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Abstract 
 
Spoken language and birdsong share a number of striking parallels.  We summarize 
the biologically tractable cognitive abilities necessary for spoken language and for 
birdsong and argue that the similarities are not limited to sensorimotor processes – but 
may extend to the conceptual and computational systems. We survey converging 
evidence for the relevance of the FoxP2 gene and its associated molecular network for 
language, and its role in the acquisition and production of birdsong. Many questions 
regarding the similarities between spoken language and birdsong remain unanswered, 
but increasing evidence suggests that human and non-human communication systems 
may rely on conserved molecular toolkits that act as genetic modules. These may 
specify the neural circuits subserving these particular behaviors, and organize their 
function.  Elucidating these genetic modules in different animal models promises 
insights into the evolution of language and other complex traits.  
 
 
 

1. Introduction  
 
Human language constitutes a fascinating evolutionary puzzle because non-human 
animals are usually considered not to have language. This raises important questions 
as to how, when, and why this trait evolved in the human lineage. Language in its 
entirety comprises the sensorimotor system that deals with the perception and 
production of speech sounds or gestures, and the meaning system that deals with 
reasoning and inference. Spoken language, e.g. ‘speech’, refers to the sensorimotor 
aspects of language. Speech and birdsong share many features and therefore 
constitute an interesting source of information about the evolution of human 
language. For example, both rely on structurally complex communicative 
vocalizations that require exposure to and imitation of adult vocalization, extensive 
practice, at the same time being constrained by innate predispositions (for an 
overview see Bolhuis et al., 2010). There are similarities between the ways the 
sensory experience of species-specific vocalizations in humans and birds is 
internalized and used to shape vocal outputs, raising the possibility that spoken 
language and birdsong may depend on similar neural mechanisms (Doupe & Kuhl, 
1999).  Converging evidence suggests that birdsong and spoken language may also be 
governed by homologous genetic mechanisms that are conserved across species 
(Fisher & Scharff, 2009; Scharff & Petri, 2011).  These similarities are particularly 
striking considering that birdsong and speech arose in distinct evolutionary branches 
that diverged some 300 million years ago (Kumar & Hedges, 1998), suggesting that 
certain aspects of vocal communication in humans and birds may constitute a case of 
deep homology (Carroll, 2005).  
 
The inclusion of concepts and methods from developmental biology in evolutionary 
theory has led to the field of evolutionary developmental biology, or 'evo-devo' 
(Gilbert et al, 1996). Drawing on molecular and genetic methods, developmental 
biologists have uncovered conserved molecular networks that shape the morphology 
of different species (Stern & Orgogozo, 2009) that may not only apply to the 
evolution of form, but extend also to the evolution of behavior (Robinson et al., 2008; 
Bertossa, 2011).  For example, the FoxP2 transcription factor and its regulatory 
network with which it is interacting may be part of a molecular toolkit that is essential 
for sensory guided motor learning in cortico-striatal and cortico-cerebellar circuits, in 
e.g. mice, humans, and songbirds (Fisher & Scharff, 2009; Scharff & Petri, 2011).  
This transcription factor and its associated molecular network may thus constitute one 
of the constraints that channel evolutionary patterns towards similar outcomes, e.g. 
learned vocal communication in diverse taxa. This evo-devo framework can thus 
provide a useful theoretical framework to the study of 'genetic modules' that are 
necessary for human language.   
 
2. Biologically tractable units of language and birdsong 
 
It is possible to identify and entangle different modular cognitive systems responsible 
for specific linguistic tasks in humans and other species. In broadest terms, it is 
possible to identify distinct modular cognitive systems responsible for specific 
linguistic tasks (Chomsky, 1957; Fodor, 1983). There is good agreement across most 
linguistic theories that the production and comprehension of language require at least 
three task-specific cognitive systems: the conceptual-intentional system (semantics) 
that provides and interprets the meaning of linguistic utterances; the sensory-motor 



system (phonology and phonetics) that produces and perceives the actual sounds and 
signs of language; and the computational system of grammar (syntax) that links 
meaning with sounds by generating the structure of sentences (Hauser et al., 2002; 
Pinker & Jackendoff, 2005).  
 
It is generally believed that birdsong shares parallels with speech (the sensory-motor 
component of spoken language) but less attention has been paid to the possibility that 
homologues exist also at the level of the conceptual and computational systems. The 
molecular mechanisms that change morphological form and behavioral norms during 
evolution function in a graded manner. Mutations can modify gene products, altering 
their function. Alternatively, the place, time or amount of a particular gene product 
can change because of mutations in regulatory regions. Therefore cross-species 
behavioral differences are also not likely to be categorical but graded. We favor the 
view that different attributes of languages exist in principle in other species, to 
varying degrees and with potentially different consequences (Thorpe, 1974; Zirin, 
1980) rather than categorical statements such as  ‘language has unique attributes that 
do not exist in animals'. Thus even though birdsong is by no means identical to 
language, birds may still utilize cognitive mechanisms and neural substrates for song 
similar to those that humans use for language. This raises the question of whether the 
three cognitive systems necessary for language can be identified also in birdsong. 
This review summarizes vocal communication only, but we do not exclude that 
parallels between human sign language and animal gestures exist, because human 
sign language and vocal language also share certain features (ranging from 
mechanisms of acquisition to phonological, syntactic and semantic structures) (Klima 
& Bellugi, 1979). 
 
