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Migratory movements of bats are shaped
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Abstract

Background Migratory bats perform seasonal movements between their summer and winter areas. When crossing
ecological barriers, like the open sea, they are exposed to an increased mortality risk due to energetically demanding
long-distance flights and unexpected inclement weather events. How such barriers affect bat migratory movements
is still poorly known.

Methods To study bat migration patterns in response to an ecological barrier, we tagged 44 Nathusius’' pipistrelles
Pipistrellus nathusii with radio-transmitters on the East coast of the United Kingdom (UK) in spring 2021 and 2022.
Subsequently, we assessed their movements to continental Europe using the MOTUS Wildlife Tracking System. We
investigated route selection, timing of migration, overall migration speed and the influence of wind on airspeed,
groundspeed and flight altitude during migratory overseas flights.

Results Barrier effects cause migratory movements along the coast, and crossings over sea are shortened by
deviating from the general migration direction. Males depart from the UK later in the season compared to females.
The overall migration speed of females was 61 km/day and 88 km/day after their last detection in the UK. Our
estimated airspeeds during oversea flights correspond well with airspeeds measured in a wind tunnel. Bats use

wind adaptively to reduce airspeed when flying under tailwind and increase airspeed when flying under crosswind
conditions. Departures over sea coincidence with tailwinds, enabling bats to more than double their airspeed,
reaching ground speeds of up to 16.8 m/s (60.5 km/h). Our analysis suggests that bats select altitudes with favourable
wind conditions and that they seek altitudes of several hundred meters, possibly extending up to 2,500 m. Low-
altitude migration occurs when wind conditions are less favourable.

Conclusions Our study demonstrates that bat migratory movements are highly influenced by barrier effects,
sex-biased timing of migration and the adaptive use of winds. The results of our study contribute to a more
comprehensive understanding of the decision-making process and adaptations bats employ during their migration.
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Elucidating bat migration patterns will enable us to develop effective conservation measures, for example in relation
to the development and operation of coastal and offshore wind farms.

Keywords Bat migration, Nathusius'pipistrelle, North Sea, Wind farms, Flight elevation, Migration speed, Wind

selectivity, MOTUS wildlife tracking system

Introduction

Several bat species migrate between their summer and
winter areas. During their migratory journey they may
encounter ecological barriers such as the open sea. These
can be risky to cross due to energetically demanding
long-distance flights and unexpected inclement weather
events, as feeding and roosting opportunities are reduced
or absent. How such barriers affect bat migratory move-
ments is still poorly known.

In the North Sea region Nathusius’ pipistrelle is the
most observed migratory bat species [1-8]. The species’
main breeding areas are located in north-eastern and
central Europe [9]. Populations from the Baltic states
and Russia migrate over large distances, up to 2400 km
[10], to wintering areas in southern and western Europe,
including the UK [9]. Populations in central Europe travel
shorter distances or are sedentary [11]. Ringing recover-
ies of individuals ringed in the UK and mainland Europe
suggest a migratory movement from west-southwest to
east-northeast in spring, and vice versa in autumn [12].

Late summer adult males occupy territories along the
migration route and mating occurs during the autumn
migration [9]. Early migrants in autumn comprise pri-
marily females and juveniles, while adult males migrate
later in the season [11, 13, 14]. It is not yet known if this
sex-dependent timing of migration also exists during
spring. Our knowledge on the overall speed of migration
in the North Sea region is similarly limited. So far, the
best estimate comes from two radio-tracked migratory
bats in autumn. These individuals flew from Helgoland
(Germany) to the Netherlands and Belgium and covered
average distances of 103—131 km per night when migrat-
ing, at an overall migration speed of 30—-44 km per night
during the entire monitoring period [15].

For flying vertebrates the relation between the mechan-
ical power to fly and the airspeed shows a U-shaped
curve [16]. The curve is characterized by the minimum
power velocity representing the airspeed minimizing
the energy expenditure per unit of time, and the maxi-
mum range velocity referring to the airspeed minimizing
the energy expenditure per distance travelled [17, 18].
Nathusius’ pipistrelle characteristic airspeeds measured
under controlled conditions in a wind tunnel show a min-
imum power velocity of 5.8 +/- 1.0 m/s and a maximum
range velocity of 7.5 +/- 1.1 m/s [19]. Experimental stud-
ies in the field, including insectivorous bats [19, 20], fruit
bats [21] and birds [17] have shown that the minimum
power velocity is used during foraging flights, whereas

migratory or commuting flights are rather performed at
the maximum range velocity.

