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ABSTRACT. Wind energy is an important electricity source. Even though it is cleaner than other energy sources in terms of 

greenhouse gas emissions, gathering energy from the wind has impact on organisms that fly, including bats. Understanding 

whether and how bat activity patterns are affected by environmental variables may be useful when trying to mitigate these 

impacts, for example bat mortality from collisions with wind turbines. Northeastern Brazil concentrates one of the world’s 

largest wind potentials and has thousands of wind turbines in operation. In spite of this scenario, there is a lack of basic 

information, such as the presence of bat species and their activity patterns in those wind farms. We used passive acoustic 

monitoring to assess species richness and species composition and obtain data on activity patterns of insectivorous bats in 

four wind farm complexes in northeastern Brazil. We also investigated the possible correlation between environmental vari-

ables (wind speed and direction, air temperature and humidity, and percentage of moon illumination) and bat activity. The 

acoustic monitoring carried out for 30 nights produced approximately 120,000 bat passes of 29 sonotypes and four families. 

Environmental variables may influence bat activity, but in a site-specific way, i.e., although the environmental conditions 

of wind-energy complexes were similar, there was not an activity pattern common to all. Considering such specificities, we 

strongly recommend long-term specific on-site monitoring in each wind complex, avoiding generalizations for the environ-

mental licensing of wind energy in Brazil.
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INTRODUCTION

Wind energy is one of the main electricity generation 
sources in alternative to fossil fuels, and the participation of 
wind energy in the energy matrix of several countries has 
grown significantly in the last decade (GWEC 2021). For some 
countries, wind energy production has increased more than 
tenfold. In Brazil, for example, installed capacity was 1 GW in 
2010 and increased to 18 GW in early 2021, and the country 
currently occupies the 8th position in the world ranking of wind 
energy production (ABEEólica 2021). In February 2021, Brazil 
had ca. 695 wind farms installed, with approximately 8,300 wind 
turbines, besides more 2 GW in installation. The wind source 
accounted for about 10.3% of the country’s electricity (ABEEólica 

2021), which evidences the relevance of this electricity source 
and the sector in Brazil.

Although wind energy production is considered less pol-
luting regarding greenhouse gas emissions, it can impact wildlife 
(e.g., Saidur et al. 2011). Bats are among the main animal groups 
affected by wind power generation, both indirectly due to hab-
itat loss, disturbance, displacement, and creation of movement 
barriers, and directly due to collisions with wind turbines and 
barotrauma (Barclay et al. 2007, Kunz et al. 2007, Cryan and 
Barclay 2009, Rydell et al. 2010, Grodsky et al. 2011, Arnett et al. 
2016). Collisions and barotrauma associated with wind turbines 
kill hundreds of thousands of bats annually (Hayes 2013, Frick 
et al. 2017). These fatalities raise conservation concerns, as bats 
have low reproductive rates and require a high survival rate for 
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adults to avoid population decline (Barclay and Harder 2003). 
Recent studies point out that wind farms are among the main 
threats to bats (O’Shea et al. 2016). In Brazil, the interaction with 
wind turbines is already recognized as one of the most relevant 
issues for bat conservation (Bernard et al. 2012). Thus, although 
the collision causes are not fully known yet, the frequency and 
magnitude of these collisions can be significant threats to the 
conservation of bat populations.

Despite the bat mortality records in wind farms in Brazil 
(Barros et al. 2015, Amaral et al. 2020), the knowledge about 
the impacts of wind turbines on bats in the country is still 
poor considering the number of wind farms in operation and 
the magnitude of investments already made. The northeastern 
region, which harbors the greatest potential for wind power 
generation and the largest wind farms installed in Brazil, with 
thousands of wind turbines in operation, has no published data 
on bat mortality from wind turbines. Besides, licensing for wind 
farm installation is complicated in Brazil, as there is no standard-
ization of rules and procedures, not to mention that the rules 
are superficial and fail to detect the real impacts on the group 
(Valença and Bernard 2015). In addition to impacts on the flora 
(Neri et al. 2019), some of the areas chosen for installing wind 
farms are located in sites with large gaps in knowledge about the 
Brazilian bat fauna (Bernard et al. 2011). No matter how crucial 
the advancement of alternative energy sources may be to Brazil, 
proper environmental licensing for wind farm implementation 
cannot be neglected (Bernard et al. 2012).

Guidelines for studies on wind farm impacts on bats in 
Brazil have been published recently (Barros et al. 2017). These 
guidelines point out the need for basic studies on bat presence 
and activity in sites where wind farms will be installed, from 
before construction to post-installation phases, for a better 
impact analysis. In fact, environmental regulatory agencies in 
several countries use bat presence and activity data to establish 
mitigation measures to improve the wind farm functioning and 
minimize its impact on the fauna (Valença and Bernard 2015).

