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Abstract

Each year, millions of birds migrate nocturnally over the North Sea basin, an

area designated for significant offshore wind energy development. Wind tur-

bines can harm aerial wildlife through collisions and barrier effects, especially

when birds fly at low altitudes below the wind turbine rotor tip. We aim to

quantify seasonal and nightly differences in flight altitudes of nocturnal bird

migration over the North Sea and identify how weather influences low-altitude

flight to inform wind turbine curtailment procedures for reducing bird fatali-

ties. We used bird tracking radars at Borssele and Luchterduinen offshore

wind parks, 22 and 23 km from the western Dutch coast, to monitor altitude

distributions during migration. We show that median flight altitude was

higher in spring compared to autumn at Borssele (spring: 285.5 m, autumn:

169.2 m; p < .001, effect size [ES] = 0.0001) and Luchterduinen (spring:

133.8 m, autumn: 126.0 m; p < .001, ES = 0.002) and below wind turbine rotor

tip in both seasons. On most nights in both seasons, the majority of migrants

flew predominantly at low altitudes, except for intense migration nights in

spring in Borssele where, on 87% of these nights, migration mainly occurred at

high altitudes. The most important predictors of low-altitude migration in both

seasons were day of year and wind assistance. Birds chose altitudes with the

most favorable wind conditions for migration in both seasons. The relationship

between day of year and low-altitude migration fraction suggests that different

species migrate at different altitudes. In spring, birds were flying lower at the

beginning and the end of the night, reflecting departures and arrivals of birds,

while radar location in autumn was a good predictor of low-altitude flights,

indicating that different local migratory axes have distinct altitude distribu-

tions. Our findings suggest that mitigation measures offshore may be more

effective during autumn than spring, especially on nights with more supportive

wind conditions at altitudes below 300 m.
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1 | INTRODUCTION

The North Sea basin is an important area for current and
future investments in European wind energy production
due to suitable wind conditions (Kafas et al., 2018). While
offshore wind farms will help achieve targets for reducing
carbon emissions, they may negatively impact marine
(Bergström et al., 2014; Wright et al., 2020) and aerial
wildlife (Cabrera-Cruz et al., 2020). A growing body of lit-
erature shows that wind farms pose a threat to bats and
birds through mortality due to collisions (Hayes
et al., 2019; Marques et al., 2014; Perold et al., 2020) or
through barrier effects and habitat change (Drewitt &
Langston, 2006; Gaultier et al., 2020). With the increase
of wind turbine density and size over the years
(McKenna et al., 2016), these adverse effects are expected

to be more pronounced in the future (Lambertucci &
Speziale, 2021).

Millions of birds, mainly thrushes (Turdus sp.),
migrate over the North Sea every year during the night
(Hüppop et al., 2006; Hüppop et al., 2016; Lensink
et al., 1999). Governed by weather, primarily wind
(Bradari�c et al., 2020; Manola et al., 2020; Shamoun-
Baranes & van Gasteren, 2011), they follow two primary
migration axes: between Scandinavia and southern
Europe or Africa (NE–SW axis) and between mainland
Europe and the United Kingdom (E-W axis) (Lack, 1959)
(Figure 1). When performing nocturnal migration, birds
experience the stratification of the troposphere due to the
collapse of the convective boundary layer, which creates
different weather conditions at different altitudes (Stull,
1988). Because of this, birds can select altitudes with

FIGURE 1 Map of the

Dutch Northern Sea, showing

radar locations in

Luchterduinen (red dot) and

Borssele (purple dot). Inlays

show the orientation of vertical

radar beams in the horizontal

plane, color-coded according to

the radar locations. The darker

areas represent the areas with

the highest detection probability

within the vertical beam from

which the data for the analysis

was extracted (between 500 and

1500 m from the radar location).

The migration periods used for

the study are indicated in the

upper right corner of the inlays.

Arrows show the main

migration directions in the area

in spring (90� blue) and autumn

(220� orange) (Bradari�c
et al., 2020; Shamoun-Baranes &

van Gasteren, 2011). These

migration directions were used

to calculate wind assistance.
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weather conditions that will help them maintain the
desired migration direction and reduce time or energy
invested in migration (Alerstam, 1990, 2011; Liechti, 2006;
Newton, 2008).

