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Abstract

All humans have language. This capacity is a complex biological trait whose evolu-
tion is currently an active research topic, especially in recent years. This thesis is an
attempt at contributing to this enterprise in two ways, from different angles. The first
one is a critical assessment of a prominent theory of language evolution, whereby the
“core properties of language” can be reduced to a single computational operation, for-
mally irreducible, which evolved suddenly as a result of a single genetic mutation. The
second one is an exploration of vocal learning, a trait present in many species which
in the case of humans is part of the language capacity as the functional provider of

speech.

Chapter 2 identifies a fallacious line of argument associated with the aforemen-
tioned theory of language evolution, i.e. that from the formal simplicity of an opera-
tion — in the case of this particular hypothesis, the MERGE operation — one can derive
the evolutionary steps it took for it to emerge. This argument is named here the “no
nalf-MeRrGE” fallacy. After a summary of independent reasons to doubt this hypothesis
for how language evolved, it is shown why the argument is biologically untenable in

the first place. This chapter lends support to the idea that language evolved gradually.

The greater part of this thesis (chapters 3 and 4) focuses on vocal learning. Vo-
cal learning, the capacity to modify auditory output on the basis of experience, is
displayed by several species, across different families. In humans, it is crucial for
speech. This thesis looks at vocal learning in two ways, by first offering an extension
to the Vocal Learning Continuum, an influential framework, and secondly by using
genomic information in the human lineage to suggest that vocal learning could have
been present in at least some of our ancestors, narrowing the gap between them and

modern humans regarding language components.

The Vocal Learning Continuum helped move past the dichotomic view according
to which species are either vocal learners or non vocal learners, proposing instead
a typology with a more nuanced, gradual distribution of this phenotype. However,
several issues remain, namely the reliance on a particular brain connection for estab-
lishing a vocal learning circuit (forebrain control of phonatory muscles), as well as

the primacy given to imitation, which is but one example of vocal learning and not
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the whole behavioral spectrum of this phenotype. In chapter 3. after identifying and
assessing these limitations, by pointing out conceptual and empirical problems, an
extension to the framework is offered, called the Vocal Learning Contiguum, which
eschews reliance on particular brain circuits and behaviors, favoring a broader per-
spective and welcoming more factors as sources of variation across species.

Chapter 4 explores a link between the SRGAP2 gene and the emergence of vocal
learning in the Homo lineage. SRGAP2C, a duplication of this gene found in Nean-
derthals and Denisovans and also in Modern Humans (but no other extant mammals),
inhibits SRGAP2A, the ancestral version of the gene, which modulates axon guidance
associated with the SLIT-ROBO molecular pathway. A connection is drawn between
the downregulatory effect on axon guidance and the formation of a cortico-laryngeal
connection associated with the human vocal learning circuit.

The thesis is complemented by a series of appendices that delve in more detail into
some conceptual issues surrounding the field of language evolution, namely those

coming from linguistics.



Resum

Tots els humans tenen llenguatge. Aquesta capacitat és un tret biologic complex,
I'evolucio del qual és actualment un tema de recerca molt actiu, especialment en els
darrers anys. Aquesta tesi és un intent de contribuir en aquesta linia de recerca de
dues maneres.

La primera és una apreciacio critica d’una teoria prominent d’evolucié del llen-
guatge, segons la qual les “propietats nuclears del llenguatge” es poden reduir a una
sola operaci6 computacional, formalment irreductible, la qual va evolucionar de sobte
com a resultat d’una sola mutaci6 genetica. La segona és una exploraci6 del aprenen-
tatge vocal, un tret que forma part de la capacitat del llenguatge com a proveidor
funcional de la parla.

El capitol 2 identifica una linia argumental fal-losa associada amb la teoria sus-
dita d’evoluci6 del llenguatge, i.e. que des de la simplicitat formal d’una operacié —
en el cas d’aquesta hipotesi, la operacio Fusid — es poden derivar els passos evolu-
tius necesaris per al seu sorgiment. Aquest argument s’anomena en aquest capitol
“no nalf-MERGE fallacy”. Després d’exposar raons independents per dubtar d’aquesta
hipotesi de la evolucio del llenguatge, es mostra per qué I'argument és biologicament
insostenible. Aquest capitol dona suport a la idea de que el llenguatge va evolucionar

gradualment.

La part preponderant d’aquesta tesi (capitols 3 i 4) es centra en I'aprenentatge vo-
cal: la capacitat de modificar I'output auditiu en base a 'experiéncia. L’aprenentatge
vocal esta present en diverses espécies, de diferents families taxonomiques. En hu-
mans, és crucial per a la capacitat de la parla. Aquesta tesi analitza aquest tema de
dues maneres. En primer lloc s’ofereix una extensio d’un marc influent, el Continuum
de I’Aprenentatge Vocal. En segon lloc s’utilitza informaci6é genomica del llinatge huma
per suggerir que I'aprenentatge vocal podria haver estat present en com a minim al-
guns dels nostres ancestres, reduint el buit entre aquests i els humans moderns pel
que fa a components del llenguatge.

El Continuum de I’Aprenentatge Vocal va ajudar a superar la visio dicotomica se-
gons la qual les espécies son “aprenedors vocals” 0 no ho son, proposant en el seu lloc

una tipologia amb una distribucié més matisada i gradual d’aquest fenotip. Tanma-
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teix, queden certs aspectes per resoldre. Un d’ells és la dependéncia en una connexi
cerebral particular per establir un circuit de aprenentatge vocal (control prosencefalic
dels musculs fonatoris). Un altre és la primacia donada a 'imitacio, la qual, tot i ser
un exemple de aprenentatge vocal, no representa la totatilat de I'espectre compor-
tamenmtal d’aquest fenotip. En el capitol 3, després d’identificar i valorar aquestes
limitacions, assenyalant problemes conceptuals i empirics, s’ofereix una extensio a
aquest marc. Aquesta extensio rep aqui el nom de Contiguum de I’Aprenentatge Vocal.
Aquest abordatge evita la centralitat d’un circuit cerebral o comportament particu-
lars, afavorint una perspectiva més ampla i donant la benvinguda a més factors com
a fonts de variacio entre especies.

El capitol 4 explora un nexe entre el gen SRGAP2 i el sorgiment de 'aprenentat-
ge vocal en el llinatge Homo. SRGAPZ2C, una duplicacio d’aquest gen, present tant
en neandertals i denissovans com en humans moderns (pero no en altres mamifers
existents), inhibeix la versio ancestral del gen (SRGAP2A), la qual modula el guiatge
axonal associat amb la ruta molecular SLIT-ROBO. Com a resultat d’aquesta explora-
cid, es proposa una associaci6 entre 'efecte de regulaci6 negativa en el guiatge axonal
ila formacio d’una connexi6 cortico-laringia vinculada al circuit huma d’aprenentatge
vocal.

La tesi es complementa amb una serie d’apéndixs que s’enfoquen amb més detall
en algunes qiiestions conceptuals que envolten el camp de 'evolucié del llenguatge,

principalment aquelles que provenen del ambit de la lingiiistica.
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Chapter 1

Introduction

The ultimate object of study of this thesis is language, a uniquely human trait. Par-
ticularly, I am interested in studying its nature as a biological capacity, and how it
evolved. There are two main ways of going about this question. One way is to try
to explain how language as a whole emerged in the human species, and derive hy-
potheses about a “key” or “basic” component of language and how humans suddenly
became endowed with it, setting us apart from all other species. This approach is
widespread in generative linguistics, the tradition most concerned with the biological
nature of language. The most popular articulation of such a hypothesis (Berwick and
Chomsky, 2016) posits that an essential computational operation emerged suddenly,
by means of a single genetic mutation. One other way of going about this question,
which in this thesis is argued to be the most productive, is to take different compo-
nents of language, and look at them comparatively, across domains and species, while
recognizing that the factors that shape their evolution are of different kinds, all work-
ing in tandem. This approach is reminiscent work in comparative cognition (de Waal
and Ferrari, 2010), which decomposes abilities and looks around to see what is shared
with other species and cognitive domains. As a cognitive ability language is indeed
amenable to study along these lines Fitch (2017b). Choosing this latter approach does
not yield a definite answer to the question of how language evolved; instead, it gets
us closer to understanding it partially, contributing bit by bit to this complex puzzle,
and uncovering other bits of information about humans and other species in the pro-
cess. The first approach leads researchers to pick a very broad topic (language) and
derive a very narrow theory of it, impervious to significant influence from the outside.
The second approach forces researchers to pick a very narrow topic of their interest
which is involved in language, focus on it, and then contextualize it in a very broad
picture, very much informed by results and insights from a host of fields, mirroring
the broadness of language itself as capacity.

