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Along the East Asian-Australasian flyway (EAAF), waterbirds are threatened by a wide
range of human activities. Studies have shown that wintering populations of many
species have declined in Australia and Japan; however, long term data along China’s
coast are limited. In this study, we analyzed data collected from monthly bird surveys
to quantify population trends of wintering waterbirds from 1998 to 2017 in the Deep
Bay area, South China. Of the 42 species studied, 12 declined, while nine increased
significantly. Phylogenetic comparative analysis revealed that population trends were
negatively correlated to reliance on the Yellow Sea and body size. Further, waterbird
species breeding in Southern Siberia declined more than those breeding in East Asia.
These findings, coupled with a relatively high number of increasing species, support
the continual preservation of wetlands in the Deep Bay area. This study provides
another case study showing that data collected from wintering sites provide insights
on the threats along migratory pathway and inform conservation actions. As such, we
encourage population surveys in the EAAF to continue, particularly along the coast of
China.
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INTRODUCTION

Studying population trends of threatened species to identify drivers of population change is crucial
for conservation. This is challenging for mobile species, such as migratory waterbirds (Webster
et al., 2002; Piersma et al., 2016). Many waterbird species travel across hemispheres annually, and
their populations can be impacted by a wide range of environmental and anthropogenic factors in
breeding grounds, stopover sites, and wintering grounds (Amano et al., 2010; Catry et al., 2013;
Clemens et al., 2016; Howard et al., 2020). The driving factors can vary greatly in scale, ranging
from global climate change to local habitat transformation (Amano et al., 2010; Pavón-Jordán et al.,
2015). As such, quantification of population trends at different locations (breeding, stopover, and
wintering) can provide useful information to assess migratory waterbird conservation status and
evaluate the threats along their migratory pathways (Murray et al., 2017; Wang et al., 2018).

Waterbirds of the East Asian-Australasian flyway (EAAF) have been attracted conservation
attention. Habitat transformation along the coast of China, especially in the Yellow Sea area, has
caused prominent declines of several species; this is supported by the studies revealing declines
of species that rely on Yellow Sea as essential stopover sites at wintering sites in Japan, Australia,
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and New Zealand (Amano et al., 2010; Murray et al., 2015, 2017;
Studds et al., 2017). Besides habitat transformation, waterbirds of
the EAAF also experience a wide range of other threats (Wang
et al., 2018), including hunting (Gallo-Cajiao et al., 2020), alien
invasive species (Gan et al., 2009), pollution (Zhao et al., 2016),
and climate change (Iwamura et al., 2013; Wikramanayake et al.,
2020).

Previous studies have quantified population trends of
migratory waterbirds in China, but the population trends of
nearly half (48%) of species were unknown because of the
lack of long-term, systematic survey data (Wang et al., 2018;
Wetlands International, 2021). Systematic surveys along the
coast of China only began in 2005 (Bai et al., 2015). However,
systematic waterbird surveys were done in the Deep Bay area,
South China since 1998. This represents a valuable dataset to
quantify population trends of waterbirds in the EAAF because
of two major reasons. First, the area represents one of the most
important wintering sites for waterbirds, since the area holds over
20% of EAAF populations for 13 waterbird species (Bai et al.,
2015). Second, to our knowledge, the dataset is from the longest
(≥20 years) systematic survey of wintering waterbird populations
along the coast of China.

The quantification of waterbird population trends in the Deep
Bay makes it possible for us to evaluate the impacts of different
threats along the EAAF. This has been done through comparative
trait-based analysis to assess the influence of species traits on
population trends of EAAF waterbirds in Japan (Amano et al.,
2010), Australia, and New Zealand (Murray et al., 2017). In the
present study, we applied a similar approach on the wintering
population in the Deep Bay area, providing the first case study
along the coast of China. We take a three-step approach. First,
we quantified the population trends of 42 wintering waterbird
species in the Deep Bay area. Second, we used remote sensing to
quantify the extent of habitat transformation, providing baseline
information to evaluate the influence of local habitat changes
on population trends. Lastly, we performed a comparative trait-
based analysis to identify species traits associated with local and
regional threats that correlate with population trends among
species. From this work, we provide insight on the threats at
different geographical scales and provide recommendations on
the conservation of threatened waterbirds along the EAAF.

