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Abstract

Brazil is a megadiverse country with more than 180 bat species. However, most inventories have been mostly made using mist-
net sampling and roost search and due to the lack of bioacoustics studies, the bat fauna is certainly subrepresented and biased. The
knowledge on distribution and ecology of Brazilian bats is mainly within the Phyllostomidae. Reliable data on bat echolocation
calls is the key to improve the knowledge on the distribution patterns and foraging ecology of the remaining eight bat families
present in the country. Our work aims to (i) integrate information on echolocation calls of non-phyllostomids occurring in Brazil;
(ii) detect regional changes in the acoustic profile of those species; (iii) identify gaps in knowledge both in terms of species and
regions sampled; and (iv) to point out which species are acoustically recognizable in a reliable way. Finally, we present a key to
supporting the acoustic identification of non-phyllostomids in Brazil. We compiled publications on echolocation calls of
Neotropical bat species occurring in Brazil and summarized qualitative and quantitative information of acoustic parameters used
in call descriptions. We considered 93 non-phyllostomid bat species to occur in Brazil of which 65 have been acoustically
described but for 28 we found no published information. Information on echolocation calls was retrieved from 47 publications
and acquired in 17 countries. The use of bioacoustics can be a fundamental tool to expand the knowledge on Brazilian bats and
improve their conservation.
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Introduction

With more than 9.5 million square kilometers, Brazil occupies
more than 53% of South America and is considered a
megadiverse country (Mittermeier et al. 1998; Lewinsohn
and Prado 2005). More than 700 species of mammals are
known to occur in Brazil (Paglia et al. 2012) and Chiroptera
accounts for nearly 25% of'those species. Currently, more than
180 species of bats are known in Brazil (Nogueira et al. 2014;
Feijo et al. 2015; Fischer et al. 2015; Gregorin et al. 2016).

However, inventories of bat fauna in Brazil have been most-
ly made using mist-net sampling and roost search (Willig 1985;
Sampaio et al. 2003; Bernard et al. 2011; see Alho et al. 2011
for more details), potentially leaving behind many species of
difficult capture or species which require well-defined locations
for capture by mist-nets (e.g., drinking sites and commuting
corridors) or roosting in unknown or inaccessible sites (Rydell
et al. 2002; Kunz and Parsons 2009). Most knowledge on dis-
tribution and ecology of Brazilian bats is within the
Phyllostomidae which comprises 92 species (Nogueira et al.
2014) while there is still a significant lack of knowledge on
the ecology and distribution of the remaining eight families
occurring in the country—Emballonuridae, Furipteridae,
Molossidae, Mormoopidae, Natalidae, Noctilionidae,
Thyropteridae, and Vespertilionidae (Cunto and Bernard 2012).

Phyllostomids are much more easily captured using mist-
nets and are known to use a combination of clues to explore
the environment, including echolocation, olfaction and vision,
while species of the other families use almost exclusively
echolocation to navigate and find prey (Kalko and Schnitzler
1998; Schnitzler et al. 2003; Denzinger and Schnitzler 2013).
Ecologically, most of these bats fall into the category of aerial
foragers (Kalko et al. 2008); in fact, the only exceptions to this
pattern are Noctilionids, which are trawling foragers, and the
Mormoopid Pteronotus cf. parnellii, which is a narrow space-
fluttering forager(Denzinger and Schnitzler 2013). Therefore,
non-phyllostomid bat species have specialized echolocation
calls and are able to easily detect and avoid mist-nets or fly
too high to be captured by these (Kalko and Handley 2001;
Marques et al. 2015). Due to the lack of bioacoustics studies in
Brazil (but see Lopez-Baucells et al. 2016), the bat fauna
inventories are certainly subrepresented (e.g., Bernard et al.
2011) and biased (e.g., Cunto and Bernard 2012).

