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I have witnessed flocks of tens of thousands of shorebirds swirling around and above
me, surrounded by their calls and the sounds of flapping wings. No words can describe
their beauty. Ironically, the backdrop of this fascinating act of nature was an ugly land-
scape: oil rigs, tall chimneys of huge factories, the occasional loud trucks driving along the
seawall, layers of fishing nets zigzagging the mudflat, all within a yellow blanket of smog. 

This is a scene not unfamiliar to shorebird watchers and researchers in East Asia. It is
a microcosm of our current world: humans continuously conquering and destroying the
space for nature, and, as we begin to realize, also the space for us. This thesis is on the
scientific investigation on shorebird migrants that are struggling to survive in the East
Asian–Australasian Flyway (EAAF), where the human-wildlife conflict is probably the
most serious among all bird flyways in the world. 

t he threatened shorebird flyway

‘Flyway’ is the term used to describe an established geographic region where popula-
tions of migratory waterbirds migrate within annually (Boere & Stroud 2006). The
EAAF extends from the Arctic region of the Russian Far East and Alaska to Australia
and New Zealand, and includes eastern Asia and parts of south Asia (Bamford et al.
2008). Being the most species-rich flyway among the nine flyways in the world, the
status of the EAAF is also the worst, with the highest proportion of waterbird popula-
tions in decline (Wetlands International 2010). 

The EAAF is used regularly by at least 52 species of migratory shorebirds, with six
species having more than one recognized subspecies within the flyway, giving a total of
63 migratory shorebird populations (Bamford et al. 2008, Conklin et al. 2014). For most
populations (60%) the trends are unknown, and of the remaining 25 populations with
known trends, 24 are in decline and only one (Black-winged Stilt Himantopus himan-
topus) is increasing (Conklin et al. 2014). If the current trend continues, 20 populations of
17 species are approaching extinction in the near future (Conklin et al. 2014).

t he Yellow Sea as a key staging area for shorebirds

Coastal wetlands are key habitats to many shorebird species during migration and the
non-breeding season. During annual migration between their wintering area and
breeding areas, shorebirds concentrate at staging sites to fuel their migratory flights,
and importance of these sites is usually based on numbers of birds. Shorebird surveys
were conducted along the South Korean coast since 1993, and by Mark Barter and others
along the Chinese coast of the Yellow Sea in the 1990s. In 2002, Mark Barter published
‘Shorebirds of the Yellow Sea: Importance, threats and conservation status’, summa-
rizing results from these surveys. This significant publication established the Yellow Sea
(31–42°N, 117–127°E, Fig. 1.1) as the most important staging area for migratory shore-
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birds in the EAAF, supporting at least 2,000,000 shorebirds during northward migration
(Barter 2002).

A deeper understanding of how the Yellow Sea supports such huge numbers of
shorebirds came from studies of shorebird prey in the intertidal flats. Systematic
sampling of macrobenthos were initated at two important staging sites in China, the
Luannan Coast of Tangshan in north Bohai Bay (39.1°N, 118.3°E, Fig. 1.1B) by a team led
by Nicky Hong-Yan Yang (Yang et al. 2016), and the Chinese side of the Yalu Jiang
Estuary (39.8°N, 124.0°E, Fig. 1.1B) led by Jimmy Chi-Yeung Choi (Choi et al. 2014).
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Figure 1.1. (A) The breeding areas in the Russian Arctic (blue-grey bordered) and the staging areas along
the Yellow Sea coast (red rectangle) of the Red Knot, Great Knot and Bar-tailed Godwit populations from
the non-breeding grounds in Northwest Australia (blue circle). (B) Some of the key shorebird staging
sites along the Yellow Sea coast: Luannan, Tangshan, Hebei Province, and the Yalu Jiang Estuary,
Liaoning Province, and orange dots indicate 12 staging sites extracted from locations of 11 Bar-tailed
Godwits tracked by satellite transmitters in 2008 from Roebuck Bay, Northwest Australia (18°S, 122°E;
details are described in Battley et al. 2012). (C) Land reclamation trend from January 2007 to June 2018 in
areas within 10-km of the centroids of the 12 Bar-tailed Godwit staging sites, based on an analysis of
Landsat and Sentinel satellite images. Vertical line indicates April 2015, when the first batch of Great
Knots and Bar-tailed Godwits being tracked within this thesis project migrated north. 
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Both teams found high densities of Potamorcobula laevis, and established this bivalve as
the main prey of Red Knots (Calidris canutus), Great Knots (C. tenuirostris) and Bar-tailed
Godwits (Limosa lapponica) fuelling up in these sites (Yang et al. 2013, Choi et al. 2017).  

