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abstract: Ecological variation appears to underlie the evolution of
mating signals in many taxa, yet understanding of how this process
occurs over time is limited. Here, I investigate whether changes over
time in a well-studied mating signal—birdsong—are attributable to
ecological factors that affect signal production and transmission. Variation in the acoustic properties of songs is thought to be affected
by the mechanics of sound production as well as by features of the
habitat that affect sound transmission. To determine whether these
mechanisms contribute to song variation, I compare patterns of morphological and habitat variation with variation in song structure
among populations of white-crowned sparrows (Zonotrichia leucophrys) at two time points separated by 35 years. Among contemporary (2005) populations, vegetation density and bill size explain
significant variation in song structure. The direction of change in
song structure between 1970 and 2005 is also consistent with the
direction of change in vegetation density. These findings suggest that
variation in factors that affect signal production and transmission
explains significant variation in white-crowned sparrow song.
Keywords: birdsong, evolution of behavior, signal detectability, whitecrowned sparrow.

Introduction
In many taxa, the evolution of mating signals appears
driven by ecological factors, such as those that affect signal
production and transmission (Wiley and Richards 1978;
Ryan et al. 1990; Nowicki et al. 1992; Boughman 2002;
Slabbekoorn and Smith 2002b; Leal and Fleishman 2004;
Cummings 2007). There is increasing evidence that indirect selection on traits related to signal production, such
as body size (e.g., Nevo and Capranica 1985; Ryan and
Brenowitz 1985) or bill size in birds (Palacios and Tubaro
2000; Podos 2001; Ballentine 2006; Badyaev et al. 2008),
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as well as habitat-dependent selection on signal transmission (e.g., Morton 1975; Wiley 1991; reviewed in Slabbekoorn and Smith 2002a; Seddon 2005), may drive signal
evolution. However, because of a lack of long-term population studies, there is little evidence within species of
correlated change over time between signal structure and
factors that influence signal production and transmission.
Here, I examine a well-studied mating signal, birdsong, to
address the influences of morphology and environment
on signal variation, as well as the correspondence between
changes in these factors over time. I focus on variation in
a widespread feature of song—vocal trills (i.e., repetitions
of the same syllable)—because trills appear to be affected
both by the mechanics of sound production (reviewed in
Podos et al. 2004) and by habitat-dependent selection on
sound transmission (Naguib 2003).

The Influence of Morphology on Trill Production
Songbirds often produce songs composed of pure tones
across a range of fundamental frequencies (Nowicki and
Marler 1988). Songbirds filter out harmonic overtones by
actively modifying the resonant properties of their vocal
tract (Westneat et al. 1993; Riede et al. 2006). One described motor constraint on trill production is the result
of birds modulating bill gape while singing (Nowicki 1987;
Westneat et al. 1993; Hoese et al. 2000; Beckers et al. 2003).
When a bird sings, it opens and closes its bill to track the
fundamental frequency produced by the syrinx (Nowicki
1987; Nowicki and Marler 1988) such that its bill is more
widely gaped during production of high frequencies and
more closed during production of low frequencies (Westneat et al. 1993; Hoese et al. 2000). There is a limit to
how rapidly an individual can open and close its bill, depending on how widely the bill is open (Westneat et al.
1993; Hoese et al. 2000). Because vocal trills in particular
often consist of rapid frequency-modulated notes, a trade-

