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A B S T R A C T   

EU member countries and the UK are currently installing numerous offshore windfarms (OWFs) in the Baltic and 
North Seas to achieve decarbonization of their energy systems. OWFs may have adverse effects on birds; how
ever, estimates of collision risks and barrier effects for migratory species are notably lacking, but are essential to 
inform marine spatial planning. We therefore compiled an international dataset consisting of 259 migration 
tracks for 143 Global Positioning System-tagged Eurasian curlews (Numenius arquata arquata) from seven Eu
ropean countries recorded over 6 years, to assess individual response behaviors when approaching OWFs in the 
North and Baltic Seas at two different spatial scales (i.e. up to 3.5 km and up to 30 km distance). Generalized 
additive mixed models revealed a significant small-scale increase in flight altitudes, which was strongest at 
0–500 m from the OWF and which was more pronounced during autumn than during spring, due to higher 
proportions of time spent migrating at rotor level. Furthermore, four different small-scale integrated step se
lection models consistently detected horizontal avoidance responses in about 70% of approaching curlews, which 
was strongest at approximately 450 m from the OWFs. No distinct, large-scale avoidance effects were observed 
on the horizontal plane, although they could possibly have been confounded by changes in flight altitudes close 
to land. Overall, 28.8% of the flight tracks crossed OWFs at least once during migration. Flight altitudes within 
the OWFs overlapped with the rotor level to a high degree in autumn (50%) but to a significantly lesser extent in 
spring (18.5%). Approximately 15.8% and 5.8% of the entire curlew population were estimated to be at 
increased risk during autumn and spring migration, respectively. Our data clearly show strong small-scale 
avoidance responses, which are likely to reduce collision risk, but simultaneously highlight the substantial 
barrier effect of OWFs for migrating species. Although alterations in flight paths of curlews due to OWFs seem to 
be moderate with respect to the overall migration route, there is an urgent need to quantify the respective en
ergetic costs, given the massive ongoing construction of OWFs in both sea areas.  
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1. Introduction 

All EU member countries have set a goal to decarbonize their energy 
systems by committing to significant reductions in greenhouse gas 
emissions (European Commission, 2021). To achieve this goal, offshore 
renewable energy is currently becoming a core component of Europe’s 
energy mix (Wind Europe, 2021). There are currently (2022) 717 wind 
turbines in the Baltic Sea, including the Kattegat, covering a total of 
437.8 km2 and providing a capacity of 2,787 MW (Helcom – Baltic 
Marine Environment Protection Commission and Helsinki Commission, 
2021; Offshore, 2021), with six times as many turbines in the North Sea 
(including the English Channel), i.e. 4,321 turbines covering an area of 
3,226 km2 with a capacity of 21,953 MW (Zhang et al., 2021; Offshore, 
2021). The five largest overall offshore windfarm (OWF) areas are 
currently in the UK (1,700 km2), Germany (886 km2), Denmark (457 
km2), The Netherlands (432 km2), and Belgium (170 km2) with plans to 
extend the numbers and areas of offshore windfarms in both sea areas 
significantly (Rusu, 2020; Offshore, 2021). 

However, birds may be especially vulnerable to the energy infra
structure required to promote this energy transition (Gauld et al., 2021). 
In this respect, birds are impacted by the installation of OWFs in various 
ways, including potential loss of foraging and resting habitats, distur
bance during construction, barrier effects and collisions during foraging, 
dispersing, or migrating (Drewitt and Langston, 2006; Allison et al., 
2008; Masden et al., 2012). However, collisions of birds with OWFs 
cannot be quantified by empirical data because collision victims at sea 
cannot be found, and the technical methods needed to record collisions 
are not yet sufficiently developed. Collision risk models are therefore an 
important tool for assessing the impact of vertical structures at sea on 
migrating birds, and detailed knowledge of the spatial and temporal 
patterns of bird migration are essential input variables for these models 
(Brabant et al., 2015; Masden and Cook, 2016; Kleyheeg-Hartman et al., 
2018). In addition, collision risk estimates still lack flight altitude data 
(Furness et al., 2013), the inclusion of flight altitudes (Cleasby et al., 
2015; Khosravifard et al., 2020) and site-specific flight speed data (Fijn 
and Gyimesi, 2018; Masden et al., 2021) has been shown to produce 
more robust models. Finally, the individual behavior of migrating birds 
approaching windfarms is a core component that is still lacking in 
collision risk models (Chamberlain et al., 2006; Fox et al., 2006). 
However, these behavioral responses may have a substantial impact on 
collision risk, and migrating birds that cross an OWF will be at higher 
risk than birds that exhibit avoidance behaviors, such as horizontal or 
vertical changes in their flight tracks that allow them to circumvent an 
OWF (Fox et al., 2006). 

Although radar recordings have provided some important insights 
into the behavioral responses of migrating birds at single wind farms 
(Masden et al., 2009, 2012; Fijn et al., 2015; Skov et al., 2018), they 
cannot usually record species-specific data and importantly cannot track 
the bird’s entire migration route across a given sea area (which might 
include multiple OWFs). High-resolution Global Positioning System 
(GPS) telemetry now offers a valid tool for recording individual data at 
high temporal and spatial resolutions, thus enabling individual re
sponses and avoidance/attraction behaviors to be recorded. This 
approach has been applied successfully in previous studies of foraging 
seabirds (Hull and Muir, 2013; Fijn and Gyimesi, 2018; Schaub et al., 
2020; Vanermen et al., 2020) and terrestrial birds (Johnston et al., 
2022), but its use in migrating individuals is still lacking. 

