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Peter Marler's fascination with richness of birdsong included the notion that birds attended to some
acoustic features of birdsong, likely in the time domain, which were inaccessible to human listeners.
While a considerable amount is known about hearing and vocal communication in birds, how exactly
birds perceive their auditory world still remains somewhat of a mystery. For sure, field and laboratory
studies suggest that birds hear the spectral, gross temporal features (i.e. envelope) and perhaps syntax of
birdsong much like we do. However, there is also ample anecdotal evidence that birds are consistently
more sensitive than humans to at least some aspects of their song. Here we review several psycho-
physical studies supporting Marler's intuitions that birds have both an exquisite sensitivity to temporal
fine structure and may be able to focus their auditory attention on critical acoustic details of their vo-
calizations. Zebra finches, Taeniopygia guttata, particularly, seem to be extremely sensitive to temporal
fine structure in both synthetic stimuli and natural vocalizations. This finding, together with recent
research highlighting the complexity of zebra finch vocalizations across contexts, raises interesting
questions about what information zebra finches may be communicating in temporal fine structure.
Together these findings show there is an acoustic richness in bird vocalizations that is available to birds
but likely out of reach for human listeners. Depending on the universality of these findings, it raises
questions about how we approach the study of birdsong and whether potentially significant information
is routinely being encoded in the temporal fine structure of avian vocal signals.

© 2016 Published by Elsevier Ltd on behalf of The Association for the Study of Animal Behaviour.
Birdsong has served as an extremely productive behavioural
and neurobiological model of vertebrate learning in general and as
a model of human speech development and acoustic communi-
cation specifically. But compared to humans, it is fair to say we
know considerablymore about vocal production in birds andmuch
less about perception of species-specific vocal signals. Further-
more, while there are many parallels in the learning and produc-
tion of vocalizations between these two communication systems,
there are surprisingly few demonstrations that these parallels
extend to the perceptual systems of humans and birds. This raises a
simple question: does birdsong sound to birds like it does to
humans? What we do know about basic hearing in birds comes
mostly from psychophysical studies using simple sounds such as
tones and noises. From such studies, we know that birds hear best
between about 1 and 5 kHz and show discrimination thresholds
for changes in frequency, intensity and temporal envelope gener-
ally approaching the values typically reported for humans
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(reviewed in Fay, 1988; Dooling, Lohr, & Dent, 2000), although
species differences in salience sometimes emerge when birds are
tested with species-specific vocalizations (Dooling, Brown, Klump,
& Okanoya, 1992).

Students of ornithology often describe birdsong in terms of its
pitch, tempo, complexity, structural organization and stereotypy.
Indeed acoustic correlates of these common perceptual dimensions
are how we make judgements about whether a song has been
learned or altered in some significant way. While we can describe
speech in these terms, we usually do not. Instead, when listening to
speech, we typically focus on well-learned acoustic patterns,
reflexively attending to critical acoustic features necessary for
communication. This combination of well-learned acoustic pat-
terns and sharp attentional focus is part of what leads to the notion
that speech perception is special for humans. It is possible that
these advantages are available to birds. Anecdotal field observa-
tions over the years, coupled with well-known differences between
birds and mammals in the anatomy and physiology of the periph-
eral and central auditory systems, has led to speculations that birds
must have extremely fine temporal processing abilities (Carr &
Friedman, 1999; Greenewalt, 1968; Konishi, 1969; Pumphrey,
1961; Schwartzkopff, 1968).
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Zebra finches, Taeniopygia guttata, have become an extremely
popular model for studying song learning, bioacoustics and vocal
behaviour and are a good species for investigating these phenom-
ena (Bolhuis & Everaert, 2013; Braaten, Petzoldt, & Colbath, 2006;
Brainard & Doupe, 2001; Elie & Theunissen, 2016). These birds
are closed-ended learners that have a single sensitive period for
song learning, after which new songs cannot be learned. The result
of this sensitive period is a single, highly stereotyped song con-
sisting of an ordering of syllables, termed a motif, that is repeated
several times throughout the song bout. Motifs are typically
composed of five to eight notes or syllables. Each syllable is an
acoustically distinct harmonic complex, which contains multiple
cues that result in a unique sound (Zann, 1996). The simple and
repetitive nature of these songs has allowed for extensive study of
the behavioural and neurobiological basis of song development,
song learning and song production (see, for example, Brainard &
Doupe, 2001; Doupe & Konishi, 1991; Glaze & Troyer, 2006;
Margoliash & Fortune, 1992; Troyer, 2016).

Zebra finch contact calls are some of the most obvious and
ubiquitous vocalizations given by these birds in captivity (Blaich,
Kovacevik, Tansinsin, Van Hoy, & Syud, 1995) and in the wild
(Zann, 1996). Male zebra finches learn their songs and perhaps
some aspects of calls (Zann, 1984; Simpson & Vicario, 1990). Peter
Marler himself identified bird calls as an underutilized model for
the neurobiology of acoustic communication (Marler, 2004).
Indeed, zebra finch calling behaviour is proving more complex than
was previously thought. Importantly, not only do male and female
zebra finches produce a wide range of acoustically distinguishable
calls (Elie & Theunissen, 2016), but these calls occur in distinct
social circumstances (Elie et al., 2010; Elie & Theunissen, 2016; Gill,
Goymann, Ter Maat, & Gahr, 2015; Williams, 2001). Furthermore,
variation in calling behaviour between birds can have surprising
effects on mating and parental behaviour (Boucaud, Mariette,
Villain, & Vignal, 2016).