MATERIALS AND METHODS

Bird Survey
The Hong Kong Bird Watching Society started to conduct
surveys on wintering waterbirds in the Deep Bay area in 1979,
providing data to the international counts organized by the
International Waterfowl Research Bureau and Asian Wetland
Bureau (Melville, 1980; Carey, 1994). Since 1998, the Hong Kong
Government began to fund the monitoring of waterbirds—
systematic, monthly surveys have been carried out in the Deep
Bay area, which encompasses two regions: (1) the northwest New
Territories, Hong Kong Special Administrative Region China,
and (2) Futian Mangrove National Nature Reserve, Shenzhen,
Guangdong Province, China. The study area contains a mixture

of different wetland types, including commercial aquaculture
ponds, mangroves, and intertidal mudflats (more details in Pang
et al., 2020). Synchronized surveys were conducted along 16 fixed,
non-overlapping transects distributed across the study areas by
trained surveyors. Among these 16 transects, 15 are located in
Hong Kong while one are in Shenzhen, China. The surveyor
recorded the abundance of all waterbird species, using binoculars
and/or telescopes. To maintain survey consistency, all surveyors
had over 3 years of birdwatching experience and received training
provided by the Hong Kong Bird Watching Society. The training
consisted of two parts, including lectures and practical sessions.
The lectures provided candidate surveyors information on the
project background, survey methods, and safety issues. For the
practical sessions, all candidate surveyors were required to join
at least three surveys led by a trained surveyors. For the time
of survey, all surveys were done during high tide, when the
intertidal mudflat was largely submerged, and waterbirds visited
high-tide roosting areas.

Habitat Changes
To quantify the extent of habitat transformation in the Deep
Bay area from late 1990s to late 2010s, we used Système Pour
l’Observation de la Terre (SPOT) images and open data. SPOT
4 and SPOT 5 images taken, respectively in 2000 and 2008
during dry season (October to February) of Hong Kong were
selected to eliminate cloud contamination. SPOT images were
employed due to their high resolution (6–10 m), allowing for
visualization of greater detail in the land cover and more precise
land use classification. All remote sensing images were processed
through geometric correction, false color composition, image
mosaic, and supervised classification using the ArcGIS 10.5. Over
1,000 training samples were obtained from different sources
to improve the image classification accuracy. For 2018, the
habitat/land use data were obtained from WWF open data1

and supplemented by Google Earth high spatial resolution
images. Land use was classified into 15 habitats according to
the methodology stated in the Terrestrial Habitat Mapping
proposed by the Sustainable Development Unit, Hong Kong
Government2. The 15 habitat types was further categorized into
five habitats, including aquaculture ponds, human settlement,
intertidal mudflat, mangrove, and other vegetation.

Population Trends
We included data collected from 3 months (December, January,
and February), when migratory waterbirds complete their
southward migration and have not started northward migration
(Clemens et al., 2016). In total, 60 surveys were included in
the analyses (3 months × 20 years). To avoid spurious results
caused by rare and infrequent species, we selected species with
at least 10 individuals recorded in 10 surveys. To quantify
wintering bird population trends, we used generalized additive
mixed models (GAMM) to determine non-linear population
trends. We quantified the trends for three focal periods, including

1https://globil-panda.opendata.arcgis.com/datasets/mai-po-wetland-habitats
2https://www.epd.gov.hk/epd/english/environmentinhk/eia_planning/sea/
terresthab.html
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the entire study period (1998–2017) and two 10-year periods
(1998–2007 and 2008–2017) because we aimed to understand
the population trends over the entire study period and if the
trends changed during the study period. We included the number
of birds as a dependent factor and year (e.g., December 1998,
January 1999, and February 1999 regarded as the winter of
1998) as an independent factor. To account for variation between
sites, we included transect as a random factor. We used the
package poptrend in software R to fit a log-linear model with
quasipoisson or negative binomial distribution using restricted
maximum likelihood (Knape, 2016; R Core Team, 2019). We
chose the data distribution based on examination of model
residuals and explained deviance (Bell et al., 2020). We used the
function change of R package poptrend to estimate percentage
of population change; we considered that there was a significant
trend when the standard errors did not overlap with zero,
positive values indicated increasing trends whereas negative
values indicated decreasing trends.

