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Summary

The aim of this study is to provide policy makers with information on where, when and under which conditions
bats can be expected to occur at the southern North Sea. This will enable them to take the occurrence of bats
into account in marine spatial planning and when developing and implementing mitigation measures in current
and future offshore wind farms.

The main research questions of this study are:
1. How is the probability of the presence distributed over space and time at the southern North Sea?
2. What is the migration speed and distance travelled per night?

To answer these questions we performed acoustic monitoring of bats at 14 locations across the southern North
Sea in the years 2017-2020. In total we monitored 11,520 nights, with most effort during the active season of
bats, which roughly extends from mid-March until November.

In accordance to previous studies Nathusius’ pipistrelle was the most commonly recorded species, but
occasionally Common pipistrelle and Nyctaloids (includes the genera Nyctalus, Vespertilio, Eptesicus) were
noted as well. We restricted our statistical analysis to the occurrence of Nathusius’ pipistrelle in autumn, as
spring records were relatively scarce.

The Nathusius’ pipistrelle’s spatio-temporal occurrence was modelled with a Bernoulli Generalized Additive
Model (GAM) to predict the presence per night as a function of the covariates Night in year, Year, Tailwind,
Crosswind, Atmospheric pressure, Atmospheric pressure change, Cloud class, Rain, Lunar phase and a spatial
component (Longitude x Latitude). Important predictors for the offshore occurrence of Nathusius’ pipistrelle
proved to be Night in year, Tailwind, Crosswind, Lunar cycle and the spatial component. The covariates Rain
and Atmospheric pressure change were of minor importance, wheareas Cloud class and Atmospheric pressure
were not important.

To answer the second research question we used a Gamma Generalized Additive Model with log-link function
to model the relationship between the time after sunset of positive minutes with bat activity as response
variable and the covariates Distance from shore and Night in year. Distance from shore proved to be important
for the timing of offshore occurrence, wheareas Night in year was not important at all.

From our study we conclude that:

e Nathusius’ pipistrelle is the most common bat species at the southern North Sea. Offshore activity of it
continues till later in the year than previously thought (until the end of October). Late migrants possibly
refer to adult males.

e Migration over sea occurs regularly during consecutive nights and offshore structures are used as roosts
during the day. Therefore, the offshore occurrence of Nathusius’ pipistrelle varies considerably during the
night, in particular at locations further away from the coast.

e The average timing of occurrence shows a linear relationship with the distance to the coast between 30
and 60 km from shore, corresponding to an average movement speed of 25.1 km/h.

e  Our study predicts an offshore distribution of Nathusius’ pipistrelle with higher probabilities of bat presence
further away offshore off the North Holland coast. This east-west gradient is caused by individuals which
are detected when they continue their migration after a roost at sea during the day. The increased
probability of occurrence off the coast of North Holland in comparison to that further north and south may
reflect real differences in bat abundance.

e Most migration activity is to be expected with a light tailwind, although higher tail wind speeds may result
in animals flying at altitudes above the detection range of our bat detectors. In addition, the offshore
occurrence of bats can also be expected with light to moderate crosswinds, in particular from land, as well
as with headwinds. It should be stressed that the effect of wind speed and wind direction should always
be considered together.
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The observed relationship between the lunar phase and offshore bat occurrence may be caused by reduced
migratory bat activity during higher phases of the moon to avoid predation, or by bats making use of
increased insect availability over sea, or by a combination of both factors.

Finally, our observations show that the occurrence of bats at sea was reduced in 2020 in comparison to
the previous years. Although 2017-2020 is a short period to draw firm conclusions, a decline cannot be
ruled out.

When designing, developing and implementing mitigation measures to reduce the potential impact of offshore
wind farms on bats, these measures should take the following elements into account:

seasonal occurrence: autumn migration takes place between late August and late October.

spatial distribution: the highest densities are likely present west off the coast of North Holland.

daily temporal occurrence: bats may occur throughout the entire night, in particular at locations further
away from the coast. Bat activity during daylight hours occurs occasionally.

wind speed and wind direction: most offshore migration can be expected during light tailwind conditions
(ENE). However, it seems also likely that migration can be expected during stronger tailwinds at higher
altitudes. Furthermore, migration also occurs during with light to moderate crosswinds, in particular from
land, as well as with light to moderate headwinds. Note that the wind speeds mentioned in this report refer
to wind speeds measured at an altitude of 10 m above sea level, and that the wind speeds increases with
height. Mitigation measures therefore should not be based on wind speeds measured at nacelle level when
using information from this report.

lunar phase: bat presence is decreased between full moon and last quarter, and increased just before new
moon.

To answer remaining questions we recommend:

to focus future studies on flight heights of bats in spring and autumn, since little is known about the vertical
distribution of migrating bats and the effect of environmental parameters on their flight height, particularly
wind speed and wind direction.

to conduct telemetry studies data to provide information on attraction by offshore wind farms, and flight
behavior within a wind farm. Furthermore, telemetry can likely provide information on spring migration
more effectively than acoustic monitoring.

to continue offshore acoustic monitoring of bats with the current monitoring network to follow the long-
term trend of bat migration over the southern North Sea.
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1 Introduction

1.1 Background and problem definition

In order to reduce carbon emissions the offshore wind sector is developing rapidly in the North Sea area. In
Dutch waters, the installed capacity is around 2.5 GW in 2022 and this will increase to 11.5 GW in 2030.
Despite this environmental gain, there are concerns about biodiversity at the same time. One of the main
ecological issues is wind turbine induced mortality amongst bats due to collisions, and possibly barotrauma
(Arnett et al 2008, Bach & Rahmel 2004, Baerwald et al 2009, Cryan et al 2014, Grodsky et al 2011, Kunz et
al 2007, Lawson et al 2020, Rollins et al 2012, Rydell et al 2010). It is estimated that in Germany 250,000
bats are likely killed annually in wind farms on land (Voigt et al 2015), whilst 600,000 bat fatalities have
been reported in one year in the USA (Hayes 2013). As bats behave in a similar way around offshore wind
turbines in comparison to wind turbines on land (Ahlén et al 2009), it seems likely that fatalities also occur at
sea.

The spatial planning of wind farms is an important determinant of the mortality (Rydell et al 2010). In
addition to the location choice the number of fatalities can subsequently be reduced by operational
measures. Effective mitigation has been achieved by limiting the production time of wind turbines during
periods when bats are most active (Adams et al 2021, Arnett et al 2011). A further decrease of the mortality
may be realized by the application of deterrents (Arnett et al 2013, Gilmour et al 2020).

Nathusius’ pipistrelle Pipistrellus nathusii is the most frequently reported bat species at the North Sea, but
Common pipistrelle P. pipistrellus, Common noctule Nyctalus noctula, Leisler’s bat N. leisleri, Particolored bat
Vespertilio murinus, Northern bat Eptesicus nilssonii, and Serotine bat E. serotinus have also been recorded
(Boshamer & Bekker 2008, Brabant et al 2021, Hippop & Hill 2016, Lagerveld et al 2014, 2017, 2021).
Ringing recoveries from the UK show that most Nathusius’ pipistrelles follow a ENE — WSW route during their
migration (National Nathusius’ Pipistrelle Project 2022). An analysis of its autumn occurrence in 2012-2016
at three offshore wind farms off the Dutch coast revealed that their migration over sea occurs mainly from
late August until mid-October during easterly tailwinds with a distinct peak at ENE, wind speeds < 5 m/s and
temperatures > 15°C (Lagerveld et al 2021). Off the Belgian coast a relationship with a relatively high
atmospheric pressure was found, in addition to low easterly winds and higher temperatures (Brabant et al
2021). At a research platform in the German Bight however, most bats are recorded in overcast conditions
with precipitation during southerly winds (Hippop & Hill 2016). As different regions produce contradicting
results it is urgently needed to study the offshore occurrence of bats at a larger spatial scale. Moreover, it is
not known whether migrating bats cross the North Sea in a broad front, like many bird species do (Lack
1963ab), or whether spatially distinct migration patterns can be identified. If so, the suitability of areas for
offshore wind developments may be identified based on relationships between bat activity, geographical
location, and weather patterns.

