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Email: neel.le-penrulé@imperial.ac.uk 1. Small microphone arrays and sound-source localisation algorithms are
Funding information increasingly prevalent in the passive acoustic monitoring (PAM) of ecosystems.
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yielding additional insights into biodiversity and ecosystem health. While many of

Handling Editor: Nicolas Lecomte these technologies have been evaluated in the field, there is a lack of controlled,
repeatable methods to test them.

2. We developed an ambisonic virtual sound environment (VSE) for simulating real
natural soundscapes to evaluate spatial PAM technologies. We validated this
novel approach using a PAM recorder with a six-microphone array, from which
we extracted a typical suite of ecoacoustic metrics, including acoustic indices
and avian species predictions and localisations from the software BirdNET and
HARKBIrd, respectively. We first verified whether the VSE could replicate natural
soundscapes well enough to test PAM technologies by comparing these metrics
between field and VSE-based recordings. To pilot the VSE as an environment for
testing PAM hardware, we assessed how orientation impacts the six-microphone
array's performance by using the same suite of metrics to compare VSE recordings
made with the array at various pitch angles. Finally, we piloted the VSE as a test
platform for PAM software by investigating how BirdNET and HARKBIrd perform
on bird calls added to the VSE-replicated soundscapes.

3. While the VSE and field recordings had similarities in some metrics, including
spectral composition and BirdNET predictions, ambisonics' perceptual bias
and susceptibility to spatial aliasing limited the spatial analyses that could be
undertaken. Our trials nonetheless revealed that device orientation impacts the

performance of HARKBIrd and certain ecoacoustic indices, and that BirdNET and

HARKBIrd perform best on louder, more directional bird calls.
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1 | INTRODUCTION

Spatial audio technologies are increasingly widespread for the pas-
sive acoustic monitoring (PAM) of natural environments. Regarding
hardware, this primarily consists of multi-microphone recording
approaches. These encompass both distributed microphone ar-
rays, which consist of several recording devices spread across space
(Blumstein et al., 2011; Collier et al., 2010; Mennill et al., 2012;
Mennill & Vehrencamp, 2008), and, increasingly, integrated micro-
phone arrays, in which two microphones (Hobson et al., 2002; Payo
et al., 2021) or more (e.g. Celis-Murillo et al., 2009; Heath et al.,
2024; Suzuki et al., 2017; Wijers et al., 2019) are contained within
a single, multichannel recording device. Regarding software, sound-
source localisation algorithms continue to improve, partly thanks
to deep learning methods (Grumiaux et al., 2022) and the develop-
ment of localisation applications for animal vocalisations, such as the
avian call localisation tool HARKBird (Sumitani et al., 2019; Suzuki
et al., 2017). Together these spatial PAM hardware and software
developments are providing superior metrics of ecosystem health
and biodiversity (Wijers et al., 2019), including species abundance
estimates (Blumstein et al., 2011; Heath, 2022).

While many of these technologies have been tested in the field,
real natural soundscapes are inherently and continually variable, and
somewhat unpredictable, limiting the control and replicability of
these test methods. This can partly be avoided with playback exper-
iments, in which one or more loudspeakers play back pre-recorded
sounds in the field (Cretois et al., 2022; De Rosa et al., 2022;
Znidersic & Watson, 2022). Further control and replicability can be
achieved by simulating more of the field recording process, but few
methods for this have been proposed—especially for testing spatial
PAM technologies. Kaneko and Gamper (2022) recently developed
an approach to simulate distributed microphone array field record-
ings of a large forest and test their robustness to noise, reverberation
and measurement errors, such as imperfect microphone placement.
However, as their approach involves simulating field recordings, it
cannot be used to test spatial PAM hardware. Moreover, their ap-
proach is not intended for testing multichannel recorders with inte-
grated microphone arrays.

Other fields, such as Audiology, have leveraged various sound-
field reconstruction techniques to create virtual sound environ-
ments (VSEs) (Mansour et al., 2019; Oreinos & Buchholz, 2016;
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4. Our results demonstrate the potential for this approach, but highlight limitations
to using an ambisonics-based VSE. We thus provide guidelines for the use and
refinement of such systems towards more standardised, controlled benchmarking
of PAM technologies, empowering practitioners to make more informed decisions

on using these vital tools.

virtual sound environment, spatial ecoacoustics, Ambisonics, microphone array, BirdNET,
HARKBIrd, bioacoustics, passive acoustic monitoring

Simon et al., 2021) that replicate real spatial sound-scenes in a lab-
oratory setting, typically to evaluate human hearing and test multi-
microphone hearing aids. VSEs have been employed in audiology to
overcome the limited control and reproducibility of real-world tests
(Grimm et al., 2019; Simon et al., 2020)—challenges which also arise
for field testing PAM technologies. Several studies have used ambi-
sonics, a technique for creating, recording, modifying and reproduc-
ing spatial sound fields in an efficient and flexible manner, to create
VSEs for evaluating hearing aids (Favrot & Buchholz, 2010; Oreinos
& Buchholz, 2016; Simon et al., 2020, 2021) and measuring certain
features of speech intelligibility and perception (Hui et al., 2021;
Mansour et al., 2019).

In ambisonics, sound fields are decomposed into spheri-
cal harmonic components (akin to a Fourier series for 3-D space
(Mdller, 2006)), starting with an omnidirectional component, plus a
number of directional components, each corresponding to a specific
directional pattern, for example bi-directional (front-back, left-right,
up-down) for the first order, and more complex ones for higher ambi-
sonics orders. Monophonic signals can also be encoded to the spher-
ical harmonic domain, allowing additional sources to be added to any
location within a sound field. This spherical harmonic representation
can then be decoded to any suitable loudspeaker array, provided a
sufficient number of regularly spaced loudspeakers (at least (n+1)2,
where n is the ambisonic order) (Daniel, 2001; Moreau et al., 2006;
Zotter & Frank, 2019). First order ambisonics was primarily devel-
oped by Michael Gerzon (1973, 1975). It is often used today for enter-
tainment, such as rendering spatial audio over headphones (Zotter &
Frank, 2019), but has a small ‘sweet spot’ in which the sound field is
most accurately reproduced (Frank, 2014; Simon et al., 2020, 2021).
Higher-order ambisonics has a larger sweet spot, but requires more
microphones, loudspeakers and processing for recording and repro-
duction (Moreau et al., 2006; Zotter & Frank, 2019).

