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Commonly known for their ability to echolocate, bats also us a wide variety of social
vocalizations to communicate with one another. However, th full vocal repertoires of
relatively few bat species have been studied thus far. The psent study examined the
vocal repertoire of the pale spear-nosed batPhyllostomus discolor in a social roosting

context. Based on visual examination of spectrograms and dosequent quantitative

analysis of syllables, eight distinct syllable classes werde ned, and their prevalence in
different behavioral contexts was examined. Four more sgble classes were observed
in low numbers and are described here as well. These resultshew that P. discolor

possesses a rich vocal repertoire, which includes vocalizeons comparable to previously
reported repertoires of other bat species as well as vocalaions previously undescribed.
Our data provide detailed information about the temporal ath spectral characteristics of
syllables emitted byP. discolor, allowing for a better understanding of the communicative
system and related behaviors of this species. Furthermorethis vocal repertoire will
serve as a basis for future research usind®. discolor as a model organism for vocal
communication and vocal learning and it will allow for compative studies between
bat species.

Keywords: vocal communication,  Phyllostomus discolor , syllable classes, vocal repertoire, social behavior

INTRODUCTION

Bats are highly gregarious mammals that have been extepsstatiied for their ability to
echolocate (i.e., gain spatial information from the echoégpmor emitted ultrasonic calls).
However, bats also emit social vocalizations to commueiwétth conspeci cs and some bat species
have been shown to possess rich vocal repertoires Kegwal et al., 1994; Ma et al., 2006; Bohn
et al., 2008 supporting intricate social interaction8\(lkinson, 1995, 2003 Current literature on
vocal communication in bats illustrates that social voadlans can be very complex, are highly
important for bat sociality, and often vary notably betwegreaes. However, research in this
eld has only been scratching the surface; there is still miaclearn about social communication
in bats. Relative to the total number of bat species (being ¢versd richest order of mammals
with over 1,300 species), very few species have been studitedyan fewer have had their vocal
repertoires described.
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Research on social communication in bats generally focusé994; Doupe and Kuhl, 1999; Behr and Von Helversen, 2004;
on studying a specic subset of vocalizations in a specieBohn et al.,, 2008; Gadziola et al., 201By this de nition,
repertoire—such as neonatal calidould, 197%, calls produced syllables are the smallest, independent acoustic unit of a
during ontogeny Knornschild et al., 2006, 201amother-  vocalization. A call can consist of a single or multiple syllable
infant calls Esser and Schmidt, 1989male song [Pavidson (Gadziola et al., 20)2For clarity, we speci cally focused on
and Wilkinson, 200%—or more commonly on studying only studying individual syllables rather than the less objecantity
one particular type of vocalization—such as distress cBlls¢ of a call. Syllable classes are used to describe groups stictdity
et al., 2004; Hechavarria et al., 2D&faggressive call®gstian di erent syllables (cf.Gadziola et al., 2012; Hechavarria et al.,
and Schmidt, 2008 Fewer studies have sought to describe the01§, which are assigned depending on the outcome of the
repertoire of a species more comprehensively, de ning severalassi cation process described below. We follow the deamis
types of syllables emitted often in speci c behavioral cotgtex of syllable train and phrase used byanwal et al. (1994{cf.
(e.g., Behr, 2006; Knornschild et al., 2010b; Wright et al.;'simple phrase” and “combination phrase’ used bia et al.
2013. Even fewer have investigated the occurrence of syllab{@006) The term syllable train describes a combination of two
combination and temporal emission patterns (ekganwal et al.,  or more syllables from the same class, while a phrase describes a
1994; Bohn et al., 200n8rhese studies have reported a great deatombination of syllables from at least two di erent classese Th
of vocal diversity, ranging from 2 to 22 described vocalat silent period between any two syllables in a train or phrase is
types per species. roughly similar and may be longer than the duration of any one

The pale spear-nosed ba®hyllostomus discolonas been syllable Kanwal et al., 1994
in the focus of scientic attention for several years and
has been investigated in a variety of psychophysical andnimals
neurophysiological studies (e.¢rifzla et al., 2006; Ho mann  Six adult pale spear-nosed baB, discolgrwere recorded in
et al., 2008; Heinrich and Wiegrebe, 2)&ahd, more recently, pairs or groups of three, four, and six. Recordings were done
neurogenetics studiesRpdenas-Cuadrado et al., 2015, 2018 between January and March 2018 for 5 days per week. The
P. discoloris a scienti cally particularly interesting species asanimals recorded in this experiment originated from a breedi
it belongs to the handful of bat species for which evidenceolony at Ludwig Maximilian University of Munich, where they
of vocal learning (i.e., the ability to produce new or strgngl were born and housed together throughout their lives. The se
modi ed vocalizations according to auditory experiencesish ratio between the bats was equal. One male and one female were
been presentedEsser, 1994; Kndrnschild, 2014; Lattenkammapproximately 1 year old, while the other bats were between 6
et al., 2018 Social vocalizations &f. discoloare thus especially and 9 years old. The bats were provided with a species speci c
intriguing as these bats are a valuable system for the studiiet (fruits, supplements, and meal worms) and heatl libitum
of vocal learning that will help deepen our understanding ofaccess to water during and outside of the experiment. This
this phenomenon I(attenkamp and Vernes, 20)L8However, experiment was conducted under the principles of laboratory
previous studies of social vocalizationdAndiscolohave mainly animal care and the regulations of the German Law on Animal
focused on mother-infant communicatiorEéser and Schmidt, Protection. The license to keep and brdedliscoloas well as all
1989; Esser, 1994, Esser and Schubert, 1998; Luo et &)., 2017 experimental protocols were approved by the German Regierung

