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A B S T R A C T   

Migration is well documented for many species throughout the animal kingdom. Although 
migration is also a common behaviour in bats, it is rarely studied due to the cryptic nature of the 
phenomenon. Recoveries of banded individuals have shown that Nathusius’ pipistrelles (Pipis-
trellus nathusii) can fly more than 2000 km between their summer and winter ranges in Europe, 
but further details of how and where they move between the endpoints of their seasonal journeys 
remain elusive. Here, we used three-dimensional acoustic tracking at a coastal migration corridor 
to elucidate the flight behaviour of Nathusius’ pipistrelles during late summer. Analyzing 432 
recorded flight trajectories, we show that the majority of bats followed the expected southerly 
direction, parallel to the coastline, on all nights, and flying at the optimal speed for long-distance 
travel with minimal energy expenditure. However, on one day with stronger winds, about 20 % of 
the bats flew in the opposite, i.e. northerly, direction. The observation of a proportion of in-
dividuals flying antiparallel to the mass of migrating conspecifics within the same movement 
corridor highlights that individuals may follow contrasting movement strategies at the same time 
and place, presumably depending on environmental conditions. We argue that it is possible for 
Nathusius’ pipistrelles to fly back and forth (south and north) during autumn migration, spending 
more time on this migration corridor than required for a straight one-way flight. This highlights 
the urgent need to protect migration corridors along coastlines, particularly as wind energy 
development continues.   

1. Introduction 

Each year, billions of animals migrate between their breeding and wintering areas (Dingle, 2014). Travelling over long distances is 
risky and involves high energetic costs, imposing extreme physiological and sensory challenges on migrants, particularly when 
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travelling at a fast pace on the wing (Alerstam and Lindström, 1990). Many migratory animals follow an optimal migratory trajectory 
(Alerstam and Lindström, 1990; Hedenström, 2008, 2009), which results in preferred flight corridors that are used by a species. For 
example, within the largest avian migration flyway, i.e., the Palaearctic-African flyway, birds concentrate in autumn at flight corridors 
to cross or fly around the Mediterranean Sea on their way south (Hahn et al., 2009). A comparative study confirmed that physiological 
constraints in combination with local topography may select for this spatial convergence of migration strategies in animals from 
various geographical origins (La Sorte et al., 2016). 

Yet, studies also demonstrate that the realized heading directions and migration routes of individuals may be more complex than 
predicted based on optimality criteria. For example, some songbirds that were radio-tagged during migration outside of their normal 
range were observed to head in a direction away from the species-specific flyway, independent of wind drift (Thorup et al., 2012). 
Indeed, such vagrant behaviour has been described for many migratory bird species. In Nearctic birds, species with expanding pop-
ulations seem to have more vagrant individuals than non-expanding populations (Patten and Marantz, 1996; Veit, 2000). Consistent 
with this notion, the occurrence of vagrancy was best explained by an increasing population and some predominant airflows at the 
time of migration for a North American bird species (Zawadzki et al., 2019). Vagrancy in migratory individuals often goes along with 
reversed migration, i.e., animals heading into the opposite direction than expected (Bruderer and Liechti, 1998). Among European 
passerines, both nocturnal and diurnal migratory birds regularly exhibit reverse migration. (Åkesson et al., 1996). Within the 
Palaearctic bird populations, reversed migration seems to be most often observed in birds from Eastern Europe or Asia compared with 
birds from the Mediterranean region migrating southwards (Thorup, 2004). The underlying causes for reversed migration may vary 
across species and populations. Likely factors include adverse weather conditions, topographic barriers, inaccuracy in navigation, and 
search for stopover sites depending on a migrant’s physiological condition (Sandberg, 1994; Komenda-Zehnder et al., 2002). 

