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Introduction: The middle and lower reaches of the Yangtze River basin (hereafter MLYRB) are one of the most important wintering grounds for waterbirds along the East Asian-Australasian Flyway (EAAF). Climate change and human activities have greatly altered the habitats of waterbirds in this region.
Methods: The potential distribution of suitable habitats for the Siberian crane (Grus leucogeranus) in the MLYRB was projected using Maximum Entropy Models (MaxEnt) and three Global Climate Models (GCMs). Additionally, estimations for temperature and precipitation before 2060 were made using CMIP6 multi-model and multi-scenario data.
Results: 1) the MaxEnt model was highly applicable (AUC = 0.939) for analyzing the suitable habitat distribution and climatic suitability of Siberian cranes in the study area; 2) Precipitation of the driest quarter and altitude were the main factors affecting the potential suitable habitat distribution of Siberian cranes, accounting for 40% of the total contribution rate each; 3) The climatically suitable areas for the distribution of suitable habitats of Siberian cranes in the study area was mainly concentrated in parts of Poyang Lake, Dongting Lake, Taihu Lake, and the mainstream of the Yangtze River; 4) In the BCC-CSM2-MR, CanESM5, and CNRM-CM6-1 models, the suitable habitat area for Siberian cranes is expected to decrease under different SSP scenarios from 2021 to 2060 compared to 1970–2000.
Discussion: The BCC-CSM2-MR model’s SSP2-4.5 scenario shows the most significant decline in the suitable habitat area for Siberian cranes, with a maximum decrease of approximately 35.7%, followed by a maximum decrease of about 26.2% and 16.4% under the CNRM-CM6-1 and CanESM5 models’ SSP2-4.5 scenario, respectively. In general, the suitable habitat areas for Siberian cranes are projected to decline, indicating the need for comprehensive evaluation and uncertainty research using more models.
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1 INTRODUCTION
Wintering waterbirds are critical indicators of the ecological health and functioning of wetland ecosystems (Yao et al., 2020). However, the loss of wetlands is now the most significant global threat to many bird species. In response, China took a major step towards its protection with the implementation of the Wetland Protection Law of the People’s Republic of China on 1 June 2022, which is the first legislation in China to specifically protect wetlands. This law helps to reinforce the importance of preserving migratory waterfowl populations and their habitats and underlines the need for ongoing efforts to safeguard our fragile ecosystems.
The Siberian crane (Grus leucogeranus) is a majestic wading bird that is endemic to wetlands and relies on these habitats for its survival and reproduction. Listed as “critically endangered” on the IUCN Red List since 2000 (Matson et al., 2011), the Siberian crane is also a Class I protected species in China. With an estimated global population of 3,800–4,000 individuals (Fengshan and Harris, 2012), separated into three distinct migration populations, the Eastern flyway population is the largest, accounting for 99% of the total (Chen et al., 2016). However, the Western and Central populations have declined significantly in recent decades and are close to extinction. Every autumn, almost all cranes migrate over a distance of 5,300 km, traveling from the northeastern part of Siberia, crossing through the eastern regions of China, and heading southwards to the middle and lower reaches of the Yangtze River and beyond for the winter (Kanai et al., 2002). A substantial decrease in waterbird populations has been observed along the majority of migratory routes globally. The East Asian-Australasian Flyway (EAAF) is the most species-rich and threatened among the nine migratory routes for waterfowl. It is estimated that the decline rate of this ecosystem ranges from 5% to 9% per year, which is among the highest rates of any ecological system on the planet (Mackinnon et al., 2012). The EAAF encompasses 22 countries and extends over a distance of 13,000 km, from the Arctic Circle to Australia and New Zealand (Bamford et al., 2008).
The presence and abundance of wetlands and water bodies, as well as the size and connectivity of these habitats, have a positive impact on waterfowl species’ diversity and abundance (Zhang et al., 2018). Unfortunately, human activities have caused a 50% reduction in the worldwide area of wetlands and a decline in the quality of waterfowl habitats (Sun et al., 2020). The combined effects of these changes and climate change have led to an unprecedented loss of biodiversity. The lakes in the floodplains of the MLYRB are essential wintering grounds for waterbirds on the East Asia-Australasian Flyway (Xia et al., 2017). However, in recent decades, wetland areas in Eastern China have continued to shrink, particularly in the lower reaches of the Yangtze River, leading to a significant loss of habitat. The effects of climate change, including increasingly unpredictable weather patterns, pose a threat to the survival of nearly a quarter of the world’s species. The hydrological situation of the MLYRB shows that the dry season is advanced and its duration is prolonged, most notably seen this year with an unusual autumn drought. This new normal state could have severe impacts on migratory birds. Additionally, the construction of the Three Gorges Dam has disrupted the water balance in the Yangtze River Basin and altered the wetland habitats and habitat suitability (Van and Maavara, 2016), which could negatively impact the feeding, nesting, and resting habits of waterbirds during their migration. The habitat quality is an important factor in protecting the overwintering habitat of Siberian cranes (Kellner et al., 1992). In China, human disturbances such as agricultural land conversion, urban expansion, road construction, drainage, diking and damming, nutrient enrichment, and pollution are the primary drivers of wetland loss and degradation, posing a serious threat to waterfowl populations and their survival (Li et al., 2021). Owing to climate change and human disturbances, the future of Siberian cranes is uncertain (Wang, 2020). Therefore, it is urgent to investigate and accurately project the potential distribution of species and their changing trends under different climate scenarios in the future.
