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Abstract
1.	 A rapid increase in wind power generation has led to bird collisions becoming a 

serious problem worldwide. Developing useful sensitivity maps to select low-risk 
sites for birds is an urgent issue. For migratory birds, such as geese and swans, that 
visit different habitats throughout their life cycle, it is important to conduct risk as-
sessments that take into account their behavioural characteristics in each habitat. 
Geese and swans fly and migrate at varying altitudes (above the ground) ranging 
from 10 to hundreds of metres. Accurate predictions of avian flight altitudes are 
essential in assessing the risks of collisions with human-made structures.

2.	 We first obtained location data for four species of geese and swans to identify 
their spring migratory routes within Japan (Bean Goose Anser fabalis and Anser 
serrirostris, Greater White-fronted Goose Anser albifrons, Tundra Swan Cygnus co-
lumbianus bewickii and Whooper Swan Cygnus cygnus). As all four species used the 
same roosts and overlapping foraging areas from winter to spring, a single migra-
tory route was defined by integrating the location data of the four species.

3.	 Flight trajectories were tracked using an ornithodolite. The median flight height 
for these four species in all landscape types was 150 m or less. Then a LASSO 
regression model was created with flight altitude obtained as the response vari-
able and topographic and landscape factors as explanatory variables. Trends in 
flight altitude with environmental differences were similar for the four species, 
indicating that topographical factors strongly influence flight altitude. Finally, a 
statistical model was used to predict flight altitudes along migration routes.

4.	 The sensitivity maps we generated showed that for all four species, most flight 
heights during spring were within the wind turbine range, suggesting that their risk 
of collision with wind turbines was greater along their migratory route. Sensitivity 
maps that accurately reflect avian flight characteristics help provide useful infor-
mation when considering the location of further wind turbine construction.
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1  |  INTRODUC TION

Global warming has become a major concern around the world. 
The Paris Agreement of 2015 (UNFCCC, 2015) mandates the re-
duction of CO2 emissions in developed countries, and subsequently 
renewable energy sources that produce significantly fewer green-
house gases, such as wind, solar and geothermal, have increased 
rapidly since the 2000s. The relatively low cost of construction 
and maintenance of wind power generators makes it a commonly 
used method of energy generation. The installed capacity of wind 
generation globally, as of 2017, was 20 times greater than that in 
2001 (GWEC,  2017). However, there are concerns that the con-
struction of wind farms leads to the degradation of landscapes and 
the natural environment. In particular, impacts on birds and bats, 
that is, collisions with wind turbines, increased detour costs due to 
avoidance of wind turbines, and habitat abandonment, are serious 
problems worldwide (Amorim et al.,  2012; Erickson et al.,  2014; 
Harrison et al.,  2018; Marques et al., 2019; Masden et al., 2009; 
Smallwood, 2013). Smallwood (2013) estimated that 573,000 birds 
and 888,000 bats per year would be killed in installed wind energy 
capacity by 2012, in the United States, which represented 16.5% of 
the world's installed wind power (GWEC, 2017).

Bird collisions are influenced by the landscape, terrain and 
weather in which wind farms are constructed. They are often re-
ported in ecologically sensitive locations such as along flight 
paths between roosting and foraging areas and on slopes over 
which the updrafts occur that are used by soaring birds (Drewitt 
& Langston,  2006; Johnson et al.,  2002; Kitano & Shiraki,  2013; 
Murgatroyd et al., 2021; Peron et al., 2017).

Avoiding selecting areas for the construction of wind farms that 
are likely to have a strong impact on birds is part of efficient site 
selection. To this end, the development and introduction of sensi-
tivity maps in advance of planning wind farms have been promoted 
mainly in Europe and the United States in order to prevent bird col-
lisions (Bright et al.,  2009; Garthe & Hüppop,  2004; McGuinness 
et al., 2015; Retief et al., 2010). Basic information that contributes 
to creating such sensitivity maps for birds includes major winter-
ing areas and stopover sites, the main habitats of key species and 
key migration routes (Bright et al., 2009; Garthe & Hüppop, 2004; 
Retief et al., 2010). Previously proposed sensitivity maps were often 
based on two-dimensional information concerning the main habitats 
and distributions of target species (Bright et al., 2009; McGuinness 
et al., 2015; Retief et al., 2010). Recently, for large raptors, collision 
risk has been visualized by predicting the area where they fly below 
the height of the wind turbine based on spatial factors such as slope 
and distance from the nest (Murgatroyd et al., 2021). However, few 
research cases have reflected three-dimensional information such 
as flight altitude, which may vary depending on environmental char-
acteristics, making it impossible to identify high-collision-risk areas.

Hokkaido and Tohoku regions in northern Japan have consider-
able potential for wind turbine installation due to favourable wind 
conditions (MOEJ, 2011). Currently, these two regions account for 
47% of total wind power generation in Japan (MOETIJ, 2020). These 

regions have many wetlands, including rivers, lakes and marshes 
that serve as important stopover and wintering grounds for large, 
migratory waterfowl species such as geese and swans (Mikami 
et al.,  2012), the populations of which number approximately 
160,000 (MOEJ, 2021c). There have been no reports of geese and 
swans colliding with wind turbines in Japan (Ura,  2015), possibly 
because wind farm managers are not required to report collisions. 
However, collisions have been reported in Europe (Rees,  2012), 
where wind farms have been built since the 2000s (GWEC, 2017), 
and there are concerns about negative impacts such as bird collisions 
and habitat abandonment in the future (Ura et al., 2021). Therefore, 
the development of sensitivity maps for these species has become 
an urgent issue.

