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Abstract

:

Poyang Lake is the largest freshwater lake in China, an internationally important wetland and the largest migratory bird habitat in Asia. There are numerous seasonal lakes in the Poyang Lake region, and these lakes create a complex and diverse wetland landscape and serve as the main activity area for migratory birds. Seasonal lakes have significant effects on hydrological and ecological processes and are highly susceptible to various changes, but research on seasonal lakes is relatively limited. Based on long-term remote sensing images, this study analyzed the spatiotemporal variation characteristics of seasonal lakes and their influencing factors and ecological effects. The conclusions were as follows: the average water area of seasonal lakes showed a unimodal change during the year, reaching a maximum in July and a minimum in January. The interannual water area fluctuated greatly, and the overall water area showed a small downward trend. In terms of spatial variation, the seasonal lakes were connected with the main lake in the wet season and separated from the main lake in the dry season. Among the natural factors, the influences of temperature, evaporation, and rainfall on the water area of the seasonal lakes were successively reduced. In addition, the incoming water from the Yangtze River had an important influence. Among the human factors, the traditional fishing method “enclosing sublakes in autumn” had the greatest impact on the water area in a specific period, followed by the indirect impact of the Three Gorges Project.
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1. Introduction


Floodplains are hotspots of biodiversity and ecosystem services that are naturally productive and valuable, providing a range of hydrological and ecological functions, including flood regulation, water purification, nutrient retention, critical wildlife habitats, and agriculture and livestock products [1,2]. Seasonal lakes are caused by variations within floodplain topography, which influence hydrological and hydrodynamic processes across floodplains [3], and their hydrology and ecology are highly sensitive and respond more rapidly to variations in the surrounding floodplain setting [4]. Due to the large extent and remoteness of floodplains, seasonal lakes are rarely investigated [5].



Poyang Lake is the largest freshwater lake in China [6], an internationally important wetland, and the largest migratory bird habitat in Asia [7]. The ecological environment of this lake has a wide range of effects and is a focus of international concern. Due to its particularly complex topography and hydrological regime, Poyang Lake is situated within extensive floodplains that adjoin the main lake, and ~102 seasonal lakes of different sizes appeared in the Poyang Lake Island Beach [8]. These internal basins, which looked like dishes, were called “dish-shaped lakes”. Scholars have conducted much research on the dynamic changes in the water resources of Poyang Lake [9,10,11,12], but these studies have primarily focused on the relationship between the water level of the seasonal lakes and the main lake area and the impact of changes in the seasonal lakes on water quality, vegetation, migratory birds, etc. For example, Li analyzed the annual change characteristics of the water level and the main water quality indicators of both the main lake area and the seasonal lakes based on monitoring data from 2014 to 2015 [13]. Zhang took the typical seasonal lakes of Poyang Lake-Baisha Lake as the monitoring object and discussed the interaction of water level changes and the decomposition of sedge grass on the concentration of nutrients in the water body [14]. Guo and others analyzed the influence of the fishery model of “cut autumn lake” on wintering migratory birds through a questionnaire survey combined with the sample lines and points method [15]. Zhang analyzed the distribution of winter buds of submerged plants in shallow lakes in the Poyang Lake region and their contribution to food for plant-eating waterbirds through sample method surveys in 2012 and 2013 [16]. The current research has achieved informative results, but they are mainly based on surveys and sampling, and the research time has been relatively short. A seasonal lakes is formed by long hydrological changes, and the study of long time-series data can reveal the change characteristics and influences of seasonal lakes in greater detail. Therefore, based on remote sensing image data from long time series, this study analyzed the spatiotemporal variation characteristics of seasonal lakes, the influencing factors of the change in combination with climate and human activities, and the ecological effects on wetland vegetation and the number of migratory birds to provide support for the protection of the ecological environment and the coordinated development of ecology and economy in this region.




