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Abstract
Coastal wetlands in East China are essential stopover places for birds along the East Asian-Australian Flyway. However,
numerous wind turbines have been built in or near these wetlands in recent years, which might disturb the bird community
in the area. Therefore, investigating the bird community and its responses to wind farms in coastal wetlands of East China
is of great signi�cance for bird conservation. In the spring and autumn of 2019 and 2020, we investigated the bird
community in the Rudong coastal wetland in East China using point counts. We determined 4 geographical factors at each
census point, i.e., distance to the wind farm boundary (DW), distance to the suburbs, distance to the sea, and vegetation
area, and analysed the relationship between bird number and DW through partial correlation analysis. A total of 11 orders
and 103 species of birds, including 4 endangered species, were observed during our survey. Charadriiformes was the
dominant taxon in the wetland, and Calidris alpina was the most common species in both spring and autumn.
Passeriformes exhibited high species richness but low numbers. The results of partial correlation analysis indicated that
birds’ responses to the wind farm varied depending on their dominance and category: dominant and subdominant birds
tended to avoid the wind farm, whereas rare birds tended to approach them; aquatic birds were alert to the wind farm,
whereas terrestrial birds better adapted to them. We concluded that the dominant aquatic birds, including the endangered
species Calidris tenuirostris, were most negatively impacted by the wind farm; the occasional birds and rare aquatic birds
might be disturbed by wind farm but not signi�cantly so; and the rare terrestrial birds were least disturbed by or even
bene�ted from the wind farm.

Introduction
The coastal wetlands in East China are essential stopover places for birds along the East Asian-Australian Flyway (EAAF)
(Cao et al., 2009; Yong et al., 2018). Numerous aquatic birds stop in these wetlands to accumulate energy reserves before
or after they �y over the Yellow Sea (Fig. 1a) (Ma et al., 2006); moreover, some terrestrial birds also rest in these wetlands
during their migration (Yong et al., 2015). For threatened species in the �yway, such as Calidris pygmaea and Tringa
guttifer, these wetlands are crucial for future survival (Peng et al., 2017; Yang et al., 2020). In recent decades, bird surveys
have been conducted in some coastal wetlands of East China (Ma et al., 2009; Bai et al., 2015; Peng et al., 2017). However,
most of these surveys focused on shorebirds or endangered species, whereas investigations of entire communities are
limited. Moreover, in recent years, birds in the area have been threatened by wetland loss caused by agricultural and
industrial development (Lin and Yu, 2018; Jackson et al., 2021). Thus, further observations of the bird community are
necessary for bird conservation in the area.

Wind energy is increasingly used for electricity generation because it is clean and renewable (Herbert et al., 2014; Kumar et
al., 2016). Recent reports have shown that the capacity of the world’s wind farms is growing at ~ 10% per year and reached
744 GW by the end of 2020, covering more than 7% of the global electricity demand (WWEA, 2021). Despite the bene�ts of
wind power generation, considerable research has shown that wind turbines are disadvantageous to birds. First, birds can
be killed by collisions with wind turbines (Newton and Little, 2009; Grodsky et al., 2013). Bird carcass collection in a
coastal wind farm showed that collisions accounted for ~ 3% of bird deaths (Newton and Little, 2009). Second, birds tend
to avoid wind farms behaviourally (Plonczkier and Simms, 2012; Villegas-Patraca et al., 2014). Speci�cally, they usually
change their migration routes and stopover sites due to wind farms, and this expenditure of energy could induce an
increase in fatal casualties during their migration (Hilgerloh et al., 2011). Third, constructions of wind turbines and
attached facilities can induce fragmentation and functional loss of bird habitat (Pruett et al., 2009; Marques et al., 2020),
which is essential for bird foraging and breeding.

China is the largest energy consumer worldwide (Yang et al., 2017). In terms of sustainable development, China hosts over
one-third of the world’s wind power capacity (Yang et al., 2017; WWEA, 2021). In recent years, numerous wind farms have
been established in the coastal areas of East China (He et al., 2016; Wang et al., 2019), which might disturb wetland bird
communities. In this context, we wish to know the bird community composition in wetlands with wind farms in the region;
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we also wonder if all the species in the community tend to avoid the wind farms, and if not, whether we can uncover some
rules underlying their responses. These issues have great signi�cance for protecting birds in the EAAF. In this paper, we
investigated the bird community in the Rudong coastal wetland of East China, where wind turbines have been installed,
and analysed the relation between bird number and distance to wind farms. The main objectives of this study were to (1)
provide community data for bird studies on the EAAF; (2) explore the implications of wind farms for bird communities; and
(3) provide recommendations for future bird conservation in the area.

