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A soundscape analysis of bird and cicada vocalizations based on
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Abstract: This study aims to apply robot audition techniques to investigate the natural sound-
scape of forest animal vocalizations based on azimuth-elevation estimation of sounds. We focus on
two recordings in an experimental forest in Japan, where a 16-channel semi-spherical microphone
array had been placed, and birds and cicadas dominated the soundscape. We manually annotated
the localization results obtained from sound source localization and separation based on HARK,
using HARKBird. Then we conducted a preliminary analysis on their vocal activity and the az-
imuth and elevation information. The result showed the difference in the soundscape patterns of
their vocalizations in the azimuth-elevation space: a few birds tended to stay and sing at their
song posts, and cicadas formed complex and bursty singing behavior, changing their positions.
The behavior of cicada vocalizations may have reduced the vocal activity of birds that share the

frequency ranges of their vocalizations while needs further detailed analyses to conclude.

Ecoacoustics [1] is an interdisciplinary field that
investigates natural and human sounds and their re-
lationships with an environment, which contributes
to long-term ecosystem monitoring, habitat conserva-
tion, biodiversity assessment, and ecosystem manage-
ment.

When considering the roles of sounds in ecoacous-
tics, the soundscape is an important concept that
refers to the combination of sounds that arise from
both natural and artificial environments [2]. Extract-
ing a precise spatio-temporal structure of a sound-
scape and grasping the soundscape dynamics are es-
sential for ecoacoustics to track active interactions
among individuals and grasp the overall properties of
the soundscape. However, it is not straightforward to
grasp such a complex acoustic structure with a stan-
dard autonomous recording unit because it is hard
to extract the spatio-temporal information of multi-
ple sounds occurring in natural environments. Thus,
there is increasing interest in microphone arrays to
localize animal vocalizations [3, 4].

We have proposed and discussed novel applica-
tions of robot audition techniques to investigate the
soundscape dynamics in the directional or spatial do-
main by using the direction of arrival (DOA) of sound
sources obtained from HARKBird, which is a bird
song localization software based on the robot audi-
tion software HARK (explained later) [5, 6]. We vi-
sualized and quantified the directional and 2D-spatial
patterns of bird vocalizations in various contexts such
as response behaviors in playback experiments |7, 8],
for example.

As a next approach, we have been focusing on the
soundscape dynamics of multiple classes of species
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dominating the soundscape of forests in early sum-
mer: birds and cicadas. It has been reported that
birds are able to adjust both the timing and frequency
of their signals to reduce overlap with the signals of
other bird species [9, 10, 11], other animals|[12] and
abiotic noise [13]. Hart et al. showed that birds signif-
icantly avoid temporal overlap with cicadas by reduc-
ing and often shutting down vocalizations at the onset
of cicada signals that utilize the same frequency range
[12]. We used a method to classify their vocalizations
using three ecoacoustic indices (acoustic complexity
index, temporal entropy, and acoustic cover), then il-
lustrated their temporal vocal activities, measured as
the total song duration in each time segment [14]. As
a proof-of-concept, we applied this to three scenarios
of recordings to see if there exist inter-specific inter-
actions between birds and cicadas and replayed the
vocalizations of the cicadas to observe the effect on
their vocalization activities. The preliminary analy-
sis implied that there might exist temporal overlap
avoidance behaviors between birds and cicadas, and
replayed songs of cicadas may reduce the activity of
birds.

While the above previous work is based on the az-
imuth estimation of acoustic events, there also exist
variations in elevations among natural sound sources.
Pekin et al. demonstrated the use of LIDAR-derived
metrics and sound recordings for identifying canopy
structural attributes supporting high acoustic diver-
sity in a neotropical forest environment and showed
that the composition of acoustic frequency bands and
acoustic diversity are strongly linked with the verti-
cal structure of the local forested environments [15].
Zezhou et al. used the soundscape mapping to explore
the habitat selection of bird communities in the con-
text of spatial-temporal structural changes and showed
the urban forest vertical structure had a great ef-
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Figure 1: A snapshot of the annotation tool of HARKBIrd and examples of localized bird and cicada vocaliza-

tions.