At mid-latitudes (between 30 and 60� on each side of
the equator), wind conditions do not differ with altitude
as strikingly as in the trade-wind zone (James &
Stull, 2019; Rohli & Vega, 2018), but they still show spa-
tial and temporal variability due to the frequent passage
of high and low-pressure systems (Richardson, 1978).
Radar studies over the Netherlands (Kemp et al., 2013),
from the North Sea coast (Lack, 1960), and the Bay of
Biscay (Weisshaupt et al., 2016) showed that birds flew
higher in spring than in autumn due to different seasonal
weather patterns. Radar studies over land showed that
birds selected altitudes with increased tailwind support
(Dokter et al., 2013; Kemp et al., 2013) but only climbed
to altitudes where they first encounter supportive winds
(Kemp et al., 2013). Furthermore, Kemp et al. (2013)
showed that birds avoided altitudes with temperatures
below freezing when migrating over land. Contrary to
what was observed over land in mid-latitudes, early
radar studies of migration over the North Sea did not
find a correlation between wind speed and direction and
altitude choice (Eastwood & Rider, 1965). Instead, birds
have been observed changing their altitude to avoid rain
and clouds, usually flying above them (Eastwood &
Rider, 1965; Lack, 1963).

Apart from the early radar studies, knowledge about
the effect of weather on flight altitudes of nocturnal
migrants over the North Sea is limited. Studies in the
German North Sea recorded nocturnal migration mainly
at the lowest 200 m above sea level (asl) (Hüppop
et al., 2006), and measurements in the Dutch North Sea
showed that about 40% of total nocturnal bird activity per
year occurred at altitudes below 115 m (Fijn et al., 2015).
Nevertheless, they do not provide insight into the drivers
of temporal variation of altitude distributions.

To implement effective conservation, it is essential
to understand not only environmental factors that gov-
ern bird migration intensity but also the altitude distri-
butions, especially those conditions that result in flight
at low altitudes, where birds are at risk of colliding with
turbines. Adverse effects of offshore wind farms on
birds flying at low altitudes can be minimized by devel-
oping procedures that include forecast models relying
on environmental factors as input to predict bird
migration intensity (Doren & Horton, 2018; van Belle
et al., 2007). Such models have already been in place to
improve flight safety and decrease the risk of collisions
between migratory birds and aircraft (van Gasteren
et al., 2019). In the case of the North Sea, similar

models can be used for wind turbine stop–start proce-
dures to mitigate collision risk when intense migration
occurs at rotor height.

We investigate mid-latitude nocturnal migration over
the sea by quantifying seasonal differences in flight alti-
tudes over the North Sea and identify the main drivers of
hourly altitude distributions to inform wind turbine cur-
tailment procedures to reduce bird fatalities. In the con-
text of wind energy, we distinguish between low-altitude
migration (occurs up to 300 m, which is the maximum
turbine rotor tip height) and high-altitude migration
(>300 m). This study addresses the following questions:
(i) What is the seasonal altitude distribution of migration,
and how does it compare to the wind turbine rotor tip
height? (ii) Since the wind turbine curtailment will be
performed on a nightly basis, what is the percentage of
nights in which the majority of the nocturnal migrants
fly at low altitudes and how does this differ between
spring and autumn and different radar locations? (iii)
How does the hourly fraction of low-altitude migration
vary with wind, temperature, cloud cover, location, day
of the year, and hour of night in two migration seasons?
We use data collected by offshore bird tracking radars at
two wind farms off the Dutch western coast to answer
these questions. We hypothesize that birds will choose
flight altitudes with higher wind assistance (WA; Dokter
et al., 2013; Kemp et al., 2013) and temperatures above
zero (Kemp et al., 2013) to increase migration speed and
decrease energy expenditure. Furthermore, we expect
birds will generally fly at altitudes where cloud cover is
relatively low (Eastwood & Rider, 1965) to improve visi-
bility. Due to differences in migration direction and
weather regimes, flight altitude distributions are expected
to differ between spring and autumn, with migration
occurring at higher altitudes in spring (Dokter et al.,
2013; Kemp et al., 2013). We explain how our results can
better inform conservation measures, especially in light
of the curtailment of wind turbines when flight altitudes
are critical.

2 | MATERIALS AND METHODS

2.1 | The radar system, location, and
study period

Bird movement data were collected by bird radars (Robin
Radar 3D fix, Robin Radar Systems BV, the Hague,
Netherlands) at two offshore locations in the Dutch
North Sea (Figure 1). One radar, located in Luchterdui-
nen wind farm (52.25 N, 4.10 E), has been operational
since August 2018, ca 23 km from the western coast of
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the Netherlands. The radar in Borssele wind farm
(51.35 N, 3.00 E), ca 22 km from the SW Dutch coast, has
collected data since August 2019.

