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Passive acoustic monitoring is a non-invasive tool for automated wildlife monitoring. This
technique has several advantages and addresses many of the biases related to traditional
field surveys. However, locating animal sounds using autonomous recording units (ARUs)
can be technically challenging and therefore ARUs have traditionally been little employed
to estimate animal density. Nonetheless, several approaches have been proposed in recent
years to carry out acoustic-based bird density estimations. We conducted a literature
review of studies that used ARUs for estimating bird densities or bird abundances in order
to describe the applications and improve future monitoring programmes. We detected a
growing interest in the use of ARUs for estimating bird density in the last 6 years (2014—
19), with a total of 31 articles assessing the topic. The most common approach was to
estimate the relationship between the number of vocalizations per recording time with
bird density or bird abundance estimated in the field (61%). In 26 studies (79%), bird
estimates obtained by human surveyors agreed with those obtained using ARUs. Some
approaches have proven able to reduce biases in acoustic surveys, such as considering
imperfect detection (spatially explicit capture-recapture, using microphone arrays),
applying paired acoustic sampling to control for different sampling radius between
humans and ARUs, or including relative sound level measurements that allow researchers
to estimate bird distance to recorder. However, several studies did not include any covari-
ates to reduce existing biases and some did not estimate the sampling radius of the recor-
der, which may hamper future comparisons between human and ARU surveys. Future
studies should include a measurement of the sampling radius of the recorder employed to
be able to obtain density estimations using ARUs. Finally, we provide some guidelines to
improve the applicability of ARUs to infer bird population estimates in future studies.

Keywords: array, autonomous recording units, autonomous sound recorder, distance sampling,
sonogram analyses, soundscape indices, vocal activity rate.

Estimates of wildlife population density provide
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misleading conclusions or incorrect assignments of
conservation status for threatened species. Techno-
logical advances over recent decades have provided
new and non-invasive techniques for estimating
wildlife density, such as the use of unmanned aer-
ial vehicles (Nowak et al. 2019) and camera trap-
ping (Burton et al. 2015). Among the new non-
invasive techniques, the use of passive acoustic
monitoring has increased in recent years (Sugai
et al. 2019).

Passive acoustic monitoring requires the place-
ment of autonomous recording units (ARUs) in
the field, programmed to record and followed up
by an interpretation of the recordings. ARUs have
proven to be a suitable alternative to traditional
field surveys for monitoring wildlife across many
research areas (see review for terrestrial wildlife in
Sugai et al. 2019). This technique addresses many
of the problems and biases related to traditional
field surveys. For example, it minimizes distur-
bance due to human presence, increases the spatial
and temporal scale of studies and offers a great
degree of standardization in data collection (Shon-
field & Bayne 2017, Gibb et al. 2019). Another
advantage is that acoustic recordings can be reanal-
ysed and reinterpreted as new questions arise, or
when looking for different species (Borker et al.
2014, Pérez-Granados & Schuchmann 2020a).

Despite these advantages, some shortcomings
have hampered the widespread use of ARUs.
Among the major obstacles for implementing
ARUs in monitoring programmes are the costs
associated with acquiring recorders, and the time
and expertise required for recording interpretation.
The recent development of low-cost recorders
(Hill er al. 2018) and advances in computational
capabilities to aid in audio interpretation may
overcome these barriers (Knight et al. 2017,
Priyadarshani et al. 2018), but one important
shortcoming remains: it is difficult to estimate
wildlife density or population numbers from sound
recordings. Several years ago, Marques et al.
(2013) reviewed methods employed for estimating
animal population density using ARUs. That
review included a very limited number of studies
using birds as study models, the terrestrial group
most often surveyed using ARUs (Sugai et al
2019), but there is no consensus on how to esti-
mate bird density using ARUs (Marques et al.
2013, Darras et al. 2018a). Indeed, several meth-
ods and statistical approaches have been imple-
mented in recent years to infer bird densities or

© 2021 British Ornithologists' Union

Number of studies

2
0

2000 L

Y O X L LA D S N VvV H» v b O A O O

S & &£ &£ &£ & & NN NN N NN NN N

A A A A DA 2 AN A I N
Year

Figure 1. Change over time in the number of studies assess-
ing the relationship between bird density and acoustic data
obtained using ARUs.

