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Abstract:

The spoon-billed sandpiper (Calidris pygmaea) is a Critically Endangered 
migratory shorebird. The species faces an array of threats in its non-
breeding range, making conservation intervention essential. However, 
conservation efforts are reliant on identifying the species’ key stopover 
and wintering sites. Using Maximum Entropy models, we predicted 
spoon-billed sandpiper distribution across the non-breeding range, using 
data from recent field surveys and satellite tracking. Model outputs 
suggest only a limited number of stopover sites are suitable for 
migrating birds, with sites in the Yellow Sea and on the Jiangsu coast in 
China highlighted as particularly important. All the previously known core 
wintering sites were identified by the model including the Ganges-
Brahmaputra Delta, Nan Thar Island and the Gulf of Mottama. In 
addition, the model highlighted sites subsequently found to be occupied, 
and pinpointed potential new sites meriting investigation, notably on 
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Borneo and Sulawesi, and in parts of India and the Philippines. A 
comparison between the areas identified as most likely to be occupied 
and protected areas showed that very few locations are covered by 
conservation designations. Known sites must be managed for 
conservation as a priority, and potential new sites should be surveyed as 
soon as is feasible to assess occupancy status. Site protection should 
take place in concert with conservation interventions including habitat 
management, discouraging hunting, and fostering alternative livelihoods.
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41 Abstract

42 The spoon-billed sandpiper (Calidris pygmaea) is a Critically Endangered migratory 

43 shorebird. The species faces an array of threats in its non-breeding range, making 

44 conservation intervention essential. However, conservation efforts are reliant on identifying 

45 the species’ key stopover and wintering sites. Using Maximum Entropy models, we predicted 

46 spoon-billed sandpiper distribution across the non-breeding range, using data from recent 

47 field surveys and satellite tracking. Model outputs suggest only a limited number of stopover 

48 sites are suitable for migrating birds, with sites in the Yellow Sea and on the Jiangsu coast in 

49 China highlighted as particularly important. All the previously known core wintering sites 

50 were identified by the model including the Ganges-Brahmaputra Delta, Nan Thar Island and 

51 the Gulf of Mottama. In addition, the model highlighted sites subsequently found to be 

52 occupied, and pinpointed potential new sites meriting investigation, notably on Borneo and 

53 Sulawesi, and in parts of India and the Philippines. A comparison between the areas 

54 identified as most likely to be occupied and protected areas showed that very few locations 

55 are covered by conservation designations. Known sites must be managed for conservation as 

56 a priority, and potential new sites should be surveyed as soon as is feasible to assess 

57 occupancy status. Site protection should take place in concert with conservation interventions 

58 including habitat management, discouraging hunting, and fostering alternative livelihoods.

59

60 Introduction

61 The spoon-billed sandpiper is a Critically Endangered calidrid found in Asia 

62 (BirdLife International 2017). The species breeds in North-East Siberia, migrates through the 

63 East Asian-Australasian flyway with stopover sites in the Yellow Sea, and is thought to 

64 winter principally in South China, Thailand, Myanmar, and Bangladesh (Chowdhury 2012; 
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65 Lappo et al 2012; Zöckler et al. 2016). The estimated global population of spoon-billed 

66 sandpiper fell from around 2000 pairs in the 1970s to under 200 in 2014, with a rate of 

67 decline up to 26% per annum recorded during the 2000s (Clark et al. 2018; Flint & 

68 Kondratiev 1977; Tomkovich et al. 2002; Zöckler et al. 2010a). 

69 Demographic studies indicate an unusually low per capita recruitment of two-year old 

70 adults to the breeding population, while other demographic rates are similar to those of other 

71 small calidrids (Zöckler et al. 2010a). This finding suggests that the major external drivers of 

72 the population decline are factors affecting the mortality rate of immature birds, such as loss 

73 of intertidal habitat at migration stopover sites, and hunting on the wintering grounds (Tong 

74 et al. 2012, Choi et al. 2018; Piersma et al. 2016, Peng et al. 2017; Zöckler et al. 2016, 2010b, 

75 Chowdhury 2012). Spoon-billed sandpipers are caught as bycatch during mist-netting of 

76 larger species of shorebirds at several sites in Myanmar, Bangladesh and China (Bird et al. 

