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Summary

The comparative approach can provide insight into the evolution of human speech, language, and
social communication by studying relevant traits in animal systems. Bats are emerging as a model
system with great potential to shed light on these processes given their learned vocalisations, close
social interactions, and mammalian brains and physiology. A recent framework outlined the
multiple levels of investigation needed to understand vocal learning across a broad range of non-
human species including cetaceans, pinnipeds, elephants, birds and bats. Herein we apply this
framework to the current state of the art in bat research. This encompasses our understanding of
the abilities bats have displayed for vocal learning, what is known about the timing and social
structure needed for such learning, and current knowledge about the prevalence of the trait across
the order. It also addresses the biology (vocal tract morphology, neurobiology, and genetics) and
phylogenetics of this trait. We conclude by highlighting some key questions that should be
answered to advance our understanding of the biological encoding and evolution of speech and

spoken communication.
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Introduction

Vocal production learning (herein ‘vocal learning’) is widely studied given its
potential to shed light on the evolution of sensorimotor pathways, vocal-motor control,
auditory-motor integration, and human speech. Without the ability to learn to modify our
vocal output, humans would not have the extraordinary repertoire used to communicate
via spoken language. A range of animals share this trait with humans, including some
bird, bat, elephant, cetacean and pinniped species [1-3]. Utilizing multiple independent
lineages in comparative studies has the potential to reveal critical steps necessary for
biological encoding and evolution of this trait [4-6].

Bats provide a number of advantages compared to other vocal learning species.
While birds are some of the most accomplished and well-studied vocal learners, Aves is
separated from Mammalia by ~300 million years of evolution, leading to substantial
morphological (syrinx vs. larynx), neurobiological (nuclear pallium vs. layered
neocortex), and genetic differences. Unlike many terrestrial mammals, bats are highly
vocal and often have extensive vocal repertoires [7-11]. Many are also highly social [12]
and exhibit various degrees of social complexity [13]. Other mammalian vocal learners
are not as easily used for experimental studies, given their size and habitats. This is
particularly true given that some bat species can be kept in breeding colonies in which
they will reproduce. Group-living species present opportunities for controlled
behavioural, morphological, neurobiological, and genetic studies to be performed with
reasonably large numbers. Moreover, many bat species can live for a decade or longer in
captivity [14], which permits longitudinal studies.

It should be noted, however, that studying bats also presents challenges. Despite
tremendous diversity, not all species are easily bred in captivity (exceptions include
frugivores, such as Rousettus aegyptiacus, Phyllostomus discolor, or Carollia
perspicillata, or sanguivores, such as Desmodus rotundus). Furthermore, most bats have
relatively long generation times (e.g. first reproduction occurs after either 1 or 2 years of
age) and low fecundity (e.g. one or two offspring per year), meaning that the number of
related animals per experiment will be necessarily low compared to mouse or some bird
studies. Furthermore, because of the relatively small number of studies on bat vocal
learning [4] many of the tools needed to investigate this trait are not yet present. Indeed,
bat social communication calls have historically been relatively neglected, compared to
work on echolocation, and thus the knowledge of and range of tools for assessing bat
social calls is still limited. Similarly, comparatively little is known about detailed cortical
structures of bats outside of auditory areas, which have been intensively studied, but only
in a handful of echolocating species. Lastly, we must not overlook the importance of
conservation concerns related to invasive bat research. Of the ~1300 bat species
identified, around 23% are considered near threatened, vulnerable, endangered or
critically endangered, and a further ~17% are data deficient IUCN Red List;
www.iucnredlist.org). Thus for ~40% of bat species, we must approach their study with
caution to avoid deleterious effects on populations.

Herein we summarise the state-of-the art of bat vocal learning, addressing the
‘WHAT’, “‘WHEN’, ‘HOW’, “WHO’ and ‘WHY" of vocal learning in bats (Figure 1) [4],
and highlight areas most in need of future study.

Evidence of vocal learning in bats (WHAT and WHEN)
We focus on vocal production learning [15] because of its importance for human
spoken language, and because most studies on bats that claim to have relevance for vocal
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learning involve modification to vocalizations. In addition to reviewing the evidence for
vocal learning, we discuss information regarding the ontogeny of vocal learning and the
extent to which learning is or is not open-ended.

Definitions of vocal production learning vary from modification of a vocalization
in response to auditory experience [15, 16], to development of calls that match those of
individuals with whom the learner has interacted [17], and may be copied from
conspecifics (imitation) or heterospecifics (mimicry). A proposed categorisation involves
separating animals into limited versus complex vocal learners [17]. Limited vocal
learning is described by Tyack (2016) as modification of acoustic features of existing
vocalisations, while complex vocal learning refers to cases where an animal learns to
produce a novel call type rather than modification of a pre-existing call. Another
classification system is the continuum hypothesis, which proposes that vocal learning
abilities occur along a continuum of abilities from limited (subtle modification of existing
calls) to extensive (imitation of novel sounds) [18]. In both systems, birds, such as
mynabhs, parrots, or lyrebirds, that imitate the sounds of other species are clear examples
of complex/extensive vocal learning, while species that learn to produce variants of a
species-typical song, such as white-crowned sparrows, are considered more limited vocal
learners. Importantly, even in sophisticated vocal learners, some part of the vocal
repertoire may be innate - for example humans retain innate vocalisations, such as crying
and laughter [17].

To date, all studies that have reported vocal learning in bats involve the
modification of vocalisations. These vocalisations vary between species and include
echolocation calls as well as social calls used either for parent-offspring reunions,
territorial defense, or maintaining group integration (Table 1; Figure 2). We focus on
examples that involve changes in vocalisation frequency, because such change is
essential for speech production and rare in nonhuman mammals [19].

Detecting change in the frequency of echolocation calls can be difficult when bats
emit calls that vary in frequency depending on the type of background clutter
encountered. Consequently, there are few examples of bats that emit frequency-
modulated (FM) echolocation calls to match conspecific calls. However, some FM bats
clearly do respond to auditory feedback from conspecifics either by not producing
echolocation calls [20] or by modifying call frequency in the presence of conspecifics
[21-24] or ambient noise [25, 26]. In contrast, bats that rely on constant frequency (CF)
echolocation calls produce long duration sounds that are centered on a narrow frequency
band, so it is relatively easy to determine if the frequency of an echolocation call emitted
while the bat is at rest is the same or different than another individual. Bats that use CF
echolocation calls can rapidly modify their outgoing frequency so that the echo from a
moving prey item consistently returns at the frequency of best hearing [27]. While such
Doppler-shift compensation (DSC) clearly represents vocal modification in response to
auditory feedback, this type of change is generally not considered vocal learning, because
it is very rapid and transient, and evidence implicating learning is lacking. However, it is
worth noting that bats that use DSC can clearly alter vocalisation frequency and might,
therefore, be good candidates for vocal learning.

Indeed, one of the first examples of bat vocal learning involves change in the
resting frequency (RF) of the constant frequency (CF) portion of the echolocation call of
greater horseshoe bats, Rhinolophus ferrumequinum. Jones and Ransome [28] discovered
that the RF of female bats change with age and that pups emit calls that match the RF of
their mothers, suggesting that RF is at least partially the result of maternal transmission.
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This suggestion is consistent with an earlier study, which found that horseshoe bats
deafened at 5 weeks of age eventually produced calls with RF up to 14 kHz different than
normal [29]. A more recent study on captive Taiwanese leaf-nosed bats, Hipposideros
terasensis, found that RF is influenced by the presence of conspecifics in the roosting
group. Bats that moved into a colony adjusted their RF by as much as 4 kHz in 8 to 16
days to match the colony [30]. This study provides evidence that conspecific frequency
matching is not limited to juveniles and indicates that the RF of bats in a colony could be
influenced by conspecific matching, although stress induced changes to RF should be
ruled out in the future.

