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To function effectively, animal signals must transmit through the environment to receivers, and signal transmission properties depend on signal form. Here we investigated how the transmission of multiple parts of a well-studied signal, bird song, varies between males and females of one species. We hypothesized that male and female songs would have different transmission properties, reflecting known differences in song form and function. We further hypothesized that two parts of male song used differentially in broadcast singing and aggressive contests would transmit differently. Analyses included male and female songs from 20 pairs of canyon wrens (Catherpes mexicanus) played and re-recorded in species-typical habitat. We found that male song cascades used in broadcast singing propagated farther than female songs, with higher signal-to-noise ratios at distance. In contrast, we demonstrated relatively restricted propagation of the two vocalization types typically used in short-distance aggressive signaling, female songs and male “cheet” notes. Of the three tested signals, male “cheet” notes had the shortest modeled propagation distances. Male and female signals blurred similarly, with variable patterns of excess attenuation. Both male song parts showed more consistent transmission across the duration of the signal than did female songs. Song transmission, thus, varied by sex and reflected signal form and use context. Results support the idea that males and females of the same species can show distinctly different signal evolution trajectories. Sexual and social selection pressures can shape sex-specific signal transmission, even when males and females are communicating in shared physical environments.
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INTRODUCTION

Animal communication signals are shaped by many factors, including signaler and receiver morphologies, physiology, physical environments, and social environments (Brenowitz et al., 1997; Slabbekoorn and Smith, 2002; Podos et al., 2004; Bradbury and Vehrencamp, 2011). Signal evolution has been well studied in birds, with extensive research examining the form and function of male broadcast songs (Thorpe, 1961; Catchpole and Slater, 2008). Much less work has examined the properties of female songs (Odom and Benedict, 2018; Riebel et al., 2019). Broadcast songs, by their very nature, should be adapted to transmit long distances, leading many authors to emphasize that habitats select for increased song propagation distances and propagation consistency (Morton, 1975; Gil and Gahr, 2002; Boncoraglio and Saino, 2007; Apol et al., 2018). Signal efficacy, however, is not purely dependent on transmission distance, and many signals function effectively with short propagation distances (Endler, 1993; Higham and Hebets, 2013). Evaluating the transmission properties of different avian songs can therefore illuminate how evolution shapes signal form in conjunction with function, and will help to explain the diversity of bird songs found in nature. Males and females of the same species provide a particularly interesting test case for such comparisons because they occupy the same physical spaces but can be subject to different sexual and social selection regimes (West-Eberhard, 1983).

It is well established that environments can affect the propagation of animal sounds (Wiley and Richards, 1978, 1982; Forrest, 1994; Brumm and Naguib, 2009). In multiple systems, bird songs transmit well in their local environments (Blumenrath and Dabelsteen, 2004; Nemeth and Brumm, 2010; Ręk and Kwiatkowska, 2016). At a larger scale, however, it is becoming clear that not all songs have evolved for maximum transmission distance (Boncoraglio and Saino, 2007; Ey and Fischer, 2009). Factors including signaler identity, song function, and social context can shape bird songs in ways that override potential benefits of long-distance transmission (Greig et al., 2013; Mikula et al., 2020). Indeed, one branch of research emphasizes that many avian vocalizations have a form and delivery style that is adapted for short-distance transmission, often in aggressive contexts (Dabelsteen et al., 1998; Hof and Hazlett, 2010; Akçay et al., 2015; Zollinger and Brumm, 2015). Within-species comparisons have demonstrated that short-distance (quiet) songs show reduced transmission, even when played at the same amplitude as long-distance (loud) songs (Rek, 2013; Vargas-Castro et al., 2017; but see Niederhauser et al., 2018). Long- and short-distance vocalizations often differ in form, with short-distance vocalizations having higher frequencies and wider bandwidths and less energy concentrated in pure tones (Piza and Sandoval, 2016). In general, such buzzy broadband sounds are typical of animal aggressive signals (Morton, 1977; Blumstein and Récapet, 2009). Many short-distance bird songs function in agonistic contexts where reduced transmission allows for aggressive signaling to a nearby rival while simultaneously reducing eavesdropping by unwanted signal receivers (Akçay et al., 2015; Vargas-Castro et al., 2017).