Materials And Methods

The study area
Our research was conducted in the Rudong coastal wetland (120°56′32″~121°12′35″E, 32°29′47″~32°39′12″N), East China
(Fig. 1a). The wetland has a northern subtropical monsoon climate, with an annual mean temperature of 14.8°C and an
annual mean precipitation of 1029 mm (Li et al., 2018). The vegetated marshes are dominated by Spartina alterni�ora.
Tides in the region are semidiurnal. The wetland image shown in Fig. 1b was extracted from Landsat 8 OLI images
(02:30:14Z, May 3rd, 2020), which were taken at the middle-tide level.

Many birds in the EAAF, including the endangered species Calidris pygmaea (critically endangered), Calidris tenuirostris,
and Platalea minor, stop in the Rudong coastal wetland during their migration (Ma and Chen, 2018; Yang et al., 2020).
Thus, the wetland is well-known to birdwatchers worldwide. However, hundreds of wind turbines (capacity of each turbine 
~ 3 MW, hub height ~ 90 m, rotor diameter ~ 110 m, distances between neighbouring turbines 0.6 ~ 1.2 km) have been
established within and near the wetland since 2013 (Fig. 1b), which might disturb the bird community in the area.

Bird survey
We used point counts to investigate the bird community in the Rudong coastal wetland (Ralph et al., 1995; Bibby et al.,
2000). A total of 40 census points were randomly established in the wetland (Fig. 1b); the points were separated by a
distance of at least 400 m. The counting radius and duration at each point were 100 m and 5 min, respectively (Ralph et
al., 1995; Bibby et al., 2000). Our surveys were carried out in 2019 and 2020. Because the bird migration peak in East
China’s coastal wetlands occurs in spring and autumn (Ma et al., 2009), the counts were performed from March to May
(spring) and from September to November (autumn) in the two years. The counts were conducted in the �rst 3 hours after
dawn and at middle or low tide under fair weather conditions. The point counts were repeated 10 times per season per
year. Each time 4, teams of trained observers (2 observers per team) visited the points (10 points for each team). All birds
seen or heard around the points were recorded. Binoculars (Nature DX ED 10×50, Celestron, USA) were used for
observation. Bird �ocks were recorded by cameras (EOS 700D, Canon, Japan) with spotting scopes (Ultima 80, Celestron,
USA) and were counted after the surveys. For each season, the point count result was obtained by summing the 20
replicates over the two years. The total number of a species was the sum of its numbers at the 40 points.

Data preparation and analysis
In this study, we divided species dominance into 4 classes according to the proportion (F) of the total number of a species
to that of all species, i.e., dominant species (F > 5%), subdominant species (2% < F ≤ 5%), occasional species (1% < F ≤ 
2%), and rare species (F ≤ 1%) (Lenz, 1990). Moreover, we divided the recorded birds into two general categories. Birds of
Charadriiformes, Ciconiiformes, Anseriformes, Gruiformes, and Podicipediformes were all regarded as aquatic birds,
whereas those of Passeriformes, Falconiformes, Coraciiformes, Columbiformes, Cuculiformes, and Galliformes were
regarded as terrestrial birds.

To investigate the spatial responses of the bird community to the wind farm, we determined the distance between each
census point and the wind farm boundary (DW) in Fig. 1b. DW was given a negative value if the point was located within
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the wind farm. Moreover, in this study, we considered 3 other geographical factors at the census points that in�uenced bird
distributions (Niemuth et al., 2006; Chapman and Reich, 2007; Ma and Chen, 2018), i.e., the distance between each census
point and the suburbs (DR), the distance between each census point and the sea (DS), and the vegetation area surrounding
(100 m radius) each census point (VA). DR, DS, and VA were also determined in Fig. 1b and were treated as controlled
factors in partial correlation analysis.

Partial correlation analysis was used to examine the relationship between bird number and DW; DR, DS, and VA were all
regarded as controlled factors. A positive correlation indicated that the number increased with DW, whereas a negative
correlation indicated a decrease. Furthermore, redundancy analysis (RDA) was conducted to sketch the responses of the
bird community to the 4 factors. The point count results were standardized by Hellinger transformation before RDA
(Borcard et al., 2011). To show the RDA results more clearly, bird species were divided into Groups A and B in each season.
Species in Group A had higher RDA scores, and their scores were magni�ed by 2.5 times; those in Group B had lower RDA
scores, and the scores were magni�ed by 15 times. Moreover, the census points are not shown in the plots because the
geographical factors at each point can be found in Fig. 1b. Finally, stepwise regression was used to describe the variation
of bird number with DW as well as other 3 factors. Factors were eliminated from the regression equations when their
signi�cance levels were higher than 0.10. The partial correlation analysis, RDA, and stepwise regression were performed in
RStudio 1.3.959.

