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abstract: In oscine songbirds, song phenotypes arise via gene-
culture coevolution, in which genetically transmitted learning pre-
dispositions and culturally transmitted song forms influence one
another’s evolution. To assess the outcome of this process in a pop-
ulation of chestnut-sided warblers (Dendroica pensylvanica), we re-
corded songs at intervals over a 19-year period. These recordings
revealed the pattern of cultural evolution of songs in our study area,
from which we inferred likely learning predispositions and mecha-
nisms of cultural transmission. We found that the species’ two song
categories form two distinct cultural traditions, each with its own
pattern of change over time. Unaccented-ending songs have under-
gone continual, rapid turnover of song and element types, consistent
with a model of neutral cultural evolution. Accented-ending songs,
in contrast, persisted virtually unchanged for the entire study period,
with extraordinarily constant song form and only one appearance of
a new song type. Our results indicate that in songbirds, multiple
independent cultural traditions and probably multiple independent
learning predispositions can evolve concurrently, especially when dif-
ferent signal classes have become specialized for different commu-
nicative functions.

Keywords: animal culture, cultural evolution, oscine, birdsong,
chestnut-sided warbler, Dendroica pensylvanica.

Introduction

Culture can be defined as information that is acquired or
modified by social learning and affects individuals’ be-
havior (Richerson and Boyd 2005). Under this definition,
culture is not limited to humans but is also found in a
number of other animal taxa (Laland and Janik 2006; La-
land 2008). In oscine songbirds, for example, social learn-
ing plays a key role in the process by which individuals
acquire information that helps determine the structure of
their songs (Beecher 1996; Marler 1997; Doupe and Kuhl
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1999; Hultsch and Todt 2004). Oscine singing can thus be
viewed as an expression of songbird culture.

A number of investigators have suggested that cultural
traits, which typically vary among individuals and are
transmitted from generation to generation (by imitation
and other forms of learning), might be expected to evolve
via processes analogous to those that drive biological evo-
lution (see, e.g., Mesoudi et al. 2004, 2006). Formal models
suggest that this cultural evolution can, in principle, pro-
ceed independently of biological evolution but that, in
most cases, the two processes are likely to be linked
(Cavalli-Sforza and Feldman 1983; Boyd and Richerson
1985; Durham 1991; Feldman and Zhivotovsky 1992). As
cultural traits evolve, the resulting changes may directly
affect their possessors’ survival and reproduction (see ex-
amples in Jablonka et al. 1998; Danchin et al. 2004) and
may also collectively constitute a modification of a pop-
ulation’s environment (Laland et al. 2000; Odling-Smee
et al. 2003). Thus, cultural change can potentially influence
the biological evolution of physical features involved in
perceiving and learning culturally transmitted information
and performing associated behaviors. These physical
changes may in turn influence the culturally transmitted
traits by altering the means by which information is ac-
quired and transmitted and by which culturally influenced
behaviors are produced.

In songbirds, the interplay between cultural and bio-
logical evolution is manifest largely in the interaction be-
tween songs and the neural systems that underlie their
acquisition and development. These neural systems give
rise to song development programs that vary among spe-
cies in features such as the timing of song acquisition, the
degree of fidelity with which song models are imitated, the
boundaries of the acoustic space that limits the range of
sounds that can be acquired, and the amount of invention
and improvisation permitted (Beecher and Brenowitz
2005; Brenowitz and Beecher 2005). Thus, each songbird
species is characterized by a set of innate, biologically
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evolved developmental “rules” or learning predispositions
that constrain and guide song acquisition (Marler 1991).
The acoustic environment in which these learning rules
operate includes an array of conspecific songs and singing
patterns, many aspects of which are culturally determined.
Consequently, one might expect songbird cultural
traditions to be shaped by an interaction between cultur-
ally determined features of the acoustic environment and
genetically determined features of song development and
production (Aoki 1989; Lachlan and Slater 1999; Lachlan
and Feldman 2003; Lachlan and Servedio 2004; Olofsson
and Servedio 2008; Ritchie et al. 2008).

Examining patterns of change over time in songbird
cultural traditions can help reveal the mechanisms by
which those traditions evolve and can provide a view of
how developmental rules shape song acquisition in free-
living populations. One approach to detecting patterns of
cultural change is measuring the diversity, relative abun-
dance, and/or geographic distribution of different song (or
song element) types and inferring from such data the rate
and mechanisms of change (e.g., Lynch and Baker 1993,
1994; Lang and Barlow 1997; Burnell 1998; Lachlan and
Slater 2003). An alternative approach is simply measuring
cultural change directly by tracking song and/or song el-
ement types in a population over a period of time, either
annually (e.g., Payne 1985; Baker and Gammon 2006) or
at longer intervals (e.g., Ince et al. 1980; Holland et al.
1996).

We used both approaches to monitor cultural change
in a population of chestnut-sided warblers (Dendroica pen-
sylvanica) in western Massachusetts. Our analyses were
based on a null hypothesis of neutral cultural evolution
of songs, such as might arise if developing birds acquired
song variants via unbiased copying from other birds, with
the occasional introduction of new songs through immi-
gration or invention. By using unbiased copying as the
null hypothesis, we sought to either (1) detect patterns
consistent with neutral cultural evolution, such as those
found in other songbird species (Lynch 1996) and in as-
pects of human culture (Hahn and Bentley 2003), or (2)
detect, by falsifying the neutral model, evidence that se-
lective processes have affected cultural evolution.