The case to be made here is that a combination of species-
specific attentional advantages and acute temporal resolving po-
wer in birds could very well put communicatively relevant acoustic
details of complex song-like stimuli out of the reach of human
hearing. Auditory psychophysical studies in birds that have
manipulated attention are rare, but results from one psychophysi-
cal study are tantalizing. In this study, brief tonal sequences were
concatenated to create a synthetic model of the species-specific
contact call of budgerigars, Melopsittacus undulatus. Birds were
then tested on frequency changes in these sequences, the location
of which was both fixed and random from trial to trial. Results
showed that budgerigars attended to the tonal complex as a whole
while human listeners did not. This suggests topedown attentional
processes are available at least to budgerigars, but not to humans,
when listening to these call-like tonal complexes (Dent, Dooling, &
Pierce, 2000).

Zebra finch vocalizations are extremely complex and provide a
multitude of acoustic cues for discrimination, including amplitude
envelope modulations, spectral structure and temporal fine struc-
ture. In considering these features, it is important to distinguish
between two types of temporal cues. Most discussions of the
temporal features of birdsong focus on the envelope changes.
Temporal envelope is a global timing that occurs over many milli-
seconds to seconds, and accounts for the global rhythm and timing
of song including, motif, syllable, and note durations and intersyl-
lable intervals. Fine structure, on the other hand, is a local timing
that occurs over milliseconds, and includes amplitude, spectral and
temporal cues within individual harmonic syllables. While both
temporal envelope and fine structure cues are present in vocali-
zations, especially in harmonic zebra finch vocalizations, fine
structure has historically been ignored in part because it is not
apparent in traditional sonographic analysis that has been the
mainstay in birdsong research for decades.

Whether birds can actually hear and discriminate temporal fine
structure in complex sounds is another matter. Here we discuss
research that addressed this issue using synthetic stimuli and three
species of birds with very different vocalizations d two songbird
species, one of which was an open-ended learner (canary, Serinus
canaria) and one of which was a close-ended learner (zebra finch),
and a nonsongbird species (budgerigar). The perceptual thresholds
for these species were directly compared to those of humans. All
three perceptual experiments below used identical standard psy-
chophysical methods: birds were trained by operant conditioning
to discriminate a change (a target) against an ongoing, repeating
sound (the background). Correct responses were rewarded with
food and false alarms were punished with a brief blackout. The fact
that birds were all trained and tested using the same behavioural
procedures and that psychophysical threshold estimates were ob-
tained using the samemethod in birds and humans strengthens the
comparisons.

DISCRIMINATION OF TEMPORAL FINE STRUCTURE:
SCHROEDER HARMONIC COMPLEXES

Some bird vocalizations, like those of the zebra finch, can be
described as predominantly complex harmonics (Zann, 1984),
making themmore difficult to describe and characterize than more
tonal or whistled bird vocalizations. Modern signal-processing
techniques can be used to manipulate complex harmonic sounds
and to create synthetic harmonic models for testing, which can
closely mimic some of the natural properties of these harmonic
bird sounds. This ability allows for perceptual threshold measure-
ments of the fine details in complex harmonic sounds that escape
notice in more traditional sonographic analysis.

Evidence for an extreme sensitivity to temporal fine structure
in birds comes from a study looking at the discrimination of
Schroeder waveforms (Dooling, Leek, Gleich, & Dent, 2002;
Schroeder, 1970). These stimuli were constructed of harmoni-
cally related pure tones with the phases of the individual tonal
components adjusted so that they were monotonically increasing
(positive Schroeder complex) or decreasing (negative Schroeder
complex) with harmonic number, resulting in instantaneous
frequencies that fell or rose monotonically across each period.
Figure 1 shows examples of negative and positive Schroeder-
phase waveforms with three different fundamental frequencies.
The acoustic differences between members of a pair of these
complexes were limited to temporal fine structure: all waveforms
had a flat envelope and, within a pair, defined by the fundamental
frequency, had identical long-term spectra. These waveforms
were 260 ms in duration, including 20 ms rise/fall times. While
the envelope and overall spectrum were constant across stimuli
to be discriminated, the temporal fine structure was reversed.
Test stimuli consisted of seven pairs of these harmonic complexes
with fundamental periods ranging from 6.6 ms (fundamental
frequency of 150 Hz) to 1 ms (fundamental frequency of 1000 Hz)
in duration. Finches, budgerigars, canaries and humans were
tested on their ability to discriminate a forward Schroeder com-
plex from a reversed Schroeder complex. Birds were tested on a
Go-NOGO task, while humans were tested in a two-alternative,
forced-choice task, with values ranging from chance perfor-
mance at 50% correct to perfect performance (100%), so the bird
data were scaled to the range of the human data in Fig. 1 (Dooling
et al., 2002).

