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ABSTRACT

A critical feature of language is that the form of words need not bear any perceptual similarity to their function – these
relationships can be ‘arbitrary’. The capacity to process these arbitrary form–function associations facilitates the enor-
mous expressive power of language. However, the evolutionary roots of our capacity for arbitrariness, i.e. the extent
to which related abilities may be shared with animals, is largely unexamined. We argue this is due to the challenges of
applying such an intrinsically linguistic concept to animal communication, and address this by proposing a novel concep-
tual framework highlighting a key underpinning of linguistic arbitrariness, which is nevertheless applicable to non-human
species. Specifically, we focus on the capacity to associate alternative functions with a signal, or alternative signals with a
function, a feature we refer to as optionality. We apply this framework to a broad survey of findings from animal commu-
nication studies and identify five key dimensions of communicative optionality: signal production, signal adjustment, sig-
nal usage, signal combinatoriality and signal perception. We find that optionality is widespread in non-human animals
across each of these dimensions, although only humans demonstrate it in all five. Finally, we discuss the relevance of
optionality to behavioural and cognitive domains outside of communication. This investigation provides a powerful
new conceptual framework for the cross-species investigation of the origins of arbitrariness, and promises to generate
original insights into animal communication and language evolution more generally.
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I. INTRODUCTION

A traditional view in linguistics is that the form and meaning
of words are not connected by perceptual similarities, and
that their relationship can therefore be described as ‘arbi-
trary’ (Hockett, 1958; Gasser, 2004; Monaghan et al., 2014;
Dingemanse et al., 2015). For instance, the English word
‘jacket’ bears no resemblance to the category of objects being
referred to –we could just as easily refer to them as ‘trousers’,
‘cats’ or ‘hoobles’. This arbitrariness is key to the expressive
power of language. It allows for the invention and learning of
new words (Gasser, 2004), and facilitates the emergence and
evolution of terms for abstract concepts, which typically can-
not tap into any perceptual similarity between words and
their meanings (Clark, 1998; Dingemanse et al., 2015).
Recently, the position that language is entirely or even pri-
marily arbitrary has given way to a new wave of research
demonstrating that hitherto underestimated forms of non-
arbitrariness (such as iconicity, where word forms resemble
the properties of their referent, and systematicity, the exis-
tence of statistical patterns of similarity among word forms
expressing similar meanings) permeate languages far more
than traditionally assumed (Dingemanse et al., 2015; Blasi
et al., 2016). Nevertheless, arbitrariness remains a crucial fea-
ture of language, and developing a comprehensive under-
standing of this capacity demands an in-depth analysis of its
evolutionary history. At present, such an analysis is lacking.

While a linguistic comparative approach, contrasting lan-
guages both past and present, can be highly informative of
the factors determining how languages change over time
(Sicoli & Holton, 2014; Tamariz & Kirby, 2016; Greenhill
et al., 2017; Derungs et al., 2018), its utility in answering evo-
lutionary questions is limited by the relatively short period of
recorded human history we have access to. Implementation
of a cross-species, comparative framework is therefore neces-
sary. Such an approach allows one to go beyond this narrow
historical window and make powerful inferences about the
evolutionary history of shared traits (Fitch, 2005, 2010).
While this approach has been highly productive when
applied to other features of language, such as semantics and
syntax (Seyfarth & Cheney, 2017; Coye, Townsend &
Lemasson, 2018; Suzuki, Wheatcroft & Griesser, 2020;
Zuberbühler, 2020), it has yet to be applied to arbitrariness.
An advance in this field is therefore necessary to decipher this
critical missing piece in the puzzle of language evolution
(Gasser, 2004).

Here we propose such an advance, by drawing together
the rich literature on non-human animal communication
within a novel conceptual framework and examining these
data for shared features or antecedents of full-blown linguis-
tic arbitrariness. Doing so is essential to shed light on the

evolutionary roots of linguistic arbitrariness and its underpin-
ning cognitive abilities in the hominin lineage, as well as the
selective pressures that may have acted upon them. One of
the challenges when examining arbitrariness from an evolu-
tionary perspective is that it is difficult to disentangle this
notion from notions such as meaning or linguistic conven-
tions (Glock, 2019; O’Connor, 2021), which makes direct
comparisons with non-human (and therefore non-linguistic)
animals problematic. For example, arbitrariness is tradition-
ally tied to the concept of meaning (e.g. ‘a decoupling of the
direct, one-to-one linkage between meaning and form’;
Dingemanse et al., 2015, p. 610). This is problematic in
two respects. Firstly, the definition of meaning itself is a
conceptual quagmire even within language (Lepore &
Smith, 2008; Burgess & Sherman, 2014). Secondly, regard-
less of the definition adopted, whether animal signals can
be said to have meaning at all is a highly contentious issue
(Rendall, Owren & Ryan, 2009; Scott-Phillips, 2015). Focus-
ing on meaning would therefore prevent a comparison with
animal data a priori, and would make it impossible to detect
any potential similarity between the processes underlying
the association of form with meaning in language and those
underlying the association of form with function in animals.
We therefore rest our notion of optionality on the notion of
a communicative function, a concept which remains open
and inclusive of signals which may or may not carry semantic
content. Of course, inferring the precise communicative
function of animal signals is not straightforward. Nonethe-
less, animal signal functions can be determined through a
variety of empirical methods, regardless of whether they
carry semantic or lexical meaning (Rendall et al., 2009;
Schamberg, Wittig & Crockford, 2018). In this review, we
propose a framework that allows for fruitful examination of
the evolutionary origins of arbitrariness through a cross-
species comparative approach, without necessarily invoking
any other language-specific concepts.
Some of the animal behaviours we will discuss have previ-

ously been described under the broad conceptual heading of
‘communicative flexibility’. However, none of the specific
notions found under this general heading appears suited to
our purposes. Two specific forms of communicative flexibil-
ity have been identified as important to the evolution of
human linguistic capacities and may at first seem relevant
to the study of arbitrariness, but in fact concern quite differ-
ent phenomena: ‘pragmatic flexibility’ and ‘functional flexi-
bility’. Pragmatic flexibility can be broadly defined as the
ability to decouple signals from specific contexts and to factor
contextual information into the production or processing of
signals (Seyfarth & Cheney, 2018). For example, the proces-
sing of primate vocalisations is known to be sensitive to con-
textual factors such as the presence and composition of the
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audience, the signaller/listener’s identity, the recent interac-
tions between signaller and listener, or the signaller’s expec-
tations about the listener’s response (Seyfarth &
Cheney, 2018). Functional flexibility can be defined as the
capacity to use signals to express different affective states in
different situations (Clay, Archbold & Zuberbühler, 2015;
Dezecache et al., 2021; Taylor et al., 2022). For example, it
has been argued that human infants are capable of using
individual protophones flexibly to express positive, negative,
or neutral affect, in contrast with functionally fixed vocalisa-
tions such as crying and laughter, whose production is indic-
ative of specific affective (Griebel & Oller, 2008; Oller
et al., 2013).

Crucially, neither pragmatic nor functional flexibility cap-
ture what we take to determine the arbitrariness of human
words. Consider an arbitrary word like the English adjective
‘tall’. ‘Tall’ is certainly contextually flexible: its production is
not tied to specific contexts, and speakers and listeners take
into account a variety of contextual cues in producing and
interpreting the adjective. For example, we immediately
understand that what counts as ‘tall’ is very different depend-
ing on whether we are having a conversation about
pre-schoolers or basketball players. ‘Tall’ also qualifies as
functionally flexible under the above definition of ‘functional
flexibility’. For example, though it may be regarded as fixed
from a semantic standpoint (in the sense that it is semantically
associated with designating the property of being tall), the
adjective is not tied to any predetermined illocutionary func-
tion. English speakers can utter the sentence ‘this mountain is
tall’ to express negative affect while facing an arduous climb,
or to express positive affect in contemplating the majesty of
natural scenery. However, the arbitrariness of ‘tall’ is con-
ceptually distinct from its capacity to be used flexibly in dif-
ferent contexts, as well as from its ability to express a
plurality of affective states. Paradigmatically, ‘tall’ is arbi-
trary because human speakers could, in principle, choose to
change its semantic value, alter its form, or renegotiate both.
We could easily decide that, from now on, ‘tall’ should be
synonymous with ‘blue’, or alter the form of the adjective
and spell it with an additional letter (say, ‘twall’), or do both
things at once: change the word-form ‘tall’ into ‘twall’ and
use it to refer to the property of being blue (Lameira et al.,
2013; Monaghan et al., 2014; Planer & Kalkman, 2019).
While frameworks focussed on pragmatic and functional
flexibility are of undoubted relevance for inquiring into the
evolutionary origins of some capacities relevant to language,
they were not designed to examine the specific set of capaci-
ties we associate with the arbitrariness of human words. We
therefore need another framework: one capable of isolating
with precision the specific dissociations between signal forms
and functions (whether social, biological, or semantic) that
fall within the purview of linguistic arbitrariness, while war-
ranting application to linguistic and non-linguistic (e.g. non-
human) systems alike. In this review, we propose the notion
of ‘optionality’ to fulfil this goal.

We define optionality as the capacity to map alternative
associations between signal forms and functions. Optionality

can be demonstrated in two basic ways. The first is the capac-
ity to assign alternative functions to a signal-form. These
alternative functions may be newly introduced, as in cases
where existing words acquire functions that were not previ-
ously expressed anywhere else in the language (e.g. in recent
decades ‘application’ has come to refer to computer software
in addition to its previously existing meanings), or they may
be extant, as in the case of homophones (‘flour’/‘flower’)
and polysemous words (‘the water is cool’ versus ‘this song is
cool’). Crucially in the former case, these alternative functions
need not be simultaneously associated with the signal-form in
question: signals may gain novel functions, lose them, or have
their functions replaced with others, as in cases of lexical
change where the extant meaning of a word is supplanted by
another one (e.g. the adjective ‘awful’ once meant ‘inspiring
awe’; in contemporary English, it simply means ‘bad’). Each
of these scenarios would be demonstrative of optionality.
The second way optionality can be demonstrated is through
the capacity to associate a communicative function with alter-
native (novel or extant) signal forms. Examples from language
would include synonyms, where multiple word-forms express
the same meaning, or the systematic differences in pronuncia-
tion found in cases where a word is spoken in different dialects.
Analogues from animal systems are readily drawn with these
examples, such as chimpanzees using the same gesture to per-
form multiple communicative functions (Hobaiter &
Byrne, 2011), or superb lyrebirds (Menura novaehollandiae) map-
ping the communicative function of a sexual display to the vast
array of signal forms available to them through mimicry
(Dalziell & Magrath, 2012). Naturally, a single species or indi-
vidual can possess both the capacity to assign alternative func-
tions to a single signal-form, and the capacity to associate the
same communicative function with alternative signal forms.

