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Abstract

Bat acoustic libraries are important tools that assemble echolocation calls to allow the
comparison and discrimination to confirm species identifications. The Sonozotz pro-
ject represents the first nation-wide library of bat echolocation calls for a megadiverse
country. It was assembled following a standardized recording protocol that aimed to
cover different recording habitats, recording techniques, and call variation inherent to
individuals. The Sonozotz project included 69 species of echolocating bats, a high spe-
cies richness that represents 50% of bat species found in the country. We include rec-
ommendations on how the database can be used and how the sampling methods can
be potentially replicated in countries with similar environmental and geographic condi-
tions. To our knowledge, this represents the most exhaustive effort to date to docu-
ment and compile the diversity of bat echolocation calls for a megadiverse country. This

database will be useful to address a range of ecological questions including the effects

KEYWORDS

1 | INTRODUCTION

Bats are a unique group of mammals characterized by their ability
to fly and to echolocate. Both characteristics have allowed bats to
adapt to a large number of environments and to have broad geo-
graphic distributions. Echolocation is a mechanism used by bats for
orientation and food detection, in which they emit ultrasonic pulses
that bounce and return to the source in the form of echoes (Liu
et al., 2010). Bats have adapted to a large number of feeding habits
that range from generalist insectivorous to specialized frugivorous
with a marked correlation between their feeding preferences and
their echolocation characteristics (Figure 1; Denzinger & Schnitzler,
2013). For example, insectivorous bats that forage in open spaces
use long and low-frequency pulses to detect distant objects and
prey. In contrast, bat species adapted to forage in cluttered environ-
ments emit short, broadband, high-frequency pulses that bounce off

potential objects and prey at close distances, giving the animal a very

of anthropogenic activities on bat communities through the analysis of bat sound.

acoustics, Chiroptera, insectivorous bats, Neotropics, ultrasounds

precise spatial configuration scheme (Fenton, Portfors, Rautenbach,
& Waterman, 1998).

Bats occupy a wide diversity of niches which allows them to
perform a variety of ecosystem roles, including pollination, seed
dispersal, and suppression of insects (Jones, Jacobs, Kunz, & Racey,
2009; Park, 2015; Russo & Jones, 2015; Stahlschmidt & Briihl,
2012). These unique characteristics, in addition to their longevity,
low reproductive rate and mobility, have made them ideal indicators
for monitoring programs to help us better understand the effects
of global anthropogenic change on biodiversity (Jones et al., 2009).
Over the last decades, ultrasonic bat detectors equipped with highly
sensitive microphones have allowed the recording of echolocation
pulse emissions of diverse frequencies and intensities. At present,
bat detectors have become the most popular tools to character-
ize bat faunas at local, regional, or even broader scales (Armitage
& Ober, 2010; Blumstein et al.., 2011; Clement, Murray, Solick, &
Gruver, 2014; Jones et al., 2009).
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FIGURE 1 Mexican bats representative of different echolocation strategies. (a) Myotis californicus belongs to the Vespertilionidae family
whose echolocation calls can be characterized by presenting broadband-modulated frequencies, which are of relatively high intensity

and short duration; (b) Mimon cozumelae is a member of the Phyllostomidae family and emits echolocation calls (usually of low intensity)
composed of multiharmonic components and constant modulated frequencies; (c) Pteronotus parnellii emits typical calls of the Mormoopidae
family consisting of a constant frequency segment, followed by a modulated sweep descendent call, and finalizing with a quasi-constant
frequency with a short duration, and it is the only species in America that compensates for the Doppler effect; (d) Tadarida brasiliensis is a
representative of the Molossidae family with typical echolocation calls of open space foragers with relatively low frequencies and long call

durations

Accurate data on species composition based on ultrasound de-
tection require the use of standardized methods. Systematic bat bio-
acoustics surveys and monitoring programs can reveal indications of
environmental changes, ecological disturbances, and anthropogenic
habitat modification, as they provide information on activity pat-
terns of different species. Acoustic detection, in combination with
complementary methodologies (e.g., morphometry and molecular
biology), can be an excellent tool to have a precise characterization
of bat assemblages (Frick, 2013; Meyer, 2015). Specifically, acoustic
identification of bats is a noninvasive technique that provides accu-
rate information regarding the presence and activity of most high-in-
tensity echolocating species at relatively low costs (Clement et al.,
2014). However, acoustic methods should be used considering its
limitations and biases. Likelihood of detection varies, as with most
survey methods, depending on the species echolocation type, hab-
itat, and environmental conditions (Hayes, 2000; Jones & Teeling,
2006; Meyer et al., 2011; Patriquin, Hogberg, Chruszcz, & Barclay,
2003). Another difficulty with acoustic methods is to determine
abundances since it is difficult to differentiate between recordings
from single or multiple individual of the same species (Hayes, Ober,
& Sherwin, 2009).