As bats have a strictly protected status by national and international regulations, in 2017 a bat monitoring
project started under the umbrella of the Dutch Governmental Offshore Wind Ecological Programme (Wozep)
to reduce uncertainties about possible impacts. During this project we performed ultrasonic acoustic
monitoring at 14 locations at the southern North Sea during four consecutive years, and assessed the
probability of presence distributed over space and time. Furthermore, we investigated the migration speed
over sea and the distance travelled per night.
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1.2 Aim of the study

The aim of this study is to provide policy makers with information on when and under which conditions bats
can be expected in current and future offshore wind farms. This will enable them to take the occurrence of

bats into account in marine spatial planning and when designing, developing and implementing mitigation
measures for offshore wind farms.

1.3 Research questions
The principal research questions of this study are:

1 How is the probability of the presence distributed over space and time at the southern North Sea?
2 What is the migration speed and distance travelled per night?
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2 Material & Methods

2.1 Study area

Since wind energy production in the coming years in the Dutch Exclusive Economic Zone (EEZ) will be
developed mostly west of the Dutch Provinces Noord Holland, Zuid Holland and Zeeland, most monitoring
locations are located in that area. Figure 1 shows a map of the study area where acoustic bat monitoring has

been taking place in the period 2017 -2020
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Figure 2-1. Acoustic monitoring network 2017-2020, including KNMI offshore weather stations and the

operational offshore wind farms in Dutch and Belgian waters
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The monitoring locations include five offshore high voltage stations (OHVS) in wind farms (PAWP,
Luchterduinen, Belwind, C-Power & Gemini Buitengaats), two measurement platforms (Europlatform &
Lichteiland Goeree) and seven gas production platforms (Neptune L10A-AC, Neptune K12-BP, Wintershall P6-
A Dana P11-B, Wintershall K13-A, Petrogas P9-A (Horizon) & Petrogas Q1-A (Helder)). The geographical
locations as well as the height and the orientation of the ultrasound microphones can be found in table 2-1.
Photos of the monitoring locations can be found in Annex 1.

Table 2.1. Geographical location of the monitoring locations, height and orientation of the microphones.

PAWP OHVS 4.23 52.58 15 90

Luchterduinen OHVS 4.17 52.40 15 90

Europlatform 3.27 51.99 15 90
10 Lichteiland Goeree 3.66 51.92 15 90
12 Belwind OHVS 2.81 51.69 20 90
13 C-power OHVS 2.99 51.57 15 60
15 Neptune L10A-AC 4.20 53.40 17 90
16 Neptune K12-BP 3.89 53.34 20 135
17 Gemini Buitengaats OHVS 6.04 54.03 26 135
18 Wintershall P6-A 3.75 52.75 23 110
20 Dana P11-B 3.34 52.35 25 90
21 Wintershall K13-A 3.22 53.05 25 130
22 Petrogas P9-A (Horizon) 3.74 52.55 33 45
23 Petrogas Q1-A (Helder) 4.09 52.92 25 200

2.1 Equipment

Bat activity was monitored with an Avisoft - UltraSoundGate 116Hnbm in combination with an Electret
ultrasound microphone FG-DT50. The settings of the UltraSoundGate recording software (Avisoft Bioacoustics
RECORDER v. 4.2.29) are shown in Table 2-2.

Table 2-2. Software settings of the UltraSoundGate.

Pre-trigger 0.1s Buffer 0.064 s
Hold tm 0.8s Bat call filter Enabled
Duration >0s Accept monotonic | Enabled
structures
Syllable >0s Min sweep rate FM -20 KHz/ms
Reject wind/rain enabled Min sweep rate CF -3 KHz/ms
Trigger event level 0.501% Max sweep rate FM -1 KHz/ms
Trigger event range 15-100kHz Max sweep rate CF 2 KHz/ms
Sampling rate 250000Hz Min duration FM 1ms
Format 16 bit Min duration CF 2ms
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The microphone was enclosed in a waterproof box (Figure 2-2 and 2-3) and connected through a S/FTP Cat 7
Marine Approved network cable (Petrogas P9-A (Horizon) and Petrogas Q1-A (Helder) platforms) or 2Triple x
0.75mm2 (CI2 TCC) RFOU(I)S1/S6 EPR/ICM/ZHAL/TCWB/ZHAL BLUE 250v cable (all other monitoring
locations) with the soundgate in the computer room. In order to avoid spray during strong westerlies, the
microphones were orientated in an easterly direction, if technically feasible (Table 2-1).

Figure 2-2. Ultrasound microphone at Lichteiland Figure 2-3. Ultrasound microphone at Gemini
Goeree. Buitengaats OHVS.

The performance of the equipment was checked regularly at the monitoring locations with internet connectivity
(PAWP, LUD, Lichteiland Goeree, Belwind, C-Power, Neptune L10-AC and Neptune K12-B, Dana P11-B,
Petrogas P9-A and Petrogas Q1-A). Checks were done once per week from week 13 until week 23 and from
week 34 until week 45, and once per four weeks outside these periods. The performance of the equipment at
locations without internet connection could not be checked regularly. At all locations, the microphones of the
equipment were replaced twice a year; late February/early March and late July/early August, and subsequently
recalibrated by the manufacturer Avisoft Bioacoustics.

10 van 63 | Wageningen Marine Research report C031/22A



2.2 Monitoring periods

We aimed to monitor throughout the active season of bats which runs roughly from mid-March until November.
However, logistical problems, reduced sensitivity of microphones and PC errors caused downtime. The effective

monitoring periods per location per year are shown in Table 2-3.

Table 2-3. Monitoring periods per monitoring location per year (2017 - 2020).

3 PAWP OHVS 02/08 - 31/12 13/01 - 31/12 01/01 - 18/10 | 01/01 - 07/02
22/11 - 31/12 04/03 - 31/12
7 Luchterduinen OHVS 04/04 - 18/07 A 01/01 - 31/12 06/04 - 12/06
15/08 - 31/12 04/08 - 03/09
9 Europlatform 06/03 - 31/12 01/01 - 31/12 18/02 - 17/05
30/07 - 25/09
10 Lichteiland Goeree 27/09 - 31/12 06/03 - 18/11 09/05 - 31/12 24/06 - 30/10
12 Belwind OHVS 02/08 - 26/12 01/03 - 31/12 01/01 - 31/12 01/01 - 30/09
13 C-power OHVS 28/02 - 31/12 01/01 - 31/12 21/06 - 27/07
10/09 - 19/09
15 Neptune L10A-AC 18/08 - 31/12 01/01 - 31/12 01/01 - 31/12 21/03 - 08/04
23/09 - 13/11
16 Neptune K12-BP 26/07 - 11/12 24/01 - 31/12 01/01 - 31/12 18/03 - 31/05
22/09 - 09/11
17 Gemini Buitengaats OHVS 16/03 - 31/12 01/01 - 31/12 13/03 - 30/06
09/09 - 31/12
18 Wintershall P6-A 31/10 - 31/12 11/03 - 21/12 01/01 - 31/12 01/01 - 04/06
13/07 - 31/12
20 Dana P11-B 25/02 - 27/06 | 15/02 - 06/06
11/07 - 31/12 23/07 - 31/12
21 Wintershall K13-A 01/01 - 22/08 | 04/08 - 16/12
19/09 - 27/09
01/12 - 31/12
22 Petrogas P9-A (Horizon) 15/11 - 31/12 01/01 - 31/12 01/01 - 08/06
25/06 - 07/07
26/07 - 16/11
23 Petrogas Q1-A (Helder) 11/09 - 31/12 01/01 - 31/12 01/01 - 31/12

