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Zebra Finches (Taeniopygia guttata) Can Categorize Vowel-Like Sounds
on Both the Fundamental Frequency (“Pitch”) and Spectral Envelope
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Humans can categorize vowels based on spectral quality (vowel identity) or pitch (speaker sex).
Songbirds show similarities to humans with respect to speech sound discrimination and categorization,
but it is unclear whether they can categorize harmonically structured vowel-like sounds on either
spectrum or pitch, while ignoring the other parameter. We trained zebra finches in two experimental
conditions to discriminate two sets of harmonic vowel-like sounds that could be distinguished either by
spectrum or fundamental frequency (pitch). After the birds reached learning criterion, they were tested
on new sounds that were either noise-vocoded versions of the trained sounds (sharing the spectral
envelope with the trained sounds but lacking fine spectral detail from which pitch could be extracted) or
sounds lacking the amplified harmonics (sharing only pitch with the trained sounds). Zebra finches
showed no difference in the number of trials needed to learn each stimulus-response mapping. Birds
= trained on harmonic spectrum generalized their discrimination to vocoded sounds, and birds trained on
. pitch generalized their discrimination to harmonic sounds with a flat spectrum. These results demonstrate
that, depending on the training requirements, birds can extract either fundamental frequency or spectral
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envelope of vowel-like sounds and use these parameters to categorize new sounds.
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Driven by an interest in speech sound perception and its evolution,
multiple studies investigated to what extent nonhuman animals (here-
after: animals) are able to discriminate and categorize speech sounds.
In particular, the discrimination and/or categorization of vowel-like
sounds has been examined and shown for a range of species, such as
ferrets (Bizley, Walker, King, & Schnupp, 2013; Town, Atilgan,
Wood, & Bizley, 2015), cats (Dewson, 1964), budgerigars (Dooling
& Brown, 1990), European starlings (Kluender, Lotto, Holt, & Bloe-
del, 1998), and zebra finches (Kriengwatana, Escudero, Kerkhoven,
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& ten Cate, 2015; Kriengwatana, Escudero, & ten Cate, 2015; Ohms,
Escudero, Lammers, & ten Cate, 2012; Ohms, Gill, Van Heijningen,
Beckers, & ten Cate, 2010).

Essential for speech perception is the ability to categorize
speech sounds (Goudbeek, Swingley, & Kluender, 2007; Goud-
beek, Swingley, & Smits, 2009; Holt & Lotto, 2006, 2010). Hu-
mans can categorize the same speech sound on different dimen-
sions, for example, vowel and speaker identity or speaker sex.
Speaker sex categorization is mostly driven by sex differences in
pitch, which are related to differences in fundamental frequency
(fO; the human analogue of pitch) and its harmonic spectrum. In
contrast, vowel categorization is driven by differences in timbre,
called “formants” for speech sounds, characterized by different
amplitude peaks in the harmonic spectrum (Fuller et al., 2014; Holt
& Lotto, 2010). Songbirds are also able to discriminate between
speech sounds (Kluender et al., 1998; Ohms et al., 2010, 2012) and
speakers (Dooling, 1992), suggesting they can identify the most
important parameters that humans use, that is, pitch and spectral
envelope, to categorize vowel-like sounds.

