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Abstract

Since diverging from the last common ancestor with bonobos and chimpanzees, the commu-
nication system of the hominin lineage underwent a radical transformation. Vocal production
learning - the ability to produce novel vocalizations based on experience - is the necessary pre-
condition for changing an ape-like communication system into one that is infinitely flexible,
extensively learned, and culturally transmitted. However, the evolutionary conditions favoring
this shift remain unclear. Drawing on archeological evidence of intensified cooperation for so-
cial defense, hunting, and shared child-care among savanna-dwelling hominins, we suggest that
the move to open savanna environments around two million years ago created pressures toward
communicative capacities beyond the ancestral vocal repertoire. Specifically, we propose that
vocal production learning arose from the increased use of preexisting vocal accommodation,
where individuals align vocal features as a sign of homophily. We therefore predicted that the
function of vocal homophily more closely aligns with the functions of human language than with
those of vocal production learning in other species. A systematic comparison of the functions of
vocal production learning and vocal accommodation across birds and mammals confirmed this
prediction. It also revealed that vocal homophily often cooccurs with key features of human
language, such as babbling, tutoring, turn-taking, and high vocal activity, especially in species
with shared offspring care. We conclude that increased vocal homophily facilitated the evolution
of vocal production learning in the hominin lineage and ultimately language.

Keywords: language evolution, vocal production learning, homophily, hominins, vocal ac-
comodation, interdependence



Human language is among our most distinctive adaptations. Its evolution is a major puzzle be-
cause language is so vastly different from the communication system of our closest living relatives,
chimpanzees and bonobos, with whom we share a common ancestor as recently as about 8 million
years ago [1]. Great ape vocal communication relies on a limited set of innate calls, which are
used relatively infrequently [2] and occur predominantly as single calls [3]. In humans, by contrast,
very little of the communication system is innate, with thousands of languages spoken today, each
continually evolving and changing [4].

The evolution of this system involved significant changes in vocal anatomy and brain regions
responsible for vocal control since the divergence from other apes [5-8]. Major components of
modern-day language originated in the period before 1.25 million years ago, as known from the
genetics of learning mechanisms [7, 9-13] and fossil endocasts [14]. Current findings suggest that
the transition evolved not in a single step but by combining different traits, each with its own
evolutionary trajectory [5, 15-17]. Many of these traits were already present to a limited degree
in the hominoid ancestors, such as some aspects of theory of mind [18], pragmatic inference [19],
some amount of imitation and transmission skills [20-22], some degrees of compositionality [23, 24],
the ability to process non-adjacent dependencies [25], and occasional communicative creativity [26—
30]. What stands out, however, is the extent to which language must be learned by children [31].
This suggests the limiting factor was the absence of full-fledged vocal production learning in other
hominoids, more than any other trait.

Current research on vocal production learning has greatly enriched our understanding of conver-
gent genetic and neuroanatomical mechanisms. However, the conditions favoring its evolution, i.e.
its social and communicative functions, have remained unclear. Here, we propose that the key first
step toward vocal production learning was an increased need for vocal communication triggered by
the enhanced need for cooperation due to the move onto the open savanna around 2 million years
ago [32]. This increased interdependence led to greater vocal convergence among group members
to signal social proximity and bonding, a form of vocal homophily. The underlying process, known
as vocal accommodation [33, 34|, involves the acoustic modification of existing vocalizations and
results in vocal convergence. This intradyadic imitation gradually broadened into full-fledged vo-
cal production learning. Intensified vocal homophily thus marked the transition from an innate
communication system into a fully dynamic communication system entirely reliant on learning.

Since vocal production learning is a key requirement for language as we know it but was absent
in our ancestors, we need a comparative approach to better understand its evolution in our lineage.
We first compare the uses of vocal production learning and vocal accommodation across species.
Our hypothesis is supported to the extent that both mechanisms have predominantly a homophily
function in humans but not in other species where it has been observed. We then probe correlates
of vocal production learning in human language, as for instance, babbling. If the correlates are
again predominantly associated with vocal homophily, this would strengthen our hypothesis that
vocal production learning in humans evolved from vocal homophily. Finally, we place these devel-
opments in the paleanthropological context of the evolution of Homo that evidences an increase of
cooperation 2 My ago.