Chestnut-sided warbler songs, like those of many other
wood warbler species, fall into two categories, designated
accented-ending and unaccented-ending songs in the
chestnut-sided warbler (Lein 1978; recordings of songs
from each category are available as sound file 1 and sound
file 2, respectively, in the online edition of the American
Naturalist). Songs in the two categories are easily distin-
guished by ear; accented-ending songs have a loud and
distinctive terminal downsweep syllable that unaccented-
ending songs lack. Each male has a song repertoire that
includes one to four (median two) accented-ending song

types and one to seven (median four) unaccented-ending
song types (Byers 1995). The two song categories differ
significantly in patterns of geographic variation (Byers
1996a), leading us to hypothesize that the categories have
followed divergent evolutionary trajectories. We therefore
analyzed cultural change in each category separately.

Methods

Our analysis is based on recordings of the songs of
chestnut-sided warblers breeding on two parallel power
line cuts (i.e., power line rights of way) in Savoy Mountain
State Forest, Berkshire County, Massachusetts. The cuts
contain shrubby vegetation that provides suitable breeding
habitat for chestnut-sided warblers. The study area en-
compasses a segment of each cut; the two segments are
approximately 1 and 1.6 km long, and each is about 30
m wide. The cuts extend well beyond the focal segments,
so the birds in our study area represent a subset of a larger
breeding population.

Song Samples

We recorded the songs of all males breeding in the study
area during May, June, and July of most years since 1986.
For many of the analyses presented here, we used record-
ings from 1988, 1995, 2001, and 2007. We chose these
years because the temporal spacing between them is fairly
even, with intervals long enough to ensure that any
between-year similarities detected represent true cultural
transmission and not the survival of individual singers. In
addition, we used recordings from 1988, 1989, and 1990
to document changes on shorter year-to-year timescales.
In all six sample years, all or most recorded males had
been color banded for individual identification.

In all years, recording began with the first songs of the
day at about 0330 hours (EST) and continued until about
0800 hours, after which time singing occurred only spo-
radically. Songs were recorded in samples of 3–10-min
duration, with each recordist rotating among a set of ter-
ritorial males. Sampling locations within the study area
were likewise rotated from day to day, such that each
male’s singing was sampled every few days over the course
of the breeding season. Because song output varies among
males, the number of songs recorded per male varied
(range 125–3,300 songs, median 725). The number of
males sampled (range 39–47, median 40) and the number
of song and element types detected were similar in each
year of the study. The rough equivalency of samples across
years increases the likelihood that any detected appear-
ances or disappearances of cultural variants reflect cultural
change rather than sampling error.

Recording equipment, which differed from year to year,
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included a Nagra IV-S reel-to-reel recorder, Marantz
PMD221 and Sony TC-D5ProII cassette recorders, and
Marantz PMD 670 and M-Audio Microtrack 24/96 solid-
state recorders. Microphones included Sennheiser ME-88,
ME-62, and MKH-106 models; the latter two microphones
were mounted on parabolic reflectors (60-cm aluminum
or 60-cm polycarbonate Telinga parabola). Digital record-
ings were made with 48-kHz sample rate and 16-bit depth.
Analog recordings were subsequently digitized with 24-
kHz sample rate and 16-bit depth.

Identifying Song and Element Types

Song Types. To identify song types, we relied on visual
inspection of spectrograms; different chestnut-sided war-
bler songs are generally quite distinctive, and visual match-
ing has been shown in prior studies of the species to yield
song type classifications that are highly repeatable among
different observers (Byers 1995, 1996a). We began by pro-
ducing spectrograms (512-point fast Fourier transform)
for all recorded songs. An observer viewed each spectro-
gram and for each sampled male printed a representative
set, with examples chosen to represent the range of var-
iation in a male’s singing.

Next, observers familiar with spectrograms but naive
with respect to chestnut-sided warbler songs and singing
behavior identified song types in each year’s sample. An
observer was asked to examine all the printed spectrograms
from a single year and identify sets of matching songs,
with a matching set defined to include songs that shared
the same song elements (syllables) in the same order, even
if the number of repetitions of one or more of the elements
differed between songs. (Successive renditions of a song
type may vary somewhat in how many times an element
is repeated, especially at the beginning of a song.) A group
of matching songs from a given year was deemed to con-
stitute a song type.

Song Element Types. Identifying types among the ele-
ments that make up songs was less amenable to the
visual-inspection approach because variation in element
structure is more continuous than that in songs, leading
to increased subjectivity in visual classification and a
likely decrease in interobserver repeatability. We there-
fore based our classification on the automated similarity
measurement procedure developed by Tchernichovski
et al. (2000) and implemented in the Sound Analysis
Pro software application (http://forum.sci.ccny.cuny
.edu/Members/ofer/sound-analysis-pro). The procedure
uses multitaper spectral analysis to measure five acoustic
features (pitch, goodness of pitch, Wiener entropy, fre-
quency modulation, and amplitude modulation) in a series
of short time windows over the course of a sound and

then compares the time courses of these features in two
sounds to calculate an overall measurement of similarity.