000 The American Naturalist
off exists between trill rate and frequency bandwidth (Podos 1997; Podos and Nowicki 2004b). This trade-off results
in a triangular acoustic space in which slow trills include
either narrow or wide frequency bandwidths, whereas fast
trills are restricted to narrow frequency bandwidths (Podos
1997). The upper boundary of this triangular distribution
estimates a performance limit, and deviation from this
limit may be an indicator of how well songs are performed
relative to the motor constraint (Podos 2001; Ballentine
et al. 2004). This measure of song performance is known
as vocal deviation.
The evolution of bill size may influence the evolution
of vocal deviation (Nowicki et al. 1992; Podos and Nowicki
2004a, 2004b). Large bills are closely associated with high
force application potential in jaw musculature, or an ability
to bite hard (Herrel et al. 2005, 2009). Biomechanical and
muscle-architecture adaptations for high force application
necessarily lead to reduced maximal velocities of bill movement, largely independent of overall body size (Herrel et
al. 2009). Birds with larger bills are predicted to produce
songs with slower trill rates or narrower frequency bandwidths (i.e., lower-performance songs; Podos 2001; Podos
and Nowicki 2004b). Morphological adaptation to divergent habitats (Gibbs and Grant 1987), probably via
changes in the expression of genes associated with bill
development (Abzhanov et al. 2004), may lead to divergence in vocal deviation. In support of this hypothesis,
morphological adaptation in several species is associated
with variation in performance capabilities (Podos 2001;
Ballentine 2006; Huber and Podos 2006). This hypothesis
also predicts that changes in bill size over time should
predict the direction of change in vocal deviation.
The Influence of Habitat on Trill Transmission
For acoustic signals such as birdsong, the density of vegetation in a habitat may affect both temporal and spectral
characteristics. Slowly repeated notes and low frequencies
are less affected by the reverberation and frequencydependent attenuation generated by sound-reflecting surfaces such as vegetation (Morton 1975; Wiley and Richards
1978; Richards and Wiley 1980; Brown and Handford
2000), so these features should be associated with denser
habitats. In support of this prediction, birds living in habitats with denser vegetation tend to have songs with more
slowly repeated notes and lower frequencies than do birds
living in open grassland habitat (reviewed in Slabbekoorn
and Smith 2002a; Naguib 2003; Kopuchian et al. 2004;
Seddon 2005; Baker 2006; van Dongen and Mulder 2006).
This hypothesis also predicts that changes in vegetation
density over time should predict the direction of change
in temporal and spectral characteristics of song.
In this study, I examine the relationship between mor-

phology, habitat, and vocal trill structure in white-crowned
sparrows (Zonotrichia leucophrys). I first examine whether
variation in bill size and in vegetation density explains
variation in trill structure within a time point. I predict
that songs with lower-performance trills will be associated
with large-billed birds and that trills produced at slower
rates and with lower-frequency characteristics will be associated with denser vegetation. I then compare changes
in trill structure with changes in bill size and in vegetation
density using two time points separated by 35 years. I
predict that vocal deviation will increase (i.e., performance
will decrease) if bill size increases over time and that trills
will decrease in rate and in frequency if vegetation density
increases over time.
Material and Methods
Song Samples
Most male white-crowned sparrows sing a single song type,
and most males within a location share the same song
type. Locations tend to have distinct song types, known
as song dialects (Marler and Tamura 1962).
Between 1969 and 1971, white-crowned sparrows were
recorded across their range in the western United States
(Baptista 1975, 1977; Orejuela and Morton 1975). From
these recordings, I made use of songs from 170 males
recorded in 15 locations (range: 5–30 males per locality).
Herein, I refer to these recordings as the 1970 songs. To
examine song evolution within this species, I returned to
these sites between 2003 and 2006 and recorded the songs
of 205 males (range: 5–35 males per locality). I refer to
these recordings as the 2005 songs because most were recorded in 2005.
Most of the 15 locations are geographically dispersed
(table A1 in the online edition of the American Naturalist),
and the sparrows at each location have distinct song types
(fig. A1 in the online edition of the American Naturalist).
Males recorded at each time point within each location
are certainly different individuals because the mean life
span of white-crowned sparrows is less than 2 years and
the longevity record in this species is 13.3 years (Chilton
et al. 1995).
All songs were digitized with 16-bit precision at a 25kHz sampling rate and high pass filtered at 1,500 Hz to
eliminate noise below the frequency range of whitecrowned sparrow song using Syrinx 2.2b (Burt 2001) and
an Echo Digital Audio sound card. I chose one song per
male for analyses because the characteristics of individuals’
songs are highly stereotyped and repeatable (Nelson et al.
1996). Sound quality of historical and current recordings
did not differ significantly in terms of frequency modulation, sound dropout, or background noise (Derryberry
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2007). Spectral and temporal measurements contemporary
with historical recordings also did not differ substantially
from measurements made in 2005 on the same songs (see,
in the online edition of the American Naturalist, app. A;
table A2). Altogether, these results indicate that differences
between historical and current songs are real and not the
result of differences in recording equipment or quality.

