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Highlights

e Humans and birds use vocalisations to communicate messages

e Maessages can be ‘disrupted’ by vocal tract differences between talkers/singers

e In humans effects like categorical perception show constancy despite this variation
e Birds also exhibit some of these effects, suggesting vocal tract constancy

e Butitis possible that birds exhibit the effects for other reasons

e Future bird research should determine whether vocal tract constancy is necessary.

Abstract

Humans perceive speech as relatively stable despite acoustic variation caused by vocal tract (VT)
differences between speakers. Humans use perceptual ‘vocal tract normalisation’ (VTN) and other
processes to achieve this stability. Similarity in vocal apparatus/acoustics between birds and humans
means that birds might also experience VT variation. This has the potential to impede bird
communication. No known studies have explicitly examined this, but a number of studies show
perceptual stability or ‘perceptual constancy’ in birds similar to that seen in humans when dealing
with VT variation. This review explores similarities between birds and humans and concludes that birds
show sufficient evidence of perceptual constancy to warrant further research in this area. Future work
should 1) quantify the multiple sources of variation in bird vocalisations, including, but not limited to
VT variations, 2) determine whether vocalisations are perniciously disrupted by any of these and 3)
investigate how birds reduce variation to maintain perceptual constancy and perceptual efficiency.

1. Introduction

Perceptual constancy describes the perceived stability of an object, or its properties, despite physical
changes that occur when the object is produced in different contexts. For example, the colour of an
apple viewed under sunlight remains stable despite changes in the spectrum of illumination over the
course of the day (Foster 2011). This perceptual process is necessary for consistently recognising
objects: colour constancy might have been particularly helpful during human evolution for foraging
and recognising the ripest food under different light conditions. Auditory constancy also occurs in
humans and appears to be useful for speech perception. The acoustic properties of speech are



modified by the individual speaker’s vocal tract (the vocal apparatus lying above the larynx including
the mouth, tongue and lips), neighbouring speech (the ‘phonetic context’), accent, and the
environment (e.g. room reverberation). It is well known that listening machines (e.g. speech
recognition devices) require processes to deal with these variations to perform accurate speech
recognition. Evidence suggests that humans also engage perceptual constancy mechanisms to
recognise speech and other sounds (Pisoni 1997, Cohen et al. 1995).

In this article we focus on speech variation caused by differences in vocal tracts (VT). Many studies
have examined the evidence for perceptual constancy across VT variation in humans. However, this
has received relatively little attention in the avian literature. Bird vocalisations share certain acoustical
features with speech (Doupe & Kuhl 1999) and the acoustic realization of any sung note may be subject
to VT differences between birds (Samuels 2015; Yip 2006; Lachlan et al. 2014, 2016), neighbouring
vocalisations (the ‘phonetic context’), dialect, and environmental effects (e.g. reverberation and
sound reflections from rocks and plants) As for humans, VT variation in birds has the potential to
prevent the recognition of messages contained in vocalisations. Therefore, birds might also need a
constancy mechanism. However, birds might benefit from hearing VT differences to a greater extent
than humans (e.g. as an indicator of singer quality) and so require sensitivity to singer characteristics
contained in VT acoustics.

Studying perception in birds is interesting in its own right but where there is evidence of homologous
or convergent evolution it can also provide insight into human perception. The auditory periphery (the
hearing system up to and including the auditory nerve) is suggestive of homologous evolution
between humans and birds because some of its primary features, e.g. the transduction of air pressure
by a tympanic middle ear and tonotopic representation at the auditory nerve, are seen in our common
ancestor, tetrapods (Fritzsch 2013, but see Clack, 2002, for evidence for independent evolution).
There is even evidence of similar efferent projections to cochlear hair cells in birds and humans, which
may be especially important for VT constancy (Elgoyhen 2012, Beeston 2014). As a result, VT
constancy mechanisms that involve the auditory periphery are likely to be shared. However, there is
also evidence of divergence at the periphery, for example, the owl is similar to humans in its encoding
of interaural time and level differences at the auditory nerve (Képpl 1997) but has developed
additional capabilities for sound localisation through the use of asymmetric ears. Therefore, common
peripheral mechanisms cannot be assumed.

Above the periphery between-species divergence in perceptual mechanisms is increasingly likely due
to the complexity of the hearing system. Generally, there is evidence that some high-level perceptual
mechanisms are shared between birds and humans (for example the learning of vocalisations may
arise from analogous processes (Warren et al. 2011) and/or shared genes such as FOXP2 (White et al.
2006). However, little is currently known about whether high-level constancy mechanisms are shared.
Ohms posits that VT constancy may be homologous because the mechanisms appear not to be speech
specific (Ohms 2010) Additionally, there is potential homology in vocal production mechanisms (both
species use a periodic vocal source and a tube-like vocal tract filter - Fitch & Hauser 2001) and VT
constancy appears to deal with a common problem (within-species variation in vocal tracts), so
analogies, if not homologies, are likely. However, more research is needed to establish the
evolutionary origins of the mechanisms discussed in this paper.

Due to the potential usefulness of comparing human and bird perception, the current review examines
whether, and how, both species maintain constancy across VT variation. Section 2 of this paper
describes human speech perception, human vocal tract normalisation (VTN) and other human ‘non-
normalisation” methods for dealing with VT variation. Section 3 examines bird vocalisations and the
evidence for similar constancy mechanisms in bird perception. We conclude by summarising the case
for VT constancy in birds and providing suggestions for future experiments.



2. Vocal tract constancy in humans

The main acoustical features necessary for recognising speech units (‘phonemes’) can be divided into:
spectral (the location of vocal energy along the frequency spectrum); spectral-transitional (the
frequency regions that the energy traverses during the phoneme); and temporal (the exact timing of
changes in this energy) (Nearey 1989). To produce these features, speakers change the size and shape
of their vocal tract. Specifically, they configure the vocal tract to produce narrow peaks in energy at
distinct points in the frequency spectrum known as ‘formants’, which they then vary over time.
Formants are numbered according to their frequency order on the spectrogram (Figure 1). FO
represents the lowest or ‘fundamental’ frequency in the speech - this is related to voice pitch - and
formants are located further along the spectrum and labelled F1, F2, etc.

The frequency location of formants is important for defining the character or ‘timbre’ of the phoneme
and creating acoustic distinctiveness (e.g. creating an “ah” sound rather than “eh”). The first two
formants (F1 and F2) appear particularly important for creating different sounding speech sounds. The
simplest speech sounds, the ‘monophthongal vowels’, can be produced by simply altering the location
of F1 and F2 (Figure 1): higher formants and the wide-band spectrum can contribute to identification
of these vowels, but F1 and F2 are sufficient for perception (Kiefte and Kluender 2005, Carlson et al.
1975, Helmholtz 1863, Johnson 2005).

The frequency location of F1 and F2 is also central to the perception of most other phonemes.
However, for other phonemes additional cues are important. Formant change during the phoneme
and timing cues (e.g. voice onset time) are essential cues for some speech sounds (e.g. stop
consonants, Delattre et al. 1955, Liberman et al. 1967, 1957, Ainsworth 1988, Bennett 1968) and it
should be noted that formants are not relevant for some sounds, but other spectral cues are (e.g.
noise bursts, and their average frequency, are cues for fricative consonants such as /s/ and /f/).

It is evident that spectral cues, such as formants, are key to speech recognition and traditional models
of speech perception state that correct and exact cues (‘canonical’ cues) need to occur for correct
perception (Strange 1989, Neary 1989). However, a prominent source of variation to these cues occurs
at the production stage due to differences in VT size and shape between speakers: for example, the
VT of men is on average 30% larger than that of women (Fant 2001, Ainsworth 1988). As a result, the
formant values used by different speakers to produce the same phoneme vary. Peterson and Barney
(1952) describe between-speaker variation in F1 and F2 for various vowels (Figure 2). Figure 2 shows
that the canonical formants do not occur for most speakers. Importantly, as well as general variation,
the formants produced for a particular vowel by some speakers are the same as those produced by
other speakers for an entirely different vowel. This is known as ‘overlap in format space’. In regions of
overlap it is not possible to determine the vowel based on F1 and F2 alone. Given the supposed
importance of these cues, this indicates a problem for speech recognition (overlap also affects
consonants as well as vowels and can affect higher formants and other spectral attributes).

Normalisation Methods

Despite this acoustic variation, human speech perception is good. Even in regions of overlap the
correct vowel is almost always heard. This may be because listeners normalise formants to reduce
variation and remove overlap. Normalisation involves the perceptual shifting of modified cues back to
the canonical form. VTN, specifically, is the shifting of cue variations that occur due to variation in VT
dimensions (Pisoni 1997). The normalisation process can result in accurate recognition but implies a
perception that is no longer sensitive to the original variation (Pisoni 1997, Cohen 1995).



