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1 SUMMARY 

With the advent of offshore wind facilities in the German Exclusive Economic Zone (EEZ) nocturnal 

bird migration in these areas has increasingly come into focus. Nocturnally migrating passerines are 

often considered to be particularly vulnerable to collisions with offshore wind turbines. Detailed 

information on the spatial and temporal patterns of nocturnal migration is of pivotal importance to 

assess potential impacts of offshore wind farms (OWFs) on these birds especially since direct data 

on bird collisions at offshore turbines are still lacking. 

Radar devices are widely used to quantify nocturnal bird movements. This method is also an integral 

part of the migration monitoring programs required for environmental impact assessments and 

effect studies during construction and operation of German OWFs. Here, we used data from ten 

offshore locations in the North Sea and two locations in the Baltic Sea collected over a time period 

of nine years (2008 – 2016) to determine spatial and temporal patterns of nocturnal bird migration 

in the German EEZ. 

Migration intensities (MTRs) showed high day-to-day, inter-annual and between-site variation. 

There was little evidence that MTRs varied to any extent between the pre- and post-construction 

periods. However, most radar sites were situated up to 3 km outside the wind farm perimeters and 

hence might have been too far away to detect potential responses of the birds. 

Migration intensities peaked in April and October. The seasonal pattern in fall varied between sites 

in the North and Baltic Sea. In the Baltic, MTRs were highest in August and September, but reached 

their maximum in the North Sea in October, presumably indicating differences in the main migra-

tory species involved in the two regions. 

With a mean correlation coefficient rho of 0.48 the spatial correlation of migration intensities across 

all study years and locations was relatively high. Correlation strength decreased only slightly with 

increasing distance between sites in the North Sea but was substantially higher within the North 

Sea than between the North and Baltic Sea. This suggests that short-term migration patterns were 

largely independent between the two regions. Similarly, events of mass migration, defined as mi-

gration intensities >500 MTR, rarely occurred simultaneously at sites in the North and Baltic Sea. 

Overall, migration intensities in the Baltic were about 10% higher than in the North Sea, yet this 

pattern varied depending on the altitude range and time period considered. Within the North Sea 

our results supported the notion of a gradient of migration intensities with distance to shore. MTRs 

were significantly lower at sites further offshore compared to sites closer to shore. 

Radars recorded bird migration from sea level to 1000 m altitude. Within this range 35% of all flights 

were detected below 200 m altitude supporting a number of studies reporting a general prevalence 

of low flight heights of nocturnal migrants at sea. Flight heights differed between regions and sea-

sons. In spring, mean flight height in the Baltic was significantly lower than in the North Sea while 

the opposite was true in fall. Additionally, at North Sea sites mean flight height was about 100 m 

higher in spring compared to fall which might be related to seasonal differences of synoptic wind 

conditions. Wind conditions may also account for the fact that flight height at North Sea sites de-

creased with increasing distance to shore, at least in fall. 
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We found that flight heights were positively related to migration intensities. In nights with high 

migration intensities flight height tended to be higher than in nights with low migration activity. 

This might be the consequence of an increase of both migration activity and flight altitude in re-

sponse to favorable migration conditions. Furthermore, flight heights varied systematically within 

the course of the night. At the end of the night, birds flew on average 70 m lower than at its begin-

ning. The reasons for this pattern remain speculative but may be related to an increasing proportion 

of birds preparing to land. 

Migration intensities observed by radar and the number of flight call of nocturnal migrants, rec-

orded simultaneously at the same sites, were positively correlated. Correlations were strongest in 

October and November when most of the migrating species, such as thrushes, are known to be 

vocally active. 

MTRs showed a strong diurnal pattern. Migration intensities increased sharply shortly after sunset 

and peaked before midnight. MTRs decreased again in the second half of the night. Daytime migra-

tion intensity was highest within the first few hours after sunrise. The seasonal variation of this 

pattern in different parts of the North Sea was in accordance with the expectation that most noc-

turnal migrants commence migration from coastal areas around sunset. 

Finally, we estimated the total number of radar signals (as a proxy for bird movements) passing the 

footprints of all 23 German OWFs that are currently operational or under construction each spring 

and fall at rotor height at 24 million. Despite several sources of uncertainty, this result suggests that 

bird movements at the scale of millions are to be expected at rotor height during the operational 

phase of offshore wind farms in the North and Baltic Sea. 
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2 INTRODUCTION 

The majority of migratory birds, particularly passerines, migrate during the night (ALERSTAM 1990, 

2009; BERTHOLD et al. 2003). In contrast to diurnal migrants which often concentrate along physical 

features of the landscape such as coastlines and which avoid crossing open water, movements of 

nocturnally migrating birds are usually spread over wide areas, a pattern called broad-front migra-

tion. On these movements nocturnal migrants regularly fly over large expanses of water like the 

North and Baltic Sea. 

With the development of offshore wind farms (OWF) in the German Exclusive Economic Zone (EEZ) 

of the North and Baltic Sea, nocturnal migration in these areas has increasingly come into focus. 

The risk of collision of birds with wind turbines is generally regarded as one of the main potential 

impacts of offshore wind developments on wildlife. 

Nocturnally migrating birds are often considered as specifically vulnerable to collision with wind 

turbines or other anthropogenic structures (LONGCORE et al. 2008, 2012). This risk is thought to be 

further increased by inclement weather (rain, fog, poor visibility) and the illumination of the struc-

tures (AVERY et al. 1977; EVANS OGDEN 1996; GEHRING et al. 2009). However, despite the fact that the 

first OWFs have been operational for more than 10 years, information on the collision risk of noc-

turnal migrants at OWFs is still scarce. There is strong evidence that nocturnally migrating passer-

ines constitute a large proportion of collision fatalities at illuminated offshore structures such as 

platforms where large numbers of birds may collide in single nights (MÜLLER 1981; HÜPPOP et al. 

2009, 2016; AUMÜLLER et al. 2011; SCHULZ et al. 2013). On the other hand, there is an increasing 

number of studies suggesting that nocturnal migrants incur a rather low risk of collision at onshore 

wind facilities (GRÜNKORN et al. 2009, 2016; KRIJGSVELD et al. 2009; WELCKER et al. 2017; but see 

ASCHWANDEN et al. 2018). Whether the collision risk of nocturnal migrants at OWFs is similar to that 

at onshore wind farms or rather resembles that at other offshore structures remains an open ques-

tion. 

This is also due to the fact that nocturnal migration, particularly at sea, is notoriously difficult to 

observe. One method increasingly applied is the use of radar. Several different radar systems exist 

that are suitable to record bird migration (EASTWOOD 1967; BRUDERER 1997; VAN BELLE et al. 2007; 

HÜPPOP et al. 2009; DOKTER et al. 2011; ASSALI et al. 2017; WEISSHAUPT et al. 2018). Most of these 

systems allow the quantification of nocturnal migration throughout or for large parts of the height 

zone birds are known to migrate in. The accuracy of these data and the comparability between 

systems, however, is still debated (WENDELN et al. 2007; SCHMALJOHANN et al. 2008; DOKTER et al. 

2013a; MAY et al. 2017; URMY & WARREN 2017; LIECHTI et al. 2018; PHILLIPS et al. 2018; NILSSON et al. 

2018). A common property of all radar devices is that they cannot distinguish between species. 

For environmental impact assessments as well as subsequent effect monitoring during construction 

and operation of OWF in the German EEZ, wind farm developers are required to use marine sur-

veillance radars to collect data on nocturnal bird migration. Radars are operated from vessels or 

platforms close to or within the (planned) footprint of the OWFs. Technical specifications of the 

devices as well as the main settings are largely standardized by a standard (StUK) issued by the 

German Federal Maritime and Hydrographic Agency (Standard – Investigation of the impacts of 

offshore wind turbines on the marine environment; BSH 2013). Data collected within this frame-

work were the basis for this study. 
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Since the start of OWF developments in Germany several studies have been conducted in order to 

increase our understanding of patterns of nocturnal migration in the German EEZ. However, these 

studies were often restricted to one or few study sites and usually spanned only a limited time 

period (e.g. HÜPPOP et al. 2004, 2006, 2009; OREJAS et al. 2005; BELLEBAUM et al. 2010; SCHULZ et al. 

2013, 2014). Therefore, inference about spatial patterns was often difficult and uncertainties re-

mained as to the consistency of observed patterns in time. 

In this study we merged the radar data collected within the StUK framework (BSH 2007, 2013) from 

12 wind farm sites within the German EEZ from a time period of 9 years. The main aims of the study 

were to determine temporal and spatial patterns of nocturnal bird migration in the German North 

and Baltic Sea with respect to migration intensities and flight heights and to compare patterns be-

tween the two regions. In addition, results from radar data were compared with those from record-

ings of bird flight calls. Data of flight calls, collected at similar sites and time periods, were analyzed 

and reported earlier (WELCKER & VILELA 2018).  

This report was prepared within the ProBIRD study (“Prognose des regionalen und lokalen Vo-
gelzugs und des kumulativen Vogelschlagrisikos an Offshore-Windenergieanlagen”) funded by the 

Federal Ministry for the Environment, Nature Conservation, and Nuclear Safety (BMU) and sup-

ported by the Federal Maritime and Hydrographic Agency of Germany (BSH). 
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3 MATERIALS & METHODS 

3.1 Data collection 

Radar data were collected at 10 locations in the German EEZ in the south-eastern North Sea (Ger-

man Bight) and at two locations in the Baltic Sea during the years 2008 – 2016 (Figure 3.1). The 

different locations were sampled in different years during that period and for different lengths of 

time (Table 3.1). Only at one location (FINO1) were data collected during all years of the study pe-

riod. In total the dataset comprised 51 location-years of data (Table 3.1). 

 

 

Figure 3.1 Location of the study sites in the EEZ of the German North and Baltic Sea. 

The data used in this study were collected within bird migration monitoring programs as part of 

pre-construction environmental impact assessments as well as effect studies during the construc-

tion and operational phases of offshore wind farms (Table 3.1). Four different companies partici-

pated in data collection. As methods to collect radar data had to comply with requirements issued 

by the Federal Maritime and Hydrographic Agency (BSH) as detailed in BSH (2013) data collection 

was standardized across the different companies involved. 

Within each year data acquisition was restricted to the main migration period in spring and fall 

which were defined as the time between 01/03 – 31/05 (spring) and 15/07 – 30/11 (fall). Data were 

predominantly collected during ship-based surveys during which the vessels were anchored within 

or close (approx. 500 m) to the footprint of the projected wind farm (baseline) or outside the safety 

buffer zone (500 - 3000 m) of wind farms under construction or in operation. At locations and dur-

ing time periods where suitable platforms were available these were used as radar sites. This was 

the case at FINO1 (2008-2016), FINO3 (2011-2016), Cluster Helgoland (OSS MSO, 2015-2016) and 

at Butendiek (2016). FINO1 and FINO3 are located > 1 km outside the nearest wind farm; OSS MSO 

is situated centrally within the wind farm while the OSS Butendiek is located at the eastern border 
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of the wind farm. Ship-based surveys were carried out for approx. 7 days per month while radars 

on platforms ran continuously during the migration periods. 

Marine surveillance radars from different manufacturers with the antennas tilted vertically were 

used at all study sites. The technical specifications of the radars were in accordance with require-

ments of the StUK (BSH 2007, 2013). The main features of the radars were: power output: 25 kW; 

frequency: X-band, 9.41 GHz; horizontal beam width: 0.95° - 1.3°; vertical beam width: 20° - 24° and 

pulse length: 0.07 – 0.5 µs. As an exception, a 12 kW X-band radar was used on the FINO1 platform. 

The main settings were also standardized by StUK. Rain and sea clutter filters were deactivated as 

these functions may also remove bird signals. The reception gain of the radar was set to the highest 

possible value which would not lead to interference by static (approx. 70% gain in most cases). The 

radar range was set to 1,500 m; the target trail function was set to 25 – 60 s afterglow. Thus, each 

radar signal was displayed with a trail of its positions during the afterglow period leading to char-

acteristic bird tracks. At regular intervals (3-5 min depending on project/year) a screenshot of the 

radar screen was stored on a hard disk or server. The vertical, horizontal and absolute distance to 

the radar of all radar signals considered to represent a bird track was recorded using purpose-built 

software. Screenshots with rain clutter masking bird signals were omitted from the analysis. 

 

Table 3.1 Study sites and sample sizes of the data sets used in this study. In addition, seasons (spring or 

fall) with available data and the developmental phase of the wind farms during data collection 

(B – baseline, C – construction, O – operation) is given. 

