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Abstract Communication systems rely upon specific social
contexts and environments that permit effective transmission,
and thus, are particularly vulnerable to disruption by anthro-
pogenic disturbance. The acoustic environments of cities may
affect conspecific interactions by altering the transmission or
reception of song in ways that might ultimately influence fit-
ness, however, the evolutionary and ecological consequences
of altered songs remain poorly understood. We hypothesized
that the relationship between bird song attributes and fitness
metrics would be landscape-dependent, differing between ur-
ban and rural habitats. We investigated this hypothesis by
measuring vocal and breeding behavior of 54 male Northern
Cardinals (Cardinalis cardinalis) at nine sites distributed
across a rural to urban landscape gradient in Columbus,
Ohio in 2011. Interestingly, we found evidence that relation-
ships between song attributes andmale quality differed among
landscapes. Shorter and slower songs were associated with
larger males in more preferred territories (i.e. with denser veg-
etation), but only in rural landscapes. Across all landscapes,
males that sang at high frequencies had nestlings in poorer
condition, but otherwise song attributes were not associated

with reproductive output or male provisioning ability. Our
results suggest that urban landscapes change the function of
song as a signal of quality and could reduce the usefulness of
song as a predictor of reproductive performance. This is one of
few studies to investigate signal relationships and potential
fitness consequences of song variation in natural urban sys-
tems, thereby providing insight into micro-evolutionary pro-
cesses operating within novel environments.

Keywords Novel environments . Animal behavior . Sexual
selection .Mate quality . Urban . Northern cardinal

Introduction

The degree to which sexually-selected traits serve as reliable
signals of quality can vary spatially with environmental and
social context (Dunn et al. 2008; Higginson and Reader
2009; Cornwallis and Uller 2010; Rodewald et al. 2011).
Heterogeneity in signal reliability should be most pronounced
for traits that vary widely in the effectiveness of signal trans-
mission among environments. Avian song is an excellent ex-
ample of a trait for which (1) the effectiveness of signal trans-
mission is strongly mediated by social and environmental con-
text (Ryan and Brenowitz 1985; Bradbury and Vehrencamp
1998; Slabbekoorn et al. 2007) and (2) fitness consequences,
as related to territory and/or mate quality, can be substantial
(Catchpole 1987). In a time of rapid land transformation, un-
derstanding how selective environments for song are shaped by
anthropogenic disturbance is necessary to anticipate the eco-
logical and evolutionary responses of native species.

The dramatic changes imposed by urban development pro-
vide a unique opportunity to study variable selective pressures
on sexual traits. For example, urban forests are characterized
by abundant invasive vegetation (Borgmann and Rodewald
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2005), high densities of generalist species (Shochat et al.
2006), high levels of predator activity (Rodewald and
Kearns 2011), and substantial anthropogenic noise
(Slabbekoorn and Peet 2003). Consequently, urban pressures
have the potential to alter the expression of ornamental traits
such as plumage (Yeh 2004; Isaksson and Andersson 2007;
Jones et al. 2010) and vocal behavior (Slabbekoorn and den
Boer-Visser 2006; Badyaev et al. 2008). Indeed, a growing
number of studies have described a pattern of urban-
associated song alterations. The most documented change be-
ing a rise in song frequency (Hz) that may overcome
masking effects of low frequency (<2 kHz) anthropogenic
noise (Roca et al. 2016). Urban birds may also change the
temporal features of vocalizations, such as song length or
rate, which may improve probability of detection in noise
(Hamao et al. 2011), or be a response to an increase in
social interactions (Narango and Rodewald 2015).

Yet even within cities, sufficient variation in song traits
among individuals remains for sexual selection to operate; in
other words, cities do not Bfix^ the traits. Thus, if sexual traits
are changing within urban environments, they may no longer
act as reliable sources of information. Evolutionary traps can
develop in contexts where conspecifics prefer traits that have
recently become associated with unreliable information such
as poor territories (Rodewald et al. 2011) or mates of lower
quality (Schlaepfer et al. 2002).