fect on bird activities [16]. Yamamoto et al. visual-
ized the spatio-temporal structure of soundscape com-
posed of antholophony, biophony and geophony using
the azimuth-elevation estimation of sound sources and
their separation based on HARK, and their classifica-
tion based on a recurrent convolutional neural net-
work trained for bird vocalization classification [17].
They discussed that these three classes of sounds can
be classified by their elevation information. These
studies clarified the importance of elevation informa-
tion for field observation of soundscape dynamics.
This study aims to further consider the applica-
tion of robot audition techniques to the observation of
the natural soundscape of forest animal vocalizations
based on azimuth-elevation estimation of sounds. We

focus on the recordings in an experimental forest, Nagoya

University, Japan, on June 2021, where a 16-channel
semi-spherical microphone array (Chirpy type-S; Sys-
tem in Frontier Inc.) had been placed, and birds and
cicadas dominated the soundscape. This waterproof
and standalone microphone array enables us to record
and localize the out-door soundscape in azimuth and
elevation angles. As a preliminary approach, we man-
ually annotated the localization results of two record-
ings obtained from sound source localization and sep-
aration based on HARK, using HARKBird. Then, we
conducted a preliminary analysis on their vocal activ-
ity and the azimuth and elevation information of their
vocalizations. The analysis implied that there might
exist temporal overlap avoidance behaviors between
birds and cicadas, as expected from our previous re-
sults, constructing the distinctive spatial structure of
vocalization dynamics in the azimuth-elevation space
of the forest soundscape.

1 Materials and methods
1.1 HARKBird

HARK is an open-sourced robot audition software
consisting of multiple modules for sound source lo-
calization, sound source separation, and automatic
speech recognition of separated sounds that work on
any robot with any microphone configuration [18].
See the website of HARK for detail®.

We used HARKBird [5, 6], a collection of Python
scripts for bird song localization, to estimate the DOA
of sound sources in recordings, using sound source
localization and separation functions in HARK. We
adopted the current version (3.0b), based on PySim-
pleGUI, which enables us to visualize and annotate
the sound source distribution in the azimuth-elevation
space as shown in Fig. 1.

The employed sound source localization algorithm
is based on the multiple signal classification (MU-
SIC) [19] using multiple spectrograms obtained by
short-time Fourier transformation (STFT). The MU-
SIC method is a widely used high-resolution algo-
rithm and is based on the eigenvalue decomposition
of the correlation matrix of multiple signals from a
microphone array. We adopted the standard eigen-
value decomposition (SEVD) MUSIC method imple-
mented as one of the sound source localization meth-
ods in HARK. All localized sounds are separated to
the sounds as wave files (16 bit, 16 kHz) using geo-
metric high-order decorrelation-based source separa-
tion (GHDSS) method [20], which is also implemented
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in HARK. For more details on HARKBird?, see [5, 6].
To optimize localization performance, we can adjust
some parameters of HARKBiIrd, such as the source
tracking and the lower bound frequency for MUSIC,
to reduce noise, etc.

Figure 2: An experimental field and a recording node
(Chirpy type-S).

1.2 Field recording

On June 2021, we conducted the recording experi-
ments to observe the vocalizations of cicada and bird
individuals at our field site in the Inabu field, the ex-
perimental forest of Field Science Center, Graduate
School of Bioagricultural Sciences, Nagoya University,
in central Japan (Figure 2). The forest is mainly com-
posed of conifer plantations (Japanese cedar, Japanese
cypress, and red pine), with small patches of broadleaf
trees (quercus, acer, carpinus, etc.).

During the recording, the common bird and cicada
species were known to vocalize during early summer.
The Siberian blue robin (Larvivora cyane) was the
species that mainly dominated the soundscape. There
were also a single species of cicadas ( Terpnosia nigri-
costa). The vocalization of this species has a unique
structure that is composed of repetitions of introduc-
tory short components like frog calls, and subsequent
main song components like songs of poplar evening
cicadas. These bird and cicada species share the fre-
quency ranges of their vocalizations.

We used a 16-channel microphone array (Chirpy
type-S; System in Frontier Inc.) system for out-door
long-term recording. The system is composed of a
hemispherical microphone unit connected to the con-
trol box. The water-proofed 16 microphone channels
were placed in a spiral manner on the surface of the
unit, which allows us to estimate both azimuth and
elevation angles of the localized sounds, using HARK-
Bird. It can also record the posture information of the

2http:/ /www.alife.cs.i.nagoya-u.ac.jp/ reiji/HARKBird/

unit as an additional channel in the wave file. The
control box has functions of power supplies based on
multiple USB batteries, scheduled recording, and the
Wi-Fi-based server system that allows us to config-
ure the schedule and conduct manual recordings via
a client software for Windows PCs.

We conducted experimental recordings on consec-
utive days this month. In this paper, we picked two
recording sessions for analysis as examples of the nat-
ural soundscape. The first 10-min recording started
at 9:00 am, on June 26th. The other 20-min recording
started at 9:20 am, on June 24th in which sometimes
the experimenter’s activity sounds were included.

1.3 Sound source localization, separa-
tion, and manual annotation

We used the HARKBird to export the information
on localized sound sources (i.e., the beginning and
end time, DOA (azimuth and elevation), and its sep-
arated sound file (wave file)). To extract the overall
spatio-temporal structure of the soundscape, we ad-
justed the other parameters in HARKBird to local-
ize these vocalizations that allow us to localize most
sound sources around the microphone array.

