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Coastal wetlands of the Yellow Sea and Bohai Sea, China, along the East Asian–Australasian Flyway (EAAF) migratory route provide important stopover sites for waterbirds. Natural wetland loss caused by external stress has posed serious threats to the population of waterbirds. Elucidating the extent to which species depend on natural wetland and providing conservation and management recommendations for species are important steps toward relieving such population declines. We created a natural landscape (NL) index along the coastal wetlands of the Yellow and Bohai Seas, China, using the inverse distance-weighted nearest-neighbor approach. Then, we used a bootstrapping procedure to combine the NL index with 11,485 occurrence records for 80 waterbird species attributed to four functional groups (shorebirds, ducks, herons, and gulls) to quantify species’ dependence on coastal natural wetlands. Twenty-seven out of the 80 species selected (16 shorebird, 3 duck, 4 heron, and 4 gull species) significantly depended on natural wetlands. The shorebirds [standardized effect size (SES) = 4.37] and herons (SES = 2.56) were more dependent on natural wetlands than the ducks (SES = −0.02) and gulls (SES = −3.22). The threatened species (those classified as critically endangered, endangered, vulnerable, or near threatened) showed significantly higher dependence on natural wetlands than the non-threatened species (t = 2.613, df = 78, p < 0.05). Of the 27 species showing significant dependence on natural wetlands, only nine species were listed as national protected species. Threatened species that highly depend on natural wetlands need more attention as these species could face greater risk due to natural wetland loss.
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1 Introduction

Increasing anthropogenic land conversion and climate change threaten species and their habitats (Harte et al., 2004; Newbold et al., 2015). However, how habitat change affects species depends on the species’ habits and their habitat preferences (Wang et al., 2015; Keinath et al., 2016). For example, species that prefer to forage in artificial habitats will be less affected by natural landscape loss than those that forage in natural habitats (Jackson et al., 2020) because they can use artificial habitats converted from natural landscapes to adapt to external disturbance (Lei et al., 2018; Jackson et al., 2019). Therefore, the variation of species’ dependence on natural landscapes could cause different responses to habitat change. Identifying the extent to which species are distributed among natural or human-dominated landscapes can provide information on which species are at greatest risk of habitat loss from land use change (Broms et al., 2014). However, the lack of long-term systematic monitoring data on species abundance limited its understanding (Meretsky et al., 2012).

Citizen science data are collected by atlases, survey reports, and websites (Ma et al., 2012; Hu et al., 2017). These data have long been used to infer the relationship between species distribution and habitat environments to identify priority conservation areas (Long et al., 2019; Huang et al., 2020; Guo et al., 2021). In addition, ecological models combined with citizen science data have also been heavily used to reveal the response of species distribution to climate change and land use change (Hu et al., 2017; Hu et al., 2020). However, how citizen science data are used to reveal the selection preference between natural habitats and artificial wetlands is unclear.

The migratory routes of waterbirds cover thousands of kilometers between breeding and non-breeding sites, and increasing disturbance by human activity at stopover sites interrupts their journeys (Melville et al., 2016; Studds et al., 2017). Decreased habitat quantity and quality at these stopover sites caused by external disturbances pose threats to the populations of waterbirds (Duan et al., 2019; Ma et al., 2019). Migratory waterbirds greatly depend on natural wetlands, but some species are able to use degraded artificial wetlands as alternative habitats (Lei et al., 2018; Jackson et al., 2019). Therefore, species have different dependencies of natural wetlands, and the response of animals to habitat change greatly relies on their dependence on natural wetlands (Xu et al., 2019).

The coastal wetlands of the Yellow Sea and Bohai Sea in China are important stopover sites for migratory waterbirds along the East Asian–Australasian Flyway (EAAF) migratory route (Bai et al., 2015). Since 1960, coastal zones have lost large areas of natural landscapes because of rapid urban development, such as overuse of natural resources and land reclamation (Murray et al., 2018). These activities have led to a dramatic decrease in waterbird populations in the area (Hua et al., 2015). Previous studies mainly explored the natural wetland change caused by disturbance activities using geographic information system (GIS) and remote sensing (RS) (Murray et al., 2014; Li et al., 2021) and how wetland change affected habitat distributions (Duan et al., 2019). A few studies have checked how waterbirds use habitat. Previous results indicated that threatened shorebird species have low occurrence frequency and larger-bodied species have low feeding frequency at artificial sites converted from coastal wetlands (Jackson et al., 2020); therefore, there is differing dependence of species on coastal wetlands. Species that significantly depend on coastal wetlands have experienced a rapid population decline since coastal wetland conversion (Studds et al., 2017). Therefore, it is necessary to clarify species’ dependence on coastal wetlands and provide target species conservation.