In comparison to the vast literature on bird migration, bat migration is poorly studied, yet recent banding campaigns and tech-
nological advances have improved our understanding (Popa-Lisseanu and Voigt, 2009; Krauel and McCracken, 2013; Voigt et al., 
2017a). For example, decades of banding campaigns in Europe have revealed that migratory species, such as Nathusius’ pipistrelles 
(Pipistrellus nathusii), common noctules (Nyctalus noctula) and Leisler’s noctules (N. leisleri) migrate between northeastern breeding 
areas to hibernation sites in western or southwestern Europe (Pētersons, 2004; Steffens et al., 2004; Hutterer et al., 2005). Nathusius’ 
pipistrelles regularly migrate several hundred to more than 2,000 km, with the longest documented distance of 2,200 km between 
banding sites in Latvia and Russia and the hibernation site in Northern Spain and France, respectively (Alcalde et al., 2020; Vasenkov 
et al., 2022). Although banding data may generate highly relevant information on general migration directions, distances covered and 
connectivity of winter and summer areas, this approach is severely limited for several reasons. First, only a small fraction of banded 
animals is recaptured and the likelihood of recaptures may vary geographically, e.g., mostly because of the density and activity of bat 
workers. Second, in the vast majority of cases banding data connects two geographical locations. This implies a straight, unidirectional 
flight between the start and endpoint of the journey. However, this is simplifying the true migratory route of bats that may follow 
landscape features such as coastlines and river valleys (e.g., Furmankiewicz et al., 2009, Bach et al., 2022). Recently, geographic 
assignments of animals based on stable isotopes have offered new insights into bat migration. For example, stable hydrogen isotope 
ratios indicated long-distance migration in North American bats of the genus Lasiurus (Cryan, 2003), in African flying foxes (Ossa et al., 
2012) and in European bats (Voigt et al., 2012, Lehnert et al., 2018), yet flyways of individual bats are not resolved by this approach. 
Lastly, a few tracking studies have revealed landscape level movements of migratory bats, e.g., for Lasionycteris during the summer 
migration period before crossing a large water body (Taylor et al., 2011; McGuire et al., 2012) and for European common noctule bats 
(Nyctalus noctula) flying at high altitude during spring migration (Dechmann et al., 2014). Despite this recent progress, we are by and 
large data deficient on the movements of migratory bats. 

Each late summer, thousands of Nathusius’ pipistrelles follow the coastline of the Baltic Sea in Latvia in a southern direction as 
documented by trapping followed by banding and various methods of movement tracking, and by acoustic monitoring, specifically at 
Pape Bird Ringing Station (PBRS) in southwestern Latvia (Pētersons, 2004; Hutterer et al., 2005; Steffens et al., 2004; Lindecke et al., 
2015, Voigt et al., 2017, 2018; Lindecke et al., 2019a; Alcalde et al., 2020; Keišs et al., 2021; Lindecke et al., 2021). Recently, it was 
suggested that Nathusius’ pipistrelles from Baltic countries and Finland may reach southwestern and western Europe by crossing the 
Baltic Sea to Sweden (Gaultier et al., 2020), from where they may continue their journeys to Denmark and beyond (Kurvits et al., 2011, 
Kruszynski et al., 2021). Based on acoustic recordings at the Finnish coastline, it was further deduced that Nathusius’ pipistrelles may 
move north of their breeding range in Finland before they cross the Baltic Sea to Sweden. This northern movement contrasts with the 
general assumption of a southern and southwestern heading direction of Nathusius’ pipistrelles during summer migration inferred 
from departure directions of radio-tracked bats (Lindecke et al., 2015, 2021; Bach et al., 2022), and from banding data (Pētersons, 
2004; Steffens et al., 2004; Hutterer et al., 2005; Alcalde et al., 2020; Vasenkov et al., 2022). 

Here, we investigated the directionality of free-flying Nathusius’ pipistrelles at the coastal migration corridor in Latvia. Specif-
ically, we explored whether migratory Nathusius’ pipistrelles move in both directions simultaneously at this major European bat 
migration corridor. At PBRS, the migration corridor lies about 50–100 m from the waterline (Keǐss et al., 2021), which follows a NW-SE 
direction (Šuba et al., 2012). Acoustic surveys have shown that bat activity drops by about 50 % when moving inland in eastern 
direction from 100 m to 150 m distance to the waterline (Voigt et al., 2018). We therefore focused on a distance of 50–100 m from the 
waterline in our study. We measured the flight trajectories of migrating bats at PBRS over distances of up to 30 m with a stationary 
T-array (one vertical, one horizontal branch) each equipped with ultrasonic microphones. Specifically, for each echolocation event we 
estimated the three-dimensional (3D) positions of bats passing through by quantifying the time delay at which the same echolocation 
call arrived at eight omnidirectional microphones positioned at known distances on the T-shaped array (e.g., Koblitz, 2018, Grodzinski 
et al., 2009, Götze et al., 2016). In a previous study at PBRS, this array helped us discern variations in flight speeds among Nathusius’ 
pipistrelles, i.e., whether they were migrating or foraging (Troxell et al., 2019). Our findings revealed that migrating bats of this species 
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travel optimally at maximum range speeds of roughly 7 m/s. In contrast, their foraging conspecifics moved at speeds less than 6 m/s, 
aligning closely with this species’ minimum power speed (Troxell et al., 2019). If some bats were indeed heading north, at migration 
speed but oriented antiparallel to the majority of bats in the migration corridor, it would suggest a reversed migration pattern, 
potentially towards sites from which they could cross the Baltic Sea to Sweden (Gaultier et al., 2020, Kruszynski et al., 2021). 