In the current study, we used GPS-tracking to assess individual re
sponses to OWFs of migrating Eurasian curlews (Numenius arquata; 
hereafter curlews) that crossed the North and Baltic Seas. Curlews are 
rated as near-threatened and show a negative population trend across 
the East Atlantic Flyway (van Roomen et al., 2019; BirdLife Interna
tional, 2022). They are also regarded as a sensitive species with respect 
to collisions with OWFs (Leopold et al., 2015; Jiguet et al., 2021). Pre
vious studies found that curlews spend a high proportion of time 
migrating across the sea (Pederson et al., 2022; Schwemmer et al., 2021) 

and at rotor level (Schwemmer et al., 2022), which significantly in
creases their collision risk with OWFs. 

The overall aim of this study was to quantify the potential horizontal 
and vertical responses of curlews approaching OWFs separately for their 
spring and autumn migrations as behavior and spatio-temporal migra
tion patterns might differ between seasons (Hüppop et al., 2006). We 
also aimed to quantify the distance from OWFs at which potential 
behavioral responses occurred. This is an important prerequisite for 
modelling energetic constraints for migrating birds related to the barrier 
effects of vertical structures at sea (Fox et al., 2006). Moreover, we 
aimed to quantify the proportion of birds that showed avoidance 
behavior versus individuals that crossed the OWFs (and were conse
quently exposed to higher collision risks). Finally, the large 
high-resolution, long-term GPS dataset used in this study enabled us to 
explicitly assess the temporal and spatial patterns (i.e. flight altitudes, 
flight speeds, as well as diurnal and seasonal differences) of curlews that 
crossed, rather than avoided OWFs on their migration tracks. 

2. Methods 

2.1. Study area and curlew tagging 

We compiled an international set of curlew tracking data ranging 
from the southernmost wintering grounds in the southern Iberian 
Peninsula to the Arctic breeding grounds in western Russia (Fig. S1). 
Crossings of the North and Baltic Seas by curlews during spring and 
autumn migrations were recorded in an area south of 66◦ 0′ 0′ ′ N, north 
of 50◦ 0′ 0′ ′ N, east of 02◦ 0′ 0′ ′ W, and west of 30◦ 0′ 0′ ′ E (Fig. 1). All 
birds were equipped with solar-powered GPS Global System for Mobile 
Communications data loggers (Ornitela, Lithuania). The entire dataset 
contained 259 migration tracks recorded between 2017 and 2022, 
comprising an offshore portion (90 during spring and 169 during 
autumn migration), for 143 individuals equipped in seven countries 
(Germany: n = 103, France: n = 16, UK: n = 10, Estonia: n = 6; Finland: 
n = 6, the Netherlands: n = 1, Russia: n = 1) during either the breeding 
or wintering period (see Table 1 for an overview of the number of tracks 
and individuals per tagging location and season; note that many in
dividuals recorded data in consecutive years). The 143 tagged birds 
included 136 adults and seven juveniles as well as 78 males and 65 fe
males. The devices weighed 10 g (n = 115), 15 g (n = 22), and 20 g (n =
6), respectively. Different types of data loggers were used as lighter 
versions became available during the course of the study. None of the 
tags was >3.5% of the bird’s body mass (Phillips et al., 2003). The data 
loggers recorded geographical position, time (UTC), speed (m/s), and 
flight altitude (m above sea level). Data were stored in the online portal 
Movebank (Kays et al., 2021). 

Curlews were caught in their wintering grounds using mist nets or 
cannon nets, or during the breeding period while incubating using walk- 
in-traps or clap nets. All devices deployed in Germany, Estonia, and 
Russia were fitted with breast harnesses (Guillaumet et al., 2011), while 
individuals in the other tagging locations were fitted with leg-loop 
harnesses (Mallory and Gilbert, 2008). Harnesses consisted of 6 mm 
Teflon cord, 1 mm braided Teflon cord, or silicone elastic tube (diam
eter: 2.1 mm; Reichelt Chemietechnik GmbH, Germany). Curlews were 
sexed either genetically using feather samples (Tauros Diagnostics, 
Berlin, Germany) or based on bill length (Summers et al., 2013). Age was 
classified according to plumage characteristics (Prater et al., 1977). 

2.2. Compilation of OWF data 

Data on the statuses of OWFs (as of May 2022) in the North and Baltic 
Seas were obtained from Offshore, 2021, Helcom – Baltic Marine Envi
ronment Protection Commission and Helsinki Commission (2021), and 
Zhang et al. (2021), as well as from multiple sources provided by the 
different North and Baltic Sea countries (Table S1). On the basis of single 
turbines, we used the tool “Concave Hull (k-nearest neighbor)” in QGIS 
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(version 3.2.4.0; QGIS Development Team, 2022) to convert the area of 
each windfarm to polygons, using the positions of the turbines at the 
edge of the respective windfarm. We also added a buffer of 85 m (i.e. 
maximum rotor radius of all wind turbines in the dataset), because the 
rotors might extend the border of the windfarm to a maximum of their 
radius. Finally, we calculated the resulting OWF area (km2) (see 
Table S1). 