Song features can signal many components of quality such
as age (Ballentine 2009), size (Ballentine 2009), condition
(Rehsteiner et al. 1998), dominance rank (Rehsteiner et al.
1998), reproductive success (Conner et al. 1986; Mennill
et al. 2006), territory quality (Conner et al. 1986; Van Oort
et al. 2006) and parental investment (Buchanan and Catchpole
2000). However, the extent to which urbanization influences
the usefulness of song as an informative signal remains poorly
understood. Higher than average frequencies of bird song are
prevalent in cities, however, preference for lower or higher
frequencies is inconsistent in passerines; dependent on wheth-
er a species’ song features signal body size or performance
ability (reviewed in Cardoso 2011). It’s possible that increas-
ing frequency may reduce the quality of a song, given that
high frequency songs tend to elicit weaker territorial responses
(Mockford and Marshall 2009; Ripmeester et al. 2010; Luther
and Derryberry 2012), are poor at attracting females
(Halfwerk et al. 2011), and may simultaneously affect other
song features that signal quality due to physiological limits in
performance (Luther et al. 2016). Higher minimum frequen-
cies that are not preferred by females could potentially reduce
the likelihood of pairing success or extra-pair paternity in
noisy areas (Gross et al. 2010; Wisner 2011).

To better understand the consequences of altered acoustic
environments within cities, we investigated the utility of song
as an informative signal across a rural-urban landscape gradi-
ent. Using the cosmopolitan Northern Cardinal (Cardinalis

cardinalis) as a model species, we examined relationships
between song traits and fitness parameters (i.e., reproductive
output) as well as indicators of male quality (morphology,
provisioning rates, nestling condition and territory vegeta-
tion). We hypothesized that relationships among song traits,
fitness and quality parameters would change with urbaniza-
tion, such that song characteristics indicating high fitness and
quality in rural landscapes would be different than those in
urban landscapes. Specifically, we predicted that males using
song characteristics that, based on the literature, presumably
transmit most efficiently in urban environments (e.g.,
increases in frequencies and longer, faster songs) would have
higher fitness and associated quality traits.

Methods

Study area This study was conducted between March–
September2011 in nine mature riparian forests (≥ 250 m long
and ≥100 m wide) along three rivers (Olentangy, Darby and
Alum Creek) in and around Columbus, Ohio. Prior to this
study, landscape composition was quantified using
orthophotos to determine land use within a 1 km radius from
the site, and these metrics were used in a principal components
analysis to create an index of urbanization for each site (see
Rodewald and Shustack 2008 for more details). In their study,
index values were correlated with surrounding composition
such that values loaded positively with number of buildings,
and percent cover by roads, pavement and lawn and negative-
ly with percent cover by agriculture. Hereafter, positive values
are considered sites within an ‘urban’ landscape and negative
values are embedded within a ‘rural’ landscape although anal-
ysis is conducted on a continuous scale. Sites were separated
by at least 2 km and were similar in size and shape and dif-
fered primarily in respect to surrounding landscape matrix.

Study species We used Northern cardinals (hereafter: cardi-
nal) as a model synanthropic species to investigate conse-
quences of song variation. Cardinals are a non-migratory res-
ident, generalist species (Halkin and Linville 1999) that read-
ily use resources associated with human developement (e.g.
bird feeders, exotic shrubs) and as such are positively associ-
ated with landscapes with low to moderate urbanization
(Leston and Rodewald 2006). Individual males were captured
using mist-nets and fitted with a unique color band combina-
tion for individual identification. The few individuals that es-
caped capture could still be followed because of reliable song
perches and/or were mated with banded females. Upon cap-
ture, tarsus and wing were measured to indicate body size.

Cardinals have a complex song repertoire with documented
flexibility in the performance of different song and note types.
Typical song contains 1 to 2 syllable types, but individuals
possess repertoires containing up to 13 syllable types
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organized into different song types (Lemon 1965). Cardinals
sing with eventual variation meaning that one song type is
repeated many times before switching to a new song type
(Lemon 1965; Ritchison 1988). Cardinals share songs within
a local area but high variation in the song structural features
exists between males in a neighborhood (Ritchison 1988),
suggesting song characteristics may indicate condition or sta-
tus of the singer. Furthermore, song performance plays an
important role in the acquisition of mates and territory in car-
dinals (Conner et al. 1986; Ritchison 1988).