77 2010; Chowdhury 2010; Martinez & Lewthwaite 2013; Zöckler et al. 2010b; Pyae-Phyo et al. 

78 2018). There have already been some successful conservation interventions, discouraging 

79 hunting at known sites (Bird et al. 2010; Clark et al. 2014; Zöckler et al. 2016).

80 Spoon-billed sandpipers utilise estuarine mudflats at migration stopovers and on the 

81 wintering grounds (Tong et al. 2012). In recent decades, large expanses of these mudflats 

82 have been lost to land claim and development (Melville et al. 2016; Peng et al. 2017; Studds 

83 et al. 2017), with loss in the East Asian-Australasian flyway estimated to occur at 1.66 % per 

84 annum (Murray & Fuller 2015). Remaining intertidal habitat at stopover sites is further 

85 threatened by the encroachment of the invasive grass Spartina alterniflora, which traps 

86 sediment accelerating conversion of mudflats to dry land (Peng et al 2017). Areas of 

87 intertidal mudflat have an inherently patchy distribution along the coast and losses restrict the 

88 stopover sites available for migrating birds, likely increasing energetic demands, limiting 
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89 food supplies, and rendering the birds more vulnerable to stochastic events such as storms 

90 (Murray et al. 2014; Studds et al. 2017; Sutherland et al. 2012; Wang et al 2020).

91 Surveys of individually-marked birds at stopover sites indicates that up to 50 % of the 

92 global population has not been located at wintering sites using traditional field survey 

93 techniques (Zöckler et al. 2016; Clark et al. 2018). Satellite tracking studies have located 

94 previously unknown migration stopover and wintering locations (Qing & Clark 2018), but 

95 tags are expensive and only a small number of birds can be tracked, which means that not all 

96 wintering sites will be detected by this method. Hence, it is important to develop other 

97 approaches to identify additional staging and wintering locations, in order to identify where 

98 protected areas are needed and target conservation interventions.

99 Species distribution modelling is an established tool in conservation and is used to 

100 identify potentially important - but hitherto unconfirmed - areas utilised by threatened species 

101 (Franklin 2009). It has previously been used to model the core wintering area for spoon-billed 

102 sandpipers, and successfully confirmed important known wintering sites, namely the Gulf of 

103 Mottama and the Inner Gulf of Thailand (Zöckler et al. 2016). The predicted winter 

104 distribution also highlighted a previously unknown site in the Ganges-Brahmaputra Delta 

105 (Zöckler et al. 2016), a location since proven to support a substantial wintering population 

106 (Chowdhury et al. 2018). However, the geographic scope of Zöckler et al (2016) was limited. 

107 New sites in India, Sri Lanka, and Indonesia have recently been found to support spoon-

108 billed sandpipers, indicating potentially suitable sites remain to be discovered in the 

109 wintering range. Additionally, Zöckler et al (2016) focused on only part of the species’ non-

110 breeding distribution and did not examine the potential distribution of stopover sites between 

111 south-east Asia and Arctic Russia. 
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112 Since Zöckler et al’s (2016) analysis, many more spoon-billed sandpiper records have 

113 been gathered from a much wider area. A combination of field surveys at wintering and 

114 stopover sites, and a small number of satellite tagged birds, yielded 2,798 new observations 

115 between 2015 and 2017. Here we produce species distribution models to identify the areas 

116 that might be suitable for spoon-billed sandpipers along the entire migratory route and a 

117 wider potential wintering distribution area than examined by Zöckler et al (2016). We then 

118 compare these predictions with protected area coverage. In 2008, 17 % of sites known to be 

119 occupied by non-breeding spoon-billed sandpiper were covered by protected area 

120 designations (Zockler et al 2008). However, the number of designated sites in the flyway has 

121 increased substantially in recent years (UNEP-WCMC, IUCN & NGS 2018a), requiring a 

122 reassessment of how much spoon-billed sandpiper habitat is protected. Findings from the 

123 models will both inform future survey efforts, and help to target conservation interventions.

