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Birdsong is typically seen as a long-range signal functioning in mate attraction and territory defense. Among birds, the zebra finch 
is the prime model organism in bioacoustics, yet almost exclusively studied in the lab. In the wild, however, zebra finch song differs 
strikingly from songbirds commonly studied in the wild as zebra finch males sing most after mating and in the absence of territoriality. 
Using data from the wild, we here provide an ecological context for a wealth of laboratory studies. By integrating calibrated sound 
recordings, sound transmission experiments and social ecology of zebra finches in the wild with insights from hearing physiology we 
show that wild zebra finch song is a very short-range signal with an audible range of about nine meters and that even the louder dis-
tance calls do not carry much farther (up to about fourteen meters). These integrated findings provide an ecological context for the 
interpretation of laboratory studies of this species and indicate that the vocal communication distance of the main laboratory species 
for avian acoustics contrasts strikingly with songbirds that use their song as a long-range advertisement signal.
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INTRODUCTION
Animal communication plays an integral role in life history events, 
such as finding a partner, defending a territory, or warning for pred-
ators (Searcy and Nowicki 2005; Bradbury and Vehrenkamp 2011). 
As a consequence, animals produce a striking diversity in signals, 
from very subtle short-range signals to conspicuous far-ranging dis-
plays like many acoustic and visual advertisement signals, adapted 
to function in the environment in which they have evolved (Brumm 
and Naguib 2009). A key factor for a signal to function is that its 
coded information reaches the intended receiver. Indeed, the active 
space of  a signal (Brenowitz 1982), the distance over which a signal 
can function, is key in unraveling the function of  a signal, as the 
signal structure and its information at the distance at which a re-
ceiver responds pose a primary selection pressure (Gerhardt 1994). 
Some animals maximize their conspicuousness by using elevated 
display posts, as used for long distance vocalizations (Sprau et  al. 
2012), or by seeking display sites that maximize contrast and visi-
bility (Endler and Théry 1996; Uy and Endler 2004). Yet although 

the active space of  a signal is often determined by its amplitude 
or conspicuousness and the transmission constraints of  the phys-
ical environment, eventually the sensory and perceptual ability and 
acuity of  the receiver (Wiley and Richards 1978; Naguib and Wiley 
2001; Lohr et  al. 2003; Gall et  al. 2012) need to be considered. 
This is indeed crucial when assessing which parts of  the informa-
tion emitted by a signaler can be picked up from attenuated and 
degraded signals after transmission through the environment.

Among animal signals, vocalizations, and specifically birdsong 
and calls are among the best-studied communication systems, and 
insights from birdsong have fundamentally shaped the broader view 
on the evolution of  animal communication (Searcy and Nowicki 
2005). The most studied functions of  birdsong are mate attraction 
and territory advertisement, yet song can also have more subtle 
functions affecting daily behavioral routines and decisions among 
pair members, the wider neighborhood, and socially relevant in-
dividuals in groups (Snijders and Naguib 2017). One of  the main 
model bird species is the Australian zebra finch (Taeniopygia guttata 
castanotis), providing the primary avian model organism in labo-
ratory studies world-wide (Griffith and Buchanan 2010; Griffith 
et al. 2021). Zebra finches have been key in studies on mate choice 
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(Slater et  al. 1988; Riebel 2009; Kniel et  al. 2015), long term ef-
fects of  early developmental stress (Spencer et al. 2005; Monaghan 
et al. 2012; Honarmand et al. 2015), and specifically are a textbook 
model for the physiology, neurobiology and genetics of  the song 
system (Haesler et al. 2004; Gil et al. 2006; Warren et al. 2010; Ma 
et al. 2020) including song development and learning (Slater et al. 
1988; Kriengwatana et al. 2016; Hauber et al. 2021; Tchernichovski 
et al. 2021). Yet, very few studies have addressed zebra finch song 
in the wild (Dunn and Zann 1996a, 1996b; Woodgate et al. 2012), 
so that the ecological context and perspective on the findings from 
laboratory studies is largely lacking and often based on anecdotal 
observations (Immelmann 1968; Zann 1996). Zebra finches are so-
cial, non-territorial birds that live in fission-fusion societies in the 
arid zone of  Australia (McCowan et al. 2015; Brandl et al. 2021), 
and thus are exposed to different selection-pressures, both socially, 
and environmentally compared with the well-studied temperate 
forest birds that dominate the literature on bird song (Catchpole 
and Slater 2008).

Advantages of  using zebra finch song under laboratory condi-
tions as a model for animal communication and the neural basis 
of  song learning, are that males sing all year round, individuals 
sing a unique single motif  (song) produced with only small varia-
tion across repetitions (Sturdy et al. 1999), and males sing reliably 
when exposed to females (Riebel 2009). Whilst the latter character-
istic has made the zebra finch song a major focus of  work on mate 
choice, wild males continue to sing outside breeding events (Zann 
1996; Griffith 2019), and indeed most males are paired for life from 
an early age (Zann 1996). As such, most of  a male’s song is pro-
duced after the initial formation of  the pair bond. Additionally, 
extra-pair paternity rates in the wild are low (2.4% in Birkhead 
et al. 1990; 1.7% in Griffith et al. 2010). These observations ques-
tion the general assumption that the primary function of  song in 
this species is mate attraction (Griffith 2019). Yet, although in the 
laboratory birds are usually kept in stable, single sex groups, or 
pairs, in the wild they live in loose associations, where individuals 
stay with their partner for life, but with pairs joining and leaving 
broader social groups on a regular basis (McCowan et  al. 2015; 
Brandl et  al. 2021). To understand the function of  vocalizations 
within social groups and their potential role in social facilitation, a 
key step is to understand the communication range, as it provides 
the context in which the signal can function within the natural set-
ting and in which it is selected by receiver responses.