Phoneme Intrinsic Normalisation

Normalisation requires cues to signal the VT dimensions and therefore the kind of perceptual shift
required to bring the cues back to cannonical form. Such cues may exist within the phoneme being
normalised (intrinsic cues) or within wider speech by the same speaker (extrinsic cues).

Specific phoneme intrinsic cues might be used. Fundamental frequency (FO) is a correlate of VT size
and shape and is usually present within each phoneme. Evidence that perceived FO is used for
normalisation comes from studies showing: improved speech identification with phonated speech (FO
present) compared to whispered speech (FO absent - Nusbaum and Morin 1992, Halberstam and
Raphael 2004); identification errors with a discrepancy between FO and formants (Lehiste and Meltzer
1973, Peterson and Barney 1952); and shifts in vowel categorisation with FO alterations, particularly
in the central area of Peterson and Barney’s vowel space where there is more overlap (Miller 1989).
However, the relationship between FO and higher formants can be unreliable and recognition is
sometimes good for whispered or ‘sine wave’ speech without FO (Remez et al. 1981). It is noted that
FO can vary somewhat between phonemes as well as speakers, so this may not provide a reliable
phoneme intrinsic cue to VT size (although it could provide a good cue over a longer speech segment
if the listener is able to establish an average FO of the speaker). F3 is also correlated with vocal tract
size and is a distinctive VT cue as it varies more between speakers than between phonemes. Miller
(1953) found that overlap within the [u] region in Peterson and Barney’s study was no longer a
perceptual problem when the primary cues, F1 and F2, were heard in light of their relationship to
perceived F3.

While formants may shift between speakers, the relationship between formants is more constant.
Formant ratio theories of perception state that the listener listens directly for these relationships
(Lloyd 1890 a,b, Potter and Steinberg 1950). This theory is aligned with the influential Gestalt theory
- the perception of the whole occurs before the parts (Johnson 2005, Koffka 1935, Traunmiiller 1984)
and Sussman (1989, 1997) found ‘combination sensitive neurons’ that appear to detect formant
relationships like feature detection mechanisms for lines and edges in vision (Hubel and Wiesel 1959,
Shapley and Tolhurst 1973). Figure 3, from Miller (1989), shows Peterson and Barney’s data and
displays constant ratios of F1 and F2 as lines. However, it is evident from this figure that only a little
variation is explained by ratios between F1 and F2 alone. Accurate perception could come about from
listening for specific relationships between additional cues but this begins to describe ‘whole
phoneme’ methods of perception such as ‘categorisation’ (see below), rather than an approach that
uses one or two specific cues.

Phoneme Extrinsic Normalisation

Other research suggests that experience with the speaker is necessary for normalisation because cues
for normalisation reside outside of the phoneme. There is significant evidence of improved speech
recognition with speaker experience (Strange et al. 1976, Mullennix et al. 1989) which may show
‘phoneme extrinsic’ normalisation.

A seminal study by Ladefoged & Broadbent (1957) demonstrated perceptual shifts in formants that
were suggestive of VTN. Listeners were presented with the sentence “please say what this word is...”
followed by an ambiguous test word between “bit” and “bet”, (F1 altered vowels were used to create
test words - a high F1 created a canonical /e/ vowel in “bet”, a low F1 created /i/ in “bit”, and values
in between were used to create ambiguous test words). Listeners had to identify test words after
hearing the prior sentence with all F1 cues shifted to be higher or lower than in the original recording.
This mimicked between speaker VT differences (e.g. someone with a larger VT would display lower F1
cues). Perceptual shifts in the test word depending on F1 in the prior sentence occurred in the manner
expected if VTN had taken place. The authors suggested that gaining information about the speakers
‘formant space’ from prior listening (the typical position of the formants for that speaker) allowed for



‘relational processing’, whereby the relationship of test sound cues to the speaker’s formant space is
relevant, rather than their absolute value (Helson 1948, Joos 1948). Specifically, if the immediately
preceding sentence was altered to contain low F1 values, a test vowel with a mid-F1 value was more
likely to be perceived as a having high F1 value (“bet”) rather than its acoustic value because, relative
to the prior context, it was heard as ‘high’.

As well as between-speaker variation, variation to formants is also caused by speech immediately
adjacent to the phoneme. In normal running speech, a steady-state phoneme nucleus containing the
relevant formants is not reached (Assmann et al. 1982, Macchi 1980). Cues for each phoneme are
assimilated and shifted toward the location of those in the adjacent phonemes (Liberman et al. 1967,
Lindblom and Studdert-Kennedy 1967, Verbrugge et al. 1976). This process is due to co-articulation
caused by the sluggishness of articulators (Lindblom 1963, Nearey & Assmann 1989). The shifting of
cues towards the adjacent values is known as acoustical “undershoot” because the formant values are
not quite reached during this process. Undershoot has a similar effect as VT variation: undershoot
involves a pulling of formants towards the immediately prior VT configuration and VT variation
involves a pulling towards the general VT configuration of the speaker (as is necessary due to the
confines of the size and shape of the speaker). Undershoot causes overlap in formant space like that
caused by VT variation (Lindblom and Studdert-Kennedy 1967, House and Fairbanks 1953). However,
undershoot does not result in perceptual problems. It appears to be dealt with by a similar relational
perception as was demonstrated for between-speaker variation. In the perception of a test phoneme
with a middle acoustic F1 value, if F1 in the immediately prior phoneme is low then this sets the
context: the mid F1 in the current phoneme will be perceived in light of the prior phoneme context as
relatively high. This creates normalisation to counteract undershoot but also an apparent shifting
apart of phoneme cues from each other, which has been named the “overshoot” effect (Lindblom and
Studdert-Kennedy 1967).

Phoneme Extrinsic Normalisation - Mechanisms

Similar perceptual shifts occur to compensate for the similar problems of between-speaker VT
variation and undershoot. Therefore, as was suggested by Summerfield (1984, 1989), the underlying
mechanism of compensation might be the same and researchers can look to mechanisms of overshoot
to determine mechanisms of VTN. Both overshoot and VTN appear to be normalised via relational
processing, or simply “listening in context”. However, the mechanisms behind listening in context may
not be simple. Possible mechanisms are described below and the potential for birds to use these is
discussed.

A ‘learning’ of cues that map out the speaker’s vowel space might be necessary for the VTN seen in
Ladefoged and Broadbent’s study. Common experience tells us that the act of adjusting to a new
speaker (or removing undershoot) is automatic and unconscious. ‘Explicit learning’ (Dienes and Berry
1997), whereby we can describe the acoustical cues used to identify phonemes does not seem to
occur. Most listeners have little overt knowledge regarding which cues they use during phoneme
identification. This appears to be the case whether listening to one’s first or a second language, even
though acoustical learning during second language acquisition is more deliberate (Ellis 1994).
Supporting this is the fact that gaining explicit knowledge of the nature of distortion (e.g. being told
of a phoneme shift by orthographic representation) does not help the listener undo its effect
(Haggard, 1973, Summerfield 1989). This calls into question whether normalisation is ‘learning’. Some
form of short-term learning in the sense of ‘identifying’ useful information from immediately prior
speech and preserving this memory might be involved in the normalisation seen, but any such learning
if it occurs, appears to occur implicitly. If normalisation is an implicit process, this increases the
chances that it is a lower-level process that birds might share, rather than cognitive process.



An example of cue ‘learning’ is seen in studies examining the usefulness of ‘point vowels’. Point vowels
(e.g. /i/ /a/ /u/) represent extremes of articulation space for the speaker and can act as reference
points for the VT area (Verbrugge 1976). These cues may be learnt through experience with the
speaker to build a formant-space map. Evidence for such learning comes from studies that show that
experience with point vowels enhances the identification of target vowels (Liberman 1973) and
Gerstman (1968) accurately classified the data of Peterson and Barney using calibration based on point
vowels. However, point vowels are not always useful for identification (Verbrugge 1976) and were not
a favoured explanation by Ladefoged and Broadbent (1957). It is therefore assumed that better
recognition after hearing prior speech by the same speaker results from extracting different specific
cues or wider information about the speaker’s spectral space.

Rather than hypothesising that their effects were due to a learning of specific cues, Ladefoged and
Broadbent observed that their results are like those in colour perception, where normalisation is
caused by neural adaptation (Foster 2011). Neural adaptation occurs in single cells and populations of
neurons in lower and higher brain regions (Antunes and Malmierca 2014). Importantly, neural
adaptation can provide effects of a similar nature to the perceptual shifts in overshoot and VTN - it
appears to directly explain ‘relative perception’ (Smith 1979). If normalisation involves neural
adaptation this may mean a more basic mechanism, rather than a higher-level cognitive process. Such
a process is more likely to be shared with birds. Lindblom and Studdert-Kennedy (1967) specifically
hypothesised that overshoot involves peripheral neural adaptation. If the process has a peripheral
source, it is even more likely to be a basic process that might be shared with birds, as the peripheral
neural system is generally simpler.

