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Abstract 

Background: Land use and development alter mudflat and wetland habitat availability, although mudflats and 
wetlands provide important stopover habitats for shorebirds during the spring and autumn migrations and support 
communities of ducks and geese during the winter months in the Republic of Korea. This study investigated land use 
changes around Sihwa Lake (Republic of Korea) and evaluated the effect of these changes on waterbird community 
characteristics.

Methods: We conducted a land-use-change analysis at the medium-resolution level using land cover maps for 
2001, 2007, 2009, and 2014. Also, a tidal stream survey was conducted in Sihwa Lake and the surrounding reclaimed 
mudflats every season for 10 years (2003–2012) to identify the seasonal and interannual variations in waterbird spe-
cies composition. To determine the total annual waterbird species and population counts, species diversity index, and 
interspecies variations, a TRIM (trends and indices for monitoring data) analysis was used.

Results: Wetland area decreased more than 10% while agricultural land, barren land, and grassland area increased 
more than 10% due to continuous reclamation activities around Sihwa Lake. Barren land later turned into agricultural 
land or other land use. Sixty-three species and 566,623 individuals were recorded. The number of species, population 
size, and species diversity index by year and by species showed decreasing trends that were more marked in spring 
and summer. Furthermore, seasonal and annual variations in waterbird species composition showed decreasing 
trends in dabbling ducks, herons, grebes, and shorebirds but diving ducks displayed increasing trends. In particular, 
shorebirds were reduced to a greater extent than other waterbird species because of the reduction and simplification 
of the intertidal zone, and shallow waters caused by reclamation and road construction.

Conclusions: Increased development and construction around Sihwa Lake has altered migratory shorebird popula-
tions with a general decline in species diversity and population size. The greatest decline was observed in wading 
birds, while diving duck populations showed increasing trends.
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Background
Mudflats along the west coast of the Republic of Korea 
(ROK) are used by a wide variety of wildlife because the 
large tidal ranges in this region create an extensive area 
of intertidal habitat. In particular, mudflats are an impor-
tant habitat for shorebirds that stopover in the ROK dur-
ing spring and autumn migrations, as well as ducks and 
geese that spend the winter months in the ROK (Lee 
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et al. 2000). However, over 716 km2 accounting for over 
25% of the entire mudflat area has been reclaimed in the 
past 20  years for urban and agricultural land expansion 
in coastal regions, driven by rapid ongoing economic 
growth that since the 1970s (Ministry of Oceans and 
Fisheries 2017). Land cover changes can affect the sea-
sonal and interannual assemblage of the waterbird spe-
cies arriving at major mudflats on the west coast of the 
Korean Peninsula. While reclaimed lakes with simple 
environments and long stretches of agricultural land cre-
ated by reclamation provide adequate habitats for winter-
ing ducks, shorebirds have lost large intertidal areas (Lee 
2012).

Sihwa Lake is a manmade reservoir that was built by 
constructing a dike across Sihwa Bay. It is surrounded by 
the cities of Ansan, Siheung, and Hwaseong in Gyeonggi-
do. The area around Sihwa Bay was rapidly developed 
after 1984 because it was a prioritized area for imple-
menting agricultural and industrial land reclamation pro-
jects launched by the Ministry of Agriculture, Food, and 
Rural Affairs and the Ministry of Land, Infrastructure, 
and Transport in the 1970s.

The key project for this designated area was the con-
struction of the 12.7  km dike between Bang’a-meori on 
Daebudo Island in Ansan and Oido Island in Siheung 
to satisfy the demand for land and secure freshwater 
resources for agricultural lands and irrigation (Lee 2012). 
After construction of the Sihwa reclamation dam in 1994, 
the contamination of Sihwa Lake reached a serious level. 
Starting in 1997, the Korean government made substan-
tial efforts to address the Sihwa Lake contamination 
problem by regularly operating sluice gates to allow sea-
water to flush out contaminated water (Hur et al. 2005). 
This measure was ineffective, and with continuously 
increasing pollution levels in Sihwa Lake, the govern-
ment officially abandoned a plan to desalinate Sihwa Lake 
in February 2001. A tidal power plant was constructed 
on the dike in 2004 to expand the seawater circulation 
system and improve Sihwa Lake water quality (Lee et al. 
2004; Lee 2012).