The particular component of language this thesis dwells on is vocal learning, the
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ability to modify auditory output on the basis of experience. This ability is crucial to
speech, a major part of language, for it is what allows us to dynamically acquire and
produce the speech units we use in vocal communication, going beyond our innate
repertoire. However, vocal learning is not unique to humans. Several other species
have this ability as well (refs), even though they don’t have language. In other species,
vocal learning serves communicative functions as well, among others. Crucially, how-
ever, not all species are alike in this behavior. Traditionally, species have been con-
sidered to either have or lack this ability, much like humans are considered to have
language while other species simply lack it, but it is now recognized that this typol-
ogy cannot take the form of a dichotomy. More specifically, this thesis explores how

vocal learning can inform our understanding of language evolution.

1.1 Reasons for studying vocal learning in language

evolution

There are several reasons to choose this topic. The first is tractability. Most of lan-
guage is abstract, and indeed most of what linguists are interested in are things that
cannot be seen. Syntax, semantics, pragmatics, phonology etc. are for the most part
looked at through formal analysis, by positing relevant units, structures, and interac-
tions between them, none of which have physical existence, though there are physical
manifestations that allow for inquiry to take place. Vocal learning, which can be seen
as functionally providing speech in the case of humans, offers a point of entry into
language that is very much physical. There are of course challenges that are of an
abstract nature when dealing with vocal learning behavior, which become more ap-
parent as one gets closer to its cognitive aspects (for example whether or not learning
is really taking place in a given setting), but its more obvious connection with the
anatomy necessary to vocalize and the fact that its identification has a lot to do with
acoustic measurement makes it more tractable than other components.

The tractability of vocal learning in comparison with other elements that make
up language leads us to the second reason for studying it: cross-species comparison.
Since vocal learning is not specific to humans and manifests itself in a relatively overt
manner, aspects of it can be probed in other species at levels which are not practical
or allowed with human subjects. For example, Gaub et al. (2010) show that the Foxp2
gene does not seem to play a role for in the production of innate vocalizations in
mice. In a classic study, Konishi (1965) showed that a white-crowned will not produce
normal song if it is deafened early in development. Such tampering with the genetics
or developmental trajectory of humans is of course not a possibility, but it tells us
more about the phenotype.

This leads to the third reason: there is independent work on vocal learning of the
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kind that simply cannot exist in more traditional conceptions of language, whose re-
search programs look inwards. Many researchers have studied vocal learning in sev-
eral species for different reasons (see chapter 3 for several examples of such work),
both with and without language as an ultimate research goal (for example, Ravig-
nani et al. 2016 for pinnipeds, Tyack and Sayigh 1997 for cetaceans, Lameira 2017 for
primates, etc.). This offers a constant influx of useful information that helps guide
research.

A more conceptual reason for someone interested in language evolution to look
at vocal learning is that research on these two topics, despite their differences, has
followed similar trends, and in this sense the successes and pitfalls of each can inform
the other. Since the inception of generative linguistics (Chomsky, 1957), there has
been a focus on syntax as the central aspect of language, and more recently (Chom-
sky, 1995) of a particular computational operation (MERGE) as the basic property that
defines human language. Theories of language evolution following this conception of
language are therefore theories of the evolution of a very specific part of language,
which is moreover stipulated. Its evolution is often ascribed to a genetic mutation that
could have result in a slight rewiring of the brain. Similarly (although perhaps not as
extremely) in vocal learning, there are two elements that are considered central by
many, one behavioral and one neurological. The behavioral aspect is imitation, which
has been assumed to be the relevant phenotypical manifestation of vocal learning.
The neurological aspect is a particular circuit subserving the capacity for imitation,
namely direct forebrain control of the phonatory muscles (see Fitch 2010; Petkov and
Jarvis 2012 for prominent examples of work in this vein.)

We are faced in both cases with very particular and limiting definitions of a phe-
notype, and with a preference for a very particular neurological mechanism. These
stipulations guide research on both language and vocal learning.

In the case of language, this state of affairs has led to the dismissal of research on
aspects of language which are not related to MERGE to be relegated to a secondary po-
sition, both in priority and importance. The main evolutionary hypothesis following
this view focus on how MERGE evolved, and conclude that it had to emerge suddenly,
since MERGE is so simple formally. Dialog between proponents of this view and ev-
eryone else who works on the evolution of language and its components is very hard,
if possible at all. This is attributed to how misguided all work on evolution of language
that does not speak to MERGE is(Hauser et al., 2014).

In the case of vocal learning the situation is similar. A species must be capable
of imitation and this capacity must be subserved by a particular brain circuit for it
to be considered a vocal learner. Species that don’t seem to show either are consid-
ered uninteresting and research on them deemed misguided. Indeed, a lot of work
on species who don’t display imitation at the level of, say, songbirds, does not make

the “textbook” descriptions of the vocal learning phenotype. Moreover, even though



4 Chapter 1. Introduction

a typology of vocal learning has been devised under the vocal learning continuum
framework (e.g. non vocal learner, moderate vocal learner, complex vocal learner),
the bar is still set at imitation, and the particular brain circuit must be present in some
form in any species.

This attempt at radically reducing phenotypes tends to hinder progress (the phe-
notype becomes easier to define, but the boundary conditions are also more biased).
I touch on this issue in chapter 2 for language in general and chapter 3 for vocal

learning.

1.2 Two tenets that guide the work in this thesis

The work in this thesis is held together by two main tenets, which have many con-

nections. In this section I describe them briefly.

1.2.1 The notion of vocal learning adopted

Vocal learning as a phenotype can be subdivided into three main types, which I re-
produce here from chapter 3, since in the published version they erroneously appear

without labels:

Vocal comprehension learning ability to associate a sound with a behavioral re-

sponse (example: dog (Canis familiaris) response to human commands)

Vocal usage learning ability to learn the context in which a vocalization can be used
(example: vervet monkey (Chlorocebus pygerythrus) vocalizations in response

to predators)

Vocal production learning ability to modify vocalizations on the basis of experi-

ence (example: birdsong), which can converge or diverge from a model

I focus mainly on the third subtype, vocal production learning, which I define in
such a way so as to avoid the premium put on imitation several authors favor. I argue
for this notion in chapter 3, the main reason being that several behaviors in several
species do not necessarily involve imitation (see Tchernichovski and Marcus 2014 or
Ghazanfar et al. 2019, for example).

For reasons also explored in depth in chapter 3, I reject the notion that a particular
brain circuit is necessary for a vocal learning system to be in place in any species.
namely involving forebrain control of phonatory muscles (e.g., the larynx in mammals
or syrinx in birds).

Rejecting these two criteria amounts to rejecting the Kuypers/Jiirgens hypothesis
(Fitch, 2010), which requires them both to be fulfilled, and disqualifies any species

lacking them from being considered. In chapter 3 I point to empirical evidence that
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in my view leaves no option but to indeed abandon the KJ hypothesis, with examples

of species that:
« display vocal behavior that clearly shows learning but not imitation

« display vocal behavior that they are “not supposed to” since they lack the rele-

vant brain circuit

This forces a broader definition of vocal learning, one that looks at this phenotype
as a behavior, not to be confused with the mechanisms that may subserve it, nor
with a particular case of that behavior which is more impressive and more readily
identified (imitation). It yields a definition whereby vocal behavior is learned from
experience, which is not necessarily auditory (it could also be of a social nature), and
whose manifestation does not have to be the perfect copy of a sound unit, but rather
the modification of aspects of vocalizations (which could as one possibility, among

others, yield imitation).

