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Abstract: Comparisons between the communication systems of humans and animals are instrumental
in contextualizing speech and language into an evolutionary and biological framework and for illu-
minating mechanisms of human communication. As a complement to previous work that compares
developmental vocal learning and use among humans and songbirds, in this article we highlight
phenomena associated with vocal learning subsequent to the development of primary vocalizations
(i.e., the primary language (L1) in humans and the primary song (S1) in songbirds). By framing
avian “second-song” (S2) learning and use within the human second-language (L2) context, we lay
the groundwork for a scientifically-rich dialogue between disciplines. We begin by summarizing
basic birdsong research, focusing on how songs are learned and on constraints on learning. We then
consider commonalities in vocal learning across humans and birds, in particular the timing and neural
mechanisms of learning, variability of input, and variability of outcomes. For S2 and L2 learning
outcomes, we address the respective roles of age, entrenchment, and social interactions. We proceed
to orient current and future birdsong inquiry around foundational features of human bilingualism:
L1 effects on the L2, L1 attrition, and L1<—>L2 switching. Throughout, we highlight characteris-
tics that are shared across species as well as the need for caution in interpreting birdsong research.
Thus, from multiple instructive perspectives, our interdisciplinary dialogue sheds light on biological
and experiential principles of L2 acquisition that are informed by birdsong research, and leverages
well-studied characteristics of bilingualism in order to clarify, contextualize, and further explore
52 learning and use in songbirds.

Keywords: birdsong; vocal learning; vocal performance; speech; second language acquisition;
bilingualism; age; variability

1. Introduction

Defining characteristics of humans may be illuminated by comparisons with animal
models. Similarly, our understanding of animals is refined by comparisons with humans.
In keeping with traditions of ethological inquiry (see Gomez-Marin et al. 2014 for a syn-
thesis of methods and issues; Bradbury and Vehrencamp 2011 for background in animal
communication), the present paper looks at songbirds and humans with respect to common-
alities and divergences in vocal learning and behavior. In particular, the paper attempts to
contextualize adult vocal learning and use in songbirds with second language (L2) learning
and bilingualism in humans.

Much of the essential terrain comparing vocal learning in songbirds with human
speech development has been covered by researchers before us (e.g., Bolhuis et al. 2010;
Doupe and Kuhl 1999; Gervain and Mehler 2010; Sakata and Woolley 2020). However,
the emphasis in previous reviews has been on the development of what could be called the
primary vocalizations or songs (“S1”) of a given songbird species (i.e., the developmental
acquisition of vocalizations). In contrast, here we highlight features of vocal learning
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and behavior subsequent to the learning of primary vocalizations (“S2 learning”) in songbirds,
in particular bird species that have extended periods of vocal learning, and relate these
features to human L2 learning and bilingual behaviors.

The present article also aims to establish greater dialogue between disciplines. In bilin-
gualism and second language acquisition, much of the disciplinary effort is directed toward
examining the relationship of learning outcomes to age of learning and to individual- and
group-level differences, which may be of an internal (genetic, cognitive, and motivational,
etc.) or external (experiential, input, and interaction, etc.) nature (reviewed in Birdsong
2018; see also Section 5). Songbird research likewise addresses such relationships. However,
the two disciplines diverge in terms of their methods and goals of inquiry, and with respect
to the types and availability of evidence that could advance knowledge in their respec-
tive fields. For example, given the ability to assess and manipulate gene expression and
neurochemistry in targeted brain circuits in songbirds, there is considerable emphasis on
revealing the cellular and molecular underpinnings of vocal learning and use in songbirds;
indeed, while such studies cannot be performed in humans, these studies in songbirds
help generate and test models to explain age- or experience-dependent changes in speech
acquisition in humans (Brainard and Doupe 2013; Doupe and Kuhl 1999; Gobes et al. 2019;
Prather et al. 2017; Sakata and Yazaki-Sugiyama 2020). The current dialogue between
disciplines leverages salient characteristics of human L2 learning and use to clarify and
amplify what is already known about birdsong learning and use, and to identify areas of
potentially fruitful study in birdsong research. In addition, we highlight areas in which
songbird research has been and can be used to deepen our understanding of L2 learning
and bilingualism.

In the following main section (Section 2), we summarize the fundamentals of current
birdsong research: the scope of inquiry, the characteristics of birdsongs and songbirds,
and how songs are learned. We then examine two main categories of songbird species:
those whose song learning is open-ended (i.e., relatively unconstrained by age) and those
that exhibit closed-ended learning. We conclude this section with a note on the sensory
representation of a bird’s target song and the sensorimotor processes involved in the
eventual matching of song production to this representation.

Section 3 conceptualizes and delimits our approach to comparing avian S2 learning to
human L2 speech learning. We argue that experience-dependent increases and alterations
of song repertoires are apt points of entry into such comparisons, allowing for discussion
of common foci of timing of learning, input variability and variable outcomes. However,
we also describe some experiments in species with limited vocal repertoires that provide
useful backdrops to understanding processes in L2 speech acquisition. In this context,
we look at vocal learning in birds with respect to the neural correlates of repertoire size
and the underlying neural and genetic mechanisms.

Section 4 examines three main factors—age of learning, entrenchment and social
interactions—that are shared by songbirds and humans and that are associated with
variable learning outcomes. Research indicates that, as in humans’ L2 pronunciation,
age of S2 learning is predictive of accuracy of imitation of target song. A high level of
entrenchment of previously learned songs appears to be associated with low plasticity for
learning new songs, and social interactions are necessary for faithful replication of novel
songs.

In Section 5 we formulate questions for birdsong researchers around three essential
characteristics of human bilingual learning and use: L1 effects on the L2, L1 attrition,
and switching between languages. With respect to switching, partial parallels between
humans and birds can be discerned. However, evidence is lacking for S1 effects on the
52 and for S1 attrition, and we suggest possible avenues for future investigation.

In the concluding section (Section 6), we summarize our approach and emphasize the
value of discourse between songbird and bilingualism researchers.
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2. Preliminaries

In examining parallels and dissimilarities between L2 speech acquisition and the
learning of birdsong, it is important to accurately represent the behaviors of songbirds,
the characteristics of birdsong, and the processes underlying vocal learning in songbirds
(and other vocal learning species).

2.1. The Scope of Inquiry and the Boundaries of Our Discussion

The parallels and contrasts we draw concern the songs of birds insofar as they can be
related to human speech, not to human language. Language is a complex semiotic system
that can encode a range of messages that far surpasses that of other animal communication
systems, including birdsong (Fitch et al. 2010; Helekar 2013). Speech, one of many distinct
and separately analyzable components of language, concerns the articulatory, respiratory,
and prosodic components of language. In the same manner as speech, birdsong requires the
coordination of muscular and phonatory mechanisms to generate patterned, recognizable
sounds (Doupe and Kuhl 1999; Sakata and Woolley 2020). Birdsong and human speech are
hierarchically organized, with both segmental and suprasegmental levels, and are learned
by listening to and interacting with others (reviewed in Bolhuis et al. 2010; Doupe and Kuhl
1999; Jarvis 2019; Lipkind et al. 2020; Sakata and Woolley 2020). Thus, in this paper we are
able to train our lens on elements of speech and song that are similar enough to provide a
basis for meaningful comparisons.

To elaborate, the acoustic properties of human speech, at both the segmental and
suprasegmental levels, are defined (parameterized) for a given language. Speech sounds
in a language are systematically distributed in articulatory and acoustic space to create
perceptible contrasts, thereby constituting a phonological basis for distinguishing one
language from another. Similarly, in terms of structural and acoustic properties (see below),
the songs of different individuals of a songbird species, of different populations within a
species, and of different songbird species are likewise distinct from one another. In addition,
just as the acoustic dimensions of human speech—in particular, duration, pitch, intensity,
and formant frequencies—are modulated by the recruitment and coordination of the larynx,
tongue, lips and buccal aperture, the acoustic features of birdsongs are modulated by the
shape, tension, and structure of the beak, tongue, and syringeal and respiratory muscles of
birds (Elemans et al. 2015; reviewed in Podos and Sung 2020). Such variation can lead to
different types of vocalizations, including imitations of the vocalizations of other species
(Beckers et al. 2004) or more subtle, prosodic modulations (Mol et al. 2017).

The speech systems of languages can be acquired at different times (sequentially) or
simultaneously. With respect to speech systems in simultaneous bilingualism, parallels
between birds and humans are difficult to draw because the range of vocalizations a
bird produces cannot be grouped into distinct systems (i.e., sets of birdsongs cannot be
categorized as a “language” or “speech system”). In addition, parallels between humans
and birds are difficult to draw because of the possibility that, among birds, but less so
among humans, multiple sets of vocalizations are learned simultaneously but only one set
of vocalizations is observed (v. infra). However, as we will argue, sequential bilingualism,
wherein a second language (L2) is learned after some degree of native language proficiency
is attained, can be related to types of “late” song learning in adult songbirds (i.e., vocal
learning after birds demonstrate proficiency in the production of vocalizations learned
during development; S2 learning). In this paper, we will focus mainly on sequential
bilingualism and draw comparisons between L2 learning in humans and S2 learning in
birds. Further, as elaborated below, we conceptualize L2 speech acquisition as reflecting
an increase in the repertoire of sounds that individuals can produce, because repertoire
building in vocal production is similarly observed in songbirds.

Finally, it is important to establish boundaries on the types of learning to be discussed
here. Ethologists distinguish between different types of learning in the context of animal
communication, namely vocal production learning, vocal usage learning, and vocal com-
prehension learning (Janik and Slater 2000; Seyfarth and Cheney 2010; Wirthlin et al. 2019;
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Vernes et al. 2021); similar distinctions have been used to describe learning in the context
of human communication. Vocal production learning and vocal usage learning are the
most appropriate constructs to discuss here (Vocal comprehension learning, which refers
to the ability to learn appropriate behavioral responses to communication signals, is not
relevant in the present context). Vocal production learning refers to the ability to imitate
the acoustic features of a vocalization whereas vocal usage learning concerns the ability to
learn the behavioral contexts in which vocalizations (innate or acquired) are to be produced.
These abilities roughly correspond to learning “how” and “when” to produce vocalizations.
Understanding these various types of learning is important for thinking about the mecha-
nisms underlying vocal learning and variation in the types of sounds animals can learn to
produce. Most studies of vocal learning in songbirds focus on vocal production learning,
which is most relevant to comparisons with aspects of speech acquisition in humans.