The possibility that geographically isolated colonies of CF bats might then differ
in RF by chance, similar to how differences in killer whale dialects have been
hypothesized to arise [31], has been described as "cultural drift" and used to explain
geographic differences in the RF of many CF bats [e.g. 32, 33-36]. Geographic variation
in the RF of CF bats is widespread [37-39] and in some cases has been associated with
morphological changes in nasal cavities [40, 41] indicating that some frequency
differences may have a morphological and presumably genetic basis. In the absence of
experimental data, it is difficult to distinguish genetic from learned transmission; thus,
geographic variation in call frequencies provides, at best, indirect evidence for vocal
learning.

A second example of vocal learning involves social calls used for parent-
offspring reunions. Virtually all mammalian offspring emit calls when separated from
their mother. In bats, these "isolation" calls typically have individually distinctive
features [42], which are heritable [43, 44], and facilitate recognition and reunions [45]. In
some species, mothers respond to isolation calls by emitting a "directive" call. In the
lesser spear-nosed bat, Phyllostomus discolor, sinusoidal frequency-modulated isolation
calls converge on a maternal directive call [46] or a simulated call if pups are hand-reared
[47]. Maternal directive calls from different populations also contain group-specific
frequency differences [48]. Using an operant conditioning paradigm developed initially
for parrots [49, 50], Lattenkamp et al. [51] elicited spontaneous social vocalisations from
isolated adult males, most of which resembled sinusoidal directive calls. By rewarding
bats that met a highpass criterion, they were able to shift the duration of the bats' calls by
20% and the frequency by up to 3% (0.45 kHz). Thus, P. discolor can modify the
frequency of at least one type of social call both as juveniles and as adults.

The greater spear-nosed bat, Phyllostomus hastatus, also exhibits vocal learning,
but for a different type of call. Adult females use loud, low frequency broad-band calls to
coordinate foraging among group members [52]. These calls do not contain individually
distinct features, but they do differ between groups within and between caves [53, 54].
Females disperse from their natal groups and then join groups containing unrelated
individuals [55]. Adult vocalisations that contain group-specific information therefore
require call modification based on experience with the conspecific group. Experimental
transfer of individuals indicated that calls of all group members modified after transfer
and converged within six months [56].

Indirect evidence for vocal learning of group integration calls has been reported
for two other species. Female pallid bats, Antrozous pallidus, emit calls while flying prior
to selecting a diurnal roosting site. These calls resemble isolation calls [57] and have
individually distinct acoustic features [58]. In addition, call similarity among females is
influenced both by relatedness and matriline, with the latter effect consistent with vocal
convergence due to natal philopatry [59]. Similarly, disc-winged bats, Thyroptera
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tricolor, emit two types of calls much like a "Marco-Polo" game to locate group members
in a furled leaf roost. One of the calls contains information about individual and group
identity [60] and also exhibits geographic differences [61]. Both of these examples are
consistent with vertical transmission by learning, but experiments are needed to rule out
genetic transmission.

Another example of vocal learning involves Egyptian fruit bats, Rousettus
aegyptiacus, a species in the family Pteropodidae, which uses lingual echolocation
(tongue clicks) to enter and roost in caves and while foraging [62, 63]. This species has
multiple call types in its repertoire [10] and often emits vocalisations during agonistic
interactions in the roost [64]. Bats reared alone with their mothers take 5 months longer
for their calls to converge on the spectral norm of adults than bats reared in a group [65].
Moreover, pups raised in the presence of calls broadcast at either higher or lower
frequencies than normal, shifted their call frequencies toward those of the playbacks as
they developed from 3 to 6 months of age [66].

The final example of vocal learning involves vocalisations given by greater sac-
winged bats, Saccopyteryx bilineata, at a roost site. Males of this species produce
elaborate multi-syllabic songs to attract and defend groups of females [67-69]. Young
bats have more variable songs than adults [70], similar to songbird subsongs. Females
disperse, so males within a colony tend to be related [71]. Features of some calls within a
song converge on those of the territorial male, independent of relatedness, which is
indicative of call matching [72, 73]. Some call features also differ between colonies [74],
which is consistent with vocal learning, but could also be a consequence of male
philopatry and genetic variation.

It is tempting to expect vocal learning to occur in bats that produce courtship
songs given their apparent similarity to song in songbirds. Indeed males produce complex
courtship songs in several other bat species, especially in the family Molossidae [9].
While courtship songs of at least one species, Tadarida brasiliensis, appear to have a
hierarchical structure composed of composite elements [75] that can vary depending on
context [76], population differences indicative of dialects or other evidence suggesting
that these songs are learned have not yet been found [75]. However we would be remiss
if we failed to point out a key difference in parental care between songbirds and most
bats. Male songbirds typically sing at or near a nest where chicks are fed by both parents.
Consequently, young birds are frequently exposed to male song. In contrast, male bats
often sing on territories [77] that are far from the roost sites where pups are nursed by
females. Sac-winged bats are an exception that supports this idea, because males sing at
the roost where females nurse their young. We predict that if other cases of song learning
are found in bats, they may be in those species where male song is heard by young.

Based on current evidence, call matching appears to occur during pup
development of several distantly related species, e.g. Rhinolophus ferrumequinum,
Phyllostomus discolor, and Rousettus aegyptiacus. In each case, the frequency of the call
may change by a few kHz, but the type of call is characteristic of the species. In a few
additional species, such as Phyllostomus hastatus, P. discolor, and Hipposideros
terasensis, spectral matching also occurs in adult animals. We know too little at present
to speculate on how widespread this type of adult vocal flexibility may be. Furthermore,
we are not aware of any studies in which novel sound imitation or mimicry has been
tested in bats. From observational studies this does not appear to be a common or obvious
feature of bat vocal learning, however we can currently only speculate on the extent to



which bats may be capable of producing completely novel sounds or sequences until it is
more formally tested across species.

Proximate mechanisms underlying vocal learning in bats (HOW)

Although the proximate mechanisms of vocal learning in bats are still relatively
unknown, some morphological, neurobiological, and genetic features related to vocal
learning have been explored.

Bats can produce calls across a much larger range of frequencies than most other
mammals, including frequencies as low as 1 kHz (e.g. some social calls) and as high as
200 kHz (e.g. echolocation calls) [78]. Because the larynx and vocal tract shape these
vocalisations, their morphology and neural control determine the range of possible
vocalisations that an animal could produce. The structure of the larynx has been
investigated in a number of echolocating bats and is broadly similar to that of other
mammals [79, 80]. The source-filter model [19] initially proposed for human speech,
applies to bats and other mammals; the laryngeal source and the vocal tract filter are
considered to be largely independent [79, 80]. There are, however, some notable
differences observed in the bat larynx. For example, echolocating bats display superfast
laryngeal muscles that facilitate rapid call rates [81] and cartilage in the bat larynx
ossifies earlier than in other mammals, which has been suggested to allow them to
withstand the mechanical stress of echolocation [79]. The vocal folds of bats are
comparable to other mammals, except that they feature an extended thin membrane that
extends the vocal fold upwards. This vocal membrane is also found in some non-human
primates [79, 80] and is thought to enable high-frequency or ultrasonic call production.
Vocal membranes may also contribute to non-linear features during vocal production,
such as subharmonics, independent pitch production and noisy call structures [80, 82]. In
some rhinolophid bats, subglottal chambers have been observed [79, 83]. Lastly, in
humans, contraction of both the cricothyroid and vocalis branch of the thyroarytenoid
muscle contribute to fundamental frequency, but the fundamental frequency of
echolocation calls in bats is mainly controlled by contraction of the cricothyroid muscle
[79, 82].