In recent years, Species Distribution Models (SDMs) have become an important tool for predicting species distribution and habitat suitability. They use climate, topography, vegetation, and other environmental factors to forecast the potential range of species distribution (Shen et al., 2022), and establish the relationship between species occurrence sites and selected environmental variables (Almeida et al., 2022). The MaxEnt entropy model is widely recognized as one of the most popular and effective models in recent years (Lin et al., 2022). This model offers several advantages, such as ease of use, a low requirement for sample size, and a self-detection function. The model provides a self-detection function that can automatically generate ROC curves to simulate and test the model’s predictions. Additionally, when evaluating and predicting animal habitats, only “occurrence point” data is required (Yu et al., 2019). Compared with other models, MaxEnt’s predictive performance is consistently competitive with the highest performance methods (Elith et al., 2006), it combines machine learning and maximum entropy principles which can accurately predict the potential distribution of species (Su et al., 2021). Therefore, it has been widely used for many purposes in biogeography, conservation biology, ecology, and other fields (Li et al., 2020).
In this study, the MaxEnt algorithm model and the latest shared socioeconomic pathways (SSPs) from the Coupled Model Intercomparison Project in its sixth phase (CMIP6) were employed to project the habitat suitability distribution of Siberian cranes. The main objective of this study was to address the following questions: 1) Has the habitat quality of Siberian cranes in the MLYRB changed significantly during the past few decades? 2) What factors will have great impacts on the habitat quality of Siberian cranes under the changing environment? 3) How will the habitat quality of Siberian cranes evolve under different scenarios in the future? These questions are of great significance for the protection of waterfowl habitat quality in the MLYRB under the background of global warming.
2 MATERIALS AND METHODS
2.1 Study area
The MLYRB (106°7′-121°47′E, 24°30′-33°54′N) region is situated in Eastern China, encompassing areas in Hunan, Jiangxi, Hubei, southern Anhui, southern Jiangsu provinces, and the Shanghai municipality, with total coverage of 8.00 × 105 km2 (Figure 1). This region experiences a humid subtropical monsoon climate with four distinct seasons and abundant rainfall, with average annual temperatures ranging from 14°C to 18°C and average annual precipitation of around 1,300 mm. China’s terrain is characterized by higher elevations in the west and lower elevations in the east, with a roughly three-tiered, step-like distribution. Located in the third ladder of China, the MLYRB is characterized by its flat terrain, with a mixture of low mountains, hills, and plains (Deng et al., 2020). Some parts of the region are low-lying, with elevations of fewer than 50 m (Cui et al., 2013). This region boasts the largest concentration of freshwater lakes in China, including the five famous freshwater lakes: Poyang, Dongting, Taihu, Chaohu, and Hongze. There are as many as 100 lakes (area ≥10 km2) covering a total area of 10,593.4 km2. Additionally, the wetlands within the region span over 7.70 × 104 km2, accounting for 14.42% of the total wetland area in China (Geng, 2014).
[image: Figure 1]FIGURE 1 | Spatial distribution of Siberian crane occurrence points in the MLYRB.
The wetland in this study area is a unique hybrid of artificial and natural ecosystems and is located on the East Asia-Australasia Flyway, a critical migratory route for overwintering birds. The population of wintering waterfowl in the Poyang Lake wetland is a key indicator of biodiversity richness in the region. This ecosystem provides crucial water resources and habitats for millions of wintering waterbird species from around the world and offers a remarkable service through its diverse and abundant habitats (Huang et al., 2018). It is estimated to host between 30% and 50% of the birds in the Yangtze River wetlands and is the primary wintering ground for the eastern population of Siberian cranes, accounting for approximately 98% of the world’s population (Wang et al., 2017; Zhang et al., 2019).
2.2 Species occurrence data
For this study, the location data (including longitude and latitude) of Siberian cranes in the MLYRB was obtained from various sources, including the Global Biodiversity Information Facility (GBIF, http://www.gbif.org), Center for Agricultural and Biosciences International (CABI, http://www.cabi.org), and National Animal Collection Resource Center (http://museum.ioz.ac.cn/specimens.aspx). A total of 722 distribution records were gathered through these sources and published literature. After eliminating duplicate and invalid points with insufficient geolocation data, 193 sample points were obtained by querying the specific coordinates on the Geonames website (http://www.geonames.org). In addition, the study used three synchronized surveys of wintering waterbirds in the MLYRB organized by the State Forestry Administration of China and the World Wide Fund for Nature (WWF) Beijing office, covering the winters of 2003–2004, 2005–2006, and 2011. The research group also conducted field surveys on the populations of Siberian cranes in the Poyang Lake region, Changjiang Estuary of Chongming Island East Beach, and Jiangyin section of the Yangtze River in Jiangsu Province from 2019 to 2021. For records lacking precise geographic coordinates, the team used Omap software and Online Baidu Maps (https://lbsyun.baidu.com/) to obtain approximate location information and collected 64 distribution points in total. In the end, a total of 257 species occurrence records of Siberian cranes were used to establish the MaxEnt model. The sample point data was saved in a CSV file with three columns: species name, longitude, and latitude coordinate values (Zhang et al., 2022).
