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It has recently been shown that the European starling (Sturnus vulgaris), a species of songbird, 
does not use pitch to recognize tone sequences. Instead, recognition relies on the pattern of spectral 
shapes created by successive tones. In this article I suggest that rather than being an unusual case, 
starlings may be representative of the way in which many animal species process tone sequences. 
Specifically, I suggest that recognition of tone sequences based on pitch patterns occurs only in 
certain species, namely, those that modulate the pitch and spectral shape of sounds independently 
in their own communication system to convey distinct types of information. This informational 
independence hypothesis makes testable predictions and suggests that a basic feature of human music 
perception relies on neural specializations, which are likely to be uncommon in cognitive evolution.
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Introduction and Questions Addressed
Cross-species studies of music perception allow 

one to investigate the evolutionary history of specific 
components of music cognition (Fitch, 2015; Hoeschele, 
Merchant, Kikuchi, Hattori, & ten Cate, 2015; Honing, 
ten Cate, Peretz, & Trehub, 2015; Patel, in press; Patel & 
Demorest, 2013). For example, a fundamental aspect of 
human music cognition is the ability to perceive a beat 
in rhythmic auditory patterns and to synchronize body 
movements to this beat in a predictive manner across 
a wide range of tempi. It has recently been shown that 
some nonhuman animals have this capacity, whereas 
others (including, surprisingly, nonhuman primates) 
may lack it (see Patel, 2014, for a review). This suggests 

that the capacity may reflect specialized neural mecha-
nisms present only in certain animal lineages. Study-
ing which animals do versus do not have this capacity 
can give us clues to what these mechanisms are and why 
they evolved.

Turning from rhythm to melody, how do other 
species process instrumental (nonvocal) human melo-
dies? Darwin (1871, p. 333) believed that basic aspects 
of melody (and rhythm) perception reflected ancient 
brain mechanisms widely shared among animals, writ-
ing that “the perception, if not the enjoyment, of musi-
cal cadences [i.e., melodies] and of rhythm, is probably 
common to all animals, and no doubt depends on the 
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common physiological nature of their nervous systems.” 
One way to test this idea is to ask if other animals rely 
on the same perceptual attributes as humans when 
recognizing tone sequences (cf. Crespo-Bojorque & 
Toro, 2016). 

In human music, melodic sequences typically employ 
tones that have complex spectral structure. Often these 
are complex harmonic tones, consisting of a fundamen-
tal frequency and harmonics that are integer multiples 
of the fundamental. This acoustic structure is charac-
teristic of many instruments (e.g., the clarinet, trum-
pet, etc.) and of the human speaking or singing voice 
when producing vowels (Stevens, 2000; Sundberg, 1987). 
Melodic sequences have many perceptual attributes, 
such as patterns of pitch, duration, timbre, and loudness. 
Yet humans regard a tone sequence played on different 
instruments (i.e., with distinct timbres) as “the same 
melody” if the pattern of pitches is the same. Of course, 
humans also recognize that the instrument has changed 
(e.g., a clarinet vs. a trumpet), but we gravitate to pitch 
patterns as the basis for tone sequence recognition. This 
is a fundamental aspect of human music cognition. 

Is using pitch as the primary cue for recognizing 
tone sequences a basic and widespread feature of audi-
tory processing? Songbirds, long considered among 
nature’s most musical creatures (Marler & Slabbekoorn, 
2004), are an excellent animal model for addressing this 
question. Consistent with the view that melodic process-
ing taps into ancient brain mechanisms, it has long been 
thought that songbirds, like humans, rely on pitch for 
tone sequence recognition (albeit absolute pitch rather 
than relative pitch, as discussed below). However, a 
recent study has challenged this view, because it shows 
that European starlings (Sturnus vulgaris) do not use 
pitch for recognizing sequences of complex harmonic 
tones (Bregman, Patel, & Gentner, 2016). Instead, recog-
nition appears to be based on the pattern of spectral 

shapes created by the successive tones. These results 
raise several questions, three of which are addressed in 
the current article: 

1. Why would starlings gravitate to spectral shape, 
not pitch, for tone sequence recognition? 

2. Why do humans show the converse pattern, spon-
taneously gravitating to pitch patterns for tone 
sequence recognition? 

3. Which way of processing tone sequences, star-
ling or human, is more evolutionarily ancient and 
widespread among animals? 

The purpose of this article is to offer answers to the 
first two questions based on considering the role of pitch 
versus spectral shape in starling versus human commu-
nication systems. The answer to the third question must 
of course await further cross-species work. However, at 
the end of this article I suggest that the human way of 
perceiving tone sequences may be relatively rare. This 
suggestion is framed as a hypothesis about the evolution-
ary prerequisites for perceiving tone sequences based on 
pitch patterns. 