bird abundances around ARUs (e.g. Abrahams
2019, Orben et al. 2019, Yip et al. 2019, Pérez-
Granados et al. 2019a, Arneill et al. 2020; Fig. 1).
A potential shortcoming of using ARUs for esti-
mating bird densities (but also bird richness, see
meta-analysis in Darras et al. 2018b) is that
human observers and ARUs have different sam-
pling radii (Hutto & Stutzman 2009, Van Wilgen-
burg et al. 2017), which may lead to biased
density estimates if not corrected for (e.g. Van
Wilgenburg et al. 2017, Sebastidn-Gonzélez et al.
2018, Yip et al. 2019). The methods used to esti-
mate the sampling radius of ARUs vary among
studies (Drake et al. 2016, Van Wilgenburg et al.
2017, Darras et al. 2018a) but a common
approach is either to broadcast a sequence of bird
vocalizations or to record vocalizations of wild
birds at known distances. This procedure allows
researchers to predict the detection probability of
recording a bird vocalization as a function of dis-
tance while taking into account the impact of
other factors (e.g. climate, wind speed or singing
direction) (e.g. Drake et al. 2016, Turgeon et al.
2017, Pérez-Granados et al. 2019b). Once the
detection probability of recording a bird vocaliza-
tion has been predicted for a range of distances,
the effective detection radius (EDR) of the recor-
der can be estimated. EDR is a common measure
of the sampling radius of ARUs and is defined as
the radius at which as many vocalizations are
undetected within that distance as are detected
beyond that distance (probability of detection of
0.5, Buckland 2001, see complete theory and



application in Sélymos et al. 2013 and Pankratz
et al. 2017). Other studies considered the sam-
pling radius of the ARU as the maximum distance
at which the recording device was able to record
bird vocalizations (e.g. Orben et al. 2019, Pérez-
Granados et al. 2019a, Arneill et al. 2020, Schroe-
der & McRae 2020). However, the latter approach
might be useless under some circumstances, as it
does not consider imperfect detection of vocaliza-
tions within the considered sampling radius.
Another method used to truncate the sampling
radius of the ARU is to include a measurement of
the Sound Pressure Level (SPL) of bird vocaliza-
tions (see Sound pressure level section for more
information) in data analyses. This method allows
researchers to exclude those signals beyond the
estimated distance at which the probability of
detecting a bird vocalization sharply decreases
(Drake et al. 2016, Darras et al. 2018a, Hedley
et al. 2020). The sampling radius of the ARU var-
ies among recording devices and is affected by a
large number of factors, such as habitat type,
background noise, vocalization directionality and
species monitored (Darras et al. 2016, 2018a, Van
Wilgenburg et al. 2017, Yip et al. 2017, Pérez-
Granados et al. 2019b). Prior research has demon-
strated that after standardizing detection ranges,
bird richness values estimated using ARUs and tra-
ditional field surveys were statistically indistin-
guishable (Darras et al. 2018b), which suggests
that ARUs might be also useful for estimating bird
densities.

Here we review the scientific literature on the
use of ARUs and the existing approaches by which
bird density or bird abundance estimates can be
obtained using ARUs. Our aim is to improve
understanding of the different methods and statis-
tical approaches available and the applicability of
these techniques to estimate bird populations by
employing passive acoustic monitoring. Finally, we
also provide some recommendations about what
approach could be used according to how record-
ings were collected, and the expertise and work
effort needed for recording and for interpretation
of recordings. Although our review was focused on
birds, due to the rapid development of methods
for this group, biases related to each method,
choice of method and future considerations may
all have wider applications and could be used to
improve acoustic monitoring programmes for other
acoustically active taxa.
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METHODS

We conducted a systematic review of methods
employed for estimating bird density or bird abun-
dance using ARUs by performing a literature
search in the Web of Science (Science Citation
Index Expanded) and Google Scholar platforms on
1 January 2020 spanning all years. We performed
the search using the following keyword combina-
tion: (((bird OR avian) AND (‘automated recor-
der’ OR ARU OR ‘acoustic monitoring’)) AND
(population OR density OR estimate))). The ini-
tial literature search resulted in more than 11 000
articles. We then excluded those articles not in
English and those monitoring non-avian taxa. We
also excluded articles that did not use ARUs and
that did not compare bird density (or abundance)
estimated by both ARUs and observational bird
surveys.

Some studies estimated bird abundance around
recorders, whereas others estimated bird density.
However, we have considered both types of stud-
ies in our review based on the assumption that if
an approach is able to count accurately the num-
ber of birds around recorders, then bird density
could potentially be estimated (see Marques et al.
2013). To facilitate reading we have employed the
term bird density throughout the text, although
for each specific approach we have detailed which
population metric has been estimated (e.g. bird
abundance, relative abundance, bird density). We
decided to include those articles using bird abun-
dance simulations (e.g. Drake et al. 2016).
Although bird behaviour may differ between simu-
lations and actual scenarios, we considered it inter-
esting to include these studies for a wider
spectrum of possible methods to be applied to
reduce biases among ARU data and human sur-
veys. Our initial set for assessment included 31
studies (Data S1).

