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Urban Noise Restricts Song Frequency Bandwidth and Syllable Diversity in Bananaquits: Increasing Audibility at the Expense of Signal Quality
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Anthropogenic noise can interfere with animal behavior through masking of acoustic communication. In response to masking, animals may change their acoustic signals as an apparent adjustment strategy, but this may have a drawback on signal quality. Songs and calls may show noise-dependent changes in frequency and duration, which may yield some masking avoidance, but may also constrain other acoustic parameters that might carry information about the sender. In the present study, we investigated whether noise-dependent reduction in frequency bandwidth or song duration restricted syllable diversity or song elaboration in a Neotropical songbird, the bananaquit (Coereba flaveola). We show that bananaquits sing higher frequency songs, of narrower bandwidth, in noisier territories, independent of variation in territory density, without significant variation in song duration. We also show that songs with higher minimum frequencies, narrower bandwidths, and shorter durations have on average a lower number of syllable types and higher syllable rates. This finding is in line with an acoustic restriction and may reflect a functional trade-off between audibility and signal value: higher frequencies may be more audible but less elaborate songs may weaken the message of sender quality. Consequently, noise pollution may not only alter avian communities, but also shape acoustic diversity and processes of sexual selection in urban environments.
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INTRODUCTION

Anthropogenic noise has increased in natural and human-altered habitats (Mennitt et al., 2015; Buxton et al., 2017), where it might negatively affect vocally communicating animals. The elevated noise levels can cause acoustic interference by masking the functional variation in frequency and amplitude of vocal signals, for example in frogs, birds, and mammals (Wollerman and Wiley, 2002; Lohr et al., 2003; Erbe et al., 2016). Acoustic overlap in time and frequency with anthropogenic noise may decrease the detectability and recognizability of animal vocalizations and thereby disrupt or alter communication (Barber et al., 2010; Parris and McCarthy, 2013; Templeton et al., 2016). The masking problems are typically biased to the lower frequencies of animal signals, because anthropogenic noise is biased to lower frequencies (Halfwerk et al., 2011a; Lazerte et al., 2017). As a consequence, anthropogenic noise may negatively impact vocal function and undermine survival and reproductive success (Halfwerk et al., 2011b; Potvin and MacDougall-Shackleton, 2015; Kleist et al., 2018), for example through reduced foraging efficiency while avoiding predation, and less success in territory defense and mate attraction (Quinn et al., 2006; Halfwerk et al., 2011a; Kleist et al., 2016).

Evidence for a detrimental impact of anthropogenic noise via interference of acoustic communication has been reported in a variety of studies. Ambient noise levels may for example affect courtship: female great tits (Parus major) and female canaries (Serinus canaria) were found to respond less to the low-frequency songs of males in experimentally elevated noisy conditions than in ambient control conditions (Halfwerk et al., 2011a; Huet des Aunay et al., 2014). Ambient noise levels may also undermine communication about predation risk. Savannah sparrows (Passerculus sandwichensis) delay feeding visits to their nestlings when hearing conspecific alarm calls or predators. This behavior is likely reducing predation for both parents and nestlings, but feeding latencies declined under noisy conditions despite the presence of alarm calls or predator songs (Antze and Koper, 2018). A solution to the problems, at least to some extent, would be to adjust acoustic signals in such a way that would reduce masking by anthropogenic noise.

Several types of noise-dependent vocal adjustments could make signals more audible under noisy conditions. For bird songs, the vocal adjustments include modifications of the minimum frequency, changes in duration, amplitude and syllable rate, and altered timing of vocal activity (Brumm, 2004; Potvin and Mulder, 2013; Gil et al., 2014). Specifically, city birds have been reported to sing higher-pitched, longer and more intense vocalizations than birds of the same species from more quiet territories in rural areas (Slabbekoorn and Den Boer-Visser, 2006; Brumm and Zollinger, 2011; Ríos-Chelén et al., 2013). Such song adjustments may decrease the masking effect of the typical low-frequencies of anthropogenic noise and increase song audibility (Brumm and Slabbekoorn, 2005; Pohl et al., 2012). Spectral and temporal adjustments, however, could also lead to vocal restrictions on signal efficiency, as they may prevent the use of specific syllables with potentially high signal value (Halfwerk et al., 2011a, b; Huet des Aunay et al., 2014) or reduce available repertoire size, which may also signal some sender quality (Buchanan and Catchpole, 2000; Kipper et al., 2006).