2. Material and methods 

2.1. Study site and data acquisition 

Field work was carried out between 16th and 29th August 2018, which coincides with the peak summer migration at Pape Bird 
Research Station (PBRS) adjacent to Pape lake in Latvia (56◦09′57″N 21◦01′02″E) (Šuba et al., 2012; Voigt et al., 2017b, 2018). Weather 
data (ambient temperature, rainfall, humidity, wind speed and direction) were obtained from a station (6152 Davis Vantage Pro 2 
weather station; Davis Instruments, Rijswijk, the Netherlands) situated within a few meters next to the recording sites. Besides the 
predominant species Nathusius’ pipistrelle, other bats such as (in decreasing abundance) soprano pipistrelles (Pipistrellus pygmaeus), 
parti-coloured bats (Vespertilio murinus), common noctules (Nyctalus noctula), and northern bats (Eptesicus nilssonii) can be encountered 
at this site as well (Voigt et al., 2017b, 2018). 

We recorded echolocation calls with two microphone arrays on three occasions: on 17th of August 2018 between 2005 and 2117 h, 
on 22nd of August 2018 between 2011 and 2059 h and on 27th of August between 2122 and 2139 h. For each recording night, we 
chose a different spot, yet always adjacent to a pine forest on top of the dunes, about 50–80 m east of the shoreline. On each occasion, 
recordings started at sunset and ran until a maximum of 150 bats were documented, i.e., we did not record throughout whole nights 
but rather only during the first hours of a given night. 

The microphone array was equipped with eight omnidirectional, ultrasonic microphones (Knowles, Model FG-23329, Ithaca, Il-
linois, USA). The horizontal part of the array consisted of three 1-m branches forming a T and a vertical 0.88-m branch pointed up-
wards. Each branch was equipped with two microphones, located on pipes of 10 cm length, fixed at a right angle to reduce echoes from 
the array surface. On the vertical branch, a top pipe of 10 cm and the microphone were fixed, which resulted in a final length of the 
vertical branch of 1 m. A coordinate system was defined whereby the centre of the array was assigned x, y and z coordinates of (0|0|0). 
The positive end of the x axis pointed to the East, the negative to the West. The positive end of the y axis pointed to the North and the 
positive end of the z axis pointed upwards representing the height above ground. Accordingly, the x, y and z coordinates of spatial 
positions were references to the array. The centre of the array was then mounted on a 1.3 m tripod, and positioned in the flight corridor 
of the migrating bats at about 50–100 m distance from the shoreline. 

At sunset, we started sound recordings manually. Recordings were amplified and high-pass filtered using a custom-made amplifier 
and then digitised at a sampling rate of 300 kHz and a 16 bit resolution using an 8-channel A/D converter (National Instruments, Model 
USB-6356, Austin, Texas, USA). Recordings were visualized and data stored via a custom written program with the software MALTA 
3.2 (CAE Software and Systems) on SSD discs. We documented temperature and humidity at the beginning and every half an hour 
within recordings, as both parameters have an impact on sound propagation. 

We used a custom-made software toolbox to analyse echolocation calls, identify bat species, and to calculate the 3D positions of 
individuals. This program was written for MATLAB (Version R2015a, Mathworks, Natick, MA, USA) and contained a toolset of pro-
grams for acoustic localisation of animal vocalisations. 

2.2. Bat species identification 

Echolocation calls were assigned to Pipistrellus nathusii if the end frequency was within the range of 35–41 kHz (Skiba, 2009). 
Pipistrellus pygmaeus was identified by echolocation calls with an end frequency range of 51–56 kHz (Skiba, 2009). Owing to the 
similarity of call characteristics of Eptesicus nilssonii, Nyctalus noctula and Vespertilio murinus we lumped these species to a group called 
Nyctaloids (Voigt et al., 2017b). We analysed the end frequencies of the echolocation calls by visual inspection directly within our 
custom-made program, which displayed calls in one spectrogram per microphone. For each flight path the end frequencies of three 
calls, one at the beginning, one in the middle and one at the end of the track, were analysed to assign a bat species or species group 
unambiguously to the corresponding flight path. 

2.3. Acoustic tracking and flight path reconstruction 

All bats passing the array were continuously analysed until a total number of 150 individuals was reached. Between the start and 
the end of an analysis, short time periods had to be selected to analyse the recordings bit by bit. We defined these fragments, the exact 
positions of the microphones, and the configuration parameters manually in toadconfig.m. Afterwards, the spatial positions of single or 
multiple bats above the array were calculated automatically using mktoadpos.m and chcktoadpos.m. Both scripts used the configura-
tions defined in toadconfig.m. 