Before addressing these three questions, it is first 
necessary to clarify the relationship between pitch, 
timbre, and spectral shape. Pitch is the “highness or 
lowness” of a sound. In a complex harmonic tone, 
the pitch typically corresponds to the fundamental 
frequency (F0), although the neural mechanisms that 
derive pitch are not simple “F0 detectors” and instead 
involve analysis of the tone’s spectral and temporal struc-
ture (Oxenham, 2013). Thus the fundamental frequency 
can be physically absent from a complex harmonic tone 
and yet still be perceived as the pitch of the tone (the 
“missing fundamental”). Pitch is therefore a perceptual 
(vs. purely acoustic) attribute of sound. Further evidence 
that pitch is a perceptual attribute is the fact that for 
certain harmonic complexes, individuals can show 
salient differences in the pitch they perceive (Ladd et al., 
2013). Timbre, or sound quality, is what distinguishes 
two sounds when they have the same pitch, intensity, 
and duration, yet remain discriminably different (e.g., 
a clarinet vs. trumpet playing the same note). Timbre is 
a perceptual attribute derived from many aspects of a 
sound’s acoustic properties including its spectral struc-
ture, amplitude envelope, and how both of these change 
over time. (For a brief introduction to timbre, see Patel, 
2008, Chapter 2; for more detail, see McAdams, 2013). 
Spectral shape is one aspect of a sound’s structure that 
contributes to timbre, and is less detailed than its full 
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spectral structure because it refers to the overall distribu-
tion of energy across frequency bands. Spectral shape is 
also distinct from pitch, because the same spectral shape 
can be realized with different fundamental frequencies 
(e.g., when a person utters the same vowel with low vs. 
high F0) or with the presence or absence of pitch (e.g., 
when a person produces a voiced vs. whispered version 

of the same vowel). As an illustration of spectral shape, 
Figure 1 shows the spectra of two vowels spoken at the 
same F0. 

The vertical jagged lines show the harmonics of the 
voice, and the spectral shape of each vowel is traced by a 
thin black line draped along the top of the spectra. Note 
how this thin line does not preserve the fine details of 
spectral amplitudes across frequencies: Instead it shows 
the overall distribution of energy, that is, its spectral 
shape or “spectral envelope” (I use “spectral shape” and 
“spectral envelope” interchangeably in the remainder of 
this article). Research on speech perception has shown 
that spectral envelopes (and their pattern of change 
over time) carry a good deal of information regarding 
the identity of phonemes, independent of pitch. Specifi-
cally, if spectral envelope patterns are retained, speech 
remains highly intelligible even if all pitch information 
is removed (i.e., if noise is used as the carrier signal). The 
technique used to demonstrate this, called “noise vocod-
ing” (Davis, Johnsrude, Hervais-Adelman, Taylor,  & 
McGettigan, 2005; Shannon, Zeng, Kamath, Wygon-
ski, & Ekelid, 1995), was used by Bregman et al. (2016) 
to show that spectral shape, not pitch, was the primary 
cue starlings use to recognize sequences of complex 
harmonic tones.

I now turn to addressing the three questions listed 
above, beginning with a review of the research that led 
to these questions, including the findings of Bregman 
et al. (2016). 

Previous Findings on Tone Sequence  
Recognition by Starlings

Research with European starlings (henceforth, star-
lings) has played a key role in cross-species studies of 
music cognition. Starlings are excellent candidates for 
such research because they rely on complex auditory 
processing in their own communication system. These 
vocal-learning songbirds produce long, acoustically rich 
songs in nature (Gentner & Hulse, 2000) and are vocal 
mimics, capable of imitating nonconspecific sounds 
including the calls and songs of other birds (Hindmarsh, 
1984). In terms of auditory psychophysics, starlings are 
among the best studied nonhuman species and show 
several broad similarities to humans, including their 
audiograms and auditory filter widths (Dooling, Okan-
oya, Downing, & Hulse, 1986; Klump, Langemann, & 
Gleich, 2000). Furthermore, although birds lack the six-
layered neocortex found in mammals, neuroanatomical 
research has revealed that the songbird auditory pallium 

Figure 1. Frequency spectra for the vowels /i/ (in “beat”) and /æ/ (in “bat”) 
are shown in panels A and B, respectively. In these spectra the jagged 
lines show the harmonics of the voice and the smooth curves show the 
spectral shape or “spectral envelope.” The formants are the peaks in 
the spectral envelope. The first two formant peaks (F1, F2) are indicated 
by arrows. The vowel /i/ has a low F1 and high F2, and /æ/ has a high 
F1 and low F2. These resonances result from differing positions of the 
tongue in the vocal tract. From Music, Language, and the Brain (p. 57), 
by A. D. Patel, 2008, New York, NY: Oxford University Press. Copyright 
2008 by Oxford University Press. Reprinted with permission.
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is functionally analogous to the mammalian audi-
tory cortical microcircuit (Calabrese & Woolley, 2015; 
Karten, 2013). Consistent with this finding, experiments 
have shown that starlings, like humans, perceive the 
pitch of the missing fundamental of harmonically struc-
tured tones (Cynx & Shapiro, 1986). These observations, 
combined with the fact that the avian auditory system 
follows the general vertebrate plan (Carr, 1992), might 
naturally lead one to expect that starlings and humans 
would share basic features of melody perception. 