Results
A total of 52,571 birds of 11 orders and 103 species were counted during the survey. A total of 30,609 birds of 88 species
were recorded in spring, while 21,962 birds of 78 species were recorded in autumn (Table 1). The total count and species
richness were all higher in spring.

Charadriiformes was the dominant order in the wetland, comprising 43 species and 95.8% of the total count over the two
seasons. Passeriformes comprised 39 species, which was the second highest richness. However, the passerines in the
community were mostly rare species, and they comprised only 2.7% of the total count. Other recorded bird orders included
Ciconiiformes, Anseriformes, Gruiformes, Podicipediformes, Coraciiformes, Columbiformes, Cuculiformes, Falconiformes,
and Galliformes. These 9 orders had low species richnesses and bird numbers; they comprised only 21 species and only
1.5% of the total count.

Calidris alpina was the most common species in both spring and autumn. It comprised 18.5% and 24.0% of the total
counts in spring and autumn, respectively. Other dominant species included Calidris ru�collis, Charadrius alexandrines,
Calidris tenuirostris, and Tringa nebularia (spring). The subdominant species included Xenus cinereus, Numenius
phaeopus, Calidris acuminata, Charadrius mongolus, Charadrius leschenaultii, Calidris canutus (spring), Arenaria interpres
(spring), Pluvialis squatarola (spring), Tringa nebularia (autumn), and Chroicocephalus saundersi (autumn).

According to the IUCN Red List of threatened species (IUCN, 2021), 10 of the 103 recorded species are near threatened, 3 of
them are vulnerable, 3 are endangered, and 1 is critically endangered. The 3 endangered species were Calidris tenuirostris,
Numenius madagascariensis, and Platalea minor. Calidris pygmaea was the only critically endangered species.
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Table 1
Composition of the bird community in the Rudong coastal wetland.

Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

1 Cha. Calidris alpina (NT) 5652
+++

0.581 Cha. Calidris alpina 5272
+++

0.735

2 Calidris ru�collis 4808
+++

0.319 Charadrius
alexandrinus

3626
+++

0.434

3 Charadrius
alexandrinus

3780
+++

0.398 Calidris ru�collis
(NT)

3135
+++

0.524

4 Calidris
tenuirostris (EN)

2226
+++

0.530 Calidris
tenuirostris (EN)

1404
+++

0.467

5 Tringa nebularia 1803
+++

0.459 Calidris
acuminata

1026 ++ 0.365

6 Xenus cinereus 1468 ++ 0.425 Xenus cinereus 912 ++ 0.425

7 Numenius
phaeopus

1073 ++ −0.094 Tringa nebularia 745 ++ 0.262

8 Calidris
acuminata

987 ++ 0.527 Numenius
phaeopus

664 ++ −0.112

9 Charadrius
mongolus

978 ++ 0.227 Charadrius
leschenaultii

602 ++ 0.201

10 Calidris canutus
(NT)

822 ++ −0.063 Charadrius
mongolus

541 ++ 0.534

11 Charadrius
leschenaultii

816 ++ 0.308 Chroicocephalus
saundersi (VU)

469 ++ 0.303

12 Arenaria interpres 789 ++ −0.196 Calidris canutus
(NT)

422 + 0.190

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

13 Pluvialis
squatarola

657 ++ 0.393 Limosa lapponica
(NT)

396 + 0.207

14 Numenius
arquata (NT)

617 + −0.308 Pas. Passer montanus 327 + −0.399

15 Limosa lapponica
(NT)

556 + −0.229 Cha. Numenius
arquata (NT)

236 + −0.067

16 Chroicocephalus
saundersi (VU)

467 + 0.046 Arenaria interpres 180 0.211

17 Tringa brevipes
(NT)

382 + 0.254 Calidris alba 4 −0.398

18 Calidris alba 34 −0.320 Calidris ferruginea
(NT)

27 −0.233

19 Calidris ferruginea
(NT)

34 −0.284 Calidris pygmaea
(CR)