Robin radar's 3D-fixed system consists of two anten-
nae: a vertically rotating X-band antenna (beam width
20�) with a power of 25 kW and a horizontally rotating
S-band antenna (beam width 25�) with a power of
60 kW. The Borssele radar was mounted on a platform
with the vertical antenna at 47.6 m asl and the horizontal
antenna at 39.5 m asl (Appendix 1) while the Luchterdui-
nen radar was positioned on a platform within the wind
farm with both antennas at 22 m asl. The vertical antenna
was oriented perpendicular to the main migratory
direction observed in the region (Bradari�c et al., 2020;
Shamoun-Baranes & van Gasteren, 2011) to maximize the
number of detected birds (Figure 1). Both antennae rotate
at 45 rpm and collect information about the position of
targets in each rotation. The system uses a proprietary
tracking algorithm to detect moving targets and distin-
guish between birds and non-birds based on target charac-
teristics (e.g., speed, direction, and radar cross-section in
the horizontal antenna and radar cross-section in the verti-
cal antenna). Targets in at least five (vertical antenna) or
eight (horizontal antenna) consecutive rotations are joined
in tracks and automatically stored in a centralized data-
base. In this system, flight altitude is measured by the ver-
tical antenna. As part of its software, the radar system
employs automated clutter filters to reduce the number of
non-bird targets. Clutter filters are applied dynamically in
each radar scan and expressed as a fraction of the total
scan in which clutter is detected with a value between
0 (no clutter on the radar image) and 1. Dynamic filters
mainly reduce clutter from landscape features, waves,
and rain.

We extracted the number of tracks and track altitude
measured by the vertical radar antenna from spring
(February 15–May 31) and autumn (August 15–
November 30) migratory seasons of 2019 (only autumn
for Borssele radar), 2020 and 2021 (only spring). Targets
with a radar cross-section below �40 dBm2 and greater
than 10 dBm2 were classified as non-birds (e.g., insects,
boats) by the proprietary software and excluded from the
analysis. The subsequent post-processing steps, detailed
in the following text, effectively reduce the number of tar-
gets that could be potentially misclassified as insects due
to overlapping RCS values with small birds. Visual
inspections of RCS distributions across different months
confirm the negligible impact on analysis outcomes.
Since most migratory land birds in this area are noctur-
nal migrants, in this study, we used only tracks recorded
between civil sunset and sunrise for the periods men-
tioned above.

2.2 | Post-processing of radar data

To improve the dataset quality, we implemented several
post-processing steps in addition to the filters that are
part of the proprietary radar software. The vertical radar
antenna records various bird targets up to 3000 m. How-
ever, the probability of detecting small birds decreases
significantly after 1500 m asl (Appendix 2). Therefore, we
only included the tracks recorded up to 1500 m asl in our
analysis. Furthermore, due to the narrow beamwidth
close to the radar resulting in insufficient detections, clut-
ter and a higher probability of insect detection close to
the radar, as well as detection loss of small songbirds fur-
ther from the radar, only tracks with a horizontal dis-
tance from the radar between 500 and 1500 m were used
in our analysis (Appendix 3).

Occasionally, rain was mistakenly recorded as bird
targets despite the dynamic clutter filter. We performed a
two-step filtering procedure to exclude such targets from
our dataset, which included filtering out the rain minutes
from the data (Appendix 4).

To identify environmental drivers influencing altitude
distributions during migration, we focus on nights with
substantial migration and sufficient hourly coverage
within a night. Therefore, after the performance of the
previous filtering steps, we removed all hours in which
bird counts were low (<10 birds/h). We also removed
nights with less than 3 h of data remaining.

We report percentages of tracks removed with each
filtering step in Appendix 5. After post-processing,
289,358 tracks, distributed across 167 nights and 1658 h,
were left for analysis at the Borssele location in spring
and 631,711 tracks, 186 days, and 2199 h in autumn. At
Luchterduinen, 511,794 tracks, within 255 nights and
2649 h, were left in spring and 561,932 tracks, 186 nights
and 2079 h in autumn. Following post-processing, each
track was classified as either low (<=300 m) or high
(>300 m) altitude based on the altitude measured by the
radar. We selected a threshold of 300 m as this is the alti-
tude of the rotor blade tips for the largest turbines cur-
rently developed. We calculated the percentage of tracks
at high or low altitudes per hour and per night for ana-
lyses described further below. We also calculated the total
number of tracks per night and selected the top 10% of
nights, in spring and autumn, with the highest migration
intensity as intense migration nights.

2.3 | Weather data

European Centre for Medium-Range Weather Forecast
ERA5 reanalysis dataset (Hersbach et al., 2020) with a
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global extent and 0.25� grid size was used to assess
weather variables closest to the radar locations. Weather
variables were obtained from the closest grid cells to the
radar, 52.25 N 4.00 E for Luchterduinen and 51.25 N 3.00
E for Borssele. We extracted air temperature (t, �C) and
the fraction of cloud cover (cc, 0–1, 0 representing no cc)
at each location from pressure levels of 912.5 and
1012.5 hPa that correspond to altitudes of approximately
1000 and 130 m asl (U.S. Standard Atmosphere, 1976).
The altitude asl of these variables can vary depending on
changes in pressure systems. Wind components that
describe wind from west to east (u) and south to north
(v) were retrieved from 912.5 hPa pressure level and a
single level of 100 m of altitude above the surface of the
Earth. In contrast to the pressure level variables,
the single-level variables always contain values from the
exact altitude. Low-altitude winds were calculated from
the single-level dataset to ensure the most representative
measurements were used. Other variables were not avail-
able at a single level. When applicable, all weather vari-
ables from 912.5 hPa will be referred to as “high-altitude
weather variables,” while the temperature and cloud
cover from 1012.5 hPa and wind from 100 m asl will be
referred to as “low-altitude weather variables.” As we are
interested in understanding the influence of weather var-
iables on the fraction of birds flying at low altitudes, the
difference in conditions between altitudes is likely more
relevant than the specific conditions at a given altitude.
Therefore, to capture the difference in conditions
between altitudes and to limit the number of predictors,
we calculated the differences between low- and high-
altitude weather variables and the average between low
and high altitudes. An overview of the seasonal weather
variables at low and high altitudes for our study period is
available in Appendix 6.