In temperate regions, the use of ultrasound detectors to assess
bat diversity has a few decades and is widespread (Ahlén and
Baag 1999; Kunz and Parsons 2009). Curiously, although
Neotropical bats have been the object of acoustic studies since
the mid-1960s (see Grinnell et al. 2016), only recently, re-
searchers started to use bioacoustics as a monitoring tool in that
region systematically (Jung and Kalko 2011; Marques et al.
2015; Hintze et al. 2016c¢). Still, these studies have been restricted
to a few localities in some countries: Mexico (e.g., Briones-Salas
et al. 2013; Kraker-Castafieda et al. 2013; Orozco-Lugo et al.
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2013; Zamora-Gutierrez et al. 2016), Panama (see the works of
Elisabeth Kalko and collaborators; Estrada-Villegas et al. 2012;
Bader et al. 2015; Gager et al. 2016), Honduras (Espinal and
Mora 2015), Costa Rica (e.g., Jung et al. 2014; Arias-Aguilar
et al. 2015), French Guiana (e.g., Barataud et al. 2013; Thoisy
etal. 2014), Ecuador (e.g., Rivera-Parra and Burneo 2013), Chile
(e.g., Rodriguez-San Pedro and Simonetti 2013; Ossa et al.
2015), and Brazil (Borloti et al. 2014; Heer et al. 2015;
Marques et al. 2015; Hintze et al. 2016c¢).

Early descriptions of echolocation bat calls made in the
Neotropics were mostly from Central America and Venezuela.
Moreover, most used zero-crossing recording systems (aka
ANABAT; e.g., O’Farrell and Miller 1997; O’Farrell et al.
1999; Ochoa et al. 2000), which although useful, usually, results
in a lack of the resolution of some of the calls’ variables and the
lack of information about the time amplitude of the calls and
multiple harmonics if present (e.g., Fenton et al. 1999, 2001).

Recently, there has been an increase in the description of
ultrasound bat calls, with larger datasets and important addi-
tions to the knowledge of some bat families such as the
Emballonuridae and the Molossidae (Jung et al. 2007; Jung
et al. 2014). In 2013, Barataud et al. (2013) published a com-
prehensive compilation of echolocation calls of French
Guiana bats, including species of the Emballonuridae,
Furipteridae, Molossidae, Mormoopidae, Natalidae,
Noctilionidae, Thyropteridae, and Vespertilionidae. These au-
thors found the identification of the species of those families
reasonably reliable using ultrasound recordings while consid-
ering the Phyllostomidae acoustically too homogeneous,
deeming this family problematic to identify using bat detec-
tors. Descriptions for call belonging to 38 non-phyllostomids
bats are available (Jung et al. 2007; Barataud et al. 2013; Jung
et al. 2014), but a close comparison with the Brazilian species
list indicates that echolocation calls of ca. 60 species of non-
phyllostomids remains to be described.

Reliable data on bat echolocation calls is a key to improve
the knowledge on the distribution patterns and foraging ecol-
ogy of non-phyllostomids in Brazil. In addition, changes in
Brazilian federal and state laws have led to an increase of
demands of bat inventories in Environmental Impact
Assessments (EIA) using comprehensive sampling schemes
including mist-net captures, roost searches, and acoustic mon-
itoring; the use of acoustic monitoring has been required, or at
least suggested in some states (Ramos Pereira et al. 2017)
especially for impact assessments of wind farms (Valenca
and Bernard 2015). Acoustic monitoring is a fundamental tool
in EIA in several countries (Government of Alberta Fish and
Wildlife Division 2006; Ontario Ministry of Natural
Resources 2011; Rodrigues et al. 2015), underlining the need
to better know the acoustic profile of Brazilian bats.
Moreover, acoustic monitoring can be very useful in the study
of spatial-temporal activity and habitat use, niche differentia-
tion, foraging behavior, species distribution, and even the



Mamm Res (2018) 63:231-253

233

discovery of cryptic diversity (e.g., Vaughan et al. 1997,
Arlettaz et al. 2001; Greif and Siemers 2010; Russo et al.
2012; Thoisy et al. 2014; Hintze et al. 2016b, ¢).

Therefore, considering the high bat species richness in
Brazil, the need for the use of bioacoustics for several purposes
in the country—some with legal implications, like incomplete
EIA—and the lack of a systematized data bank on the echolo-
cation calls of several Brazilian bats, here we aim to (i) inte-
grate information on echolocation calls of non-phyllostomids
occurring in Brazil from published works and our own data;
(ii) detect acoustic variation and possible regional changes in
the acoustic profile of those species; (iii) identify gaps in
knowledge both in terms of species and regions sampled; and
(iv) to point out which species are acoustically recognizable in
a reliable way. Finally, we present a key to supporting the
acoustic identification of non-phyllostomids in Brazil.