For each article considered, we extracted the
following information: publication year, location of
monitoring data, journal of publication, monitored
taxa, recording equipment employed (recorder and
type of microphone), method employed for
recording interpretation and main approach used
to compare acoustic data with field bird popula-
tion estimate. The use of these approaches is not
exclusive. Indeed, some of the methods are used
together to obtain more reliable density estimation
(e.g. Dawson & Efford 2009, Sebastidn-Gonzalez
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et al. 2018). In such cases, we considered the main
approach employed. Three publications (Williams
et al. 2018, Orben et al. 2019, Arneill et al. 2020)
reported independent assessments for two different
approaches in the same study. In these cases, we
considered the approaches evaluated as indepen-
dent case studies, as the authors provided an inde-
pendent evaluation for each approach. Our final
data therefore comprised 34 case studies. The
methods employed for estimating field bird abun-
dance or bird density greatly differed among stud-
ies, although point counts (PC hereinafter) was
the counting method most often employed (15 of
34 cases, see method employed for each study in
Tables 1 and 2). To facilitate reading, we will use
the term ‘traditional field surveys’ hereafter to
refer to the different methods employed. How-
ever, in a few cases we detail the specific field
method employed. For each article we also
reported whether bird estimates obtained with
acoustic data were similar to those estimated by
traditional field surveys, according to the main sta-
tistical analyses of the study, which mainly esti-
mated Pearson’s correlation between acoustic data
and bird density (nine of 34 cases) or assessed the
relationship between these variables through gen-
eralized linear models (nine of 34 cases) (see anal-
yses employed on each study in Tables 1 and 2).

RESULTS

Overview of the use of ARUs for
estimating bird abundance

The number of studies published on the use of
ARUs for estimating bird abundance has been
increasing since the first publication in 2002. This
increase is especially marked for the last 6-year
period (2014-19), when > 84% of the articles
were published. The year 2019, the last year con-
sidered in our review, was the most productive
one (Fig. 1), in agreement with the increase in
interest among researchers in using ARUs for mon-
itoring terrestrial wildlife (Sugai et al. 2019). Most
of the studies were carried out in North America
(19 studies, 61% of the total), Europe (seven stud-
ies, 23%) and Oceania (three studies, 10%); only
one study each took place in Asia and Africa (3%
each). The number of studies per country is given
in Figure S1.

Most studies focused on a single species (18
studies, 58%) (Tables 1 and 2) and up to 14 of
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the 28 avian Orders were considered among the
taxa analysed (Table S1). The number of articles
published per journal is given in Table S2.

Recording equipment, settings and
recording interpretation

The Wildlife Acoustics Song Meter recorders were
the ARUs most commonly employed (20 studies,
60.6%), followed by ARUs built by the researchers
themselves (six times, 18.2%) (see Table S3 for a
complete list). Omnidirectional microphones were
used in 26 of the 31 papers found (83.9%); the
other five studies (17.1%) used directional micro-
phones. Recordings were analysed manually, by
visualizing or listening to the recordings, in 16 of
the papers reviewed. Automated signal recognition
software was also used in 16 papers (the list with
the number of times that each automated signal
recognition software was employed is provided in

Table S4).

Methods to estimate bird abundance

We identified a total of eight approaches to esti-
mate bird density using ARUs (Table 3). Below
we present a detailed description of the reasoning
and how to employ each method, the number of
studies that used the method and their main
results. Methods that require multiple micro-
phones are described first, followed by those
approaches that can be performed using a single
recorder mounted with a single microphone.

Multiple microphones

Microphone arrays

The deployment of spatially dispersed groups of
microphones (microphone arrays, Blumstein et al.
2011) enables researchers to study signal direction-
ality based on the location of vocalizing animals.
The basic assumption is that recordings made
using an array of microphones can be used to infer
the position of vocalizing individuals on the basis
of the time delay for the arrival of the signals at
different microphones (Dawson & Efford 20009,
see review in Blumstein et al. 2011) (Fig. 2). This
approach allows researchers to apply the spatially
explicit  capture-recapture  (SECR)  method
(Borchers & Efford 2008). SECR is a statistical
methodology able to deal with imperfect detection
of birds and adjust for the area sampled. By
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Table 1. Summary table of studies testing the relationship between bird abundance estimated using ARUs and that estimated using

traditional field surveys.