8 −0.137

20 Calidris
melanotos

26 −0.005 Calidris
subminuta

13 −0.551

21 Calidris
subminuta

12 −0.256 Chroicocephalus
ridibundus

179 −0.200

22 Chroicocephalus
ridibundus

197 0.115 Gelochelidon
nilotica

48 0.091

23 Gallinago
gallinago

7 −0.091 Haematopus
ostralegus (NT)

3 0.036

24 Gelochelidon
nilotica

80 −0.157 Himantopus
himantopus

2 −0.070

25 Haematopus
ostralegus (NT)

9 0.032 Larus canus 62 0.061

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

26 Himantopus
himantopus

9 −0.078 Larus crassirostris 14 −0.360

27 Larus canus 58 0.127 Larus mongolicus 133 0.019

28 Larus crassirostris 17 −0.432 Limosa limosa
(NT)

40 −0.213

29 Larus mongolicus 97 0.422 Numenius
madagascariensis
(EN)

162 −0.040

30 Limicola
falcinellus

18 −0.116 Pluvialis
squatarola

153 −0.187

31 Limosa limosa
(NT)

268 −0.099 Recurvirostra
avosetta

24 0.051

32 Numenius
madagascariensis
(NT)

15 0.139 Sterna hirundo 21 −0.089

33 Pluvialis fulva 216 −0.172 Sternula albifrons 9 0.012

34 Recurvirostra
avosetta

18 −0.278 Tringa brevipes
(NT)

100 −0.211

35 Sterna hirundo 14 0.056 Tringa erythropus 7 0.102

36 Sternula albifrons 45 −0.088 Tringa glareola 210 −0.206

37 Tringa erythropus 21 −0.082 Tringa hypoleucos 20 −0.202

38 Tringa glareola 42 −0.326 Tringa stagnatilis 18 0.080

39 Tringa hypoleucos 16 −0.080 Tringa totanus 19 −0.059

40 Tringa totanus 299 0.086 Cic. Ardea alba 10 0.117

41 Vanellus cinereus 2 0.025 Ardea cinerea 7 −0.131

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

42 Cic. Ardea alba 28 −0.236 Bubulcus ibis 8 0.010

43 Ardea cinerea 26 0.101 Egretta garzetta 195 0.036

44 Bubulcus ibis 8 0.028 Egretta intermedia 18 0.081

45 Egretta garzetta 168 −0.170 Ans. Anas falcata (NT) 8 −0.083

46 Egretta intermedia 108 −0.185 Anas penelope 16 0.091

47 Platalea minor
(EN)

8 −0.375 Anas
platyrhynchos

20 0.141

48 Ans. Anas falcata (NT) 23 0.174 Anas
zonorhyncha

15 0.117

49 Anas
platyrhynchos

37 −0.151 Gru. Porzana pusilla 6 −0.338

50 Anas querquedula 9 0.171 Rallus aquaticus 1 0.115

51 Anas
zonorhyncha

31 −0.230 Pas. Tachybaptus
ru�collis

6 −0.107

52 Gru. Fulica atra 6 −0.137 Acrocephalus
bistrigiceps

4 −0.170

53 Porzana pusilla 4 0.035 Acrocephalus
tangorum (VU)

1 0.042

54 Rallus aquaticus 3 −0.143 Anthus richardi 7 −0.082

55 Pod. Tachybaptus
ru�collis

7 −0.227 Cecropis daurica 22 −0.165

56 Pas. Acrocephalus
orientalis

4 −0.222 Cisticola juncidis 3 0.040

57 Alauda gulgula 4 0.258 Cyanopica cyanus 42 −0.220

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

58 Cecropis daurica 28 −0.314 Emberiza pallasi 6 −0.099

59 Cisticola juncidis 6 −0.151 Emberiza pusilla 14 0.042

60 Cyanopica cyanus 25 −0.127 Ficedula
mugimaki

4 −0.176

61 Emberiza cioides 17 0.172 Fringilla
montifringilla

14 −0.208

62 Emberiza rutila 15 −0.084 Hirundo rustica 21 −0.049

63 Ficedula
mugimaki

6 −0.251 Lanius schach 18 −0.226

64 Ficedula
zanthopygia

6 0.073 Luscinia calliope 7 0.186

65 Fringilla
montifringilla

40 −0.274 Luscinia cyane 1 −0.177

66 Hirundo rustica 61 −0.332 Motacilla
tschutschensis

9 −0.176

67 Lanius schach 22 −0.194 Muscicapa
griseisticta

20 −0.381

68 Locustella
lanceolata

4 −0.260 Muscicapa
latirostris

5 −0.125

69 Locustella pleskei
(VU)

8 0.231 Paradoxornis
heudei (NT)