1.2.2 Doing away with dichotomies

Another tenet that guides the work on this thesis is the rejection of dichotomies in
evolutionary theories, if they are to be plausible.

Classic dichotomies in biology seem to not have held up to modern times. Most
would agree now that phenotypes are not the result of either “nature” or “nurture”, not
due to to either “genetics” or the “environment”, either “biology” or “culture”. They are
not clearly “innate” or “learned”, or either “novel” or an “adaptation”. Dichotomies are
good starting points, but the picture is always more complex and overlaps are more
common than not. Linguistics is rife with dichotomic views and proposals, most of
which seem to be a attempt to draw a line between humans vs. other species, or a spe-
cial capacity of humans vs. those of other species. We have I-language vs. E-language
(explanation, refs), there are two completely separate systems fed by I-language, the
conceptual-intentional system for cognitive processes and the sensorimotor system
for externalization processes (refs), competence and performance, core vs. periphery,
basic vs ancillary properties of language, and the list goes on. All of these have the
goal of defining what’s important and what’s secondary.

A famous example is a distinction between Faculty of Language in the Narrow
Sense and Faculty of Language in the Broad Sense, or FLN/FLB distinction for short
(Hauser et al., 2002). The distinction is supposed to contrast between properties of
language that are unique to it and to humans, on the one hand, and properties of lan-
guage which are shared with other domains and/or species. Unsurprisingly, Hauser
et al. (2002) put forward that the FLN corresponds to the MERGE operation, while all
other properties of language can be ascribed to FLB. For these authors, understanding

FLN is the real challenge of language evolution. This of course results in a state of
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affairs whereby i) there is an assumption that there is set of properties that are unique
to humans and indeed language, and ii) that all other properties will not tell us much
about how language evolved and therefore are not worth studying if language is what
we are after. This has indeed been the case in practice, with FLB becoming a rug, un-
der which anything which is not the magic bullet that gave humans language can be
swept, and deemed irrelevant (see, for example, a series of papers published in recent
years, with several authors in common, e.g. Berwick et al. 2013; Hauser et al. 2014;
Bolhuis et al. 2014; Everaert et al. 2015; Bolhuis et al. 2015; Everaert et al. 2017, to
name but a few). This distinction makes comparative work virtually impossible by
definition. See Martins et al. (2016) for a detailed discussion on this matter.

The notion of vocal learning adopted in this thesis, as mentioned in the previous
section (1.2.1), is very much related to this issue. In vocal learning studies, strong di-
chotomies are less obvious in the current state of research, with frameworks such as
the Vocal Learning Continuum (VLC) (Petkov and Jarvis, 2012) calling attention to the
need to be more nuanced where thinking about the distribution of this phenotype. But
dichotomies still remain. Having a particular kind of brain circuit as the predictor for
vocal learning ability, as per the aforementioned KJ hypothesis, is a dichotomic crite-
rion, which is especially problematic if it also fails empirically. Behaviorally, having
imitation as the one aspect that makes the phenotype interesting has the same effect.
This leaves many species and behaviors in a limbo, while it is clear what they display
display is indeed vocal behavior that is learned.

Furthermore, and again as per the VLC, there is still a species for which a special
label is reserved: high vocal learners, even though nothing in the vocal learning circuit
of humans sets us completely apart from other species. Other things do, but they are
not in the realm of the vocal learning phenotype as pursued in the VLC. The extension

to the VLC proposed in 3 attempts to do away with dichotomies of this sort.

1.3 Thesis Outline

This thesis tries to tackle some questions that arise in the study of human language as
a biological capacity and vocal learning more specifically, with the tenets described
previously in mind.

In chapter 2, published as Martins and Boeckx (2019), I look at what is arguably the
most prominent hypothesis for language evolution coming from linguistics, namely
that the central component of language is an operation MERGE and that it emerged
suddenly by means of a single mutation. This hypothesis makes the following assump-
tions. I offer evidence against these assumptions, and most crucially why logically the
hypothesis fails. I identify what I call the “no half-MERGE fallacy”, the argument that
from the formal simplicity of MERGE one can derive the number of biological steps

that led to its emergence, and argue that it cannot hold and that therefore a different
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view of language evolution is warranted.

In chapter 3, published as Martins and Boeckx (2020), I offer an extension to the Vo-
cal Learning Continuum, and influential framework for the study of Vocal Production
Learning. I point its conceptual and empirical limitations and propose a multidimen-
sional framework that does not incur these same problems.

In chapter 4, published as Martins et al. (2018), I draw on data from archaic human
genomes to support the idea that complex learning could already have been present in
some of our extinct ancertors. I do so by looking at the SRGAP2C, an SRGAP2 duplica-
tion also present in Neanderthal and Denisovans, inhibiting the ancestral SRGAP2A
gene, which modulates axon guidance. I claim this could contribute to a cortico-
laryngeal connection already in these ancient humans, eliminating one difference be-
tween them and modern humans with respect to language components.

These three chapters form the bulk of thesis and follow a conceptual order: how to
think about language evolution (not a single trait, but rather a multitude of traits), how
to apply the same rationale to a sub-component of language, vocal learning, and how
looking at a very specific source of information can give clues about a subcomponent
of language and ultimately can language evolution, bringing us back to our original
goal.

After the main chapters, there are a handful of appendices dealing with issues less
central to the topic of the thesis, but conceptually important for research on language
evolution. These are all published papers, which together are representative of my
work on the conceptual problems in the field of language evolution.

In Appendix A, published as Martins and Boeckx (2016b), I go over the different
ways in which biolinguistics has been used as a term, and argue that most of these
senses do not add anything conceptually or practically to the field of language evo-
lution. In other words, I argue that biolinguistic research has been misguided for the
most part, and that it no longer serves the biological and evolutionary aspirations it
purports to.

In Appendix B, published as Martins and Boeckx (2016a), I go over the idea that
language evolution is a mystery in principle, and that no important insights can be
gained. I argue that this is only true if one adheres to a particular hypothesis of
language evolution (namely, one that eschews multiple factors and steps leading to
its emergence). I argue instead that language evolution is a problem, like any other
scientific problem, and that we can indeed derive conclusions about it if we follow the
comparative method.

Appendix C, published as Silvente i Font et al. (2020) looks at data on birds (approx-
imately 180 species) with the goal of checking whether different traits (life-history
and allometric variables) correlate with vocal learning ability. Brain-body mass ratio
seems to distinguish species typically considered to be vocal leaners from those that

aren’t. In the context of this thesis, a possible interpretation is that vocal learning is
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not tied to a specific circuit evolutionary trajectory, since different bird orders have
themselves different developmental trajectories leading to apparently similar pheno-
types.

There is also one further Appendix D, unpublished, which goes over some issues
raised by Berwick and Chomsky (2019) regarding the paper corresponding to Chapter
2. These issues were raised in a paper published simultaneously with ours. Since this
chapter is conceptually important, I find it merits defense against prominent criticism.
I offer clarification on why the logic of a single mutation for MERGE does not hold,

and dispel the misrepresentations of my original points.
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Abstract

Recently, prominent theoretical linguists have argued for an explicit scenario for the evolu-
tion of the human language capacity on the basis of its computational properties. Con-
cretely, the simplicity of a minimalist formulation of the operation Merge, which allows
humans to recursively compute hierarchical relations in language, has been used to pro-
mote a sudden-emergence, single-mutation scenario. In support of this view, Merge is said
to be either fully present or fully absent: one cannot have half-Merge. On this basis, it is
inferred that the emergence of our fully fledged language capacity had to be sudden. Thus,
proponents of this view draw a parallelism between the formal complexity of the operation at
the computational level and the number of evolutionary steps it must imply. Here, we exam-
ine this argument in detail and show that the jump from the atomicity of Merge to a single-
mutation scenario is not valid and therefore cannot be used as justification for a theory of
language evolution along those lines.

