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Abstract

The global growth of wind energy can harm wildlife and ecosystems, especially airborne
animals, which face high collision risks with turbine blades. While detailed knowledge
of bird and bat collision risk exists for temperate regions, risk assessments for insects
and bats in the Global South remain lacking. To fill this gap, we investigated the activity
of bats and nocturnal insects in Thailand at different heights above the ground. To this
end, we suspended ultrasonic detectors and sticky traps from a helium-filled balloon kite
at 25, 50, 75, and 100 m above ground, and also mounted them on a 2 m post to record
ground-level activity. We documented the rotor-swept zone of local wind turbines to range
between 21 and 159 m above ground. Mostly bat species from the guild of open-space for-
agers were active within this zone, namely Mops plicatus, Taphozous theobaldi, T. mela-
nopogon, Scotophilus kuhlii, S. heathii, and Myotis siligorensis. Aerial insects, including
Diptera, Hemiptera, Lepidoptera, and others, were also present within the rotor-swept zone
of local wind turbines. Our findings demonstrate that aerial hawking bats, specialized for
hunting insects in open space, face a high collision risk at wind turbines in Southeast Asia.
Wind turbines may also kill airborne insects like Diptera, Hemiptera, and Lepidoptera.
To reduce bat fatalities at wind turbines, we advocate for effective mitigation measures,
such as limiting turbine operation at night during periods of high bat activity and specific
environmental conditions. Further, wind turbines should only be built at great distance of
ecologically important habitats.
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Introduction

Wind energy is expanding globally at an unprecedented rate to generate electricity at low
cost and to combat climate change by reducing greenhouse gas emissions (Agency 2023;
Global Wind Energy Council 2023). However, wind energy production comes at some envi-
ronmental cost (Saidur et al. 2011; Gibson et al. 2017), for example by causing high num-
bers of casualties among aerial vertebrates (Thaxter et al. 2017), by displacing animals from
their habitats (Conkling et al. 2022; Tolvanen et al. 2023), and by altering the local weather
of adjacent habitats (Diffendorfer et al. 2022). As a consequence, wind energy production
may impact biodiversity if practiced without considering the local fauna and flora, or when
established at high densities over large spatial scales, particularly in sensitive biodiversity
hotspots (Rehbein et al. 2020). To achieve a biodiversity-friendly transition from fossil
fuel-based energy systems to renewable energy sources, it is imperative to identify and
account for adverse ecological impacts, following the avoidance-mitigation-compensation
hierarchy (Arlidge et al. 2018). However, from a global perspective, conservation practices
at utility-scale wind energy facilities suffer from a lack of data and guidelines, unspecified
monitoring schemes, or a simple unwillingness to comply with legal requirements (Barré
et al. 2022). This is particularly true for tropical and subtropical countries, where global
biodiversity is highest (Voigt et al. 2024).

Among airborne animals, bats and insects account for a large proportion of fatalities at
wind turbine facilities, particularly in temperate regions (Thaxter et al. 2017; Voigt 2021).
That said, the exact number of insects that collide and die at wind turbines remain obscure
(Voigt et al. 2021). For bats, turbine-related casualties constitute a major cause of human-
induced deaths for some aerial-hawking bat species (O’Shea et al. 2016). Besides being
killed by wind turbines when colliding with the rotating blades, bats also lose habitat when
wind turbines are established, e.g., at forested sites. Forest losses associated with the erec-
tion of wind turbines range between 1 ha per wind turbine in Germany (Quentin and Tucci
2022) and 3.5 ha for a 2.5 MW producing wind turbine in North America (Denholm et al.
2009). Also, bats may avoid wind turbines over hundreds of meters, sometimes even kilo-
meters, which can cause additional losses of habitats in proximity of wind turbines (e.g.,
Barré et al. 2022; Ellerbrok et al. 2022, 2024; Scholz et al. 2025). Most studies to date on
the negative effects of wind energy generation on bats have been conducted in temperate
zones, although the wind energy industry in the emerging markets of subtropical tropical
South America, Africa, and Asia is growing at an annual rate of 10% (Voigt et al. 2024). This
geographic bias poses a big problem for global conservation efforts, since local stakehold-
ers lack even fundamental information about the collision risk of airborne taxa (Voigt et al.
2024). Therefore, these countries rarely, if ever, implement appropriate mitigation schemes
to protect airborne animals at wind turbines.

