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that sounds propagate through the environment 
between the sender and receiver; vocalizations 
that transmit eff ectively in the habitat in which 
they are used are favored by natural selection. 
This “acoustic adaptation” hypothesis (Morton 
1975, Wiley and Richards 1978, Richards and 
Wiley 1980, Ryan and Brenowitz 1985) laid the 
groundwork for the “sensory drive” concept 
(Endler 1992), which describes how environ-
ment aff ects the evolution of sensory systems 
and signals in all modalities. By allowing us to 
examine animal signals as adaptations shaped 
by selection, this framework has lead to a great-
er understanding of the bewildering diversity 
of animal signals.

One of the environmental factors that exerts 
selection pressure on acoustic signals is ambi-
ent noise (Ryan and Brenowitz 1985). To elicit 
a response from a receiver, signals must be de-
tectable in background noise; the detectability 
of a signal is determined by the signal-to-noise 
ratio (SNR) and the masked auditory detection 
threshold of the receiver (Marten and Marler 
1977, Brenowitz 1982, Dooling 2004). Within 
a given frequency band, signals with an SNR 
below the detection threshold of the receiver 
are “masked.” Background noise thus plays a 
fundamental role in determining which “re-
ceivers” can hear a vocalization and the fi del-
ity of the signal received. Noise varies among 
locations, and there is evidence that many 
species have evolved signals that maximize the 
habitat-specifi c SNR (reviewed in Brumm and 
Slabbekoorn 2005). For birds in and around 
urban areas and roads, the background noise 
is largely anthropogenic. Urban development 

thus provides a unique opportunity for a “natu-
ral” experiment studying how signals change in 
response to rapid change in the acoustic envi-
ronment. This natural experiment can inform us 
about how sensory drive can change signals and 
about the mechanism by which these changes 
occur. Understanding this process also has im-
portant conservation implications, allowing us 
to predict how birds will adjust to urban devel-
opment and potentially to mitigate the eff ects of 
this development on communicating birds.

In this issue of The Auk, Wood and Yezerinac 
(2006) present evidence that Song Sparrows 
(Melospiza melodia) adjust their vocalizations to 
reduce masking by urban noise, and they pro-
pose and discuss several mechanisms by which 
these changes may arise. In a study of urban 
Song Sparrows in Portland, Oregon, Wood and 
Yezerinac found a positive relationship between 
the minimum frequency of male song and the am-
plitude of anthropogenic noise. They also found 
that males shi� ed more energy into the higher fre-
quencies (4–9 kHz) of their songs in noisy areas. 
Urban noise is loudest between 1–2 kHz, so both 
of these responses should serve to decrease mask-
ing by shi� ing the spectral energy of the vocaliza-
tion away from the spectral energy of the noise 
(Lohr et al. 2003). These results suggest that Song 
Sparrows, like several other birds (Slabbekoorn 
and Peet 2003, Brumm 2004b, Fernández-Juricic 
et al. 2005), respond to changes in the acoustic 
environment by altering their songs; we refer to 
this process as “vocal adjustment.” All known 
examples of avian vocal adjustment in response 
to urban noise have involved song, but other 
types of vocalizations—such as begging calls, 
alarm calls, and food calls—may also be adjusted 
(Warren et al. 2006).

In this overview, we ask three questions: 
(1) what features of a bird’s vocalization can 

Section of Evolution and Ecology, One Shields Avenue, University of California, Davis, California 95616, USA

G�
� L. P�	�
����
1 ��� J���
�� L. B�
�����

AVIAN COMMUNICATION IN URBAN NOISE: CAUSES AND 
CONSEQUENCES OF VOCAL ADJUSTMENT

1E-mail: gpatricelli@ucdavis.edu

639

OVERVIEW

The Auk 123(3):639–649, 2006
© The American Ornithologists’ Union, 2006. 
Printed in USA.

