
Context-dependent categorical perception in
a songbird
Robert F. Lachlana,1,2 and Stephen Nowickia,b

aDepartment of Biology and bDepartment of Neurobiology, Duke University Medical School, Duke University, Durham, NC 27708

Edited by W. Tecumseh Fitch, University of Vienna, Vienna, Austria, and accepted by the Editorial Board December 3, 2014 (received for review June 12, 2014)

Some of the psychological abilities that underlie human speech are
shared with other species. One hallmark of speech is that linguistic
context affects both how speech sounds are categorized into
phonemes, and how different versions of phonemes are produced.
We here confirm earlier findings that swamp sparrows categori-
cally perceive the notes that constitute their learned songs and
then investigate how categorical boundaries differ according to
context. We clustered notes according to their acoustic structure,
and found statistical evidence for clustering into 10 population-
wide note types. Examining how three related types were per-
ceived, we found, in both discrimination and labeling tests, that an
“intermediate” note type is categorizedwith a “short” typewhen it
occurs at the beginning of a song syllable, but with a “long” type at
the end of a syllable. In sum, three produced note-type clusters
appear to be underlain by two perceived categories. Thus, in bird-
song, as in human speech, categorical perception is context-dependent,
and as is the case for humanphonology, there is a complex relationship
between underlying categorical representations and surface
forms. Our results therefore suggest that complex phonology can
evolve even in the absence of rich linguistic components, like syntax
and semantics.
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Although language as a whole is unique to humans, some of
its components, particularly in the domains of phonology

and phonetics, are shared with other species (1–4). This sharing
has often been demonstrated in tests of animals’ perception of
human speech, but occasionally an animal’s own communication
system may reveal speech-like traits. One notable case is bird
song, which is learned by imitation and the development of
which shares several other features with speech (1, 2, 5). Be-
cause songs are constructed hierarchically from smaller units
(Fig. 1A), birds may possess a “phonology” similar to that of
human language (2–4).
In speech, words and other linguistic units are composed from

smaller units called phonemes, which are themselves categories,
each encompassing a range of acoustic variants. Phonemes typ-
ically exhibit a degree of categorical perception: that is, indi-
viduals label continuously varying stimuli as belonging to discrete
categories with abrupt boundaries between them, and discrimi-
nate stimuli that span these boundaries more readily than stimuli
within one category. Categorical boundaries between phonemes
are learned early in life and shared within a speech community
(6, 7). It has become clear, however, that entirely categorical
perception (where individuals can perceive variation only between
categories) rarely, if ever, applies in speech. One key departure
from the ideal is that categorical perceptual boundaries between
phonemes vary with linguistic context (8–10), such as the position
of the sound (11, 12).
Categorization is essential for the linguistic functions of speech,

allowing categorical distinctions between discrete words and
forming the basis of phonology. As with perception, phonology is
also highly context-sensitive: different variants of phonemes are
used predictably in different contexts (13). Also as with percep-
tion, context-sensitivity is considered a central and ubiquitous
facet of phonology, which provides links to higher aspects of

language (9, 13). The two phenomena intersect in “partial pho-
nemic overlapping” (14), in which identical sounds are used in
different contexts and are perceived as different phonemes. In
Danish, for example, the sound [d] is perceived as the phoneme /d/
in the initial position of syllables, and /t/ in the final position (15).
We here test whether a similar phenomenon occurs in the natural
communication system of a songbird.
Categorical perception is now thought to be a ubiquitous

feature of perceptual systems, and has been demonstrated in the
natural communication systems of several other animal species
(16–20). In most cases, however, these have involved nonlearned
signals and serve a communicative function by facilitating dis-
crimination between conspecific and heterospecific stimuli. The
degree to which natural communication systems of animals are
organized like human phonology remains generally unstudied
(13), in particular, the degree to which perceptual and phono-
logical categories are sensitive to context. Nevertheless, tests of
Japanese quails’ perception of human speech suggest a widely
shared ability to allow context to influence categorization (21, 22).
Learned bird song provides a particularly fruitful system for