In this paper, we provide wind turbine sensitivity maps that 
focus flight altitudes on geese and swans. In particular, we use 3D 
trajectories to identify the influence of land use and topography on 
differences in flight altitude. Additionally, we extrapolate statistical 
models that predict flight altitudes to migratory routes to produce 
maps showing the risk of collisions.

2  |  MATERIAL S AND METHODS

2.1  |  Target species and survey area

We focus on the four most abundant species of large waterfowl in 
Japan: Bean goose Anser fabalis and Anser serrirostris (BG), Greater 
white-fronted Goose Anser albifrons (GWG), Tundra swan Cygnus 
columbianus bewickii (TS) and Whooper swan Cygnus cygnus (WS). 
The data from interviews and ‘monitoring site 1000’ described 
below include cases where the two BG species were treated as one. 
Furthermore, in some cases, the distance between the object and 
the observer was so great in the field survey that it was difficult to 
distinguish the two species. Therefore, we grouped the data for the 
two species of BG.

The selection of field survey sites was based on annual point 
count surveys of geese and swans at approximately 9000 sites in 
Japan from October to April by Japan's Ministry of the Environment 
(MOEJ, 2021c). This survey has been conducted for geese, swans 
and ducks throughout Japan, but there are not as many survey 
sites in Hokkaido as on Honshu Island. Therefore, to complement 
the MOEJ's surveys, we decided to focus on Hokkaido as the main 
survey area and also on the Tohoku region, which is a major winter-
ing ground for geese and swans. Field surveys were carried out in 
Hokkaido, Aomori, Akita, Yamagata, Niigata and Miyagi prefectures, 
which are home to 80% of the BG, 90% of the GWG, 66% of the TS 
and 67% of the WS during winter in Japan (MOEJ, 2021c).

Regarding offshore areas, although flights of geese and swans 
were confirmed offshore during this study, detailed location data 
could not be obtained because the distance from the shore was too 
great to be recorded; hence, we only targeted onshore areas.

Our fieldwork was conducted on public lands that did not require 
an application for a use licence.
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2.2  |  Collection of bird distribution

The foraging and resting flocks of swans and geese were located 
and recorded at the stopover sites and in the wintering areas by ve-
hicle (Figure 1). A cumulative total of approximately 60,000 km2 of 
farmland (including pastures, rice fields and cropland), in addition to 
bodies of water, including rivers, ponds and lakes was covered. The 
surveys were carried out for a total of 101 days: 9 days in Niigata 
Prefecture (from November 2018 to February 2019), 4 days in 
Yamagata Prefecture (in February 2019); 10 days in Akita Prefecture 
(in February and November 2017); 11 days in Akita Prefecture (in 
December 2018 and February 2019), 10 days in Aomori Prefecture 
(March 2018 and March 2019); 5 days in Miyagi Prefecture (in 
November 2017); and 52 days in Hokkaido (in March and April 2017, 
March and April 2018 and March 2019). The surveys were carried 
out in daylight between 08:00, after the birds left their roosts in the 
morning, and 16:00, before they roost in the evening. The approxi-
mate sunrise and sunset times during the study period were from 
04:30 to 06:30 am and from 15:30 to 18:00 (NAOJ, 2021). During 
the surveys, species and flock sizes on the ground were recorded 
and locations were mapped. Birds in flight were recorded only when 
they passed directly above the researcher.

2.3  |  Fixed-point observation using 
an ornithodolite

We used ornithodolites (VECTOR21, VECTOR21 AERO and 
MOSKITO manufactured by SAFRAN Vectronix; 1σ distance error: 
±5 m, 1σ elevation error: ±0.2°, 1σ azimuth: ±0.6°) capable of ob-
taining highly accurate three-dimensional location data. These de-
vices accurately measure an object's azimuth, elevation and oblique 

F I G U R E  1 Survey sites for a collection of bird distribution and 
fixed-point observations. Green areas indicate where collections 
of bird distribution were conducted, white circles indicate where 
fixed-point observations were conducted.

F I G U R E  2 Tracking a flying bird with an ornithodolite. 
Ornithodolites were used to acquire flight altitudes with a laser 
and to measure: (a) azimuth, (b) oblique distance and (c) elevation 
angle, to calculate (d) the horizontal distance to obtain the location, 
to calculate (e) the altitude from the point of measurement, and 
subtract (f) the elevation at the measured position to obtain (g) the 
altitude of the target object above the ground.

e
b

c

a
d

g

f

N

F I G U R E  3 Extraction of environmental variables used in 
statistical modelling. The centre point (star) of the flight trajectory 
measured by the ornithodolite (white points) was used for the 
analysis. Farmland area, water area, urban area, forest area and 
elevation variation (standard deviations) within a 1–3 km radius 
buffers from the centre point were extracted as variables. As 
variables related to the terrain flow (flight history), the highest 
elevations within 1–5 km from the centre point in the direction 
opposite to the average flight direction (grey dotted arrow) were 
extracted.
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distance and calculate the latitude, longitude and altitude using 
the built-in compass and infrared laser illuminator (Figure 2). When 
used for birds, the tracking data are acquired at 3–6-s intervals. The 

response of flight altitude to terrain and landscape can be under-
stood. During March and April 2018 and February and March 2019, 
fixed-point ornithodolite surveys were conducted at 93 sites within 
the study area (Figure 1) to obtain location and flight altitude data. 
We measured flight altitudes in various environments, including 
farmland, water bodies, urban areas, forests and mountainous areas, 
to elucidate the effects of landscape and terrain factors on flight 
altitude. The maximum measurable range according to the device's 
specifications was 12 km for structures. However, for the target 
species of geese and swans, the measured range was approximately 
2 km for individual birds and approximately 3 km for flocks.