The vocal learning spectrum and the origin of speech

Interest in vocal learning has greatly increased since Janik & Slater [35] broadly defined it in 1997
as the ability to modify the structure of vocalizations conditioned by the experience with those of



other individuals. Comparative work indicates different degrees of production learning that suggest
a continuum of abilities ranging from vocal non-learners like chickens to high vocal learners like
parrots and humans [36-40] or even a multi-dimensional spectrum [41, 42]. However, a basic dis-
tinction is generally made between vocal accommodation and the production and faithful imitation
of entirely novel vocalizations, i.e., vocal production learning in the narrow sense (henceforth VPL).
VPL is the necessary underlying mechanism for extending the innate repertoire. In the following,
we subsume both forms under the umbrella term vocal learning in a wider sense.

Since VPL is essential for the mastery of human speech, studies of language evolution have
mostly focused on species engaging in VPL [5, 36]. VPL has only been documented in a limited
number of vertebrate species [42—44]: in birds, among at least three orders; in mammals, among
bats, elephants, cetaceans, and pinnipeds. VPL evolved convergently in these lineages [43, 45],
perhaps capitalizing on deep homologies in the neural development of motor learning [46, 47].
Vocal accommodation/alignment, in contrast, is reported in many species. However, as we show in
what follows, this contrast seems exaggerated.

The distinction between VPL and vocal accommodation is traditionally made with the following
criteria: (1) the absence of vocal development in young animals that are deaf or receive no vocal
input; (2) the spread of new kinds of vocalizations in natural populations; or (3) the ability to
imitate novel sounds outside the species’ vocal repertoire. Criterion 1 is rarely used today and
criterion 2 is in practice only relevant where new songs (rather than calls) spread in birds or
cetaceans [48].

Closer examination of criterion 3 suggests that VPL may be more widespread than is currently
known because this third criterion may produce many false negatives. For instance, immature bats
and pinnipeds give isolation calls that are adjusted due to vocal input and thus would merely provide
evidence for vocal accommodation. However, because they can also reproduce experimentally
produced artificial calls [49, 50], they are also capable of VPL. The absence of evidence for such
imitation skill leaves numerous potential candidate species as non-VPL. Likewise, various cases of
VPL are based on mammals (elephants, cetaceans, pinnipeds) or parrots mimicking the voice or
utterances of human caretakers, which are generally well outside the range of species-specific calls
[38, 40, 42]. In fact, for some of the species in which VPL is documented, this is only known from
captivity, even in well-studied Asian elephants or most parrots [51]. Excluding species for which
only accommodation is documented may therefore unduly limit the scope of attempts to reconstruct
the emergence of VPL in hominins and may thwart attempts to identify its early functions (rather
than mechanisms).

There are additional arguments for including vocal accommodation. First, humans are primates,
and the ancestral state in the hominin lineage almost certainly was non-VPL [52]. Yet, evidence for
vocal accommodation is found scattered among primates [53]. Chimpanzees, for instance, show both
short-term [54] and long-term accommodation in captivity [55] and the wild [56-58]. Great apes
thus possess abilities that could have provided a stepping stone toward VPL and so released likely
constraints on language evolution in our hominin ancestors. Second, developmental plasticity in
vocal learning is actually documented in some primates [59-61]. Third, while volitional control over
vocalizations is a precondition for VPL, species with vocal accommodation may also be capable of
volitional control [62]: it is well-documented throughout life in common marmosets [63] and among
juvenile rhesus monkeys [64]. Finally, a focus on great apes in particular is warranted by the
presence of similarities in cytoarchitecture and within-cortex connections between the Broca’s area
involved in human speech production, and the homologous structures in non-human primate brains
[65]. This suggests that learning mechanisms may be more widely shared than the ability to control
sound production as in VPL, or even the need to use it in routine intraspecific communication.

We therefore compiled data on taxa with evidence for VPL or for vocal accommodation to
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Figure 1: Distribution and hypothesized evolution of vocal learning. A: The known taxonomic
distribution of two main kinds of vocal learning (vocal production learning, in dark blue, and vocal
accommodation, in light blue) by function across amniotic vertebrates. Tip taxa are orders, but
where vocal learning is recorded for isolated taxa within orders, these are mentioned after the order
(for details, see the Supporting Information). Note that in primates, there is no evidence for the
first two functions. B: Proposed evolution in hominins. The expansion into the savanna intensified
cooperation, selecting for new brain structures [14]; learning skills improved dramatically again
with new neurogenetic changes [67, 68] after the split from Neanderthals and other lineages.

identify the functional contexts in which VPL is found, as well as some of their correlates: features
that reliably accompany vocal learning and are also found in human language learning.