One basic feature of human melody perception is the 
ability to recognize a familiar melody when it is “trans-
posed” in pitch (shifted up or down in log frequency). 
For example, when the “Happy Birthday” tune is played 
on a piccolo versus a tuba, a human listener effortlessly 
recognizes the tune in both cases, even if that person has 
never previously heard it played in such a high or low 
pitch register. This shows that human melodic recogni-
tion does not depend on the absolute pitches of notes 
but on the pattern of relations between pitches, or “rela-
tive pitch” (the pattern of pitch intervals between notes, 
which remains constant across different transpositions). 
Although humans do show some memory for the abso-
lute pitch of familiar tunes (Creel & Tumlin, 2012; Levi-
tin, 1994), and a small percentage of people develop 
the ability to recognize individual tones based on their 
absolute pitch (Levitin & Rogers, 2005), most humans 
strongly rely on relative pitch for melody recognition, 
beginning in infancy (Plantinga & Trainor, 2005). 

At first glance, melodic recognition based on relative 
pitch seems a basic ability, likely to be common among 
animals. Indeed, early Gestalt psychologists used the 
recognition of transposed melodies as an example of 
holistic perception whereby objects retain their identity 
when relations between their parts are maintained even 
if the identity of individual parts is changed (Rock & 
Palmer, 1990). Gestalt principles are generally not 
assumed to be uniquely human, because many animals 
need to recognize objects based on relational rather than 
absolute features. Thus it is reasonable to expect that 
starlings, like humans, would readily recognize familiar 
melodies when they were transposed.

In this light, a series of experiments by Stuart Hulse 
and colleagues (commencing with Hulse, Cynx, & 
Humpal, 1984) produced surprising results. These studies 
showed that starlings could easily be trained to discrim-
inate between different tone sequences (e.g., ascending 
vs. descending in pitch), but they did not generalize this 
discrimination when the sequences were transposed 
outside of the training range. (When transpositions 

remained within the training range, they did show some 
generalization, a finding termed the “frequency range 
constraint”; Hulse, Page, & Braaten, 1990). Subse-
quent work replicated this finding and revealed that it 
was not unique to starlings (reviewed in Hulse, Takeu-
chi, & Braaten, 1992). Nonrecognition of transposed 
tone sequences was also observed in several other avian 
species; in rats; and even in a primate, the capuchin 
monkey (D’Amato, 1988; though see Wright, Rivera, 
Hulse, Shyan, & Neiworth, 2000, for different results 
with Rhesus macaques). These findings led to the wide-
spread belief that songbirds recognize tone sequences on 
the basis of absolute (rather than relative) pitch, that is, 
based on the specific frequencies used in tone sequences 
(Weisman, Williams, Cohen, Njegovan, & Sturdy, 2006; 
though see Hoeschele, Guillette, & Sturdy, 2012). This 
view was strengthened by the finding that songbirds 
can readily learn to categorize a large set of pure tones 
(spanning more than two octaves) into eight alternating 
“go” and “no go” frequency bands based on their abso-
lute frequency, a task on which most humans (i.e., those 
without musical absolute pitch) do poorly (Weisman, 
Njegovan, Williams, Cohen, & Sturdy, 2004). 

This lack of relational pitch processing in starlings 
was even more surprising given that these birds are capa-
ble of relational processing for other aspects of tone 
sequences. For example, starlings can learn to discrim-
inate between tone sequences that increase versus 
decrease in loudness and can generalize this discrimi-
nation to different loudness ranges (Bernard & Hulse, 
1992). They can also discriminate isochronous from 
arrhythmic tone sequences and generalize this discrim-
ination to new tempi (Hulse, Humpal, & Cynx, 1984).

Thus it seems that recognition of frequency-shifted 
tone sequences (i.e., melodic recognition based on rela-
tive pitch) may rely on specialized (vs. ancient and wide-
spread) neural mechanisms. Consistent with this idea, 
neuroimaging work with humans has revealed that 
recognition of transposed melodies involves a complex 
network of regions including interactions between audi-
tory and parietal cortex (Foster & Zatorre, 2010). 

Testing With More Complex Acoustic Stimuli

When an animal seems to lack a seemingly “basic” 
perceptual or cognitive capacity seen in humans, such 
as recognition of transposed tone sequences, it is impor-
tant to determine if testing with different methods or 
stimuli would lead to different results. In particular, 
it is important to consider whether more naturalistic 



23Starling Recognition of Tone Sequences

VOLUME 12, 2017special issue animal music perception

stimuli or tasks would reveal capacities that might other-
wise remain hidden (de Waal, 2016). Inspired by these 
concerns, and by evidence for songbird brain regions 
sensitive to conspecific vocalizations (Doupe, 1997), 
Bregman, Patel, and Gentner (2012) tested whether 
starlings could recognize conspecific songs that were 
shifted up or down in frequency. Specifically, starlings 
were trained to discriminate between different conspe-
cific songs and tested for their ability to recognize these 
songs when they were shifted up or down in frequency 
(by up to 40%). Unlike previous findings with melodies, 
the starlings readily recognized the shifted songs for 
shifts both within and outside the training range. 