While some features of calls may be determined by morphology, i.e. the structural
and biophysical properties of the larynx, neural control is crucial for the tuning and
spectro-temporal variations of the calls produced. As for other mammals, brainstem
control of the laryngeal muscle is mediated via motor neurons projecting from the
nucleus ambiguous [84]. In the midbrain, stimulation of the periaqueductal grey (PAG)
has been shown in many mammals, including bats, to elicit vocalisations [85]. In bats
echolocation calls and communication calls can be elicited via stimulation of distinct
regions of the PAG [86]. Stimulation of other midbrain structures, including the
paralemniscal area (PLA) and deep layers of the superior colliculus elicit echolocation,
but not communication, calls in bats [84, 87]. In the bat cortex, stimulation of the anterior
parts of the anterior cingulate cortex (ACC) can elicit echolocation, while stimulation of
posterior regions of the ACC can result in vocalisations akin to communication calls [84,
88]. Although the complete vocal-motor control circuitry is not yet defined in bats, these
data suggest that there may be different (but overlapping) neural pathways underlying
echolocation and social call production. This is perhaps not surprising given the different
primary purposes (communication vs. orientation), behavioural contexts, demands on
sensorimotor integration, and spectrotemporal adjustments needed for these different call
types [84].



In humans, voluntary vocalisations (e.g. speech) are controlled by the laryngeal
motor cortex (LMC), located in the ventral primary motor cortex [89, 90]. The human
LMC sends direct projections to the motor neurons of the nucleus ambiguus (NA) that
control the laryngeal muscles [91, 92], as well as indirect NA connections via the basal
ganglia (which is thought to play a role in control of learned vocalisations) [90, 93]. The
Kuypers-Jurgens hypothesis proposes that the direct connection between the LMC and
laryngeal motor neurons is required for vocal learning [94]. The presence of this direct
connection is supported in vocal learning species, such as humans and songbirds, while
data from vocal non-learning species, such as mice and non-human primates, suggest this
connection is not present, or only very weakly connected [89, 90, 95-97]. The location of
the laryngeal motor cortex in bats and the presence or absence of a direct connection
between LMC and NA are yet to be determined, although work is underway in multiple
labs and species to do so.

Work in songbirds [98] has suggested there are deep homologies in the molecular
mechanisms underlying vocal learning across songbirds and humans. The most
prominent gene involved in human speech disorders is FOXP2'. Disruption of this gene
leads to childhood apraxia of speech (CAS) in which the spoken language of affected
children is severely impaired [100]. In songbirds, FoxP2 disruption targeted to area X of
the song learning circuitry (analogous to the mammalian anterior striatum) prevents
accurate song learning in juvenile birds [101]. Even in mice, a vocal non-learning
species, Foxp2 has related functions as heterozygous loss of Foxp2 impairs motor-
learning skills [102]. Together these data suggest that some aspects of FoxP2 function in
motor/sensorimotor learning is shared across these diverse lineages.

The sequence of the FoxP2 protein is highly conserved across evolution. At the
amino acid level FoxP2 is 99.5% conserved between human and mouse [103] and 98.8%
conserved between human and zebra finch [98]. FoxP2 in bats remains constrained
(similarly displaying between 94.1-98.2% conservation with humans), however there is
evidence for accelerated evolution of FoxP2 in Chiroptera. A survey of 13 bat species
and 23 non-bat mammals, [104] identified more non-synonymous amino acid changes in
bats compared to non-bat mammals. Although there is some uncertainty regarding the
functional relevance of these changes, what seems clear is that bats have a higher
diversity within the FoxP2 protein sequence than many mammals. Li et al. [104] suggest
that this may be related to the emergence and diversity of echolocation in bats since the
changes correlate with type of echolocation (e.g. the largely constant frequency
producing bats of Yangochiroptera, vs. largely low duty cycle producing bats of
Yinpterochiroptera, vs non-laryngeal echolocating fruit bats of Yinpterochiroptera).
However, they also raise the possibility that this may be related to the vocal learning
capacity of bats, given the role of FoxP2 in sensorimotor learning and rapid orofacial
coordination, both of which are crucial to vocal learning and social communication.
Importantly regulatory elements controlling the quantity or spacio-temporal expression of
FoxP2 were not surveyed and these sequences are acknowledged as being increasingly
important for evolution of complex traits. A recent non-coding effect on FoxP2 came

1 Following standard nomenclature [99] Kaestner, K.H., Knochel, W. & Martinez, D.E. 2000 Unified
nomenclature for the winged helix/forkhead transcription factors. Genes Dev. 14, 142-146., human
gene symbols are italicized and in upper-case (FOXP2), rodent gene symbols are italicized with only
the first letter in upper-case (Foxp2) and other species, or a mix of species in upper and lower
(FoxP2). Protein names are not italicized (FOXP2/Foxp2/FoxP2).

7



from a derived human variant in intron 8 of FOXP2, not shared with Neanderthals, which
was shown to influence expression levels [105]. The high quality genomes that are now
being generated for diverse bat species [106] will give further insight into the coding and
non-coding changes in FoxP2, and allow identification of other genes that may have
contributed to vocal learning abilities in bats.

When did vocal learning arise in the family tree (WHO)

The common ancestor of the Chiroptera arose approximately 60 million years ago
[107]. Bats have colonised all continents except Antarctica, exhibit a range of social
systems, and subsist on a variety of food sources (bats may be omnivores, frugivores,
carnivores, or sanguivores). Current taxonomy recognizes 21 families. Among these,
evidence consistent with vocal learning has been found in species from eight families
with direct experimental evidence available for species in five of those families (Figure
2). The current distribution of vocal learning suggests three possibilities for its evolution:
that it could have arisen in an ancestor and then been lost several times, that it evolved
more than once, or since there is no confirmed vocal non-learning bat, it may have arisen
once and still be present in all bats. These possibilities cannot be resolved without better
determination of the extent of vocal learning among species and identification of which
bats, if any, are vocal non-learners is essential. To date, no bat has been shown to have a
purely innate repertoire or lack the ability to learn or modify their calls. Rather, there are
bats that have not displayed obvious signs of vocal learning and thus are speculated to be
possible vocal non-learners. However, the absence of evidence is clearly not evidence of
absence, making additional behavioural studies crucial for understanding the evolution of
this trait.