Introduction

The capacity for language is a defining trait of the human species. Understanding the nature of
this capacity and how it came to be is a major topic of research (see [1] for a recent special
issue on the topic). A leading proposal on the nature of the capacity, coming from the work of
Chomsky [2], is that humans are equipped with some form of innate circuitry that allows for
recursive computation over hierarchical structures. The theory describing this capacity has
changed over the decades, with the most recent major articulation [3] proposing a basic opera-
tion named Merge. In its minimal expression, this operation takes two linguistic units (say, &
and f) and forms a set {a, 8}, which can, in turn, function as a unit to be further combined:
{.. Ar{a,B}}. . .}. For example, Merge can take the units the and book and form the set {the,
book} and further merge that set with bought and form the set {bought, {the, book}} and so on.
Merge is claimed to be sufficient to yield grammatical structure and to be unique to humans.
As for the question of evolution, in a recent book, Berwick and Chomsky [4] propose that
Merge, being such a simple operation, had to be the result of a single genetic mutation that
endowed one individual with the necessary biological equipment for language. This idea is
also defended in other recent work (e.g., [5-7]).
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There are different parts to the position in [4], to which we will return briefly. But the key
argument that interests us here is the claim that, because Merge is either fully present or fully
absent, the human language faculty had to emerge suddenly, as the result of a single mutation.

The argument here is that because there can be no intermediate steps between "not having
Merge" and "having Merge" as a formal operation underlying recursion—in other words, there
cannot be such a thing as half-Merge—there can be no multiple, gradual evolutionary steps
accounting for its emergence. Thus, Merge and, with it, a full-blown modern language faculty
must have been the result of a sudden, single mutation. We will call this evolutionary scenario
the "no half-Merge" argument.

In what follows, we will analyze this argument and show that it rests on tenets that do not
hold (thus becoming the "no half-Merge fallacy"). We will conclude that this argument cannot
be used as justification for a single-mutant theory of Merge, nor of human language, and that a
different view is warranted.

The no half-Merge argument

The single-mutant theory of language evolution in [4] rests on a number of points that are pre-
sented as tightly connected. In a nutshell: there was a Great Leap Forward, an unprecedented
explosion of symbolic capacity and production sometime between the appearance of anatomi-
cally modern humans and a single exodus from Africa, roughly 100,000 years ago [4]. This can
only be explained by a sudden (and single) genetic change that endowed one or a very small
number of individuals with very advantageous capacities, the clearest expression of which are
reflected in language. The actual result of that change was the operation Merge. This operation
is said to be optimal and undecomposable. Furthermore, the authors in [4] state that things
could not have happened otherwise, because there was not enough time for a more complex
multistep evolutionary scenario to happen in a short time span. It is very important for this
proposal for each of these tenets to hold, for one rests upon the other.

Even though the present paper focuses on the atomicity of Merge and its evolutionary
implications, we see evidence for doubting the other strands of the evolutionary narrative in
[4]. The Great Leap Forward, single-group exodus out-of-Africa narrative, taken for granted
in [4], has lost its original appeal, with mounting evidence in favor of a multigroup, multistep
evolutionary trajectory of Homo sapiens [8-10]. Recent work has put forward models that are
more consistent with the diversity evident in the fossil record, advancing the idea that several
populations from different regions within Africa gave rise to anatomically modern humans
[10-12]. The out-of-Africa exodus, which, it is now thought, did not consist of a single event,
has been pushed as far back as approximately 120,000 years ago, because fossils do not fit the
original timeline [13]. The chronologically staggered and dispersed nature of the archaeolog-
ical record used to infer cognitive modernity also points to this view [8, 14]. Moreover, many
of the artifacts once associated with H. sapiens” cognitive modernity have been attributed to
then-coexisting human species [15].

The idea that Merge was the result of a single mutation and that there was not enough time
for multiple mutations to give rise to it has recently been modeled, and, contrary to expecta-
tions, a multistep scenario turns out to be much more plausible [16]. The model in [16] is
based on the assumptions of [4] and other information consistent with them, such as the pre-
supposition of a single-mutation event, maximum population size at that time, the extremely
large fitness advantage the change would confer, and number of offspring that would be
expected. By using standard population genetic approaches (diffusion models [17] and
extreme value theory [18]), the authors show that a single macromutation scenario is much
less likely than one whereby several mutations have smaller fitness advantages. Therefore,
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there seems to be no independent evolutionary-dynamics motivation for the single-mutation
scenario that in [4] is called the “simplest assumption.” Thus, it seems that both evolutionary
dynamics and the inadequacy of the Great Leap Forward idea are independent reasons for
doubting key aspects of the single-mutant theory of the evolution of language.

Let us then turn to another aspect of the proposal of [4], namely, that because Merge is
atomic, it could only have evolved as the result of a single mutation, for this "phenotype" does
not allow for intermediate steps. In [4], it is put as follows:

"A plausible speculation is that some small rewiring of the brain provided the core element
of the Basic Property: an optimal computational procedure, which yields an infinite array of
hierarchically structured expressions, each interpreted systematically at the conceptual inter-
face with other cognitive systems. . . It is, in fact, not easy to conceive of a different possibility,
since there can be no series of small steps that leads to infinite yield."

The argument has been stated most succinctly (and endorsed) by [19], who makes the same
inference from formal complexity (or simplicity) to evolutionary steps: "There’s no such thing
as half-recursion. It’s an all or nothing software trick” (p. 290); "it’s not totally implausible that
such a faculty might have come about in a single mutation, which we should probably call a
macro-mutation” (p. 382).

We now focus on the argument itself and articulate the reasons why it can’t be used to jus-
tify a single-mutant theory of language evolution. We think it is worth examining this argu-
ment in detail because, in our experience, this is presented as "the last bastion of retreat" for
linguists when a scenario like [4] is challenged.

The no half-Merge fallacy

The language phenotype is defined in [4] as equivalent to Merge. Under this view, theories of
language evolution are theories of the evolution of Merge, and everything else is deemed
peripheral.

Theories of language competence (that is, what goes on in the "head" of a speaker) rest
mainly on formalization. Under the assumption that the system we are interested in is a bio-
logical one, formalizing a linguistic mechanism is equivalent to describing it at the computa-
tional level in the sense of David Marr’s influential "three levels of analysis" [20]. The
computational level describes what is being done. The other two levels are the algorithmic
(how something is being done, by which processes) and the implementational (the physical
implementation in the brain, and all the way down to the genome). It is recognized in the liter-
ature that the formal simplicity of an operation deemed crucial to language cannot be con-
flated with simplicity at the biological level [21, 22]. And yet, this is precisely what accounts
like [4] do: they extend the atomicity of Merge (computational description) down to the imple-
mentational level (single neural circuit rewiring; single mutation).

An additional problem for an account like [4] concerns the simplicity of Merge (essentially,
set formation, as described in the introduction). Such simplicity is only apparent: for Merge to
adequately capture the core structural traits of linguistic competence, it must be formulated in
such a way as to capture the distinction known to linguists as "external merge" (forming nested
dependencies) and "internal Merge" (forming cross-serial/crossing dependencies) (Fig 1).
Both kinds of dependencies occur in natural language, but the latter type, in which dependen-
cies between items cross one another, requires more memory resources to keep track of all
open dependencies across intervening elements [23].

If we go back to the hierarchy of formal languages [25] (Table 1), which we still take to be a
useful categorization of the kinds of grammars that are computable, crossing dependencies
were argued to require a level of complexity (mildly context sensitive) over and above that
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the cat the dog chased escaped we Hans the house helped  paint

Fig 1. Nested dependencies (left) versus crossed dependencies (right). In the English example to the left, “the cat the
dog chased escaped,” the dependencies do not cross. In the Swiss-German example (from [24]), to the right, “mer Hans
es huus hilfed aastriiche” (we helped Hans paint the house), the dependencies cross.

https://doi.org/10.1371/journal.pbio.3000389.g001

required for nested dependencies (context free). That is to say, crossing dependencies require
more computational memory resources. Accordingly, they cannot simply be assumed to be
part of the default Merge definition.

Thus, it is perfectly reasonable to entertain a multistep scenario for Merge, with at least two
steps: one step (effectively, external Merge in the terminology mentioned earlier) taking us
beyond the range of resources attested in other species’ communication systems (limited to
dependencies that can be captured by finite-state automata [26]). This would allow for the
introduction of nested dependencies as described previously. A second step, corresponding to
internal Merge, would make it possible for crossing dependencies to be part of the species’
communication system (technically corresponding to the characteristics of a linear-bounded
automaton; Table 1).