We created a natural landscape (NL) index to calculate the degree of naturalization of the specific raster cell. Then, using a bootstrapping procedure, we combined the NL index with citizen science data to quantify the dependence of migratory waterbirds on the coastal natural landscapes of the Yellow and Bohai Seas, China. The higher a species’ dependence on the natural landscape, the greater the risk to its population from habitat change. The aim of our study was to provide information that can facilitate the development of target species conservation to restrict further population decline of migratory waterbirds in the EAAF.



2 Data and Methods


2.1 Study Area

The Yellow and Bohai Seas in China are spread across the provinces and municipalities of Liaoning, Hebei, Tianjin, Shandong, and Jiangsu in Mainland China (Figure 1). The coastal wetlands within this range mainly consist of natural wetland tidal flats, bottomland, estuarine delta, and estuarine water. Artificial wetlands converted from coastal wetlands mainly include salt pan, aquaculture, and paddy fields. These wetlands provide important foraging and resting sites for migratory waterbirds, and the populations of some species along these areas exceed 1% of the global or flyway populations (Bai et al., 2015). The area and function of the coastal wetlands in this region experienced serious loss and degradation between 2000 and 2015 (Duan et al., 2019), which led to rapid population declines.




Figure 1 | Study area in the Yellow Sea and Bohai Sea, China.





2.2 Citizen Science Data

We collected species occurrence records from multiple sources of citizen science data, including publicly accessible websites: eBird (https://ebird.org/home), Global Biodiversity Information Facility (GBIF; https://www.gbif.org/), BirdReport (http://www.birdreport.cn/), and the China Coastal Waterbird Census Group (https://cms.hkbws.org.hk/cms/resource-tw/publish-tw/regional-publicationtw/category/37-ccwc_report). Each record included the species name, survey site (including the longitude and latitude), place name, survey date, and data source.

Using citizen science data can be problematic because of inconsistencies in the site names, and boundaries can exist (Robinson et al., 2017). For this reason, we used Google Maps 6.5 (https://www.google.com/maps) to verify the coordinates of the survey sites that significantly deviated from a place name (Hu et al., 2017), with the central point of a named area taken to represent the geographical coordinates. To estimate the likelihood of errors, we input data for 30% of the survey sites into Google Earth 6.0, and the accuracy exceeded 90%.

For each species, duplicate records with the same longitudes and latitudes were removed. The model (bootstrapping procedure) also required the exclusion of species with less than 20 occurrence records. These procedures reduced our dataset to 11,485 records for 80 species from four functional groups (44 shorebird, 17 duck, 9 heron, and 10 gull species) (Supplementary Table S1).



2.3 Data Analysis


2.3.1 Natural Landscape Index

To analyze species’ dependence on coastal natural landscapes, an NL index was first created. We used the land cover data along the Yellow and Bohai Seas, China, to develop the NL index. This dataset was obtained from the Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, with resolution of 100 × 100 m. Land types were divided into 15 classes: paddy, dryland, forest, grassland, construction land, canal, lake, reservoir, bottomland, tidal flat, salt pan, aquaculture, unused, estuarine water, and estuarine delta.

Firstly, for each raster cell, we defined canal, lake, bottomland, tidal flat, estuarine water, and estuarine delta as coastal natural landscapes and assigned a cell value of 1; paddy, dryland, reservoir, salt pan, and aquaculture were classified as coastal artificial landscapes and assigned a cell value of 0.5. Construction land was classified as a completely degraded landscape, with a cell value of 0 (Theobald, 2010).