Birds were able to discriminate between positive and negative
Schroeder harmonic complexes at fundamental frequencies up to at
least 600 Hz. Budgerigars and canaries showed some difficulty
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Figure 1. Temporal waveforms of three pairs of negative and positive Schroeder-phase
harmonic complexes. These harmonic sounds were generated using the Schroeder
algorithm to minimize envelope cues (Schroeder, 1970). These Schroeder-phase
waveforms have fundamental frequencies of 100 Hz, 200 Hz and 400 Hz correspond-
ing to period durations of 10 ms, 5 ms and 2.5 ms, respectively. (Figure modified from
Dooling & Lohr, 2006).
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discriminating at the highest fundamental frequencies (800 and
1000 Hz), while the zebra finches discriminated easily between the
positive and negative Schroeder waveforms even at the highest
fundamental frequency of 1000 Hz as shown in Fig. 2. Human lis-
teners begin having difficulty making these discriminations when
the fundamental period became shorter than about 3 ms, budger-
igars and canaries did much better, and zebra finches had little
difficulty even over periods as short as 1 ms. These results show
unequivocally that birds have better resolution of temporal fine
structure in acoustic stimuli than humans and, among birds, that
zebra finches are especially sensitive to these features (Dooling
et al., 2002). Interestingly, Belgian Waterslager canaries with an
inherited peripheral auditory pathology resulting in poor frequency
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Figure 2. Results for zebra finches, canaries, budgerigars and humans tested on pos-
itive/negative Schroeder waveform discrimination at different fundamental fre-
quencies ranging from 150 Hz to 1000 Hz (periods of 6.7 to 1.0 ms, respectively). Error
bars represent standard errors between subjects. Thresholds are estimated at 75%%
correct (black dotted line). Human thresholds for discriminating between positive and
negative Schroeder waveforms occur at fundamental frequencies of about 270 Hz
(periods less than 3.0 ms), budgerigars at about 900 Hz, while zebra finch and canary
performance is well above threshold at fundamental frequencies up to 1000 Hz (period
of 1.0 ms) (grey dotted lines). (Figure modified from Dooling et al., 2002).
discrimination and large filter bandwidths also show extraordi-
narily good temporal resolution, as expected from other studies
showing an inverse relationship between bandwidth and temporal
resolving power (Henry, Gall, Bidelman, & Lucas, 2011; Lauer,
Dooling, & Leek, 2009; Lauer, Dooling, Leek, & Lentz, 2006).

DISCRIMINATION OF TEMPORAL FINE STRUCTURE IN ZEBRA
FINCH SONGS AND CALLS

While zebra finches clearly show an impressive sensitivity to
temporal fine structure that does not prove that fine structure
changes are more salient than envelope changes in natural song. In
the following experiment, zebra finches were trained to discrimi-
nate between a normal song motif and either an altered song motif
with one syllable reversed (largely a fine structuremanipulation) or
one with a doubling of the interval between two syllables (an en-
velopemanipulation) as shown in Fig. 3 (Vernaleo&Dooling, 2011).
Changes to syllable fine structure in themotif consisted of reversing
single syllables in time while keeping the order of syllables in the
motif intact, and changes to envelope consisted of doubling in the
interval between two syllables. In reversing syllables, the overall
level and spectral content remained the same, whereas fine
structure was changed. Interval doubling was done by adding the
same amount of silence to the interval as the length of the interval
itself. Targets consisted of the original motif, with only a single
syllable reversed or only a single interval doubled as shown in
Fig. 3.

Human listeners could easily hear a doubling of the interval
regardless of where it occurred in a motif and they reported that it
sounded like there was a glitch in the stimulus. But humans
usually could not detect a reversed syllable in the motif even with
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reversed. (Figure modified from Vernaleo & Dooling, 2011).
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considerable practise. Surprisingly, birds did just the opposite.
Birds discriminated single interval doublings (i.e. the envelope
change) on average less than 5% of the time and single syllable
reversals (i.e. the fine structure change) on average greater than
90% of the time. Birds were much better at discriminating single
syllable reversals than they were at discriminating single interval
doublings, regardless of the song motif (Vernaleo & Dooling,
2011). In some ways this is consistent with Glaze and Troyer
(2006), who examined the durations of intervals and syllables in
many renditions of a set of songs. They found that the coefficient
of variation was larger for intervals than it was for syllables and
that tempo changes in song affected the durations of intervals
more than it did syllables. In other words, when songs were sped
up or slowed down, the intervals tended to stretch and compress,
whereas syllable durations were more stable. Perhaps because
intervals are normally sung with some amount of variability,
changes to interval duration are not particularly salient to birds
(Glaze & Troyer, 2006). Given the harmonic nature of these zebra
finch syllables, it is likely that birds are relying on temporal fine
structure in making their discriminations since duration and
overall spectral cues are the same for forward and reversed syl-
lables, although clearly these syllables also provide spectral cues
that change over the duration of the syllable.

