
Contents lists available at ScienceDirect

Biological Conservation

journal homepage: www.elsevier.com/locate/biocon

Bird collisions at wind turbines in a mountainous area related to bird
movement intensities measured by radar

Janine Aschwanden⁎, Herbert Stark, Dieter Peter, Thomas Steuri, Baptiste Schmid, Felix Liechti
Swiss Ornithological Institute, Seerose 1, 6204 Sempach, Switzerland

A R T I C L E I N F O

Keywords:
Carcass search
Bird radar
Echo classification
Nocturnal migration
Avoidance
Mitigation

A B S T R A C T

Bird collisions at wind turbines are perceived to be an important conservation issue. To determine mitigation
actions such as temporary shutdown of wind turbines when bird movement intensities are high, knowledge of
the relationship between the number of birds crossing an area and the number of collisions is essential. Our aim
was to combine radar data on bird movement intensities with collision data from a systematic carcass search.

We used a dedicated bird radar, located near a wind farm in a mountainous area, to continuously record bird
movement intensities from February to mid-November 2015. In addition, we searched the ground below three
wind turbines (Enercon E-82) for carcasses on 85 dates and considered three established correction factors to
extrapolate the number of collisions.

The extrapolated number of collisions was 20.7 birds/wind turbine (CI-95%: 14.3–29.6) for 8.5 months.
Nocturnally migrating passerines, especially kinglets (Regulus sp.), represented 55% of the fatalities. 2.1% of the
birds theoretically exposed to a collision (measured by radar at the height of the wind turbines) were effectively
colliding.

Collisions mainly occurred during migration and affected primarily nocturnal migrants. It was not possible to
assign the fatalities doubtlessly to events with strong migration. Fresh-looking carcasses were found after nights
with both strong and weak bird movement intensities, indicating fatalities are not restricted to mass movement
events (onshore). Rather, it is likely that an important factor influencing collision risk is limited visibility due to
weather conditions. Local and regional visibility should be considered in future studies and when fine-tuning
shutdown systems for wind turbines.

1. Introduction

Over the past 15 years, wind power installations have increased
steadily across Europe (EWEA European Wind Energy Association,
2016). Due to the greenhouse gas reduction target 2020 (European
Commission, 2010), this increasing trend will likely continue in coming
years, as wind energy is renewable and CO2-neutral. Negative impacts
of conventional industrial wind turbines on avifauna are widely dis-
cussed and of global concern (Dai et al., 2015; Wang et al., 2015; Smith
and Dwyer, 2016). The topic of bird collisions at wind turbines is
considered to be of particular importance, as is the assessment of po-
tential mitigation measures (Marques et al., 2014; May et al., 2015;
Smith and Dwyer, 2016).

The temporary shutdown of wind turbines during high bird move-
ment intensities might be an option to reduce the collision risk (Liechti
et al., 2013). To define mitigation actions within the framework of
approval processes for wind energy developments, the relationship
between the number of birds crossing an area and the number of

collisions must be known. Furthermore, knowledge about this re-
lationship might improve siting of wind farms in general, which again
decreases the number of necessary shut-down events. An investigation
of the relationship between the number of birds crossing an area and
the number of collisions requires continuous, quantitative data on
diurnal and nocturnal bird movements within the height interval of the
wind turbines as well as simultaneous monitoring of collision victims.
Radar systems are suitable to record bird movement intensities con-
tinuously during day and night (Eastwood, 1967; Bruderer, 1997a,
1997b). However, estimates of absolute intensities require radar sys-
tems calibrated for bird detection, taking into account the bird-size
specific detection probability and surveyed volume (Schmaljohann
et al., 2008). In addition, it must be assured that small birds like war-
blers are detected and distinguished from similar sized large insects.

