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Abstract

Songbirds often sing at higher frequency (pitch) in urban, noise-polluted areas, which reduces 

acoustic masking by low-frequency anthropogenic noise. Such frequency shifts, however, are less 

efficient at overcoming background noise than simply singing louder. Therefore, it was suggested 

that high-frequency singing might not be a functional adjustment to noise, but a physiological 

consequence of singing louder (also known as the Lombard effect). We tested for the first time the 

main tenet of this hypothesis, for birdsong whether increasing sound amplitude has a concomitant 

effect on song frequency, using a representative species with higher urban minimum frequency, the 

dark-eyed junco, Junco hyemalis. The frequency bandwidth of songs and syllables increased with 

amplitude, involving lower minimum frequency in louder songs and syllables. Therefore, louder 

singing does not explain the higher minimum frequency of urban dark-eyed juncos. Amplitude and 

peak frequency were weakly positively related across but not within songs, suggesting that 

increased frequency is not an obligatory outcome of singing louder. Instead, birds may adjust both 

amplitude and frequency in response to changing noise or motivation across songs. Our results 

suggest that adjustments in song frequency and amplitude are largely independent and, thus, can 

be complementary rather than alternative vocal adjustments to noise. We discuss oscine vocal 

physiology and details of the behaviour of urban birds, both of which we argue are consistent with 

the increased frequency of urban birdsong generally being a functional adjustment to noise, rather 

than a consequence of singing louder.

Keywords

birdsong; communication; dark-eyed junco; frequency; Junco hyemalis; Lombard effect; noise 
pollution; sound amplitude; urban ecology

Several oscines (songbirds) sing with higher sound frequency (pitch) in cities and other 

noisy environments (reviewed in Slabbekoorn & Ripmeester 2008). This has been 

interpreted as an adjustment to reduce acoustic masking by low-frequency anthropogenic 

noise (Brumm & Slabbekoorn 2005; Slabbekoorn & Ripmeester 2008). Songbirds can also 
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change the sound amplitude of their songs, and some species have been shown to sing louder 

(i.e. with higher amplitude) when exposed to noise (e.g. Cynx et al. 1998; Brumm 2004; 

Brumm et al. 2009).

Increasing the amplitude of vocalizations as a reaction to background noise, known as the 

Lombard effect, has long been known in humans and more recently found in other animals 

(reviewed in Brumm & Slabbekoorn 2005). The Lombard effect may also comprise other 

adjustments, such as increased sound frequency. Recently, Nemeth & Brumm (2010) 

suggested that in birds the increased sound frequency might not be a functional adjustment 

to anthropogenic noise, since, for realistic values of frequency and amplitude adjustments, 

increasing song frequency is less efficient at reducing acoustic masking by anthropogenic 

noise than increasing sound amplitude. Rather, the higher frequency observed in urban 

birdsong could be a consequence of the Lombard effect as a physiological side-effect of 

singing louder (Nemeth & Brumm 2010; Verzijden et al. 2010). In some mammals and 

anurans, for example, the amplitude and frequency of vocalizations are coupled to some 

extent (e.g. Lopez et al. 1988; Lienard & Di Benedetto 1999). In nonoscine birds these may 

also be coupled, because the fundamental frequency of vocalizations is determined mostly 

by airsac pressure (e.g. ring doves, Streptopelia risoria, a nonpasserine, Beckers et al. 2003; 

and great kiskadees, Pitangus sulphuratus, a suboscine passerine, Amador et al. 2009), and 

airsac pressure should influence airflow, and therefore sound amplitude. This contrasts with 

the physiology of songbirds, in which sound frequency is determined by specialized 

syringeal muscles, allowing precise and independent control of amplitude and frequency 

over a wide frequency range (Suthers et al. 1999). Therefore, it is not clear whether 

amplitude-mediated changes in frequency are to be expected in oscine song and, as Nemeth 

& Brumm (2010) pointed out, this has not been tested for birdsong. Although not yet tested 

for birdsong, this has been examined for the calls of an oscine (the eastern towhee, Pipilo 
erythrophthalmus), and call frequency was found to be strongly and positively related to 

amplitude (Nelson 2000). This result suggests that a coupling of amplitude and frequency 

might be important in oscines too, but other observations suggest the contrary (e.g. some 

oscines sing the same songs loudly or softly as long- or short-range signals, with no apparent 

differences in frequency; Titus 1998; Anderson et al. 2008), and further tests are needed to 

resolve this question for birdsong.

