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Most studies demonstrating associations between avian song and urbanization have tested noise as the primary driver, but alternative
explanations remain largely unexplored. In particular, urban-associated changes in vegetation, density of conspecifics, and morphol-
ogy also may promote changes in song. In this study, we 1) identified relationships between urbanization and song characteristics and
2) evaluated the extent to which altered song was explained by variation in noise level, vegetation, social context, and morphology of
individual birds. We monitored the territories and recorded songs of northern cardinals (Cardinalis cardinalis) within forest stands in
central Ohio that varied with surrounding urbanization. As landscapes surrounding forests urbanized, songs were longer, sung at faster
rates, and comprised of higher-frequency notes. Noise best predicted minimum song frequency, with individuals singing at higher
frequencies in environments with higher levels of background noise. However, temporal attributes of song (e.g., syllable rate, length)
were best explained by conspecific densities, which are substantially greater in urban than rural landscapes. Morphology and vegeta-
tion did not predict any song attributes tested. These findings show that although anthropogenic noise may shape urban-associated
changes in song, other features of the urban environment may be more important contributors to patterns in song variation.

Key words: acoustic adaptation, bird song, body morphology, conspecific densities, noise, northern cardinal, urbanization,
vegetation.

INTRODUCTION 1994; Badyaev and Leaf 1997; Bradbury and Vehrencamp 1998;
Slabbekoorn and Smith 2002b), there should be strong selec-
tive pressure for vocalizations that propagate efficiently in a given
habitat (i.e., acoustic adaptation hypothesis; Morton 1975). Indeed,
cities are different from natural areas in a myriad of ways, and

Although the consequences of the human footprint on other
organisms are most commonly measured in terms of demography
or habitat preferences, anthropogenic pressures can prompt a wide
variety of behavioral shifts and, in some cases, can lead to novel

behavioral adaptations (Shochat et al. 2006; Alberti 2015). Variable accordingly, avian song be}.lavior‘ should b(? diﬂjerent as v.vell. o
The most commonly cited difference in bird song is a rise in

minimum frequency in urban compared with nonurban settings
(Slabbekoorn and den Boer-Visser 2006; Mockford and Marshall
2009; Gross et al. 2010; Seger et al. 2010; Dowling et al. 2012)

and in noisier areas within developed areas (Fernandez-Juricic et al.
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urban systems are a great laboratory in which one can example
behavioral responses to human activities, and within them, the
structural attributes of bird song have been one of the most exten-
sively studied behaviors. Vocal behavior is sensitive to a wide

range of environmental conditions (Morton 1975; Slabbekoorn . ;
and Smith 2002a; Hansen et al. 2003; Kirschel et al. 2009), 2005; Bermudez-Cuamatzin et al. 2009). Songs of urban birds also

has strong fitness implications (Catchpole 1987; Buchanan and may have different lengths and rates (Brumm and Slabbekoorn

Catchpole 1997; Gil and Gahr 2002), and can be highly variable 2002 Nemeth and Brumm 2009), comprised of  different song
types (Halfwerk and Slabbekoorn 2009), reflect lower energy in

low-frequency notes (Wood and Yezerinac 2006), and of louder
song amplitude (Brumm 2004). Whether such urban-associated
shifts reflect long-term selective environments for effective com-
munication (Tobias et al. 2010) or short-term behavioral plastic-
Address correspondence to D.L. Narango, who is now at Department of ity in the production of bird song (Gross et al. 2010; Verzijden

Entomology and Wildlife Ecology, University of Delaware, Townsend Hall, et al. 2010: Bermudez-Cuamatzin et al. 2010: Goodwin and
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A.D.R. Coauthor is now at Cornell Lab of Ornithology, Department of . ¢ . ) i
Natural Resources, Cornell University, 159 Sapsucker Woods Road, Ithaca, be drivers. Change in the urban acoustic environment is the most
NY 14850, USA frequently invoked explanation for song variation, in part because

among populations and individuals (Catchpole and Slater 2003;
Nelson and Poesel 2007). Because habitat attributes can impede or
attenuate sound (Anderson and Conner 1985; Nelson and Marler

Podos 2013), there are a number of attributes of cities that may
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overlap with competing natural sounds can thwart effective com-
munication and promote shifts in dominant frequencies and timing
(Bradbury and Vehrencamp 1998). Environmental noise in urban
habitats is composed primarily of sound energy in the lowest fre-
quencies (<2kHz) typical of traffic, construction, and other anthro-
pogenic sources (Slabbekoorn and Peet 2003), which presumably
could select for song characteristics that avoid a masking effect.

However, human development simultaneously affects several
ecological attributes that may influence song behaviors in similar
ways. For example, variation in vegetation can favor efficient trans-
mission of different vocalizations in different habitat types (Morton
1975; Bradbury and Vehrencamp 1998), forest stands (Anderson
and Conner 1985) or strata (Nemeth et al. 2001). Similarly, urban
landscapes are composed of dense exotic vegetation (Borgmann
and Rodewald 2005), younger trees, or buildings (Warren et al.
2006) that may inhibit acoustic transmission. In addition, because
song occurs within particular social contexts, changes in avian
densities within cities (Bakermans et al. 2006; Shochat et al. 2006;
Rodewald and Shustack 2008b) may drive song variation by alter-
ing competition for resources and territorial interactions between
neighbors (Brumm 2004; Ritschard et al. 2011), exaggerating traits
in response to increased aggression (Searcy and Beecher 2009;
Linhart et al. 2013), or mediating testosterone (Ketterson et al.
1992; Ritschard et al. 2011). Lastly, song variation may be a func-
tion of interspecific body or bill size (Ryan and Brenowitz 1985; Gil
and Gahr 2002; Badyaev et al. 2008; Derryberry 2009). Although
differences may be due to patterns of individual song use then mor-
phological constraint per se (Handford and Lougheed 1991). As
suggested by Slabbekoorn et al. (2007), song changes observed in
cities may reflect morphological differences observed in rural and
urban individuals that settle in urban territories (Rodewald and
Shustack 2008a; Liker et al. 2008); however, to our knowledge, this
remains untested.