2.3 Environmental variables data
Environmental variables are the basis of a suitable habitat distribution model, which plays a key role in influencing the distribution of Siberian cranes (Li and Fan et al., 2020). Nineteen bioclimatic variables have been identified as the most critical factors in determining the potential distribution of the species (Nurhussen et al., 2021). Additionally, altitude plays a crucial role in species distribution and has been considered in this study. Therefore, data for 19 bioclimatic variables (for the period 1970–2000 and the future from 2021 to 2060) was obtained from the Global Climate Database with a spatial resolution of 30 arc seconds (approximately 1 km). Similarly, the elevation data was obtained from WorldClim v2.1 with a spatial resolution of 30 m, and terrain variables (slope and aspect) were calculated using the elevation layer in ArcGIS 10.2. To define the distribution niche of the Siberian crane, these variables were combined with the Normalized difference vegetation index (NDVI) factors and used to build the model. This study employed the current NDVI variables selected from the GIMMS NDVIl3g dataset, which covered the period 1982 to 2000 with a spatial resolution of 0.08333°. The future NDVI dataset was generated by simulating the 2021–2060 NPP dataset using the LPJ global vegetation dynamics model. The NPP data was then converted to the required NDVI data (Tian et al., 2021; Kong et al., 2022). The data were stored in NetCDF format along with related files. Lastly, the NC format was transformed into raster data, and the mean value of the vegetation index was obtained through the maximum synthesis method.
Before constructing the model, the data of the 23 variables were standardized. To maintain consistency in the spatial resolution across all variables, the raster size of 23 environmental variable layers was uniformly resampled to 0.08333° (Dai et al., 2017). And the coordinate system was projected uniformly to WGS-1984-UTM-Zone-49N, along with setting a uniform layer boundary, all accomplished within the ArcGIS software. The environmental variable layers were then converted to ASCII format for use in MaxEnt modeling. To minimize the influence of multicollinearity and overfitting in MaxEnt (Fotheringham and Oshan, 2016), a Pearson correlation analysis of the 23 variables was performed in SPSS 20 to analyze their relationship with the distribution habitats of the Siberian crane. As some of the variables were highly correlated, dimensionality reduction was necessary to avoid spurious results and optimize the final fitted model. If the correlation coefficient of the two variables was greater than 0.80 (Dormann et al., 2013), the variable with lower ecological significance was removed. Ultimately, only 12 environmental variables were retained for MaxEnt modeling (Table 1).
TABLE 1 | Environmental variables were used in this study.
[image: Table 1]2.4 Selection of environmental variables
Global Climate Models (GCMs) are widely considered the most robust tools for simulating climate change and projecting future trends. Based on these models, numerous studies have made predictions of changes in global and regional climates, as well as the associated extremes, under different concentration pathways represented by the Shared Socioeconomic Pathways (SSPs) (Wang et al., 2009). The current stage of the Coupled Model Intercomparison Project (CMIP) under the World Climate Research Program (WRCP) is the sixth, and it is the most comprehensive so far with a large number of participating models, well-designed experiments, and a vast amount of data. CMIP6 provides a valuable reference for understanding the patterns of past climate change, forecasting future climate changes, and evaluating the impacts of climate change (Zhou et al., 2019). Our study concentrates on the current climatological period (1970–2000), and the future for two periods, including the 2030s (2021–2040), and 2050s (2041–2060). The future climate scenario data are derived from the CMIP6 downscaled projections, and we have selected four SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) from CMIP6 for our analysis (Zhou et al., 2021). The numbers after the dashes indicate the radiative forcing levels. Radiative forcing level refers to the quantification of the impact of an external forcing, such as changes in solar radiation or anthropogenic greenhouse gas emissions, on the energy balance of the Earth’s atmosphere system (Tebaldi et al., 2021). It represents the net radiative effect of this impact on the global climate system and is a crucial indicator for measuring the contribution of various factors to climate change. Radiative forcing levels are typically measured in units of positive or negative forcing per unit area. In our analysis, we have selected three CMIP6 models from the World Climate Center, including BCC-CSM2-MR, CanESM5, and CNRM-CM6-1, to compare the most appropriate climate change simulations for China (Table 2). This study also utilized Matlab programming software to plot the annual average temperature and precipitation changes in the wintering areas of Siberian cranes. The plots were generated under different SSPs scenario (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) by employing CMIP6 model data from two time periods: 1970 to 2014 and 2015 to 2060. The aim was to infer the rationality of the distribution of the suitable habitat for Siberian cranes.
TABLE 2 | CMIP6 climate models were used in this study.
[image: Table 2]In our analysis of the impact of climate change on the distribution pattern of Siberian cranes, we used climate data from three different periods, corresponding to the four Shared Socioeconomic Pathways (SSPs) (Table 3). The climate data were acquired with a spatial resolution of 2.5 arc minutes (about 5 km × 5 km) and were restricted to the geographical area of the (MLYRB). All the data processing and analysis were conducted using ArcGIS 10.2 software.
TABLE 3 | Four scenarios participated in the MaxEnt model.