 
(a) Sensory-motor processes 
 
Birdsong and human speech are complex acoustic signals, both produced by 
controlling the airflow in the vocal system. While the structure of the vocal tracts of 
humans (Stevens, 1994) and songbirds (Gaunt 1987, Goller & Larsen 1997, Suthers 
1997, Fee et al 1998, Elemans et al 2010) differ, both birdsong and speech production 
require specialized neural and physiological control, as well as coordination between 
respiration and a number of vocal motor-programs (Doupe & Kuhl, 1999). While the 
brain regions required for speech perception are spread from the auditory cortex to the 
left temporal and frontal cortices, the regions responsible for motor-programming and 
co-coordinating speech production are traditionally thought to involve the inferior 
frontal cortex (including Broca’s area). Songbirds also have specialized, discrete brain 
regions controlling song production and perception, the song motor pathway (SMP), 
including an ascending auditory pathway, a posterior motor pathway connecting the 
cortical/pallial song control region HVC via a number of relay stations to the motor 
neurons controlling the muscles of the sound source, the syrinx, and a third, anterior 
pathway essential for acquisition of song and for adult song plasticity (for an 
overview see Bolhuis et al., 2010).  
 
In human language, phonemes are combined to form syllables that constitute the basic 
units of speech.  Likewise, in birdsong individual acoustic elements (frequently called 
notes) are often grouped together into multi-element units (often called syllables), the 
basic processing units of birdsong (Cynx, 1990). In both humans and songbirds, the 

sensitivity to syllables already exists in infancy (Bertoncini et al., 1988; Nelson & 
Marler, 1993; Perani et al., 2011). However, in contrast to spoken language, where the 
different combinations of individual phonemes lend human language much of its 
open-ended ‘unbounded’ power of expression, in all investigated bird species, there 
are more song elements in the repertoire than combinations of those elements 
(Hultsch & Todt, 2001), which has led to the assumption that birdsong cannot be 
unbounded (but see below).  Syllables, and groups of hierarchically ordered syllables 
(called phrases or motifs in birdsong) are separated by silent intervals that may aid 
perceptual grouping of song elements (Anderson, Dave & Margoliash, 1996), just like 
prosodic cues such as final lengthening and pitch declination signal phonological and 
intonational phrase boundaries in speech (Lehiste, 1970; Selkirk, 1984; Nespor & 
Vogel, 1986; for an overview see Cutler et al., 1997 and Langus et al. under revision).  
 
Finally, in humans, the perception of speech is at least partially segregated from other 
auditory events and sub-served by speech perception circuits in the superior temporal 
cortex (Wernicke’s area and surrounding regions) (Hickok & Poeppel, 2000; Poeppel, 
2001; Trout, 2001; Vouloumanos et al., 2001) some of which appear to be functional 
already in newborn infants (Peña et al., 2003; Perani et al., 2011). The superior 
temporal cortex is active during speech perception in neonates (Imada et al., 2006) 
and Broca’s area only engages in speech perception when infants start babbling 
(Dehaene-Lambertz et al., 2006; Imada et al, 2006), suggesting a role for both innate 
as well as developmental factors in the development of the neural substrates for 
speech perception. However, the representation of speech must be specific enough for 
newborn infants to discriminate phonemes categorically (Eimas et al., 1971), perceive 
well-formed syllables as units (Bertoncini & Mehler, 1981; Bertoncini et al., 1995; 
Bijeljac-Babic et al., 1993), and distinguish languages on the basis of rhythmic classes 
(Nazzi et al., 1998). In fact, as infants fail to distinguish languages from different 
rhythmic classes when speech is played backwards (Mehler et al., 1988), 
representations seem to be speech specific.  
 
The fact that songbirds require exposure to adult song for song acquisition (Marler 
1970, Thorpe 1958), and show preferences for con-specific song in infancy (Nelson & 
Marler, 1993) and adulthood (Dooling & Searcy 1980), suggests that the sensory-
motor processes and representations involved in song perception and production may 
be geared towards species-specific vocalizations in songbirds just like in humans 
(Doupe & Kuhl, 1999). Importantly, specialized, discrete brain regions have been 
identified for song recognition (called first and second auditory regions, including the 
caudomedial nidopallium (NCM) and caudo medial mesopallium (CMM)) (Mello et 
al., 1992 Bolhuis et al., 2010). Some neurons in the song control system show 
selective responses to conspecific song  (Margoliash, 1983; Williams & Nottebohm, 
1985; Margoliash, 1986; Doupe & Konishi, 1991), others for birds’ own song (Solis 
et al., 2000; Margoliash & Konishi, 1985), and only a small proportion respond to the 
tutor song (Solis et al., 2000). Interestingly, the neurons encoding and decoding 
birdsong show strong responses to bird’s own song, but no response when the song is 
played backwards (Hahnloser & Kotowicz, 2010; Doupe & Konishi, 1991). In 
summary, both spoken language and birdsong rely on sensory-motor representations 
and processes that are specialized for producing and perceiving conspecific 
vocalizations.  
 
However, the extent to which the sensory-motor systems in humans and songbirds are 



homologous has yet to be delineated. For example, in speech the sensory-motor 
processes contribute to various aspects of language.  Sensory-motor systems are 
involved in generating and interpreting the different phonemic combinations of our 
spoken utterances. By manipulating prosodic cues such as pitch, duration and 
intensity of our utterances we can convey many different things.  These cues can 
provide information about syntax (Nespor et al, 2008; Bion et al 2011), emotional 
states (e.g. irony or sarcasm) (Mozziconacci, 2002), the type of statement, e.g. 
questions (Lieberman, 1967; Bolinger, 1989), emphasis (Selkirk, 1995; Ladd, 1996), 
or about the meaning of words. For instance, vowel length is phonemic in Estonian 
and can be used to differentiate lexical entries, e.g. ma „I‟, maa „land‟; pitch is 
similarly phonemic in tonal languages like Chinese) (Lehiste, 1966; San, 2007).  Are 
there equivalents of prosodic clues in birdsong and if so, which ones? How can these 
questions be addressed?  
 
