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Abstract: Green areas in urban environments, such as urban parks and urban gardens, are known
to provide benefits called “ecosystem services” to the urban community. Green recreational spaces
offer opportunities for physical activity, leading to improved physical and mental health of residents.
For this reason, the presence and the quality of such areas has to be considered and promoted in
sustainable urban planning, especially in the context of contributing to the achievement sustainable
cities. As the biodiversity of an area is an indication of its quality, soundecological indicators have
been used to assess the biodiversity in natural areas. Due to the presence of anthropogenic sounds in
urban areas, the use of these indicators to determine the quality of urban areas can be questioned.
However, the vocal activity of collectively singing birds during the dawn chorus contributes to the
urban soundscape, and results in a prominent biophonic component of this soundscape, as can be
clearly seen in its yearly pattern. The use of soundecological indicators through the estimation of the
Bird Dawn Chorus Strength has the potential to provide a means of assessing the quality of urban
green spaces. To demonstrate this potential, a pilot study is presented here on the annual temporal
scale of the soundscape of a typical urban green space.

Keywords: soundscape ecology; urbanization; green space; soundscape; ecoacoustics; urban green
management; biodiversity; dawn chorus

1. Introduction

Due to demographic evolution, urban areas continue to grow all over the world,
occupying previous green natural areas and making urban areas the main environment
people live in; the resulting environmental issues (poor air and water quality, noise pol-
lution) represent important challenges for urban designers. In the current view of urban
development, urban green spaces are known to deliver ecosystem services to both res-
idents and society [1]. Green spaces are attractive meeting places, encouraging social
interaction, discussion, and picnicking, . . .), stimulate physical activities such as walking
and running, . . .) and can provide opportunities for mental restoration through resting
and meditation, . . .) [2,3]. In this way, urban green spaces facilitate social interaction and
stimulate the physical and mental health of residents, improving their overall well-being.
Additional environmental ecosystem services consist of air quality improvement, temper-
ature regulation, water quality improvement, and acoustic mitigation [4,5]. Apart from
larger scale green urban areas such as city parks, smaller-scale green elements such as green
roofs, green walls, gardens, and additional infrastructure consisting of green elements
represent important contributors to urban ecosystem services [6,7].

Demographic changes and the resulting pressures on the environment are widely
understood as one of the main problems and challenges ficing contemporary society. With
the statement of the sustainable development goals by the United Nations, efforts are
being prepared and taken by many different stakeholders [8]. Sustainable Development
Goal 11 considers sustainable cities and communities. Due to the ecosystem services they
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provide, an important element in reaching this goal is the creation and upgrading of urban
green spaces.

Considering that limited space is a major constraint of an urban green area, assess-
ment of its quality is necessary for evaluating design options as well as for follow-up in
maintenance and redesign activities. Although green quality assessment requires a mul-
tidimensional perspective at a microspatial scale [9], the ecological structure and related
ecological processes of an area are at the centre of any ecosystem services assessment [10].
Because the ecological structure integrates underlying species composition, density, and
coverage, biodiversity is an important indicator from an ecological viewpoint; it reflects the
green quality of an area, and is used in urban green space management [11]. Among the
urban fauna, birds have high visual and acoustic saliency and can be easily observed and
identified, making them an interesting model suitable for the evaluation of environmental
changes in urban areas and a valuable proxy for use as a biodiversity indicator [12–14]. In
relation to the previously mentioned well-being benefits of green spaces, focusing on birds
has an additional added value, as bird watching and the expertise level of it is an important
restorative element in nature-based therapies for psychological or psychiatric help [15].
During the COVID-19 pandemic, just such a positive effect was reported by psychiatrists
regarding symptoms of pandemic-related isolation [16].