69 −0.236

70 Luscinia calliope 4 −0.178 Phylloscopus
borealis

8 −0.014

71 Motacilla
tschutschensis

10 −0.155 Phylloscopus
coronatus

3 −0.122

72 Muscicapa
griseisticta

14 −0.192 Phylloscopus
tenellipes

8 0.200

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

73 Paradoxornis
heudei (NT)

36 −0.151 Pycnonotus
sinensis

10 0.088

74 Paradoxornis
webbianus

8 −0.292 Remiz
consobrinus

98 −0.350

75 Parus major 10 −0.173 Turdus
hortulorum

6 0.028

76 Passer montanus 225 −0.216 Turdus obscurus 8 −0.078

77 Phoenicurus
auroreus

8 −0.244 Cor. Halcyon pileata 1 0.299

78 Phylloscopus
coronatus

6 −0.239 Gal. Phasianus
colchicus

10 −0.153

79 Phylloscopus
inornatus

20 −0.302        

80 Phylloscopus
tenellipes

20 0.033        

81 Pycnonotus
sinensis

32 −0.346        

82 Remiz
consobrinus

48 −0.149        

83 Spodiopsar
sericeus

7 −0.075        

84 Turdus cardis 9 −0.195        

85 Cor. Upupa epops 2 −0.272        

86 Col. Spilopelia
chinensis

1 −0.118        

87 Cuc. Cuculus
poliocephalus

1 −0.054        

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.
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Species
number
a

Spring Autumn

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

Bird
order
b

Scienti�c name c Total
number
d

Partial
correlation
coe�cient
e

88 Fal. Falco tinnunculus 1 0.299        

Total     30609       21962  

a The dominant, subdominant, and occasional species are arranged according to total bird number. The rare species
are arranged according to taxonomy.

b Cha.: Charadriiformes; Pas.: Passeriformes; Gal.: Galliformes; Gru.: Gruiformes; Ans.: Anseriformes; Pod.:
Podicipediformes; Cic.: Ciconiiformes; Cor.: Coraciiformes; Col.: Columbiformes; Cuc.: Cuculiformes; Fal.:
Falconiformes.

c The superscripts with brackets represent the endangered categories according to IUCN (2021). NT: near threatened;
VU: vulnerable; EN: endangered; CR: critically endangered. The species of least concern have no superscript.

d The superscripts +++, ++, and + indicate dominant species, subdominant species, and occasional species,
respectively. Rare species have no superscript.

e The partial correlation coe�cient between bird number and DW. A positive value indicates that the bird number
increased with DW, whereas a negative value indicates a decrease. Values in bold indicate signi�cant correlations at
the p < 0.05 level.

The partial correlation coe�cients showed that the birds’ responses to the wind farm varied among species. Generally,
however, the numbers of most dominant and subdominant birds were positively correlated with DW. In spring, 76.9% (10 of
13) of the dominant and subdominant bird species exhibited positive correlations, and 7 of them had signi�cant positive
correlations (p < 0.05). The percentage was 90.9% (10 of 11) in autumn, and 7 of the dominant and subdominant bird
species had signi�cant positive correlations (p < 0.05). Moreover, the total numbers of dominant birds and subdominant
birds were all signi�cantly and positively correlated with DW (p < 0.05) (Table 2), indicating that dominant and
subdominant birds tended to avoid the wind farm.

In contrast, the numbers of most rare birds were negatively correlated with DW. A total of 73.2% (52 of 71) and 60.3% (38
of 63) of the rare bird species exhibited negative correlations in spring and autumn, respectively. However, most of these
correlations were nonsigni�cant because the rare birds were low in number and were recorded at only a few points.
Nevertheless, the total number of rare birds exhibited a signi�cant negative correlation (p < 0.05) with DW (Table 2),
indicating that rare birds tended to approach the wind farm. The partial correlation coe�cients of occasional birds,
however, showed no obvious tendencies (Tables 1 and 2). Their responses to the wind farm were unclear and might be a
transitional type between those of dominant/subdominant birds and rare birds.