The current study is the rstto assess the vocal commumigati von Oberbayern (approval 55.2-1-54-2532-34-2015).
repertoire ofP. discolom an undisturbed social roosting context,
which covers about 80% of their daily activitya( Val, 1970 Recording Setup
Pairs and groups of three, four, and six pale spear-nosed bar$e recording setup was mounted in a sound-insulated chambe
were repeatedly recorded with a high resolution ultrasoni¢2.24  1.27 2.24 n¥; L w H; Figure 1A) and
microphone array under anechoic conditions. Following theconsisted of a box containing recording equipment and space
methodology of Kanwal et al. (1994) vocalizations were for the bats to roost Figure 1). The instrumented box was
initially classied by two independent human raters and themounted 1.5 meters above the ground, allowing the bats to
classi cations were subsequently statistically veriemséd on y in and out as they pleased. The ceiling light was only
a xed set of 19 automatically extracted spectral and temporaurned on when the experimenter was in the room. Otherwise,
vocalization parameters. Eight distinct syllable classese wethe chamber was only dimly illuminated by a small lamp,
identi ed, and four additional, infrequently emitted clsss were encouraging the bats to remain in the darker roosting area
observed, suggesting thBt discolorpossesses a diverse vocainside the box. During experimental sessions, the chamber wa
repertoire. For the eight distinct syllable classes, theabiehal monitored via an infrared CCD camera (Renkforce CMOS,
context at the time of emission was analyzed. The combine@onrad Electronic, Hirschau, Germany). Temperature and
results present an extensive assessment of the vocal repetoi humidity were monitored from outside the chamber.

the pale spear-nosed b&, discolarin a social roosting context. Vocalizations and behaviors were recorded with both high
temporal and spatial resolution via a custom-built acoustic
MATERIALS AND METHODS camera. This acoustic camera consisted of a 16-unit ultrasoni
microphone array (custom-made on basis of SPU0410LR5H,
Terminology Knowles Corporation, Itasca, IL, USA) and a high resolution

We follow previous literature in de ning syllables as contous infrared video camera (Point Gray Research Grasshopper3
vocal emissions surrounded by periods of sileri€er(wal et al., GS3-U3-41C6NIR; FLIR Integrated Imaging Solutions, Inc.,
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FIGURE 1 | Schematic of the setup (A) The sound-insulated chamber containing the instrumented dx and the audio interface. The instrumented box was mounted
to the wall allowing a free ight path in and out of the box. Dimliumination encouraged the bats to remain in the darker rodsg area inside the box. The chamber was
monitored via an infrared camera(B) Detailed schematic of the instrumented box containing the eoustic camera. The microphone array and camera faced the éely
accessible roosting space. The box was divided into three s&ions: (I) an area containing the equipment and correspondg cords, (Il) a secured space between the
bats' roosting area and the panel with the recording equipmat, and (Ill) a section for the bats. The bats' roosting area wasiuminated with two infrared lights.

Richmond, BC, Canada) controlled and synchronized via avhich was lined with acoustic foam. The bats could enter or exi
custom-written MATLAB (R2015a, MathWorks, Cambridge,through a 10 cm wide opening along the bottom of the backside
MA, USA) script. By comparing time-of-arrival di erences of the box (cf. section ResultsSigure 1B). Two additional doors
between all microphones of the array, the acoustic camevaall with latches allowed the experimenter to access the batstend t
to determine the exact location of a sound source in the réedr equipment independentlyHigure 1). The back wall of the bats'
video. The camera and microphones were mounted inside of theosting space was lined with mesh for the bats to hang from
instrumented box (54 52 41.5cni;L W H;Figure1), and crawl on. Two small infrared lights were mounted in the
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lower corners of the bats' area, illuminating the back wa. A the raw contour of thé0. (17, 18) Furthermore, the root-mean-
additional infrared light bulb was hung from the mesh moudte square errors (RMSE) between the tted polynomials andftbe
on the back wall. This infrared light was used to synchronizeontours were calculated (19). Lastly, the aperiodicitybébles
the recorded video with the recorded audio. Audio data wasvas also calculated via the YIN algorithm. It represents hoisyn
recorded via a Horus audio interface (Merging Technologis S a signal is and functions as a proxy for entropic state of the
Puidoux, Switzerland) placed next to the instrumented bothim  vocalization (i.e., an aperiodicity of0.1 indicates high entropy).

experimental chambeF{gure 1A). The YIN algorithm rst assesses the degree of aperiodicitg of
_ recorded call and then tries to assign a fundamental frequén
Recording Procedure those call segments where aperiodicity is low enough to do so.

The six bats were observed in the recording chamber for 4Ih the analyses of some quite complex syllables (see belasv), th

sessions (either 1.5 or 3h long), amounting to a total of 96 h ofundamental frequency estimate may jump very quickly betwe

observation. All 15 possible pair combinations between tke siquite di erent values.

bats were observed for 1.5 h each. On these pair-recording, day

the remaining four bats were added into the recording chambeSyllable Classi cation

after the rst 1.5h and all six bats were subsequently observeQualitative Categorization

for another 1.5h. In two additional sessions, rst all masd  FollowingKanwal et al. (1994ndMa et al. (2006)a preliminary

then all females were observed together for 3h each. Nétal classi cation key consisting of 20 vocalization classes was

possible combinations of four bats were observed for 3 h ds welgenerated based on the spectrograms of a subset of recordings
During the recording sessions, the bats were monitored imand previous literature Kanwal et al., 1994; Ma et al., 2006

real-time. The recording of audio and visual data was magual Subsequently, two independent raters visually assessed the

triggered by an experimenter from outside the chamber, whegpectrograms and waveforms of the extracted syllables based

social vocalizations were emitted in the chamber. Ultrasonign their duration and frequency information, such as spectra

vocalizations were made audible for the experimenter vi& reacontour, aperiodicity, or suppression of frequencies. Thiabids

time heterodyning of two of the 16 microphone channels andvere presented to the raters in four dierent ways: (1) the

presented via headphones. The data acquisition was comtrollgvaveform of the syllable; (2) the spectrogram of the extracted

via a custom-written MATLAB script, which saved a 10s audigsyllable; (3) the spectrogram of the extracted syllable d¢ala

ring bu er synchronously for all 16 microphones (sampling rate: xed 100 ms window; (4) the spectrogram in a 100 ms context