Acoustic Measurements
I analyzed five aspects of trill acoustic characteristics: rate,
maximum frequency, minimum frequency, frequency
bandwidth, and vocal deviation. All acoustic measurements were taken using SIGNAL (ver. 3.1) digital signal
processing software (Beeman 1999). Trill rate was calculated as the number of notes produced per second from
time waveforms. I measured the maximum and the minimum frequencies of the trill at ⫺36 dB relative to the
peak amplitude frequency in the song from digital spectrograms (256-pt transform, frequency resolution: 97.7
Hz). The frequency bandwidth of each trill was calculated
as the difference between the maximum and the minimum
frequencies.
Following Podos (1997), I calculated an upper-bound
regression for the plot of frequency bandwidth as a function of trill rate for all songs from 1970 and 2005 (n p
375; fig. A2 in the online edition of the American Naturalist). This method estimates an upper boundary for a
triangular distribution of data (Blackburn et al. 1992). I
binned songs by trill rate in 5-Hz categories and then
selected the songs representing the maximum frequency
bandwidth within each trill rate bin. A regression was performed on this subset of songs (n p 10 bins), and the
resulting equation is the upper-bound regression (y p
⫺53.86x ⫹ 4,257.2). Following Podos (2001) and Ballentine et al. (2004), I calculated vocal deviation as the orthogonal distance between each song and the upper-bound
regression.

Morphological Measurements
Study skins of white-crowned sparrows were collected in
1959 in the counties of six of the 15 locations in this study
(table A1). I took bill length (exposed culmen), width (at
the nares), and depth (at the nares) on 75 of the male
study skins (range: 5–20 males per location). I took the
same measurements on live males captured on their territories after I recorded their song in 2005. I measured
males from the same six locations, as well as males captured in one additional location. Because I was unable to
take some measurements on a few individuals, there were
minor differences in sample size for some measures. I took

all bill measurements on both the study skins and the live
males by using the same pair of calipers (SPI 2000).
Habitat Measurements
To assess vegetation density on white-crowned sparrow
territories, I used point sampling from aerial photography.
I used aerial photographs because I was interested in
changes in vegetation density within habitats that whitecrowned sparrows typically occupy. Point sampling from
aerial photographs has proven an efficient and accurate
means of assessing temporal variation in vegetation (Fensham and Fairfax 2002; Fensham et al. 2002; Clark and
Hardegree 2005).
Aerial photographs from the appropriate time frame
were available for five of the 15 study locations (table A1).
Each location had two photographs: one that approximated the time of the 1970 recordings (hereafter, historical
photos) and one that approximated the time of the 2005
recordings (hereafter, current photos; see, e.g., fig. A3 in
the online edition of the American Naturalist). Historical
photos were within 6 years of the 1970 recordings (range:
1963–1972). Current photos were taken in either 2003 or
2004, except the current Tioga Pass aerial photo taken in
1993. So that differences in resolution between current
and historical aerial photos could be resolved, current photos were rescaled to match historical photos.
Point samples were taken within 1,000-m2 areas centered on the GPS point at which each bird was recorded
in 2005. This size area is the mean territory size for whitecrowned sparrows (Patterson and Petrinovich 1978). Because territory coordinates were available only for 2005
recordings, historical and current photos were both sampled at the site of 2005 territories. This sampling method
makes the assumption that birds in 1970 held territories
in more or less the same areas as birds in 2005. None of
the hypothetical 1970 territories estimated this way occurred in habitat atypical of white-crowned sparrows (e.g.,
on completely bare or completely forested ground), so this
assumption is credible. This procedure was a conservative
approach because any shift in territories between 1970 and
2005 would obscure a relationship between habitat and
song. Vegetation was sampled at 100 uniformly distributed
points within each 1,000-m2 point-sampling area, using a
100 # 100-m grid layered on top of the digital, scanned
version of the aerial photograph in Adobe Photoshop (ver.
4.0). All images were analyzed by an independent researcher blind to the vocalization data.
The dominant vegetation type at each sampling point
was categorized as (1) lacking vegetation (typically structures, roads, parking lots, water, or sand), (2) grassland
(typically a light color), (3) scrubland (characterized by
shrubs and small trees; more textured than grassland but
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Table 1: Results of ANOVA examining change in trill structure over time
Variable (Hz)
Trill rate
Maximum frequency
Minimum frequency
Frequency bandwidth
Vocal deviation
a
b