Song recording and analysis During visits, songs were
recorded for 5 h following sunrise between March and June
during the breeding season when peak cardinal singing
occurs. Territories were monitored weekly for 30 min, during
which one observer (DLN) attempted to record all song bouts.
We alternated the order of visits to territories in order to vary
the time in the morning that individuals were recorded.
Identity of singing individuals was confirmed by color bands
(most observations) or associations with paired color-banded
females and known nests. All recordings were made with a
Marantz PMD 670 digital recorder and a Seinheiser direction-
al microphone. Songs were sampled at 44.1 kHz with 16 bit
resolution, and saved as uncompressed .wav files.

We created digital spectrograms of cardinal song with
Raven 1.4 Pro (Cornell lab of Ornithology) using Hann sam-
pling and a discrete Fourier transform of 256 and 1024 for
frequency elements. Song characteristics were measured man-
ually by the same observer (D.L.N., see Narango and
Rodewald 2015 for additional spectrogram details). Songs
were visually inspected to measure the best recording of each
song type during the observation period. Songs were only
included in spectrogram analysis if they were composed of
more than three syllables, and could be assigned to a territory
with complimentary breeding season data for subsequent anal-
yses. We chose a three syllable cutoff because three was the
fewest number of syllables performed in repeated song types,
and excludes partial ‘songs’ of 1–2 syllables that are some-
times performed prior to a full bout of repeated song types
(Narango personal observation). Our goal was to capture the
variation across song types; hence to account for song types
that were used more often, we measured the best recording of
each song type, per visit. Songs of the same type, from the
same individual, that were recorded on different visits were
considered unique samples. Each song type was measured for
minimum and maximum frequency (Hz), frequency band-
width (range), frequency at the highest amplitude (‘peak fre-
quency’), song duration (s), number of syllables, syllable rate
(# of syllables/s), and number of syllable types. We chose
these measurements because they are features that commonly
differ in urban areas and may signal cardinal male quality
(Conner et al. 1986). Mean measures of song characteristics
per individual male are used in analyses here (8.28 ± 4.55

songs measured per male). Song length and number of sylla-
ble types were highly correlated with number of syllables
(>0.8), therefore we chose to include number of syllables to
describe ‘song length’ to reduce redundancy in the data.

Although low-frequency noise could impact the ability to
visually measure frequency characteristics (Zollinger et al.
2012), measurement error in automatic measurements can be
avoided by using manual measurements with high frequency
resolution when the signal to noise ratio is small, as is com-
mon in urban habitats (Cardoso and Atwell 2012; Job et al.
2016). Thus we only used clean recordings for measurements
(songs recorded at close range, with minimal reverberations,
and were not overlapped by any other biological or ambient
sounds). In addition, the potential error in cursor measurement
due to noise (22–49 Hz via Verzijden et al. 2010) is much
smaller than the relative observed differences between song
types in this study (>1.5 kHz) therefore our comparisons are
biologically meaningful.

Sample size was limited by the number and quality of the
recordings, and some males were dropped because of insuffi-
cient recording samples (<3 song types). These males were
mostly from urban landscapes due to accidental record-
ings of males adjacent to focal territories (n = 4), or
overall poor recording quality from unusually high am-
bient noise (>70 dBA, 1 male). Because our samples
were more limited by rural than urban males, these de-
letions likely do not bias results.

Annual reproductive success From mid-March to
September, we closely monitored territories of males to deter-
mine annual reproductive success. We visited territories every
2–3 days to locate and check nest contents until completion.
Nesting attempts were considered successful if young were
visually observed following day of fledging. Fledges from
multiple nesting attempts were summed for each male
for seasonal reproductive success. The number of young
fledged over the course of a season was considered a
reasonable estimate of paternity because cardinals exhib-
it low extra-pair fertilizations and high levels of mate-
guarding (Ritchison et al. 1994).

Territory quality Territory quality was quantified by measur-
ing vegetative attributes known to be strongly preferred by
cardinals, particularly high density of understory shrubs and
exotic shrubs (Conner et al. 1986; Leston and Rodewald
2006). We described vegetation composition and structure
by selecting one early-season and one late-season nest along
with one random point within the territory for sampling (25 m
in a random direction from the ‘early-season’ nest sampled).
Vegetation was measured in an 11.3 m–radius circle centered
on the nest or random point. Trees and large woody shrubs
were identified and classified in 4 size classes (3–8, 8–26, 26–
38, and 38+ cm diameter breast height (dbh). A large
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proportion of vegetation in the 3–8 cm dbh size class was
comprised by native tree saplings and Amur honeysuckle
(Lonicera maackii) > 3 m high. Shrubs <3 m were quantified
by percent cover within the circle.