Secondly, we applied an inverse distance-weighted nearest-neighbor approach to quantify the degree of naturalization in a specific cell location (Equation 1). The value was between 0 and 1; the closer the value to 1, the higher the degree of naturalization of the raster cell.



Ij represents the degree of naturalization at a specific cell location at raster scale j. Pc is the cell value at the central location and Pi is the cell value at the neighboring cells. In our study, j = 1 represents a raster scale of 0.3 km, which indicated that the cell at the central location was encompassed by 81 adjacent cells (n = 81). The remaining raster scales were set to 0.9, 2.7, 8.1, and 20.0 km (Theobald, 2010).

Finally, we calculated the mean Ij of the five distance scales as the NL index (Equation 2). If the central cell and the neighboring cells were all natural landscapes, the central cell was given an NL value of 1. If the central cell and the neighboring cells were all completely degraded landscapes, the central cell was given an NL value of 0.

 

NL is the natural landscape index of each raster and k is the raster scale.



2.3.2 Dependence of Waterbirds on Natural Wetlands

We combined the waterbird survey data and the NL index and used the bootstrapping procedure in Matlab R2014a to quantify species’ dependence on coastal natural wetlands. This bootstrapping procedure can reduce the sampling error in the citizen science data by comparing the mean NL values of the areas occupied by target species with randomly selected background records in a buffer area to the occurrence records of the target species.

For each target species, we: 1) used spatial analysis in ArcGIS 10.5 to extract the corresponding NL index for each occurrence record; 2) selected the coordinate locations of the above occurrences as the centers of the circles, with each circle having a 10-km radius to create buffers (this buffer range can include most occurrence records of other species); and 3) selected all species in the same functional group within the buffer area and extracted all NL values of the corresponding occurrence records for these species. The sampling frequency was 1,000 times, and the sample size was the same as the number of occurrence records of the target species.

As a last step, for each sample selected, we calculated the average NL index and acquired 1,000 averages. We ranked the 1,000 averages from lowest to highest and compared the real average NL index of the target species with the 1,000 averages. If the real mean NL value was less than the 25th mean value of the 1,000 averages, then the species was considered significantly dependent on coastal artificial wetlands. However, if the real mean NL value was more than the 975th mean, then the species was considered significantly dependent on coastal natural wetlands. Otherwise, there was no significant dependence.

The flowchart of the calculation method for the bootstrapping procedure can be found in Figure 2.




Figure 2 | Flowchart demonstrating the calculation method for the bootstrapping procedure.



We calculated the standardized effect size (SES) to quantify the extent how the average NL value of a target species lies above or below the average NL value of the 1,000 samples (Cooke et al., 2019). The higher the SES, the higher the species’ dependence on natural wetlands (Equation 3).

 

  , ,   and are the average NL index of the target species, the average NL index, and the standard deviation of the 1,000 samples, respectively.

Similar to the calculation process at the species level, we compared the degree of species’ dependence on coastal natural wetlands in different functional groups. For example, for the functional group of shorebirds, we: 1) calculated the average NL index of all the occurrence records of 44 shorebird species to represent the NL index for the shorebird group; 2) selected the coordinate locations of the above occurrence records as the centers of the circles, with each circle having a 10-km radius to create buffers; and 3) selected all species with four functional groups within the buffer area and extracted all NL values of the corresponding occurrence records for these species. Repeating this 1,000 times and the sample size was the same as the occurrence records of 44 shorebird species. The subsequent SES calculation follows Equation 3.



2.3.3 Variation in Species’ Dependence on Coastal Natural Wetlands

To examine the differences in species’ dependence on natural wetlands, we conducted a correlation analysis.



2.3.4 Threatened Status

Threatened species are vulnerable to coastal wetland loss (Clemens et al., 2016; Piersma et al., 2016), which suggests that these species have a low probability of using converted habitats. We hypothesized that threatened species have high dependence on coastal natural wetlands. Threatened status was determined using the IUCN Red List (https://www.iucnredlist.org/; IUCN, 2020). The species identified as critically endangered, endangered, vulnerable, or near threatened, were considered as threatened species, and those species identified as of least concern was considered as non-threatened species (Jackson et al., 2020).



