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The capacity to modify vocal syntax to changes in social context is an important component of vocal
plasticity and complexity in adult vertebrates, especially in human speech. The ecological signiﬁcance of
this behaviour has been well established in some avian species but not in mammals where complex,
multisyllabic vocalizations are rare. The Brazilian free-tailed bat, Tadarida brasiliensis, is a mammal that
sings like a bird, producing hierarchically structured songs that vary in the order and number of phrases
(i.e. syntax) from one rendition to the next while simultaneously following speciﬁc organizational rules.
Here, we used playback experiments to examine the function of songs and tested whether song syntax is
correlated with social context. Free-tailed bats responded rapidly and robustly to echolocation calls that
mimicked a bat ﬂying past the roost but did not respond to conspeciﬁc song playbacks. We compared
songs that were directed at a passing bat with songs that were produced spontaneously and found that
bats produced longer songs with different phrase content and order when singing spontaneously than
when singing to bats approaching their roost. Thus, free-tailed bats quickly varied song composition to
meet the speciﬁc demands of different social functions. These distinct singing behaviours are similar to
those of some songbirds, suggesting that bats and birds have converged upon a similar set of production
modes that may reﬂect common neural mechanisms and ecological factors.
Ó 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

An important milestone in the evolution of animal communication is the transition from monosyllabic to polysyllabic vocalizations (Maynard Smith & Szathmáry 1995). While the information
in monosyllabic vocalizations is limited to changes in the acoustic
features of a syllable (phonology), multiple syllables add an entirely
new dimension of potential ﬂexibility and information, namely
syntax, or the way in which elements are ordered and combined.
The use of learned, multisyllabic vocalizations with ﬂexible syntax
is most widely seen in birds (Kroodsma & Miller 1996). Songbirds
are especially well known for the widespread use of multisyllabic
songs associated with mating and territorial defence (Marler &
Slabbekoorn 2004; Catchpole & Slater 2008). Syntax in birdsong
is salient (Balaban 1988), and social context may play a large role in
song structure and note use (Catchpole & Slater 2008; Byers &
Kroodsma 2009).
In contrast, most mammals produce monosyllabic, ﬁxed signals
with much less ﬂexibility than birds (Hammerschmidt & Fischer
2008; Snowdon 2009; but see Arnold & Zuberbühler 2006;
Clarke et al. 2006; Ouattara et al. 2009). Although various examples
of singing have been documented in mammals (Payne & McVay
1971; Mitani & Marler 1989; Davidson & Wilkinson 2002; Behr &
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von Helversen 2004; Holy & Guo 2005; Clarke et al. 2006; Bohn
et al. 2009), there is no evidence that mammals alter song
composition and structure in ways comparable to songbirds. This
key behavioural distinction has been attributed to the general
absence of a neural substrate supporting vocal plasticity in mammals that is present in both songbirds and humans (Doupe & Kuhl
1999; Jarvis et al. 2005; Kao et al. 2005; Jürgens 2009).
Cetaceans and bats may be exceptional since both groups have
evolved a suite of neural adaptations to support laryngeal echolocation. They are the only two groups of mammals that demonstrate
vocal learning (Boughman 1998; Janik 2000; Foote et al. 2006;
Knornschild et al. 2010), juvenile babbling (Knörnschild et al.
2006), regional dialects (Cerchio et al. 2001; Ouattara et al. 2009)
and cultural transmission of vocalizations (Deecke et al. 2000;
Garland et al. 2011). If these behaviours are indicative of a neural
substrate that supports vocal plasticity, it is likely that some cetaceans and bats may also possess the capacity to rapidly vary vocal
syntax in response to social cues.
Brazilian free-tailed bats, Tadarida brasiliensis, produce songs that
are remarkably similar acoustically and behaviourally to birdsongs.
Free-tailed bat songs follow a hierarchical structure where three
types of phrases (chirps, trills and buzzes) are in turn composed of
four types of syllables (Chirp A, Chirp B, trill and buzz; Bohn et al.
2009; Fig. 1). Free-tailed bat songs are highly ﬂexible while
following a clear and consistent syntax. The number and order of
phrases dynamically vary from one rendition to the next, while
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Figure 1. Spectrograms of songs produced by male free-tailed bats. (a) A bat produces a chirp-trill-buzz song type in response to an echolocation playback (Supplementary Audio
S1). (b) The same bat produces a chirp-trill-chirp song type spontaneously in the roost (Supplementary Audio S2). (c) A different bat produces a chirp-buzz song type
(Supplementary Audio S3). Upper case letters refer to the ﬁrst four Chirp A and Chirp B syllables. Note that for the song in (b), the complete phrase sequence is chirp-trill-trill-chirp,
but when deﬁning ‘song types’, sequential repetitions of phrases are omitted.