2.3 Monitoring data

Echolocating bats emit ultrasonic pulses to gain information about their environment. Ultrasonic sounds are
however also produced by wind gusts or by maintenance and production activities at offshore platforms.
Therefore, the separation of recordings with bat calls and recordings with ‘noise’ needs to be done first. We
used the cross-correlation function of Avisoft SASlab Pro - version 5.2.14 (Avisoft bioacoustics) to extract the
recordings with bat calls from the raw monitoring data. Reference calls for the cross-correlation included 8
recordings of Nathusius’ pipistrelle Pipistrellus nathusii, 4 recordings of common pipistrelle Pipistrellus
pipistrellus, 4 recordings of pond bat Myotis dasycneme, 18 recordings of common noctule Nyctalus noctula, 5
recording of serotine bat Eptesicus serotinus and 31 recordings belonging to the Nyctaloid group (includes the
genera Nyctalus, Vespertilio, Eptesicus). Subsequently, all recordings with bat calls were assessed individually
and identified to the lowest taxonomic level as possible using the criteria provided by Barataud (2016).
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All monitoring data (species, date, time, monitoring location), information on the monitoring locations
(geographical location, height and orientation of the microphone) and monitoring periods (monitoring location,
start date/time, end date/time) were stored in a database.

Processing of the data was done in R version 4.1.2 (R Core Team 2020) and R studio version 2021.09.2
(RStudio Team 2020), preliminary using the R-packages tidyverse (Wickham et al 2019), lubridate (Grolemund
& Wickham 2011), datatable (Dowle & Srinivasan 2021), matlib (Friendly et al 2021), gstat (Graler et al 2016,
Pebesma 2004), sf (Pebesma 2018) and vmstools (Hintzen et al 2017).

In order to visualize the monitoring results, date-time plots were made in which the recorded bat activity in
positive minutes is shown throughout the season and the night. Furthermore, we plotted the number of
monitoring locations with recorded bat activity per night throughout the season. The plots were made using
ggplot2 (Wickham 2016).

2.4 Spatiotemporal occurrence

2.4.1 Data management

Since bats are nocturnal we analysed their occurrence per night instead of per calendar day. A night was
defined as the period between 16:00 UTC on a particular calendar day until 16:00 UTC the next calendar day.
We only included Nathusius’ pipistrelle in the analysis as this is the most frequently recorded species in our
data set (92% of the positive minutes with bat activity).

Due to the low number of nights with bat activity in spring we limited the analysis to autumn from night number
230 (17 or 18 August, depending on the year) till night number 321 (16 or 17 November, depending on the
year). We excluded monitoring location 17 (Gemini Buitengaats OHVS) from the analysis because of its isolated
northeasterly location. The time frame considered consisted of 3255 monitoring nights in total of which bats
were recorded in 251 of the nights (7.7% of the data).

Offshore weather data per hour of various offshore weather stations (203, 204, 207, 211, 212, 214, 252, 321,
320) were obtained from the Royal Dutch Meteorological Institute (https://www.knmi.nl/nederland-
nu/klimatologie/uurgegevens_Noordzee), retrieved at 15 July 2021. Weather variables used are: wind direction
averaged over 10 minutes, wind speed averaged over 10 minutes measured at an altitude of 10 m above sea
level, temperature at 1.5 m height, atmospheric pressure at sea level, cloud cover in octants and rain. For the
latter variable a 1 indicates rain occurred in the preceding hour or at the time of observation, 0 indicates it did
not. Cloud class 9 (sky invisible) and wind directions with values of 0 (no wind) and 990 (variable direction)
were set to NA.

The main migration direction in autumn off the Dutch coast likely runs from east-north-east to west-south-
west (National Nathusius’ Pipistrelle Project 2022, Lagerveld et al 2021). We used this presumed migration
direction to derive the average tailwind and crosswind components per night (Hlippop & Hilgerloh 2012):

1) Tailwind component = COS (average wind direction [rad] — migration direction [rad]) * windspeed
2) Crosswind component = SIN (average wind direction [rad] - migration direction [rad]) * windspeed

Positive values of the tailwind component indicate supportive wind conditions in the migration direction,
whereas negative values indicate headwind. The crosswind component is the wind vector perpendicular to the
migration direction. Positive values of the crosswind component indicate wind from the right (from the north-
north-west) and negative values indicate wind from the left (from the south-south-east).

In case of missing data we used the data of the two closest weather stations to impute the missing values.
Finally, each monitoring location was allocated to the nearest weather station (Table 2-4). In addition to the
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weather data, we included lunar phase as an extra covariate. The lunar phase was calculated using the R-

package lunar (Lazaridis 2014).

In order to obtain the weather data averaged per night we removed the data before sunset and after sunrise
at each weather station. We averaged the temperature, atmospheric pressure, cloud cover and rain for each
night, with missing data ignored in averaging. In order to obtain an average wind speed per night and an
average wind direction per night, we decomposed the hourly wind direction and speed values into “North” and
“East” vector components. These vector components were averaged per night, and then were used to calculate
the average wind speed using Pythagorean theorem. The angle of these vectors was used to calculate the
average wind direction (see matlib (Friendly et al 2021) R-package). The atmospheric pressure change was
calculated based on the average atmospheric pressure from a particular night minus the average atmospheric
pressure from the previous night. Table 2-5 summarizes the covariates included in the analysis.

The codetools R-package (Tierney 2018) was used to check for scoping issues in R-functions, when applicable.

Table 2-4. Geographical locations of the weather stations, the nearest weather stations used for missing data,
as well as the allocated monitoring locations.

203 Dana P11-B 3.34 52.35 321/ 204 7,20

204 NAM K14-FA-1C 3.63 53.27 212 / 252 15, 16, 18
207 NAM L9-FF-1 4.96 53.61 204/ 214

211 Spirit Energy J6-A 2.95 53.82 252 / 204

212 Hoorn-Alfa 4.15 52.92 204 / 203 1,2,3, 22, 23
214 Gemini Buitengaats OHVS 6.04 54.03 207 / 212 17

252 Wintershall K13-A 3.22 53.05 204 / 211 4,21

321 Europlatform 3.27 51.99 203/ 321 9,12,13

320 Lichteiland Goeree 3.66 51.92 203/ 320 10

Table 2-5. Covariates used in the analysis.

Night in year

Year

Tailwind

Crosswind
Atmospheric pressure
Atmospheric pressure change
Temperature

Cloud class

Rain

Lunar phase
Longitude

Latitude

Each night starts at 16:00 on day 1 and continues to 16:00 on day 2.
1 January starts with night number 1
Calendar year

The nightly averaged wind vector from ENE to WSW [m/s]

The nightly averaged wind vector from NNW to SSE [m/s]

The nightly averaged pressure [hPa]

The change in atmospheric pressure compared to the previous night [hPa]
The nightly averaged temperature [°C]

The nightly averaged cloud class [octants]

The nightly averaged proportion of hours with rain [%]

The period of lunar cycle is a lunar month (29.53 days) divided into 360°
Longitude of the monitoring location

Latitude of the monitoring location
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2.4.2 Analysis

The correlation and linearity between the numerical covariates was assessed with a correlogram and pairs plot,
using the R-packages corrgram (Wright 2021) and GGally (Schloerke et al 2021), respectively. Night in year
appeared to be collinear with Temperature and the latter covariate was excluded from the analysis. The
relationships between the response variable and the continuous covariates were checked graphically.