Downloaded From: https://bioone.org/journals/The-Auk on 16 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Overview640 [Auk, Vol. 123

be adjusted to reduce masking, (2) how do 
these adjustments come about, and (3) what 
are the consequences of these changes for in-
dividual fi tness and population persistence? 
The answers to these questions depend on the 
morphological, developmental, and behav-
ioral underpinnings of the vocalization, and 
the context in which the vocalization is used. 
This is an area where knowledge of physiology, 
developmental neurobiology, animal behavior, 
and behavioral ecology all contribute to under-
standing how animals adjust (or fail to adjust) 
to anthropogenic change.

O����	��
	
�� ��� V���� A����	���	

Four of the most salient features of animal 
sounds are the frequency structure, amplitude 
(i.e., loudness), temporal structure (timing of 
modulations, notes, and syllables within vocal-
izations), and timing of vocal delivery (repeti-
tion rate of vocalizations, diel pa� erns). Animals 
use variation in these features to detect and 
discriminate relevant sounds from background 
noise. How can a signaling bird increase its 
chances of being perceived in a noisy environ-
ment? Here, we discuss changes in the frequen-
cy, amplitude, and timing of vocalizations that 
might reduce masking and some of the physical 
and morphological constraints that might limit 
an individual’s ability to make these changes.

Wood and Yezerinac’s (2006) fi ndings add to 
a small but growing body of evidence that os-
cine birds adjust the frequency structure of their 
vocalizations to reduce masking by anthropo-
genic noise; similar shi� s have been observed 
in Great Tits (Parus major; Slabbekoorn and Peet 
2003) and House Finches (Carpodacus mexicanus; 
Fernández-Juricic et al. 2005). These changes 
mirror those observed in the vocalizations of 
birds living in areas with high levels of natural 
noise (e.g., from waterfalls or other animals; 
Dubois and Martens 1984, Slabbekoorn and 
Smith 2002b). The three described cases of fre-
quency adjustment in response to low-frequency 
urban noise involve reduction in the frequency 
range of songs (i.e., increased minimum fre-
quency but no change in maximum frequency; 
Slabbekoorn and Peet 2003, Fernández-Juricic et 
al. 2005, Wood and Yezerinac 2006). A second 
means by which birds could adjust the frequen-
cy structure of their vocalizations to reduce 
masking is by shi� ing the entire vocalization 

to a higher frequency. We are not aware of any 
examples of this kind of adjustment in response 
to urban noise; use of this adjustment will be 
limited by several morphological and kinematic 
factors that constrain the maximum frequencies 
that a bird can produce, including head angle, 
beak gape, and beak shape (Westneat et al. 1993, 
Palacios and Tubaro 2000, Podos et al. 2004, 
Nelson et al. 2005). A third means by which 
birds could adjust the frequency structure of 
their vocalizations is by changing the relative 
amplitude of diff erent frequency components. 
Rabin et al. (2003) found that California ground 
squirrels (Spermophilus beecheyi) in areas with 
low-frequency noise from wind turbines shi� ed 
the peak energy of their calls from lower to 
higher harmonics. Wood and Yezerinac (2006) 
found that Song Sparrows shi� ed more energy 
into higher frequencies in noisier areas, but this 
pa� ern appears to refl ect the use of fewer low-
frequency notes rather than a change in the rela-
tive amplitude of notes.

Laboratory psychoacoustic studies have 
shown that sounds with a greater bandwidth 
and higher rate of frequency modulation are 
more diffi  cult to detect from noise (Lohr et al. 
2003). Animals in habitats with high levels of 
natural noise converge on songs with primarily 
pure tones (e.g., Dubois and Martens 1984). No 
examples of these changes have yet been found 
in response to anthropogenic noise; the stud-
ies reporting changes in frequency content of 
songs measured the minimum and maximum 
frequency of songs, rather than notes within 
songs (Slabbekoorn and Peet 2003, Fernández-
Juricic et al. 2005, Wood and Yezerinac 2006). 
This remains an interesting possibility for 
future study.