Even for higher orders, the sweet spot's size is limited, in part due
to spatial aliasing during recording and playback (Moreau et al., 2006;
Simon et al., 2020). This amounts to distortions between sound waves
coming from different directions (Epain & Daniel, 2008), which can
affect their expected arrival time and level differences within the
reconstructed sound field (Simon et al., 2021), leading to inaccurate
directionality. Higher-order ambisonic playback can suffer from alias-
ing as it always uses multiple loudspeakers to reproduce signals, even
for single point sources (Simon et al., 2020). Furthermore, ambisonics
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is primarily intended to reconstruct sound fields in a perceptually ac-
curate manner for human listeners (Frank, 2014; Gerzon, 1992), but
may not produce a precise physical replica of the sound field, even in
the sweet spot. This underpins some of the above inaccuracies in am-
bisonic reconstruction as well as other spectral, spatial and temporal
artefacts it can create (Oreinos & Buchholz, 2016).

Nonetheless, ambisonics is a powerful tool for capturing, altering
and reproducing real, complex spatial sound fields (including their
reverberation and other acoustic properties) instead of the more
labour-intensive method of reconstructing them with room acous-
tics models, for example (Oreinos & Buchholz, 2016). This has driven
ambisonics' uptake for applications requiring VSEs to recreate dy-
namic, noisy environments, and should be suited to reproducing nat-
ural soundscapes, whose acoustics are challenging to model.

We therefore developed a higher- (specifically, third-) order am-
bisonic VSE, consisting of a spherical 25 loudspeaker array, for re-
producing real spatial natural soundscapes to evaluate spatial PAM
recorders and software in a controlled, replicable manner. There has
been some work on multi-loudspeaker playback in ecoacoustics,
namely for studying avian behaviour (Celis-Murillo et al., 2009; Mennill
& Vehrencamp, 2008; Quirds-Guerrero et al., 2017). However, there is
little work involving full-sphere sound field recording and reconstruc-
tion in ecoacoustics, beyond more artistic and experiential applications
(Monacchi, 2013). Moreover, we demonstrate that full-sphere recon-
struction can be achieved in a comparatively resource-efficient way,
through repurposed or increasingly accessible equipment.

Here, we detail this VSE test platform and work to validate it
(Figure 1). This followed three objectives, to investigate whether the
VSE could:

1. Soundscape reproduction efficacy: Effectively simulate real, spatial
natural soundscapes for testing PAM technologies. We verified
this by comparing a standard suite of ecoacoustic metrics be-
tween recordings of real and VSE-replicated soundscapes.

2. Impact of device orientation: Test PAM hardware and factors im-
portant to spatial PAM deployments. As a proof-of-concept
for using the VSE as a test environment, we re-recorded VSE
soundscapes with MAARU (multichannel acoustic autonomous
recording unit; Heath et al., 2024), a six-microphone PAM re-
corder, oriented at various pitch angles, to study how device ori-
entation impacts the same standard ecoacoustic metrics. These
include the popular avian classification algorithm BirdNET (Kahl
et al., 2021) and the avian localisation tool HARKBird (Sumitani
etal., 2019). Together these applications can provide lower-bound
avian species abundance estimates (Heath, 2022) by revealing
whether there are several birds of a particular species calling
simultaneously from different locations around a microphone
array. However, HARKBIrd is expected to be susceptible to device
orientation. Hence, we explore whether the VSE could reveal the
degree to which HARKBIrd localisations are altered by MAARU's
orientation.

3. BirdNET and HARKBIrd performance on additional avian calls: Test
PAM analysis software. To demonstrate this, we used the platform

to explore the performance of BirdNET and HARKBiIrd on ad-
ditional avian calls embedded in the VSE soundscapes. We first
added calls by ambisonic encoding; however, given the limitations
of ambisonics' spatial accuracy, we also reproduced calls' direct
paths from individual loudspeakers within the VSE and compared
both embedding methods.

2 | MATERIALS AND METHODS
2.1 | Platform description

The concept of this test platform is to take high quality, spatial record-
ings of natural soundscapes and use a spatial sound-field reconstruc-
tion method to accurately reproduce them in a controlled environment
(Figure 1a,c). One can then use the PAM hardware and software being
tested to repeatedly record and analyse these ‘virtual’ soundscapes
under various conditions (Figure 1d,l). For example, one can alter the
set-up of the PAM recorder or modify the reconstructed soundscape
to simulate effects like the presence of additional species (Figure 1l).
This also enables PAM technologies to be tested on compatible spa-
tial recordings of soundscapes from diverse and challenging environ-
ments (e.g. hard to reach or stormy areas), all within a single laboratory
setting.

We adopted a flexible, resource-efficient approach to implement-
ing the above concept. We used the 19-channel ZYLIA ZM-1 micro-
phone array (ZYLIA, n.d.; Poznan, Poland) with ZYLIA's recording
software (version 2.1.2, ZYLIA, 2022b) to take high quality recordings
of various natural soundscapes (Figures 1a and 2a). The ZM-1 is con-
siderably more affordable than other higher-order ambisonic record-
ers such as MH Acoustics' ‘Eigenmike’ devices.'> We used ZYLIA's
software to convert the recordings to third-order ambisonics (SN3D
normalisation, Furse-Malham channel ordering) (version 1.6.1;
ZYLIA, 2022a) and reproduced these ambisonic recordings through an
array of 25 pre-owned Genelec 8010A loudspeakers® (Genelec Oy,
lisalmi, Finland; Figure 1c), mounted to a sphere constructed from two
commercially available, steel hemispherical frames (Lifetime Products
Inc., Clearfield, UT, USA; Figure 2).4 The third-order ZM-1 recordings
were decoded to the loudspeaker array using the free ICST Ambisonics
externals for Max/MSP (Institute for Computer Music and Sound
Technology, 2021).