In the current scenario of wind power production in 
northeastern Brazil, there is a lack on elementary and basic 
information, such as what species are present in the sites and 
how are their activity patterns. Furthermore, understanding 
whether and how different environmental variables affect bat 
activity in wind farms is essential for any mitigation processes 
that might be carried out in these sites (e.g., Arnett et al. 2011, 
Baerwald et al. 2009, Frick et al. 2017).

Aiming to fill these fundamental information gaps, and 
in the process of scientific transparency, which is fundamental 
for the sector, in the present study our goals were: a) identify the 
richness and abundance of bat species present in four wind-en-
ergy complexes in the states of Bahia, Rio Grande do Norte, and 
Pernambuco – the first two are among the largest wind power 
producers in Brazil; b) determine nocturnal activity patterns 
for insectivorous bat species; and c) assess whether the activity 
patterns of the bat species recorded were correlated with wind 

speed and direction, temperature, humidity, rainfall, and moon 
phases. Considering environmental variables may overall influ-
ence mammal activity and foraging (Amorim et al. 2012, Hayes 
1997, McCain 2007, Russo and Jones 2003, Wellig et al. 2018), 
we expected that activity at the wind complexes – expressed by 
the recorded bats’ echolocation calls – would be correlated to the 
variables analyzed. This information is useful, for example, to 
identify periods and conditions of higher activity and, therefore, 
collision risk, an information essential for mitigating measures 
(e.g., Baerwald et al. 2009, Arnett et al. 2011, 2016).

MATERIAL AND METHODS

Study Area

We sampled four wind-energy complexes between Sep-
tember 2015 and January 2017, in the states of Rio Grande do 
Norte, Pernambuco, and Bahia (Fig. 1). They are located within 
the Caatinga biome, which comprises most of northeastern Bra-
zil’s inland area. The average temperature is constant throughout 
the year in the Caatinga, varying from 25 to 30 °C. However, 
the annual rainfall varies widely in time and space. Most of the 
region receives between 600 and 1,000 mm of rain per year, but 
in some mountainous areas, the rainfall can reach 1,800 mm 
per year due to the relief (Silva et al. 2018a). The number of dry 
months increases from the edges to the center of the region; 
some areas undergo periods of seven to ten months without 
rain. An important characteristic of the Caatinga is the high 
interannual variability in rainfall, with droughts that can last 
for years (Silva et al. 2018a).

The wind farms sampled were distributed as follows:
State of Bahia, municipality of Caetité, Curva dos Ventos 

wind-energy complex, comprising two wind farms (24 
wind turbines), where we selected three sampling points 
(hereinafter referred to as P1, P2, and P3), with three data 
collection campaigns, each one including three nights of 
recording (Supplementary Material – Table S1). The pre-
dominant vegetation is typical of the Cerrado, with cerrado 
sensu stricto vegetation in good conservation status. There 
was a wide range of habitat types, including open savanna 
(campo sujo) and deciduous shrubland areas (carrasco) un-
der a strong influence of the Caatinga in the surroundings.

State of Bahia, municipality of Morro do Chapéu, Cristal 
wind-energy complex, comprising three wind farms (39 
wind turbines), where we selected three sampling points 
(hereinafter referred to as P4, P5, and P6), with three data 
collection campaigns of three nights of recordings each (Ta-
ble S1). The predominant vegetation is typical of the Caat-
inga domain, with dense arboreal-shrubby caatinga in good 
conservation status. A few stretches are characterized by an 
open and anthropized area, with a shrubby caatinga sec-
ondary vegetation in regeneration.

State of Rio Grande do Norte, municipality of João Câmara, 
Modelo wind-energy complex, comprising two wind farms 
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(24 wind turbines), where we selected three sampling points 
(hereinafter P7, P8, and P9), with two data collection cam-
paigns of three nights of recordings each (Table S1). The 
predominant vegetation throughout the region is a relative-
ly homogeneous arboreal-shrubby caatinga.

State of Pernambuco, municipality of Tacaratu, Fonte dos Ven-
tos wind-energy complex, comprising three wind farms 
(52 wind turbines), where we selected six sampling points 
(hereinafter P10 to P15), and sampled each point only once 
(Table S1). The caatinga is the predominant vegetation, 
with dense arboreal-shrubby caatinga. A few stretches have 
a shrubby caatinga secondary vegetation in regeneration. 
All points were selected from satellite images (Google Earth, 
https://earth.google.com/web), to include different areas 
within each wind-energy complex.

Data collection

We used one echolocation signal recorder per sampling 
point (full spectrum Song Meter SM2 BAT+), with an SMX-U1 
microphone (http://www.wildlifeacoustics.com) to record bat 

activity. The recorder was configured at a sampling rate of 384 
kHz, with a 16-bit resolution, to record only sound signals 
between 12 kHz and 192 kHz, with a minimum of 12 dB SNR 
(signal to noise ratio). The recording protocol we used comprised 
five minutes of recording and five minutes of pause, totaling a 
maximum of six hours of recording per night, always from 06:00 
pm to 06:00 am. An extra recorder (model: EM3+) was used only 
in the Fonte dos Ventos wind-energy complex at point P12, with 
the same configuration as the others. In all sessions, the recorders 
were installed on a three-meter-high stick to improve recording. 
The recordings generated on each recorder were stored on SD 
cards in .wac format.

