponds are formed in the basin. Affected by the Yangshapao Reservoir upstream of the Erlongtao River, the downstream flow is cut off year round.
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Figure 1 Location of study area

2.2 Data Collection
2.2.1 Siberian Crane Data
Field observations and historical data collection were used to obtain monitoring data of the Siberian crane number and distribution during the spring and autumn migration seasons from 1984 to 2020 (1987, 1990, and 1998 Siberian crane survey data are missing due to objective historical reasons). Observations were conducted in the study area using a combination of line and point observation methods (Zou et al. 2019). The observation time was from 8:00 am to 10:00 am in the peak feeding period of Siberian cranes. The distribution and number of Siberian cranes were observed using 8xbinoculars and 25×60xmonoculars. Inverse distance-weighted interpolation in ArcGIS 10.6 was used to generate a raster data layer of 0.005°×0.005° for Siberian crane population number (Golla et al. 2019).

2.2.2 Water-body data
Raw images from Landsat 5-TM, Landsat 7-ETM, and Landsat 8-OLI with a spatial resolution of 30 m were acquired through the Google Earth Engine platform (GEE). The images cover spring, summer, and autumn for each year from 1984 to 2020. The time of images for each season was based on the migration pattern of Siberian cranes (Wen et al. 2021). The spring time was selected from April to May, which is the peak of spring migration for Siberian cranes. The summer time was selected from July to August, which is the growth peak of Siberian crane food resources (Bolboschoenus planiculmis). The autumn time was selected from September to October, which is the peak of autumn migration for Siberian cranes. Geometric correction, atmospheric correction, and cross-calibration between different sensors were performed on images for different periods. The CF-mask method of the data quality layer was used to remove clouds, cloud shadows, and snow pixels from each image (Zhou et al. 2019).
Water bodies were extracted using a modified automatic water-body extraction index (MAWEI). This method is based on the automatic waterbody index (AWEI), which combines the spectral characteristics of each waveband of the waterbody and multiplies the coefficients. It can further increase the distinction between waterbodies and non-waterbodies (Feyisa et al. 2014). The accuracy of the waterbodies was verified using a random sampling method and Google Earth ground truth data (Table 1).
Table 1 Classification Accuracy Verification
	Year
	1986
	2006
	2020

	Overall accuracy (%)
	95.49
	96.16
	94.57



2.2.3 Precipitation Data
Precipitation data were obtained from the National Meteorological Information Center of China. The dataset of monthly values of climate information was downloaded from 1984 to 2020 for the nearest city, Baicheng city, to Momoge Reserve.

2.2.4 Land use data
Land use data were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn) and divided into 7 phases of images for 1980, 1990, 2000, 2005, 2010, 2015, and 2020, with a spatial resolution of 30 m. The data were reclassified using ENVI 5.3 into grassland, swampy wetland, woodland, dry field, paddy field, water surface, artificial surface and saline land.

2.3 Data processing
2.3.1 Spatial correlation statistics
The Pearson correlation coefficient was used to analyze the correlation between the spatial distribution of water bodies and Siberian cranes (Nanzad et al. 2019). The raster data of the spatial and temporal distributions of the Siberian crane population in spring each year were spatially correlated with the raster data of the spatial and temporal distributions of water bodies in spring of the current year and in summer and autumn of the previous year. The raster data of the spatial and temporal distributions of the Siberian crane population in autumn each year were spatially correlated with the raster data of the spatial and temporal distributions of water bodies in spring of the current year and in summer and autumn of the previous year. The calculation formula was as follows.
                              (1)

where  is the correlation coefficient;  and  are the two independent variables of Siberian cranes and water bodies from 1984 to 2020, respectively; and  and  are the mean values of each variable, respectively. The range of the correlation coefficient (r) is [-1, 1]. The closer the value of r is to -1 or 1, the higher the correlation between the variables. The correlation coefficient was calculated using a T test, and the statistics were calculated as follows.
                                   (2)
where  is the number of samples (n=34).