Birds living in noisy habitats may also 
increase the signal-to-noise ratio during com-
munication by boosting the amplitude of their 
vocalizations, a response called the “Lombard 
eff ect” (Rabin and Greene 2002, Warren et al. 
2006). The Lombard eff ect appears to be taxo-
nomically widespread among birds and mam-
mals (Brumm and Slabbekoorn 2005) and may 
be the most common mechanism for increasing 
SNR in urban noise. Whether birds can increase 
their amplitude suffi  ciently to rise above back-
ground noise is likely constrained by body size 
(Brackenbury 1979, Brumm 2004b) as well as by 
the energetic costs of producing louder sounds 
(Oberweger and Goller 2001). 
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The temporal structure of a vocalization may 
also aff ect the ability of receivers to detect the 
sound in masking noise, and thus may also be 
adjusted in urban environments. Laboratory psy-
choacoustic studies have shown that increased 
repetition and duration increase the detectability 
of sounds in white noise; vocalizations of some 
avian species living in areas with high natural 
noise have these features (see recent reviews by 
Brumm and Slabbekoorn [2005], Warren et al. 
[2006]). Increased duration of vocalizations has 
been observed in other taxa; Foote et al. (2004) 
found that killer whales (Orcinus orca) increase 
the duration of their vocalizations in the presence 
of boat noise. Interestingly, Fernández-Juricic 
et al. (2005) found a signifi cant reduction in the 
number of notes in House Finch songs in noisy 
areas, which is the opposite of psychoacoustic 
predictions. Similarly, Wood and Yezerinac 
(2006) found a weak trend toward fewer notes. 
Fernández-Juricic et al. (2005) suggested that 
decreased song length may refl ect a trade-off  be-
tween energetic costs associated with increasing 
the amplitude of songs and the length of songs; 
this possibility requires further examination.

In addition to adjusting the temporal struc-
ture of their vocalizations, birds may adjust 
the timing of vocalizations (Brumm and 
Slabbekoorn 2005, Warren et al. 2006). Many 
species of birds vary the time at which they 
vocalize to avoid interference from neighboring 
birds and other sources of noise (Ficken et al. 
1974), so this capacity may be well developed. 
Some sources of urban noise are variable over 
time, and birds may be able to time their songs 
to take advantage of small gaps in noise (Popp 
1989, Lohr et al. 2003) or diel fl uctuations in 
noise levels (Warren et al. 2006). Avoidance of 
acoustic interference is one hypothesis for the 
evolution of the dawn chorus, predicting that its 
timing may shi�  with the timing of rush-hour 
traffi  c (Bergen and Abs 1997, Warren et al. 2006). 
Complex responses at the community level may 
result from temporal shi� s of song; for example, 
suppression of call rates in one species in re-
sponse to urban noise may stimulate increased 
song rates in another species, as was recently 
found in frogs (Microhyla bulteri, Rana nigrovit-
tata, R. taipehensis, and Kaloula pulchra) exposed 
to anthropogenic noise (Sun and Narins 2005).

Another means by which animals may in-
crease the effi  cacy of communication amid 
noise is by shi� ing emphasis to another 

modality (Brumm and Slabbekoorn 2005). The 
“backup” or “redundant signaling” hypothesis 
proposes that animals have multiple sexually 
selected signals so that if one modality fails to 
transmit to the receiver (e.g., because of mask-
ing), other signals will do the job (Møller and 
Pomiankowski 1993, Hebets and Papaj 2005). It 
would be interesting to examine whether males 
in species with multiple sexual signals empha-
size visual displays over acoustic displays in 
noisy urban environments and whether females 
and competing males correspondingly shi�  
their a� ention while assessing these displays.

There are many features of a signal that can be 
changed to decrease masking; what determines 
which of these changes will be made? We have 
discussed mechanistic constraints that may limit 
vocal adjustment. In the following two sections, 
we will discuss how the bird’s developmental 
program may facilitate or limit vocal adjustment, 
and the consequences of these adjustments on fi t-
ness. Because the variation within a species’ exist-
ing repertoire will also be shaped by mechanisms 
of production, developmental processes, and fi t-
ness consequences, it is reasonable to predict that 
vocal adjustment is most likely to occur along an 
axis (amplitude, frequency, or time) on which a 
species already exhibits variation in its song.