2.2. Songbirds and Birdsongs

Songbirds (also known as “oscines”) are a large and diverse group of bird species
(~4000-5000 species) that include, for example, cardinals, robins, sparrows, finches and
crows (Beecher and Brenowitz 2005; Jarvis 2019; Odom et al. 2014; Petkov and Jarvis 2012;
Riebel et al. 2019; Sakata and Woolley 2020). Although birds in general communicate
with each other using vocalizations (Catchpole and Slater 2008; Nowicki and Searcy 2014;
Podos and Sung 2020), songbirds are distinct from other bird species in that they learn their
vocalizations, and are broadly categorized as “vocal learners.”! Song learning is most often
studied with regard to individuals learning the songs of their own species (conspecific
song learning), but some songbird species (“mimics”) are capable of learning the songs (or
calls) of other species (heterospecific song learning). On the other hand, pigeons, chickens,
raptors, various waterfowl?, and many other species of birds vocally communicate with
each other using innately-specified or unlearned vocalizations; accordingly, these birds
are categorized as “vocal non-learners.” (In the relevant literature, bird vocalizations that
do not require learning are referred to as unlearned. Thus, for bird species, “unlearned”
does not mean a failed attempt to learn or a representational deficit, as it can in the human
language context). While this nomenclature implies categorical distinctions between vocal
learners and vocal non-learners, the differences may in fact be more continuous, and we
refer readers to detailed overviews by Janik and Slater (2000); Petkov and Jarvis (2012); and
Wirthlin et al. (2019) to further understand the continuum of vocal learning.

Investigations into the mechanisms of song learning have concentrated on a handful
of species, and in almost all these species, there exist dramatic sex differences in the
extent of vocal learning (reviewed in Ball and Balthazart 2020; Catchpole and Slater 2008).
For example, in the zebra finch, the most commonly studied songbird species, only males
learn and produce songs (Female zebra finches also vocalize but produce only unlearned
vocalizations). The hormonal and genetic factors underlying differences between sexes
in vocal learning have been investigated, but the exact nature and mechanisms of these
biological factors remain elusive (Ball and Balthazart 2020; Choe and Jarvis 2021). Despite
the fact that song production by both males and females is estimated to be the most common
pattern across songbird species (Odom et al. 2014; reviewed in Riebel et al. 2019), there is a
dearth of studies investigating the parameters and mechanisms of song learning in species
in which both sexes learn to produce songs (Riebel et al. 2019) but regardless of the sex of
the bird, the general processes of sensory and sensorimotor learning (see below) are central
for the development of accurate imitations of song.

The terminology used to describe the complex vocalizations of birds can vary some-
what among researchers. In the present discussion, “birdsong” is understood as a con-
catenation of hierarchically organized acoustic elements. A “bout” of birdsong consists of
sequences (or “phrases”) of “syllables”, which themselves can be composed of multiple
“notes” (Figure 1).° Birdsong phrases can be consistent (i.e., the same sequence of syllables
is produced across song renditions) or variable in sequencing, depending on the species
and individual within the species (Murphy et al. 2017), and different songbird species can
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produce different numbers of phrases in their song bouts (Beecher and Brenowitz 2005;
Robinson et al. 2019; Sakata and Woolley 2020). In addition, some songbird species produce
multiple “song types” which are distinguished from each other by syllable composition
and sequencing. Because songbirds can produce numerous and acoustically distinct notes,
syllables, phrases, and song types, songbird researchers often identify repertoires at each of
these levels of song organization. Importantly, learning can be observed at each of these
levels of structure.

Q)

zebra finches

B) bout
motifs
syllabes - -\ — — — — - - - — — — —— — —— — —

Frequency (kHz)

o

Time 0.5 sec

Figure 1. Songbirds and the building blocks of their songs. (A) Picture of three adult male zebra
finches. Zebra finches are the most extensively studied songbird with regard to vocal learning;
photo credit: Raina Fan. (B) Spectrogram (frequency on the y-axis, time on the x-axis, amplitude
as differences in color) of a bout of zebra finch song. A “bout” of zebra finch song consists of the
repetition of a “motif,” that itself consists of a stereotyped sequence of acoustic elements called
“syllables.” Individual syllables and the epochs of silence between them range from tens to hundreds
of milliseconds in duration with substantial variation across individuals and across species.

2.3. How Are Songs Learned? The Basics

Since as early as the 18th century, researchers have documented how developmental
experiences critically shape the vocalizations of certain species of birds. For example,
Barrington (1773) noted how cross-fostering songbirds with a different species or raising
songbirds without the opportunity to hear their own species song led to the production of
songs that deviated from species-typical song. In addition, William Thorpe’s (1958) classic
study of song dialects in chaffinches and Peter Marler’s (1970, 1997) seminal studies of song
development in sparrows have shaped the contemporary era of birdsong research (Roberts
and Mooney 2013). These and other studies revealed that songs are learned, that juvenile
songbirds engage in a protracted period of vocal practice and development (“babbling”),
and that auditory feedback is critical for the accurate development of song (Catchpole
and Slater 2008; Marler 1997). Since those groundbreaking publications, many researchers
have provided important insights into various aspects of song acquisition, including the
factors that influence the fidelity of song learning, the diversity of learning strategies,
and neural mechanisms that underlie song learning (Beecher and Brenowitz 2005; Bolhuis
et al. 2010; Brainard and Doupe 2013; Doupe and Kuhl 1999; Sakata and Yazaki-Sugiyama
2020; Tschida and Mooney 2012).

Studies of birdsong learning often analyze relationships between the vocalizations of
“tutors” (birds whose vocalizations will be imitated; see below) and “pupils” (birds who
are engaged in vocal lezarr\Lir\Lg).4 A primary metric of learning is the degree of similarity
in repertoires (e.g., syllable repertoires) between tutors and pupils. These assessments of
repertoire overlap (e.g., how many of a tutor’s syllables are incorporated into the song of a
pupil) have historically been conducted subjectively, using human classifications of syllable
matches across birds, but machine or deep learning approaches have been increasingly
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used to quantify repertoires and song similarities (Goffinet et al. 2021; Paul et al. 2021;
Sainburg et al. 2020). In addition, similarities in the fine acoustic structure of syllables (e.g.,
fundamental frequencies of syllables with flat, harmonic structure), syllable sequencing
and song tempo have also been evaluated to measure the degree of vocal learning (e.g.,
James et al. 2020; Mets and Brainard 2018, 2019). Simply put, the fidelity of song learning is
generally expressed in terms of imitation at various levels of song organization.

As a side note, one could argue that defining vocal learning simply from the perspec-
tive of imitation limits the scope of inquiry. For example, innovation (e.g., to differentiate
one’s own vocalizations from others) could require individuals to remember the sounds
of other individuals and to produce sounds that deviated from the memorized sounds.
In addition, studies have systemically described how the degree of deviation between
the tutor and pupil’s song can depend on features of the tutor model; in general, pupils
“innovate” or deviate more from tutor songs that differ from species-typical song (e.g.,
Fehér et al. 2009; Gardner et al. 2005; James and Sakata 2017; Tchernichovski et al. 2021).
Although it could certainly be the case that innovation involves learning, differentiating
innovation from “poor” or erroneous learning is very difficult, because poor learning will
also lead to disparities in vocal performance between tutors and pupils. Consequently,
vocal learning by songbirds is most often viewed through the lens of imitation.

Evidence of vocal learning can be gathered in various ways. For example, cross-
fostering experiments, in which offspring of biological parents that produce a particular
set of communicative sounds are raised by foster parents that produce a different set of
sounds, have been used to document the extent, timing, and modulators of vocal learning
(Gobes et al. 2019; Sakata and Woolley 2020). For example, one of the classic studies of
birdsong learning used cross-fostering experiments to ask to what degree “dialects” across
spatially separated populations of white-crowned sparrows are the consequence of learning
or genetic variation (Marler and Tamura 1962). Other insights into vocal learning come
from experiments comparing the songs of birds that were raised with or without exposure
to the songs of adult tutors (e.g., Doupe and Kuhl 1999; Love et al. 2019; Marler 1997;
Soha 2017) or analyzing how feedback (reinforcement) signals shape song development or
plasticity (Carouso-Peck et al. 2020; reviewed in Sakata and Yazaki-Sugiyama 2020; West
and King 1988).

Songbirds pass through discrete stages of song development, including stepwise
acquisition of syllable sequences, before producing an accurate copy of the tutor’s song(s)
(Lipkind et al. 2013, 2017; Marler 1997; Tchernichovski et al. 2001). As an example of
imitation-based song learning, zebra finches first memorize the song of an adult model,
and then engage in a protracted period of vocal practice (Figure 2A). Through this process,
the developing finch evaluates and fine-tunes its song by comparing its vocalizations to
the memorized tutor song (Brainard and Doupe 2000, 2002; Sakata and Yazaki-Sugiyama
2020; Tschida and Mooney 2012). A “crystallized” and stable song is observed when zebra
finches are ~90-120 days old, with individual variation in the rate of song development and
accuracy of imitation (see below). Although we detail the specifics of song learning in the
zebra finch, it should be mentioned that there is considerable variation in the timing and
duration of song memorization and vocal practice and in the timing of song crystallization
across species of songbirds (Brainard and Doupe 2000; Brenowitz and Beecher 2005; see
discussions below including Figure 2B-D for species that can learn songs as adults). Indeed,
understanding this evolutionary variation is a central pursuit in birdsong research.
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A)

TUTOR

PUPIL

common nightingale European starling northern mockingbird

Figure 2. Song development and images of songbirds commonly studied with regard to late song
(52) learning. (A) As juvenile (<90 d of age) zebra finches mature, their songs become increasingly
similar to those of their tutor. In other words, as juveniles engage in a protracted period of vocal
practice, their songs become more similar to their tutor’s song. In this example, the 35d-old “pupil”
(in this case, the offspring of the “tutor”) produces an acoustically variable sequence of noisy syllables
that bears little resemblance to the tutor’s song. By the time he is 50d-old, the syllables have
more defined harmonic structure and seem to show some acoustic similarity to the tutor’s song.
By the time the bird is 90d-old, he produces a song with stereotyped sequences of syllables with
distinct acoustic structure and that resembles the song of the tutor. (B-D) Images of three songbird
species that have been studied with regard to late song learning; from Wikimedia Commons https:
//commons.wikimedia.org/ (accessed on 13 December 2021).

