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Abstract  18 

Context Migratory species’ resilience to landscape changes depends on spatial patterns of 19 

habitat degradation in relation to their migratory movements, such as the distance 20 

between breeding and non-breeding areas, and the location and width of migration 21 

corridors.  22 

Objectives We investigated to what extent the impact of habitat degradation depended on the 23 

seasonal distributions of migratory waterfowl. 24 

Methods Using logistic regression, we selected wetland sites for eight waterfowl species in 25 

the East Asian-Australasian Flyway (EAAF) by calculating the probabilities of species 26 

occurrence per wetland site in relation to environmental factors. We quantified 27 

landscape metrics related to habitat degradation within these wetland sites. We used 28 

general linear models to test for differences in the effects of habitat degradation on 29 

waterfowl species with different migration extents and at different latitudes.  30 

Results The patterns of habitat degradation differed spatially across the EAAF and affected 31 

species to a different degree. Species with shorter and broader migration corridors 32 

(Anser cygnoid and A. anser) could benefit from improved habitat conditions in the 33 

west of the EAAF. Species with longer and narrower migration corridors (Cygnus 34 

columbianus, A. fabalis, A. albifrons, A. erythropus, Anas crecca, and Anas acuta) 35 

were under higher risk of habitat degradation in the coastal regions of China and 36 

Japan. 37 

Conclusions Migratory species with longer and narrower migration corridors are more 38 

affected by habitat degradation, because they might have fewer alternative stopover 39 

sites at similar latitude. Our findings improve the understanding of species-specific 40 

effects of environmental changes on migratory species, and defines critical and 41 

endangered wetland sites, and vulnerable species.  42 
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Introduction 46 

Habitat loss is one of the most important factors causing population declines in migratory 47 

birds (Sanderson et al. 2006). Habitat degradation along migration routes has been linked to 48 

decreases in populations of a number of migratory bird populations (Iwamura et al. 2013; 49 

Studds et al. 2017). Wetlands, the main habitat for migratory waterfowl species, are among the 50 

most threatened habitats worldwide, and nearly half of the world’s wetlands have disappeared 51 

as a result of the expansion of human activities ( Millennium Ecosystem Assessment 2005; 52 

Silva et al. 2007). China has lost 33% of its wetland area from 1978 to 2008, although the 53 

trend of wetland loss is slowing down lately (Niu et al. 2012). Hence, in the last decades, 54 

ecosystem service values of natural areas have declined substantially as a consequence of 55 

wetland loss and degradation (Wang et al. 2006).  56 

Landscape composition and configuration of suitable habitats affect species 57 

occurrence and richness (Guadagnin and Maltchik 2007; Mora et al. 2011; Xu et al. 2014; 58 

Zhang et al. 2018). Availability of wetlands and waterbodies, wetland size, and wetland 59 

connectivity positively influence waterfowl species occurrence and species richness, while 60 

wetlands in proximity to rice fields, total rice field area, and wetland isolation have negative 61 

effects (Guadagnin and Maltchik 2007; Zhang et al. 2018). Therefore, waterfowl habitat 62 

degradation can be quantified by land cover changes and dynamics in landscape variables of 63 

wetland sites along migration corridors (Tian et al. 2008; Van Eerden et al. 2005). However, 64 

because of limited attention to the spatio-temporal dynamics of wetland sites along migration 65 

routes (Dong et al. 2015), it is currently unknown how current trends of habitat degradation 66 

influence migratory waterfowl species. 67 

The East Asian-Australasian Flyway is one of the nine major waterbird flyways 68 

globally. The flyway holds over 50 million migratory waterbirds, including 51 threatened or 69 

near-threatened species (EAAFP, 2017). Because of the loss and degradation of suitable 70 

http://eaaflyway.net/
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habitats, resulting from rapid economic development and human disturbance, population sizes 71 

for many waterfowl species in the northern part of the flyway have declined rapidly (Cao et al. 72 

2008; Cao et al. 2010; de Boer et al. 2011; Si et al. 2018; Syroechkovskiy 2006). 73 

The delineated range of the East Asian-Australasian Flyway is rather broad, so the 74 

species that use it display considerable variability in the spatial patterns of their breeding, 75 

non-breeding, and stopover sites. For instance, the swan goose (Anser cygnoid) breeds in both 76 

eastern and western Mongolia (Batbayar et al. 2013), while the greater white-fronted goose 77 

(Anser albifrons) is an Arctic-breeding migrant with a distribution extending to the Lena 78 

Delta, Siberia. However, the non-breeding grounds of the greater white-fronted goose in the 79 

Yangtze River Basin overlap with those of swan goose (Si et al. 2018). The falcated duck 80 

(Mareca falcata) uses both the eastern and central parts of the East Asian-Australasian 81 

Flyway, while the common teal (Anas crecca) is restricted to the eastern part of the flyway 82 

(Takekawa et al. 2010).  83 

The spatial extent of these waterfowl species’ seasonal distributions probably 84 

influences the degree to which they are affected by habitat degradation. For instance, 85 

population sizes of long-distance migratory species decline more rapidly than those of short-86 

distance migratory species (Morrison et al. 2013). Independently of the distance of migration, 87 

species with broader dispersal ranges are less prone to population declines compared to those 88 

whose ranges are restricted, because of spatial variation in habitat degradation (Gilroy et al. 89 

