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Abstract
Wind farms offer a cleaner alternative to fossil fuels and can mitigate their negative 
effects on climate change. However, wind farms may have negative impacts on birds. 
The East China Coast forms a key part of the East Asian–Australasian Flyway, and it is 
a crucial region for wind energy development in China. However, despite ducks being 
the dominant animal taxon along the East China Coast in winter and considered as 
particularly vulnerable to the effects of wind farms, the potential negative impacts of 
wind farms on duck populations remain unclear. We therefore assessed the effects of 
wind farms on duck abundance, distribution, and habitat use at Chongming Dongtan, 
which is a major wintering site for ducks along the East Asian–Australasian Flyway, 
using field surveys and satellite tracking. We conducted seven paired field surveys of 
ducks inside wind farm (IWF) and outside wind farm (OWF) sites in artificial brack-
ish marsh, paddy fields, and aquaculture ponds. Duck abundance was significantly 
higher in OWF compared with IWF sites and significantly higher in artificial brackish 
marsh than in aquaculture ponds and paddy fields. Based on 1,918 high-resolution 
satellite tracking records, the main habitat types of ducks during the day and at night 
were artificial brackish marsh and paddy fields, respectively. Furthermore, grid-based 
analysis showed overlaps between ducks and wind farms, with greater overlap at 
night than during the day. According to resource selection functions, habitat use by 
wintering ducks was impacted by distance to water, land cover, human activity, and 
wind farm effects, and the variables predicted to have significant impacts on duck 
habitat use differed between day and night. Our study suggests that wintering ducks 
tend to avoid wind turbines at Chongming Dongtan, and landscape of paddy fields 
and artificial wetlands adjoining natural wetlands is crucial for wintering ducks.
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1  | INTRODUC TION

Wind farms offer a cleaner alternative to fossil fuels and can miti-
gate their negative effects on climate change; however, they have 
several complex ecological consequences (Kuvlesky et al., 2007; 
Thaker, Zambre, & Bhosale, 2018), especially in terms of their poten-
tial negative effects on birds (Gómez-Catasús, Garza, & Traba, 2018; 
Kunz et al., 2007; Reid, Krüger, Whitfield, & Amar, 2015). These ef-
fects fall into three categories: (a) direct mortality as a result of col-
lision with wind turbines and their associated facilities (Aschwanden 
et al., 2018; Graff, Jenks, Stafford, Jensen, & Grovenburg, 2016; 
Plonczkier & Simms, 2012); (b) effects of wind farm-related visual, 
electromagnetic radiation, high noise, and vibration disturbances on 
bird distribution (LeBeau et al., 2017; Winder, Gregory, McNew, & 
Sandercock, 2015); and (c) temporal and spatial habitat displacement 
due to habitat loss and/or disturbance, or by creating barriers to bird 
movements (Dohm, Jennelle, Garvin, & Drake, 2019; Gómez-Catasús 
et al., 2018). Distribution changes and habitat displacement/changes 
caused by wind farms could have individual- or population-level ef-
fects regionally and globally, including impacts on survival, breed-
ing success, energy expenditure, and bird-community structure and 
stability (Dahl, Bevanger, Nygård, Røskaft, & Stokke, 2012; Gómez-
Catasús et al., 2018; LeBeau et al., 2017; Marques et al., 2020). 
These effects may eventually lead to declines in bird species and 
abundance at different levels, and have thus received consider-
able attention (Dhunny, Allam, Lobine, & Lollchund, 2019; Marques 
et al., 2020; Thaxter et al., 2019).

China has become the largest developer of wind energy since 
2008, and its wind power installations generated 21.2 GW in 2018 
(Global Wind Energy Council, 2019). The East China Coast is one 
of the most important regions for wind energy developments, due 
to its high human population density, economic development, and 
electricity demand. However, it is also an important part of the 
East Asian–Australasian Flyway, which is one of the most import-
ant global waterbird flyways (Bamford, Watkins, Bancroft, Tischler, 
& Wahl, 2008; Cao, Zhang, Barter, & Lei, 2010), and includes the 
highest proportion (19%) of threatened waterbird populations in 
the world. The Yangtze River estuary, Jiangsu coasts, Yellow River 
estuary, and East Liaoning Bay in this area are important wintering 
grounds for ducks and cranes along the East Asian–Australasian 
Flyway (Bai et al., 2015; Barter & Wang, 1990; Choi, Battley, Potter, 
Rogers, & Ma, 2015). However, numerous wind farms have been in-
stalled or proposed in these areas (National Development & Reform 
Commission of the People’s Republic of China, 2016).

The East China Coast covers the coasts from Liaoning to 
Hainan provinces (~8,000 km) (Bai et al., 2015; Duan et al., 2020; 
Xia et al., 2017). Ducks comprise the dominant animal taxon along 
the East China Coast in winter (Cao, Barter, & Lei, 2008). As one of 
most important parts of the Yellow Sea, the intertidal mudflats of 
the East China Coast north of the Yangtze River mouth support duck 
populations dominated by dabbling ducks, particularly the Eastern 
spot-billed duck Anas zonorhyncha (100,000 individuals) and the 
Mallard Anas platyrhynchos (110,000 individuals) (Bai et al., 2015; 

Cao et al., 2008). However, ducks are particularly vulnerable to wind 
farms (Meattey et al., 2019); they inhabit shallow, subtidal coastal 
regions (Bengtsson et al., 2014), which are also favored regions for 
onshore wind farm developments because of their abundant wind 
resources and low construction costs compared with offshore wind 
farms (He, Xu, Shen, Long, & Yang, 2016). Chongming Dongtan is 
located in the Yangtze River estuary, China, and serves as a win-
tering site for ducks and an important stopover site for shorebirds 
migrating between Australia and Siberia (Barter & Wang, 1990; 
Iwamura et al., 2013; Zou et al., 2016). Wind farm developments at 
Chongming Dongtan started in 2005, and more than 100 wind tur-
bines have since been constructed. However, studies of the relation-
ship between wind farms and ducks in this region are lacking, and 
the potential negative impacts of the wind farms on ducks remain 
unknown.