The findings of Bregman et  al. (2012) inspired us 
to think about how stimulus characteristics might 
have influenced the results of past studies on starling 

recognition of transposed melodies. Most such stud-
ies used pure tones, which are quite unlike the sounds 
used by starlings in their own communication system. 
Starling songs are spectrotemporally complex, with a 

Figure 2. An excerpt of European starling song, illustrating its 
spectrotemporal complexity.

Figure 3. (A) Schematic of the operant panel used for behavioral testing in Bregman et al. (2016). Three response ports, the food port, and playback 
speaker are labeled. (B) Schematic of the six training stimuli used in Experiment 1. Colored boxes indicate complex harmonic tones, and numbers in each 
box are the fundamental frequencies of each tone. (These numbers have been rounded to the nearest integer value for display purposes: actual values in 
Hz [and corresponding Western musical note names] were: 466.16 [Bb4], 523.25 [C5], 578.33 [D5], 659.25 [E5], 739.99 [F#5], 830.61 [G#5]). Colors indicate 
musical instrument timbre (blue, oboe; red, choir “aah”; green, muted trumpet; purple, synthesizer). Each of the three ascending and three descending tone 
sequences are connected with black lines. (C) Mean proportion of correct responses for each of the five subjects (one color per subject) over the course 
of training. From “Songbirds Use Spectral Shape, not Pitch, for Sound Pattern Recognition,” by M. R. Bregman, A. D. Patel, and T. Q. Gentner, 2016, 
Proceedings of the National Academy of Sciences, 113, p. 1667. Copyright 2016 by National Academy of Sciences. Adapted with permission. 
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in AP to the training sequences but differing in timbre. 
Thus in Experiment 2 of Bregman et al. (2016), we tested 
if starlings would generalize their discrimination to a 
rising versus falling melodic pair identical in AP to one 
of the training pairs (the lowest ascending–descending 
pair in Figure 3B) but differing in timbre (made from 
piano tones). We found that the birds did not generalize 
to these AP-matched sequences, indicating that that AP 
was not the essential cue for tone sequence recognition.

Evidence for the Use of Spectral Shape, not Pitch,  
in Starling Tone Sequence Recognition 

Experiments 1 and 2 of Bregman et al. (2016) showed 
that when starlings learn to recognize a tone sequence, 
they use neither relative pitch (Experiment 1) nor abso-
lute pitch (Experiment 2) as the primary cue for recog-
nition. Another way to put this is that starlings do not 
recognize a familiar melody if it is transposed in pitch 
when its sequence of timbres is preserved (Experiment 1), 
nor (conversely) if its sequence of pitches is preserved but 
its timbre is changed (Experiment 2). This suggests that 
pitch and timbre are not good descriptors of the cues 
used by starlings to recognize tone sequences and/or that 
these perceptual attributes are not independent for the 
birds (a possibility also suggested by Hoeschele, Cook, 
Guillette, Hahn, & Sturdy, 2014). 

If starlings do not use pitch for tone sequence recog-
nition, what perceptual cues are they using? We reasoned 
that they might be using a cue more directly related to the 
acoustic structure of sounds, namely, the spectral shape 
of sounds. As noted above, spectral shape is known to 
be an important cue in speech recognition in humans.

To test the spectral shape hypothesis, we created 
noise-vocoded (NV) versions of our training sequences, 
using 16 frequency bands spanning 50–11,000 Hz. (In 
noise vocoding, the number of frequency bands deter-
mines how faithfully the spectral envelope traces the 
underlying spectral structure: more bands result in more 
detailed tracing. 16 bands has been shown to result in 
high intelligibility in speech perception research; Shan-
non, Fu, & Galvin, 2004). Experiment 3 of Bregman 
et al. (2016) tested whether starlings would generalize 
their discrimination of the melodic training sequences 
(cf. Figure 3B) to NV versions of these sequences. This 
experiment used a transfer paradigm, whereby the three 
pairs of ascending versus descending training sequences 
(which were discriminated with a high degree of accu-
racy by the starlings) were replaced with their NV coun-
terparts. Success of transfer is indicated by the strength 
of the initial transfer and by the subsequent acquisition 

rich mix of tonal, noisy, broadband, and narrowband 
elements (see Figure 2 for an example). 