Seawater circulation through hydrology restoration 
is a major energy source that affects intertidal zone and 
ecosystem structures. Additionally, the expansion of 
intertidal areas is an essential prerequisite for the res-
toration of intertidal zones (Eertman et  al. 2002; Neck-
les et  al. 2002). With the recently increased awareness 
of the importance of intertidal restoration, some devel-
oped countries have implemented reverse reclamation 
programs or created artificial wetlands and intertidal 
zones (Wataru et  al. 2014; Young and Ishiga 2014). The 
on-going development in Sihwa Lake and the surround-
ing areas has led to the quantitative and qualitative deg-
radation of wildlife habitats and ecosystem services in 

intertidal zones. Operating tidal power plants in the 
Sihwa Lake area has been suggested as an alternative 
way to improve water quality and restore intertidal zones 
(Kim and Gu 2015). After the Korean government halted 
the Sihwa Lake development plan, the intertidal zone in 
Sihwa Lake has been slowly restored, with a correspond-
ing increase in biodiversity (Ministry of Oceans and Fish-
eries 2008). Reclaimed land formed to the southern and 
northern areas of the lake became predominantly grass-
land ecosystems that provide habitat for wildlife, includ-
ing birds (Park 2016). In addition to improved water 
quality, Sihwa Lake has widely varying depths from the 
deep center to the shallow periphery, offering suitable 
habitats to a wide variety of migrating and wintering bird 
species such as diving ducks, dabbling ducks, shorebirds, 
and herons. Nevertheless, the Sihwa Lake area has been 
threatened by multiple development projects since 2002, 
including the Sihwa Multi-Techno Valley (MTV) project 
to the north of Sihwa Lake, the Songsan Green City pro-
ject on the southeastern mudflats, the agricultural land 
reclamation project to the south of Sihwa Lake, and the 
road construction project within the southern reclaimed 
land (Lee 2012; Jin et al. 2016). Sihwa Lake biodiversity is 
vulnerable to these ongoing development projects.

The purpose of this study was to identify land use 
changes around Sihwa Lake caused by various develop-
ment projects and identify waterbird trends at Sihwa 
Lake, and explore possible links between two. This study 
is crucial to conserve the biodiversity of important eco-
systems including wetlands. In particular, this study pro-
vides information specific to Sihwa Lake biodiversity that 
can be used to create a targeted plan to offset the poten-
tial negative impact of land use change around Sihwa 
Lake.

Methods
Survey site
Sihwa Lake is located between latitude 37°11′‒37°20′N 
and longitude 126°34′‒126°50′E (Fig.  1), and adminis-
tratively belongs to three adjacent cities: Hwaseong, 
Siheung, and Ansan (National Geographic Information 
Institute 2019). Sihwa Lake surface area is 56.5 km2, with 
a lake area of 159.2 km2 that includes inland waters flow-
ing into the lake and a catchment area of 476.5 km2. We 
conducted a survey on reclaimed land around Sihwa 
Lake to investigate the impact of land use changes in 
Sihwa Lake and its surrounding areas on waterbird com-
munity characteristics.

Land use change
Using land cover maps (scale of 1:25,000, image data of 
resolution 5  M) provided by the Ministry of Environ-
ment (https ://egis.me.go.kr) (2019), we investigated the 

https://egis.me.go.kr
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land cover change in and around Sihwa Lake for four 
selected years: 2001, 2007, 2009, and 2014. The land 
cover maps were provided in three different resolutions: 
coarse (30 m), medium (5 m), and high (1 m). Each map 
was arranged in 7 coarse-resolution, 22 medium-resolu-
tion, and 44 fine-resolution categories. For the purposes 
of this study, coarse- and medium-resolution categories 
were used to analyze our study site.