Many studies have focused on the impacts of offshore wind 
farms on ducks, especially in Europe (Desholm & Kahlert, 2005; 
Dierschke, Furness, & Garthe, 2016; Guillemette & Larsen, 2002; 
Plonczkier & Simms, 2012) and North America (Loring et al., 2014; 
Meattey et al., 2019). Studies of direct mortality of ducks caused 
by wind energy facilities showed that the collision risk was minimal, 
due to the birds’ avoidance behavior (Desholm & Kahlert, 2005; 
Masden et al., 2009; Wang, Wang, & Smith, 2015). However, wind 
farms were predicted to have indirect effects on populations, in-
cluding changes in community composition (Dierschke et al., 2016), 
distribution patterns (Guillemette & Larsen, 2002), and disturbance 
and displacement (Bradbury et al., 2014; Kelsey, Felis, Czapanskiy, 
Pereksta, & Adams, 2018; Masden et al., 2009), which were con-
sidered to have a greater impact than the direct effects (Meattey 
et al., 2019). Hötker (2017) classified ducks as one of the most se-
verely affected and displaced groups of species, and suggested that 
they might abandon suitable habitat within or close to a wind farm, 
or use it less frequently than they would in the absence of the wind 
farm. Recent studies indicated the environmental variables likely to 
influence duck abundance, distribution, and habitat use at offshore 
wind farms (Fernández-Bellon, Wilson, Irwin, & O’Halloran, 2019; 
Larsen & Guillemette, 2007) and at onshore wind farms located in-
land (Loesch et al., 2013). Habitat type was especially important, 
with some studies suggesting that habitat type would have a stron-
ger effect on ducks than the presence of wind farms (Hötker, 2017; 
Loesch et al., 2013). However, the impact of onshore wind farms 
along the East China Coast on ducks is less well known, and there 
is thus an urgent need to qualify the effects of habitat type and 
wind farms on ducks in relation to wind energy development in this 
region.

Tracking data based on radar, radio telemetry, and satellite track-
ing, rather than field surveys, have commonly been used to record 
duck movements, identify key habitats, and assess collision risks 
around offshore wind farms, mainly focusing on tracking individuals 
(Desholm & Kahlert, 2005; Dierschke et al., 2016; Loring et al., 2014; 
Meattey et al., 2019; Plonczkier & Simms, 2012). However, field sur-
veys conducted during the day at community population level have 
been used to investigate duck abundance and flight behavior in 
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response to onshore wind farms (Loesch et al., 2013). It is therefore 
necessary to use both approaches to assess the effect of wind farms 
in coastal wetlands on wintering duck abundance based on field sur-
veys (population level), and on the distribution and habitat use by 
dominant duck species based on tracking data (individual level).

In this study, we investigated the effects of onshore wind 
farms on wintering ducks in coastal wetlands along the East Asian–
Australasian Flyway from November 2018 to February 2020, using 
Chongming Dongtan as a sample study site. We investigated the dif-
ferences in duck abundance between sites inside and outside the 
wind farms by conducting seven duck field surveys in the three main 
habitats (artificial brackish marsh, paddy fields, and aquaculture 
ponds). On the basis of the data, we then quantified the dominant 
duck distributions and their potential overlaps with wind turbines 
by attaching global positioning system–global system for mobile 
communication (GPS/GSM) transmitters to 12 ducks (six Eastern 
spot-billed ducks and six Mallards). We also explored the effects of 
multiple factors, especially wind turbines, on habitat use by ducks 
using resource selection functions (RSFs). These results in terms of 
the duck abundance, distributions, and habitat use of dominant duck 
species around wind farms identified crucial areas and landscapes 
in which wintering ducks may be vulnerable to ecological impacts 
from onshore wind farms along the coast. This information can help 
to provide practical recommendations to guide the future develop-
ment and management of coastal wind farms along the East Asian–
Australasian Flyway.

2  | MATERIAL S AND METHODS

2.1 | Study area

Chongming Dongtan (31°25′–31°38′N, 121°50′–122°05′E) is lo-
cated at the eastern end of Chongming Island in the Yangtze River 
mouth, China (Choi et al., 2019) (Figure 1a). The main habitat types 
at Chongming Dongtan included mudflats, natural brackish marsh, 
artificial brackish marsh, farmland (mostly rice paddy fields), aqua-
culture ponds, and woodland (Zou et al., 2016). Scirpus mariqueter, 
Spartina alterniflora, and Phragmites australis were the main vegeta-
tions in the natural brackish marsh. Artificial brackish marsh, which 
formed a boundary between the natural marsh and intertidal mud-
flats, was a restoring wetland including sluice gates linking to the 
open water through canals in the natural marsh and mudflats, cre-
ated by an engineering project aimed at removing the alien smooth 
cordgrass (S. alterniflora) and providing habitats for waterbirds 
(Kuang et al., 2019). A large area of paddy fields and aquaculture 
ponds was distributed inland of the dyke.

Chongming Dongtan is an important coastal site in terms of 
wind energy resources in Shanghai, and two wind farms (67.5 MW) 
started operating here between 2005 and 2012. The turbines were 
arranged linearly along the dyke between both brackish marshes and 
farmland/aquaculture ponds (Figure 1a). The height of the wind tur-
bines in Chongming Dongtan was about 90 m, and the hub radius 
was about 45 m.