192; microphone gain: 18 dB). The corresponding 10 s long videgindow, which displayed the recording 50 ms before and after

les were recorded synchronously via StreamPix 6 Singlex&a  the extracted syllable. This way of displaying the data allowed

(NorPix, Inc., Montreal, QC, Canada) (frame rate: 100/st&hu the raters to determine whether the syllable was extractelii w

speed: 9.711ms). The video les were compressed using tbe erroneously. Syllables were either sorted into syllatdeses

Norpix Motion-JPEG Encoder AVI Video Codec. de ned in the preliminary classi cation key, or they were madcke
. ) as unsuitable for analysis due to low quality (e.g., becafise o
Acoustic Analysis spectral smear, syllable overlap, or incorrect extractionjew

For the acoustic analysis, we detected and extracted &bcalizations were marked as not matching any of the sylabl
vocalizations surrounded by silence via a custom-writtertlasses present in the preliminary key. These potentially novel
MATLARB script. Syllable detection was based on amplitude peakyllable classes were later reexamined, and two additigheaibte
identi ed in the recordings, which were at least 20 dB loutten  classes were suggested as a result.

the background noise and were separated in time from previously

detected peaks by at least 5ms. For each identi ed syllabl®uantitative Categorization

the recording from the microphone that picked up the loudestFor the quantitative categorization only high quality redimgs
signal was used for analysis. Nineteen acoustic parametges wof social syllables that were classi ed identically by botiensa
extracted or calculated for each detected syllable: (1af8gll were used. Only classes containing at least 50 detectedhlegll
duration and (2) maximum syllable amplitude were calculatedwere analyzed. The separability of the classes based on the 19
To represent the overall frequency content of the syllable, Bxtracted spectro-temporal parameters was veri ed and re ned
parameters were calculated: (3) spectral centroid frequéICiF; based on a 5-fold cross validation procedurétie et al., 2009

i.e., weighted mean of the frequencies contained in a sgllabl The dataset was strati ed prior to splitting into folds to adoi

(4) peak frequency (PF; i.e., the frequency with the mostgner empty classes and reduce variarieer(nan and Scholz, 20).0n
content), (5) minimum frequency, (6) maximum frequencygdan each fold, 80% of the data for each class were employed to ta
(7) overall syllable bandwidth. The fundamental freque(f@) linear discriminant analysis (LDA) classi eHgstie et al., 2009
contour of each syllable was detected using the YIN algoritie  and this classi er was used to predict the classes of the renwin
Cheveigné and Kawahara, 2)0@nd six parameters describing 20% of the calls. Each call was used in the test dataset exactly
this fO contour were then extracted: (8) me&®, (9) minimum  once. A mean confusion matrix was computed from the ground-
f0, (10) maximumfO, and (11) startind O at the syllable onset. truth labels assigned by the human raters and the labels gestli
Seven additional parameters describing tt@e contour were by the LDA classi er. The confusion matrix was normalized
extracted: (12, 13) the coe cients of the best- tting line@egree by multiplying each row vector with a constant factor to have
1) polynomial and (14, 15, 16) quadratic (degree 2) polynotoial row sums of 1. The normalized confusion matrix guided the
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re nement of the preliminary labels obtained from the qualitee For the 19 extracted spectro-temporal parameters, the
categorization. As the ultimate goal of the classi catiomgess 25th, 50th, and 75th percentiles (i.e., rst, second, anddhir
was the development of an automatic classi er, which rendergquartiles) are reported below to represent data distribution.
human raters redundant in the future, an algorithmicallyegdy These values are presented as follows: Q50 [Q25 Q75].
procedure was used to merge the pair of classes with th&dditionally, all quartiles for each parameter are listed in
highest o -diagonal normalized confusion score. This progexl  Supplementary Table SIfor each common syllable class and
was done with the input of the human raters, con rming the in Supplementary Table SZor each rare syllable class and the
reasonableness of the merge. The LDA analysis was thenoarunsuppressed fundamental frequency class. An example of all
the altered dataset and this algorithm was iterated as lenp@ commonly occurring syllables is given Higure 2, while the
human raters agreed that the two candidate classes for nggrgivariation within these classes is illustrated in the Supplesamy
were non-trivial to separate by their spectrograms. The nmgrgi Material (Supplementary Figure SiL

was continued, until a 60% overlap of the human raters and LDA

classi cation was reached.
Common Syllable Classes

Behavioral Video Analysis High Entropy (HE) Vocalizations

We assessed the behavioral context observed during theiemis 1he majority of high quality, commonly emitted social sylledl

of syllables belonging to the previously established dfagaw belong to the high entropy (HE) class (D 3,860; 63% of
that reason, an ethogram containing 56 detailed behaviord!l Syllables in the commonly occurring classes). HE syllables
for P. discolorwas generated based on personal observatioféere termed according to their appearance in the spectrogram
(ML, SS, EL). More speci cally, the ethogram encompassed 4b€-. smeared along the frequency axis), and can generally
behaviors observed in neutral contexts, 18 in prosocial, shd 10€¢ described as noisy or screechy vocalizatidfigufe 2A).