The rare birds in the wetland comprised terrestrial birds and aquatic birds. These two groups had different responses to the
wind farm. As shown in Table 1, 81.8% (27 of 33) and 70.4% (19 of 27) of the terrestrial bird species exhibited negative
correlations with DW in spring and autumn, respectively. Moreover, the total number of terrestrial birds had a signi�cant
negative correlation with DW (p < 0.05) (Table 2). By comparison, only 65.8% (25 of 38) and 52.8% (19 of 36) of the
aquatic birds were negatively correlated with DW in spring and autumn, respectively, and the correlation between the total
number of terrestrial birds and DW was nonsigni�cant (p > 0.05). The above comparisons indicate that the aquatic birds
were more alert to the wind farms, whereas the terrestrial birds better adapted to them.
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Table 2
Partial correlations between the total numbers of birds of different

dominances and categories and the DW.
Dominance and category Partial correlation coe�cient a

Spring Autumn

Dominant 0.543 0.700

Subdominant 0.337 0.403

Occasional −0.129 0.030

Rare −0.428 −0.343

Terrestrial b −0.208 −0.212

Aquatic b −0.391 −0.329

a Values in bold indicate signi�cant correlations at the p < 0.05 level.

b Terrestrial and aquatic birds of rare species in the community.

Discussion

Bird community composition and the endangered species
The dominant and subdominant bird species in the Rudong coastal wetland were all members of Charadriiformes. Most of
the dominant and subdominant birds, such Calidris alpina, Calidris ru�collis, and Charadrius alexandrines, are common
species in the West Paci�c (IUCN, 2021). The dominant species recorded in this study were generally consistent with those
detected in previous shorebird surveys of nearby wetlands (20 ~ 50 km from our study area, without wind farms) in spring
and autumn (Peng et al., 2017). However, previous surveys indicated that the dominant species accounted for 72.3 ~ 
94.6% of the total number of aquatic birds (Peng et al., 2017), whereas the proportions were ~ 62% in this study. The
proportions were much lower in our study area, probably because many dominant birds had been driven away by the wind
farm.

Despite low bird number, the rare species comprised ~ 80% species in the entire community in the Rudong coastal wetland.
In addition to aquatic birds, terrestrial birds (mostly Passeriformes) were also common among the rare species, accounting
for ~ 40% of them. Thus, we conclude that the wetland is rich in both aquatic and terrestrial bird species. Moreover, the
proportion of rare birds (~ 8%) in our study (for comparison, only aquatic birds were considered) was much higher than
that (~ 3%) in nearby wetlands (20 ~ 180 km from our study area, without wind farms) (Ma et al., 2006; Ge et al., 2009;
Peng et al., 2017), which indicates that rare birds were less affected by the wind farm than dominant birds.

Four endangered species, i.e., Calidris tenuirostris, Numenius madagascariensis, Platalea minor, and Calidris pygmaea
were recorded during our survey. These 4 species breed in Eastern Siberia or Northeast China and winter in Southeast Asia
to Australia. Recent reports showed that the estimated population sizes of Numenius madagascariensis, Platalea minor,
and Calidris pygmaea in the EAAF were ~ 32 thousand, ~ 3500, and ~ 450, respectively (Ma and Chen, 2018; IUCN, 2021).
Calidris tenuirostris has a larger population consisting of ~ 290 thousand individuals (Ma and Chen, 2018). Despite the
differences, the population sizes of all the species are decreasing, and habitat loss is the main reason for the decreases
(IUCN, 2021). Thus, wind farm construction at their stopover sites might in�uence their future survival. In this study,
Numenius madagascariensis, Platalea minor, and Calidris pygmaea were rarely observed in the Rudong coastal wetland,
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but Calidris tenuirostris was still a dominant species in the area. Correspondingly, their responses to the wind farm were
different.

Spatial responses of the bird community to the wind farm
Our results showed that birds’ responses to wind farms might vary depending on their dominance and category. Two
tendencies were concluded from our results. First, the dominant and subdominant species (‘dominant and subdominant’ is
written as ‘dominant’ below) tended to avoid the wind farm, whereas the rare species tended to approach them. Second,
terrestrial birds were more adaptable than aquatic birds to the wind farm.

The variation in responses with dominance might be related to the following reasons. The dominant species, which are
characterized by very high numbers of individuals, often �y in large groups, whereas the rare species �y singly or in small
groups. Previous studies reported that larger bird groups have higher collision risks with obstacles because they have more
social interactions (Croft et al., 2013; Croft et al., 2015), which can �lter the information of obstacle cues and then disturb
individuals’ avoidance (Croft et al., 2013; Croft et al., 2015). Thus, the dominant species tended to avoid high collision
risks, whereas the rare species could better avoid collisions when �ying in the wind farm. Another reason for this
phenomenon might be interspeci�c competition. Many studies have shown that dominant species usually govern the
optimal resource, and subordinate species are often driven to seek novel resources to reduce competition (Pimm and
Pimm, 1982; McKinney et al., 2011; Freshwater et al., 2014). In this study, the dominant species were more concentrated in
the undisturbed portion of the wetland; thus, many rare species chose to forage in or near the wind farm, which were less
utilized by the dominant species. In this respect, we think that wind farms might act as refuges for rare species.