Although long ignored in temperate areas of the world, female bird song is widespread (Langmore, 1998; Odom et al., 2014). Males and females, even when occupying the same territories, often exhibit differentiated sex roles and may experience distinct selective pressures on their communication, particularly in temperate latitudes (Slater and Mann, 2004; Price et al., 2009; Hall and Langmore, 2017). Comparisons of male and female song features, therefore, have the potential to illuminate different signal evolution trajectories within a single species. We are aware of only four previous studies comparing the transmission of male and female vocalizations from one species; together, their results show that sex-specific calls, songs, and duets can propagate differently through space (Mennill et al., 2009; Mouterde et al., 2014; Sandoval et al., 2015; Graham et al., 2017). In tropical rufous-and-white-wrens (Thryophilus rufalbus), the only species for which sex-specific song transmission has been demonstrated, male and female songs are generally similar in structure and are often used in similar contexts (Mennill and Vehrencamp, 2005). In other avian species, male and female songs have very different structures that reflect sex-specific functional differences.

In the study reported here we investigated the transmission properties of male and female bird songs with highly sex-specific structures and different known contextual use patterns. Canyon wrens (Catherpes mexicanus) are monomorphic, year-round residents in Western North America that live in monogamous territorial pairs (Jones and Dieni, 2020). Males use song as a broadcast signal of territory occupation and sing frequently throughout the breeding season (Benedict et al., 2013; Rose, 2013). Females almost never sing spontaneous broadcast song, but do use song to defend resources; they are quick to sing when challenged on their territories by conspecific female song (Hathcock and Benedict, 2018; Dargis et al., 2021). Thus, female songs are most often used in short-distance aggressive signaling. Male and female canyon wren songs have distinct structures, but similar durations (Figure 1). Male songs always include a descending cascade of pure-toned notes that are well-known among bird enthusiasts for ringing off canyon walls over long distances (Lopez, 2011; Jones and Dieni, 2020). Males often conclude songs by appending one or more buzzy “cheet” notes to song cascades. Female canyon wren songs always consist of a rising and then falling series of buzzy notes, sometimes with harmonics (Spencer, 2012). Both males and females vary note form within songs (Benedict et al., 2013, Supplementary Material).
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FIGURE 1. Spectrograms of male and female canyon wren songs, with the “cascade” and “cheet” portions of the male song indicated. Songs were recorded from a mated pair in Arizona (GIS: 31.908498, −109.188094) on June 7, 2019.


Theory suggests that buzzy female canyon wren songs should travel a limited distance, allowing signalers to communicate effectively with rivals and avoid eavesdropping (Vargas-Castro et al., 2017). The pure-toned notes of male canyon wren song cascades, in contrast, are expected to carry long distances, broadcasting male presence across widely spaced territories (Warning et al., 2015; Benedict and Warning, 2017). Interestingly, when male canyon wrens are challenged in aggressive confrontations, they adjust their songs to reduce the length of the cascade and to add or increase the number of terminal “cheet” notes (Benedict et al., 2012). Male “cheet” notes are much more broadband than cascade notes and female song notes (Figure 1). Thus, for our analyses we compared the transmission of female songs with the two parts of male song and we compared male cascades and “cheet” notes. We predicted that male cascades would propagate best over long distances. As all male songs include the cascade, we considered it to be the fundamental unit of male song for comparison with female songs and we focus on that male-female comparison. We also predicted that male cascades would propagate better than male “cheet” notes over distance.

For all comparisons, we assessed three measures of signal transmission often used in studies investigating acoustic adaptation in birds (Dabelsteen et al., 1993) as well as a novel metric describing the consistency of signal propagation by quantifying transmission variability across the beginning, middle and end portions of the sound. We predicted that male cascades, the main broadcast signal of this species, would show the highest signal consistency. We believe this metric offers a more complete picture of signal propagation in our study species, as it has been long hypothesized that birds living in open spaces should adapt their signals to improve propagation consistency instead of, or in addition to, transmission distance (Morton, 1975; reviewed in Boncoraglio and Saino, 2007; Hardt and Benedict, 2020).