A Bernoulli Generalized Additive Model (GAM) with a logit link function was used to model the presence per
night as a function of the covariates, using the mgcv R-package (Wood 2017). Longitude and latitude were
entered together in a tensor product smoother to model spatial (auto)correlation. Night number was entered
as a low-rank thin-plate smoother to model the seasonal-temporal pattern. Atmospheric pressure and Rain
were entered as linear covariates. Cloud class, Atmospheric Pressure change, Tailwind and Crosswind were
entered as low-rank thin-plate smoothers. Lunar phase was entered as a cyclic cubic regression smoother with
boundary knots at 0 and 360 degrees and Year was entered as a categorical covariate. The linear covariates
were centred when applicable. The emmeans R-package (Lenth 2022) was used to aid the factor level
comparisons.

The Bernoulli GAM model was inclined to predominately predict zeros, due to the extensive zero-inflation
(93.3%). In a presence-absence model, sensitivity is a measure of how well a test can identify true positives
and specificity is a measure of how well a test can identify true negatives. The specificity (true negative rate)
was found to be very high (nearly 1), but the sensitivity (true positive rate) was very low. By adding a small
positive constant to the linear predictor after the model is fit, one can sacrifice a little bit of specificity to
increase the sensitivity. This post-model constant is referred to as a. Values between 0 and 2, with increments
of 0.025, were tried out for a, and the value for a was chosen in such a way that it maximized both sensitivity
and specificity, and minimized the 0/1-loss, leading to a = 2.

Thus the model can be formulated as follows:
y ~ Bernoulli(p)
logit(p) ~ Intercept + Covariates + «

where y is the response variable (0= no bat activity recorded in a night, 1 = bat activity recorded in a night).

Dunn-Smyth residuals (Dunn & Smyth 1996) were used in residual diagnostic plots to check for violations of
the model assumptions, using the R-package DescTools (Singorell et al 2021). The model fit (the accuracy of
predicted means) of the model was checked by computing the specificity (true positive rate), sensitivity (true
negative rate), and the 0/1-loss.

2.5 Movement analysis

2.5.1 Data management

In this analysis we considered the same monitoring period as in the previous analysis from night number 230
(17 or 18 August, depending on the year) till night number 321 (16 or 17 November, depending on the year).
Again, a night was defined as the period between 16:00 UTC on a particular calendar day until 16:00 UTC the
next calendar day.

For each positive minute with Nathusius’ pipistrelle activity we assessed the time after sunset using the R-
package suncalc (Thieurmel & Elmarhraoui 2019). From each monitoring location the distance to shore in a
direction of 67.5 degrees was assessed using Google Earth. This corresponds with the likely main migration
direction of Nathusius’ pipistrelle over the North Sea from ENE to WSW (Lagerveld et al. 2021, National
Nathusius’ Pipistrelle Project 2022). Using this direction, the distance to the Dutch coast could not be assessed
from the monitoring locations 15 (Neptune L10A-AC), 16 (Neptune K12-BP) and 17 (Gemini Buitengaats OHVS)
located in the northern part of the study area (Figure 2-1). These monitoring locations were therefore excluded
from the analysis.
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The codetools R-package (Tierney 2018) was used to check for scoping issues in R-functions, when applicable.

2.5.2 Analysis

The time after sunset of positive minutes with bat activity was chosen as response variable. Covariates included
in the analysis are Distance from shore to investigate the flight speed over sea, and Night in year to capture
potential seasonal patterns. Note that the distance from shore was assessed along the likely main migration
direction from ENE to WSW.

The correlation and linearity between the numerical covariates was assessed with a correlogram and pairs plot,
using the R-packages corrgram (Wright 2021) and GGally (Schloerke et al 2021), respectively. The
relationships between the response variable and the continuous covariates were checked graphically.

We used a Gamma Generalized Additive Model with log-link function to investigate the relationship between
the response variable and the covariates, using the mgcv R-package (Wood 2017). Both covariates were
included in the analysis in low-rank thin-plate smoothers.

Dunn-Smyth residuals (Dunn & Smyth 1996) were used in residual diagnostic plots to check for violations of
the model assumptions. The model fit (the accuracy of predicted means) of the model was checked by
computing the mean absolute deviation (MAD) and by determining the slope of the linear relation between the
fitted and observed response values (should be close to 1). Checking the model diagnostics relied in part on
the DescTools R-package (Signorell et al 2021).
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3 Results

3.1 Monitoring effort

In total we monitored 11,520 nights during four consecutive years at 14 different locations. Table 3-1 shows
the number of monitoring nights per location per year. The effort varied between locations and years, caused
by logistical constraints, reduced sensitivity of microphones and PC errors. Note that monitoring frequently
took place throughout the year (Table 2-3), thus also outside the active season of bats, which runs roughly
from mid-March until November.

Table 3-1. Monitoring nights per location per year. See Table 2-3 for the monitoring periods.

PAWP OHVS 151 352 329 339 1171
Luchterduinen OHVS 0 243 364 97 704
Europlatform 0 300 364 146 810
10 | Lichteiland Goeree 95 257 236 128 716
12 | Belwind OHVS 146 305 364 273 1088
13 | C-power OHVS 0 306 364 45 715
15 | Neptune L10A-AC 135 364 364 69 932
16 | Neptune K12-BP 138 341 364 122 965
17 | Gemini Buitengaats OHVS | 0 290 364 222 876
18 | Wintershall P6-A 61 285 364 326 1036
20 | Dana P11-B 0 0 295 273 568
21 | Wintershall K13-A 0 0 271 134 405
22 | Petrogas P9-A (Horizon) 0 46 364 284 694
23 | Petrogas Q1-A (Helder) 0 111 364 365 840
Total 726 3200 4771 2823 11,520

3.2 Recorded bat activity

Figure 3-1 shows an example of the recorded bat activity offshore. In this figure the dots refer to positive
minutes with acoustic activity throughout the monitoring season and during the nights (time interval between
sunset and sunrise is represented by grey). Different colours represent different species or species groups;
Pnat = Nathusius’ pipistrelle, Ppip = Common pipistrelle, Nyctaloid = species group, includes genera Nyctalus,
Vespertilio and Eptesicus. The effective monitoring effort is indicated by a white background, whereas a pink
background indicates no monitoring due to equipment failures or logistical problems.

The recorded bat activity at PAWP in 2019 is a typical example of offshore bat activity off the Dutch west coast
with Nathusius’ pipistrelle as the most commonly recorded species and occasional records of Common
pipistrelle and Nyctaloids. The offshore occurrence of Nathusius’ pipistrelle is generally characterized by a few
records in spring and multiple records in autumn. Most activity is recorded during the night, but sometimes
also during daylight hours. Here, an individual arrived more than one hour after sunrise on 23 May 2019 and
(likely the same individual) was recorded again the same evening just after sunset. Frequently, multiple records
occur during one particular night which may refer to a single individual spending a prolonged time at the
monitoring location, or multiple individuals passing through.
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Figure 3-1. Acoustic bat activity in positive minutes at PAWP in 2019.

Figures 3-2 - 3-5 show the number of nights with recorded bat activity of Nathusius’ pipistrelle for each
monitoring location in subsequent years (2017-2020). The header shows the effective monitoring effort per
monitoring location, a white background indicates operational monitoring and a pink background indicates no
monitoring. Note that Nathusius’ pipistrelles are frequently recorded at multiple monitoring locations during
the same night. The spring migration season runs from late March until early June and peaks in April and May.
The autumn migration season starts late August and the last individuals have been recorded early December.
Most activity in autumn is recorded from late August until late October.
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Figure 3-2. Number of nights with recorded bat activity of Nathusius’ pipistrelle in 2017. See Figure 2-1 for a
map of the monitoring locations.
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Figure 3-3. Number of nights with recorded bat activity of Nathusius’ pipistrelle in 2018. See Figure 2-1 for a
map of the monitoring locations.
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Figure 3-4. Number of nights with recorded bat activity of Nathusius’ pipistrelle in 2019. See Figure 2-1 for a
map of the monitoring locations.
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Figure 3-5. Number of nights with recorded bat activity of Nathusius’ pipistrelle in 2020. See Figure 2-1 for a
map of the monitoring locations.
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3.3 Spatio-temporal analysis

Diagnostic plots of the model showed that the model fitted well. Some slight heteroskedasticity was found, but
this was considered to be of little influence. The true positive rate was found to be 74.7%, the true negative
rate 84.8%, and the 0/1-loss was 16%.