Where traditional bird biodiversity assessment is based on labour-intensive field
studies by trained observers collecting bird presence counts at regular time intervals,
acoustic monitoring has proven to be a valuable alternative when long-term recordings
can be obtained [17]. Acoustic sensor nodes have been used to capture the vocal signals
of acoustically active animals (i.e., birds, frogs, crickets). When automated systems for
collecting sonic data over a large area can be set up, it is possible to obtain very large sonic
datasets consisting of biodiversity information [18]. However, efficient processing of these
datasets to identify birds is a challenging task. A first approach is a general atomic strategy
in which the acoustic scene is analysed in order to identify the vocally active animals. With
this purpose, different identification algorithms have been studied and applied in which
sequences of feature vectors from time slices in the recordings are used to indicate the
presence of birdsong and identify birds using classifiers based on, among other methods,
spectral peak tracking, Hidden Markov Models, Convolutional Neural Networks, and
Deep Neural Networks; for a recent review, see [19]. While these methods obtain good
results, they show specific drawbacks. In general, they are designed to recognize a limited
set of expected birds in the recordings, and show poor results in detecting simultaneous
occurrences of multiple species or individuals. A particular problem is the fact that in urban
areas birds have been shown to adapt their song to anthropophonic disturbing sounds,
which often have low frequencies, by increasing their pitch [20]. As many recognisers are
trained from birdsong examples, this can lead to incorrect classification results. In addition,
validation of supervised recognition algorithms and their adaptation to the specific local
species richness is a labour-intensive process.

In a different and more holistic approach, recorded soundscape characteristics obtained
from soundecological indicators can be studied [21]. Common indicators include the
acoustic complexity index (ACI) [22], normalized difference soundscape index (NDSI) [23],
acoustic diversity index (ADI), acoustic evenness index (AEI), bioacoustic index (BIO) [24],
and ENTROPY. These indicators reflect the biophony, geophony, and anthropophony
of a soundscape, are straightforward to calculate, and have been shown to be related
to the biodiversity of natural areas [25–27], as several of these indicators are defined in
a way that emphasises the biophonic component. In urban areas, the anthropogenic
component can be prominent in the soundscape, as manifold anthropogenic sounds such
as those from vehicles, machinery, and human activity are present. These sources and
their spectro-temporal signatures contribute to the soundecological indicators, leading
to a bias in their values [28]. Soundscape recordings in urban areas have previously
been reported [29,30], as has their processing to obtain the biophonic, geophonic, and
anthropogenic components [31].
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Bird densities in urban areas have been studied in detail [32,33]; in order to focus
on the diversity of the bird population present, the dawn chorus represents an attractive
moment during the day for study. During this time slot, most male birds are vocally active
as a means of defending territory and attracting females [34]. Consequently, a dawn chorus
screening of bird activity is valid option in the biodiversity assessment of an urban area. In
this paper, we report on a pilot study with the purpose of quantify the bird dawn chorus
component. Long-duration recordings from a standard urban area were collected. In the
next section, this dataset is presented and its processing is explained. In the Results section,
the temporal patterns are presented for daily and yearly scales of the indicators. These
soundecological indicators provide a clear indication of the bird dawn chorus; based on
the temporal behaviour of the selected indicator, a Bird Dawn Chorus Strength metric is
defined in order to quantify the dawn chorus intensity. In the Discussion section, the use of
this value is considered as a quantification value that can lead to long-term assessment of
an urban green place, as is needed for urban planning and maintenance practice.

2. Materials and Methods
2.1. Data Collection

Long-duration sound recording in a typical urban area took place from spring 2016 to
spring 2017. Single-track audio recordings in raw format (16 bit, 44.1 ksps wav files) were
recorded. The equipment consisted of a Tascam DR60D recorder and a Sennheiser ME62
(omni-directional) microphone fitted with a wind shield. More than 150 h of recorded data
were obtained during consecutive days sampled over a complete year cycle. Convenient
recording conditions with no or limited rainfall and moderate wind velocities were applied.
From these recordings, full-day parts of 24 h each were studied in detail for the follow-
ing dates (in dd/mm/yyyy format): 18/03/2016, 03/04/2016, 13/04/2016, 01/05/2016,
01/06/2016, 10/06/2016, 21/06/2016, 26/07/2016, 17/08/2016, 14/09/2016, 06/10/2016,
24/11/2016, 15/12/2016, 20/10/2017, and 17/02/2017. The study area, located in the
Ghent urban agglomeration, Belgium, is characterized as a residential area with a mix of
detached single-unit housings and semi-detached dwellings, along with gardens and local
roads with sparse low-speed traffic (50 km/h speed limit). The area borders an agricultural
(rural) area, and as such is located at the outer edge of the urban–rural gradient (Figure 1).
At a distance of about 375 m from the recorder, a railway is present in the rural landscape,
resulting in related anthropogenic background sounds.