Flight mechanical theory predicts that airspeeds
exceeding the maximum range velocity can be expected
with headwind and crosswind, whereas airspeeds
approaching the minimum power velocity are expected
in tailwinds [18, 22]. In strong winds, when the wind-
speed equals or exceeds the airspeed of the migrant, the
animal is overpowered by the wind and has no other
option than to follow its general direction [23]. Experi-
mental studies in the field, concerning several bird spe-
cies [24, 25], straw-coloured fruit bat Eidolon helvum
[21] and Brazilian free-tailed bat Tadarida brasiliensis
[26] confirmed reduced airspeeds during tailwinds and
increased airspeeds during headwinds and crosswinds. It
is currently unknown how Nathusius’ pipistrelle adjusts
its airspeed in response to wind conditions, and how
this subsequently affects its groundspeed, which is the
motion relative to the ground.

Some studies support the idea that bat migration is a
low altitude phenomenon [27, 28]. Migrating bats over
the Baltic Sea have been mainly observed below 10 m
above sea level (asl) [27]. Nathusius’ pipistrelles have
been seen migrating over the North Sea during day-
light hours at altitudes between 5 and 20 m [4]. Acoustic
research at an offshore wind farm (OWF) off the Belgian
coast showed that the number of recordings at nacelle
height (93 m) was about 10% of those made at 16 m [29].
In contrast, migrating Eastern red bats Lasiurus borea-
lis were photographed higher than 200 m asl off the east
coast of the United States (US) in strong supportive tail-
winds up to 9-10 m/s [30]. The observed relationship
between stronger tailwinds and reduced migratory bat
presence over the North Sea at lower altitudes (<50 m)
may indicate that Nathusius’ pipistrelle also migrates at
relatively high altitudes under such conditions [7]. Bats
may therefore respond similarly to tailwinds as migra-
tory birds, which are known to explore wind conditions
at different altitudes to select the optimal wind support
[31-33].

Currently, the major gaps in our knowledge of the
movement ecology of migrating bats are route selection
across ecological barriers, migration timing and overall
migration speed, as well as the behavioural response to
wind during migratory endurance flights, e.g. adjusting
airspeed, groundspeed and flight altitude.

To fill parts of these knowledge gaps we investi-
gated Nathusius’ pipistrelle’ migratory movements in
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the southern North Sea region. In 2021 and 2022, we
equipped 44 bats with VHF-radio transmitters on the
east coast of the UK using the MOTUS Wildlife Tracking
System [34] and tracked their movements during spring
migration to the European mainland. With the obtained
data, we assessed their migratory routes, timing of migra-
tion and overall migration speed. For long-distance
flights over the North Sea, we performed airspeed and
ground speed calculations and assessed the optimal flight
altitude and flight path.

Material & methods
Study area & receiver network
The study area includes the southern North Sea and
adjacent coastal areas in the UK, Belgium, the Nether-
lands and Germany (Fig. 1). Bat tagging was conducted at
Minsmere along marsh edge habitats in Southwalk Belts
(N 52.2443 E 1.6157), as well as 40 km further south at
the Landguard Bird Observatory (N 51.9378 E 1.3209).
To monitor bat migratory movements, we used the
MOTUS Wildlife Tracking System [34], which consisted
of about 125 operational receiver stations in the study
area (Fig. 1). All receivers are equipped with two to six
antennas, orientated in different directions (https://mot

54.5°N
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us.org/). Receivers in the Netherlands, Belgium and UK
used 6-element SIRIO WY140-6 N antennas and were
connected to a GPS to ensure correct timestamps of the
received signals. In Germany, 6-element Vargarda Helgo-
land antennas were used, and most receivers were time-
synchronized by GPS.

Tagging bats with radio-transmitters

Trapping and tagging of bats was carried out under
Natural England project licence 2021-55582-SCI-SCI. In
2021, 15 trapping sessions were undertaken at Minsmere
between 28 March and 15 May. In 2022, tagging occurred
over 13 nights between 13 April and 22 May, two at
Landguard and 11 at Minsmere.

Bats were trapped with no. 2 and no. 3 Austbat harp
traps (Faunatec, Australia) in conjunction with AT100
acoustic lures (Binary Acoustic Technology, United
States) playing male Nathusius’ pipistrelle advertisement
calls to attract conspecifics. The traps were positioned at
least 150 m apart and were checked every 20 min. Cap-
tured bats were held individually in cloth bags. Each
individual bat was measured, weighted, sexed, aged
(if possible), and its condition and reproductive status
assessed using the criteria described by [35].
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Fig. 1 Study area with the MOTUS telemetry network at the time of the study and the tagging locations at Minsmere and Landguard. Receivers are

indicated in yellow, tagging locations circled in red
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Nathusius’ pipistrelles (males and females), consid-
ered to be in suitable condition (no visible injuries, few
parasites, healthy wing membranes and fur) were tagged.
Heavily pregnant females, judged to be 2 weeks or closer
to parturition, and individuals in unsuitable condition
were released immediately. In accordance with Natural
England guidance for the capture and marking of bats
(guidance note WML-G39), a minimum weight of 6 g
was employed to ensure that the combined weight of the
radio-transmitter and adhesive did not exceed 5% of the
individual’s body weight. Fur was lightly clipped between
the shoulder blades to create a small pocket (8 mm x
4 mm) for the radio-transmitter which was attached with
medical adhesive (Torbot Group, United States). Tagged
bats were held in cloth bags on heat pads and released as
soon as the adhesive was set (after about 10 min).