The difference in responses between aquatic and terrestrial birds might be related to their morphologies. Aquatic birds,
which mainly inhabit open seashores, usually have high wing aspect ratios, i.e., long and narrow wings (Norberg, 2004;
Sheard et al., 2020). This wing form has a high lift-to-drag ratio and smaller wing − tip vortices, making it more suitable for
gliding, soaring, and continuous �ight (Norberg, 2004). However, long and narrow wings have low aerodynamic roll torque
and a high moment of inertia, which reduces �ight manoeuvrability and result in a higher turn radius and longer take-off
distance (Norberg, 2004; McFarlane, 2014). Moreover, aquatic birds usually have short tails (Thomas and Balmford, 1995;
Thomas, 1997), which is disadvantageous for maintaining stability and balance in �ight and turning (Thomas and
Balmford, 1995). In conclusion, aquatic birds have low �ight manoeuvrability, which may hinder them from avoiding wind
turbines and incline them to stay away from wind farms. In contrast, terrestrial birds inhabit cluttered environments such
as forest and spend much of their foraging time climbing, clinging and hanging. They usually have low wing aspect ratios
(i.e., broad and rounded wings) and long tails, which are more suitable for manoeuvrable short �ights (Norberg, 2004).
Correspondingly, terrestrial birds can better avoid obstacles such as wind turbines; thus, they are more adaptable to wind
farms.

According to the above analysis, we conclude that the dominant aquatic birds were most negatively impacted by the wind
farm. These birds include the endangered species Calidris tenuirostris and some vulnerable and near threatened species. In
contrast, the rare terrestrial birds were least disturbed by even bene�ted from the wind farm in some respect. The situation
was more complex for rare aquatic birds. Their group sizes result in low collision risk, and they have fewer dominant
competitors in the wind farm. On the other hand, their morphology is disadvantageous for �ying in wind farms. Thus,
similar to those of the occasional species, their responses exhibited more uncertainty.

Responses of the bird community to the 4 geographical factors
The RDA results showed the approximate responses of the bird community to DW, DR, DS, and VA. Figure 2 indicates that
the responses to DR, DS, and VA differed considerably between aquatic and terrestrial birds, but they did not vary
signi�cantly depending on dominance. For most aquatic birds, the numbers tended to increase with a decrease in DS and
with increases in DR and VA, indicating that aquatic birds tended to occur in low tidal �ats and bare lands and tended to
avoid suburbs. The terrestrial birds, however, exhibited the reverse response; they were more likely to occur in the high
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marsh, vegetated areas, and areas near the suburbs. The above differences occurred because aquatic birds mainly feed on
the macrobenthos, �shes, and aquatic plants (Collis et al., 2002; Wade and Hickey, 2008; Ma and Chen, 2018), which are
mainly distributed in low bare �ats and shallow water, whereas terrestrial birds mainly feed on Arthropoda and seeds,
which are concentrated in the high marsh and vegetated areas (Muñoz et al., 2017). Moreover, the terrestrial birds in the
wetland mainly came from the suburbs, whereas the aquatic birds were more unfamiliar with them, which induced their
different responses to DR.

Fig.2 also shows that the biplot scores of DW are lower than those of DR, DS, and VA (i.e., the arrow length of DW is shorter
than those of DR, DS, and VA), indicating that the contribution of DW to the spatial variation in the community is lower
than those of the other 3 factors. Consequently, the bird responses to the wind farm inferred from partial correlation
analysis are not obvious in Fig. 2 because the responses are covered by the effects of DR, DS, and VA. Based on the results
of partial correlation analysis and RDA, we conclude that the bird community exhibits notable responses to the wind farm,
but the responses are still inferior to those to suburbs, the sea and vegetation.