Experimental evidence indicating that VTN could be a result of peripheral neural adaptation comes
from studies investigating overshoot. The overshoot effect, described above, appears to be a
manifestation of the ‘enhancement effect’ (also known as the ‘negative auditory after-image’)
(Summerfield 1984, 1989). The enhancement effect describes the perceptual enhancement of energy
change between short (phoneme-length) sounds heard in sequence: if a short sound with more energy
in one frequency region and less in another is heard immediately prior to a sound with equal energy
in all regions, the regions where there were peaks in the prior sound will be diminished in perception
of the current sound and the areas where there were troughs will be enhanced. For example, in speech
perception, where there is a peak in energy in a phoneme (e.g. a formant), this energy is relatively
diminished in the immediately following phoneme. However, areas where there was previously lower
energy (e.g. frequency regions adjacent to the formant) this will be relatively enhanced.

A number of studies appear to show this enhancement effect directly explaining overshoot. In a study
by Mann (1980), real speech sounds from a ga-da continuum (where F3 varies between the two
phonemes) were more likely to be perceived as /da/ (F3 energy at a higher frequency) after /ar/ (F3
energy at a slightly lower frequency) and /ga/ (F3 energy at a lower frequency) after /al/ (F3 at a
slightly higher frequency). The same effect has been observed for vowels (Holt 1999). In this type of
research the effects are termed ‘spectral contrast’ effects rather than the ‘enhancement’ effects or
‘overshoot’ but Holt & Lotto (2002) explicitly note the similarity of spectral contrast effects and the
enhancement effect, and it is clear from spectral contrast studies with speech, that the same process
is probably behind the overshoot effect.

There is evidence that these shifts are caused by peripheral neural adaptation. Studies on the
enhancement effect show that if the prior sound is presented to one ear it does not affect the sound
at the other (Summerfield 1984). This is evidence that the process might occur at the periphery before
sounds from both ears combine. The effect has also been shown to have a very short time course
(about the length of a phoneme), which is indicative of peripheral adaptation (Summerfield 1984).
‘Simple neural adaptation’ (a decreased firing rate with continuous stimulation in frequency sensitive



channels) at the level of the auditory nerve (Smith 1979, Kiang et al. 1965) or adaptation of
suppression (Viemeister and Bacon 1982) have been proposed explain the effect (Summerfield 1987)
and neurophysiological evidence of peripheral adaptation during enhancement has been reported
(Palmer et al.1995). Spectral contrast studies also confirm the short time course of spectral contrast
and its (largely) non-crossaural nature (Holt & Lotto 2002). These studies also show the same sort of
shifts with non-speech sounds, which means that the process is not speech-specific and therefore
potentially available for bird vocalisations. Further, spectral contrast effects have been measured in
birds when listening to human speech (Lotto 1997 - See Section 2 for further description of this study).

Given the above research, there is good evidence that peripheral adaptation explains overshoot in
humans. Further, this appears to be a low-level process that is not speech specific. Therefore, this
mechanism is potentially available to birds. However, it is not clear that birds experience problems
similar to co-articulation/undershoot when listening to birdsong. Therefore, birds may not possess
such an ‘overshoot’ mechanism. Importantly to the topic of this paper, it was suggested that the same
mechanism might be responsible for VTN in humans, and therefore also available for birds for VTN.
However, contrary to suggestions by (Summerfield 1989) it is not certain that this process can in fact
explain VTN. The short time course of peripheral adaptation means that the perceptual shifts can only
be in response to an immediately prior sound (which cannot fully contain the VT characteristics). The
VTN shifts in Ladefoged and Broadbent’s study appear to be based on the global spectrum of a whole
sentence rather than an immediately prior phoneme. Therefore, it is not clear that studies on
overshoot show a non-speech-specific peripheral process behind VTN. VTN may require a mechanism
of greater complexity which may be less likely to occur in birds.

Other potential mechanisms of human VTN have been examined. Specifically, the mechanisms behind
shifts that occur after a longer (sentence length) segment of prior speech have been investigated.
Watkins (1991) used precursors similar to Ladefoged and Broadbent’s sentences and showed that a
central rather than peripheral process causes perceptual shifts suggestive of VTN. In Watkin’s study,
precursor sentences were filtered by the inverse spectrum of an /e/ vowel or the inverse of an /i/
vowel to mimic speakers with different VTs. Test words drawn randomly drawn from an “Itch” - “Etch”
continuum followed the precursors. Increased ‘Etch’ perceptions were observed when the precursor
sentence was filtered with the inverse spectrum of /e/ and increased ‘Itch’ perceptions occurred when
the precursor was filtered for inverse /i/. Shifts were the same in nature as seen in Ladefoged and
Broadbent’s study - low energy regions in precursors were heard as enhanced in test sounds and vice
versa. The author described these shifts as showing a “restoration of perception of a sound filtered
by a speaker to that of an unfiltered context” - i.e. VTN. Additionally, they noted that the shifts were
in response to the long-term average spectrum (LTAS) of the precursor sentence (Watkins 1994),
rather than just the immediately prior segment of sound. This shows that the general spectral
characteristics of the speaker are normalised for, as would be expected by a VTN process. Importantly,
unlike with overshoot effects, the shift was largely cross-aural. This cross-aural shift must be caused
by a central mechanism because peripheral adaptation effects cannot manifest cross-aurally. Further,
maintaining a picture of LTAS requires a ‘sampling’ of the speaker spectrum over the course of the
sentence, which is likely to be beyond the time window of peripheral adaptation. The authors offered
auditory memory as an explanation for this effect (Watkins 1996). While memory of some kind may
be required to establish a ‘spectral average’ and short-term timbral memory can store detailed
spectral representations of sounds for short periods (Cowan 1984), the memory explanation is called
into question by a number of features of this effect: 1) it was found to require spectro-temporal
variation in sounds (Watkins 1991). It is far from certain that memory requires spectro-temporal
variation in sounds for them to be remembered (though see Pike 2014); 2) shifts do not occur when
the prior sentence and test sound appear to come from different direction: memory is not affected by



the direction of the stimuli being remembered. However, this aspect might be explained by co-
occurring perceptual ungrouping effects (Bregman 1990), leaving a memory explanation intact.

Other studies support the apparent centrally produced VTN seen in Watkins’ work. These studies have
further elaborated on mechanisms behind this process (Holt 2005, 2006, Liang et al. 2012). Holt’s
(2005 2006) studies show that precursors consisting of a sequence of 21, 70ms sine tones with an
average frequency centred on the either F3 offset frequencies of /al/ or /ar/, caused shifts in /ga/ to
/da/ test sounds, as seen in Mann’s (1980) study described above. It was clear that shifts in response
to the mean frequency of the whole precursor occurred, rather than just the frequency of the tones
immediately prior to the test sound. Further, the effect did not break with a more than 1.3 second gap
between precursor and test, which appears to rule out peripheral adaptation as this is usually shorter
lived. This effect was not tested for its cross-aural nature but was claimed to be central due to is long
time course. Holt put forward adaptation at central sites — specifically ‘Stimulus Specific Adaptation’,
which occurs in the primary auditory cortex (Ulanovsky 2003, 2004) as the mechanism behind this
effect. Such high-level adaptation is more suited to explaining VTN than auditory memory, as
adaptation has a nature that perfectly explains relational processing and the shifts seen. Again, the
non-speech sounds used in Holt’s studies mean that such a mechanism may occur with birds and
further research has supported this with musical sounds (Stilp 2010). However, such higher-level
processes may be less likely to be found in birds.

Additional evidence of higher-level mechanisms causing VTN comes from studies looking at VTN
mechanisms more generally. Wong (2004) showed that ‘central’ speech processing areas of the cortex
are engaged when new speakers are presented. In Nusbaum and Morin (1992)’s study participants
were measured on memory for words. Mixed speaker conditions showed more error and this was
concluded to be due increase attentional demands due to variability. They stated that ‘speech
perception requires ‘active’ processing to reduce the set of possible responses to a single response’.

Normalisation section conclusion

In humans, perceptual constancy across VT variation among speakers may occur via intrinsic or
extrinsic normalisation processes. Perceptual normalisation involves the removal of variation,
resulting in cues being perceived as the same across speakers and ‘cannoical’. However, this process
implies a loss of perception regarding the speaker VT characteristics.

Little is known about the precise mechanisms involved in intrinsic normalisation but if listeners can
find reference cues to VT dimensions within the phoneme in question then instant normalisation of
shifted cues may be possible. Normalisation appears to benefit from information outside of the
phoneme. Either particular reference cues are extracted from prior speech for this purpose, or a more
complex spectral average for the speaker is captured using auditory memory and/or higher-level
neural adaptation. These processes appear not to be speech specific but applicable to all sounds so
they may occur with bird song. However, the high-level nature of some of these may mean that they
are not shared with birds. Compensation for undershoot (the overshoot effect) is more likely to be a
process which uses a low-level peripheral neural adaptation. This makes it more likely to be available
to birds, however, it may not be effective in reducing between-speaker or between-bird VT variation
due to an inappropriate sampling duration. It might only function to reduce any ‘co-articulatory’
effects that humans and birds might experience.