Sites Bird Statistical Simultaneous
Method Taxa (recordings) abundance analyses Agreement surveys Reference
Microphone  Ovenbird Seiurus 1 Mist-net 95% CI YES NO Dawson and
array aurocapilla comparison Efford (2009)
Microphone Eurasian Bittern 1 Birds Basic None NO Frommolt and
array Botaurus stellaris detected comparison provided Tauchert
(2014)
Stereo Multi-species 1(51) PC ttest YES (10 YES Hobson et al.
recordings out of 10) (2002)
Stereo Australasian Bittern 1(57) PC Spearman rank YES NO Williams et al.
recordings Botaurus poiciloptilus correlation (2018)
Paired Multi-species 105 (363) PC 95% ClI YES (33 YES Van Wilgenburg
acoustic comparison out of 35) et al. (2017)
sampling
Paired Multi-species 6 (280) PC 95% ClI YES (9 YES Bombaci and
acoustic comparison out of 13) Pejchar (2019)
sampling
Sound Multi-species 1 Test 83% CI YES (2 YES Yip et al.
pressure comparison out of 2) (2019)
level
Sonogram Yellow Rail 1 Simulation 95% ClI YES a Drake et al.
analyses Coturnicops comparison (2016)
noveboracensis
Sonogram Multi-species 59 PC Generalized NO YES Vold et al.
analyses linear model (2017)
Sonogram Multi-species 28 (33) PC Wilcoxon test YES/NO YES Darras et al.
analyses (2018a)
Soundscape Manx Shearwater 12 (24) Tape- Generalized NO NO Ameill et al.
indices Puffinus puffinus playbacks linear model (2020)
Soundscape Leach’s Storm Petrel 2 (13) Nest Pearson’s NO NO Orben et al.
indices Oceanodroma abundance correlation (2019)
leucorhoa
Cue Bell Miner Manorina 26 PC Generalized NOP YES Lambert and
counting melanophrys linear mixed McDonald
model (2014)
Cue Hawaii Amakihi 2 PC 95% CI YES NO Sebastian-
counting + Chlorodrepanis comparison Gonzélez
SPL virens et al. (2018)

This table excludes studies using the detected vocal activity rate (Table 2). The table information includes: Type of estimation of bird
abundance: PC = point-counts; type of statistical analyses carried out to compare field and acoustic bird abundance; and the main
result of that comparison (in parentheses is shown, when possible, the number of species with respect to the total of species moni-
tored for which there was agreement between traditional and acoustic-based surveys). Simultaneous surveys means whether tradi-
tional field surveys were carried out at the same (YES) or different time (NO) as recordings. A complete list of references can be
found in Data S1. CI, confidence interval; SPL, sound pressure level. ®Bird abundance was simulated by creating recording sam-
ples with a known number of calling individuals. °Bird density estimated using ARUs was greater than with PC.

mounting an array of microphones, it is possible to
estimate the probability that at least one of the
microphones detects a given bird. The probability
is modelled by combining detector probabilities,
each of which is assumed to be a decreasing func-
tion of distance from the source. Bird density can
then be estimated using an array of detectors by
maximizing the appropriate likelihood. Complete

theory and application of SECR to sound record-
ings is described in Dawson and Efford (2009).
SECR has been applied only once for estimating
Ovenbird Seiurus aurocapilla density (using an
array of 75 ARUs equipped with four microphones
each; Dawson & Efford 2009, Table 1). That study
found that estimates of Ovenbird density obtained
using SECR were consistent with estimates
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6 C. Pérez-Granados and J. Traba

Table 2. Summary table of studies testing the relationship between the detected vocal activity rate and bird density estimated using

traditional field surveys.

Sites
Taxa (recordings) Bird abundance  Statistical analyses Agreement  Reference
Dickcissel Spiza americana 9 (511) Radar Spearman rank correlation YES/NO Larkin et al. (2002)
General bird abundance 2 (555) Radar Regression analyses YES Farnsworth et al.
(2004)
General bird abundance 10 (220) PC ANOVA NO Venier et al. (2012)
Forster's Tern Sterna forsteri 12 Nest abundance  Generalized linear mixed YES Borker et al. (2014)
model
Cory’s Shearwater Calonectris 9 Nest abundance  Pearson’s correlation YES Oppel et al. (2014)
borealis
Multi-species 7 (76) Mist-net Pearson’s correlation YES Sanders and
Mennill (2014)
European Nightjar 6 (22) LT Generalized linear mixed NO Zwart et al. (2014)
Caprimulgus europaeus model
Marbled Murrelet 7 Field detections Pearson’s correlation YES Borker et al. (2015)
Brachyramphus marmoratus
Multi-species 16 (48) PC Pearson’s correlation YES Sedlacek et al.
(2015)
Marbled Murrelet 6 (18) Radar and field test YES Cragg et al. (2016)
detections
Multi-species 3(18) PC, LT & MM Negative binomial mixed YES (3 out Prevost (2016)
model of 4)
Multi-species 1 (351) PC Generalized linear mixed YES (8 out Pankratz et al.
model of 10) (2017)
Australasian Bittern 1 (123) PC Spearman rank correlation YES Williams et al.
(2018)
Western Capercaillie Tetrao 10 (19) Lek counts Spearman rank correlation YES Abrahams (2019)
urogallus
American Woodcock Scolopax 3 (35) PC Pearson’s correlation YES Buck (2019)
minor
Leach’s Storm Petrel 2 (13) Nest abundance  Pearson’s correlation YES Orben et al. (2019)
Multi-species 27-35 PC - LT Pearson’s correlation YES (2 out Pérez-Granados
of 2) et al. (2019a)
Dupont’s Lark Chersophilus 5 LT Pearson’s correlation YES Pérez-Granados
duponti et al. (2019b)
Manx Shearwater 12 (24) Tape-playbacks  Zero-inflated negative NO Ameill et al. (2020)
binomial mixed model
King Rail Rallus elegans 10 Callback survey  Generalized linear mixed YES Schroeder and

model

McRae (2020)