In order to determine the proximate causes of urban-associ-
ated behavioral changes, ecologists should strive for a mechanistic
approach (Shochat et al. 2006). Our understanding of the processes
that shape song structure in urban habitats remains incomplete and
largely focused on noise as the primary cause. This study simultane-
ously evaluated the evidence for 4 non-mutually exclusive hypoth-
eses explaining urban-associated song variation. Specifically, we
proposed that song could vary in response to increased urbaniza-
tion because of 4 non-mutually exclusive predictions: 1) nowse: loud
anthropogenic noise elicits upward shifts in frequencies and longer
songs because urban ambient noise masks sound in the lowest fre-
quencies and redundancy increases the likelihood of being heard;
2) conspecific densities: higher densities of conspecifics promote faster
and longer songs due to changes in motivational states, and higher
frequencies because of increased aggressive encounters; 3) vegetation:
higher densities of understory plant stems favor songs that are lower
frequencies and at faster syllable repetition because these sounds
suffer reduced degradation from scattering effects; and 4) body mor-
phology: smaller body sizes are related to increases in frequency and
faster rates because of morphological limitations in song production
and modulation and/or individual quality in song performance.

METHODS
Study area

This study was conducted between March and August in 2011 in 9
mature riparian forest stands along 3 rivers (Olentangy, Darby, and
Alum Creek) in and around Columbus, OH. Digital orthophotos
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were used to quantify landscape composition (buildings, imper-
meable surface, agriculture, forest, shrubland, wetland, and open
water) within a 1-km radius from the site, and these metrics were
used in a Principal component analysis (PCA) to create an index
of urbanization for each site (see Rodewald and Shustack 2008a
for more details). Sites were separated by at least 2 km and were
composed of contiguous linear riparian habitat with similar forest
widths and sizes (~4-6 Ha). Dominant tree species included maple
(Aeer spp.), sycamore (Plantanus occidentalis), elm (Ulmus spp.), and cot-
tonwood (Populus deltoids). Dominant understory shrubs were amur
honeysuckle (Lonicera spp.), multiflora rose (Rosa multiflora), Ohio
buckeye (desculus glabra), and box elder (Acer negundo).

Study species

We used the northern cardinal (hereafter “cardinal”) to investigate
variation in song characteristics. Cardinals are a synanthropic spe-
cies that breed in a variety of habitats in both rural and urban
landscapes. Cardinals have a long nesting season (early-April to
late-August in this region) and sing from territorial perches through-
out season. Song appears to be used in both male-male competi-
tion and female attraction (Halkin and Linville 1999).

Data collection

We wvisited sites weekly (n = 10 visits) to spot-map densities of
breeding cardinals. Observers systematically walked a 2-ha grid-
ded area for at least 1h and noted observations of singing, call-
ing, and parental behavior of birds. At the end of the season, we
delineated territories for each individual to determine number of
breeding pairs per site using 3 observations as a minimum for ter-
ritory inclusion (Bibby et al. 2000) as well as territorial mapping of
color-banded cardinal pairs and nesting attempts.

We captured cardinals at each site using mist-nets and fitted
with a steel USGS band and a unique combination of 3 color
bands (n = 45). On capture, we measured tarsus and wing to
quantify body size and bill length, width, and depth for bill size.
We collected additional song and territory information from 45
color-banded males across the 9 sites. Males that were unable to
be captured were included in analyses if they were paired with a
banded female ( = 5) and/or exhibited reliable territory bound-
aries and song perches as determined by our spot-mapping efforts
and behavioral observations (n = 4).

To assess stem densities within the territory for each focal male,
we sampled vegetation surrounding 1 early and 1 late nest (i.e., 2
nest attempts per male) as well as a randomly located plot within
the territory, in order to capture within-season variation. An “early-
season” nest was defined as the first nest active in April-May,
whereas the first nest active between June and July was considered
a “late-season” nest. Within the circle, we identified and assigned
trees and large woody shrubs to one of 4 size classes (3-8, 8-26,
26-38, and 38+ diameter at breast height [dbh]) within an 11.3-m
radius sampling circle centered on the nest (Martin and Conway
1994). For each quadrant of the circle, we also estimated percent
shrub cover of the most abundant 3 shrubs (including exotic honey-
suckle). Lastly, we averaged measurements from the 3 plots to get a
vegetation density per territory.

We recorded song between 15min and 5h after sunrise on week-
days between March and June of the breeding season. We conducted
weekly focal watches for 30min on each territory in order to record
song behavior and measure noise on each male over multiple occa-
sions within the breeding season. Territory visits were alternated
in order to capture variation in noise and song over time of day.
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Vocalizations were digitally recorded when a male was observed
singing using a Marantz PMD 670 digital recorder and a Seinheiser
directional microphone. Songs were sampled at 44.1kHz with a bit
rate of 768 kbps and saved as uncompressed mono.wav files. The
male’s identity was confirmed by visual identification of color bands
(45 males, most observations) and/or associations with known females
or nesting attempts during the recording, or immediately thereafter.

After each weekly recording, noise decibel (dB) levels were mea-
sured using a sound pressure level meter (American Recorder
Technologies, 0.1 dB resolution) on A/low weighting calibrated to 94
dB using IEC651 Type II standards and slow response time weighting
to capture the dB value of the background noise level. The A weight-
ing was chosen because it best measures the frequency bandwidth
of sound that comprises the range of cardinal song (700-8000 Hz;
Halkin and Linville 1999). At the approximate song perch, a noise
measurement was taken in each direction every 15s for a total of 4
measurements per sound recording. All weekly noise measurements
were pooled and averaged over each individual’s territory.

Song analysis

Digital spectrograms were created using Raven 1.4 Pro (Cornell
Lab of Ornithology, see Supplementary Material). All variables
were measured using the manual cursor and by the same observer
(D.L.N.). Although frequency measurements can also be measured
by power spectra (Zollinger et al. 2012), visual measurement can
provide a valid measurement of frequency and is not prone to large
measurement error when the signal to noise ratio is small in the
presence of background noise (Verzijden et al. 2010; Cardoso and
Atwell 2011, 2012) as in the case of urban habitats. To preserve
high measurement resolution, we measured time elements of songs
using a discrete Fourier transform of 256 and 1024 for frequency
clements. For each song sample, we measured minimum and maxi-
mum frequency as the position of the lowest and highest frequen-
cies on the spectrum and frequency bandwidth as the difference
between these measurements. Peak frequency was calculated in
Raven as the frequency with the highest power relative to other fre-
quencies within the song. For time measurements, we recorded song
length (seconds), number of syllables, number of syllable types, and
syllable rate (syllables/second). Mean measures of song character-
istics per male were used in analyses to minimize any subjectivity.
Songs were included in subsequent analyses only if they were
1) composed of 3 or more syllables, 2) clean recordings with minimal
reverberations, 3) free of significant overlap with other biological or
ambient sounds, and 4) able to be assigned to a territory based on color
band combinations or associations with color-banded females. Because
there is more variation among than within song types and identical
song types in a bout are inherently similar and non-independent, we
selected the highest quality recording of each song type during the
sampling period for digital analysis. Song types were defined according
to Lemon (1965) such that a type was specified as a unique “utterance”
of 1 or more syllable types where the time between syllables (<1s) was
less than the time between songs (>1s). Different combinations of syl-
lable types were considered different song types. As some song features
may be used more often than others, identical song types sung on sub-
sequent observation periods were included as unique measurements.