We calculated 3D positions of recorded bats in our custom-made program using the time-of-arrival differences (abbreviated as 
TOAD). Each echolocation call reached the microphones at times depending on distances travelled between the emitting bat and 
microphones. TOADs were computed by cross-correlating a single echolocation call between the microphones. Each TOAD was then 
used to calculate the spatial position of a bat at the moment of call emission relative to the centre of the array. This calculation was 
affected by the speed of sound which in turn is dependent on air temperature and humidity. Both factors were measured during the 
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recordings and included in the calculations via the script toadconfig.m. After running the scripts mktoadpos.m and chcktoadpos.m, the 
positions from consecutive calls of individual bats were assembled manually in our custom-made program. Unlikely positions, 
resulting in, e.g., rapid jumps within flight paths, were manually excluded from analysis as erroneous. Only individual flight paths with 
a minimum of four consecutive calls were considered for further analysis. In a final step, we saved a bat’s consecutive positions 
indicated by x, y and z coordinates at a point in time in a clicks.csv-file for the selected period. All coordinates denoted a bat’s flight 
altitude in relation to the array’s center with the coordinates (0|0|0). Recording date, period length and track ID resulted in a unique ID 
for each bat. We considered individual flight paths as independent since it was highly unlikely that the same bats repeatedly passed by 
our study site during summer migration (Lindecke et al., 2015; Pētersons, 2004). 

2.4. Parameter calculations 

We used R 3.6.0 (R Foundation for Statistical Computing, Vienna, Austria) and the packages stringr (Wickham, 2019), tidyverse 
(Wickham & Wickham, 2017) and plotrix (Lemon, 2006) to extract relevant raw data from the clicks.csv-files and to calculate flight 
parameters (scripts: Supplementary Material). To obtain the flight altitude above ground, we added 1.3 m to the z-value, which was the 
height of the tripod with the microphone array on top. The average flight altitude ℎ‾ of each bat was computed as the mean of all 
altitudes received for a given bat. The movement step length between two consecutive 3D positions was calculated as the length of the 
vector between subsequent spatial positions. 

an(n) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(xn+1 − xn)
2
+ (yn+1 − yn)

2
+ (zn+1 − zn)

2
√

Flight speed 
Flight speed v of a bat was calculated by dividing the distance an of each vector by the time passed between two subsequent spatial 

positions. 

vn
[
m s− 1] =

an

tn+1 − tn 

The speed of an individual bat was computed as the median speed ̃v and the mean speed v of all vectors of the corresponding flight 
path. 

Linearity index 
We estimated the linearity of a flight path by establishing a linearity index following Suzuki et al. (2002). This index was calculated 

as a ratio of two velocity parameters: the curvilinear velocity VCL of a track consisting of n vectors divided by the straight-line velocity 
VSL which assumes a direct movement from the first to the last point of a flight path. To compute VSL, the direct movement from the 
first to the last point of a flight path was considered as a hypothetical vector with its length astraight. This sum was then divided by the 
time needed from the first to the last point t*: 

VSL =
astraight

t∗

VCL was computed as the sum of all distances an of a flight path divided by t*: 

VCL =

∑n

n=1
an

t∗

For each individual flight path, the linearity index l was calculated as the ratio of VSL over VCL. l -values ranged between 0 and 1 
with a value close to 1 indicating a high linearity typical for a migrating bat and a value close to 0 a non-linear flight trajectory typical 
for an insect-hunting bat (Troxell et al., 2019). 

Linearity index 
To calculate the cardinal direction of each flight vector, we eliminated the altitude coordinate z to analyse the flight paths in 2D. 

Thus, the 2D vector (v2D
⇀

)n = 〈xn+1 − xn|yn+1 − yn〉 was defined with its length bn. As each vector forms an angle with a hypothetical 
vector pointing northwards, we assumed a reference vector vNorth

⇀
= 〈xNorth|yNorth〉 pointing from the centre of the array directly to the 

North between the points (0|0) and (0|1). Though, this vector resulted in vNorth
⇀

= 〈0|1〉 with a length of 1 m, defined as c. 
The angle between the vectors (v2D

⇀
)n and vNorth

⇀ was defined as the compass direction δn with 0◦ = N, 90◦ = E, 180◦ = S and 270◦

= W. The compass direction δn was calculated using the following formula: 

δn[
◦
] = cos− 1

(
(v2D

⇀
)n • vNorth

⇀

bn • c

)

The scalar product of (v2D
⇀

)n and vNorth
⇀ can be simplified as follows: 

(v2D
⇀

)n • vNorth
⇀

= (xn+1 − xn) • xNorth +(yn+1 − yn) • yNorth  

(v2D
⇀

)n • vNorth
⇀

= (xn+1 − xn) • 0+(yn+1 − yn) • 1m 
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(v2D
⇀

)n • vNorth
⇀

= yn+1 − yn 

Consequently, the scalar product between both vectors was similar to yn+1 − yn and c was 1 m. Therefore, the formula for the 
compass direction δn was simplified to: 

δn[
◦
] = cos− 1

(
yn+1 − yn

bn

)

To calculate angles in ◦ within R, we used the package NISTunits (Gama 2016). As this package always computes the smallest angle 
between both vectors, the result ranged from 0◦ to 180◦. For all cases with xn+1 - xn< 0, which means a bat was flying more or less 
westwards, δ must be larger than 180◦. Those results were subtracted from 360◦. 

