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Abstract

As urbanization expands globally, the communication systems of an increasing number of species are affected. Because
bird song is a long-distance signal used to attract mates and defend territories, the evolution of bird song is often shaped
by habitat structure and background noise. These potential drivers of song evolution are more often studied in natural areas
than in urbanized areas, leaving open the question of how anthropogenic changes to the landscape are affecting the evolution
of bird song. One songbird that persists in both urbanized and rural areas in North America is the White-crowned Sparrow
(Zonotrichia leucophrys). Our previous work demonstrates that increased background noise in cities and in natural habitats
affects acoustic adaptation in this species. However, we lack information about how sound transmits in urban and rural
habitats. Because cities tend to have different physical properties than rural areas, it is pertinent to understand the influence
of urban habitat structure on song evolutionary processes. Here, we test the acoustic adaptation theory and hypothesize that
differences in the sound transmission properties of urban and rural habitats affect song divergence between urban and rural
populations. We conducted sound transmission trials of tones from 1 to 8 kHz on 59 White-crowned Sparrow territories in
three urban and three rural locations around San Francisco and Point Reyes, California, at varying heights and rates of note
production. We also recorded and analyzed songs of males from each location to see if differences in signal-noise ratio,
attenuation, reverberation, and distortion predicted song divergence. We found that urban locations have higher attenuation
and reverberation than rural locations and urban songs tend to have short whistles, faster trills, and narrower bandwidth.
These findings partially support acoustic adaptation theory, though faster trills in the city may instead be driven by cultural
drift or sexual selection. Overall, our results add to a rapidly growing area of research and allow us to better understand the
complexity of influences on song divergence.
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Zusammenfassung

Erhohte Dadmpfung und Nachhall sind mit niedrigeren Maximalfrequenzen und einer engen Bandbreite von
Vogelliedern in Stéidten verbunden

Da die Urbanisierung weltweit zunimmt, sind die Kommunikationssysteme einer zunehmenden Anzahl von Arten
betroffen. Da Vogelgesang ein Fernsignal ist, das verwendet wird, um Partner anzuziehen und Gebiete zu verteidigen,
wird die Entwicklung des Vogelgesangs hidufig durch die Struktur des Lebensraums und Hintergrundgerdusche gepragt.
Diese potenziellen Treiber der Liedentwicklung werden héufiger in natiirlichen Gebieten als in stidtischen Gebieten
untersucht, wobei die Frage offen bleibt, wie sich anthropogene Verdnderungen der Landschaft auf die Entwicklung
des Vogelgesangs auswirken. Ein Singvogel, der sowohl in stiddtischen als auch in ldndlichen Gebieten Nordamerikas
vorkommt, ist der Weillkronenspatz (Zonotrichia leucophrys). Unsere fritheren Arbeiten zeigen, dass vermehrte
Hintergrundgeridusche in Stddten und in natiirlichen Lebensraumen die akustische Anpassung dieser Art beeinflussen. Es
fehlen jedoch Informationen dariiber, wie Schall in stddtischen und lidndlichen Lebensraumen iibertragen wird. Da Stidte
tendenziell andere physikalische Eigenschaften haben als lindliche Gebiete, ist es wichtig, den Einfluss der stiddtischen
Lebensraumstruktur auf die Entwicklungsprozesse von Liedern zu verstehen. Hier testen wir die Theorie der akustischen
Anpassung und stellen die Hypothese auf, dass Unterschiede in den Schalliibertragungseigenschaften von stédtischen und
landlichen Lebensrdumen die Lieddivergenz zwischen stiddtischen und ldndlichen Bevolkerungsgruppen beeinflussen. Wir
haben Schalliibertragungsversuche mit Ténen von 1 bis 8 kHz in 59 White-Crowned Sparrow-Gebieten in drei stiadtischen
und drei landlichen Gebieten um San Francisco und Point Reyes, Kalifornien, in unterschiedlichen Hohen und Raten der
Notenproduktion durchgefiihrt. Wir haben auch Songs von Minnern von jedem Ort aufgenommen und analysiert, um
festzustellen, ob Unterschiede im Signal-Rausch-Verhiltnis, der Ddmpfung, dem Nachhall und der Verzerrung die Song-
Divergenz vorhersagen. Wir haben festgestellt, dass stidtische Standorte eine hohere Ddmpfung und einen hoheren Nachhall
aufweisen als lédndliche Standorte und stiddtische Songs tendenziell kurze Pfeifen, schnellere Triller und eine geringere
Bandbreite aufweisen. Diese Ergebnisse stiitzen teilweise die akustische Anpassungstheorie, obwohl schnellere Triller in
der Stadt stattdessen durch kulturelle Drift oder sexuelle Selektion angetrieben werden konnen. Insgesamt tragen unsere
Ergebnisse zu einem schnell wachsenden Forschungsbereich bei und ermoglichen es uns, die Komplexitét der Einfliisse auf
die Songdivergenz besser zu verstehen.

Introduction of signal divergence is an important factor in the evolution

of reproductive isolation (Boughman 2002).

Ecological conditions affect the transmission of signals
from sender to receiver (Morton 1975; Wiley and Richards
1978). A number of factors can contribute to the degradation
of acoustic signals, including ambient noise levels, wind,
microclimate, and the density and texture of surfaces that
reflect or absorb sound, such as vegetation. Signals may be
modified through loss of intensity (attenuation) or scatter-
ing of sound waves (Wiley and Richards 1978), leading to
a degraded signal reaching a receiver. Given that receivers
are often competitors or potential mates (Andersson 1994),
signal degradation may have fitness consequences, where
receivers tend to respond less to degraded songs (Peters et al.
2012). Therefore, signals that maximize communication dis-
tance and minimize degradation should be favored by natural
selection (Wiley 2006). The idea that communication sys-
tems adapt to local environments is known as acoustic adap-
tation (Endler 1992). As environments change, signals are
also predicted to change in ways that continue to maximize
transmission (Derryberry 2007, 2009). For example, bam-
boo and terra firme habitats in the Neotropics vary in sound
transmission properties, and the songs of bamboo-specialist
birds vary as predicted from their nearest relative in terra
firme habitat (Tobias et al. 2010). In many taxa, this process
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Recently, song divergence has been applied in an evo-
lutionarily new environment—cities (Slabbekoorn and den
Boer-Visser 2006). Human-generated sensory pollution, in
the form of noise levels, is evolutionarily unprecedented
(Swaddle et al. 2015). High-amplitude noise levels can
obscure or mask a signal occurring within the same fre-
quency range. Empirical studies indicate that animals per-
sisting in urbanized areas are, in some cases, adapting their
communication systems to these relatively new selection
pressures (Slabbekoorn 2013; LaZerte et al. 2016; Luther
et al. 2016). For example, a number of bird species in urban
areas sing louder and with higher minimum frequencies
than in more rural areas, which reduces masking by high-
amplitude, low-frequency anthropogenic noise (Slabbekoorn
2013). Thus, there is evidence that signals are diversifying
and even diverging between rural and urban areas (Slab-
bekoorn et al. 2007).