Is it just the temporal fine structure in their vocalizations that
zebra finches are using in making discriminations? A more defin-
itive test, and a much closer parallel to the Schroeder experiment
described above, used variations in the contact or long call of fe-
male zebra finches. The long call of the female zebra finch is a
harmonic complex with a fundamental typically around
600e700 Hz (a period of 1e2 ms). It is quite easy to create a syn-
thetic version of this harmonic complex by adding together, in
phase, a set of harmonically related pure tones. Mistuning one of
the harmonics, ever so slightly, creates myriad interesting changes
including spectral changes and changes in the time waveform,
specifically in the temporal fine structure. Earlier experiments
examining the sensitivity of zebra finches to such frequency mis-
tunings in vocalizations sought to explain the birds' performance as
a sensitivity to spectral changes (Cynx, Williams, & Nottebohm,
1990; Lohr & Dooling, 1998). But zebra finches were so extraordi-
narily sensitive to such frequency changes, it became more likely
that they were discriminating on the basis of something else like
temporal fine structure (Dooling & Lohr, 2006; Lohr, Dooling, &
Bartone, 2006). To test whether this temporal acuity operates on
call-like stimuli, independent of the concurrent variation in overall
spectral and temporal changes that normally occur in such calls, we
designed test stimuli using single periods of these long calls (Lohr
et al., 2006). The time waveform of a female zebra finch long call
is shown in Fig. 4.

The harmonic nature of these calls means that the fine details of
periodic waveforms are very complex. But, it is possible to select a
single period from different locations of this call and repeat them to
create synthetic stimuli with the duration of a natural call but with
no variation in envelope or spectrum and which approximates the
duration of natural calls (as shown in Fig. 4, fourth row). The second
row of Fig. 4 shows periods extracted from the beginning, middle
and end of the natural call, and the third row shows these same
stimuli reversed. Casual inspection of these waveforms shows that
the temporal fine structure of these stimuli differs between the
beginning, middle and end of the call and, of course, that it differs
depending on whether the waveform is played in the forward or
reverse direction.

Birds and humans can easily discriminate between stimuli
created from call periods drawn from different locations in the
call. Humans report subtle differences in pitch, timber and
roughness between these stimuli. However, zebra finches can
discriminate the forward from the reverse version of this stim-
ulus while humans cannot (Fig. 4). The forward and reverse
versions of this stimulus differ only in the ordering of temporal
fine structure. Taken together, these psychophysical experiments
with synthetic harmonic complexes, natural calls and song syl-
lables show that zebra finches are exquisitely sensitive to changes
in temporal fine structure in their vocalizations, possibly at the
expense of sensitivity to overall envelope cues, at least in their
song motifs. Both behavioural and single-unit studies using for-
ward and reversed song syllables or motifs (where duration and
overall spectrum are the same) also suggest that fine structure
cues in these harmonic vocalizations could be important (Braaten
et al., 2006; Margoliash & Fortune, 1992; Theunissen & Doupe,
1998; Williams, Cynx, & Nottebohm, 1989).

DISCUSSION

There are several ways to consider temporal fine structure in
vocalizations. One is whether it occurs in some systematic fashion
that allows discrimination of different vocal signals, different in-
dividuals, different emotional states, etc. Another is whether such
fine structure can be faithfully encoded in the auditory system. A
third is whether fine structure differences in vocalizations alone,
without myriad other accompanying acoustic cues, can be heard
or discriminated by the listener. Temporal fine structure is
generally defined as rapid variations in amplitude within the
more slowly varying envelope of sound. Temporal fine structure is
encoded in the pattern of phase locking by auditory nerve fibres
(Moore, 2014). In humans, temporal fine structure is becoming
increasingly important in models of pitch perception, masking,
speech discrimination and recognition in noise, and the percep-
tion of complex sounds (Moore, 2014). The extraordinary sensi-
tivity to fine structure in birds leads us to hypothesize that birds
are able to communicate using information within the fine
structure of calls. While the psychoacoustic research demon-
strating the capability to hear this information has been present
for over a decade, there have been relatively few studies investi-
gating the potential function of fine structure in vocal communi-
cation or identifying fine structure in natural vocalizations. Zebra
finches show extraordinary sensitivity to fine structure, even
among birds. Additionally, these birds also have more harmonic
vocalizations, rich in fine structure, compared to many other
songbirds (including budgies and canaries, the other two species
tested above). Casual observation suggests that zebra finch vo-
calizations have the most temporal fine structure, canaries have
less and budgerigars have the least, which corresponds to their
psychophysical thresholds. It is possible that sensitivity to fine
structure variation and temporal resolution has coevolved with
the richness of fine structure in vocalizations and it is worth
considering what subtle information zebra finches might be
communicating.