2.4 | Wind assistance

To estimate the support of wind that birds experience,
hourly low and high-altitude wind direction and wind
speed were calculated and used in the tailwind equation
(Kemp et al., 2012) to calculate low and high-altitude
WA:

WA¼ ycosθ

where y is wind speed (m/s), and θ is the difference
between the wind direction the wind is blowing to and
the preferred migration direction. We rely on the average
direction per season as no directional information is
available for migration within the vertical radar. The sea-
sonal primary migration direction of birds in the area

was calculated in previous studies as follows: 90� in spring
and 220� in autumn (Bradari�c et al., 2020; Shamoun-
Baranes & van Gasteren, 2011). Low-altitude and high-
altitude WA were then used to calculate the difference
between low and high-altitude WA and average WA.

2.5 | Migration altitudes

We used kernel density estimation to estimate altitude
probability density functions for each season and location
based on all tracks included in the data analysis. The
median and 90% percentile of flight altitude in spring and
autumn were calculated for both radars and compared
with the 300 m threshold. We performed a Kruskal–
Wallis test to assess whether altitude distributions dif-
fered between seasons and locations. We used eta
squared based on the H statistics to estimate the effect
size (ES).

Since wind turbine curtailment will be performed on
a nightly basis, we wanted to show what percentage of
nights would be a candidate for curtailment based on the
proportion of birds flying at low or high altitudes. There-
fore, we assessed the percentage of nights in which the
majority (>50%) of birds flew at low or high altitudes per
season and radar location. Similarly, we calculated the
percentage of nights when flight altitude was concen-
trated (>90% of tracks per night) at either low or high
altitudes (we refer to these nights as nights with
extremely low or high altitude migration). We used Bar-
nard's unconditional test to statistically compare the per-
centages of extremely low and high-altitude migration
nights between different seasons and locations. In addi-
tion, to consider nights in which conservation implica-
tions for curtailment would be higher, we qualitatively
compared the number of intense migration nights when
50 and 90% of the tracks were either low or high, as sam-
ple sizes were very small.

To analyze the relationship between flight altitudes
and weather variables under which birds fly at low alti-
tudes, we used random forest (RF) regression models imple-
mented in the “ranger” package (Wright & Ziegler, 2017)
within the R software (R Core Team, 2020). We developed
separate models per season (spring and autumn) and used
data from both locations in the same model. The hourly
fraction of birds at low altitudes was used as a continuous
response variable. Radar location and weather variables
described above were used as predictors in our model
(Table 1). We included day of year (year_day) as a predictor
in our model to account for potential phenological differ-
ences in response to weather and flight altitude selection
due to different timings of migration between short and
long-distance migrants (Lensink et al., 2002; Werham
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et al., 2002). Finally, the number of hours after sunset
(suns_h) and before sunrise (sunr_h) were also used as
predictors to determine if low-altitude migration is more
likely to occur at a specific time during the night.

Highly correlated predictors do not explain addi-
tional variance in the model and can affect its ability
to identify the importance of predictors (Gregorutti
et al., 2017). Therefore, we generated correlation matri-
ces using Spearman's rank correlation coefficient with
the “corrplot” package (Wei & Simko, 2021), removing
the highly correlated predictors with a correlation coef-
ficient of 0.8 and higher (Dormann et al., 2013;
Mukaka, 2012). Correlation matrices identified average
cloud cover (avg_cc) and difference in cloud cover
between low and high altitudes (delta_cc) and suns_h
and sunr_h as highly correlated predictors. In both sea-
sons, delta_cc and suns_h were kept in the model. Del-
ta_cc was retained as it contains more information
about cloud cover at different altitudes than the avg_cc.
Furthermore, we expect birds to fly at altitudes at which
cloud cover is low, thus changing their altitude to fly
above or below clouds, and such information cannot be
extracted from avg_cc. Birds generally embark on their
nocturnal journeys around sunset, creating a peak of
migration intensity (Åkesson et al., 1996; Alerstam, 1990;
Doren & Horton, 2018), which is why suns_h was kept in
the model. The correlation matrices can be found in
Appendix 7. A complete list of all predictors used for
developing the model can be found in Table 1.