To classify elements, we began with sound files of songs:
one example of each song type used by each male (a total
of between 177 and 231 songs per study year). From these
songs, we extracted the constituent individual elements
and saved each one to a separate file. The element files
for each year were then submitted to Sound Analysis Pro’s
“similarity batch” procedure, which calculated similarity
scores for all possible pairs in the sample. (We had first
tuned the program’s settings—such as the relative weight-
ing of the different acoustic measurements—such that the
program yielded similarity scores of 99% or higher when
comparing successive renditions of the same element type
within a song.) We used the resulting scores to classify
elements into types; elements with similarity scores of 85%
or higher were deemed to be of the same type. We chose
the 85% criterion because lower cutoff values grouped
some visually very different elements together; we selected
a cutoff level that, while inevitably somewhat arbitrary,
would eliminate obvious misclassifications.

Assessing Change over Time

Changes in Occurrence. To analyze change in the occur-
rence of song types over multiyear intervals, naive ob-
servers worked with spectrograms of songs from 1988,
1995, 2001, and 2007. An observer compared each song
in a given year’s sample to the song types present in each
sample from an earlier year (i.e., 1995 songs were com-
pared to 1988 songs; 2001 songs were compared first to
1995 songs and then to 1988 songs; 2007 songs were com-
pared to 2001, 1995, and 1988 songs). For each pairwise
between-year comparison, each song type in the later sam-
ple was classified as either matching one of the song types
present in the earlier sample or not matching any type
from the earlier sample. The same procedure was used to
document shorter-term changes (1989 songs vs. 1988
songs; 1990 songs vs. 1989 and 1988 songs), but the com-
parisons were judged by one of the authors (B. Byers)
rather than by a naive observer.

To assess changes in the occurrence of song element
types, we again took advantage of the similarity batch fea-
ture of Sound Analysis Pro. From each year’s collection
of song element types, we selected one example of each
element type (a total of between 75 and 79 elements per
sample year). We then submitted this pool of elements to
the similarity batch module and calculated scores for all
pairs of elements across all pairs of years. As before, a
similarity score of 85% or higher was deemed to indicate
a match, in this case showing that an element type was
present in both years being compared.
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Table 1: Survival of unaccented-ending song and element types

No. types surviving to

1995 2001 2007

Unaccented-ending
song types:

1988 9 (15%) 0 0
1995 4 (7%) 0
2001 2 (3%)

Unaccented-ending
element types:

1988 21 (31%) 20 (29%) 17 (25%)
1995 44 (65%) 29 (43%)
2001 30 (41%)

Note: Each entry in the table indicates the number and percentage of

song or element types that persisted from the year shown in a row to the

year shown in a column.

Changes in Song Composition. To examine changes in el-
ement usage in more detail, we compiled a record of the
sequence of element types that composed each song type
present in 1988, 1995, 2001, and 2007. From this com-
pilation of sequences, we extracted information about the
element composition of each song type that appeared for
the first time in a given year (excluding 1988, the first year
in our data set). In particular, we noted the proportion of
the element types in the song that were also appearing for
the first time. This measurement provided an index of the
degree of novelty of each newly appearing song type.

Comparison to a Model of Neutral Evolution. To test the
null hypothesis of neutral cultural evolution in the pop-
ulation we sampled, we compared the patterns of occur-
rence of song and element types to the predictions of a
model of unbiased transmission and neutral change. The
model is deliberately simple. We begin by populating the
model with N birds, each of which is assigned a different
song variant. The model then proceeds in a series of gen-
erations or time steps. In each generation, N birds are
replaced by N new birds. Each of these new birds enters
the model by doing one of two things: it may, with prob-
ability , copy its song from that of a bird from the1 � m

previous generation or it may, with relatively small prob-
ability m, introduce a new song into the population. In
essence, among the N new birds in each successive gen-
eration, most copy a song variant from a randomly selected
bird in the prior generation, but a small number (mN)
acquire a new song variant.

This model is easy to simulate (e.g., Neiman 1995; Hahn
and Bentley 2003; Bentley et al. 2004; Mesoudi and Lycett
2009), yet it provides richly complex results that can be
compared to real-world data. Three such results are es-
pecially relevant with respect to our data.

1. The model generates invariant long-tailed distribu-
tions. Under random copying, the chance of a variant
being copied is proportional to its current frequency, and,
as in other “rich-get-richer” processes, variant frequencies
ultimately exhibit a highly right-skewed distribution,
which for small values of m closely approaches a true
power-law form. Thus, a smooth, long-tailed distribution
of variants is an expected outcome of neutral evolution,
whereas selective processes that favor particular variants
should yield discontinuities in the distribution. However,
a long-tailed distribution does not by itself establish con-
cordance with a neutral model because a variety of other
processes can generate right-skewed distributions, includ-
ing power laws (as well as related distributions such as
log-normal or stretched exponential; Laherrère and Sor-
nette 1998; Newman 2005). For this reason, we are not
overly concerned with the exact mathematical form of the
distribution of variants and focus instead on comparing

empirical data to the model results for a given set of pa-
rameter values, with particular emphasis on comparison
to two additional results generated by the model.