Recordings from free-flying bats must be compared with reliable
field acoustic identifications in order to classify the unknown calls
to different taxonomic and ecological levels (Russo & Voigt, 2016;
Zamora-Gutierrez et al., 2016). Classification of unknown calls has
been traditionally done by comparing published data in the literature
that come from different geographical regions, under environmental
and/or methodological conditions that are not necessarily compara-
ble (Braun de Torrez, Wallrichs, Ober, & McCleery, 2017). A collec-
tion of bat calls recorded within the variety of Mexican ecosystems
is needed as a standard reference for regional bat acoustic studies.
In the past two decades, computational algorithms have allowed
discrimination between some species in free-flying bat recordings.
Automated acoustic analysis can greatly diminish the amount of
human labor in bat studies and is a vital tool for large-scale acoustic
monitoring systems (Armitage & Ober, 2010). Yet, increasing the ac-
curacy of automated detection and classification methods requires
the collection of sufficient field data that captures regional particu-
larities of bat acoustic phenotypes for each target group.

The identification of bat acoustic signals among the environmen-
tal noise is facilitated because bat calls have very distinctive patterns

over a range of frequencies (>9 kHz) that very few taxa use (Walters
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et al., 2013). However, identification of bat calls to species level is
challenging because (a) sensory and ecological constraints, mono-
phyly, as well as phylogenetic convergence, have led to overlapping
characteristics between some bat groups (e.g., Myotis), complicat-
ing the acoustic identification of some species (Jones & Holderied,
2007; Jones & Teeling, 2006); (b) bat acoustic signals are highly di-
verse and have high levels of plasticity, presenting a great amount of
intra- and interspecific variation, and (c) because of the high over-
lap between species of some groups (Jung, Molinari, & Kalko, 2014;
Kalko & Schnitzler, 1993; Murray, Britzke, & Robbins, 2001; Thomas,
Bell, & Fenton, 1987). In addition to the complex variation of bat calls
and the high similarity between some species, echolocation calls of
many species are not well documented, especially from tropical and
megadiverse regions (Walters et al., 2013; Zamora-Gutierrez et al.,
2016).

Call libraries are an important resource for assembling, ac-
cessing, and interpreting echolocation call characteristics of bats
and provide comparative data for species acoustic identifications
(Szewczak, 2002). Bat acoustic libraries must have a good docu-
mentation of as much variation of bat calls of the same species as
possible to adequately characterize bat acoustic diversity (Walters
et al., 2013). Call structure between individuals of the same species
can vary based upon anatomical differences associated with geo-
graphic location, sex, and age of the individual (Jung et al., 2014;
Kalko & Schnitzler, 1993; Murray et al., 2001; Obrist, 1995; Siemers,
Beedholm, Dietz, Dietz, & Ivanova, 2005; Thomas et al., 1987).
Intraspecific variation of bat calls can also depend on adjustments
made by individuals in response to environmental conditions, forag-
ing tactics, and in the presence of conspecifics (Kalko & Schnitzler,
1993; Obrist, 1995; Ulanovsky, Fenton, Tsoar, & Korine, 2004).
However, variability in bat call structure can be generated by arti-
facts resulting from recording methods (Barclay, 1999; Obrist, 1995;
Szewczak, 2002), including the release of individuals under unusual
environmental conditions (e.g., vegetation with structural charac-
teristics distinct to those encountered in the foraging grounds of
the species; Patriquin et al., 2003) and recording techniques (i.e.,
zip-lining and hand release).

Here, we present and describe the first nation-wide library of bat
echolocation calls for a megadiverse country. Our project, Sonozotz-
AMMAC-CONABIO (hereafter referred as Sonozotz), was assem-
bled following a standardized recording protocol to reduce variation
on bat calls resulting from unrecorded technical issues and to avoid
biases toward specific habitats and recording methods. For most
bats, we included a set of different recording habitats (e.g., close
vegetation, open environments, over water), recording techniques
(e.g., in hand, hand release, zip-lining, take-off flight from perch), and
call variation inherent to individuals (i.e., sex, age, geographic loca-
tion). The Sonozotz project included 69 species of echolocating bats,
a high species richness that represents 50% of bat species found in
the country. We include recommendations on how the database can
be used and how the sampling methods can be potentially replicated

in other countries.
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2 | MATERIALS AND METHODS
2.1 | Geographic and environmental coverage

We selected multiple localities scattered across Mexico to maxi-
mize the number of species included in the database. We divided
the Mexican territory into eight study regions based on topogra-
phy, environmental complexity, and the collaboration of bat experts
working in each region: (a) Californian region (Baja California, Baja
California Sur, and Sonora); (b) Northeast region (Durango, Sinaloa,
and Chihuahua); (c) West region (Colima, Nayarit, and Jalisco); (d)
East region (Puebla, Tlaxcala, and Veracruz): (e) North center re-
gion (Aguascalientes, Guanajuato, San Luis Potosi, Nuevo Ledn,
and Zacatecas); (f) South center region (Estado de México, Morelos,
Hidalgo, and Querétaro); (g) Southeast region (Campeche, Quintana
Roo, and Yucatan); and (h) Southwest region (Chiapas, Oaxaca, and
Tabasco). Number of individuals recorded per species in each re-
gion is presented in Table 1. Based on this organization, we sam-
pled in 27/32 (84%) of the Mexican states and six out of the seven
ecoregions (defined as geographically distinctive areas containing
a group of natural communities that share most of their species,
environmental conditions, and ecological dynamics; Challenger &
Soberdn, 2008) that have been defined for the Mexican territory by
the National Commission for the Knowledge and Use of Biodiversity
(CONABIO; Figure 2, INEGI, CONABIO, & INE, 2008). The locali-
ties sampled covered an altitudinal gradient ranging from sea level
to 3,600 m.a.s.l., and a great variety of ecosystems ranging from the
northern xerophytic shrublands to the southeastern tropical for-
ests. Due to logistics and security reasons, the states of Tamaulipas,
Michoacén, Guerrero, and Ciudad de México, as well as the Great
Plains (GP) ecoregion, were not sampled.