Although sensory pollution in terms of human-generated
noise is one aspect affecting sound transmission in cities, it
is not the only factor. Signals degrade in amplitude and in
spectral and temporal structure as they propagate through the
environment (Wiley and Richards 1982). They are also sub-
ject to further degradation due to absorption by impervious
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surfaces, such as roads, and reflection by vertical structures
in the built environment (Richards and Wiley 1980; Wiley
and Richards 1982; Warren et al. 2006). These factors
should affect the transmission profiles of urban environ-
ments, and thus the selection pressures acting on signals.
To understand more fully the role of acoustic adaptation in
urbanized environments, there is a need to assess whether
populations experiencing different degrees of urbanization
have different transmission profiles and correspondingly dif-
ferent communication signals.

Transmission profiles can be described by measuring
four key components: the strength of a signal relative to
background noise (signal-noise ratio, SNR), reduction in
the intensity or purity of a signal (attenuation), increases in
the persistence of sound after the original sound is produced
(reverberations) and the extent to which reverberations from
a previous note affect the fidelity of following notes (distor-
tion) (Wiley and Richards 1978; Richards and Wiley 1980).
Previous work on this topic indicates that acoustic signals
in more urban areas experience greater reverberation (Katti
and Warren 2004; Slabbekoorn et al. 2007; Kight et al.
2013) and lower signal-noise ratios (Kight et al. 2012) than
signals in more rural areas. In contrast, at least two stud-
ies suggest that urban areas may degrade songs less (e.g.,
have less excess attenuation and higher SNRs; Slabbekoorn
et al. 2002; Nemeth et al. 2006), potentially because hard
surfaces (roads, buildings) may enhance propagation of
higher frequencies (Mockford et al. 2011; Gall et al. 2012).
In either case, transmission studies predict divergence in
at least some parameters of song structure in response to
divergence in environmental transmission profiles. There is
some indication that urban songs transmit better than rural
songs in urban habitats, although not vice versa (Mockford
et al. 2011). A study investigating dark-eyed junco (Junco
hyemalis) song transmission found that urban habitats create
multiple echoes (e.g., more unpredictable distortion), while
forest habitats create reverberations resulting in a tailed
reflection of sound, indicating both urban and rural envi-
ronments can distort signals (Slabbekoorn et al. 2007). Con-
sistent with acoustic adaptation theory that pure tones are
less degraded in areas with many reflective surfaces, urban
junco songs have narrower bandwidth than rural songs, with
both maximum and minimum frequency affected; however,
trill rate and song duration were not significantly affected
by the urban environment (Slabbekoorn et al. 2007). While
it is expected that urban areas generally have transmission
properties that degrade sound more than natural areas, and
that animal songs have adapted to increase signal transmis-
sion given these environmental constraints, transmission
properties and song structures are not often studied together.
This suggests that we need more information about the
transmission properties of various soundscapes (i.e., biotic
and abiotic sound in a given environment) and the physical
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Fig. 1 Map showing NLCD 2006 cover for rural a Abbott’s Lagoon,
b Commonweal and ¢ Schooner Bay, contrasting with high imper-
vious cover in urban, d Battery East and Lobos Dunes and e Lake
Merced. Maps built with NLCD layer (left) and ESRI world imagery
(right) in ArcMap 10 (ESRI, Redlands, CA, USA; Sources: ESRI,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS,
USDA, USGS, AeroGRID, IGN, and the GIS User Community)
(color figure online)
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properties that are associated with differences in song struc-
ture to better understand how songs diverge between urban
and rural populations.

Here, we investigate how habitat type and the physical
landscape affect transmission of Nuttall’s White-crowned
Sparrow (Zonotrichia leucophrys nuttalli; NWCS) songs.
NWCS have distinct geographic differences in their song
structure termed ‘dialects’ (Marler and Tamura 1962), and
within dialects songs vary with differences in habitat struc-
ture, at least in rural locations (Derryberry 2009). Further-
more, over the past 30 years, NWCS songs have increased
in song minimum frequency, coinciding with an increase in
noise in San Francisco (Luther and Baptista 2010). Songs of
current populations vary with the soundscape in minimum
frequency, bandwidth, and vocal performance (Derryberry
et al. 2016; Luther et al. 2016). In this study, we measured
the sound transmission properties of three urban and three
rural locations near San Francisco, California using play-
back of tones at known frequencies. We also analyzed levels
of impervious cover in each location. From these data, we
extracted information on signal degradation, including sig-
nal-noise ratios, attenuation, reverberation and distortion.
We predicted that urban locations would have higher levels
of attenuation at high frequencies, lower signal-noise ratios,
and more reverberation and distortion than rural locations.
We also measured temporal and spectral characteristics
of songs produced by territorial males to see if songs are
diversifying, such that they fill the most appropriate acoustic
niche based on each location’s transmission profile. Based
on our expected transmission profiles, we would expect
urban birds to produce songs with narrower bandwidths,
higher minimum frequencies, lower maximum frequencies,
lower pitched and shorter whistles, and slower trills com-
pared to rural birds. We also expect the gradient of urbaniza-
tion across locations to affect the degree of these predicted
patterns. Our study design allows us to test the theory of
acoustic adaptation both within and across cultural units as
males from the three urban locations sing the same song
type, and males from the three rural locations sing three
different song types.