METHODS


Playback Tracks

Our canyon wren song playback exemplars (spectrograms in Supplementary Material) came from previous studies of this species conducted by our research group. For the male-female song comparisons we created 20 pairs of audio tracks representing male and female songs recorded from mated pairs during the same recording sessions. Most (n = 30) recordings were made by one author (LD) in Colorado in 2018 and in Arizona in 2019 during experiments where males and females were induced to approach a speaker playing conspecific song (Dargis et al., 2021). Remaining tracks (n = 8) came from a 2016 study with similar methods (Hathcock and Benedict, 2018). In both studies, males and females typically approached the playback speaker together, allowing recordings from both members of each pair to be made from a similar distance. Songs were recorded as .wav files using a Sennheiser MKH-60 or MKH-70 shotgun microphone connected to a Marantz PMD 661 MKII solid state digital recorder, with a sampling rate of 48 kHz, and a depth of 24 bits. For each pair we created a track containing the best quality recorded song for the male and another track containing the best quality recorded song for the female. This led to inclusion of seven different male song cascade types (Benedict et al., 2013). Using Audacity,1 we normalized each track to a peak amplitude of −0.5 dB, and filtered background noise using the “noise reduction” tool with a 20 dB reduction and a 1-s Noise Profile from immediately preceding the song in each recording (sensitivity = 6.0, 3 frequency smoothing bands). Noise Profile filtering approaches are effective at removing noise while preserving signal acoustic characteristics (Baker and Logue, 2007). We filtered out frequencies under 1,200 Hz in most tracks and under 1,600 Hz in a minority of tracks that had excess low-frequency background noise. Male and female song tracks from the same pair were always prepared with the same methods.

Fourteen of our 20 male song tracks included both the cascade notes and at least one terminal “cheet” note. To increase the sample size of the cascade vs. “cheet” note comparison, we added six additional male song tracks, created as described above. These recordings were made during the same studies as the female song tracks, but generally came from territories where only males were recorded. This provided us with a sample of 20 male songs for cascade vs. “cheet” transmission comparisons and for female song vs. “cheet” comparisons.



Playback Methods

We performed song transmission experiments on June 17th, 2019 between 8:30 and 9:30 a.m. in Northern Colorado at a site with appropriate rocky, arid canyon wren habitat (GIS coordinates: 40°26′5, −105°13′31) (Warning et al., 2015). Male and female songs were broadcast in a SSE direction along a cliff ledge at a SPL of 85 dB measured at 1 m with a sound level meter (Extech 407732); this song amplitude mimics natural canyon wren behavior (Dargis et al., 2021). The playback track was ordered by pair, with female and male songs alternating. Additional male songs with “cheet” notes were played at the end of the track. The playback session lasted just under 8 min. We chose our timing, location, and orientation to reflect natural singing behavior in this species (Jones and Dieni, 2020). Temperature and humidity during recording averaged 18.8°C and 32%, respectively, which reflect averages seen during male singing bouts on previous projects (Hardt, unpublished data). To avoid acoustic interference, we recorded playbacks on a clear day when average windspeed was below 8 kph.

Playback tracks were broadcast from a speaker positioned 1 m above the ground and re-recorded at an equal height 10, 50, and 100 m away to simulate potential listeners across a canyon wren’s territory. All three simultaneous recordings were made with Sennheiser MKH-60 shotgun microphones connected to Marantz PMD 661 MKII solid state digital recorders, with identical levels and settings; a sampling rate of 48 kHz, and a depth of 24 bits. Subsequently, we recorded each playback track in a featureless, open field at 1 m away from the speaker using the same equipment as above to generate a reference, non-degraded sound necessary for computation of degradation measures (Dabelsteen et al., 1993).