Historic (n p 170;
mean Ⳳ SD)

Current (n p 205;
mean Ⳳ SD)

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

Ⳳ
Ⳳ
Ⳳ
Ⳳ
Ⳳ

11.8
5,633
2,804
2,829
14.7

8.3
731
361
625
11.1

10.3
5,964
2,784
3,216
9.1

8.2
661
267
759
12.2

Rate
.001
.003
.0002
.003
.001

F(1, 373)
11.8
21.1
3.0
28.3
21.6

Directiona

P
b

.0007
.0001
.08
.0001
.0001

Decreased
Increased
No change
Increased
Decreased

Direction of significant change over time.
Bonferroni-corrected a p 0.01.

without visible individual canopies; usually darker than
grass), or (4) forest (individual canopies visible; dark hue).
From these data, the percentage of each vegetation category present was calculated. Percentage scrubland was the
sole vegetation density index used in subsequent analyses
because of the biology of white-crowned sparrow singing
behavior.
White-crowned sparrow males defend territories that
include shrubs and grass, with a few shorter trees from
which they sing (Dewolfe and Dewolfe 1962). Singing from
an elevated height of one to several meters means that
songs encounter little vegetation when the receiver is a
countersinging male. However, receivers may also be females (i.e., potential mates) or fledglings (e.g., in a learning-sensitive phase) hidden in grass or shrubs; thus, scrubland is the vegetation type most likely to degrade relevant
song transmission in white-crowned sparrows.
Statistical Analyses
Variables were log or inverse transformed when necessary
to meet model expectations. All analyses were conducted
in SYSTAT (ver. 10) or JMP (ver. 6.0).
Acoustic Variation. To assess changes in trills over time, I
performed ANOVAs. I calculated a rate of change for each
trill variable, following methods described by Lynch
(1990). This dimensionless measure of change allows one
to compare the rate of change across variables.
Testing the Influence of Morphology on Trill Production. I
used bill depth and bill width as a proxy for bill strength
(Podos 2001; Herrel et al. 2005). I evaluated the relationship between bill size and vocal deviation within 2005
songs by using regression analysis. I could not evaluate
this relationship within 1970 songs because the bills of
birds recorded in 1970 were not measured.
I next examined the relationship between changes in
bill size and vocal deviation over time. The time span of
these two changes is different by approximately 11 years
(see “Discussion” for implications). Because museum skins
may shrink over time (reviewed in Winker 1993), I first

compared bill length, depth, and width between the two
time periods by using two-tailed t-tests to determine
whether there was any indication of an overall reduction
in bill size. I used ANOVAs to determine whether vocal
deviation and bill size changed over time in the subset of
six locations. For this set of locations, I also calculated the
rate of change for morphological and trill variables.
Testing the Influence of Habitat on Trill Transmission. I
performed regression analyses with trill rate, maximum
frequency, and minimum frequency as the dependent variables and percent scrub as the independent variable to
examine the current relationship between vegetation density and trill structure. I could not evaluate the historical
relationship because I did not know the exact territories
of birds recorded in 1970.
I then compared changes in vegetation density with
changes in trill structure between 1970 and 2005. I used
a pairwise ANOVA to analyze change in vegetation density
because scrub density estimates were taken from the exact
same points in space at two separate times. I analyzed
change in trill variables by using ANOVAs for the appropriate subset of five locations. For this set of locations, I
also calculated the rate of change for habitat and trill
variables.
Relationship between Measures of Morphology and Habitat. Adaptation to different ecologies may involve selection on phenotypic traits involved in food acquisition, such
as bill morphology (e.g., Gibbs and Grant 1987; Greenberg
and Droege 1990; Grenier and Greenberg 2005). I therefore tested for a correlation between the measures of bill
size and vegetation density used in this study. Bill size is
not correlated with percent scrub cover (linear regression:
R 2 p 0.04, n p 37, P p .2), and I treat these variables
separately.
Results
Trill Structure Has Changed Significantly over Time
Trill structure changed significantly between 1970 and
2005 (table 1). Trill rate slowed. Maximum frequency and
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frequency bandwidth increased, while minimum frequency
did not change significantly. Vocal deviation decreased
(i.e., the performance of trills increased across populations). For those trill variables that changed, the rate of
change is of the same magnitude across variables.