Acoustic analysis

We used the Kaleidoscope software (http://www.wild-
lifeacoustics.com) to convert the original files from the .wac 
format to .wav, clean up the noise, and divide the recordings 
into 10-second segments for better visualization of the pulses 
in sonograms. We used the SonoChiro software (http://www.
biotope.fr) to count the pulses recorded in each 10-second 

Figure 1. Wind-energy complexes in northeastern Brazil studied for the presence and activity of insectivorous bats from September 2015 
to January 2017.
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segment, configuring it for level 7 of sensitivity and minimum 
pulse duration of 0.2 ms. We calculated bat activity based on the 
number of pulses per night and grouped it in one-hour intervals 
(from 6:00 pm to 6:00 am) in an electronic worksheet. We ad-
opted an activity index based on the number of pulses recorded 
per sampling night, divided by the effort of the recording time 
(in minutes). We used descriptive statistics to analyze possible 
activity patterns in each campaign and wind-energy complex 
considered alone or together, with all records obtained.

Species richness

We used the Raven Pro 1.5 software (http://www.birds.cor-
nell.edu/brp/raven/RavenVersions.html) to extract parameters 
to identify echolocation signals. We viewed each 10-second file 
in spectrograms using a Hanning window, with 1024 samples of 
DFT size and 375-Hz spacing, overlap up to 80% and hop size 
of 205 samples, 3-dB filter with 539-Hz length. For each pulse 
sequence identified, we selected three or more good quality 
pulses and extracted the following measurements: minimum 
frequency (Fmin), maximum frequency (Fmax), maximum 
energy frequency (MEF), and bandwidth (BW, the difference 
between Fmax and Fmin), all in kHz. We also extracted the 
interval between pulses (IPI) and pulse duration (Dur), both in 
milliseconds (ms).

In addition to these parameters, we characterized se-
quences regarding the signal structure and classified them as 
frequency-modulated (FM), quasi-constant frequency (QCF), 
and constant frequency (CF). We also recorded the presence 
of pulse harmonics and alternation of signal and frequencies. 
We compared the extracted parameters with the literature and 
the signals from a bat-sound library in Brazil (Arias-Aguillar et 
al. 2018), identifying the sequences at the most specific level 
possible. Sequences or signals for which it was not possible a 
correct identification were classified into sonotypes.

Environmental variables

The anemometric towers located in the wind-energy com-
plexes recorded air temperature and humidity, wind direction, 
and speed at every hour. We obtained those data upon request 
to the company responsible for each wind-energy complex. We 
obtained daily rainfall data from the PROCLIMA website (http://
www.proclima.cptec.inpe.br). We calculated moon phases 
through the percentage of illumination obtained from the Daff 
Lua app (https://play.google.com/store) and obtained elevation 
data via Google Earth (https://www.google.com.br/intl/pt-BR/
earth) using the geographical coordinates of the wind-energy 
complexes. We did not consider the time of the night the moon 
was in the sky because that would require a detailed minute by 
minute nightly analysis.

Bat activity and environmental variables

We grouped the data on environmental variables and 
activity by hour and recorded them on worksheets. We ana-
lyzed normality with the Shapiro-Wilk test and verified that 

bat activity did not have a normal distribution (p < 0.005). To 
test possible linear regressions between bat activity and envi-
ronmental variables (temperature, humidity, wind speed, wind 
direction, moon phases, and rainfall), we used generalized linear 
models (GLM) with Quasipoisson distribution due to overdis-
persion and the F test for deviation analysis (Zuur et al. 2013). 
We analyzed the collinearity of environmental variables using 
the pairs function of the R program (R Development Core Team 
2009). As humidity was negatively correlated with temperature 
(r = -0.59), we excluded it from the models. We compared bat 
activity between wind-energy complexes using a generalized 
linear mixed model (GLMM) with Quasipoisson distribution, 
with date and month as a random factor, and sampling effort 
as offset. All analyzes were performed using the R program, ver-
sion 3.5.1 (R Development Core Team 2009). The results were 
considered significant with a p ≤ 0.05.