Study system

We conducted our sound transmission study in six locations.
Three locations were within city limits in San Francisco
County, San Francisco, CA (Battery East, Lake Merced,
and Lobos Dunes) and three locations were in Point Reyes
National Seashore, Marin County, CA (Commonweal,
Abbott’s Lagoon, and Schooner Bay; Fig. 1). All locations
were within 50 miles of each other. Battery East is an urban
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area with ambient noise resulting from traffic of the Golden
Gate Bridge, bay water waves, wind, human foot traffic,
automobile traffic, and planes overhead. This area is domi-
nated by dense shrub species such as coast buckwheat (Eri-
ogonum latifolium), coast angelica (Angelica hendersonii),
and coyote brush (Baccharis pilularis). Impervious surfaces
are present in the form of buildings, paths, and the historic
battery structures built after the civil war. Lake Merced is
the second urban area with ambient noise from busy roads,
human foot traffic, and a gun shooting range. The area is
dominated by tree species, such as Monterey pine (Pinus
radiata) and Monterey cypress (Cupressus macrocarpa),
and an understory composed of poison oak (Toxicodendron
diversilobum), silver bush lupine (Lupinus albifrons), and
California blackberry (Rubus ursinus). Apartment buildings
are present on some sides of the lake. Lobos Dunes is the
third urban area with ambient noise resulting from some
human foot traffic, automobile traffic, and planes overhead. It
is a dune scrub community consisting of plant species such
as yellow bush lupine (Lupinus arboreus), silver bush lupine
(Lupinus albifrons), chamisso’s lupine (Lupinus chamis-
sonis), mock heather (Ericameria ericoides), and lizard tail
(Eriophyllum staechadifolium). A large company building
and houses surround half of this area. Point Reyes National
Seashore is a rural area in Marin County with ambient noise
resulting from ocean waves, wind, cows, and other birds.
Some distant noise may occur from farms or rural roads,
but in general, this area has an exceptionally low human
population. The Commonweal habitat is pastureland with
poison oak (Toxicodendron diversilobum) and blackberry
(Rubus spp.) bushes dispersed throughout. A few remnant
concrete pads are present and a rural road borders the eastern
side. Abbott’s Lagoon is a coastal scrub and dune habitat,
and is covered with old growth northern coastal scrub spe-
cies. Schooner Bay has a similar habitat type, but has more
variation in elevation and had some minor anthropogenic
disturbances due to an oyster farm on the location (Fig. 1).
Several subspecies of White-crowned Sparrows can be
found year-round in these locations, but only one remains to
breed (Z. I. nuttalli) (Blanchard 1936, 1941). Males begin to
defend breeding territories and reduce flocking behavior in
early March, and females initiate clutches as early as March/
April (Mewaldt and King 1977; DeSante and Baptista 1989;
Phillips pers. obs.). Breeding continues through August, so
juveniles may be found from late April through September
foraging in groups and receptive to learning song. We con-
ducted the sound transmission experiments from May to July
of 2013, when receptive females, territorial males and juve-
niles receptive to learning song are all potential receivers
of signal information. These potential communication sce-
narios informed how we collected sound transmission data.
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Transmission: methods
Habitat structure

To assess habitat structure, we extracted each of the six loca-
tion’s impervious cover using the National Land Cover Data-
base 2006 dataset, which has a resolution of 30 m LandSat
imagery (Homer et al. 2011, 2012; Phillips et al. 2018). We
used the spatial analyst tool to extract impervious values
in ArcGIS 10 (ESRI, Redlands, CA, USA). The total area
surveyed for occupancy by NWCS defined each location.

Sound transmission

We quantified the sound transmission properties of the six
locations to determine if they had distinct acoustic environ-
ments. We broadcast and rerecorded artificial sound stimuli
in each location to quantify the extent to which sounds are
differentially degraded. This is a standard approach used to
determine transmission profiles in a range of habitat types
(Morton 1975; Slabbekoorn et al. 2007; Tobias et al. 2010).

Sound stimuli

We generated artificial sound stimuli in SIGNAL v5 (Bee-
man 1998). As NWCS songs are tonal in structure, such that
most notes are free of overtones (harmonics), we used pure
tones as sound stimuli. We used a standard approach of cre-
ating stimuli at a constant frequency. Pure tones of 100-ms
duration were played at 1, 1.5, 2,2.5, 3,4, 5, 6,7, and 8 kHz.
We included half steps between 1 and 3 kHz to capture how
the sound transmission environment would impact minimum
frequency degradation. The remaining frequencies span the
frequency range of typical White-crowned Sparrow songs
in these locations (Baptista 1975). At each frequency, two
tones were played at three different intervals: 10 ms, 100 ms,
and 300 ms. These values reflect three different rates of note
production, 9, 5 and 2.5 notes per second. We selected 9 and
5 as the majority of NWCS trills in rural areas are produced
between 5 and 10 notes per second, and we selected 2.5
to assess any limitations on reducing trill rate to minimize
reverberation.

Experiments

Transmission experiments were conducted on 59 male
White-crowned Sparrow territories, in Battery East (n=10),
Lake Merced (n=14), Lobos Dunes (n=10), Abbott’s
Lagoon (n=9), Schooner Bay (n=6), and Commonweal
(n=10). Experiments took place between 6 AM and 12 PM
during the breeding seasons of 2013 and 2014. This time of
day is a typical period of peak vocal activity in the breeding

season. We used an I-Pod Nano to broadcast the sound file
through an SME-AFS loudspeaker (Saul Mineroff Electron-
ics, Elmont, NY, USA), and recorded it as a 44.1 kHz WAV
file using a unidirectional Sennheiser ME67 Microphone
and a Marantz PMD-661 MKII digital recorder. The same
equipment was used for all transmission experiments. After
territories had been determined by mapping song posts, the
speaker was placed near the center of a male’s territory. The
transmission playback was then aligned in a randomly cho-
sen cardinal direction. Stimuli were broadcast at a 1.5-m
height and recorded using two unidirectional microphones:
one at 1.5-m height and one at 0.5-m height. The two heights
simulated three different types of sound receivers: a counter
singing male at 1.5-m height and a receptive female or juve-
nile at 0.5-m height. Recordings of the transmission stimuli
were made at a distance of 5 m and 30 m and recorded set
gains (5.5 gain at 5 m and 7 gain at 30 m). The recordings
at 5 m were used to account for the effects of equipment on
signal transmission. The recordings at 30 m simulated the
distance between two average White-crowned Sparrow male
territories (Chilton et al. 1995). All transmission playbacks
were repeated three times on each territory without touching
the equipment between playbacks. Volume levels for play-
back were standardized at 80 dB SPL at 1 m to approximate
natural songs using a Radioshack 7-range sound level meter
(Fort Worth, Texas, USA).

