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Abstract

Vocal communication involves the transfer of information between individuals through
acoustic signals. In urban environments, these signals often encounter challenges that
can impede effective communication. According to the Acoustic Adaptation Hypothesis
(AAH), sound transmission varies across habitats and selection is expected to favour
vocalisations that maximise signal propagation in a given environment. To evaluate the
relevance of the AAH in the territorial song of the Austral Thrush (Turdus falcklandii),
a common species in urban areas, we analysed six bioacoustics parameters relevant
to communication in urban areas of Concepcidn, Chile and assessed their association
with four disturbance variables related to urban development that could influence vocal
communication: ambient noise (dB), vegetation cover (%), built-up area (%) and building
height (m). Our results showed no significant relationship between urban disturbance
variables and spectral parameters (minimum frequency, maximum frequency, peak fre-
quency) or song duration of Austral Thrush territorial songs. However, ambient noise
level significantly affected the temporal delivery rate of song elements: birds in noisier
environments sang with faster element rates. Ground cover type also influenced ele-
ment rate, with birds in bare soil areas singing approximately 0.46 elements/s faster
than those in grass-dominated areas. These findings suggest that the Austral Thrush
maintains consistent spectral song characteristics across urban disturbance gradients,
while modifying the temporal structure of song delivery, representing a previously un-
documented behavioural adjustment to urban acoustic conditions in this species.

Key words: Acoustic Adaptation Hypothesis, bioacoustics, urban birds

Introduction

The process of vocal communication involves the transfer of information be-
tween individuals through an acoustic signal (Craig 1999; Alvar 2015), which,
in the case of birds, is essential, since they are used for the recognition of their
partner and conspecifics (Tubaro and Segura 1989; Ledn et al. 2014; Isaks-
son 2018). Urban environments emerge as new and constantly expanding
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ecosystems, exposing wildlife to selective pressures that often differ drasti-
cally from those in which they have evolved (Lowry et al. 2013). In this context,
within cities, there are gradients of degrees of urbanisation, some character-
ised by houses with semi-natural private spaces and high vegetation cover
(e.g. gardens), while others have areas covered by buildings of various heights
and surfaces highly impermeable to water (Marzluff 2001; MacGregor-Fors
and Schondube 2011; Isaksson 2018; Bernat-Ponce et al. 2022). Vegetation is
one of the main variables influencing bird diversity in urban ecosystems; trees,
shrub and herbaceous cover positively influence bird abundance (Leveau and
Leveau 2006; Benito et al. 2019), as these cover areas are associated with food
availability, nesting sites, shelter and perching sites (Benito et al. 2019; da Silva
et al. 2021). Other standard land covers in urban environments, such as pave-
ment and buildings, also influence bird abundance in the city. In general, areas
with a high construction density have a low abundance of native birds because
habitat quality is considered poor for these species (Amaya-Espinel et al. 2019;
Benito et al. 2019; Apfelbeck et al. 2025).

Anthropogenic disturbances vary within cities as green areas (i.e. land sur-
face predominantly covered by vegetation), trees and buildings are not distrib-
uted homogeneously (Benito et al. 2019), generating environments that may
hinder vocal communication in birds to varying degrees, particularly in spe-
cies that depend on vocalisation in their intraspecific relationships, which can
result in a series of effects on behaviour, distribution and population density
(Calderén-Quiroga et al. 2020; Suarez-Romero 2021; Bernat-Ponce et al. 2022).
Additionally, urban areas generate acoustic environments characterised by
high levels of ambient noise (> 56 dB; Juaréz et al. (2020)), which can affect
vocal communication and pose a challenge for species that depend on vocali-
sations in their relationships (Slabbekoorn and Peet 2003; Mendes et al. 2017;
Juaréz et al. 2020). These high levels of anthropogenic noise can interfere with
the detection of relevant biological sounds, such as songs and calls, which
could make them more vulnerable to predation, alter their behaviour, in terms of
finding breeding territories, defence mechanisms, foraging, communication be-
tween pairs and adult-offspring and compromise their chances of reproductive
success (Krause 2008; Francis et al. 2011; Halfwerk et al. 2011; Ortega 2012;
Ledn et al. 2014; Templeton et al. 2016; Mendes et al. 2017; Suarez 2021; De
Kort et al. 2024). Such impacts can ultimately affect population stability and
community composition in urban environments (Ledn et al. 2014; Carral-Murri-
eta et al. 2020; Suarez 2021).