2.4  |  Definition of a migratory route

The ranges of spring migration routes were defined using the 
outermost boundary method using location data obtained from 

TA B L E  1 A list of variables used for LASSO regression. Twenty 
environmental variables were extracted to predict flight altitude by 
LASSO regression.

Variable Summary of variables Reference

Farmland area (km2) Total farmland area in 1–3 km 
buffer

JAXA (2018)

Water area (km2) Total water area in 1–3 km buffer
Urban area (km2) Total Urban area in 1–3 km buffer
Forest area (km2) Total forest area in 1–3 km buffer
Topographic 

roughness
Standard deviation of elevation in 

1–3 km buffer
MLIT (2011)

Flight history Maximum elevation 1–5 km in 
flight history

F I G U R E  4 The distributions of Bean Goose, Greater White-fronted Goose, Tundra Swan and Whooper Swan in northern Japan. Location 
data were collected by adding public databases (MOEJ, 2021b, 2021c; YIO, 2021) to field surveys and interview data.
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field surveys, interviews with the Wild Bird Society of Japan, 
and the Nationwide Census on Wild Geese, Ducks, and Swans 
(MOEJ,  2021c), Monitoring Sites 1000 (MOEJ,  2021b) and Bird 
Atlas data (YIO, 2021) as public databases. Furthermore, we showed 
the connectivity of habitats in areas lacking observational data by 
referring to satellite-tracked studies of geese and swans (Chen 
et al., 2016; Kurechi, 2006; MOEJ, 2018; Shimada et al., 2014; Ueta 
et al., 2018; YIO, 2010).

2.5  |  Extraction of environmental factors

Esri Arc GIS Pro ver. 2.41 was used to create flight trajectories 
based on positional data and to extract landscape and topographi-
cal factors (JAXA, 2018; MLIT, 2011). To create a statistical model 
to predict flight altitude, flight trajectories were drawn from the 
continuous latitude and longitude data of the flock and the centre 
point of the trajectory was set as an analysis point, from which envi-
ronmental factors were extracted. The flight altitude data of flocks 
that were confirmed to be landing was excluded from the analysis 
because their movements were judged to be local flights between 
roosts and foraging areas, not migratory flights.

For landscape factors related to land use, 1, 2, and 3  km buf-
fers were generated from the analysis points, which allowed the 
acquisition of farmland areas, water areas, urban areas and for-
ests. Farmland includes rice fields, vegetable fields and pastures 
that serve as foraging habitats, and bodies of water include lakes, 
marshes and rivers that serve as roosts and foraging habitats.

In the case of factors related to topography, buffers 
of 1, 2 and 3  km were generated from the analysis points. 
Standard deviations of elevation within each buffer area 
were calculated as values representing topographic rough-
ness (Figure 3). While analysing factors that determine flight 
altitude, the characterization of flight behaviour in highly 
variable mountain forest areas was considered an important 
process to improve the explanatory power and predictability 
of statistical models; hence, changes in flight altitude along 
with changes in elevation were tracked. Additionally, con-
sidering that the history terrain (the terrain over which birds 
had recently flown) travelled to the analysis point affects the 
determination of flight altitude, lines of 1, 2, 3, 4 and 5  km 
were generated in the opposite direction of the mean flight 
direction (hereinafter, flight history), and the highest eleva-
tion on the line was obtained (Figure 3). For statistical mod-
elling, a total of 20 factors were incorporated as explanatory 
variables (Table 1).

2.6  |  Statistical analysis

To determine the autocorrelation of flight altitude, we per-
formed ANOVA with trajectory ID as a factor. We performed the 

Kruskal–Wallis test and Steel–Dwass test to compare flight altitudes 
for each landscape.

Statistical models were created for each of the four species 
using R ver. 3.6.0. LASSO regression (a type of regularized linear 
regression analysis) of the R package glmnet was applied (Friedman 
et al., 2010; R Core Team, 2022). Dimensional compression by the 
L1 norm and regularization by adjusting the coefficients were 
applied. It is possible to create a statistical model that is rela-
tively easy to interpret while preventing overfitting (Ranstam & 
Cook, 2018). In our study, environmental variables were obtained 
at various spatial scales. Because the most influential spatial scale 
for each variable may differ, it is reasonable to apply modelling 
incorporating all variables. Therefore, we used the LASSO regres-
sion, which is considered less prone to overfitting, even when a 
large number of variables are involved. The flight altitude (masl) of 
analysis points was used as the response variable. Environmental 
factors standardized to have a mean of 0 and a standard deviation 
of 1 were used as explanatory variables. To optimize the value of 
λ, which determines the influence of the regularization term, a 
cross-validation was performed in which the data were divided 
into 10 sections. To avoid overfitting the final model, we used 

F I G U R E  5 The migratory routes of geese and swans based on 
location data. White circles indicate the distribution of any of the 
four species. Arrows indicate connectivity between habitats, as 
revealed by transmitter tracking (Chen et al., 2016; Kurechi, 2006; 
MOEJ, 2018; Shimada et al., 2014; Takekawa et al., 2000; Ueta 
et al., 2018; YIO, 2010). Yellow areas indicate the migratory routes 
of geese and swans in northern Japan.
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the maximum λ value that was within 1SE of the minimum cross-
validation error. The R2 values were calculated as the explanatory 
power of the final model.

2.7  |  Extrapolation of the statistical model

A 250 m grid was created within the migratory route, which 
was the extrapolation area, and each of the variables used in 
the model was extracted. For the variables of flight history, 
the flight direction was defined from the connectivity of lakes  
and marshes as roost based on studies using transmitters.  
For each square, the nearest flight direction was referenced. The 
variables extracted from within the extrapolation area were stand-
ardized on the same scale as the model and used to predict flight 
altitude.