Table information includes: Type of estimation of bird abundance: PC = point-counts, LT = line transect, MM = mapping method;
type of statistical analyses carried out to compare field abundance and acoustic data; and the main result of the comparison (in
parentheses is shown, when possible, the number of species with respect to the total of species monitored for which there was
agreement between traditional and acoustic-based surveys). A complete list of references can be found in Data S1. ANOVA, analy-

sis of variance.

obtained by traditional field surveys (Table 1). A
second study also used an array of four ARUs and
counted the number of Eurasian Bitterns Botaurus
stellaris in a restored wetland based on the location
of vocalizing birds (Frommolt & Tauchert 2014).
Although a fair comparison among methods was
not included in that case, the authors stated that
microphone arrays provided more reliable informa-
tion than traditional field surveys.

© 2021 British Ornithologists' Union

Stereo recordings

Theoretically, recordings made using a single
recorder but equipped with several microphones
may allow researchers to determine bird density
around recorders (Fig. 2). Two studies have
already employed stereo configuration (one ARU
with two microphones) to estimate bird abun-
dance of a given species around ARUs (Hobson
et al. 2002, Table 1) and in both cases the authors
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Table 3. Population metrics already estimated (compared for the detected vocal activity rate and soundscape indices), and principal
advantages and disadvantages of approaches available for estimating bird population metrics using ARUs.

Principle

Advantages

Disadvantages

Population
Method metrics
Microphone  Bird density,
array bird abundance
Stereo Bird abundance
recordings
Detected Bird density,
vocal bird
activity rate abundance,
colony size,
nest density,
nest
occupancy
Paired Bird density
acoustic
sampling
Sound Bird density
pressure
level

Multiple microphones or ARUs
can be used to determine the
location of calling birds
according to time-of-detection
and direction of arrival

Birds vocalizing in stereo
recordings can be estimated
according to the direction the
call came from and signal
volume or separation
between calls

Bird vocal activity is density-
dependent, and thus number
of calls detected per
recording can be used to
estimate number of birds
around ARUs

A factor correction can be
applied to correct for
differential sampling radius of
ARUs and human surveys

Distance of vocalizing birds to
the recorder can be predicted
measuring sound level of
recorded bird songs, through
a logarithmic relationship with
distance. Later, bird density
can be estimated following
the distance sampling
framework

(1) Bird location can be
estimated with error < 1 m;
(2) allows using spatially
explicit capture-recapture
method; (3) can cover large
areas.

(1) Covers a larger area than
using a single microphone.

(1) Easy and fast to estimate;
(2) allows estimates of
species-specific or general
bird abundance; (3) previous
studies provide a good
background for future studies.

(1) Easy reduction of the
biases in acoustic surveys;
(2) allows a direct and fairer
comparison between the two
methods (human and ARUs)

(1) Greatly reduces the biases
in acoustic surveys; (2) can
be fully automated; (3) allows
use of distance sampling
procedure; (4) a library of
recorded songs at different
distances can be used

(1) Microphone arrays can be
costly and logistically difficult;
(2) time and effort needed for
recording interpretation is
multiplied with the number of
recordings; (3) there might be
variation in the quality among
microphones employed

(1) Number of detected males
is limited by the number of
channels and criteria
employed; (2) time for data
analyses is twice that using a
single microphone; (3) might
be useless for bird species
with large mobility while
singing; (4) recording quality
has to be high

(1) Several sampling sites
need to be monitored to
estimate a reliable
relationship between DVAR
and bird density; (2) long
recording periods may be
needed to obtain a low-error
DVAR; (3) density estimated
by acoustic data is related to
other sites, (4) vocal activity
may vary among and within
days

(1) Human and acoustic data
need to be collected
synchronously; (2) bird
distance to recorder has to
be estimated with accuracy;
(3) specific formulae need to
be developed for each bird
species; (4) difficulty in
estimating the sampling
radius for shy/rare species

(1) Requires calibration
recordings for establishing
the relationship between
distance and SL; (2) difficult
to estimate such a
relationship for shy/rare
species; (3) bird movements
while recording may make it
difficult to use the index; (4)
birds may change their vocal
intensity according to, for
example, singing direction,
seasonality or weather

(continued)

© 2021 British Ornithologists' Union
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Table 3. (continued)