[image: Table 3]2.5 Model establishment and evaluation methods
MaxEnt is a complicated machine learning approach based on the principle of maximum entropy, which can be run through the data of species occurrence and environmental variables. MaxEnt software (version 3.4.1), which is freely available on the website (https://biodiversityinformatics.amnh.org/open_source/maxent/) was selected for this study. There are extensive opinions on the setting of the parameter “random test percentage” in the model (Yuan et al., 2020). Not all model parameters are set uniformly, and some articles suggest that they should be set according to the situation of each specific study. In this study, the following parameters were set before the model runs the maximum background points = 10,000; to ensure the stability of the model prediction, the replicates = 10; the remaining parameters were set to the default values of the MaxEnt model. This setup has been considered reasonable and effective for a wide range of niche studies (Phillips and Dudik, 2008). In the process of modeling, 75% of the 257 distribution data samples of Siberian cranes were randomly selected as the training data to calibrate the model, and 25% of the samples were used as the testing data for accuracy checking.
In this study, we simulated the suitable habitat for the Siberian crane across the entire global range, including both wintering and breeding areas (Figure 2). We performed geographic segmentation on the simulated global region and ultimately obtained the suitable habitat distribution of the Siberian crane’s wintering area in the MLYRB. The jackknife test and the creation of response curves were selected to evaluate environmental variable contributions and thresholds to potentially suitable areas for Siberian cranes in the MLYRB. The receiver operating characteristic (ROC) threshold values were used to cut the modeled suitability matrices (Naeem et al., 2018). This approach determines the balance between omission and commission errors while determining the spatial distributional ranges of a species (Silva et al., 2014), to evaluate the prediction accuracy of this model. The area enclosed by the curve and the abscissa is the area under the curve (AUC) (Nurhussen et al., 2021). The average training AUC value is automatically calculated when the MaxEnt model is repeatedly run 10 times. The AUC ranged from 0 to 1, with higher values corresponding to a better prediction effect of the model (Fielding, 1997). An AUC value of 0.5–0.6 meant that the simulation effect of the model was invalid; 0.6–0.7 meant that it was poor; 0.7–0.8 meant that it was average; 0.8–0.9 meant that it was good; 0.9–1 meant that it was excellent (Swets, 1988).
[image: Figure 2]FIGURE 2 | Habitat suitability of Siberian cranes on a global scale under current conditions.
The model leverages non-random connections between factors such as climate, altitude, vegetation, and other environmental variables to predict the distribution of suitable habitats for species. By analyzing species distribution points and study areas, the model makes accurate inferences and predictions. Under certain restrictions, the model determines the probability with the highest entropy, which optimizes its prediction of species habitats (Jimenez-Valverde, 2012).
2.6 Classification of current and future potential habitats
After modeling the potentially suitable areas, we used maps and spatial analysis tools available in ArcGIS 10.2 software to superimpose the simulation results of the MaxEnt model and classify the results of the probability of existence. The maps of current and future suitable areas that were generated by the model had values of existence: highly suitable (0.5 ≤ probability of presence ≤1), medially suitable (0.3 ≤ probability of presence <0.5), slightly suitable (0.1 ≤ probability of presence <0.3), and unsuitable (probability of presence <0.1), based on the predicted probability of presence (Gao et al., 2018). Finally, the ecological suitability distribution of waterbirds in the MLYRB based on the main ecological factors was mapped.
3 RESULTS
3.1 Critical contributing environmental variables
The resulting model of the current potential distribution area of the Siberian crane in the MLYRB had a mean AUC of 0.939, indicating a high-quality model (Figure 3). The resulting model was based on twelve environmental variables. The mean AUC values for the MaxEnt models of Siberian cranes were significantly higher than the random prediction value (0.5), with a standard deviation of 0.001. This demonstrates the prediction results to be highly accurate and the potential distribution area generated by MaxEnt to be trustworthy.
[image: Figure 3]FIGURE 3 | Average area under the curve (AUC) for 10 replicates MaxEnt run. The red line is the average value and the blue bar represents plus and minus one standard deviation.
The Jackknife analysis and contribution rate results (Figures 4, 5) revealed the contribution rate of environmental variables. Precipitation of the driest quarter (Bio17) and altitude contributed significantly to the model in contrast with other variables, accounting for 42.5%, and 40.2%, respectively. These two impact factors alone account for more than 80% of the contribution. Precipitation of the warmest quarter (Bio18), Precipitation seasonality (Bio15), temperature annual range (Bio7), mean temperature of the warmest quarter (bio10), aspect and mean temperature of the coldest quarter (Bio11) were the least important factors. The contribution of these factors combined is less than 5%. The other four parameters: mean temperature of the wettest quarter (Bio8), slope, NDVI (Normalized Difference Vegetation Index), and precipitation of the wettest quarter (Bio16) were also substantial contributors to the model, and the cumulative contribution rate reached 13.5%. In summary, precipitation and altitude were the main factors that limited the selection of suitable habitat sites for Siberian cranes.
[image: Figure 4]FIGURE 4 | Jacknife test of variable importance for Siberian cranes. The blue, aqua, and red bars represent the results of the model created with each individual, all remaining variables, and all the variables respectively.
[image: Figure 5]FIGURE 5 | Estimates of relative contributions of environmental variables for the MaxEnt model.
The probability of the appearance of Siberian cranes is consistent with the suitability index of their habitat. According to the response curve of precipitation of the driest quarter (Bio17), altitude (Alt), and mean temperature of the wettest quarter (Bio8) (Figure 6), the most suitable driest month precipitation for the wintering habitat of Siberian cranes is 160–170 mm, with suitability approaching 0 when it is less than 50 mm, and reaching the peak suitability at 170 mm. The altitude of 0–50 m is the most suitable for Siberian cranes, and the optimum suitability index for the average temperature of the wettest season is around 22°C.
