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The Acoustic Adaptation Hypothesis posits that habitat characteristics influence the
structure of animal vocalizations and that animals will vocalize and display behaviours
optimized for sound transmission. White-eared ground-sparrows Melozone leucotis
live in habitats with dense vegetation where vocal communication is an ideal mode of
communication for territory defence and mate attraction. On the basis of the Acoustic
Adaptation Hypothesis, if solos and duets of these ground-sparrows are used in long-
distance communication, we should expect that these vocalizations will exhibit
structures that enhance sound transmission. We conducted a sound transmission
experiment where we broadcast and re-recorded solo songs and duets to study their
transmission properties. We used two speaker heights and two microphone heights to
simulate different perch heights of signallers and receivers and four distances between
the speakers and microphones to simulate variable distances of separation. We found
that solo and duet songs show similar patterns of degradation and attenuation with
distance and proximity to the ground. These results suggest that solo and duet songs
facilitate communication with receivers at similar distances. The highest perches, for
both signallers and receivers, maximized acoustic transmission. This is the first study
that evaluates the transmission properties of songs and duets in birds, despite the fact
that many bird species in tropical forests produce both types of vocalizations. To our
surprise, we found that solo and duet songs degraded to below-detectable levels in less
than a typical territory’s diameter, suggesting that this species has not experienced
strong selection for long-distance communication.

Keywords: acoustic adaption; long-distance communication; Melozone leucotis;
sound transmission; thicket habitats; white-eared ground-sparrow

Introduction

The structure of vegetation and the ambient noise characteristics in wilderness habitats

have a heavy influence on animal vocalizations (e.g. Dabelsteen et al. 1993; Forrest 1994;

Balsby et al. 2003). Numerous investigations have demonstrated that animal signals are

acoustically adapted to optimize transmission characteristics in their habitat (Boncoraglio

and Saino 2007; Ey and Fisher 2009). If habitat characteristics change, the structure of the

vocalizations may also change over time to enhance transmission distance (e.g. Perla and

Slobodchikoff 2002; Derryberry 2009). By studying the transmission properties of animal

vocalizations, we can explore the relationship between animal communication and animal

habitats.
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Some habitats may present more significant challenges for the transmission of animal

vocalizations than others. In particular, noisy environments and habitats with very dense

vegetation may present substantial communication challenges to both signallers and

receivers (Slabbekoorn et al. 2002; Slabbekoorn 2004; Redondo et al. 2013). In tropical

environments, early successional habitats with dense vegetation – known as thickets –

may present special barriers to signal transmission, because vegetation causes scattering,

reflection and reverberation, thereby attenuating signals (Slabbekoorn et al. 2002; Dingle

et al. 2008). Many thicket habitats are also located close to noisy places such as river

edges, streets and towns (Sanchez-Azofeifa et al., 2001; Harvey et al. 2008; Biamonte

et al. 2011), which may further impede acoustic communication between animals living

therein (Ryan and Brenowitz 1985; Slabbekoorn and Peet 2003; Barker 2008).

Studies of sound transmission have focussed on the breeding vocalizations produced

by animals, including a heavy focus on male songs (Boncoraglio and Saino 2007; Ey and

Fisher 2009), likely because these vocalizations are amongst the most conspicuous long-

distance vocalizations (Andersson 1994; Catchpole and Slater 2008). According to the

Acoustic Adaptation Hypothesis (Morton 1975; Hansen 1979), the acoustic characteristics

of animal vocalizations are adapted to optimize transmission in the habitat where they

are typically transmitted (Boncoraglio and Saino 2007; Ey and Fisher 2009). Several

investigations of the transmission properties of bird songs confirm that this is the case

(Ryan et al. 1990; Brown et al. 1995). Yet, animals also produce a wide variety of other

acoustic signals beyond male breeding songs: female songs, calls from both sexes, vocal

duets and many types of soft songs (Langmore 1998; Matrosova et al. 2011; Geissmann

2002; Marler 2004). Some of these vocalizations may also be used in long-distance

communication – such as vocal duets (Hall 2009) or contact calls (Marler 2004) – and ,

therefore, may be acoustically adapted to their environment. Consequently, it is

worthwhile to explore acoustic adaptation in these other types of signals.

Our main objective in this investigation is to compare the transmission characteristics

of the solo and duet songs of white-eared ground-sparrowsMelozone leucotis, a species that

specializes in dense thicket habitats of the Neotropics (Sandoval and Mennill 2012). Males

and females of this species live as territorial pairs throughout the year, as do many tropical

birds (Stutchbury and Morton, 2008). White-eared ground-sparrows produce three main

types of vocalizations: both sexes produce calls; males produce loud solo songs for female

attraction and breeding partners combine their vocalizations to produce loud vocal duets for

within-pair communication and territory defence (Sandoval et al. 2013, 2015). Whereas

some birds use the same vocalization when they sing solos and duets, the duets of ground-

sparrows are created with very different vocalizations than those used by males as solo

songs (Sandoval et al. 2013, Sandoval and Mennill 2014). Whereas male solo songs are

frequency-modulated tones between 3.5–11.2 kHz, the vocalizations that males and

females contribute to duets are rapid, noisy sounds between 5.1–11.5 kHz (see Sandoval

et al. 2015). On the basis of the Acoustic Adaptation Hypothesis, it is reasonable to predict

that white-eared ground-sparrow solo songs should have evolved to maximize sound

transmission through thicket habitats, especially because songs are used to attract females

that may be located a substantial distance away. Duets, on the other hand, are used for

within-pair communication and for territory defence against other pairs in this species

(Sandoval et al. 2013, 2015), and, therefore, it is reasonable to predict that white-eared

ground-sparrow duets should have evolved to optimize sound transmission within a

territory and between adjacent territories. The sound spectrograms of white-eared ground-

sparrow vocalizations, however, show unexpected patterns; they exhibit broad bandwidth,

relatively short duration of elements and prominent trills (Sandoval et al. 2015). Under the
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Acoustic Adaptation Hypothesis we expect that vocalizations with narrow bandwidth, long

duration and a lowminimum frequency should maximize transmission in dense vegetation,

and trills should be favoured in open environments rather than in dense vegetation (Morton

1975; Hansen 1979; Boncoraglio and Saino 2007). A field study of the transmission

properties offers the opportunity to understand if these patterns could be an adaptation to

optimize long-distance communication in thicket habitats.