Methods

We looked for publications containing quantitative information
on echolocation call parameters or pulse descriptions for bat
species potentially identifiable through their echolocation calls
known to occur or potentially occurring in Brazil (Nogueira
et al. 2014; Feijo et al. 2015; Fischer et al. 2015; Gregorin
et al. 2016) according to their known distribution. All selected
publications included information on bat families of the
Neotropical region except the Phyllostomidae. We used the
Internet search engine Google Scholar. Our search terms includ-
ed the union of the terms “Chiroptera,” “bat,” and
“insectivorous,” with “acoustic identification,” “echolocation
calls,” “recordings,” “bioacoustics” and so forth. We used no
date range restriction. We retrieved all quantitative (frequency
and time parameters) and qualitative information (type and struc-
ture) of search echolocation calls as it was reported in the litera-
ture, and then we summarized them by species (parameter selec-
tion varied per family according to the relevance for identifica-
tion purposes). For several species, we also included unpublished
acoustic information from our own recordings. We used
CallViewerl8 (Skowronski and Fenton 2008) Auto Detection
function using a Hamming window, FFT = 1024, windows
length of 1 ms, and a background threshold of 10 dB, to obtain
the acoustic parameters of the search phase calls of the echolo-
cation call sequences. All figures (spectrograms and oscillo-
grams) were created with the Avisoft SasLabPro Software
(Version 5.2.09, Raimund Specht, Berlin), using a Hamming
window, FFT =512 and overlap 93%, from our own or donated
recordings obtained mainly in Brazil.

For each species and study, we retrieved information on
year of publication, recording method, and recording
location. We collected information on the conservation status
of all species using the [IUCN (2016) database. Then, we cal-
culated the number of publications per family and region and

counted the number of times each species had been acousti-
cally studied.

While all bat species occurring in the New World do not
occur anywhere else, many species occurring in Brazil present
wide distribution ranges, ranging from South to North
America. For this reason, regions of origin of publications
were defined as North, Central, and South America;
Caribbean Islands; and their respective main classes of
Koppen climate classification: tropical, arid, warm temperate,
and cold climate (Peel et al. 2007).

Acoustic information

We considered 93 non-phyllostomid bat species to occur in
Brazil. Information on echolocation calls of those species was
retrieved from 47 publications ranging between 1997 and
2016 and acquired in 17 countries (Appendix 1). Of the list
of 93 species, 65 have been acoustically described but for 28
we found no published information.

Most publications came from tropical region of Central,
South (14 publications each), and North America (eight pub-
lications), warm temperate North American region (seven
publications), Caribbean Islands (five publications), arid
North American region (four publications). Accounting the
fewest publications were the arid and the warm temperate
South American regions (two publications each). Detailed in-
formation on the origin and composition of the information
used for each bat family is provided below.

Emballonuridae

Echolocation calls of 15 species have been described in the
literature (Table 1). Most described species were Saccopteryx
bilineata, Peropteryx macrotis, and Saccopteryx leptura. We
did not find any acoustic information for Diclidurus isabella,
Peropteryx leucoptera and Peropteryx pallidoptera. For some
species information on echolocation calls were given as a com-
plex including Diclidurus scuttatus/albus and Centronycteris
maximiliani/centralis. TUCN (2016) data and (Nogueira et al.
2014) recognize only one species of the genus Centronycteris
in Brazil: C. maximiliani. However, comparisons of our own
data collected in the state of Pernambuco with that of Jung et al.
(2007), Jung and Kalko (2011), and (Barataud et al. 2013)
suggest the existence of Centronycteris centralis at least in the
northeastern region of the Brazilian territory. For this reason, we
decided to consider this species as potentially occurring in
Brazil. We also included information from our own recordings
of potentially new species of Saccopteryx and Peropteryx.
Echolocation calls of this family are multi-harmonic,
with most energy (peak frequency or frequency of maxi-
mum energy (FME)) in the quasi-constant frequency
(qCF) part of second harmonic (Table 1 and Fig. 1).
Sometimes, but rarely, Diclidurus, Saccopteryx, and
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Rhynchonycteris can produce calls with FME on the funda-
mental harmonic. With the exception of Rhynchonycteris
naso, pulses are usually narrow band. Genera Cormura,
Diclidurus, and Saccopteryx present frequency alternation
but one of the pulses may be omitted at some circumstances,
e.g., when foraging close to their roost. The other genera
produce monotone frequency calls. Peak frequency, the di-
rection of call modulation, and the presence of alternation
are important parameters for species identification
(O’Farrell and Miller 1999; Jung et al. 2007; Barataud
et al. 2013; see Appendix 2 for further details).