For determining the number of bird collisions, carcass searches have
to be systematic and numbers must be corrected for the detection
probability, which depends on search efficiency, persistence time of
carcasses and the probability of a carcass lying within the searched area
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(Korner-Nievergelt et al., 2015). The accuracy of a carcass search study
increases with increasing frequency of searches, narrow transects and a
large surveyed area. Collection and analysis of this type of continuous
data is extremely labour-intensive and time-consuming. Up to now,
published studies of seasonal and altitudinal distributions of bird
movement intensities in relation to wind farms (Bruderer and Liechti,
2004) or of carcass searches including small birds are rare (Johnson
et al., 2002; Grodsky et al., 2013; Hull et al., 2013; Grünkorn et al.,
2016). Likewise, studies combining radar data with carcass searches are
uncommon. Krijgsveld et al. (2009) and Welcker et al. (2017) made an
approach into this direction but used radar systems with limited bird
detection abilities, during a limited number of days.

The present study investigates the relationship between the number
of flying birds at risk and the number of bird collisions at a wind farm
location in the Swiss Jura mountains. The first aim was to estimate
theoretical collision risk by monitoring the intensity of diurnal and
nocturnal bird movements within and above the height interval of three
nearby located wind turbines. The second aim was to simultaneously
conduct a systematic carcass search with a high detection probability to
achieve a reliable estimate of the true number of fatal collisions. The
correction factors search efficiency and persistence time were experi-
mentally determined by placing test carcasses of wild birds in the field.
The third aim was to link the number of birds theoretically at risk with
the estimated absolute number of collisions to determine a collision rate
and to infer an avoidance rate, respectively. The results of this study
will provide information critical to the discussion of bird collisions at
wind turbines and potential mitigation measures. Additionally, the as-
pect of wind turbines in mountainous areas is addressed.

2. Methods

2.1. Study area

This study was conducted in the Jura Mountains of northwest
Switzerland, in a region near the French border known as “Franches
Montagnes”. The wind farm was erected in 2010 at “Le Peuchapatte”
(47°12′N, 6°57′E) and consists of three wind turbines of the type
Enercon E-82 E2/2.3MW (Fig. 1) placed at altitudes between 1125 and
1180m above sea level (asl, tower feet). The wind turbines are
600–700m apart, placed along the axis of the main bird migration di-
rection (about 230°, Bruderer and Liechti, 1990). The turbines have a
rotor diameter of 80m and a hub height of 108m, resulting in a total
height of nearly 150m (including rotor blades). They are illuminated
by a permanent red light at middle height of the tower and by a flashing
red light on the hub. For 95% of the study duration, the turbines were
rotating with at least 5 rounds per minute which is a rotor tip speed of
at least 77 km/h. The landscape is hilly with a mosaic of forest and
agricultural land (mainly grassland and pastures).

2.2. Radar investigation

2.2.1. Radar measurements, analysis and bird movement intensity
The radar system was located close to the farm “Le Roselet”, at

1050m asl (47°13′28”N, 7°00′24″E), about 3.5 km northeast of the
wind farm site, along the axis of the main bird migration direction. The
radar location is about 100m lower in elevation compared to the wind
farm. This ensured that radar measurements were not significantly
contaminated with ground clutter and were fully covering the height
interval of the wind turbines. Based on a radar study conducted in the
region 2010/2011 (mean values published in Liechti et al., 2013), we
are confident that the bird movement intensity measured at “Le Ro-
selet” corresponds to the general bird movement intensity of the region
(broad front migration). Bird movements were recorded automatically
and continuously between 26 February 2015 and 17 November 2015
(265 days) with a fixed-beam radar of the type BirdScanMT1 (Bruderer
et al., 2012). General details on fixed-beam radar measurements are

given in Komenda-Zehnder et al. (2010) and details specific to the study
in the online Appendix A1.