124

125 Methods

126 Study regions

127 The passage and wintering distribution of spoon-billed sandpiper is extensive, 

128 spanning Arctic Russia to tropical south-east Asia. Consequently, conditions change 

129 markedly across their migration and wintering areas. Thus, we divided the study area into 

130 three regions (Figure 1). The south region (between 6º S and 30º N latitude) is where the 

131 birds predominantly winter, between early November and late February. This was bounded 

132 between 76º and 130º E (i.e. southern tip of India to eastern Indonesia, excluding the island of 

133 New Guinea); these longitudinal and southern limits extend beyond all historical records for 

134 the species. The central region (30º - 40º N) covers the core stopover sites. These sites are 

135 used during spring (northwards) migration between early March and mid-June, and then 
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136 again during the post-breeding (southwards) migration between mid-August and late October. 

137 The north region (40º - 63º N) is visited by migrating birds immediately before and after the 

138 breeding season; birds are present between mid-June and mid-August. Immature birds 

139 sometimes spend their first summer on wintering grounds, before returning to the north to 

140 breed as second-year birds (Zöckler et al 2010a).

141

142 Spoon-billed sandpiper records

143 Location records came from two data sources: field observations and satellite 

144 tracking. Field observations of spoon-billed sandpipers made by experienced surveyors were 

145 conducted at passage and wintering sites located in the south and central regions between 

146 2008 and 2017 (Figure 1). Field surveys have been conducted in the north region, but records 

147 were not available for modelling. Sites were selected for surveys either because they were 

148 known to be occupied from earlier records, or because occupation was considered possible 

149 based upon the presence of extensive tidal mud flats (Zöckler et al 2016). Given the highly 

150 dynamic nature of mud flats and the habitat losses that have occurred in some areas, we 

151 limited data to recent records (i.e. 2008 - 2017) as site suitability may have changed over a 

152 longer period. We sought to produce a distribution model that would inform future 

153 monitoring and protection rather than map historic use. There were 5,148 field observations 

154 of spoon-billed sandpipers from 544 pixels of 500 m x 500 m (i.e. 0.25 km2, see below).

155 Nine birds were fitted with satellite tags (Microwave Telemetry Inc, Maryland, USA) 

156 at various stages in the annual cycle: three in autumn 2016, two in spring 2017, three in 

157 summer 2017 and one in autumn 2017 (Chang & Clark 2018). Each bird provided data for a 

158 different part of the year, but in combination cover the entire migratory flyway. These 

159 tracking data provided additional records for known sites, and pinpointed locations used by 
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160 spoon-billed sandpipers where field surveys were not conducted. Fix accuracy is classified at 

161 moment of capture, and for this study we only used fixes with a location error of less than 

162 1500m. This provided 1,107 fixes from a total of 477 0.25 km2 pixels, so that the total dataset 

163 used for the modelling contained 1,021 occupied 0.25 km2 pixels.

164

165 Satellite Imagery of study regions

166 We focussed on coastal areas in the study regions, and used country polygons from 

167 gadm.org (version 3.6) as the basis for the coastline. Given spoon-billed sandpiper preference 

168 for dynamic areas of coastline, we visually compared the gadm.org coastline against 2017 

169 Sentinel 2 satellite remote sensing data with a spatial resolution of 10 m and modified the 

170 coastline where appropriate (ESA 2018). Of the 6,492 spoon-billed sandpiper records 

171 available from surveys and satellite tags, 85 % were from the seaward side of the coastline, 

172 with the remainder inland. We therefore restricted the study focus to 5km onshore and 30km 

173 offshore of the coastline; this area included 96 % of the total number of records (i.e. 6,255 

174 records, comprised the 5,148 observations and 1,107 tag fixes described above). The much 

175 wider area of sea was included because Zöckler et al (2016) found that offshore conditions 

176 were important predictors of spoon-billed sandpiper presence, particularly ocean chlorophyll, 

177 which  is potentially  related to inshore conditions associated with photosynthetic activity in 

178 estuaries and tidal mudflats. 