2016). In addition, the underlying patterns of habitat loss also make a difference in species-90 

specific consequences of habitat degradations, e.g., a small amount of habitat loss in certain 91 

crucial stopover sites can trigger severe impacts (Runge et al. 2014; Weber et al. 1999). The 92 

resilience of waterfowl species to environmental changes varies because of spatial patterns in 93 

habitat degradation and differences in the species’ seasonal distributions. However, habitat 94 

degradation has not been analysed for its species-specific effects as a consequence of the 95 
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spatial variation in migration patterns. 96 

In this study, we quantified the spatial patterns of habitat degradation in wetland sites, 97 

in relation to the seasonal distributions of eight waterfowl species. Wetland sites can be 98 

located in breeding grounds, non-breeding grounds, or stopover sites in a species’ migration 99 

route. First, we selected all wetland sites where each species was likely to occur in the 100 

distribution ranges of each waterfowl species based on the modelled relationships between 101 

species occurrence and environmental factors (hereafter suitable wetland sites). Second, 102 

within the ranges of suitable wetland sites, as metrics of habitat degradation, we quantified the 103 

availability of water area, grassland, and wetland, and quantified wetland fragmentation and 104 

isolation, and changes in agricultural resources. Finally, we explored the species-specific 105 

effects of habitat degradation in relation to the species’ migratory extents. The risk from 106 

habitat degradation is determined by how the species’ distribution overlaps with the spatial 107 

distribution of habitat changes. We expect that migratory species with a longer and narrower 108 

migration corridors are more likely to be affected by habitat degradation. The results can 109 

provide a better understanding of the underlying mechanisms of how environmental changes 110 

affect different migratory species, so that targeted conservation plans can be developed for 111 

critical and endangered wetland sites and vulnerable species.  112 

Methods 113 

Study area 114 

The East Asian-Australasian Flyway identified by the global monitoring program of Wetland 115 

International stretches across 22 countries, covering East Asia, Southeast Asia, Australia, and 116 

New Zealand, and northern areas from the Taimyr Peninsula in Russia to Alaska (EAAFP, 117 

2017). Unlike Artic-breeding shorebirds that spend the non-breeding season in Australia and 118 

New Zealand, most of the Arctic-breeding waterfowl in the East Asian-Australasian Flyway 119 

http://eaaflyway.net/
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migrate only as far south as China (Birdlife International and NatureServe 2015). We focused 120 

on the waterfowl populations overwintering in the Yangtze River Basin, one of the most 121 

important non-breeding grounds in the flyway. Therefore, the study area extended from the 122 

Yangtze River Basin to the northern part of the East Asian-Australasian Flyway (Appendix 123 

S1). Overall, the study area overlaps with six countries: China, Mongolia, North Korea, South 124 

Korea, Japan, and Russia.  125 

Study species 126 

The wetlands in the Yangtze River Basin are key non-breeding sites of eleven goose, swan, 127 

and dabbling duck species (Cao et al. 2010), including tundra swan (Cygnus columbianus), 128 

swan goose, bean goose (Anser fabalis), greater white-fronted goose, lesser white-fronted 129 

goose (Anser erythropus), greylag goose (Anser anser), falcated duck, Baikal teal 130 

(Sibirionetta formosa), common teal, spot-billed duck (Anas poecilorhyncha), and northern 131 

pintail (Anas acuta). Eight of the eleven species were included in our analysis. Falcated duck, 132 

Baikal teal, and spot-billed duck were excluded because of a lack of detailed information 133 

about their breeding distribution (Birdlife International and NatureServe 2015).  134 

Data 135 

1. Bird data 136 

Breeding and non-breeding ranges of the eight waterfowl species were obtained from bird 137 

species distribution maps of the world (v5.0), produced by Birdlife International (Birdlife 138 

International and NatureServe 2015). Information on the occurrence of the eight Anatidae 139 

species within the study area was obtained from the eBird citizen-science database: eBird 140 

Basic Dataset (v1.5), which provides species scientific name, population count, latitude, 141 

longitude, and date and time of bird observations ( Cornell Lab of Ornithology 2016; Sullivan 142 

et al. 2014). All records from 1992–2016 were included in the analysis, except for data that 143 
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were not verified by eBird editors. Duplicate records of the same species, location, date, and 144 

time of observations were excluded. The records of the eight study species with in the study 145 

area were included in the analysis. In total, there were 89 locations with observations of 146 

greylag goose, 197 for swan goose, 173 for bean goose, 357 for greater white-fronted goose, 147 

57 for lesser white-fronted goose, 223 for tundra swan, 408 for common teal, and 1110 for 148 

northern pintail within the study area. 149 

2. Data for environmental factors 150 

The polygons of lakes, reservoirs, and smaller water bodies (called ‘wetland sites’ here) with a 151 

surface area ≥0.1 km2 were obtained from the Global Lakes and Wetlands Database (GLWD-1 152 

and GLWD-2; accessed on 22-02-2017; (Lehner and Döll 2004). The 500-m-resolution 153 

elevation data was obtained from Jonathan de Ferranti’s Digital Elevation Data site (accessed 154 

on 07-03-2017), which combines data from multiple sources, including ASTER Global 155 