3.18, n p 160, P p .002; Bonferroni-corrected a p
0.016). There was no corresponding significant change in
vocal deviation between 1970 and 2005. Bill depth changed
10 times faster than vocal deviation.

Evidence for the Influence of Morphology
on Trill Production

Evidence for the Influence of Habitat
on Trill Transmission

As predicted, white-crowned sparrow males with deeper
bills sang significantly lower-performance trills (linear regression: R 2 p 0.09, n p 66, P p .02). The relationship
between bill depth and vocal deviation is triangular in
distribution, such that males with relatively shallow bills
sang within a wide performance range while males with
relatively deep bills were restricted to low-performance
songs (fig. 1). Counter to predictions, there was no significant relationship between bill width and vocal deviation (linear regression: R 2 p 0.001, n p 56, P p .78).
I compared the direction of change in bill depth between
1959 and 2005 with the direction of change in vocal deviation between 1970 and 2005 (table 2) for the subset of
six locations. I did not examine change in bill width because the current relationship between bill width and vocal
deviation was not significant. Bill depth decreased over
time. The reduction in bill depth over time was probably
a result of actual changes rather than museum preservation
because the bill did not decrease in all dimensions: bill
length did not change, and bill width increased (two-tailed
t-test: length: t p 0.67, n p 162, P p .51; width: t p

As predicted, slower trill rates and lower minimum frequencies are associated with denser vegetation (linear regression: trill rate: R 2 p 0.15, n p 84, P p .0003; minimum frequency: R 2 p 0.1, n p 84, P p .0035). The
relationship between scrub density and both trill rate and
minimum frequency is a triangular distribution (fig. 2).
On territories with dense vegetation, only slow trills and
low minimum frequencies are found, while the full range
of trill rates and minimum frequencies is found on more
open territories. In contrast, there is no relationship between trill maximum frequency and scrub density
(R 2 p 0.01, n p 84, P p .52; Bonferroni-corrected a p
0.016).
I compared the direction of change in scrub density
with the direction of change in trill rate and minimum
frequency over time (table 3) for the subset of five locations. Scrub density increased over time. As predicted by
an increase in scrub density, both trill rate and minimum
frequency decreased over time. Scrub density and trill rate
changed at a similar rate, while the rate of change for
minimum frequency was twice as fast.

Figure 1: Scatterplot of the relationship between bill depth and vocal performance in white-crowned sparrows.
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Table 2: Results of ANOVAs examining variation in bill depth and in vocal deviation over time
Variable
Bill depth (mm)
Vocal deviation
a
b
c

Historic
(mean Ⳳ SD)

Current
(mean Ⳳ SD)

6.4 Ⳳ .4
14.7 Ⳳ 10.7

6.2 Ⳳ .3
14.4 Ⳳ 10.8

Rate
.002
⫺.0002

F
b

10.5
.04c

P

Directiona

.002
.85

Decreased
No change

Direction of significant change over time.
df p 1, 160.
df p 1, 171.