RESULTS

Environmental characterization

In the Curva dos Ventos complex, the wind speed var-
ied between 3.1 to 13.2 m/s, with an average of 7.4 ± 2.5 m/s 
(Supplementary Material – Fig. S1A). The wind direction varied 
between 88.3 and 135.0°, with an average of 98 ± 1.7° (Fig. 
S2A). In the Cristal complex, the wind speed varied from 2.1 to 
12.8 m/s, with an average of 8.0 ± 1.8 m/s (Fig. S1B). The wind 
direction varied between 48.1 to 123.0°, with an average of 92.5 
± 1.5° (Fig. S2B). In the Modelo complex, the wind speed varied 
from 5.2 to 11.2 m/s, with an average of 7.5 ± 1.4 m/s (Fig. S1C). 
The wind direction varied from 97.9 to 153.8°, with an average 
of 131 ± 1.6° (Fig. S2C). In the Fonte dos Ventos complex the 
wind speed varied between 6.2 to 10.3 m/s, with an average of 
8.4 ± 0.9 m/s (Fig. S1D). The wind direction varied from 97.9 to 
153.8°, with an average of 131.6 ± 1.6° (Fig. S2D).

Bat activity

Despite the higher effort (3,240 min.), the Curva dos 
Ventos and Cristal complexes showed the lowest activity rates, 
with 4.35 and 8.10 pulses/min., respectively (Table S1). With 
less effort (2,160 min.), the Modelo and Fonte dos Ventos com-
plexes showed activity rates of 12.47 and 21.69 pulses/min., 
respectively (Table S1). In the Curva dos Ventos complex, bat 
activity varied from 10 to 6,485 pulses. There were activity peaks 
between 08:00 and 11:00 pm (Fig. 2). In the first campaign, 
activity peaks varied after 08:00 pm; in the second campaign, 
there were activity peaks at different hours of the night, with 
the highest peak recorded at 08:00 pm (503 pulses) and the 
lowest activity at 05:00 am (11 pulses). In the Cristal complex, 
bat activity varied from 12,232 to 298 pulses. We found an 
activity pattern commonly reported for insectivorous species: a 
predominant peak in the first four hours after sunset followed by 
a decrease throughout the night (Fig. 3). The second campaign 
showed higher activity (with 13,062 pulses counted) than the 
first campaign (with 3,395 pulses). In the Modelo complex, bat 
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activity was constant throughout the night, but with activity 
peaks at specific times, between 10:00 pm and 01:00 am (Fig. 
4). The first campaign showed higher activity, with 14,184 
pulses, whereas the second campaign counted 12,769 pulses. 
Both campaigns showed the highest activity peak at 10:00 pm 
(first campaign with 3,100 pulses and second campaign with 
4,946 pulses). The Fonte dos Ventos complex showed a bimodal 
activity pattern: in the first three hours after sunset, with a peak 
at 07:00 pm and 7,265 pulses, and another peak at 00:00 am, 
with 9,540 pulses (Fig. 5).

Bat activity and environmental variables

In the Curva dos Ventos complex, the temperature (p = 
0.008) showed influence on bat activity, with slightly more activ-
ity at higher temperatures (Residual Deviation: 44637, df = 111). 
In the Cristal complex, the temperature (p < 0.005), wind speed 
(p = 0.002), and wind direction (p = 0.017) were the variables 
that best explained bat activity (Residual Deviation: 47256, df 
= 112). For the Modelo (Residual Deviation: 78459, df = 72) and 
Fonte dos Ventos complexes (Residual Deviation: 118386, df = 
73), none of the variables was significant. The number of pulses 
did not differ between wind-energy complexes (Supplementary 
Material 2 – Table S2).

Species richness

We recorded 29 sonotypes: 15 of Vespertilionidae, 10 
of Molossidae, three of Emballonuridae, one of Mormoopidae 
(Table 1). The Curva dos Ventos and Modelo complexes showed 
the highest sonotype richness, with 20 (11 Vespertilionidae, 
6 Molossidae, and 3 Emballonuridae), and 19 sonotypes (10 
Vespertilionidae, 7 Molossidae, one Mormoopidae, and one 
Emballonuridae), respectively. The Fonte dos Ventos complex 

showed 13 sonotypes (5 Vespertilionidae, 4 Molossidae, 3 Embal-
lonuridae, and one Mormoopidae). The Cristal complex showed 
the lowest richness, with six sonotypes (4 Vespertilionidae and 
2 Molossidae; Fig. 6).

Figure 6. Bat species richness recorded based on bioacoustics in 
four wind-energy complexes in northeastern Brazil from September 
2015 to January 2017.

Figures 2–5. Bat activity based on the pooled number of echolocation pulses per hour in four wind-energy complexes in northeastern 
Brazil, from September 2015 to January 2017: (2) Curva dos Ventos, municipality of Caetité, state of Bahia; (3) Cristal, municipality of 
Morro do Chapéu, state of Bahia; (4) Modelo, municipality of João Câmara, state of Rio Grande do Norte; (5) Fonte dos Ventos, munic-
ipality of Tacaratu, state of Pernambuco.