F I G U R E  1   Landscape classification, wind turbine distributions (a), and duck survey quadrats at sites inside wind farms (IWF) (b) and 
outside wind farms (OWF) (c) at Chongming Dongtan, China

(a) (b)

(c)
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2.2 | Duck surveys

Ducks overwintered at Chongming Dongtan from October to the fol-
lowing March (Ma et al., 2007, 2009), with stable species and abun-
dance from November to the following February (Zou et al., 2016). 
We conducted seven surveys over two winters (four in November 
2018 to February 2019, and three in November 2019 to January 
2020). We classified the duck habitats into three main habitats, arti-
ficial brackish marsh, paddy fields, and aquaculture ponds, according 
to previous studies (Bengtsson et al., 2014; Ma et al., 2004; Niu, Zou, 
Yuan, Zhang, & Wang, 2013).

We assessed the potential effects of the wind farms using a 
paired survey design to quantify duck abundances at sites inside 
(IWF) and outside the wind farms (OWF) among the three habitats 
at Chongming Dongtan (Figure 1a). We defined the OWF site as at 
least 1.30 km from the wind turbines, which was regarded as the 
affective distance for ducks at Chongming Dongtan (Li et al., 2020). 
The microhabitats of the IWF and OWF sites were consistent. We 
classified the three habitat types at the IWF and OWF sites based 
on a total land cover of the respective habitat of >70%. We then 
selected quadrats in each habitat, with ≥0.50 km between quadrats 
to minimize both their effect on each other and the autocorrelation 
of differences between quadrats. The quadrat size depended on 
the land use, based on field surveys. Along the dyke at Chongming 
Dongtan, 10 quadrats were located in artificial brackish marsh (five 
IWF and five OWF) near the outside of the dyke, eight in paddy fields 
(four IWF and four OWF), and six in aquaculture ponds (three IWF 
and three OWF) near the inside of the dyke (Figure 1b, c). The aver-
age areas of the quadrats in artificial brackish marsh, paddy fields, 
and aquaculture ponds were 108.00 ± 5.58 ha, 32.53 ± 1.74 ha, and 
8.50 ± 0.68 ha (mean ± standard error [SE]), respectively (Table S1).

Each field survey lasted for 3–4 days and was conducted after 
sunrise on sunny days. Two or three investigators conducted the 
field surveys during low tide and counted ducks using a spotting 
scope (20–60×) and binoculars (8×). To guarantee that all the ducks 
were counted, all quadrats were surveyed along the dykes, roads, or 
paddies. Each quadrat was scanned for at least 10 min, with no max-
imum time limit for completing a count; however, the counts were 
completed as rapidly as possible to avoid double counting birds (Xie, 
Zhang, Li, Ma, & Wang, 2019). All ducks were identified to species 
level, and all individuals in the survey area were counted. Ducks that 
only flew over the survey area were not included in the survey.

2.3 | Satellite tracking

Ducks were captured using clap nets (22 × 5.4 m) in the capture 
pond at Chongming Dongtan in December 2018, as part of a band-
ing program (Tang et al., 2019), with permission from the Agricultural 
Committee of Chongming District, Shanghai (Figure 1a). Twelve 
ducks (six Eastern spot-billed ducks and six Mallards, the two most 
abundant duck species) were tagged from 16 to 19 December 2018 
near the capture pond at Chongming Dongtan (Table S2). After 

routine biometric measurements, the ducks were weighed (to the 
nearest 0.1 g) using electronic scales, and heavier ducks (Eastern 
spot-billed duck, male, 1,125.1–1125.4 g; female, 1,002.1–1,112.0 g; 
Mallard, male, 835.6–890.1 g; female, 835.1–1,020.1 g) were se-
lected for the attachment of the GPS/GSM transmitters (HQBG 
2715S, 17 g per tag, and HQBG 2512S, 14 g per tag; Hunan Global 
Messenger Technology Co. Ltd., China; Table S2). The transmitter 
was attached to the bird's back with a harness provided by HQXS 
and comprised <3% of the duck's body mass (Table S2; Hunan Global 
Messenger, 2019). Each bird remained caged for 30 min after at-
taching the transmitter to ensure that no abnormal behavior was 
observed, and the birds were then released near the capture pond 
(Kuang et al., 2019). The transmitters were set to record time, lo-
cation, and instantaneous ground speed at 1- to 3-hr intervals, 
depending on the battery conditions (solar insolation vs. built-in bat-
tery). The behaviors and locations of the tagged ducks were initially 
monitored in the field for 2–3 days after release, to ensure that the 
recorded data were reasonable.

2.4 | Landscape classification

The satellite image (path/row = 118/38) of our study area was 
downloaded from US Geological Survey (http://glovis.usgs.gov/) 
during the study period. We obtained high-resolution (15 m) data 
using nearest neighbor diffusion to sharpen the multispectral and 
panchromatic data after clipping, radiometric calibration, geometric 
correction, and atmospheric correction (Kuang et al., 2019). We then 
used artificial visual interpretation and field surveys to classify land 
cover in ArcGIS 10.2 (ESRI) combined with Google Earth 17.3. The 
land cover in our study area (outer dotted line in Figure 1a, range, 
468.65 km2) was classified into 11 categories related to duck habitat 
use based on field survey: mudflats, natural brackish marsh, artifi-
cial brackish marsh, paddy fields, upland fields, aquaculture ponds, 
roads, ditches, canals, woodland, and buildings.