179 We utilised Google Earth Engine (https://earthengine.google.com) to access and 

180 download the satellite imagery for the buffered coastline in each of the three regions. For the 

181 distribution models, we selected Sentinel 1 synthetic aperture radar data (ESA 2018), and 8-

182 day composite surface reflectance scenes from MODIS (Vermote 2015). Radar was included 

183 as a proxy for separating mudflat characteristics (van der Wal et al. 2005), and was resampled 
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184 to 0.25 km2 to match the resolution of the MODIS imagery. The MODIS product includes 

185 seven bands that span wavelengths of 459 to 2,155nm (Table 1). We restricted imagery to the 

186 twelve months between November 2016 and October 2017. Imagery for each region was 

187 limited to the period in which spoon-billed sandpiper are generally present: south, 01/11/2016 

188 – 28/02/2017; central Spring, 01/03/2017 – 14/06/2017; north, 15/06/2017 – 15/08/2017; and, 

189 central Autumn, 16/08/2017 – 31/10/2017. Some adult birds spend the entire winter in the 

190 central region, while some first-year birds remain in the central region rather than migrating 

191 north in the breeding season (Qing & Clark 2018). Spoon-billed sandpiper may therefore be 

192 present throughout the year in the central region, but we focussed on potential distribution 

193 during the stopover periods as this is when most birds are present. We selected the mean 

194 pixel values from the time period for each region. We used Sentinel 1 radar, all seven 

195 MODIS bands, and MODIS-derived Normalised Difference Vegetation Index (NDVI) to give 

196 a total of nine variables for the modelling.

197 To determine whether sites identified by the model are recognised as being important 

198 for wildlife, we compared model outputs with coverage of Key Biodiversity Areas (KBAs) 

199 and Important Bird and Biodiversity Areas (IBAs; BirdLife International 2018). Finally, to 

200 assess the level of habitat protection currently covering sites identified by the models, we 

201 used data from the World Database on Protected Areas (WDPA; UNEP-WCMC and IUCN 

202 2018b) to overlay protected area boundaries onto our predicted model outputs. We included 

203 all designations except UNESCO Man and Biosphere Reserves.

204

205 Species Distribution Modelling

206 We used Maximum Entropy to model the species’ distribution with MaxEnt (version 

207 3.4.1, Phillips et al. 2018). Pixels with a spoon-billed sandpiper record were classed as 
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208 presences, and 10,000 background points sampled as pseudo-absences. We constructed four 

209 models in total, relating to the north, central (Autumn), central (Spring) and south regions 

210 (Figure 1). Initial models included all nine variables and were refined by stepwise backwards 

211 elimination; following each model run, the variable with the lowest relative contribution was 

212 dropped until all variables contributed > 1% to the model. Where appropriate, the 

213 regularisation multiplier was increased to avoid over-fitting the model to the training data and 

214 produce smooth response curves (Phillips et al. 2006). Once a final model for each region 

215 was constructed, 10-fold cross-validation resampling was used to assess variable importance 

216 (Elith et al. 2011). MaxEnt does not segregate data spatially (Elith et al. 2011), potentially 

217 inflating estimates of model accuracy (Bladon et al. 2018). We attempted to minimise 

218 inflating model accuracy assessments by using only one record for each occupied 0.25km2 

219 cell in the models. Model fit was assessed using the AUC (Area Under the receiver-operator 

220 Curve) statistic, where a value of 0.5 implies the model is no better than random, while that 

221 of 0.9 and above indicates a good model (Swets 1988). 

222  For the north and central regions, models were constructed for the entire area. For the 

223 south region, the model was initially built using a focal area encompassing the principal 

224 known wintering sites, corresponding broadly to the area used in Zöckler et al (2016). This 

225 focal model was produced as described above, and extrapolated to cover the full south region 

226 (Figure 1). Following Zöckler et al (2016), we defined key potential sites as the 5% of pixels 

227 with the highest modelled probability of occupancy. 

228

229 Results

230 Field observations of spoon-billed sandpiper came from coastal sites across the 

231 central and south regions (Figure 1). Distribution was patchy, with the majority of records 
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232 from just a few sites in the wintering areas: the Meghna estuary and Cox’s Bazar, 

233 Bangladesh; Nan Thar island and the Gulf of Mottama, Myanmar; the Inner Gulf of Thailand; 

234 and Hainan and the Leizhou Peninsula in Guangdong, China. The most important stopover 

235 site was the southern Jiangsu coast in China. To an extent this skewed distribution reflects 

236 concentrated survey effort at known sites, however the species’ association with extensive 

237 tidal mudflats means that larger congregations are most probable in these locations. 