Furipteridae

Furipterus horrens is found from Costa Rica to Peru, the
Guianas, Brazil, and Trinidad (Nowak 1994; Simmons et al.
2005; Novaes et al. 2012). Nevertheless, acoustic information
on this species was compiled only from four localities of the
tropical and warm temperate South American regions (three and
one publication, respectively; Table 2 and Fig. 2). However, the
authors were not aware of the very high frequencies emitted by
this species, so the recorded calls presented some artifacts due to
aliasing—to accurately measure the frequency of any signal, the
sampling rate of the equipment must be at least double of that
frequency; otherwise the signal will be aliased, or false images
of the signal will be created as mirror images of the original
frequency. This situation is called “aliasing back” or “folding
back” and can be seen in Fig. 2, where the highest frequencies of
the calls were not registered (Falcgo et al. 2015).

Echolocation calls of this species present FME in the funda-
mental harmonic and above 100 kHz. Pulses are broadband with
steep modulation and show an inflection point (Appendix 1).

Natalidae

Natalus macrourus is the only species of this family reported
to occur in Brazil (Garbino and Tejedor 2013; Tejedor and
Davalos 2016; Delgado-Jaramillo et al. 2017). Even if widely
distributed in the country (Rocha et al. 2013; Delgado-
Jaramillo et al. 2017), there is no published acoustic informa-
tion for this species. Besides, Natalus tumidirostris occurs
north of the Amazon River (Garbino and Tejedor 2013) and
has been acoustically described in French Guiana (Barataud
etal. 2013). So we consider this species to potentially occur in
Brazil; also, information on the echolocation call parameters
of N. tumidirostris (Table 2 and Fig. 2) may give some insight
on the acoustic profile of N. macrourus. In this paper, we
present the first spectrogram (Fig. 2) and describe quantitative
information on echolocation call parameters for N. macrourus
recorded in Northeastern Brazil.

Echolocation calls of this family present FME in the second
harmonic and above 100 kHz. Pulses are steep modulated
with a very short qCF termination (Appendix 2 and Fig. 2).

@ Springer

Thyropteridae

The genus Thyroptera occurs from Mexico to south Brazil
(Simmons et al. 2005; Passos et al. 2010). In spite of its wide
distribution, acoustic information on the species of the genus is
very limited. Echolocation calls are described only for two of the
five species occurring in Brazil: Thyroptera tricolor (from three
localities including French Guiana, Mexico and Ecuador), and
Thyroptera discifera (from French Guiana) (Table 2 and Fig. 2).
Knowledge of the echolocation calls of the remaining species
(Thyroptera devivoi, Thyroptera lavali, and the recently de-
scribed Thyroptera wynneae) (Velazco et al. 2014) is inexistent.

Echolocation calls of this family can present FME in the
fundamental or in the second harmonic. Pulses show elevated
initial amplitude and are of short duration (< 4 ms) (Appendix 2).

Ccen Scan

Dalb/scu

Fig. 1 Echolocation calls for species of the Emballonuridae known to
occur, or potentially occurring, in Brazil. Call duration and pulse
intervals are not scaled. Rnas Rhynchonycteris naso, Ptri Peropteryx
trinitatis, Psp Peropteryx sp., Pmac Peropteryx macrotis, Pkap
Peropteryx kappleri, Ccen Centronycteris centralis, Sgym Saccopteryx
gymnura, Scan Saccopteryx canescens, Slep Saccopteryx leptura, Sbil
Saccopteryx bilineata, Cbre Cormura brevirostris, Ding Diclidurus
ingens, Dalb/scu Diclidurus albus/scutatus
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Table 3 (continued)

SI

SF (kHz) EF (kHz) FME (kHz) LF (kHz) HF (kHz) BW (kHz) CD (ms) PI (ms)

Structure

Call

Region

IUCN

Species

type

13.6 (13.2-15.0)
13.7 (16.2)
8.69+2.72
8.3+0.03

249 (1.52-2.92)

25.0 (24.9-26.8)
27.5(13.8)

1

8

239.7(38.3)

30.3 (17.5)

26.3 (13.6)

32
47

109

27.32+0.97 34.04+3.16
28.1+0.01

4+0.06

7.20+1.93 (26.81)

13715

46.83+£5.41 (11.55) 20.74+5.04 (24.3)

32.61+£3.73 (11.44) 26.09+2.47 (9.47)

09+2.47 (9.47)