Note, then, that even if we grant the claim that there is no such thing as half-recursion, it
doesn’t follow that Merge is equally atomic. It is perfectly possible that external-Merge and
internal-Merge steps took place at different times, requiring at the very least two (macro)muta-
tions. It is also possible under this view that only one of the macromutations would be unique
to modern humans.

This is where Berwick and Chomsky’s [4] argument concerning the evolution of Merge and
the modern language faculty rests on the accuracy of the Great Leap Forward view and the
claim that there was not enough evolutionary time to accumulate the relevant mutations. Even
if we grant that there cannot be such a thing as half-external-Merge, the macromutation giving
rise to it could have taken place thousands of years before other mutations could affect the
brain in ways that gave rise to the computational regime supporting the internal-Merge step.

To be clear, we are not suggesting that it actually took exactly two steps for Merge to arise.
We simply use Berwick and Chomsky’s methodological approach to try to derive evolutionary
steps by looking only at formal properties and conclude that these don’t entail a single muta-
tion. Besides the reasons we mention in the previous section, there seems to be no logical
necessity for a scenario such as the one in [4].

The evolution of something as complex as human language deserves integration of results
and insights from different corners of the research landscape, namely the fields of neurobiol-
ogy, genetics, cognitive science, comparative biology, archaeology, psychology, and linguistics.
This is hard because it requires compatible levels of granularity between all fields involved, but

Table 1. The hierarchy of formal languages and corresponding automata.

Class Grammar Automaton
Type-3 Regular Finite-state
Type-2 Context-free Pushdown
Type-1 Context-sensitive Linear bounded
Type-0 Unrestricted Turing machine

https://doi.org/10.1371/journal.pbio.3000389.t001
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Fig 2. Berwick and Chomsky’s theory of language evolution in the context of Marr’s levels.
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it is the only way of achieving meaningful understanding [27, 28]. This is where the a priori
value of the single-mutant theory of language evolution of [4] lies. It offers a computational
characterization of language that can serve as a boundary condition for other fields interested
in addressing the evolutionary question. In the terms of [29], this potentially turns the question
of language evolution into a "problem," as opposed to a "mystery."

Computational considerations must come to grips with both the insights and the data from
other disciplines. In the case at hand, we believe theories of language evolution will benefit
from taking on board the archaeological evidence questioning the Great Leap Forward. Simi-
larly, the apparent simplicity of single-mutant scenarios should be reevaluated in light of simu-
lations showing that multiple-mutation scenarios are more plausible, even over reduced
temporal windows [16].

These empirical considerations are bypassed by work such as [4], and a single-mutation sce-
nario is presented as arising from virtual necessity, because there cannot be such a thing as half-
recursion. This eschews the fact that Merge is intended to capture a specific sense of recursion
that encompasses the full range of dependencies in natural languages. Such dependencies have
been known since the 1950s not to be uniform, something that the cover-term Merge obscures.
This nonuniformity certainly admits a layered, mosaic-like evolutionary history.
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Marr’s levels of analysis are of great importance to our understanding of cognitive traits.
The implementational level, especially, must be given more attention than it has received in
works such as [4] (Fig 2). This is the level at which the farthest-reaching claims are made when
devising theories of the evolution of language. Eventually, the computational description must
be linked to algorithmic and implementational descriptions that connect to the neural wetware
and its molecular basis. Although this is an extremely hard problem, one can be fairly confi-
dent that there won’t be a one-to-one mapping between the genotype and the phenotype [30].
Moreover, we now have the possibility to look at the complete catalog of changes between
modern humans and archaic humans that reached fixation [31, 32], and it is unlikely that a
single mental operation could be the direct result of any of these changes.

A single computational step need not correspond to a single-mutation or a single-rewiring
event. In fact, to our knowledge, there is not a single case of a novel behavior arising from a
single genetic mutation. Instead, each gene deemed important is but one cog in a network of
genes [32, 33]. Even in domains that are easier to probe than cognition, such as concrete physi-
cal traits, it is extremely hard to find true evolutionary novelty and even more so to attribute it
to single gene changes [34, 35].

We find it problematic to rely on "logical necessity" based on the formal complexity of a
trait to motivate evolutionary scenarios. It is this fallacy that we draw attention to in this paper.
If one were to follow the same logic, one would put forward single-mutation evolutionary sce-
narios for many phenotypic traits (say, counting or bipedalism), because it is hard to conceive
of what the intermediate steps of the behavior might be (can there be such a thing as half-
counting or half-bipedalism?). Evolutionary studies give us daily reasons to embrace complex
scenarios, and we see no reason to abandon them in the context of language. Indeed, we think
that decomposing the species-specific trait of modern language into a mosaic of less excep-
tional ingredients, each with its own evolutionary trajectory, is the only way to open inquiry
into its emergence to empirical investigation.
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Abstract

Vocal learning is the ability to modify vocal output on the basis of experience. Traditionally,
species have been classified as either displaying or lacking this ability. A recent proposal,
the vocal learning continuum, recognizes the need to have a more nuanced view of this phe-
notype and abandon the yes—no dichotomy. However, it also limits vocal learning to produc-
tion of novel calls through imitation, moreover subserved by a forebrain-to-phonatory-
muscles circuit. We discuss its limitations regarding the characterization of vocal learning
across species and argue for a more permissive view.

Introduction

Humans (and no other species) have language. An important component for language is
speech, which refers to the auditory/vocal medium we use to communicate linguistic units
among ourselves, and apart from auditory perception and processing, it requires a vocal tract
with a wide range of possibilities, such as ours (but not necessarily exactly like ours [1]), and
the capacity for vocal learning. Vocal learning broadly construed is the ability to modify vocal
output on the basis of experience. Unlike language, however, vocal learning is not unique to
humans: it is present in several, distantly related species. There are different ways in which spe-
cies modify their vocalizations (see Box 1). This could involve either a modification of an
aspect of vocalization (as long as it can be shown that such a modification is learned from
experience, usually auditory but not necessarily so [2]) or the production of novel vocalizations
altogether.

Vocal learning is indeed a very productive area of study across disciplines [6]. Species that
display vocal learning abilities are a relevant source of information on the nature and evolution
of language in humans, chiefly regarding phonological aspects [7]. However, not everyone
agrees on what constitutes vocal learning as a phenotype, and this greatly affects how work on
vocal learning is carried out.

The “canonical” list of vocal learners

There is a general trend in the literature (e.g., [8]) that limits vocal learning only to species that
can produce novel calls through imitation, subserved by a direct connection between the
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Box 1. Simple vocal learning typology

When looking at vocal abilities, there are ways of teasing apart which behaviors require
some form of learning and which don’t. There is a major split between vocalizations that
are innate, whose employment does not depend on experience, and those that do require
experience and go beyond the innate repertoire. The former kind of vocal behavior is
common to most animals. It includes crying and laughing [3], for example, and does not
require experience (though see [4] for how experience influences prosodic aspects of cry-
ing). The latter kind is less widespread, and it consists broadly of three subtypes, follow-
ing [5]:
« ability to associate a sound with a behavioral response (example: dog [Canis familiaris]
response to human commands)

ability to learn the context in which a vocalization can be used (example: vervet mon-
key [Chlorocebus pygerythrus] vocalizations in response to predators)

ability to modify vocalizations on the basis of experience (example: birdsong), which
can converge or diverge from a model

The behavior that interests us here is vocal production learning, which is what most
researchers refer to when they refer to vocal learning. But what constitutes vocal produc-
tion learning as a phenotype is far from agreed upon by researchers, both in contrast to
the other subtypes and on its own. This naturally affects which species are considered
capable of it.

forebrain and phonatory muscles (e.g., the larynx in mammals or syrinx in birds). This has led
to a canonical list of vocal learning species. It comprises three bird orders and some mammals.
The birds—by far the longest list when counting individual species (in the thousands [9])—
comprise songbirds (Passeriformes), parrots (Psittaciformes), and hummingbirds (Trochili-
formes) [10, 11]. The mammals include humans, some cetaceans [12, 13], pinnipeds [14, 15],
elephants [16], and bats [17, 18]. Birds are considered closest to humans in vocal learning abili-
ties, even though they are phylogenetically the most remote. Humans are the only primate
uncontroversially considered to be vocal learners, whereas nonhuman primates are considered
of little relevance in this regard. Refinements to this list usually consist of looking inward for
finer distinctions in the families already established (e.g., bats [18] or parrots [19]), and rarely
outward.