2.3. Data analyses and statistics 

2.3.1. Data preparation 
All maps were created using QGIS. All statistical analyses were 

conducted using R (version 4.2.2; R Development Core Team, 2022). 
Each GPS track was visualized in the GIS and all fixes that were not 
recorded in flight (i.e. positions at stopovers, breeding or wintering 
grounds that could be identified by flight speed and low distances 

between consecutive fixes) were removed. Flight speeds were recorded 
using doppler shift which is known to be a very precise measurement 
enabling easy classification between stop-overs and in-flight positions. 
The remaining in-flight positions were assigned as recorded over sea or 
land using the R package spData (Bivand et al., 2021) and R package sf 
(Pebesma, 2018). Furthermore, each position was classified as “day” (i.e. 
from calculated morning to evening civil twilight) or “night” (i.e. from 
evening to morning civil twilight) using the R package suncalc 
(Thieurmel and Elmarhraoui, 2019). 

To study the avoidance responses of curlews approaching OWFs on a 
fine spatial scale, it was necessary to collect in-flight fixes with a high 
temporal resolution. We therefore programmed “geofences” covering 
the North and Baltic Seas, and when a tagged curlew entered this area, 
the device started recording data at resolutions of 1, 60, or 300 s in
tervals, according to the battery state. GPS-based altitude measurements 
show stochasticity, with the magnitude of scatter around the true 

Fig. 1. Location of the 259 tracks recorded from 143 individual curlews crossing the North and Baltic Seas during spring (green) and autumn migrations (blue) 
between 2017 and 2022. 
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altitude value being strongly associated with the logging interval of the 
devices (i.e. coarser schedules produce a higher degree of uncertainty 
compared with high-resolution schedules towards both positive and 
negative divergence from the true value; Poessel et al., 2018; Péron 
et al., 2020; Schwemmer et al., 2021, 2022; Lato et al., 2022). In 
accordance with Schwemmer et al. (2022), we therefore removed all 
altitude values with a difference of >500 m between consecutive fixes 
within 300 s, accounting for 4,344 fixes (0.84% of all recorded data). 
The flight altitude recordings of the devices used were calibrated for a 
previous study on flight altitude in curlews (Schwemmer et al., 2021) 
and showed an inaccuracy of ±55 m (Schwemmer et al., 2022). The 
measurement inaccuracy of flight altitudes is a non-systematic error (i.e. 
scattering to the same degree below and above the true value). Thus, 
although there is some degree of uncertainty in the data, the interpre
tation drawn from the models using flight altitude records stays valid. 
Besides flight altitude, the GPS position is known to show a potential 
bias of up to 25 m (Ornitela pers. com.). Given the range of the spatial 
analyses used in the study (see below), this bias does not affect the 
results. 

2.3.2. Responses in the vertical plane 
Wind farm avoidance reactions by birds take place at different spatial 

scales (i.e. micro-, meso- and macro-avoidance; May, 2015; Skov et al., 
2018). While our tagging data are not appropriate to analyze the im
mediate risk reaction (i.e. micro-avoidance), we focus on meso- and 
macro-avoidance. Therefore, we analyzed potential avoidance responses 
in the vertical plane on two different spatial scales: (1) within 1.5 km 
surrounding the OWFs (subsequently referred to as small-scale 
approach) and (2) within 30 km surrounding the OWFs (subsequently 
referred to as large-scale approach). In the small-scale approach, the 
relative intensity of use at distances of 0–1 km was compared with that 
at 1–1.5 km, while for the large-scale approach, we compared the 
relative intensities of use at 0–15 km and 15–30 km. For the small-scale 
approach, these choices were based on observed reaction scales in our 
flight-height analysis, which suggested no effect at distances >1 km. In 
addition, we validated this choice empirically by varying these values 
and confirming that this choice showed the most distinct response. In 
contrast, the large-scale choice was based on previous studies demon
strating that long-range effects of OWFs can reach beyond 10 km 
(Mendel et al., 2019), suggesting that 15–30 km distance can be 
considered as unaffected. Totals of 928 approaches to OWFs by 130 
individuals and 201 approaches by 76 individuals were included for the 
large-scale and the small-scale analyses, respectively (Table 1). The 
respective GPS locations are shown in Fig. 2. Prior to the analyses, GPS 
positions within both radii around OWFs were classified as intersecting 
with land and sea, respectively and this classification was used as an 
additional predictor in the subsequent modelling approaches (see 
below), in line with a previous study showing significant differences in 
flight altitudes of curlews across land and sea (Schwemmer et al., 2022). 

We included the variable sea/land as a binary variable as curlews are 
known to abruptly change their flight altitudes when crossing the 
coastline (Schwemmer et al., 2022). To avoid problems caused by 
negative values of flight altitudes during regression analyses (in the 
context of negative-binomial distributed altitude data), all flight altitude 
data were increased by a constant to make all altitude values ≥ 0. 
Because regression techniques only evaluate relative changes, this shift 
affected the intercept but not the regression coefficients related to the 
investigated predictors. 

We analyzed the flight altitudes of curlews approaching OWFs using 
generalized additive mixed models (GAMMs; Hastie and Tibshirani, 
1990; Zuur et al., 2009; Wood, 2017) using the R package mgcv (Wood, 
2022). Specifically, both the appropriate probability distribution 
(testing a negative-binomial (Lindén and Mäntyniemi, 2011), a normal, 
and a Tweedie-distribution (Kokonendji et al., 2004), as well as the 
choice of predictor variables were selected based on the Akaike infor
mation criterion (AIC; Akaike, 1973). The predictors season, land/sea 
(see above), and day/night were tested in all possible sub
sets/combinations/interactions, along with a smooth dependency on the 
distance to the nearest OWF (Dist OWF). We also tested via AIC if the 
smooth dependency of flight altitudes on Dist OWF differed between 
seasons and between day and night, respectively. Temporal autocorre
lation was accounted for by introducing lagged variables on the pre
dictor scale (i.e. as a Markov process; Mercker et al., 2021a), because 
autoregressive models failed to converge. In addition, bird ID was 
introduced as a random intercept to account for the nested data struc
ture (Hurlbert, 1984; Zuur et al., 2009). 