simultaneously adhering to a speciﬁc set of rules (Bohn et al. 2009).
Although some “song types” are preferred over others (Fig. 1), the
number of repeats of trill and buzz phrases vary within each song
type. Thus, a few element types (in this case phrases) can be combined to form a potentially enormous set of unique signals. This
‘combinatorial syntax’ (Hailman & Ficken 1986) has been observed in
only a handful of avian species including chickadees (Hailman &
Ficken 1986; Hailman et al. 1987; Ficken et al. 1994) parrots
(Wright & Dahlin 2007) and hummingbirds (Rusch et al. 1996).
As in songbirds, free-tailed bat songs are produced exclusively
by males and singing is especially pronounced during the mating
season. During this time, males establish territories that they
aggressively defend against other males, but in which they allow
females to reside (Bohn et al. 2008). However, males also sing year
round and in all-male colonies, so songs may function in other
social contexts besides mating. This is remarkably similar to
chickadee calls, which have combinatorial syntax that varies with
social (Ficken et al. 1994) and environmental (Soard & Ritchison
2009) context. Free-tailed bats have a large vocal repertoire
(Bohn et al. 2008), roost in the millions and have all-male, all-female or mixed-sex colonies that ﬂuctuate across seasons. Thus, the
broad diversity of song types may reﬂect behavioural responses to a
highly variable social environment.
Due to the cryptic nature of bats, as well as the short duration,
fast tempo, and ultrasonic frequencies of their songs, it has been
difﬁcult to discern speciﬁc stimuli or behavioural contexts that
evoke singing. Since visual cues are generally unavailable to detect

conspeciﬁcs from within roost sites, we hypothesized that bats use
auditory stimuli to assess social context and that songs may be
primarily used to advertise males’ hidden locations to ﬂying conspeciﬁcs. In this study we used playbacks of echolocation passes
and conspeciﬁc songs to determine whether they evoke singing
and to test whether bats vary their songs with social context.
METHODS
Playbacks
We conducted 10 playback experiments, each at a different
location at a natural roosting site located on the Texas A&M University campus (College Station, TX, U.S.A.). At this site, bats roost in
discrete locations in cracks that run between the concrete slabs of
the football stadium. We selected 10 roost sites that were outside of
the hearing range of each other and placed two speakers and a
microphone within 0.25 m of the crack. Each playback experiment
consisted of two types of playbacks, echolocation and song. In
addition, we conducted ﬁve echolocation playbacks within a vivarium using captive T. brasiliensis, where one male singer was
present at a time (N ¼ 5 males). The Texas A&M Animal Care and
Use Committee approved all procedures and animal husbandry for
this research (protocol number number 2007-254). Stimuli were
played from a laptop computer running Avisoft RecorderÓ through
a PCMCIA card (NI DAQCard-6062E) to a Pioneer ribbon tweeter
(ART-55D), via a Sony power ampliﬁer (STR-DE598).
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5 kHz and 80 kHz and peak-to-peak amplitudes were normalized
to 1.5 V.
One bout of three echolocation passes and one bout of three
songs were created for each caller (N ¼ 5 for echolocation, N ¼ 5 for
song) using random intervals from recordings (between 3.5 and
9.5 s for echolocation and between 0.3 and 5 s for song; Fig. 2). Each
echolocation playback and each song playback consisted of alternating 270 s of background noise with one bout from each of the
ﬁve callers in random order. Echolocation bout durations ranged
from 15 to 19 s, while song bout durations ranged from 6 to 13 s.
The different durations for echolocation and song stimuli resulted
in each echolocation playback lasting about 24 min and each song
playback lasting about 21 min. For all analyses we corrected for this
by examining the number of responses per second. In the laboratory, only echolocation playbacks were conducted. In the ﬁeld, the
entire echolocation playback and the entire song playback were
conducted in alternating order at each site.