Statistical analysis

We used a series of linked approaches to determine which
alternative hypotheses best predicted urban song variation.
First, we tested for variable redundancy using a Pearson’s
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correlation matrix. Second, we conducted PCA on both song
and vegetation variables separately to extract components that
best explained variation. To examine changes in song charac-
teristics as surrounding landscapes became more urban, we
used the principal components of song in a linear regression
with the urban index values. Pearson’s correlations were used
to describe associations between our variables of interest (i.e.,
noise, vegetation, density, and morphology) and urbanization.
Finally, we used Akaike’s information criteria (AICc) corrected
for small sample sizes to test our alternate hypotheses explain-
ing song variation.

Prior to analysis, we tested variables for equal variance (Levene’s
test for homogeneity of variance) and normality (normal quantile
plot, Shapiro—Wilks Test), but no variables required transformation.
We screened for possible multicollinearity with Pearson’s correla-
tion tests, and in cases where a pair of variables was highly corre-
lated (r > 0.7), we excluded 1 member from analysis. Average high
frequency and average frequency bandwidth were highly correlated
(r=0.99), as were song length and number of syllables (r = 0.80).
We chose to remove frequency bandwidth as a redundant variable
because maximum frequency was largely driving this relationship.
We also chose to retain number of syllables and removed song
length.

A similar approach was used to reduce the number of vegetation
variables. Because numbers of 3-8 cm dbh honeysuckle stems were
strongly correlated with total number of small stems (3-8 cm dbh;
r = 0.99) and percent honeysuckle shrubs (<3 dbh) was correlated
with total percent shrub density was correlated with (r = 0.96), we
excluded specific honeysuckle measurements in favor of broader
structural measurements.

In order to initially identify which song features changed with
increasing urbanization, we performed a linear regression between
the song components and landscape index. Each site had a unique
urban index; therefore, site was not included as a separate variable
in the models. Because our aim was to only include song variables
that may be functionally different in our subsequent models, and
we expected song features to be more strongly related to local vari-
ables rather than urbanization per se, we considered an alpha <0.1
to indicate significant relationships.

To examine the association between song variation and ecological
factors associated with urbanization, we used an information theo-
retic approach for multiple models using Akaike’s information crite-
ria (AICc) corrected for small sample sizes (Burnham and Anderson
1998). We chose 5 a priori variables that represented alternative
hypotheses to explain song variation: noise levels (noise), vegetation
composition (understory density, large and small trees), conspecific
density, body size, and a global model containing all variables. In
addition, we considered a null model where the predictive vari-
able was a constant to account for the possibility that none of our
a priori models explained the variation in the data. The model with
the lowest AAICic value indicated the model with the best fit while
minimizing the number of parameters. All models were general-
ized linear models using song characteristic as the dependent vari-
able and each environmental hypothesis as an independent variable
using Gaussian distribution and identity function (Zurr et al. 2007).
Missing data points were included in the models by filling in mean
values for the variable because this imputation method does not
affect the sample mean for the variable and thus does not introduce
bias (Zurr et al. 2007). All statistics were performed using program
R 3.1.1 for Windows (R Development Core Team 2014).
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RESULTS
Recorded males

In 2011, 66 males were recorded over the season. Using our criteria
for song inclusion and excluding males not recorded in the focal
arca, we measured 610 songs with 8.28 +4.55 song types from each
male (n = 54, 27 from rural and 27 from urban). Minimum low
frequency of cardinal song was 1047.87 and maximum high fre-
quency was 8694.15 Hz, which overlaps with the range of typical
low-frequency ambient noise (<2 Hz, Slabbekoorn and Peet 2003).

Principal components analysis

Using song averages for each male, we reduced the variables,
number of syllables, minimum frequency, maximum frequency,
peak frequency, and song rate into 3 latent variables (eigenvalues
> 1) using a PCA that explained 80.8% of the variation in song
(Zurr et al. 2007). The first principal component (PC1) described
songs becoming slower and shorter and ranged from —3.18 to 2.60,
which represented a difference of 18.22-6.17 average syllables
and 5.67-2.41 average syllables per second. The second principal
component (PC2) increased with peak frequency and high fre-
quency, reflecting a range of average peak frequency from 2045.65
to 3560.13 Hz and average high frequency Hz from 3549.41 to
8131.40. The third principal component (PC3) was negatively
related to minimum frequency such that increases in PC3 described
decreases in minimum frequency, and it represented a difference
between 1047.87 and 1749.68 in average minimum frequency Hz.
Hereafter, we call these variables as temporal components (PC1),
peak/high frequency (PC2), and minimum frequency (PC3).

A PCA of the variables, trees in 4 size classes (3-8, 8-23, 23-38,
and 38+ dbh), and percent shrub cover showed that 3 components
explained 73.5% of the variance. The first principal component
(PC1) had factors that loaded positively toward high shrub densi-
ties and saplings (Table 1). The second principal component (PC2)
had factors that loaded positively toward small and medium trees
(Table 1). The third principal component (PC3) had factors that
loaded negatively toward only large trees, therefore higher values
contained low numbers of larger trees (Table 1). We described the
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latent variables as understory density (PC1), small trees (PC2), and
large trees (PC3).

Urban-associated changes in song

The temporal principal component of song was negatively asso-
ciated with urbanization (3: —0.31+0.16, F, 5, = 3.45, P = 0.07;
Figure 1) meaning urban songs were longer and faster. The compo-
nent that represented minimum frequencies also decreased over the
gradient (B: —0.28+0.12, F, 55 = 5.10, P = 0.03; Figure 1) such that
minimum frequencies rose as sites became more urban (Figure 2).
The component for peak and high frequency increased over
the rural-urban gradient (3: 0.30£0.14, F, 5 = 4.95, P = 0.03;
Figure 1) as well, such that urban songs had higher peak and maxi-
mum frequencies.