There is indeed some evidence that spectral and temporal shifts under noisy conditions may impose inherent restrictions on syllable diversity. Montague et al. (2012) found that European robins (Erithacus rubecula) increased the minimum frequency of their songs in response to an elevation in ambient noise levels, which was associated with a synchronous decrease in frequency bandwidth, song duration and syllable length, as well as a decrease in the number of different syllable types. Montague et al. (2012) argued that birds may respond with adjustments in song structure to masking noise, but that acoustic plasticity may be restricted by mechanistic correlations among different song parameters. If such restrictions to acoustic variety affect song function, birds face a trade-off between audibility and signal quality (Slabbekoorn and Ripmeester, 2008; Gross et al., 2010; Slabbekoorn, 2013; Luther et al., 2016), regardless of whether acoustic changes are a direct response to elevated noise levels, or an indirect consequence of a noise-dependent change in another parameter.

Song frequency use or syllable diversity may also be affected by factors other than ambient noise. For some bird species, population density can increase in human-altered habitats due to the increased availability of food resources and decreased presence of predators (Tomiałojć, 1998; Chace and Walsh, 2006; Ciach and Fröhlich, 2017). High territory density may induce competition among males and change their singing behavior (Dabelsteen and Pedersen, 1990; Ripmeester et al., 2010; Narango and Rodewald, 2015). Territory density may therefore be correlated to motivational variation in temporal components of song, such as syllable length, syllable rate, number of syllables and song length (Hamao et al., 2011; Narango and Rodewald, 2015). However, it has also been shown that territorial density can correlate with song frequency use. With higher territory densities, great tits (Parus major) were found to sing with higher minimum frequencies (Hamao et al., 2011), and European blackbirds (Turdus merula) were found to sing with higher peak frequencies (Ripmeester et al., 2010). Therefore, territory density, varying between urban and rural populations, may be an alternative explanation for noise-dependent song variation and thereby a confounding variable that should be taken into account.

The neotropical songbird bananaquit (Coereba flaveola) is an excellent model system to study noise-dependent song variation and to test for potential signaling trade-offs due to inherent acoustic correlations among song parameters. Bananaquits exhibit quite complex vocalizations, including relatively large song repertoires and high singing rates (Wunderle et al., 1992), a variety of high- and low-pitched syllable types, while song diversity and elaboration has been reported to vary among birds from different areas (Hilty and Christie, 2018). Furthermore, they are relatively abundant and have urban and rural distributions where they breed and sing in a variety of microhabitats with variable ambient noise levels. The bananaquit is typically also used to human presence and thereby very suitable to approach for song recordings and analyses of geographic variation and correlation to environmental variables.

In this study, we recorded bananaquit songs in urban territories with variable ambient noise levels to correlate song variation to noise, taking territory density into account. We aimed to answer the following questions: (1) do bananaquit songs have higher minimum and maximum frequencies, do they have narrower frequency bandwidths, and are their songs shorter, in noisier territories? (2) is territory density a confounding variable and also correlated to song frequency use or duration? and (3) does any potential noise-dependent song structure restrict song elaboration, yielding less and lower diversity in syllables? If so, we would provide more insight into how noise pollution may alter conditions for sexual selection and evolutionary change in urban bird species, as well as shape species and song diversity of urban bird communities.