2.3.3. Responses in the horizontal plane 
Avoidance behavior in the horizontal plane was analyzed using in

tegrated step selection methods (iSSMs; Avgar et al., 2016), which were 
recently shown to outperform other regression techniques (such as 
spatio-temporal point process models) with respect to statistical power 
and false-positive rates when analyzing habitat selection based on ani
mal tracking data (Mercker et al., 2021b). It was necessary to use iSSMs 
instead of GAMMs to model behavioral reactions in the horizontal plane, 
because there is a fundamental difference to the behavior reactions in 
the vertical plane: in the latter case, all possible heights are equally 
available in 3D space, whereas in the case of the distribution of 2D-vari
ables (like nearest distance to an OFW), the situation is much more 
complex, since “habitat”-availability strongly varies in space (e.g., the 
area of each distance class quadratically increases with the distance to 
the OWF, which is even more complicated in a scenario with multiple 
turbines). More details are given in Mercker et al. (2021b). 

Given that data recorded at 1 s intervals comprised too few in
dividuals close to the OWFs, we only included individuals with data that 
could be regularized to 60 s and 300 s intervals for small-scale, and 300 s 
and 1500 s for large-scale analyses. The interval size was thus adapted to 
the spatial scale of the considered problem; too-small intervals (such as 

Table 1 
Spring and autumn migration data for curlews tagged at different locations.   

Spring migration Autumn migration 

DE 
(W) 

DE 
(B) 

FR 
(W) 

UK 
(W) 

FI 
(B) 

EE 
(B) 

NL 
(B) 

RU 
(B) 

DE 
(W) 

DE (B) FR 
(W) 

UK 
(W) 

FI 
(B) 

EE 
(B) 

NL 
(B) 

RU 
(B) 

Number of tracks 36 
(23) 

22 
(22) 

16 
(14) 

10 
(10) 

4 (4) 2 (2) – – 29 
(17) 

96 
(80) 

15 
(15) 

10 
(10) 

9 (6) 8 (6) 1 (1) 1 (1) 

Number of approaches - 
30 km large scale 

96 
(21) 

95 
(18) 

36 
(10) 

80 
(10) 

13 
(4) 

4 (1) – – 50 
(13) 

356 
(70) 

38 
(10) 

81 (9) 42 
(6) 

32 
(6) 

5 (1) – 

Number of approaches - 
3.5 km small scale 

11 
(6) 

26 
(7) 

5 (3) 17 
(9) 

2 (1) – – – 5 (4) 89 
(42) 

6 (3) 23 (6) 10 
(4) 

6 (4) 1 (1) – 

Number of crossings 7 (5) 10 
(7) 

1 (1) 8 (6) 1 (1) – – – 6 (3) 24 
(21) 

2 (1) 12 (6) 3 (3) 1 (1) – – 

Proportion of crossings on 
all tracks (%) 

19.4 45.5 6.3 80.0 25.0 – – – 20.7 25.0 12.5 120.0 33.3 12.5 – – 

Number in brackets depict the number of individuals. (W) = curlews tagged at wintering sites; (B) = curlews tagged at breeding sites. 
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1 s data) would lead to an underestimation of effects (since available 
steps will fall into similar OWF-distance classes – c. f., below), whereas 
too-large intervals would lead to sparse data and strong stochasticity. 
Regarding iSSM predictors, we used the logarithm of the spatial distance 
to the previous tracking point log(dx) (as a proxy proportional to flight 
speed) as well as the cosine of the turning angle cos(ta) (Avgar et al., 
2016). These two movement-dependent predictors integrate the possi
bility to allow the movement characteristics to feed back on habitat 
selection, extending “step selection models” to “integrated step selection 
models”. Indeed, a simulation-based study reveals that this further in
creases the statistical power respectively minimizes type I error rates 
(Mercker et al., 2021b). Data regularization and generation of available 
steps (n = 10 per tracking point, were carried out based on the 
R-package amt using the issf function (Signer et al., 2019). To consider 
OWF avoidance, the binomial predictor Dist OWF was also included, 
defining a ring/belt with X ± 50 m distance (small-scale) or X ± 250 m 
(large-scale) from the nearest OWF, and contrasting the relative selec
tion strength (i.e. changes in turning angle and flight speed) of this belt 
area with the area outside the belt (up to 1.5 km distance for small scale 
and up to 30 km for large scale). The relative selection strength of belts 
of 100 m (500 m) width and with an average OWF distance of X m were 
thus compared with the relative selection strength of areas outside the 
outermost belt. Thus (and similar in all presented iSSM-based results), 
the relative selection strength of areas close to OWFs is compared to 
habitat selection of areas which are assumed to be not influenced by 
OWFs, the latter represented by a value of 1 (i.e., values < 1 indicate a 
relative avoidance, values > 1 a concentration of birds relative to the 
non-influenced areas). Notably, we performed separate iSSM analyses 
for X values ranging from 50 to 1050 m. This original iSSM approach 
ignored the pseudoreplication (Hurlbert, 1984) caused by multiple 