The nature of song learning and species variation in song structure is not simply a
consequence of auditory experiences but reflects the interaction of idiosyncratic experiences
and biological predispositions. Evidence of predisposition abound and come primarily
from laboratory studies. For example, juvenile birds are generally predisposed to learn
the songs of their own species; if juveniles are provided with the opportunity to learn the
songs of its own species (“conspecific song”) and the songs of other species (“heterospecific
song”), they will preferentially learn the conspecific song. Although songbirds can learn
the acoustic structure of heterospecific syllables (i.e., syllables within songs of a different
species), they tend to organize these heterospecific syllables into temporal patterns that
match their own species songs (reviewed in Sakata and Yazaki-Sugiyama 2020). In addition,
songbirds raised without exposure to birdsong do not simply produce random patterns
of sounds but produce songs that have spectral and temporal features that coarsely re-
semble species-specific songs (James et al. 2020; reviewed in Love et al. 2019; Marler 1997;
Soha 2017).
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It is estimated that 15-20% of songbirds worldwide could be considered as “vocal
mimics” (Baylis 1982; Dalziell et al. 2015; Kelley et al. 2008), with vocal mimicry differing
from canonical song learning in that it is characterized by the imitation of sounds created
by other species as well as anthropogenic sounds (Dalziell et al. 2015; Goller and Shizuka
2018).° For example, lyrebirds are virtuoso mimics that are able to reproduce construction
noises, car sirens, and human voices; streaked bowerbirds have been observed to imitate
dogs barking and trees being chopped and crashing to the ground; and magpies have been
found to imitate human speech.® Although learned mimicry is often considered separately
from canonical vocal learning, we consider both variants of vocal learning together because
they each rely on the ability to imitate a sound. Indeed, mimicry can simply be viewed as
a relaxation of species-specificity of song learning. Another reason to discuss these two
forms of learning together is that biases and constraints are also observed for learned vocal
mimicry. For example, a survey of mimicked sounds produced by European starlings,
which are found around the world, report that starlings mimicked similar types of sounds
regardless of their location and that many of these sounds resembled whistles naturally
observed in their species-typical song (Hausberger et al. 1991). In addition, the best
predictor of the type of heterospecific sounds that northern mockingbirds will imitate is how
closely those heterospecific sounds resemble mockingbird-specific song (Gammon 2013).

2.4. Closed-Ended Learning vs. Open-Ended Learning

Birdsong learning is broadly categorized as either “closed-ended learning” or “open-
ended learning,” with the primary distinction being the age ranges in which birds can
acquire novel vocalizations (e.g., Beecher and Brenowitz 2005; Brainard and Doupe 2002;
Robinson et al. 2019). Most studies of birdsong learning have focused on closed-ended
learners, species that learn their vocalization during a restricted and limited period in
development (i.e., a “critical period” or “sensitive period”). These closed-ended learners,
which include species such as zebra finches, Bengalese finches, and canaries, learn their
songs during a critical or sensitive period for song learning” and do not incorporate new
elements into their song after they reach sexual maturity. In contrast, open-ended learners
(e.g., European starlings) are species that can learn new vocalizations throughout their
lifetime. Historically, some species have been classified as open-ended learners because
their repertoire size increases over time (Kipper and Kiefer 2010; Robinson et al. 2019), but,
as we discuss below, increases in repertoire size and changes to repertoire composition in
adulthood could be traced to factors orthogonal to adult vocal learning. Finally, it should be
noted that the distinction between closed- or open-ended learners can be unclear because,
despite the inability to incorporate new elements into their songs after sexual maturity,
closed-ended learners have been shown to be able to alter some aspects of their song over
time and because the capacity for vocal learning can wane over time even in open-ended
learners (Brainard and Doupe 2013; Kipper and Kiefer 2010; Sakata and Woolley 2020).

2.5. Sensory Learning and Sensorimotor Learning

In the course of song learning, accurate perception of the features of tutors’ song is a
precondition for learners matching the features of that song in eventual production; thus,
song learning (similar to human vocal learning) involves acquiring a sensory representation
of a “target song” (sensory learning: Brainard and Doupe 2013; Doupe and Kuhl 1999;
Sakata and Woolley 2020; Woolley and Woolley 2020). In addition, the development of
an accurate imitation of a tutor’s song requires learning the motor commands to generate
that target song (sensorimotor learning). Under sensorimotor learning, birds compare the
performance of their current song to the sensory representation of the target song and
gradually adjust the motor commands for song production to minimize the deviations
between the bird’s current song and the target song (Doya and Sejnowski 1995; Fee and
Goldberg 2011; Murphy et al. 2017, 2020; Sakata and Yazaki-Sugiyama 2020). The compar-
isons between current and target songs appear to be conducted online (i.e., in real-time),
and neural activity in various parts of the songbird brain have been found to be sensitive
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to perturbations of auditory feedback, in much the same way that areas in the human brain
are sensitive to auditory feedback (Keller and Hahnloser 2009; Sakata and Brainard 2006,
2008; Tschida and Mooney 2012). However, it is worth noting that some studies highlight
the importance of offline processes (e.g., during sleep) for vocal learning (reviewed in
Margoliash and Schmidt 2010).

2.6. Concluding Remarks

In summary, vocal learning in songbirds (i.e., vocal production learning) entails
the memorization of a tutor’s song(s) (sensory learning) followed by vocal practice to
learn how to produce the memorized sounds (sensorimotor learning). In this respect,
vocal learning in songbirds resembles speech acquisition in humans (as well as many
other forms of sensorimotor learning). Different species of birds engage in vocal learning
during a restricted period in development or for more extended periods throughout their
lives, including in adulthood. Our subsequent sections focus on songbird species that
demonstrate song learning both early and later in development (Figure 2B-D) but also
highlight experiments in species with more limited periods of vocal learning to emphasize
particular aspects relevant to L2 speech acquisition.

3. Comparing Late Birdsong Learning and L2 Speech Learning

Numerous reviews discuss parallels between human speech and birdsong learning
(e.g., Bolhuis et al. 2010; Brainard and Doupe 2013; Doupe and Kuhl 1999; Gervain and
Mehler 2010; Jarvis 2019; Marler 1997; Sakata and Woolley 2020). These reviews have bene-
fitted from a rich body of literature in comparing the development of birdsong in juvenile
songbirds to speech development in toddlers and children. However, whereas speech
acquisition in adult humans has been extensively studied, the amount of experimental
research in birdsong learning in later life stages (S2 learning) is relatively limited. This lack
of research limits the degree to which insightful parallels and contrasts to L2 speech ac-
quisition can be drawn. Moreover, as we will see and have alluded to above, there are
challenges in interpreting data in adult learning among both birds and humans.

The challenges to comparison as well as to interpretation often relate to the level at
which observations are addressed and at which explanations are attempted. In particular,
to an extent that diverges from many studies of S2 learning in birds, the emphasis in
the L2 pronunciation literature is on individual differences, which may be conditioned by
idiosyncratic learner-external and learner-internal factors, and which have effects (singly, cu-
mulatively or interactively) of greater or lesser magnitude depending upon the individual.

The external factors may involve, for example, experience (e.g., musical training,
duration of L2 immersion, prior training or experience with other non-native languages,
pronunciation training, and perceptual training), level of prior development and entrench-
ment of the L1, and proximity of the L1 and L2 sound systems. The internal factors include,
for example, psychoacoustic or sensory abilities (e.g., general hearing acuity, acuity in
perceiving pitch (height and excursions), and amplitude and overtones), cognition (e.g.,
working memory, ability to suppress competing information, and ability to extract signal
from noise), singing and music processing ability, musical expertise, sensorimotor skills
(e.g., ability to imitate sounds with fine-grained neuro-muscular coordination of the vocal
apparatus, and ability to compare self-produced and target pronunciations), motivation to
identify with or be taken for a native speaker of the L2 (including will or choice to achieve
pronunciation accuracy®), and self-regulation of learning (for overviews as well as specific
findings, see Birdsong 2007, 2018; Bongaerts 1999; Coumel et al. 2019; Guion et al. 2000; Hu
et al. 2012; Ingvalson et al. 2017; Jenkins and Setter 2005; Mora et al. 2013; Moyer 2004, 2014;
Piske et al. 2001; Reiterer et al. 2011, 2013; Rota and Reiterer 2009; Slevc and Miyake 2006;
Wong et al. 2012; Yeni-Komshian et al. 2000).

Further, in certain ways that differ from S2 learning (see Sections 3.3 and 4.1), neuro-
logical maturation, which would presumably circumscribe a critical period for learning,
does not map neatly onto observed age-related effects in L2 vocal learning. Typically,
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the age at which L2 learning begins in earnest (Age of Acquisition or AoA) negatively
correlates with accuracy of L2 accent. However, the overall AoA-accent relationship is
roughly linear, i.e., not suggestive of a period during which a monolingual-like target
accent can be attained. Rather, and crucially, because in bilingualism the L1 and the L2 affect
one another at all levels of language production and processing, from-birth simultaneous
bilinguals under close examination do not display monolingual-like accents in either their
first or second language. In this respect, departures from the presumed target of L2 speech
learning cannot be ascribed to neurological features of biological age (see Birdsong 2018).
Moreover, according to Flege and Bohn (2021, p. 64), under the revised Speech Learning
Model (SLM-r), the ability to form new phonetic categories does not entirely disappear with
aging. Rather, “phonetic category formation is possible regardless of age of first exposure
to an L2 and is crucial for phonetic organization and reorganization across the life-span.”

The preceding observations converge on a picture of L2 speech learning whereby:
(1) the potential for acquiring (or at least accurately imitating) L2 accent is maintained
to some degree over time; (2) the range of possible outcomes is conditioned by a suite of
learner-internal and learner-external factors (some of which are not at play in S2 learning
in songbirds); and (3) the facts of L2 speech learning are best understood in terms of
within-species individual differences.

As we will elaborate in later parts of this article, because the features of L2 speech
learning in (2) align only partially with what is known (or knowable) about S2 learning
in songbirds, we are limited in the extent to which we can directly compare humans with
birds. Nevertheless, in this section we attempt to contextualize and synthesize studies of
52 learning in songbirds, and to compare and contrast factors that modulate the extent of
52 learning and L2 speech acquisition in humans. We also argue that, to the extent that
processes regulating L1 speech and S1 acquisition also modulate L2 speech and S2 learning,
it is informative to draw parallels between L1 speech and S1 acquisition to understand
mechanisms underlying variability in L2 speech and S2 learning. In addition, in Section 4.1
we go on to more closely examine three conditioning factors in L2 speech learning—the
age at which L2 learning is begun, L1 entrenchment, and interactions with speakers of the
L2—which lend themselves to meaningful comparisons with S2 learning.