Location 
Radar 

(output 
power) 

N spring, N fall N nights Years with data Phase (years) 

Albatros 25 kW 2 , 2 124 2008 - 2009 B (2) 

Amrumbank West 25 kW 2 , 2 112 2011 - 2012, 2014 B (2); C (1) 

Baltic 2 25 kW 4 , 5 244 2010, 2013 - 2016 B (1); C (3); O (2) 

Butendiek 25 kW 3 , 3 276 2011, 2014 - 2016 B (1), C (2), O (1) 

Cluster Helgoland 25 kW 2 , 2 424 2015 - 2016 O (2) 

FINO1 12 kW 9 , 9 1772 2008 - 2016 B (1), C (1), O (7) 

FINO3 25 kW 4 , 5 788 2011, 2013 - 2016 B (1), C (2), O (2) 

Global Tech I 25 kW 5 , 6 301 2009, 2012 - 2016 B (1), C (3), O (2) 

Cluster 12 25 kW 2 , 2 118 2009 - 2010 B (2) 

Meerwind 25 kW 3 , 5 181 2010 - 2014 B (2), C (3) 

Nordsee Ost 25 kW 3 , 4 211 2010, 2012 - 2014 B (1), C (3) 

Wikinger 25 kW 2 , 3 154 2014 - 2016 B (2), C (1) 

TOTAL  41 , 48 4705 2008 - 2016 
B (16), C (19), 

O (16) 
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3.2 Data analysis 

The probability of a bird being detected by radar depends on a variety of factors (BRUDERER 1997). 

Most importantly, detectability depends strongly on the distance of the object to the radar. To cor-

rect for distance-dependent detectability, we applied a distance sampling approach as detailed in 

HÜPPOP et al.(2006) and WELCKER et al. (2017). This approach is based on the assumption that the 

horizontal distribution of migrating birds at sea is uniform. The actual distribution of signals in rela-

tion to the horizontal distance from the radar is therefore thought to reflect the distance-depend-

ent detectability of birds. We selected all radar signals between 50 m and 150 m altitude for the 

whole range of 1,500 m (Figure 3.2) and determined the detection function following BUCKLAND et 

al. (2001). We fitted models with half-normal and hazard-rate key functions with and without cosine 

series expansions up to the fifth order and selected the best model based on Akaike’s information 
criterion (AIC). Radar signals were then corrected based on this detection function (Figure 3.3). Dis-

tance correction was done for all radar devices and time periods separately. 

 

Figure 3.2 Illustration of the raw radar signals from one year of observations at one radar site. The grey 

semicircle represents the detection range of 1500 m, the white box is the area from which radar 

signals were used to calculate MTRs. All signals (black dots) within the altitude range 50 – 150 m 

(blue rectangle) were used for modelling the distance-dependent detection probability. 

 

Based on the corrected number of signals, mean migration traffic rates (MTRs – signals*km-1*h-1) 

were calculated for each hour of data for which at least three valid screenshots were available. All 

signals within 1,000 m horizontal distance from the radar were included (Figure 3.2). MTRs were 

calculated for three different altitude ranges: (i) from sea level to 1,000 m a.s.l.; (ii) from sea level 

to 200 m a.s.l.; and (iii) for the specific rotor diameters of the wind farms adjacent to each radar 

site (see chapter 3.2.7 and Tab. A 3). 
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Hourly MTRs were then averaged to derive mean MTRs per night given that hourly values for at 

least 75% of the duration of the night were available. Night was defined as the time period between 

civil evening twilight and civil morning twilight. 

 

Figure 3.3 Exemplary illustration of a detection function fitted to two years of data from a radar site. 

Inspection of the raw radar signals revealed problems in some data sets. The distribution of radar 

signals from FINO1 differed noticeably from all other sites. This could be attributed to the fact that 

at this site a radar device with different power output (12 kW instead of 25 kW) was used. The 

signal distribution led to very high correction factors when correcting for distance-dependent de-

tectability which in turn resulted in considerably higher mean MTRs (see Results, Table 4.1 and Tab. 

A 1). Raw data from two other sites, FINO3 and Butendiek during the operational phase, showed 

intermittent interferences, presumably with parts of the platforms the devices were installed on, 

and with the wind turbines itself (Butendiek), that could not be corrected for. Therefore, data from 

FINO1, FINO3 and Butendiek (operational phase) were included in analyses comparing relative 

MTRs only (seasonal pattern (chapter 4.1) and spatial correlation (chapter 4.2)) but were omitted 

from all other analyses. 
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3.2.1 Seasonal pattern 

To determine the general seasonal pattern of nocturnal migration in the German EEZ of the North 

and Baltic Sea, we calculated mean standardized migration intensities for each Julian day (night). 

Migration intensities were log-transformed and standardized across years and sites to avoid uneven 

leverage of single years or nights with high flux rates. The seasonal pattern was plotted as a three-

day moving average and as monthly boxplots. 

3.2.2 Spatial correlation of migration intensities 

To calculate the correlation of migration intensities between sites we first selected all nights with 

simultaneous observations in at least two different locations. We then calculated the correlation 

coefficient rho based on Spearman’s rank correlation for each pair of sites and years with at least 
five nights of simultaneous observations. To determine the spatial variation of the correlation 

strength we regressed the correlation coefficients rho against the spatial distance between the lo-

cations for which rho was calculated. The sample size of the pairwise correlations was included as 

weights in the regression analysis. This analysis was done for MTRs based on the whole altitude 

range and repeated for MTRs up to 200 m height. 

3.2.3 Mass migration 

We evaluated the possibility to derive a data-driven definition of ‘mass migration’. To this end we 
examined histograms and cumulative plots of migration intensities for signs of a bimodal distribu-

tion or any other distribution that would allow the definition of a cut-off value to distinguish be-

tween ‘mass migration events’ and ‘ordinary’ migration intensities. 

 

 

Figure 3.4 Histogram of mean migration intensities [MTR] (left panel) and log-transformed migration in-

tensities (right panel) per night. 
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The distribution of the raw nocturnal flux rates was highly right-skewed, log-transformation re-

sulted in a roughly normal distribution of the data (Figure 3.4). However, both distributions were 

continuous and did not show signs of bimodality (Figure 3.3 and Figure 3.4) and hence the definition 

of ‘mass migration’ had to be derived independently of the distribution of the data. 

We arbitrarily chose the cut-off value for ‘mass migration’ at 500 MTR. ‘High migration intensities’ 
were defined as > 250 MTR (Figure 3.5). These cut-off values were exceeded in 6.3% and 15.0% of 

the nights, respectively. These values were applied to data from all study sites. 

We then tested whether the occurrence of mass migration was correlated across locations. To do 

so we estimated the effect of distance among sites on the probability of coincidence of mass mi-

gration and high migration intensities as defined above by fitting a generalized linear model with 

binomial error distribution and logit link function. 

 

 

Figure 3.5 Left panel: cumulative MTR [%] per time [%]. Two values are indicated: 45% of radar signals 

were recorded in 5% of the nights; 80 % of the radar signals were recorded in 22% of the nights. 

Right panel: Mean migration intensities per night sorted in ascending order to illustrate the 

definition of ‘mass migration’ (500 MTR) and ‘high migration intensities’ (250 MTR).  

 

3.2.4 Spatial gradients 

We tested for a systematic difference in migration intensities between the German EEZ of the North 

Sea and the EEZ of the Baltic Sea, and for a gradient with distance to shore within the North Sea. To 

determine differences between the North and Baltic Sea we ran paired non-parametric Wilcoxon 

tests on migration intensities from nights for which simultaneous observations were available from 

both areas. Tests were run for spring and fall separately, for the combined data and for a subset 

restricted to simultaneous observations from the same lab. This was done for MTRs of the whole 
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altitude range and for MTRs up to 200 m. Similarly, to determine the gradient with distance to shore 

within the North Sea paired Wilcoxon tests were used to compare simultaneously observed MTRs 

at sites closer and further away from shore. Additionally, we ran least-squares linear regressions 

between the difference in migration intensities between sites and the difference in distance to 

shore between these sites. Simultaneous observations with migration intensities of zero at both 

sites were excluded prior to the analysis. 

3.2.5 Flight height 

For the analysis of flight heights, mean flight height per hour of observation in each project was 

calculated based on the number of radar signals corrected for distance-dependent detectability. 

Mean flight height per night was derived from the mean hourly values. Nights with less than five 

raw radar signals were excluded from further analysis. 

We tested for differences in mean flight height between seasons (spring vs. fall) and between re-

gions (North Sea vs. Baltic Sea) with an ANOVA including the sum of (corrected) radar signals per 

night as weights. To determine whether flight height varied with distance to shore within the North 

Sea we ran linear regressions between the difference in flight height between sites and the differ-

ence in distance to shore between those sites. This was done for spring and fall separately. In addi-

tion, a linear regression of flight height on flux rates was fitted with season and region as explana-

tory variables to test for systematic variation of flight heights with migration intensities. Finally, we 

examined changes of flight height in the course of the night. To do this, we partitioned each night 

in four parts of equal length depending on civil dusk and civil dawn at each location. We then com-

pared the mean flight height in each part of the night using ANOVA. 

3.2.6 Correlation between migration intensities and call rates 

Data of bird flight calls from the same locations and time periods as the radar data were used to 

determine whether call rates of nocturnal migrants and migration intensities estimated by radar 

were correlated. Details on the flight call data and the calculation of mean call rates per night can 

be found in WELCKER & VILELA (2018). 

We ran linear regressions of mean MTR per night on mean flight call rate of simultaneous observa-

tions at the same sites on a log-log scale. Zeros were removed from the dataset. Season was added 

as a factor variable to test for differences in correlation strength between spring and fall. Again, 

models were run for MTRs calculated for the whole altitude range (up to 1000 m) and for MTRs 

below 200 m. A second set of models was fitted for spring and fall separately with month included 

as a continuous explanatory variable. In addition, non-parametric Spearman rank correlations were 

run on the data including zeros to determine whether the exclusion of zeros in the linear models 

was likely to affect conclusions. 

3.2.7 Diurnal pattern 

To determine the diurnal pattern of bird migration at the offshore sites migration, intensities were 

re-calculated based on standardized hours with sunrise set at 06:00 h and sunset at 18:00 h. For 
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each site and season mean MTR was then calculated for each standardized hour of the day. Results 

were plotted based on relative MTR [%] per hour of the day to allow for a direct comparison of the 

diurnal pattern between spring and fall. 

3.2.8 Estimation of total number of radar signals 

We estimated the total number of birds passing through German OWF each spring and fall based 

on the number of radar signals. For each operational wind farm in the EEZ of the North and Baltic 

Sea and for each OWF currently under construction the number of radar signals passing through 

the footprint of the wind farm at altitudes up to 1000 m, up to 200 m and at the specific rotor height 

of each wind farm was calculated as follows: 

The total number of signals per night for each night with observations and each site was calculated 

by multiplying the mean MTR per night with the length of the night [h] and the maximum extension 

of the wind farm [km] perpendicular to the assumed main migration axis (45° and 225° in spring 

and fall, respectively) of the birds. All available nightly totals from all study years for a specific wind 

farm and season were then taken as the underlying data from which 10,000 bootstrap samples with 

replacement were drawn, each sample the length of the respective season (92 days in spring [01/03 

– 31/05] and 138 days in fall [15/07 – 30/11]). Then the total sum of signals of each bootstrap 

sample was calculated and the mean of the 10,000 sums taken as the estimated number of signals 

per season. 95% confidence intervals were derived from the 2.5th and the 97.5th percentile of the 

bootstrap samples. The same procedure was applied to data collected during daytime in order to 

derive total estimates for diurnal bird movements. 

Not for all focal wind farms data was available. For these wind farms data from the closest radar 

site(s) was used for bootstrap sampling instead (Tab. A 3). 
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4 RESULTS 

Nocturnal migration intensities showed a high day-to-day variability. In addition, mean migration 

intensities were highly variable across years and sites (Table 4.1 and Tab. A 1). These two factors 

explained 18% of the variance of nocturnal MTRs. Overall, there seemed to be a systematic differ-

ence between the different labs involved in data collection (LM, F2, 1615 = 25.59, p < 0.001). However, 

“lab” explained only a small fraction of the variance in MTRs (R2 = 0.03). Similarly, there was a slight 

but statistically significant effect of the developmental stage of the wind farms (LM, F2, 1615 = 3.40, 

p = 0.034). During construction, mean MTR was about 8% lower compared to baseline (t = -2.55, 

p = 0.011), yet there was no difference between operation and baseline (t = -0.78, p = 0.435). Also, 

the explanatory power of the factor “stage” was very low (R2 = 0.004). 

Table 4.1 Mean migration intensities (MTR, log-transformed ±SE) at the study sites during the different 

developmental stages of the wind farms (baseline, construction and operation). 