Annex 3 shows the output of the analysis. The linear covariate atmospheric pressure proved to be not
important, and Rain was found to be of little importance (almost significant). A significant difference was found
between the year 2020 and the previous years. Coefficent plots of the smoothers showed that Night in year,
Lunar phase, Tailwind and Crosswind proved to be important predictors for bat activity at sea. Cloud class was
not important and pressure change was found to be of minor importance. The tensor smoother for longitude
and latitude showed that areas in the west had a higher probablity of bat presense, while areas in the south ,
east and north had a lower probability (within the bounderies of the monitoring locations). Moreover, the areas
with a low probability of bat presence also had the highest standard errors of the estimates.

In order to visualize the influence of individual covariates, we calculated their predicted values from the model.
The predictor effect plots of the important covariates are shown in Fig. 3-6 and 3-7. In each plot, only the term
of interest varies, while the spatio-temporal effects are ignored (they average out to zero) and all other
covariates are fixed at their mean values. The solid line represents the expected value of the predictions, and
the red dashed lines indicate the 95% confidence interval. In the case of the year categories, the black points
indicate the mean estimates, the grey shades indicate the 95% confidence intervals of the means, and the red
crossbars indicate the (Tukey-corrected) confidence intervals for pairwise differences. Cloud class, Atmospheric
Pressure, Atmospheric pressure change and Rain are not presented in this plot as they were considered not
significant or of minor importance. Note the different Y-axis scales.

Night in year proved to be an important predictor for bat activity at sea (Figure 3-6). In autumn the first
Nathusius’ pipistrelle was recorded 17 August 2020 and the last on 5 December 2019, with the majority passing
through in September and October, with a peak from early September to the end of September and a possible
smaller second peak at the end of October.
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Figure 3-6. Predictor effect plot of the covariate Night in Year

20 van 63 | Wageningen Marine Research report C031/22A



Both tailwind and crosswind (Figure 3-7 & 3-8) were found to be important covariates. The highest probability
of presence occurs during tailwind conditions (from ENE) of approximately 2 m/s. A further increase in wind
speed does not coincide with higher probability of presence. In headwind conditions the probability of presence
is still positive. The probability of presence during crosswind (CWC) peaks at a wind speed of 1 m/s from the
SSE. Increasing crosswinds (from either SSE or NNW) decreased the probability of presence.
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Figure 3-7. Predictor effect plot of the covariate Tailwind
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Figure 3-8. Predictor effect plot of the covariate Crosswind
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Next to tail- and crosswinds we found lunar phase to predict the probability of offshore presence of Nathusius’
pipistrelle (Figure 3-9). Bat presence decreased between full moon and last quarter, and increased just before
new moon.
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Figure 3-9. Predictor effect plot of the covariate Lunar phase; 0 and 360 degrees represent new moon, 90
degrees first quarter, 180 degrees full moon and 270 degrees third quarter

The probability of presence showed a decrease in 2019 and 2020, a significant difference was found between
2020 and the previous years (Figure 3-10).
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Figure 3-10. Predictor effect plot of the covariate Year
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The predictor effect plot of the spatial smoother for longitude and latitude (Figure 3-11) showed that areas in
the west had a higher probability of bat presence, while areas in the south, east and north had a lower

probability.

Legend

O Monitoring Locations
[ offshore Wind Farm

basemap: OSM Standard

Figure 3-11. Predictor effect plot of the tensor smoother. Only the spatial tensor smoother effect varies, while
the temporal effects are ignored (they average out to zero) and all other covariates are fixed at their mean
values. The colour indicates the average predicted probability of presence per night.
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3.4 Movement analysis

The resulting dataset consists of 2604 monitoring nights in which Nathusius’ pipistrelle was recorded during
228 nights (8.8 % of the nights). In total 1059 minutes were recorded with Nathusius’ pipistrelle bat activity.

Figure 3-6 shows the positive minutes with bat activity after sunset throughout the season for the different
monitoring locations and corresponding distances from shore. Monitoring locations relatively close to the coast
(<30 km) receive bats generally a few hours after dark and later in the night records are scarce. Further away
the variation in timing increases. There are more records later in the night, but the number of records just
after dark also increases, indicating the recorded individual was already present at these monitoring locations,
or in its vicinity. Note also the frequent records during daylight hours (the night length increases from 566 min
on night number 230 to 915 min at night number 321), in particular at the locations further away from the

coast.
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Figure 3-12. Minutes with bat activity after sunset at the different monitoring locations throughout the season.
Note that monitoring locations Neptune platform K12-BP, Neptune platform L10A-AC and Gemini OHVS 2
Buitengaats are excluded in this analysis (See Figure 2-1 for a map of the monitoring locations) and that the

distances from shore are assessed at a direction of 67.5 degrees (ENE).
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Coefficient plots of the smoothers (Annex 4) show that Distance from shore is a significant predictor for the
timing of occurrence offshore, whereas Night in year was found to be not important. The model had a
reasonable fit. The mean absolute deviation (MAD) of the model was found to be 164.3 minutes. When
regressing a linear line between observed and predicted response values, the slope of this line was found to
be close to one (1.1). No violations of the model assumptions were found in the residual diagnostic plots.

In order to visualize the influence of the covariate Distance to Shore, we calculated the predicted values from
the model. In the predictor effect plot only the term of interest varies, while the other covariate is fixed at its
mean value (Fig. 3-13). The solid line represents the expected value of the predictions, and the red dashed
lines indicate the 95% confidence interval.

5004

4504

400

3504

Predicted minutes after sunset

3004

2501

30 40 50 60 70 80 90 100 110 120 130
Distance from shore (East-North-East) [km]

Figure 3-13. Predictor effect plot of the covariate Distance from shore (calculated from ENE to WSW).

The recorded bat activity varied between the locations (Figure 3-12). The first records occurred within an hour
after sunset at each location, irrespective of its distance from the coast. The average recorded bat activity
however occurs rather late at night; five hours after sunset at a distance of 30 km from shore and this increases
linearly to a little more than 6 hours after sunset 60 km from shore, which corresponds to an average
movement speed of 25.1 km/h. From 60 km onwards it starts slowing down due to an increasing proportion
of occurrences early in the night. Beyond 85 km the proportion of occurrences early in the night is greater
than the proportion late at night causing a decrease in the average time of occurrence.
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4 Discussion

Our study reconfirms the general pattern of occurrence of bats at the southern North Sea. Nathusius’ pipistrelle
is the most commonly recorded species offshore, whereas other species seem to be scarce (Boshamer & Bekker
2008, Huppop & Hill 2016, Lagerveld et al 2014, 2017, 2021, Petersen et al 2014, Walter et al 2007).

4.1 Occurrence in spring

During this study the first Nathusius’ pipistrelle spring record occurred on 16 March 2020 and the last on 10
June 2019, but most individuals were recorded from mid-April until mid-May (see Paragraph 3.2 and Annex 2
for details). In the German Bight Nathusius’ pipistrelles were observed between 20 April and 26 May (Huppop
& Hill 2016). Further east, at the Vistula Split in Poland, the first Nathusius’ pipistrelle was recorded at the end
of April, but migration peaked mid-May and lasted till the end of the month (Jarzembowski 2003). In Finland
the timing of the migration differed between years, but on average it was 20 days later than in Northern
Germany (Rydell et al 2014). The timing of spring migration at these locations, being closer to the breeding
areas, is as expected; the migration took place later than we found for Nathusius’ pipistrelle.