Factors Influencing Population Trends
To explore the relationships between population trends and
selected species traits, we obtained linear changes in population
by estimating linear population trends using generalized linear
mixed models (GLMM) with logit link function and zero-inflated
Poisson or negative binomial error. Estimates (percentage of
population changes) of GAMM were not used because the
estimates are sensitive to initial counts which resulted in
exceptionally large increases in some species (black-winged stilt,
great knot, Pacific golden plover; Table 1). Zero-inflated models
were used because over 67% of count were zeros. We included
the total number of birds recorded as a dependent factor, year
as an independent factor, and transect as a random factor. Then
we examined the correlation between linear population changes
of species (slope coefficient of year) and species traits using
phylogenetic generalized least squares (PGLS), which accounts
for phylogenetic relationships between species (Felsenstein,
1985). We obtained the phylogeny of the study species from the
BirdTree database3. We developed a consensus phylogeny from
1,000 plausible phylogenetic trees using Hackett phylogenetic
backbones (9,993 OTUs) (Jetz et al., 2012). We constructed
the consensus phylogeny and did the PGLS using the function
consensus.edges and pgls in R package phytools respectively
(Revell, 2012). The eight species traits included in our models
were breeding range, wintering range, breeding habitat, wintering
habitat, body size, reliance on Yellow Sea as key habitats, reliance
on aquaculture ponds, and intertidal mudflats. We collected
information on distribution range and habitat use from Billerman
et al. (2020). We followed the categorization in Amano et al.
(2010) for breeding range (East Asia, South Siberia, and High
Arctic), wintering range (East Asia, Southeast Asia, and the
Oceania), breeding habitat and wintering habitat (generalist,
freshwater, and coastal specialists). Body size was recorded as
the maximum body size for each species using data in Billerman
et al. (2020). Species relying on the use of Yellow Sea as their
staging sites were reported to show population decline recently

3http://birdtree.org/

(Melville et al., 2016); to explore the effect of the Yellow Sea-
reliance on the population trend in the Deep Bay area, species
were categorized into those depending on the Yellow Sea and
those that do not. Reliance on the Yellow Sea is defined as having
more than 30% of the EAAF population staging during migration
or breeding in the Yellow Sea, with data collected from Barter
(2002); Amano et al. (2010), Wetlands International (2021), and
Choi et al. (2020). In the Deep Bay area, waterbirds relying on
either aquaculture ponds or intertidal mudflats may be influenced
by a change in coverage of aquaculture ponds and intertidal
mudflats. We quantified the reliance on aquaculture ponds and
intertidal mudflats into four levels by calculating the proportion
of individuals recorded from these two habitats (heavy ≥ 50%;
moderate = 10–50%; light = 1–9% and; no = 0%), following the
approach of Fujioka et al. (2010) who evaluated the importance
of rice fields to shorebirds. We assessed multicollinearity in
independent factors by calculating generalized variance inflation
factors (GVIF); we excluded wintering ground that has GVIF > 2
(Fox and Monette, 1992). We built models for the three focal
periods separately. To identify the most influential factors
from the full models, we used the function dredge in the
package MuMIn in software R to build models by fitting all
possible combinations of independent factors (Barton, 2011). We
determined the best models according to Akaike’s Information
Criterion values corrected for small sample size (AICc); candidate
models with < 2 units of difference in AICc value with the top
model were considered as the set of best fitting models (Burnham
and Anderson, 2002). We calculated final estimates and standard
errors for species traits by averaging the parameters from the best
fitting models. We applied Wald’s Z test to test the significance of
the correlations between annual population changes and species
traits (Bolker et al., 2009). We did the analysis separately for three
focal periods: 1998–2017, 1998–2007, and 2008–2017. GLMM
was built using the R package glmmTMB (Brooks et al., 2017).