Radar data were processed by tailor-made software. Extracted tar-
gets were classified automatically as birds or non-birds based on the
maximum reflectivity and the temporal pattern of the reflectivity (echo
signature). In the case of single flying birds the echo signature corre-
sponds to wing-beat pattern (Zaugg et al., 2008; Bruderer et al., 2010).
After separating birds from non-birds (mainly insects), hourly bird
movement intensities per km (birds * km−1 * h−1) were calculated for
height intervals of 50m up to a height of 2550m above ground level
(agl). Bird movement intensities are equivalent to migration traffic
rates according to Schmaljohann et al. (2008), but additionally in-
cluding non-migratory bird movements. They are defined as the
number of birds crossing a virtual line of 1 km length per hour. For the
calculation of bird movement intensities we took into account a size-
class-specific detection probability and surveyed volume of the radar
device (Schmaljohann et al., 2008). From the altitudinal distributions,
we extracted the number of birds flying within the height range of the
wind turbines. During the day, birds often aggregate in flocks, which
are represented as a single echo in radar data. Therefore, the diurnal
bird movement intensity values should be considered as the minimum
number of birds flying at a given time (Bruderer, 1997a). The time of
civil twilight was used to distinguish between diurnal and nocturnal
bird movement intensities.

2.2.2. Theoretical number of birds exposed to collisions
To calculate the theoretical number of birds exposed to collisions,

we first estimated the number of birds flying across a virtual window
200m in height and 1 km in width (Fig. 2), situated within the altitu-
dinal range of the wind turbines (1150 to 1350m asl). We then cal-
culated the proportion of this area covered by one wind turbine, which
included the surface area of the three rotor blades (not the swept area)
plus the part of the tower protruding above the trees. Together, this
constituted an area of roughly 500m2 and corresponded to 0.25% of
the total area of the virtual window. Assuming that birds crossed this
virtual window area randomly distributed, did not show any avoidance
behaviour and were able to pass through the space between the rotor
blades unoffended, 0.25% of the birds would theoretically be exposed
to collisions. We expect this to be the minimum theoretical number of
birds exposed to a collision risk; mainly because diurnal bird numbers
are minimum numbers (see Section 2.2.1).

2.2.3. Carcass search, ground cover and X-ray analysis
We searched the ground below all three wind turbines for carcasses

on 85 days between March 1, 2015 and November 15, 2015. On
average a search was done every 2.8 days with search intervals of
2–7 days (online appendix A2). For carcass searches, it is recommended
(Gauthreaux, 1996; Hull and Muir, 2010) and common (Johnson et al.,
2002; Krijgsveld et al., 2009; Grodsky et al., 2013) to consider an area
within a radius that is roughly equivalent to the total height of a wind
turbine (in our case 140m). When searching the entire recommended
area is not possible due to not searchable ground cover (e.g. forest,
shrubs) or financial constraints, collision calculations need to be cor-
rected for the area not searched by considering the probability of a
carcass lying within the searched area. Our searches covered a radius of
100m (69 dates) or of 50m (16 dates, online Appendix A2).and so the
area not included in the search (up to 140m), was considered after-
wards in the analysis to calculate the correction factor “probability of a
carcass lying within the searched area” (see Section 2.2.4). All searches
were conducted by the same two observers, each on alternate days. For
each search, one observer walked along parallel transects spaced 5m
apart below all three wind turbines during one day. The length of the
transects underneath all three wind turbines summed up to a distance of
about 15 km (100m radius) and about 4.8 km (50m radius), respec-
tively.

80% of the searched area (radius 100m) was grassland. The
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remaining 20% was covered by forest and was not included in the
searches. Local farmers were contracted by the Swiss Federal Office of
Energy to keep the grass as short as possible. The wind turbine areas
were mown and used as cattle pastures. At each search, ground cover
was estimated (online appendix A3) visually based on the categories
“snow”, vegetation “short” (0–5 cm), vegetation “medium” (5–10 cm)
and vegetation “long” (> 10 cm). For the examination of carcasses that

appeared intact, we used a mobile x-ray apparatus Gierth TR 90 -
Battery 90/20 (software: Veterinary Solutions).

2.2.4. Search efficiency, persistence time and probability of a carcass lying
within the searched area

We tested the correction factors “search efficiency” and “persistence
time” by placing test carcasses of wild birds belonging to different size

Fig. 1. Two of the three wind turbines at “Le Peuchapatte” (Aug. 25, 2015, ©Swiss Ornithological Institute).