After sound localization and separation, we manu-
ally annotated the vocalization events of cicadas and
birds by conducting an auditory and visual inspec-
tion of the localization and separation results of sound
sources. Among the separated sounds, we picked up
sources that could be associated with visually recog-
nized bird and cicada vocalizations in the spectro-
gram. We removed other sources that had no clear
associations, which were expected to appear due to
irregular noises or effects of other sounds that in-
creased the overall power of MUSIC spectrum. We
mainly used the visualized MUSIC spectrum for this
purpose. However, there is a possibility that some
artifacts were misclassified as cicada vocalizations in
this preliminary analyses. Also, there exist a possibil-
ity of effects of experimenters’ effects on their behav-
iors.

1.4 Analysis

We visualized the temporal dynamics of the local-
ized vocalizations of birds and cicadas in the azimuth
and elevation space, and a circular histogram of the
azimuth-elevation angles of localized sounds. These
graphs enable us to grasp the overall distribution of
their vocalizations.

In order to observe the relationship of the activi-
ties between birds and cicadas, we quantified the tem-
poral changes in the vocal activities of birds and ci-
cadas to observe inter-specific interactions between
birds and cicadas. Their activity in each 30-second
(for the 10-min recording) or 50-second (for the 20-
min recording) was calculated as the total duration of
localized sounds in the segment.
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Figure 3: Vocal analysis for 10 minutes (9:00 am-9:10 am, June 26th).
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Figure 4: Vocal analysis for 20 minutes (9:20 am-9:40 am, June 24th).



2 Results

Fig. 3 and Fig. 4 show (A) the temporal changes in
the vocal activity of the birds (red) and cicadas (blue),
(B) the distribution of vocalizations in the space of
time and azimuth, (C) the distribution of vocaliza-
tions in the space of time and elevation, and (D) the
polar histograms of azimuth and elevation angles of
bird and cicada vocalizations. All the bird songs were
of Siberian blue robins in the two recordings.

In Fig. 3A and Fig. 4A, we can find the birds
vocalized actively but the cicadas vocalized relatively
quietly in the first half of the recordings. On the other
hand, in the later half of both recordings, cicadas vo-
calized actively but the birds were gradually getting
quiet. This indicates that the birds might tend to
avoid vocalizing with cicadas.

In B and C of both Fig. 3 and 4, we see a few
birds sang repeatedly at consistent positions (e.g., 0-
200 seconds in Fig. 3 and 0-700 seconds in Fig. 4),
which might be their song posts. Then, one cicada
began to sing and the number of singing cicadas grad-
ually increased, forming their chorus or burst. Their
songs were composed of short and long components
and their singing positions appeared to change both
in azimuth and elevation. When their vocalization ac-
tivity increased, some birds stopped singing or sang
less frequently (e.g., after 400 seconds in Fig. 3 and
after 900 seconds in Fig. 4), which made the activ-
ity of birds relatively small. This supports that these
birds might have avoided singing with cicadas. How-
ever, further analyses based on long-term data are
necessary to conclude.

Fig. 3D and 4D well illustrated the overall sound-
scape structures of bird and cicada vocalizations in
the space of azimuth-elevation angles. We see that the
birds at different azimuths vocalized at similar eleva-
tion angles. It reflects, in these particular cases, birds
tended to sing in the middle of the trees because this
is the typical behavior of Siberian blue robins. An-
other interesting fact is that their soundscape struc-
tures were similar between these two different days,
which indicates that their habit use were consistent.
On the contrary, we see that the soundscape struc-
tures of cicada vocalizations were more complex in
the sense that there were large variations and fre-
quent changes of localized positions in both azimuth
and elevation angles. Some cicada sounds even came
from places lower than the microphone because the
microphone was placed around a small ridge. Also,
the structures varied between both recordings, imply-
ing that their temporal dynamics were also complex.
We expect that longer-term analyses will enable us
to discuss the relationship between their soundscape
structures.

3 Conclusion

This paper applied robot audition techniques to in-
vestigate the soundscape dynamics of cicada and bird
vocalizations. We focus on two recordings and man-

ually annotated the results of azimuth and elevation
localization. Then we conducted a preliminary anal-
ysis on their vocal activity and the azimuth and ele-
vation information of their vocalizations. The result
showed the difference in the soundscape patterns of
their vocalizations in the azimuth-elevation space: a
few birds tended to stay and sing at their song posts,
and cicadas formed complex and bursty singing be-
havior, changing their positions. The behavior of ci-
cada vocalizations may have reduced the vocal activ-
ity of birds that share the frequency ranges of their
vocalizations, which supports previous reports [12].
However, there exists a possibility of mislocalization
of cicada vocalizations due to the interference of their
loud and multiple vocalizations, which is the future
work to be improved. The further analyses of their
soundscape based on long-term data also are neces-
sary.
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