Thus we hypothesized that if starlings were trained 
to recognize tone sequences with spectrotemporal vari-
ation, they would recognize the sequences if trans-
posed. We tested this hypothesis in Experiment 1 of 
Bregman et al. (2016), in which starlings were trained to 
discriminate between sequences of complex harmonic 
tones distinguished by both pitch patterns and spectral 
patterns (Figure 3). Variation in spectral patterns was 
achieved by having each tone produced with a distinct 
musical timbre. As previously noted, spectral structure 
is an important acoustic attribute contributing to timbre, 
thus by varying timbre from note to note we varied spec-
tral structure in a controlled way.

Specifically, the birds were trained to peck one key if 
they heard a sequence of four tones rising in pitch (with 
tonal timbres in the order O, C, M, S, where O = oboe, 
C = choir “aah,” M = muted trumpet, S = synthesizer) 
and another key if they heard a sequence of four tones 
falling in pitch (with timbres in the order M, O, S, C). 
Thus the pattern of pitches and timbres provided redun-
dant cues for perceptual discrimination. Once the birds 
learned this discrimination (which they did readily; cf. 
Figure 3C), we tested their ability to recognize (i.e., 
generalize their discrimination to) transposed versions 
of these sequences, both within and outside the train-
ing range. 

Contrary to our hypothesis, the birds showed no 
generalization, even for small transpositions within 
the training range. This finding seemed consistent 
with the idea that the birds use absolute pitch (AP) to 
recognize tone sequences. Indeed, it seemed that their 
commitment to AP might even be strengthened when 
sequences contain spectrotemporal variation versus 
when sequences are made from pure tones. Recall that 
when tested with pure-tone sequences in prior research, 
starlings recognize sequences transposed within the 
frequency range of the training stimuli (the frequency 
range constraint). In contrast, the starlings in our study 
failed to recognize transpositions that stayed entirely 
within the training range, for example, an upward shift 
of just one semitone relative to the lowest ascending-–
descending sequence pair in Figure 3B.

However, before concluding that the starlings were 
using AP as the primary cue for recognizing tone 
sequences in our study, we felt it was necessary to obtain 
positive evidence that this was the case. We reasoned that 
if AP was the primary cue used to recognize melodies, 
then starlings should generalize to sequences matched 



25Starling Recognition of Tone Sequences

VOLUME 12, 2017special issue animal music perception

absolute spectral envelope is not the only cue starlings 
use for recognizing conspecific songs. Starling songs are 
spectrotemporally complex and provide a number of 
nonspectral cues that might be used for recognition (and 
that would not be affected by frequency shifting), includ-
ing amplitude modulation patterns, the timing of sylla-
ble onsets, and the timing (and/or serial order) of other 
acoustic landmarks. Thus the importance of different 
cues for sound pattern recognition may depend on the 
stimuli used and the listening task. Further research is 
needed to determine what cues starlings use to recog-
nize frequency-shifted songs. I suspect (contra our orig-
inal interpretation in Bregman et al., 2012, but in line 
with Bregman et al., 2016) that the relevant cues do not 
concern pitch patterns within the songs.

Second, prior work has shown that songbirds can 
recognize similar spectral structures at different abso-
lute frequencies (Braaten & Hulse, 1991; cf. Hoeschele, 
Cook, Guillette, Brooks, & Sturdy, 2012). Such struc-
tures would have different absolute spectral envelopes, 
again challenging the idea of absolute spectral enve-
lope as a recognition cue. However, the distinct spec-
tral structures used by Braaten and Hulse (1991) may 
have also differed in other perceptual properties, such 
as degree of consonance or dissonance, which can drive 
generalization (Hulse, Bernard, & Braaten, 1995). 

Third, starlings perceive the missing fundamental of 
harmonic complexes. This has been shown by training 
the birds to discriminate between two pure tones and 
testing their ability to generalize this discrimination to 
harmonic complexes containing four consecutive higher 
harmonics of these tones. Starlings show immediate and 
accurate performance on this generalization task (Cynx 
& Shapiro, 1986), which implies that they perceive the 
missing fundamental. For the current purposes, the 
relevant point is that this generalization occurred even 
though the absolute spectral envelopes of the training 
and test stimuli were quite different (e.g., one training 
stimulus was a 200 Hz pure tone, whereas the associated 
harmonic complex had frequencies of 800, 1000, 1200, 
and 1400 Hz). Although this generalization cannot be 
based on absolute spectral envelope, it is important to 
note that Cynx and Shapiro (1986) studied the percep-
tion of individual tones that lacked any spectrotempo-
ral variation, whereas Bregman et al. (2016) studied the 
perception of tone sequences with spectrotemporal vari-
ation. Thus the use of absolute spectral envelope as a key 
cue for tone sequence recognition may apply when tones 
are acoustically complex and are in sequences where 
spectral structure varies.

rate. By both measures, the starlings showed strong 
transfer to the NV sequences. To directly compare the 
strength of this transfer to the ability to recognize melo-
dies on the basis of AP, the second part of Experiment 3 
tested transfer from the original training sequences 
to piano-tone versions of these sequences matched in 
AP to the training sequences. In this case, the starlings 
showed poor generalization, even though these birds had 
prior experience with the transfer task (i.e., via the NV 
experiment). 