Despite these similarities, pitch processing is often assumed to
differ between humans and birds. In tone sequences and music,
humans are known to perceive relative pitch: We attend to the
relationship or intervals between successive sound elements to
recognize and discriminate sound sequences (Bregman, Patel, &
Gentner, 2012). This ability has also been shown by several
mammal species, including Japanese (Izumi, 2001) and macaque
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monkeys (Brosch, Selezneva, Bucks, & Scheich, 2004) and ferrets
(Walker, Schnupp, Hart-Schnupp, King, & Bizley, 2009; Yin,
Fritz, & Shamma, 2010). In contrast, songbirds, including starlings
(Hulse & Cynx, 1985; Hulse, Cynx, & Humpal, 1984; MacDougall-
Shackleton & Hulse, 1996; Page, Hulse, & Cynx, 1989), mocking-
birds and cowbirds (Hulse & Cynx, 1985), white-throated sparrows
(Hurly, Ratcliffe, & Weisman, 1990), black-capped chickadees
(Weary & Weisman, 1991), and zebra finches (Weisman, Njegovan,
& Ito, 1994; Weisman et al., 1998), seem to attend primarily to the
absolute pitch of sound stimuli to make their perceptual decisions.
Absolute pitch is the capacity to distinguish different pitches without
an external referent (Friedrich, Zentall, & Weisman, 2007). After
training on tone sequences, songbirds can eventually learn to gener-
alize for relative pitch (Cynx, 1995; Page et al., 1989). However, the
birds do not transfer their strategies to sequences outside of the
training frequency range, and they need the same amount of trials to
learn the new discrimination as they need to learn the first discrimi-
nation (Cynx, 1995; Hulse & Cynx, 1985). A cross-species mammal
comparison (between rats and humans) led Weisman to hypothesize
that there is general difference in processing of absolute and relative
pitch between mammals (including humans, rats, and ferrets) and
songbirds (Weisman, Njegovan, Williams, Cohen, & Sturdy, 2004).
However, a recent study showed that starlings are able to cate-
gorize pitch-shifted conspecific songs, including songs that were
shifted outside the frequency range of the trained songs (Bregman
et al., 2012), although they could not do this for piano tone
sequences. Starling songs are spectrotemporally complex, and
Bregman et al. (2012) suggested that the observed generalization
across frequency-shifted songs reflects the birds’ ability to detect
spectrotemporal changes over time independent of absolute fre-
quency. Bregman, Patel, and Gentner (2016) subsequently inves-
tigated how starlings perceive tone sequences that varied over time
both in pitch and spectral timbre. With these experiments, they
showed that the birds are able to use spectral shape information,
the so-called “spectral envelope,” that is, the overall pattern of
amplitude across frequency bands. To what extent this is a general
feature for songbirds or specific for starlings, is still unknown.
The study by Bregman et al. (2016) also provides a novel
perspective on the perception of vowel spectra by birds. Do birds
discriminate vowel-like sounds by relying on fine spectral details,
or do they rely on differences in the spectral envelope? In the
current study, we further examined the acoustic parameters that
zebra finches can use to discriminate and categorize artificial
sounds differing acoustically in fundamental frequency (hereafter:
pitch, which is related to speaker sex differences) and in formant-
like variation in spectral envelope. Zebra finches are known to be
skilled at discriminating absolute frequencies (Cynx, 1995; Lee,
Charrier, Bloomfield, Weisman, & Sturdy, 2006), differences in
harmonic spectra (Lohr & Dooling, 1998; Uno, Mackawa, &
Kaneko, 1997; Vignal & Mathevon, 2011), and natural and arti-
ficial vowels (Kriengwatana, Escudero, Kerkhoven, et al., 2015;
Ohms et al., 2010, 2012), as well as known to be very sensitive to
fine temporal structure of sounds (Dooling, 1992; Dooling & Prior,
2017; Lohr, Dooling, & Bartone, 2006). Unknown, however, is
whether they can use the spectral envelope of harmonically struc-
tured sounds, which lacks information about pitch and fine spectral
details, to discriminate sounds. Also, although zebra finches may
have a natural tendency to be more sensitive to some parameters,
for example, temporal fine structure, than to others, for example,

spectral envelope (Dooling & Prior, 2017), some experiments have
suggested that they can learn to use both speaker sex and vowel
quality for categorization (Burgering, ten Cate, & Vroomen,
2018). Here, we studied in a systematic way whether zebra finches
are perceptually sensitive to the same parameters, pitch and spec-
tral envelope, which humans use for vowel categorization and for
speaker sex categorization. Birds were trained to classify six
sounds into two categories using a two-alternative forced choice
paradigm with corrective feedback. In one condition, the birds had
to discriminate artificial sounds based on differences in pitch while
variation in spectral envelope was irrelevant to obtain reinforce-
ment. In the other condition, the birds had to discriminate sounds
based on differences in spectral envelope while variation in pitch
was irrelevant. By differential reinforcement, the birds could po-
tentially learn to focus on one parameter (e.g., pitch) and to ignore
the other (e.g., spectral envelope) to succeed in correct classifica-
tion.

In the test phase, we examined whether the birds generalized the
learned discrimination to new sounds using the relevant parameter
irrespective of the value of the other (irrelevant) parameter. One
set of test sounds had a flat spectrum, but contained information
about fO in the harmonics (pitch). The other test set consisted of
so-called noise-vocoded (hereafter: vocoded) versions of the
trained sounds. The vocoding technique replaces the detailed har-
monic spectrum with noise distributed over a limited set of fre-
quency bands, thus removing harmonic detail from which funda-
mental frequency or pitch can be derived, but maintaining the
gross spectral envelope (Dorman, Loizou, & Rainey, 1997; Rob-
erts, Summers, & Bailey, 2011).

If the zebra finches were simply memorizing the individual
trained sounds (exemplars), we expected them to show limited
generalization to the new sounds. On the other hand, if the finches
extracted the relevant cue (pitch or spectral envelope) from the
training sounds, we expected them to generalize to those new test
sounds that share that cue.