Digital Elevation Map (ASTER GDEM), gap-filling Shuttle Radar Topography Mission 156 

(known as SRTM), and contour maps (de Ferranti 2014). The area of food resources 157 

(grassland and cropland) around each lake was derived from the ESA CCI 300-m global land 158 

cover products (v2.0.7) of the year 1992 (European Space Agency 2017). 159 

3. Land cover data for landscape metrics 160 

We used land cover maps for 1992 and 2012 from the European Space Agency (ESA) CCI 161 

300-m annual global land cover products (European Space Agency 2017) to quantify the 162 

spatial patterns of habitat degradation. The land cover was reclassified into six types: water 163 

(water bodies), woodland (tree cover and shrubland), grassland (herbaceous cover, grasslands, 164 

and lichens and mosses), cropland (agricultural crops), bareland (bare areas, sparse 165 

herbaceous cover, unconsolidated bare areas, and permanent snow and ice), and urban and 166 

built-up areas (urban areas and consolidated bare areas). The croplands north of the Amur 167 
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were not included in the analysis for two reasons. First, there are few croplands in those 168 

regions because of an unsuitable climate and low human density. Second, small patches of 169 

croplands could scarcely be detected by the 300-m–resolution remote sensing devices, and the 170 

clear-cuts created by logging activities and forest fires, a widespread event in Siberian forests, 171 

can be misclassified as cropland. 172 

Identification of suitable wetland sites  173 

The selection of suitable wetland sites in the distribution ranges of each study species was 174 

achieved by calculating the probabilities of species occurrence in relation to environmental 175 

factors. We assumed that the migratory birds do not travel further north than their breeding 176 

ranges or further south than their non-breeding ranges. Therefore, for each species, we first 177 

selected all wetlands that fell within the study area (Appendix S1) as well as between their 178 

northernmost extent of the breeding range and southernmost extent of their non-breeding 179 

range (Birdlife International and NatureServe 2015). Habitat selection by migratory waterfowl 180 

is mainly based on availability and suitability of wetlands and influenced by the type and 181 

extent of surrounding land-use types (Davis et al. 2014). Therefore, we built a logistic 182 

regression model using the presence/absence of a study species in each wetland, in relation to 183 

lake area (km2), elevation (m), x coordinates (m; to represent the East–West gradient under the 184 

azimuthal equidistant projection) of lakes, and surrounding extent of suitable foraging areas, 185 

to predict the suitable wetland sites for each study species. Lakes with one or more 186 

observations of a study species were defined as presence records. We then randomly generated 187 

an equal number of absence records in the lakes where ebirder visited but without 188 

observations of the specific study species. Distances between roosting and foraging sites of 189 

waterfowl species in general do not exceed their maximum foraging flight distance (Beatty et 190 

al. 2014), so the surrounding extent of foraging areas was measured by the area (km2) of 191 

grassland and cropland within a 32.5-km radius buffer around each lake, which is the 192 
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maximum mean foraging flight distances of ducks and geese (Johnson et al. 2014). Both x 193 

coordinates, as measured by the center x coordinate of each lake, and the squared x 194 

coordinate, were added to the model because we assumed a dome-shaped relationship 195 

between the chance of a wetland being used by a specific species and the x-coordinate, for 196 

example, higher near the coast or higher in the center of their migration extent than at the 197 

edge.  198 

For each species, the best model with the smallest bias-adjusted Akaike’s information 199 

criterion was selected (Burnham and Anderson 2003). By classifying the predicted probability 200 

of occurrence as presence or absence with a cutoff value of 50%, the accuracy of the models 201 

was calculated by summing the number of true positive cases (classified by the model as 202 

presence and the species is present in reality) and true negatives (classified by the model as 203 

absence and the species is absent in reality) divided by total number of cases (Olson and 204 

Delen 2008). A wetland site was defined as suitable when the predicted probability of 205 

presence of the specific species exceeded 50% (Appendix S3). The wetland area in 206 

subsequent analyses included these suitable lakes and a 32.5-km buffer around each of these 207 

suitable lakes (Olson and Delen 2008). 208 

All distances and coordinates were calculated under the azimuthal equidistant 209 

projection, and all areas were calculated under the cylindrical equal area. Calculations of the 210 

environmental factors were performed in ArcMap 10.2.1 (ESRI, San Diego, CA, USA). 211 

Logistic regressions were performed with package ‘lme4’ (Bates et al. 2014), and model 212 

selections were performed with package ‘MuMIn’(Burnham and Anderson 2003) in R 3.3.3.  213 

Quantification of habitat degradation  214 

To quantify how habitats in these suitable wetland sites changed from 1992–2012, we 215 

calculated six landscape metrics including availability of water area, grassland, and wetland, 216 
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and quantified wetland fragmentation and isolation, and changes in agriculture resources in 217 