22

273.1+55.5

32425

286.90+18.92 39

13.62+0.29
12.1+1.8

4.65+0.37
28+1.5

27.41+0.50

22.75+0.25

24.31+0.32
27.3+22

<30

05+0.25

4

267.7+116.9

24,

7+0.01

21

03+0.59

37
46,

NA-Tr

NA-Tr-Ar-WT
CA_SA-Tr

Low (Fm) qcf down

SA-Ar

28,

28,

Concave qcf

CI-Tr

25

Low Concave qcf

SA-Tr

Nyclat/Tadbra

~22

High

SF start frequency, EF end frequency, FME frequency of maximum energy, LF lowest frequency, HF highest frequency, BW bandwidth, CD call duration, P/ pulse interval, S/ reference number and species

name abbreviations in Appendix 1

Echolocation calls of molossids have FME at fundamental
harmonic with long, shallow-modulated signals emitted at
rather low frequencies (Jung et al. 2014). Usually, calls show
irregular frequency alternation, variable amplitude, and great
plasticity.

Mormoopidae

Acoustic information of the species known to occur in
Brazil was retrieved from 19 publications (Table 4 and
Fig. 4). Pteronotus cf. parnellii was the most studied species
(21 publications). However, recent studies (Clare et al.
2013; Thoisy et al. 2014) had shown that P. parnellii is very
likely to be a complex of species, which will require further
examination of the calls belonging to these taxa. Pteronotus
davyi, Pteronotus personatus, and Pteronotus gymnonotus
accounted 12, 10, and five publications, respectively. To the
present, P. davyi has not been recorded in the Brazilian ter-
ritory; nevertheless, considering its wide distribution, its
occurrence in neighboring regions, and knowledge on its
ecology, we decided to consider it as potentially occurring
in Brazil.

Echolocation calls of moormopids are very distinguish-
able: the calls are usually multi-harmonic and FME is in the
second harmonic; calls are shaped like a “lazy-z”
(P. personatus and P. davyi), though sometimes not fully ev-
ident (P. gymnonotus); P. cf. parnellii presents high duty cycle
echolocation (>25%) and, frequently, its pulses show a long
constant frequency (CF) section (>20 ms) (O'Farrell and
Miller, 1999) (Fig. 4, Appendix 2).

Noctilionidae

The two species of this family, Noctilio albiventris and
Noctilio leporinus are widely distributed, occurring from
southern Mexico to southern South America (Barquez et al.
2015a, 2015b); nevertheless, acoustic information was limited
to a few localities of the tropical regions of North, Central, and
South America and West Indies (Table 5 and Fig. 5).
Echolocation calls of this family are very characteristic show-
ing FME in the fundamental harmonic, a qCF/FM structure
with energy uniformly distributed along the pulse or at the end
of'the FM component; the bandwidth of the FM component is
usually > 10 kHz (Fig. 5; Appendix 2).

Vespertilionidae

Acoustic information of 19 species was compiled from 24
references (Table 6 and Fig. 6).

We were not able to retrieve any acoustic information on
Eptesicus andinus, Eptesicus taddeii, Histiotus alienus,
Lasiurus ebenus, Lasiurus salinae, Myotis dinellii, Myotis
izecksohni, and Myotis simus. For Lasiurus castaneus, there
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is some information but as a complex with Lasiurus egregious
(Lopez-Baucells et al. 2016). Here we present information on
echolocation calls of Histiotus diaphanopterus (E. Barbier per-
sonal communication, 2016), a species recently described for
Brazil (Feijo et al. 2015) and included information for Myotis
lavali and Rhogeessa hussoni from our own recordings.

Echolocation calls of this family show FME in the funda-
mental harmonic; pulse structure usually shows a broadband
downward FM component and a downward qCF termination.
FME and Fmin are important call parameters for species rec-
ognition (Appendix 2).

Fig. 3 Echolocation calls for
species of Molossidae known to
occur, or potentially occurring, in
Brazil. Call duration and pulse
intervals are not scaled. Mtem
Molossops temminckii, Mneg
Molossops neglectus, Nmat
Neoplatymops mattogrossensis,
Pnas Promops nasutus, Pcen
Promops centralis, Molsp
Molossus sp., Mcur Molossus
currentium, Mmol Molossus Mtem
molossus, Mruf Molossus rufus,
Cpla Cynomops planirostris,
Cabr Cynomops abrasus, Cpar
Cynomops paranus, Nlat
Nyctinomops laticaudatus, Eaur
Eumops auripendulus, Ehan
Eumops hansae

Mneg

@ Springer

Acoustic identification key

Based on the data we compiled for previously presented eight
families and our own data, we provide here a key supporting
the acoustic identification of Brazilian bats (Appendix 2). This
key was made using several qualitative and quantitative acoustic
parameters (e.g., call structure, harmonics, call frequencies, call
duration, and duty-cycle) that allow identifying 62 taxa, including
two Phyllostomidae species (Lonchorhina aurita and
Lonchorhina inusitata). Working with spectrograms, oscillo-
grams, and power spectrum on bioacoustics software, this key
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allows identifying at the species level in some cases. Despite the
new additions performed in this work, yet this key does not em-
brace all the species occurring in Brazil. We emphasize that the
goal of this key is not to exclude bibliographic search but to be
one more tool to aid in the acoustic identification of Brazilian bats.