We conducted a sound transmission experiment to evaluate the transmission

characteristics of white-eared ground-sparrow’s solo and duet songs. Specifically, we

addressed two questions: (1) Do the solo and duet songs of white-eared ground-sparrows

have different transmission properties? (2) Do the transmission properties of solo and duet

songs vary with the perch height of the signaller or receiver? If white-eared ground-sparrow

solo and duet songs are used to communicate with receivers at similar distances, we

predicted that both types of vocalizations would share the same pattern of degradation and

attenuation through thicket habitats. If one vocalization is used mainly for short-range

communication (e.g. between pair members) and the other for long-range communication

(e.g. with animals in adjacent territories), we predicted that one vocalization would show

more degradation and attenuation than the other. Finally, we predicted that higher perches

would increase sound transmission range, as has been reported in other studies (Krams

2001; Mathevon et al. 2005; Barker et al. 2009); therefore, vocalizations should show

higher levels of degradation and attenuation closer to the ground.

Materials and methods

Study sites and territory measurements

We conducted this study in the Getsemanı́ region of Heredia province, Costa Rica

(10801’N, 84806’W; 1300m elevation), where white-eared ground-sparrows are common

inhabitants in young secondary forest edges, shade coffee plantations and naturally

occurring thickets. The study was conducted from 30 July to 2 August 2012, during the last

part of this species’ breeding season (Sandoval andMennill 2012). The weather was similar

throughout the four-day experiment, with a clear sky and little wind. All the playback

sessions took place inside three typical white-eared ground-sparrow territories (one in a

thicket-like shade coffee plantation and the other two in natural thickets). All experiments

took place in the morning between 6:00 and 9:00 am, a time when both male solo songs and

vocal duets are produced by this species (Sandoval et al. 2015).

To describe vegetation density within occupied territories, we measured the number of

trees (plants .2m tall and with a diameter at breast height $10 cm), bushes (plants 1–

2m tall with the main trunk diameter of 2–10 cm), and the percentage of ground covered

by grasses and small plants (15–100 cm tall) in 19 white-eared ground-sparrow territories,

including the three territories where the transmission experiment was performed.

We collected 8–12 measurements per territory using 2 £ 2m plots. We originally

endeavoured to take 12 measurements in each territory, but some territories were too small

for 12 plots; in other territories, the land structure included steep slopes or creeks,

prohibiting 12 plots. We distributed the plots along the cardinal axes (north, south, east and

west) at three distances from the territory centre: 5, 10 and 20m.

Transmission playback stimuli

To create stimuli for playback, we used representative vocalizations (common solo types

and duet types within our study populations, with species-typical frequency ranges), which
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we recorded during previous investigations of this species. Recordings were collected with

a Marantz PMD661 digital recorder (sampling rate: 44.1 kHz; accuracy: 16-bit and file

format: WAVE) and a Sennheiser ME66/K6 directional microphone. We selected our

highest quality recordings, focussing on sounds with little or no overlapping background

sounds and with a high signal-to-noise ratio (Figure 1). Sounds used in the experiment

were selected from five different individuals. For male solo song stimuli, we chose a solo

song from two different males. For duet stimuli, we chose three duet contributions, one

from a male and two from individuals of unknown sex (owing to the dense vegetation at

our study site and the fact that pair members often forage in very close proximity, we could

not assign the sex of the singer with confidence). We used non-overlapping duet

contributions (i.e. incomplete duets, see Sandoval et al. 2015), rather than the overlapping

male–female duets (i.e. a vocalization produced by both members of the pair singing

simultaneously), because male and females overlap in frequency and time (Sandoval et al.

2015), making it impossible to separate the sexes’ contributions for the analysis. These

recordings were obtained from individuals recorded at less than 5m.

Figure 1. Spectrograms of the solo songs and duets of white-eared ground-sparrows used in the
transmission experiments.
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We also analysed degradation and attenuation in isolated elements of solo songs

(N ¼ 6 elements, 3 from each of 2 males’ songs) and duets (N ¼ 4 elements from three

different birds; Figure 1), because the context in which sounds are broadcast can influence

the assessment of their transmission characteristics; the tail of a preceding element within

a song could influence the analysis of the subsequent measurement. However, our results

revealed no differences between our analyses of complete solo and duet songs and the

isolated elements of those sounds, and, so, we present only the analyses of complete solo

and duet songs in the article.

The stimuli were composed of a sequence of five repetitions of two complete solo

songs, and three duet songs (Figure 1). Each repetition was separated by 3 s of silence.

Solo and duet songs were separated by 1.5 s of silence. Given the variable frequency range

of solo and duet songs, we used different filters to isolate the sounds of interests, by

excluding background sounds, for our playback stimuli. For solo songs, we used the

following filters: solo song 1: 1.5–11 kHz; and solo song 2: 4–13.5 kHz (Figure 1). For

duet songs, we used the following filters: duet 1: 4–11.5 kHz; duet 2: 4–12 kHz and duet

3: 4–10.5 kHz (Figure 1). We applied these filters using the passive option of the Fast

Fourier Transformed filter in Audition 1.0 (Adobe Systems, San Jose, CA, USA). Stimuli

were standardized to 21 dB using the normalize feature in Audition. The stimuli were

transferred to a portable audio player (model: Ipod Touch Nano, Apple, Cupertino, CA)

for playback in the field.