Zebra finches are highly social songbirds: they live in large
groups and maintain life-long pair bonds. Pairs are typically sexu-
ally monogamous and engage in biparental care (Birkhead, Pellatt,
& Hunter, 1988; Zann, 1996). The formation and maintenance of
these long-term bonds are highly dependent on vocal behaviour.
During courtship and bond formation, song appears to be crucial.
Female zebra finches do not court males whose songs have been
experimentally disrupted (Tomaszycki & Adkins-Regan, 2005).
However, following bond formation, song is not necessary to
maintain pair bonds (Tomaszycki & Adkins-Regan, 2006). What is
often underappreciated is how essential calling behaviour is for
zebra finch pairs. Once a pair bond is formed, movement, breeding
and activity appear to be largely coordinated through emergent and
dynamic calling behaviours.
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Male and female zebra finches have a large repertoire of calls
(Elie & Theunissen, 2016; Zann, 1996). Variation in calling is
behaviourally relevant (Elie et al., 2010; Perez, Fernandez, Griffith,
Vignal, & Soula, 2015) and can function to synchronize a pair's
behaviour (Boucaud et al., 2016). For example, partners use dis-
tance calls to stay in touch while travelling and while visually
isolated (Perez et al., 2015; Zann,1996). Additionally, complex vocal
duets, made up of several call types, are used at the nest to
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coordinate parenting behaviour (Boucaud et al., 2016; Elie et al.,
2010). Behavioural synchrony within a pair is critical towards
maximizing reproductive success and likely reflects the quality of a
pair bond (Mariette & Griffith, 2012). It would not be surprising to
find that temporal fine structure cues in vocalizations contribute to
these behaviours.

Relatively recent research clearly demonstrates that bird calls,
which are typically assumed to be innate and fixed, are highly
plastic and can reflect internal state and experience. This is true for
zebra finches as well as many other bird species (Marler, 2004). The
acoustic structure of calls can be mediated by (1) environment (e.g.
noise) (Nemeth & Brumm, 2009; Villain, Fernandez, Bouchut,
Soula, & Vignal, 2016), (2) social context and/or prior experience
(Boucaud et al., 2016; Hile & Striedter, 2000; Mundinger, 1970;
Villain, Boucaud, Bouchut, & Vignal, 2015), and (3) hormones and
motivational state (Cynx, Bean, & Rossman, 2005; Hetrick &
Sieving, 2011; Perez et al., 2012, 2016). The impact of these obser-
vations is something that Marler anticipated decades ago: that
birds may be communicating important information through their
vocalizations inways we still do not understand. If so, temporal fine
structure may be a part of this story. Interestingly, there is some
evidence supporting this notion from recent studies showing that
there can be seasonal plasticity in the coding of fine structure by the
auditory periphery (e.g. Gall, Salameh, & Lucas, 2013; Henry et al.,
2011; V�elez, Gall, & Lucas, 2015).

Finally, the relative importance of temporal fine structure in
human speech perception, hearing in noise, the effectiveness of
hearing aids and cochlear implants, the overall experience of
listening to complex sounds and the quality of information
encoded in speech is significant (Moore, 2014). This observation,
along with the evidence above that birds are especially sensitive
to temporal fine structure, suggests more attention should be paid
to the possibility that important information is carried in the
temporal fine structure of bird vocalizations. This is not to mini-
mize the importance of other cues in birdsong such as the strict
ordering of harmonic syllables in song, which also invites in-
vestigations into sequential structure or phonological syntax
(Marler, 2000). There is considerable interest in the rules that
govern the learning and perception of these syllable sequences
andwhether there could be parallels with human speech (ten Cate
& Okanoya, 2012).

Summary

In summary, in spite of the fact that human listeners are
sensitive to temporal fine structure in speech (Hopkins & Moore,
2011; Moore, 2014), the ability of birds and zebra finches, in
particular, to greatly surpass humans in the discrimination of
temporal fine structure in their vocalizations most certainly
means that bird vocalizations sound much different to birds than
it does to humans. There are several implications of this. First, it
suggests there is a foundation for a deeper level of acoustic
communication occurring among birds. Second, it suggests
caution is warranted when restricting our analysis of bird
communication signals to envelope and spectral or spectro-
graphic cues as is traditionally done. Third, it remains unclear
what other functions this enhanced temporal resolving power
serves. But, it is not hard to imagine that it serves many purposes
other than acoustic communication. For instance, there are many
binaural phenomena such as sound location, binaural release
from masking, etc., where birds do much better than they should
given their small heads and closely spaced ears (Dooling et al.,
2000). Enhanced time resolution in comparing signals between
ears could provide the foundation for precision in these and a
host of other auditory behaviours as well.
Acknowledgments

Thanks to Shelby Lawson, Marjorie Leek and two anonymous
referees for comments on earlier drafts of this manuscript. All work
has been supported by past grants from the National Institute on
Deafness and Other Communication Disorders to R.J.D. and a cur-
rent training grant to N.H.P (NIDCD T-32 DC00046-16).
References

Birkhead, T. R., Pellatt, J., & Hunter, F. M. (1988). Extra-pair copulation and sperm
competition in the zebra finch. Nature, 334(6177), 60e62.