For occupancy data and bird presence detection, expert on-site observations were
performed at regular time slots over the study period. Expert listening was performed to
support the analysis of the recordings.

Figure 1. The surroundings of the study area (aerial view from Google) with detail of the measurement
setup. The area pictured in the aerial view has a size of about 350 m by 175 m.

2.2. Data Processing

In habitat characterization and biodiversity assessment, different acoustic indexes
known as soundecological indicators can be calculated [21]. As the frequency content of
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the recorded sounds is essential, the first step in their calculation is to obtain a spectrogram
from the recorded time series signals using the short-time Fourier transform. Here, the
indicators have been defined to capture specific aspects of the time–frequency outcome
of the obtained spectrograms, and were calculated using the soundecology package [35]
and seewave-R [36] package with the default parameters and time steps of one minute.
to obtain the time series of the different indicators. The following indicators are used in
this study:

The Acoustic Complexity Index (ACI) is calculated by dividing the time span under study
into different smaller time steps, typically of about 10–20 ms. The entire frequency range
is first split into sub-kHz frequency bins. Focusing on a single bin at a time, the absolute
difference between intensities is then calculated for the time steps in sequence. These are
summed for the complete time span and divided by the accumulated intensity over the
full time span, then this result is added to similar results for all of the other frequency bins
over the entire frequency range. This final result is the ACI value, which is an estimate
of the number of bird vocalizations (the biophonic content) based on the strong temporal
intensity modulation typical in birdsong as compared to the rather slow intensity variation
typical of environmental noise from passing cars, trains, air transits, etc. [22]. In our case,
the reference time span of the reported ACI values was a single minute.

The Normalized Difference Soundscape Index (NDSI) is calculated from the normalized
power spectral density (PSD) of the signal after consideration of specific spectral regions.
The first spectral region is a standard anthrophonic frequency window (1000–2000 Hz) in
which mechanical sounds are more prevalent. The resulting sum of the power in this fre-
quency range is provided as the α-value. Then, a higher frequency range of 2000–11,000 Hz,
where biophonic sounds are more prevalent, is considered. Frequency bins of the same
1 kHz range are taken and the sum of the power in the frequency bin is considered,
where the β-value is defined as the maximum value of the power in the different bio-
phonic 1 kHz frequency bins. Both values are combined in the NDSI value, calculated as
(β − α)/(β + α), resulting in a value between +1 (pure biophonic sound) and −1 (pure
anthrophonic sound) [23].

The Bioacoustic Index (BIO), introduced by Boelman et al. [24], reflects biophonic
activity. It is calculated from the spectral power in the frequency range from 2000 to
8000 Hz (spectral power density integrated over the given frequencies) above a predefined
threshold power level. In general, the threshold level should be selected to discriminate
background sounds.

The Acoustic Diversity Index (ADI) is calculated by dividing the spectral range of the
spectrogram (considered as 0–10 kHz) into frequency bins (1 kHz steps by default) and
considering the proportion of the signal energy in each bin above a threshold (default
−50 dBFS) for the time span under study. From these ten values, the Shannon entropy
index is calculated to find the ADI value [21].

The Acoustic Evenness Index (AEI) is similar to the ADI, except that the obtained
distribution of the different frequency bin values is now indexed using the Gini index [21],
resulting in a value between 0 and 1.