Transmission analysis

All sound files were resampled at 25 kHz prior to analysis,
and data were extracted using a macro-program in SIGNAL
v5 (Beeman 1998). Timing of data collection was synchro-
nized to an initial set of frequency sweeps on the playback
file. Three amplitude measurements [root-mean-squared
(RMS), values of sound pressure deviations in volts] were
taken during 100-ms periods; measurement A was taken
after the onset of the first tone; measurement B after the
offset of the first tone; measurement C after the onset of the
second tone. We took a fourth measure of noise amplitude,
measurement N, which was taken during 100 ms prior to the
onset of the first tone. All amplitude measurements are rela-
tive not absolute. From these measures, we quantified four
values to describe environmental degradation of tones. (1)
Signal-noise ratio (SNR) is the ratio of the strength of a tone
to the strength of background noise. SNR was calculated as
A divided by N. Sounds with higher SNR values are easier
to differentiate from background noise. (2) Attenuation is the
reduction in intensity and purity of a signal, which can result
from reduced sound amplitude. Attenuation was calculated
as A at 30 m divided by A at 5 m. (3) Reverberations are
echoes that increase the persistence of a sound after the orig-
inal sound is produced (Wiley and Richards 1978; Richards
and Wiley 1980). When sounds are reflected off of surfaces,
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Table 1 Effects of signal frequency, habitat, and transmission height
on (A) attenuation, (B) reverberation, and (C) signal-noise ratio

Sources of variation df SS F ratio P
(A) Attenuation
Main effects
Frequency 9 27.7 57.6 <0.0001
Habitat 1 2.9 39.0 <0.0001
Height 1 0.03 0.38 0.54
Two-way interactions
Frequency X habitat 9 4.8 11.21 <0.0001
Frequency X height 9 0.34 0.7 0.72
Habitat X height 1 0.68 9.1 0.0026
Final model
=041 21 36.1 36.8 <0.0001
(B) Reverberation
Main effects
Frequency 9 52.8 90.8 <0.0001
Habitat 1 30.5 371.2 <0.0001
Height 1 0 0.0 0.92
Two-way interactions
Frequency X habitat 9 1.5 4.4 <0.0001
Frequency X height 9 0.2 0.3 0.96
Habitat X height 1 0.0 0.4 0.54
Final model
?=0.66 19 84.4 119 <0.0001
(C) Signal-noise ratio
Main effects
Frequency 9 50.1 89.1 <0.0001
Habitat 1 384 533.0 <0.0001
Height 1 0.0 0.0 0.93
Two-way interactions
Frequency X habitat 9 23 9.1 <0.0001
Frequency X height 9 0.2 0.3 0.97
Habitat X height 1 0.1 1.1 0.29
Final model
?=0.74 19 91.1 171.8 <0.0001

Bold indicates significance at the a = 0.05 level

Statistics are from linear models with main and two-way interaction
effects. The final model includes only significant terms. Artificial
stimuli were broadcast at 10 frequencies. Habitat refers to whether
transmission experiments took place in urban or rural habitats. Trans-
mission height was the height of the microphone (either 0.5 m or
1.5 m) above ground level

echoes travel a longer distance before reaching a receiver,
and, therefore, affect the temporal structure of a signal by
smearing into the silent space between notes. Reverberation
was calculated as B at 30 m divided by A at 30 m. (4) Distor-
tion is a measure of the extent to which reverberations from
a previous note affect the fidelity of following notes. Distor-
tion was calculated as C at 30 m divided by A at 30 m. Only
tones separated by 100 ms and 300 ms were used to calculate

@ Springer

reverberation, as B could not be taken for tones separated
by 10 ms. Rapid, fast, and slow paced stimuli were pooled
to calculate SNR, attenuation, and reverberation. For each
territory, we calculated SNR, attenuation, reverberation and
distortion values and then averaged those values across the
three replicate playbacks.

Transmission statistical analyses

The effect of habitat type (e.g., ‘urban’ and ‘rural’), frequency
and transmission height on SNR, attenuation and reverbera-
tion were tested using linear models with main effects and
first-order interactions. We used the same approach to assess
the effect of habitat type, frequency and note pace on distor-
tion. Effects of location were assessed using post hoc com-
parisons (Tukey HSD). Prior to analyses, all variables were
transformed as needed to meet assumptions of normality and
homogeneity of variance. Statistical analyses were conducted
in R 3.6.1 (R Development Core Team 2015) and in JMP 11
(SAS Institute Inc., Cary, NC, 1989-2019).

Results: transmission
Habitat structure

We found significant differences between urban and rural
habitats in NLCD impervious surface (R2 =095, F 14= 84.9,
P =0.0007). Urban locations have significantly more
impervious cover than rural locations (impervious % cover
mean + SD: urban 21.3 +0.01; rural: 0.02 +0.35). Impervi-
ous surface mostly consists of cement or other anthropogenic
surfaces, although hard dirt trails or roads are also counted
in this assessment and make up most rural impervious cover.

Habitat sound transmission properties
Signal-noise ratio (SNR)

Habitat type explained most of the variation in signal-noise
ratios (SNR), such that all three urban locations had much
lower SNR than the three more rural locations (Table 1,
Fig. 2), although each location had a unique SNR profile
(Table 2). The two most urbanized locations (Battery East
and Lake Merced) had extremely low signal-noise ratios at
all frequencies, suggesting that very little of the signal may
be discriminated or even detected at these distances. Among
the three rural locations, Abbott’s Lagoon had the highest
SNR and Schooner Bay the lowest SNR, consistent with the
relative degree of human presence in those locations. Across
all locations, frequencies between 1.5 and 2.5 kHz peaked in
their signal-noise ratio, again suggesting a sound window at
this frequency range.
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Attenuation

We found a significant effect of signal frequency and habitat
type (i.e. ‘urban’ vs. ‘rural’) on attenuation (Table 1, Fig. 2).
Frequency explained most of the variation in attenuation,
such that attenuation increased as frequency increased.
Attenuation was significantly greater in urban than in rural
locations, and increased with frequency much more rapidly
in urban than in rural locations. Microphone height did not
explain significant variation in attenuation, although in the
rural locations, there tended to be more attenuation at higher
transmission heights. Location explained significant varia-
tion in attenuation (Table 2), with Battery East territories
experiencing overall the highest levels of attenuation and
Abbott’s Lagoon the lowest (Tukey HSD P <0.05). Most of
the variation in attenuation among locations occurred at the
higher frequencies (6—8 kHz) with overlap among popula-
tions. Only Battery East and Abbott’s Lagoon were signifi-
cantly different at 6 and 7 kHz, with Battery East having
higher attenuation (Tukey HSD P <0.05). Both Battery East
and Lake Merced had significantly higher attenuation than
the three rural locations at 8 kHz (Tukey HSD P <0.05).
Considering the lower frequencies (1-5 kHz), most loca-
tions were similar in attenuation values; however, there was
a prominent attenuation window between 3 and 4 kHz in
Battery East that was not present in the other locations.

Reverberation

Signal frequency, habitat type and the interaction between
frequency and habitat type had a significant effect on how
signals degraded through reverberation (Table 1, Fig. 2).
Habitat type explained most of the variation in reverberation,
with all three urban locations consistently showing higher
levels of reverberation at all frequencies compared to the
three rural locations. Lobos Dunes, as the least urbanized
location with few structures and little traffic, experienced an
intermediate level of reverberation. All of the locations var-
ied in reverberation, with a significant interaction between
frequency and location (Table 2). However, at all locations
reverberation increased nearly linearly with frequency,
except for a drop between 1.5 and 2.5 kHz, which seems
to be a particular sound window with the lowest level of
reverberation in all locations.