2.5. Heading directions and circular statistics 

Bats’ individual flight paths consisted of vectors, each with a specific compass direction and length. We calculated the overall 
orientation for each bat as a weighted mean vector, which is the angular mean, weighted by the lengths of consecutive vectors. The 
mean vector of each bat consisted of a mean angle μ and a length r with 0◦ = N, 90◦ = E, 180◦ = S, and 270◦ = W. We assumed that bats 
flying at a mean angle of μ < 90◦ or μ > 270◦ were not migrating southwards. 

Circular statistical tests were performed using Oriana 4.0 (Kovach Computing Services, Pentraeth, UK). Also we used Oriana 4.0 for 
creating circular graphics. Statistical tests were performed with R version 3.6.0 (R Foundation for Statistical Computing, Vienna, 
Austria). We used Moore’s Modified Rayleigh test (Zar 1999) to analyse whether the cardinal directions of a flight path were uniformly 
distributed around the circle. A p-value less than 0.05 indicated that the cardinal directions were not uniformly distributed, and those 

Fig. 1. Circular-linear plot of flight direction (◦) and linearity index (ranging from 0 to 1 for non-linear to linear paths, respectively) of all recorded 
tracks from Nathusius’ pipistrelles. Each point representing one out of the total of 432 individuals. Grey arrows indicate the mean flight directions of 
significantly northerly and southerly oriented bats. 
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flight paths passed the test, but those flight paths did not necessarily have a specific mean direction. The overall migration orientation 
of all bats per night was then computed as a mean vector. Finally, Kuiper’s test was performed to compare the distribution of the 
weighted mean angles to the von Mises distribution. 

To further examine the distribution of all bats’ bearings per night, especially considering potential non-unimodal orientations, we 
employed a likelihood-based modelling approach as per Fitak and Johnsen (2017). This is in addition to the traditional Rayleigh test 
(Batschelet, 1981). This approach was implemented using the CircMLE package (R version 3.5.2), which has been developed for 
comparing multiple potential models of orientation behaviour in circular data. In addition to the uniform distribution of data points 
(random dispersion of bearings – M1), three unimodal variants (unimodal – M2A, symmetric modified M2B, and modified unimodal – 
M2C) and six bimodal variants (homogenous symmetric bimodal – M3A, symmetric bimodal – M3B, homogenous axial bimodal – M4A, 
axial bimodal – M4B, homogenous bimodal M5A, and bimodal M5B) exist (Schnute and Groot, 1992), which are considered in the 
modelling (Fitak and Johnsen, 2017). For each individual nightly recording session, we evaluated the generated model evaluated using 
the corrected Akaike information criterion (AICc) and the corresponding model weights (Hurvich and Tsai, 1989; Lindecke et al., 
2021). We used the Mardia-Watson-Wheeler test to identify differences in orientation between all nights. 

3. Results 

In August 2018, we recorded flight trajectories of 450 migrating bats on three occasions (17th, 22nd and 27th of August) and at 
three locations in proximity of Pape Bird Ringing Station (PBRS) close to the Latvian coastline. In total, we received 6404 spatial 
positions from bats, or on average 14 spatial positions per flight track. On the evening of the 17th August, bat activity was highest with 
12.8 bats per minute crossing the recording area of the array. On the 22nd of August, bat activity was lowest with only 3.1 individuals 
per minute, while on 27th of August activity was intermediate with 9.1 individuals passing by the array per minute. High migration 
activity coincided with low wind speeds measured next to the microphone array (0.4 m/s from SW on 17th and 0.9 m/s from SE on 
27th of August) and low activity with higher wind speeds (3.1 m/s from SW on 22nd of August). However, above the canopy, winds 
blew similarly on all three days, with 3.7 m/s from SE on 17th, 3.4 m/s from S on 22nd, and 3.5 m/s from SE on 27th of August (GFS/ 
NCEP/US National Weather Service via earth.nullschool.net). In total, 432 of 450 flight paths were assigned to P. nathusii (96 %), 8 
flight paths to P. pygmaeus (1.8 %) and another 10 flight paths to N. noctula (2.2 %). In the following, we will focus only on flight paths 
of Nathusius’ pipistrelles. 