Parental careWe estimated male parental care by quantifying
provisioning visits during the nestling stage. Nests were ob-
served for one hour between days 5–7 post-hatching to control
for variation at different nestling ages. Age was estimated
from known hatch date or by nestling development (during
the first subsequent visit following hatch day). During an ob-
servation, the observer was positioned in a concealed location
>10 m from the nest. Observations were completed in the
afternoon, during times of clear weather, and only when adults
were not disturbed by the observer’s presence. The observer
counted number of feeding visits by each adult as well as
behaviors around the nest area. The number of nestlings was
visually confirmed following each observation and adult feed-
ing visits were divided by nestling number to obtain feeding
visits per nestling by the male which describes the effort that
each nestling is receiving independent of brood size.

For nests within reach (<4 m high), nestlings were weighed
to the nearest 0.01 g and tarsi measured to the nearest 0.1 mm.
Tarsus length was highly correlated with nestling age (r > 0.7)
so tarsus was only included as a measure of size. Condition
was obtained by regressing mass by tarsus and time (Jakob
et al. 1996). Since nestlings from the same brood cannot be
considered independent, mean nestling condition was calcu-
lated for each nest.

Statistical analysisWe used a principal components analysis
to reduce the number of variables associated with song (see
supplemental materials) and retained components with eigen-
values >1. Principal component 1 (PC1) indicated changes in
temporal features whereas principal component 2 (PC2) and
principal component 3 (PC3) indicated changes in frequency.
PC1 had factors loadings that reflected decreases in temporal
features of song (number of syllables; −0.84 and syllable rate:
−0.90), such that increases in this component reflects songs
that are increasing in speed and duration. PC2 loaded positively
toward peak andmaximum frequency such that increases in PC2
described increases frequency (peak frequency: 0.79, maximum
frequency: 0.73). PC3 was loaded negatively toward minimum
frequency such that increases in PC3 described decreases in
minimum frequencies (minimum frequency:-0.92). Hereafter
we call these variables the temporal component (PC1),
peak/max frequency (PC2) and minimum frequency (PC3).

We also used a principal components analysis to reduce the
number of variables in body size and vegetation characteris-
tics (supplemental materials). One component that explained
>50% of the variation was retained to represent ‘body size’.
This component loaded positively toward both wing and tar-
sus (wing: 0.73, tarsus: 0.73). Because cardinals prefer

territories with dense vegetation, we only used the first com-
ponent from our vegetation PCA, ‘shrub and sapling density’,
in subsequent analyses. This component loaded positively to-
ward shrub density and number of 3–8 dbh trees (shrubs: 0.76,
3–8 dbh trees: 0.78).

Finally, we used generalized linear mixed-effect models
(GLMM) to test for the relationships between fitness parame-
ters and song parameters. Changes in the relationship between
urban and rural landscapes were tested using the interaction
between song and a continuous index of urbanization. As
such, all full models included one of the song components
as a fixed factor (temporal, peak/max frequency, minimum
frequency components), urbanization and the interaction be-
tween song and urbanization. Because multiple males were
recorded at each site and we were interested in the effect of
surrounding urbanization, site was used as a random effect in
the model. Because every fitness parameter was not collected
for each male, sample sizes differ between models and we had
to run separate models for each fitness parameter. If the inter-
action termwas non-significant (p > 0.1) this termwas deleted
and re-run with the subsequent simpler model (Zurr et al.
2009). Model fit assumptions were validated by plotting and
visually inspecting residuals against fitted values and a normal
quantile plot of residuals (Zurr et al. 2007). The fledge count
model was run with a Poisson distribution with a loglink (Zurr
et al. 2009; O’Hara and Kotze 2010) using the glmmPQL
function in R (package MASS, version 7.3–16, Venables
and Ripley 2002). All other models were run with a
Gaussian distribution using the lme function in R (package
nlme, version 3.1–102, Pinheiro et al. 2017).