Functions of vocal learning

VPL and vocal accommodation have a variety of functions [53, 66] (Figure 1A). Human language
can serve all the functions listed in this table, but here the goal is to identify which of them was
the primary context for the evolution of VPL in our lineage. We start with undisputed cases of
VPL and then consider cases of vocal accommodation. We identified five distinct functions.

The first functional context of VPL requires sexual selection, as it serves to attract mates or
defend territories. This function is widespread in birds, where one or both sexes produce songs
that may be complex and variable in time and space [69]. The scattered cases outside passerines
and parrots, namely in hummingbirds and Australian musk ducks [44], refer to lekking species, in
which a male’s songs and vocalizations also serve to attract females. The same context is common
in whales [70] and harbor seals [71] . The learning process may involve a phase of learning through
imperfect imitation (known as subsong in birds) and auditory feedback, sometimes accompanied
by adult tutoring, or through direct imitation, as in mimics [72]. Learning is often possible only
during a sensitive or even critical period [73].

Humans sing (often accompanied by dance and music), which is a cultural universal [74], and
among its functions is mate attraction, but also strengthening of social cohesion. However, song
lacks many of the informational features essential for language, such as semantic compositionality.



Second, language is not primarily used in attracting or competing over mates. Third, and most
importantly, language is more plausibly derived from calls carrying information about the external
world than from song. Indeed, the primary uses of language are to think, to inform or to instruct
(for both technical and normative knowledge), coordinate the execution of joint action, and gossip
(evaluate the reliability of cooperation partners). This is not to deny that the learning process
shares many similarities with song learning, including a long phase of imperfect imitation and
adult tutoring [75], but it marks a critical difference for the nature of the selective drivers.

A second context of VPL involves vocal recognition between parent and offspring, particularly
in contexts where numerous dependent young are clustered together and must reunite with their
parents after separation. This is most common in breeding colonies, especially where young are
mobile, and therefore in sea birds, pinnipeds, or bats, where parents can be gone for a long time.
In such cases, failure to reconnect is likely to lead to the death of the young. Thus, we may expect
selection on modifying existing calls to enhance individually identifying elements of the call and
so maximize mutual recognition. This pressure selects for vocal learning but also for creativity in
vocal production in general to maximize the acoustic space. Many examples of pinnipeds and bats
fit in this functional domain, but we hypothesize that the call exchanges of parents and chicks in
many colony-breeding birds, such as penguins, would also show this.

The case of individualized signature whistles of dolphins may also fall into this category. In
dolphins, mother-calf association is strong, but especially somewhat older calves increasingly un-
dertake excursions, and because visual or gestalt recognition in water is difficult at larger distances,
especially in murky water, relatives have come to rely on vocal recognition. By actively modifying
the specific calls away from the modal pattern, pairs may enlarge the vocal space and thus avoid
errors and improve mutual recognition.

Like mate attraction, this context is also unlikely to be the foundation for vocal learning in
hominins. During early infancy, primate young are generally close to the mother and mutual
recognition is generally guaranteed by a combination of vocal and olfactory cues, individual profiles
in movement and gesture, and presumably above all visual cues, as documented in numerous
experiments on individual recognition from photographs or videos [76]. Furthermore, by the time
language is thought to have begun to emerge, hominins were no longer living in dense habitats, and
children were highly unlikely to be far from other group members. Above all, true long-distance calls
are facilitated by air sacs, which actually impair speech production [6], so simultaneous selection
on long-distance calls and the kind of speech found in humans is physically impossible.

A third function is to mark social boundaries. This function is used to differentiate friend
from foe when not in visual contact because pairs or groups periodically split up or spread out
in habitats with low visibility. This social marking can happen at the level of dyads or groups.
First, contact calls may make coordinated travel easier; and where kin or bonded partners are
more likely to respond than others, vocal convergence may facilitate vocal recognition (as in the
function of parent-offspring recognition) and thus be favored by selection. Second, selection on
vocal convergence may be favored where fissioning groups are surrounded by hostile neighbors,
which makes it important not to simply approach any conspecific contact call. We predict that
these two conditions may explain the vocal convergence of group members in many primates,
including chimpanzees, but also probably elephants and cetaceans, or in pair-living species that
may forage apart like hornbills, large parrots, or marmosets. The predominant mechanism here
is vocal accommodation, since the modification always occurs within the same call type, although
in species capable of VPL these calls may be modified more drastically. However, to distinguish
calls by other group members from those of other groups, vocal accommodation can produce not
only vocal convergence within social units, but also vocal divergence between them, as suggested
by differences between communities in chimpanzees [56].



