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Variation in pitch, amplitude and rhythm adds crucial paralinguistic information to human speech. Such prosodic cues can reveal information about
the meaning or emphasis of a sentence or the emotional state of the speaker.
To examine the hypothesis that sensitivity to prosodic cues is language
independent and not human specific, we tested prosody perception in a controlled experiment with zebra finches. Using a go/no-go procedure, subjects
were trained to discriminate between speech syllables arranged in XYXY patterns with prosodic stress on the first syllable and XXYY patterns with
prosodic stress on the final syllable. To systematically determine the salience
of the various prosodic cues (pitch, duration and amplitude) to the zebra
finches, they were subjected to five tests with different combinations of these
cues. The zebra finches generalized the prosodic pattern to sequences that consisted of new syllables and used prosodic features over structural ones to
discriminate between stimuli. This strong sensitivity to the prosodic pattern
was maintained when only a single prosodic cue was available. The change
in pitch was treated as more salient than changes in the other prosodic features.
These results show that zebra finches are sensitive to the same prosodic cues
known to affect human speech perception.
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1. Introduction
Linguistic communication is made possible by our ability to produce and understand speech utterances. Essential to understanding the meaning of these
utterances is sensitivity to paralinguistic information, which is provided by varying parameters like pitch, amplitude and duration of speech segments. These
prosodic cues can alter the meaning and emphasis of a sentence and can reveal
information about the emotional state of the speaker [1]. They are also important
in the process of language acquisition and discrimination [2–6]. Interestingly, we
can find variation in similar features when we look at animal vocalizations, like
bird song. Zebra finches, for instance, alter the amplitude of their song depending
on the distance to the receiver [7] and use different singing speeds for directed and
undirected song [8]. Other songbird species can change prosody-like features in
their songs to adapt to changing environments [9], or when displaying aggressive
behaviour [10].
This shared use and importance of prosodic features in the vocalizations of
humans and non-human animals might indicate that they also share the presence
of general perceptual sensitivity to prosodic features. There is, indeed, evidence
that some songbirds are sensitive to variation in pitch, amplitude and song syllable duration in their natural song [11]. Also, some mammal and bird species show
a sensitivity to the general prosodic patterns in human speech [12–16]. These
findings suggest a similar sensitivity for prosodic cues in humans and nonhuman animals. However, the experiments done thus far did not track which
features of human prosody were used to make this discrimination. In this
study, we used a songbird species, the zebra finch, to examine the sensitivity to
various prosodic features in human speech in a more systematic way.
Songbirds are one of the most relevant groups in comparative language and
speech research. Like speech, birdsong is characterized by a rapid production of
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(a) Subjects
Eight zebra finches (four females and four males) from the Leiden
University breeding stock were tested in all experiments sequentially. All birds were between 120 and 250 days post hatching
and were naive to any other experiments. The birds lived in
single sex groups on a 13.5 L : 10.5 D schedule at 20–228C.
During the experiment water, grit and cuttlebone were available
ad libitum. Food was used as reinforcement and therefore only
available after a correct trial. Food intake was monitored daily
and the birds received additional food when necessary.

(b) Apparatus
All zebra finch experiments were conducted in an operant conditioning cage (70 (l)  30 (d)  45 (h) cm). Each operant cage was in a
separate sound attenuated chamber and illuminated by a fluorescent
tube that emitted a daylight spectrum on a 13.5 L : 10.5 D schedule.
A speaker (Vifa MG10SD109-08) was located 1 m above the cage.
The cage was made from wire mesh except for the floor and a
plywood back wall which supported two pecking keys with LED
lights. A food hatch was located in between these two keys, easily
accessible to the birds. Pecking the left key (sensor 1) elicited a stimulus and illuminated the LED light of the key on the right (sensor 2).
Depending on the sound, the bird had to peck sensor 2 or had
to withhold its response. A correct response resulted in access to
food for 10 s and an incorrect response led to 15 s of darkness.