in antagonistic behavioral contexts. This ethogram wasduse! Ny can still retain some degree of harmonicity, similar to
by a naive rater to score the behaviors observed in the videynthesized tonal noises (iterated rippled noises)st, 1995

les. The rater was blinded to the emitted syllables contdiire ~ @nd if the residual tonality was strong enough, modulatiofthe

the videos. The behavioral scoring was done in the Behaviorfindamental frequency (typically sinusoidal) could be olser
Observation Research Interactive Software (BORI8j(d and  (Supplementary Figure S)L As expected, HE syllables displayed
Gamba, 2016 and the behavior that occurred at the time of & Very high degree of aperiodicity (0.42 [0.34 0.48]; cf. @8I

syllable emission was extracted. Q75],Figure 3. The short average duration of HE syllables (6.24
[4.74 10.27] ms) can be explained by our de nition of syllable
RESULTS The raters observed that long HE calls are often composed

of several HE syllables (dfigure 9A), which were analyzed

Within the 96h of observation 1,434 recordings were madgndividually, if the call was strongly amplitude modulateddan
The automatic syllable nder identi ed 57,955 vocalizatiin the modulation period longer than 5ms (cf. 5ms criterion for
these recordings, which were assessed by the two independéM
raters. The majority of these vocalizations were excludechf
the subsequent quantitative analyses for several reasétsf ~ Linearly Downward Frequency Modulated

D 32,551) were excluded, because one or both raters markéPFM) Vocalizations

them as unsuitable for the classi cation (due to syllablertae  Seven hundred and twenty-seven syllables (12%) are composed
or low recording quality occurring when vocalizations wereOf linear downward frequency modulations (IDFM) of the
emitted outside the instrumented box) or because the twdundamental frequencyrigure 2B). Linearly DFM syllables are
independent raters disagreed on their classi cation; 2vD(  usually relatively short (6.74 [5.35 8.78] ms). They havesepst
1,115) of the recorded sounds were excluded as they presen@@wnward slope (1.70[ 2.06 1.41] kHz/ms) and the highest

no vocalizations, but rather scratching noises producedtgy t mean fundamental frequency (17.27 [15.83 18.65] ititpre 3)

bats brachiating on the back wall of the box; and 108sD(  ©f all commonly occurring syllables.

5,630) of the data were eventually excluded, because nd® all

spectro-temporal syllable parameters could fully be extractedNon-linearly Downward Frequency Modulated

The remaining 32%r(D 18,658) of the vocalizations represented(nIDFM) Vocalizations

conservatively selected, high quality syllables clag&lentically  Non-linearly downward frequency modulated (nIDFM) syllables
by both independent raters. These syllables were qualitative(n D 562; 9%) also sweep downward, but they have a curved
and quantitatively assessed as belonging to 13 syllabkeslasshape, or an irregular o set including small constant freqogn

Of these 13 classes eight were represented by more than &0upward frequency modulated componenBdure 2C). These
syllables and thus evaluated as commonly occurring in tisas  nIDFM syllables are generally longer than IDFM syllablesl(@7
roosting context i D 6,162) and four classes were representefil3.72 20.13] mskFigure 3) and have a lower meaf0 (14.72

by <50 syllables and are thus reported as rarely occurnmB ( [13.56 15.71] kHzFigure 3). While IDFM and nIDFM syllables

81). The largest class O 12,416) was comprised of calls with have a comparable bandwidth (IDFM: 28.50 [23.25 33.75] kHz;
a suppressed fundamental frequency (SF class) and is reportel®FM: 28.50 [23.25 33.00] kHz), the slope of nIDFM syllaldes i
separately below. less steep on average.74 [ 1.07 0.53] kHz/ms).

[Iable separation).
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FIGURE 2 | Example syllables from the eight commonly occurring classe From top left to bottom right, one example oscillogram (tp) and spectrogram (bottom) of
each of the following is displayed{A) high entropy syllable (HE)B) linearly downward frequency modulated (IDFM) syllabléC) non-linearly downward frequency
modulated (nIDFM) syllable(D) sinusoidally frequency modulated (SFM) syllabl¢E) composite syllables (CS) with a noisy element within the $gble, (F) long
quasi-constant frequency (qCF) syllablg(G) quasi-constant frequency syllable with a steep onset (qCF0), and (H) noisy quasi-constant frequency (qCF_n) syllable.

Sinusoidally Frequency Modulated the third highest average aperiodicity (0.09 [0.06 0.ERjyre 3
(SFM) Vocalizations of the commonly emitted syllables.

Also frequently occurring were syllables with a sinusoitial

contour (SFM) 6 D 445; 7%). SFM syllables have a stable ) L

sinusoidal frequency modulation with small overall vaisatin ~ QuUasi-Constant Frequency (qCF) Vocalizations

modulation depth and modulation frequency, and they gengrall Quasi-constant frequency (qCF) syllables[{ 67; 1%) have a
do not have an onset that notably exceeds the rst frequenc)€a" constant f_undamental frequency for the duration of the
modulation Figure 2D). However, SFM syllables can also have &Ntireé syllable Kigure 2F). qCF syllables are tonal and have no
steep linear downward sweep onset and a horizontal, asegndi SPECi € onset, but rather start |mmeo!|ately with the constant
or descending SFM tail (c8upplementary Figure S)L Irregular frequency element. Overall, syllables in the qCF class tetwded
SFM syllables are also emitted and consist of inconsistefieVe low mea0s (7.19 [6.15 9.87] kHEjgure 3).

sinusoidal frequency modulations. SFM syllables can vangih
the rate and depth of oscillations. Similar to HE syllablesviSF
vocalizations are often strongly amplitude modulated and ou
de nition of syllables thus determines the rather short eage
durations of the SFM syllables (5.51 [4.66 7.90]Rigure 3).