When used as a sensitivity map, the possibility of birds flying at 
the same height as the wind turbine built on the ground is an eval-
uation factor. Hence, the flight altitude relative to the ground was 
calculated by subtracting the average elevation within the square 
from the predicted flight altitude in each square. The predicted flight 
altitude was classified according to the risk of collision based on the 
height of wind turbine. In creating our sensitivity maps, we assumed 
that one of the largest wind turbines in Japan, with a rated output of 
3200 kW (wind turbine height of 150 m, rotor diameter 103 m, hub 
height 98 m) (SEI, 2020), taking into account the recent increase in the 
size of wind turbines (JWEA, 2016). The predicted flight altitudes of 
the four geese and swan species were classified into three levels, low, 
medium and high. Medium (45–150 m) was within the range of rotat-
ing wind turbine blades and was considered to have the highest risk 
of collision, low (<45 m) was lower than most wind turbine blades and 
was considered to have a lower risk than medium; and high (>150 m), 

F I G U R E  6 Flight altitude for each land use and landscape. Ground-level flight altitudes were plotted for four landscapes: farmland, water 
areas, urban areas and forests, by subtracting the lowest elevation from the sea level flight altitude measured using the ornithodolite. Boxes 
are quartiles, and the central black bar indicates the median. Mean values and SE and sample size are shown in the figure. The sample size (n) 
means the number of flocks (trajectories). Alphabets indicate statistical significance (Steel–Dwass test: p < 0.05).
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KAMATA et al.     |  7 of 11Ecological Solutions and Evidence

which was higher than the height of the wind turbine, was considered 
to have zero risk of collision (Figure S1).

3  |  RESULTS

3.1  |  Migratory routes of geese and swans

Migratory routes were defined using 7168, 3229, 6366 and 
10,929 location data of BG, GWG, TS and WS (Figure 4). Habitat 
connectivity has been shown between Niigata and Yamagata or 
Akita, Yamagata and Miyagi, Miyagi and Akita, Miyagi and eastern 
Hokkaido, Aomori and western Hokkaido, and western Hokkaido 
and northern or eastern Hokkaido by previous studies using sat-
ellite transmitters (Figure  5, Chen et al.,  2016; Kurechi,  2006; 
MOEJ, 2018; Shimada et al.,  2014; Takekawa et al.,  2000; Ueta 
et al., 2018; YIO, 2010). To prevent an overestimation of the ex-
tent of migratory routes, regions with few observed cases were 
excluded, except where satellite tracking indicated connectivity. 
Since there have been reports of birds in southern Japan crossing 
to the Euroasiatic continent without passing through Tohoku and 
Hokkaido (YIO, 2010), the migratory route was defined only for 
northern Japan.

3.2  |  Relationship between landscape and 
topographical factors and flight altitude

The number of trajectories obtained in ornithodolites was 185, 
221, 170 and 51 for BG, GWG, TS and WS respectively. The high-
est frequency of tracking points per trajectory was 5 to 10 for 
all species (Figure  S2). The size of the flock per trajectory was 
most frequently between 10 and 20 birds (Figure  S3). Analysis 
of variance showed that the main factor of the change in alti-
tude was between trajectories rather than within trajectories for 
all species (Table S1). The mean SD of height within a trajectory 
was 5.9, 7.7, 6.7 and 7.7 m for BG, GWG, TS and WS respectively 
(Figure S4).

For BG, the altitude was significantly higher in urban and 
forest than in farmland and water (Figure  6; Steel-Dwass test, 
p < 0.01). For GWG, the altitude was significantly lower in water 
than in other places and significantly higher in urban and forests 
than in farmland (Figure  6; Steel-Dwass test, p < 0.05). For TS, 
the altitude was significantly higher in forests than in farmlands, 
water and urban areas (Figure 6; Steel-Dwass test, p < 0.01). No 
significant differences were shown for WS, but higher altitudes 
were flown in urban areas (sample size = 1, though) and forests 
(Figure 6; Kruskal–Wallis test, p = 0.29). Furthermore, the median 

F I G U R E  7 Relationship between topographic characteristics and flight altitude. The grey line indicates the land elevation beneath the 
flight path. Black dots indicate the flight altitude measured by ornithodolite.
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height for all four species and in all landscapes was lower than 
the height (<150 m) of the wind turbine blades. All four species 
showed a great variation in flight altitudes in forests, including 
mountainous areas.

The flight trajectories of the four species differed between those 
over flatlands before and those after crossing mountains (Figure 7). 
No large altitude change was observed for any of the four species 
in their flight trajectories over flat terrain. In contrast, changes in 
flight altitude were observed in mountainous areas with large topo-
graphic roughness. Before crossing mountains, the flight altitude of 
the flocks increased with elevation. In particular, around the peaks of 
ground elevation, although flight altitudes above sea level were high, 
their flight altitudes over the ground level were low. They maintained 
their greater flight altitude for some distance after crossing moun-
tains before descending, thus their flight altitude above the ground 
was higher after crossing mountains than at other times.

The R2 values in the LASSO regression, which indicate the explan-
atory power of model, were 0.67 for the BG, 0.79 for the GWG, 0.57 
for the TS and 0.76 for the WS of the model respectively (Table 2). For 
all four species, the most influential variables were those related to to-
pography, with positive effects in environments with large roughness 
and areas of high elevation in flight history. For landscape, although the 

influence was smaller than for topography, the area around water on 
the 1 and 2 km scales had a negative effect, and the forest area on the 
1 km scale had a positive effect. In particular, the most influential flight 
histories were the more recent ones. For all species, the previous 1 km 
of elevation had the largest coefficient, indicating that they continued 
to fly at greater altitudes after crossing higher mountain ranges.