Since the proposed characterisation of optionality appeals
to functions, it bears emphasising that defining the ‘function’
of a signal is a complex enterprise, as this term is defined dif-
ferently across disciplines, research foci and levels of analysis
(Neander, 2009; Bateson & Laland, 2013; Schamberg
et al., 2018). Some researchers may, for example, lump all
calls produced in social contexts under the broad functional
class of ‘social calls’, whereas others may distinguish between
them based on more specific social contexts (say, aggression
or affiliation) depending on the relevant level of analysis for
the research question. The notion of optionality is not bound
to any single such definition, and can be applied across mul-
tiple ways of determining communicative functions. In this
review, we therefore assume a rather general definition of a
communicative function as being the biological or social
activity, state or eliciting cause (e.g. feeding, aggression, pred-
ator sighting) determined by the current literature as being
most closely associated with the signal. The degree of preci-
sion and confidence with which one can determine these
functions for a particular species hinges on cutting-edge
empirical work, and here we have done so to the best of
our understanding of the existing literature.

Note also that while in ordinary parlance the concept of an
‘option’ is often associated with individual agency and
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voluntary control, the question of intentionality is orthogonal
to the technical sense in which we are appealing to the notion
of optionality. By saying that a form–function mapping is
‘optional’ for an individual or a species, we simply mean to
say that the mapping in question is a viable communicative
possibility for them, irrespective of whether the transition
between alternatives would occur as a result of voluntary
decision-making, like choosing to make up a new word, or
as a result of non-intentional processes. Naturally, none of
this is meant to suggest that the relationship between option-
ality and intentionality is uninteresting, but rather that the
latter is not a defining criterion of the former.

Finally, rather than focusing exclusively on a single area of
communicative abilities (e.g. vocal learning), we view optional-
ity as operating across multiple dimensions of signal produc-
tion and comprehension. In particular, in the body of this
text we identify and describe five key dimensions of optional-
ity, and review the existing literature providing evidence for
their presence in non-human animals (see Fig. 1 for examples).
These five dimensions can be concisely introduced as follows:
(1) signal production optionality: association of alternative sig-
nal forms with an extant or novel function; (2) signal adjust-
ment optionality: association of alternative variants of an
extant signal-form with an extant or novel function; (3) signal
usage optionality: association of an extant signal-form with
alternative functions; (4) combinatorial optionality: association

of alternative combinations of signal elements with extant or
novel functions; and (5) signal perception optionality:
receiver-based changes in signal–function associations.
Each of these dimensions of optionality is to be viewed as a

continuous rather than binary trait, whose presence in a sys-
tem is a matter of degree rather than an all-or-none phenom-
enon. For example, a system in which both the form and
function of signals are tightly constrained, as well as the asso-
ciation between them such that one is 100% predictive of the
other with no possibility of alteration, would have a minimal
degree of signal production, adjustment and usage optional-
ity. Conversely, a maximal degree of optionality is found in
human languages, where associations between signals and
functions are typically unbounded from such constraints
(whether on the level of morphemes, words, or syntax). We
may also quantify this capacity to some extent, in that a
choice between 100 equally valid options demonstrates
greater optionality than a choice of 10, or two, or one
(Planer & Kalkman, 2019). In Fig. 2, we illustrate how such
a framework might be conceptualised graphically. Impor-
tantly, each of the behaviours discussed below may fall into
more than one of the five dimensions described, and their
characterisation herein is partly our decision as to which
dimension they are most illustrative of. In Table S1, we list
a more extensive sample of the existing literature demon-
strating candidate examples of optionality (including those

Fig. 1. Abstract examples of optionality corresponding to each dimension discussed in this review. These examples are not
exhaustive, and other ways in which associations between form and function may exist, be created or be altered are discussed
herein. Each of these may also be viewed from the perspective of receivers, representing our fifth aspect, ‘signal perception
optionality’.
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not directly discussed here) and briefly describe their rele-
vance to each dimension.

II. EVIDENCE OF OPTIONALITY IN ANIMAL
COMMUNICATION

The communicative repertoires of our closest relatives, the
primates, have been argued to be innate, with no opportunity
for production learning of novel signal forms, and the struc-
ture and usage of existing signals largely governed by physio-
logical and affective states rather than being under voluntary
control (Wheeler & Fischer, 2012). It would follow, therefore,
that these species are rather limited in the extent to which
they can demonstrate optionality, and that the emergence
of the unconstrained optionality found in language is likely
to be a relatively recent evolutionary development in the
hominin line. On the other hand, there is mounting evidence
demonstrating significant control over the production, usage
and comprehension of innate signals in our primate cousins,
particularly the great apes (Townsend, Watson &
Slocombe, 2020; Vernes et al., 2021). Furthermore, sophisti-
cated communicative behaviours have been observed outside
of the primate order – with many of the most impressive
examples coming from birds and marine mammals
(Berwick et al., 2013; Janik, 2014). To understand compre-
hensively the evolutionary trajectory of the cognition under-
pinning the enormous degree of optionality found in
language, it is therefore necessary to compare the communi-
cative abilities of humans with both our close phylogenetic
relatives, and more distantly related species.

Below, we identify key examples of communicative behav-
iour which may be sufficient to demonstrate optionality in a

system. In each case, we begin with a brief justification of
why the behaviour at stake is pertinent to optionality, fol-
lowed by some of the most illustrative or intriguing examples,
drawn from the existing literature, demonstrating their pres-
ence in animal systems. See also Table S1 for a summary of a
larger array of empirical studies demonstrating candidate
evidence for optionality in animals.

(1) Signal production optionality

The clearest way a species may demonstrate optionality is
through the ability to produce novel signals and map them
to new or existing functions, known as signal production learn-
ing (Pfenning et al., 2014; Lattenkamp & Vernes, 2018;
Martins & Boeckx, 2020). By doing so, they directly and
unambiguously increase the number of signal forms mapped
to a function.Humans demonstrate signal production learning
throughout their lives. We can readily learn new word-forms
(or signs) from others, or invent new ones ourselves, and map
them to a function – thereby allowing for the enormous reper-
toires associated with contemporary languages. In animals,
signal production learning has been primarily investigated in
the domain of vocal behaviour (‘vocal production learning’;
Tyack, 2020; Martins & Boeckx, 2020; Vernes et al., 2021)
due to the perceived relevance of this modality to the riddle
of language evolution (Christiansen & Kirby, 2003; Oller,
Griebel & Warlaumont, 2016). Such examples are therefore
predominant, but our interest is not limited to any single
domain of behaviour, and when referring to signal production
learning wemean the production of any novel signal, irrespec-
tive of modality. In another respect, our use of signal produc-
tion learning is restrictive, in that we exclude instances of
learning that only modify or recombine pre-existing signals
(behaviours that we discuss instead in Sections II.2 and II.4).

Fig. 2. (A) Spectrum of optionality with examples of each degree. The four degrees highlighted are not intended to be a prescriptive,
quantitative evaluation of points on this spectrum but rather an aid for conceptualising our proposed framework. (B) Illustration of five
dimensions of communicative optionality represented as separate axis on a radar plot. This plot represents a hypothetical species with
a high degree of signal usage, perception and adjustment optionality but low degrees of signal production and combinatorial
optionality.
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Many classic examples of signal production learning are
found in avian species, such as parrots imitating human
speech (Montes-Medina, Salinas-Melgoza & Renton, 2016;
Wright & Dahlin, 2018), Lyrebirds imitating environmental
sounds (Dalziell & Magrath, 2012), or passerines incorporat-
ing songs from neighbouring species into their own sexual
and/or territorial displays (Boughey & Thompson, 1981;
Derrickson, 1987). Because these species could, in principle,
copy almost any sound in their environment, they demon-
strate a remarkable degree of optionality in signal produc-
tion. However, such learning is typically constrained to
individual call types, rather than being a truly open-ended
system where, for example, the signal forms of any and all call
types within a repertoire could be supplemented by signal
production learning. Indeed, it is conspicuous that most
examples of signal production learning serve the function of
sexual displays, supporting arguments that signal production
learning may have originally evolved for a similar purpose in
humans (Fitch, 2005). Nevertheless, counterexamples do
exist: green-rumped parrotlets (Forpus passerines) develop idio-
syncratic contact calls, which cross-fostering experiments
have determined are partially modelled on those produced
by their primary caregiver, whether they are related individ-
uals or not (Berg et al., 2012). Similarly, bottlenose dolphins
(Tursiops truncatus) use learned ‘signature whistles’, which
appear to function as a way of identifying themselves to
others. Furthermore, individuals learn to reproduce the whis-
tles of their affiliates, thereby facilitating identification of
close social partners and the maintenance of those relation-
ships (Janik, 2014). These whistles were even found to be pro-
duced spontaneously to facilitate coordinated action in a
cooperative button-pushing task (King et al., 2021), suggest-
ing that they either serve multiple functions naturally, or
can be made to do so under certain conditions. Only a hand-
ful of other non-avian species have been found to spontane-
ously (i.e. without explicit training) demonstrate signal
production learning. Specifically, elephants (Poole
et al., 2005; Stoeger et al., 2012), pinnipeds (Ralls, Fiorelli &
Gish, 1985; Sanvito, Galimberti & Miller, 2007;
Reichmuth & Casey, 2014; Stansbury & Janik, 2019), bats
(Esser, 1994; Knörnschild et al., 2010; Knörnschild, 2014;
Prat, Taub & Yovel, 2015) and various cetaceans
(Janik, 2014) have demonstrated vocal production learning
in both captivity and the wild. While such cases are rare,
the taxonomic range of this list is striking, suggesting that
while the interaction of necessary pre-existing traits (includ-
ing those that allow for optionality) and selective pressures
for signal production learning to evolve is relatively rare, it
can arise under diverse circumstances.