2.3.5 Dispersal Ability

Species with high dispersal ability could better adapt to coastal wetland conversion (Newbold et al., 2015); therefore, these species would have low dependence on natural wetlands. We used their mean wing length (in millimeters) divided by the cube root of their mean mass (in grams) to represent the dispersal ability of the species. The mean wing length of a species can be acquired using the Encyclopedia of Birds in China (Zhao, 2001), whereas the mean mass can be obtained from the Handbook of the Birds of the World (Del Hoyo et al., 1996).



2.3.6 Mean Body Mass

Larger species have low forage frequency in coastal wetlands than smaller species (Jackson et al., 2020). Consequently, we predicted that a relationship could exist between body mass and the species’ dependence on natural wetlands.

Details of the threatened status, dispersal ability, and mean body mass of the target species can be found in Supplementary Table S1. All analyses were conducted using non-parametric tests in SPSS 22.0. Before analysis, for all dispersal ability variables and mean body mass, we used the value of each species divided by the maximum value within the same functional group to exclude differences between groups.



2.3.7 Conservation Status Assessment

Species with significant dependence on coastal natural wetlands in this study were defined as priority conservation targets. Data on the conservation status of these species were retrieved according to the National Protected Species (NPS) List of Key Protected Wildlife of the Wildlife Protection Law of China (Ministry of Forestry in the People’s Republic of China, 2021), including NPS classes I and II. Species in NPS class I or II were assigned as protected and others as not protected (Hu et al., 2017). We recommended which species need to be protected firstly based on the difference in species’ dependence on coastal natural landscapes.





3 Results


3.1 Species’ Dependence on Coastal Natural Landscapes

Of the 80 species, 27 showed significant dependence on coastal natural wetlands, 3 species with significant dependence on coastal artificial wetlands, and 50 species with no significant dependence (Table 1). For shorebirds, 16 species showed significant dependence on coastal natural wetlands [including the spoon-billed sandpiper (Calidris pygmaea), great knot (Calidris tenuirostris), and Nordmann’s greenshank (Tringa guttifer), among others], 1 species showed significant dependence on coastal artificial wetlands, and 27 species had no significant dependence. For ducks, 3 species showed significant dependence on coastal natural wetlands [including Gadwall (Anas strepera), Eurasian teal (Anas crecca), and the common pochard (Aythya ferina)], 1 species with significant dependence on coastal artificial wetlands, and 13 species had no significant dependence. For herons, 4 species showed significant dependence on coastal natural wetlands [cattle egret (Bubulcus ibis), Eurasian spoonbill (Platalea leucorodia), black-faced spoonbill (Platalea minor), and the Chinese egret (Egretta eulophotes)], and 5 species had no significant dependence. For gulls, 4 species showed significant dependence on coastal natural wetlands [little tern (Sterna albifrons), black-tailed gull (Larus crassirostris), Saunders’s gull (Larus saundersi), and relict gull (Larus relictus)], 1 species with significant dependence on coastal artificial wetland, and 5 species had no significant dependence.


Table 1 | Dependence of waterbird species on coastal natural wetlands, standardized effect size (SES), and their conservation status.



The functional groups of shorebirds (SES = 4.37) and herons (SES = 2.56) had higher SES values than the functional groups of ducks (SES = −0.02) and gulls (SES = −3.22). These results revealed that these shorebirds and herons are more dependent on coastal natural landscapes than the ducks and gulls (Figure 3).




Figure 3 | Dependence of waterbird species on coastal natural wetlands and the standardized effect size (SES) of the four functional groups.





3.2 Correlation Between Species’ Dependence on Coastal Natural Wetlands and Variables (Threatened Status, Mean Body Mass, and Dispersal Ability)

The variable that explained species’ dependence on coastal natural wetlands was significant for threatened status (N = 80, r = 0.284*, p < 0.05). Threatened species were significantly dependent on coastal natural wetlands than were non-threatened species (t = 2.613, df = 78, p < 0.05) (Figure 4). The mean body mass and dispersal ability variables were not associated with species’ dependence on coastal natural wetlands (N = 80, r = 0.037, p > 0.05; N = 80, r = 0.004, p > 0.05).