The spatial scope of our land cover change analysis 
was limited to 1 km from the Sihwa Lake area boundary 
(Fig.  2). The reference boundary was obtained from the 
2001 land cover map (reporting land cover of the year 
2000) as that was the first year on-site bird species sur-
veying began. Not only the artificial lake itself (deline-
ated by the roads), but the entire ecologically connected 
space as of 2000, including inland waters and surround-
ing wetlands, were defined as Sihwa Lake. The 1  km 
distance from the Sihwa Lake boundary was the buffer 
zone reference distance generally applied to regions of 

ecological importance as set by the Korean Ministry of 
Environment.

For the land cover change analysis, distances and the 
area of each land cover type were calculated using Arc-
GIS 10.1. The area change ratio of each land cover type 
was calculated using Excel 2013.

Tidal stream survey
To identify the seasonal and interannual variations in 
waterbird species composition, we conducted a tidal 
stream survey in Sihwa Lake and the surrounding 
reclaimed mudflats every season (April, July, Septem-
ber, and December) for 10 years (2003–2012). Each sur-
vey took place during the day (09:00–18:00). Surveys 
were performed on clear days, avoiding cloudy, rainy, or 
snowy days to preclude errors due to weather conditions. 
Temperature ranges considered suitable for surveying 
were 15‒20  °C in the spring and autumn, 25‒30  °C in 

Fig. 1 Location of the Sihwa Lake area in the Republic of Korea
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the summer, and 0‒5 °C in the winter before the onset of 
freezing weather.

To survey bird species, we explored the analysis site by 
car or on foot, using both line transect and point count 
methods as well as binoculars (Swarovski 10 × 42) and 
telescopes (Swarovski 20‒60 ×) all around the lake. All 
waterbird species and individual birds observed around 
Sihwa Lake were recorded as previously described (Bibby 
et al. 1977). Also we recorded only resting waterbirds to 
reduce double counting in a single day (Reed et al. 2007).

Data analysis
Waterbird species and individual birds were counted and 
the species diversity index (H’) was calculated according 
to the equation proposed by Shannon and Weaver (1949). 
To determine the total annual waterbird species and pop-
ulation counts, species diversity index, and interspecies 
variations, we conducted a TRIM (trends and indices for 
monitoring data) analysis using the RTRIM package (R 
version 3.5.1). TRIM is a program that is useful for bird 
population trend analyses and widely used for time-series 
analyses of bird populations (Pannekoek and van Strien 
2005; Jin et al. 2016). To evaluate differences in waterbird 
community composition by season and year, an analysis 
of similarity was computed using the vegan package in 
R (ANOSIM; Clarke 1993). We also conducted a simple 
regression analysis to identify seasonal variations in the 
number of species, population size, and species diversity 
index (Jin et al. 2016). To evaluate the annual changes in 
the number of observed individuals of each species, we 

used a simple regression. We adopted the results of the 
analysis if the R2 is larger than 0.5.

Results
Land use change
According to the coarse resolution data of the 2001 land 
cover map, water and wetlands occupied the largest part 
(68.6%) of the Sihwa Lake area, followed by agricultural 
land (12.9%), forest (7.9%), and used area (7.6%). The 
proportions of grassland and barren land were very low 
(0.4 and 2.5%, respectively). In 2014, the land cover map 
showed that the water and wetlands area decreased by 
over 10–57.1% (from 177.3 to 147.9  km2) of the Sihwa 
Lake area, while agricultural land area increased to 17.3%. 
Barren land, forest, and used area maintained similar pro-
portions (7.3–7.4% each) (Fig. 3). The combined area of 
agricultural land, barren land, and grassland increased by 
over 10%. Of particular note, compared to 2001, the total 
land cover area based on the land cover map of Sihwa 
Lake increased by 29.5 km2 by 2014 and consisted of bar-
ren land (42.5%), agricultural land (38.3%), and grassland 
(25.9%). On the medium resolution data, intertidal area 
of wetland was sharply decreased by over 30–2.7% (from 
85.4 to 6.9 km2), while inland wetland area increased to 
23.9% (from 0 to 62.0 km2) of the Sihwa Lake area.