Communication range in birds is often studied by combining es-
timates of  sound amplitude of  vocalizing individuals with either a 
modeling approach (Lohr et al. 2003; Nemeth and Brumm 2010; 
Derryberry et  al. 2016, 2020) or sound transmission experiments, 
in which the sound is broadcast and re-recorded across a range 
of  distances for subsequent acoustic analyses (Brenowitz 1982; 
Naguib et  al. 2008; Gall et  al. 2012). Such transmission experi-
ments have been key in discussions on the communication distance, 
how sounds regulate the spacing of  individuals (Wiley and Richards 
1978; Waser and Wiley 1979; Bradbury and Vehrenkamp 2011), 
and on information transfer in social networks among individuals 
without close spatial associations (Snijders and Naguib 2017). Yet, 
animals often do not respond to very distant signals, as they appear 
to be less salient (Naguib and Wiley 2001). Thus, a complementary 
approach to assess communication distance, next to playback ex-
periments, is to integrate signal broadcast amplitude, with sound 
transmission experiments and the actual hearing abilities of  the 
receivers. Hearing curves, the sensitivity to different frequencies 
of  a sound, are commonly determined under standardized condi-
tions with psycho-acoustic experiments in the laboratory (Dooling 

et al. 2000; Henry et al. 2016). Studies in invertebrates in contrast 
have been able to use the neurobiological responses to sound in the 
field as a “biological microphone” (Rheinlaender and Römer 1986; 
Römer 1993, 2021), revealing auditory responses to long distance 
signals directly under field conditions. Field studies integrating such 
hearing thresholds in birds have focused mainly on signal detection 
in noise, an important approach specifically with respect to commu-
nication at high environmental or anthropogenic noise levels (Lohr 
et al. 2003; Nemeth and Brumm 2010; Gall et al. 2012; Derryberry 
et al. 2016, 2020). Among birds, zebra finches are among the few 
species in which hearing thresholds as well as masked thresholds, 
the precise signal-to-noise ratio within relevant frequency bands 
that still allows for detection, have been determined (Okanoya and 
Dooling 1987; Prior et al. 2018). Zebra finches thus provide an ex-
cellent opportunity to integrate data from hearing thresholds with 
acoustic signals in the wild, allowing us to fill a major gap in under-
standing on communication ranges in animals, and in this impor-
tant model species in particular.

To determine the communication distance of  song and distance 
calls of  wild zebra finches we (1) made calibrated recordings to 
determine natural signaling amplitudes of  wild zebra finches, (2) 
conducted sound transmission experiments of  songs and distance 
calls at their natural amplitude in the native environment in the 
Australian arid zone and (3) integrated the results with laboratory 
data on zebra finch hearing physiology. Additionally, we conducted 
field transects to characterize perch height and the distance be-
tween individuals when singing. These integrated approaches pro-
vide an important ecological base for understanding the function 
and evolution of  song in the primary laboratory-based avian model 
organism.

METHODS
We conducted all fieldwork at Fowlers Gap Arid Zone Research 
Station, New South Wales, Australia, using a population of  nest-
box breeding zebra finches (Griffith et al. 2008; Brandl et al. 2019). 
The areas inhabited by zebra finches typically consist of  several 
creek lines vegetated by widely spaced low bushes such as bluebush 
(Maireana sp.) and low trees and shrubs, such as prickly wattle (Acacia 
victoriae), dead finish (Acacia tetragonophylla), boobialla (Myoporum 
montanum) and native apricot (Pittosporum angustifolium). There was an 
ongoing drought during this study and most natural sources of  sur-
face water in the surrounding were dry. Water was thus available 
almost exclusively through livestock troughs.

Calibrated recordings and amplitude 
measurements

We recorded wild zebra finch songs and distance calls between 26 
September and 31 October 2018 on days with low wind between 
08:00 AM and 03:00 PM. Recordings were made opportunistically 
throughout the study site when the singing individual was in sight, so 
that we could determine its orientation and distance from the micro-
phone, determined afterwards using a measuring tape. All recordings 
were made under very low wind conditions and under the extremely 
low noise levels of  the Australian arid zone. For each recorded vo-
calization we scored the orientation of  the bird in relation to the 
microphone and whether it originated from the focal individual, 
because recordings were made in social contexts. Zebra finches are 
mostly seen with their partner or in small groups (McCowan et  al. 
2015) and their song is not used as an individual territorial adver-
tisement but given in social contexts. All of  the opportunistically re-
corded males were singing with at least one conspecific nearby and 
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we could always clearly identify the singing male due to the short 
range at which we recorded them. We used directional microphones 
(Sennheiser MKH60 in MZS 20-1  + MZH + MZW 70-1 basket 
windscreen and Sennheiser ME66/K6 with foam windscreen) and 
recorded at 44.1  kHz 16 bit on digital recorders (Tascam DR100-
MKIII) with standardized gain (55 dB for both microphones). For 
each day we recorded a 1 kHz tone (created in Audacity 2.2.2) at 1 
m with both microphones (gain also at 55 dB) for sound file calibra-
tion. The tone was played at 65 dB (1 m, Voltcraft SL-300 sound 
pressure level (SPL) meter, A-weighted, slow response, precision ±1.4 
dB at 1  kHz) from an Olympus DM-670 recorder through a UE 
Megaboom loudspeaker, mounted on a tripod at 1.6 m.