2.6 | Model calibration

RF regression models require three parameters: num.trees
(number of regression trees), mtry (number of variables
randomly sampled as candidates in each node split) and
min.node.size (the minimal number of observations
included in terminal nodes of the tree). We tested num.trees
values from 100 to 5000 with 100 increments, mtry from
2 to 7 with increments of 1 and min.node.size from 2 to
9 with increments of 1 to select model parameters with the
lowest root mean squared error (RMSE). In spring, the low-
est error was reached with num.trees = 1300, mtry = 4 and
min.node.size = 2. In autumn num.trees = 500, mtry = 5
andmin.node.size = 2 were selected.

2.7 | Cross-validation

Before developing RF regression models, we randomly
split the datasets for both seasons into training and test-
ing datasets based on the 70:30 rule (Nguyen et al., 2021).
We assigned data to a training dataset by choosing all the
tracks recorded by the radar on 70% of randomly chosen
nights. The rest (30%) was assigned to a test dataset. Ran-
dom nights were used to split the data to decrease the
effect of temporal autocorrelation in biological and envi-
ronmental processes. We used the test dataset to assess
the performance of model predictions by calculating
RMSE between the test dataset and model predictions.

TABLE 1 Overview of variables considered as predictors of migration ratio at low altitudes. Variables marked with an asterisk (*) were

excluded from the model since they showed a high level of correlation in the correlation matrix (Appendix 5).

Predictor Abbreviation Unit Explanation

Average cloud cover avg_cc* 0–1 The average value of low and high altitude cloud
cover.

Delta cloud cover delta_cc 0–1 The difference in cloud cover between low and
high altitudes.

Average temperature avg_temp �C The average value of low and high altitude air
temperature.

Delta temperature delta_temp �C The difference in air temperature between low
and high altitude.

Average wind assistance avg_wa m/s The average value of low and high altitude wind
assistance.

Delta wind assistance delta_wa m/s The difference in wind assistance between low
and high altitudes.

Hour before sunrise sunr_h* hours The number of hours before sunrise.

Hour after sunset suns_h hours The number of hours after sunset.

Day of year y_day days Day number since the start of a year.

Radar location radar A category that indicates which radar recorded
the measurements.

6 of 15 BRADARI�C ET AL.
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2.8 | Model evaluation

Each tree in the RF has its out-of-bag (OOB) data sample
that was not used during the tree construction. These
observations were used in the model fitting process to
calculate the OOB mean square error (prediction error)
and R2, which showed how much variance the model
explained. The RF algorithm evaluated each predictor's
importance based on the variance explained when the
predictor was removed from the model. Furthermore, we
created partial dependence plots to assess each predictor's
relationship with the response variable while other pre-
dictors remained constant.

3 | RESULTS

3.1 | Migration altitudes

In spring, the median flight altitude was 285.5 m asl at
Borssele and 133.8 m asl at Luchterduinen, both lower
than the 300 m turbine threshold (Figure 2). In autumn,
the median was 169.2 at Borssele and 126.0 m asl at
Luchterduinen (Figure 2). Altitude distributions differed
significantly between spring and autumn in both loca-
tions (B: H = 176.9, df = 1, p < .001, ES = 0.0001; L:
H = 3330.1, df = 1, p < .001, ES = 0.003). They also sig-
nificantly differed between Borssele and Luchterduinen
in spring (H = 1665.3, df = 1, p < .001, ES = 0.002) and
autumn (H = 4277.1, df = 1, p < .001, ES = 0.003).

On 68.9% of nights in spring at Borssele, more than
50% of migrants were flying low, which did not differ sig-
nificantly (Z = 0.54, p = .338) from autumn when on
66.1% of nights, more than 50% of migrants were flying
low (Table 2, Figure 3). On the majority of nights in both
spring (85.5%) and autumn (88.2%) at Luchterduinen
(Table 2), more than 50% of migrants were flying low,
and the percentage was not significantly different
(Z = 0.81, p = .310). The percentage of nights when
migrants were mainly flying low differed significantly
between locations in spring (Z = 4.09, p < .001) and
autumn (Z = 5.06, p < .001) (Figure 3, Table 2).

Low-altitude migration was more common on nights
of intense migration in autumn (66.7%) in Borssele,
which differed significantly (Z = 2.81, p = .003) from
spring, where high-altitude migration was predominant
(87.5%) on these nights (Table 2, Figure 3). At Luchter-
duinen, proportions were not different between seasons
(Z = 0.21, p = .461), nor did they differ between the two
locations in autumn (Z = 0.19, p = .461). However, the
proportions were statistically different among sites in
spring (Z = 2.81, p = .003).