3.3  |  Four types of sensitivity maps on the 
migratory route

The statistical model predicting flight altitude was extrapolated to 
create a sensitivity map for the migration route (Figure 8). Of the 
extrapolated range of predicted flight altitudes, the proportions 
of time spent in each of the low, medium and high zones were as 
follows: BG, low 27.7%, medium 60.7% and high 11.6%; GWG, low 
23.9%, medium 64.3% and high 11.8%; TS, low 21.1%, medium 
60.7% and high 18.2%; and WS, low 48.8%, medium 47.1% and high 
4.2%. BG, GWG and TS were predicted to spend most flight time 
in the Medium zone, with the greatest risk of collision with wind 
turbines. WS were predicted to be in the low zone more often than 
the other three species.

4  |  DISCUSSION

One of the advantages of our analysis is that the sensitivity map can 
be updated and used according to the standard strut height and a 
blade length of the wind turbine because it offers a numerical pre-
diction of flight altitude. It is possible to accommodate wind turbines 
that are expected to become larger in the future.

Differences in factor scales in the statistical model may be due to dif-
ferences in the decision-making process for flight altitude. The time and 
energy costs required for altitude changes in mountainous terrain, where 
flight altitude is higher, are likely to be greater than over water bodies, 
where flight altitude is lower. In mountainous areas, there may be a re-
sponse to the environment using the information on a broader spatial scale 
and the performance of low-load flight by increasing altitude in advance.

A previous study using GPS transmitters has shown that the 
Bar-headed Goose Anser indicus, renowned for its trans-Himalayan 
flights, has shown that it typically flies along valleys, albeit at high al-
titudes (Hawkes et al., 2012). In general, oxygen availability is lower 
at high altitudes, and the energetic flight costs of are greater (Bishop 
et al., 2015; Butler, 2016; Hawkes et al., 2012). During winter, when 
food is scarce, and during spring migration before reproduction, birds 
may follow topographic variation and maintain their flight at low alti-
tudes to minimize energy consumption. Therefore, when flying along 
ridges, the flight altitude above the ground is low, which means that 
there is a sufficiently high possibility of flying in the wind turbine zone.

Several issues were identified during this study. First, the density 
of the target species is not reflected in the migratory route. Geese 
and swans choose to fly at as low an altitude as possible to minimize 
energetic costs (Bishop et al., 2015; Hawkes et al., 2012; Klaassen 

TA B L E  2 Relationship between flight altitude and landscape and 
topographic factors. The coefficients for each variable, R2 value 
and λ estimated in the LASSO regression are shown. Blank columns 
indicate no coefficients.

Scale 
size 
(km)

Anser 
fabalis, 
Anser 
serrirostris

Anser 
albifrons

Cygnus 
columbianus 
bewickii

Cygnus 
cygnus

Intercept 131.15 143.85 174.63 123.68
Farmland area 1

2

3
Water area 1 −3.59 −5.22

2 −4.11 −2.39 −9.62
3

Urban area 1
2 −1.26
3

Forest area 1 3.3 3.01 24.65
2
3

Topographic 
roughness

1
2
3 25.79 27.95 3.06

Flight history 1 31.62 49.22 24.51 69.03
2 7.13 16.46 11.25
3
4
5 17.16 11.72

R2 0.67 0.79 0.57 0.76
Lambda.1SE 20.45 11.57 14.2 20.86
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et al., 2004). Assuming that it is possible to elucidate the environ-
mental preferences involved in path selection during migration and 
to extract environments with high flight density, we will be able to 
evaluate collision risk with higher accuracy. Although this study fo-
cused on migratory routes in northern Japan, waterfowl populations 
wintering in Lake Shinji, in southern Japan, use uncharted migratory 
routes to the Eurasian continent rather than via northern Japan 
(YIO, 2010). In the future, migration routes between wintering areas 
and stopover sites in areas beyond the scope of the present study 
need to be identified and collision risks evaluated.

In this study, we were unable to analyse the position and altitude 
data at sea due to insufficient acquisition. There are many plans to 
introduce increasing wind power generation in Japan, both onshore 
and offshore. In particular, plans have been made to build some 
of Japan's largest offshore wind farms off the coasts of Akita and 
Aomori prefectures (MOETIJ, 2020). Wind turbines built offshore, 
200 m or higher, are taller than those built on the land. Little infor-
mation is available on the migratory routes of geese and swans over 

the sea in Japanese waters. The clarification of offshore flight char-
acteristics and collision risk assessment for offshore wind turbines 
are important issues for the future.

MOEJ has developed a sensitivity map, which evaluates the 
collision risk of each grid square (10 km grid) at five levels based on 
the total risk score. This score is based on the distribution informa-
tion of several rare bird species selected by the government and 
included in Japan's Red Data Book (MOEJ, 2020) and the informa-
tion on wintering areas and stopover sites (MOEJ, 2021c). To fur-
ther reduce the impact of wind turbines on the local environment, 
a risk assessment of rare species in each region and indicator spe-
cies for the region are also necessary in addition to a multiple spe-
cies risk assessment such as the MOEJ sensitivity map devised. 
The opinion of the MOEJ (MOEJ,  2014) is that the assessment 
should be particularly rigorous for rare species inhabiting the area 
or bird species for which the area is a breeding ground. In such 
cases, more accurate sensitivity maps reflecting the behavioural 
characteristics of the target species will be essential, such as 