2. The model generates a vocabulary of constant size
but continual flux. Under the neutral model, there is con-
tinual turnover among the most popular variants, pro-
portional roughly to the square root of m (Bentley et al.
2007), but the total number of different variants present
in the population should be nominally constant and pro-
portional to mN. In contrast, a selective process should
reduce the number of variants because unselected variants
will tend to become extinct.

3. The model generates stochastic change. If we track a
set of individual variants through time, their relative pop-
ularities will change in a stochastic manner such that the
variance in their popularities increases with time (Wright
1931; Crow and Kimura 1970; Hahn and Bentley 2003).
In particular, the haploid-neutral model predicts that

, where Vp is the variance in the frequen-V p v(1 � v)/Np

cies of a variant across a one-generation interval and
is the initial frequency of the variant as a fractionv ≤ 1

of N, the total number of variant copies (Gillespie 2004).
Therefore, in addition to assessing whether change in the
popularities of variants over the duration of our study
remained within the envelope of stochastic variability, we
compared the between-year variance predicted by the
haploid-neutral model to the actual between-year variance
for song and element types that were present in three
consecutive years (1988, 1989, and 1990). For each song
or element type, we calculated Vp (using the 1988 fre-
quencies as a baseline), averaged the values across all types,
and compared this mean value to the mean of the actual
between-year variances. If the actual variance were sig-
nificantly different from the variance predicted under the
neutral model, some selective process may be reducing or
increasing variability (Herzog et al. 2004).
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Figure 1: Two unaccented-ending songs, recorded 12 years apart and after 100% turnover of unaccented-ending song types, showing an example
of a song element type that survived the 12-year interval and appeared in a new song type. A recording of unaccented-ending songs is available as
sound file 2 in the online edition of the American Naturalist.

Results

Unaccented-Ending Songs

Turnover of Unaccented-Ending Song and Element Types.
The pool of unaccented-ending song types present in the
study area changed steadily over the study period (table
1). For example, only 15% of the unaccented-ending song
types present in 1988 were still present in 1995. Other
intervals of similar duration (1995–2001, 2001–2007) had
even lower rates of song type retention. Over intervals
longer than 7 years, no unaccented song type survived.
The overall pattern was one in which unaccented song
types steadily became extinct and were replaced by new
ones. A 12-year interval was sufficient for complete turn-
over of unaccented-ending song types.

Like unaccented-ending song types, the element types
that made up those songs steadily disappeared and were
replaced by new types (see table 1). The pace of turnover,
however, was slower for elements than for songs. For ex-
ample, 31% of the element types present in 1988 were still
present in 1995; element persistence over other similar
intervals ranged from 41% to 65%. Some element types

persisted for longer periods; about 25% of the syllable
types present in 1988 were still present in 2007.

Even over 1-year intervals, turnover of unaccented-
ending song and element types was substantial. From 1988
to 1989, 26 song types (44%) and 49 element types (69%)
survived. From 1989 to 1990, 16 song types (25%) and
41 element types (62%) survived. Some of the year-to-
year persistence of unaccented-ending song and element
types was due to the survival of individual birds that used
those types. However, most song and element persistence
could not be attributed to between-year survival of birds.
For example, in 1989 and 1990, most birds using a song
type that was also present in the prior year were not them-
selves present in the prior year (71% of such birds in 1989,
75% in 1990). For some of the persisting song types (10
types in 1989, four in 1990), none of the birds using the
type had been present in the prior year.

Changes in Song Composition. The persistence of some
unaccented-ending element types after the song types that
contained them had disappeared suggests that the persis-
tent elements were present in new song types, and that is
indeed the case (fig. 1). Most (67.8%) newly appearing
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Table 2: Prevalence of “old” song element types (types also present in the most
recent prior sample) in newly appearing unaccented-ending song types

N a

No. new song types containing

0% old
element types

1%–50% old
element types

51%–99% old
element types

100% old
element types

1995 52 10 (19.2%) 33 (63.5%) 5 (9.6%) 4 (7.7%)
2001 59 15 (25.4%) 26 (44.1%) 10 (16.9%) 8 (13.6%)
2007 63 14 (22.2%) 36 (57.1%) 8 (12.7%) 5 (7.9%)

Total 174 39 (22.4%) 95 (54.6%) 23 (13.2%) 17 (9.8%)

a N p number of newly appearing unaccented-ending song types.

unaccented-ending song types incorporated both new and
previously existing (“old”) elements (table 2). Among such
mixed song types, songs in which more than half of the
element types were new were far more common than song
types in which old element types outnumbered new ones.
Among the unmixed newly appearing song types that did
not combine old and new elements, song types consisting
exclusively of new elements were twice as common as song
types composed entirely of rearranged old element types.
Thus, when we considered mixed and unmixed songs to-
gether, about three-quarters of new song types included
more new than old element types. Overall, new element
types contributed in some measure to the novelty of a
large majority (∼90%) of new unaccented-ending song
types.