Evidence for alternative mechanisms

As expected, as landscapes surrounding forests urbanized, the envi-
ronment changed in ways that might affect bird song. As urban-
ization increased, site-level noise (r = 0.81), conspecific densities
(r=0.89), large trees (r = 0.92), and shrub densities (r = 0.94) (influ-
enced by presence of exotic honeysuckle) increased, whereas body
sizes decreased (r = —0.79) (Table 2). Numbers of small trees had
no relationship with urbanization (r = —0.28).

Model selection for song variation

When considering alternative mechanisms to explain urban-asso-
ciated changes in temporal PC1, the top model was number of
conspecific territories at the site level (Table 2; w = 0.93) meaning
songs were longer and faster as sites conspecific density increased
(B = —0.22£0.06, 95% confidence interval [CI]: —0.35, —0.10,
F=1253, P < 0.001; Figure 2). Minimum frequency PC3 was
best explained by and negatively related to noise levels at the ter-
ritory site (Table 3, Figure 3; w = 0.90; f = —0.13+0.02, 95%
CI: —0.18, —0.09, F' = 29.92, P < 0.001) meaning that minimum
frequencies were higher in noisier territories. Peak/high fre-
quency PC2 of song was not well explained by any model, as the
null model was included within the top model set (AAICc < 2;
Table 4).

Table 1
Factor loadings and eigenvalues for the PCA of vegetation and song variables of male northern cardinals in central Ohio, 2011
Components

Variable 1 2 3 4 5

Vegetation
Eigenvalues 1.18 1.13 0.98 0.94 0.70
Saplings 0.77 0.15 —0.24 0.43 0.38
Small trees —0.05 0.69 —0.32 —0.62 0.21
Medium trees —-0.13 0.81 —-0.07 0.46 —-0.33
Large trees 0.28 0.34 0.88 —0.11 0.10
% Shrub cover 0.84 —0.08 —=0.11 —0.32 —0.42
Component interpretation Increasing shrub density Increasing small trees Increasing large trees — —

Song
Eigenvalues 1.31 1.09 1.00 0.87 0.58
Minimum frequency —0.32 —0.04 —0.92 —0.17 0.13
Maximum frequency 0.26 0.73 —-0.25 0.58 —-0.07
Peak frequency —0.16 0.79 0.12 —0.58 —0.05
Number of syllables —0.84 0.17 0.27 0.23 0.38
Syllable rate —0.90 —0.07 —0.02 0.13 —0.41

Component interpretation Slower, shorter songs

Increasing peak/high frequency

Decreasing low frequency — —
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Figure 1

Temporal song components (PC1), peak/high frequency song components
(PC:2), and minimum frequency song components (PC3) across a range of
urbanization. As urbanization increased, males sang songs that were longer
and faster (PC1) and had higher peak, maximum (PC2), and minimum
frequencies (PC3).

DISCUSSION

Although loud acoustic environments are usually invoked to explain
altered bird song in cities (Patricelli and Blickley 2006; Slabbekoorn
and den Boer-Visser 2006; Wood and Yezerinac 2006; Mockford
and Marshall 2009), our findings indicate that other ecological
changes associated with urbanization may contribute to differences.
Whereas minimum song {requency was most related to the acous-
tic environment within territories, temporal changes in song struc-
ture (e.g., syllable rate) were best explained by high densities within
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Figure 2

The relationship between temporal song characteristics and conspecific
density. Males sing songs that are longer and faster (decreases in PC1) as
sites have more cardinal territories per hectare.

urban habitats. Peak/high frequencies were not explained by any
of our ecological models.

Changes in temporal characteristics, such as longer and faster
songs, have been previously reported in studies of urban vocal
behavior (Slabbekoorn and Den Boer-Visser 2006; Nemeth and
Brumm 2009; Hamao et al. 2011; Potvin et al. 2011) contrary to
predictions that slower songs should transmit better in the presence
of urban noise (Slabbekoorn et al. 2007). Using an observational
approach, temporal changes described by PC1 were best explained
by increases in conspecific densities that accompany urbanization
rather than anthropogenic noise. Like many resident generalist spe-
cies, cardinals respond positively to urbanization and can be found
at up to 4% higher densities at urban sites with dense understory
vegetation (Leston and Rodewald 2006). Indeed, sites where hon-
eysuckle had been experimentally removed had lower densities of
cardinals (Rodewald AD, unpublished data).

The longer and faster songs of males from sites with high densi-
ties may be a behavioral consequence of increased territorial inter-
actions between neighbors (Searcy and Beecher 2009). Our finding
is consistent with other evidence from both urban (Ripmeester et al.
2010) and nonurban (Hunter and Krebs 1979) landscapes that
temporal features increase with numbers of simultaneously singing
males. In cardinals specifically, males sing at higher syllable rates and
increase number of different syllable types in songs used in interac-
tions with conspecifics (Ritchison 1988). Cardinals settling in habitats
with dense urban bird populations may face increased aggression
from other individuals, in addition to noise (Montague et al. 2013),
which can manifest as behavioral shifts in song length and speed.
Although familiarity with neighbors may decrease aggression (e.g.,
dear enemy effect, Fisher 1954), birds often increase or change vocal
behavior when confronted with an unfamiliar floater male attempt-
ing to settle territories. Anecdotally, rogue banded and unbanded
males were more often observed mid-season attempting to usurp
territories in urban sites than in rural sites (Narango DL, personal
observation). Increases in aggression may be a behavioral compen-
sation to avoid sites becoming oversaturated with cardinal territories
and conspecific density may be an important factor contributing
to spatially variable song changes. Accordingly, a meta-analysis of
studies comparing the relationship between habitat structure and
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Table 2

Behavioral Ecology

Relative support for alternate models explaining temporal variation of northern cardinal (n = 54) song models using Akaike’s

information criterion corrected for small sample sizes (AICc)

Model k AlCc AAICc AICc weight Evidence ratio B (SE) P
Density 2 175.92 0 0.93 1 —0.22 (0.06) <0.001
Noise 2 182.47 6.55 0.04 26.43

Null 1 185.41 9.49 0.01 114.82

Shrubs and saplings 2 185.58 9.65 0.01 124.82

Body size 2 186.17 10.24 0.01 167.75

Global 8 187.31 11.38 0 296.26

Small trees 2 187.37 11.45 0 305.7

Large trees 2 187.58 11.65 0 339.11

All trees 3 189.63 13.71 0 946.46

All vegetation variables 4 189.98 14.06 0 1129.69

Models include variables that represent alternative hypotheses for song variation: density of conspecifics at the site level, noise levels (dBA) at the territory level,
body size of the vocalizing male, vegetation at the territory level (tree classes and shrub densities), and a global and null model. SE, standard error.