We tested whether louder oscine songs are sung at higher frequency, which is a central tenet 

of the hypothesis that higher song frequency of urban songbirds is a consequence of singing 

louder. We used natural sound amplitude variation within- and among-songs of dark-eyed 

juncos, Junco hyemalis thurberi (Emberizidae), whose song frequency differs between urban 

and nonurban environments (Slabbekoorn et al. 2007; Cardoso & Atwell 2011). We also 

considered oscine vocal physiology and the vocal behaviour of urban birds, to evaluate 

whether the observed differences in urban birdsong frequency are more likely to be 

explained as by-products of increased amplitude, or as functional adjustments in response to 

noise.
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METHODS

We used an existing database of over 1000 recordings of 151 individually marked dark-eyed 

junco males in southern California (Cardoso & Atwell 2011). The study sites are described 

in Yeh (2004), and information on capture and marking methods are described in Cardoso et 

al. (2007).

Most long-range songs (or broadcast songs; hereafter, simply songs) of dark-eyed juncos 

consist of a single trilled syllable (Fig. 1a, b), whereas a minority consist of two or more 

trilled syllables (‘multisyllable’ songs; Konishi 1964; Newman et al. 2008). The first and last 

few syllables of each song are usually softer, forming a ‘fade-in’ and ‘fade-out’ at the 

beginning and end of songs, respectively (Fig. 1b). Juncos generally perch and sing song 

bouts of the same song type, switching song types only occasionally (Williams & 

MacRoberts 1977; Newman et al. 2008).

We tested for a relation between the amplitude and frequency of songs using natural 

variation at two different levels. First, we compared the frequency of the loudest and softest 

songs in a song bout. Second, we compared the frequency of the softer initial and final 

syllables with the louder remaining syllables of the same song.

Recordings of song bouts were made without changing the gain level or using gain limiters, 

and with the microphone in a static position, so that the distance to the bird remained the 

same during the bout and the relative sound amplitude of songs in the recording could be 

compared (e.g. Beebee 2004; Christie et al. 2004; Cardoso et al. 2007; Cardoso & Mota 

2009). All our analyses used paired within-recording comparisons, so that variation in 

amplitude due to sound transmission or recording conditions is unlikely. However, head 

movements of the birds, or rapid changes in atmospheric conditions, can introduce some 

error in the measurements of relative amplitude even within recordings of perched birds. 

Such putative error is random regarding the hypothesis being tested, because wind or head 

movements away from or towards the microphone are not related to changes in song 

frequency. Therefore, this does not introduce bias into the tests, but it could make them 

conservative. We addressed whether this effect is relevant in our data by contrasting the 

results of among- and within-song comparisons. Since junco songs are short (average 

duration is 1.5 s, Newman et al. 2008), within-song comparisons are less prone to such 

interference to measurements than among-song comparisons within bouts. Therefore, all 

else being equal, if measurement error is relevant we predict more conservative results in 

among- than within-songs comparisons.

We refer to Cardoso et al. (2007, 2008) for details of recording and measurement methods, 

and here we summarize the relevant information. Measurements of this data set predate the 

recent papers suggesting an amplitude-mediated change in frequency for urban songs 

(Nemeth & Brumm 2010; Verzijden et al. 2010) and thus were made blindly relative to this 

hypothesis. We used Avisoft SASLAB version 4.34 (Avisoft Bioacoustics, Berlin, Germany) 

and recordings with a sampling rate of 22.05 kHz to create spectrograms with FFT length of 

