',\' frontiers

in Ecology and Evolution

BRIEF RESEARCH REPORT
published: 14 August 2020
doi: 10.3389/fevo.2020.00265

OPEN ACCESS

Edited by:

Claudiia Fichtel,

Deutsches Primatenzentrum,
Germany

Reviewed by:

Yossi Yovel,

Tel Aviv University, Israel

Dina Kea Noanoa Dechmann,

Max Planck Institute for Ornithology,
Germany

*Correspondence:
Ahana Aurora Fernandez
aa.fernandez@fu-berlin.de

Specialty section:

This article was submitted to
Behavioral and Evolutionary Ecology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 19 March 2020
Accepted: 27 July 2020
Published: 14 August 2020

Citation:

Fernandez AA and Kndrnschild M
(2020) Pup Directed Vocalizations

of Adult Females and Males in a \ocal
Learning Bat. Front. Ecol. Evol. 8:265.
doi: 10.3389/fevo.2020.00265

Check for
updates

Pup Directed Vocalizations of Adult
Females and Males in a Vocal
Learning Bat

Ahana Aurora Fernandez'?* and Mirjam Knérnschild'23

" Animal Behavior Laboratory, Free University of Berlin, Berlin, Germany, ¢ Museum fiir Naturkunde — Leibniz Institute
for Evolution and Biodiversity Science, Berlin, Germany, ° Smithsonian Tropical Research Institute, Panama City, Panama

Social feedback plays an important role in human language development and in the
vocal ontogeny of non-human animals. A special form of vocal feedback in humans,
infant-directed speech — or motherese — facilitates language learning and is socially
beneficial by increasing attention and arousal in the child. It is characterized by high
pitch, expanded intonation contours and slower speech tempo. Furthermore, the vocal
timbre (i.e., “color” of voice) of motherese differs from the timbre of adult-directed
speech. In animals, pup-directed vocalizations are very common, especially in females.
But so far there is hardly any research on whether there is a similar phenomenon as
motherese in animal vocalizations. The greater sac-winged bat, Saccopteryx bilineata,
is a vocal production learner with a large vocal repertoire that is acquired during
ontogeny. We compared acoustic features between female pup-directed and adult-
directed vocalizations and demonstrated that they differed in timbre and peak frequency.
Furthermore, we described pup-directed vocalizations of adult males. During the
ontogenetic period when pups’ isolation calls (ICs) (used to solicit maternal care) are
converging toward each other to form a group signature, adult males also produce
ICs. Pups’ ICs are acoustically more similar to those of males from the same social
group than to other males. In conclusion, our novel findings indicate that parent-
offspring communication in bats is more complex and multifaceted than previously
thought, with female pup-directed vocalizations reminiscent of human motherese and
male pup-directed vocalizations that may facilitate the transmission of a vocal signature
across generations.

Keywords: motherese, vocal ontogeny, timbre, maternal directive call, pup-directed male vocalization

INTRODUCTION

The social environment influences both speech acquisition in infants and vocal ontogeny in
non-human animals. In animals, the vocal ontogeny can be influenced by (unrelated) group
members (bats: Prat et al., 2015; songbirds: reviewed in Doupe and Kuhl, 1999) and parents
(bats: Esser and Schmidt, 1989; parrots: Berg et al., 2011). Parental influence includes passively
provided auditory input (i.e., song production in songbirds) and infant-directed vocalizations.
Infant-directed vocalizations are produced in many birds and mammals, for example in primates
(Whitham et al., 2007), bats (Esser and Schmidt, 1989), seals (Charrier et al., 2001), cliff swallows
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(Beecher et al, 1985), and king penguins (Jouventin et al,
1999). The function of these vocalizations is to mediate
social interactions between adults and young (parent-offspring
reunions) and to influence the vocal ontogeny of offspring
(Balcombe and McCracken, 1992; Charrier et al., 2001; Whitham
etal., 2007; Takahashi et al., 2015). In non-vocal learning species,
they can influence vocal repertoire maturation (Takahashi et al.,
2015; Gultekin and Hage, 2017) or turn-taking (Chow et al,
2015) whereas in vocal learning species, they can influence vocal
signatures (Berg et al, 2011). In humans, the use of infant-
directed speech by which adults address the child is a well-
known phenomenon (Fernald and Kuhl, 1987; Kuhl et al., 1997).
This infant-directed speech - or motherese - is characterized
by unique universal prosodic features such as higher pitch,
increased frequency range and slow tempo and is significantly
different from adult-directed speech (Grieser and Kuhl, 1988;
Broesch and Bryant, 2015). These prosodic attributes support
linguist learning (Kuhl et al., 1997; Thiessen et al., 2005) and
motherese also includes social benefits (Grieser and Kuhl, 1988).
Besides the differences in general acoustic features, a recent
study reported that the timbre (i.e., the unique tone “color”
of a voice) of motherese is significantly different from the
timbre of adult directed speech timbre (Piazza et al., 2017).
Studies on a similar phenomenon as motherese with regard
to acoustic characteristics in non-human animals are extremely
rare. To our knowledge there are only two studies comparing the
acoustic parameters between infant-directed vocalizations and
other adult vocalizations and discussing the results in relation
to motherese in human infants (Biben et al.,, 1989; Chen et al,,
2016). Moreover, differences in timbre between infant-directed
and adult-directed vocalizations in non-human animals have
never been addressed before.