exploring similarities with speech, and perhaps the best evidence
for a phoneme-like system has been found in a songbird species,
the swamp sparrow (Melospiza georgiana). Swamp sparrow songs
consist of a single repeated syllable of two to five notes (Fig. 1A
and Fig. S1). Although there may be 60 syllable types in a local
population (23), the constituent notes cluster into around 6–10
“note-type” categories, which were originally thought to be spe-
cies-universal, but which have recently been found to vary in
structure and number between populations (24, 25). Swamp
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sparrow note-type categories serve to discriminate syllable types,
and thus their perception plays a role in the assessment of songs
by receivers: whether they have been precisely learned or whether
they follow local population regularities (23). Both field (17, 26)
and neurobiological (26) experiments have demonstrated that two
of these note types are perceived categorically by other individuals.
In the first such experiment, Nelson and Marler (17) showed

that swamp sparrows from a population in the Hudson Valley of
New York perceive some notes categorically, based on duration,
even though these notes vary continuously in length, with a per-
ceptual boundary coinciding with the trough in a bimodal dis-
tribution of note durations (see, for example, Fig. S3A). Prather
et al. (26) similarly found evidence for categorical perception for
the same class of notes in a northwestern Pennsylvania population,
but with the perceptual boundary occurring at a longer note length
than in New York. This difference is consistent with the idea that
note-type categories and categorical perception boundaries cul-
turally evolve and differentiate between populations, much like
human speech (27), but a detailed comparison of the distribution
of note type structure between Pennsylvania and New York had
not been carried out until now.
In this study, we first demonstrate that in the region of acoustic

space where there are two note-type clusters in New York, there
are three clusters in Pennsylvania. We show that these note types
exhibit a phonotactic regularity, in that notes from one cluster
generally do not occur at the start of syllables, whereas notes from
another cluster are mostly absent at the end of syllables. We then
use this distributional data as the basis to test whether categorical
perception is context-dependent, examining reduced discrimination

within, relative to between categories and category labeling, and
explore the similarity between note-type perception and partial
overlapping in human phonology and speech perception.

Results
Note-Type Structure in Swamp Sparrow Populations. We began by
examining in detail how the difference in perceptual boundaries
between the New York and Pennsylvania populations relates to
differences in note-type structure. We analyzed the notes sung in
the repertoires of 206 males from Pennsylvania and 101 males
from New York, measuring frequency parameters and note lengths
from spectrograms. Bayesian Gaussian mixture modeling cluster
analysis found evidence for 10 note clusters in Pennsylvania and 8
clusters in New York (Fig. S2). In both populations there was
a significant clustering tendency (Duda–Hart test, P < 0.001 for
both populations).
In Pennsylvania, clusters diverged from those found in New

York by our analysis in both the number of clusters and in the
location of clusters in acoustic space (SI Results and Discussion
and Fig. S2). Most pertinently, the class of notes that were the
focus of previous perceptual experiments in both New York and
Pennsylvania (that is, short notes that decrease rapidly in fre-
quency) were assigned, as expected, to two clear clusters in New
York (Fig. S3A) but to three clusters in Pennsylvania (Fig. S3B).
Two of the Pennsylvania clusters broadly corresponded to the
two types previously investigated in New York; the third cluster
was of intermediate length and did not correspond to a cluster in
New York. For the remainder of the paper, we focus only on
these three note types in Pennsylvania, and we refer to them here
as “short,” “intermediate,” and “long.”
We observed a very clear phonotactic structure (28) in the

distribution of these three note types (Fig. 1B). The note types
mostly occurred in either the initial or final position within the
syllable (84% of total occurrences of these types; 71% of sylla-
bles began and 75% of syllables ended with one of these types).
The notes clustering with the short-type occur much more fre-
quently in the initial than in the final position within the syllable
[253 vs. 52 times, MCMCglmm (29) logistic regression, n = 173
individuals, P < 0.0001], whereas conversely, the notes in the
long cluster occur much more frequently in the final than the
initial position (258 vs. 11 times, n = 175, P < 0.0001). Notes
assigned to the intermediate-length cluster, however, are found
in both initial and final positions at approximately equal fre-
quencies (191 vs. 175 times, n = 183, P > 0.4).