These results indicated that spectral shape, not 
pitch, was a key cue for tone sequence recognition by 
starlings. We know that spectral shape rather than 
detailed spectral structure (or pitch) was important for 
recognition because NV preserved the overall spectral 
structure (i.e., the spectral envelope) while eliminating 
pitch information. It is important to note, however, that 
simply retaining spectral envelope is not enough to guar-
antee tone sequence recognition by starlings. In Experi-
ment 1, the training sequences retained their spectral 
envelopes when transposed (because the sequences were 
simply shifted up or down in log frequency), yet the birds 
did not recognize the transposed tone sequences. This 
suggests that it is not just spectral envelope that is impor-
tant for starling tone sequence recognition but “absolute 
spectral envelope,” that is, the overall pattern of spectral 
amplitudes across particular frequency bands. 

Given these findings, we can now reinterpret the 
results of prior experiments on avian tone sequence 
recognition that employed pure tones. In pure tones 
(which have just one frequency), the absolute spectral 
envelope corresponds directly to pitch, which can lead 
one to interpret the results of such studies in terms 
of absolute pitch as a recognition cue. It is only when 
one uses more spectrally complex sounds that one can 
dissociate spectral envelope and pitch, and test whether 
pitch patterns are truly the basis for tone sequence 
recognition.

Challenges to the Idea of Absolute Spectral 
Envelope as a Recognition Cue

The idea that starlings use absolute spectral envelope 
for tone sequence recognition faces challenges from four 
findings that seem to contradict this idea. First, in Breg-
man et al. (2012), starlings readily recognized conspecific 
songs when they were shifted up or down in frequency. 
Such shifts do not preserve the absolute spectral enve-
lopes of songs, because the original songs are shifted 
into different frequency bands. Thus we suspect that 
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Fourth, as noted earlier, when starlings are trained 
to discriminate ascending from descending pure tone 
sequences, they can generalize to transposed versions 
of these sequences within the frequency range of the 
training stimuli (the frequency range constraint). Such 
transpositions do not preserve the pattern of absolute 
spectral envelopes of tone sequences. However, pure 
tones have no variation in spectral structure from one 
sound to the next, because each tone consists of single 
frequency. As noted earlier, when Bregman et al. (2016) 
used sequences of complex harmonic tones with varia-
tion in spectral structure, they found no generalization 
to transpositions that lay entirely within the training 
range (including transpositions of just one semitone). 
This points to the need for further studies that vary the 
acoustic complexity of tones and the amount of tone-
to-tone variation in spectral structure to determine at 
what point spectral envelope becomes a primary cue 
for tone sequence recognition. It may be, for example, 
that pitch plays a role in starling tone sequence recog-
nition if complex harmonic tones are less acoustically 
complex than real musical instrument sounds, and/or if 
the spectral structure of complex harmonic tones does 
not vary from tone to tone. Consistent with this idea, 
Bregman et  al. (2012) found that starlings trained to 
discriminate short melodic sequences made from piano 
tones could recognize transpositions of such sequences 
by one or two semitones. Because these sequences were 
made entirely of piano tones, there was little variation 
in spectral structure from tone to tone. Thus pitch may 
have been given more weight as a cue for tone sequence 
recognition than in the study of Bregman et al. (2016), 
where spectral structure showed considerably more vari-
ation from tone to tone. 

From these considerations it is clear that future work 
on avian tone sequence recognition should vary the 
acoustic complexity (and degree of spectral  modulation) 
of complex harmonic tones in order to determine how 
the hierarchy of cues used by birds for tone sequence 
recognition depends on stimulus structure. It will also 
be important to know whether this hierarchy differs 
between species. As a comparison to starlings, zebra 
finches (Taeniopygia guttata) would be interesting to 
study because their songs have many harmonically 
structured elements and because these finches have 
been studied in terms of their sensitivity to aspects of 
spectral shape and pitch as recognition cues for natural 
sounds (e.g., Uno, Maekawa, & Kaneko, 1997; Vignal & 
Mathevon,2011).

Having reviewed the background and findings of 
Bregman et al. (2016), we can now turn to the three ques-
tions raised at the opening of this paper. 

Why Would Starlings Use Spectral Shape, not 
Pitch, for Tone Sequence Recognition?

In seeking to understand why starlings use spectral 
shape rather than pitch to recognize tone sequences, a 
logical starting point is to think about the roles these two 
factors play in the bird’s own communication system. As 
just noted, starling song is spectrotemporally complex, 
and to human ears it often sounds as if more than one 
pitch is being produced simultaneously (which could 
reflect the two sides of the avian syrinx producing differ-
ent sounds). Starling songs also contain frequent inhar-
monic sounds that do not yield a clear pitch. In other 
words, unlike in “tonal” birdsongs, which are dominated 
by just one time-varying frequency, starling songs do not 
project a clear, unitary pitch sequence. This may be one 
reason why these birds don’t rely on pitch patterns when 
recognizing tone sequences.