In this study, we wanted to investigate if we can detect
a phenomenon reminiscent of motherese in infant-directed
female vocalizations of the greater sac-winged bat, Saccopteryx
bilineata. This highly social bat species lives in stable perennial
groups (i.e., colonies) and possesses a large vocal repertoire
(reviewed in Voigt et al., 2008). S. bilineata is a vocal production
learner (Knornschild et al., 2010, 2012) and exhibits a distinct
vocal practice phase during ontogeny (Knérnschild et al,
2006). Parental care is restricted to the female. During vocal
ontogeny, mothers produce a so-called maternal directive call
(MD, Figure 1A) to communicate with their single pups (i.e.,
maternal care is restricted to the own pup; Knornschild and
von Helversen, 2008). This is the only pup-directed female
vocalization. We wanted to investigate (1) whether pup-directed
and adult-directed female vocalizations differ in their acoustic
characteristics. We hypothesized that the acoustic characteristics
of female MDs, including timbre, would differ from those of
adult-directed vocalizations produced by the same females. This
MD call often occurs during mother-pup reunions and during
pups daily vocal practice bouts (see Supplementary Material).
Vocal signatures facilitate parent-offspring reunions (Esser and
Schmidt, 1989; Charrier et al., 2001), therefore we additionally
investigated (2) if MDs contain an individual signature.

Pup-directed vocalizations are either produced by a single
parent (cats; Szenczi et al, 2016) or by both (parrots:

Berg et al,, 2011), depending on parental investment, whereby to
our knowledge these are exclusively produced by females in bats
(reviewed in Kunz and Hood, 2000). Like all bat pups studied to
date, S. bilineata pups produce isolation calls (ICs; Figure 1C)
to solicit maternal care (Knornschild and von Helversen, 2008).
Pup ICs encode information about individual identity, age and
social group affiliation (Knérnschild and von Helversen, 2008;
Knornschild et al., 2012; Fernandez and Knornschild, 2017).
During ontogeny, ICs of pups from the same social group become
progressively more similar to one another, i.e., develop a group
signature based on social modification (Knoérnschild et al., 2012).
Recent new observations suggest that adult males also produce
pup-directed vocalizations that resemble pup ICs. So far, studies
investigating the influence of adult vocal input on the formation
of group signatures in juvenile vocalizations are restricted to
songbirds (for review see Boughman and Moss, 2003) and two
parrot species (Farabaugh et al,, 1994; Berg et al., 2011). We
wanted to investigate (3) whether pup-directed vocalizations
of adult males have the potential to influence the pups’ vocal
ontogeny. We hypothesized that ICs of pups are more similar to
ICs of adult males from the same social group than to ICs of adult
males from different social groups.