Comparison to the Neutral Model. The frequency distri-
butions of unaccented-ending song and element types
were quite similar to those predicted by our model of
neutral evolution. For both song and element types, the
distributions of frequencies are extremely similar among
years (despite the flux over time in the identities of the
song and element types) and in each year took a well-
developed long-tail form, close to a power-law distribution
(fig. 2). Fitting a power-law distribution to our song and
element data (using the maximum likelihood method of
Newman 2005) yielded a very good fit for each year (all

), in all cases better than did an exponential fit,2r 1 0.94
with differences especially large for song elements (table
3). Estimated power-law exponents (a in the power-law
distribution , described by ) are slightlyaP(v) P(v) ∼ C/v
higher for songs ( ) than for elements (a ≈ 1.9–2.1 a ≈

) but are fairly constant across sampled years within1.7–1.9
each category (see table 3).

We found that model simulation outputs could be made
to fit very well the actual distributions of unaccented-
ending song and element types (fig. 3). The best fit to the
element type distributions arose from simulations run with

and , whereas song type distributionsN p 15 m p 16%

were fitted using a higher invention rate ( ,N p 15 m p
). This difference in m between models fitted to ele-30%

ment versus song type distributions was consistent across
years; the only model change required to achieve matches
in different years was varying the number of generations.

Drift due to unbiased transmission is distinguished not
only by long-tailed frequency distributions but also by
continual stochastic change of variant popularities. Sto-
chastic change in unaccented-ending song elements in-
cluded steady turnover of the most popular element types:
the top three unaccented-ending song elements from 1988
to 1995 were completely replaced by other elements by
the 2000s. Yet despite this turnover, the number of dif-
ferent unaccented song elements in circulation in any one
year stayed remarkably consistent (see table 3). Stochastic
change was also indicated by increasing variance over time
in the popularities of the unaccented-ending song and
element types that were present at the beginning of the
study (fig. 4). In addition, the average between-year var-
iance (Va) in the frequencies of unaccented-ending song
and element types did not differ significantly from the
variance predicted by a neutral model (Vp; see “Methods”).
The ratio of Va to Vp was for unaccented-1.25 � 0.37
ending songs and for unaccented-ending0.98 � 0.06
elements.

Accented-Ending Songs

Turnover of Accented-Ending Song and Element Types. In
contrast to unaccented-ending songs, accented-ending
songs changed very little. Over the 19-year duration of the
study, one accented-ending song type disappeared and one
new one appeared.

The details of accented-ending-song evolution can be
encapsulated in a brief narrative. In 1988, four song types
were present (fig. 5). In 1995, these four types were still
present, and no new types had appeared. By 2001, one
type (designated AE-1) had disappeared, but no new type
had appeared to replace it; the other three types remained
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Figure 2: Plots of frequency versus cumulative fraction of the total number of different unaccented-ending song element types (left) and song types
(right), showing concordance with a power-law distribution. The scales of both axes are logarithmic (note that a log-log plot of a power-law
distribution takes the form of a nearly straight line of slope ). Symbols indicate different years.1 � a

unchanged. In 2007, a new type appeared (designated AE-
5; see fig. 5). The appearance of the new song type restored
the total number of accented-ending song types to four.

Each accented-ending element type (except for the char-
acteristic terminal downsweep shared by all accented-
ending songs) was linked to the song type that contained
it. That is, accented-ending song element types were not
shared between different accented-ending song types (al-
though two of them did also appear in some unaccented-
ending song types) and were not recycled or recombined
in new accented-ending song types. Thus, the only element
types that disappeared over the duration of the study were
the four that composed the single lost song type. The only
new elements to appear were the three that composed the
single new song type.

Changes in Frequency of Occurrence. Aside from the dis-
appearance of type AE-1 and the emergence of type AE-
5, frequencies of occurrence of accented-ending song types
did not vary greatly over the study period. Because there
were so few accented-ending song types, the pattern of
change is revealed by simple inspection (table 4): the fre-
quencies of AE-2 and AE-4 were nearly constant over the
2 decades of the study, and the frequency of AE-3 increased
roughly in correspondence with the decrease in AE-1. The
emergence of AE-5 is recent and its frequency still rela-
tively low. Because of the strong link between accented-

ending song types and their constituent element types, the
pattern of change for elements (except for the terminal
downsweep) mirrors that of the whole songs.

Comparison to the Neutral Model. The number of
accented-ending song and element types was too small to
permit a formal fit to a probability distribution or to the
output of neutral-model simulations. However, plots of
the distributions of accented-ending song and element var-
iants lacked the long tail characteristic of a power-law
distribution (because all variants occurred at compara-
tively high frequency; see table 4). Similarly, on rank-
versus-popularity plots (see fig. 3) of accented-ending
songs, variant frequencies generally fell well outside the
distributions (�SD) generated by our neutral-model sim-
ulations. In addition, no simulation resulted in a reduced
set of variants in which the number of variants was far
smaller than the number of birds, as was the case for
accented-ending songs and elements in our study
population.