2.5 | Data analysis

2.5.1 | Duck abundance

Duck species and abundance recorded in the seven surveys were 
gathered for each habitat type (artificial brackish marsh, paddy 
fields, and aquaculture ponds) in the IWF and OWF sites. The aver-
age duck densities recorded over the seven surveys were compared 
between the IWF and OWF sites among the three habitats (Ma 
et al., 2007; Zou et al., 2016). The normality of duck abundance in 
each habitat and in relation to IWF/OWF was tested by the Shapiro–
Wilk test. Differences in duck abundance among habitats and be-
tween IWF and OWF sites were analyzed by two-way ANOVA. Duck 
densities in IWF and OWF sites in each habitat were compared using 
independent sample t tests. Tukey's honestly significant difference 
(HSD) test was used to conduct post hoc multiple comparisons if 

http://glovis.usgs.gov/
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ANOVA indicated a significant difference in habitat type or in rela-
tion to wind farm presence.

2.5.2 | Duck distributions and overlap with 
wind turbines

We collected data from tagged ducks that stayed at Chongming 
Dongtan in the winter. Data were downloaded from the data ser-
vice platform provided by the manufacturer (HQXS, 2019), and 
records with a positioning error <10 m were included in our study. 
We excluded data from the first 7 days after marking to avoid 
any effects of capture and tagging (Kuang et al., 2019), and ex-
cluded records from the last 7 days before the departure date of 
the spring migration because of potentially different habitat use 
and behaviors before migration (Papers et al., 2008). We defined 
migration as all locations >50 km away from the study area, and/
or ducks moving in one direction at >20 km/hr (Chan et al., 2019). 
Movements with an instantaneous ground speed >5 km/hr were 
also discarded.

We divided the data into records obtained during the day and at 
night because of differences in distribution and habitat use by ducks 
during the day and at night (Krainyk et al., 2018; Parejo et al., 2019; 
Yetter et al., 2018). We defined day as the period between the be-
ginning of civil dawn and the end of dusk at Chongming Dongtan, 
and night as the period from the end of civil dusk to the beginning of 
civil dawn on the next day. The times of civil dawn and dusk each day 
were derived using the package “maptools” (Bivand, 2019) in R 3.6.0 
(R Core Team, 2019).

The habitat type of high-resolution records was classified 
according to their land cover during the day and at night. The di-
versities of habitat types used by wintering ducks during the day 
and at night were also analyzed using the Shannon–Wiener index. 
Independent sample t tests were used to compare differences in 
habitats between day and night.

We estimated the overlaps between wintering ducks and wind 
turbines at Chongming Dongtan during the day and at night from 
December 2018 to March 2019 using the grid-based method (Pearse, 
Brandt, & Krapu, 2016). We divided the study area into 500 × 500 m 
(0.25 km2) squares based on the distance between the turbines 
(average 500 m) at Chongming Dongtan. We then estimated the 
wintering duck locations (points) (composite and individual) in each 
0.25-km2 cell and determined the distribution of the wind turbines 
in the study area using the same grid method.

Overlap was determined as the percentage of cells with at least 
one duck location (true movement) and at least one wind turbine. 
However, very few ducks were located in wind turbine grid cells 
because the interval between records was at least 1 hr, poten-
tially leading to an underestimation of the risk related to turbines. 
Based on tracking of individual movement (McDuie et al., 2019), 
we assumed that if two subsequent records were located on either 
side of a line of turbines, this indicated that the duck had crossed 
through the turbine area or flown around it. We therefore defined 

the expected overlap as the percentage of cells with at least one 
presumed duck crossing (potential movement) and the occurrence 
of at least one wind turbine. We defined overlap cells as cells with 
true (≥1 duck location) and potential (presumed duck crossings) duck 
movements and at least one wind turbine. We then assessed the ob-
served and expected intensities of use (four levels: 1–5, 6–10, 10–20, 
and >20) in overlap cells by calculating the number of duck locations 
and presumed crossings, respectively.

We analyzed the differences between the percentages of ob-
served and expected overlaps, and the average observed and ex-
pected intensity of use in overlap cells using the chi-square tests.

2.5.3 | Duck habitat use based on satellite tracking

We assessed the effects of the wind farms on duck habitat use based 
on satellite tracking data, which could record duck movements dur-
ing the day and at night at multiple scales (Zhang, Li, Yu, & Si, 2018). 
We did not use the field survey data to determine duck habitat use 
and selection because it was limited by survey site, habitat acces-
sibility, and time (especially at night). In addition, the wintering home 
ranges of ducks were broad and covered complex landscapes.

We used composite 95% utilization distributions (available) and 
50% core-use area (used) to assess the habitat use versus habitat 
availability for wintering ducks at Chongming Dongtan (Meattey 
et al., 2019; Pearse et al., 2016). We reduced spatial autocorrelation 
of duck locations (points) by removing adjacent points within the 
study area using Spatial Analyst in ArcGIS 10.2 (ESRI), and retain-
ing points (38.09% of total duck records) with a minimum separation 
distance between points of 100 m (Meattey et al., 2019). We did not 
compare Eastern spot-billed ducks and Mallards because they have 
similar habitat use and selection in the wintering season (Behney, 
O’Shaughnessy, Eichholz, & Stafford, 2018). We established com-
posite kernel-based utilization distributions for the tagged ducks in 
the study area using a Gaussian kernel and least squares cross-vali-
dation bandwidth estimator using Home Range Tools 2.0 in ArcGIS 
10.2 to assess duck habitat use during the day and at night (Ma, Gan, 
Choi, & Li, 2014). Following Pearse et al. (2016), we investigated 
resource selection by quantifying and comparing habitat variables 
within the composite 95% utilization distributions (available) and 
50% core-use areas (used). We scored the points within 50% core-
use areas (used) as 1, and 95% utilization distributions (available) as 
0 for creating models, and did not assess the overlap between used 
and available points.