Humans are extreme accommodators in exactly this context. Accommodation is used not only
to create in-group similarity but also to emphasize differences with other groups. This is known as
schismogenesis [77], which is amply documented [78-80] and considered a major driver of language
change [4]. This context is therefore likely to have been crucial in the emergence of language.

Fourth, vocal accommodation serves to strengthen social bonds and enhance collaboration. This
function has been identified in African penguins [81], chimpanzees, and various monkeys [53], most
extensively in callitrichids, in which breeders have especially strong social bonds, and newly formed
pairs vocally converge as their social bond gets stronger [82, 83]. Strong convergence is also found in
cases where the recipient’s identity is encoded in the contact call, as found in spectacled parrotlets
[84], dolphins [85], African elephants [86] and marmosets [87]. These cases reflect situations in
which an individual label for both the sender and the intended recipient is adaptive [51], because
benefits to social contact are dyad-specific.

In both group-level and dyadic contexts, vocal convergence, probably due to vocal accommo-
dation, is a form of vocal mimicry, similar to the more general mimicry of positional and gestural
similarities in humans and other primates that serve the homophilic function of establishing trust
and strengthening social bonds [88]. In the species involved, the two functions for vocal convergence
(individual recognition and bond servicing) blend into each other, given that they both serve to es-
tablish or service social bonds or to mark membership of the same group. We call this phenomenon
vocal homophily. These two contexts appear particularly relevant to language evolution.

A final functional context is creative form-function mapping to transmit information. While
this is obviously ubiquitous in humans, the only possible evidence for it in animals is in parrots,
in which males and females form stable, long-term pair bonds. Parrots of both sexes are known
to produce novel, idiosyncratic calls for (non-sexual) social functions, such as recruitment of the
long-term partner to defend nest sites and informing each other about toxic or armored foods
[51]. However, so far, no detailed follow-up studies have ensued of this exciting parallel to the key
function of human language.

In conclusion, the contexts most relevant to the emergence of human language are those in which
vocal learning is mostly used for social recognition and bonding functions (Figure 1A). These are
the core functions associated with increased group cooperation, consistent with our hypothesis.

Correlates of vocal learning

Language as we use it today is a package of multimodal traits that involve active assistance during
learning. This manifests itself in such traits as babbling, volubility, tutoring, and turn taking. In
what follows, we examine whether these traits are also found in nonhuman species, in contexts in
which either accommodation or VPL is found. If they are found in species with accommodation,
but not in species with VPL, this supports our hypothesis that accommodation in the hominin
lineage was the ancestral state and turned into vocal production learning due to intensified needs
of coordinated cooperation.

Babbling Human language production in early ontogeny starts out with early innate vocal-
izations turning into babbling. Initially, infant vocalizations start out with vowels followed by
repetitive consonant-vowel combinations. Around 6-8 months of age, infants try out sounds that
are potential candidates for phonemes (functionally distinctive sounds) in specific consonant-vowel
combinations [89]. This coincides with anatomical changes in the vocal tract that enable speech-like
sounds [90, 91]. During this phase, the sounds become increasingly similar to those of the native
language [92].



Table 1: Taxa in which babbling has been recorded

Taxon Rearing system VPL
Confirmed cases

Songbirds (subsong) (mostly) biparental yes
Green-rumped parrotlet biparental yes
Giant otter cooperative no
Greater sac-winged bat ~ mother-only yes
Pale spear-nosed bat allomaternal yes
Gray mouse lemur allomaternal no
Common marmoset cooperative no
Pygmy marmoset cooperative no

Suggested cases

Bottlenose dolphin allomaternal yes
Beluga allomaternal ?
Naked mole rat cooperative no?
Degu biparental ?
Norway rat allomaternal no

Babbling in immature animals is hard to define, given that each species’ babbling may contain
a somewhat different set of features [93, 94]. Nonetheless, its core is the use of rhythmic repetitions
of adult vocalizations out of context in often long and seemingly random sequences [95]. Unfortu-
nately, the taxonomic distribution of animal babbling is incompletely known. Among species with
documented VPL, it is only known for humans, bats, and songbirds (where it is called subsong)
and various other birds, but, perhaps surprisingly, not for any of the other species with VPL [94].
This may imply that the song-learning mechanism of VPL may be fundamentally different from
that used for learning individually distinct contact or lost calls serving in vocal recognition.

