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Abstract
1.	 Satellite‐based technologies that track individual animal movements enable the 
mapping of their spatial and temporal patterns of occurrence. This is particularly 
useful in poorly studied or remote regions where there is a need for the rapid 
gathering of relevant ecological knowledge to inform management actions. One 
such region is East Asia, where many intertidal habitats are being degraded at un-
precedented rates and shorebird populations relying on these habitats show rapid 
declines.

2.	 We examine the utility of satellite tracking to accelerate the identification of 
coastal sites of conservation importance in the East Asian–Australasian Flyway. 
In 2015–2017, we used solar‐powered satellite transmitters to track the migration 
of 32 great knots (Calidris tenuirostris), an “Endangered” shorebird species widely 
distributed in the Flyway and fully dependent on intertidal habitats for foraging 
during the non‐breeding season.

3.	 From the great knot tracks, a total of 92 stopping sites along the Flyway were 
identified. Surprisingly, 63% of these sites were not known as important shorebird 
sites before our study; in fact, every one of the tracked individuals used sites that 
were previously unrecognized.

4.	 Site knowledge from on‐ground studies in the Flyway is most complete for the 
Yellow Sea and generally lacking for Southeast Asia, Southern China and Eastern 
Russia.

5.	 Synthesis and applications. Satellite tracking highlighted coastal habitats that are 
potentially important for shorebirds but lack ecological information and conserva-
tion recognition, such as those in Southern China and Southeast Asia. At the same 
time, the distributional data of tracked individuals can direct on‐ground surveys 
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1  | INTRODUC TION

New tracking and biologging technologies are increasingly used to 
gather ecological data to inform conservation and resource manage-
ment decisions (Fraser et al., 2018; Wall, Wittemyer, Klinkenberg, & 
Douglas‐Hamilton, 2014; Wilson, Wikelski, Wilson, & Cooke, 2015). 
Global tracking technologies, such as Argos satellite and GPS te-
lemetry, enable the tracking of individual animals during their entire 
migrations (Kays, Crofoot, Jetz, & Wikelski, 2015). The annual distri-
butions of migrants, as well as the extent of their local foraging areas 
and roosts, which were conventionally mapped from human obser-
vations made on the ground, can now be mapped from tracking data 
(Battley et al., 2012; Bijleveld et al., 2016). Such information can be 
used by conservation practitioners to inform management actions, 
for example, to design spatially and temporally representative mon-
itoring schemes and to delineate site boundaries of protected areas 
(Choi et al., 2019). This approach is particularly useful in parts of the 
world that lack basic data on species distributions and habitat use, 
where rapid gathering of such information remains a conservation 
priority.

Here  we examine how satellite tracking can provide compre-
hensive distributional data to inform conservation policy in poorly 
studied coastal ecosystems, some of which are highly threatened. 
Intertidal habitats along the shores of East and Southeast Asia con-
tain rich biodiversity and provide unique ecosystem services and 
livelihoods to many people (Ma et al., 2014; MacKinnon, Verkuil, 
& Murray, 2012). Additionally, they are used by millions of migra-
tory shorebirds in the East Asian–Australasian Flyway (EAAF) for 
refuelling and resting during their long annual journeys between 
northern breeding areas and southern coastal non‐breeding areas 
(MacKinnon et al., 2012). However, these intertidal habitats are 
currently threatened by human activities such as habitat change, 
over‐fishing, pollution, biological invasions and rising sea levels 
(Millennium Ecosystem Assessment, 2005). Along the Yellow Sea 
shores, a key staging area for shorebirds in the EAAF (Barter, 2002; 
Choi et al., 2009; Hua, Piersma, & Ma, 2013; Ma et al., 2013), the 
extent of intertidal wetlands has been reduced drastically by infra-
structure development and aquaculture (Murray, Clemens, Phinn, 
Possingham, & Fuller, 2014; Piersma et al., 2016). Moreover, these 
coastal habitats are often severely polluted and increasingly over-
grown with alien cordgrass Spartina spp. (Melville, Chen, & Ma, 

2016), and in some areas the macrobenthic community has collapsed 
(Zhang et al., 2018). Migratory shorebirds relying on the Yellow Sea 
shores currently exhibit reduced annual survival rates (Piersma et al., 
2016), with populations that rely on the Yellow Sea the most show-
ing the fastest declines (Studds et al., 2017).

As shorebirds during the non‐breeding season tend to concen-
trate at discrete areas of intertidal habitat with rich food resources, a 
common approach to conserve them has been to identify important 
areas, which can then lead to proper threat assessments and appro-
priate management measures (Boere & Piersma, 2012). Traditionally, 
the identification of important wetlands, including intertidal areas, 
and the subsequent establishment of international agreements for 
their protection such as the Ramsar Convention, has been based on 
bird counts and general observations of bird concentrations by nat-
uralists and citizen scientists (Smart, 1976). Long‐term count data 
and citizen science data are much less common in East Asia than 
in the developed nations of Europe and North America (Chandler 
et al., 2017). Satellite tracking of species that are representative 
of the taxa and the habitats of concern can quickly overcome this 
knowledge deficit by generating species distributions independent 
of survey efforts. However, in most cases only a small percentage of 
individuals within the population is tracked, and the tags might cause 
the animals to alter their behaviour (Barron, Brawn, & Weatherhead, 
2010). Therefore, it is important to assess whether the distributions 
of tracked individuals are representative of the target populations.

To accelerate the identification of intertidal sites of conservation 
importance in the EAAF, we tracked the migration of great knots 
(Calidris tenuirostris), a shorebird species that is fully dependent 
on intertidal habitats for foraging during the non‐breeding season 
(Conklin, Verkuil, & Smith, 2014; Tulp & de Goeij, 1994). We sum-
marize the migration patterns of great knots by mapping the distri-
bution of their stopping sites and describing their migration timing. 
Furthermore, we evaluate the utility of satellite tracking as a tool 
to fill gaps in conservation knowledge by: (a) examining if the dis-
tribution of the tracked individuals represents that of the popula-
tion, through ground surveys for great knots at sites with few or 
no survey data; (b) assessing whether the number of stopping sites 
found is limited by our sample size; and (c) measuring knowledge gain 
through a tally of sites newly discovered from tracking (i.e. those 
that were not regarded as important coastal shorebird habitats in 
the EAAF before our study).

at the lesser known sites to collect information on bird numbers and habitat char-
acteristics. To recognize and subsequently protect valuable coastal habitats, filling 
knowledge gaps by integrating bird tracking with ground‐based methods should 
be prioritized.

K E Y W O R D S

East Asian–Australasian Flyway, great knot, intertidal mudflats, migration, satellite telemetry, 
Southeast Asia, stopover site, Yellow Sea
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2  | MATERIAL S AND METHODS

2.1 | Study species

Great knots are distributed widely across the EAAF (BirdLife 
International, 2016). More than 90% of the population spend the 
non‐breeding season in Australia (Hansen et al., 2016) and they mi-
grate annually to breed in Eastern Russia at latitudes greater than 
61°50′N on upland (>300  m a.s.l.) mountain tundra (Tomkovich, 
1997). They can carry the lightest (4.5 g) satellite transmitters avail-
able at the time of study, which comprise 3% of their average lean 
mass (mean of 151 g, SD 20, measured in this study). They are listed 
as globally “Endangered” on the IUCN Red List, reflecting a sharp 
population decline attributed to the loss and degradation of sites 
that they rely on during migration (BirdLife International, 2016; 
Moores, Rogers, Rogers, & Hansbro, 2016).

2.2 | Satellite tracking

In September and October 2014, 2015 and 2016, we deployed 4.5 g 
solar Platform Terminal Transmitters (PTTs, Microwave Telemetry) 
on great knots captured with cannon nets at a primary non‐breed-
ing site, the northern beaches of Roebuck Bay, Broome, Northwest 
Australia (17.98°S, 122.31°E). After capture, each bird was measured 
and individually marked on its tarsi with a unique combination of leg 
flag and colour bands. Birds were aged based on plumage character-
istics (Higgins & Davies, 1996) and adults were selected for satellite 
tagging. Transmitters were deployed using a body harness (Chan et 
al., 2016) made of elastic nylon (Elastan, Vaessen Creative), which 
degrades and breaks, thus releasing the tags after one to two years. 
The birds were kept indoors and observed for at least 24 hr to ensure 
acclimatization to the transmitter and harness. We then released the 
birds at the capture location.