What ecological and evolutionary factors led to vocal learning in bats — (WHY)

Multiple hypotheses have been proposed to explain how selection might favor
vocal learning including group advertisement by vocal dialects, information sharing,
sexual selection, environmental adaptation, and individual recognition [108]. These
hypotheses are not mutually exclusive and might also be important in some lineages but
not others. However, we think that much of the current evidence, both indirect and direct,
indicates that vocal learning in bats involves modifications to calls that are used for group
integration and/or recognition. The functional significance of being able to recognize a
group member likely varies among species, but in many cases, it could be very important
for locating an appropriate roosting site [109, 110]. Opportunities for cooperation depend
on associating with known individuals, which will be enhanced when individuals roost
together over extended periods of time [13]. As noted above, while many male bats
produce songs to attract or defend females much like songbirds [9], in most cases
offspring do not develop near where males sing. Consequently, the sexual selection
hypothesis seems unlikely to apply in most species.

To understand the social, ecological, and evolutionary forces that drove the
appearance of vocal learning abilities in some lineages, but not others, a clear
understanding of the typology of the trait, and its distribution across species is crucial.
Although the current categorisations, such as limited vs. complex learning or the
continuum hypothesis, are useful, they each have their limitations and do not fully
encompass the complexity of phenotypes observed across vocal learning species. A
precise classification system for vocal learning would allow us to identify specific
biological features that accompany those abilities, and begin to address evolutionary

8



questions. Although the need for these studies is not limited to bats, the possibility for
more invasive studies in bats, for example tracing neural circuitry or manipulating gene
activity, presents an opportunity to address the biology of vocal learning in a way not
possible in most other vocal learning mammals, such as cetaceans or elephants. This
would also allow comparisons with songbirds - the current dominant animal model of
vocal learning - allowing us to ask if mechanisms identified in avian systems are
convergent or divergent from those found in mammals. Comparing similarities and
differences associated with vocal learning from birds, to bats, to humans will get us
closer to understanding the evolution of this rare and complex trait.

Concluding remarks and outstanding questions

The study of vocal learning in bats has been gaining attention in recent years. The
resultant increase in researchers around the world studying the behavior, morphology,
neurobiology, and genetics of bat vocal learning will lead to a better understanding of this
trait, as well as generating better tools to allow us to address these questions in the future.
Given the relatively early stage of bat vocal learning research (e.g. compared to
songbirds) it seems timely to outline some key questions that the field needs to answer.

WHAT makes a species a vocal learner? It is important that we determine the
extent of vocalisation modification possible in bats, and whether any species can imitate
or mimic novel vocalisations or sequences. Identification of bat species that are vocal
non-learners would be very valuable. Ruling out vocal learning is a difficult task. To do
this, it must be demonstrated that the vocal repertoire does not change as a consequence
of auditory input or conspecific interaction. This could be determined by deafening,
isolation, playback tutoring, or cross-fostering experiments; however, such experiments
may not be feasible in some species.

WHEN is vocal learning employed? Modification of bat vocalisations, as described
herein, has been demonstrated in both juvenile and adult bats, suggesting some degree of
open-ended learning. Further studies should determine the degree of open-ended learning
across different species, and also if this relies on social interactions, such as specific adult
tutors simply listening to conspecifics.

HOW is vocal learning expressed? Technological advances are opening the way for
in depth studies of the morphological, neurobiological, and genetic factors underlying bat
vocal learning abilities. At the morphological level, biophysical studies of the larynx and
vocal apparatus can give insight into social call production and the constraints of
modification or imitation of calls. Tracing, electrophysiological, optogenetic, and
neuroimaging techniques can shed light on the neural circuitry involved in vocal learning
in the bat brain. Such studies can answer questions about the connectivity of a vocal
learning brain, as well as whether bats have a direct connection between the cortex and
laryngeal motor neurons. At a genetic level we can determine if there is a causative link
between known language-related genes (such as FoxP2 [111]) by knocking down gene
expression in the bat brain and observing the effect on behavior. Genomic and
transcriptomic studies contrasting vocal learners and nonlearners will allow us to uncover
new, potential causative genes as well as wider molecular networks that underlie bat
vocal learning abilities.

WHO is capable of vocal learning? Some degree of vocal learning has been
identified in 8 of the 21 families of bats, however this still represents a very small
fraction of all extant species. As such we need a much better understanding of how



widespread bat vocal learning abilities are across Chiroptera to be able to determine how
many times they likely have evolved.

WHY did it evolve? Further behavioural, neurobiological, genetic, and phylogenetic
investigations will give us clues to the social, ecological, and evolutionary constraints
that drove vocal learning in bats. This should involve a determination of whether related
traits were associated with the evolution of vocal learning (e.g. turn taking, echolocation,
cooperation, timing, rhythmicity/synchronisation) [4, 9, 112].

Although there is a long road ahead to answer these questions, the multitude of
approaches being undertaken by different groups around the world to address such
questions gives reason to be optimistic about the contribution of bat research to the
underpinnings of vocal learning, how it may have evolved in mammals, and the human
ability for speech learning.
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Figure 1. Framework for studying vocal learning [4]. Left panels identify overarching
questions at each level and the associated fields of study. Right panels indicate some key
questions within each field that are a priority to address in bats.

* To what extent can different bat species modify or learn new
existing vocalisations?

¢ Could any bats be considered vocal non-learners?

WHAT makes a species a vocal learner?
BEHAVIOUR, PSYCHOACOUSTICS, COMMUNICATION

e Across different species do bats display closed-ended or open-
ended vocal learning abilities?

* How do vocal learning abilities relate to social structures?

WHEN is vocal learning employed?
DEVELOPMENT, SOCIAL SYSTEM, ETHOLOGY

HOW can vocal learning be expressed ¢ How do morphological constraints affect the extent to which
by the organism? bats can modify their vocalisations?

¢ What genetic factors and neural circuitry underlie bat vocal

MORPHOLOGY, GENETICS, NEUROBIOLOGY learning?

. . * How widespread are bat vocal learning abilities across the
WHO else is capable of vocal learning? chiropteran family tree?
PHYLOGENETICS, BEHAVIOUR * When and how many times did vocal learning/modification

evolve in bats?
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Figure 2. Evidence for bat vocal learning, mapped to the bat family tree. Behavioural
studies relevant for vocal learning (see Table 1) have been categorised as ‘Consistent
with vocal learning’ (found within eight families) or ‘Direct evidence for vocal learning’
(found within five of those families). ‘Consistent with vocal learning’ = adult call
similarity, geographic variation, group differences, juvenile-adult similarity. ‘Direct
evidence for vocal learning’ = adult call convergence, adult call shift, juvenile call
convergence, juvenile call shift. Tree adapted from [106].
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60 50 40 30 20 10 0 Consistent with

vocal learning

Millions Years Ago &
Direct evidence for

vocal learning
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Table 1. Evidence consistent with learned vocalisations in bats.