Central Thailand is home to a diverse bat fauna, with species varying greatly in morphol-
ogy and echolocation call parameters. This indicates not only a high species richness, but
also a high functional diversity (Suksai and Bumrungsri 2019). Wind energy facilities are
already operating in the region, with approximately 415 turbines currently installed and fur-
ther expansion planned in the near future, indicating a growing scale of potential ecological
impact (The Wind Power 2025). Post-construction monitoring at nearby multi-turbine wind
farms has documented bat fatalities involving predominantly open-space foraging species,
including Mops plicatus, Taphozous melanopogon, and Scotophilus kuhlii (Asian Develop-
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ment Bank 2023; Crane et al. 2025). Reported carcass counts included 130 bats in 2019
(first year of operation), followed by 48 in 2020, 33 in 2021, and 30 in 2022. Although these
data provide evidence of bat—turbine interactions in the region, detailed information on
survey effort and detection probability was not publicly available. The true fatality rates of
bats at local wind turbines may be significantly higher, since search efficiency ranges usu-
ally between 20 and 30% and removal of carcasses by scavenger, such as stray dogs, may
be substantial in Thailand. Past studies of insectivorous bat activity in agricultural areas
have primarily relied on ultrasonic recordings at ground level (e.g., at 1-3 m above ground,
Put et al. 2018; Azofeifa et al. 2019; Suksai and Bumrungsri 2019), yet acoustic monitor-
ing of bats foraging at higher altitudes is rare, due to methodological reasons. Acoustic
monitoring of bats with ultrasonic detectors suspended from helium-filled kite balloons has
been established as a feasible option to monitor bat activity beyond the detection range of
ground-based ultrasonic detectors. These studies demonstrate that bat activity is unevenly
distributed along the vertical axis (Griffin and Thompson 1982; Fenton and Griffin 1997;
Nguyen et al. 2019). For example, aerial-hawking bats that are adapted to hunt insects in
the open-space (hereafter called open-space foraging bats) are primarily active at altitudes
of 100-200 m above ground (Nguyen et al. 2019). Some of these open-space foraging bats,
like Mops plicatus and Taphozous theobaldii, fly at exceptionally high altitudes, with sensor
tag data showing ascents of more than 550 m above ground level in 7. theobaldi and more
than 1,600 m above ground level in M. plicatus (Roeleke et al. 2018; Voigt et al. 2019b;
Srilopan et al. 2025). Despite these first insights into the spatial use of Southeast Asian bats,
there is still a large gap in our understanding on which species of bat is active within the
rotor-swept zone of local wind turbines in Thailand. To establish baseline data, we aimed
to explore the flight altitudes of bats in this region, particularly in areas where utility-scale
wind energy facilities are either already operational or planned for the near future. Accord-
ingly, we monitored the entire community of insectivorous bats that are active within the
operation range of local wind turbines. We recorded the activity of bats across five vertical
levels, ranging from 2 m (ground level) to 100 m above ground, in various habitat types,
including arable land, forest edges, and areas near water bodies. Furthermore, we address
the question which taxonomic group of nocturnal insects is vulnerable at wind turbines
in central Thailand. Insect collisions with turbine rotors can result in the accumulation of
insect debris on rotor blades, which necessitates regular cleaning and maintenance. How-
ever, systematic analyses of blade-cleaning residues as a quantitative measure of insect
collision rates are currently absent. Anecdotal observations suggests that it is reasonable
to assume that large numbers of insects die at wind turbines through collisions with rotat-
ing blades, yet conclusive evidence quantifying insect collision risk remains scarce (Voigt
2021). Accordingly, we examined the flight altitude of aerial insects at the same sites where
we monitored the activity of bats. To complement our dataset, we also monitored the opera-
tion range of wind turbines (rotor-swept area) in the proximity of our study site. This com-
prehensive assessment provides valuable insights into the vertical habitat use of bats and
insects in relation to their threat of colliding with local wind turbines.

Based on past studies on temperate zone bats (e.g., Roeleke et al. 2016; Roemer et al.
2017, 2019; Reusch et al. 2023), we hypothesized that bats exhibit niche partitioning in
the vertical dimension by using different heights to forage for insects. We predicted that
the flight altitude of open-space foragers would largely overlap with the operation range of
local wind turbines, whereas bats specialized to forage for insects at forest edges (hereafter
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called edge-space foraging bats) or in dense vegetation (hereafter called narrow-space for-
aging bats) would not be susceptible to collisions with the rotating blades because of their
low flight height close to the ground. Furthermore, we hypothesized that aerial insects are
unevenly distributed along the vertical axis, with most insects being active at ground level.
Specifically, we predicted that more aerial insects are active at ground level than at any of
the higher sampling points.