For most of this work the VSE was housed in a non-acoustically
treated room (Figures 1 and 2), mirroring conditions in many eco-
acoustics laboratories, given their focus on field recording and the
high cost of creating anechoic/soundproof spaces. However, this
room likely introduced artefacts from reverberation, room modes

and so on.

https://mhacoustics.com/products.
thtps://www.creativefieldrecording.com/2017/03/30/ambisonic-field-recording-resou
rces/\#:~:text=MH\%20Acoustics\%20EigenMike\%20em32\%20(\%24,via\%20the\%
20EigenMike\%20Interface\%20Box.

Shttps://www.genelec.com/8010a.
“https://www.lifetime.com/lifetime-90136-dome-climber-earthtone.
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FIGURE 1 System overview and experimental structure. We captured real, spatial natural soundscapes with a high-quality
19-microphone array (a) and a multichannel acoustic autonomous recording unit (MAARU), the six-microphone PAM recorder being tested
(b). The 19-mic recordings were encoded to the ambisonics domain and decoded to a 25-loudspeaker virtual sound environment (VSE) (c),
allowing the soundscapes to be re-recorded by MAARU (d) with adjustments to relevant recording parameters, namely, device orientation.
The six-microphone recordings from the field (b) and VSE (d) were passed through a suite of typical ecoacoustic metrics (f, i, j). Various
analyses (g, h, k) were performed to compare the field and VSE recordings and explore the impact of device orientation. The process was
repeated for VSE recordings with additional bird calls (l), to further explore the performance of software tools BirdNET and HARKBird (m-p).
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FIGURE 2 (a)Field recording setup with multichannel acoustic autonomous recording unit (MAARU), the six-microphone PAM recorder
being tested, beneath the spherical 19-mic ZM-1 used for ambisonic recording. Recordings for all single-channel analyses were obtained
from Mic 1 of MAARU, circled. The arrows show the rotation axis and direction to change MAARU's pitch angle in the virtual sound
environment (VSE) recordings for Objective 2. (b) VSE in the laboratory space it was first housed in, with MAARU oriented at 45° pitch. (c)
MAARU's pitch angles for the VSE recordings. (d) Arrangement of loudspeakers on the VSE. The VSE consists of five rings at the elevations
indicated (El=Elevation). Each ring contains five evenly spaced loudspeakers, the first of which is at the azimuth indicated inside the rings.

2.1.1 | Calibration

The VSE was calibrated in two steps to reproduce same approxi-
mate sound pressure level (SPL) as the original soundscapes. First,
the 8010A loudspeakers were calibrated relative to one another.
A calibrated SPL meter was placed in the centre of the VSE and
each loudspeaker's gain was adjusted so it reproduced a 1 kHz sine
wave to around 75+ 1dB. Second, the entire array was calibrated

relative to the ZM-1's built-in gain. White noise was encoded to
third-order ambisonics at zero amplitude and elevation, decoded
through the VSE and monitored with the SPL meter. It was then re-
corded with the ZM-1 positioned in the sphere's centre, and aligned
at 0° azimuth and elevation. Next, the ZM-1-recorded white noise
was reproduced through the VSE. Using the SPL meter, the gains
of all loudspeakers were adjusted by around -12dB so that the
ZM-1's recording of the white noise was reproduced within around
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+1dB of the original white noise. This was repeated for a 1kHz
sine wave, which also yielded an approximately -12 dB adjustment

for all loudspeakers.

2.2 | Recording devices, locations and schedule

We piloted the VSE on MAARU (Heath et al., 2024), a six-microphone
spatial PAM recorder (Figure 1b,d), with its weatherproofing enclo-
sure removed. MAARU advances Sethi et al.'s (2018) open-source,
monophonic PAM device with Seeed Studio's (n.d.) affordable
‘ReSpeaker 6-Mic Circular Array Kit’ which features six omnidirec-
tional Micro-ElectroMechanical Systems (MEMS) microphones on
the vertices of a flat hexagonal PCB (Seeed Technology Co., Ltd.,
Shenzhen, China). To restrict file size while still allowing for a breadth
of analyses, we used MAARU's intended 16 kHz sampling rate.

We conducted field recordings in July 2022 at Imperial College
London's Silwood Park campus (Ascot, Berks., UK), using MAARU
oriented vertically and the ZM-1 (sampling rate 48 kHz) mounted di-
rectly above it (Figures 1a,b and 2). We took 10min recordings at
each of six sites spanning various levels of forest density and prox-
imity to a stream or human activity. Government-issued fieldwork
licences were not required for this work.

We re-recorded the simulated soundscapes using MAARU at
the centre of the VSE (Figure 1d), initially oriented vertically (as
in the field), then at 45° pitch, and finally horizontally (90° pitch;
Figure 2).

2.3 | Soundscape reproduction efficacy and
impact of device orientation

We extracted a standard suite of ecoacoustic metrics from
MAARU's field and VSE recordings (240mins total, Table S1)
to compare MAARU's recordings towards Objectives 1 and 2
(Figure 1f-k). This comprised spectral power differences, seven
acoustic indices, feature embeddings from an audio-specific con-
volutional neural network (CNN), and avian species predictions
and localisations from BirdNET and HARKBird, respectively. Apart
from HARKBIrd, these metrics use monophonic recordings. Such
metrics are generally consistent across MAARU's microphones due
to MEMS' microphones reliability and their proximity on MAARU's
array. Indeed, the median RMS of recordings across all micro-
phones for the 240 mins was 0.366 dB (range 0.062-8.892dB). We
thus extracted all monophonic metrics from MAARU's upper left

microphone.