MATERIALS AND METHODS


Subject Species and Study Area

Bananaquits (Coereba flaveola) are small nectivorous birds with a downward curved bill that occur across the Neotropics, from Southern Mexico to Northern Argentina and the Caribbean islands. They breed in a wide variety of habitats, predominantly at low elevation, including city gardens, urban parks, disturbed areas, and forest borders, in which they can experience a variety of high and low traffic loads (Hilty and Christie, 2018). They are largely monomorphic and appear in the study area with a gray back, black crown and cheek, white eyebrow, light-gray throat, and a bright yellow belly (this plumage varies geographically). Bananaquits are persistent singers and breed throughout the year (Hilty and Christie, 2018). The song is a relatively short series of high-pitched syllables, with more or less repeated sound elements that are often repeated in stereotypic fashion. They can sing during all parts of the day, including the rush hours (personal observation). Their high singing rate comes together with large song repertoires of 120 –340 songs per male, which are mostly produced by the addition and/or deletion of notes at the end of the songs (Wunderle et al., 1992). Although each male is able to produce large amounts of song variation, territory neighbors hardly share similar song types (Wunderle et al., 1992).

We conducted our study in urban parks and built-up areas in the city of Salvador, Bahia, Brazil, between January of 2016 and March of 2018. We visited localities 400 m to 25 km apart (Figure 1). Our sampling covered a range of environmental noise levels from 40 to 73 decibels (dBA). We recorded bananaquits, for example, in the relatively quiet areas of the tropical sand dunes (“restinga”) of “Parque das Dunas,” at the borders of the Atlantic forest fragments of “Jardim Botânico,” “Parque de Pituaçu,” “Vale Encantado,” and “Parque Zoobotânico Getúlio Vargas,” and in urban gardens of “Jardim da Saudade” and the Federal University of Bahia. Noisier bananaquit territories were recorded in busier, urban areas—i.e., main avenues with high concentration of concrete buildings and low quantities of natural trees and gardens—which occur alongside Atlantic forest fragments, such as “Coelba,” at the borders of the sand dunes, and in urban gardens such as at the “Garibaldi,” and “Dique” localities. We consider our sampling design as a contiguous population in urbanized area with high heterogeneity in terms of vegetation, buildings and noise level. All territories, localities and respective ambient noise levels are represented in the map (Figure 1), which was generated using “ggmap” packge in R TM software (Kahle and Wickham, 2013).
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FIGURE 1. Map representing the distribution of the recorded birds in the city of Salvador, Bahia, Brazil, and the variation of noise levels along sampled territories and in the correlational graph (long-term and short-term noise recordings). The color of the dots represents the intensity of the environmental noise (in decibels, A-curve), measured during the recording of bananaquit songs. In a continuous colored scale, purple dots represent quieter territories and yellow dots the noisier territories. Indicated by numbers are example of quieter and noisier localities and their respective habitat types: Tropical sand dunes of (1) “Parque da Dunas,” Atlantic forest fragments of (2) “Vale Encantado,” (3) “Parque de Pituaçu,” (4) “Jardim Botânico,” (5) “Parque Zoobotânico Getúlio Vargas”, and (6) “Coelba,” Urban Gardens of (7) “Jardim da Saudade,” and (8) Federal University of Bahia; Main avenues in (6) “Coelba,” (9) “Garibaldi,” and (10) “Dique.” Map made with ggmap package (Kahle and Wickham, 2013).




Song Recordings and Noise Measurements

We recorded bananaquit songs with a Sennheiser TM (Wedemark, Germany) shotgun directional microphone (ME67 + K6) connected to a Sony TM (Tokyo, Japan) PCM-D50 digital recorder. Song recordings were taken in WAV format, at a sampling rate of 44.1 kHz. We recorded the birds mostly between 05:00 and 10:00, from a distance of 5–10 m to the focal bird, and each bird was recorded only once. To improve signal-to-noise ratio and the quality of the recordings in noisy locations, we positioned the microphone as close as possible to the bird and as far as possible from the noise source. We positioned the direction of the microphone in parallel to the direction of the noise source as the sides of the microphone are the least sensitive. Additionally, we positioned a barrier, like a car or a wall, between the noise source and the microphone when possible (c.f. Slabbekoorn, 2012).