Sampling efforts in each study region were coordinated by expe-
rienced bat researchers belonging to local and federal universities,
NGO's, and governmental agencies and were carried out between
June 2016 and December 2017. In each study region, we selected
at least eight sites of biological interest or conservation priority
(e.g., high species richness, presence of endemic species, and spe-
cific roosting sites), always intending to maximize the geographic
coverage and the inclusion of a wide variety of habitats and envi-
ronmental conditions. Sites included relatively large areas such as
biosphere reserves, national parks, basins, valleys, urban landscapes,
or geopolitical entities (e.g., ejidos, municipalities). In each site, at
least one sampling point or locality was established. Each locality
could include a single point in space defined by a unique geographic
coordinate (e.g., cave entrance, small pond, single building), or a small
area where several capture points in proximity to each other were
established (e.g. small forest fragment, lake, urban park, a portion
of a biosphere reserve). Sampling season was selected based on
the climatic characteristics of each sampling region. For example, in
several northern localities, sampling was avoided during the winter
season, considering the possibility that many local bat populations

either hibernate or migrate.
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TABLE 1 Total number individuals recorded for species in each region. R1 = Region 1... R8 = Region 8

Family/Especie
Emballonuridae
Balantiopteryx io
Balantiopteryx plicata
Peropteryx kappleri
Peropteryx macrotis
Rhynchonycteris naso
Saccopteryx bilineata
Molossidae
Eumops nanus
Eumops perotis
Molossus alvarezi
Molossus molossus
Molossus rufus
Molossus sinaloae
Nyctinomops aurispinosus
Nyctinomops femorosaccus
Nyctinomops laticaudatus
Nyctinomops macrotis
Tadarida brasiliensis
Mormoopidae
Mormoops megalophylla
Pteronotus davyi
Pteronotus gymnonotus
Pteronotus parnellii
Pteronotus personatus
Natalidae
Natalus mexicanus
Noctilionidae
Noctilio leporinus
Phyllostomidae
Chrotopterus auritus
Lampronycteris brachyotis
Lonchorhina aurita
Lophostoma brasiliense
Macrotus californicus
Macrotus waterhousii
Micronycteris microtis
Mimon cozumelae
Phyllostomus discolor
Trachops cirrhosus
Vampyrum spectrum
Vespertilionidae
Antrozous pallidus
Bauerus dubiaquercus

Corynorhinus mexicanus

R1 R2
2
1

3

26 75
36
17

9 9
12
13

25 18

1 52
1

ZAMORA-GUTIERREZ ET AL.

Open Access,

R3

11

15

R4

14

11
12

25
12

R5

10

17

16

18

Ré6

16

10

26

10

R7 R8 Total
9 9
6 43
5 5
7 15 22
16 22
12 9 30
1 1
1
5 5
2 8
22 11 54
5
8
2
10 10
2
13 154
20 18 115
23 35 91
7 7
43 19 164
7 4 40
8 36
9 9
4 3 7
1
1 1
1
43
4
2 1
7 4 11
1 1
4 1 5
1 1
54
1
8

(Continues)
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TABLE 1 (Continued)

Family/Especie R1 R2 R3

Corynorhinus townsendii 5

Eptesicus brasiliensis

Eptesicus furinalis 1
Eptesicus fuscus 14 27 3
Idionycteris phyllotis

Lasiurus blossevillii 3 3 4
Lasiurus cinereus 2 7

Lasiurus ega
Lasiurus intermedius 2
Lasiurus xanthinus 3 1 1

Myotis albescens

Myotis auriculus 1 2
Moyotis californicus 2 5 1
Myotis elegans
Moyotis fortidens 1
Myotis keaysi
Myotis melanorhinus 10
Myotis nigricans 1
Myotis occultus 1
Myotis peninsularis 12
Myotis thysanodes 2 1
Myotis velifer 7 124 1
Moyotis vivesi 19
Myotis volans 9 3
Myotis yumanensis 1 36
Parastrellus hesperus 2 7
Perimyotis subflavus
Rhogeessa aeneus
Rhogeessa alleni
Rhogeessa parvula 11 2
Rhogeessa tumida

Total number of individuals 150 468 62

To exemplify the spatial coverage achieved in this database, we
produced potential distribution maps showing sampling localities
within this study for three insectivorous species: (a) Tadarida brasil-
iensis, a member of the Molossidae family with a wide distribution
all over Mexico; (b) Myotis yumanensis, a vespertilionid species with
Nearctic affinity; and (c) Pteronotus davyi, a species with Neotropical
affinity belonging to the Mormoopidae family. The suitability mod-
els and occurrence records to delineate the distribution maps were
obtained from Zamora-Gutierrez, Pearson, Green, and Jones (2018).
We used these distributional points to construct a distributional
range for each species by means of an alpha hull polygon using a
buffer of 20 km around occurrence points. Distributional ranges for
each species were transformed into a “SpatialPolygonDataFrame”

and recorded as shape files. These shape files were used to limit
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R4 R5 Ré6 R7 R8 Total
14 10 1 30
1 2 3
9 6 16
3 4 4 3 58
1 1
2 2 16
4 1 10 1 25
1 2 5 1 9
2 4
5
5 5
3 6
6 20 7 41
2 8
5
5 2 11 11 33
1 5 16
27 5 21 54
1
12
2 5
9 23 14 10 188
19
2 14
11 8 56
3 12
1 1
11 11
1 1 2
1 2 16
7 1 2 4 14
177 168 165 228 246 1,664

the projections of the suitability models to the potential distribution
areas of each species (Figure 4). This analysis was done in R program
v. 3.5.2 (R Development Core Team, 2018).