Table 3

Relative support for alternate models explaining minimum frequency variation of northern cardinal (n = 54) song models using
Akaike’s information criterion corrected for small sample sizes (AICc)

Model k AlCc AAICc AICc weight Evidence ratio B (SE) P
Noise 2 133.91 0 0.9 1 —0.13 (0.02) <0.001
Global 8 138.39 4.48 0.1 9.37

Density 2 154.41 20.5 0 28275.1

Small trees 2 156.2 22.29 0 69255.8

Null 1 156.28 22.37 0 71993.4

All trees 3 156.76 22.85 0 91454.9

Large trees 2 156.81 22.9 0 93949.8

Shrubs and saplings 2 158.33 24.42 0 200964

Body size 2 158.43 24.52 0 210700

All vegetation variables 4 159 25.09 0 280170

Models include variables that represent alternative hypotheses for song variation: density of conspecifics at the site level, noise levels (ABA) at the territory level,
body size of the vocalizing male, vegetation at the territory level (tree classes and shrub densities), and a global and null model. SE, standard error.
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94
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Frequency 3

40 45 50 55 60
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Figure 3

The relationship between minimum frequency and environmental noise.
Males sing songs with higher minimum frequencies (decreases in PC3) as
territories become louder.

song found weak support for strong acoustic adaptation in vocaliza-
tions (Boncoraglio and Saino 2007); however, most studies consider
structural adaptation without social context.

On the other hand, temporal differences in song may be indica-
tive of the quality of individuals settling in these habitats. For

example, plumage brightness, another indicator of quality in cardi-
nals, declined with surrounding urbanization (Jones et al. 2010). In
cardinals, song is also indicative of male quality such that shorter,
slower songs indicated higher territory quality and reproductive
success in birds in a nondeveloped landscape (Conner et al. 1986).
Urban birds may be experiencing early developmental stress that
reduces production of high-quality song (Buchanan et al. 2003).
Large body size is also a quality measure in many species of birds
(Kodric-Brown and Brown 1984) and may be associated with song
(Gil and Gahr 2002). However, we did not find any support that
morphology explained temporal attributes of song, although size
was negatively associated with urbanization. Though we cannot
completely discount effects of age and experience, all banded sec-
ond-year birds were unable to retain territories, and most birds in
this study were at least after-second year individuals.

Increases in certain song attributes, such as song length and rate,
may result from plentiful food sources in areas with high densi-
ties. Song can be energetically expensive to develop and produce
(Nowicki et al. 1998; Gil and Gahr 2002) and birds in lower qual-
ity habitat are known to have reduced song output (e.g., time spent
singing; Van Oort et al. 2006). Likewise, birds with access to supple-
mentary food sources exhibited sustained song production (Strain
and Mumme 1988). In urban areas, generalist species have access
to energetically rich foods year-round (e.g., bird seed). Although
urban cardinals occur in higher densities, they appear to be match-
ing population size with resource abundance and, therefore, are
not experiencing reduced condition, survival, or reproductive
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Table 4

Page 7 of 9

Relative support for alternate models explaining peak/high frequency variation of northern cardinal (n = 54) song models using
Akaike’s information criterion corrected for small sample sizes (AICc)

Model k AlCc AAICc AICc weight Evidence ratio B (SE) P
Null 1 165.56 0 0.19 1 0.00 (0.14) 1.00
Body size 2 165.75 0.19 0.18 1.1 0.23 (0.17) 0.17
Shrubs and saplings 2 165.81 0.25 0.17 1.13 0.19 (0.14) 0.18
Noise 2 166.46 0.9 0.12 1.57 0.04 (0.03) 0.27
Density 2 166.86 1.3 0.1 1.91 0.05 (0.06) 0.36
Large trees 2 167.04 1.47 0.09 2.09 0.14(0.17) 0.42
Small trees 2 167.45 1.89 0.08 2.57 —0.08 (0.15) 0.60
All trees 3 169.02 3.46 0.03 5.63

All vegetation variables 4 169.42 3.86 0.03 6.9

Global 8 175.96 10.4 0 180.96

Models include variables that represent alternative hypotheses for song variation: density of conspecifics at the site level, noise levels (dBA) at the territory level,
body size of the vocalizing male, vegetation at the territory level (tree classes and shrub densities), and a global and null model. SE, standard error.

Table 5

Correlation matrix (Pearson’s ) between urbanization index and site-level ecological attributes (n = 9)

Urban Cloonspecific densities Noise levels Body size Shrub/sapling density Small trees Large trees
Urban
Conspecific densities 0.89%*
Noise levels 0.81% 0.96%*
Body size —0.79* —0.47 —0.31
Shrub/sapling density 0.94%* 0.96%* 0.90%* —0.58
Small trees —-0.28 —-0.21 —-0.33 0.23 —-0.32
Large trees 0.92%* 0.64 0.54 —0.96%* 0.74* —0.26

*P<0.05, ¥P<0.01.

performance compared with rural birds (Rodewald and Shustack
2008b). Adjustment of temporal attributes of song may indicate
relaxed energetic constraints to song performance in areas with
plentiful food resources.

To our knowledge, this study is one of the first to simultane-
ously test multiple competing hypotheses of urban-associated
changes in song. Although true that a number of potential drivers
of song changes (e.g., population densities, noise, vegetation, and
morphology) may similarly change with urbanization (Table 5),
our use of an AIC approach allowed us to rank models in terms
of their relative ability to explain variation in song among birds.
Our correlations should reduce, rather than improve, our abil-
ity to discriminate among potential drivers of song change, yet
we still found evidence of strong relationships. Thus, because we
explicitly tested several potential mechanisms, our study provides
compelling evidence that noise is, indeed, driving changes in fre-
quency but changes in density also contribute to shifts in temporal
attributes of song.