Looking at the spatial distribution of barren land and 
agricultural land that underwent the largest change in 
area, barren land increased from 6.5  km2 in the 2001 
map to 15.7  km2 in the 2007 map (Fig.  3). In 2014, 
although the distribution of barren land shifted, the 

Fig. 2 Sihwa Lake (left) and the analysis site within 1 km from the boundary (right)
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overall area was maintained at the 2007 level; barren 
land adjacent to the mountainous area was changed to 
agricultural land and wetland adjacent to the used area 
was changed back to barren land. This was due to ongo-
ing reclamation projects, the implementation of which 
involved land use changes, such as changing from water 
and wetlands to barren land and then further to agri-
cultural land or used land (Table 1).

Other than barren land, agricultural land, and grass-
land, the land use type with the largest increase in area 
(4.2%; from 4.6 to 5.8 km2) was used land caused by the 
development of a traffic facility. In particular, the spa-
tial distribution of the traffic facility began to appear in 

2007 on space previously occupied by water and wet-
lands (primary waterbird habitat).

Waterbird community characteristics
Forty field surveys taken over a 10-year period (2003–
2012) identified a total of 63 waterbird species and 
624,623 individuals (Table  2) at the Sihwa Lake. Of 63 
species detected in this study, winter visitors were the 
most dominant (46%). Also, 16 passage migrants, 13 
summer visitors and 5 residents were observed in this 
study. Most of the waterbirds (57 out of 63) were the 
least concern and data deficient on the IUCN RedList 
category, but one endangered (Platalea minor), four 

Fig. 3 Time-series land cover changes (2001, 2007, 2009, 2014) in the Sihwa Lake analysis site
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Table 2 The results of waterbird census at the Sihwa Lake between 2003 and 2012