PTTs were programmed to operate on a duty cycle of 8  hr of 
transmission and 25 hr off. On average, six locations (3 SD) were re-
ceived from the Argos system (Collecte Localization Satellites, CLS) 
per tag in each transmission period. Tags that stopped transmitting 
were considered to indicate a broken harness, a malfunctioning tag 
or the death of the bird. This work was carried out under Regulation 
17 permits SF 010074, SF010547 and 01‐000057‐2 issued by the 
West Australian Department of Biodiversity, Conservation and 
Attractions.

2.3 | Spatial analyses

We filtered the Argos locations to retain all standard locations (i.e. 
the location classes 3, 2 and 1) and applied the Hybrid Douglas filter 
(Douglas et al., 2012) to remove any implausible auxiliary locations 
(i.e. the location classes 0, A, B and Z, for details of how locations 
classes were assigned, see CLS, 2016) by setting filtering parameters 
at 120 km/hr for the maximum sustainable rate of movement and 
10 km for minimum redundant distance. We then classified the fil-
tered locations as either “flight” or “stationary”. “Flight” included all 

locations >50  km away from the shoreline (shapefile downloaded 
from https​://www.ngdc.noaa.gov/mgg/shore​lines/​gshhs.html), and/
or birds moving in one direction at more than 20 km/hr. The remain-
ing locations were considered “stationary” and were then grouped 
into distinct sites by region using hierarchical clustering analysis 
with function NbClust in the “NbClust” R package (Charrad, Ghazzali, 
Boiteau, & Niknafs, 2014). We used the “Complete” aggregation 
method (Sørensen, 1948), and the silhouette index to determine the 
optimal number of clusters, which maximized distances between 
sites and minimized distance between locations belonging to a site 
(Charrad et al., 2014). When tracked birds moved between two adja-
cent sites more than once during a stopping event (n = 6 instances), 
we merged the two sites into one based on our definition of a site as 
a cluster of habitats that an individual bird moves through for forag-
ing and roosting (this definition is equivalent to a “shorebird area” in 
Clemens, Weston, Haslem, Silcocks, & Ferris, 2010). The resulting 
sites were 16.1 km long based on the median for 60 sites with 10 or 
more standard locations per site; size of the sites was determined to 
be the 95% quantile of pairwise distances of all standard locations 
belonging to the site.

To investigate how tagging effort affected the number of sites 
discovered, we explored the relationship between the accumulated 
number of sites discovered per region and the number of satel-
lite transmitters deployed. The mean site accumulation curve and 
its standard deviation were obtained from 1,000 permutations of 
adding sites in random order, using the function specaccum in the 
“vegan” R package (Oksanen et al., 2018).

We calculated the stopping duration of individuals as the differ-
ence between their estimated arrival and departure times at a site. 
Although sites where migrating birds make long stops are sometimes 
called “staging sites” and those where birds make short stops are 
called “stopover sites” (Piersma, 1987; Warnock, 2010), we found 
that a site could potentially host some individuals making short 
stops and some staying for weeks. Therefore, we refer to all sites 
that birds stopped for more than two hours as “stopping sites”. To 
calculate arrival times, we identified the first “stationary” point 
at a site. If the previous point was classified as “flight”, the arrival 
time was estimated by extrapolating the average speed of a non‐
stop flight over the intervening great circle route between the first 
“stationary” point and the previous “flight” point. We estimated the 
average speed of non‐stop flight to be 56.8  km/hr (SD  8.1) based 
on all non‐stop flights recorded within a duty cycle that were com-
posed of standard class locations only (n = 11 segments, 10 birds). 
Furthermore, if the previous point was a “stationary” point at a pre-
vious site, we assumed that the flight from the previous site to the 
subsequent one occurred midway of the time interval between the 
two. We estimated departure times in the same way. For sites with 
only one data point, or with stopping durations shorter than 2 hr, 
we could not be certain whether they represented a bird stopping 
or flying over, therefore, these sites were excluded in our analyses 
of stopping sites.

We analysed migration patterns (i.e. the timing and frequency of 
site use by tracked birds) at three decreasing spatial scales: regional, 

https://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html
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latitudinal and site based. All stopping sites fell into four geograph-
ical regions (Figures 1 and 2a): (a) Southeast Asia (11°S–20.2°N); (b) 
Southern China (20.2–30.9°N, comprising the coastline from the 
southern tip of China's mainland to the southern boundary of the 
Yangtze Estuary in Shanghai); (c) Yellow Sea (30.9–41.5°N, including 
one site on the coast of the Sea of Japan within these latitudes); and 
(d) Russia (41.5–63°N, the Pacific coast north of the Yellow Sea to 
the northern edge of the Sea of Okhotsk). At a finer scale, we divided 
the study area into 14 nearly equal latitudinal intervals. Width of 
intervals varied slightly (4.9–6.5°), so regions and latitudinal inter-
vals shared the same overall north and south boundaries, and the 
entirety of a site would fall within a single interval. The percentage 
of individuals stopping in each region and latitudinal interval was cal-
culated from all complete northward (n = 20) and southward (n = 10) 
migration tracks. For the documentation of arrival and departure 
times and stopping durations, we excluded individuals that did not 
arrive at the “next” region. At the site level, to determine sites that 
were the most popular, we calculated the percentage of tracked 
birds using a site out of the total number of birds stopping in that 
region during that migration season.

To assess the current state of knowledge on the existence and 
location of stopping sites used by the tracked great knots, we com-
pared our findings to the four existing lists of sites important for the 
15 EAAF shorebird species that depend entirely on coastal habitats 
during the non‐breeding season (i.e. “coastal obligate species” de-
fined in Conklin et al., 2014; see Table S1). The four lists are: Zhang 
et al. (2017; the most up‐to‐date listing of sites in China that ful-
fil the Ramsar Criterion 6 of regularly supporting more than 1% of 
a population), Conklin et al. (2014), Jaensch (2013) and the EAAF 
Partnership Flyway Site Network (East Asian–Australasian Flyway 
Partnership, 2018a); the latter three include sites in the flyway that 
record a count of ≥0.25% of a population, a criterion for identify-
ing stopping sites used by the Asia‐Pacific Migratory Waterbird 
Conservation Strategy (East Asian–Australasian Flyway Partnership, 
2018b). For 10 of the 15 “coastal obligate” species, the majority of 
the population is found in Australia and/or New Zealand during the 
non‐breeding season, whereas the remaining five species occur 
mainly between Southeast Asia and the Yellow Sea (Table S1), and 
we summarized lists accordingly. For sites that were previously rec-
ognized only as wintering sites for coastal obligate species, the fact 
that our tracked great knots stopped there suggested these sites 
could also be important to shorebirds during migration seasons as 
well.

We defined a site's boundary as either an area within a 10‐km 
radius circle of its central coordinates (also used in Hansen et al., 
2016) or, if the listed site was an Important Bird Area (IBA), we 
used the available IBA boundary (data accessed March 2018 from 
http://dataz​one.birdl​ife.org/site/reque​stgis​). We then determined if 
tracked birds stopped at these listed sites by determining if any sta-
tionary points belonging to a tracked bird site fell within the bound-
aries of listed sites; if they did, we classified this site as “known”. All 
other sites were classified as “unknown”. While some unknown sites 
have never been documented, others have been surveyed previously 

but bird counts fell below 0.25% of the flyway population which is 
the threshold for listing on three of the lists above. For other un-
known sites, counts were reported but without exact species counts 
and/or exact locations. We investigated whether unknown sites 
are less intensely used by shorebirds, which could make them less 
likely to be discovered during brief bird surveys. Within each region, 
we compared the intensity of use by great knots between known 
and unknown sites based on their stopping duration (by a one‐way 
ANOVA) and number of stopping individuals (by a Mann–Whitney–
Wilcoxon test).