On most extremely low or high-altitude migration
nights (>90% of migrants at low or high altitudes), migra-
tion occurred at low altitudes at Borssele (Table 2). On
35 nights in spring and 44 nights in autumn, migration
was concentrated at low altitudes, and seasonal proportions

FIGURE 2 Probability density functions of altitude

distributions of bird tracks at (a) Borssele and (b) Luchterduinen

location in spring (blue) and autumn (orange). Black lines indicate

median altitudes and gray lines are the 90% quantiles of migration

altitudes in spring (solid line) and autumn (dashed line). The red

line represents the threshold of 300 m (the estimated maximum

height of the wind turbines in the coming years).
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showed no significant difference (Z = 0.88, p = .299).
Luchterduinen showed the same pattern. Proportions
showed no significant differences between locations during
both seasons (spring: p = 1.00; autumn: Z = 1.29, p = .17).

During intense migration nights in Borssele,
extremely low or high migration (>90% of migrants flying
low) did not at all occur in spring. In autumn, extremely
low migration occurred on 11 nights and extremely high

TABLE 2 Proportions of nights in which >50 and >90% of migrants were flying at low or high altitudes during the entire migration

season and on intense migration nights (10% of nights with the highest number of migrants) per radar per season.

Borssele Luchterduinen

Spring Autumn Spring Autumn

N total Low (%) High (%) N total Low (%) High (%) N total Low (%) High (%) N total Low (%) High (%)

Full season
(>50%)

167 68.9 31.1 186 66.1 33.9 255 85.5 14.5 186 88.2 11.8

Intense
migration
(>50%)

8 12.5 87.5 27 66.7 33.3 18 72.2 27.8 26 69.2 30.8

Full season
(>90%)

35 100.0 0.0 45 97.8 2.2 62 100.0 0.0 75 100.0 0.0

Intense
migration
(>90%)

0 0.0 0.0 12 91.7 8.3 2 100.0 0.0 3 0.0 0.0

FIGURE 3 The total

number of tracks per night

(upper plot) and nightly

proportions of low and high-

altitude migration (lower plot)

in spring (blue) and autumn

(orange) of 2020 at Borssele.

Triangles at the upper plot

represent intense migration

nights from Table 2. White

spaces in proportion plots

represent nights excluded from

the analysis due to filtering

steps. The same graphs for other

years and locations can be found

in Appendix 8.
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migration on one night. At Luchterduinen, migrants
were flying extremely low on two nights in spring and
three in autumn, while the extremely high migration did
not occur in any of the seasons.

OOB R2 showed that the model explained 65% of the
variance in low-altitude migration fraction for spring and
69% for autumn. OOB RMSE value was 0.15 for spring
and 0.14 for autumn, while RMSE between predictions
and observed values from the test dataset was 0.19 for
spring and 0.21 for autumn.

In spring, average WA (avg_wa) was the most impor-
tant variable for explaining the fraction of migrants flying
low and was closely followed by the difference in WA
(delta_wa) between low and high altitudes, day of year
(y_day) and hour after sunset (suns_h) (Figure 4a). Simi-
larly, in autumn, the most important predictor of
the low-altitude migration fraction was average WA
(Figure 4b). It was followed by radar location and day of
year (Figure 4b), although the effect of average WA was
much stronger than all other variables and stronger than
in spring (Figure 4).

Partial dependence plots (Figure 5) show how the four
predictor variables that explain most variation affect the
low-altitude migration fraction on average when all other
variables are marginalized. The higher value on the y-axis
indicates a larger fraction of migrants flying at low altitudes.
The hourly fraction of birds migrating at low altitudes in
spring is higher when: avg_wa is between �5 and 5 m/s,
delta_wa is �2 m/s or higher (in other words, when the
wind was more supportive at lower altitudes), day of year
(y_day) is between 50 and 70 and 130 and 150 (late
February–early March, second half of May) and suns_h is
between 0 and 1 and 7 and 10. During autumn, the low-

altitude migration fraction increases when: avg_wa is
between �10 and 2 m/s (meaning that with low WA, birds
fly low), when birds are flying over the Luchterduinen radar
location, y_day is between 240 and 262 (late August, early
September), and delta_wa is higher (wind more supportive
at lower altitudes). Note that the effect of most predictors
was unreliable at extremely high and low values due to
fewer data points (Figure 5, rug plots).

4 | DISCUSSION

In line with our hypothesis, we demonstrate that altitude
distributions of nocturnal bird migration in the North
Sea basin differ between spring and autumn. In spring,
birds flew higher than in autumn (Figures 2 and 3). Nev-
ertheless, the majority of birds flew at low altitudes on
most nights in both seasons (Figure 3, Table 2, Appen-
dix 8). An exception was intense migration nights in
spring in Borssele, when migrants, on most of these
nights, mainly flew at high altitudes (Table 2). The results
were consistent between different radar locations, and
they corroborate what was previously recorded at mid-
latitudes both over land (Kemp et al., 2013; La Sorte
et al., 2015) and large water bodies (Archibald et al.,
2017; Cohen et al., 2022; Fijn et al., 2015; Hüppop
et al., 2006).