RESULTS

We recorded 130 wintering waterbird species from 1998 to 2017,
and we included 42 species in the analysis. Of the 42 species,
the population of nine species (black-faced spoonbill, black-
winged stilt, Chinese pond heron, common greenshank, Eurasian
curlew, great knot, little grebe, Pacific golden plover, pied
avocet) increased, and 12 species (black-headed gull, common
moorhen, common sandpiper, common shelduck, Dalmatian
pelican, Eurasian coot, Eurasian teal, Eurasian wigeon, green
sandpiper, gray heron, lesser black-backed gull, northern pintail)
declined from 1998 to 2017 (Table 1 and Figures 1, 2). Among
the nine increasing species, three species (black-faced spoonbill,
little grebe, and Pacific golden plover) increased consistently in
both 10-year periods (1998–2007 and 2008–2017). Among the
12 declining species, eight species (black-headed gull, common
shelduck, Dalmatian pelican, Eurasian teal, Eurasian wigeon,
green sandpiper, lesser black-backed gull, and northern pintail)
decreased consistently in both 10-year periods. Five species
exhibited reverse trends in the two 10-year periods; common
greenshank, intermediate egret, pied avocet, and wood sandpiper
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TABLE 1 | Estimated percentage of population changes for 42 wintering waterbirds species in the Deep Bay area from 1998 to 2017 calculated by generalized additive
mixed models using the package poptrend in software R.

Family Species Common Maximum 1998–2017 1998–2007 2008–2017 WPE

name count trend

Anatidae Tadorna tadorna Common shelduck 1,320 −99 (−99, −99) −99 (−99, −99) −99 (−99, −99) Unk

Anatidae Anas crecca Eurasian teal 5,017 −90 (−94, −80) −66 (−75, −53) −66 (−75, −53) Dec

Anatidae Anas Penelope Eurasian wigeon 4,206 −89 (−94, −79) −70 (−81, −49) −58 (−74, −29) Dec

Anatidae Anas querquedula Garganey 126 41 (−68, 550) −44 (−85, 104) 144 (−32, 821) Dec

Anatidae Anas acuta Northern pintail 5,230 −90 (−95, −77) −65 (−77, −46) −68 (−79, −49) Dec

Anatidae Anas clypeata Northern shoveler 12,520 −31 (−72, 53) −69 (−85, −31) 129 (12, 331) Unk

Anatidae Aythya fuligula Tufted duck 8,000 470 (−22, 3,325) 302 (−20, 1,732) 20 (−72, 357) Unk

Ardeidae Nycticorax nycticorax Black-crowned night heron 658 160 (−45, 1,504) −34 (−84, 212) 302 (5, 1,437) Sta

Ardeidae Ardeola bacchus Chinese pond heron 126 86 (29, 173) −14 (−39, 16) 134 (75, 212) Sta

Ardeidae Bubulcus ibis Eastern cattle egret 77 22 (−52, 198) −23 (−67, 70) 88 (−16, 335) Sta

Ardeidae Casmerodius albus Great egret 825 43 (−8, 123) 56 (4, 130) 0 (−29, 42) Dec

Ardeidae Ardea cinerea Gray heron 816 −38 (−51, −20) −10 (−24, 8) −29 (−42, −13) Unk

Ardeidae Larus fuscus Intermediate egret 700 −30 (−68, 48) 89 (0, 269) −62 (−80, −27) Unk

Ardeidae Egretta garzetta Little egret 1,555 −21 (−52, 23) 33 (−9, 94) −32 (−53, −1) Sta

Charadriidae Pluvialis squatarola Gray plover 833 127 (−15, 521) −1 (−56, 125) 142 (7, 542) Dec

Charadriidae Mesophoyx intermedia Kentish plover 26 −93 (−99, 109) −87 (−99, 131) −70 (−98, 449) Unk

Charadriidae Charadrius dubius Little ringed plover 200 −45 (−77, 23) 14 (−43, 129) −47 (−75, 9) Unk

Charadriidae Pluvialis fulva Pacific golden plover 782 1,813 (146, 17,246) 304 (55, 1,045) 304 (55, 1,035) Unk

Rallidae Fulica atra Eurasian coot 762 −98 (−99, −87) −39 (−77, 59) −94 (−99, −63) Dec