2.4 | Ground surveys

To confirm the occurrence of great knots in the region of Southern 
China which was previously thought to be unimportant to the spe-
cies (see Discussion), during 8–16 April 2016 and 2017 we travelled 
to and counted great knots at six stopping sites identified in nearly 
real‐time from the tracking data. As roosts were difficult to locate, 
we counted great knots on the mudflats during outgoing, low or in-
coming tides. For 1–3 days, counts were conducted by one to three 
observers with 20–60× spotting scopes surveying approximately 
0.4–14.2 km2 of mudflat per site. The surveys were limited by time 
and accessibility and covered only a fraction of the site identified 
from tracking, so numbers represent the minimum number of great 
knots present. In addition, birdwatchers recorded tracked individu-
als in counted flocks for two other locations in Southern China.

3  | RESULTS

Based on the movements of 32 great knots tracked in 2015–2017, 
we identified a total of 92 stopping sites along the EAAF with 
19–25 sites in each of the four regions (Southeast Asia, Southern 
China, Yellow Sea and Russia; Figures 1 and 2a, all sites are listed in 
Table S2). Individuals made three to nine stops (mean of 5.6) during 
northward migration and three to eight stops (mean of 5.0) during 
southward migration, visiting 1.0–2.5 sites per region. The rate of 
discovery of new stopping sites decreased with increasing numbers 
of birds being tracked, but rates of “diminishing returns” varied be-
tween regions (Figure 3). The Yellow Sea was the only region where 
the site accumulation curve reached an asymptote (i.e. fewer than 
0.5 sites would have been found there for every new tag added), 
indicating that most sites have been identified. In contrast, the curve 
for Southeast Asia hardly levelled off, meaning that most Southeast 
Asian sites still remain to be discovered.

Southeast Asia was used by 40% of the individuals during north-
ward migration for an average of 11.5 ± 5.7 days (mean ± SD), and by 
80% of the individuals during southward migration for 19.0 ± 7.4 days 
(Figure 2). During northward migration, all individuals stopped in 
Southern China for 9.4 ± 3.5 days, but none were detected there 
during southward migration (Figure 2). All individuals used the 
Yellow Sea, stopping there for 33.0 ± 7.7 and 29.1 ± 8.0 days during 
northward and southward migration, respectively (Figure 2). During 

http://datazone.birdlife.org/site/requestgis
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northward migration, 55% of birds stopped for 3.2 ± 2.4 days along 
the Russian east coast, whereas during southward migration all birds 
stopped there for much longer (20.6 ± 5.8 days, Figure 2). Passage 
pattern for each latitudinal interval are shown in Figure 2d and the 
dates are listed in Table S3.

Latitudinal intervals within regions that were most frequently 
visited (i.e. by 85%–100% of tracked individuals) were 20.2–26°N 
within the Southern China region during northward migration, 
51.5–56.5°N within the Russia region centred on the Sea of Okhotsk 
during southward migration and 36.5–41.5°N within the Yellow Sea 
region, during both migration seasons (Figure 2b). Accordingly, these 
intervals also contained the sites that were most frequently used (the 

ones visited by more than one‐third of tracked birds are highlighted 
in Figure 1 and Table S2). At eight sites in Southern China where 
the tracked great knots stopped, flocks of 34–2,160 great knots per 
site were counted within the northward migration period during our 
surveys or reported by local observers (Table 1). The mean count of 
729 birds represents 0.25% of the estimated great knot population 
in 2007 (Wetlands International, 2019).

Overall, only 16 of the 92 sites (17%) had been previously iden-
tified as important for great knots, and 34 of the 92 sites (37%) as 
important for “coastal obligate” shorebirds; the rest (63%) were 
unknown (Figures 1 and 4,  Table S2). In the relatively intensely 
surveyed Yellow Sea, relatively few sites were unknown (9 of 23; 
39%) of which five were in North Korea (Figures 1 and 4). For the 
other regions, the majority of sites that great knots used were 
unknown: 53% of the sites in Russia, 56% in Southern China and 
100% in Southeast Asia (Figure 4). All 20 individuals with com-
plete migration tracks stopped at one or more unknown sites. The 
degree of usage, measured by the number of individuals stopping 
and their stopping duration, did not differ significantly between 
known and unknown sites in Southern China (U  =  53, p  =  .144; 
F1,45 = 1.52, p = .224; Figure 5). In the Yellow Sea and Russia, more 
great knots stopped at known sites (U = 25.5, p = .015; U = 23.5, 
p  =  .036) and stayed longer (F1,74  =  4.03, p  =  .048; F1,39  =  4.29, 
p = .045; Figure 5).

4  | DISCUSSION

From the satellite tracking data, we can extract information on bird 
use during migration ranging from the scale of the whole flyway 
down to individual sites. At the flyway scale, our results confirmed 
the importance of the Yellow Sea for relatively long refuelling pe-
riods by great knots during both northward and southward migra-
tions (Barter, 2002; Choi, Battley, Potter, Rogers, & Ma, 2015; Ma 
et al., 2013; Riegen, Vaughan, & Rogers, 2014). Our results also con-
firmed the pattern of brief stops during northward migration and 
long stops during southward migration along the coast of the Sea 
of Okhotsk, Russia (50–63°N; Tomkovich, 1997). However, during 
northward migration, none of our tracked birds flew the >5,500 km 
non‐stop from Australia to the southern Yellow Sea as proposed by 
Battley et al. (2000) based on ground observations. Rather, most 
tracked birds flew a shorter leg of 4,500–5,400 km from northwest 
Australia to the Southern China coast and stopped there before 
continuing north towards the Yellow Sea. Moreover, tracked birds 
arrived at the Yellow Sea (Table S3) later than what was reported 
from earlier on‐ground observations: Battley et al. (2000) re-
ported the first great knots being captured at Chongming Dongtan 
(31.5oN, 121.9°E) on 31 March in 1998, and Ma et al. (2013) on 
26 March 2012; Choi et al. (2015) reported a mean arrival date of 
6–7 April at the Yalu Jiang Estuary (39.8oN, 123.9°E) derived from 
counts in 2010–2012, and radio‐tracked great knots being tagged 
at Chongming Dongtan arrived there during 28 March–28 April 
2012 (Ma et al., 2013).

F I G U R E  1  Sites along the East Asian–Australasian Flyway used 
by 32 satellite‐tracked great knots during migration in 2015–2017. 
Filled circles were known important non‐breeding sites of at least 1 
of the 15 species of coastal obligate shorebirds, while open circles 
were unknown non‐breeding sites for these shorebirds prior to our 
study. Sites visited by more than one‐third of tracked individuals 
are: A, Wenzhou Bay, B, Yangkou–Dafeng coast, C, Liaohe 
(Shuangtaizi) Estuary and Inner Gulf of Liaodong and D, Yalu Jiang 
Estuary. Triangle shows Roebuck Bay, Northwest Australia where 
the satellite transmitters were deployed
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We recognize that the increased load and drag from the trans-
mitters (Pennycuick, Fast, Ballerstaedt, & Rattenborg, 2012) may 
have caused the birds to reduce their non‐stop flight distances. 
External devices are known to handicap birds (Barron et al., 2010; 
Chan et al., 2016; Hupp et al., 2015). Accordingly, the great knots in 
this study showed lower survival (0.51, 95% CI: 0.38–0.65) during 
their first year of carrying a transmitter compared to birds without 
a transmitter (0.75, 0.64–0.83; Appendix S1). This difference may 
have been caused by tagged birds being less agile in flight and thus 
more prone to predation by raptors (Chan et al., 2016). However, 
estimated breeding success of the satellite‐tracked great knots (60% 
of 20 birds, defined as a stay of more than 34 days at the breeding 
site would result in eggs hatching, as reported in Lisovski, Gosbell, 