The recorded bat activity in spring was reduced in comparison to that in autumn. This corresponds with the
findings of previous offshore studies at the southern North Sea (Hippop & Hill 2016, Lagerveld et al 2017). On
land lower bat activity in spring is also a widespread, but poorly documented phenomenon that occurs from
Ireland (Russ et al 2003), via the Dutch coastal provinces (Lagerveld et al 2017) to continental Europe (Perks
& Goodenough 2020). The lower intensity of spring migration we found is likely caused by a combination of
factors:

1. Mortality before the return migration to the breeding areas.

2. Reduced availability of insects in spring. A radar study on bird and insect migration showed that nocturnal
insect movements were almost non-existent in spring, but had a strong peak in summer and early autumn
(Shi et al 2021). The virtual offshore absence of insects in spring might be an additional driver for migrating
bats to minimize their time spent foraging above the North Sea, thus reducing the chance of being detected
by our acoustic recorders.

3. As shown for long-distance migrant birds, spring migration is more rapid and takes place at higher
altitudes, particularly with wind assistance of the prevailing southwesterly tail winds (Eastwood 1967, Lack
1963a). Assuming migratory bats behave like migrant birds, they may use less stopovers and fly above
the detection range of our acoustic detectors, resulting in under-recording of acoustic activity in spring.

4.2 Spatio-temporal occurrence in autumn

In autumn the first individual was recorded 17 August 2020 and the last on 5 December 2019, with the majority
passing through in September and October (see Paragraph 3.2 and Annex 2 for details). Our data show a
seasonal pattern in offshore occurrence with a peak from early September to the end of September and a
possible smaller second peak at the end of October. This seasonal pattern broadly confirms the results from
our study on Nathusius’ pipistrelle at three offshore wind farms within 25 km off the Dutch mainland coast
from 2012 - 2016, showing a peak early September and a subsequent decline till the end of the studied period
around mid-October (Lagerveld et al. 2021), and reflects the general timing of the species’ migration from the
breeding areas at higher latitudes to the wintering areas at lower latitudes (Hippop & Hill 2016, Lagerveld et
al 2014, Pétersons 2004, Rydell et al 2014 ). However, the apparent increase at the end of October may point
at gender and/or age-related differences in timing and extent of migration, which has been found for several
other bat species (e.g. Jonasson & Guglielmo 2016, Petit et al 2001). In Europe, female-biased migration has
been shown for Common noctules by ring recoveries and isotope analysis. Females migrate longer distances
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than males, probably maximizing their yearly energy intake, benefitting from high insect biomass at higher
latitudes during the reproductive season, whereas males are more sedentary or local migrants (Lehnert et al
2018, Petit & Mayer 2000). Nathusius’ pipistrelles migration strategy shows similarity to Common noctules’
strategy. Our first peak coincides with the phenology of departure from the breeding areas and migration
towards the wintering areas (e.g. Hippop & Hill 2016, Petersen et al 2014), presumably mainly consisting of
females and juveniles (Pétersons 2004). The records later in the season probably consists predominantly of
adult males (Jarzembowski 2003, Petersons 2004). During the reproductive season, adult males stay along
the migration route of the females and try to attract passing females in order to mate with them (Jahelkova &
Horacek 2011). After the mating season some males migrate to wintering areas at lower latitudes, while others
are more or less sedentary and stay to winter in the same area (Pétersons 2004, Sachanowicz et al 2019).

Nathusius’ pipistrelles at the monitoring locations closest to the mainland (approximately 30 km from shore)
were recorded on average 5 hours after sunset. Up to ca 60 km offshore the average time of occurrence shows
a linear relationship with the distance from land, which corresponds to an average movement speed of 25.1
km/hr. This speed corresponds with the flight speed range found by Troxell et al (2019) of 24.8-27.3 km/hr
and Bach et al (2022) of 16.2 - 28.4 km/hr.

Although the timing of occurrence shows on average a westward movement over sea up to 60 km from shore,
the overall pattern of occurrence during the night shows much variation. At each monitoring location,
irrespective of its distance from shore, bats have been recorded during the first hour after sunset. At monitoring
locations relatively close to the coast (< 30 km) these records may include early arrivals from land. However,
at locations further offshore bats must be involved who roosted at, or in the vicinity of, the monitoring location.
Therefore, bat activity at sea does not only involve individuals which have departed the same night from the
coast. In particular at locations further away from the coast bats occur which are on their way for more than
one night. Interestingly, the timing of offshore occurrence did not change over the season, thus the time of
departure does not depend on the night length.

Beyond 85 km from shore the proportion of occurrences early in the night becomes greater than the proportion
late at night causing a decrease in the average time of occurrence, indicating that the recorded bats do not
cross the North Sea in one night. Interestingly, Bach et al (2022) found travel distances of radio tracked
Nathusius’ pipistrelles between 103 - 131 km per night. Flight mechanical theory however predicts that bats
can fly longer distances (Hedenstrom 2009) which would allow them to cross the North Sea in one night.

Furthermore, given the afore mentioned range in flight speed (16.2 to 28.4 km/hr), we expected the first bats
to arrive at the locations closest to shore within two hours after sunset if they start migrating offshore directly
after departure from their roost sites in the coastal zone. The delayed arrival on the offshore locations can be
caused by bats departing from roosting sites further inland, or by bats from coastal sites foraging a prolonged
period above land prior to their North Sea crossing.

Our model predicted an offshore distribution of Nathusius’ pipistrelle with higher probabilities of bat presence
further away offshore off the North Holland coast. The increase from east to west can be explained by
individuals detected during consecutive nights as they interrupt their migratory flight to roost during daylight
hours at sea. Thus resulting in an overall higher probability of presence per night further away from the coast.
This pattern of occurrence is only present off the North Holland coast and seems to be absent further north
and further south. This may be explained by spatial differences in the number of individuals migrating over the
southern North Sea.

Bats prefer to migrate over land and avoid major ecological barriers as the sea as much as possible (Ahlén et
al 2009). This habitat preference can lead to a concentration of migrating bats along the coast (Frey et al
2012), similar to migratory birds (Alerstam 1993, Berthold 1990). In the Netherlands many Nathusius
pipistrelles are observed during migration along the Afsluitdijk (Lagerveld et al., 2017); a 32 km dam
connecting the provinces Noord-Holland and Friesland which are separated by the large fresh water lake
Ijsselmeer. Continuing from the Afsluitdijk bats encounter the Dutch North Sea coast, where they either
continue offshore, or change direction and follow the coast in a SSW direction. It seems plausible that more
bats cross the North Sea in the wake of the Afsluitdijk, resulting in a higher probability of bat presence off the
coast of North Holland, in comparison to other coastal areas. In addition, the orientation of the North Sea
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coastline changes from a NNE-SSW orientation at higher latitudes to a more NE-SW orientation in the southern
part of the Netherlands and ENE - WSW in Belgium. The latter corresponds to the likely main migration
direction. Therefore further south bats could be more inclined to follow the coastline instead of crossing the
North Sea to reach the United Kingdom, resulting in a lower probability of offshore presence in the southern
part of our study area.

Finally, we found a significant difference in the occurrence of Nathusius’ pipistrelle between 2020 and the
previous years. Although 2017-2020 is a short period to draw firm conclusions, a decline cannot be ruled out.
Unfortunately, there is a lack of data on systematically monitored Nathusius’ pipistrelle to verify or falsify a
decline.

4.3 Environmental predictors

In order to understand the offshore occurrence of Nathusius’ pipistrelle in more detail, we investigated the
relationship of a suite of environmental variables and the probability of presence of Nathusius’ pipistrelle (see
Table 2-4). Apart from spatio-temporal parameters described in the previous section, the following
environmental parameters are important predictors for the probability of presence offshore: tailwind,
crosswind, and lunar phase.