Fig. 2. Experimental layout and principle of the sequential radar measurements with the radar beam set to different elevations. For small birds, the maximal range of the radar beam is
about 3 km. Bird movement intensities were calculated based on radar data for the height interval of the wind turbines and up to 3550m asl.
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classes (small [Wren to Hawfinch], medium [Common Swift to
Common Kestrel], large [Wood Pigeon to Grey Heron]) on the search
area under the three wind turbines in regular intervals distributed over
the study period (online Appendices A2, A4 and A5). The test carcasses
were non-euthanised wild birds that died at a bird care centre. The
placing of test carcasses for assessing search efficiency was done in the
early morning of a search day, without informing the person doing the
carcass search. Test carcasses were marked by cutting some feathers.
Correction factor calculations and all subsequent statistical analyses
were conducted in R 3.2.2 (R Development Core Team, 2015) and
BUGS (Lunn et al., 2013). Credibility intervals were estimated ac-
cording to Bayes based on flat prior distributions. A detailed description
of the method and statistical analysis is given in the online Appendices
A4 and A5.

We considered the third correction factor, “probability of a carcass
lying within the searched area”, because searches for collision fatalities
did not cover the whole area up to a radius of 140m, where fatalities
could also occur. The applied correction factor is based on the distance
distribution of fatalities below a wind turbine (for details see online
Appendix A6). We used the estimated distance distribution of fatalities
as calcultated by Grünkorn et al. (2016). Their estimated distance dis-
tribution includes values for wind turbines with a total height of 140m
and is based on larger sample sizes than available in our study.

2.2.5. Extrapolation of the number of collision victims and absolute
collision rate

We used the function “estimateN” from the R-package “carcass”
(Korner-Nievergelt et al., 2015) to estimate the effective number of
collisions based on the total number of found victims. Extrapolation is
based on daily persistence time and search efficiency plus their asso-
ciated statistical uncertainty, as well as the probability of a carcass lying
within the searched area. The analysis is based on probability calcula-
tions according to Bayes and estimates statistical uncertainty of the
final result with Monte Carlo simulations (MCMC). Finally, we calcu-
lated the average number of collisions per wind turbine from the ex-
trapolated number of collisions.

3. Results

3.1. Pattern of bird movement intensities

The mean bird movement intensity across the study period (all
heights up to 3550m asl) was 60 birds*km−1*h−1 during the day
(standard deviation SD 75, number of days N=265 daily mean values)
and 540 birds*km−1*h−1 at night (SD 780, N=263). Bird movement

intensities (Fig. 3 and Table 1) were highest during spring (March 8 to
May 31) and autumn (Aug. 16 to Nov. 7). These periods correspond to
the well-known temporal pattern of migration. Up to 3550m asl,
weekly mean intensities fluctuated between 40 and
950 birds*km−1*h−1 in spring (Feb. 26–May 31),
8–60 birds*km−1*h−1 in summer (June 1–Aug. 15) and
25–880 birds*km−1*h−1 in autumn (Aug. 16–Nov. 17). The fluctua-
tions in relation to the height interval of the wind turbines were be-
tween 8 and 140 birds*km−1*h−1 in spring, 4–15 birds*km−1*h−1 in
summer and 3–370 birds*km−1*h−1 in autumn, and strongly corre-
lated with the total movements (all heights, r=0.84, N=39 weekly
means). Averaged over the study period for the height interval of the
wind turbines, the diurnal mean intensity was 15 birds*km−1*h−1 (SD
20, N=265); and the nocturnal mean intensity was
125 birds*km−1*h−1 (SD 210, N=263). Bird movement intensities
per date are given in the online Appendix A7.

Bird movement intensities decreased with increasing altitude
(Fig. 4). The proportion of birds moving within the height interval of
the wind turbines was somewhat larger during the day (26%) than
during the night (23%). Thus, nocturnal migration was slightly shifted
to higher altitudes compared to diurnal migration.

3.2. Collision victims and correction factors

3.2.1. Species composition and condition of carcasses
In total we found 51 bird remains, which ranged in condition from

single feathers to intact-looking carcasses. Similar to Hull et al. (2013),
we decided to count only remains of> 10 feathers as collision victims
(online Appendix A8). Finally, we used 20 out of the 51 remains for the
extrapolation. 13 of the 20 selected carcasses were “intact” and 7
consisted only of loose feathers and/or feather clumps. 11 of the 20
carcasses belonged to the genus Regulus (Table 2). Eight of the intact
carcasses were investigated by X-ray-analysis. Six of the eight carcasses
had obvious fractures (broken legs, broken neck, torsion of legs, see
online Appendix A9).

