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and indirect (e.g., habitat degradation and loss, low food available) impact of wind farms. To
test the effect of wind farms on the nest distribution of magpie (Pica pica), a common bird

ﬁ:;ﬂ;ds' species in agroforestry systems on Chongming Island, China, the differences in magpie nest
Nest density variables density variables and character variables were compared between quadrats inside and
Nest character outside a wind farm. The relationship between magpie nest character variables and density
Wind farm variables in each quadrat was also examined and the impacts of landscape variables on
Landscape magpie nest density variables were clarified in each quadrat. From March to December 2019,

nest density variables (including total and in-use nest density) were recorded in quadrats
inside and outside a wind farm in an agroforestry system on Chongming Island, Shanghai.
Three nest character variables and five landscape variables were also recorded in each
quadrat. The total nest density and nesting height in the quadrats outside were significantly
higher than those inside the wind farm. There was a significant negative correlation between
the average nest size in the quadrats and the total nest density, and a significant positive
correlation between the average nesting height in the quadrats and both nest density
variables. Moreover, farmland shelterbelt network cover and the distance to the nearest wind
turbine were significantly positively related to the total nest density, whereas the farmland
shelterbelt network cover was significantly positively related to the in-use nest density.
These results indicate a negative effect of wind turbines on the nest density of magpies,
which could be addressed by the provision of more farmland shelterbelt networks inside the
wind farms located in agroforestry systems on Chongming Island, China.
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1. Introduction

In recent decades, wind energy development has had a key role in efforts to reduce carbon emissions to meet the growing
demand to mitigate climate change (Pryor and Barthelmie, 2010; Thaker et al., 2018). In 2018, the global wind power market
capacity worldwide increased by 51 GW, and wind power is expected to provide 20% of the global energy demand by 2050.
China was the first country to exceed a wind power capacity of 200 GW and ~21.1 GW was added in 2018 (19.5 GW onshore and
nearly 1.7 GW offshore) to increase the total installed capacity to ~210 GW (Renewable Energy Policy Network for the 21st
Century, 2019). Although wind energy is generally regarded as an environmentally friendly and alternative energy source, its
continuous growth has led to concerns about its potential environmental impacts (Leung and Yang, 2012; Tabassum-Abbasi
et al,, 2014).

Wind farms have significant impacts on birds that inhabit the areas around wind farms and they may lead to displacement
from wind farm locations given that birds are sensitive to environmental change (Fernandez-Bellon et al., 2019; Dohm et al,,
2019; Gregory and Strien, 2010; Winder et al., 2014). Bird density and population dynamics are often used as important
ecological indicators to evaluate the quality of the ecological environment (Canterbury et al., 2000), and research has indicated
that wind farms have different impacts on different bird communities. For example, some birds suffer increased collision
mortality around wind turbines (Sovacool, 2013; Graff et al,, 2016; Aschwanden et al., 2018). For other bird species, the
development of wind farms can lead to habitat loss/degradation (Gomez-Catasts et al.,, 2018), and habitat displacement
(Marques et al., 2020; Dohm et al., 2019; Veltheim et al., 2019; Vignali et al., 2021), even reducing their fertility and reproductive
success (Dahl et al., 2012; Sansom et al., 2016; Shaffer and Buhl, 2016).