238 The high AUC values signified that all four models were adequate descriptions of 

239 spoon-billed sandpiper distributions (Table 2). This indicates that the predicted outputs could 

240 be accurate representations of potential spoon-billed sandpiper distributions. Considering 

241 individual variables, MODIS bands 1, 2 and 3 (corresponding to visible red, infrared and blue 

242 wavelengths respectively; Table 1) were generally the most important in all models, although 

243 the importance of each changed among regions (Table 1). Band 1 was the most important for 

244 central region models, particularly for the Autumn model. Bands 2 and 5 were notably 

245 important for the south and central Spring models, whereas band 3 was the most important 

246 for the north model. Radar was retained in all models, contributing between 7.7 and 10.3%. 

247 NDVI was included in models for north and south regions, but dropped from the central 

248 region models. MODIS bands 4, 6 and 7 were of low importance across all regions. Response 

249 curves and standard deviations of the variables for each model are given in Figure S1.

250 Model outputs for each region are shown in Figures 2 to 4, with the key sites labelled. 

251 For display purposes the 0.25km2 pixels have been resampled to 10km2 (full resolution 

252 versions are available in Figures S2 to S5). Potential sites with a high likelihood of 

253 occupancy for spoon-billed sandpipers are spread across the north region: near Shelikhova 

254 Bay (A); Karaginskiy and Oliutorskiy Bays (B); in Kamchatka, the western coast (C) and the 

255 mouth of the Kamchatka river (D); Turgurski and Academy Bays (E); at the mouth of the 

256 Amur liman and around northern Sakhalin (F);  In the central region, there is a larger area 
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257 predicted as suitable for spoon-billed sandpipers during the Autumn (southward) migration 

258 than Spring (northward) migration. However, both Autumn and Spring models identify three 

259 main areas in the Yellow Sea as particularly valuable habitat: Bohai and Laizhou Bays (G); 

260 the Jiangsu coast (H); and the Yangtze Delta and Hangzhou Bay (J), either side of Shanghai. 

261 The focal area of the south region identifies the key overwintering sites known to support 

262 spoon-billed sandpiper, namely the Ganges-Brahmaputra Delta (M), the Rakhine coast and 

263 Nan Thar island (N), Hainan and the western Guangdong coast (P), the Gulf of Mottama and 

264 Ayeyarwady Delta (Q), the Inner Gulf of Thailand (R), and the Mekong Delta (S). The model 

265 for the wider south region also highlights sites where spoon-billed sandpipers were seen in 

266 2018: Mannar in Sri Lanka (K), Fraserganj in India (L), and Aceh in Indonesia (T).

267 Protected areas listed in the 2018 version of the WDPA cover only 8% of the most 

268 likely occupied locations in the non-breeding range of spoon-billed sandpiper. Of the top 5% 

269 of areas most likely to be occupied, 15% of the north region, 10% of the central region and 

270 5% of the south region are covered by protected areas. KBA and IBA coverage is slightly 

271 greater, covering 13% of the most likely occupied locations. In the north region 26% of sites 

272 are covered, 15% in the central region and 10% in the south.

273

274 Discussion

275 Spoon-billed sandpiper distribution

276 This study is the first to combine field observations and satellite tracking data of 

277 Critically Endangered spoon-billed sandpiper to identify areas with a high likelihood of 

278 occupancy across the entire potential non-breeding range. The models identified many 

279 potential sites that have not been formally surveyed for spoon-billed sandpiper, and 
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280 highlighted the paucity of conservation designations covering key locations throughout the 

281 flyway.

282 All models had high AUC values, suggesting they were appropriate for the prediction of 

283 spoon-billed sandpiper distribution. The main areas known to be occupied by birds in the 

284 north and central regions were successfully identified by the models. The south model 

285 highlighted all the known sites, and there is strong agreement with Zöckler et al (2016) in 

286 identifying the most important sites in the core wintering range. Moreover, the model 

287 performed well in mapping the potential distribution of the species in new areas, successfully 

288 identifying locations only recently found to be occupied such as Mannar in Sri Lanka and 

289 Fraserganj in India (Chakraborty et al. 2018; Darshana 2018), although the latter might only 

290 serve as a stopover site as extensive winter surveys in the past did not record spoon-billed 

291 sandpiper (Zöckler et al 2005).