Distortion

Signal pace, frequency and habitat type all explained signifi-
cant variation in signal distortion (Table 3, Fig. 3). Distor-
tion was greatest in slow paced signals (Tukey HSD P <0.05)
but not different between fast and rapid pace (Tukey HSD
P>0.05). This pattern was exhibited in Lobos Dunes and

Commonweal and, to a certain extent, in Schooner Bay. The
remaining populations did not exhibit differences in distortion
at different paces. Distortion also varied significantly with fre-
quency, mainly due to an increase in distortion at the highest
(8 kHz) frequency (Tukey HSD P <0.05). Overall, distortion
was higher in rural than in urban locations, although there
was variation among locations (Tables 2, 3). Commonweal
territories experienced significantly higher levels of distortion
than either Lake Merced or Battery East territories (Tukey
HSD P <0.05). We next examined variation between the rapid
and fast paced data more closely by treating the locations as
repeated measures of distortion at each of the ten frequen-
cies. Locations varied significantly in distortion for rapid
(F=9.73, df=8, P=0.01) and fast paced signals (F=8.37,
df=8, P=0.02), with the Commonweal territories yielding
the highest levels of distortion for both paces.

Song: predictions and methods
Predictions based on transmission profiles

There is significant variation among locations in aspects of
signal degradation, yielding predictions for which locations
are most likely to be limited in song structure by habitat
transmission characteristics. Signals within the frequency
range of NWCS songs experience higher levels of attenu-
ation in Battery East than signals at any of the other five
locations, followed by the other two urban locations. Thus,
we would expect that Battery East songs may be most lim-
ited in frequency bandwidth to minimize signal degrada-
tion, with lower maximum frequency and higher minimum
frequency than other locations. We did not find differences
in distortion among urban locations, and therefore do not
predict differences in trill rate due to acoustic adaptation.
Among rural locations, Schooner Bay has the highest levels
of attenuation at higher frequencies. Signals at lower fre-
quencies experience more reverberation in Schooner Bay
than in the other two rural locations. Thus, we predict that
Schooner Bay songs will tend to have narrower bandwidths,
with potentially lower maximum frequencies and/or higher
minimum frequencies than the other rural songs. Signals
transmitted in the Commonweal experienced the most dis-
tortion overall, but the least distortion at the middle pace (5
notes per second). Thus, we can predict that Commonweal
songs will tend to be slower than songs from other locations.
Lastly, we can also predict that across all locations, urban
songs are more frequency limited than rural locations, due
to more attenuation at high frequency and urban noise at low
frequencies. Based on overall higher distortion in rural areas,
we also would expect slower trills in rural birds compared
to urban birds.
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«Fig. 2 Relationship between the frequency of artificial sounds and
a signal-noise ratio (SNR), b attenuation and ¢ reverberation. Data
from the two transmission heights are combined, as height did not
explain a significant amount of variation in transmission data. Left
panels denote urban (solid blue) and rural (solid red) averages with
standard error bars for each frequency transmitted. Right panels
show individual locations, with data presented for each rural loca-
tion: Abbott’s Lagoon (dashed red), Commonweal (two dash red),
and Schooner Bay (dot dash red) and for each urban location: Battery
East (two dash blue), Lake Merced (dashed blue), and Lobos Dunes
(dot dash blue). Means and standard errors given for each frequency
transmitted. Note that rural locations tend to have higher SNR, lower
attenuation and less reverberation across locations as compared to
urban locations (color figure online)

Song methods
Song data

We recorded songs of 128 territorial males including those
defending territories where transmission experiments were
conducted, during the breeding seasons of 2013 and 2014.
[Battery East (n=11), Lake Merced (n=24), Lobos Dunes
(n=29), Abbott’s Lagoon (n=19), Schooner Bay (n=7),
and Commonweal (n=34)]. We recorded using a Sennheiser
omnidirectional ME62 microphone mounted on a SME
PR-1000 parabolic microphone reflector, and a Marantz
PMD 661 portable solid-state recorder. Songs were recorded
with a sampling rate of 44.1-kHz WAV files at 16-bit preci-
sion. Birds in Battery East, Lobos Dunes, and Lake Merced
sang the same song type, the San Francisco dialect (Bap-
tista 1975). Commonweal birds sang the ‘Clear’ dialect,
Schooner Bay males sang the *Drake’ dialect, and Abbott’s
Lagoon males sang Drake-McLure dialect hybrid songs
(Baker et al. 1982). We analyzed song variation among the
sampled locations to test the predictions generated by the
sound transmission results.

For each individual, 1-18 songs with good signal-noise
ratios were selected for analysis of song characteristics
(mean + SD 8.5 +3.4; Derryberry et al. 2016). We assigned
songs to dialect by comparing dialect descriptions in Luther
and Baptista (2010) and Baptista (1975). Songs were resa-
mpled at 25 kHz, high pass filtered at 1500 Hz to eliminate
noise below the frequency range of NWCS song, and ana-
lyzed using SIGNAL v5 (Beeman 1998). We focused on
the introductory whistle and the simple note trill, because
these two song phrases are shared across dialects (Baptista
1975). The whistle has been suggested to be particularly
salient in the context of song learning (Soha and Marler
2001) and the trill in discrimination of dialect differences
in the context of male—male competition (Nelson and Soha
2004). We analyzed six acoustic measurements that captured
variation in song among males: whistle dominant frequency,
whistle duration, song maximum and minimum frequency,
frequency bandwidth, and trill rate. We measured whistle

dominant frequency as the frequency at which the most
sound energy was transmitted during whistle production
from a smoothed power spectrum of each whistle. Trill rate
was calculated as the average number of notes produced per
second from oscillograms. Frequency bandwidth was calcu-
lated as the difference between the maximum and minimum
frequencies (Hz) measured from a spectrogram (256 point
fast Fourier transform (FFT), frequency resolution: 98 Hz,
time resolution: 10.2 ms) at — 36 dB relative to the maxi-
mum level of the signal. We selected the — 36 dB threshold
because it captured variation in frequency bandwidth while
excluding background noise. Because frequency measures
were taken at a fixed number of decibels below the peak
amplitude, variation in frequency measures was not due
to variation in song amplitude (Zollinger et al. 2012). All
measurements were taken on each song and then averaged
for each male.