3.1. Heading directions 

We distinguished between Nathusius’ pipistrelles with respect to their heading direction. Since the local coastline runs along a NW- 
SE axis, we defined bats as ‘heading south’ when bearings ranged between 240◦ (W) and 90◦ (E), and as ‘heading north’ when bearings 
ranged between 240◦ (W) and 0◦ (N) or 0◦ (N) and 90◦ (E). All nights considered, but irrespective of individual linearity of flight paths, 
out of 432 recorded Nathusius’ pipistrelles 399 bats (92.4 %) headed south and 33 north (7.6 %; Fig. 1). The heading directions of these 
bats averaged 185 ± 1◦ (SE) and 357 ± 6◦, respectively. Flight speed (speed above ground) averaged 7.9 ± 1.5 m/s and flight altitude 

Fig. 2. Daily bat flight orientation and below-canopy wind conditions. Black vectors depict the group mean of the bat data (grey dots), the grey 
double-headed vector illustrates bi-directional mean orientation for the 22 Aug. In contrast to their movements on the other dates, a significant 
proportion of bats (21 %) on that day crossed the recording space flying northwards. Dotted circles indicate the p-value of 0.05. Grey arrows show 
the prevailing wind direction during a tracking session. The wind speed measured on the ground is given below each circular plot. 
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4.7 ± 1.8 m above ground, without any differences between north and southward flying Nathusius’ pipistrelles (p > 0.05). 

3.2. Daily movement directions of Nathusius’ pipistrelles 

On the 17 Aug, 112 Nathusius’ pipistrelles (99.1 %) oriented in a seasonally expected southward direction (Fig. 2), one individual 
flew in the opposite direction. The mean orientation of bats was towards the south (Rayleigh’s test, 17 Aug: mean vector orientation 
µ = 202◦ ± 1.5◦ (Standard Error, SE), r = 0.96, Z = 104.242, P < 0.001). On the 27 Aug, under similarly low wind conditions, all 132 
bats oriented southwards, too (µ = 168◦ ± 1.4 SE, r = 0.962, Z = 122.164, P < 0.001). In contrast, on 22 Aug when the wind blew 
stronger yet from the same direction as on the other days, 30 out of 133 bats, i.e., one fifth (22.6 %) of all bats flew in a northern 
direction creating a circular data distribution that appears bi-directional on inspection. Indeed, based on conventional descriptive 
statistics the data could be described as unidirectional, as well as axial (unidirectional: µ = 194◦ ± 5.5◦ SE, r = 0.574, Z = 43.784, 
P < 0.001; axial: µ = 185◦ ± 1.9◦ SE, r = 0.733, Z = 71.408, P < 0.001), while the r-value is even greater if we assume a bi-directional 
(axial bimodal) pattern underlying the data. 

Based on the likelihood-based modelling, data distributions of both 17 and 27 Aug are best described by unimodal orientation 
models (delta AICc = 0.000, AICc model weight (w) = 0.999 and w = 1.000, respectively; Table1). The modelling approach dem-
onstrates that the circular distribution obtained for the 22 Aug were well supported by orientation models called ‘modified unimodal’ 
(w = 0.378) and ‘bimodal’ (w = 0.355), followed by ‘axial bimodal’ (w=0.245) (Schnute and Groot, 1992; Table 1). 

The mean orientation of bats differed between nights (Mardia-Watson-Wheeler test, 17 Aug vs. 22 Aug: W = 0.189, 
P = 8.61 × 10− 12; 17 Aug vs. 27 Aug: W=167.759, P < 1 × 10− 12; 22 Aug vs. 27 Aug: W=104.852, P < 1 × 10− 12). 

4. Discussion 

We measured the heading directions of bats at a major migration corridor along the coastline of the Baltic Sea in southern Latvia. 
Nathusius’ pipistrelles represented 96 % of all bats recorded in late August at our study site. Overall, the majority of Nathusius’ 
pipistrelles were heading in the expected southern direction. On one day with heavier head winds from southwestern direction (at the 
recording height), we observed about 20 % of Nathusius’ pipistrelles heading in an antiparallel way, i.e., into northern direction. 
Overall, bats flew in straight trajectories, which is typical for migratory movements (Troxell et al., 2019). Additionally, bats were not 
recorded hunting when migrating, yet the horizontal detection distance of our ultrasonic array covered only a maximum of 20 m 
(Voigt et al., 2021) and the vertical detection distance was likely much lower because of the directionality of the bats’ echolocation 
beam. Both factors constrained our ability to detect hunting of migrating bats (Voigt et al., 2012). Notably, travel speed was about 
8 m/s, which was slightly higher than travel speeds observed before for Nathusius’ pipistrelles during migration (Troxell et al., 2019; 
Bach et al., 2022). At this travel speed, bats may benefit from a higher efficiency in converting metabolic to mechanical power, which 
supports an efficient mode of transport for covering long distances at minimum costs (Currie et al., 2023). Flight height was about 5 m 
above ground, which is lower than the canopy height of the adjacent pine forest. Yet, we acknowledge that the vertical detection 
distance was limited due to the directionality of the echolocation call beams. Overall, straight flight trajectories, lack of hunting events 
and a relatively high travel speed are typical for Nathusius’ pipistrelles when migrating at this site. 