Method

Subjects

We used 14 adult zebra finches (Taeniopygia guttata; eight
males and six females) from the Leiden University breeding col-
ony. At the start of the experiment, all birds were between 136
days and 672 days post hatching (398 = 151 days). Before the
experiment, birds were housed in single-sex groups with a maxi-
mum of 15 animals, and they were kept on a 13.5 L: 10.5 D
schedule at 20-22°C. Birds always had free access to water and
feeders with seeds. Furthermore, they received twice a week some
vegetables and fruit (grated carrot and apple) and egg food
(mashed boiled eggs). All zebra finches were physically examined
and weighted before the start of the experiment. Throughout the
experiment, the birds were carefully observed. During the exper-
iment, drinking water, cuttlebone, and grit were available ad libi-
tum. Food was used as reinforcement and therefore only available
after a correct response. If, for some reason, a bird was not able to
obtain food for 18 consecutive hours, the food hatch opened
automatically for unlimited time. None of the birds had experience
with similar behavioral testing. All animal procedures were ap-
proved by the Leiden Committee for animal experimentation
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(DEC (dierexperimentencommissie (in Dutch: animal experimen-
tation committee) number 14,229).

Apparatus

Zebra finches were individually housed in an operant condi-
tioning cage (Skinnerbox) in a sound-attenuated room (Figure
1, adapted from Burgering et al., 2018). Three horizontally
aligned pecking sensors in the back wall of the cage, a fluores-
cent lamp, a food hatch, and a speaker were connected to an
operant conditioning controller that registered all sensor pecks.
Pecking the middle sensor elicited a sound and illuminated the
LED light of the left and right sensor. Pecking the left sensor
after hearing a sound from Category A and pecking the right
sensor after hearing a sound from Category B resulted in food
access for 8—10 s. An incorrect response led to 1-12 s darkness
depending on the experimental phase. The intertrial interval
was 2 s. The cage was built from wire mesh walls and one
foamed PVC back wall. A fluorescent lamp (Phillips Master
TL-D 90 DeLuxe 18W/965, The Netherlands) was placed on
top of the Skinnerbox and functioned as the only light source.
The same light/dark schedule as in the breeding colony was
applied. Sound stimuli were played at ~70 dB (SPL meter,
Rion NL 15; Rion, Kokubunji, Tokyo, Japan) through a speaker
(Vifa MG10SD09-08; Vifa, Viborg, Denmark) 1 m above the
cage.

Stimulus Material

Training sounds. We created two stimulus sets of artificial
harmonic sounds that varied with respect to fundamental fre-
quency and spectrum (i.e., the relative amplitude of the harmonics;
Figures 2 and 3). Stimulus creation started with flat-spectrum
source sounds (i.e., without amplifications of a specific set of
harmonics) differing in fundamental frequency and number of
harmonics using a PRAAT script from Shigeto Kawahara (http://
user.keio.ac.jp/~kawahara/). All sounds had a duration of 0.8 s and
were ramped on and off with 0.2 s cosine ramps. Per stimulus set,
three different fO values were chosen (100, 165, and 230 Hz for Set
1; 105, 170, and 235 Hz for Set 2; see Figure 2), based on natural
fO values of male and female speakers (Adank, van Hout, & Smits,
2004). The maximum frequency was set to 6000 Hz, and the
number of harmonics of the source sounds depended on f0. For
stimulus Set 1, the flat spectrum source sound with an fO of 100 Hz
contained 60 harmonics, the fO of 165 Hz contained 36 harmonics,
and the source sound with fO of 230 Hz contained 26 harmonics.
For stimulus Set 2, the source sounds with an fO of 105 Hz
contained 57 harmonics, an f0 of 170 Hz contained 35 harmonics,
and an fO of 235 Hz contained 26 harmonics. All formant-like
frequency bands had a bandwidth of 190 Hz.

To create the training stimuli, for each of the source sounds
three spectral variants were created by amplifying a different
frequency band (with 30-38 dB) centered around either 1450,

speaker ~1 m above cage

P

pecking sensor

____________ food hatch
_________________ perch
o o

Response time

25 (s)

Food access time
12 (s)

Figure 1.