We measured the ambient noise level in each territory where we were able to record sufficient bananaquit songs. We assessed the sound levels of ambient noise for 5 min, starting at the beginning of song recording, using a sound pressure level meter with data logger Skill-Tec TM (São Paulo, São Paulo, Brazil) SKDEC–02 (A-weighting, slow response, range 30–130 dB, 1s interval). We positioned the equipment upwards, kept vertically on a tripod at 150 cm from the ground. The 5 min sample was integrated into a single, average sound level (dBA) as the ambient noise measure per territory.

The variation in sound levels within territories across the time period of sampling may undermine comparisons across territories (Slabbekoorn and Peet, 2003; Arroyo-Solís et al., 2013). This potential problem was checked with repeated sound level measurements over the morning in a subset of bananaquit territories. We averaged 10–5 min samples per locality recorded between 05:00 and 10:00, sampled at the start of each half hour. These long-term averages were compared to the nearest short-term territory samples by a simple regression, where the long-term averages represented the independent variable and the nearest short-term samples the dependent variable.



Song Processing and Measurements

The song recordings were high-pass filtered between 0.5 and 2.5 kHz using the software Audacity TM v. 2.1.2 (Carnegie Mellon University, Pittsburgh, Pennsylvania, United States). We used spectrogram observation to adjust filter limits for each individual recording, to remove as much ambient noise as possible, without removing any trace of song. The omission of low-frequency background noise renders a distinct presence of the target songs in the amplitude wave, which supported the measurement of song duration on the spectrogram. We generated song spectrograms and waveforms with Raven TM PRO software (Cornell Laboratory of Ornithology, Ithaca, NY, United States) version 1.5. The chosen parameters for the calculation of spectrograms were Hann windows, DFT size 512 samples, and an overlap of 50%.

We measured spectral and temporal variables for each song of a bout of a total of 1 –13 songs per individual. The spectral and temporal song parameters were: minimum, maximum and peak frequency (log10Hz), frequency bandwidth (log10Hz) and song duration (s). We assessed these measures by cursor placement and the automated writing to file procedure of the Raven TM PRO software. There are advantages and disadvantages to the method of cursor placement compared to a fully objective automated measurement technique by amplitude cut-off points relative to the peak amplitude in the song (Verzijden et al., 2010; Zollinger et al., 2012; Ríos-Chelén et al., 2016). The potential issues about effect and artifact size are addressed in the discussion (c.f. Verzijden et al., 2010). We log10 transformed the frequency measurements for each recorded song, before performing any averages (for the graphics) and statistical analyses, as this better reflects pitch perception in birds and should therefore provide a biologically more relevant t-test (Cardoso, 2013). For frequency bandwidth (log10Hz), we first log-transformed maximum and minimum frequency measurements and then computed frequency bandwidth as the difference between the two.

An observer bias is possible to some extent for some of the measurements (e.g., minimum and maximum frequency), as we had clear directional expectations about noise-dependent song variation (c.f. Brumm et al., 2017). However, our recording strategy in the field, to optimize signal-to-noise ratio, reduced direct audibility of current noise level during song measurements. Furthermore, noise level fluctuations in time also reduced the link between noise conditions at specific recording times and average noise levels. Consequently, song analyses were largely blind to variation in the relative noise level among territories, which should prevent problems of observer bias.

We also quantified four measurements of song elaboration, related to the number of repeated song units and the acoustic variety among these units, as done in several studies for different species (Garamszegi and Moller, 2004; Soma and Garamszegi, 2011; Hill et al., 2017). Also the measurements were done for each song of a bout of 1–13 songs per individual. We quantified: (1) number of syllables (sound units per song), (2) number of syllable types (different sound units per song), (3) syllable rate (number of syllables sung per second); and (4) number of phrases. Phrases in bananaquits may concern trills formed by repetitions of the same syllable, fixed combinations of note complexes, or stereotypic sequences of different syllables (Thompson et al., 1994). These measures of song elaboration have been shown to play a role in communication related to sexual and territorial advertisement (Hoi-Leitner et al., 1995; Catchpole and Leisler, 1996; Soma and Garamszegi, 2011; Hill et al., 2017).