Results

Relationships between quality attributes and song
Interestingly, the relationship between temporal component
(PC1) and body size was dependent upon the surrounding land-
scape (Temporal x Urban: β = −0.27 ± 0.11, F7,32 = 6.72,
p = 0.01; Table 1). Males with the shortest and slowest songs
had the largest body size in rural landscapes, but this pattern was
absent in urban landscapes (Fig. 1). No significant relationship
existed between body size and the peak/max frequency and
minimum frequency components, urbanization, nor the
interaction between these traits and urbanization (Table 1).

The relationship between the temporal song component
and territory quality also varied by landscape (Temporal x
Urban: β = −0.23 ± 0.11, F7,35 = 4.79, p = 0.04; Table 1),
such that males singing shorter, slower songs had territories
with the highest density of shrubs and saplings, but only in
rural landscapes (Fig. 2). The opposite was true in urban land-
scapes, where males singing faster, longer songs had terri-
tories with the highest density of shrubs and saplings.
However, shrub and sapling density increased over the urban
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gradient for all models (Table 1), largely due to the increase in
Amur honeysuckle (Lonicera maackii) densities in urban
compared to rural sites. The minimum frequency component
(PC3) was also positively related to shrub and sapling densi-
ties, such that males singing higher frequency songs inhabited
territories with the highest densities of shrubs and saplings
(Minimum Frequency: β = 0.30 ± 0.15, F7,35 = 5.97,
p = 0.02; Table 1). Territory quality was not related to
peak/max frequency, nor to the interaction between
peak/max frequency and urbanization.

The minimum frequency component was positively related
to nestling condition such that males singing songs with lower
minimum frequencies had nestlings in better condition,

irrespective of landscape type (Minimum Frequency:
β = 0.64 ± 0.26, F6,17 = 6.90, p = 0.02; Table 1; Fig. 3).
There was no significant relationship between nestling condi-
tion and the temporal or peak/max frequency component, nor
the interactions (Table 1). There was no significant relation-
ship between male feeding rates and song components, urban-
ization, nor the interaction between song and urbanization.
(Table 1).

Relationships between reproductive fitness and song
Contrary to predictions, annual fledgling success was unrelat-
ed to any song component or the effect of urbanization. In
addition, there was no significant interaction between song

Table 1 Results from generalized linear mixed models among body size (PCA of wing and tarsus), nestling condition (residuals of weight against
body size), male nest provisioning (visits per nestling), reproductive output (total young fledged over the season), and territory quality (density of shrubs
and saplings) with song parameters for male cardinals in central Ohio, 2011

Factor Body Size
n = 42

Nestling Condition
n = 26

Provisioning Rates
n = 33

Reproductive Output
n = 49

Territory Quality
n = 45

β (SE) P β (SE) P β (SE) P β (SE) P β (SE) P

Temporal 0.16 (0.12) 0.15 −0.36 (0.20) 0.07 −0.17 (0.10) 0.10 −0.01 (0.09) 0.88 0.00 (0.12) 0.98

Urban −0.20 (0.13) 0.17 0.01 (0.39) 0.99 0.00 (0.13) 0.85 −0.23 (0.14) 0.13 0.52 (0.17) 0.02

Temporal x Urban −0.27 (0.11) 0.01 −0.23 (0.11) 0.04

Peak/max Frequency 0.14 (0.14) 0.31 −0.20 (0.26) 0.42 0.09 (0.14) 0.52 0.01 (0.10) 0.94 0.03 (0.13) 0.79

Urban −0.25 (0.19) 0.21 0.03 (0.41) 0.95 0.06 (0.14) 0.69 −0.22 (0.13) 0.13 0.48 (0.20) 0.05

Peak/max Frequency X Urban −0.46 (0.24) 0.06

Minimum Frequency −0.09 (0.16) 0.58 0.64 (0.26) 0.02 0.03 (0.16) 0.85 0.05 (0.11) 0.67 0.30 (0.15) 0.02

Urban −0.33 (0.18) 0.08 0.26 (0.38) 0.50 0.04 (0.13) 0.81 −0.21 (0.14) 0.16 0.55 (0.19) 0.02

Minimum Frequency X Urban −0.24 (0.14) 0.08

Factors in each model are the principal components of song, urbanization and the interaction between song and urbanization, which represents a change
in the relationship between song and the fitness parameter over the urban gradient. All significant relationship (p < 0.05) are bolded. Relationships
between temporal characteristics and body size & territory quality changed over the urban gradient. Relationships among temporal characteristics,
minimum frequency and provisioning and nestling condition were consistent across the rural-urban gradient
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features and urbanization between landscapes for reproductive
output (Table 1).