Morton (1975) proposed that habitat structure has influenced the evolution
of the acoustic characteristics of songs, a hypothesis known as the Acous-
tic Adaptation Hypothesis (AAH). This hypothesis holds that, since sound
propagation varies according to habitat type, natural selection favours those
sounds that maximise sound dispersion from the source. The AAH has been
evaluated in urban environments, where multiple species have been reported
to have the flexibility to adjust the spectrotemporal characteristics of their vo-
calisations to avoid being masked by the structure of the urban environment
(e.g. vegetation structure, reflective surfaces) or by human-associated fac-
tors such as anthropogenic noise (Halfwerk and Slabbekoorn 2009; Dowling
et al. 2012; Redondo et al. 2013; Gough et al. 2014; Juaréz et al. 2020; Hao et
al. 2024; Diaz-Lezama et al. 2025).
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In this context, to communicate effectively in urban environments, some
birds may: (1) switch to higher-frequency song types (e.g. Parus major, Half-
werk and Slabbekoorn (2009)); (2) sing during times of lower anthropogenic
disturbance (e.g. Erithacus rubecula, Fuller et al. (2007); Isaksson (2018)) or
(3) omit low-frequency elements, which may not be well transmitted in noisy
environments (e.g. Haemorhous mexicanus, Bermudez-Caumatzin et al. (2009,
2011)). Species described as not only surviving in urban environments, but do-
ing so successfully, occurring in large numbers with high reproductive values,
are known as “adapters” or “exploiters” (McKinney 2006; Humphrey et al. 2023).

The Austral Thrush (Turdus falcklandii) is a widespread species in Chile (Ja-
ramillo et al. 2005), inhabiting a wide range of habitats and is abundant in urban
environments (Medrano et al. 2018). This positions it as a good model species
to evaluate the effect of urban disturbances on its vocal communication. In this
study, we evaluate the influence of four urban variables relevant to vocal com-
munication on the bioacoustic parameters of the territorial song of T. falcklan-
dii. Considering that the AAH postulates that the spectral characteristics and
vocal repertoire of its vocalisations are influenced by the environment, we ex-
pect to find variation in these parameters associated with greater urbanisation.

Materials and methods
Study area

The study was conducted in the city of Concepcidn, Biobio Region, Chile (Fig. 1),
across 75 sampling sites. The city has an area of 221.6 km? and a population
of 223,574 inhabitants. The climate is Mediterranean, with oceanic influence
and a short dry season in summer. The individual recorded at each site was
considered independent since the species under study is territorial during the
breeding season. Breeding behaviour is concentrated between August and No-
vember in areas close to its nest (Marin 2015; Medrano et al. 2018). In areas
where more than one pair was identified and were at least 100 meeres apart,
each vocalising male was recorded.

Methodology
Song recordings

Songs of T. falcklandiiwere recorded from 06:00 hto 08:00 h, corresponding to peak
activity for birds (Ralph et al. 1995; Calderén-Quiroga et al. 2020) and at the begin-
ning of the breeding season when individuals are most vocally active (Medrano et
al. 2018). Vocalisations were recorded with a ZOOM H4n recorder and a Sennhe-
iser ME66/K6 condenser microphone. All recordings were made in WAV format,
at 24 bits, with a sampling frequency of 44.1 kHz (Calderén-Quiroga et al. 2020).