1992 and 2012, respectively (Table 1). Water and surrounding grasslands were aggregated into 218 

wetland properties, as both the area of open water and surrounding grasslands affect the 219 

suitability of a wetland for waterfowl (Beatty et al. 2014; Horn et al. 2005). The size of a 220 

wetland is a key predictor for waterfowl species richness, and wetland connectivity and 221 

isolation are additional landscape metrics affecting waterfowl habitat quality (Guadagnin and 222 

Maltchik 2007; Zhang et al. 2015).  223 

All landscape metrics were measured per suitable wetland site in each 100×100 km 224 

grid cell, as the upper quartile of scales at which habitat configuration affects the distribution 225 

of species is approximately 100 km, partly because the maximum radius of a species’ foraging 226 

flight is generally smaller than 50 km (Ackerman et al. 2006; Johnson et al. 2014; McGill 227 

2010; Si et al. 2011). Water, grassland, and wetland availability were measured by the total 228 

area of water bodies, grassland, and wetlands, respectively. Wetland fragmentation was 229 

measured by the change in mean patch area of wetlands. Wetland isolation was quantified by 230 

the change in the proximity index, which equals the sum of the wetland patch area divided by 231 

the squared edge-to-edge distance between a wetland patch and the wetland patches whose 232 

edges are within 32.5 km around the specific patch (Gustafson and Parker 1992), as: 233 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃 = �
𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖2

𝑛𝑛

𝑖𝑖=1

 234 

where n equals number of wetland patches within the suitable wetland sites in each 200×200 235 

km grid cell; aijs is the area of wetland patch ij, which is within in a distance of 32.5 km 236 

around focal wetland patch s; dijs is the edge-to-edge distance between wetland patch ij and 237 

focal wetland patch s. The availability of agricultural resources was quantified by the total 238 

area of cropland.  239 
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All calculations were conducted under the azimuthal equidistant projection. 240 

Geographic data for calculating landscape metrics were prepared with ArcMap 10.2.1 (ESRI, 241 

San Diego, CA, USA). Fragstats 4.2 (McGarigal and Marks 1995) was used to calculate 242 

landscape metrics.  243 

Exploration of species variation affected by habitat degradation 244 

Habitat degradation was quantified by the change ratios of the six landscape metrics from 245 

1992 to 2012 in each 100×100 km grid cell, as: 246 

𝐶𝐶ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖 𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑙𝑙𝑖𝑖(
𝑉𝑉2012
𝑉𝑉1992

) 247 

where V1992 and V2012 is the value of each landscape metric in 1992 and 2012, respectively. To 248 

better understand the latitudinal, national, and species-specific patterns of habitat degradation, 249 

the mean change ratio of each landscape metric in each 5-degree latitudinal zone (each zone is 250 

5-degree wide), each country, and in each breeding, non-breeding, and stopover area (the 251 

suitable wetland sites in between their breeding and non-breeding ranges) of each study 252 

species was calculated by overlapping the species’ ranges with the calculated six landscape 253 

metrics maps (grid cell: 100×100 km).  254 

Three general linear models (GLMs) were applied to test 1) whether patterns of wetland 255 

degradation change over latitude and 2) whether the patterns differs among species with 256 

different migration extent (i.e., species with shorter and broader migration corridors versus 257 

those with longer and narrower migration corridors). The three dependent variables were the 258 

mean of absolute changes in the change ratios of wetland availability, fragmentation, and 259 

isolation, respectively. Independent variables of each model included one continuous variable 260 

(latitude) and one categorical variable (the species catalogue with two classes; i.e., ‘1’ is 261 

species with longer and narrower migration corridors; ‘2’ is species with shorter and broader 262 
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migration corridors). We defined six out of the eight study species (tundra swan, bean goose, 263 

greater white-fronted goose, lesser white-fronted goose, common teal, and northern pintail) as 264 

species with longer and narrower migration corridors, with their seasonal distribution 265 

extending from the Lower Yangtze to Siberia. The swan goose and greylag goose were 266 

classified as species with shorter and broader migration corridors that breed in Mongolian 267 

regions and occupy more western parts of the flyway compared to the first group of species 268 

(Fig. 1). This classification is in agreement with previous findings (Gilroy et al. 2016; 269 

Morrison et al. 2013). 270 

The changes in landscape variables in different regions was calculated with ArcMap 271 

10.2.1. The basic statistics were calculated in R 3.3.3, and the GLMs were carried out with 272 

package ‘lme4’ (Bates et al. 2014) in R 3.3.3. 273 

Results 274 

Environmental factors and the presence of waterfowl in wetland sites 275 

According to the best models, the presence of all goose and duck species was positively 276 

related to area of lakes, and the presence of all species (except lesser white-fronted goose) was 277 

positively related to surrounding food resources (i.e., grass and crop resources; Table 2). The 278 

probability of presence for greater white-fronted goose, lesser white-fronted goose, tundra 279 

swan, and northern pintail increased with decreasing elevation (Table 2).  280 

Habitat degradation in the flyway 281 

In the predicted suitable wetland sites (Fig. 1), for all eight species, 4% of the landscape was 282 

covered by water, and 26% and 21% of the landscape by grassland and cropland, respectively. 283 