Discussion

Our study provides evidence that urban environments can
alter the usefulness of song as a signal of male quality for
some, but not all, fitness attributes. Relationships among body
size, vegetation and song characteristics were landscape

dependent, such that males with the shortest and slowest songs
were larger and occupied more preferred territories, but only
in rural forests. Other relationships were consistent across
landscapes, including the pattern that males singing at high
frequencies had nestlings in poorer condition and occupied
preferred territories with high densities of vegetation. We
found no evidence that song attributes were related to either
annual reproductive success or male feeding rates.

Whereas numerous previous studies have described song
differences between urban and rural birds (Roca et al. 2016),
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few have evaluated the functional consequences of urban-
associated changes in song despite pleas for further study
(Patricelli and Blickley 2006; Gil and Brumm 2013;
Halfwerk and Slabbekoorn 2013; Read et al. 2014; Wong
and Lowry 2016). To our knowledge, this study is the first
to show that relationships between song and other quality
traits may differ in rural and urban landscapes. Both female
(Halfwerk et al. 2011; des Aunay et al. 2014) andmale (Luther
andMagnotti 2014) birds respond less favorably to song in the
presence of urban noise under experimental conditions, but
relationships between song and male quality in urban systems
have not been tested.

Our finding that short and simple songs were positively
associated with male quality, though only in rural
landscapes, is consistent with previous work on cardinal
song. Conner et al. (1986) demonstrated that males in non-
developed landscapes that sang short songs of low complexity
secured better territories and fledged more young. Others have
shown that large body size provides fitness advantages in
interspecific competition, survival and reproduction (Kodric-
Brown and Brown 1984; Jennions et al. 2001). Nevertheless,
we found that the relationships between song and either body
morphology or territory quality were landscape-dependent,
such that song failed to signal information about body size
and density of vegetation in urban landscapes.

In addition to contributing to background levels of spatial
heterogeneity in signal selection (Cornwallis and Uller 2010),
variable environments may decouple relationships between
sexual traits and the information they once signaled
(Higginson and Reader 2009). Indeed, the degree to which
sexual traits are associated with morphology or reproductive
output varies widely across geographic ranges and landscapes
(Yeh 2004; Badyaev et al. 2008; Jones et al. 2010; Vortman
et al. 2011). One potential explanation for variation in the
usefulness of a sexual trait is that males in poor habitat reduce
the quality of advertisement when resources are low (VanOort
et al. 2006). Alternatively, features in a novel environment
(e.g. anthropogenic resource subsidies or exotic plants) may
select for ornamental traits that do not necessarily signal indi-
vidual quality (Rodewald et al. 2011). Concordantly, song that
provides unreliable information about a signaler’s condition or
intent may unnecessarily increase time spent defending the
territory against intruders (Conner et al. 1986) or reduce mat-
ing opportunities with prospective females (Catchpole 1987;
Swaddle and Page 2007; Halfwerk et al. 2011). Based on prior
work in this system, urban birds sang songs that were longer
and faster due to increased conspecific densities (Narango and
Rodewald 2015). Given that short songs are more attractive in
this species, but relationships between song and body size is
unreliable in urban environments, smaller males could secure
more preferred territories and experience higher fitness further
disassociating the usefulness of song as a signal of quality in
urban landscapes.