Materials and methods
Study site

We conducted this study from February to March 2021 in Tha Luang District, located in
Lopburi province, Thailand, which hosts several areas with multi-turbine wind energy facil-
ities. This province is characterised by a karst landscape with many small and large caves,
providing important habitats for various bat species. Previous studies have identified the
following species in this area: Hipposideros pomona, H. armiger, H. larvatus, H. diadema,
Rhinolophus coelophyllus, R. malayanus, R. pusillus, R. pearsonii, Myotis muricola, M.
siligorensis, Scotophilus kuhlii, S. heathii, Taphozous melanopogon, T. theobaldi, and Mops
plicatus (Ruadreo et al. 2018; Suksai and Bumrungsri 2019). The area is dominated by ara-
ble land, where local farmers plant crops like sugarcane, corn, and cassava. Next to arable
and urban areas, the most common landscape elements are water bodies and forests. For
this study, we selected three main habitat types: arable land, areas next to water bodies, and
forest edges (Fig. 1). In total, 12 recording sites were established. Three replicate sites were
selected for each habitat type, and because recordings at 2 m above ground level could not
be conducted directly at forest edges, three additional forest-edge sites were added specifi-
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Fig. 1 Map showing the location of the cave with a colony of M. plicatus (red multi-pointed star symbol)
and recording sites: Orange points indicate recording sites located in agricultural areas, light green points
represent those at forest edges (25-100 m), dark green points those at forest edges (2 m), and blue points
mark recording sites next to water bodies. Blue triangles indicate the locations of multi-turbine facilities.
The map also illustrates the land cover in the study area as outlined in the legend
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cally for the 2 m recordings (Fig. 1). Sites were selected based on direct field verification to
represent distinct and unambiguous habitat types. The water bodies in this area are relatively
small, often representing only small ponds of a few 100 m?. The forest patches are variable
in size and typically isolated by farmland. To select recording sites, we applied the follow-
ing criteria. Sites were located 2-20 km from the nearest M. plicatus colony, a species that
is particularly abundant locally (approximately 140,000 bats per cave; Bumrungsri 2018).
In addition, each site was at least 2 km from the nearest other site to minimise potential
overlap and ensure adequate spatial representation. Final site selection was also influenced
by practical constraints, including proximity to roads, power lines, and cultivated areas, as
well as access restrictions; therefore, only safe and accessible locations approved by land-
owners were used.

Wind farm characteristics

We identified 16 multi-turbine facilities for wind energy production within a 100 km radius
of the recording sites (Table 1). We chose this distance of 100 km because M. plicatus, the
locally dominant open-space forager bat species, is capable of flying such distances during a
single nightly foraging trip (Srilopan et al. 2025). To calculate key wind turbine parameters,
we obtained the diameter (m) of the rotor-swept zone, which is typically provided directly
by the manufacturer (The Wind Power 2025) and can also be calculated as twice the blade
length (m). The hub height (m) is the distance from the ground to the center of the rotor
hub and is often specified in the turbine’s technical documentation (The Wind Power 2025).
The tip height (m) is the sum of the hub height and the blade length, while the lowest blade
height (m) is the distance from the ground to the lowest point of the operating blade. The
total number of turbines in a wind farm, the capacity per turbine (MW), which refers to
the rated power output of an individual turbine, and the total capacity (MW), calculated by
multiplying the number of turbines by the capacity per turbine, are listed in project reports
or specifications (The Wind Power 2025).

Acoustic sampling

We recorded echolocation calls of bats using AudioMoth 1.0.0 (Open Acoustic Devices,
Southampton, United Kingdom), which store acoustic information as 16-bit uncompressed
waveform audio (WAV) files to a microSD card. The devices record frequencies up to
approximately 192 kHz over a distance of about 10 m, depending on the call frequency,
the source level and ambient conditions (Benjamins 2020; Open Acoustic Devices 2023).
We set each AudioMoth to record for 10 s with a 5-second interval between recordings,

Table 1 Summary of wind Variable Range Mean+SD
turbine characteristics across 16

. . Tip height (m) 112.2-158.5 141.4+11.8
wind farms near the study area in )
Thailand Lowest blade height (m) 21.5-48.2 26.0+5.9
Blade length (m) 32.2-68.5 59.1+£8.8
Rotor diameter (m) 64.3-137.0 118.0£14.5
Capacity per turbine (kW) 1,250-3,450 2,398+533
Number of turbines/farms 1-103 25.3+£25.9
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continuously from 6:30 pm to 6:30 am each night, and then placed it in a waterproof box
with small perforations at the microphone opening to allow ultrasonic detection. Record-
ings were conducted at five different heights: (a) 2 m above ground (“ground level”), (b)
25 m above ground, (c¢) 50 m above ground, (d) 75 m above ground, and (e) 100 m above
ground. Each night, recordings were simultaneously taken at all five levels. We lifted the
balloon (11 cubic Helikite Balloon, Tichuan International Co., Ltd., Beijing, China) into
the air in the late afternoon, and it remained airborne between 6 pm in the evening and
6.30 am the next morning. Recordings were collected for 2 nights per site. We did not col-
lect any data when it was raining or in case of strong winds (> 12 m/s). Echolocation calls
were analysed using Kaleidoscope Pro (version 5.1.9). Raw AudioMoth recordings were
batch-processed in Kaleidoscope to reduce background noise and split into 5-second WAV
files. Signal detection parameters targeted pulses between 8 and 120 kHz, with durations
of 2-500 ms, a maximum inter-syllable gap of 500 ms, and a minimum of two pulses per
detection. Processed files were screened for bat activity, and all detections were manually
verified. Species identification was based on call characteristics including peak frequency,
bandwidth, call duration, and call shape, following established regional echolocation call
references (Utthammachai et al. 2008; Pham et al. 2021; Hughes et al. 2010, 2011; Wordley
etal. 2014; Nguyen et al. 2019). To validate these references under local conditions, a subset
of bats was additionally captured during the study, and echolocation calls recorded from
morphologically identified individuals were used to confirm consistency with published call
characteristics. Feeding buzzes were identified as rapid call sequences characterised by a
marked decrease in inter-pulse interval and call duration immediately prior to prey capture.
Feeding buzzes were quantified separately from commuting or search-phase calls and used
as an indicator of active foraging behaviour (Jameson 2024).