Transmission experiment

We broadcast the stimuli from an active loudspeaker (Anchor Audio; Minivox; frequency

response: 0.1–12 kHz), re-recorded them using an omnidirectional microphone

(Sennheiser ME62/K6) and a solid-state digital recorder (Marantz PMD661; sampling

rate: 44.1 kHz; accuracy: 16-bit; file format: WAVE) and connected via a microphone

preamplifier (Sound Device MP-1; frequency response: 0.02–22 kHz). We played back

the stimuli at a constant volume of 80 dB SPL, measured at 1m from the speaker using a

digital sound level meter (Radio Shack model 33–2055 using C weighting, slow

response). This broadcast amplitude matched how loud the ground-sparrow solo songs and

duets are in the field, according to the perception of two investigators with 3 years of

experience in recording this species. As the distance between the loudspeaker and the

microphone increased, we adjusted the level of our preamplifier so that we could still

record the playback sounds (we applied no gain at distances of 4 and 8m between the

loudspeaker and microphone and a gain of 18 dB at 16m and 32m distances; we

compensated for this difference in our analysis, by adding 18 dB to the appropriate

measurements).

For each of the three transmission tests, we played sounds across four horizontal

distances (4, 8, 16 and 32m between the loudspeaker and microphone) and at two

microphones and speaker heights (0.4 and 2.2m). We used these heights for the

microphone and speaker to represent the two common heights where we have observed

white-eared ground-sparrows producing duets and solo songs, respectively. Solo songs are

produced from perches that vary between 1 and 3m in height, with an average of

2.30 ^ 0.13m (^SE, N ¼ 18); meanwhile, duets are produced mainly from perches close

to or directly on the ground, with an average of 0.35 ^ 0.09m (N ¼ 17). The horizontal

distances were selected to represent the distances we often observed between the pair

members (i.e. the two shorter distances) and between neighbouring pairs (i.e. the two

longer distances). Rather than repeating the playback at the four horizontal distances along
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a linear transect, as has been done in previous studies (e.g. Barker et al. 2009, Sabatini

et al. 2011), we distributed the four horizontal distances at different axes within each

territory. In doing so, we hoped to include more of the birds’ territories in our transmission

test, providing a more representative sampling of the effect of habitat on sound

transmission. We chose these playback axes according to the cardinal points (north, south,

east and west) in two of the territories; for the third, the shape of the territory prevented us

from conducting the transmission test in the cardinal directions, and, therefore, the four

transects in this territory started at the same point but were distributed at different

distances to the south. We measured the temperature (mean ^ SE: 24.6 ^ 0.68C) and
relative humidity (mean ^ SE: 94.8 ^ 0.2%) every 5min during the experiment using the

internal humidity and temperature device of the SM2 þ Wildlife Acoustic Song Meters

(Wildlife Acoustics, Inc., Concord, MA, USA) placed at a height of 1m inside each

territory.

Sound analysis

We used SigPro 3.25 software (Pedersen 1998) to analyse the rerecorded sounds. Rather

than comparing the re-recorded sounds to the playback stimuli, we compared them to re-

recorded sounds collected at a distance of 1.0m. This allowed us to control for changes in

the sound that may have arisen because of the playback equipment. For the 1.0-m

recording, the speaker was oriented upwards, and the microphone was hung 1.0m directly

overtop in the centre of an open field of 20 £ 20m. We did this to avoid recording the re-

recorded sound with reverberations produced by the ground and vegetation in the

recording. The first three repetitions of each sound for each unique transmission test that

were not overlapped by any other sound were selected for use in the analysis.

We measured the variation in background noise using the same filter settings that we

used to isolate each of the stimulus sounds; we measured noise levels immediately before

the start of the stimulus for each sound that we analysed (as described in Dabelsteen et al.

1993). As in other transmission studies (e.g. Dabelsteen et al. 1993, Sabatini et al. 2011),

we assumed that the background noise before each stimulus was the same as the noise that

overlapped the experimental sounds.

For each experimental sound, after we applied a bandpass filter to remove background

noise outside the range of the signal of interest, we measured the following four variables:

the signal-to-noise ratio (the comparison between the amount of energy in the observed

sound versus energy in the background noise immediately before the sound of interest), the

tail-to-signal ratio (the amount of energy in the reverberant tail compared with the energy

in the observed sound), the blur ratio (the distortion of the signal’s frequency and

amplitude pattern over time) and the excess attenuation (attenuation beyond the spherical

spreading of 6 dB per doubling of the distance). Details about the formulas used to collect

these measurements in SigPro are presented in the studies done by Dabelsteen et al.

(1993), Holland et al. (1998) and Lampe et al. (2007). For several of the 32-m playback

sessions, the re-recorded sound was too faint for analysis even with the use of the

preamplifier, and these sounds were excluded from our analysis.

Statistical analysis

We performed two-sample t-tests to compare the territorial characteristics between the

territories where transmission experiments were conducted against territories without

transmission experiments. For trees and bushes, we conducted this analysis on raw data;
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for the percentage of ground covered by grasses and small plants, we transformed the data

using a square root arcsine function to meet the requirements of the test (McCune and

Grace 2002). We performed linear mixed-effects models (LMM) to analyse the effect

of the sound transmission experiments on signal degradation. The LMM were used to

compare the transmission properties of solo songs versus duets. There were four fixed

factors in the LMM: the distance between the speaker and microphone (four levels: 4, 8, 16

and 32m), the speaker height (two levels: 0.4m and 2.2m), the microphone height (two

levels: 0.4m and 2.2m) and sound type (two levels in our analysis of whole songs: solos

and duets). The response variables were the four sound degradation measurements (signal-

to-noise ratio, tail-to-signal ratio, blur ratio and excess attenuation), which we ran

separately in four independent models. We included as a random effect, the territory where

each experiment was conducted and the playback stimuli. We estimated only the main

effects and the two-factor interactions in our analysis. Finally, we performed post-hoc tests

on all pairwise comparisons between the main effects and the two-factor interactions using

Bonferroni corrections, adjusting the alpha for all tests. The residuals of our response

variables were normally distributed (Kolmogorov–Smirnov normality test: p. 0.05) and

showed equality of variances.

We analysed variation in background noise by following the technique used in several

previous transmission studies (Nemeth et al. 2001; Barker et al. 2009; Sabatini et al. 2011);

specifically, we conducted another LMM on measurements collected from the period

immediately before each bout of broadcast sounds, measuring the region of the sound

spectrum that remained after the aforementioned filters were applied to each sound. This

analysis allowed us to understand how background noise may vary between the different

frequency ranges of the test sounds and contribute to the signal-to-noise ratio. There were

four independent factors in this analysis: the distance between the speaker and microphone

(four levels), sound type (two levels), speaker height (two levels) and microphone height

(two levels). The response variable was the background noise level measurement.