Discrimination of Note-Type Categories. In the previous study of
this population (26), a categorical boundary was found between
intermediate and long note types, but not between short and
intermediate notes, even though these are clearly different note
clusters. A possible explanation for this apparent mismatch be-
tween production and perception comes from the phonotactic
structure found in the use of these note types (Fig. 1B). In both
earlier field experiments (26), notes were only manipulated in
the initial position. Therefore, the observed categorical percep-
tion boundary corresponded with the phonotactic distribution:
short and intermediate notes are common in the initial position,
whereas there are very few long notes. We therefore tested
whether this phonotactic rule in song production is reflected in
category perception by examining male swamp sparrows’ respon-
ses to songs in which we had altered note length in either the
initial or the final position in the syllable.
We used the habituation/dishabituation technique used in pre-

vious studies on swamp sparrows (17, 26), and also used to dem-
onstrate categorical perception in infants (30), to test whether
territorial males discriminate between note types. In this protocol,
dishabituation in an aggressive visual territorial display (“wing-
waving”) indicates that males discriminate between two stimuli. We
synthesized short, intermediate, and long notes and substituted

Fig. 1. Swamp sparrow song structure. (A) Spectrogram of a swamp spar-
row song, demonstrating the typical organization of repeated groups of
notes, called “syllables” (frequency scale bar, 5 kHz; time scale bar, 0.5 s); in
this song type, the syllable includes three note types. A common class of
notes are those that rapidly descend in frequency; in this song there are two
such notes, occurring in the initial and final positions within the syllable. (B)
In a population, there is continuous variation within this class of notes (n =
1,183 notes from 657 syllable from 206 male swamp sparrows), especially in
note length (see also Fig. S2). Nevertheless, notes clearly fall into three
separate clusters, or note types. These note types are not distributed ran-
domly throughout syllables: long note types are mostly absent from the
initial position, and short note types are mostly absent from the final posi-
tion within syllables.
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them into natural syllables. We played back one such modified
stimulus song to a subject until it was habituated and then replaced
it with another modified song, and observed whether the rate of
wing-waving increased. We quantified the rate of wing-waving by
counting the number of 10-s segments during playback in which
subjects produced at least one display (maximum value: 18), and
used the difference in wing-waving rate for the habituated stimulus
and the second stimulus as a “dishabituation score.”
We found the pattern of dishabituation to vary greatly de-

pending on whether we substituted notes at the beginning or at
the end of a syllable (Fig. 2A). Overall, the best-fitting general-
ized linear mixed-model (GLMM) statistical model was one that
included both the length and position of the substituted notes, as
well as the interaction between the two factors, and this model
provided a significantly better fit to the data than a null model
(Table 1). In the initial position of the syllable, we found sig-
nificantly higher dishabituation scores between intermediate and
long types than between short and intermediate types (estimate
of difference in the linear function of dishabituation between
intermediate vs. long – short vs. intermediate = 1.07, SE = 0.221,
n = 10 sets of stimuli, z = 4.82, P < 0.001), replicating the results
of Prather et al. (26). As in that study, the increased level of
discrimination between intermediate and long notes indicates
a categorical perception boundary at this location. Conversely,
when we substituted notes in the final position, we found signif-
icantly higher dishabituation scores between short and in-
termediate types than between intermediate and long types
(estimate of difference in the linear function of dishabituation
between short vs. intermediate − intermediate vs. long = 0.644,
SE = 0.191, n = 10, z = 3.37, P < 0.005) (Fig. 2A).