Some studies have shown effects of wind turbines on ducks 
(Larsen & Guillemette, 2007; Loesch et al., 2013), and the distribu-
tions of wintering ducks may be influenced by distance to water, 
human activity, and habitat type (Loring et al., 2014; Meattey 
et al., 2019; Walker et al., 2013; Zhang et al., 2020; Zou et al., 2019). 
We selected four variables related to duck habitat use to model 
resource selection functions (RSFs; Meattey et al., 2019; Palumbo, 
Petrie, Schummer, Rubin, & Bonner, 2019; Pearse et al., 2016; 
Table S3).
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The distance to the nearest wind turbine (km) was calculated as 
the distance from the duck point to the edge of the nearest wind 
turbine. Distance to water (m) was calculated based on visual inter-
pretation as the distance from the duck point to the edge of a mud-
flat, natural brackish marsh, artificial brackish marsh, aquaculture 
pond, ditch, or canal that was covered with water. Motor vehicles 
passing through on the road and construction activity in the study 
area meant that human activity could be a major factor affecting 
duck habitat use at Chongming Dongtan during the day and at night. 
We therefore quantified the index of human activity in each 0.25-
km2 cell based on field surveys during the day and at night, sepa-
rately, and duck locations (points) in one cell were defined by the 
same human disturbance. We scored the level of human activity 
as the summary of three metrics related to wintering duck activity 
(Table S4): maximum number of motorized vehicles passing through 
(0–3), distance to road (0–3), and various construction activities 
(0–3) (Pearse et al., 2016; Tripp, Lendemer, & McCain, 2019). We 
conducted four field surveys (once in the middle of each month) to 
record the number of motorized vehicles passing through each cell 
during the day and at night, separately, with each observation last-
ing for 10 min. We recorded the average number of visible motor 
vehicles and inquired about the times and duration of construction 
activities in each cell from 9:00–11:00 during the day and 21:00–
23:00 at night from the construction workers. Distance to road was 
calculated based on the Euclidean distance between the cell and the 
edge of the road. Land cover at duck locations was defined as natu-
ral brackish marsh, artificial brackish marsh, paddy fields, and others 
(mudflat, upland field, ditch, canal) based on the overlapping be-
tween landscape classifications layer and each duck location (point). 
We assessed correlations between the variables using Pearson's 
product–moment correlations and checked for multicollinearity of 
variables using variance inflation factors (VIFs). Pairwise correlations 
among variables within samples throughout the study period did not 
exceed 0.7 and VIF values were ≤ 4. We therefore retained all the 
variables (Loring et al., 2014).

We estimated RSFs by mixed-models logistic regression, with the 
time of records and bird ID as random effects, to avoid temporal au-
tocorrelation and individual variability (Loring et al., 2014; Meattey 
et al., 2019; Pearse et al., 2016). A total of 32 models were created to 
describe the RSFs of wintering ducks at Chongming Dongtan during 
the day and at night. Candidate models were selected using Akaike's 
information criterion (AIC) and ranked using AICc differences 
(ΔAICc) and AIC weights (Wi) to estimate the relative likelihood of 
each candidate model (Burnham & Anderson, 2002). Competitive 
models were considered at ΔAICc ≤ 4.0 from the best-perform-
ing model if they contained no uninformative parameters, and we 
selected the parameter coefficients from the most parsimonious 
model to calculate the RSFs. If the Wi suggested no individual model 
was clearly the best (Wi > 0.9), we used model averaging to pro-
vide model coefficients and variances (Anderson, Link, Johnson, & 
Burnham, 2001). Following Pearse et al. (2016), we employed the 
method of k-fold cross-validation to evaluate the model fit. Our data 
were divided into 10 k-folds based on the Huberty (1994) rule of 

thumb, and we reported the average Spearman's correlation for the 
10 iterations (Bélanger, Leblond, & Côté, 2019). All statistical analy-
ses were conducted in R 3.6.0 (R Core Team, 2019), with the “glmulti” 
(Calcagno, 2019) and “MuMIn” (Bartoń, 2019) packages for model 
selection and averaging.

3  | RESULTS

3.1 | Duck abundance

We observed a total of 5,077 individuals from 12 species at the 
IWF site and 10,650 individuals from 15 species at the OWF site 
at Chongming Dongtan (Table 1). Duck density differed significantly 
among the habitat types (p < .01) and in relation to the wind farms 
(p < .001), according to two-way ANOVA (Table 2).

Mean duck density (±SE) at the IWF sites (0.64 ± 0.27 ind/ha) 
was significantly lower than at the OWF sites (3.06 ± 0.66 ind/ha) 
(p < .05) (Figure 2a). Duck density in artificial brackish marsh was 
also significantly higher at the OWF (4.89 ± 0.80 ind/ha) compared 
with the IWF site (1.41 ± 0.46 ind/ha) (p < .05) (Figure 2a). According 
to Tukey's HSD test, duck density was significantly higher in artifi-
cial brackish marsh (3.15 ± 0.73 ind/ha) compared with paddy fields 
(0.44 ± 0.27 ind/ha) (p < .001) and aquaculture ponds (1.55 ± 0.77 
ind/ha) (p < .05) (Figure 2b).

3.2 | Duck distributions and overlap with wind farm

Three tagged Mallards lost their signals on the fourth day of track-
ing, and data for a total of nine ducks (six Eastern spot-billed ducks 
and three Mallards) were therefore analyzed in this study (Table S2). 
These birds provided 1,918 high-resolution records at Chongming 
Dongtan, including 1,998 at night and 899 during the day. The mean 
number of locations was 240 ± 40 per duck (range: 159–288).

The distributions of wintering ducks were relatively concentrated 
during the day compared with at night. The main habitat types used 
by the tagged ducks during the day were artificial brackish marsh 
(70.98%), natural brackish marsh (27.48%), and paddy fields (1.53%), 
and the main habitat types at night were paddy fields (50.00%), nat-
ural brackish marsh (27.93%), and artificial brackish marsh (8.78%). 
The diversity of habitats used was significantly higher at night 
(1.09 ± 0.35) than during the day (0.38 ± 0.31; p < .001).