Laridae Larus ridibundus Black-headed gull 14,300 −69 (−85, −25) −42 (−59, −12) −42 (−60, −14) Unk

Laridae Charadrius alexandrinus Lesser black-backed gull 4,303 −87 (−98, −9) −63 (−85, −4) −63 (−86, −6) Unk

Laridae Larus saundersi Saunders’s gull 114 −51 (−87, 84) −41 (−74, 32) −13 (−66, 116) Dec

Pelecanidae Pelecanus crispus Dalmatian pelican 22 −99 (−99, −99) −99 (−99, −94) −99 (−99, −80) Dec

Phalacrocoracidae Phalacrocorax carbo Great cormorant 8,139 119 (−8, 446) 54 (−29, 230) 37 (−33, 214) Unk

Podicipedidae Podiceps cristatus Great crested grebe 413 −72 (−96, 124) −14 (−84, 413) −65 (−93, 107) Unk

Podicipedidae Tachybaptus ruficollis Little grebe 82 146 (73, 257) 57 (16, 126) 42 (9, 89) Unk

Rallidae Gallinula chloropus Common moorhen 118 −58 (−77, −28) 59 (−2, 158) −72 (−84, −54) Unk

Recurvirostridae Himantopus himantopus Black-winged stilt 669 65,425 (793,
4,706,921)

87,404 (1,051,
7,248,016)

−18 (−83, 289) Unk

Recurvirostridae Recurvirostra avosetta Pied avocet 15,920 300 (84, 907) 716 (294, 1,691) −57 (−78, −22) Unk

Scolopacidae Tringa nebularia Common greenshank 1,480 138 (3, 407) 352 (99, 819) −49 (−68, −20) Unk

Scolopacidae Tringa tetanus Common redshank 918 279 (−35, 2,637) 88 (−18, 382) 88 (−18, 378) Unk

Scolopacidae Actitis hypoleucos Common sandpiper 44 −29 (−51, 0) −17 (−39, 12) −15 (−40, 13) Unk

Scolopacidae Gallinago gallinago Common snipe 40 −12 (−58, 63) −6 (−33, 27) −6 (−34, 26) Unk

Scolopacidae Calidris alpine Dunlin 5,720 −91 (−99, 149) −96 (−99, −28) 94 (−87, 5,003) Unk

Scolopacidae Numenius arquata Eurasian curlew 1,592 153 (37, 406) 103 (16, 261) 19 (−28, 92) Unk

Scolopacidae Calidris tenuirostris Great knot 115 5,497 (403, 42,102) 229 (−43, 2,307) 1,648 (172, 9,502) Dec

Scolopacidae Tringa ochropus Green sandpiper 18 −55 (−69, −39) −32 (−42, −21) −32 (−43, −21) Unk

Scolopacidae Tringa stagnatilis Marsh sandpiper 2,428 9 (−96, 2,657) 5 (−82, 385) 2 (−81, 385) Unk

Scolopacidae Tringa erythropus Spotted redshank 2,500 −95 (−99, 59) −32 (−96, 1,136) −85 (−99, 205) Unk

Scolopacidae Calidris temminckii Temminck’s stint 46 33 (−66, 406) 123 (−23, 589) −42 (−81, 71) Unk

Scolopacidae Tringa glareola Wood sandpiper 262 −6 (−50, 75) 117 (17, 296) −57 (−74, −28) Unk

Threskiornithidae Platalea minor Black-faced spoonbills 423 811 (415, 1,471) 184 (115, 266) 184 (117, 270) Inc

Text color indicate significant increasing (blue) and declining (orange) trends. WPE (waterbird population estimates) trends indicates the assessment of population trends
along the East Asian-Australasian flyway on the waterbird population estimates online database; Sta, stable; Inc, increase; Dec, decrease; Unk, unknown (Wetlands
International, 2021).

increased from 1998 to 2007 and then decreased from 2008 to
2017, whereas northern shoveler decreased from 1998 to 2007
and increased from 2008 to 2017.