(c) Stimuli
The stimuli were constructed from eight naturally spoken syllables
which were all produced by a male as well as a female speaker.
They were first equalized in pitch, amplitude and duration with
PRAAT [25]. The syllables were chosen to contain the same
number of heterorganic and homorganic sounds (mo, ka, pu, le,
do, sa, nu, fi). Quadruplets were created that followed either an
XYXY or an XXYY pattern and were consistent in voice type

unstressed
syllable

stressed
syllable

incline/decline pitch

female voice

female voice

contour (Hz)

220– 190
male voice

215– 250
male voice

150– 120

145– 180

70
250

78
325

amplitude (dB)
duration (ms)

(male or female). Prosodic patterns, based on natural prosody in
human speech [26], were added by modulating the pitch contour,
amplitude and duration of the first or last syllable of a quadruplet,
creating stressed (with all prosodic cues changed) and unstressed
(no extra prosody added) syllables (table 1 and figure 1). The prosodic features were chosen in such a way that the prosodic pattern
as well as the syntactic structure were of comparable salience to
human adults, as assessed in pilot experiments. When trained
with these stimuli, adults readily discriminated between the
Xyxy and xxyY structures (capital letters indicate a stressed syllable, lower case an unstressed one). When subsequently asked to
discriminate between structures in which the prosody was now
switched to oppose the syntactic structure (xyxY and Xxyy),
12 out of the 32 participants based their responses on the prosodic
pattern and 16 followed the syntactic structure (four participants
did not choose a specific strategy). This was a clear indication
that both the prosody and the structure were notable and salient
cues for human adults.

(d) Procedure
Zebra finches were first trained with a zebra finch song as the go
stimulus and a pure tone as the no-go stimulus. In this shaping
phase, they were familiarized with the go/no-go procedure without exposure to the experimental stimuli. The birds started with,
on average, 150 trials a day. Within 3–6 days, this number increased
to an average of 400 trials a day. During these days, their discrimination performance also increased significantly. When their
performance reached our standard criterion (response to positive
sounds more than 0.75, response to negative sounds less than
0.25 for 2 successive days), they progressed to the training phase.
During training all subjects were trained with Xyxy quadruplets (prosodic stress on first syllable) as the go stimuli and xxyY
quadruplets (prosodic stress on final syllable) as the no-go stimuli.
They were presented with three different go-stimuli; Abab, Cdcd
and Efef, and three no-go stimuli; aabB, ccdD and eefF. The letters
symbolize different syllables, which were also different for each
bird. For example, sound A could be ‘le’ for one bird, but ‘fi’ for
another. Capitalized letters represent a stressed syllable, and
small letters an unstressed syllable. When a subject reached the
standard criterion, it progressed to the test phase.
The test phase consisted of 80% reinforced training stimuli and
20% non-reinforced test stimuli. The test phase lasted until all the
birds had completed 40 trials per stimulus. Experiment 1 tested
whether the birds responded more to the prosodic pattern or the
syntactic structure of the stimuli by changing these cues in
the test phase. Experiment 2 tested whether the birds could generalize the prosodic pattern to test items constructed of new syllables.
In experiment 3, we tested whether the birds would follow the
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2. Material and methods

Table 1. The parameters for the prosodic cues that were altered to create
stressed and unstressed syllables. (The pitch contours describe the change
in pitch over the stressed or unstressed syllable: the ﬁrst number is the
frequency at the start of the syllable, the last number is the frequency at
the end of the syllable.)
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acoustically varying syllables. Unlike the vocalizations in
many other groups of animals, bird songs are learned from
a tutor and, when acquiring their song, many songbird
species go through similar phases to human infants learning
language [17,18]. Songbirds are known to exhibit sensitivities
to frequency, amplitude and pauses in their own song repertoire [11,19,20]. An indication that they are also sensitive to
stress patterns (that may involve similar parameters) in
human speech comes from a study on Java sparrows [16].
However, which cues they rely on when listening to human
speech, remains an open question.
For our experiments, we tested zebra finches, which are
known to be able to discriminate and categorize monosyllabic
words and are sensitive to differences in vowel formants in
human speech [21–23]. This discrimination holds when the
words are uttered by novel speakers or by speakers of a different sex [21]. We arranged human speech syllables to follow an
XYXY or an XXYY structure, knowing that zebra finches are
able to discriminate between these two structures [24]. Prosodic patterns were added and varied in salience (three, two,
one, or no cues) depending on the experiment.
With these experiments we address not only whether zebra
finches are capable of detecting and processing prosodic cues
in human speech, but also whether the three parameters
involved—pitch, amplitude and duration—are all contributing
to the perceiving of the prosodic patterns.
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(b)