512 points, corresponding to a frequency bandwidth of 56 Hz. From each recording we 

selected a sequence of five songs (sometimes less, in short recordings or with excessive 
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noise for measurements), and from those we measured the peak frequency, the minimum and 

maximum frequency, and the relative amplitude of each syllable. Peak frequency, the loudest 

frequency in the syllable, was measured as the peak in the amplitude spectrum of each 

syllable. Following most studies of birdsong in urban noise (e.g. Slabbekoorn & den Boer-

Visser 2006; Wood & Yezerinac 2006), we measured minimum frequency as the lowest 

sound frequency on spectrograms (see Verzijden et al. 2010 for an experimental validation 

of this method), having adjusted the dynamic range (greyscale) of each recording’s 

spectrogram (up to 70 dB) to visualize the entire frequency range of syllables. This allowed 

us to detect soft elements that automatic measurements would confuse with background 

noise (Fig. 1c, d), especially in urban recordings, making these measurements of minimum 

frequency resilient to changes in the amplitude of syllables. Maximum frequency was 

similarly measured as the highest sound frequency on spectrograms. Relative sound 

amplitude was measured as the peak amplitude of each syllable in Volts, after applying a 

lower cutoff filter at 2 kHz to eliminate low-frequency noise, and expressed in a decibel 

scale relative to the maximum in the recording (an arbitrary reference). Decibels are 

logarithmic ratios between quantities that express their relative difference; this makes the 

measured amplitude differences in each recording independent from the absolute amplitude 

in the recording (and thus independent from the distance to the bird and other recording 

conditions).

Among-Songs Comparison

As in previous work on junco song (Cardoso et al. 2007), we did not use the measurements 

of the initial and final 10% of syllables in each song (rounded up to the nearest integer), 

which are often softer and not representative of the amplitude of the entire song (Fig. 1b). 

The measurements of the remaining syllables in each song were averaged to obtain values of 

frequency and relative amplitude for each song in the song bout.

We excluded recordings that contained more than one song type or syllable type, resulting in 

a sample of 141 different males. Therefore, all the paired comparisons below use songs of 

the same type. For each of these 141 males, we selected the recording with the largest 

difference in amplitude between songs, and from that recording selected the loudest and the 

softest song for comparison. Comparing the songs with the largest difference in amplitude 

maximizes our ability to detect associated differences in frequency, and using a single pair of 

songs from each male makes our pairs of data points independent.

Of these within-bout amplitude differences, 95% (134 males) fell in the range between 0.9 

and 14 dB, and this subset of data did not deviate significantly from a normal distribution 

(Kolmogorov–Smirnov test: Z = 0.764, N = 134, P = 0.604). We analysed these data, and 

excluded the additional seven data points larger than 14 dB, which formed a skewed right-

hand tail (range 14–48 dB). We chose 14 dB as an upper cutoff representative of the range of 

amplitude changes in noise, because this was the maximum value for amplitude differences 

found among individuals in another species (the nightingale, Luscinia megarhynchos, 

Brumm 2004), and because it roughly corresponds to the natural range of within-individual 

amplitude variation in broadcast songs of the only emberizid species studied to date (the 

song sparrow, Melospiza melodia, Anderson et al. 2008). Larger differences in sound 
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amplitude are generally observed only when also considering soft or short-range song, 

which is a different class of song used for communication at close range (Titus 1998; 

Anderson et al. 2008). Paired differences in the three frequency measures were not normally 

distributed (all Z > 1.7, all P < 0.005) owing to kurtosis, which is difficult to correct, and 

therefore we used nonparametric tests.

We compared the minimum, peak and maximum frequencies of the loudest and softest song 

in each recording with paired Wilcoxon tests. We also correlated the differences in 

amplitude with the differences in frequency using Spearman correlations, to test whether 

larger amplitude differences resulted in larger frequency differences.

Within-Songs Comparison

Using the same 141 recordings as above, we selected for each male the song with the largest 

difference in relative amplitude between the initial and final 10% of syllables (average of 

those syllables) and the remaining syllables (average of the remaining syllables). As above, 

selecting the larger differences in amplitude maximizes the detection of changes in 

frequency, and all pairs of data are independent.