2.3.1 | Spectral differences, acoustic indices and
VGGish features

We calculated power spectrograms for all the recordings with
‘pspectrum’ in MATLAB (version 2022b; The MathWorks, Inc.,
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Natick, MA, USA), using 0.5 s Kaiser windows with 10% overlap, 0.7
leakage and 1024 Discrete Fourier Transform points. We then sub-
tracted the field recordings' power spectrograms from those for the
VSE recordings. In around two thirds of all recordings, we initially
noticed a substantial increase in power around 7-8kHz. This was
likely introduced by background noise in the non-anechoic labora-
tory environment that may have been exacerbated by the frequency
responses of the ZM-1 and Genelec loudspeakers. To remove this,
we low-passed all recordings with a 4kHz cutoff and 12dB roll-off
(Figure 1e). The low-passed data were used for most subsequent
analyses except for BirdNET and HARKBIrd's use for Objective 2,
as most real bird calls in these recordings were too attenuated by
low-passing to be detected. This, however, was different for the
HARKBIrd's use for Objective 3 (Figure 10,p) where low-passing was
beneficial (see Section 2.4).

We computed the following canonical acoustic indices (Bradfer-
Lawrence et al., 2019; Heath et al., 2021; Machado et al., 2017) on
305 windows.” using the R packages seewave (version 2.2.0; Sueur
et al.,, 2022) and soundecology (version 1.3.3; Pijanowski &
Villanueva-Rivera, 2018): Acoustic Complexity Index (ACI), Acoustic
Diversity Index (ADI), Acoustic Evenness (AEve), Bioacoustic Index
(Bio), Acoustic Entropy (H), Median of the Amplitude Envelope (M),
and Normalised Difference Soundscape Index (NDSI). We also used
the ‘vggishPreprocess’ and ‘predict’ functions from MATLAB's Deep
Learning Toolbox (version 14.5; Mathworks, 2022) with default pa-
rameters to compute the 128 dimension embedding of VGGish, a
CNN pre-trained on a broad corpus of labelled audio samples from
YouTube (Hershey et al., 2017). This embedding has been highly ef-
fective for numerous ecological analyses and classification tasks
(Heath et al., 2021; Sethi et al., 2020).

We performed an Bland-Altman
(Giavarina, 2015) to examine scaled differences in acoustic indices
and VGGish features between field and VSE recordings. Bland-
Altman analysis assesses the agreement between two methods of

adapted analysis

measurement and involves evaluating the difference between both
measures to identify bias. This bias can be measured relative to the
average of both measures, or one of the measures if it can be con-
sidered a reference. ‘Limits of agreement’ defining upper and lower
bounds for acceptable bias can then be set based on context or dif-
ferences' 95% confidence interval if they are normally distributed
(Giavarina, 2015).

We used the field recordings as reference. However, the indi-
ces/features studied vary considerably in magnitude and range, lack
clear contextual limits of agreement and were not normally distrib-
uted. Therefore, per Heath et al. (2021) and Araya-Salas et al. (2019),
we calculated indices/features' differences as a percentage of their
range in the field recordings. We zeroed differences for VGGish fea-
tures with zero range in field recordings to avoid singularities, and
averaged the VGGish differences across all 128 features to obtain a

univariate difference set akin to other indices. As an ideal VSE should

560s or more is a more common window size (Bradfer-Lawrence et al., 2019) but would
lead to too few data points given the brevity of our recordings.
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TABLE 1 Average differencesin

i spectral power (dB) per 1kHz band (up to

Vertical 45°

Mean Variance Mean Variance
Frequency band (dB) (dB) (dB) (dB)
0-1kHz 12.19 2.37 12.78 2.3
1-2kHz 9.02 0.76 11.45 0.53
2-3kHz 5.54 1.82 10.67 1.1
3-4kHz 4.49 24 7.62 1.64
4-5kHz 4.7 1.86 6.35 1.95
5-6kHz 1.67 2.61 3.34 2.3
6-7kHz 0.73 1.26 1.31 1.35
7-8kHz 0.05 0.63 0.06 0.78
Average across all 4.8 1.71 6.7 1.49

frequency bands

show minimal differences, we followed Heath et al. (2021) in using
+5% limits of agreement and considering data strongly altered if their
interquartile range omitted zero. We also explored +2.5%, +7.5%
and +10% limits of agreement, as a +5% difference is challenging to
interpret ecologically, given the extracted indices/features' correla-
tions with biodiversity are highly context-dependent and may vary
by recording/playback equipment (Sethi et al., 2023). Further, while
differences were expected to be consistent across VSE recordings,
we also assessed for correlations between MAARU's VSE pitch angle

and indices' scaled differences.

2.3.2 | BirdNET and HARKBird
We ran unfiltered recordings from MAARU's upper left microphone
through BirdNET (version 2.1; Kahl et al., 2021) and from its six micro-
phones through HARKBIrd (Figure 1d). We passed the coordinates of
each field site to the BirdNET GUI to restrict it to birds from this region,
and used default values for the other parameters. While BirdNET results
would be similar across recording conditions with an ideal VSE, BirdNET's
confidence score—which often positively correlates with prediction ac-
curacy—can vary greatly by species and recording/playback hardware
(Wood & Kahl, 2024). We thus restricted all BirdNET predictions to those
with a greater than or equal confidence to the average for their species
in the corresponding field recording. Species only predicted in the re-
recordings were filtered using the corresponding site's overall average
field recording confidence. After filtering, recordings had 20 predictions
on average (range=0-54). We filtered the HARKBIrd localisations to
those whose timestamps overlapped with the filtered BirdNET predic-
tions, and then found the percentage ‘overlap’ by calculating the propor-
tion of field recordings' predictions and localisations that appeared in the
VSE re-recordings. We used inferential statistics to explore differences
in BirdNET predictions' confidence values and HARKBIrd's localisations
between all recording conditions. We also evaluated correlations be-
tween device orientation and confidence values and localisations.