Across species and taxa, almost all naturally observed cases
of signal production learning pertain to social calls, as
opposed to stimulus-specific and ‘functionally referential’
signals, e.g. alarm calls (Seyfarth & Cheney, 1980) and food
calls (Slocombe & Zuberbühler, 2005b), which are often
argued to be an evolutionary precursor to linguistic reference
(Zuberbühler, 2000; Manser, 2013; Schlenker et al., 2014).
This contrast is notable as it suggests that form–function

associations are generally more tightly constrained in some
signal types relative to others, a feature which may be useful
in guiding future explorations of optionality. A rare counter-
example to this is the kleptoparasitic fork-tailed drongo
(Dicrurus adsimilis), which produce their own predator alarm
calls but also mimic those of sympatric living species such as
meerkats (Suricata suricatta) and southern pied babblers
(Turdoides bicolor). These calls are not produced in a social con-
text, but rather in response to both genuine predator sight-
ings and as a means of scaring away the mimicked species
to steal their food (Flower, 2011). However, even in this
example, while the repertoire of novel signals being associated
with functions has expanded, the corresponding repertoire of
functions to which they could be assigned has not. Naturally
occurring examples of optionality in animal signal produc-
tion learning therefore seem to possess a key discontinuity
with human linguistic learning, which can increase not only
the number of signals but also the functions to which they
may be associated. As we will discuss in the next section, this
observation is also reflected in the literature on signal adjust-
ment learning.
Conspicuously absent in the list of vocal production

learners above, given their close evolutionary relationship
to humans, are primates (Martins & Boeckx, 2020). In con-
trast to the many songbird species who readily integrate
novel sounds into their vocal repertoires (Wilbrecht &
Nottebohm, 2003), there is no evidence that the signal forms
of primate repertoires are learned (although some aspects of
their functional associations might be, see Section II.3). As a
particularly illustrative example, squirrel monkeys (Saimiri
sciureus) develop a full and acoustically typical adult vocal rep-
ertoire even when deaf or socially isolated from birth (Winter
et al., 1973; Hammerschmidt, Jürgens & Freudenstein, 2001),
although it has not been determined whether these calls in
fact elicit species-typical responses in receivers. Similarly,
cross-fostered rhesus (Macaca mulatta) and Japanese macaque
(M. fuscata) infants developed largely species-typical vocal
repertoires (Cheney et al., 1992), indicating that they were
unable to learn entirely novel vocalisations even from closely
related species whom they perceived as conspecifics. It seems
that this lack of learning is not due to anatomical constraints
on the vocal apparatus, as it has been found that the vocal
tracts of rhesus macaques (and so presumably other primates
too) are ‘speech ready’ in terms of the sounds they are phys-
ically capable of producing (Fitch et al., 2016). Yet, despite
these anatomical possibilities, these species seem unable to
add novel vocalisations to their repertoire (Egnor &
Hauser, 2004), suggesting rigid neurological constraints
(Wheeler & Fischer, 2012; Fitch et al., 2016).
With that said, there are a handful of examples of signal

production learning in great apes. Captive chimpanzees
(Pan troglodytes), for example, have been found to produce
acoustically novel ‘extended grunt’ and ‘raspberry’ sounds,
which are not found in wild populations and function as an
attention-getter directed towards their human caretakers
(Hopkins, Taglialatela & Leavens, 2007). These sounds,
and their function, can be socially learned by offspring from
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their mothers (Taglialatela et al., 2012) as well as instilled
through operant conditioning (Russell et al., 2013). Orangu-
tans (Pongo pygmaeus) also demonstrate a high degree of con-
trol over their vocal system, with captive individuals having
been found to produce several different novel vocal behav-
iours including whistling (Wich et al., 2009) and novel ‘woo-
kie’ calls (Lameira et al., 2016). Orangutans may even
engage in signal production learning in wild conditions, with
certain call types apparently existing in one population but
not another, which appears difficult to explain via genetic
or environmental differences, and is therefore likely the result
of some form of learning (Wich et al., 2012). However, it is not
yet settled whether the different groups actually possess dif-
ferent repertoires of signal forms, or rather exhibit learned
differences with respect to how fully these repertoires are
deployed – perhaps due to a different suite of communicative
needs characteristic to their social or physical environment
(but see Lameira et al., 2022). The first explanation would
support the presence of genuine signal production learning,
whereas the latter may demonstrate learned differences in
how signals are used (see Section II.3).

Quite remarkable data also exist for so-called ‘encultu-
rated’ apes (Call & Tomasello, 1996), individuals who, hav-
ing been raised in human environments and given extensive
exposure or even training with language, provide intriguing
insights into the extent to which apes are capable of optional-
ity. For instance, several chimpanzee, orangutan, gorilla
(Gorilla gorilla) and bonobo (Pan paniscus) subjects successfully
learned to produce a large number of American Sign
Language signs and correctly associate them with their func-
tion (Hixson, 1998). An enculturated bonobo named Kanzi
also successfully learned to use a ‘lexigram’ – a keyboard-like
object where each of over 200 symbols was associated with a
referent (for example, food, places or people familiar to
Kanzi) – to communicate with humans (Savage-Rumbaugh
et al., 1993; Brakke & Savage-Rumbaugh, 1995, 1996).
These subjects demonstrate optionality in their ability both
to (i) learn how to produce novel signals and (ii) map them
to functions that do not exist in their respective species-
typical signal repertoires. It is striking that these ‘success
stories’ occur in domains of behaviour more closely aligned
with gestural than vocal communication, suggesting that
the gestural repertoires of great apes may be less constrained
with regards to demonstrating optionality in comparison to
their vocal repertoires. However, while natural gestural com-
munication of primates is still somewhat under-examined,
and many species of primate remain entirely unstudied, the
evidence so far suggests that the gestural repertoires of wild
primates are as rigid as vocal ones. The associations between
signal forms and functions found in the gestural repertoires of
wild apes do not vary much between populations (Byrne &
Cochet, 2017) and are even shared between species (Genty
et al., 2009; Hobaiter & Byrne, 2011; Graham et al., 2018;
Fröhlich et al., 2019), suggesting an ancestrally shared, innate
repertoire. While the enculturated individuals described
above are highly unusual in terms of their upbringing and
training received, they nevertheless demonstrate that the

learning of novel signals and mapping them to functions
(both in and outside of the species’ typical communicative
range) is within the absolute limits of cognition for all great
ape species. From this we can infer that such feats may also
have been possible for our common ancestors, if given the
same opportunities.

(2) Signal adjustment optionality

As opposed to adding new signals to one’s repertoire and
assigning them a novel or existing function (as with signal
production learning), another dimension in which optional-
ity may be expressed involves altering the form of existing
signals and assigning them a novel or existing function,
i.e. ‘signal adjustment optionality’. An example of signal
adjustment optionality would be an English speaker’s ability
to modify the form of the adjective ‘big’ to ‘biiiig’ to intensify
the meaning of the adjective and convey that something is
very big (Schlenker, 2018). In everyday communication, it
is also common for conversation partners to converge on
the prosodic and/or structural features of one another’s lan-
guage use to facilitate social bonding, or to signal group iden-
tity in a process known as ‘accommodation’ (Bernhold &
Giles, 2020). Each of these cases involves an ability to alter
the form of existing signals (whether with or without an asso-
ciated change in function) and is therefore demonstrative of
signal adjustment optionality.

In animals, the ability to adjust existing signals appears to
be relatively widespread compared to signal production
learning (Martins & Boeckx, 2020). In these species, the rep-
ertoire of call types may be entirely fixed, but the acoustic
structures of these calls may nevertheless be modified for a
range of purposes. Analogous to accommodation in language
use, some species modify existing signals to become more
similar to those produced by social partners, resulting in
short-term or persistent acoustic convergence between two
or more individuals. For example, yellow-naped Amazon
parrots (Amazona auropalliata) develop regional ‘dialects’
which are thought to be used for identification, social cohe-
sion and attracting affiliated social partners to their foraging
party (Wright, 1996), with individuals who live between
regions even using both dialects interchangeably. These birds
are therefore capable of associating multiple learned signal
variants with an existing function. In primates, male chim-
panzees produce an individually identifiable social contact
call known as a ‘pant-hoot’ which may serve a range of pos-
sible functions including territorial and sexual displays, group
coordination and more (Notman & Rendall, 2005; Fedurek,
Donnellan & Slocombe, 2014). When this call-type is pro-
duced in chorus, a behaviour that reflects an affiliative bond
between two individuals, males dynamically adjust the acous-
tic and temporal features of their calls to make them more
similar to one another (Mitani & Gros-Louis, 1998). Further-
more, chimpanzees are able to alter the acoustic structure of
their pant-hoots on a long-term basis by converging on sta-
ble, group-wide pant-hoot profiles that differentiate them
from neighbouring communities (Marshall, Wrangham &
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Arcadi, 1999; Crockford et al., 2004;Desai et al., 2021). Chim-
panzees can, therefore, both dynamically modify the struc-
ture of their pant-hoots (dyadic convergence), as well as
‘save’ modifications on a more long-term basis to form a
new template for this call-type (group signatures). While
any changes to the function of these calls corresponding with
such acoustic modifications are unexplored, these data mini-
mally demonstrate that although the acquisition of pant-
hoots is innately rooted, there is nevertheless a degree of
optionality in how they can be produced.