3.1. Repertoire Size, Timing of Learning, and Variability

As stated above, we conceptualize L2 speech acquisition in humans as an increase in
the repertoire of sounds that individuals can produce and use for communication. In this
respect, songbirds that increase or alter their vocal repertoires in adulthood are most
informative in our examination of parallels with humans.” To this end, we highlight studies
describing experience-dependent repertoire changes in birds that have acquired a mature
set of vocalizations and relate variation in this type of learning to variation in L2 speech
acquisition in individuals who are already proficient at their native language (“sequential
bilingualism™).

A central focus of bilingualism research is revealing the factors that contribute to
variation in L2 speech acquisition (see Section 4). Whereas, by definition, studies of human
speech acquisition focus on within-species (i.e., between-individual) variation in learning,
much of the research on adult birdsong learning has examined between-species variation in
the extent of adult song learning or in repertoire size (but see below for related discussions
of individual variability in learning; Beecher and Brenowitz 2005; Brainard and Doupe 2002;
Brenowitz and Beecher 2005; Robinson et al. 2019; Sakata and Woolley 2020). The questions
most frequently posed relate to how and why some songbird species can acquire novel
vocalizations as adults (e.g., European starlings and nightingales) whereas others cannot
(e.g., zebra finches and white-crowned sparrows). With regard to “how,” a number of
neurobiological factors have been proposed to relate to this species variation (see discussion
below), and with regard to “why,” scientists have speculated on the importance of sound
diversity to increase the attractiveness of an individual’s song (because song is often used in
sexual contexts: Beecher and Brenowitz 2005; Podos and Sung 2020; Robinson and Creanza
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2019; Robinson et al. 2019). A related question posed by biologists is how repertoire size
is related to the duration of learning. Recent broad-scale surveys of birdsong reveal that,
unsurprisingly, species in which individual birds produce larger vocal repertoires (e.g.,
greater diversity of syllables, phrases, and song types, etc.) tend to have longer periods
of vocal learning, including learning periods that extend into adulthood (reviewed in
Robinson et al. 2019).

However, it is important to highlight challenges in the interpretation of findings about
vocal change in adulthood as well as differences in the nature and depth of studies into
late learning in songbirds. First, vocal change in adulthood does not necessarily require
adult vocal learning. A number of longitudinal studies document changes to the range
and types of sounds produced by adult songbirds over time, but it is not clear that the
production of a “novel” vocalization (i.e., a vocalization that an individual bird is observed
to produce at a later time but not observed at an earlier time point) reflects the acquisition
of a new vocalization (Brenowitz and Beecher 2005; Marler 1997; Robinson et al. 2019).
For one thing, it is possible that “novel” vocalizations represent vocalizations learned
during development but only expressed later in life (e.g., perhaps because of a change in
the social environment: Geberzahn et al. 2002; Marler 1997). Second, it is possible that
“novel” vocalizations represent vocal plasticity and not vocal learning. A novel song type,
for example, can emerge from an individual recombining syllables or phrases in different
ways; this has been termed vocal “innovation” by numerous researchers and is distinct from
vocal learning per se (i.e., imitating a novel vocalization; Catchpole and Slater 2008) (This
is a challenge for studies of animal communication but not necessarily for L1-L2 speech
acquisition: because linguists, anthropologists and psychologists have parameterized the
boundaries of languages, the production of a unique word in a different language (and in
an appropriate semantic context) is almost always a product of learning (vs. random vocal
exploration or innovation)). In addition, the acoustic properties of one’s vocalizations can
also change due to changes to vocal muscles, body size, and brain physiology instead of as
a consequence of learning. Third, from a methodological standpoint, it is also possible that
“novel” vocalizations were in fact produced by focal individuals at an earlier time point
but that researchers had not recorded the bird producing those vocalizations at an earlier
time point.'” Thus, as is the case with humans, quantifying the full repertoire of individual
birds is challenging, especially for species with relatively large vocal repertoires, so it can
be very difficult to determine the novelty of vocalizations.

Finally, it is tempting to compare impressive feats of mimicry (i.e., the ability to imi-
tate the sounds of other species) to “successful” or “target-like” L2 speech acquisition in
humans; indeed, various popular press articles draw parallels between mimicry in birds
and multilingualism; see Section 5. However, the same cautions noted above about adult
song learning should be applied to mimicry, along with an additional caveat. Acoustic sim-
ilarities across species can arise in the absence of learning because many innate, unlearned
vocalizations (e.g., various calls) are acoustically similar across species (“convergence”;
Dalziell et al. 2015; Kelley et al. 2008). Consequently, while the acoustic properties and
functionalities could be sufficiently similar to qualify vocalizations as mimicry, vocal sim-
ilarities across species should not be related to L2 speech acquisition (or any other form
of vocal learning) without demonstration of learning (i.e., the extent to which experiences
lead to vocal similarities between mimics and heterospecifics). In cases in which mimicry
involves learning (e.g., imitation of anthropogenic sounds), the timing of learning generally
remains unclear from natural observations. Given that the species composition of habitats
occupied by avian mimics can be stable across the lifespan, one cannot differentiate imita-
tions learned during development or as adults without proper experiments. Taken together,
while existing and ongoing field studies of vocal change and plasticity in songbirds expand
and deepen our understanding of vocal plasticity and can help identify bird species to
model L2 speech acquisition, various factors need to be taken into consideration before
making conclusions about human-animal parallels in adult vocal learning.
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Despite the challenges of effectively demonstrating adult vocal learning in songbirds,
some researchers have managed to raise some songbird species from an early age in the lab,
regulate (to the extent possible) the sensory environment of birds throughout development,
and demonstrate the ability to acquire novel vocalizations as adults (Figure 2B,C). For ex-
ample, after experimentally tutoring European starlings with distinct sets of song types at
various time points in development and adulthood, it was observed that adults learned
to produce not only songs heard during development but also some song types that they
were exposed to after sexual maturation (Chaiken et al. 1994). Similarly, experimentally
tutoring common nightingales with distinct song types during development and again
around the time of sexual maturation (~9-12 months of age) led to nightingales imitating
song types that they heard during development as well as song types that they only heard
around the time of sexual maturation (Todt and Geberzahn 2003). Interestingly, song types
learned around the time of maturation were produced in the nightingale’s second but not
first year of life, thus highlighting the complexities of documenting adult learning among
songbirds (see also related data on delayed expression of learning in European starlings
(Chaiken et al. 1994) and brown-headed cowbirds (O’Loghlen and Rothstein 2010'!). In an-
other experiment, adult pied flycatchers were exposed to unfamiliar syllable types (i.e.,
syllable types that were determined not to be produced by birds in the study area, based on
~15 years of song surveys) for 4 h a day for a week, and birds demonstrated some (albeit
limited) song learning (Eriksen et al. 2011); in particular, of the 20 birds studied, one 1-year
old male and two older males (>2 yrs old) imitated one of the novel syllables. Additional
studies reported song learning in adult canaries (1-2 yrs old: Lehongre et al. 2009), indigo
buntings (<1-2 yrs old; Margoliash et al. 1994) and cardinals (9—12 months old; Yamaguchi
2001); however, the lack of information about the distinctiveness of songs heard early vs.
later in life prevents firm conclusions about adult vocal learning in these birds.!?

In some instances, experimental tutoring has not supported previous conclusions
about adult vocal learning. For example, northern mockingbirds (Figure 2D) have been
classically considered as capable of adult vocal learning and mimicry because their vocal
repertoire increases with age (Derrickson 1987). However, a longitudinal field study that
exposed adult mockingbirds to unfamiliar heterospecific songs (i.e., songs from species that
lived hundreds of kilometers away and were not found in the study area) for 6-7 months
failed to find evidence of adult vocal learning (Gammon 2020). Although various factors
could have contributed to this lack of learning (e.g., no social interactions with unfamiliar
heterospecifics, and the ages of study populations were unknown), these data raise the
possibility that northern mockingbirds might not be capable of adult vocal learning.

Although we argue that studies of S2 learning in adult songbirds represent the most
compelling parallels with sequential L2 speech acquisition, studies of sequential song tutor-
ing in developing songbirds could also resemble L2 speech acquisition during development
in humans (e.g., L2 learning in children (e.g., 6-10 yrs old)). Sequential tutoring paradigms
in closed-ended learners such as the zebra finch (reviewed in Gobes et al. 2019) highlight
tutoring-dependent changes in repertoire composition, including increases in repertoire
size, or in the temporal organization of song (e.g., Chen and Sakata 2021; Eales 1985; Gobes
et al. 2019; Lipkind et al. 2013, 2017; Olson et al. 2016; Yazaki-Sugiyama and Mooney 2004).
For example, a number of studies have found that juvenile zebra finches will incorporate
syllables from multiple tutors in response to sequential tutoring, with the magnitude of
intermixing of tutors’ syllables depending on the timing and nature of sequential tutoring
(reviewed in Gobes et al. 2019). These behavioral studies serve as a foundation for exploring
the brain mechanisms underlying S2 learning.

3.2. Neural Representation of Speech and Song

Within the context of well-known individual-level differences in L2 neural repre-
sentation, considerable neuroimaging evidence suggests that individuals (including late
L2 learners) who acquire L2 grammar to high levels of proficiency and who are proficient
in L2 lexico-semantic processing employ the same neural structures that are responsible
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for L1 learning and processing (e.g., Abutalebi 2008; Klein et al. 1995; Ripollés et al. 2016;
Steinhauer et al. 2009; Tagarelli et al. 2019). In the specific domain of L2 speech, a similar
association is found. Although neural representations of L2 speech learning can vary across
individuals (e.g., Diaz et al. 2008, 2016; Golestani and Zatorre 2004; Golestani et al. 2007),
those who succeed in L2 speech learning have been shown to display emergent neural
representations that are similar to those involved in primary (native) speech learning in
early infancy, particularly in the superior temporal gyrus and right precentral gyrus (Feng
et al. 2021; see also Diaz et al. 2008).