The overlap rate during the day (Figure 3a, c) was lower than 
at night (Figure 3b, d). Ducks locations appeared in 10.78% of grid 
cells within the study area at night (Figure 3b) and only 5.21% of 
grid cells during the day (Figure 3a), while presumed duck cross-
ings appeared in 32.18% of grid cells within the study area at night 
(Figure 3d), and 13.12% of grid cells during the day (Figure 3c). 
Turbines occurred in 2.35% of grid cells within study area, and 
28.13% of turbine cells overlapped with cells appeared by duck lo-
cations at night (Figure 3b), compared with only 12.50% of overlap 
during the day (Figure 3a). However, based on the presumed duck 
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crossings, 90.63% of turbine cells overlapped with cells appeared 
by duck crossings at night (Figure 3d), compared with 43.75% of 
overlap during the day (Figure 3c). There was a significant differ-
ence between the percentages of observed and expected overlaps 
based on duck locations during the day (χ2

day = 62.38, p < .01) and at 
night (χ2

night = 167.29, p < .01), and a significant difference in average 
observed and expected intensities of use based on duck crossings 
in overlap cells during the day (χ2

day = 19.88, p < .01) and at night 
(χ2

night = 17.27, p < .01).

3.3 | Effect of wind farms on duck habitat use based 
on satellite tracking

The area of kernel-based utilization distribution showed that the 
composite 50% core-use areas and 95% utilization distributions dur-
ing the day were 35.09 km2 and 153.99 km2, and the equivalent areas 
at night were 55.46 km2 and 233.00 km2, respectively (Figure 4).

Based on the average of the top two models during the day and at 
night, duck core-use areas were positively associated with distance to 
wind turbines, relative to utilization distributions. The top two models 
during the day were selected based on AICC (△AICc < 4) (Table S5), 
both including distance to wind turbine, distance to water, and index of 
human activity. Spearman's correlation coefficients based on cross-val-
idation were robust (r-

s = 0.72). An average of the top two models 
showed that ducks at Chongming Dongtan selected areas with less 
human activity (estimate = −3.51, 95% confidence interval (CI) [−4.52, 
−2.49]) and far from wind turbines (estimate = 1.94, 95% CI [0.98, 2.90]) 
(Table 3). Compared with natural brackish marsh, ducks showed strong 
avoidance of paddy fields (estimate = −3.52, 95% CI [−6.01, −0.29]) and 
slight avoidance of artificial brackish marsh (Table 3).

TA B L E  1   Duck records at sites inside (IWF) and outside wind farms (OWF) among the three habitats (ABM = artificial brackish marsh; 
PF = paddy fields; AP = aquaculture ponds) at Chongming Dongtan, China

Species Scientific name
Duck ecological 
group

Habitat type

IWF OWF
Total number 
of ducks

Relative 
abundance 
(%)ABM PF AP

Eastern spot-
billed duck

Anas zonorhyncha Dabbling duck 5,184 18 49 1,590 3,301 5,251 33.39

Mallard Anas platyrhynchos Dabbling duck 2,618 6 987 1637 2,624 16.68

Green-winged 
teal

Anas carolinensis Dabbling duck 638 365 151 345 909 1,254 7.97

Eurasian wigeon Mareca penelope Dabbling duck 439 8 431 439 2.79

Gadwall Mareca strepera Dabbling duck 614 14 56 572 628 3.99

Northern pintail Anas acuta Dabbling duck 649 66 583 649 4.13

Falcated duck Mareca falcata Dabbling duck 1,065 7 591 474 1,065 6.77

Northern 
shoveler

Spatula clypeata Dabbling duck 1,009 6 280 736 1,016 6.46

Common 
pochard

Aythya ferina Diving duck 2,574 727 1847 2,574 16.37

Baer's pochard Aythya baeri Diving duck 8 9 8 8 0.05

Greater scaup Aythya marila Diving duck 2 11 11 0.07

Tufted duck Aythya fuligula Diving duck 135 58 77 135 0.86

Smew Mergellus albellus Diving duck 66 6 60 66 0.42

Common 
merganser

Mergus merganser Diving duck 5 3 2 5 0.03

Mandarin duck Aix galericulata Dabbling duck 2 2 2 0.01

Total duck 
species

14 3 7 12 15 15 –

Total duck 
individuals

15,006 485 236 5,077 10,650 15,727 1

Abbreviations: ABM, artificial brackish marsh, AP, aquaculture pond, IWF, inside wind farm sites, OWF, outside wind farm sites, PF, paddy field.

TA B L E  2   Results of two-way ANOVA of habitat type and wind 
farm presence on duck abundance

Factor df F P

Abundance

Habitat type 2 11.367 0.001

Wind farm 1 21.717 <0.001

Habitat type × wind 
farm

2 2.662 0.097
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The top two models at night were selected using △AICC < 4 
(Table S5). Both included distance to wind turbine, index of human 
activity, and land cover as variables (Table 3). Spearman's correlation 
coefficients based on cross-validation were robust (r-

s = 0.72). An 
average of the top two models showed that ducks selected areas 
far from wind turbines (estimate = 0.58, 95% CI [0.32, 0.84]), with 
strong selection of paddy fields (estimate = 2.79, 95% CI [1.50, 4.09]) 

compared with natural brackish marsh (Table 3). Coefficients for dis-
tance to water and index of human activity showed weak selection 
of areas away from water and with less human activity.