We used 0.26 g NTQB2-1 2 radio-transmitters (LOTEK
Wireless, Canada) with burst intervals between 6.7 and
7.3 s and an expected lifespan of 51-61 days. Each trans-
mitter broadcasts a uniquely coded signal at 150.1 MHz,
allowing the identification of individually tagged animals
on the same frequency.

Data curation
All calculations were performed in R, version 4.1.1 [36].
The Motus R package [37] was used to download the
radio transmitter detections and metadata from www.
motus.org (retrieved 2022-08-07). This yielded 923,898
recorded detections. To avoid false positives, we filtered
out detections with run lengths of 3 or less (run length
equals the number of consecutively detected signals), in
accordance with the MOTUS R Book [37]. Furthermore,
detections at specific receivers were filtered out manually
as being deemed unlikely, for example at locations with
lots of radio noise (see Additional file 1 for details). After
this data curation, 96% of the original records remained.
The location of the station receiving the signal of a
radio transmitter was used as a proxy for the current
location of the bat. When there were detections adjacent
in time (<30 s) on different nearby receivers (<10 km),
we used the receiver at which the strongest signal was
received. When a bat moved from one receiver to the
next, we assigned a departure and arrival time stamp for
the flightpath between the two receivers, using the time-
stamps when the strongest signals were received. The
error in position fixes is estimated to be max. 2500 m
based on the signal strengths received in the present
study, in combination with the measurements of [38].

Route selection

To examine the movements, we used the package SF [39]
to calculate the shortest distance between subsequent
locations as well as the bearing for each flightpath. We
excluded movements within 6.5 km from the tagging
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location (the maximum foraging range of Nathusius’ pip-
istrelle [40]). Flightpaths of each individual were plotted,
using the package ggplot2 [41].

Timing of migration

For each individual, we determined the timestamp and
geographic location of the last detection in the UK, and
-if applicable- the timestamp and geographic location of
the first and the last detection on the European mainland.
We compared the date of last detection in the UK with
the arrival date at the east coast of the southern North
Sea (in Belgium and the Netherlands), as well as with the
arrival date in northern Germany. Subsequently, we com-
pared the date of last detection in the UK between the
sexes, using a two-sample t-test.

Overall migration speed

For individuals detected over 400 km from the UK, we
calculated an overall migration speed using the shortest
distance between the tagging location and the geographi-
cal location of the last detection on the European main-
land, divided by the time between tagging and the last
detection. We also calculated the overall migration speed
excluding the time spent in the UK, using the shortest
distance between the geographical location of last detec-
tion in the UK and the last detection on the mainland
divided by the time in between. We excluded one bat
tagged late March which stayed until early May, and may
have used the tagging area to overwinter.

Airspeed and groundspeed of migratory flights

To obtain accurate speed estimates, we restricted the
analysis to single night flight paths of at least 100 km, in
accordance with the MOTUS R Book [37]. This resulted
in a dataset of five overseas flights from the east coast
of the UK to the west coast of the Netherlands. From
each flight, we assessed the potential flight paths at vari-
ous altitudes assuming that the bat used a fixed heading
(compass direction) and did not compensate for wind
drift during the nocturnal crossing over sea (cf [42]). Fur-
thermore, we assumed a constant airspeed and constant
flight altitude.

Wind conditions at different altitudes were obtained
from the ERA5 hourly data on pressure levels, where
wind vectors are reported from 200 hPa up to 1000 hPa
separated into 37 different barometric layers [43]. Wind
data was provided at an hourly interval at a spatial reso-
lution of 0.25%x0.5 degrees. The barometric layers were
converted to altitudes (in meters) by applying the rear-
ranged barometric formula [44]:
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where R* is the universal gas constant (8.3144598 ]/
(mol-K)); go is the gravitational acceleration (9.80665 m/
s?); M is the average molar mass of air (0.0289644 kg/
mol); P is the air pressure (Pa) of the barometric layer;
P, is the air pressure at sea level (taken from [45]); hy, is
the reference altitude (0 m per definition); T is the tem-
perature at sea level (approximated by the temperature at
2m altitude taken from [45]); L; is the temperature lapse
rate (-0.0065 K/m [43]).