Song statistical analyses

A Bartlett’s test for homogeneity of variance was signifi-
cant (P <0.05); thus, we reduced song characteristics with
a principal components analyses (PCA). Song structure
was compared among both habitat (urban/rural) and loca-
tion using linear models for each principal component, fol-
lowed by Tukey’s HSD posthoc pairwise comparison tests.
We analyzed song data for the three urban locations, as these
belonged to the same dialect separately from the three rural
locations. Finally, we combined song data across all six
locations.

Prior to analyses, all variables were transformed as
needed to meet assumptions of normality and homogeneity
of variance. Statistical analyses were conducted in R 3.6.1
(R Development Core Team 2015).

Results: song divergence

Song variables reduced down to three principal components
with eigenvalues above 1. PCl1 is positively loaded with song
bandwidth and song maximum frequency, explaining 35.1%
of the variation ()(2 =577.8, df=14.76, P<0.0001; Table 4).
PC2 is positively loaded with trill rate and negatively loaded
with whistle length explaining 22.9% of variation (y* =512,
df=28.63, P<0.0001); while PC3 is loaded with song mini-
mum frequency and whistle dominant frequency, explain-
ing 20% of the variation (y*=474.6, df=12.2, P<0.0001;
Table 4).

Songs are significantly different among the three urban
locations within the San Francisco dialect (PC1: F, 4,=13.5,
P<0.0001; PC3: F, ¢=19.4, P<0.0001). As predicted by
differences in transmission profiles among the three urban
locations, Battery East has narrower song bandwidth—with
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Table 2 Effects of signal frequency and location on (A) attenuation,
(B) reverberation, and (C) signal-noise ratio and (D) distortion of
sound stimuli

Sources of variation df SS F ratio P
(A) Attenuation
Location 5 8.4 38.9 <0.0001
Frequency 9 23.9 61.1 <0.0001
Location X frequency 45 6.5 33 <0.0001
(B) Reverberation
Location 5 35.8 217.8 <0.0001
Frequency 9 51.5 174.4 <0.0001
Location X frequency 45 2.78 1.88 0.0005
(C) Signal-noise ratio
Location 5 459 425.2 <0.0001
Frequency 9 50.1 258.1 <0.0001
Location X frequency 45 34 35 <0.0001
(D) Distortion
Location 5 0.33 4.19 0.0008
Frequency 9 1.0 7.19 <0.0001
Location X frequency 9 0.24 1.71 0.08

Bold indicates significance at the o = 0.05 level

Statistics are from linear models with main and two-way interaction
effects. Ten transmission experiments were run in each urban and
rural location, except Lake Merced (n=17) and Schooner Bay (n=7)

Table 3 Effect of signal pace, frequency, and habitat on signal distor-
tion (signal-to-signal ratio)

Sources of variation df SS F ratio P

Pace 2 0.42 13.38 <0.0001
Frequency 9 0.93 6.58 <0.0001
Habitat 1 0.12 7.86 0.0051
Height 1 0.05 32 0.07
Pace x frequency 18 0.29 1.04 0.40
Pace X habitat 2 0.03 1.04 0.35
Pace X height 2 0.02 0.72 0.49
Frequency X habitat 9 0.24 1.7 0.08
Frequency X height 9 0.11 0.77 0.64
Habitat X height 1 0.0 0.0 091
Final model (+*=0.01) 4 0.59 9.5 <0.0001

Bold indicates significance at the o« = 0.05 level

Statistics are from linear models with main and two-way interaction
effects. Final model includes only significant terms. Pace refers to
the rate at which artificial sound stimuli were broadcast (rapid, fast,
and slow). Signals were broadcast at ten different frequencies. Habi-
tat refers to whether transmission experiments took place in urban or
rural habitats. Transmission height was the height of the microphone
(either 0.5 m or 1.5 m) above ground level

decreases in maximum frequency and increases in minimum
frequency—compared to Lobos Dunes and Lake Merced
(Tukey HSD < 0.05). Consistent with a lack of differences
in distortion among urban locations, PC2 (e.g., trill rate) was
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not significantly different between urban locations (all Tukey
HSD > 0.05). Lake Merced has significantly higher values
for PC3 than the other two locations (Tukey HSD < 0.05).

Songs are significantly different among the three rural
locations (PC1: F, 5,=3.75, P=0.03; PC3: F, 5,=24.4,
P <0.0001). Consistent with predictions based on the
transmission profiles, Schooner Bay has a narrower band-
width—with increased minimum frequency—as compared
to Abbott’s Lagoon and Commonweal (Tukey HSD <0.05).
Counter to our predictions of slower songs in the Com-
monweal, PC2 (e.g., trill rate) was not significantly differ-
ent among rural locations (F, s,=1.07, P=0.35; all Tukey
HSD > 0.05). Consistent with lower frequencies experienc-
ing more distortion in Schooner Bay compared to the other
rural locations, we found that all rural locations differed
significantly in PC3, such that Schooner Bay has the high-
est dominant frequency followed by Abbott’s Lagoon, then
Commonweal (Tukey HSD < 0.05).

We predicted that urban songs would occur in narrower
frequency bandwidths and at lower maximum frequencies
and higher minimum frequencies compared to rural songs.
We did not find this pattern of song divergence for band-
width and maximum frequency—urban songs are not differ-
ent overall from rural songs in PC1 (F ;,4=0.07, P=0.78).
However, location does significantly predict PC1, where
Battery East has the smallest bandwidth, lowest maximum
frequency, and highest minimum frequency for urban loca-
tions, and Schooner Bay has the same trend for rural loca-
tions (Fs 11,=7.16, P<0.0001; Fig. 4).

We also predicted that rural songs would tend to be slower
in trill rate and longer in whistle duration to minimize the
effects of distortion. Rural songs are significantly slower in
trill rate and longer in whistle duration (PC2: F'; ;;,=193.4,
P <0.0001) than songs from more urban locations.

If urban locations act like canyons, we would expect whistles
to be lower pitched so they can travel further, similar to forest
ecosystems. Urban songs are not significantly different from
rural songs in PC3 (F, ;,,=0.01, P=0.91), but location does
have a significant effect (Fs ,;,=17.9, P<0.0001; Fig. 4), where
Abbott’s Lagoon and Schooner Bay have the highest dominant
frequencies compared to other locations (Tukey HSD < 0.05).
However, the loading of PC3 with both whistle dominant fre-
quency and song minimum frequency may be masking a bio-
logically significant effect. When whistle dominant frequency
is examined alone, urban whistles are lower pitched than rural
whistles (Fs; ;,=19.4, P<0.0001), matching our prediction.