We estimated the altitude of bat detectors in relation to ground level by the formula
h=0.9 L x sin(a) (Griffin and Thompson 1982); where h is the height (in meters) above
ground altitude of the operating bat detector, L is the length (in meters) of the line and (o)
the angle of the line. In parallel, we confirmed the altitude of the detectors at the start of
recording sessions using a rangefinder (Ak-305B, XunTian, China). At the forest edge, it
was unsafe to operate a balloon at low altitudes. Therefore, we put the 2 m Audiomoth on a
bamboo pole. For all other recording altitudes at forest edges, we used the helium balloon.

We categorized the guild structure of insectivorous bats following Schnitzler and Kalko
(2001) and Denzinger and Schnitzler (2013). Species were assigned to guilds based on their
echolocation call characteristics (e.g., call type, frequency range), wing morphology (aspect
ratio, wing loading), and foraging behaviour reported in previous studies (Suksai and Bum-
rungsti 2020; Table 2).

Sampling aerial insects

We collected insects using sticky traps (25.5% 18 cm sheets, Shopee Thailand, Bangkok,
Thailand) shaped into cylinders. To collect aerial insects during a given sampling night, we
attached 5 cylinders, one at each altitude along the rope, always 2—-3 m below the Audio-
Moths, following past studies (Nguyen et al. 2019; Petkliang et al. 2017; Fritz et al. 2011).
Captured insects were kept frozen and identified to order level using standard taxonomic
keys (Triplehorn and Johnson 2005). We collected insect biomass by measuring body length
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Table 2 Foraging guild classifi- Foraging Species Key justification
cation of insectivorous bat spe- guild
cies recorded in central Thailand, o 1Y i L hes: high
following Schnitzler and Kalko pen-space ops plica- Ong, NAITOW WINgS; g
(2001), Denzinger and Schitzler foragers tus, Taphozous wing loading; quasi-constant
(2013), and Suksai and Bum- melanopogon, T. frequency (QCF) calls; forag-
rungsrij (2020) theobaldi ing in open air
Scotophilus kuhlii, Intermediate wing morphol-
S. heathii ogy; frequency-modulated
and quasi-constant frequency
(FM-QCF) calls; foraging in
open and semi-open space
Edge-space Mpyotis siligorensis, Intermediate wing morphol-
foragers M. muricola ogy; broadband FM calls; for-

Narrow-space

foragers

Hipposideros di-
adema, H. larvatus

Miniopterus
magnater
Rhinolophus
coelophyllus, R.

aging along vegetation edges
Broad wing morphology;
CF-FM calls; foraging near
vegetation edges

Long, narrow wings; FM calls;
foraging along forest edges
Broad wing morphology;
FM—CF-FM calls; foraging in

pearsonii, R. stheno cluttered habitats

(Lumsden and Bennett 2005) and using the formula: W=0.0305L*%2, where W is dry mass
in mg and L is length in mm (Rogers et al. 1976).

Data analysis

We assessed the activity of bats based on the number of bat passes per minute, defining a
bat pass as a sequence of one or more echolocation calls separated from other sequences
by a period of silence (Miller 2001). We conducted recordings each night from 6:30 pm to
6:30 am. We grouped less frequently detected species into an “others” category, including
Miniopterus magnater, Myotis muricola, Rhinolophus coelophyllus, R. pearsonii, R. stheno,
Hipposideros diadema, and H. larvatus. We fitted a gaussian distribution generalized linear
mixed models (GLMMs) using the “glmmTMB” function from the “glmmTMB” package
in R (Brooks et al. 2017). Fixed effects included bat species, altitude (2, 25, 50, 75, and
100 m), habitat (agriculture, forest edge, water), and their interactions. Site and night were
included as random intercepts to account for spatial and temporal non-independence. Model
selection was based on corrected Akaike Information Criterion (AICc) values using the
“model.sel()” function from the “MuMIn” package in R (Barton 2024).