h uman threats to shorebirds: multiple pathways to declines

h abitat loss is identified as the main threat to shorebirds in the EAAF, and by far the
most studied.  Many shorebird species forage mainly on natural tidal flats outside of the
breeding season, and loss of this habitat type has been rigorously assessed by remote
sensing methods. An analysis of satellite imagery by Murray et al. (2014) found that 28%
of tidal flats in the Yellow Sea existing in the 1980s have been lost by the late 2000s (at a
rate of –1.2%/yr), and reference to historical maps suggested that up to 65% have been
lost since the 1950s. The main cause of this loss is land reclamation for agriculture,
aquaculture, and urban and industrial development (Ma et al. 2014, Melville et al.
2016a); mudflat erosion has also played a role (Chen et al. 2019). A more recent study
focussed on the Chinese Yellow Sea coastline found that, from 1984 to 2015, mudflat
area has decreased by 49% from 4,992 to 2,547 km2 (Chen et al. 2019). 

Another key threat reducing habitat availability to shorebirds in the EAAF is the
invasion of the exotic smooth cordgrass Spartina alterniflora. This tall plant (some-
times >2 m) grows in dense patches that cover tidal flats and prevent shorebirds from
foraging. Cordgrass was intentionally introduced to the Jiangsu coast, China, in 1979 to
promote marsh accretion to ‘create land’ (An et al. 2007). Liu et al. (2018) found that in
2015, S. alterniflora was found along the coastline of 9 out of the 10 coastal provinces of
China, from 20.9 to 39.2°N from Guangxi to Hebei Provinces, with a total area of
approximately 550 km2 . The northernmost Liaoning is currently the only cordgrass-free
province in China, probably due to its cold winters which inhibit cordgrass growth.
However, under climate warming S. alterniflora is predicted to eventually spread into
Liaoning (Liu et al. 2018). The spread of S. alterniflora in upper-intertidal and supratidal
areas also reduces habitats suitable for shorebirds to roost, as shorebirds avoid roosting
close to tall vegetation, likely because it impedes their ability to notice predators
approaching (Melville et al. 2016a). 

Land claims and cordgrass invasion not only reduce the area of tidal flats, but also
their availability for foraging shorebirds because the upper tidal flats, which are
exposed the earliest after high-tide, are the first to be enclosed by seawall or colonized
by cordgrass. With shorter exposure times of mudflats, birds will be more time-
constrained in foraging and might not be able to fuel at a rate efficiently enough to be
prepared for migration (Mu and Wilcove 2020). 

Artificial supratidal habitats associated with agriculture, aquaculture and salt
production, especially in the form of shallow-water ponds, are widely used as high-tide
roosts for shorebirds, and also as foraging habitats for some species (Li et al. 2013, Lei et
al. 2018, Jackson et al. 2019, 2020). However, the availability of these habitats is reduced
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when they are converted to dry land for oil fields and industries, and also by certain
type of aquaculture (e.g. sea cucumber farming) and saltpond management practices
which maintain a deep level of water (Melville et al. 2016a, Lei et al. 2018, Jackson et al.
2020).