There is some evidence that birds manipulate the properties of their song to convey 
affective information in a way that resembles humans’ expression of emotions with 
prosody. Many songbirds sing songs in different social contexts e.g. courtship or 
territorial defense. Song characteristics, e.g. stereotypy, speed, and number of 
elements can vary between these contexts (Sossinka and Böhner, 1980 Kroodsma & 
Byers, 1991).  Furthermore, during vocal practice juvenile zebra finches can already 
switch to courtship song that is strikingly more stereotyped than juvenile ‘plastic’ 
song (Kojima & Doupe, 2011), suggesting that the social context of birdsong can 
influence the quality of the song already from a very early age.  
 
In spoken language the prosody of the speech signal contains information about 
syntactic structure by automatically organizing the units marked by suprasegmentals – 
pitch, duration and intensity – in the prosodic hierarchy that at least partially mimics 
the hierarchical structure of syntax (Selkirk, 1984; Nespor & Vogel, 1986; Beckman 
& Pierrehumbert, 1986; Hayes, 1989). The prosodic constituents most relevant for 
signaling syntactic structure are the phonological phrase and the intonational phrase. 
The phonological phrase extends from the left edge of a phrase to the right edge of its 
head1 in head-complement languages; and from the left edge of a head to the left edge 
of its phrase in complement-head languages (Nespor & Vogel 1986). The constituent 
that immediately dominates the phonological phrase is the intonational phrase that is 
coextensive with intonation contours, thus accounting for natural break points in 
speech (Pierrehumbert & Hirschberg, 1990). Prosodic units at one level of the 
prosodic hierarchy are always exhaustively contained in the prosodic units that 
dominate them. Whether suprasegmental cues exist in birdsong and whether they 
signal the structure of song has not been studied.  
 
Finally, is the perception of song in birds guided by acoustic biases similar to those 
that humans have for speech perception? For example, the human auditory system 
                                                
1 The syntax of natural languages consists of clauses that are formed of phrases. Syntactic phrases 
consist of a head and optionally one or more complements. The head of a phrase is the word that 
determines the syntactic type of the phrase of which it is a member. In the sentence some dogs chase 
kids, chase is the head of the verb phrase chase dogs. In a head-initial language (e.g. English and 
Italian) the heads of phrases precede their associated complements: for example, verbs precede their 
objects, prepositions precede nouns and main clauses precede subordinate clauses. In addition, 
specifiers – syntactic categories that specify the heads, as for instance ‘some’ in some dogs’ precede 
the head they are associated with. In contrast, in head-final languages (e.g. Turkish and Japanese) the 
complements precede their heads. 

groups elements according to the Iambic-Trochaic Law (ITL) – i.e. elements that 
alternate mainly in duration are grouped iambically (weak-strong) and elements that 
alternate mainly in intensity are grouped trochaically (strong-weak) (Hayes, 1995). 
Interestingly, because head-final languages (e.g. Turkish and Japanese) mark 
prominence in phonological phrases initially through pitch and intensity and head-
initial languages (e.g. Italian and English) mark prominence in phonological phrases 
finally through duration (Nespor et al., 2008), the ITL may even guide infants’ 
discovery of word order relations during language acquisition (Bion et al., 2011). 
Acoustic biases like the ITL, that operate over both linguistic and non-linguistic 
sound-sequences (Hay & Diehl, 2007), could thus enable us to determine the extent to 
which characteristics of the sensory-motor system in humans are species-specific or 
may be a result of general principles also existing in other species such as songbirds. 
 
(b) Conceptual-intentional processes  
 
Spoken language can express arbitrary thoughts with open-ended semantics, which is 
a feature usually considered to be exclusive to humans (Hockett, 1960). Researchers 
are operating under the assumption that animals communicate mainly about ‘fighting’ 
or ‘flirting’ in a non-compositional way using semantically holistic sounds 
(Bickerton, 1990; Hurford, 2008; Fitch, 2009), even though there are not enough data 
to exclude that animal communication is more semantically loaded than currently 
thought (Scharff & Petri, 2011). For example, bees communicate 'about' food (Frisch, 
1967) and many animals use specific calls that refer to different predators (Rendall, et 
al., 2009; Seyfarth et al., 1980; Slobodchikoff et al., 2009). While these systems 
certainly do not reach the complexity of the semantics of human language, they 
indicate that animals are in principle able to use arbitrary vocal or other gestures 
associated with meaning. Some core characteristics of conceptual-intentional 
processes have been observed in birds. For example, just like human language 
depends on the behavioral contexts such as social communication vs. ‘inner speech’, 
birds also communicate in many different contexts (Kroodsma & Byers, 1991) that 
include mate attraction (Langmore, 1998) and parent-offspring interactions (Slater et 
al., 1988) and predator alarms (Griesser, 2008). In addition, birds may even vocalize 
outside of any obvious communicative context, as is the case when male zebra finches 
sing ‘undirected song’ which often occurs while birds are alone (Sossinka & Böhner, 
1980). Furthermore, evidence that is consistent with an interpretation of intentional 
manipulation of vocal behavior exists in western scrub-jays that appear to conceal 
auditory information when competitors can hear them but cannot see them (Stulp et 
al., 2009). Finally, also 'displacement' – the ability to refer to absent events, things or 
concepts, often considered to be restricted to humans (Hockett, 1960; Bickerton, 
2010) – may in principle extend to birds as evidence from the corvid family shows 
that birds may act with an eye to future events (Emery & Clayton, 2004). Taken 
together, these findings raise the possibility that conceptual-intentional processes may 
turn out to be more common in animals than currently thought. 
 