Blaich, C. F., Kovacevik, R., Tansinsin, S. L., Van Hoy, B., & Syud, F. A. (1995). The
distance call of domesticated zebra finches (Poephila guttata). International
Journal of Comparative Psychology, 8, 16e30.

Bolhuis, J. J., & Everaert, M. (2013). Birdsong, speech, and language. Cambridge, MA:
MIT Press.

Boucaud, I. C., Mariette, M. M., Villain, A. S., & Vignal, C. (2016). Vocal negoti-
ation over parental care? Acoustic communication at the nest predicts
partners' incubation share. Biological Journal of the Linnean Society, 117(2),
322e336.

Braaten, R. F., Petzoldt, M., & Colbath, A. (2006). Song perception during the sen-
sitive period of song learning in zebra finches (Taeniopygia guttata). Journal of
Comparative Psychology, 120, 79e88.

Brainard, M. S., & Doupe, A. J. (2001). Postlearning consolidation of birdsong: Sta-
bilizing effects of age and anterior forebrain lesions. Journal of Neuroscience, 21,
2501e2517.

Carr, C. E., & Friedman, M. A. (1999). Evolution of time coding systems. Neural
Computation, 11, 1e20.

ten Cate, C., & Okanoya, K. (2012). Revisiting the syntactic abilities of non-human
animals: Natural vocalizations and artificial grammar learning. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367, 1984e1994.

Cynx, J., Bean, N. J., & Rossman, I. (2005). Testosterone implants alter the frequency
range of zebra finch songs. Hormones and Behavior, 47(4), 446e451.

Cynx, J., Williams, H., & Nottebohm, F. (1990). Timbre discrimination in zebra finch
(Taeniopygia guttata) song syllables. Journal of Comparative Psychology, 104,
303e308.

Dent, M. L., Dooling, R. J., & Pierce, A. S. (2000). Frequency discrimination in bud-
gerigars (Melopsittacus undulatus): Effects of tone duration and tonal context.
Journal of the Acoustical Society of America, 107, 2657e2664.

Dooling, R. J., Brown, S. D., Klump, G., & Okanoya, K. (1992). Auditory perception of
conspecific and heterospecific vocalizations in birds: Evidence for special pro-
cesses. Journal of Comparative Psychology, 106, 20e28.

Dooling, R. J., Leek, M. R., Gleich, O., & Dent, M. L. (2002). Auditory temporal res-
olution in birds: Discrimination of harmonic complexes. Journal of the Acoustical
Society of America, 112, 748e759.

Dooling, R. J., & Lohr, B. (2006). Auditory temporal resolution in the zebra finch
(Taeniopygia guttata): A model of enhanced temporal acuity. Ornithological
Science, 5, 15e22.

Dooling, R. J., Lohr, B., & Dent, M. L. (2000). Hearing in birds and reptiles. In
R. J. Dooling, A. N. Popper, & R. R. Fay (Eds.), Comparative hearing: Birds and
reptiles (pp. 308e359). New York, NY: Springer-Verlag.

Doupe, A. J., & Konishi, M. (1991). Song-selective auditory circuits in the vocal
control system of the zebra finch. Proceedings of the National Academy of Sci-
ences of the United States of America, 88, 11339e11343.

Elie, J. E., Mariette, M. M., Soula, H. A., Griffith, S. C., Mathevon, N., & Vignal, C.
(2010). Vocal communication at the nest between mates in wild zebra finches:
A private vocal duet? Animal Behaviour, 80, 597e605.

Elie, J. E., & Theunissen, F. E. (2016). The vocal repertoire of the domesticated zebra
finch: A data-driven approach to decipher the information-bearing acoustic
features of communication signals. Animal Cognition, 19(2), 285e315.

Fay, R. R. (1988). Hearing in vertebrates: A psychophysics data book. Winnetka, IL:
Hill-Fay.

Gall, M. D., Salameh, T. S., & Lucas, J. R. (2013). Songbird frequency selectivity and
temporal resolution vary with sex and season. Proceedings of the Royal Society B:
Biological Sciences, 280(1751), 20122296.

Gill, L. F., Goymann, W., Ter Maat, A., & Gahr, M. (2015). Patterns of call commu-
nication between group-housed zebra finches change during the breeding cy-
cle. eLife, 4, e07770. http://dx.doi.org/10.7554/eLife.07770.

Glaze, C., & Troyer, T. (2006). Temporal structure in zebra finch song: Implications
for motor coding. Journal of Neuroscience, 26, 991e10051.

Greenewalt, C. H. (1968). Bird song: Acoustics and physiology. Washington, D.C.:
Smithsonian Institution Press.

Henry, K. S., Gall, M. D., Bidelman, G. M., & Lucas, J. R. (2011). Songbirds tradeoff
auditory frequency resolution and temporal resolution. Journal of Comparative
Physiology A, 197(4), 351e359.

Hetrick, S. A., & Sieving, K. E. (2011). Antipredator calls of tufted titmice and
interspecific transfer of encoded threat information. Behavioral Ecology, 23(1),
83e92. http://dx.doi.org/10.1093/beheco/arr160.