3.2.2. Relation to bird movement intensities
Of the 20 carcasses, all except for three (Common Swift, Fieldfare

and a Song Thrush), were found during periods with elevated bird
movement intensities (7 in spring and 10 in autumn, Fig. 3). We assume
that most of the victims were migrants because they were found during
their typical migration periods. As we did not know the age of a carcass
(time passed since the collision event), we divided them into two age
categories. Fresh-looking as well as predated carcasses were estimated
to be no older than 3 days, while remains which appeared more

Fig. 3. Mean diurnal and nocturnal bird movement intensity per week within the height interval of the wind turbines (1150–1350m asl) and in total up to 3550m asl. Dots above the bars
mark the number of collision victims per week (small= 1, medium=2, large= 3).
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Table 1
Mean bird movement intensities (birds * km−1 * h−1) per season, time of the day and height interval.

Height interval and value Spring (26 Feb.–31 May) Summer (1 June–15 Aug.) Autumn (16 Aug.–17 Nov.) Total study period (26 Feb.–17 Nov.)

Day Night 24 h Day Night 24 h Day Night 24 h Day Night 24 h

Totala

Mean 75 670 370 15 55 35 75 800 440 60 540 300
SDb 90 880 465 10 45 25 70 800 430 75 780 415

200 mc

Mean 15 110 60 6 10 8 25 225 125 15 125 70
SD 20 150 80 5 10 6 30 275 150 20 210 110

Nd 95 95 95 76 75 75 94 93 93 265 263 263

a All height intervals up to 3550m above sea level (asl).
b Standard deviation of daily mean values.
c Within the height interval including the wind turbines (1150–1350m asl).
d Number of valid daily means.

Fig. 4. Altitudinal distribution of diurnal (a) and nocturnal (b) mean migration intensity with standard deviation of daily mean values (T-lines) measured from 1050m to 3550m (asl)
between Feb. 26 and Nov. 15, 2015. The differently coloured bars indicate the height intervals where the wind turbines are located.

Table 2
Species list, numbers of collision victims and condition of the bird remains found below the three wind turbines (s= small, m=medium, l= large).

Common name (size class) Scientific name Number Proportion (%) Condition

Common firecrest (s) Regulus ignicapilla 7 35 Intact, fresh or old
Goldcrest (s) Regulus regulus 2 10 Intact, fresh
Unknown kinglet (s) Regulus sp. 2 10 Feather spot/clump
Mallard (l) Anas platyrhynchos 2 10 Feather clumps
Mistle thrush (m) Turdus viscivorus 1 5 Feather spot
Common swift (m) Apus apus 1 5 Feather spot
Fieldfare (m) Turdus pilaris 1 5 Feather spot
Song thrush (m) Turdus philomelos 1 5 Feather spot
European robin (s) Erithacus rubecula 1 5 Intact, fresh
Eurasian blue tit (s) Cyanistes caeruleus 1 5 Intact, fresh
Common grasshopper warbler (s) Locustella naevia 1 5 Intact, old
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weathered were estimated to be at least 3 days old. The median of the
distribution of bird movement intensities (Fig. 5) for the 3 day periods
prior to finding a fresh or predated carcass tended to be higher
(68 birds*km−1*h−1) than for the 3 days periods when no carcasses
were found (33 birds*km−1*h−1, Mann-Whitney-Wilcoxon Test,
W=13,445, p=0.07).

3.2.3. Search efficiency, persistence time and probability of a carcass lying
within the searched area

The overall search efficiency based on the test carcasses was 0.81
(95% credibility interval, CI-95%: 0.57–0.93). The search efficiency

decreased for small and medium-sized test carcasses with increasing
height of the vegetation (Fig. 6). Large test carcasses were always
found, irrespective of vegetation height.