Analysis of vocalisations

The recordings obtained were edited with Audacity (Audacity® software 1999~
2019). Before analysis, recordings were standardised to monaural with a sam-
pling rate of 44.1 kHz and 24-bit depth. Subsequently, a bandpass filter was
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Figure 1. Sampling sites (red dots) for recording Turdus falcklandii territorial songs in the City of Concepcion, Biobio
Region, Chile.

applied to remove noise outside the frequency range of T. falcklandii vocali-
sations, removing noise below 1,000 Hz and above 8,000 Hz. In addition, the
recordings were normalised to -3 dB to standardise intensity. Only recordings
with a high signal-to-noise ratio were used for analysis. Fine-scale measure-
ments and sonogram analysis were performed with Raven Pro 1.5 (Bioacous-
tics Research Program 2011), using the default spectrogram parameters (Win-
dow-Type: Hann, size: 256 samples = 5.33 ms), 3 dB filter bandwidth: 270 Hz,
time grid overlap: 50%, step size: 128 samples = 2.67 ms), grid frequency — DFT:
256 samples, grid spacing: 188 Hz. The variables measured in each sonogram
were: (i) total duration of the song (s); (ii) peak frequency (Hz) of the song; (iii)
minimum frequency of the song (Hz); (iv) maximum frequency of the song (Hz);
(v) number of elements of the song and (vi) number of elements per second of
the song. Minimum and maximum frequencies, as well as the peak frequency,
were measured using the selection-based measurement tool in Raven Pro 1.5.
For each annotated selection, the frequency boundaries of the selection rect-
angle were manually placed on the spectrogram to enclose approximately 90%
of the visible signal energy, excluding the outermost 5% of the spectral energy
at both the lower and upper ends of the signal. This criterion guided the place-
ment of selection boundaries and minimises subjectivity in the positioning of
frequency limits. Once the selection rectangle was committed, Raven Pro auto-
matically extracted low frequency and high frequency as the lower and upper
bounds of the selection (i.e. the y-axis limits of the rectangle) and peak frequen-
cy as the frequency bin containing the maximum power spectral density with-
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in the selection. This approach reduces the influence of spectrogram display
settings on frequency measurements, since boundary placement is guided by
the energy content of the signal rather than by visual contrast or brightness
thresholds that vary with display gain.

Urban disturbance variables

To understand how differences in the degree of urbanisation affect the
songs of T. falcklandii, each site was characterised, based on its structur-
al composition. The level of urban disturbance was determined consider-
ing the variables: (1) noise (dB); (2) vegetation cover (%); (3) built-up area
(%); (4) building height (m) and (5) soil structure (Arévalo et al. 2022).
During each focal recording session, ambient noise was measured using
a BROAIMX professional sound meter (measurement range 30 to 130 dB).
The highest and lowest noise levels were recorded every 10 minutes during
each recording session. The average ambient noise value was then calcu-
lated following Juaréz et al. (2020). To obtain information on percentage of
vegetation cover, percentage of built-up area, building height (m) and soil
structure at each sampling point, data were collected on-site (Hao et al.
2015; Rodriguez-Arancibia et al. 2022). A single observer (CB) conducted all
field assessments to minimise inter-observer variability. The percentage of
vegetation cover and built area were estimated visually within a 25 m radius
around the location of each vocalising Austral Thrush (following Hao et al.
(2015); Rodriguez-Arancibia et al. (2022)). Within this area, we also defined
a ground-cover type variable by determining the predominant composition
of the ground as one of four categories: concrete, soil, grass or mixture of
grass and soil. This classification describes surface cover rather than pe-
dological soil properties. Within this same area, we visually estimated the
height (m) of all buildings and averaged them at each point.

Data analysis

To determine the effect of the different urban disturbance variables on the
bioacoustic parameters of the songs (spectral characteristics and vocal rep-
ertoires), we used Generalised Linear Mixed Models (GLMMs) implemented in
R 4.3.1 (R Core Team 2026). Individual identity was included as a random ef-
fect to account for the non-independence of multiple songs recorded from the
same bird (mean = 2.96 songs per individual). For continuous response vari-
ables (song duration, peak frequency, minimum frequency, maximum frequen-
cy, elements per second), we fitted linear mixed models using the Ime4 pack-
age (Bates et al. 2015). For count response variables (number of elements),
we fitted Poisson GLMMs using glmmTMB (Brooks et al. 2017) and tested for
overdispersion using the DHARMa package (Hartig 2022); no overdispersion
was detected (dispersion = 0.87, P = 0.46).