Of these within-song amplitude differences, 98% (138 males) fell in the range between 0.8 

and 14 dB, and this subset of data did not deviate significantly from normality 

(Kolmogorov–Smirnov test: Z = 1.020, N = 138, P = 0.249). As above, we excluded the 

amplitude differences above 14 dB (range 14–26 dB). Again, paired differences in frequency 

were not normally distributed (all Z > 1.4, all P < 0.025), and we used nonparametric tests.

We compared the minimum, peak and maximum frequencies of the initial and final 10% of 

syllables (average of those syllables) and the remaining syllables (average of the remaining 

syllables) with paired Wilcoxon tests. As above, we also related the differences in amplitude 

with the differences in frequency using Spearman correlations. All tests were run using the 

software SPSS version 13 (SPSS Inc., Chicago, IL, U.S.A.).

RESULTS

Among-Songs Comparison

Louder songs had significantly lower minimum frequency and higher peak and maximum 

frequencies than their paired softer songs (paired Wilcoxon tests: minimum: Z = 2.852, P = 

0.004; peak: Z = 3.225, P = 0.001; maximum: Z = 7.006, P < 0.001; all N = 134; all paired 

frequency differences in Fig. 2a, b, c).

Differences in minimum and peak frequencies did not correlate with differences in 

amplitude between songs (minimum: rS = −0.093, P = 0.286; peak: rS = −0.060, P = 0.489; 

both N = 134; Fig. 2b, c). The difference in maximum frequency correlated positively with 

the difference in amplitude (rS = 0.208, N = 134, P = 0.016; Fig. 2a).

Within-Songs Comparison

The louder central syllables of songs had significantly lower minimum frequency and higher 

maximum frequency than the softer outer syllables (paired Wilcoxon tests: minimum: Z = 
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6.814; maximum: Z = 7.946; both P < 0.001; both N = 138; paired differences in Fig. 2f, d, 

respectively). Peak frequency did not differ between central and outer syllables (paired 

Wilcoxon tests: Z = 0.546, N = 138, P = 0.585; paired differences in Fig. 2e).

Differences in minimum frequency correlated negatively with differences in amplitude 

between syllables (rS = −0.226, N = 138, P = 0.008; Fig. 2f;). Difference in peak and 

maximum frequencies correlated positively but nonsignificantly with differences in 

amplitude (peak: rS = 0.167, P = 0.051; maximum: rS = 0.135, P = 0.138; both N = 138; Fig. 

2e, d, respectively).

Contrasting Among- and Within-Song Results

Among-song comparisons are more prone to random error in the measurements of relative 

amplitude owing to changes in recording conditions. This might augment the dispersion of 

the paired differences but, for large data sets, would not change the average or modal 

differences. Therefore, if measurement error affects these tests, results of among-song 

comparisons should be weaker than within-song comparisons. Below we note whether our 

results conform to this prediction, taking into account the magnitude of the differences in 

amplitude and frequency.

The differences in amplitude between and within songs were broadly similar (data in the 

horizontal axes of Fig. 2), although slightly smaller between songs (modal differences: 5.2 

and 6.9 dB, respectively). This should contribute to make among-song results statistically 

weaker, as would also a possible effect of measurement error in amplitude. In contrast, and 

despite the modal difference for maximum frequency also being smaller between than within 

songs (0.073 and 0.110 kHz, respectively), the results of the paired comparisons of 

maximum frequency among and within songs were similar (among songs: Z = 7.006; within 

songs: Z = 7.946; see above). This is opposite to that expected if inaccuracy in measuring 

amplitude were important, indicating that it does not affect the results appreciably.

For minimum and peak frequency the modal differences between and within songs were also 

dissimilar (minimum frequency: −0.029 and −0.064 kHz, respectively; peak frequency: 

0.024 and −0.005 kHz, respectively). The results of the corresponding among-and within-

song comparisons (see above) match these modal differences, and should therefore be real, 

and not attributable to measurement error.

DISCUSSION

We tested for a relation between frequency and sound amplitude in birdsong, which is 

predicted by the hypothesis that the higher song frequency observed in urban songbirds 

could be a consequence of singing louder.