Unfortunately, due to the difficulty of obtaining detailed,
long-term acoustic data on the same individuals in the wild,
we can often only observe the endpoint of such long-term
acoustic changes and have little insight into the exact pro-
cesses underlying them. Observing this process in action
would allow us to understand better the cognitive biases
and other factors influencing which acoustic modifications
take place, and how neighbouring groups avoid making the
same modifications. Indeed, research in other, captive pri-
mates has succeeded in examining this process under exper-
imental conditions. For example, a series of translocation
experiments (Zürcher, Willems & Burkart, 2019) found that
common marmosets (Callithrix jacchus) who are moved to live
with a new population, and who previously demonstrated an
acoustically different dialect (Zürcher & Burkart, 2017), con-
verge on the acoustic structure of the new population in mul-
tiple call types. Crucially, the authors first moved the
individuals to the novel environment, but prevented social
and acoustic contact with the new population, and did not
observe any persistent changes to call structure, thus ruling
out environmental effects as an explanation for the changes
observed after social contact was made (Fischer, Wheeler &
Higham, 2015; Watson et al., 2015a). Relatedly, pygmy mar-
mosets (Cebuella pygmaea) converge on the acoustic structure of
their partners’ ‘trill’ contact calls when paired with a new
mate (Snowdon & Elowson, 1999). Similar findings also exist
for other non-primate species, including avians (Henry
et al., 2015), pinnipeds (Ravignani et al., 2016; Stansbury &
Janik, 2019), cetaceans (Janik, 2014) and naked mole rats
(Heterocephalus glaber) (Barker et al., 2021). Taken together,
these data suggest an evolutionarily ancient capacity to alter
the acoustic structure of signals within pre-existing form–
function associations.

Interestingly, much like the examples of signal production
optionality described above, signal adjustment has also been
identified almost exclusively within the functional category of
social contact calls. However, one counterexample has been
identified in chimpanzees. Chimpanzees produce ‘rough
grunts’ in response to finding food. These grunts differ acous-
tically relative to the caller’s preference for that food type
(higher frequency grunts being associated with higher value
food items), and listeners can use them to guide their own
search for food (Slocombe & Zuberbühler, 2005b). When a
group of chimpanzees were brought to Edinburgh Zoo to
be integrated with an existing community, Watson
et al. (2015b) found that each sub-group possessed different
group-level preference values for apples (high value for the

‘local’ sub-group, and low value for the newcomer sub-
group) and produced acoustically different grunts in response
to finding this food. However, after 3 years, once the groups
had fully socially integrated, the authors found that the
‘immigrant’ sub-group had converged on the acoustic struc-
ture of the grunts produced by their hosts, despite not chang-
ing their preference for apples (Watson et al., 2015a,b). This
not only demonstrates learned adjustment of a signal-form,
but an ability to decouple certain features of signal forms
from their innately corresponding function. Whether chim-
panzees are capable of going further and fully dissociating a
call from its function, such as producing a rough grunt to
function as a contact call, is unclear. However, there is evi-
dence that optional associations between existing signals
and novel functions is within the capabilities of other primate
species (see Section II.3).
Beyond identifying more examples of signal adjustment

optionality, an important next step would be examining
what, if any, are the actual adaptive benefits of this behav-
iour. For instance, despite the apparently strong motivation
individuals from many species have to share similar signal
forms with their close social partners (Henry et al., 2015), it
is currently unclear whether individuals who do not converge
on group-specific variations of signals face any costs. If one
does not converge on the signal forms of groupmates, is it
more challenging to coordinate and/or understand the func-
tion of their signals? Or do individuals who fail to converge
on such norms suffer some form of social consequences,
much as humans often demonstrate negative bias towards
out-group speakers (Iacozza, Meyer & Lev-Ari, 2020)? Con-
formity towards group-wide behavioural ‘norms’ seems to be
present in the foraging behaviour of several animal species
(van de Waal, Borgeaud & Whiten, 2013; Aplin
et al., 2015), but the proximate causes of behavioural conver-
gence and consequences for non-conformists are as unclear
as with vocal accommodation. Finally, it is not currently
known whether individuals who converge on a new long-
term call structure still have ready access to the previously
used form. In other words, are individuals capable of simulta-
neously producing both old and new variants, or does the lat-
ter ‘overwrite’ the former? This would have important
implications for whether we understand examples of signal
adjustment learning as cumulative, long-term increases in
optionality of signal forms associated with a function, or
rather a temporary widening (during the adjustment process)
and subsequent winnowing (once the process is complete) of
signalling options. Another possibility is that even if the novel
variant ‘overwrites’ the previous form, it may subsequently
be easier to ‘relearn’ it than other novel forms, analogous
to an individual ‘losing’ their original accent after moving
to a new region, but quickly regaining it if they return.

(3) Signal usage optionality

In the previous section, we focused on the particular dimen-
sion of optionality found in the adjustment of the form of
existing signals (i.e. optionality in how a signal is produced).
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We now turn to another dimension of optionality: the associa-
tion of existing signal forms to different functions
(i.e. optionality in how a signal is used). For instance, consider
a human infant visiting the park who points and utters
‘Ducky!’ at waterbirds as diverse as ducks, swans, geese and
moorhens, before gradually refining their usage of the word.
Here, a stable signal-form (the word ‘Ducky’) is associated with
a change in function. Even species with largely fixed signal rep-
ertoires may undergo changes in the usage of existing vocalisa-
tions that reflect optionality, whether this occurs by way of an
ontogenetic process in the development of an adult repertoire,
or by way of learning to use existing calls for novel functions. A
classic example of the former case, analogous to the ‘Ducky’
example, has been identified in vervet monkey (Chlorocebus
pygerythrus) infants. Initially, these monkeys produce alarm calls
in response to any aerial disturbance, but eventually refine
their usage so that the calls are only produced in response to
the ‘correct’ stimuli of aerial predators (Seyfarth &
Cheney, 1980, 1986). Exactly what causes this process is cur-
rently unclear: it may be developmentally fixed, a result of
feedback from conspecifics, or simply a result of differences
in what causes a state of alarm in an infant compared to an
adult. Further study of this behaviour may determine whether
these findings reflect a change in the number of functions
assigned to the signal, a replacement of a ‘generalised’ alert
signal with a more precise one, or more simply an increase in
the precision with which the original function is applied by sig-
nallers. What we do know is that surrounding adults are likely
to ignore the calls of these infants until they reach maturity,
indicating that receivers are capable of understanding that
others may use signals for ‘incorrect’ functions (Seyfarth &
Cheney, 1980, 1986). This example therefore demonstrates
some level of optionality on the part of both producers (refin-
ing the function of a signal over time) and receiver (under-
standing that the same signal can refer to both ‘predator’
and ‘disturbance’ – we consider this further in Section II.5).

Individuals can also demonstrate signal usage optionality
by mapping existing signals to previously unassociated func-
tions (as opposed to the previous example, where functions
were winnowed). In English, for example, words with origi-
nally negative connotations such as ‘bad’, ‘wicked’ and ‘sick’
have gained positive ones in slang dialects over time. This
ability to map additional, even diametrically opposed func-
tions to an existing signal is difficult to examine in animals
under wild conditions. The types of environments encoun-
tered by a species are typically static, at least within observ-
able timescales, and they are therefore unlikely to
encounter novel contexts at a frequency that would warrant
such changes, even if they were capable of them. However,
under captive conditions, signal usage optionality can be eli-
cited or developed through training. Pig-tailed macaques
(Macaca nemestrina) naturally produce a ‘coo’ call in social con-
texts, which researchers have trained them to produce under
experimental conditions, functioning as a human-directed
request for food (Coudé et al., 2011). Interestingly, in contrast
to ‘spontaneous’ calls, where motor regions of the brain acti-
vate during call production, these trained calls elicited brain

activity before the onset of the call, indicating pre-planning
or voluntary control over the production. In a similar study,
one Japanese macaque was trained to produce coo calls to
‘request’ a stick-tool for a food-raking task (Hihara
et al., 2003b), thereby demonstrating signal usage optionality.
Once this behaviour had been instilled, the monkey sponta-
neously demonstrated signal adjustment optionality by alter-
ing the acoustic structure of the ‘coo’ calls produced in this
function so that they were acoustically distinct from the orig-
inal call-type. This potentially demonstrates a motivation to
differentiate signal forms in response to differentiations in sig-
nal functions where possible. Similar evidence exists for sev-
eral other species, including spear-nosed bats (Phyllostomus
discolor) (Lattenkamp, Vernes & Wiegrebe, 2020), white-
handed gibbons (Hylobates lar) (Kato et al., 2007) and budger-
igars (Melopsittacus undulatus) (Manabe & Dooling, 1997).
While these studies typically have small sample sizes of indi-
viduals living under extremely unusual conditions, they do
at least demonstrate that these species (a) possess the ability
to associate innate calls with novel functions under specific
circumstances (signal usage optionality) and (b) are spontane-
ously motivated to differentiate the functions of calls through
modification of their form (signal adjustment optionality).

While these studies demonstrate signal usage optionality is
within the absolute limits of cognition of their target species,
this raises the question of why this is not demonstrated more
readily under natural conditions. One likely explanation is
that the relative stability of natural environments provides
insufficient motivation to change the innate set of form–
function associations in their repertoire, which already meets
the demands of their social and ecological environment.
Another tantalising possibility is that such instances have sim-
ply gone unrecorded in many species. Due to the difficulty of
collecting sufficiently extensive, comparable data on multiple
populations of the same species, explicit cross-population
comparisons of signal usage are rare. However, where such
data do exist, there are hints that optional signal usage may
indeed occur under natural conditions. For instance, while
the vast majority of chimpanzee gesture forms and functions
appear to be innately tied in their association (Byrne &
Cochet, 2017; Motes-Rodrigo & Tennie, 2021), a handful
of gestures (most notably ‘leaf clipping’) are used for particu-
lar functions by some communities but not others (Whiten
et al., 1999; Kalan & Boesch, 2018). Assuming that there is
no genetic explanation for this variation, we can infer that
chimpanzees possess some degree of optionality in the func-
tional associations of their gestural repertoire. It is therefore
possible that for some species, we are observing the ‘end-
state’ of processes that have shaped their use of signals over
many years. Recent work also shows that applying experi-
mental methods to wild populations can indeed illuminate
optionality in signal usage: Wegdell, Hammerschmidt &
Fischer (2019) report that, in response to the introduction
of a novel flying drone, western green monkeys (Chlorocebus
sabaeus) produced an ancestral call-type, which was not previ-
ously used under normal circumstances for aerial predators
or disturbances, but was similar to the eagle-specific predator
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alarm calls produced by closely related species, thus demon-
strating the ability to associate pre-existing calls with novel
stimuli. Approaches such as this could prove highly fruitful
in exploring how wild animals communicate about novel
stimuli in their environment.