Species No. of detected individuals (mean ± SD) Migration 
pattern

IUCN list 
catagory

Korean 
endangered 
statusSp. Su Au Wi

Tachybaptus 
ruficollis

60.2 ± 42.0 69.4 ± 42.5 82.2 ± 44.6 80.9 ± 47.3 R LC

Podiceps cris-
tatus

14.0 ± 9.2 17.0 ± 9.2 31.0 ± 9.1 217.0 ± 9.7 WV/Rd LC

Phalacrocorax 
carbo

78.0 ± 98.8 – – 965.0 ± 95.3 WV LC

Phalacrocorax 
capillatus

108.0 ± 8.4 206.0 ± 8.3 58.0 ± 8.3 – R DD

Ardea cinerea 150.0 ± 37.2 692.0 ± 37.1 217.0 ± 37.2 59.0 ± 37.2 SV/R LC

Egretta alba 103.0 ± 105.8 1415.0 ± 105.1 1828.0 ± 102.7 76.0 ± 95.2 SV/R LC

Egretta inter-
media

9.0 ± 8.5 119.0 ± 8.5 117.0 ± 8.0 – SV LC

Egretta garzetta 86.0 ± 19.6 367.0 ± 19.6 314.0 ± 19.5 68.0 ± 19.3 SV/R LC

Nycticorax 
nycticorax

12.0 ± 4.1 73.0 ± 4.0 60.0 ± 4.0 – SV LC

Butorides 
striatus

6.0 ± 2.7 70.0 ± 2.6 37.0 ± 2.7 – SV LC

Ixobrychus 
sinensis

– 15.0 ± 0.6 – – SV DD

Bubulcus ibis – 333.0 ± 27.1 – – SV LC

Anser albifrons – – – 376.0 ± 26.7 WV LC

Anser fabalis – – – 8.0 WV LC

Cygnus cygnus – – – 21.0 WV LC II

Grus monacha – – – 41.0 WV VU II

Platalea leuc-
orodia

– – – 73.0 ± 48.8 WV LC II

Platalea minor – – – 181.0 ± 100.2 SV/R EN I

Tadorna fer-
ruginea

– – – 420.0 ± 25.7 WV DD

Tadorna 
tadorna

– – – 1302.0 ± 132.9 WV LC

Anas falcata – – – 497.0 ± 184.4 WV LC

Anas penelope – – – 1830.0 ± 572.6 WV LC

Anas crecca – – – 492.0 ± 181.9 WV LC

Anas platyrhyn-
chos

8998.0 ± 5662.6 6228.0 ± 5665.5 80,198.0 ± 5654.4 78,650.0 ± 5625.6 WV/R LC

Anas strepera – – – 291.0 WV LC

Anas poecilo-
rhyncha

12,350.0 ± 7159.9 14,640.0 ± 7177.2 138,100.0 ± 7170.5 60,490.0 ± 7148.7 WV/R LC

Anas acuta – – – 2439.0 ± 537.1 WV DD

Anas clypeata – – – 641.0 ± 178.9 WV LC

Aythya ferina – – – 176,010.0 ± 5396.8 WV VU

Aythya fuligula – – – 1354.0 ± 177.2 WV LC

Aythya marila – – – 17.0 WV LC

Bucephala 
clangula

– – – 95.0 ± 5.2 WV LC

Mergus mer-
ganser

– – – 903.0 ± 69.6 WV LC

Gallinula chlo-
ropus

– 31.0 ± 2.1 – – SV/R LC

Fulica atra – 1135.0 ± 93.4 – – W/R LC
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Sp. spring, Su. summer, Au. autumn, Wi. winter, R resident, SV summer visitor, PM passage migrant, WV winter visitor, DD data deficient, LC least concern, VU vulnerable, 
NT near threatened, EN endangered, WV/R most of the population/some population

Table 2 (continued)