2.2 | Capture, handling, and sampling of bats

Specific techniques for capturing, handling, and sound-recording
bats were defined in collaborative workshops attended by groups
of bat specialists, mathematicians, and computational scientists. The
procedures that were standardized in this project included labeling
of biological samples, photographs, and sound files, as well as defini-
tion of field datasheets and database formats. Attendance to any

of the workshops and training to handle the recording equipment
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(a)

[ Deciduous Forest
I Great Plains
[ Mediterranean California
North American Deserts
' Semiarid Meridional Elevations
Il Temperate Forest
I Tropical Forest

Individuals
1-5
6-10
11-20
21-30

FIGURE 2 Sampling localities of the project in each of the seven ecoregions of Mexico defined by CONABIO (INEGI, CONABIO & INE,
2008): (a) number of species sampled in each locality, and (b) number of individuals recorded in each locality

used to compile the database was a requisite to become a collector
for the project. A total of 63 people were trained in a total of four
workshops.

In each sampling locality, we placed mist-nets of different sizes
(6, 9, or 12-m long) at points and positions that maximized capture
probability such as flying paths, trails, streams, forest edges, tree
lines, ponds, and roosts (caves, buildings, bridges, crevices, or tree

holes). There were few instances, especially at cave entrances and

small cave chambers, in which harp traps and hand nets were pre-
ferred for mist-nets to reduce stress over the animals and avoid
injuring them. Captured animals were identified to species level fol-
lowing specialized taxonomic keys (Alvarez-Castafieda, Alvarez, &
Gonzélez-Ruiz, 2015; Medellin, Arita, & Sanchez, 2008; Reid, 2009).
Scientific names were standardized according to Ramirez-Pulido,
Gonzéalez-Ruiz, Gardner, and Arroyo-Cabrales (2014), but we con-

sidered that Natalidae contains only one species, Natalus mexicanus
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(Lopez-Wilchis et al., 2012), and that Molossus sinaloae and M. alva-
rezi are different species (Gonzalez-Ruiz, Ramirez-Pulido, & Arroyo-
Cabrales, 2011). For this study, we also include the echolocation calls
of species from the Glyphonycterinae, Macrotinae, Micronycterinae,
and Phyllostominae subfamilies (Phyllostomidae), as most of these
species base their diet in insects and also because some species have
proven to emit intense and distinct vocalizations that resemble those
of aerial insectivorous and trawling bats of other families (Gessinger,
Gonzalez-Terrazas, Page, Jung, & Tschapka, 2019; Weinbeer, Kalko,
& Jung, 2013).

For each individual, we recorded sex, age (juvenile or adult), re-
productive status (females: inactive, pregnant, or lactating; males:
abdominal, inguinal or scrotal testes), and standard morphometric
measurements (forearm length, head and body length, tail length,
and body weight). Individual bats were photographed in standard
formats and angles to provide support for posterior taxonomic
identification and to create a photographic library of Mexican insec-
tivorous bats. In addition, we obtained a small wing biopsy (diame-
ter = 2 mm) stored in 96% ethanol to also serve as genetic reference
material for future studies, in the case that intraspecific acoustic
variation can hint to the presence of cryptic species.

When identification certainty was <80% (based on the judgment
of the most experienced collector), a voucher specimen was collected
to confirm its identity based on cranial and postcranial characters
and measurements. All handling and sampling procedures followed
ethical recommendations provided by Sikes and the Animal Care and
Use Committee of the American Society of Mammalogists (2016).
This project had collection permits (SGPA/DGVS/05867/16, SGPA/
DGVS/07291/17) issued by the Secretaria de Medio Ambiente y
Recursos Naturales to M. Briones-Salas.

Individual data and biopsy samples were labeled with unique
consecutive numbers which kept information on the region, site,
and locality and will be freely available to researchers together
with the acoustic material. Collected tissues were deposited in the
Regional Collection of Durango (Mammalia), at CIDIIR-Durango,
and voucher specimens were deposited at the Mammalogy
Collection, CIB at Centro de Investigaciones Bioldgicas del
Noroeste (CIBNOR).