2. Research Data and Methods


2.1. Study Area


Poyang Lake (28°24′–29°46′ N, 115°49′–116°46′ E) is located in the northern part of Jiangxi Province, China. The seasonal lakes are mostly adjacent to the main lake and connected in patches; most are concentrated in the western part of the lake basin, which is also the location of the Poyang Lake National Protection Area and National Wetland Park [17]. The region has a subtropical warm, wet monsoon climate, with an average annual precipitation of 1358–1823 mm. The climate is mild, and the average annual temperature is 17.3°C. Poyang Lake has hydrological characteristics that cause the lake to resemble a lake at high water and a river at low water, and the water level drop in Poyang Lake is large each year. In the wet season, the seasonal lakes are connected with the main lake, but in the dry season, they are mostly separated from the main lake [18]. Based on the results of the basic geographic survey of Poyang Lake organized by the Jiangxi Provincial Government in 2010, this study selected 77 major seasonal lakes as the study area (Figure 1). Most of the area is located in the transitional zone of land and water, which is a wetland ecosystem that serves as a buffer zone against droughts and floods in Poyang Lake and the main activity area of spawning fish and migratory birds.




2.2. Data


From the geospatial data cloud platform (http://www.gscloud.cn/ accessed on 30 October 2020) and China Resource Satellite Application Center (http://www.cresda.com/site1/ accessed on 30 October 2020), 278 LandsatTM/ETM+/OLI images and 237 HJ-1A/B images were collected, with a total of 515 images (as shown in Table 1). These databases have the same spatial resolution and similar waveband settings, and they can be used to accurately obtain the spatial distribution information of the lakes.



The precipitation and evaporation data of Poyang Lake stations from 1973 to 2018 were obtained from the China National Meteorological Information Center (http://data.cma.cn/ (accessed on 30 October 2020)). The rainfall data came from the monthly data set of China’s surface climate data, with a total of 4416 items. Evaporation data came from the monthly data set of surface climate standard values from the China International Exchange Station, with a total of 48 items. These data were used to calculate the monthly average precipitation and evaporation in the Poyang Lake area and to calculate the water surplus and loss.




2.3. Research Methods


2.3.1. Water Body Information Extraction


The normalized differential water index (NDWI) is adopted for water information extraction. The combination of green bands and infrared bands in the NDWI can greatly suppress the influence of vegetation, terrain and mountain shadows, and the extraction is highly effective in shallow water and small water areas [19].



The specific formula is as follows [20]:


  N D W I = ( G reen − N I R ) / ( G reen + N I R )  



(1)




where Green represents the green light band and NIR represents the near-infrared band, which are the second and fourth bands of the Landsat and HJ satellites, respectively.



In the extraction process, based on the results of previous studies, image data were selected as a reference to visually identify the water extraction results and determine the appropriate threshold value.




2.3.2. Correlation Analysis


Bivariate correlation analysis was used to study the relationships among precipitation, average temperature and the water area of the seasonal lakes. The bivariate correlation analysis formula is as follows:


   r  a b   =     ∑  i = 0  n   (  a i  −  a ¯  ) (  b i  −  b ¯  )         ∑  i = 0  n     (  a i  −  a ¯  )  2        ∑  i = 0  n  (   b i  −  b ¯   ) 2     



(2)




where rab is the correlation coefficient between variables a and b; ai and bi are the values of variables a and b in the i-th year, respectively;    a ¯    is the average value of variable a in the study period;    b ¯    is the average value of variable b in the study period; and n is the study period.



However, there are intensive interactions between each factor. When there are other variables that affect the results of correlation analysis, binary correlation analysis cannot be used to eliminate the mutual influence between the factors. However, partial correlation analysis measures the degree of linear correlation between two variables among multiple variables when the influence of other variables is controlled. Thus, this method can be used to effectively eliminate the influence of other variables, and it more reliably determines the internal linear relationship between two variables. Therefore, we used partial correlation analysis to calculate the relationship between the two variables. The partial correlation was calculated as follows:


   r   a b , c    =    r  a b   −  r  a c   ×  r  b c       ( 1 −  r  a c     2  ) × ( 1 −  r  b c     2  )      



(3)




where rab and c represent the partial correlation coefficient between variables a and b, respectively, when c is the control variable; rab, rac and rbc represent the simple correlation coefficient between variables a and b, a and c, and b and c, respectively; and the values of rab and c range from −1 to 1. When rab and c < 0, the variable ab is negatively correlated when c is the control variable; when rab and c > 0, the variable ab is positively correlated when c is the control variable.