D���������	 �� A����	�� V����
��	
���

The labile nature of song in many bird spe-
cies off ers the possibility of vocal adjustment in 
a changing acoustic environment, but how do 
these adjustments arise? Wood and Yezerinac 
(2006) propose several non-mutually exclusive 
alternative hypotheses for the mechanism of vo-
cal adjustment in Song Sparrows. Adjustments 
may develop as short-term responses to in-
creased ambient noise levels (“short-term ad-
justment” hypothesis). Long-term ontogenetic 
adjustments may occur through mechanisms 
such as active modifi cation during periods of 
vocal plasticity (“developmental modifi cation” 
hypothesis), selective a� rition of masked songs 
(“selective a� rition” hypothesis), and passive 
acquisition of vocalizations or portions of vocal-
izations that transmit well (“passive acquisition” 
hypothesis). Finally, these adjustments may re-
sult from genetic changes in urban bird popula-
tions (“evolution” hypothesis). We will discuss 
each of these hypotheses, evaluating the poten-
tial for these mechanisms to operate in birds 
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with diff erent programs for vocal development. 
Before testing these hypotheses, it is necessary to 
rule out alternative explanations for an observed 
relationship between ambient noise levels and 
bird vocalizations in an area: that birds pref-
erentially se� le onto territories in which their 
vocalizations propagate eff ectively, or that the 
observed relationship is an artifact of the noise 
level of the recording location (i.e., if lower 
frequencies are masked by noise, or if high-
amplitude background noise infl ates the mea-
sured amplitude of the vocalization; Slabbekoorn 
and Peet 2003, Wood and Yezerinac 2006).

S���	-	��� A����	���	

Short-term adjustment of vocalizations may 
be achieved through selective use of unmasked 
songs from a repertoire, or through the tempo-
rary adjustment of signal characteristics such as 
frequency, amplitude, temporal structure, and 
timing of song (Brumm and Slabbekoorn 2005, 
Warren et al. 2006, Wood and Yezerinac 2006). 
Short-term responses do not require learning, 
though use of this mechanism of adjustment 
will be constrained by an individual’s ability to 
detect masking and make subsequent changes 
to their vocalizations. Auditory feedback is im-
portant for maintaining song structure in birds 
with a wide variety of vocal-development pro-
grams (Nordeen and Nordeen 1992, Okanoya 
and Yamaguchi 1997) and is a likely way for 
birds to detect masking. The ubiquity of the 
Lombard eff ect, as discussed above, suggests 
that at least some forms of short-term adjust-
ment may commonly be used to mitigate the 
eff ects of masking. Studies that track vocalizing 
individuals in environments with and without 
urban noise are needed to separate short-term 
adjustments from long-term ontogenetic adjust-
ments (discussed below). 

L���-	��� O�	�����	
� A����	���	�

Vocal adjustments may result from active 
modifi cation of signal design during periods of 
vocal plasticity (Rabin and Greene 2002, Wood 
and Yezerinac 2006), which we refer to as the 
developmental modifi cation hypothesis. A na-
ïve individual’s ability to change the structure 
of its vocalization to reduce masking will be de-
termined both by its ability to perceive masking 
and the onset and duration of vocal plasticity. 

Perception of masking is most likely to occur 
through auditory feedback, which plays a criti-
cal role in matching vocal output to song tem-
plate during song development (Margoliash 
2002). Timing of vocal plasticity is highly vari-
able among species; open-ended species may 
continue to acquire and modify songs through-
out their adult lives (Chaiken et al. 1994), which 
increases the potential for active modifi cation 
in a changing environment. In closed-ended 
species of songbird, the plastic period of vocal 
development, during which birds practice and 
modify their songs before they are crystallized, 
occurs early in life (Hultsch and Todt 2004). 
This may limit an individual’s ability to make 
subsequent adjustments to the song. However, 
Wood and Yezerinac (2006) note that seasonal 
variation in the neural song-control circuitry 
has been linked to vocal plasticity, and has been 
observed in both closed-ended and open-ended 
species (Smith et al. 1997, Brenowitz 2004). 
These seasonal changes in vocal plasticity off er 
potential fl exibility for vocal adjustment into 
adulthood. 