Hassell, & Minton, 2016) was very similar to that of Arctic‐breeding 
shorebirds (61% of 7,418 nests of 17 taxa, range = 46%–73%, Weiser 
et al., 2018), and of great knots tracked with leg‐flag mounted geolo-
cators from the same non‐breeding area in Northwest Australia (50% 
of eight birds; Lisovski, Gosbell, Hassell, et al., 2016). Moreover, all 
the eight geolocator‐tracked great knots stopped in Southeast Asia 
and Southern China during northward migration (though the exact 
locations and durations of these stops could not be determined at 
the level of detail as of satellite‐tracked birds; Lisovski, Gosbell, 
Hassell, et al., 2016) and arrival dates at the northern Yellow Sea 
(36.5–41.5oN) during northward migration do not differ between 
geolocator‐tracked birds (19 April ± 9 days, n = 6, excluding a late bird 
which arrived on 10 June) and satellite‐tracked birds (25 April ± 11 

F I G U R E  2  Occurrence of satellite‐tracked great knots along the East Asian–Australasian Flyway. Horizontal lines indicate boundaries of 
latitudinal intervals for analyzing bird usage. (a) Sites used by satellite‐tracked great knots during northward, southward and both migrations 
in 2015–2017. Triangle shows the tag deployment location in Northwest Australia. (b) Percentage of individuals stopping and (c) Number of 
stopping days per site, amalgamated at latitudinal intervals. (d) Temporal occurrence of individuals across the latitudinal intervals, with height 
corresponding to number of individuals that migrated through a latitudinal interval
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days, n = 19; Mann–Whitney U = 38, p = .25; note that none of the six 
geolocator‐tracked birds stopped in the southern Yellow Sea).

Stopping patterns of the geolocator‐tracked birds (Lisovski, 
Gosbell, Hassell, et al., 2016), together with the observations of 
flocks of great knots in Southern China presented here, indicate to 
us that the use of Southeast Asia and Southern China cannot simply 
be regarded as an effect of tagging. Rather, there could be biological 

explanations for the difference in arrival time to the Yellow Sea be-
tween tracked birds and earlier ground observations. The earliest 
arriving great knots at the Yellow Sea could be from wintering pop-
ulations other than Northwest Australia (where the geolocator‐ and 
satellite‐tracked birds were captured). Moreover, migration strategy 
of great knots could have been changing over the past 20 years, pos-
sibly as a response to the destruction and deterioration of Yellow 

TA B L E  1  Counts at sites visited by satellite‐tracked great knots along the Southern China coast from April 2015 to 2017 (the same years 
as the satellite tracking)

Site Province/region
Coordinates 
of centroid Count date

Count of 
great knots

Occurrence of tracked 
birdsa

Number of 
tracked birds

Surveys in this study

Dongli, Leizhou Guangdong 20.82°N, 
110.38°E

8 April, 2016 836 4–11 April, 2015 1

Hailingdao, Yangjiang Guangdong 21.71°N, 
111.93°E

6 April, 2017 192 27–29 March, 2015 2

Dacheng Bay, 
Chaozhou

Guangdong 23.59°N, 
117.14°E

8 April, 2017 34b 1–10 April,
30 April–7 May,
2016 and 2017

2c

Ruian, Wenzhou Bay Zhejiang 27.79°N, 
120.79°E

10 April, 2017 2,160 31 March–11 May, 2015, 
2016 and 2017

9

Linhai, Taizhou Zhejiang 28.72°N, 
121.69°E

14 April, 2017 950 16–22 April,
2015 and 2017

2

Cixi, Hangzhou Bay Zhejiang 30.38°N, 
121.18°E

16 April, 2017 204 7–11 April, 2015 and 2016 3

Other records

Mai Po, Deep Bay Hong Kong SAR 22.49°N, 
114.02°E

31 March, 2016 278b 30 March–7 April, 2016 1

Dadengdao, Xiamen Fujian 24.55°N, 
118.27°E

4 April, 2015 115b 31 March–21 April, 2015 
and 2016

4

aStopping dates of only the birds that reached their next destination are summarised. 
bA tracked bird was observed within the flock. 
cTwo individuals occurred there, including one individual that visited the site twice, in both 2016 and 2017. 

F I G U R E  4  Knowledge status of East Asian–Australasian Flyway stopping sites of satellite‐tracked great knots. Bars represent percentage 
of sites that are currently recognized as: important for great knots (i.e. listed in at least one of the published lists of important sites within 
the flyway; Conklin et al., 2014; Jaensch, 2013; Zhang et al., 2017; East Asian–Australasian Flyway Partnership, 2018a), important for other 
coastal migratory shorebird species wintering in Australia and/or New Zealand, or important for other coastal obligate shorebird species that 
winter from Southeast Asia to Yellow Sea (Table S1). “Unknown” sites have not been recognized as important shorebird sites
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Sea habitats (Murray et al., 2014; Zhang et al., 2018). However, 
the lack of historical data from Southeast Asia and Southern China 
prevents further interpretation. Nevertheless, the pattern of great 
knots stopping in Southern China and Southeast Asia probably 
represents the current migration behaviour of individuals from the 
Northwest Australia non‐breeding area (where the tagged individu-
als were caught and where >55% of the flyway population resides; 
Hansen et al., 2016). The high rates of habitat degradation in these 
regions from coastal development and hunting (Li & Ounsted, 2007; 
Martinez & Lewthwaite, 2013; Zöckler et al., 2016) therefore repre-
sent potential big threats for this species.

At the site level, we mapped 92 stopping sites used by the tracked 
great knots (Figure 1, Table S2). Our analysis of the number of sites 
discovered per tag revealed that, in Southeast Asia, Southern China 
and Russia, more new sites could have been discovered per region 
if more birds had been tracked (Figure 3). Therefore, our list of sites 
should not be viewed as comprehensive, but rather as a sample of 
great knot stopping sites independent of ground survey efforts. 
Likewise, our list contains sites that are potentially important for 
other coastal obligate shorebird species. The general co‐occurrence 
of great knots with these other species may be explained by their 
shared prey preferences (Choi et al., 2017; Yang et al., 2013) and the 
fact that productive mudflats contain high densities of benthos and 
biofilm and the shorebirds that feed on them (Mathot, Piersma, & 
Elner, 2019).

The conventional thinking that conservation priorities should 
be placed at sites with high concentrations of birds and where birds 
stop the longest (the staging sites sensu Warnock, 2010), is in accor-
dance with our finding that the sites used by more than one‐third 
of the tracked individuals were all known (Figure 1). However, the 
majority of sites that the tracked great knots used were not included 
in existing conservation listings of important coastal shorebird sites. 
Notably, every tracked great knot used unknown sites, implying that 
the bulk of the population faces unknown conditions and threats 
during part of their migration. Although stops at unknown sites 
were briefer in general (Figure 5), these brief stops may represent 
“emergency staging sites” that migrants rely on when encountering 
poor weather conditions during migration (Shamoun‐Baranes et al., 
2010). Some stopping sites could also allow migrants to recover from 

the exhaustion of long non‐stop flights (see discussion in Piersma, 
2011), for example, to catch up on sleep (e.g. Moore, 2018; Schwilch, 
Piersma, Holmgren, & Jenni, 2002). Moreover, they may provide al-
ternative habitat if established prime sites become degraded. We 
suggest that an expansion of conservation efforts beyond protect-
ing the stopping sites with most birds (i.e. the classical “staging sites”) 
could be evaluated as a framework for greater population resiliency.

To assist in prioritizing conservation efforts, we need to start 
collecting information on bird numbers, habitat characteristics and 
threats at these lesser known sites. Important waterbird sites have 
traditionally been discovered through ground surveys. Sites that 
were unknown before our study likely lacked surveys and observ-
ers. Far less knowledge of bird occurrence existed for coastlines 
outside of the Yellow Sea and Japan, and recent waterbird counts 
are usually conducted by volunteers at a much smaller scale than 
citizen science projects in Western Europe and North America (Bai 
et al., 2015; Chandler et al., 2017). Brief surveys might also miss 
birds that stop only briefly, which might explain why some sites 
within the comparatively well‐studied Yellow Sea were unknown 
before our study. Satellite tracking data can help by focusing sur-
vey efforts during periods with the greatest chances of encoun-
tering birds. Moreover, a major advantage of satellite tracking 
over geolocation (a method commonly used to track small bird 
species, see Lisovski, Gosbell, Christie, et al., 2016 for an exam-
ple to identify important areas for conservation) is that potential 
roosting and feeding areas within a large area can be located from 
the relatively higher accuracy locations (error < 2.5 km; Douglas 
et al., 2012) of satellite‐tracked birds (e.g. Chan, Peng, Han, 2019). 
For example, observers used the spatial and temporal information 
from our tracking data to narrow down the search area in the ex-
tensive Liaohe Estuary and Inner Gulf of Liaodong in the Yellow 
Sea, and discovered c. 60,000 great knots at Gaizhou in 2015 
(Melville, Peng, Chan, 2016). Moreover, the spatial and temporal 
information from our tracking data also enable us to find several 
sites in Southern China with >0.25% of great knot flyway popula-
tion during our surveys (Table 1).