Discussion
Variation in song among populations and over time appears to be shaped by variation in both morphology and
habitat. Within contemporary (2005) populations, largerbilled males tend to sing lower-performance trills, and
males on more densely vegetated territories tend to produce trills at slower rates and with lower minimum frequencies. The direction and rate of change in trill structure
between 1970 and 2005 are also consistent with the direction and rate of change in vegetation density over time.
In interpreting these results, there is the possibility of a
confounding effect of evolutionary history among populations, but such an effect would obscure rather than highlight patterns of evolution across the species. Although the
historical data are less direct than the contemporary data,
these are the first data provided for how these characters
may change over time and thus provide a good first look
at these evolutionary processes. Taken together, these results suggest that morphology and habitat may shape signal
variation within a species and that changes in habitat may
underpin signal diversification over time.
Morphology Influences Variation in Trill Production
Results presented here provide some support for the hypothesis that bill size influences trill production (Podos
2001; Podos and Nowicki 2004a). As predicted, birds with
deeper bills tend to produce lower-performance songs (fig.
1); however, there is no relationship between bill width
and vocal deviation. The relationship between bill depth
and vocal deviation features unequal variances across the
range of bill size, such that males with larger bills are
limited to producing lower-performance songs, while
smaller-billed males produce songs within a wider performance range. While potential vocal performance is predicted to vary linearly with bill size, realized songs may
vary from this linear relationship (Podos et al. 2004).
A correlation between bill size and vocal deviation also
occurs in at least two other species of songbird, the medium ground finch (Geospiza fortis; Podos 2001) and the
swamp sparrow (Melospiza georgiana; Ballentine 2006). In
these species, realized vocal performance is closer to potential vocal performance, such that smaller-billed birds

sing high-performance songs and larger-billed birds sing
low-performance songs. Differences among the three species in the relationship between bill size and vocal deviation are likely not due to a difference in the range of bill
size examined. While the range of bill depth reported by
Podos (2001) is from 9 to 15 mm (6 mm), both this study
and that of Ballentine (2006) examined bill size within a
2-mm range. Instead, differences among the three species
suggest that other sources of selection may act on vocal
deviation. The tighter relationship between bill size and
vocal deviation in swamp sparrows may be indicative of
sexual selection acting on song performance. Female
swamp sparrows prefer males that sing higher-performance songs (Ballentine et al. 2004), and smaller-billed
birds in this species tend to produce high-performance
songs even though they are capable of producing lowperformance songs.
Because the mechanical constraint on trill performance
acts as a potential limit on trill diversification, a decrease
in bill size should release mechanical limitations and expand the range of potential performance phenotypes (Podos et al. 2004). While bill depth decreased over time
among white-crowned sparrow populations, vocal deviation did not change. However, the magnitude of change
in bill depth was 0.2 mm, which would not map onto a
difference in vocal deviation among current males (fig. 1).
Thus, the amount of change in bill size over time may not
have been enough to change limitations on vocal deviation.
One restriction to interpreting these results is the difference in when recordings and study skins were collected
(1970 vs. 1959, respectively). Such a difference could obscure the relationship between bill size and vocal deviation
over time. Overall, results support the idea that bill morphology, specifically bill depth, may act as a limit on the
performance of trills in contemporary populations, but it
is unclear whether these two traits coevolve in this species.
Habitat Influences Variation in Trill Transmission
Results presented here support the hypothesis that habitat
influences variation in both spectral and temporal characteristics of song (Morton 1975; Wiley and Richards
1978). As predicted, slower trill rates and lower minimum
frequencies are associated with more densely vegetated
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Figure 2: Scatterplot of the relationship between trill rate and minimum frequency and the percent of scrubland on a bird’s territory.

habitats (Wiley and Richards 1978). A pattern of association between song structure and the acoustic environment has been described in both oscines and suboscines
(e.g., Wiley 1991; reviewed in Slabbekoorn and Smith
2002a; Seddon 2005). These studies demonstrate clearly
that the physics of sound transmission affects the structure
of song across distinct habitats (e.g., grassland vs. forest).
My study provides additional support of this hypothesis
and on a finer scale than before. Here, I demonstrate that
variation in both spectral and temporal characteristics of
trills maps onto variation in scrub density across individual
territories within a species. This result suggests that song
structure may be more locally adapted than previously
expected.