Insect biomass was analyzed using gaussian distribution generalized linear mixed mod-
els (GLMMs) with fixed effects: insect order, altitude (2, 25, 50, 75, and 100 m), and habitat
(agriculture, forest edge, water) and its interaction. Recording date and site were included
as random effects. Model selection was based on corrected Akaike Information Criterion
(AICc) values using the “model.sel()” function from the “MuMIn” package in R (Barton
2024). All statistical analyses were conducted using R software (version 4.2.2), and R Stu-
dio (version 4.3.1).
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Results
Flight altitude of species and foraging guilds

In total, we analyzed 219.1 h of recordings across five altitude levels, 2 m, 25 m, 50 m,
75 m, and 100 m, documenting 62,239 recognizable bat passes. The recording effort was
distributed as follows: 2 m (171.3 h), 25 m (147.1 h), 50 m (147.1 h), 75 m (147.1 h), and
100 m (147.1 h). The analysed recordings captured bat activity from five families, seven
genera, and 13 species, as summarised in Table 3.

We observed 6 bat species at a flight altitude of 25 to 100 m, and thus within the rotor-
swept zone of wind turbines: Mops plicatus, Taphozous theobaldi, T. melanopogon, Scoto-
philus kuhlii, S. heathii, and Myotis siligorensis. Five species were found across all recorded
altitudes, and included four open-space foragers (M. plicatus, T. melanopogon, T. theobaldi,
and S. kuhlii) and one edge-space forager (M. siligorensis). Scotophilus heathii, an open-
space forager, was recorded only up to a maximum altitude of 50 m (Fig. 2).

Altitude influenced bat species activity. Among the tested generalized linear mixed mod-
els (GLMMs), the best-supported model was provided by the model including the interac-
tion between species and altitude (AICc=1402.2; Table S2). Compared to M. plicatus, all
other species showed significantly lower activity: 7. melanopogon (B = —2.96, p<0.001),
T. theobaldi (B = —3.18, p<0.001), S. heathii (p = —5.83, p<0.001), S. kuhlii (p = —5.09,

Table 3 Proportion of total Foraging guild  Family Species % of
recorded bat passes by foraging total
guild, family, and species bat
passes
Open-space Molossidae Mops plicatus 83.6
foragers
Emballonuridae  Taphozous 4.5
melanopogon
Emballonuridae  Taphozous theobaldi 3.4
Vespertilionidae  Scotophilus kuhlii 0.5
Vespertilionidae  Scotophilus heathii 0.3
Total open-space 923
Edge-space Vespertilionidae ~ Myotis siligorensis 7.1
foragers
Vespertilionidae ~ Myotis muricola 0.09
Hipposideridae  Hipposideros 0.005
diadema
Miniopteridae Miniopterus 0.004
magnater
Hipposideridae ~ Hipposideros 0.0001
larvatus
Total edge-space 7.2
Narrow-space Rhinolophidae  Rhinolophus 0.4
foragers coelophyllus
Rhinolophidae  Rhinolophus 0.1
pearsonii
Rhinolophidae  Rhinolophus stheno  0.001
Total 0.5

narrow-space
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Fig. 2 Bat activity per minute (mean= SE) at different altitudes in agricultural landscape of central Thai-
land. Bat species are categorized into three foraging guilds: open-space, edge-space, and narrow-space
foraging bat guild. The category “Others” includes less common species, such as M. magnater, M. muri-
cola, R. coelophyllus, R. pearsonii, R. stheno, H. diadema, and H. larvatus

»<0.001), and other less common species grouped as “Others” (p = —4.53, p<0.001). Bat
activity also declined significantly with increasing height for the reference species (M.
plicatus): 25 m (B = —0.84, p<0.001), 50 m (B = —0.67, p=0.002), 75 m (p = —0.60,
»=0.005), and 100 m (B = —0.84, p<0.001), relative to 2 m. All open-space, edge-space,
and narrow-space foraging species were recorded at ground level (2 m, Fig. 2). Open-space
foragers exhibited significantly higher activity than edge-space bats (=2.64, p<0.001),
while narrow-space foragers showed significantly lower activity (§ =—3.41, p<0.001). No
significant differences were found in the number of feeding buzzes across the altitudes ana-
lyzed (2, 25, 50, 75, and 100 m; p>0.1).

Habitat use of species and foraging guilds

Bat activity varied significantly among habitats. Among the tested generalized linear mixed
models (GLMMs), the best fit was provided by the model including the interaction between
species and habitat (AICc=1293.5; Table S2). Compared to agricultural areas, overall bat
activity across all species was significantly lower at forest edges (f = —0.44, p<0.001) and
water bodies (B = —0.17, p<0.001). We found no significant differences in the number of
feeding buzzes between the habitats analyzed (agricultural area, edge forest, water body;
p>0.1).
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Bat activity differed significantly among habitat types and species (p<0.001; Fig. 3).
Overall bat activity, pooled across species, was highest in agricultural areas and significantly
lower at forest edges (B = —0.44, p<0.001) and near water bodies (B = —0.17, p=0.001).
Across all habitats, M. plicatus exhibited significantly higher activity than all other species
(»<0.001). However, species—habitat interactions indicated that several less common spe-
cies showed relatively higher activity at forest edges and water bodies compared to agricul-
tural areas. Forest edges and water bodies supported greater species diversity despite lower
overall bat activity (Fig. 3). Some species were habitat-exclusive, with H. diadema recorded
only at forest edges and M. magnater only near water bodies.