Entropy, i.e., the total entropy of the signal, is calculated as the product of the temporal
entropy and the spectral entropy of the signal [25]. The temporal entropy is calculated
from the envelope of the sound signal, which can be obtained by Hilbert transformation.
The spectral entropy is obtained from the mean frequency spectrum of the different time
frames. High variation in the frequency spectrum and in the amplitude envelope leads to
high entropy values. This is the typical case in birdsong, which is expected to have high
entropy values.

It must be stated that these soundecological indicators rely on typical characteristics
of the different soundscape components; one such characteristic is the frequency of 2 kHz,
which is considered to be the switching frequency between anthrophonic and biophonic
sounds [23]. As such, while these indicators have an overall discriminative power, it is
certainly not comparable with the discriminative power of a perfect classifier.
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3. Results
3.1. Daily Patterns

From long time recordings, daily patterns of the soundecological indicators were
calculated. As an example of these measurements, the results of a 24 h cycle (1 June 2016)
are shown in Figure 2, with the raw one-minute values without time averaging reported;
the night-to-day (sunrise) and day-to-night (sunset) transitions are indicated in the plots as
well. During the night, the values are quite stable and constant, reflecting the quiet nature
of the night soundscape. All indicators for this date show an abrupt transition in their level
around morning. During this, transition the indicators reach a clearly higher level (in case
of ACI, NDSI, BIO, and ENTROPY) or lower level (in case of AEI), reflecting the nature
of the indicator. At the end of the day, the values return to the nightly level, taking into
account day-to-day variations. It should be mentioned that for other 24 h recordings the
nightly level was observed to be more variable.
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Figure 2. Daily pattern of the different soundecological indicators (ACI, NDSI, BIO, ADI, AEI, and
ENTROPY) as recorded during the late spring. The raw (without time averaging) one-minute values
are reported on a minute scale (x-axis) of a 24-h daily cycle starting at midnight. The sunrise and
sunset times are indicated as red vertical lines.

3.2. Annual Pattern

As bird activity, particularly and bird singing, is strongly dependent upon the season,
it is important to consider the annual pattern. In order to do this, the daily patterns
along a complete yearly cycle were obtained. The averaged daily patterns for the different
soundecological indicators are shown in Figure 3. For a better indication of the trends in
the cycle, a moving averaging was applied over a 15-min time window. During the first
half of the year (January to June), all indicators show a clear morning transition, reflecting
the onset of the dawn chorus as the biophonic component of collectively singing birds. This
onset follows the changing time of the sunrise or dawn throughout the year. Apart from
the dawn chorus in the morning, positive NDSI values are visible during daylight hours,
reflecting biophonic activity throughout the day. In addition, in the evening, this activity
stops around dusk and the values return to their nightly level, which is consistent with the
daily pattern described above. While all indicators reflect this behaviour, it is only poorly
observable in the BIO indicator.

During the second half of the year (July to December), the abrupt change taking
place around sunrise or dawn is no longer present. Only small variations of the indicator
values during the complete daily period are observed, reflecting specific changes in the
soundscape content and dynamics.
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Figure 3. Heatmap of the different soundecological indicators, revealing their daily pattern through-
out an annual cycle; from top to bottom: ACI, NDSI, BIO, ADI, AEI, and ENTROPY. The 15-min
averaged values of the indicators are shown for the different measurement days (vertical date label)
on a minute scale (x-axis) of a 24-h daily cycle starting at midnight.

3.3. Bird Dawn Chorus Strength

In order to quantify the Bird Dawn Chorus Strength (BDCS), a calculation of the
transition strength of the specific indicator is provided. To reflect the observed step-like
change, it is based on the integration of the indicator time-series values in a time window
before and after the transition time (t0). In the case of ACI, we refer to these values as
ACIbe f ore and ACIa f ter, with ACIbe f ore = ∑N

i=0 ACI(t0 − i) and ACIa f ter = ∑N
i=0 ACI(t0 + i),

where N corresponds to the length of the time window. The BDCS reflects the relative
transition strength, and in the case of the ACI indicator is defined as follows:

BDCS(ACI) =
ACIa f ter

ACIbe f ore
− 1 (1)