[image: Figure 6]FIGURE 6 | Response curves of three major environmental variables in the niche model of Siberian cranes.
3.2 Current potential distribution
The current potential distribution area of the Siberian crane has displayed in Figure 7. The simulation results showed that under current climatic conditions, the total suitable habitat area for the Siberian crane covers 302,170 km2, with the highly suitable area of 54,749 km2, the medially suitable area of 81,484 km2, and the slightly suitable area of 165,937 km2. The wintering sites of the Siberian crane are primarily located in Jiangxi’s Poyang Lake and Hunan’s Dongting Lake, with scattered individuals found in Yancheng and Dongtai in Jiangsu Province, Yuyao in Zhejiang Province, and coastal wetlands in Zhejiang, Shanghai, and Jiangsu. The main high-suitability area is in the Poyang Lake Basin, with the medially and slightly suitable areas primarily located around the outer Poyang Lake Basin. Areas far from the Yangtze River and lake wetlands show clear evidence of human activity, making them unsuitable for the Siberian crane’s feeding, reproduction, migration, and overwintering. The 257 Siberian crane data points were collected throughout China, with 25% of the occurrence points concentrated in highly suitable areas. There was also a small amount of distribution in the slightly and medially suitable areas, with no distribution in the unsuitable areas.
[image: Figure 7]FIGURE 7 | Habitat suitability for Siberian cranes in the MLYRB under current conditions.
3.3 Suitable areas of Siberian cranes under future climate change scenarios
Compared to the period of 1970–2000, the suitable habitat area for cranes is expected to decrease in both future periods (2021–2040 and 2041–2060). Due to the large number of legends, only the legend for the period of 2021–2040 will be shown here. Figure 8 displays the projected distribution of suitable sites for the Siberian crane from 2021 to 2040 under various global climate change scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). Suitability values (0–1) were classified into five classes. According to the prediction results of the ecological niche model. Climate warming has largely suppressed the expansion of potentially suitable habitats for the Siberian crane in the MLYRB region. The future environmental conditions will be even less conducive to the growth of this species than currently observed; therefore, the geographical expansion of the Siberian crane will be difficult to achieve under the influence of future climate conditions.
[image: Figure 8]FIGURE 8 | Prediction maps for the potential distribution of Siberian crane under future 2030s climate conditions using selected exemplar global climate models BCC-CSM2-MR, CanESM5, and CNRM-CM6-1, under four scenarios of Shared Socioeconomic Pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5).
This study found that the geographical distribution of different types of suitable habitats under four climate change scenarios changes with climate warming. Except for unsuitable regions, the distribution range of the other three types of suitable habitats generally shows a decreasing trend. Compared with the currently suitable areas, they all show a trend of shifting toward the Poyang Lake wetland, high-latitude areas, and eastern high-altitude areas. The prediction map shows that the suitable areas in Hunan and Jiangxi have increased. In Jiangsu, Zhejiang, and other regions, the distribution of scattered moderately suitable areas has significantly decreased, and the medially suitable areas distributed in eastern Jiangsu, Shanghai, and Anhui have almost completely disappeared. At the same time, we found that compared with the current potential suitable habitat distribution, the distribution of suitable habitats is also more concentrated.
3.4 Future changes in suitable habitats
Comparing the four climatic scenarios, we found that under the SSP1-2.6 low-emission scenario, the area of the Yangtze River Estuary at high latitudes will be increasingly lost, while under the SSP5-8.5 scenario, the suitable range area along the Dongting Lake basin would increase (Figure 9). From 2021 to 2040, the prediction results under different scenarios of the BCC-CSM2-MR model showed that: under the SSP1-2.6 scenario, the suitable habitat area for Siberian cranes decreased by 3.45 × 104 km2, whereas the obtained marginal suitable area was 13.18 × 104 km2. Under the SSP2-4.5 scenario, the suitable habitat area of the Siberian crane lost 1.91 × 104 km2 and gained 19.72 × 104 km2. Under the SSP3-7.0 scenario, the suitable habitat area of the Siberian crane lost 3.50 × 104 km2 and gained 17.29 × 104 km2, whereas, under the SSP5-8.5 scenario, the suitable habitat area of the Siberian crane lost 3.39 × 104 km2 and gained 15.31 × 104 km2. Among them, SSP2-4.5 had the lowest loss area and highest gain area.
[image: Figure 9]FIGURE 9 | Losses, gains, and stable suitable habitat areas for Siberian cranes for the 2030s.
The prediction results of the CanESM5 model under the different scenarios showed that under the SSP1-2.6 scenario, the suitable habitat area for the Siberian crane was reduced by 3.05 × 104 km2, while the obtained marginal suitable area was 16.03 × 104 km2. Under the SSP2-4.5 scenario, the suitable habitat area for the Siberian crane decreased by 4.37 × 104 km2, and 11.36 × 104 km2 was gained. Under the SSP3-7.0 scenario, the suitable habitat area of the Siberian crane lost 3.63 × 104 km2 and gained 11.11 × 104 km2. Under the SSP5-8.5 scenario, the suitable habitat area of the Siberian crane lost 3.72 × 104 km2 and gained 5.92 × 104 km2. Among them, SSP1-2.6 had the lowest loss area and highest gain area.