F I G U R E  8 Predicted flight altitude 
on the migratory route for each of four 
target species. The flight heights (ground 
heights) were predicted from the LASSO 
regression for each of the four species 
and are shown as low (<45 m), medium 
(45–150 m; collision risk zone) and high 
(>150 m) zone.
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in our study and previous studies of large raptors (Murgatroyd 
et al., 2021; Peron et al., 2017). The resolution of a sensitivity map 
is also important. A 10 km grid map, such as that provided by the 
MOEJ, can be used for selecting wind power project sites, but 
finer scale maps are necessary (we created a 250 m grid map) for 
environmental assessment (EIA) within a project site. Biological in-
formation from the MOEJ in EADAS (MOEJ, 2021a) will be linked 
to our sensitivity maps. Wind power producers will be able to use 
this information before the EIA, which is expected to contribute to 
prompt site selection. On the other hand, there are cases where 
the location of good wind conditions is an environment used by 
birds, and the construction of wind turbines cannot be avoided. 
Systems that respond to bird flight conditions to stop the opera-
tion of wind turbines and to encourage avoidance behaviour are 
being developed and implemented (Georgiev & Zehtindjiev, 2021; 
May et al., 2020; Pescador et al., 2019). Proper mitigation after 
the construction and operation of wind turbines will also be an 
essential process to reduce human–wildlife conflicts.

AUTHOR CONTRIBUTIONS
Taito Kamata and Tsuneo Sekijima conceived the ideas and designed 
methodology; Taito Kamata, Hitomi Sato, Haruka Mukai, Takahiro 
Sato and Shintaro Yamada collected the data; Taito Kamata and 
Hitomi Sato analysed the data; Taito Kamata, Hitomi Sato and Tsuneo 
Sekjima led the writing of the manuscript. All authors contributed 
critically to the drafts and gave final approval for publication.

ACKNO​WLE​DG E​MENTS
This research was completed with support from the Environment 
Research and Technology Development Fund (JPMEERF20164003) 
of the Environmental Restoration and Conservation Agency of 
Japan and Yamaguchi Educational and Scholarship Foundation. We 
are grateful to Tatsuya Ura, Yasuhiro Kawasaki and Satomi Kawasaki 
of Wild Bird Society of Japan, and Makoto Hasebe of Sarobetsu 
Wetland Center for helpful information concerning bird distribution, 
Kyokuto Boeki Kaisha, Ltd. for lending the ornithodolite, and Mark 
Brazil for carefully proofreading the manuscript.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing interests.

PEER RE VIE W
The peer review history for this article is available at https://www.
webof​scien​ce.com/api/gatew​ay/wos/peer-review/10.1002/268
8-8319.12222.

DATA AVAIL ABILIT Y S TATEMENT
Data available from the Dryad Digital Repository https://doi.
org/10.5061/dryad.73n5t​b323).

ORCID
Taito Kamata   https://orcid.org/0000-0001-6303-3393 
Hitomi Sato   https://orcid.org/0000-0002-9326-9513 

Haruka Mukai   https://orcid.org/0000-0001-5638-2173 
Takahiro Sato   https://orcid.org/0000-0002-6056-9966 
Shintaro Yamada   https://orcid.org/0000-0001-8133-9177 
Tsuneo Sekijima   https://orcid.org/0000-0002-6911-3957 

R E FE R E N C E S
Amorim, F., Rebelo, H., & Rodrigues, L. (2012). Factors influencing bat 

activity and mortality at a wind farm in the Mediterranean region. 
Acta Chiropterologica, 14, 439–457.

Bishop, C. M., Spivey, R. J., Hawkes, L. A., Batbayar, N., Chua, B., Frappell, 
P. B., Milsom, W. K., Natsagdorj, T., Newman, S. H., Scott, G. R., 
Takekawa, J. Y., Wikelski, M., & Butler, P. J. (2015). The roller 
coaster flight strategy of bar-headed geese conserves energy 
during Himalayan migrations. Science, 347, 250–254.

Bright, J. A., Langston, R., & Anthony, S. (2009). Mapped and written 
guidance in relation to birds and onshore wind energy development in 
England. The Royal Society for the Protection of Birds.

Butler, P. J. (2016). The physiological basis of bird flight. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 371, 
20150384.

Chen, W. B., Doko, T., Fujita, G., Hijikata, N., Tokita, K., Uchida, K., 
Konishi, K., Hiraoka, E., & Higuchi, H. (2016). Migration of tun-
dra swans (Cygnus columbianus) wintering in Japan using satellite 
tracking: Identification of the eastern Palearctic flyway. Zoological 
Science, 33, 63–72.

Drewitt, A. L., & Langston, R. H. W. (2006). Assessing the impacts of 
wind farms on birds. Ibis, 148, 29–42.

Erickson, W. P., Wolfe, M. M., Bay, K. J., Johnson, D. H., & Gehring, J. L. 
(2014). A comprehensive analysis of small-passerine fatalities from 
collision with turbines at wind energy facilities. PLoS ONE, 9, e107491.

Friedman, J., Hastie, T., & Tibshirani, R. (2010). Regularization paths 
for generalized linear models via coordinate descent. Journal of 
Statistical Software, 33(1), 1–22.

Garthe, S., & Hüppop, O. (2004). Scaling possible adverse effects of ma-
rine wind farms on seabirds: Developing and applying a vulnerabil-
ity index. Journal of Applied Ecology, 41, 724–734.

Georgiev, M., & Zehtindjiev, P. (2021). Real-time bird detection and 
collision risk control in wind farms. [Online]. https://tethys.pnnl.
gov/publi​catio​ns/real-time-bird-detec​tion-colli​sion-risk-contr​
ol-wind-farms

GWEC. (2017). Global wind energy council. [Online]. https://gwec.
net/wp-conte​nt/uploa​ds/2020/11/GWEC_Global_Wind_2017_
Report.pdf

Harrison, A. L., Petkov, N., Mitev, D., Popgeorgiev, G., Gove, B., & Hilton, 
G. M. (2018). Scale-dependent habitat selection by wintering 
geese: Implications for landscape management. Biodiversity and 
Conservation, 27, 167–188.