To elaborate, Golestani and Zatorre (2004) examined L2 learning of the Hindi-like
dental-retroflex contrast for occlusives /t/ and /d/ in adult English natives and found
that successful learning was associated with recruitment of the same brain areas that are
involved in processing native phonetic contrasts, specifically the left superior temporal
gyrus, the insula-frontal operculum and the inferior frontal gyrus (In previous work,
Golestani et al. (2002) report that adult English native speakers who were successful
in learning the dental-retroflex contrast exhibited more white matter than gray matter
in the parietal lobes). In a training study on the imitation of the novel vowel /y/ (the
rounded counterpart of high-front rounded /i/) in nonce words by native English-speaking
adults, Carey et al. (2017) found that imitation improvement was associated with increased
activation in the insular cortex, pre-supplementary motor area (pre-SMA), cerebellum,
cingulate gyrus and sulcus, whereas worsening performance was associated with reduced
activation in these same brain regions. Many of these areas, particularly within the left
hemisphere, are involved in the perception and production of features of speech by adults
at higher levels of L2 proficiency (Minagawa-Kawai et al. 2011).

In conceptualizing parallels in the neural representations of L2 speech with S2 vocal-
izations, we believe that the most apposite point of comparison is with the neural correlates
of vocal repertoire sizes in adult songbirds (Section 3.1). Accordingly, we examine the
relationship between the size of focal areas in the songbird brain and measures of repertoire
size. For example, the size of a sensorimotor brain area called HVC (acronym used as
the proper name) is positively related to the number of syllable or song types in a bird’s
song (reviewed in DeVoogd 2004). This relationship has been observed when examining
between-individual variation within songbird species such as zebra finches (Airey and
DeVoogd 2000; Moore et al. 2011), marsh wrens (Airey et al. 2000), and sedge warblers
(Pfaff et al. 2007), and is also characteristic of between-species variation in syllable reper-
toire sizes (e.g., Moore et al. 2011; Székely et al. 1996). These findings have led to the
proposal that more HVC neurons are required to encode and produce a greater diversity of
sounds.'® HVC has been demonstrated to be important for S1 learning (reviewed in Sakata
and Yazaki-Sugiyama 2020) but its contribution to 52 learning has not been examined.

It is important to emphasize that brain organization and response not only reflect
learned sounds that individuals can produce but can also reflect learned vocalizations
that are not produced by individuals. In the literature on human language learning,
studies of international adoptees who are adopted into a different language environment
generally point to a neural maintenance of phonetic features of the first-learned language
(e.g., Au et al. 2002; Choi et al. 2017; Oh et al. 2010; Pallier et al. 2003; Pierce et al. 2014;
Ventureyra et al. 2004). For example, Pierce et al. (2014) showed that native Chinese children
exposed exclusively to French after adoption (N = 23; mean age of adoption 12.8 mo.),
and who had no use or conscious recollection of their L1, maintained neural representations
in the left temporal lobe from the posterior to anterior superior temporal gyrus and in the
left planum temporale when processing lexical tone—a feature of Chinese that is absent
in French. Importantly, the representations for tone processing exhibited by the adoptees
were identical to those of a group of Chinese-French bilinguals (N = 12) who had started
learning French at avg. 16.9 months.

Similarly, neural correlates of unproduced (or at least unobserved) vocalizations have
been documented in the songbird brain. A number of songbird species, including various
species of sparrows and nightingales, learn multiple and different song types during
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development but only produce a subset of these song types as adults. From a behavioral
perspective, it appears that memory traces of various song types persist, as some learned
songs not produced during the first year have been found to be produced in subsequent
years (Geberzahn and Hultsch 2003; Hough et al. 2000; Nelson and Marler 1994). From a
neurobiological perspective, neurons in sensorimotor and auditory processing areas of
the songbird bird have been found to encode representations of multiple song types that
are or are not produced by the bird. For example, Prather et al. (2010) demonstrated that
HVC neurons of adult swamp sparrows were activated by most of the song types that
birds learned during development, regardless of whether the bird produced that song in
adulthood or not. The caudomedial nidopallium (NCM) is a part of the songbird auditory
system that has been argued to represent the associative auditory cortex in mammals as
well as Wernicke’s area in humans and found to be important for sensory learning in the
service of vocal learning (e.g., Bolhuis et al. 2010; Chen and Sakata 2021; Gobes and Bolhuis
2007; London and Clayton 2008; Olson et al. 2016; Woolley and Woolley 2020). Different
neurons in the NCM respond preferentially to different songs heard by individual birds; for
example, some neurons in the NCM are activated most when a zebra finch hears its tutor’s
song (the song that it imitated) whereas other neurons fire most when a bird hears the
song of familiar bird that it does not imitate (e.g., Yanagihara and Yazaki-Sugiyama 2016).
Collectively, these data suggest that the songbird brain retains a sensory representation
of song types that were learned early in development, regardless of whether or not birds
actively produce those song types.

The lateralization of representations of learned vocalizations has been actively studied
in the L1 and L2 literature. In general, among monolinguals, the brain regions activated
during speech perception become more left-lateralized with increasing language proficiency
(Dehaene-Lambertz et al. 2002; but see Friederici 2011 for evidence of right-hemisphere
involvement in the processing of prosody). In L2, brain activation in response to speech
perception is highly variable across individuals, and tends to be right-dominant or bilateral
among those who start L2 learning after 7 years of age and reach only moderate levels of
proficiency in that language (Dehaene et al. 1997). As mentioned above, at higher levels
of L2 proficiency, both production and perception in the L2 involve activity in the same
left-hemisphere areas that are associated with the processing of native-language phonetic
features and contrasts (Minagawa-Kawai et al. 2011; see also Carey et al. 2017; Feng et al.
2021; Garcia-Sierra et al. 2011; Golestani and Zatorre 2004).

Interestingly, variation in the lateralization of neural activity in response to song
perception has been found to relate to proficiency of vocal performance or the degree of
song imitation in zebra finches (Gobes et al. 2019; Moorman et al. 2012). Specifically, among
zebra finches that are sequentially tutored with two different songs (Tutor 1 vs. Tutor 2),
song playback-evoked brain activity in the auditory area NCM is left lateralized in birds
that produce a more accurate imitation of the first tutor’s song but right lateralized in birds
that produce a more accurate imitation of the second tutor’s song (Olson et al. 2016).

3.3. Mechanisms Underlying Age-Dependent Changes in Vocal Learning Abilities

Birdsong (2018) discusses how developmental neurobiology and experience interact
to contribute to variable timing and outcomes in L1 and L2 speech learning (see also
Werker and Hensch 2015). For example, compared to monolingual acquisition, the period
of sensitivity for discrimination of speech sounds (which is regulated by various biological
processes: Werker and Hensch 2015) is extended by simultaneous and early-sequential
bilingual acquisition (e.g., Petitto et al. 2012), and the production of fine-grained acoustic
features of L1 and L2 speech may vary depending on exposure to speakers who have accents
in one or both languages and on the amount of exposure to, and use of, each language (e.g.,
Mack 1989).

Among animals, various types of behaviors and cognitive processes appear to be
regulated by neural processes that change over age. For example, the developmental emer-
gence of “molecular brakes” over time (i.e., cellular products that limit plasticity) in various
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sensory systems of the mammalian brain have been proposed to constrain experience-
dependent plasticity in sensory processing (reviewed in Takesian and Hensch 2013). Im-
portantly, the emergence of these “brakes” in sensorimotor brain areas interacts with
experiential variables to regulate the closure of sensitive periods for vocal learning in song-
birds (Balmer et al. 2009; Cornez et al. 2018; reviewed in Takesian and Hensch 2013). Similar
phenomena have been proposed to occur in the human brain (Werker and Hensch 2015).

Although a suite of molecules and gene products (e.g., lynx1, brain-derived neu-
rotrophic factor (BDNF), myelin and myelin-associated inhibitors) have been found to
affect plasticity in brain circuitry and proposed to regulate the timing of critical periods
(reviewed in Reichelt et al. 2019; Takesian and Hensch 2013), the molecular brake most
extensively studied in the context of vocal learning in songbirds is the perineuronal net
(PNN). Perineuronal nets are lattice-like structures of macromolecules that form around
neurons when the critical periods close and are hypothesized to constrain the plasticity of
neurons they ensheathe (Takesian and Hensch 2013; Reichelt et al. 2019; Wang and Fawcett
2012). For example, the organization of the visual system is shaped by visual experiences
during a critical period in development, and PNNs emerge in the primary visual cortex as
the critical period for visual plasticity closes. Moreover, experimentally degrading PNNs
after the closure of the critical period reinstates experience-dependent plasticity of visual
processing (e.g., Beurdeley et al. 2012; Pizzorusso et al. 2002).

In songbirds that are considered closed-ended learners (e.g., zebra finches), PNNs are
found throughout brain circuits regulating the production and acquisition of birdsong
(Balmer et al. 2009; Cornez et al. 2017, 2018). Moreover, PNN expression in these areas
changes over development, with PNNs increasing in relevant brain areas (e.g., HVC) as the
critical period for song learning closes. Furthermore, species variation in PNN expression
in the adult songbird brain inversely covaries with species variation in adult song learning:
PNN expression is reduced in species that demonstrate more extensive adult vocal plasticity
(European starlings) compared to species that do not learn songs as adults (zebra finches;
Cornez et al. 2017). These findings suggest that the expression of PNNs in key brain areas
could constrain the acquisition of new vocalizations in adulthood. Although PNNs are
found in cortical areas for speech and language (Werker and Hensch 2015), little is known
about how their emergence in relevant brain circuits could shape L2 speech acquisition.

As indicated above, vocal learning and imitation require the transformation of an
acquired sensory representation into a behavioral output (vocal performance) through
sensorimotor learning. In this respect, it is important to understand how age-dependent
changes in vocal learning are due to age-dependent changes in sensory learning, senso-
rimotor learning, and the transformation of sensory learning into sensorimotor learning.
For example, although humans are able to associate new speech sounds with new words
(and their meanings) throughout their lifespan (e.g., Gaskell and Ellis 2009; Park et al. 2001;
Singleton 1995; see also Yeung and Werker 2009 for the relationship between nonnative pho-
netic distinctions and word learning), humans exhibit a general decline in pronunciation
accuracy with increasing age (see Section 4.1).