Territory Density Assessment

We assessed the number of singing bananaquits within a range of 100 m of a target territory. Within this distance, birds are expected to properly hear each other and face relevant territorial interactions (Ripmeester et al., 2010; Hamao et al., 2011; Narango and Rodewald, 2015). Bananaquits may hear more neighbors than human observers, due to a perceptual focus on conspecific song features and advantageous perch heights. However, it is important to have a measure of territory density that is sampled in a standardized way and which adequately reflects variation among territories in density related competition.



Statistical Analysis

We tested whether spectral and temporal song measurements (minimum, maximum, peak frequency, frequency bandwidth and song duration) were influenced by the noise level measures associated with individual song recordings. We also tested for a confounding impact by social competition by interplaying these spectral, temporal and elaboration song measurements to territory density. Finally, we tested whether the noise-dependent spectral variation in songs found in the first tests affected the song elaboration. We added song duration as a covariate to these analyses, as song duration can affect our measures of song elaboration. We used linear mixed models (LMM) throughout by selecting the “lme4” function (Bates et al., 2015) of R software (R Core Team, 2017). Each model contained one spectral, temporal or elaboration song measurement as the dependent variable, noise or territory density as independent variable, and individual as a random factor. To test the interplay between song spectral measurements and song elaboration, each model contained one elaboration measurement of the song as the dependent variable (syllable types, number of syllables, number of phrases and syllable rate), one spectral characteristic of the songs and song duration as covariate independent variables (minimum, maximum frequency and frequency bandwidth), and individual as a random factor. For ordinal variables as number of syllables, we used a Poisson distribution and for numeric variables as spectral and temporal measurements, we used a Gaussian distribution. Using the same software and “lme4” function, we performed linear mixed models to investigate whether there was an interplay between the spectral variables minimum, maximum frequency and frequency bandwidth, the number of neighbors, song duration, and the song elaboration measurements.




RESULTS

We recorded songs and assessed ambient noise levels in 65 bananaquit territories and measured the territory density of 37 of these in terms of the number of singing male neighbors audible to the human observer. Three out of four of the spectral song measurements were significantly related to the ambient noise level. Song minimum and maximum frequencies were higher in noisier territories, with noise-related differences in minimum frequency being more prominent than differences in maximum frequency (Table 1 and Figures 2, 3). As a consequence, we found that also the frequency bandwidth was significantly related to noise level, with a narrower frequency range in noisier conditions (Table 1). Peak frequency and song duration were not influenced by the noise level (Table 1). The spectral, temporal and elaboration variables that were related to the ambient noise level were not related to territory density (Table 2). The short-term noise measurements, sampled in a 5-min period during song recordings, associated well with the long-term noise assessments, based on ten 5-mi periods spread out over the 5-h period of song recordings between 5.00 and 10.00 h in the morning (r2 = 0.5598, t = 4.367, p = 0.0005, N = 17, Figure 1).


TABLE 1. Fitted linear mixed models of the spectral or temporal or elaboration song variables on the noise level.
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FIGURE 2. Spectrograms of four bananaquit songs differing in levels of elaboration, i.e., in the number of different syllable types. More (A,B) and less (C,D) elaborate songs occur both in the most geographically distant locations.
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FIGURE 3. Relationship between noise level and bananaquit song variables. In noisier situations, bananaquits sing higher songs (A), do not change the song syllable length (B), nor the syllable diversity (C). The lines represent the fitted linear model for significant results. In graph A, blue lines and dots represent the minimum frequency and the red line and dots represent the maximum frequency.