The water area in suitable wetland sites in both non-breeding and breeding ranges of all eight 284 

species decreased during the 1992–2012 period, mainly in Southeast China, South Korea, 285 
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Japan, Mongolia, and Northeast Russia (Fig. 2a).  286 

As illustrated by the negative change in corresponding landscape variables in each 287 

grid, 43%, 51%, and 45% of the landscape experienced wetland loss, fragmentation, and 288 

isolation, respectively (Fig. 2). The three processes of wetland degradation happened 289 

simultaneously in 27% of the landscape, specifically in their non-breeding grounds in the 290 

Middle and Lower Yangtze River, Lower Yellow River, and Japan (Fig. 2). Habitat availability 291 

improved in inland regions, including the Upper Yellow River, Korea, Mongolia, and Russia, 292 

which are important breeding grounds for the study species, as indicated by an increase in 293 

wetland area and a decrease in the level of wetland isolation (Appendix S7).  294 

Species-dependent effect of habitat degradation 295 

The eight species were all exposed to wetland loss, fragmentation, and isolation in their non-296 

breeding grounds in China and Japan, but their breeding grounds improved in both Mongolia 297 

and Russia. Although the configuration of wetlands improved in the stopover areas of the 298 

bean goose, greater white-fronted goose, and tundra swan, who pass both China and Russia 299 

during migration, the other species were affected by wetland loss, fragmentation, and isolation 300 

in their stopover areas, especially for those species with stopover areas in China and Japan 301 

(Appendices S3 and S4). Generally, the migratory species were affected by habitat 302 

degradation in the southern part of their seasonal distributions, and their habitat availability 303 

improved in the northern part (Fig. 3).  304 

During 1992-2012, the wetland availability increased (or decreased less rapidly) with 305 

increasing latitude (GLM, β=0.004, t=17.66, DF=4619, P<0.01), and species with shorter and 306 

broader migration corridors had a significantly larger increase in wetland availability than 307 

species with longer and narrower migration corridors (β=0.016, t=2.50, P=0.01). Similarly, 308 

the wetlands were less fragmented and isolated at higher latitude (GLM for wetland 309 
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fragmentation, β=0.007, t=17.64, DF=4619, P<0.01; GLM for wetland isolation, β=0.009, 310 

t=12.85, DF=4619, P<0.01), and species with shorter and broader migration corridors had 311 

significantly less habitat fragmentation and isolation than species with longer and narrower 312 

migration corridors (β=0.088, t=8.31, P<0.01; β=0.049, t=2.77, P=0.01). Although wetland 313 

area for species with longer and narrower migration corridors increased at higher latitudes, 314 

that for species with shorter and broader migration corridors and a more western distribution 315 

increased more between 30N–50N in the areas of the Upper Yellow River and Mongolia (Fig. 316 

3). 317 

Discussion  318 

The seasonal distributions of migratory waterfowl species determine the extent to which they 319 

are exposed to habitat degradation, which varies from place to place. As for migratory 320 

waterfowl in the East Asian-Australasian Flyway, habitat availability simultaneously degraded 321 

in the southeastern part of the flyway, i.e., in the coastal regions in China and Japan, but 322 

improved in inland regions of the western part of flyway (Fig. 2). Species with longer and 323 

narrower migration corridors that concentrate their migrations along the eastern coast could 324 

benefit less from improved habitat conditions in the southern part of their migration flyway 325 

compared to those with shorter and broader migration corridors. However, species with longer 326 

and narrower migration corridors could reach improved habitat conditions in Russia, in the 327 

northern part of their distribution range.  328 

Areas of grassland and wetland in the suitable wetland sites in southern and eastern 329 

China and Japan decreased from 1992 to 2012 (Fig. 2b and c), and those areas could become 330 

spatial bottlenecks for species with main stopovers in these regions. Migratory species with 331 

spatial bottlenecks in degraded regions could be less resilient to habitat changes because of 332 

limited alternatives (Berger et al. 2008; Sawyer et al. 2009). These species must either skip the 333 
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degraded wetlands or accept suboptimal conditions (Weber et al. 1999), leading to increased 334 

costs of migration, and consequently increased mortality during migration, and probably 335 

reduced efficiency of energy intake and reproduction. It could be difficult for the species 336 

experiencing successive habitat loss while migrating from their non-breeding to breeding 337 

grounds to replenish energy stores and maintain optimal body reserves for reproduction. 338 

By investigating patterns of habitat change at the flyway scale, we further highlight the 339 

relationship between migratory extent and species-specific effects of environmental changes. 340 

Previous studies have found that migratory extent can affect species resilience to 341 

environmental changes. Species with a longer migration distance (Morrison et al. 2013; 342 

Sanderson et al. 2006), a smaller non-breeding area compared to breeding area (Gilroy et al. 343 

2016), and a larger reliance on specific regions (e.g., South America and Yellow Sea tidal 344 

mudflat) are more vulnerable compared to others (North American Bird Conservation 345 