Acoustic Analysis

We analyzed each song using Raven Pro 1.6,2 selecting each of the non-degraded reference sounds (male cascade, male ‘‘cheet’’ notes or female song) in a box at the visible edges of time and frequency bounds using default spectrogram settings (Hanning type, DFT: 512 samples, grid spacing 86.1 Hz). For consistency, we used these bounds for every recorded version (10, 50, and 100 m) of each song. This was achieved by temporally aligning recordings using a loud tone at the start of the playback track which could be visibly detected on spectrograms at all distances. Once the tone was located on a test recording spectrogram, we copied the time and frequency bounds for each song from the reference recording to the test recordings. We used these selections to compute four degradation thought of as a measurement: blur ratio (BR), signal-to-noise ratio (SNR), excess attenuation (EA), and signal consistency (SC). Blur ratio can be thought of a measurement of the energy retained in a signal as it degrades over distance and was calculated with the package ‘‘baRulho’’ in R v4.0.3 Signal-to-noise ratio represents the relationship of the signal’s energy compared to background noise and was calculated with the equation provided by Dabelsteen et al. (1993). Background noise was sampled as a 1 s time slice preceding each song recording, as is standard in the field (Dabelsteen et al., 1993). At our location, background noise averaged 10.6 dB. Excess attenuation represents the retention of a signal’s clarity over distance while accounting for attenuation caused by atmospheric absorption and spherical spreading. For equations used, see Hardt and Benedict (2020).

Our fourth measure, Signal Consistency, is a novel metric that we used to assess propagation variability across the duration of the signal. To calculate it, we split each assessed signal into three equal time slices representing the beginning, middle, and end of that sound and determined the cross-correlation coefficient of the recording and the reference (Rmax) derived from Hilbert-transformed amplitude envelopes of each section. We determined Rmax with the function “corenv” from the R package “seewave.” We then took the inverse of the standard deviation of Rmax such that a high signal consistency indicates stable propagation over the three sections, and hence the entire signal.



Statistical Analysis

We analyzed data in R v 4.03 using the function “lm” (package: stats). To compare male cascades with female songs, we created a separate model for each of the four transmission measures, and used sex, recording distance, and pair identity for 20 pairs as fixed factors with interactions. For this paired analysis, we removed “cheet” notes from recordings when needed. To examine differences in propagation between the two parts of male song, we modeled each of the four measures for 20 songs with signal type (“cascade” or “cheet”) and distance as interacting fixed factors with song of origin as a covariate. We constructed similar models to compare female songs with male “cheet” notes, but because those comparisons do not use matched pairs, we consider them to be less robust (although still informative) and present them as Supplementary Material. We assessed model fit/adequacy with R squared values and residual vs. fitted value plots. For all models, adjusted R squared values exceeded 0.72 and residuals plots indicated sufficient fit. For each model, we report probability values derived from analysis of variance tables.



RESULTS

Our models comparing male song cascades with female songs confirmed acoustic degradation, as all three measures of signal transmission varied with distance (BR: F = 81.83, p < 0.0001, EA: F = 103.75, p < 0.0001, SNR: F = 369.80, p < 0.0001) (Figure 2 and Table 1). Female songs had lower signal-to-noise ratios (F = 31.93, p < 0.0001) than male song cascades, but blur ratio (F = 1.05, p = 0.31) and excess attenuation were similar for the two sexes (F = 0.97, p = 0.33). Thus, male song cascades retained distinctness from background noise better than female songs at all distances (Figure 2). Signal-to-noise ratio (F = 8.23, p = 0.0006) also showed a significant interaction between sex and distance, with distance promoting more rapid degradation of female songs. Our signal consistency metric indicated that male cascades transmitted more consistently than female songs (F = 25.67, p < 0.0001), and that signal consistency did not vary with distance (F = 0.15, p = 0.70) (Figure 2). Three of four transmission metrics varied with pair identity (EA: F = 9.87, p < 0.0001, SNR: F = 27.16, p < 0.0001. SC: F = 49.09, p < 0.0001; Table 1).
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FIGURE 2. Modeled metrics of propagation quality and consistency for canyon wren female songs and male cascades over distance. Model includes 20 pairs of male and female songs, with sex, distance, and pair identity as fixed factors.