Population
Method metrics Principle Advantages Disadvantages
Sonogram Bird density, Bird abundance can be (1) Estimates a minimum (1) Can be logistically difficult
analyses bird abundance  estimated by visually number of birds per for long-term monitoring
inspecting the sonograms recording; (2) can consider programmes; (2) does not
(similar to stereo recordings) specific vocal behaviour of take into account imperfect
monitored species, allows detection or bird distance; (3)
application of distance reference sounds at different
sampling techniques (see frequencies are required
Darras et al. 2018a)
Soundscape  Nest density, Large number of individuals (1) Easy method for scanning (1) Several sampling sites
indices nest will produce more complex large datasets of recordings; need to be monitored to
occupancy and energetic recordings (2) fully automated estimate a reliable
relationship between
soundscape indices and bird
density; (2) effectiveness will
be reduced with the presence
of non-target species, (3)
species with constant vocal
repertoire will not produce
more complex recordings
Cue Bird density Number of birds can be (1) Deep background applying (1) An unbiased average cue
counting estimated by dividing the total  cue counting to PC data; (2) rate of the species is

number of calls recorded by
the cue rate at which
individuals vocalize

required; (2) long recording
periods may be needed to
obtain a low error of
vocalization counts; (3)
vocalization counts and cue
rate may vary among and
within days

easy and fast to estimate

found agreement between bird abundance esti-
mated from sound recordings and bird abundance
estimated in the field (Table 2). In both cases the
researchers heard the stereo recordings and esti-
mated bird abundance based on the direction the
call came from (left/right channel), and volume or
temporal separation between multiple calls. In that
way, Williams et al. (2018) counted the number
of Australasian Bitterns Botaurus poiciloptilus
around the ARU and classified a call as belonging
to a new individual if the combination of volume
and direction differed from calls previously cata-
logued. The authors stated that audible analyses of
stereo recordings were promising for counting the
species and found a strong correlation between the
number of Bitterns detected in the field and those
identified from the recordings (rho =0.76,
P <0.01, Williams et al. 2018). Hobson et al.
(2002) also declared that abundance estimates for
the 10 most abundant species obtained through

© 2021 British Ornithologists' Union

audible analyses of stereo recordings were also sim-
ilar to those obtained through traditional field sur-
veys.

Single recorder

Detected vocal activity rate

The basic assumption of this method is that bird
vocal activity is density-dependent, and thus
detected vocal activity rate (DVAR, number of
vocalizations detected per unit area per unit time
of recording) among sites should be correlated
with the abundance of a bird population (Larkin
et al. 2002, Borker et al. 2014). Therefore, once
the relationship between DVAR and bird abun-
dance for a target species is known, it can be used
to predict bird density around recorders in sites of
unknown population density (see application in
Oppel et al. 2014). DVAR has been the approach
most often applied (20 studies found in this
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Figure 2. Method of acoustic location of birds using multiple
(four in our examples) microphones (circles) and variable num-
ber of ARUs. (a) Sound waves of bird songs reach each of the
four microphones of the recorder at different times, allowing
bird location, similar to the way in which bird density is esti-
mated in stereo recording. (b) Example of a microphone array
for estimating bird density using four microphones at nine
recording positions. This method allows more detailed analy-
ses and improves sound location. (c) Four recorders equipped
with four microphones separated in space. Bird positions can
be determined at the centre of the intersection of estimated
directions of each recorder. This type of array enables greater
spatial coverage but reduces location accuracy. It can be
especially well suited to species whose vocalizations can be
heard at long distances (Frommolt & Tauchert 2014).

review) as an indicator of both general (Farns-
worth et al. 2004) and species-specific bird abun-
dance (Borker et al. 2014, Pérez-Granados et al.
2019a). In 17 of the 20 studies (84.2%) the
authors found a significant relationship between
DVAR and bird population metrics (Tables 2
and 3).

Paired acoustic sampling

Van Wilgenburg et al. (2017) designed an analyti-
cal approach able to calibrate counts from ARUs
with traditional point counts (PC) to make compa-
rable bird densities estimated with traditional and
acoustic-based surveys. This approach was devel-
oped to account for imperfect detection and spe-
cies availability. Observers should perform paired
sampling, with recordings being collected when
human observers perform PC, noting the esti-
mated distance to detected birds and time-of-de-
tection. Paired acoustic sampling assumes that the
number of individuals of a bird species in the
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surveyed area is equal for both methods, and thus
differences between human and ARU counts
should be due to differences in the area sampled
by the two methods (Bombaci & Pejchar 2019). It
is then possible to estimate statistical offsets that
account for the differences in sampling radius
among humans and ARUs; these offsets can there-
fore be used to reduce biases in count data col-
lected by ARUs and thus to obtain non-biased,
and comparable, population densities (Van Wil-
genburg et al. 2017). This approach has been
employed in two studies, and in both cases the
application of the paired acoustic sampling signifi-
cantly reduced the biases in acoustic surveys and
derived similar densities between PC and ARUs
(Table 1).