In total we recorded 193 distance calls from 40 males and 345 
song motifs (Sossinka and Böhner 1980; Sturdy et al. 1999) from 45 
males, of  which 16 individuals were recorded in a pair context and 
33 were recorded in a social context (i.e., more than two other indi-
viduals present), with five individuals having been recorded in both 
contexts and one individual in an undocumented context. To main-
tain a high degree of  accuracy for the amplitude measurements, we 
used vocalizations only of  focal individuals facing the microphone 
and recorded within eight meters. This resulted in high quality re-
cordings of  a total of  26 individuals, of  which 10 individuals were 
recorded in a pair context and 17 in a social context, with one indi-
vidual having been recorded in both contexts. We measured 5.3 ± 
4.0 (mean ± SD, range 1–18, N = 26) song motifs per individual, 
recorded at 3.8 ± 1.2 m (mean ± SD, range 1.8–6.5 m).

All recordings were high-pass filtered (settings: 400 Hz, 48 dB 
roll-off/octave) in Audacity. Because the relative amplitude of  spe-
cific elements appears consistent within males (Brumm 2009 and 
personal observation), we measured the root mean square (RMS) 
of  the loudest 125 ms of  a song motif/distance call using the “con-
trasts” function in Audacity (Brumm 2009 also measured 125 ms). 
This often corresponded with the duration of  the single song ele-
ment and spanned most of  the duration of  the distance calls. Per 
individual male we always selected the same part of  the same song 
element/distance call. The measured values were in decibels rela-
tive to full-scale (dBFS), which we then subsequently translated to 
SPL (all SPL reported are re 20  µPa) using the calibration tones. 
Other than the high-pass filter, we did not additionally correct for 
noise, as noise levels at our field sites in the absence of  wind were 
extremely low (see the spectrum-level background noise of  our 
transmission experiment in Results).

Similarly, we A-weight-filtered each calibration tone (“equaliza-
tion” function in Audacity) and measured the RMS over 125 ms, 
omitting environmental noise. Because there was variation per 
day (SD of  2.2 and 1.5 dB for the MKH60 and ME66, respec-
tively) and not all calibration tones were recorded on the same 
day as the recording days for practical reasons, we averaged these 
per microphone. This resulted in an overall average calibration 
value used for all recordings of  a specific microphone, the micro-
phone dependent calibration value cmic: 65 dB SPL corresponded 
with −7.6 ± 0.8 dBFS (mean ± SE, N = 7) for the MKH60 and 
with −5.6 ± 0.7 dBFS (mean ± SE, N = 5) for the ME66/K6. We 
obtained the calibrated RMS of  the vocalizations in SPL by sub-
tracting this calibration value of  the used microphone and adding 
the sound pressure level of  the calibration tone, SPLtone, 65 in our 
case. Then, for each calibrated vocalization RMS value, we calcu-
lated the dB level at one meter using spherical spread, 20 * log10(d), 
where d is the recording distance [RMScalibrated = RMSmeasured – cmic 
+ SPLtone + 20 * log10 (d)].

Transmission experiment and analysis

We conducted transmission experiments on low-wind days between 
18 and 30 November 2018, playing seven high-quality recordings 
of  song, male distance calls, and female distance calls each (21 vo-
calizations in total). Using the RMS in dBFS of  the loudest 125 ms 
(like our amplitude measurements) we normalized all songs to the 
same amplitude and set both male and female distance calls to be 
7.4 dBFS (the amplitude difference between song and distance 
calls, see Results) louder than the songs. We added a 1 kHz calibra-
tion tone that was 14.5 dBFS louder than the songs for calibration 
purposes.

We broadcast this master file at six locations (with a tripod-
mounted UE Megaboom and an Olympus DM-670 recorder, 
with the speaker center at 1.6 m height, the average perch height 
of  singing individuals in our area, see Results), re-recording it 
(Sennheiser microphone MKH40 in the basket windscreen; same 
height as loudspeaker; Tascam DR100-MKIII recorder) at the dis-
tance of  1, 2, 4, 8, 16, 32, 64, 128, and 256 meters for each tran-
sect. These transects varied in the amount of  vegetation to span 
the range of  microhabitats present in the natural environment of  
this zebra finch population. We broadcast the zebra finch vocaliza-
tions at the pre-determined average natural amplitude (see Results) 
by ensuring a sound pressure level of  65 dB (A-weighted, slow-
response) for the 1  kHz calibration tone with our SPL meter. We 
used a fixed microphone sensitivity (53 dB gain) for all recordings in 
all transects. Although wind speeds were low during recording days, 
we still recorded the broadcast master file multiple times at each 
distance (usually three to four times) to have sufficient repeats for 
analysis in case of  occasional gusts masking a signal.