Discussion

Environmental selection pressures on acoustic signals in
urban habitats are not typical of natural habitats, such as
increased flutter echo in urban canyons, leading to slower
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Distortion
4

Fast Rapid Slow

Fig. 3 Left panel: rural locations (solid red) have more distortion than
urban locations (solid blue; means and standard deviation), particu-
larly at fast trill rates. Right panel: slow paced notes have the highest
distortion across locations: Abbott’s Lagoon (dashed red), Common-

Table4 Song PCA loadings, where PC1 is positively loaded with
song bandwidth, song maximum frequency, and negatively with mini-
mum frequency

PCl1 PC2 PC3
Song bandwidth 0.99 —0.04 —0.001
Song maximum frequency 0.87 0.16 0.36
Trill rate 0.06 0.77 0.32
Whistle length 0.10 - 045 0.71
Song minimum frequency -0.57 0.38 0.60
Whistle dominant frequency -0.18 -0.63 0.34

Bold indicates significance at the a = 0.05 level

PC2 is positively loaded with trill rate and negatively loaded with
whistle length, while PC3 is positively loaded with minimum fre-
quency and whistle dominant frequency

attenuation and more reverberation of vocal signals in cities
(Katti and Warren 2004; Dowling et al. 2011). A few stud-
ies have investigated the transmission properties of sound
in urban areas at limited locations (Slabbekoorn et al. 2007;
Gall et al. 2012); however, ours is one of the first to also
investigate sound transmission within both urban and rural
locations along a gradient of human activity (Mockford et al.
2011; Lazerte et al. 2015). Previous studies show that moun-
tain and black-capped chickadee (Poecile gambeli and atri-
capillus) wideband and whistled call transmission is affected
more by ambient noise rather than habitat type, where song
SNR decreases with increasing noise, minimum frequency
increases, and maximum frequency decreases (Lazerte
et al. 2015). Rural great tit (Parus major) songs transmit

weal (two dash red), and Schooner Bay (dot dash red) and for each
urban location: Battery East (two dash blue), Lake Merced (dashed
blue), and Lobos Dunes (dot dash blue) (color figure online)

less effectively in urban areas (Mockford et al. 2011). We
find that higher frequency signals suffer greater attenuation,
reverberation and loss of SNR in urban than in rural loca-
tions; whereas, rural locations experience more distortion.
Thus, acoustic adaptation predicts that urban songs should
occur in a narrower bandwidth with lower maximum fre-
quencies than rural songs and that rural songs should be
slower than urban songs. We find that songs are diversify-
ing in song structure between both habitats and locations in
accordance with acoustic adaptation theory. Urban songs
have shorter whistles and faster trills, while rural songs have
longer whistles and slower trills. However, song evolution is
not merely dichotomous—each location has a different effect
on transmission and song divergence. While we quantified
percent impervious cover, which is significantly higher in
urban locations, other anthropogenic factors could affect
song evolution. For example, we found reduced bandwidth,
higher minimum frequency, and lower maximum frequency
trends in urban locations, but one rural location also follows
this pattern. Overall, our results suggest complex interac-
tions between abiotic, biotic, and anthropogenic factors that
shape acoustic divergence of songs.

Human development can vary greatly in its effect on the
landscape. We tested multiple locations within both urban
and rural areas to attempt to capture the diversity of habitats
in each. We used a coarse measure of impervious surface to
differentiate urban and rural locations. We provide evidence
that urban and rural habitats do not all produce environ-
mental pressures to the same degree, rather that locations
produce pressures along a gradient. Within urban locations,
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Fig.4 Left panel: urban locations have significantly faster trills and
shorter whistles (PC2) than rural locations, while PC1 and PC3 do
not significantly differ between urban (solid blue) and rural (solid red)
locations. Right panel: PC1 (Song maximum frequency and band-

transmission properties of Battery East and Lobos Dunes
produced different magnitudes of effects. Transmission
properties of Lobos Dunes generally fell between Battery
East and Commonweal data, suggesting that the degree of
urbanization in a habitat can moderate the magnitude of
signal—noise ratios, attenuation, and reverberation present
within a signal. While our coarse (30 m), publicly available
data on impervious surface reflect the dichotomy of urban
and rural habitats, finer-scale habitat features and abiotic
features (e.g. different vegetation types) also likely play a
big part in why transmission properties differ between loca-
tions, and will be important to investigate in future studies.

Our study provides detailed quantification of sound trans-
mission properties along an urban to rural gradient. In all
locations, SNR ratios decrease as frequency increases, atten-
uation increases as frequency increases, and reverberation
is greater at higher frequencies. These results generally fol-
low patterns expected from classic sound transmission stud-
ies (Richards and Wiley 1980; Wiley and Richards 1982).
Contrary to our predictions, faster paced tones were less
distorted. Typically, faster paced notes exhibit the highest
distortion due to reverberations from the first note increasing
the amplitude of the second note. Our finding of the oppo-
site pattern was unexpected and suggests that more work is
needed on transmission of extremely slow paced signals.
However, this finding may be related to faster trills evolving
in our city locations.

Urbanization places multiple pressures on an acous-
tic signal resulting from unnatural structural components
and increased human-generated ambient noise. Previous
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width) are reduced in both urban Battery East (two dash blue) and
rural Schooner Bay (dot dash red). There is significant divergence of
songs between locations for PC3 (minimum frequency and whistle
dominant frequency) (color figure online)

research has shown that the ambient noise levels and song
minimum frequency of birdsongs increase with the level of
urbanization (Slabbekoorn et al. 2007; Mockford et al. 2011;
Slabbekoorn 2013; Derryberry et al. 2016). In our study,
signal-noise ratios were higher in rural locations compared
to urban locations across all frequencies, but especially at
lower frequencies (Fig. 2) suggesting that acoustic signals
have the potential to be masked to a greater degree by ambi-
ent noise in urban areas. This finding is consistent with
previous measurements of background noise in this system,
where Point Reyes has roughly a 10-dB decrease in back-
ground noise compared to San Francisco overall (Lee and
MacDonald 2011, 2013), and locations vary individually
within both urban and rural areas (Derryberry et al. 2016).

In natural environments less affected by human activity,
higher frequencies are expected to be more attenuated (i.e.,
decreased amplitude) in closed canopy or windy condi-
tions, such that the high range of modulated notes would be
selected against (Richards and Wiley 1980; Wiley and Rich-
ards 1982; Price et al. 1988). Vocalizations in closed habi-
tats typically have low frequency, narrow bandwidth notes
(Morton 1975; Boncoraglio and Saino 2007). For example,
calls within three bird families have 5% lower frequency
in closed habitats than open habitats (Billings 2018). Our
results show that attenuation was greatest in Battery East,
an especially windy and anthropogenically noisy location,
across all frequencies above 3000 Hz compared to the two
other urban locations and all rural locations. Similar to Slab-
bekoorn, Yeh, and Hunt’s (2007) findings that urban songs
have higher minimum frequencies and reduced maximum
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frequencies, Battery East songs had a reduced frequency
bandwidth compared to all locations other than Schooner
Bay, another particularly windy location, which also has a
comparatively narrow bandwidth. These data suggest that
birds in more urban habitats reduce the maximum frequency
of their signals to reduce the effects of greater attenuation
at higher frequencies. These data taken together with our
SNR and attenuation measures also provide evidence that
urban birds have a reduced frequency bandwidth to avoid
the effects of reduced SNR occurring at lower frequencies
in urban locations.