Site 

Baseline Construction Operation 

mean log 
MTR 

SE 
mean log 

MTR 
SE 

mean log 
MTR 

SE 

ABW 1.41 ±0.12 1.35 ±0.11   

Albatros 1.14 ±0.06     

Baltic2 1.34 ±0.16 1.48 ±0.08 1.57 ±0.09 

Butendiek 1.29 ±0.10 1.38 ±0.09 0.51 ±0.07 

Cluster 12 1.59 ±0.07     

Cluster Helgoland     1.53 ±0.05 

FINO1 2.37 ±0.04 2.36 ±0.05 2.53 ±0.02 

FINO3 0.77 ±0.09 0.49 ±0.04 0.45 ±0.05 

GT1 1.67 ±0.11 0.76 ±0.09 1.53 ±0.08 

MSO 2.48 ±0.09 1.78 ±0.06   

NSO 2.02 ±0.09 1.61 ±0.06   

Wikinger 1.73 ±0.08 2.22 ±0.11   

Total* 1.58 ±0.03 1.45 ±0.04 1.54 ±0.04 

* Totals for wind farm stages were calculated excluding data from FINO1, FINO3 and Butendiek operation. See text for details. 

 

4.1 Seasonal pattern of bird migration 

Within both the spring and fall migration periods a clear temporal pattern of nocturnal bird migra-

tion was evident (Figure 4.1 and Figure 4.2). During spring migration intensities increased through-

out March, reached a peak in early/mid-April (maximum value: 09/04) and decreased again during 

May (Figure 4.1). Correspondingly, monthly median MTRs were higher in April compared to March 

and May (Figure 4.2). This spring pattern was similar in both the North and Baltic Sea (Figure 4.3). 
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Figure 4.1 Seasonal pattern of migration intensities (MTR [migration traffic rate]) in the German EEZ of 

the North and Baltic Sea. Migration intensities were standardized between years and projects 

and plotted as 3-day moving average. 

During fall, migration intensities increased slightly from mid-July until mid-September. Highest val-

ues were reached between end of September and early November (maximum: 12/10). In Novem-

ber migration intensities were highly variable yet the number of days with data was considerably 

lower than during the other months of the season (Figure 4.1). 

The temporal pattern within the fall migration period showed differences between the North and 

Baltic Sea. At North Sea sites, migration intensities were generally low at the beginning of the sea-

son in July and August, peaked in October and remained relatively high in November (Figure 4.3). 

In contrast, at sites in the Baltic, median MTRs were highest in August and September and de-

creased in October and November. 
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Figure 4.2 Monthly nocturnal migration intensities [MTR] in the German EEZ of the North and Baltic Sea. 

Box plots indicate the median (bold black bar) and the interquartile range (box), the whiskers 

extend to the most extreme data points which are no more than 1.5 times the interquartile 

range. Grey circles represent the monthly means.  

 

 

Figure 4.3 Comparison of the monthly nocturnal migration intensities [MTR] between the North Sea (left 

panel) and the Baltic Sea (right panel). See Figure 4.2 for details. 
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4.2 Spatial correlation of migration intensities 

With a mean correlation coefficient rho of 0.48 ± 0.02 SE (N = 199 correlations) the spatial correla-

tion of migration intensities across all study years and locations was relatively high. However, the 

strength of the correlation was significantly higher between sites within the North Sea than be-

tween sites across the North and Baltic Sea (Table 4.2). This was the case for both spring and fall. 

Due to the limited dataset from the Baltic, comparisons within the Baltic Sea were not possible. 

There was no difference in correlation strength between the seasons (overall: Wilcoxon rank tests, 

W = 5282, P = 0.265, North Sea only: W = 1900, p = 0.30). 

Generally, the correlation strength of MTRs below 200 m altitude was slightly lower than for the 

whole altitude range (0.40 ±0.02 SE vs. 0.48 ±0.02 SE, W = 22330, p = 0.028). Else, the same patterns 

with respect to regional and seasonal differences were evident for the data limited to 200 m alti-

tude (Table 4.2) 

 

Table 4.2 Mean correlation coefficients (Spearman’s rank correlation coefficient rho) for correlations of 

migration intensities between sites within the North Sea and between sites across the North 

and Baltic Sea. In addition, sample sizes (number of correlations within the North Sea and be-

tween the North and Baltic Sea, respectively) and the p-value of Wilcoxon rank tests are given. 

Altitude range Season 
Mean rho 
North Sea 

N North Sea 

Mean rho 
Baltic/North 

Sea 

N Baltica p 

0 – 1000 m 

spring 0.61 59 0.21 25 <0.001 

fall 0.54 72 0.31 43 <0.001 

total 0.57 131 0.27 68 <0.001 

0 – 200 m 

spring 0.48 59 0.21 25 0.007 

fall 0.51 72 0.24 43 <0.001 

total 0.50 131 0.23 68 <0.001 

 

During fall the strength of the spatial correlation of migration intensities between sites in the North 

Sea depended on the distance between locations (Figure 4.4). Correlation strength decreased sig-

nificantly with increasing distance. This was also the case when limiting the data to altitudes up to 

200 m (Figure 4.5). During spring results were ambiguous. While for MTRs up to 200 m altitude 

there was a tendency for decreasing correlation strength with increasing distance, there was no 

such relationship for MTRs of the whole altitude range (Figure 4.4 and Figure 4.5). 

When including data from the Baltic Sea the relationships became highly significant during both 

spring and fall and for both altitude ranges (Figure A. 1). The effect of distance on correlation 

strength also remained when reducing the data to the same developmental stage of the wind farm 

(baseline, construction, operation) and when only correlations based on data collected by the same 

lab where included (Figure A. 2). 
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Figure 4.4 Relationship between distance between sites and the correlation of migration intensities (Spear-

man’s rank correlation coefficient rho) for spring (upper panel) and fall (lower panel). Correla-

tion coefficients were calculated based on days with simultaneous observations of each pair of 

projects and years. The number of days a coefficient is based on is indicated by symbol size 

(minimum number of days = 5). Left panel: linear regression for data from the North Sea; right 

panel: mean correlation coefficient [± SE] for North Sea sites (open symbol) and for comparisons 

between North and Baltic Sea (filled symbols). 
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Figure 4.5 Relationship between distance between sites and the correlation of migration intensities up to 

200 m altitude (Spearman’s rank correlation coefficient rho) for spring (upper panel) and fall 

(lower panel). For details see Figure 4.4 and Materials & Methods. 

 

4.3 Correlation of mass migration 

The probability of simultaneous occurrence of high migration intensities decreased significantly 

with increasing distance between sites in the North Sea in fall (Figure 4.6, GLM: z = -2.25, p = 0.024) 

but not in spring (Figure 4.6, GLM: z = -1.11, p = 0.269). During fall, the predicted probability of 

coincidence was about 0.7 – 0.8 for sites in close proximity but declined to about 0.2 at 100 km 

distance between sites. Including data from the Baltic led to similar results (Figure 4.7) with a sig-

nificant relationship with distance in fall (GLM: z = -3.19, p = 0.001) but not spring (GLM: z = -0.33, 

p = 0.744). 

The analysis of simultaneous occurrence of events of mass migration corroborated these results 

(Figure A. 3). 
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Figure 4.6 Relationship between the distance between sites and the predicted probability [± SE] of coinci-

dence of high migration intensities at these sites in spring (left panel) and fall (right panel). Data 

restricted to North Sea only. Predicted probabilities are based on generalized linear models with 

binomial error structure (see text for further details). Filled symbols represent distances be-

tween sites at which high migration intensities coincided, open symbols distances at which high 

migration intensities did not coincide. 

 

 

Figure 4.7 Relationship between the distance between sites and the predicted probability [± SE] of coinci-

dence of high migration intensities at these sites in spring (left panel) and fall (right panel). Data 

from North and Baltic Sea. Predicted probabilities are based on generalized linear models with 

binomial error structure (see text for further details). Filled symbols represent distances be-

tween sites at which high migration intensities coincided, open symbols distances at which high 

migration intensities did not coincide. 
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4.4 Spatial gradients in the German EEZ 

4.4.1 Gradient between North and Baltic Sea 

The comparison of simultaneously measured MTRs between sites in the North and Baltic Sea 

showed mixed results. Overall, there was a significant difference of migration intensities between 

regions with median MTRs in the Baltic being about 10% higher than in the North Sea (Figure 4.8, 

paired Wilcoxon rank test: V = 23032, p = 0.013, N = 280). Results for spring (10% difference) and 

fall (11% difference) and also for the analysis restricted to data collected by the same lab (14% 

difference) were similar, although statistical significance was only reached in fall (Figure 4.8). 

Comparisons of MTRs below 200 m altitude showed different results (Figure 4.9). Here there was a 

pronounced difference in spring with MTRs in the Baltic being 26% higher than in the North Sea 

(V = 4277, p = 0.002). In contrast there was no difference in fall (V = 6714, p = 0.829) indicating dif-

ferences in mean flight heights between seasons and regions (see chapter 4.5). 

In addition, the difference in migration intensities between regions varied within seasons (Table 

4.3). In spring, migration intensities in the Baltic were higher in April and May while they were 

higher in the North Sea in March. There was also a strong monthly pattern in fall with higher MTRs 

in the Baltic in August and September but lower MTRs in October and November compared to the 

North Sea. There was no difference in July (Table 4.3). 
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Figure 4.8 Comparison of migration intensities (MTR, log transformed) simultaneously measured in the 

Baltic and North Sea. Box plots indicate the median (bold black bar) and the interquartile range 

(box), the whiskers extend to the most extreme data points which are no more than 1.5 times 

the interquartile range, open symbols indicate values outside 1.5 times the interquartile range. 

Additionally, the results of paired Wilcoxon rank-sum tests (*** p < 0,001; ** p < 0,01; * p < 

0,05; - p > 0,05) and the sample size of paired observations are given above the box plots. Re-

sults are shown separately for spring (lower left panel) and fall (lower right panel), as well as 

for comparisons restricted to the same lab responsible for data collection (upper right panel) 

and for all data combined (upper left panel). 
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Figure 4.9 Comparison of migration intensities at altitudes up to 200 m (MTR, log transformed) simulta-

neously measured in the Baltic and North Sea. Box plots indicate the median (bold black bar) 

and the interquartile range (box), the whiskers extend to the most extreme data points which 

are no more than 1.5 times the interquartile range, open symbols indicate values outside 1.5 

times the interquartile range. Additionally, the results of paired Wilcoxon rank-sum tests (*** p 

< 0,001; ** p < 0,01; * p < 0,05; - p > 0,05) and the sample size of paired observations are given 

above the box plots. Results are shown separately for spring (lower left panel) and fall (lower 

right panel), as well as for comparisons restricted to the same lab responsible for data collection 

(upper right panel) and for all data combined (upper left panel). 
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Table 4.3 Difference in mean nocturnal MTR (log-transformed) between sites in the North and Baltic Sea 

for each month. Negative values indicate higher mean MTR in the North Sea. Only nights with 

simultaneous observations in both regions were included. Sample size (number of nights) and 

results of Wilcoxon rank tests comparing monthly MTRs between regions are given. 

Month N nights 

δ log MTR 
between Baltic and 

North Sea 

p 
Wilcoxon 
rank test 

δ log MTR below 
200 m 

between Baltic and 
North Sea 

p 
Wilcoxon 
rank test 

March 31 -0.35 0.004 -0.20 0.033 

April 51 0.43 0.014 0.54 0.001 

May 27 0.38 0.016 0.50 0.011 

July 17 0.39 0.174 0.28 0.284 

August 30 0.49 0.003 0.23 0.171 

September 54 0.50 <0.001 0.25 0.061 

October 35 -0.35 0.014 -0.32 0.025 

November 30 -0.28 0.032 -0.49 0.004 

 

4.4.2 Gradient with distance to shore within the North Sea 

There was evidence for a gradient of nocturnal migration intensities with distance to shore within 

the North Sea. A comparison of MTRs measured simultaneously at two sites showed that migration 

intensities at the site closer to shore were on average higher than at the site further offshore (Figure 

4.10; V = 39496, p < 0.001). This was also the case when seasons were analyzed separately, and for 

data restricted to the same lab (Figure 4.10). In addition, results did not differ for MTRs below 200 m 

altitude (Figure A. 4), or when distance to shore was measured perpendicular to the main migration 

axis (NE – SW) (Figure A. 5). 
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Figure 4.10 Comparison of migration intensities (MTR, log transformed) simultaneously measured at two 

different sites in the North Sea with different distances to shore. Box plots indicate the median 

(bold black bar) and the interquartile range (box), the whiskers extend to the most extreme data 

points which are no more than 1.5 times the interquartile range, open symbols indicate values 

outside 1.5 times the interquartile range. Additionally, the results of paired Wilcoxon rank-sum 

tests (*** p < 0,001; ** p < 0,01; * p < 0,05; - p > 0,05) and the sample size of paired observations 

are given above the box plots. Results are shown separately for spring (lower left panel) and fall 

(lower right panel), as well as for comparisons restricted to the same lab responsible for data 

collection (upper right panel) and for all data combined (upper left panel). 