Labeling of Note-Type Categories. In addition to reduced discrim-
ination within categories relative to between categories, a second
hallmark of categorical perception is that items are labeled
according to their category (31). In the case of categorical per-
ception in animal communication, this often takes the form of
reduced response intensity for stimuli lying outside population-
typical categories (20). We therefore carried out a second ex-
periment in which we measured the intensity of males’ territorial
response to songs in which note length had been manipulated.
The best-fitting GLMM model was one that included the in-

teraction between note length and position, and this model
provided a significantly better fit to the data than a null model
(Table 2). In the initial position, the response to the long notes
was significantly weaker than that to the short and intermediate
notes (Fig. 2B and Table S1). In contrast, in the final position,
the response to the short notes was significantly weaker than that
to the intermediate and long notes (Table S1).

Syllable-Type Norms and Perception. Earlier findings of categorical
perception in swamp sparrows have been interpreted as sup-
porting the idea that perceptual categories align with the produced
note-type clusters. An alternative possibility that is also consistent
with the earlier studies is that swamp sparrows do not possess
general, phoneme-like note-type perceptual categories at all, but
instead form separate categories for the notes in different
syllable types.
This hypothesis might be plausible because syllable types can

be shared by many males within a population (23, 24), a conse-
quence of vocal learning (32). For example, when we visually
categorized the 657 syllables sung by the 206 males in our
Pennsylvania sample, we found only 65 syllable types, the most
common of which was sung by 62 males. Because syllables are
clustered into types based on their structural similarity, it is not
surprising that for a particular syllable type, each of its notes is
typically restricted to only one note type, across all renditions of
the syllable by different males in the population. For a given
note, we therefore use the term “syllable-type norm” to refer to

the most common note type used in that position across all
versions of the same syllable type within the population. For
example, syllable type “Y” from Pennsylvania (the syllable type
illustrated in Fig. 1A) was sung by 18 males and the syllable type
norm in the initial position was a short note type, and in the
terminal position, the norm was a long note type (because all 18
males started the syllable with a short note and ended it with
a long note). In fact, only 9.76% of notes in Pennsylvania were

Fig. 2. Category boundaries vary according to positional context. In two
experiments we compared male swamp sparrows’ responses to songs in
which notes had been substituted with synthetic notes of length 9.5 ms,
17 ms, or 30 ms. (A) Discrimination experiment. We measured dishabituation
in a territorial display after switching stimuli from 9.5 to 17 ms or from 17 to
30 ms (or vice versa). The y axis shows the increase in the number of displays
given after switching stimuli; large values (maximum possible value: 18) in-
dicate that individuals discriminated between the stimuli (n = 40 males). (B)
Labeling experiment. We played back songs to males inside their territories
and used the first principal component of a suite of behavioral measures as
an overall measure of the intensity of territorial response. The y axis shows
the residual of a GLMM model that tested how subject, song-type, and
stimulus order variation influenced response intensity. Larger values repre-
sent a more intense response. The x axis shows the length of the substituted
note and the position of the substituted note (n = 48 males). Figures show
means and error bars representing SEMs. Lines indicate post hoc tests of
contrasts for complete GLMMmodels (see text). *P < 0.05; **P < 0.005; ***P <
0.001 (corrected for multiple comparisons); n.s., not significant. In both
experiments, when substitutions were made in the initial position,
a categorical response was shown between 9.5 ms and 17 ms but not between
17 ms and 30 ms. When substitutions were made in the final position, a cat-
egorical response was shown between 17 ms and 30 ms, but not between
9.5 ms and 17 ms.
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classified by the cluster analysis in a different cluster from the
majority of notes in the same position in the same syllable type.
In our experiments, the stimuli that we selected varied in their