We first, assessed the distribution of all bioacoustics (Suppl. material 1: fig.
S1) and disturbance variables (Suppl. material 1: fig. S2) and examined cor-
relations amongst predictors (Suppl. material 1: fig. S3). Vegetation cover and
built-up area were nearly perfectly correlated (r = -0.998), indicating that the
urban gradient in our study area was essentially unidimensional. To examine
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the variance structure of urban disturbance variables, we conducted a principal
component analysis (PCA) on the four standardised continuous predictors.
PC1 explained 55.2% of variance and represented a general urbanisation gra-
dient, with strong positive loading on built-up area (0.65) and negative loading
on vegetation cover (-0.65). PC2 (22.7%) captured variation in building height
(0.76) and noise (0.52), while PC3 (22.1%) reflected noise variation indepen-
dent of building height. Vegetation cover and built-up area loaded almost ex-
clusively on opposite ends of PC1, with PC4 explaining only 0.04% of variance,
confirming their near-perfect collinearity (r = —0.998). We therefore excluded
the built-up area from subsequent analyses to avoid multicollinearity while re-
taining vegetation cover, noise and building height as independent predictors
representing distinct aspects of urban structure. We also assessed correla-
tions amongst bioacoustic response variables; song duration and number of
elements were highly correlated (r = 0.87), but both were retained as they cap-
ture different aspects of song structure.

All continuous predictors (noise, vegetation cover, building height) were
standardised (z-transformed) prior to analysis to facilitate comparison of ef-
fect sizes across variables measured on different scales (Zuur et al. 2010).
Ground-cover type was included as a categorical predictor with four levels
(grass, concrete, bare soil, mixture). For model comparison, we used Maximum
Likelihood (ML) estimation rather than Restricted Maximum Likelihood (REML),
as REML is not appropriate for comparing models with different fixed effects
structures (Zuur et al. 2010). For each bioacoustic response variable, we per-
formed model selection using the dredge function from the MuMIn package
(Barton 2022) on a global model including all urban disturbance variables. We
calculated model-averaged coefficients across all models within delta AlCc <
4 to account for model uncertainty and report 95% confidence intervals for all
effect estimates. We also tested for a potential interaction between noise and
vegetation cover on minimum frequency.

Power analysis indicated that, with our effective sample size of approxi-
mately 141 (accounting for clustering within individuals assuming ICC = 0.3),
we had > 80% power to detect effect sizes of f2 = 0.088, corresponding to R?
approximately equal to 0.08. This suggests adequate power to detect even
small-to-medium effects.

Results

We analysed 222 songs from 75 individual male Austral Thrushes (mean =2.96
songs per individual, range: 2-3). Ambient noise levels across the 75 sampling
sites ranged from 40.4 to 79.9 dBA (mean +/- SE: 56.3 +/- 1.2 dBA), encom-
passing both relatively quiet residential areas and busier urban zones.

The number of elements in the territorial song varied between individuals
with a range of 3 to 21 elements (mean = 7.95, SD = 3.51; Fig. 2). The mean du-
ration of the song was 4.35 s (SD = 2.12), with a maximum frequency of 10,821
Hz (SD = 4,230), minimum frequency of 1,613 Hz (SD = 241) and peak frequen-
cy of 3,158 Hz (SD = 299). Element delivery rate averaged 1.95 elements per
second (SD = 0.45, range: 1.15-3.45). Song duration and number of elements
were highly correlated (r = 0.87), while other bioacoustic variables showed
weaker intercorrelations (|r| < 0.45; Suppl. material 1: fig. S3).
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Figure 2. A. Waveform (top) and sonogram of the territorial song of Turdus falcklandii, illustrating the acoustic variables
measured: song duration (horizontal line spanning the full bout), peak frequency (green line at ~ 3.1 kHz), maximum
frequency (upper dashed line at ~ 5 kHz) and minimum frequency (lower dashed line at ~ 1.5 kHz). Twelve distinct ele-
ment types (A-L) are labelled across the time axis, reflecting the structural diversity within a single song bout; B. Power
spectrum (amplitude in dB vs. frequency in kHz) of the recorded song, showing the dominant energy band between ~
1-7 kHz (shaded region); the green vertical line marks the peak frequency (~ 3.1 kHz) and the dashed vertical line marks
the upper frequency limit (~ 7 kHz); C, D. Sonograms of songs from two additional individual birds, illustrating inter-indi-
vidual variation in element structure, frequency modulation and temporal patterning. Dashed horizontal lines in C and D
at 4 kHz serve as visual references for frequency comparison across individuals.