MATERIALS AND METHODS
Study Sites and Animals

We conducted sound recordings at three different locations in
Central America during three consecutive field seasons (May-
September in 2015-2017). We recorded the vocal and social
behaviors of pups and pup-directed vocalizations of adult males
and females at libitum throughout the pups ontogeny (i.e.,
from birth until weaning at 10-12 weeks of age; recording
sessions occurred in the day-roosts, at least twice per week and
colony, see Supplementary Material). In 2015, we conducted
sound recordings at Barro Colorado Island, a field station of the
Smithsonian Tropical Research Institute located in the Gatdn
lake of the Panama Canal. We recorded vocalizations of six
females belonging to four colonies. In 2016, we conducted
sound recordings in the natural reserve Curu in Costa Rica
and obtained vocalizations from seven females belonging to
three colonies. Moreover, we recorded pup-directed vocalizations
of 11 adult males in four colonies. In 2017, we conducted
sound recordings in Gamboa, a field station of the Smithsonian
Tropical Research Institute which is located at the Panama
Canal. We recorded pup-directed vocalizations of 11 adult
males from three colonies. In total, we recorded pup-directed
vocalizations from 13 females (maternal directive calls) and for
six females we obtained additional recordings of adult-directed
calls (see Supplementary Material for more information).
We recorded pup-directed vocalizations from 22 males (ICs).
We also recorded ICs of 14 pups. For subsequent acoustic
analyses we only included recordings with good signal-to-
noise ratio and if possible from multiple recording sessions.
Male IC recordings with good signal-to-noise ratio were not
obtained from all males and our sample size was therefore
reduced to eight males.
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FIGURE 1 | Pup-directed — (A) and adult-directed vocalizations (B) from an adult female and the pup-directed vocalization of an adult male (C). The upper panel
shows three successive directive calls produced by an adult female (directed toward the own pup), and four adult-directed calls produced by an adult female.
Adult-directed female vocalizations included variable short syllables (VS) and echolocation calls (EC), summarized as simple calls. The lower panel shows one
multisyllabic isolation call produced by an adult male. Maternal directive calls (A) are always produced in monosyllabic series, from three up to 15 syllables. An
isolation call (C) is composed of simple tonal calls (variable short syllable: VS) followed by the end syllables (ES). End syllables are composed of two syllable types,
the composite (cs) and the stereotyped short syllable (ss). The cs part is further composed of a facultative noisy part (nc) succeeded by a tonal part (tc). Several
simple frequency modulated syllables followed by several end syllables result in a typical isolation call. The spectrograms depict frequency (in kHz) as a function over
time (in seconds) and were generated using a 1042 point fast Fourier transform and a Hamming window with 87.5% overlap.

Acoustic Recordings

All recordings were performed throughout the day in day-roosts
which were located in tree cavities or on the outside of man-made
structures. Focal recordings were feasible because the bats were
individually banded with colored plastic rings on their forearms
(see Supplementary Material). Furthermore, the colonies are
part of a long-term project and bats are well habituated
to human observers allowing close-range (2-4 m) recordings
and observations. Vocalizations were recorded using a high-
quality ultrasonic sound recording equipment (500 kHz sampling
rate, 16-bit depth resolution, for details see Supplementary
Material). The recording set-up consisted of a microphone
(Avisoft UltraSoundGate 116 Hm, with condenser microphone
CM16, frequency range 1-200 kHz + 3 dB) connected to a
laptop (Lenovo S21e) running the software Avisoft RECORDER
(v4.2.05 R. Specht, Avisoft Bioacoustics, Glienecke, Germany).

Pup-Directed and Adult-Directed Female
Vocalizations

We recorded both pup-directed calls (MDs) and two frequently
occurring adult-directed calls (short variable calls and
echolocation calls, from here on, these two adult-directed
vocalizations are summarized and referred to as simple calls
(SI), Figure 1B). Otherwise, females produced so-called screech
calls, which are directed at other adults and are very noisy
without clear tonal structure. Therefore, we decided to not
include screeches in our analyses but to focus on tonal adult-
directed vocalizations for comparison with (tonal) pup-directed
vocalizations. MD calls consist of frequency modulated tonal
syllables (i.e., smallest acoustic unit surrounded by silence) which
are produced in sequences of up to 15 calls (min: three calls;

Figure 1A). To investigate whether the acoustic characteristics of
pup-directed versus adult-directed female vocalizations differed,
we analyzed MD and SI sequences from the same females. In
total, we analyzed 26 MD- and 26 SI call sequences from six
females (the number of MD and SI call sequences per female was
balanced; i.e., either 4-4 or 5-5).

To investigate if MDs encoded an individual signature we
analyzed 120 MD sequences composed of at least three syllables
from 13 females (range: 7-12 MD sequences per female).
Additionally, we investigated the temporal relation between MD
sequences and the pups’ vocal practice (N = 13 females, see
Supplementary Material for details).