Acoustic variability in echolocation calls

Considering that most of the acoustic information of the spe-
cies was retrieved from outside Brazil, it is important to assess
if identifications of some species could be affected by regional
variation of their echolocation calls (Jiang et al. 2015) or by
another sources of variation. Therefore, when available, we
compared the parameters from calls obtained in Brazil with
calls from other regions, in order to detect possible regional
differences. For the majority of the species, we were only able
to compare the regional variation in FME, the most commonly
used acoustic parameter and, at least from our compilation,
apparently less susceptible to biases due to recording method
and technology. However, the number of individual pulses
evaluated per species was highly variable across studies (from
3 to 1295), so the average values presented by the authors
have variable accuracy and precision. For this reason, we only
describe general patterns in acoustic variation in FME within
some of the best-studied families and species. If the detected
differences are due to low taxonomic resolution, biased data,
or to some local adaptation (geographic variation) is still to be
determined. In fact, we must underline that there may be er-
roneous identifications in several groups, as the taxonomic
resolution of many species is still far from accomplished.

We found great acoustic variability in 10 bat species:
R. naso, S. bilineata, S. leptura, F. horrens, M. rufus,
Lasiurus blossevillii, Lasiurus cinereus, Lasiurus ega, Myotis
nigricans and Myotis riparius (see Tables 1, 2, 3, 4, 5, and 6).
For example, L. blossevillii showed a significant variation in
FME across North, Central, and South America and M. riparius
FME ranged from 55 to 66.56 kHz solely in South America
(Table 6). Also, M. rufus showed higher FME values in South
Anmerica; there is significant overlap in FME between M. rufis
and M. currentium, which may be due to erroneous identifica-
tion as one of the species or more likely, due to their high
variability on echolocation calls related to the flying environ-
ment. Finally, though we only retrieved four studies for North
America regarding L. cinereus, they showed clear differences in
the FME recorded for the species (20.8; 35.47 kHz), which
perhaps could be related to different recording conditions (hand
release recording or degree of vegetation clutter).

The review of Jiang et al. (2015) revealed that geographic
variation of bat echolocation calls is not uncommon, averag-
ing 5 to 10 kHz differences in peak frequency. Differences
above 10 kHz in FME within the same species are, according
to those authors, due to morphological differences among
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Fig.4 Echolocation calls for species of Mormoopidae known to occur, or
potentially occurring, in Brazil. Call duration and pulse intervals are not
scaled. Ppar Pteronotus cf. parnellii, Pper Pteronotus personatus, Pgym
Pteronotus gymnonotus

subspecies across large spatial scales. Also, they suggest that
geographic variation in echolocation pulses of bats may be
caused by genetic drift, cultural drift, and ecological, sexual,
and social selection. Changes in echolocation pulses may thus
reflect previous changes in other aspects of the phenotype
(e.g., morphology) and local adaptation (changes in prey pref-
erences), which may lead to reproductive isolation, eventually
to divergence among populations of the same species, and
ultimately to species subdivision.

In bats and other small-bodied mammals, species with
extremely large distribution ranges have historically been
split into complexes of cryptic species. The genus
Miniopterus is an example: Until recently, M. schreibersii
was considered to be a cosmopolitan species with a near-
global distribution (Simmons et al. 2005). However, several
studies, from molecular to ecological modeling (Appleton
et al. 2004; Miller-Butterworth et al. 2005; Furman et al.
2010a, 2010b) demonstrated that M. schreibersii is a com-
plex of several species distributed across Africa, Europe,
Asia, and Oceania, with at least 18 clades occurring solely
in Madagascar (Christidis et al. 2014). We hypothesize that
for some Neotropical species, this is also the case. Indeed,
many of the presently accepted species for this region show
very large distribution ranges, and recent works have al-
ready revealed complexes of species within the same taxon
[e.g., Pteronotus parnellii (Lopez-Wilchis et al. 2016), ge-
nus Sturnira (Velazco and Patterson 2013), Plathyrhinus
(Velazco 2005), Saccopteryx and Cormura (Clare et al.
2007)]. Acoustic variation within the P. parnellii species
complex supports this idea (Table 4). Therefore, the differ-
ences we found for some species (R. naso, S. bilineata,