In the Deep Bay area, satellite maps revealed a consistent
decline in coverage of intertidal mudflat (56–43%), and a

consistent increase in coverage of mangrove (8–15%) and
other vegetation (3–14%) from 2000 to 2018 (Figure 3).
The coverage of aquaculture pond decreased from 2000
to 2008 (30–20%) and then increased from 2008 to 2018
(20–28%), whereas the coverage of human settlements
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FIGURE 1 | Relative changes in the abundance of nine wintering waterbird species that showed a significantly increasing trend from 1998 to 2017 in the Deep Bay
area. Solid lines indicate estimated long-term trends. The trend lines are colored for the period with significantly increasing (green) or decreasing (orange) trends.
Vertical lines and blue shaded areas indicate the 95% confidence intervals. The green rectangle at the bottom of panels indicate periods with significantly positive
curvature. The y-axis shows the partial residuals of year in the generalized additive mixed models.

increased from 2000 to 2008 (3–5%) and decreased from
2008 to 2018 (5–1%).

Body size, breeding habitat, breeding range, wintering habitat,
reliance on the Yellow Sea, and dependence on aquaculture
ponds were included in the most parsimonious models of PGLS
(Supplementary Table 2). Species breeding in Southern Siberia
declined more than those breeding in East Asia from 1998 to
2007 (Estimate = −0.204 ± 0.072; P = 0.008; Figure 4) and
from 2008 to 2017 (Estimate = −0.166 ± 0.049; P = 0.001),
whereas the species breeding High Arctic had similar trends with
those breeding in the other two ranges in three focal periods
(Table 2 and Figure 4). From 1998 to 2007, species that relied
on the Yellow Sea declined more (Estimate = −0.193 ± 0.073;
P = 0.013). From 2008 to 2017, body size had a negative impact
on population changes (Estimate = −0.003 ± 0.001; P < 0.001).

DISCUSSION

In this study, we quantified the 20-year population trends
of wintering waterbirds in the Deep Bay area. The overall
population trends of most study species (26 out of 42) are
unknown (Wetlands International, 2021; Table 1)—this study
supplements information to quantifying their population trends
along the rapidly changing EAAF. Further, we identified species
traits of waterbirds that correlated with their population trends,
which shed light on the threats they experience across their
breeding, migratory, and wintering grounds.

Declining Species and Threats
We identified 12 species that displayed apparent declines.
Three of these species (Eurasian coot, northern pintail, and
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FIGURE 2 | Relative changes in the abundance of 12 wintering waterbird species that showed a significantly decreasing trend from 1998 to 2017 in the inner Deep
Bay area. Solid lines indicate estimated long-term trends. The trend lines are colored for the period with significantly increasing (green) or decreasing (orange) trends.
Vertical lines and blue shaded areas indicate the 95% confidence intervals. The green rectangle at the bottom of panels indicate periods with significantly positive
curvature. The y-axis shows the partial residuals of year in the generalized additive mixed models.

Dalmatian pelican) were assessed to be declining in a regional
assessment (Wetlands International, 2021), suggesting that they
have dwindling populations along the EAAF and deserve
immediate conservation attention. For the other nine declining
species, it is uncertain if the decline we detected was confined
to the Deep Bay area because of different trends observed in

other wintering sites or limited population data elsewhere. It
is of conservation concern that four (out of six) duck species
declined significantly, including the common shelduck, common
teal, Eurasian wigeon, and northern pintail. The common teal
displayed opposite population trends in two wintering sites,
decreasing in Japan and increasing in Poyang Lake, China,
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FIGURE 3 | Habitat maps of the study area in the Deep Bay area (A), South China in (B) 2000, (C) 2008, and (D) 2018; and (E) proportion of habitat coverage in the
study area in 2000, 2008, and 2018.

whereas the Eurasian wigeon decreased in Poyang Lake but
remained stable in Japan (Kasahara and Koyama, 2010; Wang
et al., 2017). The common shelduck declined dramatically, with
no record after 2013. In contrast, recent survey data detected
an increasing trend of the common shelduck along the coast
of China between 2012 and 2019 (Choi et al., 2020). The Deep
Bay area is one of the southernmost wintering grounds for the
common shelduck. Other studies have shown that if population
decline occurs, fewer birds move as far south for wintering,
such that the decline can be first detected in the southernmost
wintering ground (Cresswell and Bauer, 2014; Clemens et al.,
2016).