The prediction results of the CNRM-CM6-1 model under different scenarios revealed that under the SSP1-2.6 scenario, the suitable habitat area for the Siberian crane decreased by 2.29 × 104 km2, and the obtained marginal suitable area was 17.49 × 104 km2. Under the SSP2-4.5 scenario, the suitable habitat area for the Siberian crane was reduced by 4.52 × 104 km2, albeit 10.40 × 104 km2 was gained. Under the SSP3-7.0 scenario, the suitable habitat area of the Siberian crane lost 3.22 × 104 km2 and gained 12.84 × 104 km2. Further, under the SSP5-8.5 scenario, the suitable habitat area of the Siberian crane decreased by 2.87 × 104 km2 but increased by 17.88 × 104 km2. Among them, SSP1-2.6 had the lowest loss area, while SSP5-8.5 had the highest gain area.
The results of the predictions for the Siberian crane’s suitable habitat under four Shared Socioeconomic Pathways (SSPs) and three models (BCC-CSM2-MR, CanESM5, and CNRM) were analyzed. Overall, the increase in unsuitable habitat distribution under moderate radiative forcing scenarios (SSP2-4.5) was relatively low. However, under low radiative forcing scenarios (SSP1-2.6) and high radiative forcing scenarios (SSP5-8.5), the distribution of unsuitable habitats for Siberian cranes showed a sharp increase, with large fluctuations.
It is estimated that in the next 40 years, the suitable habitat area for Siberian cranes will significantly decrease in all scenarios, and the expansion of slightly suitable habitat areas in very few scenarios can be almost ignored (Figure 10). In the multi-model scenarios SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 between 2021 and 2040, the total suitable habitat area decreases by around 10.00 × 104 km2. Especially in the SSP2-4.5 scenario of the BCC-CSM2-MR model, the maximum decrease in total suitable habitat area is 10.79 × 104 km2. Between 2041 and 2060, the maximum decrease in total suitable habitat area occurs in the SSP1-2.6 scenario of the BCC-CSM2-MR model, which is 10.50 × 104 km2. The second-largest decrease occurs in the SSP5-8.5 scenario of the CanESM5 model, which is 10.34 × 104 km2.
[image: Figure 10]FIGURE 10 | Percentage of change in future suitable areas compared with currently suitable areas under the four shared socioeconomic pathways: SSP1-2.6; SSP2-4.5; SSP3-7.0; SSP5-8.5.
Table 4 shows the highest percentage of total suitable area decline in various scenarios of multiple models from 2021 to 2060 compared to 1970–2000. The total suitable area is the sum of the slightly, medially, and highly suitable areas, whereas the total suitable area of the Siberian crane in 1970–2000 was 302,170 km2. Compared with 1970–2000, in the future (2021–2060) under different models and scenarios, the maximum decrease in the suitable area of Siberian cranes is as follows:
TABLE 4 | The maximum decrease in the suitable habitat area for Siberian cranes between 2021 and 2060 under multiple models and scenarios, compared to the period of 1970–2000.
[image: Table 4]In the BCC-CSM2-MR model SSP1-2.6 scenario, the highest decline in the total suitable habitat area of Siberian cranes is approximately 10.50 × 104 km2, accounting for 34.7% of the total. In the CanESM5 model SSP1-2.6 scenario, the highest decline is approximately 7.95 × 104 km2, accounting for 26.3% of the total. In the CNRM-CM6-1 model SSP1-2.6 scenario, the highest decline is approximately 8.86 × 104 km2, accounting for 29.3% of the total; In the BCC-CSM2-MR model SSP2-4.5 scenario, the highest decline in total suitable habitat area of Siberian cranes is approximately 10.79 × 104 km2, accounting for 35.7%, which is the largest decline percentage among all scenarios of different models. In the CanESM5 model SSP2-4.5 scenario, the highest decline is approximately 4.96 × 104 km2, accounting for 16.4%, which is the smallest decline percentage among all scenarios of different models. In the CNRM-CM6-1 model SSP2-4.5 scenario, the highest decline is approximately 7.93 × 104 km2, accounting for 26.2% of the total; In the BCC-CSM2-MR model SSP5-8.5 scenario, the highest decline in total suitable habitat area of Siberian cranes is approximately 5.74 × 104 km2, accounting for 19.0%. In the CanESM5 model SSP5-8.5 scenario, the highest decline is approximately 10.34 × 104 km2, accounting for 34.2% of the total. In the CNRM-CM6-1 model SSP5-8.5 scenario, the highest decline is approximately 8.92 × 104 km2, accounting for 29.5% of the total.
3.5 Climate change and future projections
The trend of annual average temperature and precipitation changes in the wintering area of the Siberian cranes in the MLYRB is shown in Figure 11. The SSP1-2.6 and SSP3-7.0 scenario data for the CNRM-CM6-1 model were missing and not displayed in the legend. From 2015 to 2060, the temperature rise in the MLYRB in all model scenarios ranges from 2.4°C to 4.6°C, which is 0.38°C–2.42°C higher than the temperature rise range from 1970 to 2014. The increase in temperature is within 30%, and the increase in precipitation is within 35%.
[image: Figure 11]FIGURE 11 | Annual mean temperature and precipitation changes in the MLYRB from 1970 to 2060.