Among the 16 sonotypes found in the Curva dos Ventos 
complex, we identified the vespertilionids Lasiurus ega (Gervais, 
1856), Lasiurus blossevillii ([Lesson, 1826]), Lasiurus villosissimus 
(É. Geoffroy, 1806), Eptesicus chiriquinus Thomas, 1920, Eptesicus 
furinalis (d’Orbigny and Gervais, 1847), Eptesicus brasiliensis 
(Desmarest, 1819), Myotis sp. 1, Histiotus sp. 2, and Myotis sp./
Rhogeessa sp. (Table 1). An unidentified sonotype was assigned 
to this family, named Vespertilionidae 2, with structure FMd-
qCFd, FME < 30 kHz, and Fmin < 20 kHz. For the Molossidae, 
we identified Molossops temminckii (Burmeister, 1854), Molossops 
neglectus Williams e Genoways, 1980, and Cynomops sp. Three 
unidentified sonotypes were attributed to Molossidae due to 
the characteristics of their pulses: Molossidae 1, with structure 
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FMdqCFd and Fmin = 23 kHz; Molossidae 2, with structure 
FMaqCFd and Fmin between 37 and 40 kHz; and Molossidae 
4, with structure FMdqCFd, Fmin ≈ 28 kHz, FME = 31 kHz, and 
Fmax = 35 kHz (Table 1).

In the Cristal complex, we recorded six sonotypes: Myotis 
sp./Rhogeessa sp.; L. blossevillii; Myotis lavali Moratelli, Peracchi, 
Dias and Oliveira, 2011; a sonotype named Vespertilionidae 
2, with structure FMdqCFd, FME < 30 kHz and Fmin < 20Khz; 
Nyctinomops macrotis (Gray, 1840)/Eumops sp.; and a sonotype 
named Molossidae 4, with structure FMdqCFd and Fmin = 28 
kHz (Table 1).

In the Modelo complex, we recorded 19 sonotypes: Myotis 
sp./Rhogeessa sp.; L. ega; E. chiriquinus; L. blossevillii; Myotis sp. 
1; Myotis sp. 3; Histiotus sp. 3.; Histiotus sp. 1; Vespertilionidae 
2, with structure FMdqCFd, FME < 30 kHz, and Fmin < 20 kHz; 
Vespertilionidae 1, with structure FMdqCFd, Fmin > 30 kHz, 
FME ≈ 40 kHz, Fmax > 50 kHz; M. neglectus; Eumops sp.; Molossus 
molossus Pallas, 1766; Cynomops sp.; Molossidae 4, with structure 
FMdqCFd and Fmin = 28 kHz; Molossidae 1, with structure FMd-
qCFd and Fmin = 23 kHz; Molossidae 2, with structure FMaqCFd 
and Fmin from 37 to 40 kHz; Peropteryx macrotis (Wagner, 1843); 
and Pteronotus gymnonotus (Wagner, 1843) (Table 1).

In the Fonte dos Ventos complex, we recorded 14 sono-
types: Histiotus sp. 1; L. blossevillii; Myotis sp. 1; E. brasiliensis; 
Vespertilionidae 2, with structure FMdqCFd, FME < 30 kHz, and 
Fmin < 20 kHz; M. neglectus; Promops nasutus (Spix, 1823); Eumops 
sp.; Molossidae 4, with structure FMd qCFd and Fmin = 28 kHz; 
Molossidae 2, with structure FMaqCFd and Fmin from 37 to 40 
kHz; Molossidae 3, with Fmin < 18 kHz; P. macrotis; Peropteryx 
sp. 1; and P. gymnonotus (Table 1).

DISCUSSION

We analyzed the activity patterns of insectivorous bats 
using bioacoustics in four wind-energy complexes in northeast-
ern Brazil, testing possible correlations between bat activity and 
environmental variables and trying to identify which of those 
variables may influence bat activity. However, this influence 
is site-specific, i.e., although the environmental conditions 
in wind-energy complexes are similar, we could not identify 
a single activity pattern common to all wind farms analyzed; 
each wind-energy complex had a specific bat activity pattern.

Northeastern Brazil has unique wind characteristics, high 
solar radiation, little cloudiness, low relative humidity, and 
average temperatures between 25 and 30 °C and, as the most 
remarkable characteristic, low and irregular rainfall, usually 
concentrated in only three months of the year, resulting in a 
long characteristic annual drought (Silva et al. 2018a). Although 
there were differences in the climate variation between the 
wind-energy complexes studied, these complexes experience 
very similar climate conditions and differences were subtle. 
Temperature (in the case of Curva dos Ventos and Cristal) and 
wind speed and direction (for Cristal only) explained part of 

the bat activity for some complexes, but not for all of them. 
In this context, climate conditions alone do not explain the 
overall bat activity, which points out that other factors should 
be considered. Simultaneously sampling at different wind com-
plexes – an ideal approach we could not adopt due to logistical 
constrains – could also clarify the precise role climatic variables 
may have on the overall bat activity.

Table 1. Sonotypes identified based on bat echolocation calls re-
corded in four wind-energy complexes in northeastern Brazil from 
September 2015 to January 2017. 