Species No. of detected individuals (mean ± SD) Migration 
pattern

IUCN list 
catagory

Korean 
endangered 
statusSp. Su Au Wi

Himantopus 
himantopus

– 1.0 ± 2.8 5.0 ± 2.8 – PM/SV LC

Haematopus 
ostralegus

– 6.0 ± 1.4 – – R DD II

Charadrius 
placidus

– 31.0 ± 3.8 – – R LC

Charadrius 
dubius

3.0 ± 0.9 13.0 ± 0.9 7.0 ± 0.9 – SV LC

Pluvialis squa-
tarola

80.0 ± 6.8 – 94.0 ± 7.1 – PM LC

Charadrius 
alexandrinus

102.0 ± 12.3 – 121.0 ± 11.7 – PM/R LC II

Limosa limosa 27.0 ± 5.2 – 47.0 ± 5.2 – PM DD

Limosa lap-
ponica

261.0 ± 33.5 – 370.0 ± 34.5 – PM LC

Numenius 
arquata

1944.0 ± 169.4 – 1878.0 ± 162.8 – PM NT

Numenius 
madagas-
cariensis

352.0 ± 23.8 – 343.0 ± 24.8 – PM LC II

Numenius 
phaeopus

163.0 ± 10.1 – 152.0 ± 10 – PM LC

Tringa nebularia 194.0 ± 18.6 55.0 ± 18.9 312.0 ± 18.7 – PM LC

Tringa eryth-
ropus

13.0 – – – PM LC

Arenaria inter-
pres

7.0 – – – PM LC

Calidris tenui-
rostris

240.0 ± 28.9 – 197.0 ± 28.9 – PM VU

Tringa glareola 3.0 – – – PM LC

Tringa ochropus 7.0 ± 0.5 – – – WV LC

Actitis hypoleu-
cos

13.0 ± 0.7 – 13.0 ± 0.7 – SV LC

Xenus cinereus 39.0 ± 4.4 – 52.0 ± 4.4 – PM LC

Gallinago gal-
linago

1.0 – – – PM LC

Calidris alpina 3015.0 ± 229.3 – 3604.0 ± 233.8 – PM LC

Larus cras-
sirostris

2577.0 ± 216.7 2422.0 ± 213.5 2632.0 ± 210.2 5560.0 ± 208.3 R LC

Larus argentatus – – – 319.0 ± 17.8 WV LC

Larus cachin-
nans

– – – 63.0 ± 4.4 WV DD

Larus schisti-
sagus

– – – 8.0 ± 4.2 WV LC

Larus saundersi – – – 1126.0 ± 34.9 WV/R VU II

Larus ridibundus – – – 218.0 ± 9.5 WV LC

Sterna albifrons – 13.0 – – SV/PM LC

Total 30,955.0 ± 15,713.1 27,882.0 ± 15,752.0 230,787.0 ± 15,730.1 334,810.0 ± 15,837.0
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vulnerable (Grus monacha, Aythya ferina, Calidris ten-
uirostris, Larus saundersi) and one near threatened 
(Numenius arquata) species were observed at the Sihwa 
Lake. Also, one endangered level I (P. minor) and seven 
endangered level II (C. Cygnus, G. monacha, P. leucoro-
dia, Haematopus ostralegus, C. alexandrines, Numenius 
madagascariensis, L. saundersi) species designated by 
the Ministry of Environment, Republic of Korea, were 
recorded in this study.

Seasonal variation in species composition was dem-
onstrated by the changes in dominant waterbird species; 
the dominant species in spring, summer, and autumn was 
the Spot-billed Duck (Anas poecilorhyncha), while the 
Common Pochard (Aythya ferina) was dominant in win-
ter (Table  3). The Spot-billed Duck and the Mallard (A. 
platyrhynchos) were dominant until 2008. The Common 
Pochard became the dominant species in 2009. Based 
on our observations, the number of species, individuals, 
and species diversity index were high in 2008 (24.3 ± 4.9, 
12,784.5 ± 26,643.4, and 2.4 ± 0.8, respectively) com-
pared to those in 2012 (14.3 ± 2.5, 8723.8 ± 12,647.9, and 
1.5 ± 0.8, respectively).

TRIM analysis used to determine the annual changes in 
the number of species, number of individuals, and spe-
cies diversity index showed gradually decreasing trends 

in the number of species (−2.2%), number of individuals 
(−1.5%), and species diversity index (−0.4%) (Table  4). 
In addition, regression analysis of the annual changes in 
the number of individuals by season revealed decreas-
ing trends in spring (y = ‒296.05x + 4723.8, R2 = 0.6756), 
summer (y = ‒218.74x + 3991.3, R2 = 0.6276), and 
autumn (y = ‒1481.8x + 3122.8, R2 = 0.1194) but not in 
the winter (y = 339.46x + 31,633, R2 = 0.0109) (Fig. 4).

Our similarity analysis determined the variations in 
annual and seasonal waterbird species composition and 
confirmed a significant variation both between years 
(ANOSIM; R = 0.52, p = 0.03) and between seasons 
(ANOSIM; R = 0.72, p = 0.01). By grouping waterbirds 
into seven categories (dabbling ducks, diving ducks, her-
ons, grebes, shorebirds, gulls, and others), then analyz-
ing the annual change in waterbird species composition 
in the Sihwa Lake area, decreasing trends were observed 
in dabbling ducks and herons. In particular, shorebirds 
demonstrated a steep decline (−7.8%). Diving ducks 
tended to increase (Table 5).

Of 63 waterbird species analyzed in detail, 
8 species significantly showed the annual 
changes. The populations of Arthya ferina 
(y = 1387.6x  −  3E + 06, R2 = 0.606), Tachybaptus rufi-
collis (y = 56.224x − 16.533, R2 = 0.8717) were annually 

Table 3 Waterbird species inhabiting Sihwa Lake during the analysis period (2003–2012)

H’, species diversity index

Year Mean number 
of species

Mean H’ Total (mean) counts Min. counts (season) Max. counts (season) Dominant species

2003 19.8 ± 2.6 2.3 ± 0.5 60,843 (15,210.8 ± 15,253.8) 2918 (summer) 35,491 (winter) Spot-billed Duck (40.7%)

2004 22.3 ± 1.7 2.2 ± 0.5 61,481 (15,370.3 ± 13,391.1) 3492 (summer) 29,731 (winter) Mallard (36.6%)

2005 22.0 ± 1.7 2.1 ± 0.7 65,293 (16,323.3 ± 16,186.2) 3585 (spring) 35,114 (autumn) Mallard (42.4%)

2006 22.3 ± 2.9 2.0 ± 0.5 65,868 (16,467.0 ± 14,225.4) 3575 (summer) 29,536 (autumn) Spot-billed Duck (39.4%)