Insights from this study are further supported by the fact that
1) the influence of habitat size and population dialects on behavior
was minimized by using similarly sized forest fragments that differed
primarily in landscape context within the same region and 2) terri-
tory-level features were considered in addition to landscape-scale
phenomena. The latter is especially important given that frequency
shifts could be a plastic behavioral response to a proximate acous-
tic environment (Bermudez-Cuamatzin et al. 2010; Gross et al.
2010), an artifact of amplitude changes (Brumm 2004; Nemeth
et al. 2013) and/or to avoid scattering by nearby objects such as
buildings or impermeable surfaces (Warren et al. 2006; Dowling
et al. 2012). We found that minimum frequency strongly increased
with ambient noise, despite that noise variability within the site was

only 7.44 %+ 3.20 dB. Although difficult to standardize across record-
ing events, amplitude adjustment between territories might have
explained changes in minimum frequency as upward frequency
shifts is an artifact of singing louder (Zollinger et al. 2012). The
lack of evidence for noise as the driver of peak/high variation sug-
gests that there were other behavioral mechanisms unaccounted for
in our study. Indeed, frequency changes may result from cultural
or geographical drift of urban song dialects over time (Luther and
Baptista 2010; Luther and Derryberry 2012) or use of different
song types (Slabbekoorn and den Boer-Visser 2006; Halfwerk and
Slabbekoorn 2009; Nemeth et al. 2013).

Our work shows that changes associated with urbanization,
both ambient noise and population densities, can influence
communication behavior within a population. Song adjustment
driven by conspecifics may be a direct consequence of changes
in motivational states of singers, food resources, or relaxing
energetic constraints on song performance. We also demonstrate
that when evaluating apparent “urban” differences in behavior,
researchers should explicitly consider and test multiple proxi-
mate ecological drivers. Future studies should investigate whether
alternative urban-associated changes also might impact com-
munication in species that do not exhibit behavioral plasticity
in vocal performance, as with non-oscines or suboscines (Rios-
Chelén et al. 2013). Moreover, because environmental and social
heterogeneity may also influence signal reliability (Penteriani
2003; Cornwallis and Uller 2010), additional studies should
consider whether there are fitness-related consequences to song
variation for urban birds (Halfwerk and Slabbekoorn 2013), or if
the informational content of urban song may have different rela-
tionships in natural systems as has been shown experimentally
(Halfwerk et al. 2011).

GTOZ ‘Z Jequiedag uo 1senb Aq /B1o'seulnolpioxo'odsysg//:dny wolj pspeojumod


http://beheco.oxfordjournals.org/

Page 8 of 9

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://wwwbeheco.
oxfordjournals.org/

FUNDING

Research was supported by National Science Foundation (DEB-
0639429 to A.D.R.), Ohio Division of Wildlife through the
Wildlife Diversity and Endangered Species Fund, the U.S. Fish and
Wildlife Service through the State Wildlife Grant program, and the
School of Environment and Natural Resources at the Ohio State
University.

We thank L. Kearns, J. Malpass, B. Padilla, S. Rose, and L. Rowse for
their assistance on various aspects of this project. We are especially grate-
ful for the Borror Lab of Bioacoustics, notably D. Nelson, A. Nelson, and
E. Szyller-Macolley for their advice and support. This work could not have
been completed without the hard work of many students, field technicians,
and volunteers who assisted with this project. We appreciate permission
given by Franklin Count Metro Parks, Columbus Parks and Recreation and
private landowners to access these sites. We appreciate the comments of 2
anonymous reviewers who improved the quality of this manuscript.

Handling editor: Marc Thery

REFERENCES

Alberti M. 2015. Eco-evolutionary dynamics in an urbanizing planet.
Trends Ecol Evol. 30:114-126.

Anderson ME, Conner RN. 1985. Northern cardinal song in three forest
habitats in eastern Texas. Wilson Bull. 97:436-449.

Badyaev AV, Leaf ES. 1997. Habitat associations of song characteristics in
Phylloscopus and Hippolars warblers. Auk. 114:40-46.

Badyaev AV, Young RL, Oh KP, Addison C. 2008. Evolution on a local
scale: developmental, functional, and genetic bases of divergence in bill
form and associated changes in song structure between adjacent habitats.
Evolution. 62:1951-1964.

Bakermans MH, Rodewald AD, Brittingham M. 2006. Scale-dependent
habitat use of Acadian flycatcher (Empidonax virescens) in central Ohio.
Auk. 123:368-382.

Bermudez-Cuamatzin E, Rios-Chelén AA, Gil D, Garcia CM. 2009.
Strategies of song adaptation to urban noise in the house finch: syllable
pitch plasticity or differential syllable use? Behaviour. 146:1269-1286.

Bermuadez-Cuamatzin E, Rios-Chelén AA, Gil D, Garcia CM. 2010.
Experimental evidence for real-time song frequency shift in response to
urban noise in a passerine bird. Biol Lett. 7:36-38.

Bibby CJ, Burgess ND, Hill DA, Mustoe SH. 2000. Bird census techniques.
London: Academic Press.

Boncoraglio G, Saino N. 2007. Habitat structure and the evolution of bird
song: a meta-analysis of the evidence for the acoustic adaptation hypoth-
esis. Funct Ecol. 21:134-142.

Borgmann KL, Rodewald AD. 2005. Forest restoration in urbanizing land-
scapes: interactions between land uses and exotic shrubs. Restor Ecol.
13:334-340.

Bradbury JW, Vehrencamp SL. 1998. Principles of animal communication.
Behav Ecol. 12:283-286.

Brumm H. 2004. The impact of environmental noise on song amplitude in
a territorial bird. J Anim Ecol. 73:434-440.

Brumm H, Slabbekoorn H. 2005. Acoustic communication in noise. Adv
Stud Behav. 35:151-209.

Buchanan KL, Catchpole CK. 1997. Female choice in the sedge warbler
Acrocephalus schoenobaenus multiple cues from song and territory quality.
Proc Biol Sci. 264:521-526.

Buchanan KL, Spencer KA, Goldsmith AR, Catchpole CK. 2003. Song
as an honest signal of past developmental stress in the European starling
(Sturnus vulgaris). Proc Biol Sci. 270:1149-1156.

Burnham KP, Anderson DR. 2002. Model selection and multimodel
inference: a practical information-theoretic approach. New York:
Springer-Verlag.

Behavioral Ecology

Cardoso GC, Atwell JW. 2011. On the relation between loudness and the
increased song frequency of urban birds. Anim Behav. 82:831-836.