syllable-type norms for the focal notes (in the initial position the
norm was either short or intermediate, in the final position the
norm was either intermediate or long). We therefore inves-
tigated whether category boundaries differed according to these
syllable-type norms. We found no evidence, however, for such
a difference in either experiment when we included syllable-type
norm (Fig. S4); in fact, the Akaike Information Criterion (AIC)
score of the GLMM model increased (by 1.2 in the discrimina-
tion experiment and 5.4 in the labeling experiment; see model 5
in Tables 1 and 2). This finding indicates that the syllable-type
norm provides no additional explanatory power to explain swamp
sparrows’ responses to song.
We next reanalyzed the subset of our data in the discrimina-

tion experiment for which the syllable-type norm was an in-
termediate-length note. These notes, before we replaced them,
were essentially identical in structure, but varied in their position
in the syllable. Thus, if syllable-type norm was the principal factor
underlying categorization, then we would predict that there
should be no difference in the categorical perception boundaries
of these notes. Nevertheless, we found exactly the same pattern of
response as for the complete dataset: greater discrimination be-
tween intermediate and long notes in the initial position, and
between short and intermediate notes in the final position (Fig.
S4). The interaction between substituted note length and note
position had a significant effect on dishabituation (parametric
bootstrap P < 0.00005), just as it did for the complete data.
In summary, note perception does not appear to be affected by

syllable-type norm at all. This finding suggests that categorical
perception in swamp sparrows reflects broader, phoneme-like
perceptual categories, rather than syllable-specific ones. Uniquely
among animals, syllable types are learned categories whose con-
stituent units are also learned categories. Our finding of context-
dependent categorization, however, suggests that these note-level
perceptual categories do not have a simple one-to-one relation-
ship with produced note-type clusters.

Discussion
Previous studies investigating the swamp sparrows’ perception of
their note types found reduced discrimination either side of
a categorical boundary (17) and categorical-labeling responses in
neuronal activity (26). Our results support the idea that note
types are perceived in a categorical fashion (even though we only
tested for reduced discrimination on one side of the boundary).
More significantly, our results go on to demonstrate that the
categorization of note types is more complex than previously
thought: just as in human phonology, context strongly influences
how note types are assigned to perceptual categories. Although
there are clearly three note-type clusters produced by birds from
Pennsylvania (Fig. 1B), these clusters do not correspond to three
perceptual categories. Instead, both discrimination and labeling
tests reveal only two perceptual categories, with the perceptual
boundary between categories depending on the position of the
note in a syllable. A likely interpretation of our results is that the
trimodal distribution of produced notes we examined reflects
two overlapping perceptual categories, similar to the phenome-
non of phonemic overlapping in speech (14, 15). Short and in-
termediate notes belong to one category that occurs in the initial
position of a syllable, whereas intermediate and long notes be-
long to the second category, which occurs in the final position.
Structurally identical intermediate notes are thus categorized
differently when they are in the initial position of syllables from
when they are in the final position.
We cannot completely rule out an alternative explanation

suggested by phonological rules in human speech (13, 28): that
only one perceptual category underlies all three note types, and
a rule disallows short notes from occurring the final position and
long notes from occurring in the initial position. By this in-
terpretation, short- and long-note allophones are in comple-
mentary distribution: both belong to the same category but never
occur in the same context. Although both one- and two-category
hypotheses are possible, either case requires a complex relation-
ship between underlying representation and surface form that
mirrors human phonology.

Table 1. Summary of GLMM models in discrimination experiment

Model df AIC Log-likelihood χ2 test P (>χ2) P (bootstrap)

Model 1: Null (Materials and Methods) 2 80.5 −36.27 — — —

Model 2: Model 1 + Contrast 3 82.1 −36.04 0.470 0.493 0.528
Model 3: Model 2 + Position 4 84.1 −36.03 0.013 0.909 0.917
Model 4: Model 3 + Contrast x Position 5 59.6 −22.79 26.5 0.0000003 <0.0001
Model 5: Model 4 + Norm + Contrast x Norm 9 60.8 −19.4 6.73 0.151 0.184

The models are nested and increase in complexity from top to bottom row. The χ2 tests relate to comparisons with the next simplest
model in the table. Models were also compared using parametric bootstrapping. The best supported model according to the AIC
criterion is in boldface. The sample size was 40 trials divided between 4 combinations of Contrast (either short vs. intermediate or
intermediate vs. long) and Position (either initial or final), and with three note-type norms (short, intermediate, long). x represents an
interaction term.