To compare BirdNET's precision and recall across all recording con-
ditions, a professional ornithologist, well-experienced with conducting

Mean Variance the 8kHz Nyquist frequency) between all

(dB) (dB) virtual sound environment re-recordings
12.96 228 and the reference field recordings.
13.09 0.58
13.54 1.23
12.41 1.73
12.32 1.86

7.85 1.86

2.61 1.68

0.09 0.97

9.36 1.52

UK bird surveys, manually labelled the omnidirectional channel of the
ZM-1's field recordings using non-overlapping 3s windows to match
BirdNET. As desired precision and recall vary by application, we cal-
culated them for a range of confidence thresholds: 0.25 (average pre-
dictions per recording= 14, range=0-35), 0.5 (average predictions per
recording=9, range=0-29) and 0.75 (average predictions per record-
ing=5, range=0-20; Figure 6), and 0.01 and 0.9 (Table S2).

2.4 | BirdNET and HARKBIrd performance on
additional avian calls

We performed 10 further VSE re-recordings (100mins total,
Table S1), with MAARU oriented horizontally and additional avian
calls embedded at certain spatial locations in the first five sites' am-
bisonic field recordings (Figure 1e; Table 4) during quieter passages.
We then verified how accurately these were identified by BirdNET
and localised by HARKBiIrd.

We added six common English bird vocalisations (Table 4) from
audio recordings freely available on Xeno-Canto (Alberg, 2006,
2008; Bot, 2009; Krabbe, 1997; Matusiak, 2010; Poelstra, 2011).
We first added the calls' direct paths to the soundscapes by en-
coding them to the ambisonics domain using the ICST Ambisonics
externals in Max/MSP (Institute for Computer Music and Sound
Technology, 2021), enabling them to originate from any direction.
To avoid spatial aliasing in ambisonic reconstruction—which can
be particularly problematic for HARKBIrd's underlying localisation
algorithm, MUSIC (MUItiple Signal Classification) (Schmidt, 1986;
Suzuki et al., 2017)—we also reproduced the direct paths from in-
dividual loudspeakers closest to each ambisonic encoding position,
providing superior directionality.

In both cases, we added a simulation of each field site's reverber-
ation, following a method outlined by Picinali (2006). The reverbera-
tion is produced by convolving the direct path of each added sound
with the zero-padded Impulse Response of the acoustic reflections
from the corresponding site. We found the impulse response at a dis-
tance of 2m at 0°, 90°, 180° and 270° about the ZM-1 microphone
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Spectral Differences - Sites 2 and 5
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FIGURE 3 Differences in spectral power between each virtual sound environment (VSE) re-recording and the field recording (audio
captured from top left microphone of multichannel acoustic autonomous recording unit and low-passed above 4kHz with a 12 dB roll-off)

for Sites 2 and 5, which exemplify patterns seen across all sites.

for all but the final site, which had insufficient space about the mi-
crophone to do so. Each added bird vocalisation was convolved with
the impulse response measured closest to its azimuth.

We initially noticed inaccurate HARKBIrd localisations for both
encoding methods, suggesting spatial aliasing between MAARU's
microphones due to its size and geometry (Epain & Daniel, 2008).
MAARU's closest microphones are approximately 4.5cm apart,
hence aliasing could occur for sounds with a wavelength of 9 cm or

less—roughly 3800Hz and above. We therefore reused the 4kHz
low-pass filter from previous analyses on these recordings before
passing to HARKBIrd (Figure 1n),® notably improving localisation

SWe did not apply the 4kHz low-pass filter to recordings passed to BirdNET and
HARKBird for Objectives 1 and 2, as the real bird calls in these recordings were too quiet
for detection after low-passing, even with a 6-12dB gain boost (beyond which clipping
would occur).
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FIGURE 4 Plots of indices' average scaled like-for-like differences across all sites. Blue dots indicate the median percentage differences,
whiskers show the upper and lower quartiles, and the shaded area denotes the +5% limits of agreement. Where appropriate, the grey
dashed lines represent +2.5%, +7.5% and +10% as alternative limits of agreement.

accuracy. To verify other factors did not cause the inaccuracies, we
ran HARKBIrd on unfiltered recordings of bird calls added from
individual loudspeakers without reverberation, and with neither
reverberation nor the background ambisonic soundscapes
(Figure S2). However, performance was best on low-passed, single
loudspeaker recordings (with reverberation and the background
soundscape), so we ultimately compared this approach to the am-
bisonic encoding.

After passing the recordings through BirdNET and HARKBird,
we investigated the proportion of added calls that were accurately
classified and localised and how the prediction confidence and lo-

calisation error varied by calls' elevation and embedding method.

3 | RESULTS

3.1 | Soundscape reproduction efficacy and
impact of device orientation

3.1.1 | Spectral differences

There were progressively greater overall level increases for the ver-
tical, 45° and horizontal re-recordings (Table 1), particularly in the
1-5kHz bands. However, the average variance in spectral difference
across all frequency bands for all re-recordings was only around
1.6dB (range 1.49-1.71dB). To exemplify these patterns, data from
Sites 2 and 5 are shown in Figure 3.

TABLE 2 Spearman's rank correlation coefficients and p-values
(with a significance level of 5% [bold]) assessing the relationship
between MAARU's orientation and: (i) acoustic indices' and VGGish
features' scaled like-for-like differences, (ii) HARKBird localisations
and (iii) BirdNET confidence values (for all detected birds and each
of the four most predicted species).

Rho p-value
Mean VGGish features 0.077 <0.001
ACI (Acoustic Complexity Index) 0.238 <0.001
ADI (Acoustic Diversity Index) 0.428 <0.001
AEve (Acoustic Evenness) -0.392 <0.001
Bio (Bioacoustic Index) 0.238 <0.001
NDSI (Normalised Difference 0.772 <0.001
Soundscape Index)
H (Acoustic Entropy) 0.586 <0.001
M (Median of the Amplitude Envelope) -0.013 0.812
HARKBIrd localisations -0.583 0.001
BirdNET confidence—all (19 species, 205 -0.005 0.944
predictions)
BirdNET confidence—Eurasian Jackdaw -0.131 0.286
(68 predictions)
BirdNET confidence—Parakeet (55 0.008 0.951
predictions)
BirdNET confidence—European -0.012 0.94
Goldfinch (40 predictions)
BirdNET confidence—Coal Tit (15 0.103 0.715

predictions)
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3.1.2 | Acousticindices and VGGish features

In our adapted Bland-Altman Analysis, only the VGGish features re-
mained within +£5% difference to the field recordings across all VSE
recordings, while the acoustic indices varied considerably (Figure 4;
Figure S1). These trends were similar for other limits of agreement,
with only ACI and M appearing acceptably altered under the more
generous alternative limits. Interestingly, absolute percentage dif-
ferences rarely increased as re-recording orientation progressively

changed. Rather, most decreased or showed no trend. Significant
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Spearman's rank correlations were found for all indices but M, the
strongest being for ADI, AEve, NDSI and H (Table 2).