 

 



Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 
 

 

25 
 

 

Figure 4.11 Relationship of the difference in migration intensities between two sites and their difference in 

distance to shore. The results of a linear regression are given above the plot. Left panel: during 

spring migration; right panel: during fall migration. 

Furthermore, there was a significant negative relationship between the difference in migration in-

tensities between sites and the difference in distance to shore for both spring and fall (Figure 4.11). 

This suggests that MTRs declined with increasing distance to the mainland. Again, these results did 

not differ for MTRs below 200 m altitude (Figure A. 6) and were independent of the way distance 

to shore was measured (Figure A. 7). Due to the low number of simultaneous observations and 

limited distance range models restricted to data from the same lab were not informative. 

 

4.5 Patterns of flight height 

Flight heights of nocturnal migrants were unequally distributed within the range of 0 – 1000 m al-

titude (Figure 4.12). Overall, birds preferred to fly in the altitude band within 200 m above the sea 

surface (Table 4.4). The proportion of birds flying at low altitudes varied to some extent between 

seasons and regions. In the North Sea, the proportion of movements below 200 m was substantially 

higher in fall compared to spring while there was only a trivial difference between seasons in the 

Baltic Sea (Figure 4.13). 
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Figure 4.12 Distribution of flight heights [%] of nocturnal migrants in the German EEZ of the North and Baltic 

Sea in spring (left panel) and fall (right panel). 

 

 

Figure 4.13 Comparison of the distribution of flight heights [%] of nocturnal migrants between the North 

Sea (upper panels) and the Baltic Sea (lower panels) in spring (left panels) and fall (right panels). 
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Table 4.4 Proportion [%] of radar signals at altitudes below 200 m and below 500 m in spring and fall in 

the German EEZ of the North and Baltic Sea. 

 
spring fall total 

< 200 m < 500 m < 200 m < 500 m < 200 m < 500 m 

North Sea 23.4 50.7 40.7 66.1 34.7 60.8 

Baltic Sea 31.8 58.0 31.2 62.3 31.4 60.7 

Total 24.7 51.9 39.4 65.6 34.2 60.8 

 

Correspondingly, the difference in mean flight height between regions depended on the migration 

season (LM, F3, 2100 = 136.5, p < 0.001). In spring, mean flight height was significantly higher in the 

North Sea than in the Baltic (LM, β = 66.3, t = 6.59, p < 0.001). In contrast, in fall mean flight height 

was significantly higher in the Baltic compared to the North Sea (β = -51.5, t = -5.38, p < 0.001). 

Within the Baltic flight altitude did not differ between seasons (t = 0.55, p = 0.585; Figure 4.14). 

 

 

Figure 4.14 Comparison of the mean flight height per night [m] ±SE between regions (North Sea vs. Baltic 

Sea) and between seasons (spring vs. fall) 

With respect to a gradient in flight altitude with distance to shore within the North Sea results 

differed between seasons. In spring, there was no relationship between the difference in mean 
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flight height measured simultaneously at two sites and their difference in distance to shore (Figure 

4.15). In contrast, a significant negative relationship between δ flight height and δ distance indi-
cated decreasing flight heights with increasing distance to shore in fall (Figure 4.15). 

 

 

Figure 4.15 Relationship of the difference in mean flight height [m] between two sites and their difference 

in distance to shore. The results of a linear regression are given above the plot. Left panel: during 

spring migration; right panel: during fall migration. 

Overall, there was a strong positive relationship between migration intensity and mean flight alti-

tude (Figure 4.16, β = 0.71, t = 14.73, p < 0.001). Mean flight height increased with increasing mi-

gration intensity. However, the relationship varied with season and region (Figure A. 10). The in-

crease in flight height with increasing MTR was significantly steeper in spring compared to fall in 

both regions (t = 4.86, p < 0.001). In addition, there was a significant interaction between season 

and region (t = 3.73, p < 0.001) reflecting differences in mean flight height between regions and 

seasons (see also Figure 4.14). 
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Figure 4.16 Relationship between flight height [m, sqrt-transformed] and migration intensity [MTR, log-

transformed]. 

 

Moreover, there was a strong pattern of decreasing flight altitudes in the course of the night (LM, 

F3, 9332 = 75.99, p < 0.001). Flight height decreased continuously throughout the night with mean 

flight height being 75.6 m lower during the final quarter of the night compared to the first (Figure 

4.17). 
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Figure 4.17 Differences in mean flight height [m ±SE] in the course of the night. 

 

4.6 Correlation between migration intensities and call rates 

Migration intensities measured by radar and rates of bird flight calls recorded simultaneously at the 

same sites were positively correlated (Figure 4.18, LM: t = 9.75, p < 0.001, R2 = 0.11). The relation-

ship differed significantly between seasons with a steeper slope in fall compared to spring (Figure 

4.18, t = 2.73, p = 0.007). Results for MTRs below 200 m altitude were very similar with a moder-

ately better model fit (Figure 4.18, t = 11.30, p < 0.001, R2 = 0.16). 

Non-parametric correlations including zeros confirmed results of the regression analysis 

(rho = 0.42, p < 0.001). Also, correlation was higher in fall (rho = 0.44) compared to spring 

(rho = 0.39). Fitting linear regressions for the different study months separately showed that coef-

ficients of determination were highest at the end of the fall season (Table 4.5). 
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Figure 4.18 Relationship between migration intensity [MTR, log-transformed] and call rates [calls/h, log-

transformed]. Left panel: MTRs calculated for whole altitude range (0 – 1000m), right panel: 

MTRs up to 200 m altitude. 

 

Table 4.5 Parameter estimate (slope, β ± SE) and coefficient of determination (R2) for linear least-squares 

regression of MTRs on bird call rates for each month of the spring and fall migration periods. 

MTRs were calculated for the altitude range up to 1000 m and for altitudes up to 200 m. 

Month 
MTR (altitude up to 1000 m) MTR (altitude up to 200 m) 

β ± SE R2 β ± SE R2 

March 0.22 ± 0.06 0.11 0.15 ± 0.06 0.06 

April 0.35 ± 0.06 0.17 0.18 ± 0.07 0.05 

May 0.31 ± 0.07 0.12 0.32 ± 0.09 0.14 

July 0.32 ± 0.12 0.11 0.32 ± 0.16 0.13 

August 0.34 ± 0.08 0.12 0.19 ± 0.12 0.03 

September 0.36 ± 0.06 0.19 0.26 ± 0.07 0.11 

October 0.44 ± 0.05 0.37 0.46 ± 0.05 0.38 

November 0.52 ± 0.09 0.25 0.46 ± 0.09 0.25 

 

4.7 Diurnal pattern of bird migration 

Migration intensities showed a clear diurnal pattern. Nocturnal MTRs increased steeply after sunset 

and reached a peak before midnight (Figure 4.19). During the second half of the night MTRs de-

creased continuously until sunrise. Diurnal migration intensities were generally much lower than 

MTRs during the night. Diurnal MTRs were highest shortly after sunrise and decreased until noon. 
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This general pattern was similar in both migration periods and at all study sites (Figure 4.20, Figure 

A. 12 and Figure A. 13). 

However, there were some gradual differences between seasons depending on the geographic lo-

cation of the sites (Figure 4.20). At sites in the northern German Bight the onset and peak of noc-

turnal migration was 2-3 h earlier in fall compared to spring. At sites in the central German Bight 

this seasonal difference was reduced, while the pattern was reversed in the southern part of the 

German Bight. In this area, the onset and peak of nocturnal migration was earlier in spring com-

pared to fall. In the Baltic, patterns in spring and fall were similar. 

 

Figure 4.19 Diurnal pattern of migration intensities [%] in the German EEZ of the North and Baltic Sea. The 

time of day was standardized with sunrise (SR) being set at 06:00 and sunset (SS) at 18:00. The 

overall mean is indicated by a dotted line. See Chap. 3.2.7 for more details. 
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Figure 4.20 Diurnal pattern of migration intensities [%] in spring (black line) and fall (red line) at different 

areas in the German EEZ. The time of day was standardized with sunrise (SR) being set at 06:00 

and sunset (SS) at 18:00. The overall mean is indicated by a dotted line; N is the number of nights 

the pattern is based on. See Chap. 3.2.7 for more details. 

 

4.8 Estimation of total number of radar signals 

The total number of bird movements (radar signals) annually passing through the footprints of all 

operational wind farms and wind farms currently under construction in the German EEZ during the 

migration periods was estimated at about 98 million for all altitudes up to 1000 m, at about 34 

million up to 200 m altitude and at 24 million for the specific rotor heights of the wind farms (Table 

4.6). Generally, the estimated number of signals was higher during the night than during the day 

due to mostly higher nocturnal MTRs. Also, total numbers in fall were higher than in spring, partic-

ularly at rotor height (Table 4.6), reflecting higher mean MTRs, lower mean flight heights and the 

generally longer migration season in fall. Due to the high day-to-day variation as well as high inter-

annual variation of MTRs, 95% confidence intervals were high (Table 4.6).  
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Table 4.6 Estimated annual total number [±95% CI] of radar signals during spring (01/03 – 31/05) and fall 

(15/07 – 30/11) and during day and night for offshore wind farms in the German EEZ. See chap-

ter 3.2.8 for more details. 

season 
day/ 
night 

signal number 
0 - 1,000 m [±95%CI] 

signal number 
0 - 200 m [±95%CI] 

signal number 
rotor height [±95%CI] 

spring 

day 
20,646,347 

[9,232,496 – 52,330,990] 
5,644,512 

[3,967,058 – 7,965,277] 
3,821,754 

[2,692,345 – 5,539,734] 

night 
23,565,445 

[14,551,191 – 35,104,276] 
5,642,674 

[3,875,095 – 7,715,610] 
4,167,725 

[2,835,123 – 5,761,216] 

total 
44,211,792 

[23,783,688 – 87,435,266] 
11,287,187 

[7,842,153 – 15,680,886] 
7,989,479 

[5,527,468 – 11,300,950] 

fall 

day 
18,153,255 

[13,617,692 – 23,637,509] 
7,601,567 

[5,864,082 – 9,765,790] 
5,330,372 

[4,103,307 – 6,864,830] 

night 
35,431,012 

[22,516,695 – 51,668,773] 
14,780,264 

[9,357,216 – 21,538,625] 
10,960,915 

[6,893,278 – 16,148,536] 

total 
53,584,267 

[36,134,387 – 75,306,281] 
22,381,830 

[15,221,298 – 31,304,415] 
16,291,287 

[10,996,585 – 23,013,366] 

overall 
total 

day and 
night 

97,796,059 
[59,918,074 – 162,741,547] 

33,669,017 
[23,063,451 – 46,985,301] 

24,280,766 
[16,524,053 – 34,314,316] 
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5 DISCUSSION 

In this study we could comprehensively analyze radar data on nocturnal bird migration from 12 

different sites in the German North and Baltic Sea. Together with the fact that our data spanned a 

time period of nine years this gave us the unprecedented opportunity to determine general pat-

terns of the intensity of nocturnal bird movements in these offshore areas as well as patterns of 

flight height. A better understanding of these patterns is of pivotal importance to assess and predict 

potential impacts of offshore wind farms on nocturnal migrants. 

Data collection was standardized across the different parties involved by a detailed description of 

the methods issued by BSH (BSH 2007, 2013). Nonetheless, several sources of variability remained 

that inevitably led to high heterogeneity of the data. Firstly, a variety of marine surveillance radars 

from different manufacturers were used at different sites and time periods. The general technical 

specifications and settings were provided by StUK and were with few exceptions (see chap. 3.2) 

complied with at all sites. However, data processing of the radars is effectively a black box and 

differences in detectability of birds are likely to occur between different devices of otherwise simi-

lar technical specifications. This is also reflected in the detection function fitted to correct for dis-

tance-dependent detectability which varied considerably between different devices. A dedicated 

calibration of radars from different manufacturers has not been done yet (WENDELN et al. 2007). 

Secondly, many different people from four different labs were involved in analyzing the screenshots 

in the course of the study. Although bird tracks are usually easy to identify, screenshots occasionally 

leave room for interpretation. Due to limited exchange between the labs involved and the impos-

sibility to validate radar signals this may lead to additional variability in the data. 

Furthermore, data were collected during different phases of the wind farm development (baseline, 

construction, operation). Birds are known to respond to OWFs in various ways (DIERSCHKE et al. 