The stepwise regression equations described the variations of total bird numbers of different dominances and categories
with the geographical factors (Table 3). The results indicate that the coe�cient of DW was positive for dominant and
subdominant birds and negative for rare birds; moreover, DW was eliminated from the equations of occasional and rare
aquatic birds because the responses of these birds to wind farm were nonsigni�cant. The above results are consistent with
those of partial correlation analysis. In addition, the coe�cients of the other 3 factors are generally consistent with the
RDA results. The occasional birds in autumn have no regression result, because their distribution exhibited great
uncertainties and none of the factors could explain the variation of their number.

Table 3
Stepwise regression equations between the total numbers of birds of different dominances and categories and the

geographical factors.
Dominance and
category

Spring Autumn

Equation a p R2 Equation a p R2

Dominant N = 0.070DW + 0.209DR − 
0.017VA + 297

< 
0.001

0.646 N = 0.054DW + 0.098DR − 
0.043DS − 0.011VA + 308

< 
0.001

0.757

Subdominant N = 0.020DW + 0.099DR − 
0.009VA + 133

< 
0.001

0.609 N = 0.019DW + 0.059DR − 
0.006VA + 93

< 
0.001

0.536

Occasional N = 0.028DR − 0.010DS − 
0.002VA + 39

< 
0.001

0.546 − − −

Rare N = − 0.008DW + 0.013DR 
− 0.001VA + 67

0.001 0.311 N = − 0.005DW − 0.002VA + 71 0.001 0.299

Terrestrial b N = − 0.004DW − 0.013DR 
+ 0.011DS + 26

< 
0.001

0.505 N = − 0.002DW − 0.007DR + 
0.006DS + 15

< 
0.001

0.522

Aquatic b N = 0.025DR − 0.014DS − 
0.001VA + 44

< 
0.001

0.447 N = 0.013DR − 0.011DS − 
0.002VA + 52

0.001 0.291

a N: total bird number; DW: distance to the wind farm boundary; DR: distance to the suburbs; DS: distance to the sea;
VA: vegetation area surrounding each census point.

b Terrestrial and aquatic birds of rare species in the community.

Conclusion
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As an important stopover site of birds in the EAAF, the Rudong coastal wetland comprises rich bird species.
Charadriiformes accounts for an extremely high proportion of the total bird number, and Charadriiformes and
Passeriformes comprise the majority of the species in the community.

Numerous studies have demonstrated negative effects of wind farms on birds, which indicates a con�ict between bird
conservation and wind power development in coastal areas of East China. Nevertheless, our study suggested that birds’
responses to wind farms might vary according to their dominance and category. The most negatively impacted birds were
the dominant aquatic birds in the wetlands. These birds included the endangered species Calidris tenuirostris, the
vulnerable species Chroicocephalus saundersi, and some near threatened species. Wind farms might compress the
habitats of these species and then contribute to future population declines. Thus, the protection degrees of these species
in the area should be upgraded. We think that retaining su�cient undisturbed intertidal mud�ats, which are major foraging
places for these birds, will be crucial for maintaining their population sizes in the future. The occasional birds and rare
aquatic birds in the area, including the critically endangered species Calidris pygmaea, the endangered species Numenius
madagascariensis and Platalea minor, and various vulnerable and near threatened species, exhibit great uncertainties in
their responses to wind farms. They might be disturbed by wind farms but not signi�cantly so. We think that monitoring
their population dynamics in the area is a major task for the short term. Finally, the rare terrestrial birds in the area might
accept the wind farms as refuges under interspeci�c competition, and they can better adapt to the wind farm environment.
Thus, we conclude that these species, including the vulnerable species Acrocephalus tangorum and Locustella pleskei,
would be least disturbed by or would even bene�t somewhat from future wind farm construction.

Wind power development has altered the wetland environment and bird habitat selection in the Rudong coastal wetland.
Our two-year observation of the area will provide a guide for future bird conservation in wetlands with wind farms.
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Figures

Figure 1

(a) Location of the study area and (b) distribution of census points and wind turbines in the Rudong coastal wetland. Note:
The designations employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Results of redundancy analysis of bird numbers and geographical factors. (a) Spring: Group A; (b) Spring: Group B; (c)
Autumn: Group A; (d) Autumn: Group B. The species scores in Group A have been magni�ed by 2.5 times, and those in
Group B have been magni�ed by 15 times. The colours of the circles indicate the dominance of the species: red, orange,
green, and purple represent the dominant, subdominant, occasional, and rare species, respectively. The solid circles
indicate aquatic birds, whereas the open circles indicate terrestrial birds. Numbers beside the circles are the species
numbers in Table 1. DW: distance to the wind farm boundary; DR: distance to the suburb; DS: distance to the sea; VA:
vegetation area surrounding each census point.