Age-dependent changes in sensory and sensorimotor learning have been most exten-
sively addressed in the zebra finch, a closed-ended learner. Overall, the capacity for sensory
learning and subtle forms of sensorimotor learning are retained even well past the critical
period for song learning. For instance, adult songbirds can memorize the many different
sounds of other birds that they hear in adulthood (reviewed in Dai et al. 2018; Elie and
Theunissen 2020; Woolley and Woolley 2020; Yu et al. 2020). In addition, manipulations
of sensory feedback can drive adaptive changes to the acoustic structure, timing, and se-
quencing in adult songbirds (Tumer and Brainard 2007; Brainard and Doupe 2013; Sakata
and Yazaki-Sugiyama 2020). Consequently, sensory and sensorimotor learning appear to
both be intact in adult songbirds that cannot acquire new songs as adults. In this respect,
it is hypothesized that the inability for closed-ended birds to imitate novel sounds after
the closure of the critical period reflects an inability to “translate” sensory learning of new
sounds into sensorimotor learning of new sounds (This is analogous to adult humans being
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able to understand elements of a novel language but limited in their ability to produce
extensively). Discerning the neural and genetic mechanisms that regulate age-dependent
changes in the ability to translate sensory learning into sensorimotor learning is an active
area of research in songbirds.

3.4. Concluding Remarks

In summary, some studies of S2 learning in songbirds provide useful parallels to
L2 speech acquisition in humans. Little is known about the degree to which S1 and
52 learning recruits overlapping or distinct neural populations, but further research on
sequential song learning in more extensively studied songbirds (e.g., zebra finches) could
be directed toward establishing similarities (and differences) across species.

4. Factors in Variable Outcomes

It is well known that individuals vary in the degree to which their L2 speech—be it
measured on fine-grained acoustic features or on strings of connected words—resembles
that of native monolingual speakers. As mentioned at the beginning of Section 3, there
are many factors that condition individual-level accentedness, including: the amount of
vocal, motor, and perceptual training; age at the initial state of L2 learning; the amount
and quality of input and interaction in the L2 vs. L1; the degree of L1 vs. L2 dominance
(which is relatable to the degree of L1 entrenchment, L1 attrition and L1-L2 similarity,
see Kopke 2021); genetic markers; cognitive style; motivation; education; and perceptual
acuity; etc. (e.g., Birdsong 2007, 2018; Bongaerts 1999; Guion et al. 2000; Ingvalson et al.
2017; Jenkins and Setter 2005; Moyer 2014; Wong et al. 2012; chapters in Watkins et al. 2009;
Yeni-Komshian et al. 2000). Of these factors, three are most apposite for consideration
alongside S2 learning in birds: age at which L2 learning begins, degree of entrenchment of
the L1, and interactions with L2 speakers.

4.1. Age of Learning, Accentedness and Variability

The age at which L2 learning begins, often referred to as Age of Acquisition (AoA),
is generally associated with immersion in the L2 and with the beginning of frequent
use of the L2. As previously noted, later AoAs are generally associated with greater
accentedness (i.e., less native-like pronunciation; Figure 3). In addition, the variability or
range of accent scores is larger among later learners than among earlier learners. This AoA-
related variability is also illustrated in Figure 3, where we observe modest dispersion
of L2 English accent scores among groups of Italian natives (left) and Korean natives
(right) with AoA < 6-8y, and considerably greater dispersion among participants with
later AoA.™
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Figure 3. The relationship between AoA and L2 accentedness. Left image: L2 English accent ratings
for 240 Italian native speakers (dark circles), and ratings for 24 native English controls (open circles);
all participants were residents of Ottawa (adapted by Jim Flege from Flege 1999, fig. 5.1; data
originally from Flege et al. 1995, republished with permission from Taylor & Francis Group). Right
image: L2 English accent ratings for 240 Korean native speakers (dark circles), and accent ratings for
24 native English-speaking controls (open circles); Korean participants resided in the Washington,
DC, area and English natives were born in the US and lived in Mid-Atlantic states (adapted by Jim
Flege from Yeni-Komshian et al. 2000, fig. 1, republished with permission from Cambridge University
Press). In both instances, AoA > ~6-10y is associated with a stronger (less English-like) accent and
with greater dispersion of accent ratings.

AoA is an individual variable that is often predictive of outcomes of L2 learning, which
some researchers have attributed to the maturational state of neurobiological mechanisms
involved in L2 learning (for overviews, see Birdsong 1999, 2017, 2018; Hyltenstam and
Abrahamsson 2003). However, as many researchers have pointed out (e.g., Birdsong
2009, 2018; Flege 1998, 2018; Hartshorne et al. 2018), the meta-variable of AoA subsumes,
or directly or indirectly conditions, several individual variables that are unrelated to
nervous system maturation. These variables include L1 entrenchment, amount and quality
of L2/L1 input and interaction, education, attitudes, goal orientation, and domain-general
cognitive styles, etc. We note as well that, due to scaling effects, whereby the likelihood
for range differences in at least some of these domains increases with age (and thus
with the corresponding multiplication of experiences, diversification of learning goals,
and modulation of attitudes), greater variability in L2 outcomes (in all domains, including
pronunciation) can be expected in later AoA (Birdsong 2018). In a similar manner, the age
at which individual songbirds are exposed to different songs is fundamentally related to
the degree to which individuals can learn to produce accurate imitations of those songs.
For closed-ended learners, the age of exposure to song (S1) constrains the degree of vocal
imitation (see above for discussion of sensitive or critical periods in birdsong learning).
Similarly, song learning can be less robust after the first or second year of life in songbird
species that demonstrate adult vocal learning (i.e., learning S2 subsequent to learning an
S1; Chaiken et al. 1994; Robinson et al. 2019). Thus, the research indicates that declines
in production accuracy of S1 and S2 songs are related to the age of learning. However,
songbird research has generally not addressed the possibility (and potential sources) of
age-related variability in 52 outcomes; see the following section.

4.2. The Role of Entrenchment

One of the factors that is associated with inter-individual variability in L2 speech
acquisition is the degree of L1 entrenchment (e.g., Birdsong 2018; Flege 1999; Flege and
Bohn 2021; MacWhinney 2005; Marchman 1993; Simmonds 2015). On this view, individuals
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with highly-entrenched L1 speech sound repertoires are less likely to produce L2 speech
with an accent resembling that of monolingual native speakers of that language.

In attempting to find animal parallels with this phenomenon, we first conceptualize
entrenchment in a manner that permits comparison. In humans, L1 entrenchment is un-
derstood in reference to the developmental state of the L1 (i.e., the degree to which itis a
mature or “crystallized” system), and in terms of the repeated exposure and cumulative use,
which reinforces the linguistic system in representational, neurological and behavioral (pro-
cessing and production) terms (e.g., Theakston 2017; Tomasello 2005; Zhang and Mai 2018).
Because the expression of learned behaviors (including speech) becomes more stereotypic
and consistent as one repeats and masters the behavior (e.g., MacWhinney 2005; reviewed
in Dhawale et al. 2017), one way to frame L1 entrenchment that allows for cross-species
comparison could be in terms of the stereotypy of L1 speech production (which would
correspond to consistency in articulation across renditions). In other words, individuals
who produce the compositional units (phonetic segments, syllables, and lexical collocations)
of the L1 with more consistency are those whose L1 is more entrenched.

Given this definition of entrenchment, interesting parallels can be observed in song-
birds. For example, adult zebra finches (a closed-ended learner species) produce a single
song type that is learned from a tutor during development, and as a juvenile zebra finch
gradually masters the imitation of his tutor’s song, his song becomes increasingly stereo-
typed Figure 4 (Ichernichovski et al. 2001; reviewed in Dhawale et al. 2017; Sakata and
Woolley 2020). Moreover, in parallel with this developmental change in vocal stereotypy,
one observes a decrease in the ability of zebra finches to acquire novel vocalizations. Previ-
ous studies have documented that some young adult zebra finches alter their vocalizations
when exposed to conspecifics that sing a different song (e.g., when placed in an aviary with
other birds that produce distinct songs) and that the degree of vocal plasticity is inversely
related to the stereotypy of the young adult’s song at the time they are placed in the aviary.
In other words, compared to birds with more acoustically variable songs, young adult
zebra finches that produce more acoustically stereotyped songs (i.e., the production of their
song is consistent from rendition to rendition) demonstrate smaller changes to their song
in response to cohabitation with other birds (Derégnaucourt et al. 2013; Eales 1985; Jones
et al. 1996; but see Morrison and Nottebohm 1993).

135d-old

0.5 sec

Figure 4. Developmental changes in the stereotypy with which song bouts are produced. On the left
are spectrograms of three song bouts of a developing zebra finch when he is 60 days old, and on the
right are spectrograms of three song bouts from the same bird when he is 135 days old. All song
bouts are aligned by the first syllable of the song (white, dashed vertical line; i.e., after introductory
elements of the song bout). The syllable composition and sequencing of syllables within the bout are
much more consistent across renditions when the bird is 135 days old.

Although factors unrelated to the biology of vocal stereotypy could contribute to
this individual variability in learning (e.g., birds that produce more stereotyped S1 could
interact less or differently with 52 tutors), these data suggest that neural “commitment”
to S1 could constrain the ability of birds to acquire novel elements from an S2 and that
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the stabilization of the vocal motor program is intimately related to changes to plasticity
mechanisms in the brain (see above for discussion of brain mechanisms). For instance, as a
bird’s song becomes more stereotyped, the songbird brain becomes more “tuned” to the
bird’s own song (i.e., more neurons are preferentially activated by hearing the sound of the
bird’s own song compared to hearing the songs of other birds: e.g., Doupe 1997; Nick and
Konishi 2005a, 2005b), and the rate of neurogenesis (argued as a metric of brain plasticity)
decreases (Pytte et al. 2007).

As mentioned above, studies of species with vocal repertoires (i.e., species that produce
multiple song types) are useful in comparisons with L2 speech acquisition. Unfortunately,
the relationship between vocal stereotypy and the capacity for adult vocal learning has not
been examined in the experiments previously described. Given how L1 entrenchment in-
fluences L2 speech acquisition in humans (and late song learning in closed-ended learners),
it would be informative to investigate how individual variation in vocal stereotypy at the
time of S2 tutoring predicts the extent of adult song learning in response to tutoring (see
Section 3.1).