We manually checked every recorded repetition’s spectrogram to 
exclude ones with wind or insect noise and cut out each repeat at 
the same starting point, resulting in aligned sound files with each 
specific vocalization at a fixed timestamp. Then, we fed these se-
lections through a custom made Matlab script (version 2020b) 
which applied for every vocalization a series of  band-pass filters 
over the 500–8000 Hz range (in 100 Hz steps), calculating the root-
mean-square value (RMS) of  the loudest 125  ms for every band. 
125 ms corresponds with the “fast” setting of  a SPL meter and is 
a time that falls within the perceptual time integration of  zebra 
finches (Okanoya and Dooling 1990). The band-pass filter was a 
minimal-order chebyshev1 filter with a passband frequency that 
corresponded with the critical bandwidth, a stopband frequency 
of  0.05 times the passband frequency (e.g., from 290 to 300 Hz 
and from 500 to 510 Hz for a 200 Hz passband), a 0.01 dB pass-
band ripple and a 30 dB stopband attenuation. The critical band-
width was calculated as 10(CR/10) (Kittel et  al. 2002), where CR is 
the critical ratio in dB calculated as 9.92  * log10(frequency) − 4.8 
(Okanoya and Dooling 1987). For every band-pass filtered vocali-
zation, we also measured 0.4 seconds of  band-passed background 
noise in the silence after the specific vocalization. Such noise meas-
ured over the critical bandwidth functions as the masking threshold 
(GM Klump, personal communication). This process resulted in a 
total of  N = 214 396 spectrum-level amplitude measurements for 
both vocalizations and background noise (song: N = 64 372, male 
distance calls: N = 73 948 and female distance calls: N = 76 076).

We calibrated all values to SPL using the 65 dB (A-weighted) ref-
erence tone that we recorded. For each transect, we measured the 
RMS in dBFS of  one of  these recorded A-weight filtered 1  kHz 
reference tones at 1 m in Audacity (using the contrasts function and 
equalization, see above). The resulting calibration value that we 
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added to each amplitude measurement of  that transect was there-
fore: the absolute value of  this measured dBFS value of  the ref-
erence tone +65 (its dB in SPL) –3.01 (the RMS in dBFS of  the 
loudest tone possible).

Transects

We walked transects in six sites on a weekly basis between 7:30 
AM and 5:00 PM from 12 October–4 December in 2018 and 29 
August–6 December in 2019. All transects consisted of  an ob-
server walking from a local water point used by zebra finches (e.g., a 
trough, or a water basin) towards a vegetated area with nest boxes, 
and then continuing in the nestbox area (which often followed creek 
lines) until the total distance walked was 1 km. Transects followed 
the same route every time.

When zebra finches were detected, we scored group size and 
whether there was singing. For singing zebra finches we estimated 
perch height (2018) or distance to group members (2019). If  there 
were other groups around in other bushes and detected, this was 
sometimes noted, but not systematically. During 77 of  a total 116 
transects, we observed zebra finches a total of  265 times, of  which 
94 observations included singing birds. Of  49 singing birds we 
scored the perch height of  the singing individual to validate our 
transmission experiment broadcast height. Of  43 singing birds we 
scored the maximum distance to group members, in other words, 
the distance between the two birds in a group farthest from each 
other. This allowed us to estimate zebra finches’ receiver distance 
in the wild. In seven of  these we also estimated the distance of  the 
next nearest group that was detected at the same time. We received 
approval by the Macquarie University Animal Ethics Committee 
(Animal Research Authority 2018/027) for all work in this study.

Statistical analysis

All statistical analyses were conducted in R (version 4.0.2). For 
calculating the mean vocalization amplitude, we averaged all am-
plitude values per individual (because of  the large variation in 
number of  songs per individual) and then averaged all individuals. 
To determine inter-individual differences in amplitude we used an 
ANOVA (function aov) on a dataset which included all vocaliza-
tions of  the type investigated. To additionally explore whether the 
two different social contexts (pair or social group) in which we re-
corded male song, had an effect on song amplitude, we conducted 
a linear mixed model (function lmer of  lme4 package) with song 
amplitude as a response variable and context (i.e., pair or social) 
as an explanatory variable and individual as a random effect. To 
determine the significance of  this model, it was compared with the 
null model (using function anova).

For the transmission experiment, we conducted linear mixed 
models with the band-passed vocalization amplitude (N  =  214 
396) as a response variable and vocalization-type, doubling of  dis-
tance, frequency, and background noise amplitude as explanatory 
variables, with two-way interactions between doubling of  distance, 
frequency, and background noise amplitude, respectively, as well 
as a three-way interaction between these three factors. Although 
vocalization-type was our main focus here, we included these 
other physics-based factors because we can reasonably attribute 
a large part of  the variation in measured amplitude to them, for 
example (doubling of) distance because sound attenuates over dis-
tance; frequency because our broadcasted vocalizations contained 
relative amplitude differences over the range of  frequencies; and 
background noise because it, even at low amplitudes, should still 