Non-Normalisation Methods

Non-normalisation methods describe other mechanisms by which the listener can correctly identify
phonemes despite variation. Unlike normalisation these methods either do not appear to involve a
reduction in perceived cue variation or involve only a partial reduction. Therefore, these methods may
be useful for maintaining perceived variation in the signal while still accurately categorising speech



sounds in order to recognise them. However, the extent to which they fully allow for accurate
recognition is unclear. These methods are ‘non-analytical’ (Pisoni 1997, McClelland & Elman 1986) and
may instead involve a ‘statistical’ assessment of the correct category of the sound for recognition.
Categorical Perception/PME

Categorical perception (CP) is a general perceptual process that explains variance reduction in speech.
CP describes the effects seen when listeners are asked to identify speech sounds taken from an
acoustical continuum, using distinct category names (e.g. /b/ or /d/). With strict or ‘traditional’ CP,
listeners hear only one type of sound and thus label the sound consistently (e.g. /b/) until a distinct
point in the continuum where they hear another sound (e.g. /d/). Additionally, for traditional CP it
must be shown that listeners are not sensitive to any variation in sounds that are assigned same
category label in discrimination tasks (e.g. they cannot hear the difference between two phonemes
that are variations of /b/). Therefore, via this process within-category variation appears to be lost but
between-category variation is maintained. Examples of traditional CP are most readily seen in the
perception of consonants. Consonants that vary continuously in a parameter used to distinguish
between two different consonants e.g. (F2 transition) result in listeners hearing one consonant until
they hear another (Ainsworth 1988, Liberman et al. 1957). Categorical perception of vowel sounds
however tends to be less strict with perception of within-category variation remaining alongside
categorical labelling (Liberman et al. 1957, Pisoni 1973).

The mechanisms of traditional CP are not certain. It was originally believed that CP was unique to
speech sounds because it was created by a psychological link between speech perception and the
articulatory processes used to produce speech (“motor theory of speech” Liberman et al. 1967,
Galantucci 2016). This theory is no longer in favour as CP has been found to occur for non-speech
sounds. For example, Cutting and Rosner (1974) show that sawtooth waves are heard as plucked when
a continuously varying rise time is below 40ms but as bowed, when it is greater than 40ms. Miller
(1976) has also shown CP for noise/no-noise sounds where the time delay between a noise and buzz
was continuously varied. Traditional CP may instead come about from natural discontinuities in the
auditory system, or in other aspects of the perceptual system. Such discontinuities have not been
found within the peripheral hearing system thus far. For example, the basilar membrane does not
treat sounds discretely. However, Fujisaki and Kawashima (1970)’s memory model proposes that CP
may be due to the differential use of particular memory stores. Specifically, they explain why there is
more CP for consonants compared to vowels: for constants, it is the temporal variation in formants
and other temporal cues (e.g. voice onset time) that tend to be important. The time varying nature of
these cues means that each portion of the cue is only present a short time. An auditory memory store
that stores a detailed representation of cues appears to exist but it is proposed that this store cannot
grasp these time varying features for long enough to preserve them. At the same time, a less detailed
categorical or ‘phonetic’ store exists. This appears to have a quicker temporal resolution being able to
grasp and store short/changing cues but in less detail. Therefore, for consonants with their time
varying cues, only less detailed categorical perception remains but vowels with more static formants
can be grasped by the detailed store as well as the phonetic store, allowing for better within-category
discrimination of two acoustical similar vowels, (at least if presented in close succession - Pisoni 1973).
Therefore, auditory memory may be a good explanation of traditional CP.

Normalisation appears to be another candidate explanation for CP because during normalisation cues
appear to get perceptually shifted towards a canonical location, which would result in the perception
of speech belonging to unique categories. However, there is no known research on whether
normalisation processes explain CP. Further, it is posited that there is a conceptual difference between
the two processes. In categorical perception, it’s not clear that acoustical cues are perceptually shifted
before the category judgement. It appears that all cues remain in place, category judgements are
made based on the most appropriate category given the cues, and once this occurs, the perception of
within-category variation is lost. Under such a process, if a one or many cues are shifted by distortion
to a location which puts them in a frequency region suggestive of a different (incorrect) phoneme, CP
will not move those cues back to the correct location, but categorical perception will still occur and



incorrect, but categorical, identification will occur (Pike 2015). Normalisation, on the other hand will
shift cues back to the canonical location, after which a categorical like perception of the correct
phoneme can occur because cues have been shifted to their canonical location. Therefore,
normalisation appears to do more than CP alone — it both corrects the distortion and results in
categorical and canonical perceptions. It can explain correct perception in regions of ambiguity (e.g.
vowel space overlap).

Less strict versions of CP also exist and these are thought to come about through learning to categorise
sounds over time. The Perceptual Magnet Effect (PME) describes CP with softer boundaries, whereby
category labels are not so readily assigned, and within-category variation remains accessible. More
specifically, PME describes a warping of perceptual space where within-category variation is gradually
more difficult to discern the closer the sounds are to the centre of the category (the prototype).
Evidence of this being due to learning comes from infants at 6 months who after language learning,
show PME (Kuhl 1991) and the fact that within-category variation perception appears reduced after
learning language but, it has been shown that categories are not fixed and immersion in a second
language can create new categories (Flege et al. 1999, Werker and Tees 1984).

Redundancy in cues and Categorisation

In spite of VT variation, it is possible that no or little adjustment needs to occur. It may be that
sufficient spectral/non-spectral cues within the phoneme remain to allow for accurate identification.
Firstly, cues that are particularly robust to VT distortion may be more heavily relied on. Temporal cues
are robust to distortions affecting spectral attributes. For example, cue length usually has a limited
role in identification but may be weighted more heavily when other cues are distorted. This effect was
illustrated by Ainsworth (1972) who showed that duration effects were most prominent when a target
vowel was in the centre of F1 and F2 space, where it is subject to more overlap. Further spectral-
transitional cues may not be distorted to the same extent by general VT variation, which is a static
distortion, and may play a larger role in identification in the case of VT differences.

Secondly, there may be sufficient cue redundancy in each phoneme. ‘Extended target theories’ of
speech perception state that the overlap in formant space is not a problem because cues other than
lower formants can identify the sound. For example, if F1 and F2 are distorted the listener can use
other cues such as higher formants (Strange 1989) or spectral tilt (Kiefte 2005). Therefore, there may
be overlap in F1 and F2 space but not in the categorisation of phonemes. Some of the strongest
examples of cue redundancy can be seen in the accurate perception of “sine-wave speech”
(harmonically reduced speech, produced by tracking the frequency and amplitude of the first 3
formants over the course of a sentence and replacing all information with sine waves representing
this tracking - Remez et al. 1981), telephone speech with a bandwidth of 300-3000 Hz, and in studies
showing that speech is perceived with 90% accuracy where only information below 800 Hz and above
4000 Hz remains (Lippmann 1996).

Elaborating on redundancy theories, Repp’s trading relations theory describes how speech cues can
be weighed against each other (Repp 1982). Repp states that speech forms categories and cues to
speech categories have different weights but no cue is essential — a cue can be moved so that the
phoneme favours one category and this can be offset by moving another cue to favour another
category. For example, a shift in a cue (e.g. F1) from the canonical location to a higher value could
result in the perception of a different phoneme (i.e. one with generally higher formants) but this would
not result in this perception if a different cue (e.g. F2) was shifted in the opposite direction (potentially
signalling a phoneme with lower formants) as both shifts would counter-balance each other. This
demonstrates robustness to distortion of some cues, as long as the distortion is balanced. It is not
clear how such a process would deal with VT distortion as this is not balanced - cues would be shifted
in a particular direction. However, this finding demonstrates flexibility of cues and appears to describe
a statistical weighting process is behind placing speech in categories.

“Categorisation” theory is a further elaboration of the cue weighing described by Repp and the
redundancy described by extended target models. Categorisation theory implies that all cues are
relevant and speech is recognised by statistical pattern matching to ‘exemplars’ or ‘prototypes; of
speech stored in memory (Samuel 1982). Holt (2010) states that: “speech stimuli are represented by
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continuous values, as opposed to binary values of the presence or absence of some feature. Speech
perception is the process that maps from this space onto representations of phonemes or linguistic
features that subsequently define the phoneme. This is an example of categorisation, in that
potentially discriminable sounds are assigned to functionally equivalent classes.” Holt implies
something other than a loss of sensitivity to within-category differences within her description of
categorisation. In fact, it appears that in order to distinguish categorisation from CP and PME, an
assumption of no or little perceptual loss of variation is necessary. Studies showing that some
exemplars are identified as better exemplars of phonemes than others may be evidence of within-
category discrimination ability remaining in speech perception (Kuhl 1995). Further, physiological
studies and eye-tracking studies show variation in the speech signal remains perceptible during
recognition tasks (Holt 2010).