The operant conditioning chamber is 70 (1) X 30 (d) X 45 (h) cm. Three horizontally aligned pecking

sensors are depicted at the bottom just above the long horizontal perch. In the first display, the zebra finch is pecking
the middle sensor, which causes a sound to be played from the speaker above. The bird has 25 s to peck the left (or
right) sensor (depicted in the second display). In the last display, the bird is sitting in front of the open food hatch
(adapted with permission from Burgering, ten Cate, & Vroomen, 2018).
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Figure 2. All birds were trained to categorize six sounds either based on spectrum (Tr1, Tr2, and Tr3 vs. Tr6,
Tr7, and Tr8) or based on pitch (Tr1, Tr4, and Tr6 vs. Tr3, Tr5, and Tr8). The pitch values and formant values
for Set 1 are given in this figure. The values for Set 2 were +5 Hz for all pitch values and —10 Hz for all formant
values. Flat spectrum test sounds are depicted in the box on the right, and each vocoded test sound is depicted
in the spectrum/pitch matrix. The vocoded test sounds were clustered in a low, mid, and high group, depicted
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1850, or 2250 Hz for Set 1; and 1440, 1840, or 2240 Hz for Set 2
using Adobe Audition (see Figure 2). Our amplified frequency
bands resemble the second formant (F2) in natural vowels. For
example, for Dutch vowels, frequencies for F2 are roughly be-
tween 800 and 2400 Hz (Adank et al., 2004). The overall intensity
of all training sounds had same overall amplitude of 71 dB.

Test sounds. To create the vocoded test sounds, the training
sounds were noise vocoded into 16 log-spaced frequency bands
over the frequency range of 100 Hz to 6 kHz using a script from
Matthew Winn (http://www.mattwinn.com/praat.html). To the hu-
man ear, noise vocoding distorts the fine spectral detail from which
the pitch is derived, but the gross spectral envelope remains intact.
For the test sounds with a flat spectrum, we used the original
source sounds on which the training sound were based. Note that
these source sounds had fine spectral details from which pitch
could be derived, but their spectral envelope was flat (Figures 2
and 3).

Training phase. We used two different six-to-two stimulus—
response (SR) mappings called “pitch” training and ‘“‘spectrum”
training. Six sounds could be categorized in training based on pitch
(Trl1, Tr4, and Tr6 vs. Tr3, Tr5, andTr8), and six sounds could be
categorized in training based on spectrum (Trl, Tr2, and Tr3 vs.
Tr6, Tr7, and Tr8).

Transition phase. In this phase, we presented birds with 12
amplitude-modulated versions of the trained sounds (*2 dB from
original training sound). By doing so, we could exclude the pos-
sibility that birds were categorizing the sounds solely based on
loudness. These sounds were not reinforced in 20% of the trials.

Test phase. This stage consisted of two stages. The birds
either received the eight vocoded test sounds and next the three flat
spectrum sounds, or the other way around.

Design

The birds were randomly assigned to one of the different SR
mappings (SR mapping was between subjects). Every SR mapping
was completed by seven birds. Per SR mapping, three birds were
tested with stimulus Set 1 and four birds were tested with stimulus
Set 2.

Procedure

All birds were trained to categorize six training sounds into two
categories. Each experiment consisted of a shaping, training, tran-
sition, and test phase.

During the shaping phase, the bird had time to acclimate to the
cage, learn where to find food, and learn how to use the pecking
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Figure 3. Spectrograms for the training sounds ([A] Tr1; [B] Tr6; [C] Tr3; [D] Tr8) for pitch training from Set
1 and two test sounds ([E] flat spectrum sound with pitch of 230 Hz; [F] vocoded version of Tr8). Power spectra
for Tr8 (G), the vocoded version of Tr8 (H), and the flat spectrum sound with fO = 230 Hz (I). Intensity plots

for Tr8 (J) and the vocoded version of Tr8 (K).

sensors. The bird had to learn to initiate its own trial by pecking the
middle sensor first, which elicited one of the two unfamiliar zebra
finch songs (A and B). Next, the bird had to respond to the played
sound by pecking the left or right sensor (see Burgering et al.,
2018, for further details). The birds’ responses were differentially
reinforced, for example, when Song A was played, pecking the left
sensor resulted in food access whereas pecking the right sensor
resulted in a preset time of darkness and vice versa for Song B. For
each day, the discrimination between the stimuli by each bird was
calculated as the proportion of correct responses out of all sounds
that birds responded to. After 3 days performing at >0.75 overall

and >0.60 per category, the bird was promoted to the training
phase, during which the bird was trained on six training sounds
according to the type of training, either pitch or spectrum.