2.3.2 Key habitat identification
The raster-generated points with spatial correlation coefficients greater than 0.45 between water bodies in spring, summer and autumn and Siberian cranes in migration seasons were collected ( raster points with a water-body utilization intensity of 45% or more were identified as points with higher frequency of Siberian crane occurrence based on field measurements.). The extent and area of the home range for Siberian cranes as 90%, 75% and 50% kernel density utilization distributions were calculated using the R adehabitatHR package (Calenge 2006). The 90% area was set as the total habitat area, 75% area as the general habitat area, and 50% area was the habitat type frequently used by Siberian cranes as the core habitat area (Anderson et al. 2019). The spatial characteristics of water bodies within the core habitat area of Siberian cranes in different periods were analyzed by the violin plot method (Zhou et al. 2022). The stability of the relevant attribute values was derived using the median, quartiles and the span of upper and lower limits relative to the median, and the landscape stability status of the relevant indices was analyzed.

2.3.3 Water-body index
According to field observations and existing studies (Teng et al. 2022), when the habitat of birds is fragmented, the reduction of their habitat area and changes in habitat quality and microenvironment will lead to partial loss and redistribution of available resources within the habitat, thus affecting the distribution pattern and community composition of waterfowl. Therefore, we selected landscape fragmentation indicators that have a strong influence on Siberian crane stopover numbers and distribution as indicators of water environmental thresholds in Siberian crane transit habitats (Table 2), including perimeter area fractal dimension (PAFRAC), landscape division index (DIVISION) and aggregation index (AI).

Table 2 Water Bodies Threshold Indicators
	Water index
	Formula
	Meaning of variable
	Ecological implications

	PAFRAC
	 （3）
	 is the area of the th water patch,  is the perimeter of the th water patch,  is the total number of water patches
	Refers to the complexity of the patch shape, the smaller the value, the simpler the shape, the greater the human impact.

	DIVISION
	           （4）
	 is the area of the th water patch,  is the total area of water patch
	It refers to the degree of fragmentation of individual distribution of different patches. The larger the value, the more severe the fragmentation of the plaque and the smaller the single area of the plaque.

	AI
	           （5）
	 represents the number of adjacent patches of water patch 
	It refers to the degree of aggregation between landscape patches. The larger the value, the higher the aggregation degree of similar patches.



2.3.4 Coefficient of variation
The coefficient of variation refers to the dispersion degree of the water-body index distribution. The larger the coefficient of variation is, the higher the degree of dispersion of the sample distribution, the greater the variation in the data, and the more instability. The formula is as follows:
                             (6)
where  is the coefficient of variation of water-body indicators;  is the standard deviation of water-body indicators;  is the mean value of water-body indicators;  is the number of indicators of water bodies; and  is the  indicator of water bodies.

2.3.5 Precipitation anomaly percentage
The precipitation anomaly percentage can reflect the degree of deviation of precipitation from the average state of the same period at a certain time and can be used as an indicator to classify droughts and floods. The formula is as follows:
                            (7)
where  is the precipitation anomaly percentage, which is a criterion to distinguish annual scale drought and flooding changes;  is the precipitation of time period, mm; and  is the multiyear average of the precipitation of time period, mm.

[bookmark: _Toc117172454]3. Results
3.1 Spatial and temporal distribution characteristics of Siberian cranes
The results showed that the spatial and temporal distribution patterns of Siberian cranes in spring from 1984 to 2020 were basically consistent with those of Siberian cranes in autumn. There were three changing periods, including 1984-2000, 2001-2010 and 2011-2020 (Figure 2). In the first period (1984-2000), the main distribution point of Siberian cranes was located in the northern part of the study area. In the second period (2001-2010), the distribution area of Siberian cranes changed more and ranged mainly from the northern part of the study area to the eastern part. In the third period (2011-2020), the distribution area of Siberian cranes shifted from the eastern to the central and western parts.
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Figure 2 Distribution pattern of Siberian cranes in the study area from 1984 to 2020 (a is spring Siberian crane distribution, b is autumn Siberian crane distribution)