The mechanisms for speech categorisation are likely to be similar to categorisation in other cognitive
domains. For example, researchers looking at implicit learning have researched categorisation more
generally and have shown good identification of objects when specific examples of the objects have
been stored from previous tasks but worse performance with more novel stimuli. This would be
expected if speech recognition takes place by matching to new speech to previously heard examples.
Nygaard and Pisoni (1998) show that experience with a particular speaker means enhanced word
recognition for familiar words in noise, but not novel words, suggesting that pattern matching of new
sounds to stored examples takes place. Such an effect cannot be explained by experience with the
speaker’s vowel space during the test as this occurred in both conditions. Maddox et al. (2002) found
processing in the striatum was involved in unconsciously storing past examples and matching of new
speech to these.

3. Vocal tract constancy in songbirds

As the mechanisms of constancy do not appear to be specific to speech, they are potentially processes
shared with other animals, especially those that produce vocalisations which bear some similarity to
human speech, like songbirds (Doupe & Kuhl 1999). Maintaining constancy of vocal sighals may be
critical for survival and reproduction in birds as vocal signals are the key source of communication in
birds. Similarities in constancy mechanisms between humans and birds may be evident if these
mechanisms are basic processes of the auditory system that are evolutionarily conserved or because
birds have separately evolved these mechanisms for their own vocalisations. Bird vocalisations are
broadly divided into two categories; songs and calls. Songs and speech are comparable in the sense
that both need to be learned from conspecifics, mostly during early life (Doupe & Kuhl 1999). Speech
and songs are also both composed of hierarchically structured units. In birdsongs, notes (also called
elements) are the smallest unit of continuous sound that are concatenated to form syllables, phrases,
and motifs — similar to how phonemes in human speech are combined into syllables and words
(though this similarity is somewhat superficial — Berwick 2011). Critically, both songs and calls are used
to communicate a message to the receiver. Songs are predominantly sung to attract mates, repel
rivals, and defend territories, so the information contained in songs is limited to these contexts (e.g.
“l am good at keeping this territory from others so | am probably also good mate”; Searcy & Andersson
1986). For songs to effectively serve their purpose they should convey information about a singer’s
characteristics, such as species identity, quality as a mate, and strength as a competitor. Song rate,
syllable or song-type repertoire, and song pitch have been found to correlate with singer condition,
learning ability, and body size, respectively (Saino et al. 1997; Nowicki & Searcy 2005; Linhart & Fuchs
2015). Songbird calls may be more similar to human speech in terms of the diversity of messages that
they can relate. Calls — which are also composed of notes and syllables — are used in a variety of
contexts such as maintaining social contact, pair bonding, and signalling predator presence and
therefore have different functions. It has been shown that modifications of calls are sometimes made
to affect the message that is being conveyed: for example, black capped chickadees convey
information about the size and threat of approaching predators by varying the notes within the call
(Templeton et al. 2005). This is contrary to song, where modifications are usually not used to change
their message (but sometimes messages regarding level of aggression are made via altering amplitude
and song performance — Searcy et al 2006, DuBois 2009). Both types of communication may vary
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between birds less deliberately, via the acoustical modifications caused by the environment or via VT
differences. This can affect how well messages are recognised by other conspecifics as a song, or how
well they understand the message contained within a call. Hence, we explore the possible utility of VT
constancy for the recognition of bird songs and calls; even though calls are not conventionally viewed
as being learned and consequently not compared to speech, constancy may still be required for
recognition of the message. Finally, in additional to functional similarities, songbird vocalisations can
also be acoustically similar to human speech. At a very general level, they are time-varying, complex,
frequency-modulated sounds. At a more specific level, some songbird vocalisations, such as the zebra
finch, exhibit formant-like peaks that look like formants in human vowels (Elie & Theunissen 2016).
Like human phoneme recognition, syllable recognition in songs and calls must be robust to a range of
modifications to allow songbirds to make appropriate behavioural responses. This includes acoustic
modifications caused by variation in signaller characteristics, which could potentially stem from
variation in VTs similar to human speech. Compared to other causes of inter-individual variation in
acoustic realisations of notes and syllables within a species (such as social environments that produce
regional song dialects; Marler & Tamura 1964), the physical factors related to the mechanics of sound
production have received much less attention yet are likely to be important (e.g. see Podos et al.
2009). Here, we argue that one physical factor that is expected to significantly contribute to inter-
individual variation is VT size and shape. That is, individual differences in VT dimensions should
increase the acoustic variability of songs and calls by systematically distorting the acoustic realisations
of notes and syllables. In birds the VT consists of the trachea, larynx, and beak (Podos 2001). A number
of studies have shown that there is considerable variation in the length and size of the VT of individual
birds of the same species, in both songbirds (zebra finch, Riede et al. 2010; European starling, Prince
etal. 2011) and non-songbirds (whooping crane, Fitch & Kelly 2000; herring gulls, Hardouin et al. 2014;
oilbirds, Suthers 1994). For instance, the VT lengths of whooping cranes can range from around 10 cm
in juveniles up to 147 cm in an adult, with older individuals having longer VTs (Fitch & Kelly 2000). Of
particular interest to the question in this paper is the fact that between-adult variation is also notable.
There is between species variation — for example species with larger beaks will produce songs
emphasizing lower frequencies (Podos 2001). But there is also within species variation - for example,
Geospiza fortis show bimodal variation in beak size, with birds with larger beaks showing more limited
bandwidth and reduced vocal performance (Podos 2001, Huber & Podos 2006). It has previously been
suggested that the vocal tract served to supress overtones contributing to the pure tone of most avian
species (Huber & Podos 2006, Riede et al. 2006, Nowicki 1987, Nowicki & Marler 1988) However, work
by Ohms (2010) describes increasing evidence that vocal tract filtering is a relevant dimension in bird
song as well as speech. In Ohm’s study, linear sound sweeps where passed through the VTs of
euthanized zebra finches with varying beak gape and oropharyngeal-esophageal cavity expansion. The
LTAS was calculated and change in spectrum of the sound with narrower beak gape (there was filtering
below 6 kHz) and narrower OEC (amplitude decrease around 5 kHz), was observed.

Additionally to similarities between humans and birds regarding the purpose of vocalisations and the
acoustical structure of vocalisations, there are similarities in terms of vocal production problems.
Blurring of boundaries between syllables and overlap of syllables in acoustic space reminiscent of
overlap in vowel categories in human speech (e.g. Peterson & Barney 1952) has also been observed
in songbird vocalisations (Williams et al 1989, Elie & Theunissen 2016), but it is not known how much
of this is due to inter-individual variation in VT dimensions per se. During song learning, the songs that
juveniles hear are influenced by tutor characteristics, which could be difficult or impossible to
reproduce exactly given that the juvenile and tutor have different VT shape and size. As a result,
juveniles may seek to learn songs in a “tutor free manner”, storing songs in a canonical form from
which they can more easily reproduce. Similarly, VT differences between individuals may make song
recognition more difficult because the same syllable produced by different singers will sound
different. Thus, for the sake of accurate recognition, the listener may want to remove variation caused
by the singer.
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Normalisation methods

Birds may have similar ways of dealing with these problems as humans and there are good reasons
to believe that songbirds may be able to perceive VT dimensions from vocalisations. In this section
we will explore the methods that songbirds could use to compensate for acoustic variability caused
by VT dimensions. For the methods of normalisation and non-normalisation discussed in the human
section, we will discuss whether birds may be using these mechanisms in the perception of own-
species vocalisations.

Normalisation by vocal tract length

Normalising individual differences in VT length may be one mechanism that songbirds use to maintain
constancy of notes and syllables. To show that songbirds could use VT normalisation as a mechanism,
it would first be necessary to show that VT length contributes significantly to acoustic variation of
vocal units. This has been demonstrated in mammals and whooping cranes (Reby & McComb 2003;
Riede & Fitch 1999; Fitch & Kelley 2000), but not songbirds. Subsequently, it would be necessary to
show that within-category scatter caused by inter-individual differences in VT length can be eliminated
by scaling the category-defining properties of songbird vocal units to fundamental frequency (FO0), or
an equivalent to third formant frequency (F3), or formant dispersion — these factors have been
correlated or causally related to VT length in past studies (Potter & Steinberg 1950; Nodstrom &
Lindblom 1975; Fitch 1997). Several studies have shown that songbirds are sensitive to FO and
whooping cranes notice when formant frequencies of their calls were shifted to mimic a different VT
length, suggesting that they perceive information about an individual’s VT length through formant
dispersion (Fitch & Kelley 2000). Many songbirds produce vocalisations that contain harmonic
overtones, which makes the acoustic correlates of VT length within these (e.g. formant dispersion;
Fitch 1999; Fitch & Hauser 2003, Williams et al 1989) potentially available to perception and use by
the receiver.