observations of the same individual. We therefore also performed mixed 
iSSMs in the framework of Bayesian techniques (R package R-INLA; Rue 
et al., 2009; Zuur et al., 2017), as recently proposed by Muff et al. 
(2018). Using this approach, mixed iSSMs can be formulated in the 
framework of GAMMs (Hastie and Tibshirani, 1990; Zuur et al., 2009) 
and smooth (non-linear) dependencies can therefore be investigated. In 
particular, cubic regression splines with 10 knots (Zuur et al., 2017) 
were used to model the smooth dependency of relative selection strength 
depending on the distance to the nearest OWF. To account for the nested 
structure, random slopes with respect to the linear predictor Dist OWF 
were also considered, adapting the approach of Muff et al. (2018). We 
performed four different modelling approaches for the small-scale 
analysis, i.e. using GPS fixes recorded at 60 s and 300 s intervals, 
respectively, and using the standard iSSM as well as the INLA-based 
mixed additive iSSM analyses. While the latter model describes the 
nested data structure more appropriate, the former is assumed to lead to 
more robust results (i.e. serving as an additional validation of the 
INLA-based iSSM). In contrast, only two standard iSSM approaches 
(with 300 s and 1500 s regularized data, respectively) were applied for 
the large-scale analysis. 

In both, the GAMM and iSSM approach described above, avoidance is 
defined as active/intentional avoidance as both analysis types quantify 
changes in vertical respectively horizontal movements by contrasting it 
to movements without active avoidance behavior that takes place 
outside the areas influenced by OWFs. 

2.4. Crossings 

Among all the tagged curlews that approached OWFs during their 
spring and autumn migrations, we created a subset of individuals that 

Fig. 2. Location of OWFs in the North and Baltic Seas (red polygons) and location of GPS fixes of curlews during spring (green dots) and autumn (blue dots) recorded 
within the 30 km surrounding each OWF used in the modelling approach. Map shows section containing most of the analyzed data. 
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crossed the windfarms or windfarm clusters (including a buffer zone of 
eight times the rotor diameter; i.e. between 312 m and 1,336 m, 
depending on the turbine type). In total, we recorded 75 crossings of 
OWFs or wind farm clusters by 45 of the 143 equipped individuals (44 
during the day and 31 during the night; 27 during spring and 48 during 
autumn migration) (Table 1). We computed the mean speeds and mean 
flight altitudes during each crossing. We also assessed the altitude 
changes (delta h) within the OWF by computing the difference in flight 
altitude of the bird when it entered and left the OWF. We used linear 
mixed effect models (lme) using bird ID as a random factor (Venables 
and Ripley, 2002) to test for differences in flight altitude and flight speed 
between day and night and between seasons, respectively. 

3. Results 

3.1. Avoidance responses in the vertical plane 

For the small-scale analysis, a negative-binomial distribution was 
preferred, including a significant interaction term between season and 
land/sea. This indicated that flight altitudes across the land were 
significantly reduced, particularly during spring (p < 0.01). Flight alti
tudes were also reduced by 32% during the day compared with the night 
(p < 0.01) (Fig. 3). Notably, GAMM analyses (Fig. 3) and raw data plots 
(Fig. 4) indicated a distinct vertical avoidance response of curlews when 
approaching OWFs that was more pronounced on a smaller spatial scale 
in autumn than in spring, and which was strongest at 0–500 m from the 
OWF (Fig. 3). Different examples of individual avoidance reactions of 
curlews approaching OWFs in the vertical plane by increasing flight 
altitudes at short distances to OWFs are presented in the supplement 
(Fig. S2). In most cases, the birds returned to their original flight alti
tudes after crossing the OWF above rotor levels (Fig. S2). 

No GAMM-based prediction was made for the large-scale approach 
because the general flight-altitude behavior related to land vs. sea 
probably confounded the results relating flight altitudes to distance from 
OWFs. However, raw-data plots indicated an increase in flight altitudes 
at 1–10 km from OWFs, compared with larger distances (Fig. 5). 

3.2. Avoidance responses in the horizontal plane 

In the small-scale analysis, all the investigated combinations of 

methods (i.e. iSSM and INLA-based mixed additive iSSM analyses) and 
datasets (i.e. 60 s and 300 s GPS fix schedules) showed a generally 
consistent picture, with the relative intensity of use becoming <1.0 
between 0 m and approximately 300 m from the OWFs (indicating a 
significant small-scale horizontal avoidance behavior). This was fol
lowed by values > 1 at approximately 450 m distance, indicating that 
birds were locally concentrated by aiming to circumvent the turbines 
(Fig. 6). The only difference between the two methods was an increase in 
selection strength in the 300 s dataset compared with a decrease in the 
60 s dataset. Notably, the relative selection strength decreased contin
uously down to about 30% from approximately 450 m onwards with 
decreasing distance to the OWFs (Fig. 6), suggesting that about a third of 
the birds did not respond to the OWFs. In contrast to the analyses in the 
vertical plane, season, land/sea, and day/night had no significant effect 
on the selection strength. 

For large-scale analyses regarding the horizontal plane, no large- 
scale avoidance effect was detected for either of the two approaches, 
except for a reduction in the relative selection strength in the immediate 

Fig. 3. GAMM-based predictions of flight altitudes (vertical plane) during spring (red) and autumn (blue) with respect to distance from the nearest OWF (solid lines). 
Shaded areas depict 95% confidence intervals. 

Fig. 4. Proportion of GPS fixes in different flight altitude classes (height in m) 
and distance classes to OWFs (small-scale analyses). 
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surroundings of the OWFs, which was larger in the 1500 s approach than 
in the 300 s approach (Fig. 7). 