Opposite to the above prediction, the minimum frequency of dark-eyed junco songs was 

lower, not higher, in louder songs and syllables, and within songs this effect was more 

pronounced for larger differences in amplitude. The predicted relation between minimum 

frequency and amplitude could presumably exist only in extreme conditions, when the birds 

sing at their loudest. But our data set comprises a wide range of differences in amplitude, 
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and we found no evidence that minimum frequency increases for larger differences in 

amplitude; on the contrary, the opposite was true (Fig. 2c, f). Therefore, for this species, 

putative louder singing does not explain the observed higher minimum frequency of urban 

birds (Slabbekoorn et al. 2007; Cardoso & Atwell 2011).

In line with the above prediction, we found that maximum song frequency was higher in 

louder songs and syllables, and that among songs this effect was stronger for larger 

differences in amplitude. Peak frequency was also higher in louder songs, but not 

demonstrably so in louder syllables within songs. In summary, frequency bandwidth 

increased with amplitude (owing to decreasing minimum and increasing maximum 

frequencies) and, among songs, peak frequency also increased.

Importantly, these associations with amplitude explain a very small part of the variation in 

song frequency (see Fig. 2), indicating that frequency and amplitude vary largely 

independently. Physiologically this is expected, because oscines control amplitude and 

frequency by distinct mechanisms: amplitude is controlled by the contraction of respiratory 

muscles that set air pressure and dorsal syrinx muscles that regulate syringeal aperture and 

airflow, while frequency is largely determined by the action of other specialized syrinx 

muscles that regulate tension in the sound-producing structures (Goller & Suthers 1996; 

Suthers et al. 1999). Therefore, even if a mechanistic link between amplitude and frequency 

exists in oscine physiology, as suggested by the correlation of these traits in towhee calls 

(Nelson 2000), birds may still be able to maintain stable frequency actively under varying 

amplitudes. Accordingly, we observed an association between song peak frequency and 

relative amplitude across songs but not within songs, indicating that increased peak 

frequency is not an obligatory outcome of singing louder. Instead, juncos may adjust both 

amplitude and peak frequency across songs in response to changing noise levels or to other 

motivational factors.

The hypothesis that higher song frequency in urban birds is a consequence of singing louder, 

as per the Lombard effect, also predicts that the frequency of the entire urban song should 

increase. But it is often reported that urban birds have higher minimum song frequency 

(reviewed in Slabbekoorn & Ripmeester 2008), not higher frequency of the whole song, 

which is consistent with this being a functional adjustment to reduce masking by low-

frequency anthropogenic noise.

Urban juncos, for example, sing songs with higher minimum frequency than nonurban 

juncos (Slabbekoorn et al. 2007; Cardoso & Atwell 2011), but not with higher maximum 

frequency (Slabbekoorn et al. 2007). Analysing peak frequency with the same data set and 

methods as Cardoso & Atwell (2011), we found that urban juncos also have higher peak 

frequency (t = 2.69, N = 151 males, P = 0.008,), but with an average urban versus nonurban 

difference of 0.144 kHz, which is only about one-fourth of the difference in minimum 

frequency. Therefore, changes in urban junco songs were driven mostly by increasing 

minimum frequency. In other species, several studies reported increased urban minimum 

frequency but not all analysed both minimum frequency and other frequency parameters. 

The existing results, however, indicate that minimum frequency is the most common change: 

urban blackbirds, Turdus merula, do have higher minimum and peak frequencies (Nemeth & 
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Brumm 2009; Ripmeester et al. 2010), but song sparrows (Wood & Yezerinac 2006), great 

tits, Parus major (Slabbekoorn & den Boer-Visser 2006; Mockford & Marshall 2009; 

Salaberria & Gil 2010), silvereyes, Zosterops lateralis (Potvin et al. 2011), and five of 12 

common urban species studied by Hu & Cardoso (2010) were found to have significantly 

increased minimum frequency of songs or long-range calls, while only two of these had 

increased peak frequency (in one of them, the bell miner, Manorina melanophrys, calls are 

non-modulated, bell-like pure tones, and minimum and peak frequencies are therefore 

closely related).