Normalisation by formant ratios

Perception of formant ratios is a normalisation mechanism also conceivably employed by some
songbirds. Zebra finches may be good species to study formant ratio normalisation, as both humans
and zebra finches are capable of categorising sounds that differ in frequency ratios (Weisman et al.
1994). In addition to being sensitive to relative frequency ratios (which are important for perceiving
speech from different speakers), zebra finch vocalisations exhibit formant-like peaks, with relative
differences in these formant-like peaks present in different vocalisations, suggesting that they may
distinguish formant ratios in their own songs and calls (Elie & Theunissen 2016). If zebra finches use
formant ratios for perception of their own vocalisations, then their transferral of this process for use
with human vowels could explain why zebra finches appear capable of spontaneously adjusting their
perception of vowels to different speakers (Kriengwatana et al. 2015; Ohms et al. 2010).

Williams et al. (1989) has also shown in zebra finches that i) multiple renditions of a given song syllable
show consistency in the suppression and emphasis of the amplitude of specific harmonic frequencies.
This produces varying peaks and dips in the power spectrum or ‘timbres’, similar to formants in human
speech; ii) these patterns differ between song syllables; iii) these patterns were learned, as juveniles
copied these patterns from adult models. Thus, given the importance of formants and complex
spectral structure in speech, this research suggests that patterns of harmonic frequencies “are among
the song characteristics important for zebra finches”. However, as Williams et al. note, while
differences in the amplitude of a signal harmonic (e.g. 2™ harmonic) are perceived, the perception of
more complex timbres has not been directly measured in zebra finches or other birds, and the use
made of timbres is not well understood. However, the fact that this timbre is learnt by juveniles implies
that complex timbres are perceived and may indeed be useful in conveying a message.

Interestingly, zebra finches are capable of detecting a single missing harmonic in their vocalisations
(Cynx et al. 1990; Uno et al. 1997, Lohr & Dooling 1998), suggesting that they may be paying attention
to the amplitude of particular harmonics rather than the relationship between harmonic amplitudes.
This could enable accurate recognition without the need for formant ratio normalisation. Hence, if
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they recognize and discriminate syllables using this strategy, then future work needs to determine the
function of formant-like peaks their vocalisations (Elie & Theunissen 2016) and what role, if any,
formant perception and formant ratio perception plays in zebra finch syllable recognition.
Normalisation by “point vowels”

Instead of scaling perception of vocal units to VT length using intrinsic cues, songbirds might scale
their perception to an individual’s vocal-articulatory range, calibrating their perception to vocal units
that occupy the most extreme positions in articulatory space (such as point vowels in speech).
Although there are no investigations into the use of this mechanism in songbirds, data from other
studies suggest that it is unlikely that this mechanism is required for recognition. In operant
conditioning experiments songbirds can classify isolated vocal units produced by unfamiliar individuals
(Sturdy et al. 1999, 2000), which indicates that constancy is feasible even without calibration to an
individual’s articulatory space via experience with extreme VT positions. However, it is possible that
the songbird equivalent of point vowels was among the vocal units that were tested experiments, so
at the moment this mechanism cannot be ruled out entirely.

Despite the results from operant studies going against the idea that information extrinsic to the vocal
unit aids classification, there is evidence that familiarity with a singer’s song influences perception.
Cynx & Nottebohm (1992) reported that for zebra finches, songs that were more familiar were easier
to discriminate. Specifically, male zebra finches were faster to discriminate between two songs when
one was their own; more trials were required for zebra finches to discriminate between the songs of
familiar birds, and even more were required for the songs of unfamiliar birds. Unexpectedly, females
did not show a familiarity effect, a finding which is not predicted if birds normalise based on an
individual’s coordinates. While this study shows that familiarity is helpful, it is not clear whether the
facilitation is due to the use of “point vowels” - songbirds could be normalising inter-individual
differences by using an external reference system based on a singer’s vocal articulatory coordinates
obtained via different cues - or other information such as the use of the whole spectral range or rate
of information. Additional research to support the idea that birds create perceptual frames of
reference for each singer would be if they showed faster or more accurate recognition of a syllable if
they had previously heard another syllable from the same singer, as well as the existence of scaling
methods that can successfully shift critical acoustic features in songs into a singer-specific coordinate
system (see Johnson 2005).

Normalisation by spectral contrast mechanisms

In 1997, Lotto and colleagues showed that a non-songbird (Japanese quail) appeared to show effects
indicative of compensation for co-articulation when listening to speech, just as was shown by humans
in ‘spectral contrast’ studies. Quail were trained to respond to /da/ or /ga/, which were synthesised
as a ten-step series that varied in F3-onset frequency (/da/ with high and /ga/ with low F3-onset).
These syllables were preceded by one of three synthesised syllables /a/, /al/, or /ar/. Like in human
experiments, quail perceived syllables with intermediate F3-onset frequencies as more similar to /ga/
(low F3-onset) if the syllable was preceded by /al/, which had high F3-offset frequencies. In contrast,
they perceived the same syllables as more similar to /da/ (high F3-onset) if it was preceded by /ar/,
which had a low F3-offset frequency. Thus, ‘spectral contrast’/overshoot between neighbouring
phonemes appears to occur and may be sufficient for quail maintain constancy when perceiving
human speech. As explained earlier, this mechanism could be the same as that used to compensate
for speaker differences in speech, so it is possible that spectral contrast plays a role in maintaining
constancy in songbird vocalisations, across VT variation as well as allowing songbirds to deal with any
co-articulation effects. The study by Lotto used human speech and to the best of our knowledge,
researchers have not directly tested whether such contrast effects are used by songbirds to maintain
constancy of their own vocal units. To find support for spectral contrast effects in songbirds, the
spectral envelope of a preceding song syllable should influence classification of a following target
syllable in species with low to moderate levels of syntactical structure of song syllables where the
order of song notes and syllables are not highly predictable, such as the zebra finch or Bengalese finch
(Lachlan et al. 2016; Wohlgemuth et al. 2010).
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Recognition by extended experience

Extended experience may also facilitate recognition by providing context for which to evaluate the
sound and the opportunity for a learning of phonological sequences or syntax. For example, zebra
finches were better at detecting changes in timbre in a syllable if it was embedded in a whole song
compared to if the syllable was presented in isolation (Nottebohm et al. 1990). Lachlan & Nowicki
(2014) showed that the position an ambiguous syllable occupied in a song influenced how likely it was
to be treated by swamp sparrows as belonging to one of two distinct categories. The use of phonetic
context to maintain constancy of vocal units may be widespread in species where there is some
predictability in how syllables are ordered, including in humans, who use phonological rules that
govern the sound sequences permissible in a language to segment words in running speech (Saffran
et al. 1996). Most probably, the use of context will not be as useful for species where syllables can be
arranged in any order, suggesting that species may vary in which constancy mechanisms — including
the ones discussed here — are likely to be employed.

Non-normalisation methods

Normalisation implies that listeners “clean” the signal by removing individual differences in how the
signal is produced. However, singer-related cues provide important information that is worth retaining
in speech and song. For example, singing is a demonstration of the ability to very precisely control and
coordinate VT movements and breathing and is more demanding for songs with syllables that cover a
large range of frequencies and are rapidly repeated. Thus, individual differences in syllable production
can reflect differences in motor ability (Podos 1996). Syllables that are difficult to produce have been
found to be especially attractive to females (Vallet & Kreutzer 1995, 1998), which suggests that
individual differences in vocal production are important indicators of signaller quality and potentially
sexually selected (Podos et al. 2009). Body size is another cue that songbirds may use to decide
whether to engage with the signaller in competition or reproduction and is inherently tied to the
dimensions of the VT which are proposed to be removed during normalisation (Hinds & Calder 1971;
Hall et al. 2013, Linhart & Fuchs 2015; Riede & Goller 2014). Hence, we examine evidence for other
methods of maintaining constancy in recognition that do not assume that signaller characteristics in
vocalisations are disregarded.

Recognition by categorical perception

Although once thought as a human and speech-specific characteristic (Liberman et al. 1957),
categorical perception of sounds is now known to be widespread in the animal kingdom, occurring
both in response to human speech (e.g. rodents, Kuhl & Miller 1975; birds, Dooling et al. 1989) as well
as conspecific vocalisations (e.g. frogs, Baugh et al. 2008; crickets, Wyttenbach et al. 1996; monkeys,
May et al. 1979). Categorical perception of song note duration has been convincingly demonstrated
in a songbird (swamp sparrows) at the behavioural and neural level (Nelson & Marler 1989; Prather
et al. 2009, Lachlan & Nowicki 2015).