Different examples of individual avoidance reactions of curlews 
approaching OWFs in the horizontal plane by changing flight directions 
at short distances to OWFs are presented in the supplement (Fig. S3). 

3.3. OWF crossings 

A total of 75 of the 259 recorded tracks (29%) and 45 of the 143 
tagged individuals (31.5%) crossed OWFs at least once during their 

migrations, in line with the horizontal avoidance analyses (see above). 
On the 45 individuals, 23 crossed OWFs once, 17 individuals crossed 
twice, two individuals crossed three times, and three individuals crossed 
four times. Curlews wintering in the UK showed the highest crossing rate 
of all tagged individuals, with 80% of all recorded tracks crossing OWFs 
at least once during spring and up to 120% during autumn (the value 
exceeding 100% is caused by multiple crossings by the same individuals) 
(Table 1). 

The median flight altitudes during crossings ranged from 78 m 
during the day in autumn to 531 m during the night in spring (Table 2). 
Flight altitudes within OWFs were significantly higher during spring 
than during autumn (lme: χ2 = 22.47, df = 1, p < 0.01), but did not 
differ between day and night (lme: χ2 = 0.45, df = 1, p = 0.5; Fig. 8). 
Accordingly, for curlews crossing OWFs, the proportion of flight alti
tudes that overlapped with rotor levels (considering rotor levels 20–200 
m above sea surface; Table S1) differed significantly between autumn 
(50%) and spring (18.5%) migrations, whereas there was only a small 
difference between day (40%) and night (34.4%). 

The median difference in flight altitude between leaving and 
entering the OWF ranged from − 39 m during the day in spring (i.e. 
decrease in altitude) to 86 m during the night in autumn (Table 2). No 
consistent pattern of flight altitude changes for curlews crossing OWFs 
could be detected. 

Flight speeds were significantly higher during spring than during 
autumn (lme: χ2 = 4.33, df = 1, p = 0.037) but did not differ between 
day and night (lme: χ2 = 0.08, df = 1, p = 0.78) (Fig. 8; Table 2). The 
median crossing distance was lowest in spring during the day (6.6 km) 
and highest during autumn in the night (13.7 km) (Table 2). Finally, the 
median crossing duration ranged from 5.7 min during the night in spring 
to 13.9 min during the night in autumn (Table 2). 

Fig. 5. Proportion of GPS fixes in different flight altitude classes (height in m) 
and distance classes to OWFs (large-scale analyses). 

Fig. 6. Regression-based analysis of OWF avoidance by curlews in the horizontal plane (small-scale analysis). Upper panels: standard iSSM analyses; lower panels: 
INLA-based mixed additive iSSM analyses. Both methods were applied for GPS intervals of 60 s and 300 s, respectively. Values < 1.0 indicate relative avoidance and 
values > 1.0 indicate local concentration. Error bars (upper panels) and shaded areas (lower panels) indicate 95% confidence limits. For clarity, error bars were 
cropped beyond a relative selection strength of 1.8 (upper panels). 
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4. Discussion 

Avoidance responses of birds to OWFs have been described for 
various species; however, most studies have been restricted to seabirds 
during foraging flights (e.g. Cook et al., 2018; Schaub et al., 2020; 
Vanermen et al., 2020; Johnston et al., 2022). To the best of our 
knowledge, the present study is the first to investigate small-scale 
individual-based behavioral responses to OWFs in a non-pelagic 
migratory species, thus providing important information for collision 
risk assessments (Fox et al., 2006). We analyzed high-resolution 
GPS-data for multiple curlew sub-populations along the East Atlantic 
Flyway, and showed that a high proportion of migrating curlews 
exhibited behavioral responses on a small spatial scale when 
approaching OWFs, both by increasing their flight altitude and by cir
cumventing the turbines. This avoidance behavior is likely to reduce the 
collision risk but may also increase the energy expenditure due to the 
need to adjust flight altitudes and/or fly around wind farm clusters (e.g. 
Cook et al., 2018). However, a significant proportion of curlews entered 
OWFs and did not show avoidance responses, thus increasing their risk 
of collision. We also found significant seasonal differences in vertical 
avoidance responses and complex interactions with the predictor 
sea/land. Below, we discuss the avoidance responses in the vertical and 
horizontal planes and provide a rough estimate of the proportion of 
curlews at increased risk during migration. 

4.1. Avoidance responses in the vertical plane 

In accordance with two recent studies on flight altitudes (Galtbalt 
et al., 2021; Schwemmer et al., 2022), we found significant differences 
in flight altitudes across the land and sea in both small-scale and 
large-scale avoidance analyses. In contrast however, flight altitudes in 
the areas surrounding OWFs were lower across the land than across the 
sea, particularly during spring migration. This general difference is 
likely to be due to the fact that all the GPS data intersecting with land 
were located close to the coast where curlews often either start, end, or 
interrupt their migration, which would lead to a significant decrease in 