Against this background, it is remarkable that babbling has also been described for a number of
species not known to have VPL. These cases show a striking pattern (Table 1): except for one of the
bat species, all recorded species share extensive allomaternal care (i.e. by non-mothers of dependent
offspring, called cooperative breeding where care is provided by both male and female parents as
well as others). This suggests that babbling may primarily function to elicit the attention of parents
or caretakers [96, 97]. Given that mother-only care is the mode in mammals, this concentration
among species with allomaternal care is striking, even if the lack of solid evidence on absences
prevents formal statistical evaluation. Although the vocal-practice and care-elicitation functions
are quite compatible, the presence in many mammals without variable songs suggests that the
care-elicitation function may be ancestral, linked to attracting the attention of potentially selective
caretakers.

We therefore propose that prelinguistic babbling in humans is functionally similar to what we
find in prosocial species, especially cooperative breeders such as marmosets. Linguistic babbling, by
contrast, is an active exercise to acquire the native language, like subsong in birds. This ontogenetic
sequence is consistent with the hypothesis that babbling in hominins initially arose for the function
of soliciting care and was later exapted for the additional function of language learning, without
losing its original function, especially in its prelinguistic form.



Volubility There is large variation in how much species communicate, but this is poorly docu-
mented. Compared to humans, great apes are remarkably silent [2], whereas cooperative breeders
are often described as highly voluble [96, 97|, and in our experience far more voluble than any
great ape. If future quantitative work confirms this, it points to the greater need for communica-
tion about coordinated cooperation in species with allomaternal care. Such greater communicative
needs may also be expressed in the size of the vocal repertoire. Although interspecific comparisons
are notoriously difficult, detailed comparisons find larger vocal repertoires in cooperative breeders
among herpestids [98] and birds [99]. Comparisons suggest that in these cases the differences are
largely related to warning and coordination, in other words cooperative (prosocial) activities. A
similar trend may be observed in primates, as the four species with the largest vocal repertoires in
the most recent compilation [100] include not only chimpanzees and bonobos, but also two species
of cooperatively breeding callitrichids.

Immature-directed input All vocal learning requires vocal input. This can be either sur-
rounding input that is not immediately directed at the learner, or specifically directed input, as
in infant-directed communication in humans or tutoring in songbirds [69, 101]. In the great apes
in contrast to humans, there is very little immature directed input [2]. In humans, infant-directed
communication can be either interactive (contingent utterances to child vocalizations) or non-
interactive. Recent research suggests that the interactive form is the best predictor of learning
[102-104], presumably because it funnels the infant’s attention. Unfortunately, in animals, this
interactive tutoring has only been studied in a few species: marmosets, cowbirds and zebra finches
[66, 105]. Perhaps surprisingly, in common marmosets, parents and caretakers even provide acous-
tic feedback to incorrect vocalizations of the immature [63, 106], facilitating the infants’ vocal
development [107, 108]. There is no information on other primate species, but since in most cases,
tutoring and vocal feedback coincide, the lack of documenting tutoring implies that vocal feedback
is also likely to be rare [2, 101, 109]. Thus, common marmosets or callitrichids more generally may
stand out among primates in providing contingent tutoring.

Turn taking Turn taking is another intrinsic part of human language use [110]. Turns generally
characterize cooperative exchanges in animals, but competitors may also benefit from having an
undisturbed reception of the calls of their rivals. Among group-living animals, the most common
context for turn-taking is contact calling between animals that are not in visual contact. Although
this can be interpreted as cooperative behavior [111, 112], it is not necessarily so, as it does not
always lead to coordinated movement or group fusion. However, in common marmosets, where sig-
naling is predominantly prosocial, pronounced turn-taking during long bouts of antiphonal calling,
reminiscent of human conversation, has been described [113, 114]. More generally, the coordination
underlying turn-taking is greatly facilitated by the absence of gaze aversion. Among primates,
callitrichids are known to readily engage in mutual gaze, in contrast to most other species, which
typically avoid it [115, 116]. Thus, extensive turn-taking, while not unique among primates, is very
pronounced in callitrichid monkeys.