Limited information is available for the other declining
species (black-headed gull, lesser black-backed gull, common
moorhen, common sandpiper, green sandpiper, and gray heron).
In addition to the lack of long-term data from other wintering
sites, the vast breeding range of these species also renders
flyway-wide population estimation challenging, if not impossible.
Continued monitoring at wintering sites, especially along the
coast of China, will elucidate whether these species declining in
the Deep Bay area are experiencing a species-wide population
decline or changing wintering distribution.

Increasing Species and Habitat
Transformation
In this study, we identified nine species (out of 42) that increased
significantly. Such proportion of increasing species (21%) was
higher than that in Australia (0%) (Clemens et al., 2016), but
similar to that in Japan (29%) (Kasahara and Koyama, 2010).
Among these increasing species, the black-faced spoonbill is
the only species with sufficient data elsewhere supporting a

population increase at a regional scale due to international
conservation efforts for almost three decades (Sung et al., 2017;
Wetlands International, 2021). For other species, there has
been no information suggesting a growing population along
the EAAF. In the Deep Bay area, there were considerably
decline in coverage of intertidal mudflat (56–43%) whereas
the changes were small for aquaculture pond (30–28%) and
mangrove (8–15%) (Figure 3). However, the change of wetland
area in the Deep Bay was small compared to that some
stopover and wintering sites of waterbirds along the coast
of China [e.g., the Yellow Sea area (>50% from 1950 to
2010) (Murray et al., 2015) and Yancheng Nature Reserve
in Jiangsu Province (>72% from 1976 to 2007) (Zuo et al.,
2012)] (Figure 3). Therefore, it is possible that the habitat
degradation in other wintering sites led to redistribution of
wintering populations, resulting in increasing trends for some
species in Hong Kong.

Ecological Correlates of Population
Trends
The low variation in wetland coverage may have contributed to
our results that population trends of wintering populations were
correlated with species traits associated with breeding grounds
and stopover sites, rather than wintering sites. For the effect of
breeding grounds, we found that species breeding in Southern
Siberia declined more than those breeding in East Asia, while
both had similar trends with the species breeding in High Arctic
(Figure 4). Many species have vast breeding ranges; the difference
may be related to large-scale environmental changes, such as
climate change. A global study found that waterbird populations
decreased more with decreasing latitude under climate change
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FIGURE 4 | Estimates of generalized linear mixed models (GLMM) (left column) and percentage of populations changes (estimated by generalized additive mixed
models) (right column) for the significant species traits in the phylogenetic generalized least squares (PGLS) models for population trends of waterbirds in the inner
Deep Bay area: panels (A,B) breeding range from 1998 to 2007, panels (C,D) breeding range from 2008 to 2017, panels (E,F) reliance on Yellow Sea from 1998 to
2007, and panels (G,H) body size from 2008 to 2017. For panels (A–F), dots represent means and lines indicate standard deviations. For panels (G,H), the red lines
indicate linear regression lines for the relationship between GLMM estimates and percentages of population changes and body sizes.

(Amano et al., 2020), which is opposite of our findings.
Alternatively, migratory distance correlates with breeding ground
and may explain the influence of breeding ground. In a study of
land birds in Finland, long-distance migrants declined more than

short-distance migrants under a warming climate (Virkkala et al.,
2018). It is also possible that Southern Siberia experienced region-
wide habitat degradation, although such data are currently
unavailable to evaluate this possibility.
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TABLE 2 | Estimates of factors influencing population changes of 42 wintering
water species in the Deep Bay area from 1998 to 2017 in the best phylogenetic
generalized least squares models.