Sound pressure level

An alternative method for correcting biases in
acoustic surveys is to measure the sound pressure
level (SPL) of bird songs, which is a measure, usu-
ally in decibels, of the energy of a sound signal.
The SPL of an acoustic signal in audio recordings
can be predicted through a logarithmic decline
with distance and therefore can be used as a proxy
of individual distance for estimating bird density in
a distance sampling framework. Distance sampling
is a common method to estimate bird population
density using traditional field surveys by account-
ing for imperfect detection of individuals with
increasing distance from an observer (Buckland
et al. 2001). Bird distance to the observer needs to
be measured with no or low error (Yip et al.
2019). SPL estimation requires calibration record-
ings to establish the relationship between SPL and
bird distance, as well as to determine the source
level (Yip et al. 2019). Three studies included a
measurement of the SPL in their analyses. In two
studies the authors measured the SPL of bird
vocalizations and followed the distance sampling
framework; in one of them the authors simulated
different bird densities and evaluated the effective-
ness of this technique to estimate bird densities
without including other covariates (Yip et al
2019, see also Sebastidn-Gonzilez et al. 2018). In
the third study, the known relationship between
SPL and distance of vocalizing Bell Miners Manor-
ina melanophrys allowed the authors to choose
only those vocalizations uttered within a 50-m
radius of the recorder, and therefore to estimate
the density of the species within that radius
(Lambert & McDonald 2014). All three studies
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including a measurement of SPL in their analyses
found that ARUs performed as well as or better
than traditional field surveys for detecting bird
abundance when measuring SPL in recordings

(Table 1).

Sonogram analyses

Visual and aural inspection of sonograms have
allowed researchers to estimate the number of
birds vocalizing based on species-specific vocal
behaviour (Drake et al. 2016) or to estimate bird
density after estimating the distances of recorded
birds in sound recordings using a reference record-
ing of test sounds emitted from known distances at
different frequencies (Darras et al. 2018a). The
inspection of sonograms was used in three studies
and in two of them there was agreement between
acoustic data and bird data estimated using tradi-
tional field surveys (Table 1). Methods employed
for estimating bird abundance using inspection of
sonograms greatly differed among studies and thus
we provide a more detailed explanation.

Drake et al. (2016) estimated Yellow Rail
Coturnicops noveboracensis abundance in a record-
ing by counting the number of birds calling within
the estimated minimum separation between calls
for a single individual. The number of males
around ARUs was estimated as the number of calls
detected within that minimum separation between
calls of a single male. Therefore, if three calls were
detected within the selected time frame, three
males were consequently estimated to be around
the sampling radius of the recorder. In another
study, Vold et al. (2017) estimated the maximum
number of birds of each distinguishable species by
counting the number of individuals vocalizing
simultaneously in the recording. Vold et al. (2017)
found that, on average, the number of birds
detected by ARUs was lower than the number of
birds detected by PC. Vold et al. (2017) high-
lighted that differences found between methods
could largely be attributed to the different sam-
pling radius of human and ARUs, as well as the
conservative protocol followed during the study
(non-overlapping songs were considered the same
individual).

Darras et al. (2018a) also manually inspected
sonograms but they devised a new method that
consisted of the use of reference sounds broad-
casted at known distances and different frequen-
cies for calibrating the estimation of bird detection
distances from sound recordings collected using
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ARUs. This approach allowed the standardization
of data collected from ARUs and the estimation of
bird density by the application of distance sam-
pling techniques (see Sound pressure level section
for more information about distance sampling).
These authors found similar bird abundance esti-
mated using ARUs, in comparison with PC, when
using either an unlimited or a fixed radius, but
ARUs detected more birds when using distance
sampling. They hypothesized that this was related
to a flushing effect due to human presence while
performing PC, supported by the fact that most
recorder detections were made at short distances
(<30 m), and almost no birds closer than 10 m
were detected during PC.

Soundscape indices

Soundscape indices are used based on the assump-
tion that the acoustic complexity of a soundscape
is a direct surrogate for the number of species
around recorders (Pieretti et al. 2011) and have
been commonly employed using bird communities
as a study model. Following a similar reasoning,
the relationship between soundscape indices and
number of individuals around recorders might be
used to infer the density of a bird species around
ARUgs if soundscape indices and bird abundance
are correlated. Two studies have already measured
the relationship between three soundscape indices
and the density of two bird species estimated by
traditional field surveys (Table 4), although neither
of the two studies found a significant relationship
between the soundscape indices obtained per
recording and bird densities around ARUs. In the
first study, Orben et al. (2019) assessed the rela-
tionship between the Acoustic Energy Index (an
index related to the amount of energy within a
determined band of frequency, see Table 4) and
the burrow occupancy of Leach’s Storm Petrel
Oceanodroma leucorhoa, which although marginally
non-significant, explained a large proportion of the
burrow occupancy (R* =0.41, P =0.051, Orben
et al. 2019). In the second study, Ameill et al
(2020) tested the relationship between the Acous-
tic Complexity Index and the Bioacoustic Index
(see definitions in Table 4) and the burrow occu-
pancy of the Manx Shearwater Puffinus puffinus; in
both the cases, the relationships found were non-
significant (P > 0.5 in both cases; Arneill et al
2020).
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Table 4. Summary of principles and application of soundscape indices employed for assessing the relationship between soundscape

indices and bird abundance.