Amplitude adjustments due to the Lombard effect are short term, and therefore amplitude-

mediated effects on frequency should also be short term (Nemeth & Brumm 2010). 

Accordingly, several species can change song frequency in response to rapid natural or 

experimental increases in noise (Bermúdez-Cuamatzin et al. 2009, 2010; Halfwerk & 

Slabbekoorn 2009; Gross et al. 2010; Verzijden et al. 2010). In most cases, this is consistent 

with both the amplitude-mediated hypothesis and the usual interpretation that these are 

functional frequency adjustments to reduce masking. However, great tits do this not by 

changing the frequency of the same song type, but by switching to higher-frequency types 

(Halfwerk & Slabbekoorn 2009), which is not consistent with the amplitude-mediated 

hypothesis (and they also tend to switch to lower-frequency song types if experimentally 

played back noise of high, rather than low, frequencies; Halfwerk & Slabbekoorn 2009). 

There is also no evidence that higher-frequency song types are louder. On the contrary, in 

juncos the frequency of different song types is not related to amplitude (Cardoso et al. 

2007), and existing studies in other species suggest that, if at all, high-frequency songs may 

generally be sung less loudly (Christie et al. 2004; Cardoso 2010). Also, other long-term 

differences in the minimum frequency of birdsong are known, such as seasonal differences 

(Slabbekoorn & Ripmeester 2008; Gross et al. 2010), suggesting mechanisms of frequency 

adjustment that are independent of sound amplitude.

The hypothesis that louder singing in cities increases the song frequency may be applicable 

for some species. But the above results and observations do not support this putative 

physiological coupling as a general explanation for the higher frequencies of urban 

birdsongs. In most cases they point to a more specific and uncoupled adjustment of 

minimum song frequency, consistent with the idea that singing with higher frequency is 

directly related to masking by low-frequency anthropogenic noise. The finding that this is 

less efficient than increasing sound amplitude (Nemeth & Brumm 2010) need not pose a 

paradox as to why it is common: while the benefit of increased song frequency is lower, its 

cost is also likely to be smaller. In oscines, increasing frequency requires mostly the 

contraction of specialized syrinx muscles (Goller & Suthers 1996; Suthers et al. 1999), while 

increasing amplitude requires syringeal action to regulate airflow and also increasing the 

contraction of the much larger expiratory muscles to generate the necessary higher air 

pressure (Suthers et al. 1999). Because of the difference in muscle masses involved, we 

hypothesize that the former should be less physiologically costly, especially if, as usually 

observed, birds only increase the minimum frequency of songs rather than the entire song.

In conclusion, considering the mechanisms by which oscines regulate sound amplitude and 

frequency, as well as the uncoupling of these two traits in our results suggests that the higher 
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song frequency of urban birds is generally not a collateral effect of singing louder. Instead, 

singing louder and with higher frequency may be independent vocal adjustments to reduce 

masking by anthropogenic noise, and need not be viewed as alternatives. This is consistent 

with details of how urban birds increase song frequency (see above), and with a growing 

number of studies indicating that species with higher-frequency vocalizations are less 

impacted by anthropogenic noise (Rheindt 2003; Francis et al. 2009; Hu & Cardoso 2009; 

Goodwin & Shriver 2011).
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Figure 1. 
Waveform and spectrogram of (a) part of a dark-eyed junco song bout (in this case four 

songs interspersed with two spotted towhee songs at 3 and 8 s) and (b) the last song, 

showing slight differences in amplitude between songs and the softer initial and final 

syllables of each song compared to the central syllables. (c) and (d) Spectrograms of two 

songs (beginning to middle of song; spectrogram axes as in (b)) recorded amid urban noise 

with power spectra in the end panels for the two outer syllables represented, illustrating that 

minimum frequency can be measured visually on spectrograms (horizontal lines) even when 

embedded in noise of similar amplitude.
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Figure 2. 
Relation between amplitude differences between pairs of songs in a song bout (a, b, c), or 

between syllables within a song (d, e, f), and differences in maximum, peak and minimum 

frequency (louder minus softer). Regression lines are for illustration purposes only, as 

statistical tests were nonparametric.
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