It is important to note that there are few experiments that have investigated ‘the 
meaning of parts’ in birdsong and consequently there is no evidence for 
‘productivity’, the ability to create new utterances by combining existing utterances 
(Hockett, 1960). For example, in human language words can be formed through 
agglutination (adding affixes: e.g. shame + less = shameless), blending (joining parts 
of several words: e.g. smoke and fog to form smog), compounding (stringing together 



words: e.g. dark and room to form darkroom), conversion (forming a new word from 
an existing one of a different category: e.g. verbification of nouns such as dress) 
(Bauer, 1983). The underlying processes can be rule-governed processes (e.g. past 
tense of regular verbs: fax - faxed) as well as associative processes (e.g. past tense of 
irregular verbs: go – went) (Pinker, 1991). To our knowledge, few studies have 
addressed the question whether different combinations of calls or song elements could 
have different meanings. However, it is also possible that the ‘combinatorial units’ in 
birdsong are not the smallest song elements (i.e. notes and syllables – the equivalents 
of phonemes and syllables in speech) but the song elements that occupy higher levels 
in the structural hierarchy of song, e.g. a string of ordered elements sung together 
(called motif or phrase, or song type in the literature). For example, in some species 
with large repertoires, song types occur within long, non-random, and non-
unidirectional arranged sequences. Such song bouts can last from minutes to even 
many hours (Kipper et al., 2004; Hultsch & Todt, 1989; Kroodsma & Parker, 1977; 
Suzuki et al., 2006). At this organizational level, there is a lot of room for complex 
sequential rules that could be sophisticated enough to carry semantic information. In 
fact, motif order in many birds and some bats (Bohn et al., 2009) can be much more 
dynamic than note order within a motif. Thus, while the evidence suggests that 
intentional processes and preliminary conceptual capacities do exist in birds, their 
scope has yet to be determined. 
 
(c) Computational system 
 
The precise nature of the computational system necessary for language is not fully 
understood. Some theories postulate that the grammatical diversity observed among 
the world languages is genetically encoded in the human computational system 
(Chomsky, 1980; Pinker & Jackendoff, 2005). This implies that representations of all 
the rules of world’s languages are fully predetermined in the computational system 
and the infant learner converges through positive evidence from linguistic input 
during language acquisition on a specific grammar. On the other hand, recent 
approaches in linguistics assume that the computational system only generates the 
structure of the world’s languages with a limited number of basic rules (e.g. merge 
and move) (Chomsky, 1995; Hauser et al., 2002). According to such a view, the 
specific grammatical configurations (e.g. word order) are the byproducts of the 
interaction between the three cognitive systems necessary for human language 
(Chomsky, 1995; Langus & Nespor, 2010). However, regardless of the specific points 
of view, in spoken language, the computational system of grammar links meaning 
with sound (Hauser et al., 2002; Pinker & Jackendoff, 2005). 
 
Both birdsong and human language are hierarchically organized according to 
syntactic constraints (Bolhuis et al., 2010; Berwick et al. 2011). In birdsong, 
individual notes can be combined into syllables, syllables into ‘motifs’, and motifs 
into a complete song. The song structure depends on the particular ordering 
regularities specific to a given species (Marler & Slabbekoorn, 2004). Similarly to 
spoken language, birdsong thus arranges discrete acoustic elements in specific 
temporal orders (Okanoya, 2004; Sasahara & Ikegami, 2007). These may be relatively 
fixed sequences with little variation (e.g. zebra finches, chaffinches or white-crowned 
sparrow), or show more systematic variation (e.g. Bengalese finches, starlings, winter 
wrens, or nightingales, where one element might be followed by several others, with 

overall song structure governed by probabilistic rules between a finite number of 
states (Catchpole & Slater, 2008; Wohlgemuth et al. 2010)).  
 
The syntax of birdsong is usually referred to as phonological syntax that parallels 
more the phonological rules of spoken language than its syntax (Doupe & Kuhl, 1999; 
Berwick et al., 2010). Linear sequencing (e.g. word order) that does not rely on the 
computational system of grammar, can emerge in humans in simple improvised 
communication (Goldin-Meadow et al., 2008) through the direct interaction between 
the sensory-motor and conceptual systems (Langus & Nespor, 2010). It is therefore 
possible that the structural regularities in birdsong may also be generated in the 
absence of a modular computational system of grammar. However, it is important to 
note that these non-syntactic ordering regularities we observe in improvised gestural 
communication in humans do not extend to generative processes such as syntactic 
branching or recursion, and participants are incapable of exploiting them for 
describing structurally more complex situations (Langus & Nespor, 2010). In contrast, 
Bengalese finches can not only vary the number of repeated syllables but also their 
linear organization according to a finite-state grammar (Hosino & Okanoya, 2000). 
These processes by far surpass the structural regularities that humans can generate 
without applying syntactic rules. The structural flexibility in birdsong, even though 
generated according to a finite state grammar, may thus suggest that the computations 
necessary for sequencing the song elements are independent of the sensory-motor 
representations over which they operate.   
 