2.3 | Recording of bat echolocation calls

The ultimate purpose of the Sonozotz project was to build a refer-
ence call library that could be used to identify free-flying bats while
foraging or commuting under natural conditions. Therefore, we
aimed to record search calls (defined as species-specific signal types
that are intimately linked to the ecological conditions encountered
by bats that are navigating and/or searching for food- Schnitzler,
Moss, & Denzinger, 2003) under the conditions most commonly
encountered by the species depending on their traits, habits, and
behavior. We used literature information and personal experience
to classify bat species on six recording categories, based on flight

and echolocation attributes, and defined the corresponding settings
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and conditions of recording for each group (Brigham, Kalko, Jones,
Parsons, & Limpens, 2004; Denzinger & Schnitzler, 2013; Kalko,
Handley, & Handley, 1996; Mora & Torres, 2008; Smotherman &
Guillén-Servent, 2008). Species-specific recommendations included
recording mode: (a) hand release at ground level: Bats were released
from 1.5-2 m from the ground; (b) hand release at heights > 5 m; (c)
flight cage: rooms or enclosures that allowed the bat to fly, we used
this technique for species low-intensity calls (e.g., Lampronycteris
brachyotis, Lophostoma brasiliensis); (d) zip-lining: bats are attached
to a 2-m length of small elastic cord by a loose-fitting loop of the
cord pulled over the bat's foot, the other end of the elastic cord is
attached via a small snap swivel to 30-50 m of taut monofilament
line about 1 m above the ground; (e) inside the bag; and (f) take-off
flight from perch, distance to microphone (0.5, 0.5-1, 5, or >10 m).
We also described the recording environment (stationary inside bag,
closed, edge, or open). Bat echolocation calls were recorded imme-
diately after processing individuals, which were afterward released
on site. All bats were recorded in real time with broadband bat de-
tectors (Avisoft UltraSoundGate 116H; Avisoft Bioacoustics), cou-
pled with a sensitive condenser microphone (CM16/CMPA; Avisoft
Bioacoustics) through a XLR-5 cable, and a laptop Dell Inspiron
7348 (Dell Inc.) running the software Avisoft-RECORDER (Avisoft
Bioacoustics) through a USB cable.

Recording settings were fixed on the software using standard
parameters. We recorded in channel 1 without going over 15 s per
recording sequence employing a sampling rate of 300 kHz, a sample
resolution of 16 bits, and a high-pass filtering of 4 kHz. We named
files directly on the software window typing the unique codes pre-
viously assigned that preserved information on the region, site, lo-
cality, date, time, and individual. Complementary information was
recorded on channel 2 (voice notes) to store information on envi-
ronmental conditions, recording mode, and any other significant
information for the recording output. Parameters were discussed
and agreed in a workshop which attended general and regional co-
ordinators. Sequences of 15 s were set in order to avoid heavy files;
sampling rate of 300 kHz was selected as this rate covers all species
frequencies of Mexican species; sample resolution was decided on
the basis of previous recordings with the same microphone; a high-
pass filtering of 4 kHz was selected to reduce low-frequency sounds.
The species with lowest frequency in Mexico is Eumops perotis (ca.
7 kHz); therefore, using this filter did not reduce the possibility of
recording the species. It is important to mention that all recording
settings were checked with experts from Avisoft Company in order
to obtain the best recordings from the recorder (R. Specht, personal

communication)

2.4 | Sound analyses

We used BATSOUND PRO v.4.21 (Pettersson Elektronik AB) to
visually inspect all recorded sequences and remove those record-
ings that had (a) nonsearch-phase calls, (b) calls not belonging to the

targeted species, and (c) low signal-to-noise ratio. We distinguished
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search phase calls from approach-phase and social calls by their du-
ration, frequency, and pattern of change over time (Fenton, 2003;
Schnitzler & Kalko, 2001). After the cleaning process, we selected
the best call sequences with a minimum of five pulses each to be

included in the final database.

3 | RESULTS

We recorded 1,664 individual insectivorous bats and obtained a
total of 1960 echolocation call sequences (each having at least five
pulses). Hand release was the recording method with the highest
number of calls with 1,236 (63%), followed by zip-lining technique
with 593 (30%; Table 2). Pteronotus parnellii, a species with Doppler-
shift compensation, was predominantly recorded inside a bag. Most
molossids (particularly the genera Molossus and Eumops) were hand
released at heights >5 m to prevent atypical FM calls produced when
individuals are in the proximity of the ground and around obstacles
(Table 2).

3.1 | Taxonomic coverage

We recorded 69 insectivorous species (50% of total species and 64%
of the predominantly insectivorous species found in Mexico) belong-
ing to 33 genera (71% of genera from insectivorous bats that occurin
Mexico) and 7 families (88% of the bat families occurring in Mexico).
The species with the highest number of recorded individuals was
Myotis velifer with 188 (11% of the total), followed by Pteronotus
parnellii with 164 and Tadarida brasiliensis with 154 individuals (both
9%, Table 1). We obtained a single good quality echolocation call
sequence for eleven species (Table 1). The family with most re-
cordings was Vespertilionidae (n = 749), followed by Mormoopidae
(n = 470). In contrast, the family Noctilionidae had the least number
of individuals recorded (n = 9). Thyropteridae, represented in Mexico
by a single species, Thyroptera tricolor, was the only family missing
in the library. Mormoopidae and Vespertilionidae had the highest
representation in our library in terms of species richness (Figure 3).
On the other hand, the genera Eumops, Molossus (Molossidae), and
Rhogeessa (Vespertilionidae) were underrepresented in our results
(Figure 3).

3.2 | Geographic and environmental coverage

We obtained recordings from 109 sites and 185 localities covering
the majority of Mexican ecoregions with the exception of the Great
Plains (Figure 2). The tropical rainforest ecoregion had the highest
number of sampling localities with 54, followed by the low tropical
forest with 35 localities. The Californian Mediterranean ecoregion
had only 4 sampling localities (Figure 2). Our example geographic
coverage maps showed that T. brasiliensis, M. yumanensis, and P. davyi

were adequately sampled along their distribution in the country

(Figure 4). The “gaps” produced by lack of recordings observed along
their distribution mainly correspond to areas where security reasons

prevented sampling.