flight altitudes (Schwemmer et al., 2021). Additionally, flight altitudes 
may depend on the distance to the next stop-over location (H. Düttmann 
pers. comm.) Notably, the more pronounced avoidance response during 
autumn migration (curlews generally approaching from the sea) 
compared with spring (curlews often departing from the coast) might be 
explained by these topographic issues. In addition, the covariate effects 
revealed by the GAMM analyses might not reflect the general flight 
behavior of curlews, but may rather represent the distinct local situa
tions in the surroundings of the OWFs, which are generally located close 
to the coast and thus might interact strongly with coast- and 
season-related flight altitude patterns (Schwemmer et al., 2021). This 
shows the importance of testing additional predictors (such as season 
and land/sea, as well as their interaction) in the GAMM approach in 
order to obtain unbiased effects of the OWF_dist on flight altitudes, 
without the confounding effects of local (e.g. near-shore) situations. 
However, the potential confounding effect was assumed to be much 
stronger in the large-scale approach (including data for up to 30 km from 
the OWFs) than in the small-scale approach (up to 3.5 km), because a 
higher proportion of GPS fixes intersected with the land. The results of 
the large-scale approach with respect to avoidance responses in the 
vertical plane should thus be interpreted with caution. For this reason, 
we decided to only present a descriptive bar-plot of flight altitudes and 
to not perform a GAMM-based prediction for flight altitude changes. 
Separate from these potential confounding effects, our large-scale 
approach indicated an increase in flight altitudes at 1–10 km 
compared with >10–30 km from OWFs, which corresponded well with 
the orders of magnitude of avoidance distances previously described for 
OWF avoidance effects in other species (Mendel et al., 2019; Peschko 
et al., 2020; Garthe et al., 2023). 

In addition to an effect of land/sea, we found clear seasonal differ
ences, with curlews exhibiting much stronger small-scale avoidance 
responses during autumn than in spring. This is likely due to generally 
lower flight altitudes during autumn (Schwemmer et al., 2022), which 
were found to depend on the overall wind regime (Dokter et al., 2013; 
Schwemmer et al., 2021). Curlews might tend to react more strongly to 
OWFs when they are migrating at turbine level (as shown in lesser 

Fig. 7. Regression-based analysis of OWF avoidance by curlews in the horizontal plane (large-scale approach) based on standard iSSM analyses. Error bars indicate 
95% confidence limits. For clarity, error bars were cropped beyond a relative selection strength of 1.8 (right panel). 

Table 2 
Flight characteristics of curlews crossing OWFs.   

Autumn migration Spring migration 

Day Night Day Night 

Mean flight altitude (m) 78 ± 342.9 133.6 ± 100.4 501 ± 596.9 531.8 ± 756.7 
Flight altitude change (m) 11 ± 338.9 86.0 ± 92.9 − 39 ± 108.3 32.5 ± 43.0 
Mean speed (km/h) 52.0 ± 15.1 58.0 ± 12.6 67.0 ± 29.4 60.6 ± 26.1 
Crossing distance (km) 6.7 ± 6.9 13.7 ± 6.4 6.6 ± 5.2 7.1 ± 3.7 
Crossing duration (min) 7.7 ± 8.2 13.9 ± 7.0 5.9 ± 5.9 5.7 ± 5.0 

Values given as median (± standard deviation). 
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black-backed gulls, Larus fuscus; Johnston et al., 2022), which is more 
common during autumn than during spring movements. The significant 
seasonal effect was also reflected by the crossing analysis, which high
lighted significantly lower crossing altitudes during autumn compared 
with spring migrations. Similar seasonal differences were found for 
flight speed, which is an important factor for improving future collision 
risk models (Fijn and Gyimesi, 2018; Masden et al., 2021). 

4.2. Avoidance responses in the horizontal plane 

Horizontal avoidance of wind farms by different bird species has 
previously been demonstrated by non-species-specific radar studies 
(Masden et al., 2009, 2012; Fijn et al., 2015; Skov et al., 2018), for 

foraging raptors at terrestrial sites (Hull and Muir, 2013; Schaub et al., 
2019), and for foraging seabirds (e.g. Fijn and Gyimesi, 2018; Vanermen 
et al., 2020; Johnston et al., 2022). The current study demonstrated 
similar effects for a long-distance migrant during active migration bouts. 
The small-scale iSSM approach using different dataset and method 
combinations consistently revealed a higher density of curlews at about 
450 m from OWFs, with a strong peak in selection length reflecting 
evasion at this distance class followed by avoidance at 0–350 m. How
ever, compared with previous studies on foraging birds, the avoidance 
distance for migrating curlews was significantly higher, which might 
indicate both species-specific differences in avoidance distance, as well 
as significant behavioral differences between foraging and migrating 
birds with respect to OWFs in general. The distance from OWFs at which 

Fig. 8. Flight altitudes and speeds of curlews crossing OWFs during autumn and spring migrations and during day and night. Solid lines: medians; box: quartiles; 
dashed lines: 95 confidence intervals; dots: outliers; ***p < 0.001; *p < 0.05. 
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curlews demonstrated horizontal avoidance responses might be classi
fied as anticipated meso-to macro-scale evasion behavior (May, 2015; 
Cook et al., 2018). In addition, individual curlews crossing the OWF did 
not show any indications of impulsive behavioral in-flight responses 
within the windfarm, as indicated by the lack of any significant altitude 
changes during crossing. This indicates that the individuals entering 
OWFs might either show micro-avoidance on a turbine scale (May, 
2015) or do not avoid the turbines at all. However, we observed two 
cases of curlews that abruptly changed their flight courses within or in 
the vicinity of OWFs, resulting in a flight path of non-directed circles 
(Fig. S4), but whether this behavior was caused by the presence of the 
OWF is unknown. 