Evidence Species Call type ts;;gy Reference
iilﬁ;;?}l} Antrozous pallidus Contact calls Obs. [59]
Hipposideros larvatus [113]
CF sonar calls
Hipposideros ruber [114]
Phyllostomus discolor Social calls [48]
Phyllostomus hastatus Contact calls [54]
Pternotus parnelli [34]
Rhinolophus blasii [38]
Rhinolophus capensis [41]
Rhinolophus clivosus [115]
) Rhinolophus cornutus [32]
Saer(i)agtri?)ﬁhlc Rhinolophus damarensis Obs. [116]
Rhinolophus euryale CF sonar calls [38]
Rhinolophus ferrumequinum [35, 38]
Rhinolophus hipposideros [37, 38]
Rhinolophus mehelyi [38]
Rhinolophus monoceros [33]
Rhinolophus sinicus [36]
Rhinonicteris auranta [40]
Saccopteryx bilineata Male song [74]
Thyroptera tricolor Contact calls [61]
Phyllostomus hastatus Isolation calls [44]
Group Phyllostomus hastatus Contact calls Obs [53]
differences Saccopteryx bilineata Male song ' [73]
Thyroptera tricolor Contact calls [60]
Adult call Phyllostomus hastatus Contact calls Exp. [56]
convergence | Rousettus aegyptiacus Social calls [66]
Adult call Hipposideros terasensis CF sonar calls Exp [30]
shift Phyllostomus discolor Social calls ' [51]
Phyllostomus discolor [47]
Juv call Phyllostomus discolor Social calls Exp. [26]
convergence | Rousettus aegyptiacus [65]
Saccopteryx bilineata Isolation calls | Obs. [117]
Juv call shift | Rhinolophus rouxi CF sonar calls | Exp. [29]
Phyllostomus discolor Social calls [46]
Juv-Adult Rhinolophus ferrumequinum | CF sonar calls [28]
similarity Rhinolophus monoceros CF sonar calls Obs. [33]
Saccopteryx bilineata Male song [70, 72]

13




References

[1] Janik, V.M. & Slater, P.J. 1997 Vocal learning in mammals. Adv. Stud Behav 26, 59-
99. (doi:10.1016/S0065-3454(08)60377-0).

[2] Knornschild, M. 2014 Vocal production learning in bats. Curr. Opin. Neurobiol. 28,
80-85. (doi:10.1016/j.conb.2014.06.014).

[3] Wilbrecht, L. & Nottebohm, F. 2003 Vocal learning in birds and humans. Ment
Retard Dev Disabil Res Rev 9, 135-148. (doi:10.1002/mrdd.10073).

[4] Lattenkamp, E.Z. & Vernes, S.C. 2018 Vocal learning: a language-relevant trait in
need of a broad cross-species approach. Curr Opin. Behav. Sci. 21, 209-215.
(doi:10.1016/j.cobeha.2018.04.007).

[5] Vernes, S.C. 2017 What bats have to say about speech and language. Psychonomic
Bulletin and Review 24,111-117. (d0i:10.3758/s13423-016-1060-3).

[6] Tyack, P.L. 2019 A comparative perspective on vocal learning in mammals.
Philos. Trans. R. Soc. Lond., Ser. B: Biol. Sci. (doi:10.10198).

[7] Fenton, M.B. 1985 Communication in the Chiroptera. Bloomington, Indiana
University Press; 161 p.

[8] Kanwal, J., Suga, N. & Matsumura, Y. 1994 The vocal repertoire of the
moustached bat, Pteronotus parnelli. . Acoust. Soc. Am. 96, 1229-1254.

[9] Smotherman, M., Knornschild, M., Smarsh, G. & Bohn, K. 2016 The origins and
diversity of bat songs. J. Comp. Physiol, A 202, 535-554. (d0i:10.1007 /s00359-
016-1105-0).

[10] Prat, Y., Taub, M., Pratt, E. & Yovel, Y. 2017 An annotated dataset of Egyptian
fruit bat vocalizations across varying contexts and during vocal ontogeny.
Scientific data 4, 170143. (doi:10.1038/sdata.2017.143).

[11] Chaverri, G., Ancillotto, L. & Russo, D. 2018 Social communication in bats. Biol.
Rev. (doi:d0i:10.1111/brv.12427).

[12] Kerth, G. 2008 Causes and consequences of sociality in bats. Bioscience 58, 737-
746.

[13] Wilkinson, G.S., Carter, G.G., Bohn, K.A,, Caspers, B., Chaverri, G., Farine, D,,
Gunther, L., Kerth, G., Knornschild, M., Mayer, F., et al. 2019 Kinship, association
and social complexity in bats. Behav. Ecol. Sociobiol. 73, 7.
(doi:10.1007/s00265-018-2608-1).

[14] Wilkinson, G.S. & Adams, D.M. 2019 Recurrent evolution of extreme longevity in
bats. Biology letters 15, 20180860. (doi:10.1098/rsbl.2018.0860).

[15] Janik, V.M. & Slater, P.J. 2000 The different roles of social learning in vocal
communication. Anim. Behav. 60, 1-11. (doi:10.1006/anbe.2000.1410).

[16] Nottebohm, F. & Liu, W.-C. 2010 The origins of vocal learning: New sounds, new
circuits, new cells. Brain and Language 115, 3-17.

[17] Tyack, P.L. 2016 Vocal learning and auditory-vocal feedback. In Vertebrate
Sound Production and Acoustic Communication (eds. R.A. Suthers & A.N.
Popper), pp- 261-295. New York, Springer.

[18] Petkov, C.I. & Jarvis, E.D. 2012 Birds, primates, and spoken language origins:
behavioral phenotypes and neurobiological substrates. Front. Evol. Neur. 4, 12.
(doi:10.3389/fnevo.2012.00012).

[19] Fitch, W.T. 2000 The evolution of speech: a comparative review. Trends Cog.
Sciences 4, 258-267.

14



[20] Chiu, C., Xian, W. & Moss, C.F. 2008 Flying in silence: Echolocating bats cease
vocalizing to avoid sonar jamming. Proc. Natl. Acad. Sci. USA 105, 13116-13121.
(doi:10.1073/pnas.0804408105).

[21] Gillam, E.H., Ulanovsky, N. & McCracken, G.F. 2007 Rapid jamming avoidance in
biosonar. P Roy Soc B-Biol Sci 274, 651-660. (doi:10.1098/rspb.2006.0047).

[22] Ulanovsky, N., Fenton, M.B., Tsoar, A. & Korine, C. 2004 Dynamics of jamming
avoidance in echolocating bats. P Roy Soc B-Biol Sci 271, 1467-1475.
(doi:10.1098/rspb.2004.2750).

[23] Gotze, S., Koblitz, ].C., Denzinger, A. & Schnitzler, H.U. 2016 No evidence for
spectral jamming avoidance in echolocation behavior of foraging pipistrelle
bats. Scientific reports 6, 30978. (d0i:10.1038/srep30978).

[24] Hase, K., Kadoya, Y., Maitani, Y., Miyamoto, T., Kobayasi, K.I. & Hiryu, S. 2018
Bats enhance their call identities to solve the cocktail party problem.
Communications biology 1, 39. (d0i:10.1038/s42003-018-0045-3).

[25] Gillam, E.H. & McCracken, G.F. 2007 Variability in the echolocation of Tadarida
brasiliensis: Effects of geography and local acoustic environment. Anim. Behav.
75, 277-286. (doi:10.1016/j.anbehav.2006.12.006).

[26] Luo, J. & Wiegrebe, L. 2016 Biomechanical control of vocal plasticity in an
echolocating bat. J. Exp. Biol. 219, 878-886. (d0i:10.1242 /jeb.134957).

[27] Schnitzler, H.U. 1967 Compensation of Doppler effects in horseshoe bats.
Naturwissenschaften 54, 523. (doi:10.1007 /BF01129387).

[28] Jones, G. & Ransome, R.D. 1993 Echolocation calls of bats are influenced by
maternal effects and change over a lifetime. P Roy Soc B-Biol Sci 252, 125-128.