Sonotypes
Wind-energy complexes

Curva do 
Ventos

Cristal Modelo
Fonte dos 

ventos

Vespertilionidae

Vespertilionidae 2 + + + +

Myotis sp./Rhogeessa sp. + + +

Lasiurus ega (Gervais, 1856) + +

Eptesicus chiriquinus Thomas, 1920 + +

Lasiurus blossevillii ([Lesson, 1826]) + + + +

Lasiurus villosissimus (É. Geoffroy, 1806) +

Myotis sp. 1 + + + +

Eptesicus furinalis (d’Orbigny e Gervais, 1847) +

Eptesicus brasiliensis (Desmarest, 1819) + +

Myotis sp. 2 +

Myotis sp. 3 + +

Histiotus sp. 2 +

Histiotus sp. 3 +

Vespertilionidae 1 +

Histiotus sp. 1 + +

Subtotal 12 4 10 5

Molossidae

Molossidae 4 + + + +

Molossops temminckii (Burmeister, 1854) +

Cynomops sp. + +

Molossops neglectus Williams & Genoways, 1980 + + +

Eumops sp. + + + +

Molossidae 1 + +

Molossidae 2 + + +

Molossus molossus Pallas, 1766 +

Promops nasutus (Spix, 1823) +

Molossidae 3 +

Subtotal 7 2 7 6

Mormoopidae

Pteronotus gymnonotus (Wagner, 1843) + +

Subtotal 0 0 1 1

Emballonuridae

Emballonuridae 1 +

Peropteryx macrotis (Wagner, 1843) + + + +

Peropteryx sp. 1 +

Subtotal 2 1 2

Total 21 6 19 14
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The local species richness could help to understand the 
differences observed. We recorded a high species diversity and 
variation in species richness and composition in each wind-en-
ergy complex. The observed richness varied from six to 21 
sonotypes, with a total of 29 sonotypes recorded. All wind farms 
sampled are within the Caatinga biome, a neotropical dry forest 
with high biodiversity (Silva et al. 2018a). Recent studies indicate 
that the bat richness in the Caatinga comprises at least 96 species 
(Silva et al. 2018b). The richness observed in the wind farms we 
sampled indicated that, besides the common species among 
wind-energy complexes (L. blossevillii, Myotis sp. 1, Eumops sp.), 
there was also the presence of exclusive species in the Curva dos 
Ventos, Modelo, and Fonte dos Ventos wind-energy complexes 
(see Table 1). Hence, the different species composition of each 
complex can explain the different activity patterns observed. 
This is more evident when bat activity and richness of each wind 
farm and each campaign are analyzed alone. Thus, wind-energy 
complexes with different species richness also showed different 
activity patterns.

The Caatinga has high heterogeneity in vegetation, soil 
types, and climate conditions, comprising areas of savannas, 
rainforests, and rocky grasslands inserted in a large matrix of 
dry forest mixed with transition areas (Silva et al. 2018a). This 
high floristic heterogeneity influences fauna richness, as some 
species show preferences for a particular type of environment 
composition (Silva et al. 2018a). The modeling of potential bat 
species distribution in the Caatinga showed that richness is as-
sociated with certain vegetation types. The higher potential for 
species occurred in the western region, in the contact between 
the Caatinga and Atlantic Forest biomes, and the lowest potential 
for species occurred in the eastern region, in the transition zone 
between the Caatinga and the Cerrado (Silva et al. 2018b). In 
the present study, the wind-energy complex located more to the 
east (Modelo, in the state of Rio Grande do Norte) showed higher 
species richness per night (3.16 sp./night) than other wind farms 
located more to the west (Curva dos Ventos, with 2.33 sp./night; 
and Cristal, with 0.66 sp./night). Thus, the wind farm location is 
also a variable that may help better understand what bat activity 
patterns would be expected for that site. Further studies, with a 
larger sample size, wind farms distributed in more locations, and 
simultaneous sampling could prove whether the location is indeed 
an important variable that should be considered.

Site-specific and group-specific characteristics

Although there was no common pattern in bat activity 
among the wind-energy complexes analyzed, it was possible 
to detect site-specific characteristics when these complexes are 
studied alone. Despite the differences between campaigns, there 
was a predominant activity peak in the first four hours after 
sunset in the Cristal complex. In Curva dos Ventos these peaks 
were concentrated in the first five hours after sunset. In Fonte 
dos Ventos there was a bimodal activity pattern: one peak in 
the first four hours after sunset and another around midnight. 

In Modelo there was a uniform activity pattern throughout the 
nights. As mentioned earlier, these different activities can be 
explained by the different species richness and compositions 
of each wind farm.