(d) Acquisition 
 
There are striking similarities also in the learning of birdsong and spoken language. 
The processes involved in acquiring birdsong and spoken language are instinctive and 
do not require explicit tutoring, a type of learning that has only been documented in 
humans (Gleitman & Wanner, 1982), songbirds (Marler & Slabbekoorn, 2004; 
Thorpe, 1958), various species of parrots (Marler & Slabbekoorn, 2004; Gramza, 
1970; Todt, 1975), Anna hummingbirds (Baptista, 1990), sack-winged bats 
(Knörnschild, Behr, & von Helversen, 2006), a harbour seal (Ralls, Fiorelli, & Gish, 
1985) and two elephants (Poole et al., 2005). Just like the first uttered words in infants 
emerge from non-verbal babbling also juvenile birds begin with a sub-song that is 
then molded into species-specific vocalization (Doupe & Kuhl, 1999). Both language 
and birdsong are learned best during a 'period of opportunity' early in development 
that is called ‘sensitive period’ (Hurford, 1991; Brainard, & Doupe, 2002). If con-
specific input is not available during this window of opportunity, neither humans will 
fully master language (Fromkin et al., 1974), nor birds their song (Marler, 1970; 
Thorpe, 1958). However, if children acquire their mother tongue from inconsistent 
linguistic input (Senghas et al., 1997; Sandler et al., 2005) and juvenile birds their 
song from inconsistent song input (Fehér, 2009), both standardize their vocal 
communication according to species-specific characteristics, suggesting a strong 
genetic blue-print for both language and birdsong.  
 
Young pre-verbal infants approach the speech stream equipped with a “toolkit” of 
simple signal-driven processes such as transitional probabilities between adjacent 
(Saffran et al., 1996) as well as non-adjacent syllables (Peña et al., 2002), algebraic 
rule generalizations (Marcus et al., 1999), repetition detection (Endress et al., 2005) 
and prosodic bootstrapping (Cutler et al., 1997; Langus et al., under revision). For 



example, 7-month-old infants are able to extract from brief familiarization streams of 
artificial speech simple algebraic rules of the kind ABB (e.g. ga ti ti), to generalize 
these rules to novel syllables (e.g. wo fe fe), and to distinguish ABB rules from AAB 
(e.g. wo wo fe) and ABA rules (e.g. wo fe wo) (Marcus et al., 1999). While the 
precise nature of these signal driven computations is currently debated (see Endress, 
et al., 2005), they appear to be so simple that they are readily employed by sleeping 
neonates (Gervain et al., 2008), by rats (Murphy et al., 2008), by songbirds (Abe & 
Watanabe, 2011) and possibly even by honeybees (Giurfa et al., 2001). The fact that 
these mechanisms are shared with other non-human animals (c.f. Hauser et al., 2002; 
Endress et al., 2009) implies they are not language specific.  
 
Song acquisition may parallel early language acquisition in several aspects (Doupe & 
Kuhl, 1999). For example, just like human infants, who rely on signal driven 
processes over chunks of speech (e.g. syllables) (Peña et al., 2002), also songbirds 
learn their song in chunks (e.g. segments of syllables from one or more adults’ song) 
that can be rearranged during song acquisition to form a new song (Williams & 
Staples, 1992; Wheelwright et al., 2008). There is even some preliminary evidence, 
which suggests that song learning as well as singing requires birds to store and 
retrieve rule-related knowledge that may be acquired through signal-driven learning 
(Hultsch et al., 1999). However, to what extent birdsong acquisition parallels spoken 
language acquisition, and whether the processes mediating song and speech 
acquisition are similar, remains to be determined.   
 
 
3. FoxP22 in language and birdsong 
Language in humans emerged through qualitative and quantitative modifications of 
morphology that existed in our primate ancestors. Molecular mechanisms that shape 
such changes are e.g. heterotypy (altered gene products), heterochrony (altered timing 
of gene expression), heterotopy (altered spatial gene expression), and heterometry 
(altered amounts of expression). For example, eyes did evolve in many different ways 
in different species and did not evolve from a common ancestor eye, but the 
transcription factor Pax6 nevertheless plays a central role during eye formation across 
the entire phylogenetic tree (Fernald, 2006). More and more conserved molecular 
toolkits emerge, for example for learning and memory in flies, slugs and mice 
(Müller, 2006). Do conserved molecular networks play a role in learned vocal 
behavior such as spoken language and birdsong?  
 
The link between the transcription factor FOXP2 and language was discovered 
because a mutated version of FOXP2 was inherited in an autosomal dominant fashion 
by three generations of the so-called KE family (Lai et al., 2001).  The language 
impairment is a form of Developmental Verbal Dyspraxia (DVD) and 
characteristically entails variable and inaccurate pronunciation of words, impaired 
repetition of long words, and also problems with processing complex syntax 
(Stackhouse, 1992; Lai et al., 2001; Watkins et al., 2002).  In vitro and in vivo studies, 
including experiments with model organisms like mice, songbirds, fish and flies 

                                                
2 The nomenclature for Forkhead (Fox) genes follows Kaestner et al. (2000): human, FOXP2; mouse, 
Foxp2; and all other species, FoxP2. As per convention, genes and mRNA are italicized, proteins are 
not. 
 

address the molecular and neural function of FoxP2 in different species (Fisher & 
Scharff, 2009; White et al., 2006).  Results are consistent with a role both in neural 
development and neural function in circuits specialized for translating sensory 
information into motor behavior, a crucial aspect of spoken language.  It is possible 
that the FOXP2 gene plays a particularly important, specialized role in speech and 
language as a result of positive selection in the hominine lineage (Enard et al., 2002; 
Yu et al., 2009), but whether and how this is true is not known yet.  Studying its 
molecular, cellular and behavioral function in animal models has already provided a 
glimpse at what type of molecular pathways may be particularly relevant to speech 
and language. This kind of research may in time offer biologically grounded and 
eventually testable hypotheses on how these human-specific traits may have evolved 
(Lai et al., 2001; Carroll, 2005; Scharff & Petri, 2011).  
 