affect amplitude measurements because sound amplitude is ad-
ditive (Embleton 1996). The interactions are warranted because 
frequency-dependent attenuation is expected (frequency * distance), 
background noise is not flat but biased towards lower frequencies 
(frequency * noise), and the relative impact of  background noise 
should increase with distance (distance * noise) and this will, too, 
be frequency-dependent due to the noise bias towards the low 
end of  the spectrum (frequency * distance * noise) (Brumm and 
Slabbekoorn 2005). We included transect ID (N = 6) as a random 
intercept. This model was the full model, so no stepwise reduction 
of  model parameters was performed (parameter reduction resulted 
in poorer fits). Subsequently, using the significant model coefficients 
(±standard errors) of  the full model, we modeled the communica-
tion distance of  the different vocalizations at average natural ampli-
tude with average natural levels of  background noise (at -0.93 dB) 
to calculate at which distance all frequencies of  a vocalization were 
under the absolute hearing threshold of  zebra finches (Okanoya 
and Dooling 1987). We conducted posthoc tests to test for differ-
ences in communication distance between the vocalization types 
(function emmeans of  emmeans package).

RESULTS
Calibrated recordings

Amplitude at 1 m was 50.5  ± 0.8 dB SPL (mean ± SE, range 
44–58.6 dB, N = 26, Figure 1a) for songs and 57.9 ± 0.8 dB SPL 
(mean ± SE, range 52.1–64.6 dB, N = 14, Figure 1a) for male dis-
tance calls. Individual males varied significantly in their song am-
plitude (Anova, F25, 112 = 66.8, P < 0.001, Figure 1a) and distance 
call amplitude (Anova, F13, 24 = 4.5, P < 0.001, Figure 1a). The so-
cial context also had a small but significant effect on the song am-
plitude with males in a pair context having sung about 1.9 ± 0.8 
dB SPL (mean ± SE) louder than males in a social context (linear 
mixed model, χ 2 = 5.3, P = 0.02, pair context N = 10, social con-
text N = 17, Figure 1b).

Transmission experiment

Transmitted zebra finch song, which also was broadcast at lower 
amplitudes, was significantly softer than male distance calls (Tukey 
posthoc test, z-ratio = 87.635, N = 214 396, P < 0.001) and male 
distance calls were softer than female distance calls even though the 
latter two were broadcast at the same amplitude (Tukey posthoc 
test, z-ratio  =  2.881, N  =  214 396, P  =  0.011). Considering ab-
solute hearing thresholds of  zebra finches (Okanoya and Dooling 
1987) and using the significant linear model coefficients (Table 1), 
all wild zebra finch song produced at average natural amplitude 
in the natural environment with average spectrum-levels of  back-
ground noise (−0.93 dB SPL for N = 214 396 noise measurements) 
would not be audible for conspecifics after 8.9  ± 0.7 m (mean ± 
SE, raw data plotted in Figure 2a). Average male and female dis-
tance calls in the same conditions would not be audible after 13.7 ± 
1.0 and 13.9 ± 0.9 m, respectively (Figure 2b and c, respectively). 
The low levels of  background noise in the Australian arid zone did 
not impose limits on zebra finch communication distance (dotted 
lines in Figure 2).

Transects

At our study site, which is mostly dominated by low shrubs 
and trees, the mean perch height of  singing birds was 1.6  ± 0.1 
m (mean ± SE, range was 0.3–3 m, N  =  49, Figure 3a). The 
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maximum distance between group members when there was 
singing (a measure of  receiver distance of  song) was 1.5 ± 0.2 m 
(mean ± SE, range was 0.2–6 m, N = 43, Figure 3b). The distance 
of  groups with singing zebra finches to closest neighboring groups 
was 24 ± 3 m (mean ± SE, range was 15–35 m, N = 7, Figure 3c). 
Of  94 song observations, 12 observations (13%) were of  males ap-
parently singing alone, 25 observations (27%) were of  paired birds 
and 57 observations (61%) were of  groups (range 3–43 individuals, 
mean ± SD: 12.4 ± 9.0 individuals).

DISCUSSION
By integrating calibrated sound recordings, sound transmission ex-
periments, and social ecology with insights from hearing physiology 

we show that wild zebra finch song is a very short-range signal with 
an estimated audible range of  merely 9 m and that even the louder 
distance calls do not carry much farther (up to about 14 m). These 
findings are in line with the results of  our transects showing that 
singing individuals are in more than 85% of  the observations in 
very close proximity to conspecifics and they demonstrate that vo-
calizations would not be heard by birds gathering in the wider vi-
cinity. Together these results shed new light on the communication 
distance and thus the potential function of  vocalizations in one of  
the main study species for avian acoustics around the world (Griffith 
and Buchanan 2010; Hauber et  al. 2021). By relating our findings 
with well-established studies on hearing physiology of  this prime 
model organism on avian acoustics in the lab, we are able in an un-
precedented way to make much more accurate estimates on vocal 
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Figure 1
(a) Song and male distance call amplitude (dB re 20 µPa of  the loudest 125 ms segment) of  calibrated recordings in wild zebra finches. Individuals of  which 
we acquired only song or distance calls are on the left and right side, respectively, with the six individuals of  which we acquired both song and distance calls in 
the middle. (b) Song amplitude (dB re 20 µPa of  the loudest 125 ms segment) of  the same calibrated recordings in their respective context, which was either 
pair or social (>2 birds present). For one individual (# 69), we acquired song in both contexts. Points represent songs or distance calls, boxes encompass the 
first to third quartiles, thick lines are medians and whiskers extend until 1.5 times the inter-quartile range. Dotted lines indicate sample means.
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communication distance in animals, and specifically with this integra-
tion obtain a better understanding of  the ecology of  avian acoustics.