[29] Rubsamen, R. & Schafer, M. 1990 Audiovocal interactions during development?
Vocalisation in deafened young horseshoe bats vs. audition in vocalisation
impaired bats. J. Comp. Physiol. A 167, 771-784.

[30] Hiryu, S., Katsura, K, Nagato, T., Yamazaki, H., Lin, L.K., Watanabe, Y. &
Riquimaroux, H. 2006 Intra-individual variation in the vocalized frequency of
the Taiwanese leaf-nosed bat, Hipposideros terasensis, influenced by
conspecific colony members. J. Comp. Physiol,, A 192, 807-815.
(doi:10.1007/s00359-006-0118-5).

[31] Deecke, V.B., Ford, ].K. & Spong, P. 2000 Dialect change in resident killer
whales: implications for vocal learning and cultural transmission. Anim. Behav.
60, 629-638.

[32] Yoshino, H., Armstrong, K.N., [Izawa, M., Yokoyama, ]. & Kawata, M. 2008 Genetic
and acoustic population structuring in the Okinawa least horseshoe bat: are
intercolony acoustic differences maintained by vertical maternal transmission?
Mol. Ecol. 17,4978-4991.

[33] Chen, S.F., Jones, G. & Rossiter, S.J. 2009 Determinants of echolocation call
frequency variation in the Formosan lesser horseshoe bat (Rhinolophus
monoceros). P Roy Soc B-Biol Sci 276, 3901-3909.
(doi:10.1098/rspb.2009.1185).

[34] Davalos, L.M., Lancaster, W.C., Nunez-Novas, M.S,, Leon, Y.M,, Lei, B., Flanders, |.
& Russell, A.L. 2018 A coalescent-based estimator of genetic drift, and acoustic
divergence in the Pteronotus parnellii species complex. Heredity.
(doi:10.1038/s41437-018-0129-3).

15



[35] Sun, K, Luo, L., Kimball, R.T., Weij, X,, Jin, L., Jiang, T, Li, G. & Feng, ]. 2013
Geographic variation in the acoustic traits of greater horseshoe bats: testing
the importance of drift and ecological selection in evolutionary processes. PLoS
One 8, e70368. (doi:10.1371/journal.pone.0070368).

[36] Xie, L., Sun, K,, Jiang, T., Liy, S, Lu, G, Jin, L. & Feng, J. 2017 The effects of
cultural drift on geographic variation in echolocation calls of the Chinese
rufous horseshoe bat (Rhinolophus sinicus). Ethology 123, 532-541.
(doi:10.1111/eth.12627).

[37] Russo, D., Mucedda, M., Bello, M., Biscardj, S., Pidinchedda, E. & Jones, G. 2007
Divergent echolocation call frequencies in insular rhinolophids (Chiroptera): a
case of character displacement? J. Biogeogr. 34, 2129-2138.

[38] Heller, K.-G. & Helverson, 0.v. 1989 Resource partitioning of sonar frequency
bands by rhinolophoid bats. Oecologia 80, 178-186.

[39] Jiang, T., Wu, H. & Feng, J. 2015 Patterns and causes of geographic variation in
bat echolocation pulses. Integr Zool 10, 241-256. (doi:10.1111/1749-
4877.12129).

[40] Armstrong, K.N. & Coles, R.B. 2007 Echolocation call frequency differences
between geographic isolates of Rhinonicteris aurantia (Chiroptera:
Hipposideridae): implications of nasal chamber size. ] Mammal 88, 94-104.

[41] Odendaal, L.]. & Jacobs, D.S. 2011 Morphological correlates of echolocation
frequency in the endemic Cape horseshoe bat, Rhinolophus capensis
(Chiroptera: Rhinolophidae). J. Comp. Physiol, A 197, 435-446.
(doi:10.1007/s00359-010-0601-x).

[42] Wilkinson, G.S. 2003 Social and vocal complexity in bats. In Animal Social
Complexity: Intelligence, Culture and Individualized Societies (eds. F.B.M. de
Waal & P.L. Tyack), pp. 322-341. Cambridge, MA, Harvard University Press, .

[43] Scherrer, ].A. & Wilkinson, G.S. 1993 Evening bat isolation calls provide
evidence for heritable signatures. Anim. Behayv. 46, 847-860.

[44] Bohn, K.M., Wilkinson, G.S. & Moss, C.F. 2007 Discrimination of Infant Isolation
Calls by Female Greater Spear-Nosed Bats, Phyllostomus hastatus. Anim. Behav.
73,423-432. (doi:10.1016/j.anbehav.2006.09.003).

[45] Balcombe, ].P. 1990 Vocal recognition of pups by mother Mexican free-tailed
bats, Tadarida brasiliensis mexicana. Anim. Behav. 39, 960-966.

[46] Esser, K.-H. & Schmidt, U. 1989 Mother-infant communication in the lesser
spear-nosed bat Phyllostomus discolor (Chiroptera, Phyllostomidae): evidence
for acoustic learning. Ethology 82, 156-168.

[47] Esser, K.-H. 1994 Audio-vocal learning in a non-human mammal: the lesser
spear-nosed bat Phyllostomus discolor. Neuroreport 5, 1718-1720.

[48] Esser, K.-H. & Schubert, J. 1998 Vocal dialects in the lesser spear-nosed bat
Phyllostomus discolor. Naturwissenschaften 85, 347-349.

[49] Manabe, K. & Dooling, R.J. 1997 Control of vocal production in budgerigars
(Melopsittacus undulatus): selective reinforcement, call differentiation, and
stimulus control. Behav. Processes 41, 117-132.

[50] Manabe, K., Dooling, R.J. & Brittan-Powell, E.F. 2008 Vocal learning in
Budgerigars (Melopsittacus undulatus): effects of an acoustic reference on
vocal matching. J. Acoust. Soc. Am. 123, 1729-1736. (doi:10.1121/1.2835440).

16



[51] Lattenkamp, E.Z., Vernes, S.C. & Wiegrebe, L. 2018 Volitional control of social
vocalisations and vocal usage learning in bats. J. Exp. Biol. 221.
(doi:10.1242/jeb.180729).

[52] Wilkinson, G.S. & Boughman, ].W. 1998 Social calls coordinate foraging by
greater spear-nosed bats. Anim. Behav. 55, 337-350.

[53] Boughman, ].W. 1997 Greater spear-nosed bats give group distinctive calls.
Behav. Ecol. Sociobiol. 40, in press.

[54] Boughman, ].W. & Wilkinson, G.S. 1998 Greater spear-nosed bats discriminate
group mates by vocalizations. Anim. Behav. 55, 1717-1732.

[55] Wilkinson, G.S., Carter, G.G., Bohn, KM. & Adams, D.M. 2016 Non-kin
cooperation in bats. Philos. Trans. R. Soc. Lond., Ser. B: Biol. Sci. 371, 20150095.
(doi:10.1098/rstb.2015.0095).

[56] Boughman, ].W. 1998 Vocal learning in greater spear-nosed bats. Proc. R. Soc.
Lond. B.

[57] Brown, P. 1976 Vocal communication in the pallid bat, Antrozous pallidus. Z.
Tierpsychol. 41, 34-54.

[58] Arnold, B.D. & Wilkinson, G.S. 2011 Individual specific contact calls of pallid
bats (Antrozous pallidus) attract conspecifics at roosting sites. Behav. Ecol.
Sociobiol. 65, 1581-1593.