Insect abundance at different altitudes above ground

Insect biomass varied significantly with altitude and taxonomic order (p<0.001). Among
the candidate generalized linear mixed models, the best-fit model included an interac-
tion between insect order and altitude (AICc=5072.6; Table S3), indicating that altitude
effects differed among insect orders. Models including habitat effects were poorly supported
(AAICc>30), suggesting that altitude was a stronger predictor of insect biomass than habi-
tat type.

Open space

M. plicatus

T. theobaldi

T. melanopogon
S. kuhlii

S. heathii

Edge space

LXK RN

N

M. siligorensis
Edge space & Narrow space

Others

——

Bat activity per minute

0 .'oo .§.o LL T

AGR EDGE_FOR WTR
Habitat

Fig. 3 Bat activity per minute (mean=+SE) in different habitats (AGR: agricultural area, EDGE_FOR:
edge forest, WTR: water body) and different bat guilds (open space, edge space, narrow space), and dif-
ferent bat species within the agricultural landscape of central Thailand. “Others” category includes fewer
common species: M. magnater, M. muricola, R. coelophyllus, R. pearsonii, R. stheno, H. diadema, and
H. larvatus
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Fig. 4 Insect biomass (mean+SE) at different altitudes above ground (m) and for different insect orders
in the agricultural landscape of central Thailand

Sticky-trap data showed that total insect biomass was highest at ground level (2 m) and
declined significantly with increasing altitude (»<0.001). At 2 m, Lepidoptera accounted for
the highest biomass and were therefore used as the reference group. Relative to Lepidoptera
at 2 m, biomass did not differ significantly for Diptera (f =—0.67, p>0.01) or Hymenoptera
(B=-11.17,p>0.01), whereas Coleoptera (f =—15.03, p<0.001), Hemiptera ( = —15.67,
»<0.001), Isoptera (B =—16.25, p<0.001), and other insect orders had significantly lower
biomass. Although insect biomass decreased with altitude across all orders, Diptera, Hemip-
tera, Coleoptera, Hymenoptera, Lepidoptera, and other taxa were still detected at higher
altitudes between 25 and 100 m, indicating vertical stratification in nocturnal insect avail-
ability (Fig. 4).

Discussion

Our study illustrates the potential overlap between flight altitude of bats and insects and
the operational range of local wind turbines in Thailand. In particular, we observed six bat
species flying at altitudes between 25 and 100 m (the latter being the maximum recording
height), which is within the rotor impact zone of nearby turbines operating between 21 and
159 m. The following bat species were active within the rotor-swept zone of local wind
turbines: M. plicatus, T. theobaldi, T. melanopogon, S. kuhlii, S. heathii and M. siligorensis.
These results explain the presence of bat carcasses at nearby multi-turbine plants, where
species such as M. plicatus, T. melanopogon, and S. kuhlii, all open-space foraging bats,
have been found (Asian Development Bank 2023; Crane et al. 2025). While M. muricola
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was not detected in our recordings, we documented high-altitude activity by M. siligoren-
sis, an edge-space forager, suggesting that some edge-space species may also be at risk of
turbine collisions due to their occasional use of higher airspace (Asian Development Bank
2023; Crane et al. 2025). According to the Asian Development Bank (2023), the number
of documented bat fatalities at the site was 130 in 2019 (the first year of operation), fol-
lowed by 48 in 2020, 33 in 2021, and 30 in 2022. These data were collected through post-
construction monitoring programs conducted by consulting teams contracted by the wind
energy operator. However, detailed information on survey effort, such as search frequency,
area coverage, scavenger correction, or detection probability, was not provided in the report.
The relatively high number of carcasses in 2019 may reflect greater search effort during the
initial monitoring phase, or possibly a behavioral response, such as increased exploratory
activity by bats around newly built turbines (Rydell et al. 2010; Arnett et al. 2016). A recent
study suggests that several bat species in Southeast Asia may be at high risk of collisions
with wind turbines, particularly those with wing traits similar to species known to experi-
ence fatalities globally. However, the results also highlight the need for region-specific data
to validate and refine these risk assessments (Crane et al. 2025). Studies from the temperate
zone, mainly North America and Europe, have shown that wind turbines with rotor blades
between 130 m and 180 m diameter are associated with high numbers of bat casualties, as
the strong overlap of bat flight altitude with the rotor swept zone dramatically increases the
risk of collision (Roeleke et al. 2016; Roemer et al. 2017; Reusch et al. 2023; Garvin et al.
2024; Arnett et al. 2008). As blade length increases, wind turbines begin to generate energy
at lower wind speeds, conditions under which bat activity and collision risk are known to
be higher, thereby potentially exacerbating conflicts between renewable energy production
and bat conservation as larger turbines are deployed in the future (Voigt et al. 2015, 2024).