TABLE 2. Fitted linear mixed models of the spectral or temporal or elaboration song variables on the bird density.
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The frequency variation in minimum frequency and frequency bandwidth and also song duration were significantly related to measures of song elaboration (Table 3). The minimum song frequency was negatively correlated to the number of different syllable types, while the frequency bandwidth and song duration were positively related to the number of syllable types. This means that a narrower frequency bandwidth, driven by a higher minimum frequency, together with a shorter duration, lead to less syllable diversity (Table 3 and Figure 4). The minimum and maximum song frequency were positively related, and the frequency bandwidth and song duration negatively related to syllable rate. This means that songs with higher minimum and maximum frequencies had a narrower frequency bandwidth and shorter duration, which yielded higher rates of syllables sang per second (Table 3 and Figure 4). Finally, spectral measurements did not correlate to the number of syllables or phrases. Here, song duration was just related to the number of syllables and phrases. This means that shorter songs naturally had less total number of syllables and phrases.


TABLE 3. Fitted linear mixed models of the elaboration song measurements on the spectral song variables and song duration.
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FIGURE 4. Phenotypic restriction of the song syllable diversity (i.e., number of different syllable types) and syllable rate (i.e., syllables per second) by the increase of the minimum song frequency (A,B) and the decrease of the frequency bandwidth (C,D). The black lines represent the fitted linear model for significant results.




DISCUSSION

We investigated whether bananaquit songs exhibited noise-dependent variation in spectral and temporal parameters and whether higher minimum song frequencies, narrower frequency bandwidths, or shorter songs would restrict song elaboration. Bananaquit songs varied spectrally with noise levels among individuals from different territories, but song duration did not. We found significantly higher minimum and maximum frequencies and significantly narrower frequency bandwidth in noisier territories. The elevated minimum song frequency was more prominent than the noise-dependent maximum frequency, which is in line with a masking avoidance strategy against traffic noise biased to low frequencies. The noise-dependent spectral variation was not affected by territory density, and appears to restrict song elaboration. Despite being not related to the noise levels, song duration was related to frequency bandwidth and song elaboration: higher, narrower, and shorter songs showed less diversity in the number of different syllable types in a song.


Trade-Off Between Audibility and Signal Quality

The noise-dependent changes in frequencies can make bananaquit songs more audible under noisy conditions, but at the same time make them of lower signal value to the singer (Slabbekoorn, 2013; Luther et al., 2016). Bananaquits sang with higher minimum and maximum frequencies, but as the minimum frequency shift was more prominent, songs also became of narrower frequency bandwidth in noisier territories. The different extents of change in minimum and maximum frequencies makes a mechanistic coupling of noise-dependent amplitude and frequency use (Verzijden et al., 2010) less likely as an explanation for the higher sound frequencies in bananaquit songs from noisy territories (Cardoso and Atwell, 2011). Spectral masking avoidance of low-frequency traffic noise (c.f. Slabbekoorn and Peet, 2003) may therefore be a likely explanation, as, for example, great tit females responded more, and male black-capped chickadees (Poecile atricapillus) responded faster, to high than to low frequency songs in noisy situations (Halfwerk et al., 2011a; Lazerte et al., 2017). Furthermore, since bananaquit song repertoires are large and versatile, consisting largely of removals or additions of different syllables to the song (Wunderle et al., 1992), it is possible that individuals avoided the masking effect of noise by removing low-frequency syllables from their songs. However, a higher song frequency may also affect signal value, as in some species low-frequency songs have been shown to signal male size and may play a critical role in mate attraction and competitor deterrence (Brown et al., 1996; Linhart et al., 2012; Luther and Magnotti, 2014).