Isolation Call Recordings

We analyzed 120 ICs of 14 pups (range: 6-10 calls per pup) and
39 ICs of eight males from six colonies (range: 4-9 calls per male).
The sound recordings of adult males were challenging to obtain
because it was not predictable whether a male would produce
an IC after a pup ceased its IC production. Moreover, males did
not direct their ICs toward a specific pup (see Supplementary
Material). Hence, recording ICs from males required a fast
change of microphone orientation (i.e., from pup to male) which
resulted in fewer recordings with sufficient quality for subsequent
acoustic analyses compared to ICs produced by pups.

Acoustic Analyses

Each sound file was prepared in Cool Edit (Cool Edit 2000 Inc.,
Syntrillium Software Corporation P. O. Box 62255, Phoenix,
AZ, United States) for subsequent acoustic measurements (see
Supplementary Material). The acoustic analyses of ICs and MD
calls were conducted using the software Avisoft-SASLab Pro
(v.5.2.09; R. Specht, Avisoft Bioacoustics, Glienicke, Germany).
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For the pup-directed and adult-directed female vocalizations
we extracted acoustic features that were based on linear-
frequency cepstral coeflicients (LFCCs) since those capture
important acoustic characteristics of bat vocalizations
(Knornschild et al., 2017). Each LFCC describes the spectral
properties of an entire acoustic signal, comprising its most
important features in a compact form. LFCC extraction is
comparable to the MFCC extraction (mel frequency cepstral
coefficient) used in human voice recognition (reviewed in
Jain and Sharma, 2013) but it uses a linear scale instead of
the mel scale to account for the bats’ high frequency hearing.
Extracted acoustic features summarize not only common
acoustic parameters such as peak frequency but also the timbre
in a voice (Piazza et al., 2017). We used a customized MATLAB
script in the toolbox “voicebox” (v. R2014a) for the feature
extraction. Each vocalization sequence (i.e., MD sequence and SI
sequence) was composed of three syllables containing the first
three harmonics (FO-F2). Because we compared different call
types with different durations (i.e., average simple call duration:
0.01 s versus average MD call duration: 0.03 s) we adapted the
frame length of the feature extraction accordingly (i.e., MD
calls: 24 ms, SI calls: 8 ms) to obtain comparable amounts of
information. We extracted 20 LFCCs from each sequence and
used them for subsequent statistical analyses. Furthermore, we
measured the minimum, maximum and peak frequencies for
each call type (MD, EC, VS).

To test for an individual signature in MDs we measured
several temporal and spectral parameters for each syllable
(n =120 MD sequences, see Supplementary Material). Principal
component analyses (PCAs) were performed on the original
acoustic parameters and derived acoustic parameters were used
for subsequent statistical analyses (see Supplementary Material).

In the case of ICs we focused our analyses on the end
syllables because former studies found that both the individual
and the group signature are encoded in the end syllables
(Knornschild and von Helversen, 2008; Knornschild et al., 2012;
Fernandez and Knornschild, 2017). For each syllable type or
part (Figure 1C), we measured several temporal and spectral
parameters (see Supplementary Material). We measured at
least three end syllables per IC and subsequently averaged
measurements per syllable type and part to minimize temporal
dependence among syllable produced in direct succession.
PCAs were performed to reduce multicollinearity between
original parameters and to obtain uncorrelated derived acoustic
parameters (see Supplementary Material). Additionally, we
extracted LFCCs of each IC. To obtain comparable acoustic
features for each IC we extracted features from the first three
harmonics (FO-F2) of the end syllables (without the noisy part
since it was not always present). For each end syllable sequence
we extracted 5 LFCCs using overlapping 6 ms frames. A set
of original acoustic parameters, derived parameters from the
PCA and extracted LFCCs was used for subsequent multivariate
analyses (see Supplementary Material).

Statistical Analyses
We first conducted a multivariate GLM (with female ID,
call type and their interaction as fixed factors) in which all

acoustic features (LFCC1-20) and three original parameters
(peak frequency, minimum and maximum frequency of the
entire signal) were included. Subsequently, we selected the
dependent variables which showed the same pattern for all
females (no overlapping estimated marginal means for ID and
call type, i.e., the differences between call types were all either
de- or increasing) to calculate a second multivariate GLM with
the same fixed factors as the first GLM. Six features (LFCC
2,5 6, 7,9, and 12) and peak frequency were included
as dependent variables in our second GLM. Minimum and
maximum frequencies were not included because they were
strongly correlated with peak frequency.