The wind vectors were interpolated from the baromet-
ric layers to a set of specific fixed altitudes using linear
interpolation. The fixed altitudes were chosen to cor-
respond well with the available barometric layers in the
original wind data. The selected altitudes were: 10, 200,
400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2500,
and 3000 m. The windspeed was extracted from the col-
lected wind data by taking the vector from the data at
the simulated altitude that was closest in both space and
time.

During flight, the motion relative to the ground
(ground speed) was the net result of the bat’s airspeed
and displacement by the wind. By assuming an a priori
value for airspeed (7.5 m/s) and bat heading (110°) in
combination with the wind vector, the flight path was
reconstructed at two-minute intervals. The calculated
destination location (from the reconstructed flight path)
was compared with the known arrival location (based
on MOTUS data), which was the error of the simulation
expressed in kilometres. By adjusting (solving) the value
for airspeed and bat heading using root-finding algo-
rithms developed by [46] this error was minimized to
zero. This resulted in airspeed and bat heading estimates
meeting the above-made assumptions that displacement
is determined by a fixed air speed and bat heading and
the wind vector. We calculated the tailwind and cross-
wind component of the wind vector for each two-minute
interval, using Eqgs. 2 and 3:

Ve = Uy + €OS (Quy — Q) (2)

Ve = Vg + SIN (Qy — Q) (3)
with « ,, = wind heading, « , = bat heading, v,, = wind-
speed, vy = tailwind speed, v, = crosswind speed
Positive values of tailwind indicate wind support in the
direction of movement, whereas negative values indicate
headwind. Crosswind refers to the wind vector perpen-
dicular to the direction of movement. Positive values of
the crosswind component indicate wind from the right
and negative values indicate wind from the left. If the
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windspeed equals or exceeds the airspeed, the animal can
only maintain its flight path direction during tailwinds,
while strong crosswind or headwind will divert it from its
desired track [23]. We calculated the maximum possible
angle between the estimated airspeed and the windspeed
(cf [23]):

Qmae = arcsin (%) (4)

Uy

With o e = maximum possible angle between wind
heading and bat heading, v, = airspeed and v,, = wind-
speed. Excluding angles greater than the maximum pos-
sible angle (cf [23]). resulted in a range of potential flight
paths, corresponding airspeeds and flight altitudes. A
flowchart of the calculation is included in Additional file
2. Next, we compared the calculated airspeeds with the
minimum power velocity and the maximum range veloc-
ity measured in a controlled environment (wind tunnel
experiment [19]).

Flight altitude and flight path

In the previous step, the range of potential airspeeds,
corresponding flight altitudes and flight paths, were cal-
culated for each migratory flight over sea. To assess the
optimal (approximate) flight altitude and associated flight
path, we identified the altitude with minimum airspeed
(corresponding to the minimum energy expenditure).

Results

Route selection

44 Nathusius’ pipistrelles were tagged; 40 at Minsmere
and four at Landguard (Additional file 3). Two tags were
found detached and one individual was predated by a
Eurasian sparrowhawk Accipiter nisus. The remaining 41
individuals (four males and 37 females) were all detected
at the tagging locations and 30 individuals (three males
and 27 females) were also detected elsewhere (Fig. 2).
Additional file 4 provides maps with the daily movements
of each individual bat.

In the UK, movements of 23 individuals were observed,
of which 10 moved north after tagging, three moved
south and 10 performed up and down movements along
the coast (Additional file 4). A total of 24 single-night
movements was recorded in the UK (including 18 indi-
viduals). The average nightly distance of these move-
ments was 36.4 km. The maximum recorded distance
travelled within one night was 89.3 km (up and down
along the coast).

A total of 15 bats was detected overseas, of which one
individual was detected offshore at the Belwind Offshore
Wind Farm in Belgian waters and three others at the
coast in southern Belgium. Eight individuals made land-
fall on the Dutch coast. In northern Germany six bats
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Fig. 2 Movements of Nathusius’ pipistrelles detected away from the tagging locations (n=30). Receivers are indicated as yellow dots, tagging locations
circled in red. Solid lines represent movements within one night whereas dotted lines indicate movements over more than one night. Note that the
shortest distance between the receivers is shown, which not necessarily reflects the actual flight path between the receivers. See Additional file 4 for the

day-to-day movements for each individual

were observed, three of which were detected previously
on the Dutch coast (Fig. 2).

The majority of the bats detected in Belgium and the
Netherlands (10 of the 12 individuals) were detected at a
lower latitude than their tagging location in the UK. The
five single-night overseas crossings (Fig. 2; solid lines over
the North Sea) were performed in directions between 82
and 117 degrees (average 101 degrees). One individual
flew south through Kent before crossing overseas. Four
individuals changed their heading to the northeast after
making landfall on the European mainland (Fig. 2).