2016; WELCKER & NEHLS 2016). With respect to nocturnal migrants, however, little is known about 

the sign (attraction vs. avoidance) and the magnitude of the response and several factors such as 

weather conditions, illumination scheme, distance to turbines and species may all play an important 

role (MARQUES et al. 2014; SCHULZ et al. 2014). 

The generally high day-to-day variation of migration intensities in combination with a high degree 

of confounding between labs and OWF stages made it difficult to determine systematic differences 

between the developmental stages of the OWFs and the labs involved in data collection. Pooling all 

available data suggested that the lab responsible for data collection had a small but significant ef-

fect on MTRs. Also, MTRs varied with developmental phase with MTRs being slightly lower during 

construction compared to baseline but no difference between baseline and operation. However, 

lab explained only about 3.0%, developmental phase 0.4% of the variance in the data. This suggests 

that although these factors have added noise to the data a strong effect on results seems unlikely. 

Several explanations may account for the negligible overall effect of stage on MTRs. The response 

of nocturnal migrants may be context-dependent and differ with weather conditions, time of day 

or species involved. In some situations birds may be attracted, e.g. attraction to illuminated struc-

tures during poor visibility or inclement weather, in other situations (e.g. during favorable migration 

conditions) birds may avoid OWFs. Alternatively, radar sites (anchoring positions or platform loca-

tions) were - with few exceptions - located between approx. 0.5 km and 3 km distance from the 
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construction sites or nearest turbines. As many nocturnal migrants, particularly passerines, are 

likely to respond to turbines at a close range, these distances may have been too large to detect an 

effect of stage. 

The detection probability of a bird by marine surveillance radar is highly distance-dependent. This 

was corrected for by fitting a detection function following a distance sampling approach (BUCKLAND 

et al. 2001; HÜPPOP et al. 2004; WELCKER et al. 2017). As the detection function differed considerably 

between radars from different manufacturers, corrections were done for each device separately. 

To account for potential differences depending on magnetron characteristics or age, distance cor-

rection was also done for each study year or lifetime of a magnetron separately, if the time of mag-

netron exchange was known. 

One general assumption of the distance correction, however, is that the detection probability at its 

maximum is one, i.e. that at this distance all birds are detected. Whether this is true has to the best 

of our knowledge never been tested. Comparisons of relative MTRs of different radar types includ-

ing marine surveillance radars have shown fairly good correspondence of results (FEBI 2013; LIECHTI 

et al. 2018; NILSSON et al. 2018) but a thorough comparison of absolute migration fluxes as recorded 

in this study with dedicated bird radars or other calibration methods is still missing (WENDELN et al. 

2007; URMY & WARREN 2017). A maximum detection probability smaller than 1 would result in un-

derestimation of MTRs. 

On the other hand, the erroneous classification of insects and bats could lead to an overestimation 

of bird migration intensities. In contrast to systems that are able to measure wing beat frequency, 

with marine surveillance radars the distinction between different biological signals can only be 

made by track characteristics. Even though this is usually considered as unproblematic by the radar 

ornithologists involved in track identification, due to the difficulty of ground truthing the possibility 

of misidentification cannot be excluded. As the number of bats recorded at offshore sites is usually 

low (HÜPPOP et al. 2009; SCHULZ et al. 2013) contamination with insect signals has a higher potential 

impact on calculated MTRs, especially during the summer months. 

Hence, MTRs presented in this study have to be regarded as a relative measure of migration inten-

sities.  

5.1 Seasonality 

The pooled data showed a strong seasonal pattern with peak migration intensities in early April and 

mid-October. This is in good correspondence with earlier studies in the region (OREJAS et al. 2005; 

VAN BELLE et al. 2007; FEBI 2013; SCHULZ et al. 2013; FIJN et al. 2015; KRIJGSVELD et al. 2015). While in 

spring the general pattern was similar in the North and Baltic Sea, in fall migration intensities in the 

Baltic peaked earlier compared to the North Sea. 

The vast majority of nocturnal migrants in the study area are passerines. Radar studies measuring 

wing beat frequency reported a proportion of songbirds between 75-90% with most of the remain-

ing signals being unidentified (SCHULZ et al. 2013, 2014). The difference in the seasonal pattern in 

fall may be related to differences in passerine species composition in the two regions. The peak in 

August/September in the Baltic is probably caused by long-distance migrants such as sylviid and 

Acrocephalidae warblers, leaf warblers (Phylloscopus spec.) and Old World flycatchers 
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(Muscicapidae), of which the willow warbler (Phylloscopus trochilus) may play the most important 

role as it is the single most common nocturnal migrant breeding in Scandinavia (SCHULZ et al. 2013; 

BIRDLIFE INTERNATIONAL 2018). The part of the breeding population of these species migrating over 

the North Sea might be substantially smaller than the proportion crossing the Baltic Sea. This notion 

is supported by data from collision fatalities at research platforms. Leaf warblers constituted 35% 

of all carcasses found at FINO2 in the Baltic (SCHULZ et al. 2013) but only 0.9% at FINO1 in the North 

Sea (HÜPPOP et al. 2009). However, it has to be kept in mind that the seasonal pattern in the Baltic 

Sea reported in this study is based on data from two sites only. Data from a larger number of sites 

is necessary to corroborate these results. 

5.2 Spatial correlation 

Overall, nocturnal migration intensities were strongly correlated within the German EEZ as ex-

pected under the assumption of broad-front migration as the predominant migration behavior of 

migratory passerines in the area. The actual correlation of flux rates might be even higher as noise 

caused by different radar devices, labs and personnel involved in data collection may have reduced 

correspondence of MTRs across sites. The correlations of MTRs below 200 m altitude were only 

slightly lower compared to MTRs of the whole altitude range suggesting that changes in flight height 

occurred largely simultaneously at the different locations. 

In fall correlation strength within the North Sea decreased with increasing distance between sites. 

However, the decline was small (from a correlation coefficient of about 0.7 at sites in close proxim-

ity to about 0.5 between sites 150 km distant) indicating that migration patterns within the North 

Sea varied relatively little across space. In contrast, correlations between sites across the North and 

Baltic Sea were much weaker suggesting regional differences in migration activity and indicating 

the spatial limitations of broad-front migration patterns. 

This pattern within the North Sea deviates from results of flight call intensities (WELCKER & VILELA 

2018). Call rates of waders and thrushes showed strong declines of correlation strength with in-

creasing distance between sites in both spring and fall. Call rates are to a larger degree dependent 

on local conditions such as visibility, cloud cover or precipitation (FARNSWORTH 2005; HÜPPOP & 

HILGERLOH 2012; HORTON et al. 2015; WELCKER & VILELA 2018). In addition to flight height these factors 

may influence the propensity of birds to utter flight calls and thus cause higher variation among 

sites. This may also explain why correlations of MTRs derived from radar data were generally higher 

than those of call intensities (WELCKER & VILELA 2018). 

 

5.3 Mass migration 

The term ‘mass migration’ is often used describing migration events where flux rates seem strikingly 

high. The term is also used in approval documents of German OWFs where incidental provision 21 

regulates potential measures to be taken by the wind farm operators in the event of mass migra-

tion. However, a definition of mass migration in terms of a threshold flux rate is still missing. Here 

we tested whether mass migration can be defined based on the distribution of the data. 
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The distribution of the raw data of nocturnal migration intensities was highly right-skewed; log-

transformation resulted in an approximately normal distribution. As there was no indication of a bi-

modal or multi-modal distribution it was not possible to derive a threshold value to separate events 

of mass migration based on the distribution of the data (see chap. 3.2.3). This was similar to the 

flight call data which was also continuously distributed and did not allow the determination of a 

data-driven cut-off value to distinguish mass migration. Hence, the definition of mass migration is 

essentially arbitrary and needs to be based on considerations other than data distribution. 

For the purpose of this study we defined mass migration when a mean migration intensity of 

500 MTR was exceeded. This applied to about 6% of the nights. The threshold value for ‘high mi-
gration intensities’ was set at 250 MTR (15% of the nights). These values were solely chosen as to 

facilitate our analysis of the simultaneous occurrence of high rates of nocturnal migration in the 

study area. For other purposes these cut-off values are unlikely to be meaningful. 

The likelihood of coincidence of high migration intensities decreased with increasing distance be-

tween sites in the North Sea, particularly in fall. The estimated probability for simultaneously high 

MTRs was close to 0.8 for sites less than 20 km apart but declined to <0.2 when distance between 

sites was >100 km. Hence, the effect of distance on the coincidence of mass migration was stronger 

than on the general correlation of flux rates. This could be related to a gradient of migration inten-

sities with distance to shore in the North See (see chap. 4.4.2). Migration intensities at sites further 

offshore tend to be lower and, consequently, the probability of them exceeding an absolute thresh-

old value is also lower compared to sites closer to shore. Hence, our data suggest that mass migra-

tion in the German EEZ is often a rather local event, at least when a fixed threshold value is applied 

to define mass migration. 

5.4 Spatial gradient 

The number of nocturnally migrating passerines passing over the western Baltic Sea has been esti-

mated to be larger than the number of birds migrating over the North Sea (OREJAS et al. 2005; 

BELLEBAUM et al. 2010; BSH 2014, 2015). Therefore one would predict higher mean migration inten-

sities in the Baltic than in the North Sea. All data pooled, our results support this hypothesis with 

median MTRs being about 10% higher in the Baltic compared to the North Sea. However, when 

analyzing the data in more detail, the situation appears more complex. 

With respect to MTRs below 200 m altitude, the difference between the Baltic and the North Sea 

was considerably larger in spring but absent in fall. This different pattern can be explained by dif-

ferences in flight height (see chap. 4.5) with birds on average flying higher in the North than the 

Baltic Sea in spring but vice versa in fall. Furthermore, in correspondence with differences in sea-

sonal patterns, the difference in MTRs between regions varied among months. In the North Sea 

MTRs were higher in March, October and November while the opposite was true for all other 

months. Differences in the timing of migration and the species involved are likely to account for 

this pattern (see chap. 5.1). Together, these results suggest that while overall migration intensities 

are higher in the Baltic compared to the North Sea, this pattern might be reversed depending on 

the altitude range and time period considered. 
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Within the North Sea our results unambiguously suggest a gradient of migration intensities with 

distance to shore. Comparisons of MTRs measured simultaneously at different locations showed 

consistently higher migration intensities closer to shore. Additionally, our data suggest a negative 

relationship between MTR and distance to shore which was independent of the altitude range con-

sidered and the way distance to shore was measured. Such a gradient has often been hypothesized. 

For diurnal migration, previous studies have shown higher migration intensities along the coast 

than at offshore locations (HÜPPOP et al. 2009). Yet, due to a paucity of data evidence for this hy-

pothesis for nocturnally migrating birds was scarce (JELLMANN 1977; KNUST et al. 2003; BSH 2015). 

However, the sites included in our analysis covered only the inner part of the German EEZ in the 

North Sea. The maximum difference in distance to shore between sites was 90 km; the maximum 

absolute distance to shore was 110 km. Whether the pattern of decreasing nocturnal migration 

intensities holds also for areas of the EEZ further away from shore remains to be demonstrated. 

5.5 Flight height 

Flight height is one of the most important factors affecting the collision risk of nocturnal migrants 

at OWFs. Flight height is influenced by a variety of factors, most notably weather conditions. Cloud 

cover, precipitation, as well as wind speed and direction have been identified as important param-

eters (BRUDERER et al. 1995, 2018; DOKTER et al. 2013b; KEMP et al. 2013; SHAMOUN-BARANES et al. 

2017). In our data, collected over several years, the influence of weather is presumably levelled out 

so that flight height distributions reflect the general height preferences of migrating birds in the 

study area. 

In total about 35% of all flights occurred below 200 m altitude. This proportion is presumably a 

conservative estimate as due to sea clutter close to the sea surface the detection probability of very 

low flying birds is reduced (BELLEBAUM et al. 2010). On the other hand, radars in this study recorded 

bird migration only up to 1000 m altitude. Previous studies have shown that bird migration in the 

study area takes place in heights up to 4000 m with the proportion above 1000 m reaching up to 

30% in some nights (JELLMANN 1979; FEBI 2013; SCHULZ et al. 2013, 2014; BRUDERER et al. 2018). 

Several earlier studies have reported a similar preference for flight heights below 200 m in coastal 

and offshore areas of the North and Baltic Sea with its proportion varying between 25-50% (ZEHNDER 

et al. 2001; OREJAS et al. 2005; HÜPPOP et al. 2006; BELLEBAUM et al. 2010; SCHULZ et al. 2013; BRUDERER 

et al. 2018). Nocturnal migrants generally seem to favor low altitudes and do not necessarily in-

crease flight height even if optimal conditions prevail at higher altitudes (KEMP et al. 2013). This has 

been related to the time and energy costs of reaching higher altitudes (LIECHTI et al. 2000), including 

potentially higher water loss (KLAASSEN 2004), lower oxygen partial pressure and a decrease in lift 

(PENNYCUICK 2008). 