To test for the existence of an individual signature in maternal
directive calls, we performed a discriminant function analysis
(DFA; n = 120 MD sequences from 13 females). We adjusted
the DFA to the unequal number of analyzed call sequences per
female by computing group sizes based on prior probabilities.
We used a cross-validation procedure to estimate the correct
classification success (n-1 cross-validation procedure), which
classified each sequence based on discriminant functions
established with all sequences except the one being classified.
We selected one original acoustic parameter, namely duration,
and five derived parameters, namely frequency curvature 1-3
and entropy curvature 1-2 (see Supplementary Material). All
parameters were checked for multicollinearity and included
simultaneously into the DFA.

To assess the acoustic similarity between ICs of pups and
males we performed a DFA and subsequently calculated the
Euclidean distances between individual centroids in the DFA
signal space (see Supplementary Material). For each pup, we
calculated the distance between itself and the male from the same
colony and the average distance to all other males. Distances
were compared with a paired Wilcoxon test. Because population
affiliation could influence the acoustic similarity between pups
and males, we additionally calculated the Euclidean distances
between individual centroids separated by population (see
Supplementary Material). All statistical analyses were conducted
in SPSS (v.20; IBM SPSS Statistics, Chicago, IL, United States) and
R (RStudio 2018, version 3.5.2).

RESULTS

Acoustic Differences Between
Pup-Directed and Adult-Directed Female

Vocalizations

Pup-directed and adult-directed female vocalizations differed
significantly in their acoustic parameters [F(1,40) = 9.73,
p < 0.001, n? = 0.66, Figure 2A] whereas female ID had no
significant effect [ID: F(5,40) = 0.93, p = 0.57, n* = 0.15; call
type*ID: F(5,40) = 1.30, p = 0.14, n2 = 0.20]. Pup-directed
vocalizations had a lower peak frequency and higher LFCC
values than adult-directed vocalizations from the same females
(Table 1). Details on the GLMs (Supplementary Tables S1, S2)
and additional paired Wilcoxon tests can be found in the
Supplementary Material.
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significantly for six LFCCs (linear frequency cepstral coefficients; LFCC 2, 5, 6, 7, 9, and 12); this suggests that pup-directed vocalizations have different acoustic
properties (e.g., timbre) than adult-directed vocalizations of the same individual. Means for each call category (PD, AD) and female are shown. The differences in
peak frequency of PD and AD vocalizations (mean: PD vocalizations: 36.5 kHz, AD vocalizations: 44 kHz) are shown next to the LFCC results. (B) The Euclidean
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and males from a different social group; this indicates that isolation calls from males and pups of the same social group share a group signature. The data includes
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Although the overall classification success (25%) of the DFA was
higher than expected by chance (7.7%), most MD sequences were
not correctly classified to the respective female (N = 13 females;
Supplementary Table S3). The overall mean classification
success resulted from a few females that had a classification
success of 50% or higher (three females), whereas in many
females the classification success was 0% (six females). Therefore,
MDs do not seem to encode sufficient interindividual variation to
allow for reliable individual discrimination.

Pup-Directed Vocalizations of Adult
Males

In each monitored colony, both harem males and peripheral
males produced complete ICs in response to pup ICs (Table 2,

TABLE 1 | Difference in acoustic parameters between pup-directed and
adult-directed vocalizations of females.

Dependent F-value (1,40) n2  p-value Trajectory adult-directed
variable to pup-directed
LFCC2 21.074 0.34 <0.001 Increase

LFCC5 46.032 0.53  <0.001 Increase

LFCC6 22.161 0.35 <0.001 Increase

LFCC7 7.682 0.16 0.008 Increase

LFCC9 24.028 0.37  <0.001 Increase

LFCC12 9.127 0.18 0.004 Increase

Peak freq. 23.295 0.36 <0.001 Decrease

Multivariate GLM results for seven dependent variables and call type, the only
independent variable which had a significant influence. Pup directed = maternal
directive calls. Adult-directed = simple calls.

columns 5 and 6). Male IC production was usually restricted to a
single IC, only in a few cases males produced several successive
ICs. Male IC production was observed when pups were between
10 and 30 days old (observed during 5 weeks, at least once up to
three times per week in the same colony). In most cases (78%),
males produced ICs after a pup emitted ICs. Male IC production
seemed not to be directed to a specific pup. In 11% of cases, males
produced ICs after a pup uttered a short vocal practice bout (i.e.,
multisyllabic vocal sequence; see Knornschild et al., 2006) which
contained mainly IC end syllables. In the remaining 11% of cases,
male IC production could not be related to any preceding pup
vocalization, but was sometimes followed by pup ICs or vocal
practice sequences. During IC production males and pups never
engaged in any behavioral activity with one another.