3.1.3 | BirdNET and HARKBird

Device orientation impacted the performance of BirdNET and
HARKBIrd. For BirdNET, laboratory re-recordings overlapped with
the field recordings by 51.2% (vertical), 40.4% (45°) and 55.4% (hori-
zontal) on average. Figure 5 shows spectrograms of vocalisations

Field Spectrogram and VSE Spectral Differences - Site 5
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FIGURE 5 Field recording spectrogram, virtual sound environment recordings' spectral differences to the field recording, and BirdNET
predictions over time for a 60s window in the recordings for Site 2 and Site 5. Both recording segments contain many avian calls, reflected
in the increases in spectral power in the spectrograms. The BirdNET predictions mostly correctly align with the spectral patterns but there is
some inconsistency in predictions between recording conditions.
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that were repeatedly correctly predicted by BirdNET in each record-
ing condition, but the predictions did not always occur at the same
times (i.e. different overlap). For HARKBIrd, allowing +45° in locali-
sation error, average overlaps were just 2.8% (vertical), 4.7% (45°)
and 12.3% (horizontal).

BirdNET confidence values and HARKBird localisations were
not normally distributed. Friedman tests showed significant dif-
ferences between the recording conditions for confidence values
(¥2(3) = 61.3, p<0.001) and localisations (x%(3) = 24.0, p<0.001).
Dunn post-hoc tests revealed significant differences in confidence
between the field recording and each VSE recording, and in locali-
sations between the field and VSE vertical recordings, and the VSE
vertical and 45° recordings (Table 3).

There was a significant Spearman's rank correlation between de-
vice orientation and HARKBird localisations, but not between orien-
tation and BirdNET confidence (Table 2).

BirdNET's precision and recall generally fell within similar ranges
across recording conditions though there was some variation be-
tween conditions and confidence thresholds (Figure 6). The metrics
were limited or not calculable for Sites 3 and 4 due to a lack of avian
activity. Precision was frequently over 0.8, sometimes limited by
false positive predictions. Recall was always relatively low (below
0.3), but more consistent between recording conditions and confi-
dence thresholds. Field recordings often had high precision but the

lowest recall due to fewer BirdNET predictions.

3.2 | BirdNET and HARKBIrd performance on
additional avian calls
BirdNET correctly identified almost all added bird calls, with most over

0.7 confidence (Table 4). HARKBIrd localised only 30% of calls added

Rec condition

by ambisonic encoding to within 45°, compared to 70% of those added
fromindividual loudspeakers. Performance was worse for some species
and the Blue Tit and Robin were sometimes not detected by BirdNET
or HARKBIrd, respectively (Table 4). Calls added at higher elevations
seem correlated with larger BirdNET confidence and HARKBird error
(Figure 7), though this is likely due to other factors for BirdNET.

We compared the BirdNET confidence values and HARKBird er-
rors from both embedding methods using the Mann-Whitney U test,
as the data were not normally distributed.

While the difference in BirdNET confidence was not significant
(p=0.453, U=26,787, Z=-0.751), HARKBIrd errors were signifi-
cantly lower for the direct-from-loudspeaker bird calls (p<0.001,
U=25,233,Z=-17.839).

4 | DISCUSSION

Results from the spectral differences, VGGish, and, to a lesser de-
gree, BirdNET, show potential for VSEs to simulate soundscapes well
enough to test key aspects of PAM technology. However, our results
also highlight important caveats to this approach, including the limi-

tations of ambisonics and the space housing our VSE.

4.1 | Soundscape reproduction efficacy and

impact of device orientation

41.1 | Spectral differences

Though not a spatial consideration, it was fundamental to verify

that overall spectral power patterns were preserved in the VSE

(Figure 3), as confirmed by the relatively low variance in spectral

TABLE 3 Results from Dunn post-
hoc tests following Friedman tests

Field— VSE— VSE— assessing for significant differences in
Vertical Vertical VSE—45° Horizontal BirdNET (BN) confidence and HARKBird
" i . (HB) localisations between all recording
Rec condition Field—Vertical - E:; <8881 E"; 5270(?1 B';'Om conditions (field and virtual sound
<t T :“3 0.035 environment (VSE)). The significance
T level is set at 0.83% following Bonferroni
VSE—Vertical - - BN:0.972 BN: 0.300 correction (bold).
HB: 0.006 HB: 0.283
VSE—45° — - — BN: 0.829
HB: 0.670
VSE—Horizontal — — — -
Median of BN conf. values 0.823 0.928 0.887 0.942
SD of BN conf. values 0.219 0.171 0.156 0.185
BN No. species predicted 4
BN No. predictions 75
Median of HB localisations 185 331 260 265
SD of HB localisations 40.7 2.23 4.41 23.6
HB No. localisations 9
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FIGURE 6 Precision and recall of BirdNET predictions on field recordings and virtual sound environment recordings at various
orientations, filtered using minimum confidence thresholds of 0.25, 0.5 and 0.75. Precision and recall were calculated based on manual
labelling of the omnidirectional channel of the ambisonic field recordings by a professional ornithologist. Values for precision when BirdNET
made no predictions (sites 3 and 4) and recall when no bird calls were actually present are omitted to avoid division by zero. Downward
facing triangles denote a confidence threshold of 0.25, circles 0.5 and upward facing triangles 0.75. Numbers denote the number of species
or predictions (total number of 3s windows with calls from each species) detected by the ornithologist and BirdNET (0.5 confidence
threshold). Error bars indicate the number of species or predictions for the 0.25 (lower) and 0.75 (upper) confidence thresholds. Raw data
and those for 0.01 and 0.9 confidence thresholds are presented in Table S2.