Quasi-Constant Frequency Vocalizations With a

%teep Onset (QCF_so0)

Tonal qCF syllables can also have a steep downward frequency
modulated onset (qCF_so; D 89; 1%;Figure 2G). A separate
class was created for those qCF_so syllables as they négessar
Composite (CS) Vocalizations di er in many parameters from pure qCF syllables, which lack
Composite syllables (C8;D 286; 5%) contain both tonal and such a clear onset. For example, qCF_so syllables have stronger
noisy elements. Frequently, the syllable begins with alfonanegativef O slopes than the qCF syllables, because of the added
downward frequency-modulated sweep and then ends with anset (QCF_so0: 0.40[ 0.51 0.28] kHz/ms; qCF: 0.05[ 0.20

HE element. One or more HE elements can also occur withi®.01] kHz/ms). For the same reason, the qCF_so syllables are
syllables Figure 2B. In most cases, a CS is a SFM syllable thagenerally longer (QCF_so: 21.03 [17.98 24.33] ms; qCF: 10.64
is interrupted by one or more HE elements. These syllables hdd.20 20.52] ms).
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FIGURE 3 | Boxplots of four selected spectral and temporal parametersFrom
top left to bottom right: syllable duration, spectral centid frequency, mean
fundamental frequency, and mean aperiodicity. Distribugns are shown for the
eight commonly occurring syllable classes: linearly downard frequency
modulated (IDFM); non-linearly downward frequency moduted (nNIDFM),
sinusoidally frequency modulated (SFM), quasi-constantequency (qCF),
quasi-constant frequency with a steep onset (qCF_so), nojsquasi-constant
frequency (qCF_n), composite syllables (CS), and high eapy syllables (HE).

A 0% 0% 0% 0% 0% 0%
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0% 2% 13% 0% 3% 13% 2%

Class assigned by human raters
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L L
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< X

Result of automatic classification

FIGURE 4 | Confusion matrix depicting the distinguishability of the
suppressed fundamental frequency (SF) class and the eighbemonly
occurring syllable classes: linearly downward frequency odulated (IDFM);
non-linearly downward frequency modulated (nIDFM), sinagdally frequency
modulated (SFM), quasi-constant frequency (qCF), quasienstant frequency
with a steep onset (QCF_so0), noisy quasi-constant frequeryc(qCF_n),
composite syllables (CS), and high entropy syllables (HEjows: classes as
speci ed by human raters. Columns: class labels as predictedy an automatic

LDA classi er. Rows are normalized to a sum of 100%.

Noisy Quasi-Constant Frequency
(qCF_n) Vocalizations

. . . _during syllable emission. For the IDFM and nIDFM classes
Noisy quasi-constant syllables (QCF_n) are essentialgh hi

, £ th | aCF svilabl 126: 2%: only 19 instances could successfully be scored as the behavi
entropy versions of the tonal qCF syllables P 126; 2%; for one instance was performed outside the eld of view

Figure 2H). They also did not start with a frequency modulatedof the camera. From the ethogram of 56 detailed behaviors,
onset. Of all ;yllable classes, qCF_n syllablesl had thelaSltmgonly 23 behaviors were observed during syllable emission
a:;/erag; duraggnsk (102'2% 537'13 151.90]Ims), oy(\j/est r@san (Supplementary Table S8 Only one single observation was

(3.45 [2.71 4.38] kHz), and lowest spectral centroids (9817 ever made, where a vocalization was emitted in a neutral

11.78] kHz). They had the second highest average aperipdidbehavioral contextgupplementary Table S3igure 5A). More
(0.17[0.12 0.23]$|g_ure 3. . . speci cally, a single HE syllable was emitted in a contextestor

.In the quantitative analysis, the LDA gla53| er performe.das “brachiating on walls or ceiling.” Other than that, syléb
with an overall accuracy of 87%. over the eight classes destri were always emitted either in a prosocial or an antagonistic
above (chance level: 12.5%riqure 4. The mean overall behavioral context

g 0 0 > :
plreC|S|on score (‘;"76:; 89/;' mean overalul recall ?|7 %, mezzn PE"The behavioral analyses show that the HE syllables
class precision 6, and mean per-class recall Fogare are emitted 95% of the time in antagonistic encounters

reproduces the row-normalized confusion matrix, i.e., eaeh Supplementary Table SB One exception is the above
shows which percentage of calls of a specic human-rate entioned single observation of a HE syllable emitted in

class. Is assigned to_ a specic class label by _the a“‘o_maﬁc neutral context. All other syllables were, with varying
classi er. The confusion matrix shows that particularly hig grevalence, emitted in both, prosocial and antagonistic

recall scores are a_lttained for !DFI_\/I and HE calls, which als ontexts Gupplementary Table S3 Figure 54).  Syllables
separate cpmpgratlvelngll univariately (based on ni€sand from the qCF, SFM, and nIDFM classes were emitted in
mean aperiodicity, respectively). prosocial behavioral contexts in 75-85% of the scored
. videos Gupplementary Table S3 Figure 54). CS, IDFM,
Behavioral Context of the Common and qCF_so syllables were emitted slightly more often in
Syllable Classes prosocial than antagonistic contexts (in 55-63% of the \ideo
For each of the eight commonly occurring syllable classes, Zupplementary Table S8 Noisy qCF syllables (qCF_n)
videos were scored for the behaviors displayed by the batgere emitted in antagonistic behavioral contexts in 40% of
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Puffs
A qCF 4 o I ———— During the recording sessions, the bats repeatedly emitied a
NIDFM - A | pus (n D 42), which appeared to result from bats forcefully
SFM 1 ¢ —— expelling air through their nostrils. These sounds are not
IDFM - : = necessarily to be considered sneezing, but are rather short
qCF gg i 5 nasal exhalation potentially used to clean the nostrils. The
qCF _n - o msssss— spectrograms of pu s appear to be noisy sound clouds with a
AE 4 + s sharp onset Figure 6A). As the pu s did not contain a tonal

: 5 " . 5 . component, the mean aperiodicity and bandwidth of these pu s
0% 20% 40% 60% 80% 100% were the highest of all recorded vocalizations (aperiogi€t43

B prosocial M antagonistic M neutral [0.40 0.47] and bandwidth: 45.75 [42.00 48.75] kHz).