Birds may also avoid masking by selecting 
only unmasked songs for their repertoire (selec-
tive a� rition hypothesis; Wood and Yezerinac 
2006). Selective a� rition is characterized by 
overproduction of song templates during vo-
cal development and crystallization of only 
a portion of the repertoire, which is retained 
into adulthood (Marler and Peters 1982). The 
extent to which birds can use selective a� rition 
to reduce masking depends on the processes 
guiding song selection as well as the timing 
of selective a� rition. Song Sparrows, among 
other species, use selective a� rition postdis-
persal, which potentially allows them to tailor 
song selection to the acoustic environment of 
their breeding territory (Nordby et al. 2001). 
Individuals typically select songs that match 
those of their nearest neighbors (Nordby et 
al. 1999, 2000), which suggests that repertoire 
selection involves feedback from the environ-
ment (Marler and Peters 1982). However, the 
role of background noise in informing the song 
selection process is currently unknown. This 
option is not available to all birds, because only 
some species undergo selective a� rition during 
song development (e.g., Marler and Peters 1982, 
Nelson 1992, Gil and Slater 2000); in species 
that do, it has the potential to be an important 
mechanism for reducing masking.
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Birds may also acquire modifi ed songs 
passively (passive acquisition hypothesis); 
song-learning birds form a template for songs 
by listening to other birds during a sensitive 
period of song development (Hultsch and Todt 
2004), and these birds may hear and acquire 
only songs or the portions of songs that are not 
masked (Rabin and Greene 2002, Wood and 
Yezerinac 2006). The timing of the sensitive pe-
riod infl uences not only what birds the novice 
bird learns from, but also the environment in 
which it learns. Thus, passive acquisition may 
only be an eff ective means of matching songs 
to background noise if birds develop song 
templates in areas with noise levels similar to 
those in their breeding territories (i.e., dispersal 
within noisy areas, or song learning a� er dis-
persal). Laboratory and fi eld studies have found 
that the sensitive period occurs within the fi rst 
year of life for many songbirds (Hultsch and 
Todt 2004), but that many species, like the Song 
Sparrow, will continue to learn new songs up to 
their fi rst breeding season (Nordby et al. 2001), 
which allows passive adjustment to the acoustic 
environment beyond their natal territories.

R��� �� S��� L����
�� 
� V���� A����	���	

Song learning may increase the ability of a 
species to adjust its vocalizations in response 
to an altered acoustic environment. Indeed, 
the four cases described to date of vocal adjust-
ment in response to urban noise are in oscine 
passerines (Slabbekoorn and Peet 2003, Brumm 
2004b, Fernández-Juricic et al. 2005, Wood and 
Yezerinac 2006). But even among song-learning 
species, the broad variation of vocal plasticity 
is likely to result in a wide range of responses 
to urban noise, making generalizations and pre-
dictions about the phylogenetic distribution of 
vocal adjustment diffi  cult. 

With a few exceptions, vocal development in 
suboscine and nonpasserine birds is a largely in-
nate process and does not require exposure to a 
tutor (Kroodsma 2004). Further, suboscine birds 
do not appear to use auditory feedback in the 
development of their vocalizations (Kroodsma 
and Konishi 1991). The relative rigidity of vocal 
development in nonoscines reduces the oppor-
tunity for long-term ontogenetic modifi cation of 
vocalizations. However, short-term changes may 
still be possible. The Lombard eff ect has been 
found in laboratory studies of non-song-learning 

birds (Brumm and Slabbekoorn 2005), and many 
non-song-learners adjust the timing of their 
vocalizations in response to conspecifi cs (e.g., 
Ficken et al. 1974, Gibson and Bradbury 1985) 
and may do the same in response to urban 
noise. Evidence from other taxa that do not 
learn song—such as Bornean tree-hole frogs 
(Metaphrynella sundana), which rapidly adjust 
the frequency of their calls to maximize propa-
gation from tree holes (Lardner and bin Lakim 
2002)—suggests that sophisticated responses 
may not be restricted to song-learners or species 
with complex vocalizations.