Although categorical perception could occur as a result of innate discontinuities in the auditory
system, a study in European starlings showed that songbirds can also learn to exhibit categorical
perception of human phoneme boundaries in a human-like fashion. Specifically, birds learned to
respond to tokens of synthetic vowels within a category as more similar than vowel tokens from other
categories, even though all vowel tokens were separated by the same acoustic distance (Kluender et
al. 1998). Recent work supports the view that these perceptual learning effects are present in natural
conditions, as swamp sparrow song syllable categories exhibit internal structure and conspecifics
respond more strongly to syllable renditions that are good exemplars of that syllable type (Lachlan et
al. 2014). However, the studies by Kleunder et al. (1998) and Lachlan et al. (2014) are only suggestive
of categorical perception and not direct evidence for it because animals were not tested in the way
categorical perception is classically done (i.e. vary a stimulus that can be categorised along a single
dimension and determine the steepness of the stimulus boundary). It is important to note that despite
the evidence of categorical perception in animals, not all vocal units are perceived categorically by
songbirds. For instance, unlike swamp sparrows, great tits do not perceive song syllable duration
categorically (Weary 1989). Thus, categorical perception may work together with other perceptual
processes to maintain constancy, depending on the type of vocal unit and also perhaps the species.
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Recognition by comparing to stored exemplars

In the 1990s, researchers suggested that birds may recognise the songs of conspecifics by determining
how closely an incoming song matches stored representations of their own song (Williams 1989; Cynx
1993; Pytte & Suthers 1999). We will refer to it here as the “own-song hypothesis”. Young songbirds
learn to sing by creating an internal auditory song template through a combination of innate
predispositions and experience (i.e. listening to adult tutor conspecifics), and then learn to match their
own vocal output to the memory of the song template (reviewed by Soha 2017). This view that
songbirds form a representation of tutor song is supported by neurobiological studies (reviewed in
Bolhuis & Moorman 2015). The caudomedial nidopallium (NCM) is an auditory forebrain region where
processing and storage of auditory memories of conspecific vocalisation occurs (Chew et al. 1996;
Gobes & Bolhuis 2007; Mello et al. 1992), and distinct patterns of NCM activity are observed in
response to different syllable types in the canary brain (Ribeiro et al. 1998). These results suggest that
NCM could be the site where exemplary representations of vocal units are stored and matched to
during recognition. For females that do not sing, the template that is used could be that of their father
or mate’s song (Cynx 1993). Neurons in an auditory forebrain region critical for song learning respond
selectively to a bird’s own song, as well as other conspecific songs including tutor song (albiet less
strongly, e.g. McCasland & Konishi 1981; Margoliash 1983; Theunissen et al. 2004), which provides
neurobiological evidence for song template matching. Damage to this region also impaired conspecific
song recognition (Genter et al. 2000; Brenowitz 1991). Chirathivat et al. (2015) also found that neural
activity in response to song has also been found in young birds that have had no prior song exposure.
One prediction from this hypothesis is that discrimination between sounds should gradually worsen
the farther they deviate from the bird’s own song. This is supported by studies showing that songbirds
respond differently to songs from different dialect and songs of neighbours versus strangers (Searcy
& Andersson 1986). It is not clear, however, how the own-song hypothesis accounts for how songbirds
recognise conspecific syllables that are improvised (and thus often unique to individual birds; e.g.
North American sedge wrens; Kroodsma et al. 1999), how birds that only sing a subset of song syllable
types rather than all possible syllable types can recognise conspecific syllables that they themselves
do not produce (e.g. zebra finches; Sturdy et al. 1999), or how songbirds can discriminate between
sounds that completely different from their own song (such as human speech) and potentially
unrecognisable as a song syllable. To resolve some of these shortcomings, the own-song hypothesis
might imply specialised processing of conspecific songs by songbirds, such that sounds with spectral-
temporal characteristics that fall within the range of a bird’s own song is compared to the bird’s song
template, whereas sounds that depart significantly are processed by other auditory mechanisms
unrelated to song perception. European starlings from the study on phonetic learning described
earlier by Kluender et al. (1998) seemed to be categorising human phonemes based on multiple
exemplars rather than a single exemplar (which would be the case in own-song comparisons), so
evaluating how starlings categorise their own song syllables would be useful for clarification and
development of the own-song hypothesis. Another example of matching to prior experienced song is
seen in compensation for degradation of acoustic vocal signals by distance and habitat whereby it is
thought that listeners deal with this distortion by comparing the incoming signal to an “undegraded”
version of the vocalisation stored in memory (Morton 1986). Support for this hypothesis include work
by McGregor & Krebs (1984) showing that male great tits differentiated between degraded and
undegraded songs of familiar neighbours but not of songs of unfamiliar individuals.

4. Discussion

Perceptual constancy allows humans and birds to recognise vocalisations despite modifications during
production and transmission through the environment. We focused on how, in humans, perceptual
constancy mechanisms ameliorate modifications caused by differing size/shape vocal tracts. We
observed that bird vocalisations are also likely to be affected by VT variation and may also benefit
from constancy. An aim of this project was to determine whether constancy mechanisms are shared
between birds and humans and whether human VT constancy research can offer avenues for better
understanding bird vocalisations and vice versa. We found a number of similarities that suggest that
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this is the case. Similarities in mechanisms could be due to convergent evolution or properties of the
auditory system inherited from a common ancestor. We noted that shared mechanisms of constancy
are more likely if they are peripheral in origin.

For both human language and bird song we described how vocalisations are used to a) send messages
containing specific information, such as ‘there is a threat over there’ and b) provide information
regarding signaller characteristics. Cleaning the signal of variation is clearly useful for receiving
informational messages, but for perceiving signaller characteristics the situation is less clear. Birds and
humans use vocalisations to convey signaller identity (‘who they are’ or ‘what species they belong to’)
via what is being said (i.e. the pattern of notes in the song or saying one’s name) but also via how
something is said: humans use general VT characteristics between speakers (pitch and timbre), as well
as time varying characteristics (accent) to identify speakers by their voice. Voice characteristics are
also used for recognising the speaker in some bird species (e.g. Weary & Krebs 1992; Vignal et al.
2008). Additionally, birds and humans use VT characteristics to give information about the
‘physiological quality’ of the signaller. A healthy human has as a pleasing timbre to their voice that is
attractive to other humans (Bruckert et al. 2010). Birds can use information contained in pitch and
timbre to judge body size (e.g. Fitch & Kelley 2000; Linhart & Fuchs 2016) and we suspect that the
pureness of tone may also be used when judging traits such as physiological symmetry and quality.
Differences in the relative importance of conveying messages vs conveying signaller characteristics
may indicate differences in VT constancy mechanisms between humans and birds: for humans the
main purpose of speech appears to be communicating a message via accurate delivery of linguistic
messages (e.g. making a command, saying one’s name) rather than communicating their
identity/fitness through VT characteristics. Therefore, achieving constancy is more important than
maintaining sensitivity to VT variation. For birds, vocal communication is more often used for the
purpose of attracting a mate or repelling rivals so the fitness and body size information that is
contained within VT characteristics would be more useful. This could mean that VT constancy is
reduced in birds. However, it is noted that even for birds fitness information is probably primarily
conveyed in aspects of the vocalisation other general VT characteristics, such as the time varying
aspects of the VT movements (e.g. ‘vocal performance’; Podos et al. 2009) and the song complexity
(e.g. Nowicki & Searcy 2005; Catchpole & Slater 2008). Normalising for VT differences across speakers
would not impede this.

This review examined how VT variation, while potentially useful, could disrupt the building blocks of
messages. For both species, vocal building blocks are distinct segments which contain similar spectral
cues to recognition: pitch cues and higher harmonics/formants. For songbirds pitch appears to be the
most important cue (e.g. Lohr 2008; Weary et al. 1989) and for humans energy at higher harmonics
(e.g. formants) is more important. For both species the effect of varying VT dimensions between
signallers can disrupt these cues.

We showed a variety of methods by which humans might maintain constancy across VT variation.
Normalisation processes remove perception of the variation by a perceptual ‘shifting back’ of speech
cues distorted by the VT. Intrinsic normalisation does this by using cues to VT dimensions contained
in the same phoneme. Intrinsic normalisation methods are difficult to test in humans and birds,
primarily because the normalisation happens within the same phoneme — so the time course is near
immediate and the process and mechanisms are not easily accessible (Pike 2015). Further, Peterson
and Barney’s (1952) study and studies following this, show that perception of phoneme variation and
overlap remain where there is no prior experience with the speaker, so any intrinsic normalisation, if
it occurs, is not sufficient to remove this. It is extrinsic methods that provide the necessary additional
normalisation to help to overcome the problem described by Peterson and Barney. Therefore, not
only are extrinsic mechanisms of normalisation simpler to investigate but they may be more
interesting. As a result, we recommend that new studies focus on extrinsic rather than intrinsic
normalisation.