Table 2. Fit of different GLMM models in labeling experiment

Model df AIC Log-likelihood χ2 tests P (>χ2) P (bootstrap)

Model 1 Null (see Materials and Methods) 5 316.5 −153.3 — — —

Model 2: Model 1 +Type 6 318.1 −153.1 0.407 0.524 0.532
Model 3: Model 2 + Position 7 319.8 −152.9 0.265 0.607 0.612
Model 4: Model 3 + Type x Position 8 312.5 −148.2 9.378 0.0022 0.0031
Model 5: Model 4 + Norm + Norm × Position 12 317.1 −146.5 3.397 0.494 0.535

The χ2 tests relate to comparisons with the null model 1. The best-supported model is in boldface. The χ2 tests were between models
and the next-simplest model in the list. The sample size was 96 trials for 48 individuals, using 12 syllable types, with three note types
(short, intermediate, long), two positions (initial, final), and three syllable-type norms (short, intermediate, long). x represents an
interaction term.
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The finding that three surface note-type clusters are underlain
by a smaller number of perceptual categories raises the question
of how these note-type clusters arose and how they are main-
tained. One possibility is suggested by the fact that intermediate
note types are acceptable in both initial and final positions within
the syllable. The beginning of a syllable is preceded and marked
by a longer than normal internote gap (Fig. 1A), but this cue may
be more or less ambiguous. We speculate that in ambiguous
syllables, notes in the initial position may be erroneously per-
ceived as being in the final position (and vice versa). In such a
situation, only intermediate notes guarantee acceptability. We
suggest that although the short and long clusters may directly re-
flect underlying categories, intermediate clusters are an emergent,
culturally evolving response to this ambiguity. Analysis of pho-
nological structure across a wider range of populations is required
to test this hypothesis.
Our study demonstrates that the phonology and perception of

swamp sparrow songs share even more features with human
phonology and speech perception than previously suspected. As
in speech, swamp sparrows develop population-wide note-type
categories that vary between populations, that are perceived
categorically, and that have a complex correspondence with pro-
duced note-type clusters. As in speech, categorization is influenced
by context in a higher hierarchical level, suggesting a possible role
for top-down influences on perception. Unlike human speech,
however, swamp sparrows do not use this sophisticated phono-
logical system to construct a communication system with symbolic
meaning or complex grammar. Instead, our labeling experiment
provides a possible clue for the communicative function this pho-
nology might serve. We observed weak responses upon playback of
notes that lay outside the population norms. Producing songs that
obey phonological rules may signal to others an ability to learn
accurately, or membership of the local population, both features
that have been proposed to underlie the evolution of accurate
learning in songbirds (33, 34). One conclusion that can be drawn
from our work, therefore, is that mechanisms underpinning complex
phonology, which are present in both human speech and swamp
sparrow song, could have evolved before the linguistic traits of se-
mantics and syntax, and insteadmay have their origins in the logic of
assessment signals that govern much of animal communication.

Materials and Methods
Swamp Sparrow Phonology: Distribution of Produced Notes. We recorded and
analyzed the song repertoires of 307 male swamp sparrows from two pop-
ulations. See Supporting Information for details.