B V-Shaped Vocalizations
o p
'g 0.4 slope =05 f, L@ L1 N Syllables from this class (D 30) consisted of a downward
-z R2=085 .7 \{\ - 5 E frequency modulated onset and a subsequent upward sweep,
80,2 - "’ ‘\\ E resulting in a characteristic “V"-shaped frequency contour
e o ANy 10 = (Figure 6B). Vocalizations in the V-shaped class are in shape
© oo ¥ N © comparable to the sinusoidal vocalizations, but always ettdnwi
0 0.0+ slope = -10.7 "~y 5 v th t modulati
e L/ Rz = 0_31. £ e rst moaulation.
T 1 I M T
~N Noisy Quasi-Constant Frequency Vocalizations With

o a®* R ’:. L20 T Steep Onset (qCF_nso)
z g 1. e - ‘: The gqCF_nso syllables were recorded only ve times and were
F>) I A SO N : = a combination of the qCF_n and the qCF_so syllable classes
2 slope =:4.9: ~7° slope =-0.9 15 v (Figure 6Q). They also consist of a steep downward frequency
< QT Rroes R? = 0.00 i modulated onset followed by a quasi-constant syllable elemen
g | > ® L 10 ‘g However, they were emitted with higher sound pressure levels

L ° a than gqCF_n and higher aperiodicity than qCF_so syllables

0% 50% 100% 50% 100% (Supplementary Tables S1S2), resulting in a noisy version of
Prevalence in antagonistic context the qCF_so syllable type.

FIGURE 5 | Behavioral context of the common syllable classes(A) The top Hooked Frequency Modulated (hFM) Vocalizations

panel shows the behavioral context scored for the eight comranly occurring Upward- or downward-hooked frequency modulated (hFM)
syllable classes.(B) The bottom panel shows the correlation of four syllable syllables if D 4) are characterized by the similarity between
parameters (top left to bottom right: mean aperiodicity, man fundamental the shape of the vocalization displayed in the spectrogram and

frequency, maximum level, and aperiodicity) in dependencef their prevalence

in antagonistic encounters. a hook. These syllables are typically short and can appear in

either an upward-hookedHigure 6D) or a downward-hooked
(Figure 6B form. These two hFM syllable types were the least

the scored videos. Stable correlations were found betwe(?ll?undant (upward-hookedn D 1; downward-hookedn D .3)' .
some acoustic parameters and the behavioral context iFFM syllables had the highest average spectral centroid aside

which a syllable was emitted: Specically, the measure om syllables with a suppressed fund_amental frequency (27.08
aperiodicity of the syllables is strongly positively coredh 2_1'71 33.09] kHz).Hovyevgr, comparatl\./e.results s_houlehbert
with their prevalence in antagonistic encountefigure 58). with care, as the quantitative characteristics of this céaesnot
Also syllable fOs are lower during antagonistic behaviorswe”'S“pported due to the small number of syllables detected.
(Figure 58. Suppressed Fundamental (SF) Class

The vast majority of recorded syllables belonged to the
Rare Syllable Classes suppressed fundamental (SF) clas$(12,416; 66% of the high
In addition to the commonly occurring syllable classesguality, uniformly rated syllables). This syllable class cailgbe
several vocalizations were repeatedly, but extremelygoéetly  distinguished from all other recorded syllables by its héglctral
emitted. Specically, out of the total of 18,658 high qualitycentroid (Figure 7). In fact, the spectral centroid frequency is
recordings fewer than 50 vocalizations per rare syllablesclaa parameter showing a clear bimodal distribution of the data,
were recorded. Thus, not enough data are available tsplitting SF syllables and syllables of all other classgsie 7).
include these vocalizations in the statistical analysiseyTh  Syllables in the SF class have either a fully or partially
are described in the following as purely observational anduppressed fundamental frequency, and the dominant harmonic
should be considered as rarely emitted, at least in a socid instead the second or even third harmoni€iqure 8). SF
roosting context. syllables typically had short durations (4.07 [3.46 5.04] ms,
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FIGURE 6 | Examples of syllables from rarely occurring classe¢A) Puff sound, (B) V-shaped, (C) noisy quasi-constant frequency syllables with a steep onge
(qCF_nso),(D) upward-hooked, and (E) downward-hooked frequency modulated (hFM) syllables.

temporal emission pattern of social vocalizations can be ligh
complex. Phyllostomus discoloalso emits combinations of
syllables in a standardized order and with constant temporal
emission patterns. Temporal relationships between syllables
were not analyzed in the current work, thus we cannot draw
qualitative conclusions about this aspect of the vocalinatio
However, during syllable classication we observed several
syllable combinations of varying length, complexity, and rfoem

of contained syllables={gure 9).