In sum, correlates of language are not an automatic byproduct of VPL. They are at least as likely,
if not more so, among species showing only vocal accommodation. Among the latter, most correlates
are found in callitrichid cooperative breeders, but apart from babbling, the evidence from other
primates is too scattered to definitively establish the link between the presence of these features and
allomaternal care. Nonetheless, at the current state of knowledge, the most parsimonious conclusion
is that features that also accompany human language are scarce among species without allomaternal



care, regardless of the presence or absence of VPL. This is consistent with our hypothesis that
increased vocal learning is associated with increased demands for cooperative behavior.

The emergence of language in Homo

Vocal production learning (VPL) is a critical foundation of the massive increase in acoustic diversity
that evolved in humans. VPL requires both the ability to create novel sounds and vocalizations as
well as the ability to learn them from others. With its emergence, the early hominin communication
system with a call repertoire of at most a few dozen call types gradually turned into language:
complex group-specific communication systems that require extensive learning.

Studies of animal species with VPL have yielded important insights into the convergent evolution
of the relevant mechanisms, including the genetic basis of true VPL. However, our survey revealed a
critical difference in the functions of VPL between humans and other species. The most extensively
studied functional contexts in animals, such as sexual selection and parent-offspring recognition, do
not align with the contexts in which language has evolved in our hominin ancestors. In our lineage,
the main function is rich information exchange in a variety of contexts, enabled by the ability to
produce arbitrary form-meaning pairings. This mismatch of underlying functions suggests that the
animal species typically studied for VPL may offer little insight into reconstructing the conditions
favoring language evolution.

We therefore suggest that a more plausible ancestral foundation for human VPL was vocal
accommodation due to homophily (Figure 1B). In other words, its primary function is social align-
ment, providing the foundation for coordinated joint action and successful negotiation and servicing
social bonds [117]. This aligns with the idea that language evolved primarily for close-range, often
dyadic interactions.

Vocal accommodation is ubiquitous in primates, making it the most likely ancestral state in
early hominins. The transition from accommodation to full-fledged VPL may not have posed a
significant evolutionary hurdle. First, the frequent evolution of VPL in other lineages indicates
that the genetic changes for its emergence in hominins can readily evolve. Second, we noted that
the creativity that is necessary for VPL was already present in the earliest hominins. Third, recent
work has revealed evidence for cortical control of vocalizations in enculturated apes [59-61]. If
the same neurological connections also evolved in hominins in response to the need for enhanced
cooperative communication, this greatly eased selection on strengthening cortical control to make
vocalizations more volitional.

We further propose that the key functional context for human language evolution is the ex-
panded use of vocal communication, triggered by a more consistent presence on the open savanna
around 2 million years ago [118]. This new environment demanded increased cooperation, which
in turn fostered greater reliance on vocal signals for coordination. We thus suggest that vocal
accommodation gradually expanded into vocal production learning as social demands increased.
Importantly, accommodation as a process or mechanism did not vanish; it persists within language
in its original function.

Paleoanthropological evidence supports the scenario illustrated in Figure 1B. Unlike other great
apes, H. erectus gradually developed a unique hunter-gatherer niche, shaped by the increasing de-
mands of social transmission when complex technology accumulated [119] and social organization
increased interdependence [120, 121]. Indeed, H. erectus clearly engaged in high levels of coopera-
tion based on trust and social bonding [122-125], consistent with various cases of support for the
injured as shown by evidence of healing after debilitating injuries [126, 127]. Finally, H. erectus
also quite possibly already engaged in some level of cooperative breeding [128], as suggested by a



brain size outside the demographically viable range of great apes [129] and the ability to survive in
harsher habitats than their ancestors [130, 131].

This scenario of intense cooperation is supported by features of communication among the coop-
eratively breeding callitrichids. They share parental care and food, both of which involve extensive
communication, and among primates, they show the most pronounced vocal accommodation. With
their high volubility, vocal flexibility on short time scales and following pair formation, babbling by
infants, turn-taking in calling, tutoring, and some level of voluntary control over vocalizations [97]
they clearly share many functions of human language [110]. As we saw, many of these elements
are missing in the species with VPL. We suggest that these features were already present in our
hominin ancestors before language emergence and could therefore easily be recruited for language
functions.