TABLE 1. ANOVA output for sex-based and within-male canyon wren song transmission comparisons of Blur Ratio (BR), Excess Attenuation (EA), Signal-to-noise Ratio (SNR), and Signal Consistency (SC) measurements.

[image: Table 1]
Comparisons of the two parts of male canyon wren song revealed transmission differences (Figure 3). The buzzy terminal “cheet” notes had significantly lower signal-to-noise ratios (F = 46.95, p < 0.0001), higher blur ratios (F = 39.75, p < 0.0001), and higher signal consistency (F = 28.01, p < 0.0001) than the pure toned song cascades, but did not differ in excess attenuation (F = 1.91, p = 0.17; Table 1). Further, the signal-to-noise ratio of “cheet” notes interacted with distance to decrease faster with distance than did the signal-to-noise ratio of the song cascade (F = 9.47, p = 0.003). Although “cheet” notes degraded more with distance than song cascades, the “cheet” notes showed more consistent transmission (F = 23.41, p < 0.0001) (Figure 3 and Table 1). We also found significant between-song variation in two metrics (BR: F = 4.66, p < 0.0001, SNR: F = 9.82, p = 0.002; Table 1).
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FIGURE 3. Modeled metrics of propagation quality and consistency for male canyon wren song cascades and “cheet” notes. Model includes 20 songs, with sex, distance, and song identity as fixed factors.


Supplementary male-female comparisons found that female songs propagated better than male “cheet” notes, with female songs having lower excess attenuation (F = 10.96, p < 0.001), and higher signal-to-noise ratios (F = 50.50, p < 0.0001) (Supplementary Table 1). Male “cheet” notes transmitted more consistently than female songs (F = 57.15, p < 0.0001).



DISCUSSION

In this study, we demonstrated sex-based differences in bird song propagation, and we showed that different parts of a single bird song transmit as predicted by their functional and contextual use patterns. Our sex-based comparison found that male song cascades transmitted farther than female songs, supporting the hypothesis that these male signals have evolved for maximum broadcast efficacy. Additionally, female songs degraded faster with distance from the sound source. This result matches anecdotal observations in the field; male canyon wren song cascades are clearly distinct to the human ear over long distances, while female songs are harder to discern (Jones and Dieni, 2020). At the same time, female songs propagated farther and more clearly than male “cheet” notes, suggesting that female song has more broadcast function that those highly aggressive male notes. Given the similarities between human and avian sound detection thresholds, it is likely that birds have a similar perception of the effects of distance on male and female canyon wren song detectability (Dabelsteen et al., 1993; Martin, 2017; Zeyl et al., 2020).

Our results fit with hypothesized links between avian song structure, function, and transmission. The buzzy structure and aggressive function of female songs led us to predict that they would not propagate as far as the pure-toned male signals. Indeed, male canyon wren song cascades transmitted well over long distances, while female songs traveled less far. Interestingly, our two measures of song form degradation through space, blur ratio and excess attenuation, did not differ between male cascades and female songs. Thus, while male song cascades are detectable at longer distances, they do not retain structural clarity better than female songs. Previous work on a tropical wren species also found that signal-to-noise ratios varied with sex, but blur ratio did not, indicating that across species, female songs might consistently travel shorter distances than male broadcast song while retaining acoustic form (Mennill et al., 2009; Graham et al., 2017). These patterns make sense, given that canyon wren female songs are used almost exclusively in confrontations with female rivals, and are likely to be under similar selective regimes as other avian short-distance (quiet) songs adapted for use in contest situations (Morton, 1977; Akçay et al., 2015; Piza and Sandoval, 2016; Ręk and Kwiatkowska, 2016; Vargas-Castro et al., 2017). Like those short-distance songs, female canyon wren songs are expected to benefit if rapid degradation facilitates the transfer of aggressive intent to a rival but not to eavesdroppers.