High altitudes are an important habitat for bats. As some members of this taxon are
equipped with the ability to quickly ascend into the sky (Roeleke et al. 2022; O’Mara et
al. 2021), they are able to hunt insects or birds in the open airspace (Popa-Lisseanu et al.
2007, Kunz et al. 2008; Davy et al. 2017a, b; Krauel et al. 2018a; Voigt et al. 2019a). Our
results show that, within the local bat community in central Thailand, molossid and embal-
lonurid species, as well as one vespertilionid species, were frequently detected at high alti-
tudes (25-100 m), suggesting regular use of the airspace within the rotor-swept zone. Such
vertical activity may be related to foraging behavior, especially on dispersing or migrat-
ing insects, as has been observed in Tadarida brasiliensis in North America (Krauel et al.
2018a, b). Notably, M. plicatus has been documented to track high-altitude flying insects
as prey, mostly planthoppers (Nguyen et al. 2019; Leelapaibul et al. 2005; Srilopan et al.
2018, 2024; Thongjued 2019). A recent study shows that M. plicatus flies up to 1,600 m
above ground level, with individual foraging areas covering up to 1,740 km? in a single
day (Srilopan et al. 2025). Although sticky trap data showed low insect biomass at higher
altitudes, several lines of evidence suggest that bats still locate prey there. Feeding buzzes
recorded at these heights indicate active foraging, and prior studies have found that M. pli-
catus consumes large amounts of migratory planthoppers (Homoptera), which were largely
absent from our samples (Srilopan et al. 2018, 2024). This likely reflects a sampling bias,
as sticky traps may underrepresent fast-flying or swarm-forming insects that occur in dense
but patchy distributions. Bats may also improve prey detection at altitude through social
foraging, such as eavesdropping on the echolocation calls of nearby conspecifics (Roeleke
et al. 2022).
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Several open-space foraging species in our study were frequently detected at high alti-
tudes. These species typically have high aspect ratio wings, narrow and elongated structures
linked to fast, efficient flight in open environments (Norberg and Rayner 1987; Castillo-
Figueroa 2020). While this wing shape may support high-altitude flight, it does not always
predict the foraging altitude of these species. This underscores the need to integrate wing
morphology, acoustic data, and behavioral patterns when evaluating a species’ collision risk
with wind turbines (Crane et al. 2025). Open-space foraging bats typically emit long-dura-
tion, low-frequency echolocation calls that facilitate long-range prey detection during fast,
open-air flight (Schnitzler and Kalko 2001; Fenton 1990). However, exceptions exist, such
as M. siligorensis, which uses relatively short, high-frequency calls despite being detected
at high altitudes (Surlykke et al. 1993). These cases highlight the diversity of echolocation
and flight strategies even within foraging guilds and suggest that multiple adaptations may
enable bats to exploit vertical space. The dominant open space foraging bat in our study
area is M. plicatus, a molossid bat, known for roosting in large caves, with some colonies
numbering in the millions, making it the most abundant bat species in the region (Srilopan et
al. 2018). Its aerodynamic morphology and long-range echolocation calls allow it to exploit
a wide range of habitats and altitudes, which likely explains its frequent presence across
all sampling locations in our study (Nguyen et al. 2019; Srilopan et al. 2025). Remark-
ably, they can forage from ground level to altitudes of up to 1,600 m (Nguyen et al. 2019;
Voigt et al. 2019a; Srilopan et al. 2025). Similarly, the emballonurid bats 7. theobaldi and
T. melanopogon are known to fly at high altitudes, reaching peak altitudes of more than
550 m above ground, and most likely higher (Roeleke et al. 2018). In addition, open-space
foraging bats such as S. heathii, S. kuhlii and M. siligorensis are also known to forage above
50 m above ground. Among these, S. heathii, being larger and heavier than others (Shahbaz
et al. 2014), incurs higher energetic costs during ascending flights, which may limit its abil-
ity to forage at high altitudes (Norberg and Rayner 1987). Consistent with this notion, we
observed S. heathii primarily at altitudes of up to 50 m above ground.

Although some bat species were recorded at high altitude in our study, most bat calls
were recorded at ground level (2 m), which is consistent with insect biomass data show-
ing the highest capture rates at ground level (2 m). At ground level, insect samples were
dominated by Lepidoptera, followed by Diptera, Hymenoptera, Coleoptera, Hemiptera and
Isoptera, many of which are major crop pests (Sukonthaphirom Na Phatthalung et al. 2021).
Previous research in this area has shown that open-space foraging bats feed heavily on these
pest taxa (Srilopan et al. 2024). At our study site, we identified 13 species of bats foraging
at ground level. Ground level habitats are essential for species such as Myotis muricola,
Miniopterus magnater, Rhinolophus pearsonii, R. coelophyllus, R. stheno, Hipposideros
diadema, and H. larvatus, which were observed exclusively at this level, suggesting that
these species have a limited ability to forage above 25 m above ground level. The listed
species typically have broad wings with rounded wingtips and a relatively slow and highly
manoeuvrable flight style (Norberg and Rayner 1987; Furey and Racey 2016; Senawi and
Kingston 2019). Their short, high-frequency echolocation calls facilitate precise localisa-
tion in cluttered spaces, such as in vegetation or along forest edges, but limit foraging at
higher altitudes, where low-frequency echolocation calls are required to increase the detec-
tion distance of insects (Denzinger and Schnitzler 2013). The detection of species-specific
differences in altitude use may reflect spatial niche partitioning, potentially shaped by past
or present competition. However, since many open-space foragers were also active near the
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ground, overlap with clutter-adapted species is possible, and we therefore interpret these
patterns cautiously (Collins 2015).

