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Abstract. The East Asian-Australasinan Flyway (EAAF) is home to over 50 million migratory
waterbirds annually, many of which rely on stopover habitats like the tidal flats in Songdo,
South Korea. The rapid loss of tidal flats in the Yellow Sea region that affects carbon dioxide
sinks, paired with rising global temperatures and shifting seasonal patterns, threatens these
migratory birds. According to the study by Murray et al. (2018), 16 percent of the world’s tidal
flats have disappeared and two-thirds of South Korea’s tidal flats have been used to expand the
city. In some cases, the loss of tidal flats has created significant population declines. For
example, the Great Knot’s population has suffered a 24% decline with estimates of the death of
90,000 birds [12]. Others have shown resilience to the changing climate, especially larger birds
that show more resiliency by shifting migratory pathways to include fewer stopovers or
relocating stopovers to less disrupted areas [9]. Differences in migration timing have also been
recorded [3]. In order to protect migratory bird populations, protection and conservation efforts
should be aimed at preserving a network of stopovers.

Keywords. East Asian—Australasian Flyway, Tidal Flat Loss, Migratory Shorebirds, Stopover
Sites, Climate Change

1. Introduction

Songdo is a district located on the west coast of South Korea, with a population of
approximately 100,000 to 180,000 residents (KPF). It is selected as a focal site in this research
not for its urban characteristics but because it sits within the Yellow Sea, a biogeographic
bottleneck of the East Asian—Australasian Flyway where a disproportionate share of
migratory shorebirds concentrate during migration, making ecological change at this location
especially consequential at the flyway scale. It is widely recognized as a meticulously planned
“smart city,” characterized by modern infrastructure and sustainability-oriented design.
However, just over two decades ago, this area consisted of expansive tidal flat ecosystems
along one of the world’s most significant migratory bird routes. These tidal flats are
characterized by fine-grained, organic-rich sediments that support dense communities of
benthic invertebrates, such as polychaete worms, bivalves, and crustaceans, which form the
primary food source for migratory shorebirds. The regular inundation and exposure driven by
tidal cycles creates highly productive foraging conditions, while the open, low-vegetation
landscape offers unobstructed visibility that reduces predation risk. In addition, the Yellow
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Sea’s coastal geomorphology and prevailing wind patterns provide favorable atmospheric
conditions that facilitate energy-efficient flight and predictable stopover timing, making the
ecosystem especially compatible with long-distance migration. Each year, hundreds of
thousands of shorebirds, including endangered species such as the black-faced spoonbill and
the great knot—depend on the Songdo tidal flats as critical resting and feeding sites during
their long migrations between breeding grounds in Siberia and wintering habitats in Southeast
Asia and Australia. Rapid urban development, shifting climatic conditions, and increasing
human intervention have since transformed both the physical landscape and the migratory
behavior of these birds [10] [13].

Migratory birds are among the most sensitive indicators of climate and land-use
change because their survival depends on a geographically dispersed yet tightly connected
network of habitats. Along the EAAF, more than 50 million waterbirds rely on a limited
number of coastal stopover sites to refuel during long-distance migrations between Arctic
breeding grounds and Australasian wintering areas [14][11]. Climate change has begun to
disrupt the environmental cues that govern migration timing, such as temperature thresholds,
photoperiod-linked food emergence, and wind regimes, while rapid coastal development has
simultaneously reduced the availability and quality of critical stopover habitats [10][7].
Long-term phenological datasets show that rising spring temperatures in East Asia have
advanced invertebrate emergence and peak primary productivity, creating temporal
mismatches between food availability and bird arrival [3]. At the same time, altered wind
patterns associated with climate warming have increased the energetic costs of migration for
some species, narrowing the margin for error during long-distance flights (Klaassen et al.,
2014).

This convergence of climatic and anthropogenic pressures has prompted a growing
body of research examining how migratory birds adapt through altered timing, reduced
stopovers, or route reconfiguration [9][3]. However, scholars disagree on whether these
behavioral adjustments indicate resilience or instead conceal accumulating physiological
stress and long-term population decline. Consequently, understanding how specific stopover
sites function within a broader migratory network has become a central concern in avian
conservation science. This review presents an intervention that focuses on preserving and
restoring a network of stopover habitats in response to changes in the birds’ migratory
patterns, including reductions in the number of stopovers and shifts in the timing of departure
or arrival. This intervention is grounded in evidence that stopover suitability depends on
specific biophysical conditions, such as organic-rich sediments that sustain high benthic prey
densities, predictable tidal inundation cycles, and favorable wind regimes that reduce flight
energy expenditure, which cannot be rapidly replicated once degraded or reclaimed [13][11]
Klaassen et al., 2014). Examining stopover sites as interconnected components of a migratory
system, rather than as isolated conservation units, is essential for addressing the compound
effects of climate change and habitat loss on migratory birds.