Tracking data can help interpret counts from ground surveys. 
While current conservation listings are based on counts, the propor-
tion of tracked birds using a site provides a complementary measure 

F I G U R E  5   (a) Means and 95% 
Confidence Intervals of stopping duration 
and (b) boxplots representing number 
of individuals stopping per known and 
unknown sites within the regions of 
Russia, Yellow Sea and Southern China. 
Significant differences between known 
and unknown sites within a region are 
depicted with the corresponding p‐values, 
as determined by a (a) one‐way ANOVA or 
(b) Mann–Whitney–Wilcoxon test
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of numerical significance. For example, the 33% of tracked birds 
that stopped at Wenzhou Bay in China suggested that this site's 
importance to great knots was greater than what was evident from 
count‐based assessments. Stopping duration of individuals can also 
be used to correct regular counts to determine the number of birds 
using a site. For example, in Deep Bay, Hong Kong, the number of 
great knots stopping there was estimated to be 1.8–2.7 times the 
maximum count if corrected for turnover rate (Appendix S2). This 
improved estimation of stopping population size can make a differ-
ence in whether sites meet the criteria for listing as Ramsar sites, 
IBAs or EAAF Partnership Flyway Sites.

Here, we have shown that satellite tracking has shed much‐
needed light on the use of intertidal habitats in poorly known regions 
such as Southern China and Southeast Asia by migrating shorebirds. 
Ultimately, to monitor the ecological effects of rapid destruction and 
future restoration of intertidal habitats along this flyway, real‐time 
data on spatial and temporal changes in distributions are necessary. 
These data can be collected by tracking the migration of individual 
shorebirds or other groups of birds that depend on intertidal habi-
tats. Such information can be fed into a comprehensive monitoring 
scheme integrating regular counting, on‐the‐ground threat monitor-
ing and benthic community sampling. We hope that our study will 
catalyse the momentum for scientists and conservationists to work 
together to bridge the knowledge gap for effective conservation in 
rapidly changing regions.

ACKNOWLEDG EMENTS

We thank the many dedicated volunteers who participated in our 
satellite‐tracking fieldwork and China coastal surveys from 2014 
to 2017, and Broome Bird Observatory and the Australian Wader 
Studies Group (AWSG) for logistical support. The satellite track-
ing was funded by the Spinoza Premium 2014 awarded by the 
Netherlands Organization for Scientific Research (NWO) to T.P., 
by the MAVA Foundation, Switzerland, with additional support 
from WWF‐Netherlands and BirdLife Netherlands. The ground 
surveys were funded by a KNAW China Exchange Programme 
grant  (530‐5CDP16) awarded to T.P. in collaboration with Z.M. 
We thank the Hong Kong Bird Watching Society for providing the 
Deep Bay count data, birdwatchers at Xiamen and Hong Kong for 
reporting sightings of tracked great knots, and Jonathan Martinez 
for help with setting up the ground surveys. Y.C.C. is supported by 
the Ubbo Emmius Fund of the University of Groningen (fundrais-
ing by Tienke Koning and Wilfred Mohr), by the Spinoza Premium 
2014 to T.P. and by the University of Groningen. H.‐B.P. is supported 
by the China Scholarship Council (201506100028). We thank David 
Wilcove, Nicola Crockford, David Melville and Simba Chan for dis-
cussion and comments on earlier drafts, and Dick Visser for improv-
ing the figures. We thank Phil Battley and two anonymous reviewers 
for many constructive comments. We acknowledged the Yawuru 
People via the offices of Nyamba Buru Yawuru Ltd. for permission 
to catch birds on the shores of Roebuck Bay, traditional lands of 
the Yawuru people. Any use of trade, product or firm names is for 

descriptive purposes only and does not imply endorsement by the 
U.S. Government.

AUTHORS'  CONTRIBUTIONS

Y.‐C.C. and T.P. designed the study. Y.‐C.C., C.J.H. and T.L.T. col-
lected the satellite tracking data, supported by T.P. Y.‐C.C. and 
H.‐B.P. collected the count data with support from T.P., Z.M. and 
Z.Z. Y.‐C.C. analysed the tracking and count data with the help of 
T.L.T. and T.L. C.J.H. and T.P. organized the mark‐and‐resight pro-
gramme and T.L. conducted the survival analysis. Y.‐C.C. wrote the 
manuscript with the help of all the authors. All authors gave final 
approval for publication.

DATA AVAIL ABILIT Y S TATEMENT

Data available via the Dryad Digital Repository https​://doi.
org/10.5061/dryad.f2g5f49 (Chan, Tibbitts, Lok, 2019).

ORCID

Ying‐Chi Chan   https://orcid.org/0000-0002-7183-4411 

T. Lee Tibbitts   https://orcid.org/0000-0002-0290-7592 

Tamar Lok   https://orcid.org/0000-0003-3753-8501 

He‐Bo Peng   https://orcid.org/0000-0001-9612-1461 

Zhijun Ma   https://orcid.org/0000-0001-7459-9448 

Zhengwang Zhang   https://orcid.org/0000-0003-1063-7198 

Theunis Piersma   https://orcid.org/0000-0001-9668-466X 

R E FE R E N C E S

Bai, Q., Chen, J., Chen, Z., Dong, G., Dong, J., Dong, W., … Zeng, X. 
(2015). Identification of coastal wetlands of international impor-
tance for waterbirds: A review of China Coastal Waterbird Surveys 
2005–2013. Avian Research, 6, 1–16. https​://doi.org/10.1186/
s40657-015-0021-2

Barron, D. G., Brawn, J. D., & Weatherhead, P. J. (2010). Meta‐
analysis of transmitter effects on avian behaviour and ecol-
ogy. Methods in Ecology and Evolution, 1, 180–187. https​://doi.
org/10.1111/j.2041-210X.2010.00013.x

Barter, M. (2002). Shorebirds of the Yellow Sea: Importance, threats 
and conservation status. Wageningen, the Netherlands: Wetlands 
International. https​://doi.org/10.1071/MUv104n3

Battley, P. F., Piersma, T., Dietz, M. W., Tang, S., Dekinga, A., & Hulsman, 
K. (2000). Empirical evidence for differential organ reductions during 
trans‐oceanic bird flight. Proceedings of the Royal Society of London B, 
267, 191–195. https​://doi.org/10.1098/rspb.2000.0986

Battley, P. F., Warnock, N., Tibbitts, T. L., Gill, R. E., Piersma, T., 
Hassell, C. J., … Riegen, A. C. (2012). Contrasting extreme 
long‐distance migration patterns in bar‐tailed godwits Limosa 
lapponica. Journal of Avian Biology, 43, 21–32. https​://doi.
org/10.1111/j.1600-048X.2011.05473.x

Bijleveld, A. I., MacCurdy, R. B., Chan, Y.-C., Penning, E., Gabrielson, R. 
M., Cluderay, J., … Piersma, T. (2016). Understanding spatial distri-
butions: negative density‐dependence in prey causes predators to 
trade‐off prey quantity with quality. Proceedings of the Royal Society 

https://doi.org/10.5061/dryad.f2g5f49
https://doi.org/10.5061/dryad.f2g5f49
https://orcid.org/0000-0002-7183-4411
https://orcid.org/0000-0002-7183-4411
https://orcid.org/0000-0002-0290-7592
https://orcid.org/0000-0002-0290-7592
https://orcid.org/0000-0003-3753-8501
https://orcid.org/0000-0003-3753-8501
https://orcid.org/0000-0001-9612-1461
https://orcid.org/0000-0001-9612-1461
https://orcid.org/0000-0001-7459-9448
https://orcid.org/0000-0001-7459-9448
https://orcid.org/0000-0003-1063-7198
https://orcid.org/0000-0003-1063-7198
https://orcid.org/0000-0001-9668-466X
https://orcid.org/0000-0001-9668-466X
https://doi.org/10.1186/s40657-015-0021-2
https://doi.org/10.1186/s40657-015-0021-2
https://doi.org/10.1111/j.2041-210X.2010.00013.x
https://doi.org/10.1111/j.2041-210X.2010.00013.x
https://doi.org/10.1071/MUv104n3
https://doi.org/10.1098/rspb.2000.0986
https://doi.org/10.1111/j.1600-048X.2011.05473.x
https://doi.org/10.1111/j.1600-048X.2011.05473.x


2314  |    Journal of Applied Ecology CHAN et al.