To calculate the persistence time, a test carcass was valued as re-
moved, when<10 feathers were left on a spot. Probability of finding a
test carcass or a feather spot (10 or more feathers) one day after ex-
position was 0.93 (CI 95%: 0.91–0.94). This means, that the mean
overall persistence of a test carcass in the field was 14 days (CI-95%:
11.1–17.7). Common scavengers detected by camera traps were fox,
domestic cat, crow, common buzzard and red kite.

Due to the distribution of areas covered by forest, the proportion of
the searched area per distance class decreased with increasing distance
to the wind turbines (Fig. 7). The estimated distance distribution of
carcasses found by Grünkorn et al. (2016) showed that the proportions
of carcasses per distance class get larger with increasing distance to the
wind turbine up to the distance class 80–100m and then decrease.
Combining distance dependent proportions of searched area and car-
cass distribution resulted in a final probability of a carcass lying within
the searched area of 0.4.

3.3. Collision rate and avoidance

When taking into account search efficiency, persistence time and
the probability of a carcass lying within the searched area, the esti-
mated number of collision victims for all three wind turbines together
was 62 (median, CI-95%: 43–89) for the duration of the study period.
Therefore, the estimated bird collision rate per wind turbine was 20.7

Fig. 5. Bird movement intensities at 3 days prior to finding a carcass and for 3-days-
periods without finding a carcass. The horizontal line in a box is the median, the lower
end of a box is the 25% and the upper end the 75% quartile and the dashed lines outside
of the boxes mark the range of the data. N is the number of bird movement intensity
values.

Fig. 6. Search efficiency (symbols) depending on vegetation height and size of the test carcass with the general mean search efficiency (grey dot) and the 95% credibility interval (black
lines). All large-sized test carcasses were found in all vegetation heights. Three of the 65 test carcasses were placed on snow. We included them into the category vegetation
height < 5 cm.

Fig. 7. Proportion of the searched area per distance class (circular rings), the estimated
proportion of carcasses per distance class based on Grünkorn et al. (2016) and the dis-
tribution of found carcasses per distance class at the study site.
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(median, CI-95%: 14.3–29.6).
We estimated that at least 1.65 million birds per km had crossed the

region during the study period (all heights). Of these 1.65 million,
390,500 were moving within the height interval of the wind turbines.
Following our simple theoretical concept of estimating collision risk,
0.25% or 976 victims per wind turbine would have been expected. The
estimated 21 bird collisions per wind turbine make up 2.1% (median,
CI-95%: 1.5–3.0%) of the theoretically expected 976 victims, calculated
from the bird movement intensities measured by radar. Thus, we con-
clude that roughly 98% of the birds exposed to a collision risk avoided a
collision.

4. Discussion

Because bird migration rates can vary by orders of magnitude
within a matter of days (e.g., Erni et al., 2002), accurate quantification
of bird movement intensity requires a radar device which is calibrated
for bird detection (Schmaljohann et al., 2008), as well as continuous
measurements over a representative time period. As such, the in-
ferences that can be drawn from previous studies using radar to
quantify bird collision risk are limited due to much shorter study
durations (2 to 14 days per study site) and lack of echo identification
(Krijgsveld et al., 2009; Welcker et al., 2017). To our knowledge, this is
the first study combining quantitative bird movement data derived by a
dedicated bird radar with an intense carcass search over almost one
year.

We invested a lot of effort into the carcass search study to increase
the detection probability for carcasses and the accuracy of the statistical
extrapolation of the number of collision victims. We think this aim was
successfully reached because our extrapolation factor of three was re-
latively low (see Table 3), and resulted in 62 estimated collisions from
20 found carcasses around three wind turbines. The detection prob-
ability for carcasses results from linking the three correction factors
search efficiency, persistence time and probability of a carcass lying
within the searched area (Korner-Nievergelt et al., 2015). In our study,
the search efficiency was high (0.81) due to the combination of short
vegetation and narrow transects. Daily persistence time was high (0.93)
meaning that persistence time of carcasses was longer than the intervals
between searches. Only the probability of a carcass lying within the
searched area was relatively low (0.4) compared to the probabilities of
the two other correction factors. This probability was calculated in-
cluding data provided by Grünkorn et al. (2016). They estimated based
on empirical data that a relatively large proportion of carcasses is
outside of the search radius of 100m for wind turbines with heights of
140–160m (incl. rotor). We strongly assumed that this must be also
true for the wind turbines of our study (Grünkorn et al., 2016).