This review presents an intervention that focuses on preserving and restoring a
network of stopover habitats in response to changes in the birds’ migratory patterns, including
reducing the number of stopovers and changing the timing of departure or arrival. Examining
stopover sites as interconnected components of a migratory system, rather than as isolated
conservation units, is essential for addressing the compound effects of climate change and
habitat loss on migratory birds.

2. Literature review
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In the following sections, a range of studies are surveyed and analyzed how climate change
and habitat loss interact to reshape migratory behavior through three distinct geographic
lenses. First, the South Korean coastline is analyzed for the direct physical impact of tidal flat
reclamation on bird density and energetic carrying capacity. Second, Hong Kong’s migratory
habitat is discussed to explore how urbanization degrades habitat quality and water chemistry,
even when space remains partially protected. Finally, the Coastal China is discussed to
analyze the flyway as a whole, investigating how birds reconfigure their migratory routes
across a network of stopovers. Collectively, these case studies address the core question of
avian adaptation by demonstrating that survival depends not just on finding any landing spot
but on the functional integrity and connectivity of specific ecological nodes.

2.1.1.  South Korea: Tidal Flat Loss and Carrying Capacity Compression. Research on
South Korea’s west coast has consistently highlighted the outsized importance of Yellow Sea
tidal flats for migratory shorebirds. Using global remote-sensing data, Murray et al. (2019)
estimate that over 16% of the world’s tidal flats have disappeared since the mid-20th century
[11]. In South Korea specifically, large-scale reclamation accelerated from the late 1980s
through the early 2000s, with major projects such as Saemangeum and the development of
Songdo removing extensive intertidal areas within a few decades. Within approximately
10-20 years of these reclamation efforts, monitoring data began to record sharp declines in
shorebird abundance and reduced stopover duration, indicating a rapid ecological response to
habitat loss. This loss has direct implications for migratory birds’ energetic balance.

Seasonal Sites and Population Sizes of Migratory Birds
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Fig.1: Map of migratory bird population distribution per season in South Korea [12]
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Fig. 2: Garolim Bay Tidal Flat in Chungcheongnam-do, South Korea [2]

Research on South Korea’s west coast has consistently highlighted the outsized
importance of Yellow Sea tidal flats for migratory shorebirds, as illustrated by the
concentration of avian populations across the peninsula’s western coastline (Fig. 1). These
environments, such as the Garolim Bay tidal flat (Fig. 2), provide the essential benthic
resources necessary for migratory refueling. Using global remote-sensing data, Murray et al.
(2019) estimate that over 16% of the world’s tidal flats have disappeared since the mid-20th
century [11]. In South Korea specifically, large-scale reclamation accelerated from the late
1980s through the early 2000s, with major projects such as Saemangeum and the development
of Songdo removing extensive intertidal areas within a few decades. Within approximately
10-20 years of these reclamation efforts, monitoring data began to record sharp declines in
shorebird abundance and reduced stopover duration, indicating a rapid ecological response to
habitat loss. This loss has direct implications for migratory birds’ energetic balance.
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Fig. 3: Distribution (A), tidal flat areas (B), number of species (C) and species abundance (D)
of the 14 stopover sites along China's Yellow Sea coast. Site codes: 1: Yalu Estuary, 2: Liaohe
Estuary, 3: Jinzhou, 4: Northern Bohai Bay, 5: Tianjin, 6: Southwest Bohai Bay, 7: Southern
Bohai Bay, 8: Yellow River Delta, 9: Laizhou Bay, 10: Jiaozhou Bay, 11: Lianyungang, 12:
Yancheng, 13: Nantong, and 14: Chongming Dongtan [15].

The quantitative data provided by Wang et al. (2022) in Figure 3 provides the
necessary empirical bridge between the localized observations in South Korea and the broader
flyway dynamics. Panels B, C, and D of Figure 3 reveal a clear linear relationship between the
physical scale of a stopover and its biological richness: sites with the largest remaining tidal
flat areas, such as the Yalu Estuary (Site 1) and Yancheng (Site 12), serve as the primary
anchors for the population, supporting both the highest number of species and the greatest
total abundance. By contrast, smaller sites (such as Jiaozhou Bay, Site 10) show significantly
diminished ecological metrics. This data reinforces the "carrying capacity" theory discussed
earlier: the physical footprint of the habitat directly dictates the maximum number of birds
that can effectively refuel. When reclamation reduces these footprints across the network, the
resulting "carrying capacity compression" creates the density-dependent stress mentioned in
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the South Korean context, as birds from lost habitats are forced to compete for dwindling
resources in smaller, overcrowded foraging grounds.