When a bird had an overall discrimination score of >0.75 and
a score of >0.60 for each category for 3 consecutive days, the bird
was promoted to the transition phase, during which the six
training stimuli and the 12 amplitude-modulated versions of these
stimuli were not reinforced in 20% of the trials of 1 day. The bird
had to maintain its discrimination score for another day. This
transition phase prepared the bird for the test phase. During the
two stages of the test phase, 11 new test sounds were introduced:
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Figure 3.

three flat spectrum sounds and eight vocoded versions of all
trained sounds. Test sounds were randomly played interspersed
between training sounds, and the test sounds were never rein-
forced. During each stage of the test phase, 20% of all trials were
new sounds and 80% of all trials were trained sounds. Each test
sound was presented 40 times. Therefore, birds were presented
with 320 vocoded test sounds and 120 flat spectrum test sounds,
respectively. When both stages of the test phase were completed,
the experiment was finished and the bird was returned to the
aviary.

Analyses

Training phase. We measured the number of training trials
needed before the overall proportion correct was >0.75 and the
discrimination for both left and right was >0.60 on 3 consecutive
days. Due to our small sample size, we decided to treat the data as
nonparametric, and we submitted the data to a Mann—Whitney test
to examine whether training type had a significant effect on

(K) Intensity plot of vocoded version of this Tr8

0.4
100 +
=
&,
2 =y Ao
P e W
2 A N\
E / \
"1 “\\
/ \
50
0 0.8
Time (s)
(continued)

number of trials required to reach criterion. Due to the design,
birds had the possibility to withhold their responses, here defined
as no-responses. Therefore, we also calculated the percentage of
“no responses” for all birds during the entire training phase.

Test phase. We calculated the percentage of no responses for
trained and test sounds per test stage. If this percentage for each
test sound was higher than 25%, we excluded the data points of
that individual from the analysis. On the basis of this criterion, we
excluded one bird (ID 675), which had >75% of no responses to
each test sound. For all trials that got a response, the proportion of
responses for each sound type was calculated as proportions of
responses to the sensor for category low pitch (for the birds trained
on the pitch mapping) or low spectrum (for the birds trained on the
spectrum mapping).

If the birds passed the training phase, they already demonstrated
to be able to categorize the trained sounds. Therefore, we com-
bined the proportion of responses into one score for the three
trained sounds within each category (pitch_low vs. pitch_high and
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spectrum_low vs. spectrum_high). Next, we tested whether the
proportions of responses for the three vocoded versions of the
trained sounds with a low frequency (voc_low) were significantly
different. If not, we combined the proportion of responses into one
score for these three vocoded sounds. We did the same for the two
vocoded versions with a middle frequency (voc_mid) and the three
vocoded versions with a high frequency (voc_high). To test
whether the proportions of responses for the five different sound
types were significantly different, we submitted these proportions
for each test phase to a separate Friedman test with sound type
(two trained sound types and three flat spectrum sound or three
vocoded sound types) as a fixed effect. When the main analysis
revealed significant effects, three post hoc pairwise comparisons
between the proportions of responses for the different test sound
types were performed using a Wilcoxon signed-ranks test. These
reported p values are uncorrected. All analyses were performed
with IBM SPSS Statistics 22 (Armonk, New York, United States
of America).

Results

Training Phase

For both the spectrum and pitch mapping, seven different indi-
vidual birds completed the training phase. The average number of
trials with standard deviation are reported. To reach criterion, birds
required on average 1,801 = 619 trials in the spectrum training and
2,858 = 2,063 trials in the pitch training (Figure 4; for individual
data, see Table S1 in the online supplemental materials). To
compare the number of trials needed to reach criterion in the two
experimental conditions, we ran a Mann—Whitney test, which
showed that the number of trials was not significantly different
between the spectrum (median = 1,651) and pitch training (me-
dian = 1,851; U = 20 and p = .620). The average of no responses
was 6.3% for birds assigned to the spectrum mapping and 7.7% for
birds assigned to pitch mapping.

6000
5000 |

4000 1

2000 r

Number of trials
w
o
o
o
T

1@ p——

1000

spectrum (N=7) pitch (N=7)

Figure 4. The number of trials for two experimental conditions: spectrum
training (left) and pitch training (right). Individual data points are indicated
with different black and gray symbols. Boxplots display median, interquar-
tile range, and full range.

Performance on Test Trials After Spectrum Training

Figure 5 displays boxplots with the median, interquartile range,
and full range of the proportion of responses to the sensor asso-
ciated with the low spectrum sounds for the test phase with flat
spectrum test sounds (Figure 5A) and the vocoded test sounds
(Figure 5B; for individual data, see Tables S2a and S2b in the
online supplemental materials). The birds had on average 208 =
53 trials per day. We found no significant differences in perfor-
mance of birds tested with Set 1 and those tested with Set 2.