h unting (includes shooting, trapping and poisoning of birds, both legally and illegally)
are documented in all parts of the flyway, from the breeding grounds in Russia and
Alaska, the areas where shorebirds stopped for fuelling in East Asia, to non-breeding
grounds in Southeast Asia, Australia and New Zealand (Gallo-Cajiao et al. 2020).
However, at the scale of the flyway, there is no coordinated monitoring on this issue and
data are mostly anecdotal (Gallo-Cajiao et al. 2020), therefore its extent and impact on
shorebird populations cannot be quantified. To date, shorebirds are still widely
harvested for subsistence in many Southeast Asian countries such as Myanmar,
Indonesia and Vietnam (Li and Ounsted 2007, Zöckler et al. 2010). In China, hunting
seemed to have become less prevalent in the last decade. In the late 1990s, shorebird
hunting using a clap net was common around Shanghai, China (Barter et al. 1997a, Ma
et al. 1998, Battley 2012). However, during surveys in March–May 2013 and 2014 along
the entire Yellow Sea coastline of China, only a few mist-nets were recorded in use
(Melville et al. 2016a). Mist-netting of shorebirds occurs more often along the coast of
the southern Chinese provinces of Guangdong and Guangxi; species caught included
the Critically Endangered Spoon-billed Sandpiper (Martinez and Lewthwaite 2013).
Harvesting birds using poison has been widely practiced in China for centuries
(Melville et al. 2016a). Although large waterfowl like geese, swans and cranes are the
main targets, substantial numbers of shorebirds are also poisoned (MaMing et al. 2012).
Shorebirds being trapped in fishing nets and traps on tidal flats were observed at many
sites along the Chinese coast during surveys in 2015–2018 (Box A of this thesis), and
reported at the southern Jiangsu Coast (Peng et al. 2017) and the Chinese side of the
Yalu Jiang Estuary (Zhang et al. 2019a). 

Prey community in intertidal flats

Shorebirds stop at staging sites to fuel, and the amount of food available, a function of
both the extent of area and the density of prey, determines how many shorebirds a site
can sustain. While trends of changes in area of tidal flats have been extensively meas-
ured, we know relatively little about the well-being of the prey populations in the
EAAF. Shou-Dong Zhang et al. (2018) reported the year-to-year trends in the macro-
zoobenthos community, the food of shorebirds, in the mudflats of the Chinese side of
the Yalu Jiang Estuary, a major staging site of this flyway, especially for Great Knots and
Bar-tailed Godwits (Choi et al. 2015). The authors took benthic samples along transects
every spring from 2011 to 2016. They found that the biomass of the bivalve P. laevis,
which accounted for 94% of the total biomass of macrozoobenthos, decreased by 99.9%
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from 2011–2016, with the sharpest decrease occurring from 2012 to 2013 and P. laevis
densities remained low ever since (sampling was conducted annually till spring 2021; S.-
D. Zhang unpublished data). Whether the disappearance of P. laevis is caused by change
in the hydrology after the reclamation of tidal flats for construction of the Dandong Port
in 2009 adjacent to the site, by run-off and discharge of agrochemicals from sea cucumber
farms along the shoreline, or by other factors, remained a mystery. Nevertheless, the
collapse of prey stocks left ‘barren’ mudflats that lowered the intake rates of Great Knots
by 85% (Zhang et al. 2019a) and has likely affected their migration success.

The situation in Yalu Jiang highlights the importance of understanding how human
activities are affecting prey communities on intertidal flats. Some factors that require
attention and further studies include: (1) water pollution from sources such as pesticides
used in aquaculture and untreated industrial wastewater, which could potentially nega-
tively affect prey populations and taxa in lower trophic levels (Liu et al. 2008, Melville et
al. 2016a, Xie et al. 2017); and (2) the harvesting and cultivating shellfish and poly-
chaetes as food or feed for aquaculture widely occurring on the tidal flats of China,
Vietnam and North and South Korea, which probably have a large effect on prey densi-
ties and community compositions (Yang et al. 2016, Peng et al. 2021).

Motivation for this study

At the start of my PhD project, it became increasingly clear that the main ‘problem’ for
shorebirds in the EAAF was mudflat loss due to land reclamation, although mechanistic
links of this loss to shorebird declines were still lacking. The challenge is that most
threats are localized phenomena, e.g. with land reclamation, there are places with very
fast rates of reclamation alongside places that remain relatively untouched, and birds
can move from the former to the latter. Moreover, impacts can manifest at later stages of
the bird’s annual cycle through carry-over effects. Therefore, the tracking of individual
birds throughout their annual cycle was deemed essential to understanding the impact
of land reclamation on shorebirds. In other words, only by putting the threats we
observed on the ground in the perspective of the itinerary of a migrating bird can we
understand the relevance of the threats and properly assess their impacts on shorebird
populations as well as target any conservation efforts. The advent of small solar-
powered satellite transmitters made my PhD project possible.