Hawkes, L. A., Balachandran, S., Batbayar, N., Butler, P. J., Chua, B., 
Douglas, D. C., Frappell, P. B., Hou, Y., Milsom, W. K., Newman, S. 
H., Prosser, D. J., Sathiyaselvam, P., Scott, G. R., Takekawa, J. Y., 
Natsagdorj, T., Wikelski, M., Witt, M. J., Yan, B., & Bishop, C. M. 
(2012). The paradox of extreme high-altitude migration in bar-
headed geese Anser indicus. Proceedings of the Royal Society B: 
Biological Sciences, 280, 20122114.

JAXA. (2018). The Japan Aerospace Exploration Agency. High-resolution 
land use and land cover map (Japan, ver. 18.03). [Online]. https://
www.eorc.jaxa.jp/ALOS/jp/datas​et/lulc/lulc_v1803_j.htm

Johnson, G. D., Erickson, W. P., Strickland, M. D., Shepherd, M. F., 
Shepherd, D. A., & Sarappo, S. A. (2002). Collision mortality of 
local and migrant birds at a large-scale wind-power development 
on Buffalo Ridge, Minnesota. Wildlife Society Bulletin, 30, 879–887.

JWEA. (2016). Japan Wind Energy Association, Editorial Committee. 
Current status and trend of wind power generation equipment. 
Journal of Japan Wind Energy Association, 40, 349–366.

 26888319, 2023, 2, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.12222 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [19/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12222
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12222
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12222
https://doi.org/10.5061/dryad.73n5tb323
https://doi.org/10.5061/dryad.73n5tb323
https://orcid.org/0000-0001-6303-3393
https://orcid.org/0000-0001-6303-3393
https://orcid.org/0000-0002-9326-9513
https://orcid.org/0000-0002-9326-9513
https://orcid.org/0000-0001-5638-2173
https://orcid.org/0000-0001-5638-2173
https://orcid.org/0000-0002-6056-9966
https://orcid.org/0000-0002-6056-9966
https://orcid.org/0000-0001-8133-9177
https://orcid.org/0000-0001-8133-9177
https://orcid.org/0000-0002-6911-3957
https://orcid.org/0000-0002-6911-3957
https://tethys.pnnl.gov/publications/real-time-bird-detection-collision-risk-control-wind-farms
https://tethys.pnnl.gov/publications/real-time-bird-detection-collision-risk-control-wind-farms
https://tethys.pnnl.gov/publications/real-time-bird-detection-collision-risk-control-wind-farms
https://gwec.net/wp-content/uploads/2020/11/GWEC_Global_Wind_2017_Report.pdf
https://gwec.net/wp-content/uploads/2020/11/GWEC_Global_Wind_2017_Report.pdf
https://gwec.net/wp-content/uploads/2020/11/GWEC_Global_Wind_2017_Report.pdf
https://www.eorc.jaxa.jp/ALOS/jp/dataset/lulc/lulc_v1803_j.htm
https://www.eorc.jaxa.jp/ALOS/jp/dataset/lulc/lulc_v1803_j.htm


KAMATA et al.     |  11 of 11Ecological Solutions and Evidence

Kitano, M., & Shiraki, S. (2013). Estimation of bird fatalities at wind 
farms with complex topography and vegetation in Hokkaido, Japan. 
Wildlife Society Bulletin, 37, 41–48.

Klaassen, M., Beekman, J. H., Kontiokorpi, J., Mulder, R. J. W., & Nolet, B. 
A. (2004). Migrating swans profit from favourable changes in wind 
conditions at low altitude. Journal of Ornithology, 145, 142–151.

Kurechi, M. (2006). Ganyowatare (geese, migrate). Dobutsu-sha.
Marques, A. T., Santos, C. D., Hanssen, F., Munoz, A. R., Onrubia, A., 

Wikelski, M., Moreira, F., Palmeirim, J. M., & Silva, J. P. (2019). Wind 
turbines cause functional habitat loss for migratory soaring birds. 
Journal of Animal Ecology, 89, 93–103.

Masden, E. A., Haydon, D. T., Fox, A. D., Furness, R. W., Bullman, R., & 
Desholm, M. (2009). Barriers to movement: Impacts of wind farms 
on migrating birds. ICES Journal of Marine Science, 66, 746–753.

May, R., Nygard, T., Falkdalen, U., Åström, J., Hamre, Ø., & Stokke, B. G. 
(2020). Paint it black: Efficacy of increased wind turbine rotor blade 
visibility to reduce avian fatalities. Ecology and Evolution, 10, ece3.6592.

McGuinness, S., Muldoon, C., Tierney, N., Cummins, S., Murray, A., Egan, 
S., & Crowe, O. (2015). Bird sensitivity mapping for wind energy de-
velopments and associated infrastructure in the Republic of Ireland. 
BirdWatch Ireland.

Mikami, K., Takagi, K., Koyama, K., Moriya, T., & Ueta, M. (2012). 
Waterbird populations and wildlife refuges in Japan. Japanese 
Journal of Ornithology, 61, 112–123.