3. Variation Characteristics of the Seasonal Lakes


3.1. Monthly Variation


Based on the extracted water area of the seasonal lakes from 1975 to 2019, the maximum, minimum and average water areas of each month during the study period were calculated, and the curves are shown in Figure 2.



The figure shows that during the whole study period, the monthly average water area of the seasonal lakes fluctuated between 140 km² and 600 km², the maximum value of each month was greater than 300 km², and the minimum value was less than 200 km². The largest difference between the maximum value and the minimum value of each month typically occurred from April to May and from September to October, which both had differences greater than 600 km², and the smallest difference mainly occurred from January to February and in December, which had values less than 400 km².



The monthly mean water area of the seasonal lakes region showed a unimodal change during the year and showed an upward trend from January to July. The rate of increase was slow from January to March, but it was fast from March to July and reached the maximum value in July, exceeding 600 km². Then, it showed a downward trend, declined slowly from July to September, and continued to decline rapidly from September to December. The mean water area dropped below 200 km² in December, but it was still higher than that in January and February and lower than that in March.




3.2. Interannual Variation


The average annual water area was calculated based on the monthly water area of the seasonal Lakes area (Figure 3). Considering that there were many data obtained after 2000 and the annual distribution was relatively balanced, the data change from 2000 to 2018 was used to analyze the change in water area over the study period. The maximum value and minimum value of the water area were used for comparison.



The results showed that the annual average, maximum and minimum water areas of the seasonal lakes fluctuated greatly in each year; the largest wave band was the annual mean water area, and the smallest was the annual minimum water area. The annual mean, maximum and minimum water areas all showed a slight decreasing trend, with the largest decreasing amplitude occurring in the minimum water area and the smallest in the maximum water area. The fluctuation range from 2000 to 2009 was smaller than that from 2010 to 2018. The annual average water area was identified in 2015, and the minimum value was identified in 2018, both of which appeared after 2010.




3.3. Spatial Change


In the ecosystem of the Poyang Lake region, each seasonal lakes is a highly open and relatively independent subsystem with its own characteristics. Seasonal lakes are mainly distributed in the western Poyang Lake region, especially in the northwest and southwest, and in a small part of the eastern Poyang Lake region. When the area is the largest, the whole lake spills into the basin area, and when the area is the smallest, portions of the lake dry up. The water area changes greatly, and a spatial comparison chart of the water area change of the seasonal lakes is presented in Figure 4.



During the year, the area of the seasonal lakes change with the change in the area of Poyang Lake. During the wet season, the seasonal lakes and Poyang Lake are integrated; large amounts of material, energy and information are exchanged; and physical, chemical and biological effects occur. There are some commonalities between seasonal lakes and Poyang Lake at different elevations and positions. In the dry season, the bottom of the seasonal lakes is exposed. Under the action of sunlight and air, the soil and organisms at the bottom of the lake decompose the residual plants and reduce the toxic substances, which can improve the soil and prevent sedimentation and swamping [3]. After separation from the main lake area, the seasonal lakes is a relatively independent subsystem with its own unique water spatial changes. In the same year, its distribution has a certain regularity. Some fixed lakes experience water storage when shrinking. At the same time, there are large differences in seasonal water area in a single year, which contributes to habitat heterogeneity and enriches the biodiversity of the Poyang Lake ecosystem. The seasonal lakes area and Poyang Lake area are connected in the wet season, correlated in the normal season and separate in the dry season. That is, when the seasonal lakes area expands to its maximum value, the whole area merges into Poyang Lake. When the seasonal lakes area shrinks to its minimum value, most of the lakes will dry up, or there will be little water in the low-lying areas. Additionally, the evolution of the seasonal lakes is still slow, showing an alternating process of erosion and deposition. Furthermore, the evolution of the lakes changes with the area of Poyang Lake every year.