Land reclamation in the Yellow Sea slowed down considerably since we started
tracking migrations of Great Knots and Bar-tailed Godwits in 2015 (Fig. 1.1C), but it
does not mean that these migratory shorebirds were not threatened anymore. During
the project other problems have emerged, most notably the collapse of the bivalve stock
at Yalu Jiang Estuary mentioned above (Zhang et al. 2018). It became apparent that
rapid actions are key in the conservation of these threatened migratory shorebirds,
therefore I decided to first focus on exploring the ways that the spatial-temporal infor-
mation from satellite tracking can provide an evidence base for monitoring, manage-
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ment, and conservation of shorebirds in this flyway. To understand the impact of
human-induced environmental changes on shorebird populations, we first need to
understand how birds are responding and adjusting. Therefore, my second aim was to
understand what determines their capacity to cope with habitat loss and deterioration
by movement. These aims resulted in a thesis containing both applied and fundamental
research on migratory shorebirds in the EAAF.

Study system

This study focuses on the Northwest Australian populations of three long-distance
migratory shorebird species: Bar-tailed Godwits (L. l. menzbieri), Great Knots and Red
Knots (C. c. piersmai, Fig. 1.1A). They migrate annually to breeding areas in the eastern
Russian Arctic and depend on the Yellow Sea as the main staging area for fuelling
during both northward and southward migration (Barter 2002, Battley et al. 2012, Hua
et al. 2013, Yang et al. 2013, Conklin et al. 2014, Choi et al. 2015, Lisovski et al. 2016a). All
three species forage mostly on intertidal flats: the Great Knots and Red Knots are shell-
fish specialists (Yang et al. 2013, Choi et al. 2017) while Bar-tailed Godwits in the EAAF
have a broad diet and consume both shellfish and polychaetes (Choi et al. 2017).

The EAAF populations of these species are in strong decline (Conklin et al. 2014,
Studds et al. 2017). On the IUCN red list which assesses the extinction risk at the species
level, the Bar-tailed Godwit and Red Knot, which have global distributions, are listed as
‘Near Threatened’; the Great Knot, which is endemic to the EAAF, is listed as
‘Endangered’ (IUCN 2017). Likewise, under the Environment Protection and Bio -
diversity Conservation Act 1999 of the Australian government, the menzbieri sub species
of Bar-tailed Godwit and the Great Knot are listed as ‘Critically Endangered’, and the
Red Knot as ‘Endangered’ (Australian Government 2019).

Since 2006, under the umbrella of Global Flyway Network our research group has
been monitoring the demographics of these study populations. We have found that the
survival rates of the three species during the migration and breeding seasons dropped
significantly since 2011 (Piersma et al. 2016). We argued that the declines in adult
survival were caused by events happening during migration rather than in the breeding
areas; and the rapid habitat destruction in the Yellow Sea is probably a major cause of
decline. The idea that threats in the Yellow Sea had a major impact on migratory shore-
bird populations is also supported by a study evaluating the importance of several
factors in predicting population trends of 10 EAAF migratory shorebird taxa spending
non-breeding season in Australia and New Zealand, in which Yellow Sea dependence
was found to be the single most important predictor of population trend variation
(Studds et al. 2017). Difference in Yellow Sea dependence was also suggested as a
possible explanation to the less drastic decline in adult survival of Bar-tailed Godwits of
New Zealand, which belong to the subspecies baueri that breeds in Alaska, in compar-
ison to menzbieri from Northwest Australia (survival rates declined from 0.88–0.94 in
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2006–2010 to 0.83 in baueri and 0.71 in menzbieri in 2011–2012; Conklin et al. 2016), since
baueri passes through the Yellow Sea only once per year on northward migration, rather
than twice as the menzbieri does (Battley et al. 2012). 

t hesis outline

The key methodology employed in my thesis is the global tracking of individual shore-
birds by solar-powered Argos satellite transmitters, and tracking entire migration jour-
neys requires long-term external attachment of transmitters. For long-legged shorebird
species like the Bar-tailed Godwit, transmitters can be attached by leg-loop harnesses.
However, this type of harness quickly slips off the legs of more compact species such as
the Knots as they have no external ‘knee’.  In Chapter 2, utilizing captivity trials and a
field test, we develop a full-body harness suitable for knot-like shorebirds that is able to
accommodate the dramatic body size changes the birds experience before and after their
long migratory flights.