Flight height differed between seasons and regions. In the North Sea, mean flight height was ap-

prox. 100 m higher in spring compared to fall. Similar results have been reported previously 

(EASTWOOD & RIDER 1965; JELLMANN 1989; OREJAS et al. 2005). Seasonal differences in synoptic con-

ditions, particularly with respect to wind support, may account for this pattern (DOKTER et al. 2013b; 

SHAMOUN-BARANES et al. 2017). With prevailing westerly and south-westerly winds in the study area 

in spring, birds may encounter favorable wind conditions more often than in fall, and birds tend to 

fly lower with headwinds. For example, DOKTER et al. (2013b) showed that in temperate Europe 
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wind conditions with high altitude optima for nocturnal migration almost exclusively occurred dur-

ing spring. Conversely, in fall, westerly winds, usually increasing with altitude, favor low flight alti-

tudes (BRUDERER et al. 2018). 

In contrast to the situation in the North Sea, we did not find a difference in mean flight height 

between seasons in the Baltic. Comparable radar data from other studies is scarce. BELLEBAUM et al. 

(2010), SCHULZ et al. (2013) and FEBI (2013) present data from both spring and fall showing no ap-

parent difference in flights height distributions between seasons, but none of these studies explic-

itly compares mean heights. IFAÖ (2010) found a lower proportion of birds flying below 200 m in 

spring of one but not the other study year. HÜPPOP et al. (2004) reported no difference in flight 

height between seasons on the island of Rügen but higher flight heights in fall compared to spring 

on Fehmarn. Despite high interannual variation, these studies seem to confirm the lack of a con-

sistent seasonal difference in flight heights in the Baltic Sea. What drives the difference in seasonal 

flight heights between the North and Baltic Sea remains unknown. 

Within the North Sea we found that flight heights decline with increasing distance to shore, at least 

in fall. Some earlier evidence suggest that nocturnal migrants fly lower over the sea compared to 

the coast (EASTWOOD & RIDER 1965; BRUDERER & LIECHTI 1998). Our results indicate that flight heights 

may further decrease the further offshore birds migrate. Wind conditions may play an important 

role in this pattern (OREJAS et al. 2005). 

There was also a strong positive relationship between flight heights and migration intensities. 

Hence, when migration intensity is high, the proportion of low flying birds may be smaller than 

during nights with low migration intensities. This might be related to the fact that migration activity 

and flight altitude both increase when conditions for migration are favorable (HÜPPOP et al. 2004, 

2009; BELLEBAUM et al. 2010; KEMP et al. 2013; SHAMOUN-BARANES et al. 2017). 

Flight height also varied systematically within the course of the night. Mean flight height was high-

est during the first part of the night and decreased continuously as the night progressed. At the end 

of the night flight height was about 70 m lower than at the beginning. A similar pattern has previ-

ously been described (BRUDERER & LIECHTI 1998; FORTIN et al. 1999; ZEHNDER et al. 2001; HÜPPOP et al. 

2004). The reasons for this pattern are not quite clear. Nocturnal migrants usually climb relatively 

quickly to their preferred flight altitude during the first hours after onset of migration (BRUDERER et 

al. 1995; ZEHNDER et al. 2001). The following decrease in flight height corresponds to a similar de-

cline in migration intensities (FORTIN et al. 1999; ZEHNDER et al. 2001; HÜPPOP et al. 2004, 2009; KEMP 

2012; see also chap 4.7). As most migrants commence migration within two hours after sunset this 

suggests that birds often do not migrate throughout the night but start to land after a few hours 

aloft (BRUDERER & LIECHTI 1998). Hence, the decrease of flight altitudes in the course of the night 

might reflect an increasing proportion of birds preparing to land. 

5.6 Correlation between migration intensities and call rates 

Overall, migration intensities and flight call rates, recorded simultaneously at the same sites 

(WELCKER & VILELA 2018), were positively correlated although unexplained variance was high 

(R2 = 0.11). As can be expected from the fact that flight calls are mostly audible within a distance of 

200-300 m, the correlation was higher with MTRs below 200 m altitude(R2 = 0.16). This corresponds 
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well with results from FARNSWORTH et al. (2004) who reported similar relationships for simultaneous 

radar observations and recordings of flight calls in the eastern US. Thus, while migration intensity 

may be an essential driver of flight call rates other factors account for the largest part of the varia-

tion (WELCKER & VILELA 2018). 

One of these factors is the species composition of migrants at a specific time period. Correlations 

between migration intensities and call rates were higher in October and November than earlier in 

the fall migration period. Many of the long-distance migrating passerines that reach their peak mi-

gration in August and September do not emit flight calls (e.g. Sylviid and Acrocephalidae warblers, 

leaf warblers). Therefore, many of the birds recorded by radar in this time period may not be rep-

resented in flight call recordings. In contrast, many of the short-distance migrants such as thrushes 

that dominate the species composition of nocturnal migrants in October and November are vocally 

active. 

5.7 Diurnal pattern 

MTRs showed a strong diurnal pattern which was largely similar at all sites and corresponded well 

with results from earlier studies (JELLMANN 1977; FORTIN et al. 1999; ZEHNDER et al. 2001; FIJN et al. 

2015). The steep increase of MTRs within two hours after sunset as well as the peak before midnight 

reflects the fact that most nocturnal migrants start migration at or shortly after sunset. It also sug-

gests that the bulk of migrants crossing the North and Baltic Sea start from coastal areas as other-

wise peak migration would be expected later during the night. As MTRs decline throughout the 

second half of the night an increasing proportion of birds seem to avoid crossing a large body of 

water as the night progresses. This has also been shown for the Mediterranean where FORTIN et al. 

(1999) reported increasing landward migration in the course of the night at several coastal loca-

tions. 

The seasonal differences of the pattern in different parts of the German Bight are likely driven by 

the distance of the offshore sites in relation to the start-off areas of most migrants. In fall, sites in 

the northeastern German Bight are relatively close to coastal areas of western Denmark from 

where, assuming a south-westerly migration direction, most nocturnal migrants crossing the North 

Sea are likely to start from. Correspondingly, MTRs at these sites increase sharply within the first 

hour after sunset. In contrast, in spring, when most birds are expected to start from coastal areas 

in north-western Germany and north-eastern Netherlands, the increase and peak of migration oc-

curs 3-4 h later at these northeastern sites. This time difference matches the difference in distance 

from potential start-off areas to the offshore locations. Accordingly, this pattern was reversed at 

sites in the southern German Bight. At sites in the Baltic there was no seasonal difference in the 

onset and peak of nocturnal migration. Both study sites in the Baltic were situated roughly centrally 

between the coast of southern Sweden and north-eastern Germany. Hence there was no difference 

in distance to potential start-off sites. 

5.8 Estimates of the total number of radar signals 

Based on the estimated MTRs, the spatial extent of the wind farms and the duration of the migra-

tion periods in spring and fall (according to StUK), we estimated the total number of radar signals 

(as a proxy for bird movements) annually passing the footprint of all operational wind farms and 
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wind farms currently under construction in the German EEZ. We derived estimates for both daytime 

and nocturnal migration. As discussed above these estimates are likely to be conservative as it is 

unlikely that all birds were detected even at the range of the radar with the highest detection prob-

ability. In addition, other factors affect detectability (SCHMALJOHANN et al. 2008; see also above). 

Estimates for daytime migration are subject to further uncertainties. First, in contrast to nocturnal 

migrants diurnally migrating birds often fly in flocks. Depending on flock size and the size of the 

birds, and due to the limited spatial resolution of the radar these will often be represented by only 

a single radar signal. The number of diurnal bird movements will therefore be further underesti-

mated. Additionally, diurnal radar signals are less representative of bird migration as they are likely 

to contain a larger proportion of movements of resident seabirds. 

Our radar data was collected during baseline, construction and the operational phase of OWFs and 

radar sites were almost exclusively located outside the footprint of the wind farm. Any response of 

nocturnal migrants to the presence of the wind farms, which is likely to occur at close range to the 

structures, is therefore not reflected in the data (see also above). As discussed above, whether 

nocturnal migrants largely avoid or are attracted to OWFs is still debated (SCHULZ et al. 2014), but 

these responses would affect the number of bird movements within the wind farm perimeter. 

Given these sources of uncertainty, we estimated a total of 24.3 million bird movements at rotor 

height during the migration periods each year in the 23 wind farms considered. One other estimate 

has been published so far. Using a dedicated bird radar, FIJN et al. (2015) calculated a total of 1.6 

million bird echoes at rotor height at a Dutch offshore wind farm throughout a whole year. Due to 

several reasons, these estimates are not directly comparable. In contrast to our study, FIJN et al. 

(2015) used a different radar device that applied an internal algorithm to identify bird signals. In 

addition, there were differences in rotor and turbine dimensions, wind farm size as well as the time 

period for which the number of bird signals were estimated. Nonetheless both studies confirm that 

bird movements at the scale of millions are to be expected at rotor height during the operational 

phase of offshore wind farms in the North and Baltic Sea. 

The majority of the estimated number of bird movements at rotor height (c. 62 % or 15.1 million) 

was recorded during the night. The total number nocturnal passerine migrants has been estimated 

at about 100 million for the North Sea (40 - 150 million; OREJAS et al. 2005; BSH 2015) and at about 

200- 500 million for the western Baltic Sea (BERTHOLD 2000; BELLEBAUM et al. 2010; BSH 2014). These 

values are not directly comparable as our estimates also contain movements of non-migrating birds 

and are subject to a number of other uncertainties (see above). Additionally, our estimate is based 

on the summation of the estimates of single OWFs. Yet, these numbers still suggest that the pro-

portion of birds that pass through an OWF on their nocturnal migration through the German EEZ 

might be considerable. 



Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 
 

 

43 
 

6 LITERATURE 

ALERSTAM, T. (1990): Bird Migration. Cambridge University Press/Cambridge, New York, Melbourne, 
420 Seiten.  

ALERSTAM, T. (2009): Flight by night or day? Optimal daily timing of bird migration. Journal of Theo-

retical Biology 258/4, S: 530–536.  
ASCHWANDEN, J., STARK, H., PETER, D., STEURI, T., SCHMID, B. & LIECHTI, F. (2018): Bird collisions at wind 

turbines in a mountainous area related to bird movement intensities measured by radar. 
Biological Conservation 220, S: 228–236.  

ASSALI, C., BEZ, N. & TREMBLAY, Y. (2017): Seabird distribution patterns observed with fishing vessel’s 
radar reveal previously undescribed sub-meso-scale clusters. Scientific Reports 7/1, S: 7364.  

AUMÜLLER, R., BOOS, K., FREIENSTEIN, S., HILL, K. & HILL, R. (2011): Beschreibung eines Vogelschlagereig-
nisses und seiner Ursachen an einer Forschungsplattform in der Deutschen Bucht. Vogel-

warte 49, S: 9–16.  
AVERY, M., SPRINGER, P. F. & CASSEL, J. F. (1977): Weather influences on nocturnal bird mortality at a 

North Dakota tower. The Wilson Bulletin 89/2, S: 291–299.  
BELLEBAUM, J., GRIEGER, C., KLEIN, R., KÖPPEN, U., KUBE, J., NEUMANN, R., SCHULZ, A., SORDYL, H. & WENDELN, 

H. (2010): Ermittlung artbezogener Erheblichkeitsschwellen von Zugvögeln für das Seege-
biet der südwestlichen Ostsee bezüglich der Gefährdung des Vogelzuges im Zusammen-
hang mit dem Kollisionsrisiko an Windenergieanlagen. Abschlussbericht, Forschungsvorha-
ben des Bundesministeriums für Umwelt, Naturschutz und Reaktorsicherheit (FKZ 
0329948). IfAÖ, LUNG MV/Neu Broderstorf (DEU), S: 333. 

BERTHOLD, P. (2000): Vogelzug. Eine aktuelle Gesamtübersicht. (4., stark überarb. und erw. Aufl. Auf-
lage). Wissenschaftliche Buchgesellschaft/Darmstadt, 280 Seiten. ISBN: 978-3-534-13656-
8. 

BERTHOLD, P., GWINNER, E. & SONNENSCHEIN, E. (Hrsg.) (2003): Avian migration. Springer/Berlin, Hei-
delberg & New York, 610 Seiten.  