Random effects for individual identity accounted for substantial variance in
most response variables, with intraclass correlations (ICC) ranging from 0.39
(peak frequency) to 0.76 (maximum frequency), confirming the importance of
accounting for repeated measures within individuals (Table 1).

From the GLMMs, we found that noise level had a significant positive effect
on the rate of element delivery (elements per second): birds in noisier environ-
ments sang with faster element rates (model-averaged beta = 0.134 elements/s
per SD increase in noise, 95% Cl: 0.034-0.234, P = 0.009; standardised effect
size = 0.25; Fig. 3, Table 1). Ground cover type also significantly influenced el-
ement rate, with birds in bare soil areas (ground-cover type 3) singing approxi-
mately 0.46 elements/s faster than those in grass-dominated areas (P = 0.003).

In contrast, noise, vegetation cover, building height and ground-cover type
had no significant effects on song duration, peak frequency, minimum frequen-
cy, maximum frequency or the total number of elements per song (all P > 0.05;

Nature Conservation 64: 93-109 (2026), DOI: 10.3897/natureconservation.64.169272 99



Carlos Barrientos et al.: Urban disturbance and acoustic communication in birds

Table 1. Results of Generalised Linear Mixed Models (GLMMs) assessing the effects of urban disturbance variables
on bioacoustic parameters of Austral Thrush (Turdus falcklandii) territorial songs (n = 222 songs from 75 individuals).
All models included individual identity as a random effect and used Maximum Likelihood (ML) estimation for model
comparison. Model-averaged coefficients (B) with 95% confidence intervals are shown for all predictors. Continuous pre-
dictors (noise, vegetation cover, building height) were z-standardised prior to analysis; coefficients represent the change
in response per 1 SD change in predictor. Ground-cover type was included as a categorical predictor with grass as refer-
ence level. ICC = intraclass correlation coefficient for individual identity. Significant effects (P < 0.05) are shown in bold.

Response variable
Duration (s)

Peak freq. (Hz)

Min. freq. (Hz)

Max. freq. (Hz)

No. elements

Elements/s

Predictor B (95% CI) SE P Std. B IcC Family
Noise -0.05 (-0.35,0.25) 0.15 0.75 -0.02 0.69 Gauss
Veg. cover 0.05 (-0.28, 0.38) 0.17 0.76 0.02
Bldg. height -0.02 (-0.28, 0.23) 0.13 0.85 -0.01
Ground cover (see notes) - 0.65 -
Noise 30.5(-42.9,103.9) 37.5 0.42 0.10 0.39 Gauss
Veg. cover -2.3(-40.0,35.3) 19.2 0.90 -0.01
Bldg. height -23.5(-90.5, 43.4) 34.2 0.49 -0.08
Ground cover (see notes) - 0.82 -
Noise 47.6 (-17.8,113.0) 33.4 0.15 0.19 0.49 Gauss
Veg. cover -9.0 (-49.7,31.8) 20.8 0.67 -0.04
Bldg. height -8.1 (-46.4, 30.2) 19.5 0.68 -0.03
Ground cover (see notes) - 0.87 -
Noise -15.5 (-462, 431) 228 0.95 -0.01 0.76 Gauss
Veg. cover 65.5 (-488, 619) 282 0.82 0.02
Bldg. height 9.4 (-435, 453) 227 0.97 0.00
Ground cover (see notes) - 0.67 -
Noise 0.003 (-0.04, 0.05) 0.02 0.91 0.01 0.26 Poiss
Veg. cover 0.003 (-0.06, 0.07) 0.03 0.93 0.01
Bldg. height -0.007 (-0.06, 0.05) 0.03 0.80 -0.02
Ground cover (see notes) - 0.53 -
Noise 0.134 (0.034, 0.234) 0.051 0.009 0.25 0.46 Gauss
Veg. cover -0.013 (-0.10, 0.08) 0.05 0.78 -0.03
Bldg. height -0.012 (-0.08, 0.05) 0.03 0.72 -0.02
Ground cover Bare soil: +0.46 0.15 0.003 -