4 | DISCUSSION

The Sonozotz project represents the most exhaustive effort to date
to document and compile the diversity of bat echolocation calls for a
megadiverse country. The high proportion of the Mexican bat fauna
represented in the library (50% of total richness and 64% of insec-
tivorous species) demonstrates that collaborative work among spe-
cialists can generate abundant data of remarkable scientific value
that individual efforts cannot achieve. The large number of calls and
sampling locations achieved exemplify the success of the project,
representing properly the geographic and ecological variation of
echolocation calls for Mexican insectivorous bats. The highly struc-
tured nature of the data and the standardized collecting methods
carried out at each location were chosen to reduce the variation in
bat calls due to methodological artifacts.

The Sonozotz library was designed to help address a range of
ecological questions through the analysis of bat sound. Acoustic sur-
veys have been successfully used to better understand the effects of
anthropogenic activities and urbanization on bat communities, and
to provide guidance on solutions for important current threats (i.e.,
wind development, white-nose syndrome, environmental change)
for bats worldwide (Berthinussen & Altringham, 2012; Bunkley,
McClure, Kleist, Francis, & Barber, 2015; Estrada-Villegas, Meyer, &
Kalko, 2010; Jung & Kalko, 2011; Spoelstra et al., 2017). Sonozotz
provides good quality calls with metadata that will help to determine
the identity of taxonomic bat units with high precision. The amount
of data collected is vast, providing a useful database for future analy-
ses with different approaches (e.g., geographical variation, temporal
call variation, and successional temporary assembly of a community)
and for the use of mathematical algorithms for deeper analysis. Most
importantly, uploading echolocation calls to the library is an ongoing
process that will allow the increase in reference calls available for
public use.

The first attempt to collate bat acoustic repositories dates from
1977 with the publication of Novick (1977), which summarizes the
joint effort of a group of scientists to collect and describe echoloca-
tion calls for several bat species from different tropical countries. In
the following years, the first specialized bat acoustic libraries appeared
(e.g., Bat Conservation Trust Sound Library, Southeastern Australian
Bat Call Library), but their use was limited because most of the mate-
rial can only be listened to online or the material lacked environmental
and methodological specifications. In other cases, the use of the de-
scription of bat echolocation calls was limited because the information
was published in guides or identification keys that were available only
in printed versions (e.g., Rainho, Amorim, Marques, & Rebelo, 2011,
Reinhold, Law, Ford, & Pennay, 2001). These efforts were important to
describe bat call diversity at local scales; however, they did not make

the data freely available without methodological limitations. One of the
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TABLE 2 Number of calls obtained per species with the different release methods used in Sonozotz

Flying from

Species Hand release Zip-lining In bag Flight cage perch
Emballonuridae

Balantiopteryx io 9

Balantiopteryx plicata 40 2 1

Peropteryx kappleri 5

Peropteryx macrotis 22

Rhynchonycteris naso 20 2

Saccopteryx bilineata 30
Molossidae

Eumops nanus 12

Eumops perotis 1

Molossus alvarezi 42 1

Molossus molossus 1 1 1

Molossus rufus 537 1

Molossus sinaloae 5

Nyctinomops aurispinosus 3

Nyctinomops femorosaccus 2

Nyctinomops laticaudatus 10

Nyctinomops macrotis 2

Tadarida brasiliensis 107 86 1 9
Mormoopidae

Mormoops megalophylla 91 54 1 1

Pteronotus davyi 86 22 1

Pteronotus gymnonotus 7 1

Pteronotus parnellii 81 16 80 3

Pteronotus personatus 38 11 1
Natalidae

Natalus mexicanus 34 6

Noctilionidae
Noctilio leporinus 8 1

Phyllostomidae

Chrotopterus auritus 7

Lampronycteris brachyotis 1 1

Lonchorhina aurita 1 1

Lophostoma brasiliense 1 1

Macrotus californicus 14 40 3

Macrotus waterhousii 4

Micronycteris microtis 5 2

Mimon cozumelae 10 1

Phyllostomus discolor 1

Trachops cirrhosus 5

Vampyrum spectrum 1
Vespertilionidae

Antrozous pallidus 28 52 1

Bauerus dubiaquercus 1

(Continues)



4938 WI LEY_ECObe and Evolution

ZAMORA-GUTIERREZ ET AL.