Similar definitions apply for the other indicators. As the NDSI has values around 0,
it is excluded from this calculation, as the singular results could hinder interpretation of
the obtained outcomes. Figure 4 reports the calculation of the BDCS from the different
indicators for different time window lengths ranging from 10 to 60 min. The times of dawn
(when light first appears) and sunrise (when the upper rim of the Sun first appears on the
horizon) are used as the transition times. As can be seen from the plots, using the sunrise
as the transition time provides a more prominent indication of the collective dawn chorus
singing of birds. Thus, use of the sunrise as the transition time is preferred due to the
strength of this value. Related to the time window length, as represented by the N value, it
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can be observed that longer window lengths are associated with higher BDCS values. For
several indicators, specifically AEI, ENTROPY, and ACI, saturation of the BDCS values is
observed. This saturation is present for a window length of 40 min, and remains for longer
window lengths.
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Figure 4. Bird Dawn Chorus Strength (BDCS) as calculated from the different indicators for the
different study days (x-axis), with different time window lengths for the dawn (left column) and
sunrise (right column) transitions. The same colors are used for the time window length (minutes)
as for all plots (see the legend for the AEI Sunrise results).

4. Discussion

The reported measurements of the behavior of the studied soundecological indicators
over daily and yearly timescales reflect the presence and mix of different soundscape
components in the urban area under study. Considering the biophonic component, the
presence of different singing bird species was confirmed by an expert listening to the
recordings and by supporting field observations. The following bird species common
in Western Europe, among others, were identified to be present as breeding species: the
common blackbird (Turdus merula), dunnock (Prunella modularis), Eurasian wren (Troglodytes
troglodytes), European robin (Erithacus rubecula), and common chiff-chaff (Phylloscopus
collybita). These different species present in the urban ecosystem under study have specific
vocal activity pattern during the day; several prefer to sing throughout the day, while others
participate most strongly in the chorus moments at dawn and dusk (e.g., the common
blackbird and dunnock) [34]. This is reflected in the reported daily patterns during the first
half of the year (January to June), as can be seen in Figure 3 where, e.g., the NDSI values are
indicative of this. Positive NDSI values reflect a dominant biophonic soundscape, and can
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be seen around sunrise as well as spread throughout the day. It should be mentioned here
that urbanization has an influence on the phenology of the singing of birds, making them
sing longer and earlier in urban areas [37]. The start of the dawn chorus is the result of the
start of singing by the different bird species that are present, and is known to be species-
specific and regulated by different environmental factors such as light conditions [38].

In different study areas and regions, other vocalising animals such as frogs and crickets
can contribute to the biophonic soundscape component; however, they were absent during
the dawn chorus is our study area, allowing us to take birdsong, in particular the bird
dawn chorus. as the main biophonic component under consideration. Birds are a high-level
taxon [39], and year-long recording have been shown to be the preferred biodiversity
assessment [17]. In the urban context, it is known that urbanization is a driver of cross-
taxon declines in abundance and diversity at multiple spatial scales [40]. For this reason,
biodiversity monitoring from acoustic measurements is attractive. However, the current
holistic approach to the dawn chorus limits its use for such a complete quantitative diversity
assessment, as different bird species do not participate in the dawn chorus, as is the case for
birds such as owls that are active at night [41]. However, the composition within the dawn
chorus reflects the diversity between songbirds, and as such has clear value for reflecting
specific biodiversity changes at spatial scales much larger than the scale of the study area,
or even the green area considered in general.

The anthropogenic component of an urban soundscape strongly varies with the de-
tailed position of the recorder with respect to the presence of neighbouring active traffic
elements in its close surroundings. As the current study area was in a residential area at
the outer edge of an urban-to-rural transition, the main characterisation of the soundscape
can be considered quiet, with an anthrophonic component only strongly present during
specific and limited time spans. While the current pilot study was performed using a single
fixed recorder, the use of multiple recorders covering a larger study area could improve the
estimation of the dawn chorus strength, as particular vicinity effects of a single recorder
could be eliminated. In the case of a single recorder, as in the case of the current study, the
selection of a suitable recorder position can be estimated from a priori recordings and from
standard acoustic propagation considerations.