E����	
����� C�����

Given the recent introduction of urban noise 
and the well-described plasticity of song learn-
ing in birds, the vocal adjustments observed to 
date are unlikely to have arisen through evolu-
tion, though this possibility cannot be excluded 
(Warren et al. 2006, Wood and Yezerinac 2006). 
As anthropogenic noise becomes a more promi-
nent feature of local landscapes, selection may 
favor individuals with unmasked vocalizations 
or the fl exibility to adjust their vocalizations. 
Selection may also favor receivers with ears that 
are tuned for detecting signals in urban noise. 
For some species, however, the small fragment-
ed populations found in urban areas may lack 
the genetic variation in vocal structures and be-
haviors that is necessary for selection to shape 
such adaptations.

C����������� �� V���� A����	���	

Wood and Yezerinac (2006) note that male 
Song Sparrows have many reasons to overcome 
masking of their songs by urban noise, because 
songs are crucial for intrasexual competition 
and female choice. But are there also costs to 
vocal adjustment in terms of individual fi tness 
and population stability? What, if any, are the 
management implications? The ability to adjust 
vocalizations in response to masking noise may 
itself be an adaptation to varying levels of noise 
in the natural world (Brumm and Slabbekoorn 
2005), but urbanization and its a� endant noise 
is a recent phenomenon, and we cannot assume 
that observed responses are adaptive in urban 
se� ings. No studies have measured the fi tness 
consequences of vocal adjustment to individu-
als or populations, so for now we are le�  with 
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informed guesswork. We will discuss some 
potential costs of vocal adjustment during court-
ship and competition over mates, and in other 
interactions with conspecifi cs. We will then dis-
cuss the potential implications of these costs and 
benefi ts to conservation of bird populations.

F
	���� C��	�

Acoustic communication plays a central role 
in sexual selection and social integration in an 
enormous variety of birds (Catchpole and Slater 
1995). If animals must change their vocaliza-
tions in noisy environments, this may have ef-
fects that reverberate throughout many facets 
of their lives. 

Some of the potential costs of vocal adjust-
ment will be incurred regardless of the type of 
vocalization and the context in which it is given. 
For example, vocalizing more loudly in noisy 
environments may have energetic costs that de-
crease the net benefi ts of vocal adjustment and 
alter the bird’s energy budget (Brumm 2004a, b; 
Warren et al. 2006; Wood and Yezerinac 2006). 
Shi� ing their songs to higher frequencies may 
also impose energetic costs (Lambrechts 1996). 
The net benefi ts of frequency adjustment may 
be further reduced by excess a� enuation, given 
that higher frequencies do not propagate as ef-
fectively as low frequencies, especially through 
complex urban environments (Warren et al. 
2006). We cannot assume, therefore, that an 
increase in frequency leads to a net increase 
in the area over which the vocalization can be 
detected (Brumm and Slabbekoorn 2005, Leader 
et al. 2005). The auditory sensitivity of a species 
is o� en tightly tuned to the frequencies used 
in communication (e.g., Okanoya and Dooling 
1988); thus, there may also be a trade-off  be-
tween maximizing the effi  cacy of transmission 
in noise and the effi  cacy of perception by receiv-
ers (Wood and Yezerinac 2006). 

Other costs of vocal adjustment will vary 
depending on the context in which the signal 
is used. For example, changing the frequency 
and temporal content of vocalizations may 
aff ect individual and species recognition by 
conspecifi cs, as well as the eff ectiveness of the 
signal in eliciting a benefi cial response from the 
receiver. The following paragraphs discuss the 
potential eff ects of vocal adjustment on female 
choice, male–male competition, and other types 
of communication.