It is important to note that the non-use of pitch for 
tone sequence recognition by starlings is not due to an 
inability to perceive pitch. As previously stated, starlings 
perceive the pitch of harmonic complexes, as shown by 
research on perception of the missing fundamental. Yet 
even though they can perceive the pitch of harmoni-
cally structured tones, the results of Bregman et  al. 
(2016) show that they do not use pitch patterns for tone 
sequence recognition. In other words, humanlike pitch 
perception of individual tones (e.g., as recently docu-
mented in the common marmoset Callithrix jacchus by 
Song, Osmanski, Guo, & Wang, 2016) does not automat-
ically lead to humanlike processing of tone sequences. 

If starlings do not use pitch for tone sequence recog-
nition, why do they rely on spectral shape for this task? 
One idea is that attending to the spectral shape of sound 
sequences is beneficial in the animal’s own communi-
cation system. A recent acoustic study of the full vocal 
repertoire of another songbird that produces spectrotem-
porally complex sounds (the zebra finch) revealed that 
their 10 call types were primarily distinguished by spec-
tral shape (Elie & Theunissen, 2016). These variations in 
spectral shape are driven by changes in the shape of the 
vocal tract (Riede, Schilling, & Goller, 2013). Thus star-
lings may use spectral shape as a primary cue in distin-
guishing between different conspecific call types. Spec-
tral shape patterns may also be important in starlings’ 
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ability to recognize other individual starlings based on 
their songs (Gentner & Hulse, 1998).

The exact spectral structure of a sound is a very 
detailed acoustic property. The results of Bregman 
et  al.’s (2016) Experiment 3, and of the study of Elie 
and Theunissen (2016), suggest that the full details of 
spectral structure are not necessary for sound pattern 
 recognition/discrimination by songbirds. Instead, the 
spectral envelope (which conveys the overall distribution 
of energy across frequency bands) appears to be suffi-
cient. This is an interesting parallel to speech perception 
in humans (Shannon, 2016).

Returning to pitch perception, if starlings perceive 
the pitch of sounds but don’t use pitch patterns for sound 
pattern recognition, what function does pitch percep-
tion serve for them? A possible answer is suggested by 
the findings of Elie and Theunissen (2016). They exam-
ined a large number of acoustic features to see which 
best discriminated between different types of zebra finch 
vocalizations. As noted previously, spectral shape was 
a key feature, but an important secondary feature was 
pitch saliency, which distinguishes noisy sounds from 
tonal or harmonic sounds. Thus, pitch perception may 
play an important role for starlings as a cue in distin-
guishing call types based on pitch saliency. 

Why Do Humans Use Pitch  
for Tone Sequence Recognition?

Why do humans (unlike starlings) gravitate to pitch 
as a key attribute when recognizing tone sequences? 
This tendency may have its roots in human tendency 
to modulate pitch independently of spectral shape for 
communicative purposes. For example, human singing 
often contains phrases in which the same pitch pattern 
is used with different words (which are largely cued by 
spectral shape patterns), as in the verses of certain popu-
lar songs, where the same melodic patterns are paired 
with different words. Conversely, in speech it is not 
uncommon to hear the same sequence of words spoken 
with different pitch patterns (e.g., “It’s your birthday!” 
vs. “It’s your birthday?”). Thus pitch and spectral shape 
exhibit a significant degree of “informational indepen-
dence” in human auditory communication. This may be 
why humans automatically perceptually separate pitch 
and spectral shape when processing tone sequences 
and (because spectral shape patterns in tone sequences 
convey no lexical information) attend to pitch as a key 
feature for tone sequence recognition. 

Is Using Pitch to Recognize Tone  
Sequences Evolutionarily Ancient or Recent?  
The Informational Independence Hypothesis

Starling’s use of spectral shape rather than pitch 
to recognize tone sequences raises the question of how 
widespread this tendency is among nonhuman animals. 
If using pitch to recognize tone sequences reflects 
ancient, widespread brain mechanisms of sound pattern 
recognition, then this trait should be common among 
animals, and starlings should be an exception to the rule. 
If, on the other hand, tone sequence recognition based 
on pitch is a recent evolutionary trait, then humans may 
share this trait with few other species. 

I suspect that the use of pitch to recognize tone 
sequences may be a rare trait, present only in animals 
with certain types of communication systems. These 
are systems in which pitch and spectral shape patterns 
are modulated independently in acoustic sequences 
to convey distinct types of information (cf. the previ-
ous section). I call this the informational independence 
hypothesis. Underlying this hypothesis is the idea that 
the perceptual separation of pitch and spectral shape in 
sound sequences reflects auditory neural specializations 
driven by specific communicative needs. In this light, it 
is interesting to note that human auditory cortical brain 
regions involved in pitch perception appear to be partly 
distinct from those involved in the analysis of spectral 
shape (Norman-Haignere, Kanwisher, & McDermott, 
2013; Warren, Jennings, & Griffiths, 2005).