Successful breeding is important in maintaining the ecosystem balance, insofar as it affects the population size (Komdeur,
1996; Pearce-Higgins et al., 2012; Zhao et al., 2019) and reflects the impact of any local environmental change (Natsukawa et al.,
2019). Therefore, studies focusing on the relationship between wind farms and the reproduction of birds would further reflect
the long-term impact of such farms on avian populations (Dahl et al., 2012; Flaspohler et al., 2001; Hatchett et al., 2013; Pearce-
Higgins et al., 2009). Many studies have explored the influence of wind farms on bird offspring, with results indicating that wind
farms have different influences on the reproduction of different bird species. For example, Dahl et al. (2012) reported that the
construction of wind farms resulted in white-tailed eagles withdrawing from breeding sites around the wind farm, reducing the
number of nestlings. By contrast, Sansom et al. (2016) revealed that the distance to the wind turbine had no effect on
the hatching and flying success of golden plover, as also reported by McNew et al. (2014) for prairie-chickens and Gillespie and
Dinsmore (2014) for red-winged blackbirds. Nests are important for avian reproduction, and variations in nest density can
reflect the population dynamics of birds (Garcia et al., 2015). Previous studies showed that bird nest density can be influenced
by the surrounding environment, such as forest cover, level of noise, food sources, human activities, and so on (Jokimadki et al.,
2017). The construction and operation of wind turbines has been defined as an important human activity because they increase
noise (Garcia et al., 2015), and change the surrounding land use (Fernandez-Bellon et al., 2019) and wind patterns (Leung and
Yang, 2012), which would further influence nest density (Reynolds et al., 2019). However, fewer studies have focused on how
wind farms impact bird nest density mechanistically.

The number, distribution pattern, usage, size, and other nest variables of nest affect avian breeding success (Zhao et al,,
2019). High-quality nests provide increased protection, especially if they are at an increased height, and larger nests can hold
bigger clutches, which can increase the population density (Nakahara et al., 2015). Additional research has also indicated that
nest site selection is associated with land use around the nest site (Fernandez-Bellon et al., 2019; Yuan et al., 2014; Jokimaki
et al., 2017). Thus, to determine how wind farms affect nest distribution, it is necessary to clarify the relationship between nest
densities, nest qualities, and landscape variables around nesting sites within a wind farm.

As a common species in East China (MacKinnon and Phillipps, 2000), the magpie (Pica pica) is a dominate species in
agroforestry systems of Chongming Island, where wind farms have also been built. Magpies show strong adaptability to
environments changing in response to human activity. They prefer tall, scattered trees for nesting (Nakahara et al., 2015;
Jokimadki et al., 2017), and build nests at the start of each breeding season (March-May). The old nests are abandoned, but are
easily located because of the thick leaf coverage surrounding them. Therefore, magpies are an ideal species to study the effect of
wind farms on the breeding characteristics of resident birds in an agroforestry system on Chongming Island (Wang et al., 2008;
Jokimaki et al., 2017).

The aim of the current study was to use quadrats inside and outside a selected wind farm to compare differences in nest
density and nest characteristics of magpies, to examine the relationship between nest character variables (e.g., nest size and
nesting height) and nest density, and to clarify the impact of landscape variables around nesting sites on the nest density of
magpie. Therefore, we selected 32 quadrats (450 m * 450 m) inside the wind farm (within 1000 m of the closest wind turbine)
and 34 control quadrats outside the wind farm (over 1000 m from the closest wind turbine) on Chongming Island, Shanghai,
from March to December in 2019. We surveyed nest density variables (including the total and in-use nest densities) in the
quadrats that are directly related to the success of bird reproduction (Nakahara et al., 2015). We also surveyed three character
variables (nest size, nesting height, and wearing rate of the nest, which was defined by the percentage reduction in nest size in
the non-breeding season versus the breeding season) and five landscape variables (cover by farmland, farmland shelterbelt
network, building, and forest, and the distance to the nearest wind turbine) in the quadrats inside and outside the wind farm.
We predicted the following.
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(1) Alower nest density, nest size, and nesting height, and higher wearing rate for magpie nests in the quadrats inside the wind
farm compared with those in the quadrats outside the wind farm given that the existing wind turbine was a human
disturbance factor that changed the surrounding environment.

(2) Alower nest size and nesting height would be influenced by the wind farm to decrease the magpie nest density due to the
poor nest quality with a smaller nest size and reduced safety with a lower nesting height.

(3) The magpie nest density would respond positively and significantly to the cover by farmland, farmland shelterbelt network,
and forest, which are the important magpie habitats, and negatively and significantly to building cover and the distance to
the nearest wind turbine, which represent higher human activity.