TABLE 2 (Continued)

Species Hand release
Corynorhinus mexicanus 8
Corynorhinus townsendii 18
Eptesicus brasiliensis 3
Eptesicus furinalis 14
Eptesicus fuscus 48
Idionycteris phyllotis
Lasiurus blossevillii 12
Lasiurus cinereus 20
Lasiurus ega 6
Lasiurus intermedius 3
Lasiurus xanthinus 4
Myotis albescens 5
Myotis auriculus [
Mpyotis californicus 39
Myotis elegans 2
Moyotis fortidens 5
Myotis keaysi 33
Myotis melanorhinus 11
Mpyotis nigricans 40
Myotis occultus
Myotis peninsularis 12
Myotis thysanodes 4
Myotis velifer 143
Moyotis vivesi 19
Myotis volans 11
Myotis yumanensis 49
Parastrellus hesperus 13
Perimyotis subflavus 1
Rhogeessa aeneus 11
Rhogeessa alleni 2
Rhogeessa parvula 11
Rhogeessa tumida 10

?From an elevated place (e.g., building, bridge).

biggest advances on bat acoustic repositories was Echobank (Collen,
2012), containing 53,488 calls in 3,531 call sequences, from 297 spe-
cies belonging to 94 genera and 18 families. Nevertheless, tropical bats
are still underrepresented in these databases (Walters et al., 2013).
Several efforts have followed to assemble bat call libraries around the
world, but many other countries and species remain undocumented.
Despite the popular use of classical parameters for bat acoustic
phenotype description, several difficulties have arisen when imple-
menting automated identifiers from this information source (Walters
et al., 2013). Particularly, some groups exhibit high confusion rates,
indicating a possible limit of identification cues that classical pa-
rameters can hold. Recently, the wider field of bioacoustic analy-

sis has begun to incorporate classification algorithms that can use

Flying from

Zip-lining In bag Flight cage perch

17

34 1 1

10
16 1

136 6

11
24

raw acoustic signals as input, such as deep neural networks (Strout
et al., 2017), bypassing the use of predesigned features that could
be suboptimal for classification purposes. Bat acoustic analysis is
already turning to models that feed on raw acoustic inputs for de-
tection tasks (Mac Aodha et al., 2018), and an analogous treatment
of ultrasonic recordings for classification could improve automatic
identification and help avoid the need of classical call parameters.
The former trend suggests that access to proper reference material
in a raw format will be a requisite for future bat acoustic analysis.
Improvements on the availability and accessibility of bat ref-
erence echolocation calls have allowed the establishment of
community and citizen science monitoring programs at large spa-

tial-temporal scales, like iBats (Jones, Ryan, Flores, & Page, 2013)
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FIGURE 3 Taxonomic coverage
represented by the number of species
recorded in our project (per family and per
genera) against the number of occurring
species in Mexico. Families are shown in
black and genera in gray
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FIGURE 4 Examples of geographic coverage of the Sonozotz project. Maps show the distribution of sampling localities (black dots) for
three bat species in relation to its geographic distribution (red area). At the left Tadarida brasiliensis, a member of the Molossidae family
with a wide distribution all over Mexico; at the center Myotis yumanensis, a vespertilionid species with Nearctic affinity; and at the right
Pteronotus davyi, a species with Neotropical affinity belonging to the Mormoopidae family

and the North American Bat Monitoring Program (NABat; Loeb
et al., 2015). Having an adequate set of reference acoustic material
is the first step to develop automatic identification tools that make
feasible the analysis of large quantities of data (Walters et al., 2013).
Sonozotz database will set the foundations to establish a national
bat acoustic monitoring program and to develop an automatic call
classifier in Mexico. Furthermore, Sonozotz can be an effective and
useful dataset for researchers of both North America and South
America, due to the country's peculiarity of sharing bat species with
both regions.

4.1 | Sonozotz coverage

Nine species of emballonurids occur in the country and six (66%) of
them were represented in our dataset, being Balantiopteryx plicata
the species with the highest number of call sequences (Table 1). The
family Emballonuridae comprises species categorized as aerial insec-
tivores that prefer to forage in open spaces and near water (Jung,
Kalko, & von Helversen, 2007). Its foraging strategies make them
hard to catch because species easily detect the mist net and usually
forage high above the ground. Therefore, most of the individuals of
this family were captured outside roosting sites. The echolocation
calls obtained from members of this family had multiple harmonics
with the highest energy placed in the second one, and with a charac-
teristic signature of the family (Jakobsen, Kalko, & Surlykke, 2012).

We obtained recordings for over 50% of the molossid species oc-
curring in Mexico. Although some genera were widely represented
in the number of calls in our sampling (e.g., Tadarida), others (e.g.,
Promops, Cynomops, Eumops) were extremely difficult to capture be-
cause of their unknown roosting sites and their foraging strategy
(i.e., aerial insectivory). In general, echolocation calls for molossids
are typical of open space foragers with relatively low frequencies
ranging from 7 to 35 kHz and long call durations up to 26 millisec-
onds (Jung et al., 2014; Kalko, Estrada-Villegas, Schmidt, Wegmann,
& Meyer, 2008). The structure of the echolocation calls of molos-
sids has a strong phylogenetic component because it is shared in
an orthological way between the different genera and species that
make up the family (Jung et al., 2014).

The families Natalidae and Thyropteridae have only one repre-
sentative in the country. For Natalus mexicanus, we obtained record-
ings from several geographic locations and environments. This genus
produces multiharmonic frequencies with a marked energy accen-
tuation in the second harmonic (Sanchez, Moreno, & Mora, 2017).
In the case of Thyroptera tricolor, we could not obtain recordings of
their calls due to the difficulty of their capture, which results from
their occurrences at low densities, their highly ephemeral roost-
ing's sites, and their highly specific habitat requirements (Chaverri
& Gillan, 2015).