We included as a random effect the territory where each experiment was conducted and

the playback stimuli. Throughout, we report all values as mean^ SE. Statistical analyses

were conducted in JMP (version 10.0; SAS Institute, Cary, NC, USA).

Results

Vegetation characteristics

We sampled the vegetation in 19 white-eared ground-sparrow territories and found

0.10 trees/m2 (range: 0–0.23 trees/m2) and 0.45 bushes/m2 (range: 0.06–1.20 bushes/m2).

The percentage cover of grass and small plants was 52% (range: 11–100%). The three

territories used for the experiment showed vegetation characteristics that were very close

to the population average (trees/m2 ¼ 0.08 ^ 0.12: t ¼ 0.25, df ¼ 17, p ¼ 0.80; bushes/

m2 ¼ 0.48 ^ 0.05: t ¼ 0.24, df ¼ 17, p ¼ 0.81; percentage of cover ¼ 60.1 ^ 11.4:

t ¼ 1.74, df ¼ 17, p ¼ 0.10), supporting the idea that our transmission locations were

representative of white-eared ground sparrow territory characteristics generally.

Degradation of solo and duet songs

For comparisons between solo and duet songs, we observed a significant variation in

signal-to-noise ratio (LMMwhole model: p , 0.001), tail-to-signal ratio (p , 0.001), blur

ratio (p , 0.001) and excess attenuation (p , 0.001) for both the main effects and the two-

factor interaction terms (Table 1). As expected, with the increasing distance between the
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loudspeaker and the microphone, sounds showed lower signal-to-noise ratios, higher tail-

to-signal ratios, a higher blur ratio and an increased excess attenuation (Figure 2). When

speakers were closer to the ground (0.4m vs. 2.2m), sounds showed lower signal-to-noise

ratios (Figure 2), but the other three variables did not show any statistical variation with

height. When microphones were closer to the ground (0.4m vs. 2.2m), sounds showed

lower signal-to-noise ratios and a higher blur ratio (Figure 2), but tail-to-signal ratios and

excess attenuation were not statistically different. Solo songs showed higher tail-to-signal

ratios than duets (Figure 2), but the other three variables were not statistically different.

Figure 2. Variation in four measurements of sound degradation according to distance, speaker and
microphone heights and sound type used in the transmission experiments. Error bars are standard
errors around the mean. Lowercase letters above the bars show the results of post-hoc tests for
comparisons that showed statistically significant differences; bars with the same letters are not
statistically different.
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The distance £ speaker height interaction showed higher signal-to-noise ratios for

higher perches at shorter distances; lower blur ratios for lower perches at shorter distances

and for higher perches at larger distances and similar excess attenuation at both perch

heights at shorter distances and decreased excess attenuation for higher perches at larger

distances (Table 1; Figure 3). The distance £ microphone height interaction showed

higher signal-to-noise ratios at shorter distances and higher perches; similar tail-to-signal

ratios for both perch heights at shorter distances and lower tail-to-signal ratios for higher

perches at larger distances; lower blur ratio for higher perches at shorter distances and

decreased excess attenuation for higher perches at larger distances (Table 1; Figure 3).

The distance £ sound interaction showed higher tail-to-song ratios with increased

distance, but at 32m, the tail-to-signal ratio was similar for both perch heights (Table 1;

Figure 3). The speaker height £ microphone height interaction showed similarly low

signal-to-noise ratios when stimuli were produced close to the ground and recorded at both

heights, but higher signal-to-noise ratios when stimuli were produced and recorded at

higher perches and higher tail-to-signal ratios at diagonal propagation (i.e. from a high

song post to a low receiver post or vice versa; Table 1; Figure 4). Speaker height £ sounds

and microphone height £ sounds interactions showed songs with higher tail-to-signal

ratios and blur ratios at both heights in comparison with duets (Table 1; Figure 4).

Background noise variation

In our analysis of the background noise that preceded each bout of recording, we found

that background noise levels varied with distance (Table 2), where there was slightly more

background noise at 32m than at 16m, and a similar noise level at both 8m and 4m. In

addition, we found a slightly more background noise in our analysis of solo songs versus

duets (Table 2). The only interactions that affected the background noise levels were

distance £ sound type and speaker height £ microphone height (Table 2).The distance

£ sound type interaction showed more background noise at 32-m solo songs than at 32-m

duet songs and 16-m solo and duet songs, and a similar noise level at both 8m and 4m solo

and duet songs. The speaker height £ microphone height interaction showed more

background noise when both the apparatuses were at 2.2m in height, the lowest noise

levels when the speaker was at 2.2m and the microphone at 0.4m in height and similar

medium noise levels when both apparatus were at 0.4m and speaker at 0.4 and

microphone at 2.2m in height.

Discussion

Using a sound transmission experiment, where we played the solo and duet songs of white-

eared ground-sparrows across several different distances and at two different speaker and

microphone heights in this species’ native thicket habitat, we showed that the degradation

and attenuation of solo and duet songs increased with distance and proximity to the

ground. We found that solo and duet songs experienced similar patterns of attenuation and

degradation, indicating that both types of vocalizations transmit similar distances when

they are emitted at the same source level and suggesting that both solos and duets are

designed to communicate with receivers located at similar distances from signallers.

Speaker and microphone height positively influenced the transmission of vocalizations,

demonstrating that ground-sparrow solos and duets experience less degradation and

attenuation from higher perches. Patterns of attenuation were influenced by the interaction

10 L. Sandoval et al.298
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Figure 3. Second-order interactions between distance and speaker and microphone heights (black,
0.4m; white, 2.2m) and between distance and sound type (black, duets; white, songs) for solo songs
and duets. Error bars are standard errors of the mean. Lowercase letters above the bars show the
results of post-hoc tests for comparisons that showed statistically significant differences; bars with
the same letters are not statistically different.
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Figure 4. Second-order interactions between speaker and microphone heights (black, 0.4m; white,
2.2m) and between speaker and microphone heights and sound type (black, duets; white, songs) for
solo songs and duets. Error bars are standard errors of the mean. Lowercase letters above the bars
show the results of post-hoc tests for comparisons that showed statistically significant differences;
bars with the same letters are not statistically different.
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between the distance and other factors such as speaker and microphone height, and –

rarely – with the type of sound analysed.