Female choice.—Female birds in many spe-
cies use vocalizations to determine whether 
a male is an appropriate potential mate (i.e., 
species recognition), so if males in urban areas 
adjust the frequency or temporal features of 
their vocalizations to avoid masking by noise, 
they may no longer be recognized by con-
specifi c females (Slabbekoorn and Peet 2003, 
Wood and Yezerinac 2006). Though birds can 
discriminate fi ne changes in frequency in the 
laboratory (Dooling 2004), fi eld studies suggest 
that frequency changes within 2–3 standard 
deviations (SD) of the population mean do 
not signifi cantly aff ect response (Nelson 1988, 
1989; Klump 1996). Males may therefore have 
some fl exibility in adjusting their vocalizations 
without paying the cost of reduced recognition 
by females. This further suggests that in species 
where there is more natural variation in the fre-
quency of male vocalizations (i.e., higher SD), 
recognition is less likely to be reduced by vocal 
adjustment (note that even if songs are recog-
nized as conspecifi c, they may be viewed as less 
a� ractive if females assess deviation from the 
population mean as an indicator of song learn-
ing; Nowicki et al. 2002). 

Wood and Yezerinac (2006) note that break-
down in mate recognition might eventually 
lead to reproductive isolation and speciation 
between urban and nonurban populations of 
Song Sparrows (see also Slabbekoorn and Peet 
2003, Warren et al. 2006). Song has been shown 
to play an important role in maintaining repro-
ductive isolation between two subspecies of 
Song Sparrows (Pa� en et al. 2004), and females 
in the northeastern United States were found 
to discriminate against dialects from >34 km 
away, with discrimination increasing with dis-
tance (Searcy et al. 2002). If adjusted songs are 
functionally equivalent to dialects, symmetrical 
premating isolation may emerge between urban 
and nonurban populations. The role of dialect 
formation in speciation is controversial, but it is 
clear that dialect formation does not necessar-
ily lead to genetic diff erentiation (Price 1998, 
Slabbekoorn and Smith 2002a). Slabbekoorn 
and Smith (2002a) suggested that genetic di-
vergence is more likely to accompany dialect 
divergence when habitats are suffi  ciently dif-
ferent to favor local adaptation (Pa� en et al. 
2004). That is likely to be true in regard to urban 
versus nonurban environments. Fragmentation 
may also lead to less gene fl ow between urban 
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and nonurban populations than we might pre-
dict on the basis of distance alone, which would 
facilitate speciation. If variation in urban noise 
persists, speciation remains a long-term possi-
bility, but not a certainty.

In addition to using vocalizations to recognize 
conspecifi c males, females use vocalizations to 
choose their mates from among these compet-
ing males; males that adjust their vocalizations 
in response to urban noise may therefore face 
trade-off s between transmission and a� ractive-
ness. One obvious trade-off  is between song 
amplitude and song rate; the energetic costs of 
increasing the amplitude of vocalizations may 
preclude singing at the high rate preferred by 
females (Oberweger and Goller 2001, Brumm 
2004b, Fernández-Juricic et al. 2005, Warren et 
al. 2006). Trade-off s may also be present when 
males adjust the frequency of their vocaliza-
tions. For example, in species in which females 
prefer males with low-frequency vocalizations 
(e.g., Beani and Dessì-Fulgheri 1995), males that 
increase their frequency to avoid masking may 
increase the number of females who detect their 
vocalizations but decrease their a� ractiveness 
to those females. Wood and Yezerinac (2006) 
found that male Song Sparrows increased 
the minimum frequency of the “buzz” note, 
but not the maximum frequency, leading to a 
lower-frequency bandwidth. This adjustment 
may reduce the a� ractiveness of the male song 
in species in which females assess frequency 
bandwidth as an aspect of vocal performance 
(Podos 2001, Ballentine et al. 2004). Males may 
also reduce their a� ractiveness by dropping 
lower-frequency songs from their repertoire to 
avoid masking, if females assess repertoire size 
during mate choice (e.g., Reid et al. 2005). If fe-
males choose their mates using a comparative 
tactic (Lu� beg 1996, Bateson and Healy 2005), 
and if all males adjust their vocalizations, male 
vocal adjustment may not lead to a decrease in 
relative a� ractiveness, though the usefulness of 
the male signal as an indicator of male quality 
may be diminished.