However, while these studies provide robust quantitative evidence of
density-dependent stress, they often assume relative stability in migration routes. As climate
change accelerates, this assumption becomes increasingly tenuous, raising questions about
whether observed declines result primarily from habitat loss or from the interaction between
habitat loss and shifting migratory strategies. It is important to address this gap because
attributing population declines solely to spatial habitat loss risks overlooking other
mechanisms, such as habitat quality degradation and ecological functionality, that may equally
constrain birds’ ability to refuel and adapt under changing climatic conditions. The following
case study from Hong Kong directly engages with this gap by examining how stopover
effectiveness can deteriorate even when spatial extent is partially maintained.

2.1.2. Hong Kong: Urbanization, Water Quality, and Partial Protection. On the other hand,
research from Deep Bay, Hong Kong complicates a purely crisis-oriented narrative by
revealing species-specific responses and partial ecological buffering. Ecologically, Deep Bay
is a semi-enclosed estuarine system composed of intertidal mudflats, mangrove forests, and
shallow subtidal waters influenced by freshwater discharge from the Pearl River, as seen in
the coastal landscape of Ha Pak Nai (Fig. 4) and the spatial layout of protected zones (Fig. 5).

Fig. 4: Ha Pak Nai, Hong Kong [5]
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Fig. 5: Map of migratory bird habitats in Deep Bay, Hong Kong [1]

Its fine, silty sediments and nutrient-rich conditions historically supported high benthic
productivity, particularly polychaete worms, small bivalves, and crustaceans, making it a
critical wintering and stopover habitat for migratory shorebirds along the East
Asian—Australasian Flyway. Leung et al. (2024) document how rapid urbanization around
Deep Bay has degraded water quality, reducing benthic prey biomass and driving declines in
benthic-feeding waterbirds [8]. Urban expansion and intensified wastewater discharge in the
Deep Bay catchment increased markedly from the 1990s onward; within roughly two to three
decades, nutrient loading and sediment contamination altered benthic community
composition, shifting the system from one dominated by invertebrate-rich mudflats to a more
degraded estuarine environment less capable of supporting benthic-feeding migrants. Notably,
this occurred despite the site’s partial legal protection, suggesting that conservation status
alone is insufficient when broader catchment-level processes are ignored.

In conversation with Wang et al. (2022) [15], Leung et al.’s findings shift attention
from habitat quantity to habitat quality. While South Korean studies emphasize spatial loss
and crowding, the Hong Kong case demonstrates that functional degradation, mediated
through pollution and hydrological alteration, can similarly undermine stopover effectiveness.
At the same time, the observed shift toward water-column feeders indicates a degree of
community reassembly rather than uniform collapse [8]. Perhaps, effective conservation must
look beyond passive legal "protection" (the prevention of physical building) and move toward
active "management," which involves strictly regulating catchment-level industrial runoff and
maintaining the chemical balance of the water to ensure the biological productivity of the
mudflats remains intact.

2.1.3. Coastal China: Network Dependence and Migration Reconfiguration. Extending
beyond individual sites, studies from coastal China underscore the importance of viewing
stopovers as nodes within a migratory network (Fig. 6). Studds et al. (2017), using population
modeling across multiple Yellow Sea sites—a shallow semi-enclosed marginal sea
characterized by extensive intertidal mudflats (Fig. 7), high sediment deposition from major
rivers such as the Yellow and Yangtze, and exceptionally high benthic productivity—show
that declines in a small number of key stopovers can drive flyway-wide population collapses.
This network sensitivity helps explain why some species exhibit abrupt declines even when
alternative habitats appear available. In other words, the apparent presence of substitute sites
does not guarantee functional redundancy, because the loss of strategically important nodes
can disrupt migratory connectivity and energy balance across the entire flyway.
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Fig. 7: Tidal flat, an important shorebird site, in Jiangsu province, China [4]

At the same time, tracking studies suggest that not all species respond uniformly.
Lisovski et al. (2024) find that larger-bodied species, such as bar-tailed godwits, demonstrate
greater resilience by undertaking longer nonstop flights or reducing the number of stopovers
altogether [9]. This contrast is largely driven by physiological and aerodynamic differences:
larger-bodied birds can store proportionally greater fat reserves, achieve higher flight
efficiency, and better exploit favorable wind assistance, allowing them to bridge longer
distances between remaining habitats. In contrast, smaller species with limited fuel capacity,
higher mass-specific metabolic rates, and narrower aerodynamic margins remain constrained
to traditional routes and frequent refueling, making them disproportionately vulnerable to
localized habitat loss [15].
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Taken together, these studies align with climate-driven migration research showing
shifts in departure timing and route selection [3][7], yet they also reveal a methodological
limitation: many models infer resilience from movement data without directly measuring
long-term fitness or reproductive outcomes.
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