Timing of migration

The last detection of females in the UK (2=37) occurred
between 20 April and 29 May (average 10 May, SD=9
days). Arrivals at the east coast of the southern North Sea
(in either Belgium or the Netherlands) (n=11) occurred
between 2 and 28 May (average 13 May, SD=9 days) and
the first occurrence in Germany (n=6) was observed

between 5 May and 3 June (average 16 May, SD=10
days). Males (n=4) were last detected in the UK between
24 May and 13 June (average 4 June, SD=8 days) of which
one individual was detected offshore in Belgian waters on
25 May 2022. The difference in the date of last detection
in the UK for females and males proved to be highly sig-
nificant (t =-5.2307, df=39, p-value=6.033e-06).

Overall migration speed

For individuals tagged in April or May and subsequently
detected in Germany (n=5, all females), the overall
migration speed was 61 km/day (SD=26 km/day), and
88 km/day (SD=46 km/day) after their last detection in
the UK (Table 1).

Airspeed and groundspeed of migratory flights

Five single-night overseas crossings (all females) were
suitable for analysis. The minimum distance of over-
sea crossings ranged from 157 to 205 km which took
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Table 1 Spring migration speed, based on the time difference between release in the UK and last detection in Germany, as well as last
detection in UK and last detection in Germany. Distances refer to the shortest distance between the tagging location and the location

of the last detection

Deployment Time between tagging and last detection UK [days] = Overall migration speed, including  Overall migration speed after
time spent in UK last detection UK
Days km  km/day Days km  km/day
31910 4 7 493 71 3 477 157
31897 9 18 457 25 9 434 47
35901 0 9 547 61 9 579 65
38873 1 9 449 50 8 450 56
39001 1 6 574 96 5 574 113
Average 3 10 504 ol 7 503 88
Table 2 Timing of departure and arrival, and minimal distance of flight paths over 100 km during one night
Deployment Departure Arrival Dura- Min.
Date/Time [UTC] Location Time after Date/Time [UTC] Location Time tion dis-
sunset before [min]  tance
[min] sunrise [km]
[min]
31861 2021-05-02 20:00 N5225E1.62 40 2021-05-02 23:57 N 5251 E4.60 250 237 205
31904 2021-05-17 20:41 N 5225E1.63 56 2021-05-17 23:59 N51.62 E3.67 230 198 157
31898 2021-05-25 21:52 N 5265E1.74 114 2021-05-26 01:27 N5198E4.12 129 215 178
35902 2022-05-06 20:08 N 5225E1.63 41 2022-05-07 01:09 N 5224 E4.43 173 301 191
39007 2022-05-11 21:10 N 5225E1.63 95 2022-05-12 00:00 N 51.92 E4.06 236 170 170
Average - - 69 - - 204 224 180

170-301 min to complete. Bats departed on average
69 min (range 40—114 min) after sunset and arrived on
average 204 min (range 129-250 min) before sunrise
(Table 2, Additional file 5).

In all but one case, the received signals at departure
and arrival showed a gradually increasing and subse-
quently decreasing signal strength, indicating the animal
was already in flight. The only exception is the departure
of deployment 35,902, which shows a sharp increase and
gradually decreasing signal, indicating that the animal
was taking off in close proximity to the receiver (Addi-
tional file 5).

Figure 3 shows the calculated average airspeed dur-
ing the oversea flights at different altitudes based on the
wind conditions encountered along the way at those alti-
tudes (Fig. 4). Excluding non-feasible angles between the
airspeed and windspeed (Eq. 4), the calculated airspeeds
correspond well with the minimum power velocity and
maximum range velocity (Fig. 3).

During the oversea crossings windspeeds at 10 m asl
ranged from 3.7 to 9.9 m/s, mostly increasing with alti-
tude (Fig. 4). Separating the wind vector in tailwind and
crosswind components showed that the wind direction
differed with altitudes. Migratory flights over sea coin-
cided with tailwinds, whereas the crosswinds compo-
nents were much smaller or absent (Fig. 4). When the
crosswind component is small compared to the tailwind
component the calculated airspeed approaches minimum
power velocity. Increasing crosswinds in relation to the

tailwinds results in calculated airspeeds in the range of
the maximum range velocity (Figs. 3 and 4). Information
on the bat heading, wind heading, and ground heading is
presented in Additional file 6.

Ground speeds ranged from 10.7 to 16.8 m/s, and were
on average a factor 2.2 (range 1.7-2.7) higher than the
calculated airspeeds (Fig. 3), thus reducing the average
energy expenditure by about 55% (range 41 —59%) per
unit of distance travelled.

Flight altitude and flight path

Unfeasible combinations of the angle between the wind-
speed and airspeed (Eq. 4) limit the altitudinal range in
which migratory flights can be performed (Fig. 3). In
most cases, this results in a well-defined range of poten-
tial flight altitudes: deployment 31861 (1000-1800 m),
deployment 31904 (400-2500 m), deployment 35902
(10-1000 m) and deployment 39007 (10-400 m). It is
also possible that multiple possible altitudes are identi-
fied: deployment 31898 (10—2500 m), or that more than
one optimum is present in a particular altitudinal range:
deployment 31904 (600 and 2500 m).