The spatial distribution of interlunar and interannual waters needs to be analyzed in combination with the situation of each lake. This paper only makes preliminary inferences and divides the seasonal lakes region into four regions: the spatial distribution of seasonal lakes in the northwest and northeast regions is relatively stable, while the spatial distribution of seasonal lakes in the southwest and southeast regions changes greatly.





4. Influencing Factors of the Change in the Seasonal Lakes


4.1. Natural Factors


The monthly average precipitation, evaporation, and temperature in the Poyang Lake area were calculated, and the water deficit was determined (Figure 5).



The curve shows that in response to climate factors, the water surplus and deficit of Poyang Lake mainly increased in the first half of the year and decreased in the second half of the year; additionally, the maximum surplus appeared in June, which was basically the same as the change trend of the seasonal lakes area. The seasonal lakes had the largest water area in July, which is when the evaporation is greater than the rainfall. This difference occurs because the Five Rivers and the Yangtze River reach their high water levels during heavy rainfall conditions from April to June. Poyang Lake is a water-storing lake and receives more water during this time. As a result, the area increases, and the seasonal lakes expand further. Therefore, when the seasonal lakes are connected to Poyang Lake, the water area is also affected by the amount of water entering the lake.



Figure 6 shows that there is a great difference in monthly rainfall in the Poyang Lake region. The maximum rainfall is 306.08 mm in June and only 54.35 mm in December, a nearly six-fold difference. The maximum evaporation is 203.37 mm in August, and the minimum evaporation is 49.11 mm in January.



The simple correlation analysis showed that the water area of the seasonal lakes and the evaporation and temperature were all within the 99% confidence interval, and there was a significant correlation. The correlation coefficients were 0.969 and 0.980, respectively. The area was correlated with the amount of rainfall in the 90% confidence interval, and the correlation coefficient was 0.507, which was relatively low. These results were obtained because rainfall is mainly distributed from April to August, while evaporation and temperature are greatest from April to October; thus, evaporation and temperature have a longer impact on the water area of the seasonal lakes. In addition, the area of the seasonal lakes gradually increased. The area increases and becomes so large that it is integrated with the main lake, and the impact of rainfall on the water area is reduced. When the seasonal lakes are independent of the main lake area, evaporation and temperature have a greater impact on the small lake wetlands. The line graph (Figure 6) clearly illustrates this correlation.



Since the correlation coefficient between temperature and evaporation was 0.966 and the correlation significance was greater than 0.99, there was a significant correlation; thus, partial correlation analysis was carried out on the basis of simple correlation analysis.



The analysis showed that when temperature was the control variable, the water area of the seasonal lakes and the evaporation were within the 90% confidence interval, and there was a significant correlation, with a correlation coefficient of 0.44. Additionally, when evaporation was the control variable, the water area of the seasonal lakes and the temperature were within the 99% confidence interval, the correlation was significant, and the correlation coefficient was 0.678. The correlation between the water area of the seasonal lakes and the temperature was greater, and temperature was the most important factor affecting the change in the water area of the seasonal lakes. The comparison chart of monthly average temperature and water area (Figure 7) shows that the trends of the two are basically the same.