Perhaps because gulls and raptors are frequently documented
fatalities from onshore wind farms in Europe (Grünkorn et al., 2005;
Krijgsveld et al., 2009; Grünkorn et al., 2016; Welcker et al., 2017),

research and discussion about avian victims of turbine collisions has
been focused primarily on large birds up to this point (Marques et al.,
2014). In our study, however, passerines smaller than thrushes con-
stituted the majority (70%) of victims found, with the only large birds
being two mallards. It is quite likely the different species composition of
turbine victims observed in our study compared to previous studies in
Europe is due to differences in land cover and topography, both of
which are known to influence the distribution of bird movements
(Kerlinger, 1989; Bruderer and Jenni, 1990; Bruderer and Liechti,
1999). Thus, the results of bird collision studies in agricultural lowland
areas, where most such research has been conducted within Europe,
may not be transferable to mountainous, forested regions like our study
area. Our results are similar to what has been found at wind farms in
the USA, where most of the collision victims were small passerines
(Johnson et al., 2002; Grodsky et al., 2013; Erickson et al., 2014) or
even nocturnally migrating small passerines (Kunz et al., 2007). Espe-
cially in wind farms on forested hills, small passerines were frequently
victims of fatal collisions. The topographical situation there might be
similar to the one in our study. Our study clearly shows that collision
risk for nocturnally migrating (small) passerines at onshore wind farms
is not necessarily lower than for other bird groups. Indeed, isolated
findings of small passerine collision victims occur repeatedly in Europe
(Dürr, 2017). Although we had test carcasses of small passerines to
determine search efficiency and persistence time, test carcasses of
kinglets were not available. Due to their very small size, search effi-
ciency and persistence time for kinglets might be lower than for other
small passerine species which would in turn mean that we under-
estimated the collision risk for these birds. We believe the impact of
onshore wind turbines on small nocturnally migrating passerines
should be generally reassessed.

That no clear relationship was found between peak bird movement
intensities and bird collisions suggests other factors are more important
in determining collision risk. One such factor could be reduced visibility
due to bad weather conditions, which has been linked to increased
collision risk for birds in other studies (Johnson et al., 2002; Marques
et al., 2014; Grünkorn et al., 2016). In the present study, although
visibility was not measured systematically, a post-hoc examination of
images from camera traps revealed limited visibility in the 72 h prior to
finding 8 out of 12 fresh-looking or predated carcasses. Thus, out of the
12 cases 2/3 of the collisions might be related to conditions of poor
visibility (mist, fog, drizzling rain).

In addition, the constant lights on the wind turbines might attract
nocturnal migrants, an effect which is likely more pronounced during
periods with limited visibility. Interestingly, in our study, half of the
collision victims were kinglets (Regulus sp.), which have also been
found to be frequent collision victims in other regions. In Canada, the
golden-crowned kinglet (Regulus satrapa) was among the most common
victims found at wind farms (Zimmerling et al., 2013), and in Europe
kinglets often collide with illuminated tall buildings (Haupt, 2009).

Table 3
List of references with absolute collision rates per wind turbine, total number of carcasses found and the extrapolation factor deduced of those numbers.