Cardoso GC, Atwell JW. 2012. On amplitude and frequency in birdsong: a
reply to Zollinger et al. Anim Behav. 84:e10—e15.

Catchpole CK. 1987. Bird song, sexual selection and female choice. Trends
Ecol Evol. 2:94-97.

Catchpole CK, Slater PJB. 2008. Bird song: biological themes and varia-
tions. New York: Cambridge University Press.

Conner RN, Anderson ME, Dickson JG. 1986. Relationships among terri-
tory size, habitat, song, and nesting success of northern cardinals. Auk.
103:23-31.

Cornwallis CK, Uller T. 2010. Towards an evolutionary ecology of sexual
traits. Trends Ecol Evol. 25:145-152.

Derryberry EP. 2009. Ecology shapes birdsong evolution: variation in mor-
phology and habitat explains variation in white-crowned sparrow song.
Am Nat. 174:24-33.

Dowling J, Luther D, Marra P. 2012. Comparative effects of urban
development and anthropogenic noise on bird songs. Behav Ecol.
23:201-209.

Fernandez-Juricic E, Poston R, De Collibus K, Morgan Y, Bastain B,
Martin C, Jones K, Treminio R. 2005. Microhabitat selection and sing-
ing behavior patterns of male house finches (Carpodacus mexicanus) in
urban parks in a heavily urbanized landscape in the Western US. Urban
Habitat. 3:49-69.

Fisher J. 1954. Evolution and bird sociality. In: Huxley J, Hardy A, Ford B,
editors. Evolution as a process. London: Allen & Unwin. p. 71-83.

Gil D, Gahr M. 2002. The honesty of bird song: multiple constraints for
multiple traits. Trends Ecol Evol. 17:133-141.

Goodwin SE, Podos J. 2013. Shift of song frequencies in response to mask-
ing tones. Anim Behav. 85:435-440.

Gross K, Pasinelli G, Kunc HP. 2010. Behavioral plasticity allows short-
term adjustment to a novel environment. Am Nat. 176:456-464.

Halfwerk W, Bot S, Buikx J, van der Velde M, Komdeur J, ten Cate C,
Slabbekoorn H. 2011. Low-frequency songs lose their potency in noisy
urban conditions. Proc Natl Acad Sci USA. 108:14549-14554.

Halfwerk W, Slabbekoorn H. 2009. A behavioural mechanism explain-
ing noise-dependent frequency use in urban birdsong. Anim Behav.
78:1301-1307.

Halfwerk W, Slabbekoorn H. 2013. The impact of anthropogenic noise on
avian communication and fitness. In: Gil D, Brumm H, editors. Avian
urban ecology: physiological and behavioural adaptations. Oxford:
Oxford University Press. p. 84-97.

Halkin SL, Linville SU. 1999. Northern cardinal (Cardinalis cardinalis). In: Poole
A, editor. The birds of North America online. Ithaca (NY): Cornell Lab of
Ornithology. Available from: http://bna.birds.cornell.edu/bna/species/440.

Hamao S, Watanabe M, Mori Y. 2011. Urban noise and male density affect
songs in the great tit Parus major. Ethol Ecol Evol. 23:111.

Handford P, Lougheed SC. 1991. Variation in duration and frequency char-
acters in the song of the rufous-collared sparrow, Lonotrichia capensis, with
respect to habitat, trill dialects and body size. Condor. 93:644-658.

Hansen IJK, Otter KA, Van Oort H, Holschuh CI. 2005. Communication
breakdown? Habitat influences on black-capped chickadee dawn cho-
ruses. Acta Ethol. 8:111-120.

Hunter ML, Krebs JR. 1979. Geographical variation in the song of the
great tit (Parus major) in relation to ecological factors. J Anim Ecol.
48:759-785.

Jones TM, Rodewald AD, Shustack DP. 2010. Variation in plumage color-
ation of northern cardinals in urbanizing landscapes. Wilson J Ornithol.
122:326-333.

Ketterson ED, Nolan V Jr, Wolf L, Ziegenfus C. 1992. Testosterone and
avian life histories: effects of experimentally elevated testosterone on
behavior and correlates of fitness in the dark-eyed junco (Funco hyemalus).
Am Nat. 140:980-999.

Kirschel ANG, Blumstein DT, Cohen RE, Buermann W, Smith TB,
Slabbekoorn H. 2009. Birdsong tuned to the environment: green hylia
song varies with elevation, tree cover, and noise. Behav Ecol. 20:1089.

Kodric-Brown A, Brown JH. 1984. Truth in advertising: the kinds of traits
favored by sexual selection. Am Nat. 124:309-323.

Lemon RE. 1965. The song repertoires of cardinals (Richmondena cardinalis)
at London, Ontario. Can J Zool. 43:559-569.

Leston LIV, Rodewald AD. 2006. Are urban forests ecological traps for
understory birds? An examination using northern cardinals. Biol Conserv.

131:566-574.

GTOZ ‘Z Jequiesag uo 1senb Aq /B1o'seulnolpioxo'odsyag//:dny wolj papeojumod


http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/arv197/-/DC1
http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/arv197/-/DC1
http://bna.birds.cornell.edu/bna/species/440 
http://beheco.oxfordjournals.org/

Narango and Rodewald ¢ Urban-associated drivers of song variation

Liker A, Papp Z, Bokony V, Lendvai AZ. 2008. Lean birds in the city: body
size and condition of house sparrows along the urbanization gradient. J
Anim Ecol. 77:789-795.

Linhart P, Jaska P, Petruskova T, Petrusek A, Fuchs R. 2013. Being angry,
singing fast? Signalling of aggressive motivation by syllable rate in a song-
bird with slow song. Behav Processes. 100:139-145.

Luther D, Baptista L. 2010. Urban noise and the cultural evolution of bird
songs. Proc Biol Sci. 277:469-473.

Luther DA, Derryberry EP. 2012. Birdsongs keep pace with city life:
changes in song over time in an urban songbird affects communication.
Anim Behav. 83:1059-1066.

Martin T, Conway C. 1994. Breeding Bird (BBIRD) field protocol. Missoula
(MT): Montana Cooperative Wildlife Research Unit, University of
Montana.

Mockford EJ, Marshall RC. 2009. Effects of urban noise on song and
response behaviour in great tits. Proc Biol Sci. 276:2979-2985.

Montague MJ, Danek-Gontard M, Kunc HP. 2013. Phenotypic plasticity
affects the response of a sexually selected trait to anthropogenic noise.
Behav Ecol. 24:343-348.