Notes: Gauss = Gaussian (identity link); Poiss = Poisson (log link). Std. B = standardised coefficient. Ground-cover type is a categorical vari-
able with four levels: grass (reference), concrete (Type 2), bare soil (Type 3) and mixture (Type 4). Overall P-values for ground-cover type repre-
sent likelihood ratio tests; individual contrasts vs. grass reference are not shown, except for the significant effect of Type 3 (bare soil) on ele-
ments/s. The interaction between noise and vegetation cover was tested for minimum frequency, but was not significant (x> = 0.12, P = 0.73).

Table 1). The relationship between noise and minimum song frequency showed
a non-significant positive trend (model-averaged beta = 47.6 Hz per SD in-
crease in noise, 95% Cl: -17.8 to 113.0, P = 0.15; standardised effect = 0.19).
The interaction between noise and vegetation cover was not significant for
minimum frequency (chi-square = 0.12, P = 0.73).

Model-averaged effect estimates with 95% confidence intervals for all re-
sponse variables are presented in Table 1. For spectral parameters, all confi-
dence intervals for urban disturbance variables included zero and standardised
effect sizes were uniformly small (Jd| < 0.20).

Discussion

Our results reveal a nuanced response of Austral Thrush territorial songs to
urban conditions: while spectral parameters remained unaffected by urbanisa-
tion variables, the temporal structure of song delivery was significantly influ-
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Figure 3. Relationship between ambient noise (dBA) and element delivery rate (elements/s) in Austral Thrush territorial
songs. Fitted line: GLMM prediction (beta = 0.134, P = 0.009); shading: 95% CI.

enced by ambient noise levels. Birds in noisier environments sang with faster
element delivery rates, representing a behavioural adjustment to urban acous-
tic conditions that has not been previously documented in this species.

The significant effect of noise on element delivery suggests that Austral
Thrushes modify the temporal pacing of their songs in response to urban
noise, even while maintaining consistent spectral characteristics. This tempo-
ral compression of song structure may represent an alternative strategy to the
frequency shifts commonly reported in other species. Similar adjustments in
temporal pacing have been reported in other taxa; for example, some species
increase song rate or reduce inter-song intervals in noisy conditions (Brumm
and Slabbekoorn 2005). However, findings on element delivery rate are mixed.
Slabbekoorn and den Boer-Visser (2006) found that urban great tits (Parus ma-
jor) sang songs with fewer notes than forest birds, potentially an adaptation
to reduce reverberation effects. In contrast, Rios-Chelén et al. (2015) found no
significant relationship between noise levels and trill rate in red-winged black-
birds (Agelaius phoeniceus), suggesting that temporal adjustments may be
species-specific. Our finding that Austral Thrushes increase element delivery
rate in noisier environments adds to this growing body of evidence that birds
may employ diverse temporal strategies in response to urban noise.

The concurrent effect of ground-cover type on element rate suggests that
multiple environmental factors may interact to shape temporal aspects of song
delivery in urban Austral Thrushes. Birds singing in areas with bare soil delivered
elements approximately 0.46 elements/s faster than those in grass-dominated
areas. Notably, this effect was independent of ambient noise levels: bare soil ar-
eas were quieter on average (51.5 dBA) than grass-dominated areas (58.7 dBA),
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indicating that the ground-cover effect is not simply a proxy for noise exposure.
Concrete and mixed ground cover showed non-significant positive trends in the
same direction and the difference between bare soil and concrete effects was
not statistically significant. The consistent positive direction across all non-veg-
etated substrates suggests that open or hard ground surfaces may generally fa-
vour faster element delivery, though only the bare soil effect was statistically de-
tectable with our sample sizes (n = 30 songs for bare soil vs. n = 65 for concrete).