2007 23.0 ± 3.4 2.1 ± 0.8 64,741 (12,063.3 ± 15,415.0) 3158 (spring) 34,316 (winter) Spot-billed Duck (47.9%)

2008 24.3 ± 4.9 2.4 ± 0.8 68,990 (12,784.5 ± 26,643.4) 3056 (spring) 37,962 (winter) Mallard (35.9%)

2009 19.8 ± 2.9 1.6 ± 0.6 48,253 (11,280.3 ± 17,372.8) 2596 (summer) 39,641 (winter) Common Pochard (44.0%)

2010 18.0 ± 2.9 1.7 ± 1.2 51,138 (12,784.5 ± 18,897.2) 1408 (summer) 30,409 (winter) Common Pochard (25.1%)

2011 15.8 ± 2.9 1.6 ± 0.9 45,121 (11,280.3 ± 16,266.7) 1705 (spring) 35,495 (winter) Common Pochard (57.4%)

2012 14.3 ± 2.5 1.5 ± 0.8 34,895 (8723.8 ± 12,647.9) 1624 (spring) 27,630 (winter) Common Pochard (58.9%)

Total 20.1 ± 3.3 1.9 ± 0.4 566,623 (56,662.3 ± 45,256.5) – – Spot-billed Duck (27.9%)

Table 4 Species diversity index and number of waterbird species and individuals in the Sihwa Lake area

No., number; SD, standard deviation; SE, standard error; H’, species diversity index; TRIM, trends and indices for monitoring data

Mean counts SD Annual change (%) SE Long-term 
trends (TRIM 
classification)

No. of species 20.1 3.3 −2.2 0.02 Moderate decline

No. of individuals 56,662.3 45,256.5 −1.5 0.02 Moderate decline

H’ 1.9 0.4 −0.4 0.01 Moderate decline
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increased while the populations of Anas platyrhynchos 
(y = −1456.3x + 22,503, R2 = 0.6794), Anas poecilo-
rhyncha (y = −1918.6x + 28,720, R2 = 0.5304), Pluvialis 
squatarola (y = −3.9636x + 39.2, R2 = 0.6242), Nume-
nius arquata (y = −101.96x + 943, R2 = 0.8014), Actitis 
hypoleucos (y = −0.6182x + 6, R2 = 07804) and Calid-
ris alpina (y = −132.52x + 1390.7, R2 = 0.6366) were 
decreased (Fig. 5).

Discussion
Mudflats on the western coast of the ROK provide stopo-
ver sites for shorebirds during their spring and autumn 
migrations as well as wintering sites for winter ducks. 
However, over the last three decades, many mudflats have 
disappeared due to the construction of Saemangeum, 
Namyang Bay, and Yeongjongdo New Airport, which 
critically impacts many waterbirds undergoing their sea-
sonal migration to or through the ROK (Lee et al. 2000).

Fig. 4 Annual trends in the number of individual waterbirds by season in the Sihwa Lake area

Table 5 Number of individuals and long-term trends by taxa in the Sihwa Lake area

SD standard deviation, SE standard error, TRIM trends and indices for monitoring data

Mean counts SD Annual change (%) SE Long-term 
trends (TRIM 
classification)

Dabbling ducks 6658.4 4558.5 −1.2 0.01 Moderate decline

Diving ducks 5945.7 3985.2 2.7 0.01 Moderate increase

Herons 1058.5 685.2 −0.5 0.01 Moderate decline

Grebes 185.2 87.6 0.0 0.00 No change

Shorebirds 2525.6 1568.3 −7.8 0.03 Steep decline

Gulls 525.3 256.2 −0.1 0.00 No change

Others 56.2 25.6 0.1 0.01 No change
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Construction of the Sihwa Dike to create Sihwa Lake 
has caused water pollution and deteriorated wildlife hab-
itat. However, since the late 1990s, the improved water 
quality and changes in water levels from the regular cir-
culation of seawater to flush out contaminated water 
helped to create mudflats with an environment similar to 
the natural intertidal zone. Nevertheless, road construc-
tion and other development projects on the northern, 
southern, and eastern areas of the Sihwa Lake area con-
tinually threaten wildlife habitat by causing the quanti-
tative and qualitative degradation of these habitats (Jin 

et  al. 2016). The analysis of land cover maps from 2001 
to 2014 showed trends of diminishing intertidal zones 
resulting from various development projects, which is 
consistent with previous findings (Kim and Gu 2015).