Discrimination Experiment. We conducted field playback experiments using
the protocol of previous experiments that examined note perception in
swamp sparrows (17, 26). First, a habituation song stimulus was played in
3-min blocks at six songs per minute. In each block, the intensity of response
was tallied as W, the number of 10-s subblocks in which at least one wing-
wave was observed. There was a 3-min gap between blocks. The block with
the maximum response intensity was noted, and the habituation procedure
continued until in two consecutive blocks the response was 25% or less than
the maximum. At this point, after the 3-min gap, the stimulus was switched
to a dishabituation song that was played as a final block. The dishabituation
score was calculated as Wdishab − Whab, the difference in response intensity
between the final block and the penultimate block.

Experiments were carried out by one of us (R.F.L.) using a custom program
written for the Android system and run on a Motorola Droid smartphone to
record wing-wave events and calculate response intensities. The code for this
program is available from R.F.L. Stimuli were coded such that the experi-
menter was blind to the type of trial carried out. Overall, our dishabituation
scores were very similar to those in Prather et al. (26), a testament to the
unambiguity of the wing-waving display as a response measure. We bal-
anced our design for the order of trials, and for the direction of change in
the dishabituation block (i.e., from a shorter to a longer note, or vice versa).

Trials were initiated between 6:00 AM and 11:00 AM and carried out
between May 25th and June 19th, 2010. We played songs from an Altec
Lansing imt620 speaker, mounted on a tripod at a height of ∼1 m, using song

stimuli stored and played through an Apple iPod. Stimulus blocks, concate-
nated with the 3-min gaps between them, were encoded as wav files with
44.1-kHz sampling rate and 16-bit depth. The blocks were constructed using
the Audacity audio editor (v1.3b), and adjusted in amplitude to 80 dB SPL at
1 m. The iPod was controlled with the remote control of the speaker. The
experimenter stood at a distance of ∼10 m from the speaker.

Stimuli songs were drawn from the sample of Pennsylvania songs recorded
as described in the above section.We only used songs that we judged to be of
high recording quality as stimuli. We applied a high-pass filter in Audacity at
1 kHz. All stimuli (including habituation and dishabituation stimuli) were
constructed by: (i) copying a syllable located near the middle of the recorded
song, (ii) substituting the focal note for a synthetic note within that syllable,
and (iii) repeating the modified syllable to make a song at least 2-s long.
Three sets of stimuli were constructed for each stimulus song, with synthetic
notes of 9.5 ms, 17 ms, and 30 ms in length, chosen to be equally spaced on
a logarithmic scale and to coincide with the peaks of note-type distributions
(we ensured that the three modified songs had the same number of sylla-
bles). The synthetic notes were generated in Praat (www.praat.org), using
a custom script. Similar synthetic notes had previously been used in neuro-
biological studies of swamp sparrows by Prather et al. (26), and allowed us to
control both note length and frequency range in light of our finding that
both varied between clusters (Figs. S2 and S3C). We adjusted start frequency
to match that of the note in the original recording (start frequency varied
little between the focal note types in the Pennsylvania population). End
frequency was set so that bandwidth was typical for the note cluster (Fig.
S3C), and so that it increased in a linear way between clusters (9.5-ms stimuli:
2.3 kHZ; 17-ms stimuli: 3.3 kHZ; 30-ms stimuli: 4.3 kHZ). Synthesized notes
were adjusted in Audacity to match the amplitude of the notes they were
replacing, and were placed in the stimulus with a 13-ms gap separating them
from the subsequent (for initial position substitutions) or previous (for final
position substitutions) note. Intersyllable gaps were set at 35 ms. These gap
lengths between notes were chosen to match average values in swamp
sparrow songs, and matched those used by Nelson and Marler (17) and
Prather et al. (26).

For stimuli, we used syllables that had a note in one of the three identified
clusters (Fig. S3) in either the initial or final position. We used 20 syllable
types; in 10 of these, we substituted a note in the initial position, and in the
other 10 we substituted a note in the terminal position. The original note-
type category of the substituted note for eight of the syllables was the in-
termediate note type; for six it was the short cluster (in the initial position
only); and for the remainder it was the long cluster (in the final position only).