292 Identification of new populations or new areas of suitable habitat is frequently cited as 

293 one of the purposes of species distribution models. Encouragingly, earlier attempts to model 

294 spoon-billed sandpiper distribution resulted in discovery of previously unknown occupied 

295 sites (Chowdhury et al. 2018; Zöckler et al. 2016). The models presented in this study 

296 highlighted numerous potential passage sites, and the findings can be used for planning future 

297 formal survey efforts. Details of occupied and potential sites, with coordinates and protected 

298 area status are available in Table S1. The majority of potential locations in the north region 

299 are in the vicinity of areas previously identified as stopover sites for spoon-billed sandpiper 

300 and a range of other shorebird species (Aharon-Rotman et al. 2016; Antonov & Huettmann 

301 2004; Gerasimov 2006; Tomkovich et al. 2013). However, there are several sites around the 

302 Shelikhova Gulf that merit further investigation, including Gizhiga, Mametchinskiy and 

303 Rikiniki Bays. In the central region the most likely candidates for previously unrecognised 

304 sites are on the west coast of the Korean peninsula. In the Democratic People’s Republic of 
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305 Korea there is a small area close to Pyongyang, and a large stretch of coastline in Yonan 

306 county. Satellite tagging data from two birds has since shown Yonan to be an important 

307 moulting site for spoon-billed sandpiper (Green et al. 2018). In the Republic of Korea there 

308 are extensive areas of tidal flats on the Jeollanam-do coast; the west coast of the Republic of 

309 Korea is already known to support internationally important concentrations of wading birds 

310 (Moores 2006, 1999; RSIS 2018), although spoon-billed sandpipers have not yet been 

311 recorded there. 

312 In the south region there are numerous potential areas that merit formal surveying. 

313 Stretches of the east coast of India were identified with a high potential for occupation: 

314 between the Hooghly and Mahanadi rivers; north of the Khrishna river; and at Point Calimere 

315 in the far south. There are historic records of spoon-billed sandpiper from both Point 

316 Calimere and the Lake Chilika - Mahanadi Delta area, all sites that host large numbers of 

317 other migratory waterbirds (Balachandran 2006; Ghosh et al. 2006; RSIS 2018). The Fujian 

318 coastline in China, and Changhua and Tainan counties on the west coast of Taiwan all have a 

319 high likelihood of occupancy. There are informal and historic records of spoon-billed 

320 sandpiper from these areas (Bunting & Zöckler 2006; eBird 2018), and the species was 

321 successfully recorded during surveys in Fujian in 2019. Wenzhou Bay in Zhejiang also 

322 appears suitable, and has recently been found to be an important stopover site for great knot 

323 (Calidris tenuirostris) (Chan et al 2019). In the Philippines, Manila Bay, the south end of 

324 Mindoro, and parts of Panay all appear highly suitable, although there are no records of 

325 spoon-billed sandpiper from these areas. There are several prospective areas in Borneo, 

326 including Brunei Bay IBA; the Sadong-Saribas coast IBA in Sarawak; and the Kayan and 

327 Mahakam river estuaries on the East coast of Kalimantan. In Sulawesi there are small areas in 

328 the Tanjung Panjang KBA on the south coast of Gorontalo province, and on both east and 

329 west coasts of South Sulawesi. The sites in Borneo and Sulawesi are more speculative as 
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330 there are no records for the species on these islands, although many of the sites are 

331 recognised as important for other shorebird species (BirdLife International 2018). 

332

333 Conservation implications

334 Intertidal habitats on the East Asian-Australasian flyway are imperilled by a range of 

335 threats including pollution, invasive species, sea level rise, habitat loss and hunting (Studds et 

336 al. 2017; Sutherland et al. 2012). In the case of habitat loss for example, over 40,000 hectares 

337 of intertidal flats were destroyed at the Saemangeum estuary in the Republic of Korea 

338 following construction of a 33 km long sea wall (Rogers et al. 2006). This had dramatic 

339 consequences for wading bird populations in the area; up to 200 spoon-billed sandpipers were 

340 recorded during the 1990s, but once the estuary was enclosed in 2006, this dropped to only 

341 three individuals (Barter 2002; Moores et al. 2008, 2016). Austral migrant wading bird 

342 species reliant on stopover sites in the Yellow Sea have undergone severe declines in recent 

343 decades, arguably as a result of habitat loss and disturbance (Studds et al. 2017). Despite 

344 documented declines in site quality in the Yellow Sea, many species have not shifted from 

345 traditional areas, implying a lack of alternatives (Zhang et al. 2018). Given commonalities in 

346 ecology, spoon-billed sandpiper are likely impacted in a similar way; threatened by declining 

347 habitat quality but unable to shift to alternative sites. 