Several factors can influence variations in activity patterns 
between different species, such as the preferred or available food 
type, the species physiology, or the foraging strategy adopted by 
each species (e.g., Denzinger and Schnitzler 2013). The highest 
bat activity peak in the early night hours probably occurs be-
cause of a long period of fasting in the roost, and the decrease 
in activity during the night may correspond to a return of these 
individuals to their roosts (e.g., Hayes 1997). The initial activ-
ity peak in the early night hours is a known pattern for other 
areas and environments, and the bimodal pattern is typical of 
insectivorous bat species (Kunz 1973, Erkert 1982, Taylor and 
O’Neill 1988, Meyer et al. 2004). This bimodal activity pattern 
probably results from a foraging extension: some species return 
to the roost after the first peak of foraging activity and do not 
leave it until the following night, but in the bimodal activity 
pattern, in addition to this first foraging peak, the species leave 
the roost again in a second activity peak before returning to it 
definitively (Kunz 1974, Kunz et al. 1995).

In the present study, Vespertilionidae and Molossidae for-
aged in the first hours after sunset and remained constant until 
midnight. Mormoopidae was recorded in the Modelo complex, 
with activity throughout the night, during all nights. The species 
recorded (P. gymnonotus) is the least captured of the genus when 
mist nets are used, but it is abundant in open and dry areas (Reid 
1997, Pavan and Tavares 2020). This species aggregates preferably 
in colonies in caves and rock crevices, which can house more 
than 100,000 individuals (Otalora-Ardila et al. 2019). The activ-
ity throughout the night can be explained by the proximity of 
the sampling point to a roost. In fact, sampling point 7, which 
showed the highest richness and activity, was close to a cave found 
in the wind farm surroundings. The presence of this cave may 
have influenced the increase in activity and species richness in 
that sampling point. Thus, the wind farm’s proximity to a roost 
occupied by bats can influence bat activity in this wind farm and 
the existence of these conditions should be considered when 
researching both activity patterns and possible environmental 
impacts of this wind farm (Barros et al. 2017).

Importance and influence of temperature

Temperature explained the bat activity observed in Curva 
dos Ventos and Cristal complexes. Differences in ambient tem-
perature can influence bat activity (McCain 2007, Hayes 1997). 
Higher temperatures make the environment suitable for bat 
physiology, contributing to a lower metabolic cost. In addition, 
some insect species show strong synchrony with temperature 
and rainfall (Wolda 1988), and others are more abundant in 
moderately higher temperature conditions (Arbuthnott and 
Brigham 2007). In the Caatinga, there is a variation in tempera-
ture and humidity throughout the night, with a trend of lower 
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temperatures in the middle of the night (Silva et al. 2018a) and 
days drier than nights. Such variation could influence the activ-
ity of insectivorous bats in two ways: indirectly, due to a higher 
abundance and availability of the insects on which bat feed; or 
directly, due to physiological or metabolic issues inherent to the 
physiology of individuals and species (McCain 2007).

Wind farms in northeastern Brazil are mostly located in 
two different environment types: closer to beaches and the coast, 
or located further inland, usually in higher elevations (between 
800 and 1,200 m.a.s.l.). Although all sites undergo variations, 
temperatures near the coast tend to have higher averages than 
those in inland areas, where there are higher variations and 
lower averages. Thus, regarding that the temperature influences 
bat activity and given the limitation of the sampling carried out 
here, in situations where new monitoring is necessary, we recom-
mended covering longer periods and different times of the year.

Wind speed

Wind speed had a significant influence on bat activity in 
the Cristal wind-energy complex. The association of bat activity 
with wind speed is reported in the literature (e.g., Adam et al. 
1994, Russo and Jones 2003, Amorim et al. 2012, Wellig et al. 
2018), and it is intuitive because bats are relatively small animals, 
their ability to fly can be influenced by wind force, as well as 
the activity of their aerial prey. Bats have several adaptations 
for flight in different conditions: some species are adapted for 
a slow flight with high maneuverability, whereas others have a 
fast flight with low maneuverability (Aldridge and Rautenbach 
1987, Norberg and Rayner 1987, Marinello and Bernard 2014). 
In fact, the relationship between wind speed and bat activity 
is what supports the implementation of curtailment, i.e., the 
reduction of the rotation speed of the blades during higher bat 
activity, one of the most effective means of reducing high bat 
fatalities at wind farms (Arnett et al. 2011, Hayes et al. 2019, 
Smallwood and Bell 2020).

In both Modelo and Fonte dos Ventos complexes, we iden-
tified no relationship between bat activity and the environmen-
tal variables tested. However, considering that these variables 
may experience fluctuations throughout the year, the need for 
monitoring in wind farms covering longer periods becomes more 
evident (Barros et al. 2017). Only long-term monitoring can 
produce complete information, which is essential for mitigation 
actions to decrease mortality. In the United States and Canada, 
only after long-term studies, it was possible to identify that bat 
activity patterns were seasonal – in those cases, associated with 
migratory movements – and responded to specific characteristics, 
such as wind speed and direction (Arnett et al. 2016). With this 
information in hand, it was possible to test actions to reduce 
the rotation speed of the blades of wind turbines under envi-
ronmental conditions associates to higher bat activity (Baerwald 
et al. 2009). These actions were very successful in some cases, 
even reducing bat mortality by almost 90% (Arnett et al. 2011). 
Thus, monitoring in detail the bat activity and environmental 

variables proved to be essential for reducing environmental 
impacts in wind farms (Frick et al. 2017).