It is possible that this focus on imitation and novel vocalizations is due to it being the clear-
est case of something being “transmitted” and then “learned.” That is, it could be that for those
who put a premium on imitation (e.g., [8]), learned (as opposed to “innate”) entails that there
has to be imitation of something that wasn’t there before in any form (in the repertoire), as
opposed to improvisation or other ways in which sounds in a repertoire can change (for exam-
ple, through social feedback or modifications of aspects of calls that do not entail an entirely
novel output).

It is also possible that the appeal of “neuro-reductionism” (to virtually equate a behavioral
phenotype with a neural implementation [20]), might have had an influence in the establish-
ment of this take on vocal learning. The existence of a direct connection from forebrain to
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phonatory muscles, allowing for fine control of those structures, is indeed an appealing idea
on which to build.

There is, however, empirical evidence of vocal learning abilities in other species outside of
the canonical list. Such evidence is usually behavioral and not an attempt to show direct fore-
brain control of phonatory muscles. Indeed, there is work questioning that such a connection
is a necessary condition for vocal learning in the first place [21, 22].

The vocal learning continuum and beyond

In light of this, we think it worth discussing the “vocal learning continuum hypothesis” (VLC)
[11], which categorizes species along a continuum of increasing vocal learning complexity.
This is a valuable idea that goes against the traditional dichotomous view of vocal learning,
according to which a species is either definitely a vocal learner or not at all. However, it too
relies on production of novel calls through imitation, subserved by forebrain control of phona-
tory muscles, to determine the distribution of vocal learning abilities across species. Such an
approach is therefore not representative of the diversity of vocal learning behavior across the
animal kingdom [23, 24]. This diversity pertains not only to species for which there is recent
evidence of vocal learning but also to the “well-established” vocal learning species, namely
birds [25].

Indeed, we find that the way species learn to produce their communication signals should
form the set of criteria that makes a species a vocal learner. The exact nature of the vocaliza-
tions and the neurobiology are of course extremely important, and they will allow for much
more precise evolutionary work, but one must not lose sight of the fact that vocal learning is a
behavioral phenotype, with learning as the most striking aspect.

Given this state of affairs, two ways offer themselves for future studies on vocal learning: (1)
perpetuating the bifurcation between canonical and “negligible” vocal learning species or (2)
turning attention to the behaviors observed and assessing them in the context of a broad sense
of vocal learning, as opposed to dismissing them on neurobiological grounds alone.

Recently proposed frameworks and reflections also show some concern with this question
and call for more wide-ranging perspectives on vocal learning (e.g., [26-28]).

In the remainder of the present paper, we start by going over the VLC and point out some
limitations. We then point to evidence from “noncanonical” species that reinforces these limi-
tations and conclude by outlining an extension to the VLC highlighting approaches to vocal
learning that can help overcome them.

Limitations of the vocal learning continuum

The VLC proposes that species can be placed along a continuum, yielding a gradual as opposed
to dichotomous classification [11, 29-31]. The categories in the VLC are as follows: vocal non-
learners, limited vocal learners, moderate vocal learners, complex vocal learners, and high
vocal learners.

The motivation for the VLC is that some species cannot be clearly categorized as nonvocal
learners or vocal learners (in the all-or-nothing sense), with the mouse (Mus musculus) being
such a case: they seem to have some form of song (ultrasonic vocalizations), but it is not clear
whether they are learned or innate. Some aspects of it, however, seem to be contingent on
social feedback, which highlights the role of experience. In addition, species with very impres-
sive but not identical vocal learning abilities, such as songbirds versus parrots, can also more
safely be placed a notch apart so that they are not equated and the nuances that distinguish
them are not lost.
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Although the VLC is a very welcome and important proposal for the study of vocal learning,
we find that it has some limitations, which must be overcome in order to achieve a full(er) pic-
ture of the vocal learning morphospace and an understanding of its evolutionary history.

Some of the limitations of the VLC are of a conceptual nature, and some are empirical. The
conceptual limitations are independent of what the VLC is actually about and, instead, have to
do with the validity of establishing a two-dimensional model of a complex trait, which had to
evolve. The empirical limitations have to do with applying the model to vocal learning specifi-
cally and how its predictions don’t pan out, for different reasons.

Bidimensionality

Because vocal learning categories are determined by the existence and strength of a particular
brain circuit in the VLC, this makes it a bidimensional system (see [28] for some recent discus-
sion on the same issue).

The particular brain circuit is, to put it in simple terms, a direct connection from the fore-
brain to phonatory muscles, and it is thought to be present in some form in canonical vocal
learning species. The Kuypers/Jiirgens (KJ) hypothesis [8, 32] posits that such a connection is
necessary for the kind of motor control that is required for vocal learning, and the VLC tacitly
relies on it. This idea had already been made popular before (e.g., [33], among others), but it
was perhaps made more widespread in the work of Jarvis (e.g., [11, 34]), and Fitch (e.g., [8,
35]), who named the hypothesis after two scientists who made important contributions to pri-
mate neurobiology [36-38]. In other words, even though the VLC is a more nuanced concep-
tion of how to ascribe vocal learning across species because it allows intermediate steps, it is
still limited in the sense that it has the forebrain-to-phonatory-muscles connection as the sole
predictor and allows for variation only in that dimension. It is relevant here to recognize the
role of a direct forebrain-to-phonatory-muscles connection as a necessary ingredient in the
VLC; proponents of the VLC are of course well aware that it alone cannot explain away vocal
learning as a whole. Other abilities and traits are involved, such as auditory learning [11], but
the VLC is not concerned with them.

An analogy to the bidimensional nature of the VLC would be a slider in a physical machine
or a computer program that controls a parameter, and by sliding it back and forth, the output
is changed. In this case, the parameter would be the strength of a forebrain-to-phonatory-mus-
cles connection, and the output would be “less” or “more” vocal learning. If the slider is at posi-
tion 0, we get no vocal learning. If the slider is at the maximum value, we get “high-end” vocal
learning.

There are two ways in which this bidimensionality is problematic. The first is that it leaves
out capacities and constraints at other levels of analysis [18, 24, 28], which might or might not
go hand in hand with this brain circuit. This is well captured by the following questions, taken
from [28]: (1) What makes a species a vocal learner? (2) When is vocal learning employed? (3)
How can vocal learning be expressed by the organism? (4) Who (else) is capable of vocal learn-
ing? And (5) why did vocal learning evolve?

Recent empirical evidence shows that species that do not or are thought to not have relevant
forebrain control of phonatory muscles can be vocal learners. This brings to the fore other
ways in which species may achieve what is in effect vocal learning behavior. Testing of species
whose vocal learning capacities are unknown or supposed not to exist still yields surprises.

The other problem is that if a goal (or even the main goal) of comparative work is to derive
information about the evolution of traits and species, we cannot expect a single aspect (e.g., a
single genetic change or a single brain connection) to offer a realistic picture of how the trait
evolved [39]. Even if the empirical evidence established that only vocal learning species in any
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one sense consistently have a certain brain connection and vice versa, evolutionary aspirations
would still require a more complex explanation. In the realm of complex traits, there is always
a cascade of effects with far-reaching implications [40]. It is also the case that even homologous
behaviors don’t necessarily share a neural mechanism: there can be genetic changes affecting
circuitry with no change in behavior [41].

More on brain wiring

The discovery of particular wiring (see Box 2) made it possible to attempt a principled, brain-
based separation of strictly innate calls in a way that’s shared among all mammals tested from
calls that are controlled volitionally. However, even in the very strict sense of learning of novel
vocalizations through imitation, it is not known beyond doubt that this is a necessary condi-
tion. For example, there are reports of learned, voiced calls in the orangutan (Pongo spp., a

Box 2. Two major pathways

There are two major pathways believed to be specifically involved in vocal behavior: a
general, “primal” one that is associated with all vocalizing animals and, in addition, a
more specific one that is associated with vocal learners.