WA was among the top predictors of the low-altitude
migration fraction in both seasons. Over the study area,
winds mainly come from the west in both seasons (Kemp
et al., 2010). Such conditions tend to support migration from
the UK to the Netherlands, the largest migration cohort in
this region during spring (Bradari�c et al., 2020; Manola

FIGURE 4 Importance of

predictors of low-altitude

migration fraction in (a) spring

and (b) autumn based on the

variance of their responses when

the predictor variable was

removed from the random forest

(RF) model. Predictors with the

prefix “delta” show a difference

in predictor values between low

and high altitudes.

BRADARI�C ET AL. 9 of 15

 25784854, 2024, 4, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/csp2.13114 by B

attelle M
em

orial Institute, W
iley O

nline L
ibrary on [11/04/2024]. 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



et al., 2020). On the contrary, wind conditions do not sup-
port the migration coming from the NE in autumn
(Bradari�c et al., 2020). These seasonal wind patterns were
reflected in the observed altitude distributions. In spring,
migration occurred at altitudes higher than in autumn
due to the vast availability of positive WA, which gener-
ally increases with altitude (Appendix 6).

The low-altitude migration fraction increased in both
seasons when the average WA (avg_wa) was negative or
had lower positive values (Figure 5a,b). A higher fraction
of low-altitude migration when average WA was negative
indicates that birds might fly close to the surface to
decrease the effect of overall negative WA (Alerstam,
1990), as wind speeds tend to be lower at lower altitudes
(Appendix 6). Such behavioral responses to wind condi-
tions can reduce energy expenditure or flight time, which
is especially important when crossing ecological barriers,
where birds perform their flights in one go (Ward et al.,
2018), as observed in our study area (Brust et al., 2019;
Brust & Hüppop, 2021).

The fraction of low-altitude migration increased
(Figure 5b) when WA at low altitudes was higher than at
high altitudes. This does not necessarily show that birds

choose the altitudes with supporting winds (tailwinds) as
has been shown in studies over land from the trade
wind zone (Bruderer & Liechti, 1995; Liechti et al., 2000;
Schmaljohann et al., 2009) and mid-latitudes (Dokter
et al., 2013; Gauthreaux, 1991). Instead, our results imply
that similar to what was observed in this region over land
(Kemp et al., 2013), birds choose to fly at altitudes with
wind conditions that are more supportive of migration
than wind conditions experienced at other altitudes.
However, since we assessed WA based on an average
migration direction per season, the effect of choosing alti-
tudes with tailwinds was potentially reduced in our
results. Furthermore, local movements at low altitudes
can also disturb our hourly measurements, especially for
hours with low migration intensity.

In both seasons, low-altitude migration had a clear
seasonal pattern, although the effect of day of year in
autumn was stronger than in spring. In spring, we
observed more birds flying at low altitudes at the begin-
ning and the end of the migration season (Figure 5). The
low-altitude migration fraction was high throughout
autumn but was higher at the beginning of the season.
Such seasonal variation in low-altitude migration can

FIGURE 5 Partial dependence plots show each predictor's average effect on low-altitude migration fraction (y-axis) in (a) spring and

(b) autumn when all the other predictors are marginalized. The order of plots follows the variable importance. In each plot, the x-axis

indicates the range of the predictor variable, and rug plots along the bottom indicate the minimum, maximum and deciles of the predictor's

distribution. For variable radar location, abbreviations stand for Luchterduinen (L) and Borssele (B).
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reflect differences in weather-governed migration phenol-
ogy between short and long-distance migrants in the
area. For example, short-distance migrants strongly rely
on WA in both spring and autumn, while long-distance
migration is more governed by the temperature and pre-
cipitation in autumn (Haest et al., 2018, 2019). Different
choices of weather conditions at departure might cause
potential differences in altitude selection due to varia-
tions in weather conditions available during the flight. In
spring, early-season low-altitude migration might reflect
movements of mainly short-distance migrants such as
starlings (Sturnus vulgaris), skylarks (Alauda arvensis)
and redwings (Turdus iliacus). The peaks of low-altitude
migration later in the season could come from the long-
distance flights of waders from Africa, nearly reaching
their stopover area in the Wadden Sea (Lensink et al.,
2002; Shamoun-Baranes et al., 2010). Based on the
seasonal phenology of migration in the region, the low-
altitude migration peak early in autumn might also come
from waders, for example, bar-tailed godwits (Limosa lap-
ponica), redshanks (Tringa totanus), and greenshanks
(Tringa nebularia) (Lensink et al., 2002). We may also be
measuring predominantly local movements of birds like
gulls this time of year (McLaren et al., 2016). Besides
yearly phenology, nightly phenology in spring drives alti-
tude distributions in the region, with birds flying at low
altitudes at the beginning and at the end of the night,
which reflects their departures at sunset and arrivals in
the second part of the night before sunrise (Doren &
Horton, 2018; Sjöberg et al., 2017).