What other species exhibit informational indepen-
dence of pitch and spectral shape in their communica-
tion systems? A signature of such systems is the use of 
similar pitch patterns with different sequences of spec-
tral shapes and/or the use of different pitch patterns with 
similar sequences of spectral shapes. From a compar-
ative perspective, such systems may be quite rare in 
animal communication. To be sure, many bird and 
mammal species modulate spectral shape and pitch 
for communicative purposes (e.g., Elie & Theunissen, 
2016; Fitch, 2000; Pisanski, Cartei, McGettigan, Raine, 
& Reby, 2016), for example, to distinguish affiliative 
from agonistic calls (Morton, 1977). However, this does 
not prove that they are modulated independently in 
sequences to convey distinct types of information. In 
searching for other species that exhibit informational 
independence of spectral shape and pitch, it may be 
useful to examine animals that produce communicative 
sequences employing harmonic sounds with clear pitch, 
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and in which these sounds can be ordered in different 
ways for communicative purposes. In this regard, Camp-
bell’s monkeys (Cercopithecus campbelli) and Bengalese 
finches (Lonchura striata domestica) would be promis-
ing species to examine (Abe & Watanabe, 2011; Okan-
oya, 2004; Ouattara, Lemasson, & Zuberbühler, 2009; 
Schlenker et al., 2014). Common marmosets also merit 
study because they produce numerous tonal calls (Pisto-
rio, Vintch, & Wang, 2006) and are well studied in the 
laboratory (e.g., Miller, Mandel, & Wang, 2010).

The informational independence hypothesis makes a 
testable prediction: If an animal does not exhibit infor-
mational independence of pitch and spectral shape in 
its own communicative sequences, it will not use pitch 
to recognize tone sequences. Note that this prediction 
pertains to the recognition of sequences of complex 
harmonic tones that vary in spectral structure and could 
be tested using the stimuli and methods form the noise-
vocoding experiment of Bregman et al. (2016). Thus the 
hypothesis makes the counterintuitive prediction that 
birds that sing “tonal” songs dominated by just one 
time-varying frequency, such as the Common Yellow-
throat (Geothlypis trichas), will not use pitch to recog-
nize tone sequences. Such bird songs sound very musi-
cal to human ears, yet because they largely consist of a 
single time-varying frequency, spectral shape, and pitch 
are not dissociable and thus are not modulated indepen-
dently during song production. (In searching for species 
to study in order to test this prediction, it will be impor-
tant to examine a species’ songs as well as its calls. One 
would want to test animals where there is no evidence of 
informational independence of pitch and spectral shape 
in either the songs or the calls.) 

If the informational independence hypothesis is 
supported by future work, an interesting question will be 
the extent to which other species can learn to use pitch to 
recognize tone sequences. Ferrets (Mustela putorius furo) 
would be an interesting species to study in this regard. 
Neural research suggests that ferret auditory cortical 
neurons sensitive to pitch are also typically sensitive to 
timbre (Bizley, Walker, Silverman, King, & Schnupp, 
2009), an auditory attribute in which spectral shape plays 
a key role (Caclin, McAdams, Smith, & Winsberg, 2005). 
Thus pitch and spectral shape may not be well separated 
in the brains of these animals. If these animals (like star-
lings) tend to use spectral shape for tone sequence recog-
nition, then one could address the learning question 
just alluded to. Specifically, if young ferrets were raised 
in an acoustic environment where pitch and spectral 
shape patterns were varied independently in sequences 

of complex harmonic tones to convey distinct “mean-
ings” (e.g., related to food availability or other mean-
ingful environmental variables), would the animals (as 
adults) use pitch to recognize tone sequences? If so, 
this would suggest that the human tendency to recog-
nize tone sequences based on pitch patterns need not 
reflect evolved neural specializations and could emerge 
through experience-dependent neural plasticity (Fritz, 
Shamma, Elhilali, & Klein, 2003) driven by the infor-
mational independence of pitch and spectral shape in 
human auditory communication. 

Conclusion

Cross-species studies of music perception have 
recently begun to grow in number and scope. Such stud-
ies provide an empirical approach to studying the evolu-
tionary history of music cognition (Patel, in press). In 
this article I have focused on a major difference in how 
songbirds (European starlings) versus humans recog-
nize sequences of complex harmonic tones that vary 
in spectral structure. For humans, the pitch pattern of 
the tones is a key cue for recognition, whereas for star-
lings the pattern of spectral shapes, not pitch, is key for 
recognition. I suggest that this difference has its roots in 
the way pitch and spectral shape are used in the natural 
communication systems of starlings versus humans and 
propose that recognizing such tone sequences based on 
pitch patterns is likely to be an unusual trait, reflecting 
auditory neural specializations that are rare in cogni-
tive evolution.
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