Acoustic monitoring from 2012-2016 at three offshore wind farms close to the Dutch coast revealed that wind
direction had a marked influence on the probability of bat presence at sea (Lagerveld et al. 2021). The offshore
occurrence in autumn peaked with a wind direction from ENE. This corresponds with the direction of the
migration paths of virtually all ringing recoveries in Great Britain (National Nathusius’ Pipistrelle Project 2022).
We used this presumed optimal wind direction to calculate the tailwind and crosswind component of the wind
vector.

The tail wind component predicts the highest probability of presence of Nathusius’ pipistrelle with a wind speed
of 2 m/s from the ENE. A further increase in wind speed does not coincide with higher probability of presence,
but even leads to an apparent decrease. In low to moderate headwind conditions the probability of presence
is still positive, and the same applies to low to moderate crosswinds, in particular during crosswinds from land.
In other words, bats do also migrate over the North Sea with low to moderate headwinds and crosswinds, but
they prefer to do so with tailwind. Tailwind has been found as important factor for bat migration in both the
Dutch and the Belgian North Sea (Brabant et al 2021, Lagerveld et al 2021), and off the eastern coast of the
United States (Hatch et al 2013). Low to moderate wind speeds are thought to be the preferred conditions for
bats to migrate (Ahlén et al 2009, Brabant et al 2021, Huppop & Hill 2016, Lagerveld et al 2014, 2021), but
the decrease in activity with higher wind speeds from the ENE may be an artefact. Migrating bats, theoretically,
adapt their flight altitude to optimize the use of tail winds (Hedenstrom 2009). If they fly higher to take
advantage of the stronger tailwinds at higher altitudes, they can fly above the detection range of the acoustic
equipment (> 45 m above sea level), resulting in under-recording of acoustic activity during these conditions.
That migratory bats actually do fly at high altitudes over sea during strong tailwind conditions has been shown
by Hatch et al. (2013) who photographed multiple bats at heights of over 200 m off the US east coast with
tailwinds up to 10 m/s.

Increasing crosswinds (from either SSE or NNW) decreased the probability of presence, indicating that
moderate or high crosswinds are avoided. Note that the probability of presence peaks at a wind speed of 1
m/s from the SSE, indicating that crosswinds from land are preferred over crosswinds from sea. It may
therefore also possible that wind drift caused by crosswinds from land does play a role in the offshore
occurrence of bats, as suggested by Hippop & Hill (2016) who recorded bats in the German Bight mainly
during southerly winds.

Predation risk and insect availability are postulated as important factors shaping activity patterns in response
to moon illumination, as insectivorous bats are both predator and prey (Lang et al., 2006; Kronfeld-Schor et
al., 2013). Predators of Nathusius’ pipistrelle and other insectivorous bats include several species of owls,
diurnal raptors, gulls and crows (Speakman, 1991; Sieradzki & Mikkola, 2020). Although bats constitute only
a small proportion of the diet of aerial predators in Europe (Speakman, 1991; Sieradzki & Mikkola, 2020), bats
reduce predation risk by their choice of foraging areas (Baxter et al., 2006) and by their timing of roost
departures (Lima & O’Keefe, 2013). Predation risk is likely to increase with higher moon illumination, since
bats become more visible. However, most insectivorous bats from temperate areas do not seem to avoid
moonlit nights (Lima & O’Keefe, 2013). In Europe, so far only Daubenton’s bat Myotis daubentonii was found
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to reduce its activity significantly during higher phases of the moon (Ciechanowski et al., 2007). This study
also found an almost significant negative relationship between Nathusius’ pipistrelles activity and moon
illumination (Ciechanowski et al., 2007). Consequently we cannot exclude the possibility that predation risk
may be a factor affecting migratory movements and thus the offshore occurrence of Nathusius’ pipistrelle.

Another important factor for the occurrence of bats, prey availability, can also show a relationship with the
lunar phase (Kronfeld-Schor et al., 2013). The diet of Nathusius’ pipistrelle mainly consists of Chironomidae
(Diptera) (Beck, 1995), of which some species are known to adjust their emergence to specific phases during
the lunar cycle (Danthanarayana, 1976). In autumn, insects from coastal areas may disperse over sea, when
this coincides with easterly winds. Insect migration activity may also be associated with the lunar phase
(Danthanarayana, 1976). In particular during late summer/early autumn many insects migrate over sea (Drake
& Gatehouse, 1995; Chapman et al., 2004; Drake & Reynolds, 2012). They are likely attracted to illuminated
offshore platforms, thereby facilitating bats to forage in the vicinity of these platforms during their migratory
flight over sea (e.g. Ahlén et al., 2009; Suba et al., 2012). Thus, the observed relationship between the lunar
phase and offshore bat occurrence may be caused by reduced migratory bat activity during higher phases of
the moon to avoid predation, or by bats making use of increased insect availability over sea, or by a
combination of both factors.

Temperature could not be included in our model due to a strong correlation with night in year. Although the
latter, i.c. seasonal timing, is considered the most important driver for obligate migrants (Hedenstrém 2009),
temperature is stated as most important environmental factor influencing the phenology of migration (Pettit &
O’ Keefe 2017). Lagerveld et al (2021) found temperature to be of minor importance (p=0.09) for Nathusius’
pipistrelles occurrence at three offshore wind farms off the Dutch mainland coast. In the time period concerned
the majority (89%) of their observations occurred during nights with average temperatures >15°C. Brabant
et al (2021) found also a positive relationship between temperature and offshore occurrence off the Belgian
coast. Temperature can have an indirect effect on bat migration as cue for prey availability at sea (e.g. Drake
& Gatehouse 1995). This increase in offshore insect availability can be caused by either insect migration or
offshore drift of insects that are more active during higher temperatures (Drake & Reynolds 2012).

Of the suite of environmental variables we used to predict the probability of presence of Nathusius’ pipistrelle
(see Table 2-4), atmospheric pressure and cloud cover were found not to be important, whereas a change in
atmospheric pressure and rain possibly had a minor influence on the offshore presence. In contrast, previous
studies found cloud cover (Cryan & Brown 2007), atmospheric pressure (Brabant et al 2019, Cryan & Brown
2007, Huppop & Hill 2016, Lagerveld et al 2014, Smith & McWilliams 2016) and rain (Hlppop & Hill 2016,
Pettit & O’ Keefe 2017) as important predictors for the offshore occurrence of bats.

4.4 Limitations of our study

Although we collected acoustic data on echolocation signals of bats with a high temporal resolution, our
analysis was based on absence-presence of bat activity per night to overcome limitations that are
characteristic for current acoustic detection methods. These methods cannot translate echolocation signals to
the number of animals, nor can they distinguish between individuals. In other words, a sequence of calls in a
certain time frame can originate from one individual in the detection range or from multiple individuals
passing through the detection range. Since the detection range of acoustic recorders is limited and our
recorders were deployed at a height of ca 15 m, our results are only valid up to ca 45 m above sea level.
Lagerveld et al (2021) provide a more detailed description of these limitations.
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5 Conclusions

This study reconfirms that Nathusius’ pipistrelle is the most common bat species at the southern North Sea.
Due to a lack of data in spring we limited the analysis to its occurrence in autumn. Our analysis revealed that
its occurrence offshore continues till later in the year than previously thought. This prolonged migration period
may be caused by adult males that start migrating when females have left after the mating season.

Furthermore, the results from our study show that offshore bat occurrence varies considerably during the
night, in particular at locations further away from the coast, rendering it difficult to predict specific periods
throughout the night in which bats can or cannot be expected. An important contributor to the extensive
variation consist of bats which travel over sea during consecutive nights and roost at offshore constructions
during the day. The average timing of occurrence shows a linear relationship with the distance to the coast
between 30 and 60 km from shore, corresponding to an average movement speed of 25.1 km/h.