Poyang Lake is a typical river-connecting lake in the middle reaches of the Yangtze River. Due to the different seasonal variation characteristics of precipitation in the middle and upper reaches of the Yangtze River and the Poyang Lake basin, the intensity of water exchange between the Yangtze River and Poyang Lake varies with the seasons, and the two affect each other, leading to seasonal changes in the water level and discharge of the river and lake [21]. When the water levels of both the river and the lake are high, the flood probability of Poyang Lake increases, and the seasonal lakes are connected to the main lake. When the water levels of both the river and the lake are low, Poyang Lake experiences an increased drought effect, and the area of the seasonal lakes decreases. April to June is the season with the maximum precipitation in the Poyang Lake basin, and this is also when the maximum increase in the total discharge from the Five Rivers into the lake occurs. Poyang Lake plays a strong role. However, July to September is the season with higher precipitation in the middle and upper reaches of the Yangtze River and when the maximum runoff in the main stream of the Yangtze River occurs. The water of Yangtze River is used for irrigation during this time.




4.2. Human Factors


4.2.1. Influence of “Enclosing Sublakes in Autumn”


The main human factor affecting the seasonal lakes is called the “enclosing sublakes in autumn” fishing operation. The “enclosing sublakes in autumn” approach is a traditional fishery production method with seasonal artificial water level control, and it is used near large lakes in the middle and lower reaches of the Yangtze River. According to the characteristics of the formation of more seasonal lakes in the delta of the estuary of the lake, an embankment is artificially constructed for seasonal artificial production. The water level is adjusted so that part of the lake water is intercepted by the seasonal lakes during the dry season, and the fishing operation is carried out after the water is released through a sluice in autumn [22]. In January, the water levels of the seasonal lakes and the main lake area begin to rise slowly, and from February to May, the water area of Poyang Lake increases rapidly. At this time, the seasonal lakes are independent of the main lake area, so the water area of the seasonal lakes does not change greatly. Later, the seasonal lakes and Poyang Lake are connected, and the water area of both sides shows an increasing trend until they reach peak values in July. From July to September, Poyang Lake enters a retreat period, and the seasonal lakes area begins to decline with the decrease in the area of the main lake. The main lake area has a relatively high rate of decline, while the seasonal lakes decline slowly due to the interception of the embankment, and the seasonal lakes gradually become separated from the main lake area again. By October, the seasonal lakes area is fished with the “enclosing sublakes in autumn” method. A large amount of water is released from the sluices on the seasonal lakes, and the area rapidly declines. When the water level of the main lake area increases to the height of the embankment in the coming year, the water level of the seasonal lakes rises, the water area increases, and they become connected to the main lake area again (Figure 8).



Therefore, human activities have intensified the change in the water level in seasonal lakes, making the hydrological characteristics of seasonal lakes significantly different from those of the main lake near the embankment of Poyang Lake. The main reason is that in the dry season, compared with the beach area outside the dike, the seasonal lakes area within the dike experiences a longer flooding time. This artificial regulation also makes seasonal lake areas an important wetland resource rich in fish and beach plant communities. For a long time, most of the seasonal lakes located upstream of the flood area were equipped with independent sluice gates to meet the demand of fish culture in the seasonal lakes during the low water level period by closing the gates for water storage [22]. The interference of human activities has affected the fishing time and intensity of the “enclosing sublakes in autumn” fishing method. The period of “enclosing sublakes in autumn” is increasingly earlier, and drainage fishing is more thorough [7]. As a result, the water area of the seasonal lakes shrinks earlier, and the water area is smaller in the dry season. In addition, this change has led to the depletion of fishery resources and the shrinking of average fish size in Poyang Lake. Since the turn of the 21st century, to protect the fishery resources in the Poyang Lake region and considering the sustainable development of the regional ecological environment and social economy, the Jiangxi provincial government has issued a series of laws and regulations, among which the fishing method of “enclosing sublakes in autumn” has been explicitly prohibited [23]. To a certain extent, the fishery resources and ecological environment of Poyang Lake have been protected and restored, and the influence of human factors on the change in seasonal lakes water area has been reduced.