2. Methods
2.1. Study area

Chongming Island (121°09’ 307-121° 54’ 00”E, 31° 27" 00"N-31° 51’ 15”N), located in Yangtze River estuary, is a suburban
area of Shanghai city. The total land area of Chongming Island is 1185.49 km?, with a population of 688,000 (Shanghai Municipal
Statistics Bureau, 2020). Farmland and forest cover 506.52 km? and 308.44 km?, respectively accounting for 38.79% and 23.62%
of all land-use types on Chongming Island (Shanghai Municipal Statistics Bureau, 2020); the island is thus characterized by an
agroforestry system that mainly comprises forest and farmland. The forested land includes woodland patches and timberlines,
with the farmland being used to grow wheat from December to May and rice from June to November. This multilevel artificial
ecosystem is inhabited by diverse wildlife, especially birds (Li et al., 2020b).

Chongming Island is an important wind resource for Shanghai, with an average annual wind power density of 339.1 W/m?;
145 wind turbines have been established since 2005, mainly concentrated in the eastern and northeastern coastal areas
(Li et al., 2020a). North Lake (121° 31’ 27"E, 31° 43’ 56"N-121° 39' 47’E, 31° 37' 50°'N) was chosen as the study area, with 30
established wind turbines; the wind power density in the agroforestry system around the North Lake is 300-330 W/m?
(Yu et al,, 2008). The North Lake wind farm (60 MW) was constructed in 2012 and it comprises 30 monopole wind turbines in a
line in the agroforestry system (Fig. 1). The distance between adjacent wind turbines is ~450 m. The turbine hub is about 90 m
high with a rotor blade of about 45 m.

2.2. Quadrat selection

Magpies usually collect food for nestlings in areas no further than 75 m from the nest site (Jokimaki et al., 2017), with
previous studies indicating the potential scale to test the effect of wind farms on forest birds to be no more than 1km
(Fernandez-Bellon et al., 2019; Hatchett et al., 2013); therefore, the area inside the wind farm (< 1km) and outside the wind
farm (> 1km) was defined by the distance to the closest wind turbine. We selected two agroforestry systems with similar main
land cover types (such as farmland, farmland shelterbelt network, building, and forest) (Supplementary Material, Table S1),
except they differed in terms of the presence and absence of wind turbines in the areas inside and outside wind farm,
respectively (Fig. 1, Fig. 2). The areas inside and outside the wind farm in this study were constructed and managed by the same
farm manager and these two areas were far from the village. In addition, the main human activity was cultivation and few
vehicles were observed during our survey in the areas inside and outside wind farm. Therefore, we consider that there were no
significant differences in land cover and human activity between the areas inside and outside the wind farm. The areas inside
and outside the wind farm were measured 49.38 km? and 18.20 km?, respectively. The distance between the edge of the areas
inside and outside the wind farm was 2.60 km.

Given the different sizes of these areas, quadrats were used to compare the differences in nest distribution of magpies inside
and outside the wind farm. According to the distance between adjacent wind turbines in North Lake, a quadrat size of
450 m x 450 m was selected to ensure that no more than one wind turbine was located in each quadrat inside the wind
farm. Quadrats with a high proportion of forest and farmland shelterbelt network (> 10%) for nesting sites were selected
(Jokimadki et al., 2017). To ensure the spatial independence of each quadrat, the minimum distance between each one was at
least 50 m. In total, 66 quadrats were selected, with 32 inside the wind farm (experimental groups) and 34 outside the wind
farm (control groups) (Fig. 1).

2.3. Magpie nest surveys

From March to May in 2019 (i.e., the magpie breeding season), any magpie nests in each quadrat were located and the
following information recorded: nest number, nest condition (currently in use or used in previous breeding season), nest size,
and nesting height. To measure the wearing rate of the nest recorded during the 2019 breeding season, nest size was compared
with that measured during December 2019 (i.e., during the non-breeding season of magpies). Three investigators observed the
nests on a sunny day between 08:00 and 16:00 (Jokimadki et al., 2017) with 8-42 x binoculars, and then went to the nest site to
record the location of each nest in the quadrat, used a GPS receiver to locate the exact nest position, recording the latitude and
longitude, and marking it in Google Earth Pro 7.3.2 (Google LLC) (Wang et al., 2015). All the nests recorded were located in
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Fig. 1. Map of the study area (a) and four land cover types (farmland, farmland shelterbelt network, building, and forest) in each quadrat (b) on Chongming
Island, China. Blue and red boxes represent the areas inside and outside the wind farm, respectively; black boxes represent quadrats and red dots represent
wind turbines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

natural sites (i.e., in trees) rather than anthropogenic sites (e.g., located on anthropogenic objects, such as telegraph poles) to
understand magpie nest distributions in natural rather than artificial sites (Lancaster and Rees, 1979; Wang et al., 2008, 2010;
Nakahara et al., 2015).
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(a)