Similar to other studies, my study also found that not
all spectral and temporal characteristics map onto habitat
differences (Date and Lemon 1993; Williams and Slater
1993; Doutrelant and Lambrechts 2001; Naguib et al.
2001). For example, I did not find a relationship between
trill maximum frequency and vegetation density. Variation
in the extent to which habitat shapes signal structure may
be dependent on other factors acting on signal structure
(Endler 1993). Maximum frequency and vocal deviation
are significantly correlated (r p ⫺0.8, P ! .0001), and selection on one of these trill variables may affect the other.
Variation in maximum frequency may be more influenced
by variation in factors that affect vocal deviation, such as
bill morphology or sexual selection, than by variation in
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Table 3: Results of ANOVAs examining change in percent scrubland, trill rate, and trill minimum
frequency over time
Variable

Historic
(mean Ⳳ SD)

Current
(mean Ⳳ SD)

Rate

F

P

Directiona

Percent scrub
Trill rate
Minimum frequency

10.8 Ⳳ 14.5
10.0 Ⳳ 2.0
2,844 Ⳳ 287

25.6 Ⳳ 22.1
8.9 Ⳳ 3.8
2,631 Ⳳ 225

.006
.005
.01

6.9b
22.6c
26.1c

.0001
.0001d
.0001d

Increased
Decreased
Decreased

a
b
c
d

Direction of significant change over time.
df p 1, 105.
df p 1, 152.
Bonferroni-corrected a p 0.025.

vegetation density. A similar pattern of association was
found in the greenish warbler (Phylloscopus trochiloides)
such that variation in the minimum frequency of this species’ songs reflected variation in habitat while variation in
their songs’ maximum frequency did not; instead, maximum frequency was associated with an increase in song
complexity potentially because of an increase in the intensity of sexual selection (Irwin 2000). Despite the lack
of an association between maximum frequency and vegetation density, this study still provides some evidence that
ecology shapes trill structure in white-crowned sparrows
(fig. 2), particularly because changes in trill structure are
consistent with changes in vegetation density over time
(table 3).
Although comparative analyses have shown an association between habitat type and song structure (e.g., Wiley
1991; Badyaev and Leaf 1997; Seddon 2005), no study has
documented changes in habitat and in song structure over
time within a species. In rufous-collared sparrows (Zonotrichia capensis), Kopuchian et al. (2004) found that trill
rate slowed over time in both grassland and forested habitats. While vegetation density might have increased in
both habitats over time, aerial photographs were not available to measure changes in vegetation. Thus, the study
presented here allows the first comparison of changes in
both trill structure and vegetation density over time. I
found that both trill rate and minimum frequency decreased over time in populations in which vegetation density increased. Both trill rate and vegetation density are
also changing at a similar rate over time. Altogether, these
findings suggest that trill structure is responsive to changes
in habitat, at least across 30 generations.
These results beg the question of whether the association
between trill structure and habitat is due to selection or
to phenotypic plasticity. In oscines, changes in trill structure in response to changes in habitat may be mediated
by cultural selection such that juvenile males preferentially
copy nonreverberated songs (Hansen 1979). Another possibility is that males whose songs do not transmit well are
unable to hold territories. If these males were excluded
from the gene pool, then changes in song over time could

be due to changes in the frequency of occurrence of genes
associated with the song template. I think it unlikely that
phenotypic plasticity explains the association between habitat and trill structure in this species. Slabbekoorn and
Peet (2003) found that male great tits (Parus major) adjust
their song repertoire to match their territory’s transmission properties. Because white-crowned sparrow males
sing one song that is highly stereotyped and typically crystallized within their first year, it is unlikely that they can
adjust their song to match their territory. It is also unlikely
that males match their song to a territory because choosing
a territory based on its transmission properties would have
to occur through a process of trial and error. Because the
median life span of males is 2 years (Morton 2002) and
territories are fixed early in the breeding season (Morton
2002), males, on average, would be able to try the process
of trial and error twice. This essentially stochastic process
is probably not sufficient to explain the significant relationship between habitat and song.
Habitat and, to a certain extent, bill morphology appear
to shape song diversification in white-crowned sparrows
and have also been suggested to play a role in the evolution
of mating signals in many other species of birds (reviewed
in Slabbekoorn and Smith 2002a; Podos and Nowicki
2004b). The importance of ecological selection for the evolution of both acoustic and visual communication systems
has also been suggested for Anolis lizards (Leal and Fleishman 2004), iguanian lizards (Ord et al. 2002), surfperch
(Cummings 2007), cricket frogs (Ryan et al. 1990), and
African cichlids (Seehausen et al. 1997), to name a few.
The results presented here add to this body of research
the first evidence that temporal changes in signal structure
are associated with changes in habitat.
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