The potential estimated flight paths for each oversea
flight are shown in Fig. 5, of which the higher altitude
flight paths generally increasingly resemble a straight line.
Despite the different shape, the length of the estimated
flight paths does not change much. A maximum differ-
ence between the shortest distance and calculated flight
path of 5.4 km (2.7%) was noted in deployment 35902,
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Fig. 3 Airspeed and ground speed at different altitudes. Numbers in panel titles are the tag deployments of the selected individuals. Grey areas indicate

unfeasible angles between airspeed and windspeed, which means the animal is unable to actually follow this flight path (Eq. 4), although it can be calcu-

lated. Ribbons indicate the variation experienced along the track expressed as +/- their respective standard deviation. Characteristic airspeeds, measured
under controlled conditions, are also shown: minimum power velocity (5.8 +/- 1.0 m/s) and maximum range velocity (7.5 +/- 1.1 m/s) (cf. [19])

-o- Wind speed -®- Tailwind -~ Cross wind
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Fig. 4 Average windspeed at different altitudes, including tailwind and crosswind component. Positive values of the crosswind component indicate
wind from the left of the bat, and negative values wind from the right. Numbers in panel titles are the tag deployments of the selected individuals. Grey
areas indicate unfeasible angles between airspeed and windspeed, which means the animal is unable to actually follow this flight path (Eq. 4), although
it can be calculated. Ribbons indicate the variation experienced along the track expressed as +/- their respective standard deviation

while the potential flight paths of the other deployments  options are shown. Vector representations of windspeed,

did not change more than 1.2 km (0.6%). Details can be  airspeed and groundspeed at the departure location, half-

found in Additional file 7. way and at the arrival location of the flight paths (Table 3)
The properties of the flight paths coinciding with mini-  can be found in Additional file 8.

mal airspeeds are shown in Table 3. When more than

one optimum is present in a particular flight path both
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Fig. 5 Potential flight paths for different flight altitudes, indicated by different colors. The dotted tracks indicate the shortest distance between the de-

parture and arrival locations

Table 3 Flight paths at altitudes with minimal air speeds. Values are means + their respective standard deviation along the flight path.
Headings are indicated in degrees from North. Bat headings and airspeeds show no variation due to the applied assumption of being

constant during the entire migratory flight

Deployment Altitude Bat head- Air- Wind head- Wind speed  Tail-wind Cross-wind Ground Ground-
[m] ing [°] speed ing [’] [m/s] [m/s] [m/s] heading [°] speed
[m/s] [m/s]
31861 1200 83 5.7 81 +/-7 88+/-08 88+/-08 0.1+/-04 82+/-4 145+/-08
31898 10 143 83 83 +/-10 78+/-0.7 6.7 +/-04 404/-08 114 +/-6 139+/-03
2500 147 82 82+/-8 83+/-12 70+/-10 43+/-038 114 +/-6 13.9+/-06
31904 800 128 7.7 102 +/-5 58+/-14 56+/-14 14+/-0.2 M7 +/-2 132+/-14
2500 139 7.0 95 +/-8 73+/-08 6.8 +/-0.9 2.7 +/-04 1M7+/-3 132+/-10
35902 1000 95 44 87 +/-11 63+/-09 63+/-09 03+/-05 90 +/-7 10.7 +/-0.8
39007 400 87 6.2 1M2+/-4 109+4/-0.7 10.8 +/-0.7 -1.7+4/-03 103+/-3 16.8 +/-0.6
Discussion suggests that bats select altitudes with favourable wind

Our study shows movements back and forth along the
east coast of the UK, and crossings over sea are short-
ened by deviating from the general migration direc-
tion. Males migrate later in the spring in comparison to
females, which shows that sex-biased timing of migration
does not take place only in autumn.

Our analyses show that airspeeds correspond well
with airspeeds measured under controlled conditions,
and that free flying Nathusius’ pipistelle reduce airspeed
under tailwind conditions and increase airspeed under
crosswind conditions. Departures over sea coincided
with tailwinds, enabling bats to reach ground speeds up
to 16.8 m/s (60.5 km/h), more than doubling their flight
range compared to windless conditions. Our analysis

conditions and that they often seek altitudes of sev-
eral hundred meters, possibly extending up to 2,500 m.
Low-altitude migration occurred in less favourable wind
conditions, e.g. during generally low wind speeds and
in response to increasing headwinds or crosswinds at
higher altitudes.