Extrinsic normalisation involves the shifting back of distorted cues using information contained in a
short segment of prior speech. This prior speech may provide the opportunity for learning of specific
reference cues for normalisation (e.g. point vowels) but evidence suggests that extrinsic normalisation
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occurs via neural adaptation in response to the prior speech. A low-level peripheral adaptation
(enhancement/spectral contrast) was suggested to provide VTN but this is unlikely because, while this
mechanism shows normalisation in response to the prior spectral context, it has a short sampling
frame: any normalisation via this mechanism is only in response to the spectrum of the immediately
prior vocal unit and might not contain all the information about the speaker’s vocal tract area, and its
corresponding spectral profile, that is needed for VTN. This peripheral mechanism was concluded to
provide overshoot effects, which allow for normalisation in response to co-articulation, rather than
VTN (however, it is acknowledged here, that this process could still result in VTN via enhancing spectral
change between individual phonemes (Pike 2015)). As well as this short-time course process, a higher-
level process also appears to exist, which has a time course more appropriate to sampling the whole
range of the speaker spectrum (the long-term average spectrum). This more clearly provides
perceptual shifts in response to the general spectral characteristics of the speaker (LTAS) and
therefore may provide between-speaker VTN. This is likely to be caused by a memory process or
higher-level neural adaptation.

Birds show perceptual effects that suggest that they use similar normalisation methods. Firstly,
Japanese quail (a non-songbird) also showed typical ‘spectral contrast’ shifts as seen in human speech
(Lotto et al. 1998). Therefore, the act of perception of spectral cues in light of prior spectrum does
occur in birds, although it has yet to be explicitly demonstrated with their own vocalisations. Further,
this study is evidence that birds undergo short-time course normalisation in response to the
immediately adjacent sound (i.e. compensate for co-articulation effects) but not necessarily to the
whole speaker. If birds experience co-articulation effects when listening to their own song, it seems
they have mechanism to compensate for this. However, it is not clear birds do experience co-
articulation as their specialised vocal organ (the syrinx) allows for greater precision of vocal motor
control and insertion of silent gaps (i.e. minibreaths) between syllables (Suthers 2001). Regarding
compensation for the general VT characteristics, we did not find studies that aimed to determine
whether shifts in phoneme/song perception in response to the LTAS of a longer segment of speech
occur in birds, and whether they might utilise a higher-level adaptation process to achieve this. Studies
which extend the research of Holt et al using longer tone sequences (Holt 2005, Holt, 2006) could be
conducted in birds. If enhancement/spectral contrast-like shifts are found and these are: a) shown to
be cross-aural and therefore central, and b) shown to change the perception of the phoneme relative
to the long-term average spectrum of the prior sounds rather than the immediately prior spectrum,
then this is suggestive of high level VT constancy processes in birds. These studies would be simple to
conduct by extending the paradigm used in Lotto et al’s 1997 study.

Humans might also use non-normalisation methods to compensate for VT differences. Categorical
perception (CP) and Perceptual Magnet Effects (PME) remove a certain amount of variation due to
the speaker (and other factors) but possibly do not produce the cue shifting necessary to reduce
overlap in formant space. Therefore, they would not be a normalisation process, but might be called
variance reduction processes. Categorisation is also used, whereby all cues available in the sound are
used to identify the sound and there is reliance on there being sufficient undistorted information to
correctly classify despite VT variation (and other distorting factors). This process leaves perception of
the variation, but listeners are able to perceive sufficient relevant features of the sound to correctly
place it in a category. This process is the most similar to that used by listening machines, whereby the
whole listening context including the syntax and semantics of prior speech, as well as acoustical
information, is used to predict individual speech elements as part of machine learning approaches
(Cambria and White 2014).

Regarding non-normalisation methods, songbirds have shown an ability to place sounds in categories
like humans, but the extent to which these studies demonstrate traditional categorical perception of
song syllables (showing distinct boundaries, and no within-category discrimination) or perceptual
magnet effects (Kuhl 1991) is often not clear. The perception of note duration by swamp sparrows is
an exception, as it provides a clear demonstration of CP, as traditionally defined (Nelson & Marler
1989). Studies which more specifically aim to test whether perception of bird vocalisations by
songbirds is traditionally categorical may show that the apparent ‘placing in categories’ by birds is due

18



to strict CP, possibly arising from discontinuities in the auditory system (or perhaps, as has been
suggested for humans, in the memory system). Additionally, studies showing CP at a very young age
would provide support for CP with an innate mechanism in songbirds. Otherwise, if songbird
perceptual categories show looser boundaries (and more discrimination within categories) then this
would be evidence of weak CP or PME, which is more likely to be a result of learning either at a juvenile
stage or later. Repeating Lachlan et al.’s (2014) experiment - which showed that adult swamp
sparrows responded differentially to syllables depending on whether they were more or less typical
examples of their category - with juveniles could provide useful insights into whether PME/CP-like
effects are in place at an early age or must be learned during the course of song learning. Finally, if
songbirds show a tendency to identify sounds as belonging to categories but can show very good
sensitivity to within category variation, it may be that they are employing general “categorisation”
processes. They may perform this categorisation by using statistical pattern matching to exemplars
stored in memory, such as their song template, acquired from listening to adult conspecifics during
development. In humans, categorisation appears to involve high-level processes. Therefore, it is not
certain that songbirds perform this. However, evidence of categorisation might be suggestive of
potentially sophisticated pattern matching mechanisms in songbirds.

Further, the potential for songbirds to exhibit accurate perception due to a tie between hearing song
and motor commands (see the “motor theory of speech perception” Liberman et al. 1967) was not
discussed in this review. However, it is recommended that the reader explores comparisons between
humans and birds regarding the motor theory proposals for VT constancy (see Galantucci 2016 for a
review).

In the process of conducting this review we observed that there are number of differences between
humans and birds that mean that VT variation for birds may not be the problem it is for humans. One
issue, discussed above, is the increased utility of VT information for birds. Another issue is whether VT
variation has as large an effect on bird vocalisations as it does on human speech. The human VT has
more degrees of freedom — the mouth is capable of more movement and sound modification than a
beak that is ridged and fixed in shape. Therefore, the potential for between bird VT variation is smaller.
Further, selection pressure may have inhibited VT variations within bird species: if it turns out that
birds, like humans, primarily use the specific message (sequence of notes) rather than their VT
characteristics to convey information for attracting a mate/deterring rivals, then hearing the message
accurately is of primary importance. Historically, messages that were less affected by the VT may have
been more recognisable and more successful in deterring rivals and attracting mates. Therefore, VT
variation may have been reduced through sexual selection. This sort of selection pressure might not
be as strong in humans.

Another reason birds may not require normalisation to the same extent as humans is that, for humans
VT variation has a notable effect in shifting formants in different ways between people. However, if
birds rely more on pitch cues than higher harmonics, any shifting of VT dimensions would not shift
these as readily and there would be less disruption to recognition (Fant 2001). Further, any pitch
disruptions that do occur may be possible to fix by simpler processes than the adaptation to the whole
spectrum described for humans. The reliance on pitch in songbirds is relevant for the applicability of
Lotto’s 1998 results to bird song. Their study tested bird perception using formant rich human speech,
so itis not clear if the process tested would be used by bids to normalise their own vocalisation, which
is primarily pitch information. However, in a similar study (Huang 2009), showed that humans
normalise pitches as well as formants so spectral contrast effects may extend to pitch perception in
birds. Further, Lotto’s test was also conducted with non-songbirds, thus the study could be duplicated
using song stimuli used by songbirds.

Future work should bear in mind that speech is a more complex signal and may require more/different
mechanisms of constancy. Further, while other constancies (e.g. colour) might have been useful to
humans since the beginning of human evolution, speech is a later evolving process so it is more likely
that mechanisms have diverged between species. However, on balance this review concludes that are
sufficient similarities regarding the purpose of vocal communication, the physics of the VT and the
need for constancy between humans and birds to suggest that further research in this area might be
fruitful. We firstly recommend that i) the effect of individual VT dimensions on vocalisations should
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be ascertained for birds. We also recommend that the relative importance of this source of variation
in relation to other sources of variation (e.g. environmental) is established. Researchers could then ii)
determine the extent to which VT variation is disruptive to messages within vocalisations and the
extent to which it provides a source of useful information iii) if it is found to be disruptive, investigate
mechanisms of VT constancy, starting with unit extrinsic methods as these appear to be most
pertinent to constancy.
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Figure 1: Frequency domain representation of formant frequencies for the monophthongal vowels,
/i/, /e/, /u/ and /o/. The formants are labelled F1, F2 etc according to their order on the
spectrogram. From Ohl and Scheich (1997)
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Figure 2: From Peterson and Barney (1952). Formant frequency values for F1 and F2 in American
English vowels — Ellipses represent formant space. Each point within an ellipse represents one
utterance by a different speaker of the vowels labelled. Koenig frequency scale (linear to 1000 Hz,
and logarithmic above). Copied verbatim from original article but with axis values enhanced.
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Figure 3: From Miller (1989) after Peterson and Barney (1952) [S/C]. F1 and F2 locations for
American English Vowels. Ellipses represent formant space. Each point within an ellipse represents
one utterance by a different speaker of the vowels labelled. Equal F1/F2 ratios are depicted as
curved lines. The Konig scale is used. Copied verbatim from original article but with axis values
enhanced.
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