To create echolocation stimuli, echolocation passes were
recorded from ﬁve males, one at a time, that were free ﬂying in a
6  2  3 m ﬂight-room lined with acoustic foam. The microphone (Bruel & Kjær, type 4939, ¼ inch) was placed in the centre
of the room where echolocation passes were recorded as the bats
ﬂew over the microphone, resulting in an amplitude pattern that
mimicked a wild bat’s approach during playbacks (Fig. 2).
Although the echolocation passes recorded from captive bats
differed somewhat from those of wild bats, they were produced in
similar highly cluttered environments (at the wild colony, ca. 2 m
of space in front of each roosting site is surrounded by cement).
Echolocation passes were digitized with a National Instruments
DAQmx card, NI PCI-6251 (300 kHz, 16-bit sample rate) and Avisoft software (v.2.97, Avisoft Bioacoustics, Berlin). Song stimuli
were obtained from previous recordings we had performed in
captive colonies where songs were produced spontaneously in the
roosts (Bohn et al. 2009; Fig. 2). Three songs with high signal-tonoise ratios were selected from each of ﬁve males. For echolocation passes and songs, intervals between syllables were replaced
by silence, and a small (0.5 ms) taper was added to the beginning
and end of each syllable using Signal 4.0 (Engineering Design,
Belmont, MA, U.S.A.). Files were then band-pass ﬁltered between
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Figure 2. Examples of playbacks. (a) Diagram of an entire playback of echolocation passes or songs. Each bout is from a different individual. (b) A bout of echolocation passes from
one bat. (c) A bout of songs from one bat. (d) Spectrograms of the boxed portion of (a). (e) Spectrogram of the boxed portion of (b).
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(300 kHz/16 bit). Recordings were divided into four contiguous
periods: (1) 20 s pre, immediately preceding stimuli, (2) echo or
song, beginning with and encompassing stimuli, (3) 20 s post,
immediately following stimuli and (4) 230 s control. For responses,
songs were identiﬁed from other vocalizations by their unique
alternating temporal pattern of Chirp A and Chirp B syllables (Fig. 1;
also see Bohn et al. 2009). We visually inspected all recordings and
noted the duration and phrase sequence (each chirp, trill and buzz
phrase) of every song. Additionally, because sequences were so
variable, we also categorized songs into ‘song types’ by excluding
repeats of trills and buzz phrases (Fig. 1).

individuals but vary among individuals (Bohn et al. 2008). We
identiﬁed eight bats for which we had at least 10 songs and performed a logistic regression using context as a factor and subject as
a block on the same song type and phrase order categories as the
chi-square contingency test. In addition, we identiﬁed 21 bats for
which we had at least ﬁve songs in both contexts and used paired t
tests to compare the duration of songs, the frequency of songs with
buzzes and the frequency of songs with trills between the two
contexts. Finally, for bats that produced trills or buzzes in at least
ﬁve songs in both contexts (N ¼ 15 and 18, respectively), we used t
tests to determine whether the number of repeats varied between
contexts.