Observed syllable trains consist of multiple syllables from the
same class repeated with roughly the same temporal distance,
whereby the silent interval can be longer than the preceding
syllable Figures 9B,3. Syllable trains can be of varying overall

FIGURE 7 | Spectral centroid frequencies of all analyzed syllableseparated length, depending on the number of contained syllables. &sa
based on whether or not the syllable was classi ed as belongig to the consist of syllables from two or more classé€gy(res 9D-H,
suppressed fundamental frequency class. which can be repeated several times (usually in a xed temporal

distance). We found eight di erent types of syllable combioat
which were repeatedly recorded over the duration of the
Supplementary Table SP and high spectral centroids (43.05 _experiment. The behavioral_ purpose of _syllablet_rai_ns and pbrase
[40.65 46.51] kHz,Supplementary Table SR Especially the |s.thus far purely specglatlve. A repe’gltlve emission of phrases
very short durations indicate that this syllable class idelsi might serve to emphaSIZ'e' the transmitted mformaﬂon, l.)u* th
the species-speci ¢ echolocation calls, which typically eaing _number of phrase repetl_tlons could als_,o carry mforma’uon_by
duration between 0.3 and 2.5m&dther and Schmidt, 1985; itself. Though_ the function qnd magnitude of syllable tin
Kwiecinski, 2006; Luo et al., 201However, the SF class alsoanOl phrases in thgse bats is currently unknown, we vs{ant to
included syllables, which structurally resembled sylwlitemn reporF our'observatlon of them to encourage further reseanch
other commonly occurring syllables classes with the onbjsiee this direction.
di erence that the fundamental frequency was fully or partially
suppressedrigure 8). Based on these strong characteristics ang)|SCUSSION
the varying shape of the SF syllables, this class can be easily . .
separated from the other classes, but should rather be redarsl  VOCalizations of P. discolor : Known
a meta-class, containing versions with suppressed fundaahentand Novel
frequency of most other syllable types. The function of theselere we present an extensive assessment of the vocal repatoir
SF calls is currently uncertain and might or might not varythe pale spear-nosed b&,discolarAs we recorded vocalizations
from the normal context of the syllable type with expressedn a social roosting context, which is the main pastimePRof

fundamental frequency. discolor(Kwiecinski, 200)3 we are con dent that we identi ed
o _ the majority of social vocalizations emitted by this spedieem
Syllable Combinations: Trains and Phrases 18,658 high-quality syllable recordings, we were able tmele

Very few studies have investigated temporal emission patterreight distinct classes, uniquely di erent from each othetlieir

of syllables and the existence of consistently-occurridiglsle  spectro-temporal parameters. We were also able to support the
combinations (e.g.Kanwal et al., 1994; Bohn et al., 2008;acoustic analysis with a detailed assessment of the bebhvior
Knornschild et al., 2014; Smotherman et al., 20Previous contexts in which these eight syllable classes are genemnailied
literature shows, however, that for certain bat species th€Supplementary Table S3Figure 5. Furthermore, we describe
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FIGURE 8 | Spectrograms of syllables with a suppressed fundamental édquency resembling syllables from other classeqA) species-typical echolocation call (EL),
(B) linearly downward frequency modulated syllable (IDFM)C) non-linearly downward frequency modulated syllable (nID#), (D) composite syllable,(E)
quasi-constant frequency syllable with a steep onset (QCF0), and (F) V-shaped syllable.

FIGURE 9 | Example spectrograms of three syllable trainA-C) and three phrases(D-F) emitted by P. discolor. Syllable trains consist of several repetitions of one
syllable type, e.g.,(A) high entropy syllables,(B) sinusoidally frequency modulated, o(C) simple linearly frequency modulated syllableD—F) Phrases consist of
syllables from at least two different classes; Phrases areegpicted three (D,E) or six (F) times in order to show the temporal relationship between regtitions of the
different phrases.

four additional call classes, which were only infrequenthitted  one could speculate about a behaviorally more meaningful
by the bats and are thus described here, but not analyzed on thariation of these syllables in their specic context (e.g.,
basis of their spectro-temporal characteristics. duration of qCF element could indicate special emphasis
Most syllable classes described in the present study hawe a particular meaning). However, such speculations await
never before been observed for this species. Especially &3¢ qu experimental con rmation.
constant frequency modulated (qCF) class and classesiooga Sinusoidally frequency modulated (SFM) syllables have
qCF elements (i.e., gCF_so and gCF_n) have hitherto notceived considerable attention in previous literature. Bn
been reported foP. discolarFrom our behavioral observations discolor SFM syllables were found to be used in mother-infant
(Supplementary Table SBit becomes apparent that all three communication (as e.g., maternal directive calls and laten$
classes containing syllables with a qCF element are useflinfant isolation calls) and can encode individual signas,
in very versatile behavioral contexts. This could indicate and even vocal dialectsGpuld, 1975; Esser and Schmidt,
loose behavioral association with the syllable structuréd an1989; Esser and Lud, 1997; Esser and Schubert). M&8can
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con rm that the majority of the analyzed SFM syllables werehowever, used for the coordination of foraging activities @are
emitted in the behavioral contexts “attention seeking” @otal not emitted in antagonistic behaviors contexts as obselned
contact,” which are both in line with previous observationsthis study Supplementary Table S8 The surprising di erence
(Supplementary Table S8 In addition to the usage of SFM in the size of the vocal repertoires of these closely related
syllablesin these contexts, we also demonstrated thegstomin  species, which are so similar in their ecology and lifestyidy
antagonistic encountersSgpplementary Table S3Figure 5A).  highlights the value oP. discoloras a model species for vocal
Emission of one syllable type in a variety of di erent behagior communication and vocal learning. The vocal repertoireshef t
contexts (cf. Supplementary Table S3 Figure 5A) suggests other members of the genu®( elongatuand P. latifoliug are
complex communicative function or purpose. Thus, our resultsstill unknown. Uncovering the evolutionary background ofeth
support previous ndings, which advocate syllable subgroups, iemergence of such di erences in vocal complexity in closely
which vocalizations with very similar acoustic parametens be  related species might help us to shed light on the evolution
further split up based on associated behavid@rsi{n et al., 2008; of communicative systems and the capacity for vocal learning
Kanwal, 200 As described above, the syllable classi cation heré bats.