The Acoustic Adaptation Hypothesis predicts that animals in open habi-
tats should produce signals with higher repetition rates compared to those
in densely vegetated closed habitats, where reverberation and sound degra-
dation are more severe (Morton 1975; Wiley and Richards 1982; Boncoraglio
and Saino 2007). Ground surface composition can influence sound propa-
gation through differential reflection and absorption: vegetated surfaces
absorb acoustic energy while hard surfaces, such as bare soil or concrete,
produce stronger reflections (Aylor 1972; Richards and Wiley 1980). Howev-
er, flat reflective surfaces like concrete also generate reverberation that can
blur rapidly delivered temporal elements (Bradbury and Vehrencamp 1998;
Naguib 2003), potentially counteracting any tendency towards faster delivery
rates. This may explain why concrete areas did not show a significant effect
despite their expected acoustic reflectivity. Job et al. (2016) found that urban
structure influenced spectral, but not temporal features of Chipping Sparrow
(Spizella passerina) songs, noting that temporal features of trill songs are
highly vulnerable to degradation through reverberation. In contrast, bare soil
— which is reflective, but with irregular surface texture — may create acoustic
conditions that favour faster element delivery without the reverberant blur-
ring associated with flat concrete surfaces.

Alternatively, the ground-cover effect may reflect ecological or behavioural
correlates rather than purely acoustic mechanisms. Bare soil areas in urban
Concepcidn likely represent open, exposed microhabitats, such as garden
patches, park edges or disturbed areas where birds may experience heightened
vigilance or territorial pressure, prompting faster song delivery as a behavioural
response. Further experimental work manipulating ground cover, while con-
trolling for other habitat variables, would be needed to distinguish between
acoustic and ecological explanations for this pattern.

In contrast to element delivery rate, spectral parameters of Austral Thrush
songs showed no significant association with urban disturbance variables. This
lack of spectral adjustment contrasts with patterns reported for other thrushes,
such as the pale-breasted thrush (Turdus leucomelas) and Eurasian blackbird
(Turdus merula), where individuals in urban environments have been found to
sing at higher minimum frequencies (Mendes et al. 2011; Mendes et al. 2017).
Similarly, in great tit (Parus major), urban populations produce shorter songs
compared to rural counterparts (Slabbekoorn and den Boer-Visser 2006). Such
vocal adjustments are thought to enhance signal transmission under the specif-
ic constraints of urban environments (Brown and Handford 2000; Brumm and
Slabbekoorn 2005; Mendes et al. 2017). Shorter songs may reduce overlap with
reverberant echoes from buildings and other hard surfaces, thereby improving
signal clarity in acoustically complex urban habitats (Slabbekoorn 2013). When
sound reflects off buildings and pavement, longer vocalisations are more sus-
ceptible to temporal smearing, where echoes from earlier portions of the signal
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interfere with later portions (Naguib 2003). By producing shorter songs, birds
may minimise this self-masking effect and maintain signal integrity.

However, not all species respond to noise in the same way. For example,
Peris and Pescador (2004) found that, in more than half of the passerine pop-
ulations they studied near roads with varying noise levels, breeding densities
did not differ significantly between areas with different noise levels. Interest-
ingly, because noise propagates more effectively in open habitats (Reijnen et
al. 1996), one might expect species in these environments to be more exposed
to anthropogenic noise. However, species naturally adapted to open habitats
typically produce vocalisations with acoustic features — such as higher fre-
quencies, simpler structures and faster temporal patterns — that are already
optimised for transmission in low-reverberation environments (Morton 1975;
Boncoraglio and Saino 2007). These pre-existing adaptations may confer resil-
ience to urban noise masking, as their signals are less dependent on the acous-
tic refugia provided by vegetation. This could explain the higher abundance of
open-habitat passerines near noisier roads (Peris and Pescador 2004) - spe-
cies with vocal repertoires pre-adapted to open environments may tolerate or
even thrive in noisy roadside habitats where forest-adapted species with low-
er-frequency, more reverberant songs are acoustically disadvantaged.