All the species of the family Mormoopidae were recorded and
showed a high representation both in the geographical extent and

in the number of individuals recorded. A typical mormoopid call
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consists of a constant frequency segment, followed by a modulated
sweep descendent call, and finalizing with a quasi-constant fre-
quency with a short duration. It usually presents more than three
strong harmonics with the highest intensity located on the second
one (Ibafez, Guillen-Servent, Juste, & Pérez-Jorda, 1999).

The family Noctilionidae is represented in our dataset with two
species within the country and is typically distributed in the riv-
erine and lacustrine tropical areas of Mexico. We had a relatively
high number of captured individuals of Noctilio leporinus, so we had
a good representation of individuals recorded in the database. The
calls of these fishing bats are typically long, with an initial constant
frequency segment (54 kHz), followed by a frequency-modulated
(FM) component; this type of calls is usually emitted on the surface
of the water for the search of prey at relatively short ranges (Hartley,
1989; Schnitzler, Kalko, Kaipf, & Grinnell, 1994). We could not collect
any individual for Noctilio albiventris.

Most of the members of Phyllostomidae family emits echoloca-
tion calls (usually of low intensity) composed of multiharmonic com-
ponents and constant modulated frequencies (Gessinger et al., 2019).
The adaptability to understory orientation and the similarity among
echolocation calls within this diverse group of bats makes almost
impossible to detect particular signatures to identify species acous-
tically. Nevertheless, we recorded species of the Glyphonycterinae,
Macrotinae, Micronycterinae, and Phyllostominae subfamilies
because recent descriptions of some species show that they emit
intense and distinct calls that could be included in monitoring pro-
grams (Brinklgv, Kalko, & Surlykke, 2010; Geipel, Jung, & Kalko,
2013; Gessinger et al., 2019; Weinbeer et al., 2013). This is particu-
larly important as several members of these subfamilies are known
to be sensitive to habitat disruption (Clarke, Rostant, & Racey, 2005;
Fenton et al., 1992). Our database contains recordings for around
60% of the animalivore phyllostomids species occurring in Mexico.
Echolocation calls for these bats are mainly composed by multihar-
monic FM sweeps of short duration (Pio, Clarke, Mackie, & Racey,
2010).

Although the dry and cold winter months provided low or zero
catches of vespertilionids in the center and north Mexico, we re-
corded 34 out of the 45 species (75%) of them occurring in the coun-
try. The Vespertilionidae family has the largest number of species
and hold one of the finest and most sophisticated echolocation sys-
tems within Chiroptera because their ability to capture insects while
flying and processing bouncing echoes at the same time (Ratcliffe,
Elemans, Jakobsen, & Surlykke, 2013). Despite being a highly di-
verse family, their echolocation calls can be characterized by pre-
senting broadband-modulated frequencies, which are of relatively
high intensity and short duration. The echolocation system of most
vespertilionids is adapted to orientate and find food in cluttered en-
vironments (Fenton & Bell, 1979; Kingston, Jones, Akbar, & Kunz,
1999). The complexity of the echolocation calls, its high degree of
specialization, and the diversification of sonogram topologies within
the Vespertilionidae family, does not allow to characterize a stan-
dard call pattern for the family. However, the distinctive pulses do

allow to study and identify some genera in fine detail and even some

species. In Mexico, vespertilionids are not a dominant component
of Neotropical bat assemblages, but they comprise a big part of the
richness in the Nearctic bat communities.

4.2 | Project constraints and future challenges

Although the Sonozotz database was targeted to cover high levels
of intra- and interspecific variation under a standardized sampling
protocol, it nonetheless has several limitations. The extreme envi-
ronmental conditions in several sites in northern and central Mexico
limited sampling during the winter period, as several species are
known to hibernate (Ayala-Berddn & Solis-Cardenas, 2017) or pos-
sibly migrate to other sites. The highest number of captures and re-
cordings of insectivorous bats was carried out in the summer period
(around 60%), but mainly in tropical rainforest habitats where bats
are active year-round.

Several “missing” species from our acoustic library are those
that have an endemic distribution in Mexico (e.g., Myotis findleyi,
Myotis planiceps) or those that occur in localities with low-secu-
rity conditions (e.g., Lasionycteris noctivagans, Rhogeessa mira).
Other species have low detectability and capture rates, like many
Glyphonycterinae, Micronycterinae, and Phyllostominae mem-
bers, therefore requiring substantially more survey efforts (Meyer
et al,, 2011), which explains their absence in our library (e.g.,
Macrophyllum spp., Tonatia spp., Glyphonycteris spp.). Several spe-
cies of molossids were not collected because their roosting sites
are unknown or not accessible to sampling devices (e.g., Promops
centralis, Eumops underwoodi) and also because they prefer to
forage dozens, hundreds, or even thousands of meters from the
ground, making them very hard to catch or record (Jung et al.,
2014; McCracken et al., 2008). Specific field expeditions are re-
quired in the near future to obtain the echolocation calls of these
particular and hard to catch species.

Sonozotz, a multi-institutional project that involved the dedi-
cated work of academics, students, NGO's and local people, is to our
knowledge, the first largest effort to contain as much intra and inter-
specific call variation of insectivorous bats in a megadiverse country.
Sonozotz recordings, in wav format, together with their associated
metadata, will be freely available through the National Commission
for the Knowledge and Use of Biodiversity (CONABIO). Once online,
it will be possible to add new bat recordings, following a curatorial
process to ensure the data quality and reliance of the new additions.
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