Morton ES. 1975. Ecological sources of selection on avian sounds. Am Nat.
109:17-34.

Nelson DA, Marler P. 1994. Selection-based learning in bird song develop-
ment. Proc Natl Acad Sci USA. 91:10498-10501.

Nelson DA, Poesel A. 2007. Segregation of information in a complex
acoustic signal: individual and dialect identity in white-crowned sparrow
song. Anim Behav. 74:1073-1084.

Nemeth E, Brumm H. 2009. Blackbirds sing higher-pitched songs in cit-
ies: adaptation to habitat acoustics or side-effect of urbanization? Anim
Behav. 78:637-641.

Nemeth E, Pieretti N, Zollinger SA, Geberzahn N, Partecke ], Miranda AC,
Brumm H. 2013. Bird song and anthropogenic noise: vocal constraints
may explain why birds sing higher-frequency songs in cities. Proc Biol
Sci. 280:20122798.

Nemeth E, Winkler H, Dabelsteen T. 2001. Differential degradation of
antbird songs in a Neotropical rainforest: adaptation to perch height? J
Acoust Soc Am. 110:3263-3274.

Nowicki S, Peters S, Podos J. 1998. Song learning, early nutrition and sexual
selection in songbirds. Am Zool. 38:179-190.

Van Oort H, Otter KA, Fort K'T, Holschuh CI. 2006. Habitat quality, social
dominance and dawn chorus song output in black-capped chickadees.
Ethology. 112:772-778.

Patricelli GL, Blickley JL. 2006. Avian communication in urban noise:
causes and consequences of vocal adjustment. Auk. 123:639-649.

Penteriani V. 2003. Breeding density affects the honesty of bird vocal displays
as possible indicators of male/territory quality. Ibis. 145:E127-E135.

Potvin DA, Parris KM, Mulder RA. 2011. Geographically pervasive effects
of urban noise on frequency and syllable rate of songs and calls in silver-
eyes (Losterops lateralis). Proc Biol Sci. 278:2464-2469.

R Development Core Team. 2014. R: a language and environment for
statistical computing. Vienna (Austria): R Foundation for Statistical
Computing. Available from: http://www.R-project.org/.

Rios-Chelén AA, Quirés-Guerrero E, Gil D, Garcia CM. 2013. Dealing
with urban noise: vermilion flycatchers sing longer songs in noisier ter-
ritories. Behav Ecol Sociobiol. 67:145-152.

Page 9 of 9

Ripmeester EA, Kok JS, van Rijssel JC, Slabbekoorn H. 2010. Habitat-
related birdsong divergence: a multi-level study on the influence of ter-
ritory density and ambient noise in European blackbirds. Behav Ecol
Sociobiol. 64:409-418.

Ritchison G. 1988. Song repertoires and the singing behavior of male
northern cardinals. Wilson Bull. 100:583-603.

Ritschard M, Laucht S, Dale J, Brumm H. 2011. Enhanced testosterone
levels affect singing motivation but not song structure and amplitude in
Bengalese finches. Physiol Behav. 102:30-35.

Rodewald AD, Shustack DP. 2008a. Urban flight: understanding individual
and population-level responses of Nearctic-Neotropical migratory birds
to urbanization. ] Anim Ecol. 77:83-91.

Rodewald AD, Shustack DP. 2008b. Consumer resource matching in
urbanizing landscapes: are synanthropic species over-matching? Ecology.
89:515-521.

Ryan MJ, Brenowitz EA. 1985. The role of body size, phylogeny, and ambi-
ent noise in the evolution of bird song. Am Nat. 126:87-100.

Searcy WA, Beecher MD. 2009. Song as an aggressive signal in songbirds.
Anim Behav. 78:1281-1292.

Seger KD, Rodewald AD, Soha JA. 2010. Urban noise predicts song fre-
quency in Northern Cardinals and American Robins. Bioacoustics.
20:267.

Shochat E, Warren PS, Faeth SH, McIntyre NE, Hope D. 2006. From pat-
terns to emerging processes in mechanistic urban ecology. Trends Ecol
Evol. 21:186-191.

Slabbekoorn H, den Boer-Visser A. 2006. Cities change the songs of birds.
Curr Biol. 16:2326-2331.

Slabbekoorn H, Peet M. 2003. Birds sing at a higher pitch in urban noise.
Nature. 424:267.

Slabbekoorn H, Smith TB. 2002a. Habitat-dependent song divergence in
the little greenbul: an analysis of environmental selection pressures on
acoustic signals. Evolution. 56:1849-1858.

Slabbekoorn H, Smith TB. 2002b. Bird song, ecology and speciation. Philos
Trans R Soc Lond B Biol Sci. 357:493-503.

Slabbekoorn H, Yeh P, Hunt K. 2007. Sound transmission and song diver-
gence: a comparison of urban and forest acoustics. Condor. 109:67-78.
Strain JG, Mumme RL. 1988. Effects of food supplementation, song play-
back, and temperature on vocal territorial behavior of Carolina wrens.

Auk. 105:11-16.

Tobias JA, Aben J, Brumfield RT, Derryberry EP, Halfwerk W, Slabbekoorn
H, Seddon N. 2010. Song divergence by sensory drive in Amazonian
birds. Evolution. 64:2820-2839.

Verzijden MN, Ripmeester EA, Ohms VR, Snelderwaard P, Slabbekoorn
H. 2010. Immediate spectral flexibility in singing chiffchaffs during
experimental exposure to highway noise. J Exp Biol. 213:2575-2581.

Warren PS, Katti M, Ermann M, Brazel A. 2006. Urban bioacoustics: it’s
not just noise. Anim Behav. 71:491-502.

Wood W, Yezerinac SM. 2006. Song sparrow (Melospiza melodia) song varies
with urban noise. Auk. 123:650.

Zollinger SA, Podos J, Nemeth E, Goller F, Brumm H. 2012. On the rela-
tionship between, and measurement of, amplitude and frequency in bird-
song. Anim Behav. 84:1-9.

Zuur AF Ieno EN, Smith GM. 2007. Analyzing ecological data. New York:
Springer.

GTOZ ‘Z Jequiesag uo 1senb Aq /B1o'seulnolpioxo'odsyag//:dny wolj papeojumod


http://www.R-project.org/
http://beheco.oxfordjournals.org/
https://www.researchgate.net/publication/284546015