(4) Combinatorial optionality

It is well understood that speakers of a natural language can
express the same propositions by different choices of words
(e.g. ‘Fatima gives a book to the boy’ versus ‘Fatima gives
the boy a book’ – combination of different forms to achieve
the same function). This case involves alternative combina-
tions of the constituents of a sentence with the same commu-
nicative function. However, different combinations of an
identical set of words can also drastically alter their meaning
(e.g. ‘a man bites a dog’ versus ‘a dog bites a man’ – recombi-
nation of the same forms to achieve different functions). This
case involves recombining the constituents of a sentence to
achieve a different communicative function. This seems to
point to an additional dimension of optionality, distinct from
signal production, signal adjustment, and signal usage: the
altering of the function of a signal based on the combinatorial
context in which it is placed. This combinatorial optionality
of signals is key to the full expressive power of language, as
it allows us to combine a finite number of elements
(i.e. words) into a theoretically unlimited number of larger,
meaningful structures (i.e. sentences). A pertinent avenue of
research is, therefore, the extent to which animals also dem-
onstrate combinatorial optionality in signal structures.

Song is by far the primary domain of animal communication
exhibiting significant levels of combinatorial optionality, found
in species as diverse as birds (Slabbekoorn & Smith, 2002),
marine mammals (McDonald, Mesnick & Hildebrand, 2006;
Cholewiak, Sousa-Lima & Cerchio, 2013; Oleson et al.,
2014), bats (Davidson & Wilkinson, 2004; Bohn, Smarsh &
Smotherman, 2013), rock hyrax (Procavia capensis) (Koren &
Geffen, 2009) and even mice (Banerjee, Phelps &
Long, 2019). Hundreds of different variations on a song
may exist within a species, or even a single individual. For
instance, in song sparrows (Melospiza melodia),�1100 different
songs were recorded from just 12 individuals living in New
York (Podos et al., 1992). Such examples indicate both pro-
ducers and receivers can associate a diverse range of signal
combination structures, including novel ones, to the same
function (typically a territorial or sexual display). Interestingly,
virtually all known examples of song in non-human animals
are limited to territorial and mating displays. While different
combinations of elements may express information about the
caller, such as mate quality or group identity (Hardy &
Parker, 1997; Davidson & Wilkinson, 2004), restructuring
these songs does not alter their general function. This repre-
sents a key discontinuity with language, where changing the
composition of a sentence can drastically alter its meaning.
One exception to this is the white-handed gibbon
(Geissmann, 2002), who, in addition to duet songs in which
pair-bonded individuals converge on a song structure over a

number of years, also produce alarm songs produced in
response to threats such as leopards and eagles (Clarke,
Reichard & Zuberbühler, 2006; Andrieu et al., 2020). Both
duet songs and alarm songs are composed of an identical rep-
ertoire of notes, but contain differences in the prevalence of
certain notes and how they are combined (Clarke
et al., 2006). This presents a so-far unique example where
the rearrangement of song elements drastically alters the func-
tion of the song (from contact call to alarm call). The structure
of these songs is subject to learning, with evidence suggesting a
role of maternal feedback in the development of these songs in
female offspring (Koda et al., 2013) and pair-bonded individ-
uals converging on dyad-specific duets (Geissmann, 2002).
Outside of song, relevant examples of signal combinations

are rarer, but do exist (Engesser & Townsend, 2019).
A stand-out example which may reflect multiple dimensions
of optionality comes from chestnut-crowned babblers (Poma-
tostomus ruficeps) (but see also Suzuki, Wheatcroft &
Griesser, 2016), a species of cooperatively breeding songbird.
These birds produce two structurally similar, but functionally
distinct, combinations of the same two acoustic elements:
‘B-A-B’ and ‘A-B’, where A and B are acoustically distinct
sounds which are never produced alone or in other combina-
tions. These calls have very different functions, with ‘A-B’
sequences being produced during flight and ‘B-A-B’
sequences produced while provisioning nestlings (Engesser
et al., 2015, 2019). The addition of the ‘B’ element is there-
fore not an additive change to the function of the call, as
one would expect from the repetition of a note indicating
heightened arousal (for example due to probable predator
threat), such as the number of additional ‘D’ notes in the
alarm calls of black-capped chickadees (Parus atricapillus)
(Templeton, Greene &Davis, 2005). Chestnut-crowned bab-
blers may therefore demonstrate optionality in terms of both
(i) the function of individual elements produced in combina-
tions (As and Bs are individually not tied to any individual
function) and (ii) the relationships between them (different
combination of the same elements results in a different func-
tion). Various examples of combinatorial optionality also
appear to be present in non-bird species such as dwarf mon-
gooses (Helogale parvula) (Collier et al., 2020), dingoes (Canis
lupus dingo) (Déaux et al., 2016), bonobos (Clay &
Zuberbühler, 2009), gorillas (Hedwig et al., 2014; Watson
et al., 2020b), chimpanzees (Leroux et al., 2021) and Camp-
bell’s monkeys (Cercopithecus campbelli) (Schlenker et al., 2014).

(5) Signal perception optionality

Until this point, we have largely focussed on optionality on
the part of signallers, rather than receivers. However, for
each of the dimensions of optionality described above, its
counterpart in signal perception is also crucial for effective
communication. As a case in point, for linguistic communica-
tion to be effective, receivers must be able to decode the
intended function of a producer’s utterance even if they use
a novel word (signal production optionality), unfamiliar pro-
nunciation of a sentence (signal adjustment optionality), or an
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unconventional composition (combinatorial optionality).
While we have occasionally touched on the receiver side of
the five dimensions of optionality in each of the sections
above, we believe the subject warrants separate consider-
ation. In the remainder of this section, we discuss it under
the general heading of ‘signal perception optionality’.

Just as there would be no point for humans in inventing a
new word if no one could interpret it correctly, the costly neu-
rological and vocal apparatus necessary for vocal learning
would be unlikely to evolve if such modifications could not
be effectively processed by receivers (Fischer &
Hammerschmidt, 2020). To illustrate, male humpback whales
(Megaptera novaeangliae) have been found to alter their songs
(thought to function as sexual displays; Tyack, 1981) gradually
over time to increase complexity, leading to occasional ‘cul-
tural revolutions’ where a highly complex song is disposed of
and a simplified version of a neighbouring community’s song
is adopted instead (Noad et al., 2000; Allen et al., 2018). This
demonstration of optionality in signal production and adjust-
ment must be met with an equivalent degree of optionality
in signal perception. For instance, it is of critical importance
that receivers are able quickly to associate both more complex
and simple variants of songs, as well as entirely novel ones, with
an extant communicative function, rather than infer that a
brand-new call-type has been invented.

Signal perception optionality is also necessary for receivers
who need to process examples of signal usage optionality
effectively. For example, chimpanzees, bonobos and gorillas
appear to use identical gestural forms to serve a variety of
communicative functions (Genty et al., 2009; Hobaiter &
Byrne, 2011; Graham, Furuichi & Byrne, 2017). Receivers
in these species seem, therefore, to be capable of mapping
multiple functions to the same gesture and disambiguating
between them based on, for example, social and contextual
information (Roberts, Vick & Buchanan-Smith, 2012). How-
ever, it is currently unclear whether these examples are truly
demonstrative of a capacity to associate a single signal with
multiple alternative functions, or rather are indicative of
pragmatic flexibility, i.e. of the ability to use information
from context to disambiguate call meanings (Seyfarth &
Cheney, 2018). It is worth noting that if receivers are overly
inclusive in the signals they lump together under a single
function, they risk overlooking nuanced differences that
may cue them into valuable additional information. One
prediction would therefore be that optionality is likely to be
less readily expressed in both the production and processing
of urgent signals, such as alarm calls (Green, Brandley &
Nowicki, 2020). On the other hand, some degree of optional-
ity in the perception of such call types is likely to be beneficial
in the face of rapid environmental change or the introduction
of a novel predator. One avenue for experimentally probing
receiver-side optionality in signal usage could be akin to clas-
sic associative learning experiments involving forming a
novel association between two stimuli in a learner. For exam-
ple, a common paradigm involves subjects learning to associ-
ate the pulling of one lever with receiving food and another
with no reward or an aversive stimulus, before the association

is subsequently reversed by experimenters to examine the
factors influencing how quickly subjects can remap these pre-
dictive cues (Izquierdo et al., 2017). A similar approach, but
using recordings of a species’ own signals as stimuli, might
be one means of examining this process in the communica-
tive domain, i.e. the ease with which individuals can associate
additional ‘functions’ (in this case, a simple predictive rela-
tionship to food) to existing signals in their repertoires, or
from those of other species.

In many cases, single call types are acoustically ‘graded’
according to their urgency, resulting in a system where
important information may be carried by subtle perceptual
differences between signals. For example, chimpanzee
screams vary substantially in their acoustic structure accord-
ing to the signaller’s role in an agonistic encounter (aggressor
or victim), and according to the severity of the event
(Slocombe & Zuberbühler, 2005a). Being able to process
these fine-grained acoustic cues and extract the encoded
information (i.e. determine whether it has been emitted by
a victim or by an aggressor) may be very useful to receivers
in deciding whether to engage with the conflict, or in keeping
track of important third-party alliances (Gilby et al., 2013). Of
course, cautionmust be taken regarding whether the statistical
differences researchers detect between signal variants are per-
ceptible to conspecific receivers. Instead of revealing genuine
signal perception optionality, the phenomenon might simply
be due to the fact that the perceptual system of the subjects
tested is not sensitive enough to register the differences
between the variants. Researchers examined this by playing
back recordings of the screams of groupmates to wild chim-
panzees and found that they were able to differentiate between
aggressor and victim screams produced by the same individ-
ual, demonstrating a capacity in receivers to discriminate
between perceptually similar signal forms and assign them sep-
arate functions (Slocombe, Townsend & Zuberbühler, 2009;
Slocombe et al., 2010).