differences across all re-recordings (Table 1). This also suggests that bird calls). As such, level increases likely stemmed from factors that
level increases—though unexpected—were consistent within all re- impacted the recordings overall, such as reverberation and standing
recordings (and not, for instance, specific to transient sounds like waves from the untreated room initially housing the system.
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Ambisonic encoding

Individual loudspeaker

TABLE 4 Summary of BirdNET
predictions and HARKBIrd localisations

Az, El BN HBAzErr Azl
Site Common name  (deg) conf (deg) (deg)
1 Robin 102,56 0.97 166 126,56
1 Sparrow 182,67 0.56 -160 198, 56
2 Blue Tit 30,45 0.4 10 18,32
2 Wood Pigeon 180,45 0.73 -145 198, 56
3 Greenfinch 63, 35 0.93 -151 90, 56
3 Blackbird 260,71 0.57 -145 270, 56
4 Blackbird 0,0 0.71 35 0,0
4 Blue Tit 150,25 0.4 -35 162,32
5 Greenfinch 13, 68 0.9 92 342,56
5 Robin 243,83 0.81 -133 270, 56
Mean (abs. values) — 0.7 107 —
SD (abs. values) 0.21 59

on bird calls added to various spatial
soundscape recordings from Silwood Park
reproduced through our ambisonic VSE.

BN HB Az
conf Err (deg)

0.93 -51
0.44 -118
N/A -16
0.9 10
0.99 1
0.62 23
0.53 0
N/A -22
0.99 -18
0.95 N/A
0.8 29
0.22 37

Note: The added calls were embedded by either encoding to the ambisonics domain or playback
from individual loudspeakers in the VSE. Positive azimuth errors are clockwise from the true value,

and negative error values anticlockwise.

Abbreviations: Abs, absolute; Az, azimuth; BN, BirdNET; Conf, confidence; deg, degrees; El,

elevation; Err, error; HB, HARKBird; VSE, virtual sound environment.

In addition, the increases in spectral power as device orientation
changed are most likely due to the larger number of loudspeakers
in the horizontal plane of our ambisonic VSE. This stems from am-
bisonics' intended purpose of reproducing spatial soundscapes in a
perceptually accurate manner, as humans are particularly sensitive
to localising sounds horizontally.

4.1.2 | VGGish features and acoustic indices

We reiterate that while it is challenging to ecologically interpret the
extracted features/indices (Sethi et al., 2023), differences for an
ideal VSE should be near zero. Acoustic indices' large and variable
differences could stem from the limited recording duration and/or
window length. These patterns may also reflect acoustic indices'
inherent limitations: compared to VGGish features, acoustic indi-
ces have been found to be less robust to audio compression (Heath
et al,, 2021) and worse ecological descriptors when used as the
input to various ecosystem classification tasks (Sethi et al., 2020).
Conversely, VGGish features could also be more robust to ambi-
sonic reproduction as they originate from a CNN trained on human-
labelled audio (Gemmeke et al., 2017; Hershey et al., 2017) and may
thus be biased towards human perception.

4.1.3 | BirdNET and HARKBird

As BirdNET uses monophonic recordings, we anticipated most field

recordings' species predictions to be detected in the VSE recordings.

However, we expected higher and more consistent overlap. The
40.4%-55.4% overlap range may relate to BirdNET's relatively
low recall on our recordings, with the large number of missed calls
sometimes resulting in species predictions at different time-stamps
in the field and VSE recordings.

BirdNET also tends to return more predictions and higher con-
fidence values on louder bird calls. This may explain the higher per-
centage overlap for the horizontal recordings, which were loudest
due to the concentration of loudspeakers in the VSE's horizontal
plane (Figure 3). This increase in level also likely underpins the sig-
nificantly higher confidence values for the VSE recordings, while
BirdNET's lack of spatial considerations is reflected in the absence
of both significant differences in confidence between re-recordings
themselves (Table 3) and significant correlations between confi-
dence and device orientation (Table 2).

For HARKBIrd, we expected the significant correlation between
localisations and device orientation (Table 2), but it was surprising
that so few HARKBIrd localisations in the laboratory recordings
matched the field recordings, and that the largest overlaps were
observed for the 45° and horizontal laboratory recordings. Given
this and the post-hoc results (Table 3), it seems sound source di-
rection can be inaccurate in our ambisonic playback system and/
or MAARU can suffer from considerable spatial aliasing between
microphones. Indeed, on average 28.4% of HARKBIrd field locali-
sations appeared in the vertical re-recordings, but most had >45°
error. Moreover, the underlying MUSIC algorithm HARKBird uses
to localise calls typically performs poorly on correlated signals
(Schmidt, 1986). Ambisonic playback's spreading of sound source
position through the activation of multiple loudspeakers (Simon
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FIGURE 7 Graphs of HARKBIrd error and BirdNET confidence against the true elevation values of bird calls added to virtual sound
environment-based spatial natural soundscapes via ambisonic encoding or reproduction from individual loudspeakers. Calls added from
individual loudspeakers generally had both higher BirdNET confidence and lower HARKBird errors.

et al., 2020) results in correlated, coherent signals originating
from multiple locations, which likely further degraded HARKBIrd's
performance.

Overall, we met aspects of Objectives 1 (Efficacy of Soundscape
Reproduction) and 2 (Impact of Device Orientation), given the VSE's
preservation of spectral patterns (despite overall level increases),
VGGish features' minimal differences between the field and VSE,
and the ability to use the VSE to draw baseline conclusions on device
orientation's impact on BirdNET and HARKBIrd. However, we also
identified limitations to both HARKBIrd and our VSE. Future work
should thus explore other, more accurate spatial audio reproduc-
tion techniques, such as those based on sound field reconstruction
rather than human perception.