B: Biological Sciences, 283, 20151557. https​://doi.org/10.1098/
rspb.2015.1557

BirdLife International. (2016). Calidris tenuirostris e.T22693359A9 
3398599. https​://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T2269​
3359A​93398​599.en

Boere, G. C., & Piersma, T. (2012). Flyway protection and the pre-
dicament of our migrant birds: A critical look at international 
conservation policies and the Dutch Wadden Sea. Ocean & 
Coastal Management, 68, 157–168. https​://doi.org/10.1016/j.
oceco​aman.2012.05.019

Chan, Y.‐C., Brugge, M., Tibbitts, T. L., Dekinga, A., Porter, R., Klaassen, 
R. H. G., & Piersma, T. (2016). Testing an attachment method for 
solar‐powered tracking devices on a long‐distance migrating shore-
bird. Journal of Ornithology, 157, 277–287. https​://doi.org/10.1017/
S0959​27091​7000430

 Chan, Y.‐C.,  Peng, H.‐B.,  Han, Y.‐X.,  Chung, S.S.‐W.,  Li, J.,  Zhang, L., &  
Piersma, T. (2019). Conserving unprotected important coastal habi-
tats in the Yellow Sea: shorebird occurrence, distribution and food 
resources at Lianyungang. Global Ecology and Conservation, https://
doi.org/10.1016/j.gecco.2019.e00724

Chan, Y.‐C., Tibbitts, T. L., Lok, T., Hassell, C. J., Peng, H.‐B., Ma, Z., … 
Piersma, T. (2019). Data from: Filling knowledge gaps in a threatened 
shorebird flyway through satellite tracking. Dryad Digital Repository, 
https​://doi.org/10.5061/dryad.f2g5f49

Chandler, M., See, L., Copas, K., Bonde, A. M. Z., López, B. C., Danielsen, 
F., … Turak, E. (2017). Contribution of citizen science towards inter-
national biodiversity monitoring. Biological Conservation, 213, 280–
294. https​://doi.org/10.1016/j.biocon.2016.09.004

Charrad, M., Ghazzali, N., Boiteau, V., & Niknafs, A. (2014). NbClust: An R 
package for determining the relevant number of clusters in a data set. 
Journal of Statistical Software, 61, 1–36. https​://doi.org/10.18637/​jss.
v061.i06

Choi, C.‐Y., Battley, P. F., Potter, M. A., Ma, Z., Melville, D. S., & 
Sukkaewmanee, P. (2017). How migratory shorebirds selectively ex-
ploit prey at a staging site dominated by a single prey species. The 
Auk, 134, 76–91. https​://doi.org/10.1642/AUK-16-58.1

Choi, C.‐Y., Battley, P. F., Potter, M. A., Rogers, K. G., & Ma, Z. (2015). The 
importance of Yalu Jiang coastal wetland in the north Yellow Sea to 
bar‐tailed godwits Limosa lapponica and great knots Calidris tenuiros‐
tris during northward migration. Bird Conservation International, 25, 
53–70. https​://doi.org/10.1017/S0959​27091​4000124

Choi, C.‐Y., Gan, X. J., Ma, Q., Zhang, K. J., Chen, J. K., & Ma, Z. (2009). 
Body condition and fuel deposition patterns of calidrid sandpip-
ers during migratory stopover. Ardea, 97(1), 61–70. https​://doi.
org/10.5253/078.097.0108

Choi, C.‐Y., Peng, H.‐B., He, P., Ren, X.‐T., Zhang, S., Jackson, M. V., … 
Ma, Z. (2019). Where to draw the line? Using movement data 
to inform protected area design and conserve mobile species. 
Biological Conservation, 234, 64–71. https​://doi.org/10.1016/j.
biocon.2019.03.025

Clemens, R. S., Weston, M. A., Haslem, A., Silcocks, A., & Ferris, J. 
(2010). Identification of significant shorebird areas: thresholds 
and criteria. Diversity and Distributions, 16, 229–242. https​://doi.
org/10.1111/j.1472-4642.2009.00635.x

CLS. (2016). Argos user’s manual: Location classes. Retrieved from http://
www.argos-system.org/manua​l/3-locat​ion/34_locat​ion_class​
es.htm.

Conklin, J. R., Verkuil, Y. I., & Smith, B. R. (2014). Prioritizing migratory 
shorebirds for conservation: Action on the East Asian‐Australasian 
flyway. WWF‐Hong Kong. Retrieved fromhttp://awsas​sets.wwfhk.
panda.org/downl​oads/wwf_prior​itiza​tion_final​pdf.pdf

Douglas, D. C., Weinzierl, R., C. Davidson, S., Kays, R., Wikelski, M., & 
Bohrer, G. (2012). Moderating Argos location errors in animal track-
ing data. Methods in Ecology and Evolution, 3, 999–1007. https​://doi.
org/10.1111/j.2041-210X.2012.00245.x

East Asian‐Australasian Flyway Partnership. (2018a). Flyway site net‐
work. Retrieved from http://www.eaafl​yway.net/about/​the-flywa​y/
flyway-site-netwo​rk/

East Asian‐Australasian Flyway Partnership. (2018b). Become a site: 
Criteria for inclusion in the flyway site network. Retrieved from 
http://eaafl​yway.net/about-us/the-flywa​y/flyway-site-netwo​rk/
become-a-site/

Fraser, K. C., Davies, K. T. A., Davy, C. M., Ford, A. T., Flockhart, D. T. T., 
& Martins, E. G. (2018). Tracking the conservation promise of move-
ment ecology. Frontiers in Ecology and Evolution, 6, 150. https​://doi.
org/10.3389/fevo.2018.00150​

Hansen, B. D., Fuller, R. A., Watkins, D., Rogers, D. I., Clemens, R. S., 
Newman, M., & … Weller, D. R. (2016). Revision of the East Asian‐
Australasian flyway population estimates for 37 listed migratory shore‐
bird species. Melbourne, Australia: BirdLife Australia. Retrieved from 
http://www.envir​onment.gov.au/syste​m/files/​resou​rces/da31a​d38-
f874-4746-a971-55105​27694​a4/files/​revis​ion-east-asian-austr​alasi​
an-flyway-popul​ation-sept-2016.pdf

Higgins, P. J., & Davies, S. J. J. F. (1996). Handbook of Australian, New 
Zealand and Antarctic Birds. Volume 3. Snipe to pigeons. Melbourne, 
Australia: Oxford University Press.

Hua, N., Piersma, T., & Ma, Z. (2013). Three‐phase fuel deposition in a 
long‐distance migrant, the red knot (Calidris canutus piersmai), before 
the flight to high Arctic breeding grounds. PLoS ONE, 8(4), e62551. 
https​://doi.org/10.1371/journ​al.pone.0062551

Hupp, J. W., Kharitonov, S., Yamaguchi, N. M., Ozaki, K., Flint, P. L., 
Pearce, J. M., … Higuchi, H. (2015). Evidence that dorsally mounted 
satellite transmitters affect migration chronology of northern pin-
tails. Journal of Ornithology, 156, 977–989. https​://doi.org/10.1007/
s10336-015-1218-1

Jaensch, R. (2013). New tools for development of the flyway site network: An 
integrated and updated list of candidate sites and guidance on prioritisa‐
tion. Report to Partnership for the East Asian–Australasian Flyway. 
Retrieved from https​://eaafl​yway.net/docum​ents/mop/proje​ct%20
rep​ort_FSNet​work%20can​didat​es%20&%20pri​oriti​satio​n,%20Apr​
2013_final.pdf

Kays, R., Crofoot, M. C., Jetz, W., & Wikelski, M. (2015). Terrestrial animal 
tracking as an eye on life and planet. Science, 348, aaa2478. https​://
doi.org/10.1126/scien​ce.aaa2478

Li, Z. W. D., & Ounsted, R. (Eds.). (2007). The status of coastal waterbirds 
and wetlands in southeast Asia: Results of waterbird surveys in Malaysia 
(2004–2006) and Thailand and Myanmar (2006). Kuala Lumpur, 
Malaysia: Wetlands International.