3.2 Spatial and temporal distribution characteristics of water bodies
The spatial distribution of water bodies in the study area also had regular changes in the three annual periods from 1984 to 2020 (Figure 3). In the first period (1984-2000), there were more water bodies in the central and southern parts of the study area, and the water bodies in the northern part of the study area were relatively small and scattered. In the second period (2001-2010), there was a significant decrease in water bodies, and they were scattered in the eastern part of the study area and tended to be fragmented. In the third period (2011-2020), the water-body area gradually increased. There were many scattered water bodies in the western part of the study area.
The spatial distribution of the water bodies varied significantly between seasons. The water surface was the largest in spring, followed by autumn, and it was relatively small in summer. The average areas of spring, summer and autumn were 172.68 km2, 120.45 km2 and 133.22 km2 in the first period, 21.84 km2, 19.16 km2 and 24.29 km2 in the second period, and 94.31 km2, 81.18 km2 and 109.79 km2 in the third period, respectively.
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Figure 3 Distribution of spring, summer and autumn water bodies in the study area from 1984 to 2020 (a is the distribution of spring water body pattern, b is the distribution of summer water body pattern and c is the distribution of autumn water body pattern)

3.3 Factors affecting the dynamic changes in water bodies
Precipitation variation varied in different years in the study area. The trend was mainly from multiyear abundant water years to continuous dry water years and then back to multiyear abundant water years (Figure 4-a). In the first period, the number of years with a positive precipitation anomaly percentage was higher in the study area, and most of them exceeded 50%. In the second period, the precipitation anomaly percentages were mostly negative. In the third period, the precipitation anomaly percentages were more positive. The land use types also varied in the study area in the three periods (Figure 4-b). The area of water bodies and swampy wetlands decreased and then increased, while the area of dry fields increased and then decreased; meanwhile, the artificial surface and paddy fields continued to increase. In addition, the way in which humans use Momoge Reserve changed (Figure 4-c). In the second period, humans carried out wetland development projects in the study area (agricultural irrigation and farmland reclamation). In the third period, ecological conservation projects were carried out in the study area (wetland restoration, reforestation, and ecological water replenishment).
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Figure 4 Influence of natural and anthropogenic factors on spatial and temporal changes in hydrology (a shows the trend of percent precipitation spacing in the study area from 1984 to 2020, b shows the Venn diagram of land use area in the study area in different years, and c shows the timeline of human development and protection of Momoge Reserve)

3.4 Spatial distribution relationship between Siberian cranes and water bodies
The spatial distributions of Siberian cranes and water bodies were basically the same as above. The correlations between them at different time periods were further analyzed (Figure 5). In the second period, the distribution of migratory Siberian cranes in spring and autumn had a high correlation with the distribution of water bodies in the corresponding season. The mean values of correlation were 0.45 and 0.56, respectively, which showed that the influence of water bodies in each season on autumn-migratory Siberian cranes was higher than that on spring-migratory Siberian cranes. In addition, the spatial correlation distribution between migratory Siberian cranes and water bodies in different seasons showed little difference, and the distribution patterns were similar. In the first period, the red areas with a correlation value of 0.45-1.0 were distributed in the northeastern part of the study area. In the second period, the areas significantly correlated with water bodies were concentrated in the southwestern part of the study area. In the third period, most red areas were distributed in the southern half of the study area.
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Figure 5 Spatial correlation distribution pattern between migrating Siberian cranes and water bodies in spring, summer and autumn (a for spring migrating cranes, b for autumn migrating cranes)