It is worth noting that signal perception optionality need
not be limited to the processing of signals produced by con-
specifics. The ability to ‘eavesdrop’ on heterospecific alarm
calls and correctly associate them with their corresponding
functions is crucial to avoiding predation for a wide range
of species, such as birds, mongooses, primates and reptiles
(Magrath et al., 2015a). Although it may be that some species
have evolved an innate understanding of the alarm calls of
certain heterospecifics, in others there is perhaps evidence
of a genuine component of perception optionality. For
instance, Magrath et al. (2015b) found that fairy-wrens (Mal-

urus cyaneus) quickly learned to associate playbacks of an unfa-
miliar species’ alarm calls (chestnut-rumped thornbills,
Acanthiza uropygialis) with the presence of a model predator.
The learning process involved was demonstrated to be inde-
pendent of sound structure: the birds learned to associate
synthetic computer sounds with the predator just as rapidly
as real calls, suggesting that they were not simply reacting
to fixed, biologically widespread acoustic cues in calls elicited
by predation contexts. However, it could be argued that
examples of interspecific eavesdropping are not an example
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of ‘signal’ processing at all, but rather that these stimuli are
processed more as environmental cues (i.e. as smoke is a
cue towards fire, or thunder a cue towards lightning).

The ability to eavesdrop on the alarm systems of other spe-
cies may therefore demonstrate one way in which a high
degree of signal perception optionality can bestow significant
fitness benefits. Yet, we should bear in mind that high degrees
of signal perception optionality may also bear potential neg-
ative repercussions. For example, let us imagine a socially liv-
ing individual who is highly predisposed to associate novel
functions to the signals they receive. A conspecific signaller
produces an aerial alarm call towards an aerial predator at
the same moment that a car is passing by. However, our
receiver only observes the car and is ignorant of the predator.
If our receiver is too quick to form lasting associations
between signals and their apparent functions, they may mis-
understand future aerial alarm calls as referring to the pres-
ence of a car and behave suboptimally as a result, with
potentially deadly consequences. Receivers must therefore
find a balance between flexibility and conservatism, and, in
order to prevent such ‘runaway optionality’, may stand to
benefit from allowing for a low degree of signal perception
optionality for contextually urgent signal types, such as alarm
calls. The dilemma of ‘splitting versus lumping’ of perceptu-
ally similar signals will be familiar to scientists studying ani-
mal communication, who must themselves often decide
how best to categorise groups of signals. It may be some small
comfort that this is also likely to be an important issue for
their subjects.

Finally, although many species do not produce combinato-
rial calls/signals (Engesser & Townsend, 2019) and hence
appear incapable of combinatorial optionality, this may be
due to limitations of the production system rather than con-
straints on processing such sequences. Artificial grammar stud-
ies, in which researchers probe the ability of individuals to
process relationships between strings of artificial sounds, may
help us shed light on this question. Primates (Fitch &
Hauser, 2004; Ravignani et al., 2013; Watson et al., 2020a),
birds (Abe & Watanabe, 2011) and rats (de la Mora &
Toro, 2013), have all shown impressive capabilities for learn-
ing complex ‘artificial grammars’ that far exceed the degree
of combinatorial complexity found in their natural production
systems.While most of these experiments were passive designs,
which did not instil any functional associations with the
sequences (therefore not meeting our criteria for optionality),
some species have been found able to make such associations.
For example, zebra finches (Taeniopygia castanotis) were trained
on a ‘Go/No-Go’ paradigm in which they would peck a sen-
sor, or not, depending on the composition of sequences (con-
structed from their own song elements) played back to them
(van Heijningen et al., 2013). All subjects were able to discrim-
inate between training sequences, and some were even able to
generalise spontaneously (i.e. without reward) the underlying
compositional patterns to novel structures. These data may
suggest that even species which do not produce complex com-
binatorial structures may nevertheless be able to demonstrate
optionality in their perception (Beckers et al., 2017).

III. CONTEXTUALISING OPTIONALITY AND
FUTURE DIRECTIONS

In the preceding sections we evaluated the animal communi-
cation literature for evidence of optionality, the capacity to
establish alternative mappings between signal forms and
functions, which we argue to be one fundamental feature
underlying linguistic arbitrariness. We searched for optional-
ity across five key dimensions of communicative behaviour in
animals, ultimately finding evidence to be taxonomically
widespread, but varying greatly across species (see Table S1
for a more exhaustive list of candidate evidence). Further-
more, we found that individual species may possess variable
degrees of each of the dimensions of optionality we have sur-
veyed. For instance, amphibians alter call structure to opti-
mise transmission in different environments (Ziegler,
Arim & Narins, 2011) or to combat background noise
(Brumm&Zollinger, 2011), demonstrating a degree of signal
adjustment optionality. However, they do not appear to
demonstrate any other dimensions of optionality. This con-
trasts with birds and primates, certain species of which
exhibit evidence in many of the dimensions of optionality
we have described above (although research bias towards
such species may explain some taxonomic skew of evidence).
To our knowledge, only humans unambiguously express
optionality in every one of the aspects described.
An important next step for the framework we have intro-

duced would be to determine which cognitive and neural fea-
tures underpin the expression of optionality in each of the
dimensions discussed here, and whether these factors are in fact
similar across species. This could be complemented with ongo-
ing research into the social [e.g. social complexity (Knörnschild,
Fernandez & Nagy, 2020); dominance styles (Kavanagh
et al., 2021)] and physical factors (e.g. environmental change;
McMullen, Schmidt &Kunc, 2014) that may select for the abil-
ities underpinning optionality. It would also be important to
establish whether the five dimensions of optionality described
in this review typically correlate within species. If so, this would
indicate a fundamental capacity for optionality that can be
differentially expressed in the domains of signal production,
signal adjustment, signal usage, signal combination, and
signal perception.
Although we have examined optionality as a feature of

communicative behaviour, it is also possible that the exam-
ples discussed may be demonstrative of a more domain-
general capacity for associative mapping which scaffolds,
but is not exclusive to, communication and language. One
hypothesis worth exploring is that optionality in the commu-
nicative domain may be related to cognitive processes under-
lying individuals’ ability to modify behaviour patterns or
associations in non-communicative domains. For example,
the phenomenon of ‘functional fixedness’ in object use or
problem solving refers to an individual being unwilling or
unable to go beyond the first-learned function for a particular
tool or apparatus (German & Defeyter, 2000). A high degree
of functional fixedness has, for instance, been identified in
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chimpanzees (Davis et al., 2016), who were unwilling to
switch from their first-learned method of retrieving food from
a tube apparatus even when the alternative demonstrated
was considerably more efficient (Davis et al., 2016; but see
Watson et al., 2017). It is straightforward to draw a concep-
tual parallel between (a) a proclivity (or lack thereof) to asso-
ciate a single tool with multiple functions, or to perform the
same function with a variety of tools, and (b) optionality in
the communicative domain. One way to explore this issue
would be to examine whether optionality in the communica-
tive domain correlates with, for example the ease with which
a species associates tools with multiple functions.

An additional possibility is that optionality may be con-
strained by a more domain-general ability to process ‘opa-
que’ relationships between causes and effects (and by
extension, forms and functions). For signals whose form is
strongly shaped by underlying body anatomy (e.g. body size;
Reby & McComb, 2003) or emotional states (i.e. signals on
the lower end of the spectrum illustrated in Fig. 2) there is,
in a sense, a causal and perceptible relationship between
form and function. For example, emotionally urgent contexts
such as predator sightings increase tension in the body of the
signaller, including their vocal folds, resulting in higher
pitched vocalisations. These vocalisations can be readily
decoded by receivers as being produced with high emotional
arousal, even across species (Bryant & Barrett, 2008; Filippi
et al., 2017), suggesting that form–function associations
between signals and clear causal factors are relatively easy
to form. An analogue can be drawn here with language,
where vocabulary learned by infants is often rich in iconicity
(a perceptual similarity between word andmeaning), which is
thought to aid acquisition (Monaghan, Mattock &
Walker, 2012). Other signals, on the other hand, are ‘caus-
ally opaque’ in that there is no apparent causal or correla-
tional relationship between the form of a signal and its
function – with most examples of arbitrary language (and
many examples of signal production learning) falling into this
category. The ability to process opaque causal relationships
in the physical domain, i.e. direct causal connections between
stimuli (such as two objects, or an acoustic cue and a reward)
which are not clearly perceivable, has been examined in
human and non-human apes. This research indicates that
apes are constrained in this ability, as are children up to the
age of 4 years old, after which such associations are readily
formed (Civelek, Call & Seed, 2020). Strikingly, language
acquisition studies find that arbitrary sound-meaning map-
pings in the vocabulary typically acquired by children also
rise sharply at the age of 4 years (Monaghan et al., 2014).

Humans also have a pervasive tendency to copy causally
opaque actions demonstrated by others, even when they have
no apparent causal relationship with the actor’s goal (known
as ‘overimitation’), with this proclivity also appearing from
around 4–5 years of age (Hoehl et al., 2019). Cognitive adap-
tation for processing these seemingly causally disconnected
behaviours as being effective is critical for the highly conven-
tionalised and technologically complex nature of human cul-
ture. For instance, if fully understanding the causal chain

between pushing a button and activating any of the myriad
technologies in our home were to be a necessary condition
for learning how to use them, they would be rendered wildly
impractical. Great apes, on the other hand, are less inclined
to make such dissociated connections between behaviour
and function (McGuigan et al., 2007; Nielsen &
Susianto, 2010; Clay & Tennie, 2018). Taken together, these
correlations between the ability of humans to process
abstract (i.e. not perceptually apparent) relationships
between causes and effects in the physical domain, as well
as forms and meanings in the context of language, potentially
supports a domain-general process underlying optionality
across domains.