The percentage of no responses in the test on flat spectrum
sounds was 5.8% for the trained test sounds and 18.3% for the new
test sounds (see Figure S1 in the online supplemental materials).
To examine whether sound type had an effect on proportion of
responses, a Friedman test was performed which rendered a chi-
square value of 23.200 (p < .001), which showed that the effect of
sound type on the proportion of responses to low spectrum sensor
was significant. Post hoc Wilcoxon’s tests showed that there was
no significant difference in proportion of responses to the flat
spectrum test sound with a low pitch and those to the flat spectrum
test sound with a high pitch (p = .237) and those of a middle pitch
(p = .398). The proportions of responses to the flat spectrum test
sound with a middle pitch were not significantly different from
those to the flat spectrum test sounds with a high pitch (p = .499).

The responses for the vocoded versions with different fO but the
roughly same frequency band (three low, two middle, and three
high frequency) were not significantly different from each other.
Therefore, we calculated average proportion of responses for these
sound types (vocoded low-frequency sounds [voc_low], vocoded
middle-frequency sounds [voc_mid], vocoded high-frequency sounds
[voc_high]).

The percentage of no responses in the test on vocoded sounds
was 4.2% for the trained test sounds and 16.4% for the new test
sounds (see Figure S1 in the online supplemental materials). To
examine whether sound type had an effect on proportion of re-
sponses, a Friedman test was performed which rendered a chi-
square value of 26.857 (p < .001), which demonstrated that the
effect of sound type on the proportion of responses to low spec-
trum sensor was significant. Post hoc Wilcoxon’s tests showed that
the proportions of responses to the vocoded low-frequency sounds
(voc_low) were significantly different both from those to the
vocoded high-frequency sounds (voc_high; p = .018) and also
from those to the vocoded middle-frequency sounds (voc_mid;
p = .018). The proportions of responses to the vocoded middle-
frequency sounds (voc_mid) were significantly different from
those to the vocoded high-frequency sounds (voc_high; p = .018).

Interim Conclusion for Spectrum Training

The zebra finches trained on spectrum differentiated among the
vocoded test sounds with a low-, middle- and high-frequency
spectrum. This indicates that zebra finches generalized for the
parameter that the test sounds shared with the training sounds,
namely, the spectral envelope. Furthermore, these birds did not
show this generalization to the flat spectrum sounds, indicating
that the feature that distinguishes these sounds (pitch value) was
not relevant for them.
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Performance on Test Trials After Pitch Training

Figure 6 displays boxplots with the median, interquartile range,
and full range of the proportion of responses to the sensor asso-
ciated with low-pitched sound for the test phase with the flat
spectrum test sounds (Figure 6A) and the vocoded speech sounds
(Figure 6B; for individual data, see Tables S3a and S3b in the online
supplemental materials). The birds had on average 109 % 57 trials per
day. We found no significant differences in performance of birds
tested with Set 1 and those tested with Set 2.

The percentage of no responses in the test on flat spectrum
sounds was 4.2% for the trained test sounds and 22.1% for the new
test sounds (see Figure S1 in the online supplemental materials).
One individual bird (ID 675) showed a very high no response rate.
Whereas the no response rate to the trained test sounds was 6.7%,
it did not respond to 88.3% of the new test sounds. Therefore, we
removed the data points of bird 675 from the analysis. For the six
remaining individuals, the percentage of no responses in the test on
flat spectrum sounds dropped to 3.8% of the trained test sounds
and 11.1% of the new test sounds.

A Friedman test was performed which rendered a chi-square
value of 22.267 (p < .001), which showed that the effect of
sound type on the proportion of responses to the low-pitch
sensor was significant. Post hoc Wilcoxon’s tests showed that
proportions of responses to the flat spectrum sounds with a low
pitch (flatspectrum_low) were significantly different from those

to the flat spectrum sounds with a high pitch (flatspectrum_high; p =
.028) and also from those to the middle pitch (flatspectrum_mid; p =
.028). Proportions of responses to the flat spectrum sounds with a
middle pitch (flatspectrum_mid) were significantly different from
those to the flat spectrum sounds with high pitch (flatspectrum_high;
p = .028).

The percentage of no responses in the test on vocoded sounds
was 8% for the trained test sounds and 27.5% for the new test
sounds (see Figure S1 in the online supplemental materials). The
same individual bird as in the previous test (675) showed a very
high no response rate. Whereas the no response rate to the trained
test sounds was 6.5%, it did not respond to 82.8% of the new test
sounds. Therefore, here we removed the data points of bird 675
from the analysis. For six remaining individuals, the percentage of
no responses in the test on vocoded sounds dropped to 6.4% for the
trained sounds and 18.3% for the new test sounds.