3.5 Dynamic distribution of Siberian crane stopover habitats
There were some differences in the spatial distribution range of Siberian crane stopover selection in different periods. In the active habitats simulated by the correlation of spring-migratory Siberian cranes to previous summer and autumn water bodies, the active habitats in the first period had the largest range, with core habitats of 153.02 km² and 170.84 km², respectively (Figure 6-a). In the active habitats generated by the intensity of use of water bodies in spring, summer and autumn by autumn-migratory Siberian cranes (Figure 6-b), the largest active habitats in the third period were located in the southern part of the study area, with core habitats of 125.04 km², 131.34 km² and 113.00 km², respectively. The overall migration pattern of Siberian crane habitats at the stopover site was as follows: the distribution of active habitats of spring-migratory Siberian cranes moved from the northeastern part of the study area to the south-central part and then to the southern half of the study area; and the distribution of active habitats of autumn-migratory Siberian cranes moved from the northern part of the study area to the southwestern part and then spread to the whole two-thirds of the study area.
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Figure 6 Range of simulated active habitats used by Siberian cranes for the three seasons of water use during the migration season. The yellow, green, and blue parts are the ranges of 50%, 75%, and 90% of the active habitat fitted, in that order (a for spring-migrating Siberian cranes, b for fall-migrating Siberian cranes)

3.6 Dynamic characteristics of water bodies in suitable habitats
The water-body landscape indices of the core habitat range of Siberian cranes in the corresponding period were plotted as violin diagrams to determine the water-body index thresholds of suitable Siberian crane habitats (Figure 7). The results showed that PAFRAC, DIVISION and AI of the violin box length degree in the second period were higher than those in the first and third periods. The ranges of the coefficients of variation in the second period were 0.03-0.08, 0.14-0.93, and 0.06-0.11, respectively. . The water-body index in this period had a high dispersion degree and a large fluctuation range and was strongly influenced by external disturbance, and the stability was very low. The median and quartile in the first and third periods were more concentrated, indicating that the stability of the water-body index in the first and third periods was higher than that in the second period. However, there were also differences between the indices in the first and third periods. PAFRAC was higher in the third period than in the first period, with median ranges of 1.36-1.40 and 1.27-1.35, respectively, which shows that the landscape shape and landscape structure of water bodies were more complex in the third period under anthropogenic disturbance. The median ranges of DIVISION had no significant difference in the first and third periods, 0.83-0.92 and 0.73-0.95, respectively. The median ranges of AI were similar in the first and third periods, 81.20-91.36 and 80.97-87.21, respectively.
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Figure 7 Violin plots of water body landscape indices of Siberian crane core habitat in different years (a, b, c show the change intervals of perimeter area sub-dimension number, landscape splitting index, and aggregation degree in different years, respectively. The vertical coordinates A and S represent the core habitat extent of Siberian cranes in autumn and spring, respectively; 4, 8 and 10 represent the water body in spring, summer and autumn, respectively; I, II and III represent the first, second and third periods, respectively. (The solid line in the violin plot is the median, and the dotted line is the upper and lower quartiles.)

4. Discussion
4.1 Reasons for hydrological spatial and temporal changes in Siberian crane stopover sites
There were three period changes for the hydrological conditions of Siberian crane stopover sites. They were influenced by different anthropogenic and natural factors. The study area had a large area of water bodies in the first period. Precipitation was abundant in this period. River runoff was an important natural factor driving the landscape pattern of water bodies in the study area. The annual precipitation was generally higher than the multiyear average. Precipitation was an important source of water recharge for the wetlands, forming large areas of flooded wetlands and waterlogged water bodies (Wang et al. 2005). The second period was dry with little rainfall. There were continuous dry years, especially since 2000. The annual precipitation continued to decrease. At the same time, the government planned wetland development projects and increased the area of dry farmlands and artificial surfaces, which interrupted the hydraulic connectivity within the wetlands (Wang et al. 2009). As a result, the small lakes and bogs of the study area rapidly shrank in the second period, and the water was severely fragmented. In addition, because of the need for irrigation and water storage in this period, reservoirs were constructed on the Tao’er River and Erlongtao River, resulting in a cutoff for many years in the Erlongtao River and a reduction in runoff in the Tao’er River. Except for a small amount of confluence around the reserve, the natural surface water resources of the study area were only supported by the inflow from the Tao’er River. In the third period, the rainfall increased, and the relative humidity remained stable. With the implementation of important ecological projects, such as the return of farmlands to wetlands, return of grazing to grass and river-lake connectivity, the wetland area showed an increasing trend, and the wetland area and hydrological connectivity were also restored to a certain extent. The water volume in the study area gradually recovered toward the first period.