4  | DISCUSSION

In the context of the rapid development of onshore wind farms, 
there is an urgent need globally to evaluate the impact of these wind 
farms on waterbirds in coastal wetlands, with the aim of mitigat-
ing their indirect effects. In this study, we investigated the impacts 
of wind farms on duck abundance, distribution, and habitat use at 
Chongming Dongtan using field surveys and satellite tracking. The 
results revealed that wintering ducks tended to avoid wind turbines 
areas at Chongming Dongtan, and highlighted the importance of as-
sessing the landscape characteristics of proposed construction sites 
for onshore wind farms in coastal wetlands along the East Asian–
Australasian Flyway.

4.1 | Effects of wind farms on duck abundance

Many studies have shown that habitat conditions and anthropo-
genic impacts can influence the abundance of waterbirds (Shaffer 
& Buhl, 2016; Zou et al., 2019), and ducks, as the dominant ecologi-
cal taxon at Chongming Dongtan in winter (Zou et al., 2016), could 
respond to wind farm flexible in population or communication level. 
Wind farms, as anthropogenic facilities, may affect duck density as 
a result of habitat displacement due to behavioral changes caused 
by wind turbine vibration or habitat occupancy, as reported in the 
Prairie Pothole Region (Loesch et al., 2013). The wind turbines at 
Chongming Dongtan were located at the edges of paddy fields and 
artificial brackish marsh, which may cause the ducks to change their 
behavior and redistribute to the OWF site. Paddy fields and artifi-
cial brackish marsh were the main habitat types for ducks, and the 
ducks need to move daily between paddy fields and artificial brack-
ish marsh for feeding and resting (Parejo et al., 2019). Several pre-
vious studies revealed that avoidance of land-based wind energy 
developments by ducks did not imply complete abandonment of 
an area, but rather reduced use of a site with the continued pres-
ence of ducks at wind farm sites, but at reduced densities (Loesch 
et al., 2013). This might help explain the lower density of ducks at 
IWF sites to some extent. Although bird abundance might be influ-
enced by edge effects (Khamcha et al., 2018) and human disturbance 
(Zou et al., 2019), we believe that the edge effect would not have a 
significant impact on duck abundance, and there would have been 
no significant difference in human disturbance (mainly human activ-
ity) among the quadrats in the current study. The selected quadrats 
in each habitat in IWF and OWF sites were relatively uniformly sized, 
and ducks usually inhabited the center of artificial brackish marsh 
areas and aquaculture ponds, which would be less prone to edge 
effects. The quadrats in each habitat were also located near to or 
along the dyke, and given that the road was constructed on the dyke, 

F I G U R E  2   Duck densities at sites inside wind farms (IWF) and 
outside wind farms (OWF) overall and in each habitat (a) and among 
three habitats (b) at Chongming Dongtan in the Yangtze River 
mouth, China. Results shown as mean ± standard error of duck 
density (ind/ha). Horizontal lines indicate significant differences in 
duck density between artificial brackish marsh and paddy fields. 
***p < .001; **p < .01; *p < .05



     |  9575ZHAO et Al.

this would lead to similar levels of disturbance among the quadrats 
in each habitat during the day. However, we recommend that further 
long-term, large-scale waterfowl studies should be conducted along 
the East Asian–Australasian Flyway to inform wind energy develop-
ment projects and to reduce their impacts on duck abundance.

Duck densities in artificial brackish marsh was significantly higher 
than in compared with aquaculture ponds and paddy fields in our 
study, possibly due to different levels of human activity, water levels, 
and food resources among the three habitats. These results were in 
accord with the satellite tracking outcomes during the day. There 
was frequent human activity in the aquaculture ponds and paddy 
fields at Chongming Dongtan during the day, including agricultural 
activities (Xie et al., 2019) and motorized vehicles, which could have 
a negative effect on duck abundance. In contrast, artificial brackish 

marsh, as a restoring wetland, offered stable water levels and low 
human activity (Kuang et al., 2019), potentially making it a better 
wintering habitat for ducks.

4.2 | Duck distributions and overlap with 
wind farms

The distribution of ducks at Chongming Dongtan differed sig-
nificantly between day and night from December 2018 to March 
2019, which were largely in line with the reported habitat use by 
Mallards at an autumn stopover on the Northwest European Flyway 
(Bengtsson et al., 2014), and by Australian wood ducks (Chenonetta 
jubata) in an agricultural landscape (Fernández-Bellon et al., 2019), 

F I G U R E  3   Observed overlaps between duck locations and wind turbines during the day (a) and at night (b), and expected overlaps 
between duck crossings and wind turbines during the day (c) and at night (d) Chongming Dongtan, China, from December 2018 to March 2019. 
Unit of analysis was 0.25 km2 (0.5 × 0.5 km) grid cells
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and consistent with duck distribution patterns (Eastern spot-billed 
ducks and Mallards) at Chongming Dongtan (Jiang et al., 2007). In 
addition, Ma et al. (2004) found similar results in that inland aqua-
culture ponds provided more suitable habitats for ducks compared 
with brackish marsh at Chongming Island in winter, with local move-
ment between them. We conjectured that the tidal pattern and duck 
activity rhythm might be factors driving the different distributions 
between day and night.

Although the current study only had small sample sizes and only 
included two duck species, Eastern spot-billed ducks and Mallards 
are the dominant duck species at Chongming Dongtan, account-
ing for 50.07% of the total duck population according to our field 
surveys (Table 1; Eastern spot-billed duck, 33.39% of total duck 
population; Mallard, 16.68% of total duck population), and also rep-
resenting common duck species along the East China Coast and East 
Asian–Australasian Flyway (Bai et al., 2015; Cao et al., 2008). Our re-
sults based on tagging these two typical species along the East China 
Coast emphasized the different distributions of ducks in coastal 

wetlands during the day and at night, with possible implications for 
distribution changes or local movements between these periods. 
Ducks fitted with tracking equipment may be adversely affected, 
depending on their individual body mass and impacts on the hunt-
ing risk (Barron, Brawn, & Weatherhead, 2010; Ma, 2013); however, 
we did not consider these variables to be important in the current 
study because all the equipped birds met the body mass threshold 
for tracking equipment (<3%), and because ducks at Chongming 
Dongtan are at low risk of being hunted because of many protected 
areas in this region (Choi et al., 2019).