348 Such strong site limitation during migration emphasises the precarious situation of spoon-

349 billed sandpiper and the species’ sensitivity to further habitat disturbance or destruction. In 

350 consequence, recognised staging sites such as the Jiangsu coast are critically important, as the 

351 entire population may stop over at these sites during Spring and Autumn migration. These 

352 stopover sites are vital links in the species’ movements along the East Asian-Australasian 

353 flyway, and loss of such sites might consign spoon-billed sandpipers to extinction (Tong et 
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354 al. 2012). Furthermore, sites predicted to have a high likelihood of occupancy by spoon-

355 billed sandpiper are also likely to be used by other wading bird species of conservation 

356 concern such as the Endangered Nordmann’s greenshank (Tringa guttifer) and great knot, 

357 increasing sites’ importance for biodiversity conservation generally (Zöckler et al. 2018).

358 Preventing declines and extinctions of wading bird species in the East Asian-Australasian 

359 Flyway would be assisted by a cohesive network of protected areas. Throughout the East 

360 Asian-Australasian flyway, there is growing governmental recognition of the need to protect 

361 threatened coastal areas. China recently initiated new environmental protection legislation, 

362 declaring that strict controls would be placed on land claim projects in the Yellow Sea area 

363 (State Council, 2018) and nominating priority Yellow Sea coastal wetlands as Natural World 

364 Heritage Sites (UNESCO World Heritage Centre, 2017). New Ramsar sites have also been 

365 designated in Myanmar and the Republic of Korea amongst others (RSIS 2018). However, 

366 only a small fraction of the locations potentially suitable for spoon-billed sandpiper are 

367 currently covered by nature conservation designations. While it is unfeasible to protect or 

368 manage every potentially suitable location, many of the areas deemed most likely occupied 

369 but as yet without spoon-billed sandpiper records are IBAs, and therefore recognised for their 

370 importance for wider biodiversity. Unfortunately, IBAs often have little or no formal 

371 protection (BirdLife International 2018).

372 Given the level of threats faced by spoon-billed sandpipers and other wading birds in the 

373 flyway, existing protected areas must be respected. Unprotected, but potentially highly-

374 suitable sites should be surveyed for spoon-billed sandpiper as soon as possible, in order to 

375 guide site-based conservation management, including expansion of the protected area 

376 network (Zhang et al. 2017). Further conservation interventions should be encouraged; 

377 education and advocacy work has proven effective at reducing hunting pressures in known 

378 areas (Bird et al. 2010; Chowdhury 2012; Htin Hla & Eberhardt 2011; Clark et al. 2014). 
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379 However, for these to be successful in the longer term, outside engagement must be 

380 maintained, and supported by funding for alternative livelihoods (Chowdhury 2010; Pyae 

381 Phyo et al. 2018). The distribution models presented here identify priority areas for future 

382 surveying, and conservation intervention and protection.

383
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620 Table 1. Importance of each variable in the four regional models, “-” indicates variable 

621 dropped during model construction. “Percent contribution” shows the relative contribution of 

622 each variable when it is included in the final model, “Permutation importance” shows the 

623 percentage fall in training AUC when values for that variable are randomly permuted while 

624 other variables are left unchanged.
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MODIS Band 1

(620 – 670nm)

15.8 1.1 50.6 22.8 13 43 34.6 3.9

MODIS Band 2

(841 - 876nm)

2.4 0.9 15.7 11.9 36 3.3 31 36.3

MODIS Band 3

(459-479nm)

31 40.7 13.7 2.5 15.7 21.2 4.2 1.6

MODIS Band 4

(545 – 565nm)

9.9 35.4 - - - - 1.6 2.5
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MODIS Band 5

(1230 – 1250nm)

8.5 9.4 6.8 19.7 13.8 18.6 12.8 35.6

MODIS Band 6

(1628-1652nm)

- - 1.3 26.6 2.9 7.3 5.5 16.8

MODIS Band 7

(2105 – 2155nm)

6.6 5.3 2.6 12.6 - - - -

MODIS NDVI 17 3.5 - - 11 4.6 - -

Sentinel 1 Radar 8.7 3.8 9.3 3.9 7.7 2 10.3 3.3

625

626

627 Table 2. Summary of the AUC values from the 10-fold cross-validation analyses for each 

628 region model.