The primal pathway goes from the anterior cingulate cortex to the PAG, to the reticular
formation of the pons and medulla, and from there to the phonatory neurons [3]. It
seems that the PAG pathway is not involved in vocal motor coordination but, instead, is
responsible for initiation and intensity of what is in effect a vocal reaction. It is not
involved in its patterning.

Besides this pathway, used for “reactive” or “affective” vocalizations, it is hypothesized
that vocal learners also have a direct connection from the laryngeal motor cortex to the
nucleus ambiguus (Am) and, from there, to the phonatory muscles. In birds, similar
pathways are thought to exist. There is a connection from the dorsal medial nucleus of
the midbrain (DM) to the 12th nerve nucleus, which controls the syrinx. This is the
vocalization pathway analogous to the PAG pathway in, say, humans. In vocal learning
birds, there is also a connection from the robust nucleus of the arcopallium to the 12th
nerve nucleus [46]. Nonvocal learning birds are thought to not have such connections
(e.g., pigeons [Columbia livia] [47], but evidence is scarce). This direct telencephalic
connection in birds is analogous to the cortical connection in humans.

Not much is known about the presence of these connections in some of the families
included in the canonical list of vocal learners (e.g., cetaceans and pinnipeds).

This association between medial pathways and innate vocalizations, on the one hand,
and cortical pathways and vocal learning, on the other, has become established in the lit-
erature, but the claim made by the KJ hypothesis is not without challenges [21, 22]. Most
relevant here are perhaps the criticisms by Lameira [22] because they are presented in
light of comparative evidence. One argument has to do with attribution: the work by
Kuypers and Jiirgens does not show or entail what the hypothesis states. For example,
Kuypers [36] is assumed to have shown that great apes did not have the required fore-
brain-to-larynx connection, when in reality, he did in fact identify it in a chimpanzee
(Pan troglodytes) subject, and Jiirgens [38] used monkeys and not great apes in his work.
This casts some doubt on our understanding of direct vocal control in chimpanzees and,
potentially, other primates. The second argument has to do with evidence against what
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the hypothesis predicts: nonhuman primates should not in any way display vocal learn-
ing. Yet evidence for primate vocal learning is accumulating (see, e.g., [22, 24, 48]). We
go into more detail in section S1_Text. Evidence in the opposite direction also exists:
mice seem to have the required machinery, yet they are not vocal learners in the KJ sense
[29]. From a neurobiological point of view, this should mean that either this particular
connection is not necessary in principle for vocal learning or that nonhuman primates
actually have it and that interpretations of the few data on this matter are incorrect. The
third argument has to do with the very mechanical requirements the KJ hypothesis put
forward for vocal learning, which rely heavily on vocal fold control. Also in the formal-
ization of the VLG, this is assumed explicitly: “Vocal learning is the ability to modify the
spectral and syntactic composition of vocalizations generated by the vocal organ (larynx
in mammals or syrinx in bird)” [29]. This requirement leaves out supralaryngeal vocal
production—equivalent to voiceless consonants in humans. These vocalizations, which
in humans are the most widespread [49], involve the control of several structures above
the “vocal organ,” such as the lips and jaw, and are used as well to expand the vocal rep-
ertoire. This might seem like a minor point, but it is worth emphasizing that human lan-
guage, through speech, makes use of both voiced and voiceless sounds in all known
languages. It is also the case that whispered speech, for the most part supralaryngeal, is
intelligible, and there is evidence for the use of different acoustic cues in the absence of
fundamental frequency [50]. Direct control of phonatory muscles—which produce
voiced sounds—alone will leave a great deal unexplained. It has been suggested that,
because control of these supralaryngeal structures is clearly present in nonhuman pri-
mates, laryngeal control is the extra neurobiological ingredient (a “derived trait” or auta-
pomorphy) that made humans vocal learners [32, 51], but as far as we can assess, this
only says something about the sound source and ultimately the acoustics, not about
learning and, therefore, not about how ancient or widespread the ability would be in
nonhuman species.

species that supposedly lacks the relevant connection [42]). It is also not clear whether the
connection is sufficient (within reason) either; mice (M. musculus) apparently have the cir-
cuit but do not produce novel sounds through imitation [29, 30], and perhaps more inter-
estingly, recent work shows that female zebra finches (Taeniopygia guttata), which do not
produce learned song, have “male-like” song pathways [43], so the narrative is not totally
compelling. Furthermore, there is work showing the involvement of other structures and
pathways in the learning of vocal behavior in a relevant manner, such as the cerebellum
[44], the periaqueductal gray (PAG) [2], or the ventral tegmental area (VTA) [45]. It is also
not entirely clear why vocal learning, a phenotype whose most interesting aspect is arguably
the learning part, must be limited to a certain kind of vocalization, namely the kind that
requires fine control of the phonatory muscles (what is usually referred to as “phonation”).
Moreover, it is important to bear in mind that any one connection does not exist in isola-
tion; each brain region involved will be part of several other connections, each with its own
complex evolutionary history.

It thus seems that, although phonatory muscle control is obviously a very useful ability, rely-
ing on the KJ hypothesis alone might not give us a good indication of the basis of vocal learn-
ing and how widespread the phenotype is.
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Complexity considerations

The VLC also aims to represent various degrees of vocal learning complexity. But as we will
see on at least three counts, it does not do so satisfactorily.

Bengalese finches (Lonchura striata domestica) are the domesticated strain of the white-
rumped munia (L. striata). Domestication has been claimed to increase vocal learning com-
plexity: if a “wild” species is already a good vocal learner, it becomes a more complex vocal
learner after undergoing domestication [52]. In the case of the Bengalese finch, for example,
this happens despite the fact that this bird species was not bred for its song. It is possible that
imitation—crucial per the KJ hypothesis and, concomitantly, the VLC—could actually be det-
rimental to syntactic complexity. Compared with their wild counterparts, Bengalese finches
display higher unpredictability and syntactic complexity in their song because not only do
they imitate their tutors (partially) but they also improvise, resulting in what is, in effect, lower
imitation fidelity [53].

The full “classic” circuit of vocal learning involves a posterior pathway for vocalization and
an anterior pathway for learning [34]. Besides those pathways, parrots were discovered to have
a “shell” song system in addition to the “core” song system in all vocal learning birds [19]. A
larger shell system relative to the core system is associated with parrot species that have more
“complex” vocal learning abilities, and vice versa. Moreover, this shell system has mostly inter-
cortical connections, as opposed to the direct connection to the motor neurons characteristic
of the core system. It seems, then, that parrot species with a larger shell system have an edge in
the VLC, but this edge is not related to the direct connection the VLC rests on. This poses a
challenge to the VLC as it stands because it requires the addition of an extra factor (say, adja-
cent “song/speech” nuclei with intercortical connections or even just “strong intercortical con-
nections”), opening way to a much less restrictive VLC because more factors would be added
as needed for capturing differences between species, departing from the bidimensionality we
have already alluded to. Indeed, Chakraborty and Jarvis [54] acknowledge it might not be
straightforward to reconcile the core/shell system with the VLC.

Finally, in the VLC, humans alone are considered high-end vocal learners, whereas parrots
are classified at a level just below, referred to as complex vocal learners. This is purportedly
because of the higher syntactic complexity in human vocalizations, but this does not rest on
the criteria for categorizing species along the VLC (presence and strength of direct connection
to the phonatory organ and imitation). Language complexity need not even be instantiated in
vocal behavior; it is well established that the linguistic capacity is the same in sign language
(see [55]). It could be that, indeed, humans are the most advanced vocal learner, but this is not
possible to discern from the criteria used in the VLC. It might have more to do with the pro-
cess of cultural transmission and not with anything “vocal” [56]. In a manner similar to Ben-
galese finches, it has been hypothesized that the increased prosociality that characterizes
domestication allows for the jump in complexity to take place (see [56] for discussion).