Lisovski, S., Gosbell, K., Christie, M., Hoye, B. J., Klaassen, M., Stewart, 
I. D., … Minton, C. (2016). Movement patterns of sanderling (Calidris 
alba) in the East Asian‐Australasian Flyway and a comparison of 
methods for identification of crucial areas for conservation. Emu, 
116, 168–177. https​://doi.org/10.1071/MU15042

Lisovski, S., Gosbell, K., Hassell, C., & Minton, C. (2016). Tracking the full 
annual‐cycle of the great knot, Calidris tenuirostris, a long‐distance 
migratory shorebird of the East Asian‐Australasian Flyway. Wader 
Study, 123, 177–189. https​://doi.org/10.18194/​ws.00048​

Ma, Z., Hua, N., Peng, H., Choi, C., Battley, P. F., Zhou, Q., … Tang, 
C. (2013). Differentiating between stopover and staging sites: 
Functions of the southern and northern Yellow Sea for long‐distance 
migratory shorebirds. Journal of Avian Biology, 44, 504–512. https​://
doi.org/10.1111/j.1600-048X.2013.00213.x

Ma, Z., Melville, D. S., Liu, J., Chen, Y., Yang, H., Ren, W., … Li, B. (2014). 
Rethinking China’s new great wall. Science, 346, 912–914. https​://doi.
org/10.1126/scien​ce.1257258

MacKinnon, J., Verkuil, Y. I., & Murray, N. (2012). IUCN situation analysis 
on East and Southeast Asian intertidal habitats, with particular refer‐
ence to the Yellow Sea (including the Bohai Sea). Occasional Paper of 
the IUCN Species Survival Commission No. 47. Gland, Switzerland & 
Cambridge, UK: IUCN.

https://doi.org/10.1098/rspb.2015.1557
https://doi.org/10.1098/rspb.2015.1557
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T22693359A93398599.en
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T22693359A93398599.en
https://doi.org/10.1016/j.ocecoaman.2012.05.019
https://doi.org/10.1016/j.ocecoaman.2012.05.019
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.5061/dryad.f2g5f49
https://doi.org/10.1016/j.biocon.2016.09.004
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.18637/jss.v061.i06
https://doi.org/10.1642/AUK-16-58.1
https://doi.org/10.1017/S0959270914000124
https://doi.org/10.5253/078.097.0108
https://doi.org/10.5253/078.097.0108
https://doi.org/10.1016/j.biocon.2019.03.025
https://doi.org/10.1016/j.biocon.2019.03.025
https://doi.org/10.1111/j.1472-4642.2009.00635.x
https://doi.org/10.1111/j.1472-4642.2009.00635.x
http://www.argos-system.org/manual/3-location/34_location_classes.htm
http://www.argos-system.org/manual/3-location/34_location_classes.htm
http://www.argos-system.org/manual/3-location/34_location_classes.htm
http://awsassets.wwfhk.panda.org/downloads/wwf_prioritization_finalpdf.pdf
http://awsassets.wwfhk.panda.org/downloads/wwf_prioritization_finalpdf.pdf
https://doi.org/10.1111/j.2041-210X.2012.00245.x
https://doi.org/10.1111/j.2041-210X.2012.00245.x
http://www.eaaflyway.net/about/the-flyway/flyway-site-network/
http://www.eaaflyway.net/about/the-flyway/flyway-site-network/
http://eaaflyway.net/about-us/the-flyway/flyway-site-network/become-a-site/
http://eaaflyway.net/about-us/the-flyway/flyway-site-network/become-a-site/
https://doi.org/10.3389/fevo.2018.00150
https://doi.org/10.3389/fevo.2018.00150
http://www.environment.gov.au/system/files/resources/da31ad38-f874-4746-a971-5510527694a4/files/revision-east-asian-australasian-flyway-population-sept-2016.pdf
http://www.environment.gov.au/system/files/resources/da31ad38-f874-4746-a971-5510527694a4/files/revision-east-asian-australasian-flyway-population-sept-2016.pdf
http://www.environment.gov.au/system/files/resources/da31ad38-f874-4746-a971-5510527694a4/files/revision-east-asian-australasian-flyway-population-sept-2016.pdf
https://doi.org/10.1371/journal.pone.0062551
https://doi.org/10.1007/s10336-015-1218-1
https://doi.org/10.1007/s10336-015-1218-1
https://eaaflyway.net/documents/mop/project report_FSNetwork candidates & prioritisation, Apr2013_final.pdf
https://eaaflyway.net/documents/mop/project report_FSNetwork candidates & prioritisation, Apr2013_final.pdf
https://eaaflyway.net/documents/mop/project report_FSNetwork candidates & prioritisation, Apr2013_final.pdf
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1071/MU15042
https://doi.org/10.18194/ws.00048
https://doi.org/10.1111/j.1600-048X.2013.00213.x
https://doi.org/10.1111/j.1600-048X.2013.00213.x
https://doi.org/10.1126/science.1257258
https://doi.org/10.1126/science.1257258


     |  2315Journal of Applied EcologyCHAN et al.

Martinez, J., & Lewthwaite, R. (2013). Rampant shorebird trapping threat-
ens spoon‐billed sandpiper Eurynorhynchos pygmaeus in Guangdong, 
South West China. Birding Asia, 19, 26–30.

Mathot, K. J., Piersma, T., & Elner, R. (2019). Shorebirds as integra-
tors and indicators of mudflat ecology. In P. G. Beninger (Ed.), 
Mudflat ecology (Vol. 7, pp. 309–338). Aquatic Ecology Series. 
Cham, Switzerland: Springer International Publishing. https​://doi.
org/10.1007/978-3-319-99194-8_12

Melville, D. S., Chen, Y., & Ma, Z. (2016). Shorebirds along the Yellow Sea 
coast of China face an uncertain future – A review of threats. Emu, 
116, 100–110. https​://doi.org/10.1071/MU15045

 Melville, D. S.,  Peng, H.-B.,  Chan, Y.-C.,  Bai, Q.,  He, P.,  Tan, K., …  Ma, 
Z. (2016). Gaizhou, Liaodong Bay, Liaoning Province, China – A site of 
international importance for great knot Calidris tenuirostris and other 
shorebirds. Stilt, 69–70, 57–61.

Millennium Ecosystem Assessment. (2005). Ecosystems and human 
well‐being: Wetlands and water synthesis. Washington, DC: World 
Resources Institute.

Moore, F. R. (2018). Biology of landbird migrants: A stopover per-
spective. Wilson Journal of Ornithology, 130, 1–12. https​://doi.
org/10.1676/1559-4491-130.1.1

Moores, N., Rogers, D. I., Rogers, K., & Hansbro, P. M. (2016). Reclamation 
of tidal flats and shorebird declines in Saemangeum and elsewhere in 
the Republic of Korea. Emu, 116, 136–146. https​://doi.org/10.1071/
MU16006

Murray, N. J., Clemens, R. S., Phinn, S. R., Possingham, H. P., & Fuller, 
R. A. (2014). Tracking the rapid loss of tidal wetlands in the Yellow 
Sea. Frontiers in Ecology and the Environment, 12, 267–272. https​://
doi.org/10.1890/130260

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., … Wagner, H. (2018). vegan: Community ecology package. 
Retrieved from https​://cran.r-proje​ct.org/packa​ge=vegan​

Pennycuick, C. J., Fast, P. L. F., Ballerstaedt, N., & Rattenborg, N. (2012). 
The effect of an external transmitter on the drag coefficient of 
a bird’s body, and hence on migration range, and energy reserves 
after migration. Journal of Ornithology, 153, 633–644. https​://doi.
org/10.1007/s10336-011-0781-3

Piersma, T. (1987). Hop, skip, or jump? Constraints on migration of Arctic 
waders by feeding, fattening, and flight speed. Limosa, 60, 185–194.