While currently speculative, these potentially related areas
of research may be fruitful avenues for exploring relevant
cognitive processes that may be acting across domains. Spe-
cifically, if communicative optionality represents a domain-
specific manifestation of a domain-general capacity, we
should find within-species correlations in evidence across
these other domains of behaviour. Such an effect could be
examined either directly, through the application of a battery
of tests probing different potentially related behaviours in
one (e.g. Watson et al., 2018) or many (e.g. ManyPrimates
et al., 2019) species, or even viameta-analyses once a sufficient
number of individual studies has accumulated. If such a cor-
relation between domains were to be identified, this may lend
support to arguments that the unique cognitive achievements
of humans do not depend on excellence in any one particular
domain of cognition, but rather on a feedback loop of inter-
actions and reinforcement between domains (Laland &
Seed, 2021). Along these lines, it may be that an interaction
of optionality, not qualitatively different to that found in ani-
mals, with other language-relevant abilities allows for the
full-blown arbitrariness found in human language. Through
further examination of optionality and its limitations, we may
be able to identify more acutely the processes involved in the
evolution of linguistic arbitrariness.

Finally, a natural complement to the current review would
be to apply the optionality framework to human language in
order to identify more precisely parallels between examples
of optionality in animals and linguistic arbitrariness. For
example, while optionality is probably a crucial underpin-
ning of linguistic arbitrariness, the former does not exhaust
the latter. We could therefore task further conceptual
research with identifying what additional features, if any,
must accompany optionality to warrant a diagnosis of full-
blown arbitrariness. Another approach might be to examine
the five dimensions of optionality described in this review in
child language acquisition, to understand better their devel-
opmental trajectory in humans. We might investigate, for
example, the relationship between some or all of these
dimensions and the use of iconicity and systematicity (fea-
tures of non-arbitrariness, see Section I), which are prevalent
in early child language acquisition but eventually give way to
more arbitrary language (Cassidy & Kelly, 1991; Fitneva,
Christiansen & Monaghan, 2009; Monaghan et al., 2012).
Some populations and languages seem to make use of
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non-arbitrary features more readily than others (Dingemanse &
Akita, 2017), suggesting that linguistic phylogeny imposes con-
straints on how the expression of optionality evolves in language
within and between speaker populations. Investigating this
phenomenon could provide further insights into the role of
optionality in terms of the cultural evolutionary forces acting
upon languages themselves (Woodin et al., 2020; �Cwiek
et al., 2021; O’Connor, 2021).

IV. CONCLUSIONS

(1) Our ability to associate the form of words arbitrarily with
their meaning is often cited as a defining feature of language
(Hockett, 1958; Gasser, 2004; Monaghan et al., 2014; Dinge-
manse et al., 2015). Despite this, examination of the evolu-
tionary history of linguistic arbitrariness is largely absent, in
large part due to the difficulty of drawing comparisons
between arbitrary language and animal communication
(Planer & Kalkman, 2019). A conceptual advance facilitating
this comparative approach is therefore crucial in order to
shed light on the evolutionary roots of this defining feature
of language.
(2) In this review we present a novel framework for examining
the cognitive foundations of linguistic arbitrariness. This
framework is centred on the notion of optionality, i.e. the
capacity to establish alternative mappings between signal
forms and functions, which we argue is one key feature
underlying linguistic arbitrariness. Because optionality is
not inherently bound to language and can be applied to
any communication system, this enables the cross-species,
comparative approach necessary for shedding light on the
evolutionary history of arbitrariness.
(3) Until now, many of the examples of optionality we have
surveyed have been discussed under the generic umbrella
term of ‘flexibility’ (e.g. Townsend et al., 2020). However,
the notion of ‘flexibility’ was not designed to characterise lin-
guistic arbitrariness. By adopting the notion of optionality,
we have provided a novel conceptual framework with which
to examine animal communication literature for the charac-
teristic features of arbitrariness.
(4) In accordance with this framework, we have reviewed
some of the most pertinent existing evidence for optionality
in animal communication across five key dimensions of ani-
mal communication: signal production, signal adjustment,
signal usage, signal combinatoriality and signal perception.
We also provide a more extensive sample of relevant litera-
ture in Table S1.
(5) There is considerable scope for expanding on this frame-
work by examining the cognitive abilities likely to be under-
pinning the described examples of optionality, and whether
these are demonstrative of a single, unitary (possibly
domain-general) capacity or rather a diverse suite of
processes.
(6) This preliminary foray into examining optionality has
yielded novel insights into existing data, and identified

promising avenues for future research. We believe that fur-
ther application of this framework will be a productive means
of exploring the evolutionary roots of the cognitive abilities
underlying both animal communication and human
language.
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Pašukonis, A., Hoeschele, M., Ocklenburg, S., de Boer, B., Sturdy, C. B.,
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Fröhlich, M., Sievers, C., Townsend, S. W., Gruber, T. & van Schaik, C. P.

(2019). Multimodal communication and language origins: integrating gestures and
vocalizations. Biological Reviews 94, 1809–1829.

*Garland, E. C., Goldizen, A. W., Rekdahl, M. L., Constantine, R.,
Garrigue, C., Hauser, N. D., Poole, M. M., Robbins, J. & Noad, M. J.

(2011). Dynamic horizontal cultural transmission of humpback whale song at the
ocean basin scale. Current Biology 21, 687–691.

Gasser, M. (2004). The origins of arbitrariness in language. Proceedings of the Annual
Meeting of the Cognitive Science Society 26, 434–439.

*Geissmann, T. (2002). Duet-splitting and the evolution of gibbon songs. Biological
Reviews 77, 57–76.

Genty, E., Breuer, T., Hobaiter, C. & Byrne, R. W. (2009). Gestural
communication of the gorilla (Gorilla gorilla): repertoire, intentionality and possible
origins. Animal Cognition 12, 527–546.

German, T. P. &Defeyter, M. A. (2000). Immunity to functional fixedness in young
children. Psychonomic Bulletin & Review 7, 707–712.

Gilby, I. C., Brent, L. J. N., Wroblewski, E. E., Rudicell, R. S., Hahn, B. H.,
Goodall, J. & Pusey, A. E. (2013). Fitness benefits of coalitionary aggression in
male chimpanzees. Behavioral Ecology and Sociobiology 67, 373–381.

Glock, H.-J. (2019). The normativity of meaning. In The Normative Animal?: On the

Anthropological Significance of Social, Moral, and Linguistic Norms (eds N. ROUGHLEY and
K. BAYERTZ), pp. 295–318. Oxford University Press, Oxford.

*Goldin-Meadow, S. (1996). Kanzi: the ape at the brink of the human mind.
International Journal of Primatology 17, 145–148.

*Graham, K. E., Furuichi, T.& Byrne, R. W. (2017). The gestural repertoire of the
wild bonobo (Pan paniscus): a mutually understood communication system. Animal
Cognition 20, 171–177.

Graham, K. E.,Hobaiter, C.,Ounsley, J., Furuichi, T. & Byrne, R. W. (2018).
Bonobo and chimpanzee gestures overlap extensively in meaning. PLoS Biology 16,
e2004825.

Green, P. A., Brandley, N. C. & Nowicki, S. (2020). Categorical perception in
animal communication and decision-making. Behavioral Ecology 31, 859–867.

Greenhill, S. J.,Wu, C.-H.,Hua, X., Dunn, M., Levinson, S. C. & Gray, R. D.

(2017). Evolutionary dynamics of language systems. Proceedings of the National Academy
of Sciences 114, E8822–E8829.

Griebel, U. & Oller, D. K. (2008). Evolutionary forces favoring contextual
flexibility. In Evolution of Communicative Flexibility: Complexity, Creativity and Adaptability

in Human and Animal Communication (eds D. K. OLLER and U. GRIEBEL), pp. 9–40.
MIT Press, Cambridge, MA.

*Hage, S. R., Gavrilov, N. & Nieder, A. (2013). Cognitive control of distinct
vocalizations in rhesus monkeys. Journal of Cognitive Neuroscience 25, 1692–1701.

Hammerschmidt, K., Jürgens, U. & Freudenstein, T. (2001). Vocal
development in squirrel monkeys. Behaviour 138, 1179–1204.

*Hardy, J. W. & Parker, T. A. (1997). The nature and probable function of vocal
copying in Lawrence’s thrush, Turdus lawrencii. Ornithological Monographs 48, 307–320.

*Harley, H. E. (2008). Whistle discrimination and categorization by the Atlantic
bottlenose dolphin (Tursiops truncatus): a review of the signature whistle framework
and a perceptual test. Behavioural Processes 77, 243–268.

*Hauser, M. D. (1992). Articulatory and social factors influence the acoustic structure
of rhesus monkey vocalizations: a learned mode of production? The Journal of the

Acoustical Society of America 91, 2175–2179.
*Hayes, K. J. & Hayes, C. (1951). The intellectual development of a home-raised

chimpanzee. Proceedings of the American Philosophical Society 95, 105–109.
*Hedwig, D.,Hammerschmidt, K.,Mundry, R., Robbins, M. M. & Boesch, C.

(2014). Acoustic structure and variation in mountain and western gorilla close calls: a
syntactic approach. Behaviour 151, 1091–1120.

Henry, L., Barbu, S., Lemasson, A. & Hausberger, M. (2015). Dialects in
animals: evidence, development and potential functions. Animal Behavior and

Cognition 2, 132–155.
*Herman, L. M., Abichandani, S. L., Elhajj, A. N., Herman, E. Y.,

Sanchez, J. L. & Pack, A. A. (1999). Dolphins (Tursiops truncatus) comprehend the
referential character of the human pointing gesture. Journal of Comparative Psychology
113, 347–364.

*Hihara, S., Obayashi, S., Tanaka, M. & Iriki, A. (2003a). Rapid learning of
sequential tool use by macaque monkeys. Physiology & Behavior 78, 427–434.

Hihara, S., Yamada, H., Iriki, A. & Okanoya, K. (2003b). Spontaneous vocal
differentiation of coo-calls for tools and food in Japanese monkeys. Neuroscience
Research 45, 383–389.

Hixson, M. D. (1998). Ape language research: a review and behavioral perspective.
The Analysis of Verbal Behavior 15, 17–39.

*Hobaiter, C. & Byrne, R. W. (2011). The gestural repertoire of the wild
chimpanzee. Animal Cognition 14, 745–767.

Hockett, C. F. (1958). A Course in Modern Linguistics. Macmillan, New York.
Hoehl, S., Keupp, S., Schleihauf, H., McGuigan, N., Buttelmann, D. &
Whiten, A. (2019). ‘Over-imitation’: a review and appraisal of a decade of
research. Developmental Review 51, 90–108.