Our vegetation measurements corroborate the idea that white-eared ground-sparrows

inhabit areas with very dense vegetation. Such high vegetation density imposes a

limitation on visual communication, and, therefore, acoustic communication may be an,

especially, important modality for long-range signalling for animals in this environment.

High vegetation density, however, affects sound transmission by increasing degradation

(Nemeth et al. 2001; Slabbekoorn and Smith 2002; Slabbekoorn 2004), especially if the

vocalizations are not adapted to transmit well in this type of habitat. Song elements with

narrow bandwidth and long duration tend to transmit well in dense vegetation, but

broadband, short elements do not (Wiley 1991). Our results reveal that the solo and duet

songs of white-eared ground-sparrows are not particularly well-adapted to transmit

through dense habitat. The measurements we collected of signal attenuation and

degradation (signal-to-noise ratio, excess attenuation and blur ratio) were higher than

reported in other transmission studies. For example, in temperate forests, common

blackbirds Turdus merula (Dabelsteen et al. 1993) and blackcaps Sylvia atricapilla

(Mathevon et al. 2005) showed signal-to-noise ratios that were more than double the

values we reported here, excess attenuation values were less than one-third of our reported

values, and blur ratio values were less than half of those reported here at the longest

distances. In one of the few studies of degradation conducted in a tropical forest, rufous-

and-white wrens Thryophilus rufalbus (Barker et al. 2009) showed signal-to-noise ratios

that were 1.5 times higher than those reported here, excess attenuation values were less

than one-seventh of those reported here, and blur ratio values were less than half of those

reported here. These comparisons unambiguously show that thicket habitats impose a

significant barrier to effective sound communication and demonstrate that white-eared

ground-sparrow songs and duets – vocalizations with broad bandwidth, short duration and

repeated trill elements – are poorly adapted to transmit long distances inside thicket

habitats.

Prior field observations suggest that white-eared ground-sparrow territories have a

diameter of approximately 50 to 70m (estimated territory sizes based on tracking 42

banded pairs between 2011 and 2013) and that birds often occupy territories that abut

multiple neighbours (Sandoval et al. 2014, 2015). Given these observations of

territoriality, combined with the rapid attenuation and degradation we quantified in the

current study, solo and duet songs of white-eared ground-sparrows are not expected to

propagate more than one territory diameter, limiting the vocal interactions with other pairs

Table 2. Main effects and two-factor interactions in the linear mixed-effects model comparing the
background noise detected during the sound transmission experiment.

df F p

Distance 3,219 83.38 ,0.001
Speaker height 1,219 0.16 0.69
Microphone height 1,219 1.59 0.21
Sound type 1,219 18.96 ,0.001
Distance £ speaker height 3,219 0.22 0.88
Distance £ microphone height 3,219 0.62 0.60
Distance £ sound type 3,219 8.75 ,0.001
Speaker height £ microphone height 1,219 5.00 0.02
Speaker height £ sound type 1,219 0.06 0.81
Microphone height £ sound type 1,219 0.23 0.63
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or potential mates further than one territory apart. We found very similar patterns of

degradation between solo and duet songs. Solo and duet songs appear to serve different

functions in this ground-sparrow, where solo songs appear to be important in mate

attraction, whereas duets appear to be important in partner and territory defence (Sandoval

et al. 2013, 2015). The similarity we found for patterns of degradation may be the result of

constraints that drive both types of vocalization to communicate with receivers that are

found at similar distances, within adjacent territories. Some acoustic signals evolved with

acoustic characteristics that favour high levels of degradation and attenuation, because

the context of production may require privacy (e.g. mating signals) or minimize the

opportunity for eavesdropping (Mennill et al. 2002; Dabelsteen 2005). Acoustic

characteristics that favour high levels of degradation and attenuation observed in the solo

and duet songs of white-eared ground-sparrows may be maintained because they minimize

the potential for eavesdropping.

White-eared ground-sparrows may use behavioural strategies to enhance sound

transmission, as has been reported for other bird species (e.g. Krams 2001; Mathevon et al.

2005; Barker and Mennill 2009). For example, we have observed birds singing on the edge

of their territories and pairs approaching the shared boundary of a neighbouring territory

where a neighbouring pair was vocalizing. These behaviours may make vocal interactions

between neighbouring animals more efficient, considering the limitations of sound

transmission we found, here, by reducing the distance between signallers and receivers.

Another behaviour that may help to increase the transmission of the sounds is the use of

higher perches for vocalizing, and the advantage of this behaviour was corroborated by our

results. We found that male solo and duet songs were transmitted with less degradation

(higher signal-to-noise ratio and lower excess attenuation) at higher perches, although we

observed more background noise at these perches, as has been observed in other species in

a variety of different types of habitat (Dabelsteen et al. 1993; Krams 2001; Mathevon et al.

2005; Barker et al. 2009).

Inwhite-eared ground-sparrows, duets are vocalizations used for communicationwithin

pairs and between neighbouring pairs during interactions (Sandoval et al. 2013; 2015). If the

primary receiver for ground-sparrow duets is the bird’s partner, located on the same

territory, there may be little necessity for this vocalization to transmit long distances. This

stands in contrast to the function ofmale solo songs, where vocalizations are usedmainly for

mate attraction and possibly territory defence (Sandoval et al. 2013, 2015). If potential

receivers are more than one territory width away, we would expect animals to produce

vocalizations that transmit over such distances. Our data reveal that this is not the case for

white-eared ground-sparrows; attenuation and degradation increase rapidly with distance

such that their sounds should rarely transmit even one territory width. However, field

observations of two males that lost their partner during the breeding season suggest that

males may change their vocal behaviour to enhance signal transmission. In the case of these

two bachelor males, we observed birds singing from perches that varied from 8 to 15m

height; this is three to five times higher than average singing perches observed during the

mornings in males with pairs (2.30 ^ 0.13m, N ¼ 18). A future transmission experiment

using solo songs at these heights is encouraged to evaluate the possibility that males may

further enhance the transmission range of their mate-attraction solos or improve the

conditions for hearing a vocal response by using higher perches than we studied here.