Our study predicts an offshore distribution of Nathusius’ pipistrelle with higher probabilities of bat presence
per night further away offshore off the North Holland coast. This east-west gradient is caused by individuals
who are detected multiple nights when they continue their migration after a roost at sea during the day. The
increased probability of occurrence off the coast of North Holland in comparison to that further north and south
may reflect real differences in bat abundance.

The effect of wind speed and wind direction should always be considered together. Our analysis shows that
most bat activity is to be expected with a light tailwind (from ENE), although higher wind speeds may result in
animals flying at altitudes above the detection range of our bat detectors. In addition, the offshore occurrence
of bats can also be expected with light to moderate crosswinds, in particular from land, as well as with light to
moderate headwinds.

Bat presence is decreased between full moon and last quarter, and increased just before new moon. The
observed relationship between the lunar phase and offshore bat occurrence may be caused by reduced
migratory bat activity during higher phases of the moon to avoid predation, or by bats making use of increased
insect availability over sea, or by a combination of both factors.

Finally, we found a significant difference in the occurrence of Nathusius’ pipistrelle between 2020 and the
previous years. Although 2017-2020 is a short period to draw firm conclusions, a decline cannot be ruled out.
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6 Recommendations

To reduce the potential impact of offshore wind farms on bats, mitigation measures which are based on the

probability of the presence, should take the following factors into account:

1. Seasonal occurrence: autumn migration takes place between late August and late October.

2. Daily temporal occurrence: bats occur throughout the entire night, in particular at locations further away
from the coast. Occasionally, bat activity occurs during daylight hours, in particular during the first hours
after sunrise at locations further away from the coast.

3. Wind: most migration can be expected during tailwind conditions. but the decrease in activity with higher
wind speeds might be an artefact. High flying individuals during stronger tailwind conditions should be
considered. Offshore migration also occurs with light to moderate crosswinds, in particular from land, as
well as headwinds. Note that the wind speeds mentioned in this report refer to wind speeds measured at
an altitude of 10 m above sea level, and that wind speed increases with height. Mitigation measures
therefore should not be based on wind speeds measured at nacelle level when using information from this
report.

4. Lunar phase: reduced bat migration activity between full moon and last quarter, and a strong increase just
before new moon.

5. Spatial distribution: spatial differences seem to be present in the offshore occurrence of bats; the highest
densities are likely present west off the coast of North Holland.

Continuation of the acoustic monitoring, using the same monitoring network, could be used to monitor the
long-term trend of bat migration intensity over the southern North Sea.

It is urgently needed to obtain more information on flight heights in spring and autumn. Unfortunately
Nathusius’ pipistrelle cannot be equipped with a GPS tag. Measuring flight heights may be done with bat
detectors at various heights. However, an offshore wind turbine seems not to be a good option due to the
inherent disturbances (fatality risk, attraction to lights and limited detection range of the bat detector in the
rotor zone). An offshore mast without illumination would be the preferred option.

Due to the low numbers of acoustic detections in spring it may be more effective to study spring migration
using telemetry. Telemetry data (both in spring and autumn) may also result in information on sex and age
specific differences in the migration ecology. Furthermore it may provide information on the attraction by
offshore wind farms, as well as the flight behaviour within a wind farm.
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Annex 1: monitoring locations
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Petrogas Q1-A (Helder) Petrogas P9-A (Horizon)

Photos of the monitoring locations Dana P11-B, Neptune L10, Neptune K12 and Wintershall P6-A are not
available.
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Annex 2: date-time plots
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Annex 3: output spatiotemporal analysis

Table C-1. Coefficient summary table of the categorical and linear covariates. The interpretation is as follows:
Consider a covariate x; if x increases by a single unit, and all other covariates do not change, than the odds of
detecting a bat call is multiplied by exp(). The exponent of the 95% confidence interval (see columns "exp(q0.025)”
and "exp(q0.975)") is also given in this table.

term B Se exp(B) exp(q0.025) exp(gq0.975) p-value
(Intercept) -3.3772 0.3990 0.0341 0.0156 0.0746 <2.22e-16%**
Year 2018 -0.012581 | 0.291677 | 0.987498 A 0.557520 1.749088 0.965596
Year 2019 -0.344998 | 0.301178 | 0.708222 | 0.392470 1.278005 0.252005
Year 2020 -1.309882 | 0.336650 | 0.269852 | 0.139498 0.522015 9.9861e-
05***
Rain -0.8432 0.5030 0.4303 0.1606 1.1532 0.093644
Atmospheric 0.0058 0.0144 1.0058 0.9778 1.0347 0.685948
pressure
1.0 -2.718
0.5 1 -1.649
)
0.0 A ~ @ - 1.000x
o e e ;1
£ -0.5- F0.607 &
> 3
o -1.04 -0.3689'_
KL
-1.5 1 -0.223
-2.0 1 -0.135
20I1 7 20[1 8 20'1 9 20]20
Year

Figure C-1. Coefficient estimate plot of the year categories. The plots were made on the linear scale; the y-axis
values on the right side show the exponent of the original y-axis values on the left. The black points indicate the
correction factor of the intercept (2017 is the reference value, and thus has a value of zero), the grey shades
indicate the 95% confidence intervals of the means, and the red crossbars indicate the confidence intervals for the
Tukey tests for pairwise differences. If the red crossbars of two categories do not overlap with each other,
differences can be regarded statistically significant. The qualitative interpretation is as follows: higher values of f(x)
indicate higher expected probability of detection, lower values indicate lower probability. The quantitative
interpretation is as follows: suppose the year changes from year a to year b and all other covariates do not change,

then the odds of a bat call detection will be multiplied by %Z:ZB.
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Figure C-2. Coefficient plots of the regular smoothers. The plots were made on the linear scale; the y-axis values
on the right side show the exponent of the original y-axis values on the left. The solid red lines represents the
relation between a covariate value (x-axis) and the effect of the covariate value (y-axis). The ribbon (shaded band)
gives the 95% confidence interval. The qualitative interpretation is as follows: higher values of f(x) indicate higher
expected probability of detection, lower values indicate lower probability. The quantitative interpretation is as
follows: suppose the covariate x changes from value a to value b and all other covariates do not change, then the

odds of a bat call detection will be multiplied by

exp(f (x=b))
exp(fG=a)’
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Figure C-3. Plot of the longitude-latitude tensor smoother. The plot on the left gives the mean estimate (indicated
by colour) and standard error (indicated by the sizes of the points) at the actual monitoring locations. The plot on
the right gives the interpolated mean estimates, where the black points indicate the actual monitoring locations.
The qualitative interpretation is as follows: higher values of f(x) indicate higher expected probability of detection,
lower values indicate lower probability. The qualitative interpretation is as follows: higher values of f(x) indicate
higher expected probability of detection, lower values indicate lower probability. The quantitative interpretation is
as follows: suppose the spatial coordinates change from coordinates a to coordinates b and all other covariates do
not change, then the odds of a bat call detection will be multiplied by M. Note that the estimates
exp(f(coordinate=a))
outside the boundaries of the monitoring locations are extrapolated, and thus not reliable.
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Annex 4: output movement analysis
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Figure D-1. Coefficient plots of the smoothers Distance from shore (ENE) and Night in year. The plots are made
on the linear scale; the y-axis values on the right side show the exponent of the original y-axis values on the left.
The solid red lines represents the relation between a covariate value (x-axis) and the effect of the covariate value
(y-axis). The ribbon (shaded band) gives the 95% confidence interval. The qualitative interpretation is as follows:
higher values of f(x) indicate higher expected probability of detection, lower values indicate lower probability. The
quantitative interpretation is as follows: suppose the covariate x changes from value a to value b and all other

covariates do not change, then the odds of a bat call detection will be multiplied by
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