Initiative 2012; Studds et al. 2017). These facts can be explained when we relate their 346 

distributions to spatial patterns of habitat degradation at a flyway scale. Species occupying 347 

broader extent with more parallel alternative sites have plasticity in their reaction to habitat 348 

degradation. Species with shorter and broader migration corridors migrate across both 349 

degraded landscapes in the east and areas that have increased habitat availability in the west of 350 

the flyway. Despite the shorter migration distance of these species compared to the other study 351 

species, their migratory dispersion (i.e., larger non-breeding range size relative to breeding) 352 

influences their resilience to habitat degradation. GPS tracking data also have shown that the 353 

swan geese from Mongolia migrate over a broad front, using a parallel configuration of 354 

stopover sites, although these geese share the same non-breeding and breeding grounds 355 

(Batbayar 2013). Swan geese can use stopover sites located at the western part of their flyway, 356 

where habitat degradation of stopover sites is lower than in the eastern part. 357 

The wetlands of the East Asian-Australasian Flyway have been threatened by habitat 358 
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loss, fragmentation, and isolation over the past two decades, which can subsequently impact 359 

migratory waterfowl by depleting resources and isolating wetland sites. Wetland degradation 360 

in eastern China and Japan contributed most to habitat destruction in the flyway from 1992–361 

2012, partly as a consequence of rapid urbanization and socioeconomic development in East 362 

Asian countries since 1992 (Seto and Fragkias 2005). Wetlands on their non-breeding grounds 363 

with intensive human activities lost much of their area, triggering a human–wildlife conflict in 364 

which birds and people compete for resources (Fox et al. 2016; Jia et al. 2018). China has 365 

made rapid economic development since the economic reform in 1978, which is accompanied 366 

by accelerating environmental degradation, e.g., decreasing wetland area (Liu and Diamond 367 

2005). Agricultural expansion is one of the most important threats to wetlands by forms of 368 

wetland conversion or water drainage for irrigation (Liu and Diamond 2005; Niu et al. 2012), 369 

and pollution and insufficient funding for protection are other contributing factors to wetland 370 

degradation (Liu and Diamond 2005). The coastal regions are confronted with larger problems 371 

compared to inland areas because of increased human pressure and sea-level rise, e.g., a 372 

considerable part of Japanese wetlands is threatened (de Boer et al. 2011; Iwamura et al. 2013; 373 

Nicholls 2004). On the contrary, natural habitats have recovered in the temperate zones of 374 

Russia due to a low human density and a widespread land abandonment since the sweeping 375 

reorganization of the Russian agriculture in 1990s (Grishchenko and Prins 2016).  376 

Natural grasslands, as the primary foraging areas for waterfowl, are vulnerable 377 

because they are more sensitive to climate change than most human land-use types (Li et al. 378 

2017c). Agriculture expanded around most wetlands and increased food resources for 379 

waterfowl, according to our modelling. For example, some wetlands in southeastern China are 380 

efficiently cultivated with multiple rice farming systems (Li et al. 2017a). However, these 381 

benefits might be a trade-off against greater human disturbance around these wetlands and 382 

increased wetland loss to land reclamation. Farmlands reclaimed in or around lakes and 383 
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wetlands, sacrifice roosting and primary foraging sites (e.g., recessional grasslands) of 384 

waterfowl. Thus, waterfowl species are also more confined to their natural habitats instead of 385 

exploiting surrounding farmlands in their non-breeding grounds, and they tend to select 386 

habitats with lower human pressures in China (Li et al. 2017b; Yu et al. 2017). Moreover, 387 

there are other forms of habitat degradation for migratory waterfowl which have not been 388 

measured by the metrics quantified in our study, but can decrease waterfowl species diversity 389 

and reduce wetland quality, e.g., pollution with pesticides and heavy metals, changes in water 390 

levels by dams, poaching and hunting activities, and low efficiency of local conservation 391 

regulations (Aharon-Rotman et al. 2017; MaMing et al. 2012). In the future, ecological 392 

restoration projects considering these factors might offer some potential (An et al. 2007; Li et 393 

al. 2015) to conserve critical wetlands in the Middle and Lower Yangtze River, Lower Yellow 394 

River, and Japan.  395 

Wetland degradation poses severe challenges to migratory species because wetland 396 

loss can reduce local abundance and species richness (Mora et al. 2011). Considering each 397 

wetland patch as an island surrounded by suboptimal or unsuitable habitats, both the loss of 398 

wetland area and isolation from other wetlands can trigger local extinction of populations 399 

(MacArthur and Wilson 1967; Purvis et al. 2000). The vulnerability of a population increases 400 

when even only a part of the migration network across a large spatial extent is affected 401 

(Iwamura et al. 2013). The population decline of migratory birds in relation to habitat 402 

degradation in the East Asian-Australasian Flyway has therefore triggered concern (Cao et al. 403 

2010; Sutherland et al. 2012; Syroechkovskiy 2006), as East Asian populations of bean goose, 404 

greater white-fronted goose, lesser white-fronted goose, common teal, swan goose, and 405 

northern pintail are generally decreasing (Cao et al. 2010; Wetland International 2017; 406 