PU

proportion of responses ± s.e.

prosodic pattern when only a single prosodic cue was available.
Experiment 4 tested the response of the birds to contradicting prosodic cues; one cue was on one edge of the quadruplet and the
other two prosodic cues on the opposite edge. The fifth and final
experiment tested whether the birds could also discriminate
between the syntactic structures when there was no prosodic pattern added. The experiments were done in a stepwise manner,
systematically varying the prosodic pattern of the test stimuli.
Appendix A provides a full list of stimuli per experiment.

1.00

(a) Stimuli
The test stimuli for this experiment were similar to the training
stimuli, but the prosodic pattern and syntactic structure were
now switched. The test items were xyxY and Xxyy, while training items remained Xyxy and xxyY. All prosodic cues were
kept as explained in §2.3.

*

0.50
0.25

(e) Analysis

3. Experiment 1: prosody versus structure

*

0.75

0

For each experiment, we calculated the discrimination ratio (DR) for
each stimulus pair and bird as the number of responses to the
stimuli that was consistent with the positively reinforced prosodic
pattern of the training, divided by the response total. The group
data was then analysed with a linear mixed model (lmer) that
took into account the repeated measurements per bird and the
distribution of the pecking data. Random variables such as individual, sex and type of voice were checked for any influence on the
differences in performance. The within-experiment analysis were
conducted with a Wilcoxon signed-rank test with continuity correction on the response rates to the stimuli that followed the positively
reinforced prosodic pattern from the training and the stimuli that
followed the positively reinforced syntactic structure from the
training (S þ ¼ number of correct responses to prosodic pattern
stimulus/total number of responses; S 2 ¼ number of incorrect
responses to syntactic structure stimulus/total number of
responses). Performance on an individual level was checked with
a Clopper–Pearson binominal confidence interval measurement,
using the responses to the positive stimulus and the responses to
the negative stimulus per stimulus pair. These statistics are only
presented when the birds differed from the group performance.

*

Xyxy xxyY
Xxyy xyxY
Xyxy xxyY
prosody versus structure generalization
training

Figure 2. Proportion of responses to the training and test items of experiment
1 and 2. The bars ‘training’ show the responses of the birds on the day before
they started the test. In experiment 1, prosody versus structure, the grey bar
indicates a stronger response to the prosodic pattern compared with the syntactic structure. The results of experiment 2, generalization, show responses to
similar quadruplets as the training, but consisting of new speech syllables. We
show the mean proportion of response of all birds + s.e. The asterisks indicate
a significant difference between the responses to the two stimuli types.
were consistent for all individuals (from now on only reported
when deviating). During training, the birds could have discriminated the quadruplets on the prosodic pattern, the
syntactic structure or both. Our results indicate that in this
experiment, all birds focused on the prosodic pattern.

4. Experiment 2: generalization to unfamiliar
syllables
(a) Stimuli
Generalization was measured by changing the syllables from
the training quadruplets to new syllables. During training,
every bird heard six out of the eight possible syllables. The
remaining two syllables were used in this experiment and
were therefore different for each bird. The prosodic pattern
and syntactic structure of the quadruplets remained the
same as the training quadruplets, Xyxy and xxyY.