BIRDLIFE INTERNATIONAL (2018): Species factsheet: Phylloscopus trochilus.  
BRUDERER, B. (1997): The study of bird migration by radar. Part 1: The technical basis. Naturwissen-

schaften 84/1, S: 1–8.  
BRUDERER, B. & LIECHTI, F. (1998): Flight behaviour of nocturnally migrating birds in coastal areas - 

crossing or coasting. Journal of Avian Biology 29/4, S: 499–507.  
BRUDERER, B., PETER, D. & KORNER-NIEVERGELT, F. (2018): Vertical distribution of bird migration be-

tween the Baltic Sea and the Sahara. Journal of Ornithology 159/2, S: 315–336.  
BRUDERER, B., UNDERHILL, L. & LIECHTI, F. (1995): Altitude choice by night migrants in a desert area 

predicted by meteorological factors. Ibis 137/1, S: 44–55.  
BUNDESAMT FÜR SEESCHIFFFAHRT UND HYDROGRAPHIE (Hrsg.) - BSH (2007): Standard - Untersuchung der 

Auswirkungen von Offshore-Windenergieanlagen auf die Meeresumwelt (StUK 3). Ham-
burg & Rostock (DEU), 58 Seiten.  

BUNDESAMT FÜR SEESCHIFFFAHRT UND HYDROGRAPHIE (Hrsg.) - BSH (2013): Investigation of the impacts 
of offshoe wind turbines on marine environment (StUK4). Hamburg & Rostock (DEU), 86 
Seiten.  

BUNDESAMT FÜR SEESCHIFFFAHRT UND HYDROGRAPHIE (Hrsg.) - BSH (2014): Bundesfachplan Offshore für 
die deutsche ausschließliche Wirtschaftszone der Ostsee 2013 und Umweltbericht. Nr. 
7602, Hamburg & Rostock (DEU), S: 225. 

BUNDESAMT FÜR SEESCHIFFFAHRT UND HYDROGRAPHIE (Hrsg.) - BSH (2015): Bundesfachplan Offshore für 
die deutsche ausschließliche Wirtschaftszone der Nordsee 2013/2014 und Umweltbericht. 
Nr. 7603, Hamburg & Rostock (DEU), S: 195. 

BUCKLAND, S. T., ANDERSON, D. R., BURNHAM, K. P., LAAKE, J. L., BORCHERS, D. L. & THOMAS, L. (2001): In-
troduction to distance sampling estimating abundance of biological populations. (1. 
Auflage). Oxford University Press/Oxford (UK), 452 Seiten.  



 
Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 

 

44 
 

DIERSCHKE, V., FURNESS, R. W. & GARTHE, S. (2016): Seabirds and offshore wind farms in European wa-
ters: Avoidance and attraction. Biological Conservation 202, S: 59–68.  

DOKTER, A. M., BAPTIST, M. J., ENS, B. J., KRIJGSVELD, K. L. & VAN LOON, E. E. (2013a): Bird radar validation 
in the field by time-referencing line-transect surveys. PLOS ONE 8/9, S: e74129.  

DOKTER, A. M., LIECHTI, F., STARK, H., DELOBBE, L., TABARY, P. & HOLLEMAN, I. (2011): Bird migration flight 
altitudes studied by a network of operational weather radars. Journal of the Royal Society 

Interface 8/54, S: 30–43.  
DOKTER, A. M., SHAMOUN-BARANES, J., KEMP, M. U., TIJM, S. & HOLLEMAN, I. (2013b): High altitude bird 

migration at temperate latitudes: a synoptic perspective on wind assistance. PloS one 8/1, 
S: e52300.  

EASTWOOD, E. (1967): Radar ornithology. Methuen & Co Ltd./London (GBR), 278 Seiten.  
EASTWOOD, E. & RIDER, G. (1965): Some radar measurements of the altitude of bird flight. British Birds 

58/10.  
EVANS OGDEN, L. J. (1996): Collision course: the hazards of lighted structures and windows to migrat-

ing birds. World Wildlife Fund Canada & Fatal Light Awareness Programm/Ontario (CAN). 
FARNSWORTH, A. (2005): Flight calls and their value for future ornitholgical studies and conservation 

research. The Auk 122/3, S: 733–746.  
FARNSWORTH, A., GAUTHREAUX, JR., S. A. & VAN BLARICOM, D. (2004): A comparison of nocturnal call 

counts of migrating birds and reflectivity measurements on Doppler radar. Journal of Avian 

Biology 35/4, S: 365–369.  
FEBI (2013): Fehmarnbelt Fixed Link EIA. Bird Investigations in Fehmarnbelt – Baseline. Volume II. 

Waterbirds in Fehmarnbelt. Nr. E3TR0011. 
FIJN, R. C., KRIJGSVELD, K. L., POOT, M. J. & DIRKSEN, S. (2015): Bird movements at rotor heights meas-

ured continuously with vertical radar at a Dutch offshore wind farm. Ibis 157/3, S: 558–566.  
FORTIN, D., LIECHTI, F. & BRUDERER, B. (1999): Variation in the nocturnal flight behaviour of migratory 

birds along the northwest coast of the Mediterranean Sea. Ibis 141/3, S: 480–488.  
GEHRING, J., KERLINGER, P. & MANVILLE, A. M. (2009): Communication towers, lights, and birds: success-

ful methods of reducing the frequency of avian collisions. Ecological Applications 19/2, S: 
505–514.  

GRÜNKORN, T., BLEW, J., COPPACK, T., KRÜGER, O., NEHLS, G., POTIEK, A., REICHENBACH, M., VON RÖNN, J., 
TIMMERMANN, H. & WEITEKAMP, S. (2016): Ermittlung der Kollisionsraten von (Greif-)Vögeln 
und Schaffung planungsbezogener Grundlagen für die Prognose und Bewertung des Kolli-
sionsrisikos durch Windenergieanlagen (PROGRESS). Schlussbericht zum durch das Bundes-
ministerium für Wirtschaft und Energie (BMWi) im Rahmen des 6. Energieforschungspro-
grammes der Bundesregierung geförderten Verbundvorhaben PROGRESS, FKZ 0325300A-
D. S: 332. 

GRÜNKORN, T., DIEDERICHS, A., POSZIG, D., DIEDERICHS, B. & NEHLS, G. (2009): Wie viele Vögel kollidieren 
mit Windenergieanlagen? Natur und Landschaft 2009 84/7, S: 309–314.  

HORTON, K. G., STEPANIAN, P. M., WAINWRIGHT, C. E. & TEGELER, A. K. (2015): Influence of atmospheric 
properties on detection of wood-warbler nocturnal flight calls. International Journal of Bi-

ometeorology 59/10, S: 1385–1394.  
HÜPPOP, O., DIERSCHKE, J., EXO, K. M., FREDRICH, E. & HILL, R. (2006): Bird migration studies and potential 

collision risk with offshore wind turbines. Ibis 148, S: 90–109.  
HÜPPOP, O., DIERSCHKE, J. & WENDELN, H. (2004): Zugvögel und Offshore-Windkraftanlagen: Konflikte 

und Lösungen. Berichte zum Vogelschutz 41, S: 127–217.  
HÜPPOP, O. & HILGERLOH, G. (2012): Flight call rates of migrating thrushes: effects of wind conditions, 

humidity and time of day at an illuminated offshore platform. Journal of Avian Biology 43/1, 
S: 85–90.  

HÜPPOP, O., HILL, R., HÜPPOP, K. & JACHMANN, F. (2009): Auswirkungen auf den Vogelzug - Begleitfor-
schung im Offshore-Bereich auf Forschungsplattformen in der Nordsee (FINOBIRD), Ab-
schlussbericht. Institut für Vogelforschung „Vogelwarte Helgoland“/Helgoland (DEU), S: 
278. 



Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 
 

 

45 
 

HÜPPOP, O., HÜPPOP, K., DIERSCHKE, J. & HILL, R. (2016): Bird collisions at an offshore platform in the 
North Sea. Bird Study 63/1, S: 1–10.  

INSTITUT FÜR ANGEWANDTE ÖKOSYSTEMFORSCHUNG (Hrsg.) - IFAÖ (2010): Fachgutachten Vogelzug zum 
Offshore-Windpark  „Arcadis Ost 1“. Betrachtungszeitraum Juli 2005 bis November 2008, 
(Autor: T. COPPACK, H. WENDELN, J. BELLEBAUM, J. KUBE, R. NEUMANN & A. SCHULZ). Neu Broder-
stor (DEU), Im Auftrag der KNK Wind GmbH, S: 197. 

JELLMANN, J. (1977): Radarbeobachtungen zum Frühjahrszug über Nordwestdeutschland und die 
südliche Nordsee im April und Mai 1971. Vogelwarte 29, S: 135–149.  

JELLMANN, J. (1979): Flughöhen ziehender Vögel in Nordwestdeutschland nach Radarmessungen. 
Vogelwarte 30/2, S: 118–134.  

JELLMANN, J. (1989): Radarmessungen zur Höhe des nächtlichen Vogelzuges über Nordwestdeutsch-
land im Frühjahr und im Hochsommer. Vogelwarte 35/1989, S: 59–63.  

KEMP, M. U. (2012): How birds weather the weather: avian migration in the mid-latitudes (Disserta-

tion). Universiteit van Amsterdam / Amsterdam (NLD), 207 S. 
KEMP, M. U., SHAMOUN-BARANES, J., DOKTER, A. M., LOON, E. & BOUTEN, W. (2013): The influence of 

weather on the flight altitude of nocturnal migrants in mid-latitudes. Ibis 155/4, S: 734–
749.  

KLAASSEN, M. (2004): May dehydration risk govern long-distance migratory behaviour? Journal of 

Avian Biology 35/1, S: 4–6.  
KNUST, R., DAHLHOFF, P., GABRIEL, J., HEUERS, J., HÜPPOP, O. & WENDELN, H. (2003): Untersuchungen zur 

Vermeidung und Verminderung von Belastungen der Meeresumwelt durch Offshore-Wind-
energieanlagen im küstenfernen Bereich der Nord-und Ostsee - Offshore-WEA, Abschluss-
bericht. Nr. Forschungsbericht 20097106, UBA-FB 000478, Umweltbundesamt/Berlin 
(DEU), Umweltforschungsplan des Bundesministeriums für Umwelt, Naturschutz und Reak-
torsicherheit, S: 603. 

KRIJGSVELD, K. L., AKERSHOEK, K., SCHENK, F., DIJK, F. & DIRKSEN, S. (2009): Collision risk of birds with mod-
ern large wind turbines. Ardea 97/3, S: 357–366.  

KRIJGSVELD, K. L., FIJN, R. C. & LENSINK, R. (2015): Occurrence of peaks in songbird migration at rotor 
heights of offshore wind farms in the southern North Sea, Final Report. Bureau Waarden-
burg bv/Culemborg (NDL), S: 28. 

LIECHTI, F., ASCHWANDEN, J., BLEW, J., BOOS, M., BRABANT, R., DOKTER, A. M., KOSAREV, V., LUKACH, M., 
MARURI, M., REYNIERS, M. & OTHERS (2018): Cross-calibration of different radar systems for 
monitoring nocturnal bird migration across Europe and the Near East. Ecography 42, S: 1–
12.  

LIECHTI, F., KLAASSEN, M. & BRUDERER, B. (2000): Predicting migratory flight altitudes by physiological 
migration models. The Auk 117/1, S: 205–214.  

LONGCORE, T., RICH, C. & GAUTHREAUX JR, S. A. (2008): Height, guy wires, and steady-burning lights 
increase hazard of communication towers to nocturnal migrants: a review and meta-anal-
ysis. The Auk 125/2, S: 485–492.  

LONGCORE, T., RICH, C., MINEAU, P., MACDONALD, B., BERT, D. G., SULLIVAN, L. M., MUTRIE, E., GAUTHREAUX 

JR, S. A., AVERY, M. L., CRAWFORD, R. L., MANVILLE II, A. M., TRAVIS, E. R. & DRAKE, D. (2012): An 
estimate of avian mortality at communication towers in the United States and Canada. PLoS 

ONE 7/4, S: e34025.  
MARQUES, A. T., BATALHA, H., RODRIGUES, S., COSTA, H., PEREIRA, M. J. R., FONSECA, C., MASCARENHAS, M. & 

BERNARDINO, J. (2014): Understanding bird collisions at wind farms: An updated review on 
the causes and possible mitigation strategies. Biological Conservation 179, S: 40–52.  

MAY, R., STEINHEIM, Y., KVALØY, P. AL, VANG, R. & HANSSEN, F. (2017): Performance test and verification 
of an off-the-shelf automated avian radar tracking system. Ecology and Evolution 7/15, S: 
5930–5938.  

MÜLLER, H. (1981): Vogelschlag in einer starken Zugnacht auf der Offshore-Forschungsplattform 
„Nordsee“ im Oktober 1979. Seevögel 2, S: 33–37.  