Our results demonstrate pronounced habitat-related differences in bat activity within
the agricultural landscape. Overall activity was highest in agricultural areas, largely driven
by the dominance of the open-space forager M. plicatus, a pattern commonly reported for
open-space bats in open and simplified habitats (Suksai and Bumrungsri 2019; Srilopan et
al. 2025). In contrast, forest edges and water bodies supported lower overall activity but
higher species diversity, consistent with previous studies showing that structurally com-
plex habitats and aquatic features disproportionately benefit edge-space and narrow-space
foragers (Fukui et al. 2006; Suksai and Bumrungsri 2019). The exclusive occurrence of H.
diadema at forest edges and M. magnater near water bodies further underscores the impor-
tance of these habitats for maintaining bat diversity within agricultural landscapes, despite
their lower contribution to total bat activity.

Several insect orders, including Diptera, Hemiptera, and Lepidoptera, were detected
between 25 and 100 m, within the rotor-swept zone of wind turbines. This aligns with
reports of large-scale insect migrations in East Asia, where Lepidoptera, Hemiptera, and
Diptera commonly fly up to 1 km above ground (Huang et al. 2024), suggesting that wind-
borne insects frequently occupy turbine altitudes and may face elevated collision risks. This
is further supported by previous estimates suggesting that approximately 1.2 trillion insects
are killed annually by onshore wind turbines in Germany, with a single turbine responsible
for up to 40 million insect fatalities per year (Voigt 2021). Insect interactions with wind
turbines may also influence predators that hunt near turbines. Aerial insectivores, such as
bats, are known to forage around wind turbines (Roeleke et al. 2016; Valdez and Cryan
2013). A previous study suggested that the presence of diurnal Diptera in the stomachs of
bat carcasses found beneath turbines indicates that bats may hunt these insects while they
are around turbine structures (Rydell et al. 2016). Insect attraction to wind turbines may
affect trophic interactions, including insect-mediated ecosystem functions and aerial preda-
tion by insectivores near turbines (Scholz and Voigt 2022). Thus, insect interactions with
wind turbines may have wide-ranging effects that extend across trophic levels and broader
spatial scales.

Our study is the first to systematically record bat flight altitude in Southeast Asia for a
local bat community. We acknowledge some limitations caused by our study design. First,
we only recorded in a relatively small area of the Thai landscape dominated by agricultural
practices. Although high-altitude flying bats can travel long distances (e.g. M. plicatus has
been recorded of use a foraging area of up to 1,740 km? in a single night and reaching alti-
tudes of 1,600 m; Srilopan et al. 2025), we acknowledge that the local bat community may
vary spatially across Thailand and that the composition of bats foraging at low and high
altitudes may change accordingly. We attempted to account for this spatial variation by
selecting recording sites in variable landscapes, e.g. on arable land, next to forests and near
waterbodies. We also conducted our fieldwork over a relatively short period, which limits
our ability to extrapolate our results across seasons. The reasons for our choice of study
period were mainly of logistical and technical nature, as weather conditions are less favour-
able for helium kite based acoustic monitoring during seasons with high winds and precipi-
tation. Furthermore, bat species differ in their echolocation call characteristics, with bats
calling at low frequency and high intensity more likely to be detected by ultrasonic detectors
than species calling at high frequency and low intensity (Voigt et al. 2021). Therefore, our
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acoustic data are inherently biased toward detecting bat species that produce low-frequency,
high-intensity echolocation calls. Species with high-frequency, low-intensity calls are less
detectable, particularly at greater distances or in cluttered environments, which may explain
the absence of some known ground-level foragers in our dataset. Additionally, acoustic sur-
veys are unable to detect non-echolocating bats such as pteropodids, which are also known
to suffer wind turbine-related mortality in Southeast Asia (e.g., Crane et al. 2025). Neverthe-
less, our study provides a robust representation of the echolocating insectivorous bat com-
munity and a foundation for broader future research. Finally, our insect monitoring using
sticky traps was inherently biased towards those insects that were more likely to land on
the sticky traps. We suspect that other insect sampling techniques may have yielded slightly
different results. However, hoisting UV lamps for collecting insects at greater altitudes was
not an option because of the limited carrying capacity of the used helium balloon.
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