MLIT. (2011). Ministry of Land, Infrastructure, Transport and Tourism, 
Japan. Digital national land information. [Online]. https://nlftp.mlit.
go.jp/ksj/index.html

MOEJ. (2011). Ministry of the Environment, Japan. Investigative com-
mission on the basic concept of environmental impact assessment 
for wind power generation facilities. [Online]. https://www.env.
go.jp/press/​files/​jp/17803.pdf

MOEJ. (2014). Ministry of the Environment, Japan. Comments from the 
minister of the environment on the environmental impact assess-
ment report for the Yurihonjo coastal wind power project. [Online]. 
http://www.env.go.jp/press/​files/​jp/25276.pdf

MOEJ. (2018). Ministry of the Environment, Government of Japan. 
Development of bird sensitivity mapping for reducing bird collision 
risk caused by wind power mills. [Online]. https://www.erca.go.jp/
suish​inhi/seika/​pdf/seika_1_h30/4-1603_2.pdf

MOEJ. (2020). Ministry of the Environment, Government of Japan. 
Ministry of the environment Japan red list 2020. [Online]. http://
www.env.go.jp/press/​107905.html

MOEJ. (2021a). Ministry of the Environment, Government of Japan. 
Environmental impact assessment database system (EADAS). 
[Online]. https://www2.env.go.jp/eiadb/​ebidb​s/

MOEJ. (2021b). Ministry of the Environment, Government of Japan. 
Monitoring sites 1000. [Online]. http://www.biodic.go.jp/moni1​
000/findi​ngs/data/index_file_bird.html

MOEJ. (2021c). Ministry of the Environment, Government of Japan. 
Nationwide census on wild geese, ducks, and swans. [Online]. 
https://www.biodic.go.jp/ganka​mo/ganka​mo_top.html

MOETIJ. (2020). Ministry of Economy, Trade and Industry, Japan. List of 
wind farms. [Online]. https://www.meti.go.jp/polic​y/safety_secur​
ity/indus​trial_safet​y/sangy​o/elect​ric/detai​l/wind.html

Murgatroyd, M., Bouten, W., & Amar, A. (2021). A predictive model for im-
proving placement of wind turbines to minimise collision risk poten-
tial for a large soaring raptor. Journal of Applied Ecology, 58, 857–868.

NAOJ. (2021). National Astronomical Observatory of Japan. Local calen-
dar. [Online]. https://eco.mtk.nao.ac.jp/koyom​i/dni/

Peron, G., Fleming, C. H., Duriez, O., Fluhr, J., Itty, C., Lambertucci, S., Safi, 
K., Shepard, E. L. C., & Calabrese, J. M. (2017). The energy landscape 
predicts flight height and wind turbine collision hazard in three spe-
cies of large soaring raptor. Journal of Applied Ecology, 54, 1895–1906.

Pescador, M., Ramírez, J. I., & Peris, S. J. (2019). Effectiveness of a mitiga-
tion measure for the lesser kestrel (Falco naumanni) in wind farms in 
Spain. Journal of Environmental Management, 231, 919–925.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ranstam, J., & Cook, J. A. (2018). LASSO regression. British Journal of 
Surgery, 105, 1348.

Rees, E. C. (2012). Impacts of wind farms on swans and geese: A review. 
Wild, 62, 37–72.

Retief, E. F., Diamond, M., Anderson, M. D., Smit, H. A., Jenkins, A., 
Brooks, M., & Simmons, R. (2010). Avian wind farm sensitivity map 
for South Africa: Criteria and procedures used. Bird Life South Africa.

SEI. (2020). Sumitomo Electric Industries, Ltd. Construction of Japan's 
largest wind farm, Wind Farm Tsugaru, completed. [Online]. https://
sei.co.jp/compa​ny/press/​2020/05/prs053.html

Shimada, T., Yamaguchi, N. M., Hijikata, N., Hiraoka, E., Hupp, J. W., Flint, 
P. L., Tokita, K., Fujita, G., Uchida, K., Sato, F., Kurechi, M., Pearce, 
J. M., Ramey, A. M., & Higuchi, H. (2014). Satellite tracking of the 
migration of Whooper Swans Cygnus cygnus wintering in Japan. 
Ornithological Science, 13, 67–75.

Smallwood, K. S. (2013). Comparing bird and bat fatality-rate estimates 
among north American wind-energy projects. Wildlife Society 
Bulletin, 37, 19–33.

Takekawa, J. Y., Kurechi, M., Orthmeyer, D. L., Sabano, Y., Uemura, S., 
Perry, W. M., & Yee, J. L. (2000). A Pacific spring migration route 
and breeding range expansion for greater white-fronted geese win-
tering in Japan. Global Environmental Research, 4, 155–168.

Ueta, M., Shimada, T., Uchida, K., Suginome, H., Takahashi, Y., Tokita, K., 
& Mikami, K. (2018). GPS tracking data for a Whooper Swan winter-
ing in Japan. Bird Research, 14, R1–R4.

UNFCCC. (2015). Adoption of the Paris agreement. Report No. 
FCCC/CP/2015/L.9/Rev.1. [Online]. http://unfccc.int/resou​rce/
docs/2015/​cop21/​eng/l09r01.pdf

Ura, T. (2015). Cases of wind turbine impacts on birds in Japan. Strix, 31, 3–30.
Ura, T., Hasebe, M., Yoshizaki, S., & Kitamura, W. (2021). A case study 

from Hokkaido detailing a methodological framework, target spe-
cies selection, data collection, and mapping. Japanese Journal of 
Conservation Ecology, Online publication.

YIO. (2010). Yamashina Institute for Ornithology. Satellite tracking of 
bean geese Wintering in Izumo City. Clarifying the migration route 
across the Sea of Japan. [Online]. http://www.yamas​hina.or.jp/hp/
ashiw​a/news/201007_hishi​kui.html

YIO. (2021). Yamashina Institute for Ornithology. Bird Atlas. [Online]. 
https://www.biodic.go.jp/bandi​ng/atlas.html

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Definitions of wind turbine standards.
Figure S2. Positioning counts of trajectories tracked by ornithodolite.
Figure S3. Flock size of trajectories tracked by ornithodolite.
Figure S4. SD of altitude within trajectories.
Table S1. Variance analysis of flight altitude in ornithodolite tracking.
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