4.2 Correlation between Siberian cranes and the spatial distribution of water bodies
Quantifying the relationship between hydrologic fluctuations in wetlands and changes in waterbird distribution is critical to the success of waterbird conservation (Teng et al. 2021). It was found that the hydrological conditions of the three periods played an important role in determining the selection of the Siberian crane stopover site. When the area of a water body decreases, the hydrologic conditions have a great effect. The dependence of Siberian cranes on water bodies can be demonstrated by the degree of spatial coupling between Siberian cranes and water bodies. The hydrological conditions in the study area were severely degraded by the drastic land use change and the decrease in precipitation in the second period, resulting in a significant reduction in water area. The water bodies were mostly spatially distributed in a small area in the eastern part. The correlations between the spring-migratory and autumn-migratory Siberian cranes and the three seasons were greater than 0.5. In the third period, the water body influenced by the ecological water conservancy project and the increase in precipitation began to spread to the south-central area. The water area gradually increased. The correlation was higher.

4.3 Historical evolution of critical habitat distribution for Siberian crane activity
Changes in active habitat are the self-regulating behaviors of animals in response to external environmental changes, reflecting the environmental quality and stability of the habitat. The results showed that most of the different active habitat ranges of Siberian cranes in various periods were located in the study area. Although some of them overlapped with the study area, a few were located outside the study area. This indicates that there are conservation gaps in some potentially important habitats. Therefore, more attention should be given to habitats outside the reserve. The active habitat was spatially variable, and there was an obvious migration phenomenon in different periods. Although the active habitat varied spatially for different seasons, there was no overall migration phenomenon between seasons.
The continuous transfer of Siberian crane active habitat can also support the idea that Siberian cranes are highly dependent on wetlands and water bodies in their habitat (Mu et al. 2022). It is worth noting that there were obvious annual migration changes in the Siberian crane active habitat, especially the core habitat. In the first period (1984-2000), the active habitat area was relatively large. According to the relevant literature, the land use type in the northern half of the study area was mainly swampy wetlands in this period. The ecological integrity of wetlands was high, and Siberian cranes were mainly distributed in this area (Shang et al. 2022; Wang et al. 2022a). In the second period (2001-2010), the active habitat area decreased and was transferred to the central part of the study area. The land use in the study area significantly changed during this period. The wetlands were reclaimed as agricultural land. The water bodies in the wetlands were mainly concentrated in the central part of the study area. Therefore, the major area of the Siberian crane distribution changed to the central part of the study area, and the number of distributions decreased. In the third period (2011-2020), the area of active habitat increased and moved to the south. Compared with the second period, the hydrological conditions of the study area gradually improved, and the water surface area increased. Most water bodies spread to the southwest. The number of Siberian cranes increased, and the important distribution area also changed to the southern part of the study area.