These integrated findings caution general interpretations about 
animal communication range as the perceptual system is often not 
fully integrated in studies on communication distance or assumed 
to be similar to the human perceptual system, as discussed by Caves 
et al. (2019). Studies that did consider the hearing mainly focused 

on the effects of  noise on signal detection (Nemeth and Brumm 
2010; Gall et al. 2012; Derryberry et al. 2016, 2020). Our findings 
that singing zebra finches can be heard by other conspecifics over 
merely a few meters at extremely low noise levels show that the 
song of  this model species is very different in communication range, 
and thus potential function compared with the widely studied ter-
ritorial song of  temperate zone songbirds. Classically, birdsong is 
seen as long-distance advertisement signal (Brumm and Naguib 
2009), and sound transmission experiments have been used to de-
termine the space across which the signal can function (Richards 
1981; Dabelsteen et  al. 1993), leading to transmission ranges of  
100 and more meters (Naguib et al. 2008). Even in our own sound 
transmission experiment shown here, we reveal that the rather 
soft song and the slightly louder distance calls can be re-recorded 
over a substantial range (64+ m), albeit in a low-noise environ-
ment (dotted line Figure 2). Yet, combining these physical meas-
urements with the relevant hearing curve and critical ratio function 
(the signal-to-noise ratio at masking threshold within a particular 
frequency band), derived from a controlled laboratory experiment 
(Okanoya and Dooling 1987), shows that sound transmission ex-
periments alone can be very misleading by overestimating the com-
munication range. This overestimation of  communication distance 
is striking when comparing our calculated ±14 m distance call de-
tection threshold with the previous experiment by Mouterde et al. 
(2014), where zebra finch calls could still be discriminated at 256 
m distance by applying sophisticated software (or 64 m when cor-
rected for the 12 dB higher broadcast amplitude in their study), but 
zebra finch auditory capabilities were not considered.

Despite having a very high temporal hearing resolution (Dooling 
and Lohr 2006; Lohr et al. 2006; Prior et al. 2018), zebra finches, 

Table 1
Model parameters from the linear mixed model on measured 
amplitude of  the transmitted zebra finch vocalizations in the 
natural environment, with Transect ID as a random effect 
(N = 214 396)

Variable Coefficient SE t P value

Intercept (of  female 
distance call)

47.707 0.460 103.65 <0.001

Doubling of  distance 
[i.e., log2(m)]

−6.371 0.018 −347.12 <0.001

Frequency (in kHz) −1.246 0.015 −84.79 <0.001
Background noise −1.715 0.010 −164.12 <0.001
Male distance call −0.121 0.042 −2.88 <0.001
Song −3.952 0.043 −90.86 <0.001
Doubling of  distance 
* frequency

0.103 0.004 25.38 <0.001

Doubling of  distance 
* noise

0.147 0.004 40.98 <0.001

Frequency * 
background noise

0.384 0.003 124.22 <0.001

Doubling of  distance 
* frequency * noise

−0.032 0.001 −31.43 <0.001
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Figure 2
Amplitude (dB re 20 µPa of  the loudest 125 ms segment) of  wild zebra finch vocalizations (a: song, b: male distance calls, c: female distance calls) transmitted 
over a 1–256 m distance at average natural amplitude in the natural environment, integrated over critical ratio-based hearing bandwidth. Raw data points 
(N = 214 396) on which the lines are based are shown in corresponding colors. The black line is the audibility curve of  (domesticated) zebra finches based on 
pure tones from Figure 3 in Okanoya and Dooling (1987). The part of  the transmitted sound that is above the curve is an approximation for the sound that 
is audible at that distance by zebra finches. The dotted lines resemble the environmental noise integrated over the respective auditory bandwiths, which is the 
masking threshold, indicating that masking by environmental noise is not relevant in this environment.
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like many other birds, have a higher overall hearing threshold 
and narrower audible frequency range compared with humans 
(Dooling and Saunders 1975; Dooling 1982, 1992), thus are less 
sensitive in detecting sound than humans are. This knowledge on 
hearing thresholds is not new (Dooling 1982), yet has rarely been 
integrated with ecological field acoustics (but see Klump et  al. 
1986; Henry and Lucas 2008; Gall et al. 2012; Derryberry et al. 
2016; Henry et  al. 2016). By integrating hearing thresholds our 
data shed a different light on conclusions drawn from previous 
sound transmission experiments which determined very long com-
munication ranges in animal vocalizations (Naguib et  al. 2008; 
Mouterde et  al. 2014). Because, in our study the hearing curve 
was taken from laboratory experiments with a different population 
and sounds, we need to consider that some birds hear better than 
others and that hearing curves of  animals in the wild might vary 
more (Henry et al. 2016). However, due to the very low vocaliza-
tion amplitudes of  wild individuals we found, hearing thresholds 
would need to be drastically lower to qualify as long-range com-
munication in their spacious native environment. Even if  hearing 
thresholds would be a 10 dB lower in wild bird than in domesti-
cated birds, the audible range for song would still be very short at 
28 m (calculated from model parameters in Table 1). To further 
specify the communication range, ideally also the hearing curve 
of  wild zebra finches should be measured. Moreover, testing the 
distance at which receivers respond to playback experiments in 
the field would be very interesting for future studies. Yet, because 
zebra finches are not territorial, typical strong responses to play-
back are not expected. A  lack of  response, however, then cannot 
simply be attributed to the communication range as an individual 
that detected the playback, may decide not to respond due to the 
perceived distance (Naguib and Wiley 2001). Therefore, such play-
back experiments would require either sophisticated sensors, such 
as heart-rate monitors, or very specific contexts, such as during 
mate separation, when females may be specifically responsive 
when searching their partner.