Reference and type Country and
landscape

Size (m), number of searched
turbines

Collision rate per turbine per time
period

Total number of carcasses
found

Extra-polation
factor

Review
Marques et al., 2014 various Various 0–40/year Various Various
Dai et al., 2015 various Various 0.003–35/year Various Various
Wang et al., 2015 various Various 0.02–20.5/year various Various

Study
Grodsky et al., 2013 USA, flat, agriculture 118, 29 0.026/day 20 13
Krijgsveld et al., 2009 NL, flat, agriculture 100–111, 14 28 (19–68)/year 14 28
Welcker et al., 2017 D, flat island 100, 65 4.1/3.5 months 41 6.5
Johnson et al., 2002 USA, forested hill 52.5–74, 91 0.98–4.45/8months 55 1.6–7.3
Bull et al., 2013 NZL, hilly coast 107, 24 4.64–5.83/year 53 2.1–2.6
Zimmerling et al., 2013 CAN, various 117–136, naa 8.2 (± 1.4)/year na na

a Information not available.
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Kinglets have also been found in small numbers at wind farms in the
Netherlands (Krijgsveld et al., 2009) and in Northern Germany
(Grünkorn et al., 2016; Welcker et al., 2017).

A comparison of the absolute collision rate with values from other
studies is difficult. Locations of wind farms, methodologies of data
collection and statistical analysis differ considerably from study to
study. However, our collision rate per turbine is within the range found
in other studies (cf. Table 3).

For the calculation of the number of birds theoretically at collision
risk, we applied a simple concept based on the area covered by the
frontal projection of the surface of a wind turbine (see methods). Our
number of birds theoretically at risk and data on absolute collision rates
are pooled over the different species and bird-size classes (small to
large), as it is not possible to extract species specific bird movement
intensities depending on bird-size class from the radar data.
Furthermore, we do not have information on flight speeds or high re-
solution data on flight heights. Therefore, our data are not suitable to
calculate a useful theoretical collision risk based on the well-known
Band-model (Band et al., 2007; Band, 2012a, 2012b) or similar models
(Masden and Cook, 2016). Nonetheless, in order to get an impression of
the values, we calculated a theoretical collision risk for some species
based on the basic Band-model (without avoidance, Band, 2000, see
online Appendix A10). We included a range of flight speeds given in
Bruderer and Boldt (2001). The theoretical collision risks estimated by
the Band-model for the different flight speeds are rather higher (King-
lets 0.0026–0.0037), intermediate (Robin 0.0022–0.0031) or lower
(Song thrush 0.0018–0.0021) than our theoretical collision risk pooled
over all species (0.0025).

Avoidance rate was not directly measured in this study, but was
inferred based on the measured collision rate and the number of birds
theoretically at risk. Thus, the avoidance rate given in this study sum-
marizes the avoidance behaviour from the macro-, meso- and micro
scale (May, 2015). The value is pooled over different bird-size classes
and should not be used directly as parameter of avoidance in the Band-
model which is specific for the species and their body sizes. Further-
more, it is not immediately comparable to studies where avoidance
behaviour was determined based on flight tracks recorded by radar
within and around offshore wind farms (Desholm and Kahlert, 2005;
Plonczkier and Simms, 2012). In our study we waived measuring within
the area of the turbines, because detection probability is strongly af-
fected by the echoes of the wind turbines itself. Thus, with the current
radar technique, proper quantitative comparisons between areas
around and within wind farms are critical. It is a reasonable assumption
that birds migrating over land effectively avoid wind turbines, and that
visibility conditions might have a strong impact on collision rates. In
order to rigorously examine the relationship between visibility condi-
tions and collision rates, we recommend future studies record local and
regional visibility in a standardized way in parallel with carcass sear-
ches and measurements of bird movement intensities. Another critical
aspect to be considered is the potential attraction by artificial light
sources mounted on the wind turbines (van Doren et al., 2017).

5. Conclusions

Most of the collision victims at our study site in the Swiss Jura
mountains were nocturnally migrating small passerines, half of them
kinglets. Collisions were related to migration season. However, within
migration seasons, it was not possible to assign the carcasses clearly to
spikes in migratory movements. There were some indications that im-
paired visibility due to meteorological conditions might increase colli-
sion risk. Our study clearly shows that collision risk for nocturnally
migrating small passerines at onshore wind farms is not necessarily
lower than for other bird groups. We conclude that results of carcass
searches should always be interpreted within the context of the specific
study area (topography, species involved, type and size of wind tur-
bines) and weather conditions. Furthermore, visibility should be

considered in future studies of bird movements in relation to collisions
and when fine tuning shutdown systems for wind turbines mitigating
bird collision risks.
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