(b) Results and discussion

(b) Results and discussion

Results of experiment 1 showed that zebra finches responded
more strongly to the prosodic pattern than to the syntactic structure (mean response Xxyy ¼ 0.89, mean response xyxY ¼ 0.14,
Z ¼ 22.53, p ¼ 0.011; figure 2). These results were not influenced by sex of the bird or stimulus voice (sex  test * DR:
t ¼ 24.32, p ¼ 0.14; voice  test * DR: t ¼25.71, p ¼ 0.27) and

Results showed that zebra finches still discriminated the stimuli
(mean S þ ¼ 0.29, mean S 2 ¼ 0.1, Z ¼ 22.524, p ¼ 0.012;
figure 2). This could be obtained by either attending to the prosodic pattern or to the syntactic structure of the test items. From
the strong response of the zebra finches to the prosodic pattern
in experiment 1 and supported by the findings of the
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Figure 1. (a,b) Example of two training stimuli. ‘DO pu do pu’ follows the Xyxy structure and acts as a go-stimulus. The ‘do do pu PU’ stimulus follows the xxyY structure
and is one of the no-go stimuli. In the sonogram, the change in pitch, amplitude and duration of the first or last syllable is visible. (Online version in colour.)

Downloaded from http://rspb.royalsocietypublishing.org/ on May 1, 2017

*

*

0.25

0

Xxyy xyxY
duration

Xxyy xyxY
amplitude

Xxyy xyxY
pitch

subsequent experiments, we conclude that it is most likely
that they generalized the prosodic pattern rather than the
structural one.

5. Experiment 3: one prosodic cue

*

*

n.s.

0.75
0.50
0.25
0

Xxyy_ x_ yxY
A and P versus D

Xxyy
Xxyy
_ _xyxY
_ _xyxY
D and P versus A A and D versus P

Figure 4. Proportions of responses to the test items in which two prosodic
cues were not coinciding with the syntactic structure from the training. The
remaining prosodic cue did correspond to the location of all prosodic features
in the training. We show the mean proportion of response of all birds + s.e.
The asterisks indicate a significant difference between the responses to the
two stimuli types. Higher grey bars indicate a stronger response to the
two prosodic cues. A, amplitude; D, duration; P, pitch.
was in line with the position that prosody had on the syntactic training structure. When trained on Xyxy and xxyY,
a test quadruplet looked like Xpitch,duration xyyamplitude and
xamplitudeyxYpitch,duration. Here, the syllable that has one
prosodic cue is indicated by a small, underlined letter.

(a) Stimuli
To understand the influence of single prosodic cues, the
stimuli in this experiment had a single prosodic cue on the
first or the last syllable, which could be pitch, amplitude or
duration. The syntactic structure remained the same as
during training, but the one prosodic cue was switched to
the opposite position compared with the training stimuli.
Training stimuli remained Xyxy and xxyY, the test stimuli
were, for example, xyxYpitch and Xpitchxyy.

(b) Results and discussion
Even with one prosodic cue, the birds responded more strongly
to the prosodic pattern than to the syntactic structure of the test
stimuli (duration: mean responses Xxyy ¼ 0.29, mean responses
xyxY ¼ 0.11, Z ¼ 22.524, p ¼ 0.012; amplitude: mean responses Xxyy ¼ 0.43, mean responses xyxY ¼ 0.13, Z ¼ 22.524,
p ¼ 0.012; pitch: mean responses Xxyy ¼ 0.42, mean responses
xyxY ¼ 0.12, Z ¼ 22.521, p ¼ 0.012; figure 3). There was no
difference in DR between the three test conditions (mean
DR amplitude ¼ 0.73, mean DR duration ¼ 0.78, mean DR
pitch ¼ 0.79, t ¼ 23.46, p ¼ 0.38). This indicates that even
a single and less notable prosodic cue is salient enough to
outweigh the syntactic structure.

(b) Results and discussion
Results showed that when an increased pitch on a syllable was
combined with any of the other two prosodic cues, this was
salient enough for the birds to respond to it as if it were the
training prosody (A and P versus D: mean responses Xxyy ¼
0.51, mean responses xyxY ¼ 0.14, Z ¼ 22.521, p ¼ 0.012;
D and P versus A: mean responses Xxyy ¼ 0.58, mean
responses xyxY ¼ 0.17, Z ¼ 22.380, p ¼ 0.017; figure 4), even
though a third cue was different from this pattern and
corresponded to the syntactic structure. However, when an
increased pitch was the single cue, the birds did not discriminate between the two structures (A and D versus
P: mean responses Xxyy ¼ 0.36, mean responses xyxY ¼ 0.24,
Z ¼ 20.840, p ¼ 0.401; figure 4). Five birds responded more
to the two prosodic cues (amplitude and duration) and three
birds showed the opposite response. For none of the birds
did this lead to a significant difference in response to the
stimuli. This indicates that, for the current set of stimuli, pitch
is the most salient cue to the birds.