TABLE 2 | Male isolation call production.

Colonies Harem Peripheral IC IC Females Pups Harems
males  males (PM) from from
(HM) HM PM
1: TO 1 0 Y na 3[2] 3 1
2: TR 3 2 Y@ Y@ 81[7] 7[6] 3
3:B 1 2 Y Y (1) 5 4 2
4: CW 3 2 Y(1) Y(© 9 9 3
5:INH 2 1 Y2 Y1) 6 3 2
6: PH 3 2 Y2 Y@ 11 8 3
7:LH 2 1 Y(1) Y(Q) 6 5 3

Representation of the IC production and the social group composition of each
monitored colony. Numbers in parentheses depict how many males of the
respective colony residents were observed to produce ICs (column 4 and 5).
Numbers in square parentheses depict changes in colony social group composition
during the field seasons as females (and their respective pups) sometimes
disappeared. Colonies 1-4 belong to the Costa Rican population, colonies 5-7
belong to the Panamanian population.
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Acoustic Similarity Between Males and
Pups

Pup ICs had a higher acoustic similarity to the ICs of males that
belonged to their colony than to ICs of males from other colonies
(paired Wilcoxon Test: V = 105, p = 0.0001, effect size: r = 0.881,
Figure 2B). For all 14 pups, the Euclidean distances to the male
from the same colony was smaller than to the mean value for the
males from the other colonies. When investigating the Euclidean
distances between pups and males separated for populations
the result is not significant anymore, but shows a trend (paired
Wilcoxon Test: V =78, p = 0.1; see Supplementary Material).

DISCUSSION

We detected pronounced acoustic differences between pup-
directed and adult-directed female vocalizations which were
consistent for all tested females. The values for all six LFCCs
increased from adult-directed to pup-directed vocalizations
(Figure 2A). Thus, our data indicates that the timbre of
female vocalizations differed between adult-directed and pup
directed calls. Pup-directed and adult directed calls are
different vocalization types, so differences in peak frequency
are not surprising (average peak frequency of pup-directed
vocalizations: 36.5 kHz, adult-directed vocalizations: 44 kHz).
However, the large and consistent differences in LFCCs, which
encode information on both pitch and timbre (De Poli and
Prandoni, 1997; Piazza et al,, 2017), suggest that the sound
of the females’ voice changed depending whether they were
addressing their pups or adult conspecifics. This is similar to
findings from human mothers which, irrespective of language,
consistently shifted the timbre between adult-directed speech
and motherese (Piazza et al., 2017). Our study describes for
the first time a phenomenon that could be interpreted as
reminiscent to motherese in bats. However, since our data set
is very small, further investigations are needed before any final
conclusions can be drawn.

In humans, motherese facilitates language learning (Kuhl
et al., 1997) and its prosodic salience draws the infants’ attention
toward the linguistic input (Grieser and Kuhl, 1988).

Despite the seemingly effortless language acquisition by
infants, language learning is a complex and challenging task.
Infants must learn the phonetic repertoire; they have to learn
which speech subunits mark word boundaries (i.e., meaningful
units) and which syllabic compositions occur in their native
language. Motherese supports language learning by exaggerating
lexical and grammatical structures (e.g., exaggeration of formant
frequencies is crucial for vowel discrimination) (Kuhl et al., 1997;
Thiessen et al., 2005). Furthermore, motherese also provides
social benefits; it promotes turn taking enhances the infants’
attention toward the speech input and increases arousal (Fernald,
1985; Fernald and Kuhl, 1987; Grieser and Kuhl, 1988). The
latter two are known to play an important role in memory
and associative learning, two cognitive skills that influence
language learning (Werker et al, 1994; Frick and Richards,
2001). Therefore, it is suggested that motherese might also
function as a general positive feedback for the vocalizing child,

promoting further speech production (Fernald, 1985; Grieser
and Kuhl, 1988). However, childlike vocalizations (e.g., cries)
are themselves a trigger for parental responses. Parents are even
able to infer the level of distress based on the acoustic structure
(Lingle et al., 2012). Also, playful vocal behavior such as babbling
elicits motherese (Gros-Louis et al.,, 2014; Albert et al., 2018)
which in turn promotes further babbling, thus leading to a
positive feedback loop.