These findings suggest that habitat preferences and ecological adaptations
may mediate the degree to which noise impacts vocal communication — po-
tentially helping to explain why T. falcklandii, a generalist species often found
in open and semi-open habitats, does not exhibit spectral modifications in re-
sponse to urban noise in our study. The Austral Thrush may already possess
song characteristics that are robust to urban acoustic challenges or spectral
shifts may not be an effective strategy for this species given its vocal structure.

Urban landscapes are often composed of dense exotic vegetation (Borg-
mann and Rodewald 2005), trees and buildings (Warren et al. 2006), all of
which can hinder acoustic transmission (Dowling et al. 2012; Hao et al.
2024; Diaz-Lezama et al. 2025). However, in some species, these structur-
al elements appear to have little impact on vocal behaviour (Dowling et al.
2012). For example, Melospiza melodia and Cardinalis cardinalis showed no
significant variation in song attributes across differing urban habitat struc-
tures and noise (Dowling et al. 2012; Desirée and Rodewald 2015). Similarly,
in our study, the territorial song of T. falcklandii was unaffected by variation in
vegetation cover, built-up area, building height or soil structure — suggesting
a comparable insensitivity to urban structural features. These urbanisation
characteristics could have parallels with natural systems, such as streams,
canyons and windy environments — where birds have long adapted their vo-
cal strategies (Warren et al. 2006). However, concrete and glass canyons are
more likely to reverberate sounds further (Warren et al. 2006), enhancing the
propagation of urban background noise, while also possibly benefitting the
transmission of acoustic signals, as the communication distance may be
greater in open urban areas with impermeable surfaces that act as sound
channels, thereby enhancing signal propagation (Gall et al. 2012). This dual
effect raises the possibility that certain urban structures may inadvertently
facilitate vocal communication under specific conditions.

The habitat structure and spatial arrangement of urban green spaces is a cru-
cial factor influencing bird-song behaviour, jointly shaping their acoustic niche in
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urban environments. Vegetation can absorb, reflect and scatter sound, thereby
dampening anthropogenic noise and creating acoustic refuges (Watts et al. 1999;
Bormpoudakis et al. 2013; Darras et al. 2016; Job et al. 2016; Priyadarshani et
al. 2018). Abundant vegetation not only provides suitable habitats and feeding
grounds, but can also buffer anthropogenic noise, creating acoustic refugia where
birds experience reduced masking of their vocalisations (Watts et al. 1999; Borm-
poudakis et al. 2013). By attenuating traffic and industrial noise, vegetated areas
may allow birds to communicate effectively at lower amplitudes or maintain larg-
er active spaces for their signals (Hao et al. 2024). However, dense vegetation can
also degrade signal transmission through absorption and scattering (Richards
and Wiley 1980), suggesting a trade-off where intermediate vegetation density
may optimise the balance between noise reduction and signal propagation.

Another potential strategy for coping with urban disturbances is behavioural
adjustment in the timing of vocalisations. Some species, such as E. rubecula,
shift their singing activity to night-time hours to reduce overlap with periods of
high noise (Fuller et al. 2007), while T. merula begins its dawn chorus earlier to
the avoid traffic noise and artificial light (Nordt and Klenke 2013). Arroyo-Solis
et al. (2013) also found that, in areas with greater noise exposure, Sturnus uni-
color and Passer domesticus, advanced the onset of their vocal activity. Our
finding that Austral Thrushes increase element delivery rate in noisy areas rep-
resents another form of temporal adjustment, operating at the within-song level
rather than the daily activity level.

Conclusions

Our findings indicate that urban noise significantly influences the temporal struc-
ture of T. falcklandii's territorial songs, with birds in noisier environments singing
at faster element delivery rates. In contrast, spectral parameters, including mini-
mum frequency, maximum frequency and peak frequency, showed no significant
association with urban disturbance variables. This pattern suggests that the T. fal-
cklandii adjusts the temporal pacing of its songs rather than their spectral charac-
teristics in response to urban acoustic conditions. The discovery of this temporal
adjustment, combined with the null findings for spectral parameters, underscores
the importance of examining multiple acoustic dimensions when evaluating avian
responses to urbanisation. Future research should explore whether faster element
delivery enhances signal detection in noisy environments and whether this be-
havioural adjustment has fitness consequences for urban-dwelling T. falcklandii.
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