Several different indicators have been reported in this study in an attempt to provide
insight and detail in their different focus. From their overall comparison, the BIO indicator
has a weak focus and could be left aside for use in practical assessment. It is known that
certain indicators are correlated, meaning that the indicator set could be reduced to a
selected number of components (indicators), as can be concluded from PCA analysis [30].
In this way, a more limited set of practical indicators could be used for assessment.

Considering the BDCS value, it is intended for practical assessment in urban man-
agement, where the effects of restoration measures need to be evaluated in order to define
adjustments to such measures as necessary. When observing the obtained results for differ-
ent calculation parameters, as seen in Figure 4, smooth variations are only present with the
AEI and somewhat less with the ACI, making AEI-based calculation the preferred indicator.
Because the obtained values are higher, the transition to be considered is the sunrise. For
the time window length, a value of 60 min is suggested as the standard time window. In
this case, the calculation shows saturation with respect to the time window length before
and after the sunrise transition. Such saturation is attractive, as it provides the benefit
of insensitivity to errors in the time window length. In order to obtain a yearly value of
the BDCS, two options can be considered with respect to the availability of continuous or
multiple repeated recordings: first, the maximum value of the BDCS daily values can be
considered; or second, an aggregated value representing the mean value over a fixed period
of the year during which the dawn chorus is clearly present. In this way, possible temporal
irregularities can be compensated for. In the Western European region, it is suggested that
this fixed period be the period covering the months of May and June. In a more accessible
methodology, limited sampling during this period could be an option.
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Considering the use of such assessments in the management of urban green areas,
standardisation of the used indicators is preferable. The proposed BDCS could be a valuable
candidate, as it is straightforward to calculate and accessible with measurements obtained
using standard acoustic equipment. However, future research in different urban settings is
needed in order to validate the proposed strength value and its selected calculation option.
As previously mentioned, different environmental light conditions in urban areas can result
in variable onset of the dawn chorus, making convenient selection of the specific transition
time for the calculation of the BDCS value a point to consider in future studies. Where
standard definitions can be provided, the use of the soundecological indicators themselves
is not standardized with respect to their calculation parameters. Different parameters need
to be set, such as the considered frequency bin ranges, the frequency range for anthrophonic
sounds, and more. However, in most cases these parameters can simply be set to the default
values of the calculation implementation in the available software packages.

The use of the proposed BDCS value could contribute to practical assessment in urban
green management, which is necessary in order to make progress in achieving Goal 11 of
the Sustainable Development Goals by promoting and maximizing the incorporation of
green areas in cities, thereby participating in the global goal of realizing sustainable cities.

5. Conclusions

In order to contribute to the Sustainable Development Goals, sustainable cities and
communities must be promoted and realized. Urban green areas are understood to be a
key component of sustainable cities, as they provide numerous ecosystem services to both
residents and society. Because space for green areas in cities is scarce and expensive, the
quality of the realized green areas is important and must be considered in urban planning
and management. For assessment of this quality, acoustic studies have the potential to
automate this otherwise labour-intensive process. As an illustration of this potential, a pilot
study was conducted in which acoustic recordings of an urban soundscape over a time
span of more than a year were measured and reported. Using standard soundecological
indicators, the daily and yearly patterns of the soundscape were extracted, showing the
clear contribution of the dawn chorus singing of the songbirds present in the area. The
introduction and definition of the proposed Bird Dawn Chorus Strength (BDCS) metric
provides a quantification related to the songbird population, reflecting the quality and
diversity of an urban green area. This strength value is based on a transition strength
around sunrise for the considered soundecological indicators, and it is recommended that
it be calculated based on the step change of the AEI values around sunrise using a one-hour
time window before and after sunrise. In the case of yearly assessment, the maximum value
of the BDCS during the course of a full year has to be considered. When long-duration
recordings are accessible, for instance with the installation of wireless acoustic sensor nodes,
this can open the way for practical assessment and use in urban green management.
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