Similar to the avoidance response in the vertical plane, we found no 
clear evidence for horizontal avoidance patterns of curlews on larger 
spatial scales. The decay in selection strength in the direct surroundings 
of the wind farm observed in both datasets (i.e. data thinned out to 300 s 
and 1,500 s) again indicates a small-scale horizontal avoidance response 
close to the OWFs. The approach using 1,500 s data revealed a reduced 
selection strength of about 30% within the closest (0–500 m) radius of 
the OWFs, which matched well with the orders of magnitude estimated 
in the small-scale analysis, where both strong decays and local increases 
in birds due to evasion of OWFs occurred within the 500 m radius (see 
above). 

4.3. Estimation of proportion of curlews at elevated risk 

The two main potential effects of OWFs on migrating birds such as 
curlews are collisions and barrier effects (Drewitt and Langston, 2006). 
Our GAMM and iSSM approaches showed that a high proportion of the 
GPS-tagged migrating curlews exhibited significant horizontal and 
vertical avoidance responses when approaching OWFs, suggesting that 
barrier effects might be the key issue. However, not all individuals 
showed avoidance responses, and GPS-tracking has demonstrated strong 
interference with wind turbines for curlews (Jiguet et al., 2021a). It is 
therefore important to estimate the proportion of curlews that migrate at 
elevated risk, which can be calculated using the following data: ac
cording to the crossing analysis, 45 out of 143 individuals crossed OWFs 
at least once during migration (31.5%), of which 50% and 18.5% 
crossed the OWFs at rotor level during spring and autumn migration, 
respectively (these seasonal differences were in accordance with flight 
altitudes recorded on a larger spatial scale; Schwemmer et al., 2022). 
These data suggest that about 15.8% and 5.8% of the overall curlew 
population migrates at elevated risk during autumn and spring, 
respectively. As flight altitudes and flight speeds of individuals crossing 
OWFs do not differ between day and night, the proportion of curlews 
migrating at elevated risk is not expected to differ with respect to time of 
day. Notably, these values should only be regarded as a general rough 
estimate and do not reflect spatial differences in elevated risk among 
sub-populations. According spatial differences in relative collision risks 
can be revealed by intersecting the flight density of migrating curlews 
and the location of OWFs (Fig. S5). The resulting map illustrates that the 
collision risk for curlews is currently highest in the southern North Sea 
between The Netherlands and the UK (Fig. S6). 

Furthermore, as shown for songbirds (Hüppop et al., 2006), the 
proportions at elevated risk are likely to change substantially during 
severe weather, such as fog, rain, or storms that reduce visibility. 

Regarding flight altitude, the proportion of curlews migrating at 
increased risk is higher during autumn (Schwemmer et al., 2022; this 
study). This is corroborated by the fact that a higher overall number and 
a higher number of inexperienced juveniles migrate during autumn 
(Sergio et al., 2019). Finally, curlews tend to migrate in flocks (Jiguet 
et al., 2021b), and the risk perception of OWFs is thus likely to depend 
on the size of the migrating flock. An analysis of the flocking behavior 
during migration was beyond the scope of this study, but will be 
important for further collision risk estimates. 

In addition to the proportions of curlews migrating at elevated risk, 

most individuals avoided crossing OWFs at turbine levels because they 
showed horizontal and vertical avoidance behaviors. However, this 
behavior is associated with higher energetic costs resulting from 
increasing flight altitudes and/or navigating around OWFs. Although 
these additional distances might be low compared with the overall 
journey of long-distance migrants (Masden et al., 2009), given that 
curlews may migrate >3,500 km between their wintering and breeding 
grounds (Pederson et al., 2022), the high number of planned OWFs 
between these wintering and breeding grounds (Rusu, 2020; Offshore, 
2021) suggests that these energetic costs will rise significantly in the 
future. Furthermore, long-distance migrants (such as a considerable 
proportion of the Eurasian curlew population) are known to expend 
their body reserves to a high degree during migration (e.g. Alerstam, 
2001) and any additional barrier effects are thus likely to have negative 
impacts on their migration performance, such as longer stopover dura
tions (Ramirez et al., 2022), and fitness-related consequences thus 
cannot be ruled out. 

5. Conclusions 

The current study demonstrates the existence of intense small-scale 
horizontal and vertical avoidance behaviors of OWFs in a migratory 
species using a large and unique international tracking dataset. Our 
findings clearly show that the majority of the curlew population avoids 
OWFs both, during the night and day. However, as an important result 
for marine spatial planning we also found that a considerable proportion 
of the curlew population might cross OWFs at rotor heights and that the 
overall proportion of curlews migrating at risk is far higher during 
autumn than during spring migration. Thus, temporal curtailments of 
OWFs during periods of most intensive migration and within areas of 
highest bird migration are a likely mitigation measure for conservation 
management. Furthermore, the extensive expansion plans for OWFs in 
the North and Baltic Seas (Rusu, 2020; Offshore, 2021) are likely to 
increase the overall risk for migrating bird species such as curlews. Our 
long-term dataset offered the option to check for repeatability of 
behavioral reactions of the same individuals during consecutive ap
proaches to OWFs. However, we were not able to detect any consis
tencies which might indicate the lack of habituation to OWF. 

Finally, our data clearly show that curlews react strongly to OWFs by 
altering their flight tracks vertically or horizontally, thus highlighting 
the significant barrier effects of OWFs. The current and future increases 
in OWFs in the Baltic and North Seas means that it is necessary to 
quantify the energetic costs to birds to assess the cumulative barrier 
effect of OWFs, particularly for long-distance migrants. Using an 
extended set of tagging data in the future, will allow to draw conclusions 
on behavioral reactions to OWFs during different weather situations 
which is needed to assess the options for temporal turbine curtailments 
during phases of severe weather when avoidance reactions of birds 
might be reduced. 
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