Our field observations are in line with the calculated very short 
communication range as zebra finches mostly sang when in pairs 
or groups, usually within 1.5 m of  each other, much closer than 
the 9 m we calculated. Indeed, our hearing range estimate is con-
servative because we measured the loudest sections of  the song, re-
flecting primarily the detection range. Zebra finch song is dynamic, 
with low-amplitude elements being much softer than their loudest 
elements (Brumm 2009; Ritschard and Brumm 2011). Individual 
recognition and extraction of  subtle information coded in reper-
toire size or element structures (Woodgate et  al. 2012) would re-
quire a receiver to be much closer (Lohr et al. 2003; Wiley 2006), 
and with this knowledge, it may be not so surprising that, despite 
being unpaired, most males would not sing for females at distances 
of  3 m in the study by Brumm and Slater (2006). Such variation 
in the transmission range of  different signal components has been 
shown previously in nightingales (Luscinia megarhynchos) in which the 
bandwidth of  broadband trills does not even transmit to the nearest 
neighbor, whereas whistle-like structures transmit across multiple 
territories (Naguib et  al. 2008). Furthermore, given that hearing 
thresholds for higher frequencies generally are higher, the difference 
in the audible range of  high frequency components and medium-
frequency sounds which mainly fall in the typical range of  highest 
avian hearing sensitivity of  2–4  kHz (Dooling et  al. 2000), would 
even be larger. Because information about condition and arousal 
can be coded in such subtle features (Perez et al. 2012), such spe-
cifics about an individual’s state are likely unavailable at the, often 
larger, communication distances in widely spaced animals.

With an average difference of  14.5 dB between our calibrated re-
cordings and those of  domesticated zebra finches by Brumm (2009), 
our field recordings revealed much lower amplitudes of  the loudest 
song elements (at 50.5 dB) compared with his recordings in the lab 
(Brumm 2009: Figure 5, with an average of  71 dB, where amplitude 
was measured at 50 cm, thus would be 6 dB lower at 1 m). Likewise, 
the 50.5 dB song amplitude we measured is much lower than the 
74–100 dB range of  17 previously reported territorial songbird spe-
cies (Brackenbury 1979). Although song amplitude itself  seems to be 
affected by vocal learning, but is not particularly heritable in zebra 
finches (Ritschard and Brumm 2011), there could be several reasons 
for the strikingly lower amplitudes measured in the wild compared 
with the lab. First of  all, domesticated birds typically are heavier and 
larger than wild-type birds (Sossinka 1982; Forstmeier et  al. 2007). 
Although Brumm (2009) did not detect a relation between body 
size and song amplitude within domesticated zebra finches, differ-
ences between wild and domesticated zebra finches might be more 
pronounced despite the large individual variation in song amplitude 
present in both captive (Brumm and Slater 2006; Brumm 2009) and 
wild birds (Figure 1a). Such potential song amplitude differences be-
tween wild and domesticated birds remain to be tested. Secondly, 
the singing males in the study by Brumm (2009) were unpaired and 
housed in single-sex groups before being exposed to a female for song 
recording. Thus they likely were extremely motivated to sing for mate 
attraction, whereas most singing adult birds in the wild are likely 
to be paired, as that is the normal state for a wild adult zebra finch 
(McCowan et  al. 2015). Moreover, next to potential differences in 
wild and domesticated birds, we cannot discount that the wild birds 
in our study potentially were in poorer condition, and due to the 
long-term drought were not breeding during the period of  data col-
lection, when they would in better years. Therefore, we cannot rule 
out that the wild birds might have sung at lower amplitudes than wild 
birds in better conditions would, although condition alone cannot ex-
plain the 14.5 dB difference between our study and (Brumm 2009), 
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a) Perch height of  observed singing zebra finch males during observational 
transects. b) Maximum distance between group members in zebra 
finch groups that had one or more singing individuals, a measure of  
communication distance of  wild zebra finch song. c) Distance between 
zebra finch groups when singing individuals were present, not always scored 
due to practical constraints. Points represent observations of  singing males, 
boxes encompass the first to third quartiles, thick lines are medians and 
whiskers extend until 1.5 times the inter-quartile range.
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since Ritschard and Brumm (2012) observed an amplitude difference 
of  about 4 dB between diet-restricted and control birds. Similarly to 
Brumm and Slater (2006) and Brumm (2009), we found high var-
iation in song amplitude across individuals, which we expect to be 
an important driver of  variation in communication distance in this 
species, potentially signaling condition (Ritschard et  al. 2010), al-
though this remains to be tested in the wild. Yet, combined with the 
hearing curves, louder than average singing zebra finches would still 
not be heard substantially farther, presumably only on few occasions 
reaching individuals outside their current social group. Specially so 
in the wide open Australian arid zone with widely spaced vegetation 
where zebra finches are usually very close to each other or very far 
apart and outside of  hearing range as our transect observations show.