Fig. 2. The areas inside (a) and outside (b) the wind farm on Chongming Island, China.

The number of nests in each quadrat represented the nest density variable in each quadrat. Based on the breeding behaviors
of magpie (including nest building, distraction displays, incubation feeding, and nestling provisioning) within 5 m of each nest,
the nest density variables were divided into two categories: total nest density and in-use nest density.

2.4. Predictor variables

2.4.1. Nest character variables

During the initial investigation, the cross- and longitudinal sections of each nest were measured to reflect the nest
size (Table 1). An unmanned aerial vehicle flew from the ground to the bottom of the nest to measure the nesting height
(Jokimdki et al., 2017) (Table 1). The wearing rate of the nest was defined as the decrease in the nest size during the
non-breeding season compared with the same nest during breeding expressed as a percentage difference (Table 1).

2.4.2. Landscape variables

According to the landscape variables related to magpie nesting in current studies (Jokimdki et al., 2017), four land cover
types (farmland, farmland shelterbelt network, building, and forest) were classified within each quadrat and examined further
to understand their effects on total nest density and in-use nest density (Fig. 3, Table 2). The distance to the nearest
wind turbine was also measured (Table 2). Land cover data were obtained from Formosat-2 (June 2012; 2 m resolution).

Table 1
Descriptions of nest character variables for each nest in this study.
Variable Unit Description
Nest size Score Score 5: cross- or longitudinal section of nest > 120 cm

Score 4: cross-section 85-120 cm or longitudinal section 70-120 cm
Score 3: cross-section 60-85 cm or longitudinal section 50-70 cm
Score 2: cross section 35-60 cm, or longitudinal section 30-50 cm
Score 1: cross-section < 35 cm, or longitudinal section < 30 cm

Nesting height m Height from nest bottom to ground

Wearing rate of the nest % Percentage reduction in nest size in non-breeding versus breeding season:
V1-V2,
i 100%

V1 = Nest size in breeding season (March-May, 2019),
V2 = Nest size in non-breeding season (December, 2019).
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Fig. 3. Differences in the total nest density and in-use nest density of magpies in the quadrats inside and outside the wind farm on Chongming Island, China
(mean + SE). **, P < 0.01.

Table 2

Descriptions of landscape variables in the quadrats inside and outside the wind farm in this study.
Landscape variable Unit Description
Farmland cover % Percentage of area of farmland covered by crops (mainly rice and wheat) in each quadrat
Farmland shelterbelt network cover % Percentage of area of tree belt in farmland in each quadrat, comprising one or two rows of trees
Building cover % Percentage of area of buildings (mainly houses) in each quadrat
Forest cover % Percentage of area of forest or roadside trees in each quadrat
The distance to nearest wind turbine m Distance from the quadrat center to the nearest wind turbine in each quadrat

The percentage of each land cover type in each quadrat and the distance to the nearest wind turbine were calculated using
ArcMap 10.2 (ESRI 2016) and Fragstats 4.2 (McGarigal et al., 2012).

2.5. Data analyses

2.5.1. Differences in magpie nest density and nest character variables in quadrats inside and outside the wind farm

Total nest density and in-use nest density were compared between quadrats inside and outside the wind farm. Nest size,
nesting height, and nest wearing rate were used to compare differences in nest character variables in quadrats inside and
outside the wind farm. Normality was tested using Shapiro-Wilk tests. Any non-normally distributed variables were
logarithmically or square root transformed; however, all five variables remained non-normally distributed. Therefore, the
Mann-Whitney U test was used to compare the differences in nest density variables and nest character variables in quadrats
inside and outside the wind farm.