Analyses
RESULTS
We examined the number of song responses in two ways. First,
we pooled responses across all experiments for each stimulus type
and for each playback caller (N ¼ 5 bats’ echolocation passes, N ¼ 5
bats’ songs) and used a randomized block design ANOVA with
playback caller as a block, and period (control, pre, echo/song, post)
and stimulus type (echo or song) as factors. To verify whether our
ﬁndings were consistent across experiments and not due to one
exaggerated experiment, we performed an ANOVA as above, but
instead of pooling all responses, we kept each experiment separate
as a block (N ¼ 10 sites in the wild). Statistics were conducted
identically for the captive colony experiments except they lacked
the song/echo effect (only echo playbacks were performed) and
there were only ﬁve experiments, each on a separate subject.
Using the experiments conducted at the natural colony, we
compared song structure during two distinct contexts: songs produced during an echolocation pass (see Results, Fig. 3) and songs
produced spontaneously in the roost during control and pre periods of all playbacks. For this analysis, we did not use post periods
because song production was slightly elevated and may have been
in response to stimuli. We also did not use responses to song
stimuli because there were almost no songs produced during these
periods. Although we were unaware what speciﬁcally triggered
spontaneous songs, we knew it was not a passing bat since no bats
were ﬂying during these experiments.
First, we used a chi-square contingency test to compare the
frequency of the four most common song types (phrase order with
buzz and trill repeats ignored) and complete phrase sequences
(including repeats) between echolocation playback periods (echo)
and control/pre periods (spontaneous). To test whether individuals
modiﬁed songs between contexts, we identiﬁed individuals using
their Chirp B syllables, which are highly stereotyped within

30

During 10 playback experiments, we recorded songs at a rate of
more than 100 songs/h, with a total of 699 songs from 39 different
males (equipment failed during one song playback). Although the
number of singing males varied between roost sites, the density of
singers at a given site did not affect individual singing rates
(regression of average number of songs per male versus number
of males in a site: F1,9 ¼ 0.14, P ¼ 0.7). Bats responded to echolocation passes but not to conspeciﬁc songs (ANOVA: song/echo:
F1,31 ¼ 20.6, P < 0.0001; control/pre/stimulus/post: F3,31 ¼ 29.0,
P < 0.0001; interaction: F3,31 ¼ 24.8, P < 0.0001; Figs 3, 4a). The
only signiﬁcant difference following Tukey tests (alpha ¼ 0.05) was
between echolocation periods and all others. These effects were
robust in that the same results were found when data were analysed relative to each experiment (song/echo: F1,359 ¼ 25.8,
P < 0.0001; control/pre/stimulus/post: F3,359 ¼ 36.3, P < 0.0001;
interaction: F3,359 ¼ 31.0, P < 0.0001).
Responses to echolocation passes were both rapid and robust.
Out of 50 sets of echolocation passes (N ¼ 5 different bats’ passes
per playback, N ¼ 10 playbacks), bats responded 74% of the time
with a total of 215 songs. During the interval immediately preceding stimuli, we recorded songs only 6% of the time across
all experiments (three songs). Echolocation-provoked singing
occurred very rapidly with onset latencies ranging from 200 to
500 ms (Fig. 3). We also ran echolocation playbacks on isolated
males in our captive colony and found similar results: singing was
rapidly and robustly provoked via playbacks of echolocation passes
(F3,12 ¼ 16.05, P ¼ 0.0002; mean  SE number of songs/20 s: echo