The FoxP2 protein belongs to a family of transcription factors that are characterized 
by a highly conserved Forkhead (Fox) domain that binds to distinct DNA sequences 
in the regulatory regions of its target genes.  Binding to these target (or ‘downstream’) 
genes can either repress or activate their transcriptional activity (Shu et al., 2001; 
Vernes et al., 2007; Vernes et al., 2011). Additional FoxP2 protein domains provide 
further opportunities to interact with DNA of other genes and proteins, for instance 
dimerizing with two other FoxP family members, FoxP1 and FoxP4. In fact, 
dimerization of FoxP2 with other FoxPs is essential for transcriptional repression, at 
least in reporter-gene cell culture assays (Wang et al., 2003; Li et al., 2004).  
 
Specific genes to which FOXP2 binds were identified in a human neuronal cell line 
(Vernes et al, 2007), in various human embryonic tissues (Spiteri et al., 2007) and in 
mice (Vernes et al., 2011).  Many candidate genes from these studies are proposed to 
play an important role in neurodevelopment and neurotransmission, implying 
dysfunction of these pathways in patients with FOXP2 mutations (Spiteri et al., 2007; 
Vernes et al., 2007, 2011). CNTNAP2 is a downstream target of FOXP2 and of  
particular interest. Certain CNTNAP2 sequence variants (single nucleotide 
polymorphisms, SNPs) are associated with language-delays in autistic children and 
are linked to core deficits of language impaired children as well as children with 
dyslexia (Vernes et al., 2008; Raskind et al., 2011). Interestingly, in songbirds 
CNTNAP2 is differentially expressed in some of the song control nuclei (Panaitof et 
al., 2010), but whether FoxP2 regulates CNTNAP2 has not been addressed in birds 
yet. These are the first data that show interesting similarities in songbirds and humans 
of molecular players interacting with FoxP2, pointing towards a potential deep 
homology between human speech and bird song.   
 
In order to understand whether and how FoxP2 plays a role in the evolution of vocal 
learning, it is necessary to understand how FoxP2 and its associated molecular 
network affects neuronal development and neural function in distinct species and 
during different stages of development.  Konopka et al. (2009) found that expression 
levels of 116 genes differed quantitatively when they compared the chimp and the 
human FoxP2 versions in a human neuronal cell line.  Among this set of genes many 
were acting in pathways and were expressed in tissues relevant for speech and 
language.  
 
In addition to understanding how FoxP2 regulates other genes’ transcription 
(‘downstream of FoxP2’), it is of equal importance to understand how the 



transcription of FoxP2 is regulated (‘upstream of FoxP2’).  Evolutionary changes 
particularly in upstream regulatory regions are hypothesized to be particularly 
important in the course of evolution (Carroll, 2003). Two putative upstream 
transcriptional regulators of FoxP2 are known, the transcription factor Lef1 in 
zebrafish (Danio rerio) (Bonkowsky et al., 2008) and endocannabionoids in zebra 
finch (Taenigpygia guttata) (Soderstrom & Luo, 2009). Whether cannabinoid 
signalling has direct or indirect effects on FoxP2 expression in the song system needs 
further investigation.  
 
(a) FoxP2 expression during brain development and in postnatal brains  
 
There are three main ways in which the FOXP2 protein could affect language and 
speech in humans. It could be important for the formation of speech-circuits, it could 
be involved in the process of speech learning, and/or in the perception and/or the 
production of speech. FOXP2 mRNA is already expressed in human fetal brains in 
the same regions that later develop morphological and functional abnormalities in 
affected patients with mutated FOXP2 (Lai et al., 2003). FOXP2 is therefore thought 
to play a role in establishing speech relevant circuits very early in development. 
Expression patterns in fetal brains of humans, other primates, different species of 
mice, different species of birds and fish of similar embryonic stages largely coincide, 
but interesting differences exist as well (Bonkowsky & Chien, 2005; Ferland et al., 
2003; Haesler et al., 2004; Itakura et al., 2008; Schön et al., 2006; Shah et al., 2006; 
Shu et al., 2001; Takahashi et al., 2003, 2008; Teramitsu et al., 2004).  Since FoxP2 is 
not exclusive to humans, it is very likely to act within similar pathways during the 
development of homologous brain regions in many vertebrates.  
 
FoxP2 expression in songbirds varies during development as well as in different 
behavioral contexts in a basal ganglia structure called Area X.  Young songbirds 
acquire their species-specific and individual-specific song via imitation of adult 
conspecifics. Area X needs to be intact for song learning to occur normally (Scharff & 
Nottebohm, 1991; Sohrabji, 1990). After song has been learned, Area X continues to 
be relevant for online monitoring of song (Scharff & Nottebohm, 1991; Sohrabji, 
1990; Kao et al., 2005) and without Area X, normal song production deteriorates 
(Kobayashi et al., 2001). Juvenile male zebra finches consistently express 10-20% 
more FoxP2 mRNA within Area X compared to the surrounding striatum during song 
learning (Haesler et al., 2004). Most other song control regions show very low levels 
of FoxP2 expression (Haesler et al., 2004; Teramitsu et al., 2004). A further 
correlation between song plasticity and levels of FoxP2 expression exists in canaries.  
FoxP2 expression in Area X is low during the breeding season, when male canaries 
sing highly regular and stereotyped songs. Song becomes more variable and new 
syllables are incorporated after the breeding season, and concomitantly FoxP2 in Area 
X is upregulated (Haesler et al., 2004). The different FoxP2 mRNA levels in these 
experiments are not explainable by a direct relationship with recent singing activity. 
 
Yet, singing also contributes to FoxP2 mRNA and protein levels, with some 
interesting differences. At around 75 days after hatching during the late phase of song 
development, singing undirected song for two hours is correlated with low FoxP2 
mRNA levels in Area X.  This is also the case in adult finches, where FoxP2 mRNA 
is lower after undirected singing than after female directed courtship singing (or no 
singing at all) (Teramitsu & White, 2006).  In contrast, FoxP2 protein levels in Area 

X are low, both after either undirected or directed song (Miller et al., 2008).  The 
nature of this difference is currently not clear.  Interestingly, during the first two hours 
of daylight FoxP2 protein in Area X increases in non-singers, stressing that FoxP2 in 
songbirds is regulated by singing as well as other mechanisms (Haesler et al., 2004; 
Miller et al., 2008; Teramitsu et al., 2010).  
 