A decrease in frequency bandwidth may also benefit audibility through improvement of signal-to-noise ratio by spectral concentration of signal energy (c.f. Hanna et al., 2011). At the same time, more narrow bandwidths may limit performance features related to combinations of bandwidth and trill rate (c.f. Podos, 1997) and make a song shorter. Songs with restricted bandwidths have also been shown to elicit lower response levels from territorial rivals and to exhibit lower vocal performance than songs with broader frequency bandwidths (Luther et al., 2016; Davidson et al., 2017). For male bananaquits, narrow song bandwidths with short durations, and possibly lower response levels from territorial neighbors (Winandy et al., 2021), could negatively impact the dynamics of territorial defense, while this species has high levels of intrasexual competition over small territory sizes that are constantly being disputed (Wunderle et al., 1992). These data on the production side of communication indicate that bandwidth reductions may negatively impact signal function and thereby reduce mating opportunities and territory defense efficiency.

On top of the direct consequences of noise-dependent spectral changes, we found a correlated reduction of song elaboration that may also affect signal value. In European robins, a noise-dependent increase in minimum song frequency also correlated to a decrease in the number of different syllable types in a song (Montague et al., 2012). This association of spectral restriction and decline in syllable diversity, now found in multiple species, may be related to an elimination of low-frequency syllables and result from inherent acoustic restrictions due to physical constraints. Alternatively, lower syllable diversity may also emerge through the production of more repetitive trills of the same syllables, as syllable rate increased in songs of narrower frequency bandwidth (as illustrated by the example in Figure 2 and also see Figure 4). The increase in syllable rates could also be explained by the fact that song duration was also related to the song elaboration. Shorter songs may have had higher syllable rates because there was less time for singing the relevant syllables. This could be a counter strategy to cope with noisy conditions in itself (Shannon and Weaver, 1949; Wiley, 1994), as suggested, for noise-dependent repetition rates in chaffinches (Fringilla coelebs) of Europe (Brumm and Slater, 2006) and urban silvereyes (Zosterops lateralis) of Australia (Potvin and Parris, 2012).

The noise-dependent song variation found for the bananaquits can therefore represent a functional trade-off in several ways. The spectral adjustments and increased redundancy may make their songs more audible in the noisy territories. However, the reduced syllable diversity may also affect perceived repertoire size, which may undermine the abilities of singing bananaquits to signal sender quality (Buchanan and Catchpole, 2000; Kipper et al., 2006). Kagawa and Soma (2013) found for example that larger and heavier Java sparrows (Lonchura oryzibora) sang more elaborate songs, i.e., with more note types. Whether a detrimental effect on signal content due to reduced syllable diversity applies to bananaquits remains to be tested and could be done by playback experiments (Winandy et al., 2021).



Methodological Validation

Accurate measurements of noise-dependent song frequency variation may be hindered by the fading song amplitude at spectral extremes and the presence of noise around these same frequencies (Verzijden et al., 2010; Zollinger et al., 2012; Ríos-Chelén et al., 2016). Fully objective automated measurements using amplitude cut-off points, relative to the peak amplitude in the song, avoid this problem but compromise on the assessment of the actual song frequency range. Measurements by cursor placement are the most precise determination of spectral song extremes, but may suffer from observer bias (c.f. Brumm et al., 2017) and may introduce a noise-dependent artifact (Verzijden et al., 2010).

For the current study, we selected spectral measurements by cursor placement and we believe that observer bias is not a problem (see section “Materials and Methods”), as any possible artifact is of a much smaller scale than the effect size in our results. Bananaquit songs show, for example, variation over a range of 3,467 Hz in the minimum frequency between the highest and lowest songs and the noise-dependent shift in this parameter concerns about 1,500 Hz over the sampled range of noise levels, from 40 to 70 dB (A). This is a large effect size compared to other descriptive studies on noise-dependent song variation (Nemeth et al., 2012; Slabbekoorn et al., 2012) and far beyond the artifact size in studies that determined this experimentally for measurements on song playbacks with variable noise levels for chiffchaffs (Phylloscopus collybita): 49 Hz (Verzijden et al., 2010), and red-winged blackbirds (Agelaius phoeniceus): 615 Hz (Ríos-Chelén et al., 2017).