stimulus ¼ 5.8  1.2; pre ¼ 0.13  0.08; post ¼ 0.93  0.46; control ¼ 0.14  0.07; analysed relative to subject: F3,54 ¼ 15.6,
P < 0.0001; Fig. 3; Supplementary Video S1, Audio S4).
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Figure 3. Number of songs produced by bats at 100 ms intervals relative to the start of stimulus onset of (a) songs (N ¼ 135 stimulus songs, N ¼ 10 response songs) or (b)
echolocation passes (N ¼ 135 stimulus echolocation passes, N ¼ 92 response songs). In (b), grey bars represent wild bats’ responses; black bars are superimposed and represent
captive bats’ responses (N ¼ 28 songs, N ¼ 45 echolocation passes).
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For the natural colony experiments, we tested whether the
composition of songs produced during the stimulus periods of
echolocation playbacks differed from those produced spontaneously in the roost. First, we examined the distribution of phrase
sequences and song types. There were a total of 69 different phrase
sequences, of which 52% were the four most common sequences:
chirp, chirp-buzz, chirp-trill-buzz and chirp-trill-trill-buzz). We
found no correlation between phrase sequences and context using
the four most common sequences and pooling the remainder into
an ‘other’ category (c24 ¼ 7:0, N ¼ 587 songs, P ¼ 0.14). There was
also no difference between contexts for eight bats that produced
at least 10 songs in each context (logistic regression: c24 ¼ 4:2,
P ¼ 0.28). There were 26 song types (phrase sequences excluding
trill and buzz repetitions (Fig. 1, Table 1), of which 84% were the four
most common types: chirp-trill-buzz, chirp-buzz, chirp-trill and
chirp. Comparing the relative frequency of these song types and a
ﬁfth ‘other’ category between echolocation and spontaneous contexts revealed that more songs during echolocation passes were
chirp-trill-buzz than expected (38% of 213 echolocation response
songs versus 28% of 385 spontaneous songs), whereas more
spontaneous songs were chirp-trill (13% versus 7%) or chirp (22%
versus 15%) than expected (c24 ¼ 13:0, P ¼ 0.01). There was no
signiﬁcant difference in the frequency of chirp-buzz song types
(24% and 21% for echo and spontaneous, respectively) or in the
frequency of ‘other’ songs (16% in both contexts). We used a logistic
regression on the same song types with bat as a block and context
as a factor for eight bats that had at least 10 songs in each context
and found similar results (c24 ¼ 22:0, P ¼ 0.0002; mean percentage
of song types during echo and spontaneous contexts: chirp: 16%
and 26%; chirp-trill: 3% and 18%; chirp-buzz: 27% and 15%; chirptrill-buzz: 40% and 27%; other: 18% and 13%).
Next, we examined four song parameters for individuals that
produced at least ﬁve songs in the two contexts: duration, number
of phrases, whether or not songs contained buzzes and whether or
not songs contained trills. We found that songs produced during
echolocation stimuli were signiﬁcantly shorter but also more
frequently included buzz phrases than spontaneously produced
songs (paired t tests: duration: t20 ¼ 2.8, P ¼ 0.01, Fig. 4b; buzz
phrase: t20 ¼ 2.7, P ¼ 0.01, Fig. 4c). There was no difference between
songs produced in the two contexts with respect to the frequency of
trills (t20 ¼ 0.64, P ¼ 0.53) or number of phrases (t20 ¼ 0.20,
P ¼ 0.84). Finally, we tested whether the number of phrase repeats
differed between contexts for those songs that contained buzzes or
trills. We found no difference between contexts for the number of
buzz repeats (t17 ¼ 0.81, P ¼ 0.43) or trill repeats (t14 ¼ 1.7, P ¼ 0.10).
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Playbacks mimicking the echolocation call sequences of passing
bats rapidly triggered stimulus-speciﬁc singing. The rapid response