The song circuitry in species of two other avian orders that learn their vocalizations 
by imitation, e.g. hummingbirds and parakeets, also expresses FoxP2. Vocal 
production learning may have evolved multiple times during evolution, once in the 
common ancestor of parrots and songbirds and once in the more distantly related 
hummingbirds (Hackett et al., 2008; Suh et al., 2011).  An alternative hypothesis is 
however also possible.  Vocal learning might have existed in a common ancestor but 
was lost subsequently in many extant lineages (Jarvis, 2004).  When both scenarios 
are considered, one should bear in mind that for only a few species the absence of 
vocal production learning has been clearly demonstrated (Kroodsma & Konishi, 
1991). There may very well be so far unrecognized intermediate phenotypes between 
so-called accurate imitative ‘production’ learning and ‘usage’ learning (Janik, 2000).  
More research into this issue is necessary, including the search for neural structures 
similar to those in the three vocal learning bird orders and their FoxP2 expression in 
these brain regions. These types of experiments are essential to describe the nature of 
universal deep molecular homologies relating to the neurobiology and the behavior of 
vocal production learning.  
 
(b) Functional analysis of FoxP2 
 
To establish whether FoxP2 affects complex learned vocalizations in songbirds, 
FoxP2 was knocked-down in juvenile male zebra finches during the sensorimotor 
learning phase in the striatal nucleus Area X (Haesler et al., 2007). Reduced FoxP2 
levels in Area X led to incomplete copying of the tutor’s song; several of the tutor’s 
syllables were not imitated at all, and others were copied inaccurately. Furthermore, 
knock-down birds sang their songs more variably from rendition to rendition (Haesler 
et al., 2007). Exaggerated variability of speech production is also a characteristic of 
people with FOXP2 mutations (Watkins et al., 2002). Even though the current animal 
models do not allow to pinpoint the relative contribution of sensory, motor or 
sensorimotor integration to the specific impairments, a number of findings suggest 
that the deficits resulting from FoxP2 knockdown are not restricted solely to motor 
performance, nor to sensory processing alone (Haesler et al., 2007; Teramitsu et al., 
2010).  In sum, experimentally reduced FoxP2 levels in striatal Area X of juvenile 
male zebra finches caused song impairments that phenotypically echo aspects of 
developmental verbal dyspraxia in humans: like patients with mutated FOXP2, birds 
with reduced FoxP2 levels fail to develop their full articulatory potential and produce 
a reduced set of vocal elements more variably than is species-typical.  
 
Do these findings allow us to predict any function of FoxP2 at the neural level? 
Despite some important differences, the anterior forebrain pathway (AFP) of song 
learning birds echoes the mammalian cortico-basal ganglia-thalamo-cortical loops. 
Like the striatum in mammals, the striatal Area X in songbirds receives cortical 
glutamatergic afferents that synapse onto spiny neurons with histochemical and 
electrophysiological features very similar to those of mammalian medium spiny 
neurons. The cortical input to the spiny neurons of Area X of songbirds is also 



modulated presynaptically by midbrain dopaminergic input. However, Area X also 
contains aspiny, tonically active, fast firing GABAergic neurons similar to 
mammalian pallidal neurons (Farries et al., 2005). Electrophysiological recordings 
from Area X in singing birds reveal two types of these neurons, that differ in 
connectivity and firing patterns akin to the two different pallidal neuron types in 
primates (Goldberg et al., 2010). However, Area X within the songbird striatum has 
slightly different connectivity patterns than those of the surrounding striatum (Person 
et al., 2008). These differences could reflect the small, but interesting evolutionary 
modifications postulated for new traits, such as avian vocal learning.  
 
(c) Evolution of FoxP2  
 
The FoxP2 gene is highly conserved, both in protein sequence and in brain expression 
pattern.  The protein sequences of zebra finch and human FoxP2 differ by less than 
2%, and the chimpanzee and human version are even more similar.  Clearly the 
protein fulfils functions that are evolutionarily ancient and not limited to humans.  
Yet, there is also good evidence that the human FOXP2 gene and some of its putative 
target genes are the result of strong positive selection (Enard et al., 2002; Zhang et al., 
2002; Spiteri et al., 2007), not necessarily acting on the coding region of the gene 
(Ptak et al., 2009). The question is whether the difference in the human and chimp 
FOXP2 sequences have anything to do with the fact that humans speak and chimps do 
not. To address this, Enard et al (2010) genetically engineered a mouse that contains a 
humanized FOXP2 version instead of its usual murine version.  Pups of this mouse 
strain produce isolation calls that differ bioacoustically from those of control mice; 
other abnormalities include less exploratory behaviour, altered synaptic plasticity of 
striatal medium spiny neurons, lower dopamine levels in five brain regions including 
the frontal cortex and the caudate-putamen, and longer dendrites in cell culture. The 
humanized version of FOXP2 introduced into the mouse genome was shown to 
specifically affect the cortico-basal ganglia circuits, but not the cortico-cerebellar 
circuits in a follow-up study (Reimers-Kipping et al., 2010). This highlights that a 
widely distributed protein like FoxP2 can have quite specific effects on neuro-
development of particular circuits and thus function, contrary to the frequently cited 
misconception ‘FoxP2 cannot be important for something as specific as language if 
the protein also plays a role in the lung’.    
 