Hile, A. G., & Striedter, G. F. (2000). Call convergence within groups of female
budgerigars (Melopsittacus undulatus). Ethology, 106, 1105e1114.

http://refhub.elsevier.com/S0003-3472(16)30261-5/sref1
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref1
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref1
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref2
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref2
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref2
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref2
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref3
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref3
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref4
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref4
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref4
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref4
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref4
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref5
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref5
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref5
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref5
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref6
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref6
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref6
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref6
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref7
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref7
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref7
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref8
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref8
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref8
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref8
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref9
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref9
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref9
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref10
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref10
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref10
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref10
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref11
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref11
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref11
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref11
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref12
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref12
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref12
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref12
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref13
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref13
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref13
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref13
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref14
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref14
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref14
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref14
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref15
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref15
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref15
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref15
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref16
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref16
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref16
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref16
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref17
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref17
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref17
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref17
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref18
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref18
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref18
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref18
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref19
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref19
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref20
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref20
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref20
http://dx.doi.org/10.7554/eLife.07770
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref22
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref22
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref22
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref23
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref23
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref24
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref24
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref24
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref24
http://dx.doi.org/10.1093/beheco/arr160
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref26
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref26
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref26


R. J. Dooling, N. H. Prior / Animal Behaviour 124 (2017) 283e289 289

SPECIAL ISSUE: MECHANISMS & FUNCTION
Hopkins, K., & Moore, B. C. J. (2011). The effects of age and cochlear hearing loss on
temporal fine structure sensitivity, frequency selectivity, and speech reception
in noise. Journal of the Acoustical Society of America, 130, 334e342.

Konishi, M. (1969). Time resolution by single auditory neurons in birds. Nature, 222,
566e567.

Lauer, A. M., Dooling, R. J., & Leek, M. R. (2009). Psychophysical evidence of
damaged active processing mechanisms in Belgian Waterslager canaries. Jour-
nal of Comparative Physiology A, 195(2), 193e202.

Lauer, A., Dooling, R., Leek, M., & Lentz, J. (2006). Phase effects in masking by
harmonic complexes in birds. Journal of the Acoustical Society of America, 119,
1251e1259.

Lohr, B., & Dooling, R. J. (1998). Detection of changes in timbre and harmonicity in
complex sounds by zebra finches (Taeniopygia guttata) and budgerigars
(Melopsittacus undulatus). Journal of Comparative Psychology, 112, 36e47.

Lohr, B., Dooling, R. J., & Bartone, S. (2006). The discrimination of temporal fine
structure in call-like harmonic sounds by birds. Journal of Comparative Psy-
chology, 120, 239e251.

Margoliash, D., & Fortune, E. S. (1992). Temporal and harmonic combination-
sensitive neurons in the zebra finch's HVc. Journal of Neuroscience, 12,
4309e4326.

Mariette, M. M., & Griffith, S. C. (2012). Nest visit synchrony is high and correlates
with reproductive success in the wild zebra finch Taeniopygia guttata. Journal of
Avian Biology, 43(2), 131e140.

Marler, P. (2000). Origins of music and speech: Insights from animals. In N. Wallin,
B. Merker, & S. Brown (Eds.), The origins of music (pp. 31e48). Cambridge, MA:
MIT Press.

Marler, P. (2004). Bird calls: Their potential for behavioral neurobiology. Annals of
the New York Academy of Sciences, 1016, 31e44.

Moore, B. C. (2014). Auditory processing of temporal fine structure: Effects of age and
hearing loss. Cambridge, U.K.: World Scientific.

Mundinger, P. C. (1970). Vocal imitation and individual recognition of finch calls.
Science, 168(3930), 480e482.

Nemeth, E., & Brumm, H. (2009). Blackbirds sing higher-pitched songs in cities:
Adaptation to habitat acoustics or side-effect of urbanization? Animal Behaviour,
78, 637e641.

Perez, E. C., Elie, J. E., Soulage, C. O., Soula, H. A., Mathevon, N., & Vignal, C. (2012).
The acoustic expression of stress in a songbird: Does corticosterone drive
isolation-induced modifications of zebra finch calls? Hormones and Behavior,
61(4), 573e581.

Perez, E. C., Fernandez, M. S. A., Griffith, S. C., Vignal, C., & Soula, H. A. (2015). Impact
of visual contact on vocal interaction dynamics of pair-bonded birds. Animal
Behaviour, 107, 125e137.

Perez, E. C., Mariette, M. M., Cochard, P., Soulage, C. O., Griffith, S. C., & Vignal, C.
(2016). Corticosterone triggers high-pitched nestlings' begging calls and affects
parental behavior in the wild zebra finch. Behavioral Ecology. http://dx.doi.org/
10.1093/beheco/arw069. Advance online publication.