Male–male competition.—Many of the poten-
tial trade-off s faced by males during communi-
cation with females (described above) may also 
be faced during communication with compet-
ing males, because vocal adjustment may aff ect 
both recognition of conspecifi cs and assessment 
of the information content of the signal (i.e., the 
signaler’s condition and motivation to fi ght). In 

Song Sparrows, males are less discriminating 
than females in response to foreign dialects, 
and will respond with similar aggressiveness 
toward dialects from up to 540 km away (Searcy 
et al. 2002). This suggests that vocal adjustment 
is more likely to be costly in reducing recogni-
tion by females than by males; the same pa� ern 
may be true in many other species (e.g., Searcy 
1990; but see Nelson and Soha 2004). Even if vo-
calizations are recognized by conspecifi c males, 
vocal adjustment may incur costs if it decreases 
the likelihood of eliciting a benefi cial response 
from receivers. For example, low-frequency, 
broad-band vocalizations are o� en used in 
threat displays (Morton 1977). Males that shi�  
to higher frequencies or purer tones to avoid 
noise may be interpreted as less threatening un-
less there is a corresponding shi�  in the inter-
pretation of the signal. Song matching is impor-
tant in territory defense in Song Sparrows and 
many other species (Krebs et al. 1981; Beecher 
et al. 2000a, b). Males who adjust their songs or 
drop low-frequency songs from their repertoire 
may not have the song types required for these 
interactions, unless neighboring males adjust 
their songs similarly.

Other types of communication.—Thus far, we 
only have evidence that male birds adjust their 
songs in response to urban noise, but other 
kinds of vocalizations are crucial to survival 
and reproduction and may also be adjusted 
(Ka� i and Warren 2004, Warren et al. 2006). 
These include alarm calls, begging calls, con-
tact calls, fl ight calls, and food calls and can 
be given between pair-bonded mates, between 
parents and off spring, among off spring, and 
between fl ock-mates (Marler 2004). With all of 
these calls, senders may face trade-off s between 
increased SNR and decreased recognition or 
incorrect interpretation by receivers. If calls are 
adapted to minimize eavesdropping by preda-
tors (Marler 1955, Klump and Shalter 1984), 
vocal adjustment may also aff ect the risk of 
predation.

I���
��	
��� ��� C�������	
��

There is evidence that urbanization and road 
development have negative eff ects on popula-
tion densities of at least some avian species 
(van der Zande et al. 1980, Reĳ nen et al. 1996, 
Forman et al. 2002, Rheindt 2003, Ingelfi nger 
and Anderson 2004, Peris and Pescador 2004); 
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however, we know very li� le about the degree 
to which noise contributes to these declines 
(Reĳ nen et al. 1995) and can only speculate 
about the role that vocal adjustment plays in in-
creasing or mitigating the eff ects of noise (Ka� i 
and Warren 2004, Warren et al. 2006). If vocal 
adjustment decreases masking of a vocalization, 
should we therefore view it as an example of 
animals acclimating and thus thriving in an ur-
ban environment? Or are we seeing symptoms 
of communication breakdown that should be of 
management concern? We cannot answer these 
questions until we have measurements of the 
net benefi ts of vocal adjustment to individuals 
and of the eff ect of vocal adjustment on popula-
tions. This is an area ripe for future research.

There is enormous variation in how species 
respond to urbanization; some species clearly 
thrive near human development, and others 
disappear. If vocal adjustment yields a net 
benefi t to individuals, then species that have 
this capacity may adapt more readily to human 
development (Rabin and Greene 2002, Rabin et 
al. 2003, Slabbekoorn and Peet 2003, Warren et 
al. 2006). Are species that adjust their songs thus 
less aff ected by urbanization than species that 
do not adjust? This question necessitates a com-
parative approach, which requires that we learn 
more about the phylogenetic distribution of vo-
cal adjustment. Vocal adjustment is likely only 
one factor among many that aff ect how animals 
respond to urbanization, but understanding its 
eff ect may improve our ability to predict the ef-
fects of proposed developments on bird popu-
lations. Future research on acoustic commu-
nication in urban environments will make an 
important contribution to conservation eff orts 
and, at the same time, improve our understand-
ing of vocal development, the plasticity of vocal 
behavior, and how the process of sensory drive 
shapes the diversity of animal signals. 
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