Finally, although we discuss stereotypy at a broad scale, the emergence of acous-
tic stereotypy is regulated at the local (fine-scale) level and related to local variation
in plasticity. For example, within individual songbirds, different syllables can become
stereotyped at slower or faster rates (Ravbar et al. 2012; Vallentin et al. 2016), and local
variation in the stereotypy of acoustic structure, sequencing, or timing of syllables within
a bird’s song inversely relates to local variation in experimentally-driven plasticity (e.g.,
Tachibana et al. 2017; Vallentin et al. 2016; Warren et al. 2012). A similar set of conditions
is associated with L2 speech learning. According to Flege and Bohn (2021, p. 66), L1 en-
trenchment, L2 input, perception-based production tuning, and feedback looping at a local
level could correlate with L2 speech acquisition at this same local level: “Individuals differ
in terms of how accurately they produce and perceive L2 sounds. By hypothesis, inter-
subject phonetic variability can be explained, at least in part, by knowing how individual
learners” L1 phonetic categories were specified when they were first exposed to an L2,
how they perceptually linked L2 sounds to L1 sounds via the mechanism of interlingual
identification, how dissimilar they perceived and L2 sound to be from the closest L1 sound,
and the quantity and quality of L2 phonetic input they have received.” Thus, for example,
individual-level variability in the enunciation and production of particular words in their
L1 (e.g., “information” spoken in L1 English), along with variations in input, perception
and feedback, could predict the degree to which their production of similar words in their
L2 is accented (e.g., “information” in L2 French).

4.3. The Importance of Social Interactions for Vocal Learning

It is to be expected that the amount of L2 use is predictive of the accuracy of L2 pro-
nunciation (e.g., Flege 2018). Underlying the simple dimension of quantity of L2 use are
factors of a conative, instrumental, or identifying nature that further condition the degree
of native-like speech production. For example, L2 learners who strive to sound similar to
native speakers may purposefully engage and interact socially with natives on a frequent
basis, thereby assuring naturalistic input as well as richer opportunities for speaking prac-
tice, feedback on pronunciation and fine-tuning of pronunciation; see Li and Jeong (2020),
and references therein, for a neurological model of L2 learning based in social interaction.

Social interactions profoundly affect the rate, fidelity, and trajectory of vocal learning
not only in humans but also in a variety of non-human animal species, including songbirds
(Kuhl 2007; Ljubici¢ et al. 2016; Sakata and Yazaki-Sugiyama 2020). Most of the studies
dealing with social influences on birdsong learning reveal how social interactions promote
the developmental acquisition of song (S1 learning). For example, juvenile birds that are
socially tutored produce more accurate imitations of the tutor’s song than juveniles that
are passively tutored with audio playbacks of a tutor’s song, and visual and acoustic
interactions with the tutor are thought to be critical for this social potentiation of learning
(e.g., Baptista and Petrinovich 1986; Chaiken et al. 1994; Chen et al. 2016; Houx and Cate
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1998; Todt et al. 1979). In addition, visual and acoustic reinforcement signals provided by
adults have been found to shape vocal development in juvenile songbirds (Carouso-Peck
et al. 2020; West and King 1988).

However, to our knowledge only one study has assessed the role of social interac-
tions on the acquisition of novel vocal elements in songbirds that have previously been
tutored (i.e., social influences on S2 learning). Chaiken et al. (1994) either socially tutored
adult European starlings with a live tutor or passively tutored age-matched starlings with
playbacks of starling songs. They reported learning of novel song types in both groups of
tutored starlings and reported a trend for socially tutored birds to imitate a larger repertoire
of song types than passively tutored birds. As such, these data are consistent with the
social potentiation of vocal learning during development of the S1 (It should be noted that
this study lacks appropriate controls for the type and amount of song between socially
and passively tutored adults (i.e., socially tutored pupils could have been exposed to more
songs from their tutor compared to passively tutored pupils), which limits the degree
to which group differences can be attributed to social interactions per se) .It is useful to
point out that studies that report minimal evidence of adult vocal learning in putatively
open-ended learners (e.g., northern mockingbirds: Gammon 2020; pied flycatchers: Eriksen
et al. 2011) relied on passive methods of song tutoring, and the authors proposed that social
interactions might be required for more substantial adult S2 learning.

4.4. Concluding Remarks

Understanding the factors that similarly regulate variation in L2 speech acquisition and
52 learning is important for revealing the biological foundations of L2 speech acquisition.
Although studies of variation in S1 song learning in songbirds abound (e.g., Brainard and
Doupe 2002, 2013; Doupe and Kuhl 1999; Gobes et al. 2019; Sakata and Woolley 2020),
relatively little is known about processes that regulate S2 song learning, and we propose
that vocal entrenchment and social interactivity represent two important lines of inquiry
to discern human-songbird parallels. Conversely, given AoA-dependent variation in the
attainment of L2 proficiency in humans, age-dependent changes to brain mechanisms in
songbirds (see Section 3.3) provide a useful roadmap to understand how AoA modulates
L2 speech acquisition.

5. In What Ways Are “Bilingual Birds” Comparable to Bilingual Humans?

In this section, we explore how specific dimensions of song production, learning and
use can be illuminated by comparison with facets of human bilingualism. To this end,
we identify three foundational characteristics of human bilingualism—interference of the
L1 in the L2, L1 attrition, and code-switching—and ask whether these characteristics are
shared by songbirds. We will show that comparisons along these lines must be carefully
nuanced, and that relevant evidence is sometimes lacking. We go on to suggest ways that
the study of birdsong may benefit from future research that is responsive to our inquiry.

5.1. Among Bird Species That Learn an S2, Is There Evidence of Interference from S1 in
S2 Production?

In its most rudimentary formulation, the S1-to-S2 interference question asks: If features
of the S2 diverge from native singers’ song features, are the divergences associable to the
first song of the S2 bird? In other words, does their S2 have an “S1 accent” in the same way
that the L2 of humans could have an L1 accent i.e., comparable to L1 German speakers’
devoicing of word-final voiced consonants (e.g., “dog” as “dock”) in their L2 English? (For
the contribution of the L1 to features of L2 accent, see, e.g., Kartushina and Frauenfelder
2014; Schepens et al. 2020)

To our knowledge, there have been no direct investigations of the possible influence
of previously learned songs on later song learning. However, it would be compelling to
investigate this phenomenon in species such as European starlings or common nightingales
(see above). To this end, one could tutor birds on different sets of songs early in development
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(e.g., Sla and S1b as distinct sets of S1 songs) and then tutor each group of birds on the
same S2s in adulthood (e.g., S1a->52 for one group and S1b->52 for another group). As a
control, one could expose a group of birds to the same sets of songs during development
and in adulthood (S2->52). Thereafter, one would investigate systematic differences in
52 production across groups to reveal the impact of different forms of S1 learning on
52 acquisition and production.

Broadly speaking, interference of this sort could be construed as early experiences shap-
ing vocal imitation abilities. Because vocal imitation requires sensory learning, we would
point out that previous studies have investigated how early vocal learning can shape
sensory processing in songbirds (reviewed in Woolley and Woolley 2020). For example,
neurons of the auditory system of male zebra finches demonstrate distinct response profiles
depending on whether the birds are tutored by a conspecific zebra finch, by a different
songbird species (e.g., Bengalese finch), or are prevented from learning song (Amin et al.
2013; Moore and Woolley 2019; Woolley and Woolley 2020). Furthermore, species variations
in the “innate” organization of sensory and motor systems have been found to sculpt the
nature of song learning. The songs of zebra finches and Bengalese finches differ in various
ways, including the spectral and temporal organization of song syllables (reviewed in
Murphy et al. 2017; Sakata and Yazaki-Sugiyama 2020). Although each species has been
found to be able to imitate the syllables of the other species, there is a tendency to organize
heterospecific syllables into sequences typical of their own species and to produce them
at a tempo that is characteristic of their own species (e.g., Araki et al. 2016; Clayton 1989).
As such, both experiential and innate factors shape how the avian nervous system processes
and reproduces sounds.

5.2. Among Bird Species That Learn an S2, Is There Evidence for S1 Attrition? And If So,
Is 51 Attrition Age-Dependent? Relatedly, among Bird Species That Learn an S2, Is There
Evidence of Effects of S2 on S1 Production?

Attrition of L1 is a well-known and well-studied phenomenon (for collections on
attrition, see Kopke et al. 2007; Schmid et al. 2004; also overview in Schmid and Kopke 2017;
for attrition in L1 speech, see Mayr et al. 2012; for evidence of L2 effects on pronunciation
in the L1, see Kornder and Mennen 2021). The depth and breadth to which L1 attrition
occurs are dependent on the degree to which the L2 is dominant as well as the degree to
which the L1 is entrenched, both of which are conditioned by the age at which routine use
of the L2 begins (e.g., Birdsong 2014, 2018; Hopp and Schmid 2013; Karayayla and Schmid
2019). In attrition of pronunciation, the acoustic qualities of L1 sounds tend to drift in the
direction of L2 sounds (e.g., Bergmann et al. 2016; de Leeuw et al. 2010; Mayr et al. 2012).'

In songbirds, S1 attrition subsequent to learning an S2 represents another phenomenon
that has not been extensively studied. In the published experiments described above
involving European starlings and common nightingales, researchers have noted that some
S1s are no longer produced by adult songbirds, or are modified in some way, after being
tutored with S2s in adulthood. However, it is unclear whether these features reflect some
form of attrition, “overwriting,” or mixing of previously acquired vocalizations. In human
pronunciation, the direction of drift of acoustic properties may change from L2 —> L1,
then L1->L2, and back again in instances of change of residence or change of dominant
language (cf. Francois Grosjean’s notion of “the wax and wane of languages” among
bilinguals: Grosjean 2010, chp. 8).

A similar phenomenon could occur in birdsong, albeit at a different time scale. For ex-
ample, birds that produce song repertoires tend to repeat one song type over and over
before switching to another song type (reviewed in Byers and Kroodsma 2009; Sakata and
Vehrencamp 2012; Wiley 2000), and one could examine how repeating one song type could
influence the acoustic properties of a subsequent song type. To make such research relatable
to work in humans, a key element would be to quantify the degree to which such influence
is modulated by age.
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5.3. Is There Evidence of “Code-Switching” or “Code-Mixing” in Songbirds?

Among bilingual humans, switching and mixing of languages in everyday conver-
sation is common. It has been extensively studied in naturalistic contexts (e.g., Muysken
2000; Myers-Scotton 1993; Poplack 1980; chapters in Bullock and Toribio 2009), as well as
in laboratory contexts in both forced and voluntary paradigms (e.g., de Bruin et al. 2018;
Heredia and Altarriba 2001; Hernandez 2009).

In considering avian parallels, we may conceptualize human bilinguals’ language
switching and mixing behaviors in terms of their deployment of two learned sets of
vocalizations. In this sense, avian parallels of two types can be posited: the use of conspecific
vs. heterospecific vocalizations in vocal mimics, and the use of songs that are learned early
vs. late in a bird’s life (heuristically defined as S1 vs. S2 here).