The responses for the vocoded versions with different fO but the
roughly same frequency band (three low, two middle, and three
high frequency) were not significantly different from each other.
Therefore, we calculated average proportion of responses for these
sound types (vocoded low-frequency sounds [voc_low], vocoded
middle-frequency sounds [voc_mid], vocoded high-frequency
sounds [voc_high]).

A Friedman test was performed which rendered a chi-square value
of 19.733 (p = .001), which showed that the effect of sound type on
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Figure 6. Pitch training: The proportion of responses to low pitch sensor for each sound type for birds trained
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proportion.

the proportion of responses to the low-frequency sensor was signifi-
cant. Post hoc Wilcoxon’s tests showed that the proportions of re-
sponses to the vocoded high-frequency sounds (voc_high) were not
significantly different from those to the vocoded low-frequency
sounds (voc_low; p = .345) and those to the vocoded middle-
frequency sounds (voc_mid; p = .917). The proportions of responses
for the vocoded low-frequency sounds (voc_low) were not signifi-
cantly different from those to the vocoded middle-frequency sounds
(voc_mid; p = .345).

Interim Conclusion for Pitch Training

The zebra finches discriminated between the flat spectrum
sounds differing in pitch. Discrimination between low and high
pitch was maintained after removing amplitude peaks from the
harmonic spectrum. Proportion of responses to the flat spectrum
sounds with middle pitch fell right between the low- and high-
pitched test sounds. Responses to flat spectrum sound with low
pitch were similar to responses to the trained sounds with low pitch
and responses to flat spectrum sound with high pitch were similar
to responses to trained sounds with high pitch. These findings
show that zebra finches generalized for the shared parameter,
namely, pitch. In contrast with birds trained on spectrum, birds
trained on pitch do not react differently to the low versus high
vocoded versions of the trained sound, indicating that the feature
that distinguishes these sounds (formant-like frequency) was not
relevant for them.

Discussion

Our results show that zebra finches can learn to discriminate
artificial vowel-like sounds either by differences in fundamental
frequency (pitch) or by differences in the spectral envelope. The
parameter that zebra finches will extract from these speech-like
sounds is experience dependent, in this case whether they were
trained on pitch or spectrum.

Generalization for Spectral Envelope

Our study is the first showing that birds can generalize from
harmonic sounds with formant-like amplified frequency bands to
vocoded versions of the spectral envelope of their formants. Zebra
finches are known to be very sensitive to fine spectral details of
sounds (Dooling & Prior, 2017). It may therefore be surprising that
they treat vocoded stimuli as being very similar to the original
ones, despite substantial differences in spectral structure. How-
ever, the categorization of vocoded stimuli by zebra finches is not
fully unexpected because other animal species also showed dis-
crimination of vocoded speech-like stimuli. The identification of
such stimuli has also been shown for chinchillas (Loebach & Wick-
esberg, 2006). In vivo recordings demonstrated that vocoded speech
produced similar temporal representations in auditory nerves as pro-
duced by related natural stimuli, which could explain recognition of
vocoded signals (Loebach & Wickesberg, 2006). Also Panzee, a
common chimpanzee, responded significantly above chance when she
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was exposed to vocoded speech in a word-lexigram matching task
(Heimbauer, Beran, & Owren, 2011).

Starlings, after being trained on ascending versus descending
four-tone sequences differing in timbre, were also able to gener-
alize discrimination to vocoded versions of the trained stimuli
(Bregman et al., 2016). By comparing the birds’ performance on
the vocoded stimuli with piano-tone stimuli that shared absolute
pitch but had a different timbre compared with the trained sounds,
the authors showed that the starlings used the spectral envelope
(maintained in vocoded stimuli) rather than pitch (maintained in
piano-tone stimuli; Bregman et al., 2016). Patel (2017) has hy-
pothesized that birds may generally be attending more to spectral
envelopes of sounds than to pitch. If so, this indicates that birds
may process complex spectral sounds more similar to how humans
are processing speech than to how humans process music (Shan-
non, 2016), as vocoded speech sounds, in contrast to vocoded
musical stimuli, are often still well recognizable by human listen-
ers. We suggest that the ability of birds to recognize vowels spoken
by human speakers differing in pitch of voice may be based on
using similarities in spectral envelope.