Luchterduinen location generally had a higher fraction
of low-altitude migrants than Borssele (Figure 5), and
birds were flying at lower altitudes when crossing this
location in both seasons (Figure 2). These local differences
in flight altitudes could reflect distinct migration axes that
short and long-distance migrants use in the region
(Lensink et al., 2002), and the availability of supportive
wind conditions for the migration direction in which they
want to go (Bradari�c et al., 2020; Buurma, 1995; Lack,
1959). For example, short-distance migrants that cross the
North Sea from the Netherlands to the United Kingdom at
Luchterduinen might fly lower to minimize the effect of
negative WA and reduce the flight costs when navigating
an ecological barrier (Grönroos et al., 2012). On the con-
trary, long-distance migrants, which might not be picked
up at Luchterduinen location as much due to flying more
inland, might cross Borssele when migrating toward SW,
making use of increased WA at slightly higher altitudes
(Kemp et al., 2013).

When flying over land in mid-latitudes, birds avoid
altitudes with low temperatures (Kemp et al., 2013), and
early radar studies indicate the so-called “ceiling effect”
of the temperature on flight altitudes over the North Sea,

where birds were climbing to altitudes with temperatures
just below the freezing level (Eastwood, 1967). With this
in mind, we expected that birds would fly lower with
lower average temperature as temperature generally
decreases with altitude (Appendix 6). Our models showed
that in addition to WA and day of year, temperature
affects altitude distribution in the North Sea basin in both
seasons. However, the effect is much lower in compari-
son to the above-mentioned predictors and, therefore,
probably of low biological relevance. While other studies
found an influence of cloud cover on migration altitude
(Eastwood, 1967; Eastwood & Rider, 1965), our results do
not identify this as a driving factor relative to the other
environmental variables. However, it is worth noting that
high cloud cover was rarely observed during our study
period (Appendix 6).

The variance explained by our model (65% in spring
and 69% in autumn) indicates that the effects of the
included predictors cannot fully explain the low-altitude
migration ratio over the North Sea and that other factors
might be involved. Flight altitude distributions can result
from complex, interlinked factors that include birds' spe-
cies and type of flight (Shamoun-Baranes et al., 2006),
birds' physiological condition (Liechti et al., 2000), and as
of recently, man-made obstacles (Desholm, 2009). Our
models did not account for all these factors or their inter-
dependence; due to their complex nature, more data with
broader temporal coverage might be needed to capture
such relationships. While combinations of radar observa-
tions and our models could not capture the full extent of
such an intricate system, RMSE values of our model
predictions indicate that these predictors add a valuable
contribution to our understanding of the occurrence of
low-altitude flights and their drivers in the North Sea
basin, especially in spring.

As mentioned earlier, the North Sea basin is targeted
for wind energy expansion. Studies at sea and on land
show that the effect of the turbines on birds' mortality
through collisions and barrier effect can be substantial
(Desholm, 2009; Drewitt & Langston, 2008; Hüppop
et al., 2016; Marques et al., 2014; Therkildsen et al.,
2021). Turbine height is expected to increase, with new
turbines reaching 300 m at the rotor tip. These tall struc-
tures substantially influence the aerial environment,
which is increasingly recognized as an environment that
requires conservation (Bauer et al., 2019; Lambertucci &
Speziale, 2021). The call for aerial conservation action is
partly due to vertical human structures such as wind tur-
bines. Different measures are being developed to combat
the adverse effects of wind turbines, especially for migra-
tory birds (Desholm, 2009; May et al., 2020).

One of the strategies to reduce the risk of collision
between migratory birds and offshore wind turbines that
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are currently being adopted in the Netherlands is wind
turbine curtailment during nights of intense migration.
In order to reduce the impact on the energy market while
optimizing the conservation effect, wind turbine curtail-
ment will be triggered by bird migration forecasts, a strat-
egy already deployed by military aviation to reduce
collisions between birds and aircraft (van Belle
et al., 2007; van Gasteren et al., 2019). Our study shows
that existing and new turbines will largely overlap with
the altitudes at which migrants fly over the North Sea in
both spring and autumn. However, migratory birds
in autumn seem to be at greater risk of collision due to
the lower flight altitudes on more migration nights, espe-
cially nights of intense migration. While our study shows
that, on average, migration occurs at low altitudes, we
observed hourly variation in altitude distributions, which
is in part influenced by wind conditions, day of year,
hour after sunset and radar location. Improving our
understanding of variation in altitude distribution can
reduce the risk of unnecessary turbine curtailment on
nights of intense migration when birds are expected to fly
above turbine height while maximizing the conservation
impact.
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