Individual bird songs may have multiple component parts that function and evolve separately (Richards, 1981; Dabelsteen and Pedersen, 1988; Benedict and Bowie, 2012). This phenomenon is evident in male canyon wrens, where the cascade syllables used in all songs transmitted over long distances, while the “cheet” notes emphasized in aggressive contests degraded faster through space. Transmission differences were significantly reflected in signal-to-noise measurements and in the blurring of “cheet” notes. We conclude that “cheet” notes lose clarity at long distances, and become indistinguishable from background noise at distances of approximately 50 m (where SNR becomes negative in Figure 2). Multiple other studies have shown that different parts of a bird song can transmit with varying levels of clarity (Brenowitz, 1982; Dabelsteen and Pedersen, 1988; Graham et al., 2017; Grabarczyk and Gill, 2020). Such differences in transmission can reflect different functional roles for different song segments. In this case, the aggressive “cheet” notes indicate proximity, while cascades serve in long-distance communication. Because they contain these two elements with different transmission properties, male canyon wren songs are variable, and individuals can adjust song element use to maximize signal efficacy, given the context (Benedict et al., 2012). Female canyon wrens can also adjust song form by varying elements, but do not have a distinctly two-element song. This difference in song structure might be one reason why female song propagation distances fall between those of male cascades and male “cheet” notes.

In this study we report on a newly developed measure of acoustic transmission, signal consistency. We developed this measure because early work suggested that birds living in open spaces may face selective pressure to combat increased meteorological instability (i.e., wind, temperature) when compared to those living in closed spaces (Morton, 1975). Male canyon wren cascades and “cheet” notes propagated with more consistency than female songs, suggesting that male songs are more likely to be clearly detected at some point during signal transmission in the face of environmental fluctuations. Within male songs, however, cascades did not propagate with as much consistency as terminal “cheet” notes; this result ran counter to our predictions. We suspect that it may result from adaptive constraint, where cascades face tradeoffs between signal clarity and consistency for long-range use, while the temporally shorter, aggressive “cheet” notes may retain high consistency while remaining free of the requirement for clarity over distance. High “cheet” note transmission consistency may also reflect the fact that female songs and male cascades have relatively long durations, and more pronounced peak frequency variation than “cheet” notes. We suggest further investigation into the role of signal consistency in both short and long-range communication among animals living in open spaces.

Although we found support for our main predictions, close examination of the results (Table 1) reveals some study outcomes that were surprising. First, pair identity significantly predicted male and female song propagation for three metrics, with the songs of mated birds propagating similarly. This might result from the habitat, local recording conditions when we procured our song examples, or wind conditions during playback, but also raises the intriguing possibility that birds select mates based on similarity in signal transmission. We think that this speculation deserves further study. Second, male songs did not show the expected pattern of increased excess attenuation with increasing distance from the speaker. The lack of a pattern was apparently driven by high variability in the excess attenuation of male song, particularly the “cheet” notes. This variability and the inclusion of some different male song samples in the two comparisons (see section “Methods”) also apparently drove differences in modeled male cascade features between analyses (Figures 2, 3). Individual males, and even individual songs from one male, may differ substantially in their ability to reach distant audiences. We recommend follow up studies on individual variability and consistency in song transmission that include multiple songs and song types from each individual. These studies could also include measures of habitat and topography, as songs should transmit differently when certain individuals occupy habitats with different acoustic properties.

Our study demonstrated that the cascade portions of male canyon wren songs transmit farther than female songs and that male “cheet” notes have the shortest transmission distances. Thus, the typical broadcast song of this species has the best long-distance detectability, while two signals that are most often used in aggressive contests degrade more rapidly through space. These outcomes support a match between song form and function, and highlight sex differences in communication. Many of the songs of female birds in north temperate regions are similar in form to male songs of the same species (Hahn et al., 2013; Krieg and Getty, 2016; Rose et al., 2018). Canyon wrens provide a unique study system where male and female song forms have apparently evolved under different selective pressures and have different acoustic transmission properties. The sex-specific structures of these songs predict their acoustic propagation, highlighting the possibility that future within-species comparisons can use male and female signal structure to inform hypotheses about function and efficacy.
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