Finally, singing at low amplitude can be considered as an ad-
aptation to the short communication distance when receivers are 
nearby, as it is the case for the highly social zebra finch. Low am-
plitude song also occurs in other bird species, where it is usually 
termed soft song (Reichard and Anderson 2015). Such soft song is 
a context-dependent low amplitude signal that has been seen as 
an adaptation to prevent eavesdropping from distant individuals 
when the signal is intended only for a receiver nearby (Dabelsteen 
et al. 1998; Rice et al. 2013; Zollinger and Brumm 2015; Ali and 
Anderson 2018). Such soft song is indeed common in territorial 
bird species with otherwise loud territorial advertisement song 
(Anderson et al. 2008; Reichard and Anderson 2015). Blackbirds 
(Turdus merula) for instance produce soft song during times of  high 
arousal during territorial intrusions, referred to as strangled song, 
possibly to actively limit the signaling range (Dabelsteen and 
Pedersen 1990). Likewise, dark eyed juncos (Junco hyemalis) re-
spond more strongly to soft song than to louder song (Reichard 
et al. 2011). Yet, as in blackbirds, the soft song in dark-eyed juncos 
also differs in structure from the louder song so is more than just 
a soft version of  an otherwise louder song. Indeed, Reichard et al. 
(2011) showed in dark-eyed juncos that the differential response 
is more linked to the structure of  the soft song than to its ampli-
tude. Finally, in these, and other species in which soft song has 
been observed, the soft song is easily overlooked and typically 
not the most frequent song that would be opportunistically en-
countered (Reichard and Anderson 2015). These examples of  
soft song in other species therefore represent something quite 
different from the low amplitude singing we have characterized 
in zebra finches. Zebra finches, despite the variation in singing 
amplitude within and between individuals, do not produce struc-
turally different songs in different contexts (despite adding extra 
initial elements on some occasions; Sossinka and Böhner 1980; 
Sturdy et  al. 1999). We did find that males sang slightly louder 
in pairs than when in social groups, suggesting some degree of  
context-dependent adjustment of  signaling amplitude as shown 
in domesticated zebra finches (Cynx and Gell 2004; Brumm and 
Slater 2006). However, our average 1.9 dB context-related differ-
ence contrasts with typical differences between quiet and broad-
cast song. For instance, in song sparrows (Melospiza melodia), soft 
song ranged from 55 to 77 dB whereas “regular” song ranged 
from 78 to 85 dB (Anderson et  al. 2008). The low amplitude of  
zebra finch song in both contexts thus appears functionally dis-
tinct from the context-dependent soft song of  territorial bird spe-
cies. Of  course, we cannot completely rule out that zebra finches 
in some contexts could potentially utter much louder songs or 
calls, but there is currently no evidence for this in either our data 
or, as far as we know, in the extensive song literature. This is rel-
evant when using the findings from zebra finch song from lab 

studies to generalize to other songbirds, as the overall communi-
cation range along with the social and functional context in which 
the song system has evolved, is different from most other species 
used for avian song research in the wild.

Taken together, the integrated findings imply that song is a 
within-group signal and information transmitted by singing males 
can be used only after birds have gathered at close range, and 
thus cannot drive spatial movements at a larger scale as shown for 
the loud territorial song of  other songbirds (Snijders and Naguib 
2017; Bircher et  al. 2020). Early in life when pairs form (Zann 
1996), a singing male will only reach a female which is already 
present in the same group, not attract a mate from the distance, 
as in other songbirds (Catchpole and Slater 2008). Therefore, the 
song is best considered as part of  a sexual display to the mul-
tiple individuals that are already in close proximity, and many of  
which will also be singing, making the mate choice context much 
more complex than in species in which the signal is used to attract 
potential mates to a unique location from the distance. Although 
such vocalizations and the complex multimodal displays in groups 
have been evident in animals, and specifically so in aviary kept 
zebra finches for a long time (Immelmann 1968), the ecological 
implications highlighted here are quite fundamental. In the open 
landscape of  the Australian arid zone, zebra finches split up and 
reunite frequently (McCowan et al. 2015). Although acoustic sig-
nals can be key to guide the spatial movements of  animals (Waser 
and Wiley 1979; Whitehead 1987; Wilczynski and Brenowitz 
1988), this is apparently limited to a small spatial scale in zebra 
finches. Even their relatively soft distance calls are not suited to 
attract others over long distances. Because vocal signals are of  
limited use for finding a lost partner or other group members in 
their vast habitat and home range, they must have evolved other 
mechanisms underlying their dynamic social organization. The 
use of  stable water sources, specific habitat features, or regular 
flight routes along creeks as well as joint breeding are such poten-
tial adaptations that can facilitate joining others to form tempo-
rary groups for roosting or foraging.

In summary, integrating knowledge on the perceptual and pro-
cessing mechanisms in a broader sense will substantially enhance 
our understanding about the ecological conditions in which sig-
nals have evolved. Likewise, understanding the ecological condi-
tions in which signals function, provides a relevant framework for 
interpreting mechanistic studies conducted under controlled labo-
ratory conditions.
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