Pumphrey, R. J. (1961). Sensory organs: Hearing. In A. J. Marshall (Ed.), Biology and
comparative anatomy of birds (pp. 69e86). New York, NY: Academic Press.

Schroeder, M. R. (1970). Synthesis of low-peak-factor signals and binary sequences
with low autocorrelation. IEEE Transactions in Information Theory, 16, 85e89.

Schwartzkopff, J. (1968). Structure and function of the ear and the auditory brain
areas in birds. In A. V. S. De Reuck, & J. Knight (Eds.), Hearing mechanisms in
vertebrates (pp. 41e59). Boston, MA: Little & Brown.

Simpson, H. B., & Vicario, D. S. (1990). Brain pathways for learned and unlearned
vocalizations differ in zebra finches. Journal of Neuroscience, 10(5),
1541e1556.

Theunissen, F. E., & Doupe, A. J. (1998). Temporal and spectral sensitivity of auditory
neurons in the nucleus HVC of male zebra finches. Journal of Neuroscience, 18,
3786e3802.

Tomaszycki, M. L., & Adkins-Regan, E. (2005). Experimental alteration of male song
quality and output affects female mate choice and pair bond formation in zebra
finches. Animal Behaviour, 70, 785e794.

Tomaszycki, M. L., & Adkins-Regan, E. (2006). Is male song quality important in
maintaining pair bonds? Behaviour, 143(5), 549e567.

Troyer, T. W. (2016). Continuous time representations of song in zebra finches.
Neuron, 90(4), 672e674. http://dx.doi.org/10.1016/j.neuron.2016.05.013.

V�elez, A., Gall, M. D., & Lucas, J. R. (2015). Seasonal plasticity in auditory processing
of the envelope and temporal fine structure of sounds in three songbirds. An-
imal Behaviour, 103, 53e63.

Vernaleo, B. A., & Dooling, R. J. (2011). Relative salience of envelope and fine
structure cues in zebra finch song. Journal of the Acoustical Society of America,
129(5), 3373e3383.

Villain, A. S., Boucaud, I. C., Bouchut, C., & Vignal, C. (2015). Parental influence on
begging call structure in zebra finches (Taeniopygia guttata): Evidence of early
vocal plasticity. Open Science, 2(11), 150497.

Villain, A. S., Fernandez, M. S., Bouchut, C., Soula, H. A., & Vignal, C. (2016). Songbird
mates change their call structure and intrapair communication at the nest in
response to environmental noise. Animal Behaviour, 116, 113e129.

Williams, H. (2001). Choreography of song, dance and beak movements in the
zebra finch (Taeniopygia guttata). Journal of Experimental Biology, 204,
3497e3506.

Williams, H., Cynx, J., & Nottebohm, F. (1989). Timbre control in zebra finch (Tae-
niopygia guttata) song syllables. Journal of Comparative Psychology, 103,
366e380.

Zann, R. (1984). Structural variation in the zebra finch distance call. Zeitschrift für
Tierpsychologie, 66, 38e345.

Zann, R. A. (1996). The zebra finch: A synthesis of field and laboratory studies (Vol. 5).
Oxford, U.K.: Oxford University Press.

http://refhub.elsevier.com/S0003-3472(16)30261-5/sref27
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref27
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref27
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref27
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref29
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref29
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref29
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref30
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref30
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref30
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref30
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref31
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref31
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref31
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref31
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref32
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref32
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref32
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref32
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref33
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref33
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref33
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref33
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref34
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref34
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref34
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref34
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref35
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref35
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref35
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref35
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref36
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref36
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref36
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref36
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref37
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref37
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref37
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref38
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref38
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref39
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref39
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref39
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref40
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref40
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref40
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref40
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref41
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref41
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref41
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref41
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref41
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref42
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref42
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref42
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref42
http://dx.doi.org/10.1093/beheco/arw069
http://dx.doi.org/10.1093/beheco/arw069
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref44
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref44
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref44
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref45
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref45
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref45
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref46
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref46
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref46
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref46
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref46
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref47
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref47
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref47
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref47
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref48
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref48
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref48
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref48
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref49
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref49
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref49
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref49
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref50
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref50
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref50
http://dx.doi.org/10.1016/j.neuron.2016.05.013
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref52
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref52
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref52
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref52
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref52
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref53
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref53
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref53
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref53
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref54
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref54
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref54
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref55
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref55
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref55
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref55
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref56
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref56
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref56
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref56
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref57
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref57
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref57
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref57
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref58
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref58
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref58
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref59
http://refhub.elsevier.com/S0003-3472(16)30261-5/sref59

	Do we hear what birds hear in birdsong?
	Discrimination of temporal fine structure: Schroeder harmonic complexes
	Discrimination of temporal fine structure in zebra finch songs and calls
	Discussion
	Summary

	Acknowledgments
	References