Overall, these findings support the suggestion that language evolved to improve the efficiency
of cooperation in both foraging and child rearing [15, 63, 132-134]. No other primates, even highly
cooperative ones like the callitrichids, made the transition to open-ended and locally unique vocal
repertoires, let alone language. Two non-exclusive explanations are plausible. First, it took the
large brains of hominins, with their strong memory and association areas, to turn a mere increase
in vocal repertoires into language. Second, hominin cooperation became more complex. Language
evolved to manage collective foraging movements, extensive food sharing, and allomaternal care
that had evolved to a level well beyond that found in callitrichids (or for that matter other intensely
cooperating species such as African wild dogs, which hunt and rear offspring together) [135]. The
latter is compatible with the archaeological evidence revealing the incipient hunting and gathering
lifeway [120, 128, 136]. Social transmission of complex technological skills, foraging tactics and social
negotiation skills linked to a multilevel social system [137] was at least one element, increasingly
critical considering the slow rate of acquisition [138]. Experiments in modern humans suggest
that such transmission is more efficient when linguistic instruction is allowed [139]. The massive
importance of social transmission in humans is compatible with the evolution of pedagogy [140],
which extends the active teaching found in many cooperative breeders [141] to the communication
system [101] and explains why human language could become an adaptation that relies to an
unprecedented extent on learning.

Thus, increasing cooperation drove accommodation into VPL in H. erectus. But VPL abilities
increased yet again after the split from the Neanderthals and Denisovans [67, 142-144] (Figure 1B).
This was likely an evolutionary response to a new challenge in cooperation posed by the quickly
increasing population size in Homo sapiens [68, 145]: How to identify partners for cooperation
that one can trust? The solution to the challenge was the introduction of ethnic markers that
would distinguish in-group strangers, who one could trust because any violation of trust would
eventually return through gossip in the group, from out-group strangers, with whom cooperation
would be more risky [68]. The most ubiquitous ethnic marker is through communication [78, 146]
and this triggered the relentless schismogenetic diversification of the human communication system
into thousands of dialects and languages [4]. This selected for increased levels of VPL abilities.

Language began to emerge in a hominin with strong dyadic and group-level bonds of trust, who
had in addition more information to share than other such species. Once a richer communication
system involving gestures, sounds, and noises was in place, selection could favor the evolution of full
VPL: vocal communication is more efficient and does not require the use of hands or external props,
which then can be used to support meaning transmission; it can also be produced at low volume
and in the dark. These characteristics beyond the fixed and innate vocalizations of the great apes
provide a clear selective advantage in the interdependent lifestyle of the hominin lineage, paving
the way for language and concomitant cultural evolution.

Our findings suggest that research on the conditions favoring language origins should not focus
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on identifying VPL in other species, but rather on identifying novel form-function mappings in
cooperative contexts that parallel the roots of language (see Figure 1). Both parrots and orangutans
show promising, highly suggestive evidence of novel form-function mappings that turn into local
traditions [26, 51]. Future work will profit from focusing on species with a need for communicating
in a cooperative context.
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Table S1: Evidence for functions across taxa

Function Mechanism Taxa [references]

Australian musk duck [1]
Hummingbirds [1]
Songbirds [2—4]

Mate attraction VPL Whales [5-9]
Pinnipeds [10-13]
Bats [14, 15]
Mice [16, 17]

Penguins [18, 19]
Parent-offspring VPL Pinnipeds [13, 20]
recognition Accomodation Dolphins [21]

Bats [22-25]

Hummingbirds [26]
Parrots [27, 28]
Songbirds [29-32]

Markin Wolves [33]
social bgoun daries Accommodation Whales [34, 35]
Bats [36, 37]

Naked-mole rat [38]
Nonhuman-primates [39-42]
Homo sapiens

Parrots [27, 43, 44]
Songbirds [32, 45]
Bats [22, 46, 47]
Elephants [48, 49]

Servicing cooperative bonds Xfclc‘)mmo dation Dolphins [50, 51]
Whales [52]
Goats [53]

Non-human primates [54, 55]
Homo sapiens

Parrots [27, 56]
Creative form/meaning mapping VPL Orangutans [57]
Homo sapiens
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