Our observation of bidirectional movements of migrating Nathusius’ pipistrelles is consistent with those of past bat orientation 
studies. Specifically, in an early experiment, one half of the Nathusius’ pipistrelles captured at PBRS departed in a northern instead of a 
southern direction when released from a circular release arena set up next to where we conducted the acoustic recordings (Lindecke 
et al., 2019a). In the same study, soprano pipistrelles (P. pygmaeus) flew southwards. These observations may reflect species-specific 
orientation responses. However, in contrast to our free-flight recordings that started shortly after sunset, the above experiments on 
Nathusius’ and soprano pipistrelles covered the second half of the night when some bat individuals might already abandon migratory 
orientation in favour of stopover site searches. Nevertheless, in 2021, another bimodal take-off orientation was observed for soprano 
pipistrelles at the same location, which served as a control group (Schneider et al., 2023). During one week when coastal weather 

Table 1 
Model-based analysis of bat orientation on a given date. ΔAICc< 2 are shown in bold, w = AICc model weights. An asterisk denotes the best model to 
describe the data distribution, two asterisks indicate the second and third best model for the 22 Aug, the date when bi-directional flights were 
recorded.  

Model 17 Aug 22 Aug 27 Aug  

ΔAICc w ΔAICc W ΔAICc w 

M1 (uniform) 374.984 0.000 221.160 0.000 444.191 0.000 
M2A (unimodal) 0.00* 0.999* 128.731 0.000 0.00* 1.00* 
M2B (symmetric modified unimodal) 24.755 0.000 6.712 0.013 101.398 0.000 
M2C (modified unimodal) 416.184 0.000 0.000* 0.378* 97.203 0.000 
M3A (homogenous symmetric bimodal) 88.594 0.000 60.969 0.000 182.991 0.000 
M3B (symmetric bimodal) 26.958 0.000 8.283 0.006 122.985 0.000 
M4A (homogenous axial bimodal) 37.183 0.000 15.659 0.000 207.289 0.000 
M4B (axial bimodal) 65.695 0.000 0.903** 0.245** 151.709 0.000 
M5A (homogenous bimodal) 121.424 0.000 9.581 0.003 150.758 0.000 
M5B (bimodal) 67.415 0.000 0.125** 0.355** 153.183 0.000  
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conditions were suboptimal for the migration of birds, bats, and insects, the study revealed that a subset of bats might opt for a reverse 
direction, resulting in a bimodal orientation pattern even under undisturbed conditions of the release that was conducted indoors. 
Interestingly, in that study, individuals subjected to a magnetic North shift in the experimental group displayed unidirectional 
orientation. Considering all the data from both free-flying and released bats, we now believe that simultaneous local bi-directional 
movements may occur at this major bat migration corridor under specific conditions. However, the factors driving these bidirec-
tional movements remain to be elucidated. Northerly movements of a proportion of the migratory bat population are also consistent 
with a previous isotopic assignment study that argued for a southern origin of Nathusius’ pipistrelles in their migration across the 
European boreal zone (Kruszynski et al., 2021). 

Weather conditions are known to influence the migratory decisions of bats. For example, migratory bats integrate information on 
barometric pressure, wind directions and rainfall when departing from a hibernation or stopover site (Dechmann et al., 2017; Bach 
et al., 2022). During all our study nights, wind speed and directions (head winds) were similar above the treetop of the nearby pine 
forest. When, at the same time, wind speed was lower on the clearing where the recordings were made, bats were unimodally oriented 
in a southern, seasonally expected migratory direction (17 & 27 Aug). When, at another site, wind speed below and above canopy 
height were similarly strong (22 Aug), we observed instead that bats flew along the forest edge at a typical migratory speed in both 
directions. We therefore speculate that the strength of local head winds may cause bats to move northwards. Presumably, adverse 
weather conditions further in the south may have also caused bats to move northwards. During upcoming hostile weather periods, 
Nathusius’ pipistrelles may be at risk of encountering prolonged stopovers, with unforeseen consequences for the delay of their 
migratory journey and their energy budget. A recent radio-tracking study found that Nathusius’ pipistrelles can cover about 100 km 
per night (Bach et al., 2022). This suggests that bats in Latvia could potentially reach their wintering sites within just a few days using 
alternative routes (Gaultier et al., 2020; Kruszynski et al., 2021). Admittedly, we lack conclusive evidence for this scenario, yet future 
tracking studies may shed light on the specific routes of Nathusius’ pipistrelles under variable weather conditions in late summer. 
However, previous navigation research on radio-tracked Nathusius’ pipistrelles (Lindecke et al., 2015, 2021) has shown that migratory 
bats maintain their expected southern orientation – even after being experimentally displaced 10 km from their coastal corridor. 
Notably, these works have been conducted under calm and windless, i.e., optimal conditions. 