Syroechkovskiy 2006). Previous studies have suggested that a couple of bottleneck sites in 407 

their migration network explain these population declines. For example, the Yellow Sea tidal 408 
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mudflat has shrunk by more than 65%, and consequently, the migratory shorebirds that highly 409 

rely on the Yellow Sea tidal mudflat experienced large population declines (Studds et al. 410 

2017). The effect of habitat degradation on population size, especially for those species that 411 

use multiple stopover sites, depends not only on the overall extent of habitat degradation 412 

(Iwamura et al. 2013; Rogers et al. 2010), but also on where this degradation occurs (Runge et 413 

al. 2014). Our results demonstrate that habitat degradation in the migration flyway has a 414 

strong spatial component, which may explain differences in the population dynamics of 415 

migratory waterfowl species.  416 

Because migratory species might be able to respond to habitat degradation by altering 417 

migration routes, future studies should focus on both specific regions and on the integrity of 418 

the whole migration network and on the plasticity of the species in terms of migratory 419 

movements and visited stopover sites. Hence, a network approach is required to better 420 

understand changes in migration strategy and population dynamics of migratory species. 421 

Remote-sensing techniques and temporal land cover data allow us to monitor the 422 

environmental changes at flyway scale (Si et al. 2015). There is, therefore, a demand for 423 

higher-accuracy and finer-resolution land cover datasets to support studies on the large-scale 424 

environmental changes in the framework of migration and conservation biology.  425 

Conclusion 426 

This study relates species seasonal distribution to species-dependent effects of habitat 427 

degradation in the migratory flyway. We have demonstrated that eight waterfowl species in 428 

the East Asian-Australasian Flyway are all exposed to habitat degradation in their non-429 

breeding areas, but that conditions around wetland sites improve with increasing latitudes. 430 

Comparing changes at the same latitude, wetland sites for species with longer and narrower 431 

migration corridors degraded more from 1992 to 2012 than for species with shorter and 432 
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broader migration. We conclude that migratory species with narrower distributions and longer 433 

migration distances are exposed to a higher level of habitat degradation because they have 434 

fewer parallel sites to provide alternative stopover, roosting, or foraging sites when habitat is 435 

degraded or lost. Hence, selection of important conservation regions for migratory birds 436 

should not only depend on local conditions of wetland sites but also take species-specific 437 

seasonal distributions into account. Especially, more efforts should be targeted along the 438 

migration routes of species with a narrow seasonal distribution and spatial bottlenecks in 439 

degraded regions of the flyway. Moreover, it is necessary to limit reclamation of wetland 440 

resources and unrestrained water drainage in regions of the East Asian-Australasian Flyway 441 

because wetlands in the Middle and Lower Yangtze River, Lower Yellow River, and Japan are 442 

major non-breeding grounds as well as important stopover areas for many waterbird species.  443 
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Tables 454 

Table 1 Landscape variables associated with waterfowl habitat degradation. All landscape 455 

metrics were measured in the suitable wetland sites in each 100 × 100 km grid cell. Wetland 456 

properties include water and surrounding grassland. The changes were quantified by change 457 

ratios from 1992 to 2012. 458 

459 Variable Index for Description 

Total Area (ha) Wetland 
availability 

Wetland size. 

Mean Area (ha)  Wetland 
Fragmentation 

The average wetland patch area. 

Proximity Index  Wetland Isolation A measurement of relative isolation of the wetland patches. High value 
indicates habitat patches are connected to each other within a buffer 
distance, while low proximity index value indicates they are isolated 
from each other (Gustafson and Parker 1992).  

Total Water Area 
(ha) 

Water area 
availability 

A measurement of availability of water surface as roosting habitats. 

Total Grassland 
Area (ha) 

Grassland 
availability 

A measurement of availability of grasslands as primary food resources. 

Total Crop Area 
(ha) 

Agriculture 
Resources 

A measurement of availability of croplands as additional food 
resources. 
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Table 2 Results of the logistic regressions of environmental factors on species presence for 8 460 

waterfowl species, showing the performance of the best models and regression coefficients 461 

(Coefficient) for environmental factors included the best models. ΔAIC  is the difference 462 

between the AIC values of the best model and the second-best model (Appendix S2). Grass 463 

and Crop Resources were measured by the area of grasslands and croplands within the 32.5-464 

km buffer surrounding each lake; x = centre x coordinate of each lake under the azimuthal 465 

equidistant projection. “***”, “**”, “*”, “`” means the estimated regression coefficient was 466 