Thick vegetation is expected to increase the tail-to-signal ratio of an animal

vocalization through reverberation (Slabbekoorn et al. 2002; Bradbury and Vehrencamp

2011). This may cause little distortion or amplification on unmodulated tonal sound

(Nemeth et al. 2006; Slabbekoorn et al. 2002; Barker et al. 2009), but for the dramatic
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frequency-modulated sounds of ground-sparrows, the tail serves to distort the signal (Ryan

and Brenowitz 1985; Brumm and Naguib 2009), although may contain information about

the distance to the sender (e.g. Holland et al. 2001). Ground-sparrow solo and duet songs

showed higher tails when the sounds were produced from higher perches and received

closer to the ground. This effect that might be driven by stronger wind levels at these

heights, as suggested in other studies (Barker et al. 2009), but likely arises owing to the

thick ground vegetation that characterized thicket habitats.

Degradation of solo and duet song characteristics may provide cues of the distance and

position of signallers (Morton 1986; Naguib 1995; Sabatini et al. 2011), given that sound

degradation varied with both factors in white-eared ground-sparrows. The evolution of

vocalizations that provide information on the exact position of the signaller may enhance

the efficiency of communication in closed habitats, such as thickets where visual signals

are limited even at close distances. This idea needs further investigation.

Althoughmany bird species in tropical habitats produce solo and duets songs (Langmore

1998; Gil and Gahr 2002; Hall 2009), this is the first study to directly compare the

transmission properties of solo and duet songs in the same species. We found that both

vocalizations showed the samepattern of degradation relative to the distance, suggesting that

both vocalizations are designed to communicate with receivers at similar distances when

both sounds are emitted at the same level and the receivers are located at the same height

above ground level. More comparative transmission studies are necessary to understand the

role of both vocalizations in the communication between signallers and receivers, especially

for specieswhere duets are composed of different types of vocalizations than solo songs, as is

the case for the ground-sparrows we studied here. For example, if solo songs travel larger

distances than duets with less degradation, it suggests the main function of this vocalization

is likely to attract female birds that are far away; in contrast, duets are likely used for close-

range communication. It is important to analyse the transmission properties of calls, because

some of them may be used in close-range and long-range communications; there are very

few transmission studies of calls to date.
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Conservación of Costa Rica.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Andersson M. 1994. Sexual selection. Princeton, NJ: Princeton University Press.
Balsby TJS, Dabelsteen T, Pedersen S. 2003. Degradation of whitethroat vocalisations: implications

for song flight and communication network activities. Behaviour 140(6):695–719. doi:10.1163/
156853903322370634.

Bioacoustics 15303

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
W

in
ds

or
] 

at
 0

5:
43

 2
2 

O
ct

ob
er

 2
01

5 

http://dx.doi.org/10.1163/156853903322370634
http://dx.doi.org/10.1163/156853903322370634


Barker NK. 2008. Bird song structure and transmission in the neotropics: trends, methods and future
directions. Ornit Neotrop 19:175–199.

Barker NK, Mennill DJ. 2009. Song perch height in rufous-and-white wrens: Does behaviour
enhance effective communication in a tropical forest? Ethology 115(9):897–904. doi:10.1111/j.
1439-0310.2009.01674.x.

Barker NKS, Dabelsteen T, Mennill DJ. 2009. Degradation of male and female rufous-and-white
wren songs in a tropical forest: effects of sex, perch height, and habitat. Behaviour
146(8):1093–1122. doi:10.1163/156853909X406446.

Biamonte E, Sandoval L, Chacón E, Barrantes G. 2011. Effect of urbanization on the avifauna in a
tropical metropolitan area. Landscape Ecol 26(2):183–194. doi:10.1007/s10980-010-9564-0.

Boncoraglio G, Saino N. 2007. Habitat structure and the evolution of bird song: a meta-analysis of
the evidence for the acoustic adaptation hypothesis. Funct Ecol 21(1):134–142. doi:10.1111/j.
1365-2435.2006.01207.x.

Bradbury JW, Vehrencamp SL. 2011. Principles of animal communication. 2nd ed. Sunderland,
MA: Sinauer.

Brown CH, Gomez R, Waser PM. 1995. Old world monkey vocalizations: adaptation to the local
habitat? Anim Behav 50(4):945–961. doi:10.1016/0003-3472(95)80096-4.

Catchpole CK, Slater PJB. 2008. Bird song biological themes and variations. Cambridge: Cambridge
University Press.

Dabelsteen T. 2005. Public, private or anonymous? Facilitating and countering eavesdropping. In:
McGregor PH, editor. Animal communication networks. Cambridge: Cambridge University
Press; p. 38–62.

Dabelsteen T, Larsen ON, Pedersen SB. 1993. Habitat-induced degradation of sound signals:
quantifying the effects of communication sounds and bird location on blur ratio, excess
attenuation, and signal-to-noise ratio in blackbird song. J Acoust Soc Am 93(4):2206–2220.
doi:10.1121/1.406682.

Derryberry EP. 2009. Ecology shapes birdsong evolution: variation in morphology and habitat
explains variation in white-crowned sparrow song. Am Nat 174(1):24–33. doi:10.1086/599298.

Dingle C, HalfwerkW, Slabbekoorn H. 2008. Habitat-dependent song divergence at subspecies level
in the grey-breasted wood-wren. J Evol Biol 21(4):1079–1089. doi:10.1111/j.1420-9101.2008.
01536.x.

Ey E, Fischer J. 2009. The ‘acoustic adaptation hypothesis’—a review of the evidence from birds,
anurans and mammals. Bioacoustics 19(1-2):21–48. doi:10.1080/09524622.2009.9753613.

Forrest TG. 1994. From sender to receiver: propagation and environmental effects on acoustic
signals. Am Zool 34:644–654.

Geissmann T. 2002. Duet-splitting and the evolution of gibbon songs. Biol Rev 77(1):57–76.
doi:10.1017/S1464793101005826.