In the BCC-CSM2-MR model, the upward trend of temperature is more pronounced than in the other two models, especially since the increase in future temperature is significantly higher. In all models, both the historical and future periods show that the temperature increase is smallest under the SSP1-2.6 scenario, and the change in precipitation is relatively insignificant, while under the SSP5-8.5 scenario, the temperature increase is most significant, and the fluctuation trend of precipitation is the largest, slightly higher than under the SSP2-4.5 scenario, and the warming amplitude in the future period is significantly higher than that in the historical period. In addition to changes in annual average temperature and precipitation, significant differences were also observed in extreme temperature and precipitation.
4 DISCUSSION
4.1 Siberian cranes’ habitat quality declined along the MLYRB
Recent studies have focused on the impact of large-scale environmental changes on the migration patterns of wintering waterbirds (Van Eerden et al., 2005). The global average temperature has risen by approximately 0.8°C–1.3°C over the past 100 years, highlighting a clear trend of climate warming (Li et al., 2022). The increase in minimum temperatures has affected the wintering ranges and migration routes of migratory waterbirds (Lehikoinen et al., 2013). In this study, we compared the changes in the suitable habitat area for Siberian cranes between 1970 and 2000 and 2030s and found that almost all scenarios showed a significant expansion of unsuitable areas and a decrease in suitable areas. Except for the SSP3-7.0 scenario, all other scenarios showed a significant decline in the slightly, medially, and highly suitable areas for Siberian cranes, with the largest decline occurring in the BCC-CSM2-MR model SSP2-4.5 scenario, where the suitable habitat area for Siberian cranes decreased to a maximum of 10.79 × 104 km2. In the other two models’ SSP2-4.5 scenarios, the trend of decreasing suitable habitat areas for Siberian cranes was more moderate. Among them, the CanESM5 model SSP3-7.0 scenario had the lowest degree of decline in suitable habitat area for Siberian cranes, at 3.83 × 104 km2, with even a small increase in the slightly suitable habitat area. When comparing the changes in suitable habitat area for Siberian cranes between 1970 and 2000 and 2050s, except for the SSP2-4.5 scenario, all other scenarios showed a trend of sharp changes in the suitable habitat area. Especially in the BCC-CSM2-MR model SSP1-2.6 and SSP3-7.0 scenarios, as well as the CanESM5 model SSP5-8.5 scenario, the suitable habitat area decreased by around 10.00 × 104 km2. In the two future periods, the total suitable habitat area for Siberian cranes sharply decreased, and a trend of migrating to higher latitudes or elevations was observed. Stattersfield et al. (2008) believe that waterbird species richness increases at lower latitudes due to the increase in latitudinal diversity gradients, reflecting increases in temperature, water availability, ecosystem productivity, and habitat heterogeneity.
The results show that the temperature increase in the MLYRB will be within 30%, and the increase in precipitation will be within 35% in the future. Due to climate change, the significant interannual variations in the annual average temperature and precipitation will lead to more frequent floods and droughts, which will further exacerbate habitat vulnerability. These birds are particularly susceptible to changes in the climate, as their migration patterns can be closely tied to these changes (Dunn et al., 2009). As global warming impacts the entire East Asia-Australasian migratory flyway, the wintering waterbirds, being highly sensitive to weather fluctuations, may alter their migration routes and distribution patterns (Rainio et al., 2006). The fluctuation and changes in future temperature and precipitation may have a significant impact on the distribution of suitable habitats for waterbirds in the research area, and it is worth further in-depth research. Other environmental changes, such as the degradation of migratory bird habitats were greatly exacerbated by changes in land use under the influence of human activities and the discharge of wastewater in the watershed. The unnatural conversion, reduction, and destruction of natural wetlands have resulted in a decline in wetland ecosystem services, causing their functions as a food source, migratory stopover, and overwintering breeding grounds for species to weaken or even disappear. This includes the conversion of natural wetlands to artificial wetlands, then to cropland, and eventually to land for construction. Since 1950, there has been a large-scale lake enclosure to create fields in the MLYRB, resulting in the disappearance of over 1,000 lakes (with a total area of 13,000 km2) (Yang et al., 2022). In the past century, over 60% of the wetlands in the MLYRB have been replaced by urbanization and agricultural reclamation (Tian et al., 2014). Additionally, with the rapid population and economic development in recent decades, the lakes in the basin are facing increasing water pollution and eutrophication, which is also a great threat to the decrease of habitat quantity (Yang et al., 2015).
4.2 Simulation of habitat quality for Siberian cranes and differences in results
The results of the study indicate that the potentially suitable habitat for Siberian cranes in the MLYRB will decrease and become more concentrated under the four scenarios examined, as compared to the current climate. This is due to the impacts of global warming, which is causing a shift in the distribution of suitable habitats for this species. The study utilized all available data on species occurrence and environmental factors that influence their distribution to reach these conclusion.