The popularities of accented-ending song and element
types did not exhibit the stochastic change predicted by
the neutral model. The most popular song and element
types experienced little turnover: the top three element
types from 1988 were still the top three in 2007, and two
of the top three song types in 1988 remained in the top
three in 2007. A lack of stochastic change was also evident
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Table 3: Power-law and exponential fits to the distributions of unaccented-
ending song and element types

No.
types

Total
occurrences

Power law
aa

Power law
r2

Exponential
r2

Songs:
1988 59 137 1.98 .964 .906
1989 63 157 1.96 .989 .828
1990 61 140 2.00 .942 .739
1995 61 129 1.98 .972 .965
2001 63 105 2.12 .981 .946
2007 65 113 2.10 .987 .918

Elements:
1988 68 462 1.69 .985 .701
1989 65 483 1.65 .981 .751
1990 65 447 1.75 .984 .775
1995 67 401 1.84 .966 .744
2001 73 247 1.93 .985 .856
2007 69 330 1.81 .956 .848

Note: Values of r 2 are for comparing power-law and exponential fits.
a Power-law exponents were estimated using the maximum likelihood method (Newman

2005); standard errors (by jackknife estimate) of the estimated exponents are all !0.01.

in the almost constant (rather than increasing) variance
of accented-ending song and element types (see fig. 4). In
addition, the average between-year variance in accented-
ending song type frequencies was significantly lower than
the variance predicted by the neutral model (V /V pa p

).0.29 � 0.13

Discussion

Unaccented-ending and accented-ending songs exhibited
sharply different patterns of cultural change. Unaccented-
ending-song evolution was characterized by continual
turnover of cultural variants and stochastic change in their
frequencies of occurrence. Song types and most element
types persisted for only a short period before being re-
placed, though a small number of persistent song elements
provided an element of continuity. Overall, the form of
unaccented songs was quite malleable. Accented-ending
songs, in contrast, changed little. Song types and element
types persisted for long periods, their frequencies of oc-
currence changed very little, and new song and element
types appeared only once in 19 years. Song form was more
or less fixed and unchanging.

Cultural Transmission

The bifurcated cultural evolution of chestnut-sided war-
bler songs suggests the coexistence of two modes of cul-
tural transmission. If so, how might these parallel processes
differ? Observations of song acquisition in the wild would
help answer this question, but, unfortunately, we have no
such observations, mainly because birds banded as nest-

lings have not returned to the study area in subsequent
years. We have, however, made some other observations
that together describe a framework in which song acqui-
sition likely takes place. In particular, (1) numerous ju-
venile birds not hatched in the study area are present there
for several weeks during the postfledging period; (2) many
of these juvenile birds utter rudimentary, incompletely
formed (plastic) songs; (3) the song repertoires of terri-
torial males generally do not change during a breeding
season or between successive years (i.e., birds arrive on
their breeding grounds with fully crystallized repertoires);
and (4) neighboring territorial males tend to share
unaccented-ending song types (Byers 1996a). Taken to-
gether, these observations suggest that hatch-year birds
disperse to areas in which they may breed in subsequent
years and that at least some song acquisition occurs or is
completed during the postdispersal period. However, we
cannot rule out the possibility that song sharing among
neighbors arises owing to acquisition or modification of
songs after arrival on the breeding grounds, although our
extensive early-season recordings have not revealed any
postarrival changes.

Unbiased Transmission. Our neutral-model simulations
showed that the cultural evolution of unaccented-ending
songs exhibits a pattern that might be expected to arise if
males are equally likely to acquire any of the cultural var-
iants (song and element types) to which they are exposed.
Such unbiased transmission (Boyd and Richerson 1985)
might prevail if all variants were functionally equivalent,
and it is expected to yield neutral cultural evolution in-
fluenced mainly by the cultural analogues of mutation,
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Figure 3: Log-log plots of frequency rank versus popularity (number of individuals using a type) for unaccented-ending song element types (left)
and song types (right). Each plot compares actual values from 1989 ( filled circles) and 2007 (open circles) to values generated by a neutral model
(averaged over 10 runs). The error bars spaced along the model curves represent standard deviations. The model runs for elements used N p 15
and and ran for 40 generations (1989; ) or 30 generations (2007; ). The model runs for songs used and2 2m p 0.16 r p 0.927 r p 0.961 N p 15

and ran for 10 generations (1989; ) or eight generations (2007; ).2 2m p 0.16 r p 0.928 r p 0.948

drift, and migration (Lynch et al. 1989). The pattern we
observed for unaccented songs conforms to this
expectation.

New unaccented-ending variants appeared frequently
and regularly. With regard to the source of these new
variants, we cannot distinguish the contributions of mi-
gration (new variants carried to the study area by newly
arrived birds) and cultural mutation (appearance of pre-
viously nonexistent variants). Two lines of evidence, how-
ever, suggest that cultural mutation played a role. First,
results from an earlier lab study of chestnut-sided warblers
suggest that novel variants can arise during song devel-
opment (Byers and Kroodsma 1992). Birds hand reared
and exposed to adult songs produced a number of song
and element types that were not present in the adult songs.
Second, some (approximately 10%) of the newly appearing
unaccented-ending element variants in our study area ap-
peared to be modified versions of older elements, such as
might arise though improvisation during song
development.

Regardless of the process by which new unaccented-
ending variants are introduced to the local song tradition,
once in place they appear to change frequency by a ran-
dom, driftlike process. The rate of drift differed between
whole songs and their constituent elements: the average
unaccented-ending song type had a shorter life than did
the average element type, an observation reinforced by our
finding that the neutral models that best matched our data

for song types incorporated a much higher value of m

(proportion of new variants per generation) than did the
best-matching models for element types. It appears that
frequent recombination during transmission tended to
eliminate song types while preserving some of their con-
stituent parts.