Gil D, Gahr M. 2002. The honesty of bird song: multiple constraints for multiple traits. Trends Ecol
Evol 17(3):133–141. doi:10.1016/S0169-5347(02)02410-2.

Hall ML. 2009. A review of vocal duetting in birds. Adv Study Behav 40:67–121.
Harvey CA, Komar O, Chazdon R, Ferguson BG, Finegan B, Griffith DM, Martı́nez-Ramos M,

Morales H, Nigh R, Soto-Pinto L, van Breugel M, Wishnie M. 2008. Integrating agricultural
landscapes with biodiversity conservation in the Mesoamerican hotspot. Conserv Biol
22(1):8–15. doi:10.1111/j.1523-1739.2007.00863.x.

Hansen P. 1979. Vocal learning: its role in adapting sound structures to long-distance propagation,
and a hypothesis on its evolution. Anim Behav 27:1270–1271. doi:10.1016/0003-3472(79)
90073-3.

Holland J, Dabelsteen T, Pedersen SB, Larsen ON. 1998. Degradation of wren Troglodytes
troglodytes song: implications for information transfer and ranging. J Acoust Soc Am
103(4):2154–2166. doi:10.1121/1.421361.

Holland J, Dabelsteen T, Bjørn CP, Pedersen SB. 2001. The location of ranging cues in wren
song: evidence from calibrated interactive playback experiments. Behaviour 138(2):189–206.
doi:10.1163/15685390151074375.

Krams I. 2001. Perch selection by singing chaffinches: a better view of surroundings and the risk of
predation. Behav Ecol 12(3):295–300. doi:10.1093/beheco/12.3.295.

Lampe HM, Larsen ON, Pedersen SB, Dabelsteen T. 2007. Song degradation in the hole-nesting
pied flycatcher Ficedula hypoleuca: implications for polyterritorial behaviour in contrasting
habitat-types. Behaviour 144(10):1161–1178. doi:10.1163/156853907781890887.

16 L. Sandoval et al.304

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
W

in
ds

or
] 

at
 0

5:
43

 2
2 

O
ct

ob
er

 2
01

5 

http://dx.doi.org/10.1111/j.1439-0310.2009.01674.x
http://dx.doi.org/10.1111/j.1439-0310.2009.01674.x
http://dx.doi.org/10.1163/156853909X406446
http://dx.doi.org/10.1007/s10980-010-9564-0
http://dx.doi.org/10.1111/j.1365-2435.2006.01207.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01207.x
http://dx.doi.org/10.1016/0003-3472(95)80096-4
http://dx.doi.org/10.1121/1.406682
http://dx.doi.org/10.1086/599298
http://dx.doi.org/10.1111/j.1420-9101.2008.01536.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01536.x
http://dx.doi.org/10.1080/09524622.2009.9753613
http://dx.doi.org/10.1017/S1464793101005826
http://dx.doi.org/10.1016/S0169-5347(02)02410-2
http://dx.doi.org/10.1111/j.1523-1739.2007.00863.x
http://dx.doi.org/10.1016/0003-3472(79)90073-3
http://dx.doi.org/10.1016/0003-3472(79)90073-3
http://dx.doi.org/10.1121/1.421361
http://dx.doi.org/10.1163/15685390151074375
http://dx.doi.org/10.1093/beheco/12.3.295
http://dx.doi.org/10.1163/156853907781890887


Langmore NE. 1998. Functions of duet and solo songs of female birds. Trends Ecol Evol
13(4):136–140. doi:10.1016/S0169-5347(97)01241-X.

Marler PA. 2004. Bird calls: a cornucopia from communication. In: Marler P, Slabbekoorn H,
editors. Nature’s music: the science of bird song. San Diego: Elsevier; p. 132–177.

Mathevon N, Dabelsteen T, Blumenrath SH. 2005. Are high perches in the blackcap Sylvia
atricapilla song or listening posts? A sound transmission study. J Acoust Soc Am
117(1):442–449. doi:10.1121/1.1828805.

Matrosova VA, Blumstein DT, Volodin IA, Volodina EV. 2011. The potential to encode sex, age,
and individual identity in the alarm calls of three species of Marmotinae. Naturwissenschaften
98:18–192.

McCune B, Grace J. 2002. Analysis of ecological communities. Gleneden Beach, OR: Mjm Software
Design.

Mennill DJ, Ratcliffe LM, Boag PT. 2002. Female eavesdropping on male song contests in
songbirds. Science 296(5569):873–873. doi:10.1126/science.296.5569.873.

Morton ES. 1975. Ecological sources of selection on avian sounds. Am Nat 109(965):17–34.
doi:10.1086/282971.

Morton ES. 1986. Predictions from the ranging hypothesis for the evolution of long distance signals
in birds. Behaviour 99(1):65–86. doi:10.1163/156853986X00414.

Naguib M. 1995. Auditory distance assessment of singing conspecifies in carolina wrens: the role of
reverberation and frequency-dependent attenuation. Anim Behav 50(5):1297–1307. doi:10.
1016/0003-3472(95)80045-X.

Nemeth E, Winkler H, Dabelsteen T. 2001. Differential degradation of antbird songs in a neotropical
rainforest: adaptation to perch height? J Acoust Soc Am 110(6):3263–3264. doi:10.1121/1.
1420385.

Nemeth E, Dabelsteen T, Pedersen SB, Winkler H. 2006. Rainforests as concert halls for birds: Are
reverberations improving sound transmission of long song elements? J Acoust Soc Am
119(1):620–626. doi:10.1121/1.2139072.

Pedersen SB. 1998. Preliminary operational manual for signal processor SigPro. Odense: Centre of
Sound Communication.

Perla BS, Slobodchikoff CN. 2002. Habitat structure and alarm call dialects in gunnison’s prairie dog
(Cynomys gunnisoni). Behav Ecol 13(6):844–850. doi:10.1093/beheco/13.6.844.

Redondo PriscillaP, Barrantes GilbertG, Sandoval LuisL, Hartley Ian, Redondo P, Barrantes G,
Sandoval L. 2013. Urban noise influences vocalization structure in the house wren Troglodytes
aedon. Ibis 155(3):621–625. doi:10.1111/ibi.12053.