In our study, overlap rate between ducks and wind turbines 
during the day was lower than at night at Chongming Dongtan. The 
habitat type around wind turbines might help to explain this differ-
ence in overlap rates. Most wind turbines in Chongming Dongtan 
(~62.50% of wind turbines adjacent to paddy fields) were located 
in grid cells containing paddy fields, which were preferred by ducks 
at night, highlighting the importance of paddy fields for ducks in 
coastal wetlands in the winter.

The overlap rates between wind farms and ducks might have 
been underestimated, given that wind turbines occurred in very 
few grid cells and the number of tagged individuals was limited. 
However, chi-square tests indicated significant differences between 
percent of the observed and expected overlaps and observed and 
expected intensities of use in overlap cells during the day and at 
night, suggesting that the overlaps between wind turbines and ducks 
were actually higher. This can be explained by the recording interval 
of the tracking equipment and duck movement ability. We set the re-
cording time to 1 hr based on the battery conditions (solar insolation 
vs. built-in battery), which meant that we missed some movement 
data, while the strong movement ability of ducks would allow them 
to cross each cell easily (500 × 500 m). We therefore found a lower 
overlap rate and intensity of use based on duck locations (observed) 
compared with that based on crossings (expected).

The result of duck abundance field surveys showed that 5,077 
of duck individuals (approximately 32.28%) at site indise wind farms 
(Table 1), indicating that the habitats around wind farms were of 
great interest to wintering ducks at Chongming Dongtan. We there-
fore suggest that habitats including artificial wetlands (aquacul-
ture ponds) and paddy fields adjoining natural wetlands should be 
avoided when planning future wind energy developments in coastal 
wetlands.

4.3 | Effects of wind farms on duck habitat use 
based on satellite tracking

Our study showed that ducks tended to select core areas with low 
human activity during the day and far from wind turbines both dur-
ing the day and at night. Numerous previous studies have identi-
fied human activity as an important environmental factor affecting 
waterbird distributions (Cornelius, Navarrete, & Marquet, 2001; 
Peters & Otis, 2007; Zou et al., 2019), because waterbirds tend to 
select sites away from human settlements (especially roads and 

F I G U R E  4   Wintering duck composite kernel-based 50% core-
use (brown) areas and 95% utilization distributions (green) during 
the day (top) and at night (bottom) at Chongming Dongtan, China, 
from December 2018 to March 2019
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buildings). During the day, the index of human activity was a crucial 
negative-impact factor influencing habitat use of duck in this study, 
suggesting frequent and intensive human activities at Chongming 
Dongtan during the day. To the best of our knowledge, ducks are 
alert waterbirds in their natural environment and would thus be sen-
sitive to human activity (construction activities and vehicles along 
the roads; Mo et al., 2017; Yang et al., 2013). Ducks tended to in-
habit areas far from wind turbines at Chongming Dongtan, both dur-
ing the day and at night, in accord with wintering common eiders 
(Somateria mollissima) in offshore areas (Desholm & Kahlert, 2005; 
Larsen & Guillemette, 2007). This habitat use in response to wind 
farms indicated that ducks would avoid wind turbines. Although we 
did not carry out a detailed exploration of the mechanisms by which 
wind turbines affected ducks in this study, the long-term effects of 
wind farms on duck habitat use could lead to functional habitat loss.

Onshore wind farms have been constructed or proposed at many 
sites along the East China Coast (e.g., Yancheng, Rudong, Dongtai, 
and Qidong), especially in artificial wetlands (aquaculture ponds) and 
paddy fields adjoining natural wetlands and/or wetland reserves, 
to satisfy energy demands (Global Wind Energy Council, 2019). 
However, large-scale surveys identified the East China Coast as a 
wintering ground for ducks from northern China, Mongolia, and cen-
tral and eastern Siberia, and as a key component of the East Asian–
Australasian Flyway (Cao et al., 2008; Jackson et al., 2019). Although 
the National Forestry and Grassland Administration of China has 
issued guidelines about the use of forested land for wind farm proj-
ects (State Forestry & Grassland Administration of China, 2019), 
further research is needed regarding the planning and management 
of onshore wind farms in relation to waterbirds in coastal wet-
lands. Although direct collision risk is of minimal concern for ducks 

(Meattey et al., 2019), the effects of displacement and obstruction 
could have multiple effects on the birds’ ability to respond to sea-
sonally dynamic habitat quality and on the utilization efficiency of 
the entire wintering area. The results in terms of the abundance, dis-
tributions, and habitat use of dominant duck species around wind 
farms in our study suggested that ducks would avoid onshore wind 
farm areas in coastal wetlands, and the landscape of paddy fields and 
artificial wetlands adjoining natural wetlands along the coast was 
crucial to ducks. There are currently large area and many key sites 
(e.g., Guanyu Coast, Linhong Estuary, Xiuzhenhe, Liezikou, Tiaozini, 
Rudong Coast, Dongling Coast) similar to Chongming Dongtan 
(Duan et al., 2020), consisting of long stretches of continuous mud-
flat, and subcoastal wetlands mainly comprising aquaculture ponds, 
salt pans, and paddy fields along the East China Coast including the 
East Asian–Australasian Flyway (Cao et al., 2008). We therefore rec-
ommend that the potential effects of different land cover on water-
birds should be considered in relation to future onshore wind farm 
developments in coastal wetlands.
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