The function of female MDs in our focal bat species is
not yet fully conclusive. The onset of MD call production
coincides with increased pup independence, increased vocal
practice behavior (Knornschild et al, 2006) and increased
behavioral activity (e.g., short flights within the day-roost). The
production of MDs was observed in two contexts, during mother-
pup reunions and during vocal practice bouts of the pup.
Contrary to our expectation, we did not detect an individual
signature in MDs, suggesting that they do not support mother-
pup reunions as is the case in other bats (Brown, 1976;
Esser and Schmidt, 1989; Balcombe and McCracken, 1992).
In S. bilineata, mothers are able to discriminate between own
and alien pups based on an individual signature encoded in
ICs (Knornschild and von Helversen, 2008) and females do
not react aggressively toward alien pups, even when pups
persistently and unsuccessfully solicit for maternal care from
an alien female (personal observation A.A.F). Hence, pups may
not need to discriminate between females because unidirectional
recognition is sufficient. As aforementioned, MDs were also
observed during vocal practice bouts of pups, in which pups
learn to sing by imitating adult tutors (Knérnschild et al., 2010).
Usually, infant-directed vocalizations are frequently produced
in response to ICs (Esser and Schmidt, 1989). ICs can encode
different types of information such as identity information
(e.g., vocal signatures; Knornschild and von Helversen, 2008;
Knornschild et al.,, 2012) and motivational state (Scheumann
et al, 2007; Konerding et al, 2016). A few studies show
that parents adjust their response according to the acoustic
structure conveying the level of arousal (Lingle and Riede, 2014;
Konerding et al., 2016). However, in our case the MD was
emitted in relation to vocal practice bouts (see Supplementary
Material). So far, we did not detect any temporal relation
between MD sequences and pup vocalizations (Supplementary
Table S4) but we need further investigations and a larger
sample size to be sure whether our suggestion has to be
rejected or can be confirmed. We suggest that MDs serve
as a general positive feedback to pups during vocal practice
and provide similar social benefits as discussed previously for
motherese in infants.

Furthermore, we describe a pup-directed adult male
vocalization (adult IC) which seems strongly related to IC
production in pups. Pups’ ICs were acoustically more similar
to ICs of males from their own social group than to ICs of
males from other groups (Figure 2B). But we also found that
population affiliation affects the acoustic similarity between
males and pups (see Supplementary Material). However, this
influence is small and, with an adequate sample size, most likely
no longer significant. In most cases, pup IC bouts triggered
the IC production of adult males. Considering these findings,
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we hypothesize that ICs of adult males may serve as
guidance for the formation of the group signature in pup
ICs, which is observed after the onset of flight in pups
(Knornschild et al., 2012; Fernandez and Knérnschild,
2017). Thus, call convergence toward an already existing
IC group signature could occur which would render vocal
group signatures stable over time. The function of the
group signature in ICs of S. bilineata remains to be
investigated experimentally. Observations suggest that it
may be of use when ICs of adult males are directed
toward other adults. Two scenarios have been observed
so far: (1) During agonistic interactions, submissive males
produced ICs after which the dominant males ceased to
be aggressive (Knornschild et al, 2012). (2) Philopatric
harem males produce ICs when courting newly immigrated
females for the first time (Knornschild et al., 2012). These
observations suggest that adult-directed ICs are used for
appeasement and to signal natal group affiliation; in both
cases, the observed group signature would be beneficial.
Thus, our new finding that adult males may influence
the group signature of pups ICs by producing ICs
themselves is intriguing but we need further investigations
with a considerably higher sample size (ie., calls per
individual and individual males per colony) to conclusively
confirm our hypothesis.

To conclude, our study indicates that parent-offspring
communication in bats is more complex than was anticipated.
Female pup-directed vocalizations seem to be reminiscent
of human motherese, an interesting phenomenon that
warrants further detailed studies. Moreover, male pup-directed
vocalizations may facilitate the transmission of a vocal signature
across generations, thus adding a new aspect to the study of social
influences on vocal development.
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