[59] Arnold, B.D. 2011 Social vocalizations and their implications for group
dynamics of pallid bats (Antrozous pallidus) [Doctoral dissertation]. College
Park, University of Maryland.

[60] Gillam, E.H. & Chaverri, G. 2012 Strong individual signatures and weaker group
signatures in contact calls of Spix's disc-winged bat, Thyroptera tricolor. Anim.
Behav. 83, 269-276.

[61] Montero, B.K,, Sagot, M., Phillips, C.D., Baker, R.J. & Gillam, E.H. 2018 Geographic
variation of contact calls suggest distinct modes of vocal transmission in a leaf-
roosting bat. Behav. Ecol. Sociobiol. 72, 125.

[62] Danilovich, S., Krishnan, A., Lee, W.]., Borrisov, L, Eitan, O., Kosa, G., Moss, C.F. &
Yovel, Y. 2015 Bats regulate biosonar based on the availability of visual
information. Curr Biol 25, R1124-1125. (doi:10.1016/j.cub.2015.11.003).

[63] Egert-Berg, K., Hurme, E.R,, Greif, S., Goldstein, A., Harten, L., Herrera, M.L.,
Flores-Martinez, ].J., Valdes, A.T., Johnston, D.S., Eitan, O., et al. 2018 Resource
ephemerality drives social foraging in bats. Curr Biol 28, 3667-3673 e3665.
(doi:10.1016/j.cub.2018.09.064).

[64] Harten, L., Matalon, Y., Galli, N., Navon, H., Dor, R. & Yovel, Y. 2018 Persistent
producer-scrounger relationships in bats. Sci Adv 4, e1603293.
(doi:10.1126/sciadv.1603293).

[65] Prat, Y., Taub, M. & Yovel, Y. 2015 Vocal learning in a social mammal:
Demonstrated by isolation and playback experiments in bats. Sci Adv 1,
€1500019. (d0i:10.1126/sciadv.1500019).

[66] Prat, Y., Azoulay, L., Dor, R. & Yovel, Y. 2017 Crowd vocal learning induces vocal
dialects in bats: Playback of conspecifics shapes fundamental frequency usage
by pups. PLoS Biol. 15, e2002556. (doi:10.1371/journal.pbio.2002556).

[67] Bradbury, ].W. & Emmons, L.H. 1974 Social organization of some Trinidad bats.
[. Emballonuridae. Z. Tierpsychol. 36, 137-183.

17



[68] Behr, 0. & von Helversen, 0. 2004 Bat serenades - Complex courtship songs of
the sac-winged bat (Saccopteryx bilineata). Beh. Ecol. Sociobiol. 56, 106-115.
(doi:10.1007/s00265-004-0768-7).

[69] Davidson, S.M. & Wilkinson, G.S. 2004 Function of male song in the greater
white-lined bat, Saccopteryx bilineata. Anim. Behav. 67, 883-891.

[70] Knornschild, M., Behr, O. & von Helversen, 0. 2006 Babbling behavior in the
sac-winged bat (Saccopteryx bilineata). Naturwissenschaften 93, 451-454.

[71] Nagy, M., Heckel, G., Voigt, C.C. & Mayer, F. 2007 Female-biased dispersal and
patrilocal kin groups in a mammal with resource-defence polygyny. P Roy Soc
B-Biol Sci 274, 3019-3025. (doi:10.1098/rspb.2007.1008).

[72] Knornschild, M., Nagy, M., Metz, M., Mayer, F. & von Helversen, 0. 2010 Complex
vocal imitation during ontogeny in a bat. Biol. Lett. 6, 156-159.
(doi:10.1098/rsbl.2009.0685).

[73] Eckenweber, M. & Knornschild, M. 2013 Social influences on territorial
signaling in male greater sac-winged bats. Beh. Ecol. Sociobiol. 67, 639-648.

[74] Davidson, S.M. & Wilkinson, G.S. 2002 Geographic and individual variation in
vocalizations by male Saccopteryx bilineata (Chiroptera: Emballonuridae). J
Mammal 83, 526-535.

[75] Bohn, K.M., Schmidt-French, B., Schwartz, C., Smotherman, M. & Pollak, G.D.
2009 Versatility and stereotypy of free-tailed bat songs. PLoS One 4, e6746.
(doi:10.1371/journal.pone.0006746).

[76] Bohn, K.M., Smarsh, G.C. & Smotherman, M. 2013 Social context evokes rapid
changes in bat song syntax. Anim. Behav. 85, 1485-1491.

[77] Barlow, K.E. & Jones, G. 1997 Function of Pipistrellus pipistrellus (Chiroptera:
Vespertilionidae) social calls: field data and a playback experiment. Anim.
Behav. 53, 991-999.

[78] Fenton, M.B. 1995 Natural history and biosonar signals. In Hearing by Bats (eds.
AN. Popper & R.R. Fay), pp. 37-86. New York, Springer-Verlag.

[79] Au, W.W. & Suthers, R.A. 2014 Production of biosonar signals: Structure and
form. In Biosonar (pp. 61-105. New York, NY, Springer.

[80] Mergell, P., Fitch, W.T. & Herzel, H. 1999 Modeling the role of nonhuman vocal
membranes in phonation. J. Acoust. Soc. Am. 105, 2020-2028.

[81] Elemans, C.P., Mead, A.F., Jakobsen, L. & Ratcliffe, ].M. 2011 Superfast muscles
set maximum call rate in echolocating bats. Science 333, 1885-1888.
(doi:10.1126/science.1207309).

[82] Metzner, W. & Schuller, G. 2010 Vocal control in echolocating bats. In Handbook
of Behavioral Neuroscience (pp. 403-415. New York, Elsevier.

[83] Suthers, R.A., Hartley, D.]. & Wenstrup, ].J. 1988 The acoustic role of tracheal
chambers and nasal cavities in the production of sonar pulses by the horseshoe
bat, Rhinolophus hildebrandti. J. Comp. Physiol,, A 162, 799-813.

[84] Fenzl, T. & Schuller, G. 2007 Dissimilarities in the vocal control over
communication and echolocation calls in bats. Behav. Brain Res. 182, 173-179.
(doi:10.1016/j.bbr.2006.12.021).

[85] Jurgens, U. 2009 The neural control of vocalization in mammals: a review.
Journal of Voice 23, 1-10. (d0i:10.1016/j.jvoice.2007.07.005).

18



[86] Fenzl, T. & Schuller, G. 2005 Echolocation calls and communication calls are
controlled differentially in the brainstem of the bat Phyllostomus discolor. BMC
Biol. 3,17.(d0i:10.1186/1741-7007-3-17).

[87] Fenzl, T. & Schuller, G. 2002 Periaqueductal gray and the region of the
paralemniscal area have different functions in the control of vocalization in the
neotropical bat, Phyllostomus discolor. Eur. J. Neurosci. 16, 1974-1986.

[88] Gooler, D.M. & O'Neill, W.E. 1987 Topographic representation of vocal
frequency demonstrated by microstimulation of anterior cingulate cortex in
the echolocating bat, Pteronotus parnelli parnelli. ]. Comp. Physiol,, A 161, 283-
294.

[89] Simonyan, K. 2014 The laryngeal motor cortex: its organization and
connectivity. Curr. Opin. Neurobiol. 28, 15-21.
(doi:10.1016/j.conb.2014.05.006).