@ Springer
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Fig. 5 Echolocation calls for species of Noctilionidae known to occur, or
potentially occurring, in Brazil. Call duration and pulse intervals are not
scaled. Nalb Noctilio albiventris, Nlep Noctilio leporinus

S. leptura, F. horrens, M. rufus, L. blossevillii, L. cinereus,
L. ega, M. nigricans and M. riparius) make them priority
candidates for investigating the existence of geographical
variation, the actual magnitude of such variation, and ulti-
mately to detect potential cryptic complexes of species sug-
gested by significant acoustic variation.

Current status and perspectives

We compiled and presented detailed data for echolocation
calls for nearly two-thirds of non-phyllostomid bats occurring
in Brazil, including 67 species of Emballonuridae,
Furipteridae, Molossidae, Mormoopidae, Natalidae,
Noctilionidae, Thyropteridae, and Vespertilionidae. These
species offer reliable viability for their acoustical identifica-
tion (Barataud et al. 2013; this study). Even so, considering
the high species richness for Brazil, for at least other 26 spe-
cies of non-phyllostomid bats occurring in the country, there
are neither published information on their echolocation calls
nor sound files available to allow their identification. Indeed,
some of these species are potentially very rare and difficult to
capture or were recently described [e.g., M. lavali,
M. izecksohni (Moratelli et al. 2011). Obtaining acoustical
data for those 26 species should be a priority for Brazil. The
refinement of the information on their calls could also support
the solution of taxonomic problems, joining more resolution

to molecular and/or morphological studies (e.g., Barratt et al.
1997; Thoisy et al. 2014).

Although the gaps in the acoustic knowledge of several
species are a fact, here we showed that some other species
are relatively easy to be identified acoustically. Due to
species-specific calls, bioacoustics is widely used for sev-
eral ecological and behavioral studies. This includes detail-
ing species occurrence and distribution using acoustic mon-
itoring schemes as a complement to mist-net sampling (e.g.,
Fenton et al. 1983; Ekman and de Jong 1996; Ahlén and
Baag 1999). Promops centralis is one of those cases; due
to its ecology and foraging behavior, mist-net records of this
species are uncommon, however, this species has very dis-
tinctive calls allowing a fairly easy acoustic identification
(Barataud et al. 2013; Jung et al. 2014). Accordingly to
previous studies, in Brazil P. centralis was restricted to
Amazonian states and to the state of Mato Grosso do Sul
(Gregorin and Taddei 2000; Fischer et al. 2015). Using
acoustic surveys in eight Brazilian states, it was possible
to extend P. centralis distribution in more than
3,000,000 km? to the east (Hintze unplublished data), with
less effort and more efficiently than using mist netting. This
case is an important proof that when acoustic monitoring is
effectively implemented, it will help to greatly improve our
knowledge, filling the large gaps on the ecology, behavior,
and distribution of poorly known Brazilian bat taxa.

Bioacoustics can be used to explore cryptic diversity in bats
(Jones and Parijs 1993; Thoisy et al. 2014; Hintze et al. 2016c¢),
and there is a great potential for this use in Brazil. A paradig-
matic case in Europe was the discovery of two different
sonotypes in what was thought to be colonies of Pipistrellus
pipistrellus (45 and 55 kHz sonotypes) (Jones and Parijs
1993). This was the first clue to hypothesize the existence of
two sympatric cryptic species (P. pipistrellus and P. pygmaeus)
in the late 90s of the last century (Barratt et al. 1997; Jones and
Barratt 1999). In the Neotropics, two similar cases are drawing
attention to a new potential cryptic species complex. Thoisy
et al. (2014) found Pteronotus parnellii individuals with differ-
ent vocalizations living in sympatry (53 and 59 kHz sonotypes)
both in French Guiana and northern Brazil, while Hintze et al.
(2016¢) hints for a new Saccopteryx species vocalizing with
lower frequencies (39-42 kHz) than S. bilineata (45—
48 kHz)—thus suggesting the existence of a larger species of
the genus—the two potentially living in sympatry in the Atlantic
Forest of northeastern Brazil. In the first case, morphological
and molecular studies seem to support the presence of distinct
species within the Pteronotus parnellii complex (Thoisy et al.
2014). In the latter study, despite the acoustic differences iden-
tified, captures will be necessary for the confirmation and mor-
phological description of a new species (Hintze et al. 2016c¢).