Generalization for Pitch

That zebra finches can attend to pitch fits previous results on
pitch perception in songbirds. Various studies demonstrated their
ability to attend to absolute pitch (Cynx, 1995; Hulse & Cynx,
1985; Hulse et al., 1984; Lee et al., 2006; MacDougall-Shackleton
& Hulse, 1996; Page et al., 1989; see also Hoeschele, 2017, for a
review). Although starlings had difficulty generalizing the learned
pitch cues to the piano tone stimuli (Bregman et al., 2016), our
zebra finches were able to selectively attend to pitch and their
recognition of pitch was not disrupted by the modification of
spectral information in the flat spectrum sounds.

Our results have implications for the understanding of percep-
tion of human speaker sex by birds. Speaker sex differences are
predominantly based on differences in voice pitch. Previous stud-
ies showed that budgerigars (Dooling & Brown, 1990) and zebra
finches (Burgering et al., 2018) are sensitive to acoustic differ-
ences between vowels produced by males and females, although
the budgerigars seem to find acoustic differences between different
speakers less salient than the differences between vowels (Dooling
& Brown, 1990). Results from the current study suggests that
songbirds can identify pitch, or fundamental frequency, in speech-
like harmonic sounds and that they can generalize this to harmonic
sounds with different spectrum.

Mammal-Bird Differences?

Taken together, our studies suggest that pitch processing and
processing of spectral envelope by songbirds might be more flex-
ible than previously thought. Furthermore, as also suggested by
others (Bregman et al., 2012; Hoeschele, 2017; Patel, 2017), it
seems to depend on the context (in our case the training procedure)
of which parameter is used to discriminate sounds. Our findings
thus question the traditional idea that there is a fundamental
difference in auditory processing of pitch between mammals and
songbirds (Weisman et al., 2004). In general, it may be true that
songbirds attend to absolute pitch by default (Hoeschele, 2017),
but when another parameter is trained, they can categorize based

on, for example, spectral envelope (Bregman et al., 2016). At the
same time, studies on mammals indicate that relative pitch per-
ception is not always their default strategy. For example, a study
on pitch perception in ferrets showed that they needed additional
training to expand the frequency range over which the relative
pitch perception occurred (Yin et al., 2010). The authors concluded
that although these mammals can also be trained to attend to
relative pitch they might have the natural tendency to attend to
absolute pitch (Yin et al., 2010).

Underlying Mechanisms

Generalization to new sounds that only share one sound param-
eter with the trained sounds could be facilitated by rule learning
(Ashby & Gott, 1988; Smith et al., 2012; Smith, Zakrzewski,
Johnson, Valleau, & Church, 2016), that is, by the birds discov-
ering that all sounds in one category shared an underlying feature
and next using this feature to also categorize novel sounds. This
form of learning contrasts with an alternative way of distinguish-
ing sounds, which is by exemplar learning, that is, memorizing all
trained sounds. In our experiments, almost all birds readily gen-
eralized to the novel test stimuli using either the pitch or spectrum
that defined the categories, supporting earlier suggestions of rule
learning by some zebra finches (Burgering et al., 2018).

If the birds would only have memorized the trained sounds
(exemplars), we would expect less discrimination of the test
sounds and also few responses to these sounds. This is actually the
pattern shown by the one bird (675) that deviated strongly in its
behavior to the test sounds. It performed well in the training, but
showed very few responses in the tests, suggesting it did not attend
to general similarities between training and test sounds.

Conclusion

The current study shows that zebra finches cannot only learn to
discriminate sounds based on pitch and spectrum depending on the
context, but also show generalization for the relevant underlying
parameter. This suggests that zebra finches can identify and gen-
eralize for both parameters independently to discriminate and
categorize complex vowel-like sounds. It confirms the suggestion
that songbirds are very flexible in their perceptual strategy and use
the most relevant parameters to succeed in an auditory discrimi-
nation task (Bregman et al., 2012).

Unlike humans, birds do not have to deal on a daily basis with
variability in human speech. However, pitch and spectral features
do also vary among natural songs and calls of zebra finches, and
might possibly vary independently to convey different types of
information. The spectral envelope may be relevant for their com-
munication because their conspecific calls differ primarily by this
feature (Elie & Theunissen, 2016). Male testosterone levels were
found to be related to pitch height in songs, which in turn might be
one of the predictors for reproductive success for males in a wild
population (Woodgate, Mariette, Bennett, Griffith, & Buchanan,
2012). Zebra finches may thus use both sound parameters for
recognition of conspecific calls and songs or estimation of the
sender’s quality. Taken together, our study supports the hypothesis
that flexible pitch and spectral processing might be a more general
perceptual ability of many vertebrates and not unique for humans
(Patel, 2017).
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