The original estimate for the human specific FOXP2 sequence was dated around 
260,000 years ago, and therefore concomitant with the emergence of cultural artifacts 
that are thought to be indicative of concomitant language evolution.  However, recent 
evidence has challenged this finding. Neanderthals may have already possessed the 
human-like FOXP2 version, even though their lineage diverged from the one leading 
to modern man already approximately 300,000-400,000 years ago (Krause et al., 
2007). It cannot be excluded that genes were exchanged between Neanderthals and 
humans or that Neanderthal samples were contaminated with modern human DNA 
(Coop et al., 2008). Furthermore, genomic evidence suggests that the human FOXP2 
mutations may have occurred 1.8 or 1.9 million years ago, around the time when the 
genus homo emerged (Diller & Cann, 2009). This may mean that the human FOXP2 
mutations occurred either before the emergence of spoken language or that a more 
primitive form of spoken language may have preceded modern human language 
capacities.  
  

Thus, to understand the dynamics of FoxP2’s expression in different species is one of 
the great challenges to understand the gene’s function and its evolutionary role in 
vocal learning. There are a number of open questions that need to be addressed in the 
future: (1) How are FoxP2 expression levels affected by non-coding DNA sequence 
changes in different species? (2) How do coding changes affect the structure and the 
interaction of the protein with the DNA of its targets and other proteins? (3) How 
does the differential expression of cofactors and other proteins that interact with 
FoxP2 influence its function? (4) How do FoxP2 expression levels respond to internal 
and external influences? All of these factors might be important for evolutionary 
change. Songbirds for example are a fruitful model system to explore heterochrony.  
Age related differences, seasonal changes and differences dependent on different 
singing styles exist in striatal Area X (Haesler et al., 2004; Teramitsu et al., 2004, 
2006, 2010). In the future, it will be interesting to follow along these lines different 
species of songbirds that vary in the timing of song learning that sing during those 
behavioral contexts for which FoxP2 expression has not been tested yet, and that 
show differences especially in adult song plasticity.  
 
4. Conclusions  
 
DNA sequence changes in the regulatory regions of certain genes can alter the amount 
as well as the timing, or the place of the gene’s expression in the course of evolution 
(Carroll, 2008). Likewise, coding changes can alter gene products, leading to different 
functions (Hoekstra & Coyne, 2007). Thus, both factors can result in changes to 
neural circuitry, as amply attested by differences in neuroanatomy among different 
species. Whether FoxP2 played such a role in bringing about specifically those circuit 
changes that facilitated the emergence of human language is not clear yet. But since a 
complex behavior like language (as well as birdsong) is bound to be a polygenic trait, 
other, so far unknown, genes need to act together with FOXP2.  
 
Alternatively, other genes brought about the circuit changes required for vocal 
learning. Subsequently, FoxP2, which already functioned in the precursor circuits, 
either acquired new importance because it operated in a new environment, or the gene 
changed its function. In songbirds, song nuclei are embedded in regions that are active 
during stereotyped motor behaviors, like hopping and walking (Feenders et al., 2008).  
This suggests that if during evolution Area X developed out of existing FoxP2 
expressing striatal territories in ancestral birds that were non-vocal learners, FoxP2 
expression in Area X may have become useful for sensory motor integration 
necessary for the precise timing of vocal gestures. In addition, FOXP2 may have 
mutated in humans to become human specific, and this might have further affected 
neural development and transmission in cortico-striatal circuits relevant for speech 
and language. This would be a two-hit scenario for the role of FOXP2 in the evolution 
of language, circuit changes predating gene function changes. From the post-natal 
studies in birds it is clear that FoxP2 plays a role in neural plasticity of certain 
circuits. However, whether this is true for brain circuits that are relevant for vocal 
learning in humans as well as in songbirds is not clear.  
 
What is clear is that both spoken language and birdsong are complex communicative 
behaviors that require auditory-guided vocal motor learning. Because the comparative 
studies have primarily focused on birdsong as a phonological phenomenon, the 
behavioral as well as genetic and molecular evidence for parallels between birdsong 



and spoken language is strongest for sensorimotor processes that underlie song 
production, perception and acquisition. The evidence suggests that underlying neural 
and genetic substrates as well as environmental input play a role in the acquisition of 
species-specific vocalizations. The vast majority of the data pertaining to the 
expression of the FoxP2 gene in humans and songbirds as well as its functional role in 
spoken language and birdsong, suggest that the FoxP2 transcription factor and its 
target genes may function in a similar manner to conserved molecular toolkits that 
have been found for shaping morphology of form. Even though the precise nature of 
the differences between the FoxP2 in humans and songbirds is not completely 
understood, comparative studies that sketch out the similarities and differences 
between spoken language and birdsong are necessary to complement the molecular 
and genetic studies that aim at determining the function of FoxP2 in birdsong and 
spoken language. 
 
Finally, recent attempts to compare the syntax of birdsong and spoken language 
suggest that the parallels between the communicative behaviors of humans and 
songbirds are not limited to sensorimotor processes (Bolhuis et al., 2010; Berwick et 
al., 2011). However, our knowledge of the possible conceptual-intentional processes 
underlying bird vocalizations is almost non-existent. Thus many questions remain 
unanswered: To what extent do the conceptual-intentional processes and syntactic 
computations exist in birdsong? Can birdsong express different affective 
(‘emotional’) states? Can modularity of birdsong be usefully compared to modular 
components of spoken language, e.g. syntax and semantics? To what extent are these 
behaviors genetically encoded by conserved molecular toolkits as sensorimotor 
processes appear to be? Further research will have to answer these questions through 
both behavioral comparisons as well as investigations of their molecular and genetic 
basis.    
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