4.2 | BirdNET and HARKBIrd performance on
additional avian calls

Our tests towards Objective 3 revealed strong performance from
BirdNET and potential for HARKBird on clear, highly directional
signals.

We note that all added bird calls were relatively loud compared
to others in the soundscapes. Since a large range of SPLs could occur
in the field depending on a bird's proximity to the microphone, we
set added calls' gains to a level deemed perceptually appropriate for
a nearby bird. This, however, is likely the main reason for BirdNET's
high confidence values. Further work could explore adding calls
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at progressively lower levels. Nonetheless, these tests reiterated
BirdNET's robustness to spatial variation given predictions' confi-
dence values were not significantly different when added via ambi-
sonic encoding or single loudspeaker playback, though it is unclear
why the added Blue Tit vocalisations were not detected when repro-
duced directly from the loudspeaker.

The superior accuracy of HARKBIrd localisations on bird calls
added from single loudspeakers further highlights the issue of spa-
tial aliasing in ambisonic playback, with multiple loudspeakers acti-
vating for directional calls in our third-order VSE, and the difficulties
that the MUSIC algorithm underlying HARKBIrd faces under such
conditions (Schmidt, 1986; Suzuki et al., 2017). However, even with
single loudspeaker playback, most errors were larger than in other
testing of MAARU, in which calls have been localised to within +10°
(Heath et al., 2024). This is most likely due to the addition of rever-
beration in both embedding methods blurring the source position
of the bird calls, as it was generated from the impulse response at
the closest of four azimuths (0°, 90°, 180° and 270°) to each added
call's direct path, and could therefore differ by up to +45°. Moreover,
as the reverberation was generated in the ambisonic domain, it will
have been reproduced from multiple loudspeakers, resulting in
lower directionality.

Further, in previous experiments with MAARU, sounds were all
reproduced in the horizontal plane. However, as reflected in Figure 7,
some error is expected as elevation increases, since sound sources
are no longer in the same plane as MAARU's microphones and may
thus appear to originate from different positions.

While further work could interrogate the above findings, the ability
to generate these insights indicates promise for using a VSE to evaluate
the performance of PAM software. Further, in totality our results sug-
gest potential for using VSEs in other ecological applications requiring
soundscape reproduction. For example, VSEs could provide a more re-
alistic and immersive sonic environment for laboratory-based playback

experiments to measure animal behaviour (De Rosa et al., 2022).

5 | GUIDELINES AND
RECOMMENDATIONS

In this proof-of-concept, we have showcased the potential for VSEs
to be used as test platforms for spatial and single-channel PAM hard-
ware and software. Further, we have highlighted the benefits and
pitfalls of ambisonic sound field reconstruction in such VSEs. Based
on this, we propose the following Guidelines and Recommendations

for the use and further development of such platforms:

1. Guideline 1. With careful experimental design, VSEs can be
used to test monophonic PAM hardware and software tools,
and show potential for testing spatial PAM technologies.

e Recommendation 1. We hope a standard suite of analyses may
be adopted for testing different classes of PAM technologies,
for example spectral differences and, as in (Heath et al., 2021),

a set of typical acoustic indices alongside embedding into an
audio-specific CNN.

2. Guideline 2. Ambisonics is a useful and increasingly accessible
method for reproducing real, spatial natural soundscapes in a
VSE, thanks to its ability to capture actual sound fields and its
setup-agnostic nature. Care should be taken, however, if using
an ambisonic VSE to test spatial PAM technologies, due to the
potential for inaccurate sound field reconstruction arising from
ambisonics' use of multiple loudspeakers and its bias to human
perception.

e Recommendation 2. We recommend considering ambisonics'
limitations, using higher-order ambisonics (third order and
above), and/or conducting analyses focussed on lower fre-
quencies so as to have a larger sweet spot of more accurate
sound field reconstruction. Alternatively, we suggest exploring
other methods of sound field reconstruction (e.g. vector-based
amplitude panning (Pulkki, 1997)).

3. Guideline 3. VSEs should ideally be housed in an acoustically
treated, anechoic space. However, ambisonic VSEs can be de-
signed and built in a scalable, resource-efficient way.

e Recommendation 3. We recommend using affordable or exist-
ing spaces and equipment for the creation of further, diverse
VSEs, providing this permits for sufficiently accurate sound
field reconstruction (e.g. sufficient number and spacing of
loudspeakers for ambisonic systems) and the VSE is carefully
calibrated. Doing so, VSEs can be constructed in days (weeks
if sourcing most parts), while hours of field recording can allow
for hours to days of laboratory re-recordings, depending on
experimental conditions. Therefore, ecoacoustic VSEs can be
built and piloted in a month. We hope this facilitates the de-
velopment of more VSE test platforms for PAM technologies
across manifold spaces and budgets, while reducing the poten-

tial environmental impact of this work.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1: Breakdown of Zylia ZM-1 and MAARU recordings used
for each Objective of this study, as well as the ecoacoustic metrics
extracted from MAARU's recordings.

Table S2: BirdNET's Precision (Prec.), recall (Rec.), number of
predicted species (Spec.) and number of predictions (Pred.) across all
recording sites and conditions (field and virtual sound environment
(VSE) at various orientations) towards Objectives 1 (efficacy of
soundscape reproduction) and 2 (Impact of Device Orientation) for
the following minimum confidence thresholds (leftmost column): O,
0.25,0.5,0.75 and 0.9.

Figure S1: Plots of scaled differences in indices' values between VSE
and field recordings as a percentage of each index's field recording
range, for all sites.

Figure S2: Absolute error in HARKBIrd's estimates of the azimuth
of avian calls embedded in VSE-replicated soundscapes agains calls'

true elevation values, for four methods of embedding: ambisonic
encoding, playback from individual loudspeakers (recordings low-
passed with a 4 kHz cutoff and 12 dB roll-off prior to passing to
HARKBIrd), individual loudspeaker playback with no reverb, and
soloed playback from individual loudspeakers.
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