Piersma, T. (2011). Why marathon migrants get away with high meta-
bolic ceilings: Towards an ecology of physiological restraint. Journal 
of Experimental Biology, 214, 295–302. https​://doi.org/10.1242/
jeb.046748

Piersma, T., Lok, T., Chen, Y., Hassell, C. J., Yang, H.‐Y., Boyle, A., … Ma, 
Z. (2016). Simultaneous declines in summer survival of three shore-
bird species signals a flyway at risk. Journal of Applied Ecology, 53, 
479–490. https​://doi.org/10.1111/1365-2664.12582​

Riegen, A., Vaughan, G., & Rogers, K. (2014). Yalu Jiang estuary shore‐
bird survey report 1999–2010. Report of Yalu Jiang Estuary Wetland 
National Nature Reserve, China and Miranda Naturalists’ Trust, New 
Zealand.

Schwilch, R., Piersma, T., Holmgren, N., & Jenni, L. (2002). Do migratory 
birds need a nap after a long non‐stop flight? Ardea, 90, 149–154.

Shamoun‐Baranes, J., Leyrer, J., van Loon, E., Bocher, P., Robin, F., Meunier, 
F., & Piersma, T. (2010). Stochastic atmospheric assistance and the use of 
emergency staging sites by migrants. Proceedings of the Royal Society B, 
277, 1505–1511. https​://doi.org/10.1098/rspb.2009.2112

Smart, M., (Ed.). (1976). International conference on the conservation of 
wetlands and waterfowl, Heiligenhafen, Federal Republic of Germany, 
2–6 December 1974: Proceedings. International Waterfowl Research 
Bureau. Retrieved from https​://books.google.nl/books​?xml:id=d-
b1JA​QAAIAAJ

Sørensen, T. J. (1948). A method of establishing groups of equal ampli-
tude in plant sociology based on similarity of species content and 

its application to analyses of the vegetation on Danish commons. 
Biologiske Skrifter, 5, 1–34.

Studds, C. E., Kendall, B. E., Murray, N. J., Wilson, H. B., Rogers, D. I., 
Clemens, R. S., … Fuller, R. A. (2017). Rapid population decline in mi-
gratory shorebirds relying on Yellow Sea tidal mudflats as stopover 
sites. Nature Communications, 8, 14895. https​://doi.org/10.1038/
ncomm​s14895

Tomkovich, P. S. (1997). Breeding distribution, migrations and conser-
vation status of the great knot Calidris tenuirostris in Russia. Emu, 97, 
265–282. https​://doi.org/10.1071/MU97040

Tulp, I., & de Goeij, P. (1994). Evaluating wader habitats in Roebuck Bay 
(North‐western Australia) as a springboard for northbound migration 
in waders, with a focus on great knots. Emu, 94, 78–95. https​://doi.
org/10.1071/MU994​0078

Wall, J., Wittemyer, G., Klinkenberg, B., & Douglas‐Hamilton, I. (2014). 
Novel opportunities for wildlife conservation and research with real‐
time monitoring. Ecological Applications, 24, 593–601. https​://doi.
org/10.1890/13-1971.1

Warnock, N. (2010). Stopping vs. staging: The difference between a 
hop and a jump. Journal of Avian Biology, 41, 621–626. https​://doi.
org/10.1111/j.1600-048X.2010.05155.x

Weiser, E. L., Brown, S. C., Lanctot, R. B., Gates, H. R., Abraham, K. F., 
Bentzen, R. L., … Sandercock, B. K. (2018). Effects of environmental 
conditions on reproductive effort and nest success of Arctic‐breed-
ing shorebirds. Ibis, 160, 608–623. https​://doi.org/10.1111/ibi.12571​

Wetlands International. (2019). Waterbird population estimates. Retrieved 
from wpe.wetla​nds.org

Wilson, A. D. M., Wikelski, M., Wilson, R. P., & Cooke, S. J. (2015). Utility 
of biological sensor tags in animal conservation. Conservation Biology, 
29, 1065–1075. https​://doi.org/10.1111/cobi.12486​

Yang, H.‐Y., Chen, B., Ma, Z.‐J., Hua, N., van Gils, J. A., Zhang, Z.‐W., & 
Piersma, T. (2013). Economic design in a long‐distance migrating mol-
luscivore: How fast‐fuelling red knots in Bohai Bay, China, get away 
with small gizzards. Journal of Experimental Biology, 216, 3627–3636. 
https​://doi.org/10.1242/jeb.083576

Zhang, L., Wang, X., Zhang, J., Ouyang, Z., Chan, S., Crosby, M., … Fox, A. 
D. (2017). Formulating a list of sites of waterbird conservation signif-
icance to contribute to China’s Ecological Protection Red Line. Bird 
Conservation International, 27, 153–166. https​://doi.org/10.1017/
S0959​27091​700003X

Zhang, S.‐D., Ma, Z., Choi, C.‐Y., Peng, H.‐B., Bai, Q.‐Q., Liu, W.‐L., … 
Piersma, T. (2018). Persistent use of a shorebird staging site in the 
Yellow Sea despite severe declines in food resources implies a lack 
of alternatives. Bird Conservation International, 28, 534–548. https​://
doi.org/10.1017/S0959​27091​7000430

Zöckler, C., Beresford, A. E., Bunting, G., Chowdhury, S. U., Clark, N. 
A., Fu, V. W. K., … Buchanan, G. M. (2016). The winter distribution 
of the spoon‐billed sandpiper Calidris pygmaeus. Bird Conservation 
International, 26, 476–489. https​://doi.org/10.1017/S0959​27091​
5000295

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

How to cite this article: Chan Y‐C, Tibbitts TL, Lok T, et al. 
Filling knowledge gaps in a threatened shorebird flyway 
through satellite tracking. J Appl Ecol. 2019;56:2305–2315. 
https​://doi.org/10.1111/1365-2664.13474​

https://doi.org/10.1007/978-3-319-99194-8_12
https://doi.org/10.1007/978-3-319-99194-8_12
https://doi.org/10.1071/MU15045
https://doi.org/10.1676/1559-4491-130.1.1
https://doi.org/10.1676/1559-4491-130.1.1
https://doi.org/10.1071/MU16006
https://doi.org/10.1071/MU16006
https://doi.org/10.1890/130260
https://doi.org/10.1890/130260
https://cran.r-project.org/package=vegan
https://doi.org/10.1007/s10336-011-0781-3
https://doi.org/10.1007/s10336-011-0781-3
https://doi.org/10.1242/jeb.046748
https://doi.org/10.1242/jeb.046748
https://doi.org/10.1111/1365-2664.12582
https://doi.org/10.1098/rspb.2009.2112
https://books.google.nl/books?xml:id=db1JAQAAIAAJ
https://books.google.nl/books?xml:id=db1JAQAAIAAJ
https://doi.org/10.1038/ncomms14895
https://doi.org/10.1038/ncomms14895
https://doi.org/10.1071/MU97040
https://doi.org/10.1071/MU9940078
https://doi.org/10.1071/MU9940078
https://doi.org/10.1890/13-1971.1
https://doi.org/10.1890/13-1971.1
https://doi.org/10.1111/j.1600-048X.2010.05155.x
https://doi.org/10.1111/j.1600-048X.2010.05155.x
https://doi.org/10.1111/ibi.12571
http://wpe.wetlands.org
https://doi.org/10.1111/cobi.12486
https://doi.org/10.1242/jeb.083576
https://doi.org/10.1017/S095927091700003X
https://doi.org/10.1017/S095927091700003X
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.1017/S0959270917000430
https://doi.org/10.1017/S0959270915000295
https://doi.org/10.1017/S0959270915000295
https://doi.org/10.1111/1365-2664.13474