With respect to the first type of parallel, greater racket-tailed drongos produce both
conspecific and mimicked (heterospecific) alarm calls in threatening contexts (Goodale
and Kotagama 2006), and brown thornbills use both conspecific and mimetic versions
of functionally similar calls in behaviorally appropriate contexts (e.g., they use conspe-
cific aerial alarm calls in addition to mimetic versions of these calls in response to flying
predators (Igic and Magrath 2014). In this respect, the interleaving of conspecific and
acquired heterospecific vocalizations seems to resemble code switching in humans (As
one caveat, however, many of the conspecific calls that are studied in vocal mimics (e.g.,
alarm calls) are innate (i.e., do not require learning); accordingly, these examples of mixing
could simply reflect the interleaving of innate and learned calls). As an example of the
second analog to bilingual human interaction, some species of vocal mimics are known
to integrate (putatively) learned heterospecific vocalizations (S2) into their learned S1 (see
Kelley et al. 2008).

In addition, some types of vocal exchanges in songbirds could be related to code-
switching or code-mixing. Male song sparrows defend their territories from other males of
the same species, including other neighboring males (reviewed in Beecher 2017). Song spar-
rows generally produce between 5-13 song types in their repertoire, with some number of
these song types being shared between conspecific neighbors. With neighbors, song spar-
rows use shared vs. non-shared song types depending on the social context and “intent” of
communication. If a territory holder initiates a vocal interaction with a neighbor using a
shared song type, and the neighbor replies by producing the same song type (‘type match-
ing’), this signals an escalation of aggression by the neighbor. If the neighbor replies with a
different song type but one that the two birds share (‘repertoire matching’), this suggests
a less aggressive response by the neighbor. Moreover, if the neighbor replies with a non-
shared song type, this signals a termination of the interaction. In this respect, the switching
between shared and non-shared song types resembles switching between L1 and L2 speech
systems between interlocutors.

6. Conclusions

Humans are not the only animals that use learned vocal signals for communication.
Songbirds are among the most abundant and well-studied non-human animals that also
learn their vocalizations through experience, thereby representing a potentially powerful
model for exploring the biological and experiential foundations of speech and language in
humans. By the same token, and as we have shown here, the human model can be a rich
source of new questions about birdsong learning and use.

Although previous works have generally examined parallels between the acquisition
of “primary” languages and songs (L1 and S1, respectively), here we have exposed potential
areas of overlap between humans and songbirds in vocal learning following the initial
acquisition. We have discussed the diversity of song learning strategies in songbirds and
the types of learning that most closely resemble L2 speech acquisition; we have defined the
parameters of birdsong and how they relate to speech; we have provided an overview of
social, age, and behavioral contributions to variability in learning outcomes; and we have
brought to light the need for caution in the interpretation of data in songbirds. We have
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also pointed to research areas in which birdsong studies historically diverge from studies
in bilingualism, and have suggested ways that future experiments can lend insight into
avian behavior and learning. In summarizing some of our main points (Figure 5), we hope
that our work has illustrated, and will promote, meaningful inter-disciplinary discourse in
the domains of communicative learning and behaviors.

« Songbirds learn their vocalizations in ways that resemble how humans acquire
speech.

» Some songbird species can learn novel vocalizations (S2) as adults, after they
acquired previous sets of vocalizations (S1), resembling L2 speech acquisition in adult
humans.

« Areas where the two disciplines converge, and allow for interdisciplinary dialogue,
include biological foundations of learning, age-related changes in learning ability, and
variability in learning outcomes.

« Features of human L2 speech acquisition and bilingual speech practices can guide
birdsong research. Future studies might examine S1-S2 / S2-S1 influences, S1 attrition
following S2 learning, S1-S2 switching, S1-entrenchment effects on S2 learning, and
social influences on S2 learning.

Figure 5. Overview of some main points of the article. (Silhouettes: human; https://pxhere.com/
en/photo/1583761 (accessed on 13 December 2021); bird https:/ /pixabay.com/vectors/bird-stand-
silhouette-nature-2803709 (accessed on 13 December 2021)).
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Notes

1

Parrots and hummingbirds are other species that learn their vocalizations but will not be the focus here. As an additional
clarification, to be amplified later, we note that songbirds, in the same manner as other birds, use their vocalizations during social
interactions (e.g., males courting females or defending their territory from other males: Catchpole and Slater 2008; Nowicki and
Searcy 2014; Podos and Sung 2020).

However, a recent paper documents evidence of human speech imitation by musk ducks (ten Cate and Fullagar 2021).

In the interest of clarity, we highlight a distinction between songs and calls. Whereas songs consist of multiple, learned vocal
elements that are strung together in rapid succession, calls are most often produced as single vocalizations (i.e., calls are generally
not concatenated together to form stereotyped sequences of sounds) and often do not require learning (but, for discussions of
calls that do require learning: e.g., Elie and Theunissen 2020). In addition, songs and calls are used in different social contexts:
songs are used primarily during mating or aggressive interactions, whereas diverse types of calls are used in different contexts
including feeding, defense, and bonding contexts (Elie and Theunissen 2020; Marler 2004).

Although the terms “tutor” and “pupil” could suggest some degree of active teaching, there are insufficient data to indicate that
directed instruction takes place in the context of vocal learning by songbirds; see Caro and Hauser (1992) for their description of
teaching.

Although we, similarly to other researchers, define mimicry as the “imitation of all types of non-conspecific sounds: other species,
anthropogenic (e.g., dog whistle, chainsaw), and environmental noises (e.g., water drip, leaves rustling)” (Goller and Shizuka
2018), others define mimicry based on the functional consequences of the vocalizations (e.g., whether individuals of the different
species respond in the “appropriate” way to the mimic’s imitation of that species vocalization; Dalziell et al. 2015). We align our
discussions of imitation fidelity to the degree to which the speech sounds of an L2 speaker acoustically resemble those same
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sounds used by L1 speakers of that language. That being said, a number of L2 researchers have emphasized the extent to which
L2 speech serves the social function of acceptance (e.g., “passing for” a native speaker, Piller 2002), a reminder that function,
purpose and intent are not irrelevant in this context.

A video of birds” imitations of human speech: https://www.youtube.com/watch?v=N5YbWHrnjrg (accessed on 13 December
2021).

The existence and nature of periods for optimal speech acquisition continue to be debated, but generally speaking, it is agreed that
humans are able to learn new languages and sounds throughout their lives, that attainment of new language and pronunciation
features declines but does not cease over age of learning, and that factors unrelated to neurological maturation, detailed in later
sections of this review, can condition the outcomes of L2 speech learning (e.g., Birdsong 2017, 2018; Flege et al. 1999; Flege and
Bohn 2021; Werker and Hensch 2015).

An example of how will and identity determine specific features of L2 pronunciation is noted by Walters (2011). By choice,
Tunisian women speakers of L2 French pronounce French /r/ as the uvular [], just as native French speakers do. Tunisian men,
on the other hand, choose to pronounce their L2 French /r/ as apical [r]. In this way they deliberately distinguish themselves
from Tunisian women and from native speakers of standard French. Importantly, in Tunisian Arabic (the L1 of Tunisian men and
women), both /r/ and /¥/ are produced, and in fact both are phonemic. Thus, articulating the French-like [¥] among Tunisian
speakers of L2 French is not a question of having to master a new speech sound, but a matter of assertion of identity.

Estimates of individual or species variation in repertoire size can dramatically vary depending on the unit of measurement: e.g.,
repertoire size as the number of song types, phrase types (strophes or motifs), syllable types, or note types (Creanza et al. 2016).
(As an analogy, one might imagine quantifying the number of words vs. syllables in lexicons). Rather than limit ourselves to a
single definition of repertoire size, in relevant contexts we will consider a range of “units” of birdsong and will explicitly indicate
the unit of analysis.

This could be likened to discovering that a friend of yours is able to speak a different language, one that they learned while
growing up.

Given the emphasis on experimental design for providing compelling evidence of adult vocal learning, it should be mentioned
that previous studies would be strengthened with the inclusion of a control group in which birds are not exposed to tutor songs in
adulthood. For example, the European starlings that demonstrated vocal changes in response to late tutoring (Chaiken et al. 1994)
were exposed to tutor songs during both development (“early tutors”) and in adulthood (“late tutors”), but it is possible that
starlings that were exposed to tutor songs only during development could have “improvised” the early tutor songs in a way
that caused their songs to coincidentally match late tutor songs. The degree to which this alternative explanation accounts for
published observations remains unclear (because the full range of songs used for tutoring is generally not published along with
these papers), but it stands as an important control to consider for future experiments.

There are a number of papers describing adult vocal learning in birds raised without exposure to adult song during development
(e.g., in zebra finches, canaries, and brown-headed cowbirds: Gobes et al. 2019; Lehongre et al. 2009; Leitner and Catchpole 2007;
O’Loghlen and Rothstein 2010; Sakata and Yazaki-Sugiyama 2020). Although orthogonal to our highlighting of parallels between
52 learning and L2 speech acquisition (i.e., acquiring new vocalizations after learning a previous set of vocalizations), these
are compelling and useful examples because adult learning in these cases cannot be attributed to developmental song learning.
We refer readers interested in this topic to various reviews and primary research articles cited in this paragraph.

A number of studies have found that individual neurons in HVC are “tuned” to multiple song types. For example, adult male
swamp sparrows produce 2-5 different song types that consist of distinct sounds. Although various neurons in the HVC of male
song sparrows are activated when the bird hears only one of the bird’s song types (i.e., neurons are “tuned” to one song type),
many HVC neurons are activated in response to hearing multiple song types that are produced by the bird (Mooney et al. 2001).
Similar findings have been observed in white-crowned sparrows (Prather et al. 2010). These findings suggest that there is not a
simple one-to-one correspondence between the size of a brain area (or number of neurons in a brain area) and the repertoire of
sounds that an individual songbird uses for communication.

Studies of AoA-related morphosyntactic attainment, which are more numerous than those for pronunciation, reveal a similar
pattern of decline with greater dispersion at later AoA (e.g., DeKeyser et al. 2010; Chen and Hartshorne 2021; Flege et al. 1999;
Hartshorne et al. 2018).

In the area of morphosyntax, L2 effects on the L1 are seen in online processing and in judgments of grammaticality (Kasparian
and Steinhauer 2017), and have been attributed by different researchers to changes in representational knowledge and to
non-pathological neurocognitive changes traceable to dominance factors (e.g., Steinhauer and Kasparian 2020 and references
therein).
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