The arrival and distribution of waterbirds depend on 
the availability of food sources and resting areas that 
are safe from human activities (Lee et al. 2004). Recent 
changes in the environment of Sihwa Lake area habi-
tats have affected waterbird populations. The number 
of waterbird species, number of individuals, and spe-
cies diversity index have gradually decreased because 

Fig. 5 Annual changes in the number of each waterbird species in the Sihwa Lake area



Page 13 of 14Lee et al. Avian Res           (2020) 11:36  

development projects have caused quantitative and 
qualitative degradation in waterbird habitats, especially 
the intertidal zone (Kim and Gu 2015; Jin et al. 2016). 
While the number of individual waterbirds tended 
to decrease in the spring and summer, no significant 
variations in the number of individual waterbirds were 
observed in autumn and winter. In addition, the annual 
variation of waterbirds by species revealed decreas-
ing trends in dabbling ducks, shorebirds, and herons 
but an increasing trend in diving ducks. These results 
imply that various development projects such as road 
construction that decrease shallow waters and form a 
simple environment with deep water habitat offset the 
effects of habitat loss in terms diving duck populations 
in the Sihwa Lake area. Although the individual num-
bers of dabbling ducks (such as the Spot-billed Duck 
and Mallard, the dominant species in autumn and win-
ter) in the ROK decreased, the individual numbers of 
diving ducks (such as the Common Pochard) increased, 
thus offsetting the potential decrease of the total water-
bird population (Baek et al. 2008; Jin et al. 2016). Diving 
ducks usually forage at a depth ranging from 1 to 4 m, 
while dabbling ducks, shorebirds, and herons prefer 
shallower waters (Cramp and Simmons 1978).

Among the seven waterbird categories (dabbling 
ducks, diving ducks, herons, grebes, shorebirds, 
gulls, and others), shorebirds populations decreased 
the most. Shorebirds are typically long-haul migra-
tory birds that breed in the northern hemisphere and 
migrate to the southern hemisphere for the winter 
months. As a major wetland stopover site for migra-
tory shorebirds on the East-Asian Australasian Flyway 
(EAAF; a representative shorebirds migratory route), 
the mid-west region of the Korean Peninsula is becom-
ing increasingly important (Kim et al. 1994). However, 
according to the International Union for Conservation 
of Nature (IUCN), the biodiversity of EAAF intertidal 
zones has been rapidly declining, and associated eco-
logical services are being lost at an increasing rate. In 
particular, IUCN pointed out the Yellow Sea side of 
the Korean Peninsula as the most vulnerable region 
(Mackinnon et al. 2012). Over 60% of the salt marshes 
in the ROK have disappeared over the past 50  years, 
which has led to a steady decline (5–9% every year) in 
waterbird populations (Choi et  al. 2014). Therefore, 
the steep decline trends of the shorebird population at 
Sihwa Lake could be caused by declines of the shore-
bird population along EAAF (Amano et al. 2010; Clem-
ens et al. 2016; Piersma et al. 2016; Studds et al. 2017) 
and the intertidal zone at Sihwa Lake. Future research 
may need to focus on the changes in water quality and 
intertidal zones caused by operating a tidal power plant 
to determine its impact on waterbird populations.

Conclusions
In conclusion, increased development and construc-
tion around Sihwa Lake has altered migratory shorebird 
populations with a general decline in species diversity 
and population size. The greatest decline was observed 
in wading birds, while diving duck populations showed 
increasing trends. Knowledge of which species are most 
affected by land use changes around Sihwa Lake will 
enable the development of specific mitigation policies to 
stabilize bird populations by ensuring adequate habitat 
varieties to support the wide range of species that utilize 
this area.
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