7. Experiment 5: no prosody
(a) Stimuli

6. Experiment 4: two prosodic cues versus one
prosodic cue
(a) Stimuli
Stimuli for this experiment were constructed with all prosodic
cues, but not on the same syllable. Either the first or the last
syllable of a quadruplet had two prosodic cues stressed (e.g.
pitch and duration); the other syllable was stressed by the
one remaining prosodic cue (e.g. amplitude). The quadruplets
were ordered such that the two prosodic cues were contradicting the syntactic structure from the training. The single cue

As a final test, we used stimuli that had the exact same syllables and syntactic structure as during training, but were
composed of unstressed syllables only. This allowed us to
learn whether the birds did discriminate the syntactic
structures as well.

(b) Results and discussion
When only syntactic structure is available to discriminate the
stimuli, the birds still discriminated the ones that followed
the go structure from the ones that followed the no-go
structure (mean responses xyxy ¼ 0.17, mean responses
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Figure 3. Proportion of responses to test items which had one prosodic cue that
was on the opposite position compared with the training stimuli. Shown are the
mean proportions of response of all birds + s.e. The asterisks indicate a significant
difference between the responses to the two stimuli types. Higher grey bars indicate
a stronger response to the single prosodic cue compared with the syntactic structure.

1.00
proportion of responses ± s.e.

*
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proportion of responses ± s.e.

0.50
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8. General discussion

9. Conclusion
Results of our experiments showed that zebra finches are able to
abstract and generalize prosodic patterns of human speech to
new tokens. The zebra finches responded more strongly to the
prosodic pattern than to the syntactic structure of the quadruplets. This response pattern persisted even when only one of
three cues was present in a stimulus. Humans share this sensitivity to the prosodic pattern, although they also noted and
responded to the syntactic structure of our stimuli. Our results
show that sensitivity to prosodic cues is not linked to the possession of language and might have preceded language evolution,
possibly originating from a pre-existing sensitivity to meaningful
variation in pre-linguistic communicative sounds.
Research was approved by the Leiden Committee for animal
experimentation DEC number 13007.
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Our experiments show that, when presented with three prosodic cues, zebra finches are sensitive to the same prosodic
features of human speech as humans are. Moreover, the
zebra finches respond stronger to the prosodic features of
our stimuli than humans do. When required to either
follow the prosodic cues or the syntactic structure, human
participants are split equally in which of these they relied
upon, whereas all of our zebra finches follow the prosodic
pattern of the stimuli. The zebra finches are also able to generalize this prosodic pattern to quadruplets consisting of new
syllables and to quadruplets that had a mismatch between
the prosodic pattern, even with only a single prosodic cue
present, and the syntactic structure. This is shown by an
increased number of go-responses to stimuli in which the
prosodic pattern matched with that of the go-stimuli of
the training phase. Furthermore, the zebra finches do not
differ in their responses to the stimuli in which only pitch,
amplitude or duration is changed; they responded equally
often to the stimuli in which the prosodic pattern followed
the go-pattern of the training phase. When the cues are contradicting each other, pitch is the only cue that balances out
the other two prosodic cues. However, it is notable in some
experiments that the responses of the zebra finches to test
items are in general lower than the responses to the training
stimuli. This might have been owing to a novelty affect,
causing the birds to respond in a risk aversive manner
when confronted with new sounds.
Although animals can discriminate strings with different
syntactic structures, the generalization of such structures to
novel items has rarely been obtained in non-human animals
[24,27]. Songbirds have only limited abilities to generalize
different structures to novel sounds [24,27,28]. In contrast to
this limited generalization based on structural cues, we
show that zebra finches can readily generalize prosodic
patterns to strings with novel syllables. This generalization
suggests that the distinction learned during the training
was not based on trivial cues related to the individual stimuli
used for training, but on something more general that is
shared by all stressed syllables, like the relative difference
in pitch, amplitude or duration of the stressed syllable compared with the other ones. This ability for generalization or
abstraction of the prosodic cues may also underlie the results
obtained in a study on Java sparrows [16], where the sparrows were able to abstract the prosodic patterns of natural
human speech sentences. Our results add to these findings
by demonstrating that each of three different prosodic cues
can be used to detect prosodic patterns. There was no detectable difference in the discrimination abilities of the birds
when they heard a change in pitch, amplitude or duration
as the only cue of the prosodic pattern.
When the zebra finches were presented with contradicting prosodic cues, we found a stronger effect of the pitch
change compared with the other two prosodic features. In
our experiment, pitch outweighed the other two prosodic