Table 1
Distribution of song types produced by Brazilian free-tailed bats at the wild colony
during playback experiments
Song type

N songs

Percentage

chirp-trill-buzz
chirp-buzz
chirp
chirp-trill
chirp-trill-chirp
chirp-trill-chirp-buzz
chirp-trill-chirp-trill-buzz
chirp-trill-chirp-trill
Other (N¼18 song types)
26 song types

243
148
134
65
27
27
17
5
33
699

34.8
21.2
19.2
9.3
3.9
3.9
2.4
0.7
4.7

Figure 4. (a) Songs produced by bats before (pre), during (stimulus) and after (post)
playback of echolocation and song stimuli, and during the control period (control). (b)
Song duration and (c) percentage of songs with buzzes produced in response to
echolocation stimuli and produced spontaneously (control and pre periods of (a)).

and tight temporal correlation between the echolocation pulse
stimuli and the onset of the bats’ singing leaves little doubt that the
evoked songs were directed to the perceived presence of a passing
bat. Although our experiments were conducted during the day,
when few bats normally ﬂy (except between roosts), we obtained
the same results in the laboratory and when bats were actually
ﬂying (Video S1). Thus, we are conﬁdent that bat song is a robust
and natural response to approaching conspeciﬁcs. Conspeciﬁc song,
however, did not evoke singing, even though the spectrotemporal
acoustic structure of some song syllables are very similar to
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echolocation pulses (Bohn et al. 2008). This indicates that the
overlying temporal pattern of acoustic stimuli inﬂuenced the bats’
responses.
The rapid responses of bats to the echolocation pulses of
approaching conspeciﬁcs exemplify the use of echolocation signals
for social interactions. By eavesdropping on echolocation signals,
males can sing when they are certain a conspeciﬁc is in audible
range. Interestingly, echolocation calls of approaching conspeciﬁcs
also trigger song in the greater sac-winged bat, Saccopteryx bilineata (Knörnschild et al. 2012). In this species, different songs are
used based on the gender of the approaching conspeciﬁc, indicating
that males can identify gender based on echolocation call acoustics
(Knörnschild et al. 2012). Although we only played male echolocation calls, it is unlikely that free-tailed bats recognize the gender
of the caller since research has shown that there is a great deal of
within-individual variation in echolocation calls in this species and
no differences between males and females in echolocation call
structure (Gillam & McCracken 2007).
Echolocation-evoked songs were more likely to include all three
of the main song phrases but were shorter than spontaneous songs.
The shorter duration of these songs was not attributable to fewer
numbers of phrases but instead likely reﬂect shorter durations of
the phrases themselves. Echolocation-evoked singing likely notiﬁes
passing bats of the presence and location of an occupied and suitable day roost, a critical need for migratory bats that may not be
familiar with the local territory. These shorter songs are tailored to
the context in which it they are used because they must rapidly
convey sufﬁcient information to capture the attention of a ﬂying
conspeciﬁc that would pass beyond hearing range within 1e2 s.
Although these data do not show whether echo-induced songs are
directed exclusively at females or males, these songs may serve
both functions; attracting females and warning males, much like
what is seen in songbirds (Kroodsma & Miller 1996). The function of
spontaneous singing is less clear. Song variation may reﬂect a variety of social contexts in these densely crowded roosts, such
as attracting females to the male’s location within the roost,
deﬁning or maintaining dominance hierarchies, or promoting
group cohesion.
Our ﬁnding that free-tailed bats vary the syntax of their songs in
different social contexts is unique among mammals. Chick-a-dee
calls that have similar combinatorial syntax also show correlations between sequence order and social context (Ficken et al.
1994). However, even songbirds that do not use combinatorial
syntax, per se, and can vary song structure and syntax across
different contexts (Sossinka & Böhner 1980; Dunn & Zann 1996;
Woolley & Doupe 2008; Byers & Kroodsma 2009). This variability
has been closely tied to neural activity in an avian analogue of the
mammalian striatothalamocortical network, the songbirds’ anterior forebrain pathway (Jarvis et al. 1998, 2005; Kao et al. 2005). A
similar network is believed to be important for speech (Jarvis
2004), and, in a pathological state, may underlie a plethora of human speech disorders (Lieberman 2007). Striatal dopamine subserves vertebrate vocal plasticity and appears to be a key substance
for inducing song variability (Jarvis et al. 1998; Kao et al. 2005). In
mammals, incorporation of the striatothalamic network into the
vocal control circuitry may have been a critical step towards the
evolution of human speech (Doupe & Kuhl 1999; Jarvis 2004;
Jürgens 2009), yet vocal plasticity is rare in mammals with correspondingly little evidence that the basal ganglia participates in
mammalian vocal communication (Jürgens 2009). Unlike most
mammals, however, echolocating bats routinely modulate the
timing and acoustic structure of their vocalizations. Free-tailed bats
show vocalization-related neuronal activity in the dorsolateral
striatum (Schwartz & Smotherman 2011) and pharmacological
manipulations of striatal dopamine profoundly inﬂuence

sensorimotor control of the free-tailed bat’s voice (Tressler et al.
2011). We have yet to show whether bat song composition is
directly inﬂuenced by basal ganglia activity, but similarities in the
way free-tailed bats and songbirds vary song composition indicate
the two disparate groups may share common design elements
within their song control circuitry. Identifying the neural basis for
these similarities may provide a useful new avenue for exploring
how, when and why vocal plasticity evolved in mammals.
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