Each trial consisted of one of two contrasts between two note lengths,
either short vs. intermediate or intermediate vs. long. For each syllable type,
we carried out one trial for each of the two contrasts, making 40 trials (with
40 subjects) in total. In half of the trials (randomly selected), the 17-ms stimulus
served as the habituation stimulus; in the other half, the 17-ms stimulus was
the dishabituation stimulus.

We analyzed playback results with GLMM using lmer (35) in R (36) spec-
ifying a Poisson family, and specifying an observation-level random factor to
control for overdispersion. We constructed a set of nested models, with the
simplest, null model formula being Wdishab∼Whab + (1jType) + (1jTrial); in
other words, we explained the number of displays in the dishabituation
block by the number of displays in the habituation block and by two random
factors, syllable type, and trial (the latter as the observation-level factor). We
compared models using parametric bootstrapping using the pbkrtest pack-
age (with 10,000 resamples) and the ANOVA function of lme4, and selected
models on the basis of AIC scores. We tested for significance of specific
contrasts using the multcomp package (37) with Tukey contrasts.

Labeling Experiment. We played a subset of 12 song types from the stimuli in
the discrimination experiment to 48male swamp sparrows betweenMay 29th
and June 20th, 2012. Each trial consisted of 2 min of playback (at a rate of six
songs per minute) of one of the stimuli. Each male was given two trials, 3 d
apart. In the two trials, different versions of the same song type were played.
In one trial, the song contained an intermediate note type, whereas in the
second trial either a short or a long note type was substituted instead. Half of
the males heard songs with notes substituted in the initial position and
half heard songs with notes substituted in the final position. Half of the
males heard songs with the intermediate note substitution in their first trial
and half of them heard the intermediate note substitution in their second trial.

We played songs from a Bose SoundLink speaker, mounted on a tripod at
a height of ∼1 m, using song stimuli stored and played through an Apple
iPod. The amplitude of stimuli was adjusted to be 80 dB SPL at 1 m. The
playback speaker was placed near the center of a male’s territory. Each trial
consisted of 2 min of silence followed by 2 min of playback and then
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a further 2 min of silence. Male behavior was recorded from the start of
playback until the end of the trial by speaking into a voice recorder at
a distance of ∼10 m to the speaker. Stimuli were coded such that the ex-
perimenter was blind to the type of trial carried out.

During the experiment we recorded four aspects of the subject’s response
to playback: (i) approximate closeness of the subject to the speaker, esti-
mated based on markers placed at 2 m, 4 m, and 8 m on both sides of the
speaker before the trial, averaged across 5-s intervals within the trial as
described in ref. 38; (ii) number of flights past the speaker; (iii) number of
songs; and (iv) number of wing-waving displays. We used a Box-Cox trans-
form (λ1 = 0, λ2 = 1) on measures 2, 3, and 4. We then carried out a principal
components (PC) analysis (using the correlation matrix method) of the
responses. We found that the first principal component explained 45% of
the total variation in responses, and was positively loaded with all four
measures (closeness to the speaker: 0.350; number of flights: 0.592; number
of songs: 0.662; and number of wing-wave displays: 0.297). We used this first
component as a proxy for overall response intensity.

We analyzed playback results with GLMM using lmer (35) in R (36) specifying
a Gaussian family. We constructed a set of nested models, with the simplest, null
model specified as PC1∼Trial+(1jType)+(1jSubject), in other words, explaining
variation in PC1 (the first principal component of the playback response) by Trial
(whether it was the first or second playback to a subject), and two random
factors: Type (the syllable type) and Subject. We compared models using para-
metric bootstrapping using the pbkrtest package (with 10,000 resamples) and
the ANOVA function of lme4, and selected models on the basis of AIC scores.
We tested the significance of specific contrasts using the multcomp package
(37), which adjusts for multiple comparisons, using Tukey contrasts.
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