The main factors that influenced the potential distribution of the Siberian crane in the study area were precipitation of the driest quarter (42.5%), altitude (40.2%), and mean temperature of the wettest quarter (4%), with a total contribution rate of 86.7%. The study showed that precipitation of the driest quarter and altitude had the highest contribution rate, accounting for approximately 80% of the total proportion. Among the bioclimatic variables, precipitation was the main environmental factor affecting the distribution of the Siberian crane, in addition to altitude. This is consistent with the findings of Luo et al. (2021), who showed that seasonal rainfall variation and annual minimum temperature were the most important climatic factors determining the distribution of waterbirds. The temperature was also an important influence, particularly in the distribution of migratory birds (Liang et al., 2021). Studies have shown that a combination of temperature and terrain variability at the best resolution is the most important predictor of global bird species richness (Davies et al., 2007). Further research is needed to determine if the temperature can delay or prevent the continuous migration of the Siberian crane to higher altitudes.
4.3 Potential reasons for changes in the habitat quality of wintering waterbirds
The current crisis for wintering waterbirds along the East Asia-Australasian migration route stems from multiple causes, among which shrinking wetland areas were one of the main drivers behind the loss of wintering waterbird biodiversity (Smart and Gill, 2003). The distribution of Siberian cranes was also impacted by a variety of practical factors, including interactions between species, food abundance, geological and geomorphological features, intensification of biological invasion, changes in hydrology and water ecology, anthropogenic activities, including land-use change, Critically Endangered species directly threatened by land-use change, and other variables. Comprehensive data on these impact factors were not available at the time of this study, which was a limitation.
We should be focused on changes in hydrology and water ecology, as well as the impacts of anthropogenic activities on habitat selection by Siberian cranes. For example, the hydrological conditions of foraging habitats (e.g., hydrological connectivity between different habitats, water depth, etc.) can serve as important predictors of foraging habitat selection for wading birds. The leg lengths of wading birds can determine the maximum depth to which they can forage, which limits the viability of foraging habitats (Lantz, 2008). Jiang et al. (2014) used water levels and a habitat map of the Xingzi measuring station to investigate the impacts of water levels on the spatial patterns of potentially suitable habitats for Siberian cranes, which revealed that increased water levels led to a reduction in their habitat area. Water levels higher than 13 m had certain negative impacts on the Siberian crane; however, arid environments are not necessarily beneficial for this species (Zou et al., 2021). To maintain a certain number of mudflats and shallow water, the optimal water level of the Poyang Lake wetland should be ∼12 m, which is conducive to the wintering of the Siberian crane. Furthermore, receding water levels may induce habitat selection by Siberian cranes to change from wetlands to highlands (Zhang et al., 2013).
In this study, the focus was on exploring the impact of abiotic factors, such as climate, topography, and vegetation index (NDVI), on the distribution of Siberian cranes in the MLYRB. Currently, the acquisition of NDVI data is mainly based on satellite data. If it is possible to use LIDAR data, more detailed data can be obtained, which may lead to better results (Yang and Wen et al., 2022a; Yang and Wen et al., 2022b). It was noted that although the Siberian crane is a migratory bird that chooses to winter in the MLYRB, its distribution is not limited to the wetlands around Poyang and Dongting Lakes, but also extends to surrounding farmland and coastal areas. The complexity of the distribution pattern of the Siberian crane, which is influenced by various factors such as environment, food sources, and human activities, made it challenging to choose relevant variables for the model. Only the abiotic factors were considered in this study, and the model did not include information on biological factors such as human influences, since the Siberian crane has specialized habitat requirements and a strong connection to shallow wetlands. However, due to the lack of accurate and high-resolution data, the study did not simulate the effects of hydrological regimes. To have a more comprehensive understanding of the impact of climate change on migratory birds, a database of temperature-humidity-hydrological indices under topographic conditions should be established. In conclusion, further research is necessary to examine the effects of climate change on other endemic bird populations and threatened species, such as ducks and shorebirds.
The rising temperature and decreasing precipitation caused by increasing carbon emissions have a profound impact on bird distribution, with greater temperature increases observed in high latitudes compared to low latitudes and a larger impact under high emission scenarios (Wang et al., 2020). It is imperative to reduce carbon emissions to mitigate this impact. The study found that the key limiting factors for Siberian cranes in the MLYRB are precipitation and altitude, indicating that the loss of biodiversity under the context of global warming is a major global challenge, and all countries must come together to protect the diversity of waterbirds.
5 CONCLUSION
In this study, we used the MaxEnt algorithm to establish the ecological niche model of the Siberian crane in the MLYRB and found that Precipitation of the driest quarter and altitude, a topographic variable, was the most important environmental factors affecting the suitable habitat distribution of the Siberian crane. The results of the study indicate that the most favorable habitats for Siberian cranes in the MLYRB are situated in the Poyang Lake, Dongting Lake, and Taihu Lake regions. In the BCC-CSM2-MR, CanESM5, and CNRM-CM6-1 models, the suitable habitat area for Siberian cranes is expected to decrease under different SSP scenarios in the future. Compared to 1970–2000, suitable habitat area for Siberian cranes is projected to decrease by 34.7%, 26.3%, and 29.3% under the SSP1-2.6 scenario in BCC-CSM2-MR, CanESM5, and CNRM-CM6-1 models, respectively. Under SSP2-4.5, the highest decrease is projected to be 35.7%, 16.4%, and 26.2%, while under SSP5-8.5, the highest decrease is projected to be 19.0%, 34.2%, and 29.5%, respectively, from 2021 to 2060. To protect Siberian crane habitats from the impacts of climate change, it is crucial to understand how climate change affects ecological networks along the entire EAAF and link social protection groups.
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The variables in bold were ultimately selected to build the model to predict the potentially suitable areas for Siberian crane.
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