4.2.2. Influence of the Three Gorges Reservoir


The influence of the Three Gorges Reservoir on the annual runoff of the Yangtze River is not obvious. However, the reservoir contributes to the influence of human factors on the seasonal variation in the runoff of the Yangtze River. Thus, the reservoir affects the seasonal variation in the water level and volume of Poyang Lake. Water storage or discharge in different seasons has affected the probability of drought and flooding in the Poyang Lake basin. The release of water from April to June coincides with the rainy season in the Poyang Lake basin, which may increase the probability of flooding in the Poyang Lake basin in early summer. A small amount of water storage from July to September reduces the probability of flooding in the lake area. However, the massive impoundment of the Three Gorges Reservoir in October may increase the incidence of drought in the Poyang Lake Basin during the dry season. After the Three Gorges Reservoir began operating, the hydrological rhythm of the lake area changed significantly, the water level in the flood stage was higher, the water level in the retreat stage was lower, the fluctuation speed was accelerated, the occurrence time of the dry period was earlier, the dry period duration was longer, and the hydrological rhythm in the lake area changed into a cycle of floods and droughts. Additionally, since most of the seasonal lakes are located in the fluctuation zone of Poyang Lake, the changes in water level and quantity directly affect the change in the seasonal lakes area.






5. Ecological Impacts of Changes in the Seasonal Lakes


5.1. Impact on Wetland Vegetation


Wetland vegetation is the most basic component and primary producer of wetland ecosystems, and the community distribution and species diversity of wetland vegetation have a great influence on the stability of wetland ecosystems [24,25]. The change in water area directly affects whether a region will be flooded and is an important factor affecting vegetation growth and development. There are many seasonal lakes in the Poyang Lake region. Due to their unique silt beaches and the processes involved in periodic water area, the soils are saturated in lake water, and these lakes proved to have favorable conditions for the growth of wetland vegetation. The grassland area of the seasonal lakes region is approximately 500 km², accounting for 23% of the entire Poyang Lake region [26,27]. However, the drastic change in water area will not only change the hydrochemical process of lakes [28,29], but also affect the growth and distribution of wetland organisms in the region, leading to dynamic changes in wetland types.



Affected by the seasonal variation in the hydrological rhythm of Poyang Lake, the wetlands in the seasonal lakes region show a typical water-land alternation. From January to March, there is less rainfall in the region, and the water levels of the seasonal lakes are relatively stable, maintaining the characteristics of a shallow lake. These characteristics provide superior environmental conditions for the development of wetland perennial plants. The flood season starts from April to June, the beaches begin to flood, emergent plants enter the flood period, and aquatic plants begin to sprout and grow. From June to August, the seasonal lakes area is connected to the main lake area, and the water area is large. With the lake as the main body, the vegetation coverage and biomass gradually increase. In September, the water areas of the seasonal lakes begin to decrease, and the flood depth gradually decreases. Aquatic plants begin to grow and develop and quickly complete their life history. By October, the water from seasonal lakes is artificially drawn down for fishing, the water level drops, and the water area gradually decreases. The seasonal lakes are separated from the main lake area, and wet vegetation appears. In November, the biomass of the wet vegetation community on the beaches reaches its maximum level, and the vegetation life history cycle is gradually completed. After December, as the water area continues to shrink, most of the wet plants become dormant or wither, and parts of the seasonal lakes dry up. At this time, the bottom of the lake is exposed to the sun, and the remains of aquatic plants are completely decomposed, thus preventing the marshification of seasonal lakes and protecting the wetland ecosystems of seasonal lakes [30]. Therefore, the hydrological conditions in April and September are critical periods for the normal growth of wet and aquatic plants.



The growth of aquatic vegetation in the seasonal lakes wetland in different seasons also shows certain patterns. According to the different seasons, vegetation coverage is greatest in summer, followed by autumn, and then in spring, and the NDVI in summer is significantly higher than that in the other three seasons. The NDVI value of vegetation ranged from 0.72–0.79, followed by that of autumn, which fluctuated from 0.59–0.69. The NDVI value of vegetation in spring fluctuated from 0.55–0.64, and the NDVI value of winter was the lowest, ranging from 0.49–0.57 [31]. In spring, the weak vegetation coverage was due to the influence of the temperature and precipitation in the previous winter, which caused the surrounding areas of the lake to dry up and the vegetation to become degraded. The vegetation coverage is the highest in summer because the Poyang Lake basin is located in the humid monsoon region in the eastern part of China. In summer, the temperature is high and rainy, and the vegetation growth period is from April to October. In the growing season, the vegetation coverage is the highest, while in autumn, the vegetation coverage is second only to that summer due to the reduced precipitation and lower temperature.