Overall, cultural evolution of unaccented-ending songs
appears to be dominated by neutral, nonselective processes
that foster diversity by failing to constrain it. Rapid, neutral
evolution of unaccented-ending songs may reflect the
combined effects of unbiased transmission and high rates
of cultural mutation.

Biased Transmission. The evolution of accented-ending
songs, in contrast to that of unaccented-ending songs,
seems to show the effects of some kind of stabilizing pro-
cess that both restricts diversity and slows change. The
cultural stability of accented-ending songs could be driven
by a restrictive song development program that results in
a very low rate of cultural mutation. Alternatively or in
addition, stability might arise from evolved learning biases
that arose through natural selection exerted, at least in
part, by the species’ cultural environment. Learning biases
lead to biased transmission of cultural variants (Boyd and
Richerson 1985; Cavalli-Sforza and Feldman [1981] and
Durham [1991] refer to this process as “cultural selec-
tion”). Boyd and Richerson (1985) identify three modes
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Figure 4: Plot showing increasing variation over time in the popularities of unaccented-ending song types ( filled circles) and song element types
(open circles) that were present in 1988 and at least three subsequent sampled years and near-constant variation in the popularities of accented-
ending song types (filled triangles) and song element types (open triangles). The Y-axis represents the coefficient of variation of popularity (the ratio
of the standard deviation of all popularities to the average popularity). The line representing unaccented-ending songs is truncated because all 1988
song types became extinct before the end of the study.

of biased transmission: content based, frequency based,
and model based (see also Richerson and Boyd 2005).

In content-based transmission bias, learning preferences
favor certain variants on the basis of the content of those
variants. In the context of birdsong, the relevant content
might be the acoustic structure of a song or element type.
For example, Soha and Marler (2000) showed that in
hand-reared white-crowned sparrows (Zonotrichia leuco-
phrys), a particular whistle element triggers preferential
imitation of songs that contain the element, even if the
songs are heterospecific ones that normally would be re-
jected. Something similar may occur in chestnut-sided
warblers; hand-reared birds imitated accented-endings
songs when exposed only to tape-recorded renditions but
imitated unaccented-ending songs only if they experienced
vocal and visual interactions with live adult tutors (Byers
and Kroodsma 1992). This finding suggests that the stim-
ulus for acquisition of accented-ending songs is contained
in the songs themselves. Perhaps the trigger for acquisition
is the terminal downsweep element that characterizes all
accented-ending song types. The presence of an acoustic
trigger that induces imitation of songs that contain it
would help explain how accented-ending songs are trans-
mitted as a unit (i.e., without syllable recombination) and
with high fidelity but would not explain why they are so
resistant to the origin or fixation of mutant types.

Frequency-based transmission bias arises from a learn-

ing preference that favors the variants that are most com-
mon in the cultural environment. This type of learning
bias tends to produce conformity by ensuring that new
(and therefore uncommon) variants are unlikely to be
transmitted. Thus, a frequency-based bias yields an ana-
logue of purifying selection, in which cultural mutations
are quickly purged. Such a process could yield the long
persistence and very slow turnover that characterize the
evolution of accented-ending songs. In addition, models
developed by Lachlan and Feldman (2003) suggest that
social interactions that favor cultural conformity among
singers in a population will foster the biological evolution
of more restrictive learning programs that narrow the
range of acceptable models for imitation. That is,
frequency-based bias could lead to or reinforce content-
based bias, such that the two forms of bias combine to
restrict diversity and maintain stereotypy.

Model-based transmission bias is associated with learn-
ing preferences based on observable characteristics of the
individuals that express a cultural variant. For example,
young males might preferentially imitate the variants used
by the most reproductively successful or most dominant
adult males. In our study population, however, model-
based bias acting alone does not seem to be a likely cause
of the pattern we observed for accented-ending songs. In
the absence of some other factor restricting cultural mu-
tation, model-based bias would foster the spread of novel
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Figure 5: The five accented-ending song types that occurred in the study population. Three types (AE-2, AE-3, and AE-4) were present for the
duration of the study. Type AE-1 disappeared after 1995; type AE-5 first appeared in 2006. A recording of accented-ending song type AE-3 is available
as sound file 1 in the online edition of the American Naturalist.

variants used by successful individuals and lead to the
presence of a greater variety of variants than is actually
present, given that the number of locally successful males
is doubtless much higher than the observed number of
different accented-ending song types. For example, in a
population of saddlebacks (Philesturnis carunculatus) stud-
ied by Jenkins (1977), birds in different areas preferentially
imitated the song types of the original colonist of their
area, resulting in multiple small dialects in which groups
of up to 20 neighboring birds shared distinctive, persistent
song types. Similarly, Payne (1985) found that village in-
digobirds (Vidua chalybeata) preferentially imitated males
that were reproductively successful, and the result was a
pattern of local dialects with steady within-dialect change
in the form of the shared types.