4.4 Water-body characteristics of suitable habitat for Siberian cranes
There were period differences in the use of active habitats by Siberian cranes at the stopover sites. This was manifested not only in the size and location of the active habitat area but also in the spatial pattern difference of utilization hydrology. According to the characteristics of water-body habitat in different periods, the characteristics of the stopover habitats of Siberian cranes significantly changed under the action of external factors such as natural and human disturbances. In the first period, the climate change was stable, the water quantity was balanced, and the human exploitation of wetlands was small in the reserve. In the second period, enhanced agricultural development (Wang et al. 2011), global warming and land use change resulted in the most drastic changes in the degree of water fragmentation. The shape of the water patch was relatively regular and simple, with the highest degree of dispersion. In the third period, the water quantity was enhanced under anthropogenic restoration. The small lakes and marshes increased, and the connectivity of the hydrological spatial distribution was restored. Previous research indicated that the increased fragmentation of water bodies can lead to a sharp decrease in the geographic environment and loss of living space for Siberian cranes (Bortolotti et al. 2022). In the second period, the suitable stopover area for Siberian cranes decreased, the water-body index dramatically fluctuated, and the number of Siberian cranes decreased. Therefore, this period is not suitable as a reference indicator for Siberian crane stopover habitat. In contrast, the first and third periods belong to the hydrological fluctuation situation under natural conditions and artificial restoration, respectively, with the stable existence of perennial and seasonal water surfaces, similar changes in the water-body landscape index, high landscape heterogeneity, low fragmentation of water-body patches, complex shape, high aggregation, and large water-body, Siberian crane, stopover habitat areas. They are the best choice of a reference index for Siberian crane stopover habitat.
Siberian crane stopover habitat does not consist of a single habitat type but a special geographic area consisting of a shallow area with some vegetation cover and a certain area of open water that provides both food and a safe hiding place (Smith et al. 1989). If there is too much water, the surface area increases, and the water level rises. The fragmentation, heterogeneity and complexity of water bodies are lower. The Siberian crane, food-source plants are stressed, and the suitable Siberian crane habitat will decrease. If the water volume is too low, the water surface area is small, and the water level is low. Water-body fragmentation and separation are serious, which restricts the distribution area of the Siberian crane population at stopover sites (Donnelly et al. 2019). Combined with the range of changes in water-body characteristics of suitable habitats in the first and third periods, it was found that when the PAFRAC, DIVISION and AI threshold ranges were 1.27-1.30, 0.73-0.95, and 80.97-91.36, respectively, the degree of water fragmentation was suitable, and the fluctuation range was stable. The large and widely spaced wetlands were preferred by the Siberian crane (Wang et al. 2022b; Zou et al. 2021). Therefore, these parameter thresholds were determined as the optimal range of habitat characteristics that are suitable for Siberian crane stopover and for their food plants to grow.
5. Conclusions
The spatial pattern dynamics of water bodies and Siberian cranes, active habitat analysis and landscape pattern were analyzed to clarify the effects of changes in wetland hydrological conditions on Siberian crane stopovers and elucidate the response of Siberian cranes to changes in wetland hydrological conditions at migratory stopover sites. The spatial and temporal distribution of Siberian cranes and hydrological distribution in the study area have three periods, and the coupling correlation between them is high. The first period (1984-2000) was influenced by climate and topography, resulting in water bodies being mostly distributed in the center and southern parts of the study area. The water area was greater, and the hydrological condition was better. The Siberian crane active habitat was mainly in the northern part of the study area. In the second period (2001-2010), the water area influenced by land use and reduced precipitation significantly decreased. The hydrological conditions were severely degraded due to continuous changes in human interference. The Siberian crane active habitat was transferred to the central part of the study area. The third period (2011-2020) was influenced by ecological water conservation projects and increased precipitation, leading to water bodies spreading to the south-central part year by year. The water area increased, and the water bodies changed for the better. The Siberian crane active habitat moved to the south-central part of the study area. The degree of fragmentation of the water body changed most drastically and fluctuated more in the second period. The shape of the water-body patches was relatively complex, and the dispersion degree was highest. The study showed that suitable Siberian crane stopover habitats should have the following water-body characteristics: the optimum threshold ranges of PAFRAC, DIVISION and AI were 1.27-1.30, 0.73-0.95, and 80.97-91.36, respectively. The findings of this study could provide a theoretical basis for the conservation of endangered species and reflect the general pattern of wetland changes for migratory wading birds. It can also provide scientific information for ecosystem management and ecological engineering construction of swampy wetlands at the same latitude or the same type.

Data Availability Statement
Since Siberian cranes are an endangered species and the study involves the point distribution of the species, the Siberian crane data that support the findings of this study are available from the corresponding author upon reasonable request.
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