While forests are expected to absorb sound, “urban can-
yons” of cement and glass are more likely to further rever-
berate sounds (Warren et al. 2006), allowing them to travel
further than in open habitats. While this habitat structure
may enhance the spread of urban background noise, it may
also benefit the first note of White-crowned Sparrow song,
the pure-toned whistle, by increasing transmission distance.
At least one study suggests that the communication dis-
tance of tonal notes may be further in open urban areas with
impervious surfaces acting as sound channels that increase
signal propagation (Gall et al. 2012). Urban areas also tend
to produce multiple discrete echoes, reverberations, over
concrete and glass in comparison to forested habitats (Slab-
bekoorn et al. 2007). These echoes have the potential to fill
silent intervals between notes with sound and interfere with
other notes; hence, we predicted that urban songs would be
shorter in duration, the initial whistle may be lower pitched,
and trill rates would be slower to avoid the effects of flutter
echo. We found that urban whistle length was shorter and
whistle pitch was lower in urban birds than in rural birds,
matching our prediction. However, trill rates in urban areas
are faster than rural areas, which does not match typical
acoustic adaptation theory. Battery East songs had the fastest
trill rates, followed by Lake Merced, linearly declining along
the urbanization gradient to the Commonweal, which had
the slowest rates. The Commonweal had the highest rates
of distortion, which may explain why songs have diverged
to have slower trills in the Commonweal as compared to the
other locations.

However, increased trill rates for urban birds might
instead be explained by the loss of bandwidth in urban loca-
tions. Both bandwidth and trill rate play a part in a sexu-
ally selected performance tradeoff in White-crowned Spar-
rows (Luther et al. 2015; Phillips and Derryberry 2017a, b).
Therefore, if increased attenuation and reverberation favor
reduced bandwidth in urban areas, increasing trill rate may
help to recover vocal performance, such that a male can
still signal vocal ability to potential mates and territorial
rivals. However, a playback study in San Francisco found
that males did not significantly differentiate between songs
of different trill rates alone (Phillips and Derryberry 2018).
Alternative explanations may be that fast trills reverberate

and distort such that they are perceived as long tonal note
without internote intervals, which could increase signal
detection distance. Once intended receivers move closer to
distinguish trill notes, they may be able to properly assess
performance. Lastly, trills may be faster due to random cul-
tural drift, but further research is needed to disentangle the
evolutionary drivers of fast trills in cities.

Interestingly, rural Schooner Bay often followed patterns
exhibited by urban Battery East songs. While Schooner Bay
is not urban, it was the most affected by human activities of
the rural locations; during the time of these experiments,
it had an active oyster farm with a public access hard pack
road, houses, buildings, storefront, and boat traffic. Addi-
tionally, Schooner Bay may have microclimatic differences
based on the shape of the lagoon, funneling wind and fog
differently than either the Commonweal or Abbott’s Lagoon
locations, which were further inland from the coast. While
future research should investigate the cause of these differ-
ences within rural locations, we suggest that these other
factors, such as detailed impervious cover or other human
disturbance to the landscape can influence transmission and
song characteristics. That is, even small-scale anthropogenic
changes to the environment have the potential to affect local
signal divergence.

Our results suggest that NWCS in urban habitats have
been under environmental selection pressures that have
altered their characteristics from rural songs. Songs in
urban areas are currently matched (i.e., transmit with greater
clarity) to the transmission properties of an urban environ-
ment (Derryberry et al. 2016), overall providing support for
acoustic adaptation to both urban noise and landscapes.

Alternative explanations

Alternative explanations for song divergence should be con-
sidered. The acoustic adaptation hypothesis predicts that
sound transmission, as well as habitat differences in ambi-
ent noise, may drive divergence (Slabbekoorn and Smith
2002). Ambient noise levels are different along the urban
to rural gradient in this study with Battery East having the
greatest and Commonweal having the least ambient noise
(Derryberry et al. 2016). It is possible that the observed dif-
ferences in song could reduce degradation by ambient noise
in urban areas. In addition a higher minimum frequency
in locations with increased low-frequency ambient noise
should reduce masking from the anthropogenic noise and
increase signal—noise ratios.

Nonadaptive, stochastic processes, such as genetic drift,
could in part explain the signal divergence between urban
and rural songs as well. Genetic drift affecting beak mor-
phology could alter a bird’s ability to create certain song
characteristics, such as frequency bandwidth and speed of
trills. However, beak morphology has been assessed along

@ Springer



606

Journal of Ornithology (2020) 161:593-608

this urban to rural gradient and no significant differences
in bill morphology were found (Luther et al. unpublished
data). Additionally, sexual selection via female mate choice
could enhance the speed of divergence. NWCS use song as
a primary mating signal, and therefore, differences in song
play a role in female mate choice. The specific details of
which song components female NCWS prefer have not been
assessed, and there is certainly room here for future research.

Cultural evolution could also play a significant role in
song divergence. Cultural evolution plays a part in NWCS
song divergence in urban habitats (Moseley et al. 2018). For
example, hand-reared NWCS learn songs less masked by
noise, which is likely a main mechanism affecting cultural
evolution, especially of masked frequencies (Moseley et al.
2018). Cultural evolution is one mechanism by which songs
may become adapted to a local environment, and therefore,
is consistent with the acoustic adaptation hypothesis. Further
research is needed to determine the weights of acoustic and
physical environments in song learning and ultimately song
divergence.

Conclusions

Numerous species, especially birds, rely on sound as a pri-
mary means of communication. Urbanization can detrimen-
tally affect communication ability by interfering with signal
saliency. Urban habitats put different selection pressures on
acoustic signals, possibly leading to signal divergence and a
lack of mate recognition. Signal divergence between urban
and rural populations has the potential to lead to premat-
ing reproductive isolation on an evolutionary timescale, and
thus, the factors that drive this divergence, such as urban
structure and noise are important to understand. While the
past 15 years have seen an uptick in the research in this
area, a comprehensive understanding within each system and
species should be made to understand the impact of human
communities on the ecology and evolution of species that
persist in urban environments, and whether patterns of sound
transmission and acoustic adaptation are consistent across
the world.
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