Moreover, acoustic monitoring produces a huge amount of
data, which results in a slow process of manual identification.
But, while there has been some improvement in automated

@ Springer
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Fig. 6 Echolocation calls for
species of Vespertilionidae known
to occur, or potentially occurring,
in Brazil. Call duration and pulse
intervals are not scaled. Mnig
Myotis nigricans, Mlav Myotis
lavali, Malb Myotis albescens,
Rhus Rhogeessa hussoni, Ebra
Eptesicus brasiliensis, Efur

Eptesicus furinalis, Lega \
Lasiurus ega, Hdia Histiotus
diaphanopterus

: \\&\K\x

Miav Malb

Mnig

identification tools these programs support, their identifica-
tions are usually based on limited libraries of calls and much
too often in calls collected in a few restricted regions (Russo
and Voigt 2016). Biologists working with bat echolocation
identification should still resist the temptation of solely using
automatic classifiers (Russo and Voigt 2016). Neglecting the
possibility of regional variation in the echolocation calls of the
species and the potential for cryptic Neotropical bat diversity
(Thoisy et al. 2014; Hintze et al. 2016c), the passive accep-
tance of potentially inaccurate and incorrect automated iden-
tifications (Hintze et al. 2016a) may lead to deficient species
data records and consequently to serious problems in bat con-
servation (Russo and Voigt 2016). This does not mean that we
should be discouraged to develop better-automated identifica-
tion tools, based on comprehensive sound databases and pow-
erful algorithms. Nonetheless, we must accept that perhaps
some species may never be distinguished because they over-
lap too much in call parameters; indeed, after decades of stud-
ies, recordings and analyses, the acoustic discrimination of
several species of European Myotis remains a huge challenge
for bat researchers (e.g., Barataud 2015).

Also, comparison among studies to detect geographi-
cal variation, the actual magnitude of such variation,
and potential cryptic complexes of species suggested
by significant acoustic variation will only be possible
if recording and analytical procedures are detailed in
the published information.

The construction of bat sound libraries, as Xeno-Canto for
birds, is highly desirable to progress in bioacoustics. For this,
it seems very important that every expert adopt a similar re-
cording protocol. Indeed, high-flying bats (in particular
molossids and some vespertilionids like Lasiurus) turn out
recognizable during cruising or hunting flight at high altitude.
In vegetation edges, or near the ground, they produce very

@ Springer
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similar sounds, which are thus difficult to identify.
Consequently, the production of reference sounds for high-
flying bats should respect some criteria: a rather long acoustic
sequence which includes take-off, ascent towards the sky (and
thus generally a swirling flight near edges) and a high cruise
flight in open environment. This type of recording supplies all
fundamental acoustic features of those species.

Consequences of these gaps in knowledge are straightfor-
ward. First, we will have a lot to learn and update on bat species
diversity, occurrence, distribution and conservation status in the
Neotropics as already exemplified by the P. centralis and P. cf.
parnellii cases mentioned above. Second, we will not be able to
use automated acoustic identification programs until
comprehensive databases of Neotropical bat calls are
available. Indeed, Hintze et al. (2016a) found that the accuracy
level (percentage of correct identifications) of two widespread
automated acoustic identification programs is quite low (below
12%) for Brazilian bats easily manually identified by bat acous-
tic experts. They also point out the need for those software and
their classifiers to undergo much improvement and validation
tests before being publicized in the market for wide use in
acoustic identification of bats in Brazil. And third, as climate
influences some aspects of the ecology and behavior of the
species including foraging behavior and biogeography, the ac-
tual rate of climate change represents a serious and increasing
threat to biodiversity (Sherwin et al. 2013), with unknown ef-
fects on the actual species distribution as well on the acoustics
profiles of Brazilian bats.

We need to accept this as a great challenge for the next few
years: the need to collect good acoustic data for all species and
especially for those for which we have no information. This will
improve our identifications and contribute to the construction of
more comprehensive sound libraries for manual and automated
identification, and to better understand the patterns of bat
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diversity in Brazil and the Neotropical region as a whole. So, in
conclusion, the use of bioacoustics can be a fundamental tool to
expand the knowledge on Brazilian bats and improve their
conservation. We hope that this will be the initiating spark for
the sustained growth of the bat bioacoustics in Brazil.
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