cues. It is known that birds in general, and also zebra finches,
are better at detecting small differences in frequencies than
proportionally similar changes in duration or intensity in
their natural song [11,19,20]. Our results show that changes
in pitch are also strong cues when songbirds listen to
human speech syllables.
These results add to previous research showing that zebra
finches are sensitive to phonetic cues by different speakers
[21,22], by showing a sensitivity to other natural variations
in human speech. They support the idea that such sensitivities either have a shared ancestral state or have evolved
independently along highly similar lines in different groups
of vocal communicators. The sensitivity of the birds to the
features shown here could be related to the impact that
these features might have in song interactions among conspecific birds. In the song of many songbirds, variations in these
particular features can carry important information on, for
example, the quality of the singing male [29]. When subjected
to different environments or situations, songbirds are capable
of modifying prosody-like features in their song [7,9]. For
example, when food availability is decreased, an individual
zebra finch often reduces its singing speed and song amplitude [30]. These song modifications show that at least some
prosodic variation in birdsong is related to environmental
or genetic parameters, indicating that these prosodic features
could be of importance in vocal communication.
The subtle variation in vocal signals, which can be significant in communication, may also be the evolutionary origin
of human sensitivity to such cues. One of the hypotheses concerning the evolution of human language is that it was
preceded by a prosodic-protolanguage [31]. This protolanguage was based on a learned and generative vocal system
with modifications in prosodic features as pitch, amplitude
and duration. It might have its origins in a pre-existing sensitivity to meaningful variation in non-speech sounds present
in our ancestors. The evolutionary process that shaped the
sensitivity to relevant and sometimes subtle sound variations
in birds, but most likely also that in other animals, might
also have been at the base of the sensitivity to prosodic,
paralinguistic features in human speech.

rspb.royalsocietypublishing.org

xxyy ¼ 0.09, Z ¼ 22.524, p ¼ 0.012). This indicates that
although the birds are very responsive even to single prosodic cues, they also learned about the syntactic structure of
the stimuli. It also demonstrates that a single prosodic cue
can overrule the structural information.
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Training and test stimuli used for the experiments. A–H are
the eight speech syllables that we used, these were different
syllables for every individual. P, elevated pitch; D, increased
duration and A, increased amplitude of the syllable.

cDcdd
eDeff

cdcdD
efefD

aAabb
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ababA
cdcdA

eAeff
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efef A
ababP

cPcdd

cdcdP

go-stimuli

no-go stimuli

training stimuli
aPDAbab

ePeff
efefP
experiment 4: two prosodic cues versus one prosodic cue

aabbPDA

cPDAdcd
ePDAfef

ccddPDA
eeffPDA

aAPabbD
cAPcddD

aDbabAP
cDdcdAP

eAPeffD

eDfefAP

aPDabbA
cPDcddA

aAbabPD
cAdcdPD

ePDeffA
aDAabbP

eAfefPD
aPbabDA

cDAcddP
eDAeffP

cPdcdDA
ePfefDA

test stimuli
experiment 1: prosody versus syntax
a abb

ababPDA

cPDAcdd
ePDAeff

cdcdPDA
efefPDA

PDA

experiment 2: generalization
h ghg

hhggPDA

PDA

PDA

PDA

g hgh

gghh

experiment 3: one prosodic cue
aDabb

ababD

experiment 5: no prosody
abab
cdcd

aabb
ccdd

efef

eeff

(Continued.)
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