[90] Simonyan, K., Horwitz, B. & Jarvis, E.D. 2012 Dopamine regulation of human
speech and bird song: a critical review. Brain Lang. 122, 142-150.
(doi:10.1016/j.bandl.2011.12.009).

[91] Iwatsubo, T., Kuzuhara, S., Kanemitsu, A., Shimada, H. & Toyokura, Y. 1990
Corticofugal projections to the motor nuclei of the brainstem and spinal cord in
humans. Neurology 40, 309-312.

[92] Kuypers, H.G. 1958 Corticobular connexions to the pons and lower brain-stem
in man: an anatomical study. Brain 81, 364-388.

[93] Jurgens, U. 1976 Projections from the cortical larynx area in the squirrel
monkey. Exp. Brain Res. 25, 401-411.

[94] Fitch, W.T., Huber, L. & Bugnyar, T. 2010 Social cognition and the evolution of
language: constructing cognitive phylogenies. Neuron 65, 795-814.
(do0i:10.1016/j.neuron.2010.03.011).

[95] Arriaga, G., Zhou, E.P. & Jarvis, E.D. 2012 Of mice, birds, and men: the mouse
ultrasonic song system has some features similar to humans and song-learning
birds. PLoS One 7, e46610. (doi:10.1371/journal.pone.0046610).

[96] Kuypers, H.G. 1958 Some projections from the peri-central cortex to the pons
and lower brain stem in monkey and chimpanzee. J. Comp. Neurol. 110, 221-
255.

[97] Simonyan, K. & Jurgens, U. 2003 Efferent subcortical projections of the
laryngeal motorcortex in the rhesus monkey. Brain research 974, 43-59.

[98] Haesler, S., Wada, K., Nshdejan, A., Morrisey, E.E., Lints, T., Jarvis, E.D. & Scharff,
C. 2004 FoxP2 expression in avian vocal learners and non-learners. J. Neurosci.
24,3164-3175. (doi:10.1523/JNEUROSCI.4369-03.2004).

[99] Kaestner, K.H., Knochel, W. & Martinez, D.E. 2000 Unified nomenclature for the
winged helix/forkhead transcription factors. Genes Dev. 14, 142-146.

[100] Lai, C.S., Fisher, S.E., Hurst, ].A., Vargha-Khadem, F. & Monaco, A.P. 2001 A
forkhead-domain gene is mutated in a severe speech and language disorder.
Nature 413,519-523. (d0i:10.1038/35097076).

[101] Haesler, S., Rochefort, C., Georgi, B., Licznerski, P., Osten, P. & Scharff, C. 2007
Incomplete and inaccurate vocal imitation after knockdown of FoxP2 in
songbird basal ganglia nucleus Area X. PLoS Biol. 5, e321.
(doi:10.1371/journal.pbio.0050321).

19



[102] Groszer, M., Keays, D.A., Deacon, R.M., de Bono, ].P., Prasad-Mulcare, S., Gaub,
S., Baum, M.G,, French, C.A,, Nicod, ]., Coventry, J.A., et al. 2008 Impaired
synaptic plasticity and motor learning in mice with a point mutation implicated
in human speech deficits. Curr Biol 18, 354-362.
(doi:10.1016/j.cub.2008.01.060).

[103] Enard, W., Przeworski, M., Fisher, S.E., Lai, C.S., Wiebe, V., Kitano, T., Monaco,
A.P. & Paabo, S. 2002 Molecular evolution of FOXP2, a gene involved in speech
and language. Nature 418, 869-872. (doi:10.1038/nature01025).

[104] Li, G., Wang, |., Rossiter, S.J., Jones, G. & Zhang, S. 2007 Accelerated FoxP2
evolution in echolocating bats. PLoS One 2, €900.
(doi:10.1371/journal.pone.0000900).

[105] Maricic, T., Gunther, V., Georgiev, O., Gehre, S., Curlin, M., Schreiweis, C.,
Naumann, R, Burbano, H.A., Meyer, M., Lalueza-Fox, C, et al. 2013 A recent
evolutionary change affects a regulatory element in the human FOXP2 gene.
Mol. Biol. Evol. 30, 844-852. (doi:10.1093 /molbev/mss271).

[106] Teeling, E.C., Vernes, S.C., Davalos, L.M., Ray, D.A,, Gilbert, M.T.P., Myers, E. &
Bat, K.C. 2018 Bat biology, genomes, and the Bat1K project: To generate
chromosome-level genomes for all living bat species. Annual review of animal
biosciences 6, 23-46. (doi:10.1146/annurev-animal-022516-022811).

[107] Foley, N.M,, Springer, M.S. & Teeling, E.C. 2016 Mammal madness: is the
mammal tree of life not yet resolved? Philos. Trans. R. Soc. Lond., Ser. B: Biol. Sci.
371. (d0i:10.1098/rstb.2015.0140).

[108] Nowicki, S. & Searcy, W.A. 2014 The evolution of vocal learning. Curr. Opin.
Neurobiol. 28, 48-53. (d0i:10.1016/j.conb.2014.06.007).

[109] Wilkinson, G.S. 1995 Information transfer in bats. Symp. Zool. Soc. Lond. 67,
345-360.

[110] Chaverri, G., Gillam, E.H. & Kunz, T.H. 2013 A call-and-response system
facilitates group cohesion among disc-winged bats. Behav Ecol 24, 481-487.

[111] Rodenas-Cuadrado, P.M., Mengede, ., Baas, L., Devanna, P., Schmid, T.A,,
Yartsev, M,, Firzlaff, U. & Vernes, S.C. 2018 Mapping the distribution of
language related genes FoxP1, FoxP2, and CntnaP2 in the brains of vocal
learning bat species. J. Comp. Neurol. 526, 1235-1266.
(doi:10.1002/cne.24385).

[112] Patel, A.D. 2006 Musical rhythm, linguistic rhythm, and human evolution.
Music Perception 24, 99-104. (doi:10.1525/mp.2006.24.1.99).

[113] Jiang, T., Liu, R,, Metzner, W,, You, Y., Li, S, Liu, S. & Feng, ]. 2010 Geographical
and individual variation in echolocation calls of the intermediate leaf-nosed
bat, Hipposideros larvatus. Ethology 116, 691-703.

[114] Guillén, A., Juste, B.]. & Ibafiez, C. 2000 Variation in the frequency of the
echolocation calls of Hipposideros ruber in the Gulf of Guinea, an exploration
of the adaptive meaning of the constant frequency value in rhinolophoid CF
bats. ] Evol Biol 13, 70-80.

[115] Stoftberg, S., Schoeman, M.C. & Matthee, C.A. 2012 Correlated genetic and
ecological diversification in a widespread southern African horseshoe bat.
PLoS One 7, €31946. (d0i:10.1371 /journal.pone.0031946).

20



[116] Maluleke, T., Jacobs, D.S. & Winker, H. 2017 Environmental correlates of
geographic divergence in a phenotypic trait: A case study using bat
echolocation. Ecol. Evol. 7,7347-7361. (doi:10.1002/ece3.3251).

[117] Knornschild, M., Nagy, M., Metz, M., Mayer, F. & von Helversen, 0. 2012
Learned vocal group signatures in the polygynous bat Saccopteryx bilineata.
Anim. Behav. 84, 761-769. (doi:do0i:10.1016/j.anbehav.2012.06.029).

21