Seasonal lakes are of great importance in the wetland ecosystem of Poyang Lake, and the wetland ecological process has corresponding feedbacks on the hydrological process of the seasonal lakes. Widely distributed seasonal lakes with different depths play a role in transitioning and buffering the process of substantial water level changes in Poyang Lake, maintaining the stability of the system, effectively alleviating the impact of seasonal drought and flood disasters in the main lake area on the wetland ecosystem of Poyang Lake, and becoming the key focus for biodiversity conservation and wetland vegetation development in the Poyang Lake wetland [32,33,34,35]. These lakes play an important role in maintaining the integrity of the global ecosystem.




5.2. Impact on the Number of Migratory Birds


Wetlands are sometimes known as a “Bird Paradise”. More than 80% of the area of the Poyang Lake National Nature Reserve is composed of seasonal lakes. The seasonal lakes wetland has a vast area and provides a good habitat for migratory birds to overwinter. The plant community in the wetland is complex and diverse, attracting the reproduction and migration of migratory birds and wintering waterbirds [36]. In recent years, Poyang Lake has experienced continuous dry years with continuous dry seasons in autumn and winter, prolonged dry seasons and low water levels. Due to the existence of seasonal lakes, the number of overwintering migratory birds has not changed significantly, and more than 80% of the overwintering migratory birds in the lake overwinter in the seasonal lakes area [37]. Thus, seasonal lakes play a unique and important role in maintaining the integrity and species diversity of the Poyang Lake wetland ecosystem, making it an indispensable and important area for migratory birds to migrate and complete their life history in East Asia [37].



Generally, the habitat environment for overwintering migratory birds is composed of broad shallow-water areas and wide mudflat swamp zones (Figure 9). These habitats exist only in lakes in which the water in the seasonal lakes does not completely disappear at its lowest level and where, at the highest water level, the water does not completely submerge the surrounding wetlands. Additionally, lakes with infrequent human activities are suitable for migratory birds to overwinter. In October every year, the water area of the seasonal lakes gradually decreases, exposing the beach and lake bottom. With changes in water level and area, a new mudflat and land-water alternating zone is formed, which provides wintering migratory birds with shallow water levels and good habitat. At this time, winter birds, mainly waterfowl, begin to move in, and their numbers increase steadily. In December, the number of migratory birds reaches its peak. In this study, from October to December, there was a negative correlation between the water area and the number of migratory birds; that is, with the decrease in water area, the number of migratory birds increased. When the water area of the seasonal lakes continued to decrease and reached its minimum in January, some seasonal lakes dried up, resulting in a decrease in aquatic vegetation and plankton and a reduction in the effective foraging range of water birds. Overwintering migratory birds then migrated to other areas. In February, the rainfall increased relatively. The seasonal lakes, which had been exposed to mud flats at the bottom of the lake, began to accumulate water. The plant residues and insect eggs in the lake began to recover and sprout, providing a good habitat and foraging location for migratory birds and attracting a large number of migratory birds to return. After March, the climate became warmer, and the wintering birds migrated to other areas in succession [13]. At this time, the amount of water in the seasonal lakes area began to increase notably, the water area expanded, and the beaches decreased, which affected the development of the surrounding vegetation and further affected the reduction in the number of overwintering migratory birds. Therefore, the change in water area is a key factor affecting the species and quantity of overwintering migratory birds.