Route selection

The coastal movements in the UK were performed over
relatively large distances, up to 89 km in one night back
and forth along the coast (Fig. 2 & Additional file 4). As
Nathusius’ pipistrelle forages at a maximum distance of
6.5 km from its roost [40], it seems unlikely that these
movements concern commuting flights between roosts
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and foraging areas. Likewise, it seems improbable that
these movements refer to landscape movements, which
are movements within a larger stopover landscape [47].
So far, landscape movements of bats during stopovers are
only known for Silver-haired Bats Lasionycteris noctiva-
gans, with a mean distance of 6.7 km (max 18 km) from
their tagging location [47]. As the observed movements
were performed along the coast, it seems also unlikely
that we observed reorientation movements, which are
known from migratory birds who disperse to areas fur-
ther inland to escape coastal areas with high competition
for food and high predation risk [48, 49]. Therefore, it
seems plausible that we observed migratory movements
which are adjusted in directions perpendicular to the
main migration direction aiming to avoid the open sea.
Increased migratory presence along coastlines is also
known from bats in other areas [8, 14, 27, 50-52], as well
as from migratory birds (cf [42]). Bat migratory move-
ments inland seem also to be affected by large water bod-
ies, as departures along the shoreline perpendicular to
the main migration direction have been observed at Lake
Erie (Michigan, US) [53].

Another option to reduce the risk of crossing the open
sea is to shorten the barrier crossing by diverting from
the general migration direction, which is known from
migratory birds [54, 55]. The single-night crossings (n=5)
from the UK to the Dutch coast showed movements over
the North Sea in directions between east and southeast.
Other oversea crossings, with observed arrivals at the
European coast, but with unknown departure location
and time from the UK (n=7), showed lower latitudes on
the European mainland in comparison to the location
where they were tagged. One individual circumnavi-
gated the southern North Sea by flying from Minsmere to
Kent and subsequently northeast along the Belgian coast
(Fig. 2 & Additional file 4). A similar circumnavigation
of Delaware Bay (eastern US) by migratory bats has been
observed before [56].

Therefore, our data shows that bat migratory move-
ments are shaped by barrier effects resulting in move-
ments along coastlines and detours taken to reduce
travelling over water. Consequently, most migratory bats
can be expected along the coast and most overseas cross-
ings can be expected in southern parts of the study area.

Timing of migration
In spring, bat migration over the North Sea occurs from
late March until early June and peaks between mid-April
and late May [3, 5]. The observed movements in this
study fit well in this seasonal pattern. All oversea cross-
ings occurred throughout May and movements over the
European mainland were observed until early June.

We found males to migrate on average 25 days later
than females in spring, which shows that adult males do
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not only migrate later in the season in autumn (cf [11, 13,
14]). Sex-biased timing during spring migration has also
been observed in silver-haired bats Lasionycteris noc-
tivagans [57]. Early arrival in the breeding areas provides
female bats a fitness advantage as early-born pups are
more likely to survive the winter [58]. In addition, early-
born female pups are more likely to reproduce already
in their first year [58, 59]. For males, there is no need to
arrive early in the breeding areas as they do not provide
parental care and mating takes place in autumn [57].

Overall migration speed

For females we observed an average overall migration
speed of 61 km/day and 88 km/day after their last detec-
tion in the UK (Table 1). In the Baltic area, a daily spring
migration speed of 55 km/day was observed based on
acoustic data [8]. Radio tracked Nathusius’ pipistrelles
in autumn (n=2) showed an average daily migration
speed including stopover time at the tagging location
of 37 km/day [15]. Ringing recoveries (#=12) indicate a
daily autumn migration speed of about 48 km/day [14].
The observed migration speeds in spring are somewhat
higher compared to autumn and therefore it may be pos-
sible that bats migrate faster in spring. Many bird species
also show faster migrations in spring to ensure an early
arrival in the breeding areas [60, 61].

Airspeed and ground speed of migratory flights

Our analysis shows a range of estimated airspeeds which
match well with the maximum range velocity and mini-
mum power velocity of Nathusius’ pipistrelle measured
under controlled conditions (cf [19]). The estimated air-
speed falls in the range of the minimum power velocity
during tailwinds, while relatively strong crosswinds in
relation to the tailwind lead to higher airspeeds in the
range of the maximum range velocity. Our results there-
fore not only show realistic values of the estimated air-
speed (cf [19]), but also indicate responses to tailwind
and crosswind similar to those of migratory birds [18,
24, 25], straw-coloured fruit bats [21] and Brazilian free-
tailed bats [26].

Our results show that bats select tailwinds to cross over
the North Sea from the UK, and that crosswinds, to some
extent, are not avoided (Fig. 4). Departures during head-
winds were not observed. Departures coincided with an
average windspeed at 10 m asl of 7.1 m/s (range 3.7-9.9.
m/s) with an average tailwind component at 10 m asl of
5.9 m/s (range 1.8-9.3 m/s).