*Hopkins, W. D., Taglialatela, J. P. & Leavens, D. A. (2007). Chimpanzees
differentially produce novel vocalizations to capture the attention of a human.
Animal Behaviour 73, 281–286.

Iacozza, S., Meyer, A. S. & Lev-Ari, S. (2020). How in-group bias influences the
level of detail of speaker-specific information encoded in novel lexical
representations. Journal of Experimental Psychology: Learning, Memory, and Cognition 46,
894–906.

Izquierdo, A., Brigman, J. L., Radke, A. K., Rudebeck, P. H. & Holmes, A.

(2017). The neural basis of reversal learning: an updated perspective. Neuroscience
345, 12–26.

*Janik, V. M. (2000). Whistle matching in wild bottlenose dolphins (Tursiops truncatus).
Science 289, 1355–1357.

Janik, V. M. (2014). Cetacean vocal learning and communication. Current Opinion in
Neurobiology 28, 60–65.

*Janik, V. M. & Sayigh, L. S. (2013). Communication in bottlenose dolphins:
50 years of signature whistle research. Journal of Comparative Physiology A 199,
479–489.

*Janik, V. M. & Slater, P. J. (1998). Context-specific use suggests that
bottlenose dolphin signature whistles are cohesion calls. Animal Behaviour 56,
829–838.

Kalan, A. K. & Boesch, C. (2018). Re-emergence of the leaf clip gesture during an
alpha takeover affects variation in male chimpanzee loud calls. PeerJ 6, e5079.

Kato, A.,Masataka, N., Koda, H. &Oyakawa, C. (2007). Experimental evidence
for the volitional control of vocal production in an immature gibbon. Behaviour 144,
681–692.

Kavanagh, E., Street, S. E.,Angwela, F. O.,Bergman, T. J.,Blaszczyk,M. B.,
Bolt, L. M., Briseño-Jaramillo, M., Brown, M., Chen-Kraus, C., Clay, Z.,
Coye, C.,Thompson, M. E., Estrada, A., Fichtel, C., Fruth, B., ET AL. (2021).
Dominance style is a key predictor of vocal use and evolution across nonhuman
primates. Royal Society Open Science 8, 210873.

*King, S. L., Guarino, E., Donegan, K., McMullen, C. & Jaakkola, K. (2021).
Evidence that bottlenose dolphins can communicate with vocal signals to solve a
cooperative task. Royal Society Open Science 8, 202073.

Knörnschild, M. (2014). Vocal production learning in bats. Current Opinion in

Neurobiology 28, 80–85.
Knörnschild, M., Fernandez, A. A. & Nagy, M. (2020). Vocal information and
the navigation of social decisions in bats: is social complexity linked to vocal
complexity? Functional Ecology 34, 322–331.

Knörnschild, M.,Nagy, M.,Metz, M.,Mayer, F.& vonHelversen, O. (2010).
Complex vocal imitation during ontogeny in a bat. Biology Letters 6, 156–159.

*Koda, H., Lemasson, A., Oyakawa, C., Rizaldi, R., Pamungkas, J. &
Masataka, N. (2013). Possible role of mother-daughter vocal interactions on the
development of species-specific song in gibbons. PLoS One 8, e71432.

Koren, L. &Geffen, E. (2009). Complex call in male rock hyrax (Procavia capensis):
a multi-information distributing channel. Behavioral Ecology and Sociobiology 63,
581–590.

*Kremers, D., Lemasson, A.,Almunia, J.&Wanker, R. (2012). Vocal sharing and
individual acoustic distinctiveness within a group of captive orcas (Orcinus orca).
Journal of Comparative Psychology 126(4), 433–445.

*Lachlan, R. F. &Nowicki, S. (2015). Context-dependent categorical perception in
a songbird. Proceedings of the National Academy of Sciences 112, 1892–1897.

Laland, K. & Seed, A. (2021). Understanding human cognitive uniqueness. Annual
Review of Psychology 72, 689–716.

*Lameira, A. R., Hardus, M. E., Kowalsky, B., de Vries, H., Spruijt, B. M.,
Sterck, E. H., Shumaker, R. W. & Wich, S. A. (2013). Orangutan (Pongo spp.)
whistling and implications for the emergence of an open-ended call repertoire: a
replication and extension. The Journal of the Acoustical Society of America 134(3), 2326–
2335.

*Lameira, A. R., Hardus, M. E., Mielke, A., Wich, S. A. & Shumaker, R. W.

(2016). Vocal fold control beyond the species-specific repertoire in an orang-utan.
Scientific Reports 6, 30315.

Lameira, A. R., Santamarı́a-Bonfil, G., Galeone, D., Gamba, M.,
Hardus, M. E., Knott, C. D., Morrogh-Bernard, H., Nowak, M. G.,
Campbell-Smith, G. & Wich, S. A. (2022). Sociality predicts orangutan vocal
phenotype. Nature Ecology & Evolution 6, 1–9.

Lattenkamp, E. Z. & Vernes, S. C. (2018). Vocal learning: a language-relevant trait
in need of a broad cross-species approach. Current Opinion in Behavioral Sciences 21,
209–215.

*Lattenkamp, E. Z., Vernes, S. C. & Wiegrebe, L. (2020). Vocal production
learning in the pale spear-nosed bat. Phyllostomus Discolor. Biology Letters 16, 20190928.

Lepore, E.& Smith, B. C. (2008). The Oxford Handbook of Philosophy of Language. Oxford
University Press, Oxford, UK.

Biological Reviews (2022) 000–000 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

16 Stuart K. Watson and others



Leroux, M., Bosshard, A. B., Chandia, B., Manser, A., Zuberbühler, K. &
Townsend, S. W. (2021). Chimpanzees combine pant hoots with food calls into
larger structures. Animal Behaviour 179, 41–50.

*Lilly, J. C. (1965). Vocal mimicry inTursiops: ability to match numbers and durations
of human vocal bursts. Science 147, 300–301.

Magrath, R. D., Haff, T. M., Fallow, P. M. & Radford, A. N. (2015a).
Eavesdropping on heterospecific alarm calls: from mechanisms to consequences.
Biological Reviews 90, 560–586.

Magrath, R. D., Haff, T. M., McLachlan, J. R. & Igic, B. (2015b). Wild birds
learn to eavesdrop on heterospecific alarm calls. Current Biology 25, 2047–2050.

*Manabe, K. & Dooling, R. J. (1997). Control of vocal production in budgerigars
(Melopsittacus undulatus): selective reinforcement, call differentiation, and stimulus
control. Behavioural Processes 41, 117–132.

Manser, M. B. (2013). Semantic communication in vervet monkeys and other
animals. Animal Behaviour 86, 491–496.

ManyPrimates,Altschul, D. M., Beran, M. J., Bohn, M.,Call, J.,DeTroy, S.,
Duguid, S. J., Egelkamp, C. L., Fichtel, C., Fischer, J., Flessert, M.,
Hanus, D., Haun, D. B. M., Haux, L. M., Hernandez-Aguilar, R. A., ET AL.
(2019). Establishing an infrastructure for collaboration in primate cognition
research. PLoS One 14, e0223675.

*Marshall, A. J.,Wrangham, R. W. & Arcadi, A. C. (1999). Does learning affect
the structure of vocalizations in chimpanzees? Animal Behaviour 58, 825–830.

Martins, P. T. & Boeckx, C. (2020). Vocal learning: beyond the continuum. PLoS
Biology 18, e3000672.

McDonald, M. A., Mesnick, S. L. & Hildebrand, J. A. (2006). Biogeographic
characterization of blue whale song worldwide: using song to identify populations.
Journal of Cetacean Research and Management 8, 55–65.

McGuigan, N.,Whiten, A., Flynn, E. &Horner, V. (2007). Imitation of causally
opaque versus causally transparent tool use by 3- and 5-year-old children. Cognitive
Development 22, 353–364.

McMullen, H., Schmidt, R. & Kunc, H. P. (2014). Anthropogenic noise affects
vocal interactions. Behavioural Processes 103, 125–128.

*Miksis, J. L., Tyack, P. L. & Buck, J. R. (2002). Captive dolphins, Tursiops truncatus,
develop signature whistles that match acoustic features of human-made model
sounds. The Journal of the Acoustical Society of America 112, 728–739.

*Mitani, J. & Gros-Louis, J. (1998). Chorusing and call convergence in
chimpanzees: tests of three hypotheses. Behaviour 135, 1041–1064.

Monaghan, P.,Mattock, K. &Walker, P. (2012). The role of sound symbolism in
language learning. Journal of Experimental Psychology: Learning, Memory, and Cognition 38,
1152–1164.

Monaghan, P., Shillcock, R. C., Christiansen, M. H. & Kirby, S. (2014). How
arbitrary is language? Philosophical Transactions of the Royal Society B: Biological Sciences
369, 20130299.

Montes-Medina, A. C., Salinas-Melgoza, A. & Renton, K. (2016).
Contextual flexibility in the vocal repertoire of an Amazon parrot. Frontiers in
Zoology 13, 40.

Motes-Rodrigo, A. & Tennie, C. (2021). The method of local restriction: in search
of potential great ape culture-dependent forms. Biological Reviews 96, 1441–1461.

Neander, K. (2009). Functional explanations. Revue Philosophique de la France et de

Letranger 134, 5–34.
Nielsen, M. & Susianto, E. W. E. (2010). Failure to find over-imitation in captive

orangutans (Pongo Pygmaeus): implications for our understanding of cross-generation
information transfer. In Developmental Psychology, pp. 153–167. Nova Science
Publishers, New York.

Noad, M. J., Cato, D. H., Bryden, M. M., Jenner, M.-N. & Jenner, K. C. S.

(2000). Cultural revolution in whale songs. Nature 408, 537.
Notman, H. & Rendall, D. (2005). Contextual variation in chimpanzee pant hoots

and its implications for referential communication. Animal Behaviour 70, 177–190.
O’Connor, C. (2021). Measuring conventionality. Australasian Journal of Philosophy 99,

579–596.
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VII. SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Table S1. Survey of candidate evidence for optionality in
animal communication systems including studies not
described in the main text.
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