Figure 4 | Correlation between standardized effect size (SES) and variables (threatened species, mean body mass, and dispersal ability) (left) and the SES between threatened species and non-threatened species (right). Black circles represent mean values, horizontal bars within boxes represent median values, the upper and lower limits of boxes represent the maxima and minima, respectively, and whiskers represent 1% and 99%. *means significant at the 0.05 level.





3.3 Conservation Status Analysis

Of the 27 species that showed significant dependence on coastal natural wetlands, only 9 were listed as classes I and II according to the NPS List of Key Protected Wildlife of the Wildlife Protection Law of China (Supplementary Table S1 and Table 1). For some unprotected threatened species, such as the common pochard (A. ferina, vulnerable), bar-tailed godwit (Limosa lapponica, near threatened), red knot (Calidris canutus, near threatened), curlew sandpiper (Calidris ferruginea, near threatened), Eurasian oystercatcher (Haematopus ostralegus, near threatened), with significant dependence on natural wetlands, we recommend to firstly list as NPS class I or II.




4 Discussion


4.1 Dependence on Coastal Natural Wetlands

Our results revealed that 33.75% of the species we selected were significantly associated with natural wetlands, which indicated that these species were more susceptible to natural wetland loss. These results are consistent with those of Studds et al. (2017), who found that the populations of seven shorebird species that are highly dependent on natural wetlands in the Yellow Sea ecoregion underwent a rapid decline. For example, the populations of great knot (C. tenuirostris), a global endangered species, and red knot (C. canutus), a global near threatened species with high sensitivity to natural landscapes, declined by up to 5% and 4%, respectively, between 1993 and 2012 because of the rapid loss of tidal flats. It is necessary to conserve these species and to prevent further population decline. We also found that shorebirds and herons had relatively higher dependence on coastal wetlands than ducks and gulls. It could be that most shorebirds and herons along the EAAF prefer to forage on invertebrate communities and rely on tidal flats (Jackson et al., 2020). Conversely, most ducks are generalists and occur inland; their wider ecological niche enables them to exploit more diverse habitats (Ma et al., 2010).



4.2 Correlation Between Species’ Dependence on Coastal Natural Wetlands and Threatened Status, Mean Body Mass, and Dispersal Ability

Threatened status was an important predictor of species’ dependence on natural wetlands. Previous studies have indicated that threatened shorebird species have a lower foraging frequency in artificial wetlands compared with non-threatened species (Jackson et al., 2020). This distinction may be an important reason for the threatened shorebirds having significantly higher dependence on natural wetlands than non-threatened species. In addition, threatened species have greater habitat requirements; therefore, they benefit from less habitat disturbance than the non-threatened species (Peng et al., 2017). The degree of naturalization for each raster cell we created accounted for the surrounding disturbance of non-natural wetlands and construction lands. This may explain why threatened species more strongly prefer natural wetlands than non-threatened species.

Several variables that were shown to be tightly associated with species’ response to habitat loss in other studies (Wang et al., 2015; Todd et al., 2017) were only poorly associated with species’ dependence on natural wetlands in our study. For example, species with lower dispersal ability could be vulnerable to habitat disturbance or have high dependence on natural wetlands. However, our results showed that dispersal ability had a weak positive relationship with species’ dependence on natural wetlands. This difference may have been due to our selection of all migratory species; therefore, dispersal ability does not significantly vary between them. We also found that the mean body mass had low explanatory ability for dependence variation between all species. A previous study indicated that larger shorebird species prefer to forage in coastal wetlands than smaller species (Jackson et al., 2020). However, our study included species from four functional groups, and the variation of the selected forage sites could have led to the lack of a strong correlation between the body size of species and habitat dependence. For example, ducks had lower dependence on coastal natural wetlands than shorebirds.



4.3 Data Limitations

Although we collected several occurrence records for migratory waterbirds in the coastal wetlands of the Yellow and Bohai Seas, China, from a wide range of sources, data limitations still warrant consideration. For example, unequal observation efforts due to the uneven distribution of birdwatchers across the survey region can affect the assessment results (Li et al., 2013; Ma et al., 2012). The continued collection of bird data to augment the survey sites for species along China’s coasts at an even greater scale is necessary and can lead to a better understanding of the species’ dependence on natural landscapes.