2.5.2. Relationship between magpie nest character variables and nest density in each quadrat

To test the effects of nest character variables (i.e., nest size and nesting height) on nest density variables (i.e., total and in-use
nest density) in the quadrat, these two nest character variables were first transformed to the average nest size and average
nesting height in the quadrat. A simple linear regression was used to test the relationship between nest size and nesting height
and total nest density and in-use nest density in each quadrat. To clarify the linear relationship between nest character variables
and nest density, all data were logo transformed.

2.5.3. Impacts of landscape variables on magpie nest density in each quadrat

To test the impacts of landscape variables on total nest density and in-use nest density, the latter two variables were used as
response variables, and five landscape variables (the covers of building, forest, farmland, farmland shelterbelt network, and the
distance to the nearest wind turbine) were used as predictor variables. Given that total nest density and in-use nest density
were count data, generalized linear models (GLMs) were run with a Poisson distribution.

To assess the collinearity among the predictor variables, their variance inflation factors (VIFs) were estimated, with VIF >4
indicating a possible collinearity (Neter et al.,, 1996; Chatterjee and Hadi, 2006). To further check the potential spatial
autocorrelation of response variables (i.e., total nest density and in-use nest density), Moran’s I was calculated using ArcMap
10.2 (ESRI 2016) and GeoDa 1.14 software (Anselin et al., 2006).

A multi-model inference approach using Akaike’s Information Criterion corrected for small sample sizes (AICc) was used to
estimate and compare standardized model-weight mean coefficients of the direction and relative importance of the predictor
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Fig. 4. Differences in nest size (a), nesting height (b), and wearing rate of the nest (c) of total and in-use nests of magpies in the quadrats inside and outside the
wind farm on Chongming Island, China (mean # SE). **, P < 0.01.

variables on each response variable. Differences in AICc (AAICc) were used to choose the set of candidate models. All models
with AAICc < 4 were considered to be equally suitable for making inferences (Burnham and Anderson, 2004; Burnham et al.,
2011). Akaike weights (w;) were also calculated to further estimate whether any model was clearly the best among the can-
didate models (w; > 0.9) (Anderson et al., 2001). The global model of total nest density and in-use nest density with the
predictor variables was used to perform model selection, and model averaging of all candidate models was performed to
provide model coefficients and variances.

All data processing was analyzed using R 3.6.2 (R Core Team, 2019). The ‘glmulti’ (Calcagno, 2019) and ‘MuMIn’
(Bartori, 2019) packages were used for model selection and averaging, respectively. No problems were identified with
overdispersion or heterogeneity of variance upon examination of the dispersion parameters and residuals from the models.

3. Results
3.1. Differences in magpie nest density and nest character variables in quadrats inside and outside the wind farm

In total, 227 magpie nests were found in the 30 quadrats outside the wind farm (N =169) and 22 in the quadrants inside the
wind farm (N =58). These included 123 in-use nests and 104 used nests. In total, 166 magpie nests in 20 quadrats outside the
wind farm (N=117) and 26 quadrats inside the wind farm (N =49) were recorded during the non-breeding season.

The total nest density in the quadrats outside the wind farm was significantly higher than in the quadrats inside the wind
farm (P < 0.01) (Fig. 3); however, there was no significant difference in the in-use nest density in the quadrats inside and
outside the wind farm (Fig. 3).

Although there was no significant difference in nest size and wearing rate of total nest and in-use nest in the quadrats inside
and outside wind farm (Fig. 4a, c), the nesting heights of total nest and in-use nests in the quadrats outside wind farm were
significantly higher than in the quadrats inside wind farm (P < 0.01) (Fig. 4b).

3.2. Relationship between magpie nest character variables and nest density in each quadrat

There were a significant negative correlation between the average nest size in the quadrats and total nest density
(R? = 0.1138, P=0.0144, Fig. 5a), a significant positive correlation between the average nesting height in the quadrats and total
nest density (R? = 0.1602, P=0.0033, Fig. 5¢), and a significant positive correlation between the average nesting height in the
quadrats and in-use nest density (R?> = 0.1687, P=0.0034, Fig. 5d). However, there was no significant relationship between
the average nest size in the quadrats and in-use nests (R* = 0.0294, P=0.2385, Fig. 5b).