significant at 0.001 level, 0.01 level, 0.05, and 0.1 level, respectively.  467 

Model Coefficient Standard Error z-value p-value 
Greylag Goose (N = 178, AIC = 162.2, ΔAIC = 1.7, accuracy = 76.4%) 
    (Intercept) -3.385   1.325  -2.556    0.011 *   
    Lake Area [log(km2)] 1.137  0.252    4.516 <0.001 *** 
    Grass&Crop Resources [log(km2)] 0.520 0.407   1.276    0.202     
    x -0.001   0.0002   -5.088 <0.001 *** 
Swan Goose (N = 114, AIC = 438.4, ΔAIC = 2.2, accuracy = 72.8%) 
    (Intercept) -1.216     0.656   -1.854 0.064 `   
    Lake Area [log(km2)] 0.822   0.146    5.628 <0.001 *** 
    Grass&Crop Resources [log(km2)] 0.399   0.198    2.022   0.043 *   
    X -3.628e-04    1.348e-04   -2.692 0.007 ** 
    x2 -6.455e-07   1.159e-07   -5.570 <0.001 *** 
Bean Goose (N = 394 , AIC = 400.7, ΔAIC = 1.0, accuracy = 68.5%) 
    (Intercept) -3.841  1.108 -3.467 <0.001 *** 
    Lake Area [log(km2)] 0.374   0.369    2.222 0.026 * 
    Grass&Crop Resources [log(km2)] 1.280   0.351    3.650 <0.001 *** 
    x 1.472e-03   2.638e-04    5.579 <0.001 *** 
    x2 -7.548e-07     1.715e-07 -4.401 <0.001 *** 
Greater White-fronted Goose (N = 714 , AIC = 733.0, ΔAIC = 1.2, accuracy = 78.4%) 
    (Intercept) -3.528   1.143   -3.088 0.002 ** 
    Lake Area [log(km2)] 0.476   0.137    3.485 <0.001 *** 
    Elevation [log(m)] -0.302   0.172   -1.756 0.079 ` 
    Grass&Crop Resources [log(km2)] 1.383   0.333    4.153 <0.001 *** 
    x 2.672e-03   3.004e-04    8.895   <0.001 *** 
    x2 -1.513e-06    1.814e-07   -8.342 <0.001 *** 
Lesser White-fronted Goose (N = 114, AIC = 126.2, ΔAIC = 1.5, accuracy = 72.8%) 
    (Intercept) 3.116  0.978    3.187   0.001 ** 
    Lake Area [log(km2)] 0.780   0.294    2.655   0.008 ** 
    Elevation [log(m)] -1.821    0.460   -3.959 <0.001 *** 
    x 4.268e-04   2.434e-04    1.753   0.080 ` 
Tundra Swan (N = 446, AIC = 440.1, ΔAIC = 0.5, accuracy = 78.3%) 
    (Intercept) -6.468  1.473   -4.391 <0.001 *** 
    Elevation [log(m)] -0.660   0.185  -3.573 <0.001 *** 
    Grass&Crop Resources [log(km2)] 2.231   0.417  5.350 <0.001 *** 
    x 1.741e-03   1.934e-04    9.008   <0.001 *** 
Common Teal (N = 816 , AIC = 893.0, ΔAIC = 1.0, accuracy = 75.5%) 
    (Intercept) -1.979  0.614   -3.222   0.001 ** 
    Lake Area [log(km2)] 0.562      0.103 5.446 <0.001 *** 
    Grass&Crop Resources [log(km2)] 0.470   0.194    2.425   0.015 *   
    x 1.187e-03   1.075e-04   11.046   <0.001 *** 
    x2 -1.315e-07   7.755e-08   -1.695   0.090 ` 
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Northern Pintail (N = 2186, AIC = 1873.4, ΔAIC = 0.9, accuracy = 81.0%) 
    (Intercept) -2.704   0.558   -4.846 <0.001 *** 
    Lake Area [log(km2)] 0.298   0.079    3.748 <0.001 *** 
    Elevation [log(m)] -0.253    0.096   -2.640 0.008 ** 
    Grass&Crop Resources [log(km2)] 0.647   0.154    4.211 <0.001 *** 
    x 1.669e-03   1.044e-04   15.997   <0.001 *** 
    x2 1.252e-07   7.163e-08    1.748 0.080 ` 

Figures 468 

 469 

Figure 1 Suitable wetland sites (hollow polygon with black border) for eight waterfowl 470 

species in the East Asian-Australasian Flyway. The ranges of suitable wetland sites were used 471 

for subsequent analysis, and included suitable lakes and a 32.5-km buffer around each of the 472 

suitable lakes. 473 
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 474 

Figure 2 Spatial patterns in changes in landscape metrics from 1992 to 2012. (a) Water loss as 475 

measured by the change in total water area; (b) Grassland loss as measured by the change in 476 
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total grassland area. (c) Wetland availability as measured by the change in the total wetland 477 

area; (d) Wetland fragmentation as measured by the change in the mean patch area of 478 

wetlands; (e) Wetland isolation as indexed by the change in the proximity index of wetland 479 

patches; (f) Changes in agriculture resources as measured by the change in the total cropland 480 

area. A negative value indicates a decrease in corresponding landscape metrics.  481 

 482 

Figure 3 Latitudinal patterns of change ratio (mean ± standard deviation) of wetland 483 

availability (water surface and surrounding grasslands) in the suitable wetland sites from 484 

1992-2012; x-axis represents five-degree latitudinal zones. A negative value indicates a 485 
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decrease in area of wetlands in the corresponding latitudinal zone while a positive valued 486 

indicates an increase. 487 
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