As a final methodological issue, we here briefly address territory density as a potentially confounding variable. Bird densities may increase in cities, for example, by an increase in the availability of nesting sites and food resources (Shochat, 2004). Higher densities may affect urban song variation through altered levels of interaction and agitation that potentially covary with variation in noise levels (Ripmeester et al., 2010; Hamao et al., 2011; Narango and Rodewald, 2015). It is possible that bananaquit densities are higher in more urbanized (and consequently noisier) areas as the species relies on nectar, a very common resource especially in urban parks with a selection of ornamental flowers (Kaluza et al., 2016). However, high densities of bananaquits can indeed be seen in foraging clusters at particular localities, but this seems less so during singing behavior and territorial defense (personal observations). In our study, we also did not find any relationship between our territory density measure and spectral or elaboration features of bananaquit songs. We therefore consider the noise-dependent song variation to be independent of this potentially confounding factor for our species.




CONCLUSION

Neotropical bananaquits present another case of noise-dependent variation in song frequency use, correlated with a decline in song elaboration. We found that bananaquits sang higher minimum and maximum song frequencies, with most prominent changes in minimum frequencies, and a corresponding narrower frequency range in noisier situations. This noise-dependent song frequency use results in masking avoidance of low-frequency traffic noise at least to some extent. Songs in more noisy territories were also shorter, more repetitive and less diverse in terms of the number of different syllable types, which may reduce signal value for mate attraction and territorial defense. Consequently, these findings are congruent with a functional trade-off in song acoustic structure and suggest that urban birds face a compromise between audibility and signal quality. We believe our findings indicate that anthropogenic noise may not only alter the song features birds sing in urban areas, but that these changes can also affect fundamental processes of sexual selection that may undermine individual fitness and the fate of populations.
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Number of syllable types
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P-value
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0.033
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0.016
0.004
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0.63
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Indlividuals are included as a random factor. Bird density is represented by the number of singing neighbors (N = 37).
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2.368

0.065
1.663

0.066

t-value

—4.115

8.926
—0.254

9.252
2.357

8.820
1.753

33.327
—0.013

33.04
—1.097

32.993
1.491

12.317
0.909

12.070
—1.080

12.21

2.273

—2.833
3.762

—3.762
—3.134

—2.638

P-value

<0.001

<0.001
0.800

<0.001
0.019

<0.001
0.08

<0.001
0.989

<0.001
0.27

<0.001
0.137

<0.001
0.364

<0.001
0.281

<0.001

0.023

0.004
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<0.001
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0.045
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0.551

0.551
0.44
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0.619

0.619
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0.690
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0.695

0.695
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ID = Individuals as a random factor. PS: Song duration = song duration as a random factor for the model of syllable types ~ log frequency bandwidth. N = 65 individuals;

number of obs = 301. In bold are the p-values for the significant results.
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Song variables Estimate Std. Error t-value P-value R2m R2c

Low frequency (log1oHz) 0.0069 0.0011 6.02 <0.001 0.306 0.74
High frequency (log1oHz) 0.0007 0.0002 2.64 0.01 0.066 0.51
Frequency bandwidth (logioHz) —0.0061 0.0011 —5.44 <0.001 0.255 0.69
Peak frequency (log;oHz) 0.0004 0.0007 0.53 0.59 0.002 0.38
Song duration (s) —0.0041 0.0083 —0.49 0.62 0.001 0.29
Number of syllables 0.0024 0.0037 0.66 0.5 0.003 0.39
Number of syllable types —0.005 0.0033 —1.58 0.11 0.012 0.85
Number of phrases 0.022 0.013 1.66 0.10 0.026 0.46
Syllable rate 0.023 0.016 1.37 0.17 0.023 0.67

Indlividuals are included as a random factor. We provide coefficient values, t statistics, significance values, multiple R squared, and adjusted R squared values. In bold are
the p-values for significant results (N = 65).