7
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wind farm on Chongming Island, China. The upper and lower limits of the 95% Cls are shown by dotted lines.

3.3. Impacts of landscape variables on magpie nest density in each quadrat

The VIFs for the five predictor variables were all< 4 (Supplementary Material, Table S2), which suggested no severe
collinearity between the five predictor variables in the analysis. No significant spatial autocorrelations were determined for the
response variables (P > 0.1) (Supplementary Material, Table S3).

The distance to the nearest wind turbine and farmland shelterbelt network cover were the most important predictors in the
top 12 models (AAICc < 4) for total nest density (Supplementary Material, Table S4). The average results of the model showed
that there was a significant positive correlation between the distance to the nearest wind turbine and the total nest density
[estimated mean * standard error (SE); 0.0005 + 0.0002, 95% confidence interval (CI) =0.0001-0.0008]. There was also a
significant positive correlation between the farmland shelterbelt network cover and the total nest density (estimate mean +
SE = 0.0705 + 0.0350, 95% CI = 0.0019-0.1390) (Fig. 6, Supplementary Material, Table S5).

Farmland shelterbelt network cover was also the most important predictor in the top eight models (AAICc < 4) for in-use
nest density (Supplementary Material, Table S6). The average results of the model showed that there was a significant positive
correlation between the farmland shelterbelt network cover and the in-use nest density (estimate mean + SE = 0.1040 *
0.0347, 95% CI = 0.0360-0.1720) (Fig. 7, Supplementary Material, Table S7).

4. Discussion
4.1. Differences in magpie nest density and nest character variables in quadrats inside and outside the wind farm

The total nest density in the quadrats inside the wind farm was significantly lower than that in those outside the wind farm
(Fig. 3), which was consistent with our hypothesis and the results reported by Drewitt and Langston (2006) who showed that
the construction and operation of wind turbines can reduce the nest density of birds. The total nest density can also reflect the
breeding propensity (Catlin et al., 2019); the current results showed that there were more nests in the quadrats outside the
wind farm, which suggested that magpies preferred to nest in areas without wind turbines. Thus, the noise and wind power
created by the wind turbines might influence magpie nesting, resulting in the lower total nest density in quadrats inside the
wind farm. The in-use nest could reflect magpie reproduction during the study the year; moreover, the in-use nest density can
reflect the breeding propensity of magpie more accurately than the total nest density. In the current study, there were more in-
use nests in quadrats outside than inside the wind farm, but there the difference was not significant; this suggests that the
actual effect of wind turbines on magpie reproduction was less than expected during the study year. Given that magpies show
an ability to adapt to a changing environment (Nakahara et al., 2015) and the wind farm had been in operation for 7 years, the
magpies in the local area might have adapted to the presence of the wind farm, reflected by the distribution of in-use nests in

the current study.
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Fig. 6. Model-weighted mean standardized coefficients and 95% Cls for the direction and relative magnitude of the effects of five landscape variables (cover by
farmland, farmland shelterbelt network, buildings, and forest, and the distance to the nearest wind turbine) from the top models (AAICc < 4) based on the total
nest density of magpies in the quadrats inside and outside the wind farm on Chongming Island, China. The models for the total nest density of magpies are
based on GLMs.
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Fig. 7. Model-weighted mean standardized coefficients and 95% CIs for the direction and relative magnitude of the effect of five landscape variables (cover by
farmland, farmland shelterbelt network, buildings, and forest, and the distance to the nearest wind turbine) from the top models (AAICc < 4) based on using the
in-use nest density of magpies in the quadrats inside and outside the wind farm on Chongming Island, China. The models for the in-use nest density of magpies
are based on GLMs.