A higher insect abundance at higher latitudes may be another reason for bats to move northwards (Kotila et al., 2023). Indeed, 
acoustic monitoring in Finland suggests that large populations of Nathusius’ pipistrelles move northward before likely heading in 
western direction to Sweden (Ijäs et al., 2017; Blomberg et al., 2021; Kotila et al., 2023). Currently, it is unknown for Finland and the 
Baltic countries from where northward moving Nathusius’ pipistrelles come from. Apparently, the breeding population of Nathusius’ 
pipistrelles in Finland is too small to explain a substantial increase in the acoustic activity of bats at more northern latitudes. Instead, it 
is more likely that bats from Southeastern populations may move northwards to the Baltic countries and Finland (Kruszynski et al., 
2021). 

From a conservation point of view, it is important to recognize bidirectional movements of migratory bats along coastlines. During 
migration, bats are highly vulnerable at wind turbines (Rydell et al., 2010; Lehnert et al., 2014; Voigt et al., 2015), and coastlines are in 
high demand for wind energy production, specifically also along the coastline of the Baltic Sea (Katinas et al., 2009). High densities of 
wind turbines at coastlines may impair the migratory connectivity of bats (Reusch et al., 2022) and contribute to massive losses of bats 
when turbine operation is not curtailed at times of high bat activity (Rydell et al., 2010; Voigt et al., 2022). If during a given season 
migratory bats move repeatedly back and forth along coastlines, depending on weather conditions or insect abundance, the collision 
risk of individual bats at wind turbines might be particularly high. Therefore, it is crucial to regulate the commissioning of wind 
turbines at coastlines, i.e., in order to protect some ecological stepping stones for bats, and to enforce strict curtailments of wind 
turbines for the protection of bats when wind turbines are built in proximity to a migratory corridor. 

4.1. Conclusions 

Our study is consistent with the notion that during summer migration Nathusius’ pipistrelles conduct bidirectional movements 
along the Latvian coastline, one of the most important migration corridors for bats in Europe. It is important to note, however, that we 
observed northward movements only in one out of three nights; not counting the single recording of a northward movement on one of 
the three nights. Although we have analyzed several hundred flight trajectories of bats during summer migration, only a small fraction 
of bats chose to fly in a northward migration. We acknowledge that our recordings covered only the onset of nights and that our sample 
size (number of survey days) is too small to elucidate the causal mechanisms underlying northward migration of Nathusius’ pipistrelles 
in late summer. We speculate that bidirectional movements may be elicited by strong (head) winds or a higher insect prey density at 
higher latitudes. Future studies will have to look into more details about the variability of migratory movements of bats. More 
extensive 3D-tracking of flight paths may yield important insights into the migratory strategies of bats. Also, tracking studies with 
light-weighed transmitters will further improve our understanding of the migratory behaviour in Nathusius’ pipistrelles and other 
species (Bach et al., 2022). We infer from our observations that migratory directions of bats are more complex than previously 
anticipated at this major migratory corridor and likely also at other places throughout Europe. Most likely, other bat species conduct 
similar complex migratory behaviour when moving between summer and wintering ranges. 
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Keǐss, O., Spalis, D., Pētersons, G., 2021. Funnel trap as a method for capture migrating bats in Pape. Latv. Environ. Exp. Biol. 19, 7–10. 
Koblitz, J., 2018. Arrayvolution: using microphone arrays to study bats in the field. Can. J. Zool. 96, 933–938. 
Komenda-Zehnder, S., Liechti, F., Bruderer, B., 2002. Is reverse migration a common feature of nocturnal bird migration? – an analysis of radar data from Israel. Ardea 

90 (2), 325–334. 
Kotila, M., Suominen, K.M., Vasko, V.V., Blomberg, A.S., Lehikoinen, A., Andersson, T., et al., 2023. Large-scale long-term passive-acoustic monitoring reveals spatio- 

temporal activity patterns of boreal bats. Ecography 2023, e06617. 
Krauel, J.J., McCracken, G.F., 2013. Recent advances in bat migration research. Bat Evol. Ecol. Conserv. 293–313. 
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Troxell, S.A., Holderied, M.W., Pētersons, G., Voigt, C.C., 2019. Nathusius’ bats optimize long-distance migration by flying at maximum range speed. J. Exp. Biol. 222, 

4. 
Vasenkov, D., Desmet, J.F., Popov, I., Sidorchuk, N., 2022. Bats can migrate farther than it was previously known: a new longest migration record by Nathusius’ 

pipistrelle Pipistrellus nathusii (Chiroptera: Vespertilionidae). Mammalia 86 (5), 524–526. 
Veit, R.R., 2000. Vagrants as the expanding fringe of a growing population. Auk 117 (1), 242–246. 
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