Although other studies have consistently shown that mini-
mum song frequencies increase in loud urban environments
(reviewed in Roca et al. 2016), few have explicitly evaluated
relationships between urban-associated frequency variation
and other aspects of quality (Wong and Lowry 2016).
Contrary to our predictions, we did not find support that in-
creases in frequency (either peak/max or minimum frequency)
provided any reproductive benefits, or consequences, in urban
systems. Rather, males with high minimum frequencies had
nestlings in lower condition – a relationship not explained by
feeding rates, which were unrelated to frequency (Pearson’s
correlation, r = 0.17, p = 0.41). Males with higher minimum
frequencies also tended to have territories with high densities
of vegetation in both landscapes, although total density of
vegetation was different between urban and rural landscapes.
Our proposed explanation for these relationships is that males
singing at high minimum frequencies have secured territories
in habitat that 1) are in disturbed areas dominated by invasive
plants and 2) provide poor habitat for nestlings, given that
noisy territories are often located close to high anthropogenic
activity (e.g. roads) irrespective of landscape type. Noise itself
can reduce nestling begging and the ability of adults to com-
municate to hear nestling signals (Warren et al. 2006; Leonard
and Horn 2012). However, noise may also be correlated with
habitat quality, as roads and edges tend to be dominated by
invasive plants (Borgmann and Rodewald 2005) that are
known to support fewer and lower quality arthropod prey
items that are essential for nestling growth (Tallamy 2004;
Magura et al. 2006; Isaksson and Andersson 2007). In this
system, male cardinals tend to prefer territories with dense
exotic plants, despite reductions in fitness (Leston and
Rodewald 2006; Rodewald et al. 2011). These results suggests
that the highest quality males may be singing high fre-
quency song that is better able to secure mates, albeit at
the expense of attracting females to suboptimal habitat.
Further investigation of the interplay between noise,
vegetation and other forms of avian behavior is needed
to elucidate mechanistic causes from correlation.

One important caveat to this study is that we used an ob-
servational approach to investigate natural song behavior in
urban birds. In urban areas, bird song structure may vary due
to a several concurrent changes in the environment such as
noise (Roca et al. 2016), conspecific density (Narango and
Rodewald 2015), and habitat structure (Dowling et al. 2012;
Job et al. 2016). However, adjustments may occur in the long-
term via signal evolution (Derryberry 2007) or in the short-
term by improving transmission with proximate adjustments
in song structure (Hu and Cardoso 2009), types (Halfwerk and
Slabbekoorn 2009), amplitude (Brumm and Slabbekoorn
2005) or activity (Díaz et al. 2011). Birds that prosper in urban
areas may also be more behaviorally plastic. For example, in
some species, females evaluate mates by evaluating the com-
plexity in vocalizations because this feature could indicate an
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individual’s cognitive ability (Boogert et al. 2008). If structur-
al components of song are not related to direct fitness benefits,
song plasticity, as an indicator of behavioral flexibility, could
be a more useful indicator of male quality. Future studies
should utilize an experimental approach to test whether an
individual’s ability to respond to urban-associated changes in
the acoustic environment (LaZerte et al. 2016) is related to
reproductive benefits as well.

Also important to note is that frequency may not be an
important signal of quality for cardinals, unlike other species
(Gil and Gahr 2002; Christie et al. 2004; Halfwerk et al. 2011,
but see Luther and Magnotti 2014). Observable increases in
minimum frequency could be an artifact of singing louder in
noisy environments (Nemeth et al. 2012) and lack any func-
tional information. However, because our minimum frequen-
cy measurements increased independently of peak and maxi-
mum frequency, this is unlikely to be the case (Cardoso and
Atwell 2012). Regardless, Conner et al. (1986) found no pos-
itive correlations between cardinal song frequency and repro-
duction. For this species, individual fitness appears to be pri-
marily related to song temporal structure or by plumage
(Wolfenbarger 1999), as well as prey availability and preda-
tion pressure, which was outside the scope of this study.
Although the association we found between song frequency
and territory quality (based on preferences) might initially
suggest frequency is a useful cue, our previous work indicates
that nests in those territories often fail when territories contain
exotic invasive honeysuckle – thereby amounting to an eco-
logical trap for high quality males (Rodewald et al. 2011).

A growing paradigm in behavioral ecology is that relation-
ships between sexually selected traits and fitness attributes are
not static, but can vary in heterogeneous environments
(Cornwallis and Uller 2010). In this way, the rapid expansion
of urbanization may provoke rapid changes in selective envi-
ronments within cities. Our study is one of the first to provide
evidence that the usefulness of song as an indicator of quality
may break down in cities, as evidenced by the decoupled
relationships among temporal song elements, morphology,
and territory quality. In contrast, the complex social use of
song, coupled with high behavioral plasticity, maymake vocal
signals less susceptible to significant changes in fitness
consequences. Future studies should combine experi-
mental and observational based designs to further eluci-
date possible mechanisms behind dynamic sexual selec-
tion in human-dominated systems and the influence of
urban-associated habitat changes on the development
and maintenance avian behavior.
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