 
Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 

 

46 
 

NILSSON, C., DOKTER, A. M., SCHMID, B., SCACCO, M., VERLINDEN, L., BÄCKMAN, J., HAASE, G., DELL’OMO, G., 
CHAPMAN, J. W., LEIJNSE, H. & LIECHTI, F. (2018): Field validation of radar systems for monitor-
ing bird migration. Journal of Applied Ecology.  

OREJAS, C., SCHROEDER, A., JOSCHKO, T., DIERSCHKE, J., EXO, K. M., FRIEDRICH, E., HILL, R., HÜPPOP, O., 
POLLEHNE, F., ZETTLER, M. L. & BOCHERT, R. (2005): Ökologische Begleitforschung zur Wind-
energienutzung  im Offshore-Bereich auf Forschungsplattformen in der  Nord- und Ostsee 
(BeoFINO), BMU 0327526-Abschlußbericht. Alfred Wegener Institut für Polar und Meeres-
forschung/Bremerhaven (DEU), S: 354. 

PENNYCUICK, C. J. (2008): Modelling the flying bird. (5), Academic Press/Elsevier/Amsterdam.  
PHILLIPS, A. C., MAJUMDAR, S., WASHBURN, B. E., MAYER, D., SWEARINGIN, R. M., HERRICKS, E. E., GUERRANT, 

T. L., BECKERMAN, S. F. & PULLINS, C. K. (2018): Efficacy of avian radar systems for tracking birds 
on the airfield of a large international airport. Wildlife Society Bulletin 42/3, S: 467–477.  

SCHMALJOHANN, H., LIECHTI, F., BÄCHLER, E., STEURI, T. & BRUDERER, B. (2008): Quantification of bird mi-
gration by radar – a detection probability problem. Ibis 150/2, S: 342–355.  

SCHULZ, A., DITTMAN, T. & COPPACK, T. (2014): Erfassung von Ausweichbewegungen von Zugvögeln 
mittels Pencil Beam Radar und Erfassung von Vogelkollisionen mit Hilfe des Systems VARS. 
StUKplus Schlussbericht. Rostock, Im Auftrag des Bundesamts für Seeschifffahrt und Hyd-
rographie (BSH), S: 89. 

SCHULZ, A., DITTMANN, T., WEIDAUER, A., KILIAN, M., LÖFFLER, T., RÖHRBEIN, V. & SCHLEICHER, K. (2013): 
Weiterentwicklung der Technik für Langzeituntersuchungen der Vögel mittels Radar und 
automatischer Kamerabeobachtung am Standort FINO 2 und Durchfühung von Langzeit-
messungen am Standort für den Zeitraum 2010 bis 2012, Abschlussbericht. Institut für An-
gewandte Ökologie/Neu Brodersdorf (DEU), Teilprojekt Vogelzug. Bestandteil des For-
schungsvorhabens  „Betrieb für Forschungsplattform FINO 2“ (BMU; FKZ 0329905D), S: 103. 

SHAMOUN-BARANES, J., LIECHTI, F. & VANSTEELANT, W. M. (2017): Atmospheric conditions create free-
ways, detours and tailbacks for migrating birds. Journal of Comparative Physiology A 203/6–
7, S: 509–529.  

URMY, S. S. & WARREN, J. D. (2017): Quantitative ornithology with a commercial marine radar: stand-
ard-target calibration, target detection and tracking, and measurement of echoes from in-
dividuals and flocks. Methods in Ecology and Evolution 8/7, S: 860–869.  

VAN BELLE, J., SHAMOUN-BARANES, J., VAN LOON, E. & BOUTEN, W. (2007): An operational model predict-
ing autumn bird migration intensities for flight safety. Journal of Applied Ecology 44/4, S: 
864–874.  

WEISSHAUPT, N., ARIZAGA, J. & MARURI, M. (2018): The role of radar wind profilers in ornithology. Ibis 
160/3, S: 516–527.  

WELCKER, J., LIESENJOHANN, M., BLEW, J., NEHLS, G. & GRÜNKORN, T. (2017): Nocturnal migrants do not 
incur higher collision risk at wind turbines than diurnally active species. Ibis 159/2, S: 366–
373.  

WELCKER, J. & NEHLS, G. (2016): Displacement of seabirds by an offshore wind farm in the North Sea. 
Marine Ecology Progress Series 554, S: 173–182.  

WELCKER, J. & VILELA, R. (2018): Analysis of bird flight calls from the German North and Baltic Seas. 
Final Report. Husum, S: 128. 

WENDELN, H., LIECHTI, F., HILL, R., HÜPPOP, O. & KUBE, J. (2007): Sind Schiffsradargeräte für quantitative 
Vogelzugmessungen geeignet? - Ein Vergleich mit dem Zielfolgeradar  „Superfledermaus“. 
Vogelwarte 45, S: 336–337.  

ZEHNDER, S., ÅKESSON, S., LIECHTI, F. & BRUDERER, B. (2001): Nocturnal autumn bird migration at Fal-
sterbo, South Sweden. Journal of Avian Biology 32/3, S: 239–248.  

 

 



Patterns of nocturnal bird migration in the North and Baltic Sea – ProBIRD report 2 
 

 

47 
 

A APPENDIX 

 

Tab. A 1 Mean migration intensities (MTR, log-transformed ±SE) at the study sites during the different 

study years. 

Site 

Mean MTR (log-transformed ±SE) 

2008 2009 2010 2011 2012 2013 2014 2015 2016 

ABW    
1.26 

±0.15 
1.58 

±0.19 
 

1.35 
±0.11 

  

Albatros 
1.07 

±0.09 
1.24 

±0.09 
       

Baltic2   
1.34 

±0.16 
  

1.47 
±0.17 

1.45 
±0.11 

1.61 
±0.14 

1.55 
±0.09 

Butendiek    
1.29 

±0.10 
  

1.30 
±0.11 

1.52 
±0.13 

0.51 
±0.07 

Cluster 12  
1.89 

±0.09 
1.21 

±0.09 
      

Cluster Helgoland        
1.48 

±0.07 
1.59 

±0.06 

FINO1 
2.37 

±0.04 
2.36 

±0.05 
2.19 

±0.05 
2.76 

±0.03 
2.81 

±0.03 
2.80 

±0.05 
2.55 

±0.04 
2.30 

±0.05 
2.36 

±0.07 

FINO3    
0.77 

±0.09 
 

0.49 
±0.06 

0.48 
±0.06 

0.39 
±0.08 

0.52 
±0.07 

GT1  
1.67 

±0.11 
  

0.23 
±0.20 

0.71 
±0.13 

1.12 
±0.14 

1.45 
±0.14 

1.58 
±0.10 

MSO   
2.67 

±0.14 
2.34 

±0.11 
1.99 

±0.16 
1.89 

±0.09 
1.56 

±0.10 
  

NSO   
2.02 

±0.09 
 

1.69 
±0.16 

1.62 
±0.09 

1.58 
±0.10 

  

Wikinger       
1.84 

±0.14 
1.67 

±0.09 
2.22 

±0.11 

 

Tab. A 2 Number of nights per site and year. Only nights for which for at least 75% of the hours radar 

data were available were included in the study  

Site 2008 2009 2010 2011 2012 2013 2014 2015 2016 

ABW    23 20  48   

Albatros 56 42        

Baltic2   35   24 48 40 40 

Butendiek    57   40 22 130 

Cluster 12  56 43       

Cluster Helgoland        183 189 
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Site 2008 2009 2010 2011 2012 2013 2014 2015 2016 

FINO1 191 196 198 181 158 192 209 206 174 

FINO3    112  162 175 128 119 

GT1  44   24 48 41 28 38 

MSO   16 24 18 40 39   

NSO   45  13 55 52   

Wikinger       29 54 44 
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A.1 Spatial correlation of migration intensities 

 

Figure A. 1 Relationship between distance between sites and the correlation of migration intensities (Spear-

man’s rank correlation coefficient rho) for spring and fall. Upper two panels: altitude range to 

1000 m; lower two panels: altitude range to 200 m. At distances >300 km correlation coeffi-

cients are based on comparisons between sites in the North and Baltic Sea. For further details 

see Figure 4.4 and Materials & Methods. 
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Figure A. 2 Relationship between distance between sites and the correlation of migration intensities (Spear-

man’s rank correlation coefficient rho) for spring and fall). Upper two panels: data collected at 

the same stage of wind farm development (baseline, construction, operation) only; lower two 

panels: by the same lab only. At distances >300 km correlation coefficients are based on com-

parisons between sites in the North and Baltic Sea. For further details see Figure 4.4 and Mate-

rials & Methods. 
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A.2 Correlation of mass migration 

 

 

Figure A. 3 Relationship between the distance between sites and the predicted probability [± SE] of coinci-

dence of mass migration at these sites in spring (left panel) and fall (right panel). Predicted 

probabilities are based on generalized linear models with binomial error structure (see text for 

further details). Filled symbols represent distances between sites at which mass migration coin-

cided, open symbols distances at which mass migration did not coincide. 
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A.3 Gradient of migration intensities 

 

 

Figure A. 4 Comparison of migration intensities below 200 altitude (MTR, log transformed) simultaneously 

measured at two different sites in the North Sea with different distances to shore. See Figure 

4.10 for details. 
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Figure A. 5 Comparison of migration intensities (MTR, log transformed) simultaneously measured at two 

different sites in the North Sea with different distances to shore as measured perpendicular to 

the assumed migration direction of 45° and 225° in spring and fall, respectively. See Figure 4.10 

for details. 
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Figure A. 6 Relationship of the difference in migration intensities below 200 m altitude between two sites 

and their difference in distance to shore. The results of a linear regression are given above the 

plot. Left panel: during spring migration; right panel: during fall migration. 

 

 

Figure A. 7 Relationship of the difference in migration intensities between two sites and their difference in 

distance to shore as measured perpendicular to the assumed migration axis SW-NE (45° and 

225° in spring and fall, respectively). The results of a linear regression are given above the plot. 

Left panel: during spring migration; right panel: during fall migration. 
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Figure A. 8 Relationship of the difference in migration intensities between two sites and their difference in 

distance to shore. Data restricted to the same developmental phase of the wind farms. The re-

sults of a linear regression are given above the plot. Left panel: during spring migration; right 

panel: during fall migration. 
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A.4 Patterns of flight height 

 

 

Figure A. 9 Comparison of mean flight height per night [m ±SE] between North Sea and Baltic Sea during 

the months of spring and fall migration. 
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Figure A. 10 Relationship between flight height [m, sqrt-transformed] and migration intensity [MTR, log-

transformed] for the North and Baltic Sea, and for spring and fall. 
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A.5 Estimation of total number of radar signals 

Tab. A 3 Offshore wind farms in the German EEZ for which the total number of radar signals per season 

was estimated. In addition, the data source for each site is given. 

 

Area Wind farm 
Current state 
(2019) 

Data 

N-2 

alpha ventus operation 

Albatros, Cluster Helgoland, Global Tech I, Meer-
wind Süd/Ost, Nordsee Ost 

Borkum Riffgrund 1 operation 

Borkum Riffgrund 2 operation 

Trianel Windpark Borkum I operation 

Merkur construction 

Trianel Windpark Borkum II construction 

N-3 
Gode Wind 1 and 2 operation Albatros, Cluster Helgoland, Global Tech I, Meer-

wind Süd/Ost, Nordsee Ost Nordsee One operation 

N-4 

Amrumbank West operation Amrumbank West, Cluster Helgoland 

Nordsee Ost operation Cluster Helgoland, Nordsee Ost 

Meerwind Süd/Ost operation Cluster Helgoland, Meerwind Süd/Ost 

N-5 

Butendiek operation 

Butendiek DanTysk operation 

Sandbank operation 

N-6 

BARD operation 

Global Tech I Deutsche Bucht construction 

Veja Mate operation 

N-8 Global Tech I operation Global Tech I 

Hohe See construction Global Tech I 

Albatros construction Albatros 

O-1 Arkona operation Wikinger 

Wikinger operation 

O-3 Baltic 2 operation Baltic 2 
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A.6 Diurnal patterns of bird migration 

 

 

Figure A. 11 Diurnal pattern of migration intensities [%] in spring (black line) and fall (red line) in the western 

German Bight. The time of day was standardized with sunrise being set at 06:00 and sunset at 

18:00. See Chap. 3.2.7 for more details. 
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Figure A. 12 Diurnal pattern of migration intensities [%] in spring (black line) and fall (red line) at different 

OWF locations in the German Bight. The time of day was standardized with sunrise being set at 

06:00 and sunset at 18:00. See Chap. 3.2.7 for more details. 
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Figure A. 13 Diurnal pattern of migration intensities [%] in spring (black line) and fall (red line) at different 

OWF locations in the German EEZ of the North Sea and the Baltic Sea. The time of day was 

standardized with sunrise being set at 06:00 and sunset at 18:00. See Chap. 3.2.7 for more de-

tails. 

 

 