Overall, biased transmission favors some cultural var-
iants at the expense of others. Thus, models of biased
transmission predict that the frequency of a favored variant

will increase steadily until reaching an asymptotic value
near 1, as competing variants decline. In our population,
however, several accented-ending variants persisted for the
duration of the study period, and their relative frequencies
did not change substantially over time. Perhaps the sur-
viving variants are equivalent with respect to the prevailing
learning bias and cultural evolution of accented-ending
songs has therefore reached an equilibrium at which each
variant is at a stable frequency (although this scenario
leaves the disappearance and replacement of type AE-1
unexplained).

Natural Selection. In principle, the cultural success of the
prevalent accented-ending song types could have arisen
even in the absence of a learning bias or constraints on
mutation. The frequency of a cultural variant can increase
through natural selection if possessing the variant affects
the bearer such that the variant becomes more likely to
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Table 4: Frequency of occurrence of accented-ending (AE)
song types

Song type 1988 1989 1990 1995 2001 2007

AE-1 19 27 20 8 0 0
AE-2 25 24 20 24 24 24
AE-3 7 9 8 10 18 19
AE-4 10 14 15 19 16 15
AE-5 0 0 0 0 0 6

Note: Counts of accented-ending element types are identical to those

shown here for song types because each accented-ending element type

(except for the terminal downsweep) occurred in only one accented-

ending song type.

be transmitted (Boyd and Richerson 1985). For example,
the variant might change its possessor’s behavior such that
he becomes more likely to be imitated. In songbirds, how-
ever, there is no obvious mechanism by which memorizing
a particular song type could alter a male’s behavior.

Natural selection of cultural variants could also arise if
cultural inheritance closely tracked genetic inheritance.
That is, if song transmission were mainly vertical, from
father to son, then reproductive and cultural success would
be linked; the frequencies of song types would be deter-
mined by their possessors’ Darwinian fitnesses. However,
song acquisition in our study population does not seem
to entail strictly vertical transmission. More generally, os-
cine song development programs do not appear to foster
vertical transmission, and investigations of song trans-
mission in natural populations generally do not reveal
consistent father-son cultural inheritance (e.g., Kroodsma
1974; Liu and Kroodsma 2006; Wheelwright et al. 2008;
Soha et al. 2009; but for a possible exception, see Grant
1984; Gibbs 1990).

Song Function and Cultural Change

The differences between chestnut-sided warblers’ two song
categories in patterns of change over time may be related
to differences in function. Songs in the two categories are
used in different contexts, and the contextual differences
suggest that the categories differ in function. For example,
unmated males sing almost exclusively accented-ending
songs, as do males whose mates have been experimentally
removed (Kroodsma et al. 1989). Once mated (or once
experimentally removed mates are restored), males dra-
matically decrease their use of accented-ending songs. In
addition, singing in close proximity to females is far more
likely to consist of accented-ending than of unaccented-
ending songs (Byers 1996b). These observations suggest
that accented-ending songs function in mate attraction. In
contrast, unaccented-ending songs seem to be associated
with male-male conflict; singing in the moments just be-
fore and following a fight or chase between rival males

consists almost exclusively of unaccented-ending songs,
and a male in close proximity to another male is far more
likely to use unaccented-ending than accented-ending
songs (Byers 1996b).

The slow, highly constrained evolution of accented-
ending songs yields stable, stereotyped signals that are well
suited to serve as mate attraction signals. Stereotyped song
forms that are few in number and shared widely among
males provide unambiguous species identification (Marler
1960; Emlen 1972) and facilitate comparisons of individ-
uals’ vocal performance (Zahavi 1980), especially if the
stereotyped song also has features that make it difficult to
perform (Ballentine et al. 2004; Podos and Nowicki 2004).

The link between function and cultural change is per-
haps less evident for unaccented-ending songs but may
nonetheless be present. The rapid, loosely constrained evo-
lution of unaccented songs yields a diverse pool of signal
variants from which male chestnut-sided warblers acquire
distinctive repertoires. Most of the songs in these reper-
toires are rarely used; a male typically utters them only
during fights, when he may switch repeatedly among
unaccented-ending song types and thereby use his rarely
sung types (K. L. Belinsky, unpublished data). Thus, acts
such as switching from a commonly used to a rarely used
song type or switching from one rarely used type to an-
other may themselves serve as signals, and unbiased trans-
mission of unaccented-ending song types endows each
chestnut-sided warbler male with a collection of song types
that allows this kind of signaling.

The possible concordance of signal properties and func-
tion in chestnut-sided warbler singing suggests that a ben-
efit of a signal set that is partitioned into two categories
is that each signal class is free to evolve to optimize ef-
fectiveness for a particular set of functions. In this scenario,
specialized signals are freed, at least in part, from con-
straints and compromises that might be imposed on sig-
nals that must perform a larger number of simultaneous
functions. Thus, we hypothesize that in chestnut-sided
warblers, the benefits of a partitioned signaling system
have fostered the evolution of parallel mechanisms of cul-
tural transmission (i.e., of the learning rules that govern
song acquisition). These parallel transmission mechanisms
could interact with existing cultural variation (in the form
of songs and their patterns of use), resulting in concurrent
independent evolution of two distinct cultural traditions.
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Male chestnut-sided warblers sing two kinds of songs that form two distinct cultural traditions. Photograph by Mary Schneider.