The start of any scientific inquiry into nature requires first a careful observation of
nature. Only with a detailed description of patterns, may we start to ask meaningful ques-
tions on processes (Travis 2020), and to direct appropriate conservation actions and
management practices. Part II comprises two chapters describing bird migration patterns
discovered from our tracking efforts. Chapter 3 describes a surprising dis covery: two
Bar-tailed Godwits tagged in Northwest Australia turned out to belong to the elusive and
little studied anadyrensis subspecies, from which we make a first description of the migra-
tion route and timing of anadyrensis godwits and compare their itineraries with those of
menzbieri godwits tracked during the same period. In Chapter 4 we describe how the Red
Knot subspecies piersmai, previously thought to be a ‘long-jump’ migrant, in fact made a
number of short stops (‘skipping’) during northward migration.

Since galvanizing conservation actions is an urgent matter in the EAAF, Part III
comprises several cases of applying satellite tracking of shorebirds in coastal conserva-
tion. Chapter 5 explores the value of the new knowledge obtained from tracking
compared to past knowledge of key sites that had been mostly based on ground obser-
vations. Using the tracking data of the Great Knot, an indicator species for shorebirds
dependent on coastal wetlands, we showed that satellite tracking have uncovered many
potentially important sites that were unknown before our study, thus highlighting
regions and sites which lack conservation recognition. Box A describes expeditions util-
ising the almost ‘real-time’ distributional information obtained from satellite tracking,
in which we ‘followed’ the satellite-tracked Great Knots and Bar-tailed Godwits along
the Chinese coastline. To gain a deeper understanding of factors affecting shorebird’s
fuelling at stopping sites, benthic sampling, foraging observations and bird counts were
conducted in spring 2015–2018 at 18 sites visited by the tracked birds. Here we highlight
some key findings on distribution of main prey species and bird numbers.
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Following the migrations of satellite-tracked birds, in early May 2015 together with
fellow expedition team members I visited Lianyungang, Jiangsu Province, China for the
first time. There we witnessed tens of thousands of shorebirds on mudflats alongside
lots of human disturbances and reclamation activities. To galvanize conservation efforts
in this unprotected area, in Chapter 6 we summarise all available data on shorebird
numbers, distribution, food resources and threats in Lianyungang. Box B was a
response to a planned large-scale reclamation on the Tiaozini mudflats and Dongsha
shoals in southern Jiangsu Province, China. Our satellite tracking data showed that this
site is used by a large proportion of tracked Bar-tailed Godwits for staging during
northward and southward migration and also how the birds distributed within this
area, which served as one of the key lines of evidence against the planned reclamation in
the area. Another Yellow Sea site that requires urgent conservation attention is Tong -
zhou Bay, Jiangsu Province, China, where large areas of mudflats are being dredged or
reclaimed to build a big port. Box C summarizes the findings of my collaboration with
hydraulic engineers on this issue, where we applied satellite tracking data of shorebirds
in ecological impact assessment of port construction and in port design following the
‘Building with Nature’ approach. 

Unlike hunting, which directly kills birds, threats leading to habitat loss and prey
declines affect birds in non-lethal ways, and birds might be able to mitigate the impacts
to a certain extent, e.g. by moving to suitable sites nearby. The propensity to move
might be negatively linked to site fidelity which is the tendency to return to a site. In
Chapter 7 we characterize site fidelity in two distinct phases of the non-breeding period
(wintering and migration) for Great Knots and Bar-tailed Godwits, using both satellite
tracking data and resighting data, and discuss how site fidelity differences between
these species could affect their movement responses to local threats. In general, the costs
of moving as a way to cope with environmental changes, depended on information on
suitable alternative sites, which animals could acquire by exploring new environments.
Strategies related to information use and movements in new situations have been found
to be rather fixed within an individual across situations, and to be correlated with
personality differences (e.g. in the tendency to explore) measured under standardized
laboratory environments. In Chapter 8, we investigate how exploratory tendencies of
Great Knots might underlie differences between individuals in their spatial responses to
the collapse in prey stock at Yalu Jiang (Zhang et al. 2018), and in the timing of breeding
and in breeding success. In Chapter 9, based on some of our findings I discuss ways that
shorebirds could cope with habitat deteriorations, from small to large spatial scales, i.e.
from the single site to the flyway; and then expand to the scale of the life history of a
migratory shorebird. 
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