Our data showed that, despite being geographically close, 
the environmental conditions of wind-energy complexes, their 
species richness and composition are not the same and each 
wind farm has its singularities. Some environmental variables 
may explain bat activity, but in site-specific context. Hence, our 
main recommendation is that long-term site-specific monitoring 
must be mandatory, avoiding generalizations for environmental 
licensing purposes in the wind power in Brazil. In fact, the poor 
quality of the environmental licensing of wind parks in the 
country is an issue (Valença and Bernard 2015, Neri et al. 2019, 
Barros and Bernard 2019). Guidelines for studies on wind farm 
impacts on bats in Brazil have been published recently (Barros 
et al. 2017) and documents like that set standards on how to 
minimally sample an area for the environmental assessment in 
wind farms. Brazil holds one of the largest generation potentials 
in the world when it comes to renewable energies. The forecast 
is that the wind power installed in the country will reach 25.5 
GW by 2024 with an estimated investment of US$ 1.2 billion 
per year (ABEEólica 2021). But such production cannot occur 
at the expense of the country’s rich biodiversity. In order to be 
considered really green, the wind energy sector not just in Brazil, 
but elsewhere, should adopt higher environmental standards. 
And in this process, complete and detailed environmental as-
sessments is a key-step. Therefore, we urge Brazilian state and 
federal environmental agencies to not accept superficial short-
term studies based on ex-situ data and information. In this case, 
public policies based on bad data are the worst-case scenario for 
both bat conservation and green energy production in Brazil.
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SUPPLEMENTARY MATERIAL

Supplementary material 1
Table S1. Environmental characteristics and activity of insectivorous 

bats obtained by bioacoustics in four wind-energy complexes 
in northeastern Brazil, from September 2015 to January 2017. 
Coord. = coordinates; Speed = wind speed (km/h); Elevation (m); 
Date = dd/mm//yyyy; Effort = sampling effort (min); Dir. = wind 
direction (in degrees); Temp. = air temperature (°C); Humid. = 
air humidity (%); Rain = rainfall (mm); Moon = percentage of 
illumination of the moon; Pulses = bat activity (pulses); Pulses/
min. = pulses recorded per minute; Spp. rich. = sonotype rich-
ness, based on the bat echolocation signals; BA = state of Bahia; 
RN = State of Rio Grande do Norte; PE = state of Pernambuco.

Authors: Carolina G. Pereira, Fábio Falcão, Enrico Bernard
Data type: species data.
Copyright notice: This dataset is made available under the Open 

Database License (http://opendatacommons.org/licenses/
odbl/1.0). The Open Database License (ODbL) is a license 
agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, 
provided that the original source and author(s) are credited.

Link: https://doi.org/10.1590/S1984-4689.v39.e21041

Supplementary material 2
Table S2. Summary of Generalized Linear Mixed Models examining 

bat activity of each wind farm complex. Date and month were 
used as a random factor, and sampling effort as offset.

Authors: Carolina G. Pereira, Fábio Falcão, Enrico Bernard
Data type: species data.

Copyright notice: This dataset is made available under the Open 
Database License (http://opendatacommons.org/licenses/
odbl/1.0). The Open Database License (ODbL) is a license 
agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, 
provided that the original source and author(s) are credited.

Link: https://doi.org/10.1590/S1984-4689.v39.e21041

Supplementary material 3
Figure S1. Wind speed histogram for the wind-energy complexes 

Curva dos Ventos (A), Cristal (B), Modelo (C), and Fonte dos 
Ventos (D), all in northeastern Brazil, from September 2015 to 
January 2017. Vertical axes represent number of records.

Authors: Carolina G. Pereira, Fábio Falcão, Enrico Bernard
Data type: climate data.
Copyright notice: This dataset is made available under the Open 

Database License (http://opendatacommons.org/licenses/
odbl/1.0). The Open Database License (ODbL) is a license 
agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, 
provided that the original source and author(s) are credited.
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Supplementary material 4
Figure S2. Wind direction histogram for the wind-energy complexes 

Curva dos Ventos (A), Cristal (B), Modelo (C), and Fonte dos 
Ventos (D), all in northeastern Brazil, from September 2015 to 
January 2017. Vertical axes represent number of records.

Authors: Carolina G. Pereira, Fábio Falcão, Enrico Bernard
Data type: climate data.
Copyright notice: This dataset is made available under the Open 

Database License (http://opendatacommons.org/licenses/
odbl/1.0/). The Open Database License (ODbL) is a license 
agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, 
provided that the original source and author(s) are credited.

Link: https://doi.org/10.1590/S1984-4689.v39.e21041
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