Ryan MJ, Brenowitz EA. 1985. The role of body size, phylogeny, and ambient noise in the evolution
of bird song. Am Nat 126(1):87–100. doi:10.1086/284398.

Ryan MJ, Cocroft RB, Wilczynski W. 1990. The role of environmental selection in intraspecific
divergence of mate recognition signals in the cricket frog, Acris crepitans. Evolution
44(7):1869–1872. doi:10.2307/2409514.

Sabatini V, Ruiz-Miranda CR, Dabelsteen T. 2011. Degradation characteristics of golden lion
tamarin Leontopithecus rosalia two-phrase long calls: implications for call detection and
ranging in the evergreen forest. Bioacoustics 20(2):137–158. doi:10.1080/09524622.2011.
9753640.

Sanchez-Azofeifa GA, Harriss RC, Skole DL. 2001. Deforestation in costa rica: a quantitative
analysis using remote sensing imagery1. Biotropica 33(3):378–384. doi:10.1111/j.1744-7429.
2001.tb00192.x.

Sandoval L, Mennill DJ. 2012. Breeding biology of white-eared ground-sparrow (Melozone
leucotis), with a description of a new nest type. Ornit Neotrop 23:225–234.

Sandoval L, Mennill DJ. 2014. A quantitative description of vocalizations and vocal behaviour of
Rusty-crowned Ground-sparrow (Melozone kieneri). Ornit Neotrop 25:219–230.

Sandoval L, Méndez C, Mennill DJ. 2013. Different vocal signals, but not prior experience, influence
heterospecific from conspecific discrimination. Anim Behav 85(5):907–915. doi:10.1016/j.
anbehav.2013.02.006.

Sandoval Luis L, Méndez Carolina C, Mennill Daniel JDJ, Ebensperger L, Sandoval L, Méndez C,
Mennill DJ. 2014. Individual distinctiveness in the fine structural features and repertoire
characteristics of the songs of white-eared ground-sparrows. Ethology 120(3):275–286.
doi:10.1111/eth.12206.

Bioacoustics 17305

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
W

in
ds

or
] 

at
 0

5:
43

 2
2 

O
ct

ob
er

 2
01

5 

http://dx.doi.org/10.1016/S0169-5347(97)01241-X
http://dx.doi.org/10.1121/1.1828805
http://dx.doi.org/10.1126/science.296.5569.873
http://dx.doi.org/10.1086/282971
http://dx.doi.org/10.1163/156853986X00414
http://dx.doi.org/10.1016/0003-3472(95)80045-X
http://dx.doi.org/10.1016/0003-3472(95)80045-X
http://dx.doi.org/10.1121/1.1420385
http://dx.doi.org/10.1121/1.1420385
http://dx.doi.org/10.1121/1.2139072
http://dx.doi.org/10.1093/beheco/13.6.844
http://dx.doi.org/10.1111/ibi.12053
http://dx.doi.org/10.1086/284398
http://dx.doi.org/10.2307/2409514
http://dx.doi.org/10.1080/09524622.2011.9753640
http://dx.doi.org/10.1080/09524622.2011.9753640
http://dx.doi.org/10.1111/j.1744-7429.2001.tb00192.x
http://dx.doi.org/10.1111/j.1744-7429.2001.tb00192.x
http://dx.doi.org/10.1016/j.anbehav.2013.02.006
http://dx.doi.org/10.1016/j.anbehav.2013.02.006
http://dx.doi.org/10.1111/eth.12206


Sandoval L, Méndez C, Mennill DJ. 2015. Vocal behaviour of white-eared ground-sparrows
(Melozone leucotis) during breeding season: repertoires, diel variation, behaviours context, and
individual distinctiveness. J Ornithol. doi:10.1007/s10336-015-1237-y.

Slabbekoorn H. 2004. Singing in the wild: the ecology of birdsong. In: Marler P, Slabbekoorn H,
editors. Nature’s music: the science of bird song. San Diego: Elsevier; p. 178–205.

Slabbekoorn H, Peet M. 2003. Ecology: birds sing at a higher pitch in urban noise. Nature
424(6946):267–267. doi:10.1038/424267a.

Slabbekoorn H, Smith TB. 2002. Habitat-dependent song divergence in the little greenbul: an
analysis of environmental selection pressures on acoustic signals. Evolution 56(9):1849–1858.
doi:10.1111/j.0014-3820.2002.tb00199.x.

Slabbekoorn H, Ellers J, Smith TB. 2002. Birdsong and sound transmission: the benefits of
reverberations. Condor 104(3):564–573. doi:10.1650/0010-5422(2002)104[0564:BASTTB]2.
0.CO;2.

Stutchbury BJ, Morton ES. 2008. Recent advances in the behavioral ecology of tropical birds.
Wilson J Ornit 120(1):26–37. doi:10.1676/07-018.1.

Wiley RH. 1991. Associations of song properties with habitats for territorial oscine birds of eastern
north america. Am Nat 138(4):973–993. doi:10.1086/285263.

18 L. Sandoval et al.306

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
W

in
ds

or
] 

at
 0

5:
43

 2
2 

O
ct

ob
er

 2
01

5 

http://dx.doi.org/10.1007/s10336-015-1237-y
http://dx.doi.org/10.1038/424267a
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00199.x
http://dx.doi.org/10.1650/0010-5422(2002)104[0564:BASTTB]2.0.CO;2
http://dx.doi.org/10.1650/0010-5422(2002)104[0564:BASTTB]2.0.CO;2
http://dx.doi.org/10.1650/0010-5422(2002)104[0564:BASTTB]2.0.CO;2
http://dx.doi.org/10.1676/07-018.1
http://dx.doi.org/10.1086/285263

	Abstract
	Introduction
	Materials and methods
	Study sites and territory measurements
	Transmission playback stimuli
	Transmission experiment
	Sound analysis
	Statistical analysis

	Results
	Vegetation characteristics
	Degradation of solo and duet songs
	Background noise variation

	Discussion
	Acknowledgements
	Disclosure statement
	References