presented is based purely on spectrogram shape and the extracted

syllable parameters. This allows us to present mathematicalSimilarities to Distantly Related Species:

distinct syllable classes and validates our rst, subjecti Acoustic Universals

classi cation scheme. Nevertheless, the establishedeslasay A number of distantly related bat species were reported to emit
be further di erentiated according to their behavioral cents. high entropy calls during aggressive encounters (B.gss et al.,
Our behavioral assessments show that syllables from a singJ§y4- Hechavarria et al. 2016° Prat et al. YOltthas been

class witr_] very similar acoustic characteristics can bel use hypothesized that aggressive vocalizations tend to alvealgsi,

up to 10 di erent behavioral contextsSupplementary Table SB 5,9, and lower in frequencyBiefer, 201}, We con rmed
The establishment of syllable subgroups (i.e., splittinghef t 5 irongly positive correlation between the mean syllablsscla
presented syllable classes) based on their contextual usaggindicity and its prevalence in antagonistic confrordas
would require extensive, detailed behavioral observatiand (Figure 5B). We also detected a negative correlation between the

ideally con rmation via playback experiments. We also want t0yean fundamental frequency of a syllable class and its oecaer
highlight the possibility that additional syllable classeaghmbe during aggressive encounters. Overall, these ndings suppor

contained in theP. discolorepertoire, which were not emitted in o iqea of shared characteristics of mammalian vocatinati

the here reported social roosting context. in strongly emotional behavioral contexts and provide fath
evidence for acoustic universals and potential for interggsec

Comparison to the Closely Related Species communication Eilippi, 2016; Filippi etal., 2037

(P. hastatus ): Emerging Vocal Complexity  qemn0ra| Emission Patterns: Evidence for
The number of distinct syllable classes assessed in thiky stuH. her Order Vi IC truct
(eight) is comparable to vocal repertoire descriptions of othe igher Oraer Vocal Lonstructs

bat species, which also found between 2 and 10 syllab'ljée"ious studies suggest that syllable sequences suchirss tr

types (e.g.Nelson, 1964: Gould, 1975; Barclay et al., 1978 phrases can encode combinational meaning or emphasis,
Kanwal et al. 1994 Pfalzer and Kusch 2003- Bohn et ainus increasing the available vocal complexity for a given ba

2004; Wright et al., 2013; Knérnschild et al., 2D1When species (e.gBehr and Von He!yerseq, 2004; Bohn et al., 2008;
comparing the vocal repertoire . discoloto a closely related >Metherman et al., 2016; Knornschild et al., J05equences
species R. hastatus which lives under essentially identical ©f Syllables, which present higher order vocal constructs, have
social and ecological conditions), it is noticeable, thhe t been described for a few bat speugs (forreV|eV\S.methem.1an.
vocal repertoire ofP. hastatusis less expansive. In addition €t @ 201 However, for the family Phyllostomidae, which is
to their echolocation calls, only two types of social calle ar® Very ecologically diverse and speciose bat family &40

reported for P. hastatusnamely group-speci ¢ foraging calls, described species within 56 genetd(ierer et al., 200 to
so-called screech calls, and infant isolation callshf et al. date there have been only two published observations of the use

200). The screech calls 67. hastatusvere shown to be used of such_ hetero-syllabi_c constl_ru_cts. Speci cally, only for Seba
for the recognition of social group members during foraging short-tailed bat Carollia perspicillataand the buy ower bat

while infant isolation calls help mothers to recognize oy (EroPhylla sezekopndescriptions of syllable combinations (i.e.,
(Boughman, 1997; Boughman and Wilkinson, 1998; WiIkinsor?Imple tr?'ns aqd phrases) are avallabmj_(ray and Fler_’mng,
and Boughman, 1998Vocalizations reported as infant isolation 2008: Knornschild etal., 20).Here we provide further evidence
calls are distinctly di erent betweeR. discolomnd P. hastatus  ©F Syntax usage in a phyllostomid bat, which opens this family
with the former using single, clearly sinusoidally freqogn up for future in-depth research on this topic.

modulated calls Esser and Schmidt, 198%nd the latter

typically using a pair of linear or bent frequency modulatedscal CONCLUSIONS

(Bohn et al., 2007 The broadband, noisy screech callsRof

hastatusare similar in their spectral characteristics to the heren the framework of this study, 18,658 high-quality social
de ned high entropy (HE) syllable3pughman, 1997they are, vocalizations of the pale spear-nosed bat, discolar were
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recorded under laboratory conditions. From 6,162 of théseas
possible to de ne eight robust syllable classes, includomes

recording setup. We would also like to thank the two reviewers
for their helpful and constructive feedback on earlier vensi of

vocalizations not previously known to be produced by thess.batthis manuscript.

Furthermore, we were also able to assess the behavioraxtent
in which these syllable classes are generally emitted, and c
show that e.g., high entropy syllables are exclusively ainitte
aggressive encounters. We also describe four additioasd|yr
occurring syllable classes (i.e., 81 recordings in tof@he

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.38&vo.

majority of recorded syllablesi(D 12,416) present evidence for 2019.00116/full#supplementary-material

a meta-class of vocalizations, i.e., syllables from di ectasses
with the joint characteristic of having a suppressed fundataken
frequency. Finally, we present tentative evidence for eamiss

Supplementary Figure S1 | Syllable diversity in the commonly occurring syllable
classes. The different commonly occurring classes contaisyllables with some
structural variety. Here we want to give an impression abouhe different shapes

of syllable trains and phrases in this Neo-tropical bat Speciegyllables from any class can take. From top left to bottom rigt, example

highlighting the described complexity Bf discolowocalizations.

oscillograms (top) and spectrograms (bottom) of the folloimg are displayed:(A)
noisy, (B) long, and (C) short high entropy syllables (HEXD) linearly downward

Together, these results present an extensive assessmere of flequency modulated (IDFM) syllableE,F) non-linearly downward frequency

vocal repertoire oP. discoloin a social roosting context and the
associated behavioral contexts.
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