During this study, we observed ground speeds between
10.7 and 16.8 m/s (38.5—-60.5 km/h). These were on aver-
age a factor 2.2 (range 1.7-2.7) higher than the calculated
airspeeds (Table 3), indicating a reduction of the energy
expenditure by about 55% (range 41 —59%) per unit of
distance travelled. Like migratory birds [62], bats are
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therefore able to extend their flight range significantly by
using tailwinds.

In autumn, migrating bats are known to regularly inter-
rupt their directed flight to forage [50]. At sea, insects
frequently accumulate at offshore structures and foraging
at offshore platforms and wind turbines has been docu-
mented in the Baltic Sea [27] and the North Sea [3, 7, 29].
The relatively low ground speeds of two radio tracked
Nathusius’ pipistrelles from Helgoland to the German
mainland of 4.5-5.7 m/s and 5.8-7.9 m/s during autumn
[15], may also indicate foraging along the way. Our results
show that the calculated airspeeds (Fig. 3) correspond
well with the characteristic airspeeds (cf [19]). Therefore,
it seems unlikely that time was spent foraging en route,
or that stopovers were made at offshore structures (cf
[7]). Migratory Nathusius’ pipistrelles departing from the
east coast of the UK are therefore able to cross the North
Sea to the Netherlands in a non-stop flight of 3-5 h, cov-
ering a minimal distance of 170-205 km. Radio tracked
migratory bats (n=2) from Helgoland (Germany) to the
Netherlands and Belgium in autumn showed lower aver-
age travel distances of 103—-131 km/night during nights
when the bats migrated [15]. It may be possible that bats
in spring cover more distance per night than in autumn,
e.g. due to a higher overall migration speed or by prevail-
ing westerlies which generally correspond with tailwind
in spring and headwind in autumn. Other factors may
also be involved like limited options for stopovers at sea.

Flight altitude and flight path

Wind conditions in combination with airspeed (Eq. 4)
determine the altitudinal range in which migratory flights
can be performed in a particular direction (Figs. 3 and 4).
Our calculations show that at least two migratory flights
over sea were performed at minimum altitudes of about
400 and 800 m (deployment 31904 and 31861: Fig. 3).
Birds are known to explore wind conditions at different
altitudes during migratory flights to select the optimal
wind support [31, 32]. However, there is also evidence
that the first optimum is chosen, even when better wind
conditions prevail at higher altitudes [63]. In theory,
bats are also expected to select flight altitudes to exploit
optimal wind support [64]. If bats do select the optimal
altitude (minimal airspeed) approximate flight altitudes
of respectively 400, 800, 1200, 2500 and 2500 m (Fig. 3;
Table 3) would likely be used. When selecting the first
optimum this would result in flight altitudes of about 10,
400, 800, 1000 and 1200 m (Fig. 3; Table 3). That bats per-
form migratory flights over sea at relatively high altitudes
has been shown by [29] who photographed several east-
ern red bats Lasiurus borealis off the east coast of the U.S
at altitudes over 200 m during tailwinds up to 9-10 m/s.
Also, in terrestrial habitats bat migration at higher alti-
tudes has been documented. For example, radar-tracked
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migratory bat movements over the Hula valley (Israel)
occur mainly at altitudes between 200 and 600 m [65]
and the migratory hoary bat Lasiurus cinereus has been
recorded over 2400 m [66]. Acoustic research in the Alps
mountain range in Austria and Italy revealed migratory
bat activity at altitudes over 2700 m [67, 68]. Thus, high
altitude migratory flight, and its consequential thinner air
and lower temperatures, apparently do not seem to pose
a restriction on the occurrence of migratory bats.

Bat migration also occurs at low altitudes (<10 m) over
land [28] and over sea [27]. The results of our study indi-
cate that low flight altitudes will be used when unfeasible
combinations of windspeed and airspeed (Eq. 4) arise due
to increasing crosswind or headwind at higher altitudes.
Low-altitude migration can also be expected during gen-
erally low wind speeds [2, 4, 6, 7]. Foraging and roosting
opportunities at offshore platforms (cf [7]). may also con-
tribute to low altitude migration over sea.

Conclusion

The routing decisions of migratory bats are highly influ-
enced by barrier effects, including avoidance of the open
sea and reducing the extent of the overseas crossing. The
migration timeframe depends on the sex of the animal,
while the overall speed of migration may be seasonally
dependent. Wind conditions affect departure decisions
and determine how migratory flights are conducted.

The results of our study contribute to a more compre-
hensive understanding of the decision-making process
and adaptations bats employ during their migration. Elu-
cidating bat migration patterns will enable us to develop
effective conservation measures, for example in relation
to the development and operation of coastal and offshore
wind farms.
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