A more permissive view

Recent work has a more wide-ranging view of what constitutes a vocal learning species and of
what plays a role in it. This, we contend, is necessary in order to extend the idea of the VLC
and overcome its limitations.

Imitation and de novo vocalizations are not the whole story

An important step, in our view, is to adopt a view of vocal learning behavior not necessarily
focused on imitation.
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The production of de novo vocalizations (new in a species repertoire) and, furthermore,
doing so through imitation is often taken as the golden standard when assessing vocal learning
abilities. This is problematic because imitation is one possible means of displaying vocal learn-
ing behavior. Indeed, diverging from imitation is also a common phenomenon in vocal and
cultural development [23].

Perhaps a more productive conception of vocal learning is looking at learned vocal behavior
as having to be acquired in some manner over developmental time, especially in contingent
ways (that is, dependent on experience and not a “certainty” given the initial state of the
organism).

There are interesting cases that illustrate vocal development by diverging from the tutor
song; that is, by the countering of or lack of imitation. Infant marmosets, for example, develop
vocal learning abilities through social reinforcement from parents, not imitation. This leads to
more control of the vocal apparatus, which allows them to produce lower entropy calls [24,
57].

Canaries (Serinus canaria domestica) trained on atypical song imitate it at first but, when
reaching maturity, shape it into the species-specific song they were never exposed to [58].
Another well-known example is the de novo emergence of zebra finch song not by imitation
but, instead, by the approximation of wild-type song over a couple of generations by birds
reared in isolation, with no exposure to singing tutors [59].

Evidence of this kind is good indication that vocal learning is not driven (solely) by imita-
tion and that vocal learning ability is characterized also by behaviors that suppress imitation.

Evidence from species outside of the canonical vocal learners list

Opening up to more-permissive definitions of vocal learning goes hand in hand with opening
up to the study of more species. A decent amount of evidence for vocal learning outside of the
canonical list has been put forward, especially in recent years, with primates as the most repre-
sentative of this trend, and some work on rodents. They moreover deserve special attention
because there is resistance to taking this kind of evidence into account. Other species are more
quickly accepted, perhaps because they employ imitation, and neurobiological information on
these species is given a great deal of importance, given its scarcity. A good example of this is
the African elephant (Loxodonta africana), which quickly entered the accepted list of vocal
learning species [16].

The logistic difficulties in keeping and studying larger species as opposed to birds and other
(usually smaller) species might also bias positions against, say, primate vocal abilities, leading
to a situation in which absence of evidence might be mistaken for evidence of absence. Rodents
present challenges on their own (e.g., several species produce ultrasonic vocalizations, which
pose further challenges, and there is a lot of interindividual variation [60]). Studies on birds
have unsurprisingly dominated vocal learning research (see data in [28]). Great ape language
acquisition projects (e.g., [61]) might also have contributed to this state of affairs, given their
varying goals and approaches, which usually had to do with finding some form of human lan-
guage, as well as difficulty in interpreting their results. In Box 3, we summarize some evidence
that we think deserves, at the very least, attention if vocal learning is to be understood as a phe-
notype that’s characterized by the learned modification of calls, with the exact nature of the
calls being an important but not (dis)qualifying feature. A more complete (yet not exhaustive)
list can be checked in S1_Text.

We believe that evidence of the kind we review here has only been neglected because of its
nonconformity with the KJ hypothesis. We find that one way of getting a full picture of vocal
learning is placing the focus on observing the behavior, without preconceptions of what should
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Box 3. Evidence of vocal learning abilities in species outside of the
canonical vocal learners list

Primates and rodents are not usually considered to be vocal learners, yet they display
behavioral traits that fall within vocal learning in some sense. This is at odds with what
circuitry is thought to be required for vocal learning behavior under the KJ hypothesis
and the vocal learning continuum and warrants a rethinking of what is really known
about the neurobiology of vocal learning. Moreover, some of these species are as well
understood as others that do count as vocal learners in literature, warranting in this case
a rethinking of the motivations for including some species but not others in the canoni-
cal list. Turning first to primates, both monkeys and apes display relevant behavior. Mar-
mosets, a New World monkey who engages in turn taking [62], uses different
proportions of affiliative call types depending on social distance [63], as well as loudness
relative to physical distance [64]. They can also convey identity through aspects of their
calls [65]. Their calls change from infancy into adulthood, much like in humans, and
limiting parent feedback disrupts this development [66]. Several Old World monkeys
display relevant vocal learning abilities. Diana monkeys show call converge in social
interactions [67]. Campbell’s monkeys, also a turn-taking species [68], sequence the
sounds in their repertoire in a nonrandom way in different situations [69]. Rhesus mon-
keys have a juvenile period of volitional vocalizing, disappearing once adulthood is
reached [70]. Apes show striking vocal learning abilities. Orangutans can learn voiced
calls [42, 71] and whistles [72, 73]. They also employ “instrumental gesture calls,”
whereby they volitionally use their hands or leaves in front of their mouth to lower the
maximum frequency of calls [74, 75]. Gorillas [76] and chimpanzees [77] have also been
shown to display vocal learning behavior. Turning now to rodents, there is promising
evidence for vocal learning as well. Mice, who produce complex ultrasonic vocalizations,
display variation in syllable type, which can distinguish between individuals [78]. They
have also been shown to require feedback to maintain certain features of their song [30]
and of changes in song development [79]. There is also Alston’s mice, who engage in
vocal bouts, which because of their length and patterning, have been deemed worthy of
being called song [80, 81]. See S1 Text for an expanded list of species and abilities.

allow it, and then proceeding with the mechanisms. As put by Krakauer and colleagues [20]:
“The neural basis of behavior cannot be properly characterized without first allowing for inde-
pendent detailed study of the behavior itself.”

The relationship between a neural structure and a behavior is not one of explanation of the
behavior [20]. This is the case even if that relationship is consistent, which in the case of vocal
learning and according to evidence we reviewed, it might not be. Although some neuronal
implementation will of course be in place, there is no indication that the vocal learning pheno-
type can be equated with a particular one given that there is not even a consensus on what the
behavior encompasses. In the face of paradoxical evidence (e.g., primates displaying vocal
behavior they are not “supposed to” have), rejecting the behavioral evidence instead of revising
the neural hypothesis will not lead to understanding of the trait. It is in this sense that we think
it is important to have behavior as the entry point to the study of vocal learning. If the VLC is
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_: Old World monkeys (Cercopithecidae)
great apes (Hominidae)
New World monkeys (Platyrrhini)

rodent (Rodentia)

{ true seals (Phocidae)
fur seals & sea lions (Otariidae)

bats (Chiroptera)
tooth whales (Odontoceti)

elephants (Elephantidae)
song birds (Passeriformes)

swifts and hummingbirds (Apodiformes
parrots and others (Psittaciformes)

Fig 1. Tree of vocal learners with a focus on behavior. Differences between this tree and the canonical tree are reflected in the presence of primates and rodents.
The inclusion of whole families or orders is made under the assumption that all members thereof are at least worth studying and is not a claim about their actual
vocal learning abilities, which are an empirical question. Common and scientific names from NCBI (https://www.ncbi.nlm.nih.gov/taxonomy). Tree built with
taxize R package [82]. NCBI, National Center for Biotechnology Information.

https://doi.org/10.1371/journal.pbio.3000672.g001

extended beyond the specific neural substrate that is taken to allow the direct control of the
vocal organ, we could gain a better understanding of the phenotype.

Tree of vocal learners with a focus on behavior

Taking all the evidence available into account, and placing the focus in the behavior observed,
we believe a more accurate “vocal learners list” (albeit with some tentative cases) would be the
one we sketch in Fig 1.

We can see in this new list that it is possible to reduce the gap between us and the other
vocal learners in a principled way. Although a direct forebrain-larynx connection is maybe
not shared, there is much that is shared: similar patterns of early postnatal vocal development
[66], volition [24], both voiceless and even voiced calls [42], socially reinforced vocal produc-
tion, etc.

The canonical list of vocal learners, although much more manageable, is in effect a list of
species for which there is, on the one hand, evidence of imitation and, on the other hand, evi-
dence of direct connection from forebrain to phonatory muscles or an assumption of its exis-
tenc