Region AUC  sd Number of training 

points

North 0.928  0.02 151

Central Autumn 0.968  0.009 259

South 0.946  0.02 179

Central Spring 0.961  0.045 100

629
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630

631

632

633

634

635

636

637

638

639 Figures
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640

641 Figure 1. The potential non-breeding range of spoon-billed sandpiper, showing the three main 

642 regions used in this study: north, central and south. For the south region, the distribution 

643 model was initially built with the focal region, before extrapolation to the whole area. 

644 Number of spoon-billed sandpiper records from field surveys 2008 – 2017 in the central and 
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645 south regions are shown in 1 degree squares, records from field surveys in the north region 

646 were not available.

647

648

649
650 Figure 2. Predicted spoon-billed sandpiper distribution for the north region, bounded by 

651 horizontal lines shown at 40º and 63ºN. For display purposes 500m pixels were resampled to 

652 10km squares, and the 5% of squares with the highest likelihood of occupancy are shown. A 

653 full resolution version of the map is available in the online materials (Figure S2). Sites 

654 predicted to be suitable for the species are labelled thus: A - Shelikhova Bay, B - Karaginskiy 

655 and Oliutorskiy Bays, C - Western Kamchatka coast, D - Kamchatka river mouth, E - 

656 Tugurski and Academy Bays, F - Amur liman and Northern Sakhalin. Details of these sites, 

657 with coordinates and protected area status are available in Table S1.
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658

659

660 Figure 3. Predicted spoon-billed sandpiper distribution for the central region during 

661 migration, bounded by horizontal lines shown at 30º and 40ºN. For display purposes 500m 

662 pixels were resampled to 10km squares, and the 5% of squares with the highest likelihood of 

663 occupancy are shown. At this scale there is no change between the Autumn and Spring 

664 migration in the areas most likely occupied. However, a full resolution version of these maps 

665 are available in the online materials that show some subtle differences between the two time 

666 periods (Figures S3 and S4). Key sites known to be occupied are labelled thus: G - Bohai and 

667 Laizhou Bays, H - Jiangsu coast, J - Yangtze Delta and Hangzhou Bay near Shanghai. Sites 

668 predicted to be suitable by the model that have not been formally surveyed: 1 - coast at 

669 Pyongyang, 2 - Yonan coast, 3 - Jeollanam-do coast. Details of labelled sites with coordinates 

670 and protected area status are available in Table S1.
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671

672 Figure 4. Predicted spoon-billed sandpiper distribution for the south region, bounded by the 

673 box between 6ºS and 30ºN, and between 76º and 130ºE. For display purposes 500m pixels 

674 were resampled to 10km squares, and the 5% of squares with the highest likelihood of 

675 occupancy are shown. A full resolution version of the map is available in the online materials 

676 (Figure S5). Sites known to be occupied are labelled thus: K - Mannar in Sri Lanka, L - 

677 Fraserganj in India, M - Ganges-Brahmaputra Delta, N – Rakhine coast and Nan Thar island, 

678 P – Hainan and the Leizhou Peninsula, Guangdong, Q - Gulf of Mottama and the 

679 Ayeyarwaday Delta, R - Inner gulf of Thailand, S - Mekong Delta, and T - Aceh in 

680 Indonesia. Sites predicted by the model to be occupied that have either not been formally 

681 surveyed between 2008 and 2017, or have never been assessed: 1 - Point Calimere, 2 - 

682 Khrishna river, 3 - Lake Chilika and Mahanadi river, 4 - Hooghly river, 5 - Fujian coast, 6 - 

683 South-west coast of Taiwan, 7 - Manilla Bay, 8 - Mindoro and Panay, 9 - Brunei Bay, 10 - 

684 Kayan river, 11 - Maludam National Park, 12 - Mahakam river, 13 - Gorontalo coast, 14 - 
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685 South Sulawesi. Details of labelled sites with coordinates and protected area status are 

686 available in Table S1.
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Spoon-billed sandpiper distribution

5 Figure S1. Response curves +/- 1 standard deviation for the variables in each model. Curves 

6 show change in predicted probability of presence for that variable when all others are held at 

7 their mean.
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