4.4 Conservation and Management Implications

Of the 27 species with significant dependence on coastal natural wetlands, more than half were not listed as national protected species according to the NPS list (Ministry of Forestry in the People’s Republic of China, 2021). Some priority conservation actions need to be taken, which are outlined as follows. Common conservation plans are prioritizing species and habitats (Game et al., 2012).

Five unprotected threatened species with significant dependence on coastal natural landscapes need to be listed as national protected species: The NPS list is updated every 5 years. Six of 80 species were updated as national protected species according to the Wildlife Protection Law of China in 2021. This action indicated that the national government pays attention to species conservation. We suggest five unprotected threatened species—the common pochard (A. ferina, vulnerable), bar-tailed godwit (L. lapponica, near threatened), red knot (C. canutus, near threatened), curlew sandpiper (C. ferruginea, near threatened), and Eurasian oystercatcher (H. ostralegus, near threatened)—that can be listed as national protected species when this list is updated in the future.

Take advantage of the opportunities of protected area system reform and nomination of the coasts of the Yellow Sea–Bohai Gulf of China as World Natural Heritage to further expand the coverage of protected areas and fill the gap in terms of the protection of key habitats: The General Office of the CPC Central Committee and the General Office of the State Council jointly issued the Guidelines for Establishing a Natural Protected Area System Focusing on National Parks in June 2019, proposing to build a unified management mechanism on natural protected areas based on different categories and levels and to develop a scheme on the spatial layout of national parks on a scientific basis. In July 2019, Migratory Bird Sanctuaries along the Coast of the Yellow Sea–Bohai Gulf of China (Phase I) was inscribed into the World Heritage List, while phase II of the project is expected to be inscribed into the World Heritage List at the 47th Session of UNESCO World Heritage Convention to be held in 2023. Some important coastal wetlands, including Nandagang, Luannan Coast, Xiehu Qilihai, Dachaoping Beidaihe, Shihenandao, and Changshan Island, should be created as new protected areas. This will make a significant contribution to the conservation of coastal wetlands and migratory waterbirds along EAAF.

Returning marine aquaculture ponds to mudflats and invasive species control to increase the area of estuarine wetlands: The coastal wetlands of the Yellow and Bohai Seas include important estuarine wetlands: Yalujiang Estuary, Liaohe Estuary, and Yellow River Delta. These estuarine wetlands provide important feeding habitats for migratory waterbirds (Jackson et al., 2020). Natural wetland loss is caused by the artificial wetland landscape aquaculture pond occupation in Yalujiang Estuary and Liaohe Estuary (Lei et al., 2017; Ma et al., 2019) and the invasion of the invasive species Spartina alterniflora in the Yellow River Delta (Jackson et al., 2021). Converting aquaculture ponds to mudflats and recovering mudflat wetlands and their ecological functions can be done with hydrology regulation, pollution control, and selection of salt-tolerant plants. Eliminating S. alterniflora and increasing natural wetland areas can be achieved by physical castration and chemical control (Lei et al., 2017). The above actions will increase the distribution range of waterbird species, especially for species with significant dependence on coastal natural landscapes.

Exploring the dependence of waterbirds on natural wetlands at the EAAF scale and providing site-based conservation recommendations in different regions. Waterbirds have diverse habitat uses between breeding areas, stopover sites, and non-breeding areas, and this will cause different preferences on natural landscapes in different regions. Exploring the dependence of waterbirds on natural wetlands at the EAAF scale is important in the future. It is better to provide site-based conservation recommendation in different regions according to the different dependences of waterbirds on natural wetlands.

Creating an EAAF migratory route protected network and building a platform for public participation: The populations of migratory waterbirds are dependent on what happens elsewhere as well, not only in China. Waterbird and habitat conservation needs the participation of more countries along the EAAF migratory route. Creating a protected network around the EAAF and including members from protected areas, wetland management organizations, research institutes, non-governmental organizations (NGOs), and the public to share protection experiences and carry out publicity and education to promote wetland conservation, for example, holding an international birding festival or an international forum of wetland and waterbird conservation to mobilize as many people as possible to participate in waterbird conservation.
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