Combined with the monthly variation characteristics of the water area of the seasonal lakes, it can be concluded that the total water area of the seasonal lakes in the suitable period for migratory birds is between 200 km² and 300 km² (Figure 10). A large area of water will lead to a reduction in mudflats and meadows and other habitats, while a small area of water will lead to insufficient food sources. Therefore, for the protection of overwintering migratory birds, it is necessary to balance the areas of water and mudflats to ensure adequate prey and habitat resources. To maintain the biodiversity of Poyang Lake, scientific water level management is needed to ensure that water birds can continue to forage in seasonal lakes. Due to the different jurisdictions and utilization purposes of different seasonal lakes, there are differences in water quantity control methods during the wintering period, which affect the species and quantity of water bird foraging and roosting in seasonal lakes. In the case of drought and high temperatures in winter in the Poyang Lake region, the water in the seasonal lakes evaporates rapidly after water is released, and these conditions make it difficult for rare birds, such as white cranes, to inhabit the area. If water is not released, the water area will remain unchanged, and wetland vegetation will not develop, which will also affect the number of migratory birds. Water area is an important factor that affects the use of wetland habitat by waterbirds. It is suggested that a specific winter water control scheme should be developed for each seasonal lakes to meet the overwintering needs of waterbirds.





6. Conclusions


Based on long time-series remote sensing data, this paper extracted the water area information in the seasonal lakes of Poyang Lake, analyzed the monthly and annual time scales and the spatial water area change characteristics, and then analyzed the influencing factors of changes in the seasonal lakes water area, including natural and human factors. Finally, the ecological impact of changes in the seasonal lakes water area was analyzed in terms of wetland vegetation and the number of migratory birds.



The results showed that the average water area of the seasonal lakes showed a unimodal change over the year, with an upward trend from January to July, a peak in July, and a decreasing trend from July to January of the next year. The interannual variation in water area fluctuated greatly in the last ten years, and the overall water area showed a slight downward trend. In terms of spatial changes, the seasonal lakes were integrated with the main lake area during the high water period and separated from the main lake area during the dry period. Compared with the lake groups in the southwest and southeast regions, the water distribution in the northwest and northeast regions was relatively stable, and the water distribution in the southwest changed the most.



Among the natural factors, the influences of temperature, evaporation, and rainfall on the water area of the seasonal lakes were successively reduced. In addition, the incoming water from the Yangtze River had an important influence. Among the human factors, the traditional fishing method called “Enclosing sublakes in Autumn” had the greatest impact on the changes in the water area of the seasonal lakes in a specific period, followed by the indirect impact of the Three Gorges Project.



In seasonal lakes, the cyclical change in water area is an important factor affecting the growth and development of vegetation. Seasonal lakes have a vast wetland area and are a good habitat for migratory birds to overwinter. The number of wintering waterbirds is the largest from October to February, when the water area is 200-300 km².
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Figure 1. The seasonal lakes in the Poyang Lake region. 
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Figure 2. Lunar surface area curve of seasonal lakes area. 
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Figure 3. Interannual water area change curve of the seasonal lakes. 
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Figure 4. Comparison of spatial changes of the seasonal lakes. 
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Figure 5. Water surplus and deficit curve of the Poyang Lake region. 
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Figure 6. Comparison of monthly changes in rainfall evaporation and the water area of the seasonal lakes. 
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Figure 7. Comparison of monthly changes in temperature and the water area of the seasonal lakes. 
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Figure 8. Comparison of changes in water area between seasonal lakes and Poyang Lake. 
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Figure 9. Variation in the maximum and minimum areas of seasonal lakes during the migration of migratory birds. 
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Figure 10. The distribution of migratory birds in seasonal lakes. 
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Table 1. Monthly available data.
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	Month
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	Earliest year
	1990
	1989
	1989
	1976
	1981
	1978
	1977
	1977
	1978
	1975
	1983
	1973



	Latest year
	2018
	2018
	2016
	2018
	2017
	2018
	2018
	2017
	2017
	2018
	2018
	2017



	Number of images
	28
	30
	29
	46
	39
	27
	58
	53
	49
	69
	54
	52
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