The results of nest character variables showed that the nesting height of total nests and in-use nests in the quadrats inside
the wind farm were both significantly lower than in quadrats outside the wind farm. Previous research showed that magpies
reduce the height of their nest with a reduction in the surrounding risks, including decreases in the number of predators and
the level of human disturbance (Wang et al., 2008; Jokimadki et al., 2017; Xu et al., 2020). In the current study, there were no
significant differences in the quadrats inside and outside the wind farm in terms of the available nest sites (i.e., height, type, and
age of trees), except for the effects of the wind turbine; for example, the wind turbine rotor generates an air vortex, which could
increase the strength of the wind further up a tree (Huang et al., 2016), which would not result in a safe nest site, thus reducing
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the height at which the magpies site their nests (Jokimadki et al., 2017). The nesting height can also reflect reproductive success
(Jokimadki et al., 2017; Catlin et al., 2019; Xu et al., 2020). The higher nesting height outside the wind farm than inside the wind
farm suggests that magpie nests outside wind farm were more secure and, thus, more likely to result in successful breeding
attempts. This hypothesis is supported by the fact that the in-use nests in the quadrats inside the wind farm were smaller than
the quadrats outside the wind farm, a pattern not shown by the total number of nests (Fig. 4a); however, the wearing rate of the
nest in the quadrats inside the wind farm was higher than that outside the wind farm (Fig. 4c), although the differences were
not significant, which suggests that the wind farm does not impact this nest characteristic.

4.2. Relationship between magpie nest character variables and nest density in each quadrat

The linear regressions showed that higher magpie nesting height was correlated with nest density (both total nest and in-
use nest density). Magpies prefer to nest in taller trees, and their nests need at least three to five forks to support their weight
(Xu et al., 2020). The nests in the wind farm were placed lower down the trees (Fig. 4b), where fewer branching forks occurred,
and thus, fewer nest sites were available, thereby decreasing the nest density. Therefore, the construction and operation of wind
turbines could decrease magpie nest density inside wind farms because of this change in nesting height.

Unexpectedly, bigger nest sizes were negatively correlated with the total density of magpie nests. In agroforestry systems,
magpies usually build more than one nest in the breeding season to defend against predators and parasites (Nakahara et al.,
2015); however, building more than one nest requires significant energy resources, which can limit the breeding success.
Therefore, multiple nests built by the same birds might be smaller than single nests to enable the bird to conserve energy.
However, there were no significant differences in nest size inside and outside the wind farm, so it is unclear whether the wind
farm affected nest density by influencing nest size in this study site.

4.3. Impacts of landscape variables on magpie nest density in each quadrat

The average model results of landscape variables in the quadrats showed that the total nest density increased with the
distance of the quadrat from the wind turbine and with the percentage of farmland shelterbelt network in the quadrat (Fig. 6);
by contrast, the in-use nest density increased only with the percentage of farmland shelterbelt network in the quadrat (Fig. 7).

Previous research showed that distance to a wind farm influences avian density (Drewitt and Langston, 2006; Gomez-
Catasts et al., 2018), which was consistent with the results of the current study. This suggests that magpies are more likely to
nest away from wind turbines, which would reduce the impact of the wind farm on their breeding success (Dahl et al., 2012). As
a bird nesting in the canopy layer, the land-use types around the nest site can affect nest-site selection by magpies (Jokimaki
et al., 2017). The current study found that magpies preferred to nest at the forest edge and in the farmland shelterbelt network,
consistent with a previous report (Flaspohler et al., 2001); thus, the magpie nest density might have increased because of the
higher farmland shelterbelt network cover in the study site, as also found in a study of the reproductive performance of skylarks
on intensive farmland (Kuiper et al.,, 2015).

5. Conclusions

The results showed that wind turbines directly influence magpie nest density, and that they can change the nest char-
acteristics (i.e., nesting height), which can, in turn, further influence nest density. Thus, developers should consider providing
more favorable nesting sites for magpies (and other species with similar nesting habits) in areas inside wind farms by increasing
the farmland shelterbelt network around potential nest sites and the distance to the wind turbine (Benton et al., 2003). We
described possible mechanisms by which wind turbines influence magpie nest density in terms of the landscape and nest
characteristics. However, whether environmental factors resulting from wind power generation (e.g., noise, and magnetic and
electric fields) impact magpie nesting requires further study.
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