Factors Estimate SE Z P

1998–2017 (Pagel’s λ = 0.152)

Body size −0.001 0.001 1.592 0.112

Breeding range (High Arctic) −0.015 0.046 0.318 0.750

Breeding range (Southern Siberia) −0.072 0.038 1.892 0.059

Yellow Sea −0.040 0.035 1.134 0.257

Breeding habitat (freshwater) −0.020 0.063 0.324 0.746

Breeding habitat (generalist) −0.093 0.064 1.459 0.145

Aquaculture 0.010 0.016 0.665 0.506

1998–2007 (Pagel’s λ = 0.582)

Breeding range (High Arctic) −0.168 0.086 −1.950 0.060

Breeding range (Southern Siberia) −0.204 0.072 −2.849 0.008

Breeding habitat (freshwater) 0.196 0.131 1.494 0.145

Breeding habitat (generalist) −0.085 0.107 −0.795 0.433

Wintering habitat (freshwater) −0.208 0.133 −1.562 0.128

Wintering habitat (generalist) −0.061 0.086 −0.714 0.481

Yellow Sea −0.193 0.073 −2.638 0.013

Body size 0.000 0.001 0.365 0.718

Aquaculture 0.010 0.040 0.245 0.808

Mudflat 0.036 0.065 0.546 0.589

2008–2017 (Pagel’s λ = 0)

Breeding range (High Arctic) −0.112 0.065 1.740 0.082

Breeding range (Southern Siberia) −0.166 0.049 3.361 0.001

Body size −0.003 0.001 4.526 <0.001

Wintering habitat (freshwater) −0.068 0.084 0.809 0.418

Wintering habitat (generalist) 0.082 0.061 1.328 0.184

Yellow Sea −0.099 0.057 1.745 0.081

Breeding habitat (freshwater) −0.125 0.108 1.157 0.247

Breeding habitat (generalist) −0.176 0.091 1.932 0.053

Bold rows indicates significant factors. Pagel’s lambda (λ) indicates the strength of
phylogenetic signals in the models.

We found that species that rely on the Yellow Sea declined
more than other species, which agrees to previous studies along
the EAAF (Amano et al., 2010; Clemens et al., 2016). Despite
the tremendous ecological value of the tidal flats in the Yellow
Sea area, tidal mudflats have declined by over 50% in the last
50 years, mainly due to coastal reclamation (Murray et al., 2015).
Urgent conservation actions are essential to reverse the negative
impacts of such rapid habitat loss and degradation. Extended
from our study, there are more passage migrant species (both
spring and autumn) relying on the Yellow Sea (e.g., curlew
sandpiper, red knot, red-necked stint) than wintering species in
the Deep Bay area, therefore it is worthwhile to investigate if
reliance on the Yellow Sea also influences population trends of
spring and autumn migrants.

In this study, larger species declined more than small species
from 2008 to 2017, which might be related to hunting (Purvis
et al., 2000). Both large and small waterbird species are hunted
(Barter et al., 1997), however, larger species are favored by
contemporary hunters (Gallo-Cajiao et al., 2020). Supporting
this, the Dalmatian Pelican and ducks, the larger species in
this study, has experienced a drastic decline across the EAAF,

with hunting as the major threat (Batbayar et al., 2007; Ming
et al., 2012). It should be noted that body size did not influence
population trends from 1998 to 2007. As hunting intensity of
waterbirds was probably similar or lower in recent years, we
believe that there may be other contributing factors. Larger
species are more vulnerable to population decline because of their
lower fecundity (Purvis et al., 2000). Other threats (e.g., habitat
degradation or climate change) in breeding, stopover or other
wintering sites may lead to a more drastic population decline
in larger species. Nonetheless, our results signal further studies
to determine the effect of various threats, especially hunting, on
waterbirds of different body sizes (Fox and Monette, 1992).

CONCLUSION

We quantified the wintering populations of 42 species, providing
important baseline information to evaluate their flyway-wide
conservation status. Conservation attention should be paid
to the declining species, including ducks and larger species
that are susceptible to hunting. Compared to other studies, a
relatively high proportion of species exhibited increasing trends,
providing evidence to support the continued protection against
development of wetlands in the Deep Bay area. Population
trends of wintering waterbirds were affected by factors associated
with breeding and stopover grounds, particularly the negative
impacts of habitat transformation in the Yellow Sea area. Our
results enhance our understanding of the population status and
threats to waterbird species, which allow us to formulate and
prioritize conservation actions for waterbird species along the
rapidly changing EAAF.
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