Index Principle

Species tested  Application

ACI ACI captures the dynamic changes in soundscape
recordings. It is calculated as the average absolute
fractional change in spectral amplitude, averaged
over all frequency bins for entire recordings
(Pieretti et al. 2011)

BIO BIO provides a measure of both the spectral
amplitude and the number of frequency bands
used in a recording. It is calculated as the area
under the mean frequency spectrum (Boelman
et al. 2007)

AEI Bird calls are band-limited. AEI characterizes the
relative amount of energy within a determined band
of frequency

Puffinus
puffinus

Ameill et al. (2020) estimated the ACI and BIO
indices per recording within the frequency limits
1500-8000 Hz. They reduced the lower frequency
band of setting defaults (2 kHz) to ensure the
range of the P. puffinus call was included in the
analyses. They assumed that variations in these
indices between recordings reflect variation in the
number vocalizations

Oceanodroma  Orben et al. (2019) measured mean relative energy
leucorhoa

in 187 43-Hz frequency bins for every 2 s of
recordings. They employed mean relative energy
on the bins from 1376 to 1462 Hz (greatest amount
of energy for O. leucorhoa) as an index of species
density

ACI, Acoustic Complexity Index; AEI, Acoustic Energy Index; BIO, Bioacoustic Index.

Passive cue counting

The rationale for passive cue counting (cue count-
ing hereinafter) is that animal density around
recorders can be estimated by dividing the number
of cues recorded using ARUs (e.g. number of bird
songs per unit area per unit time of recording) by
an estimate of the average rate at which individu-
als of the target species vocalize (average number
of bird songs per unit time, in this example) (Hiby
& Ward 1986, Marques et al. 2013). Two studies
have employed cue counting, but including also an
estimate of the distance of the vocalizing birds to
the ARU (Lambert & McDonald 2014), and in
both cases, density estimates obtained by the cue
counting approach were similar or even higher to
those estimates obtained by traditional field sur-
veys (Table 1 and see Pérez-Granados et al. in
press). In the first case study, Lambert and
McDonald (2014) estimated the density of the
Bell Miner around recorders by dividing the num-
ber of vocalizations recorded within a limited
radius (according to SPL of the recorded signals)
by the average cue rate of the species. Lambert
and McDonald (2014) concluded that cue count-
ing was able to detect more birds, and therefore
estimated higher densities, than were traditional
field surveys, despite being a less expensive

protocol.  Similarly, Sebastidn-Gonzélez et al.
(2018) estimated the density of the Hawaii Amak-
ihi Chlorodrepanis virens by applying cue counting,
and including as covariates the probability of
detecting a vocalization within the detection area
of the recorder and an estimate of the distance of
the vocalizing individuals to the recorder (by mea-
suring the SPL of the signals recorded).

DISCUSSION

We provide some recommendations for scientists
and managers aiming to select methods for esti-
mating bird density with ARUs, according to their
devices, needs, knowledge and statistical skills.
These recommendations may also apply to inform
their decision on what ARUs to use or what meth-
ods can be used for estimating bird densities from
archived recordings. The approaches described are
complementary and used together to obtain more
reliable density estimations (e.g. Dawson & Efford,
2009). The choice of method for estimating bird
density around ARUs depends on several factors.
Among the most important are: (1) the number
and type of ARUs, (2) the proven effectiveness
and applicability of the method, (3) whether tradi-
tional field surveys are required before or at the
time of recording for calibration, and (4) the work
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and expertise required for interpreting recordings.
Practical guidelines regarding the best equipment
to use and the settings and recording methods can
be found in Gibb et al. (2019), Darras et al.
(2018b) and Sugai et al. (2020).

Number and type of devices

All the approaches described can be applied when
recording with a single ARU equipped with one
microphone, with the exception of pinpointing
birds’ location using stereo recordings or on the
basis of the time delay for arrival of the signals to
different microphones, for which one ARU with
multiple microphones or a microphone array,
respectively, are required. The use of microphone
arrays also allows researchers to apply any of the
methods described above, and a reduced number
of channels and recordings may be selected for
data analyses. However, budget can be limiting for
projects aimed at performing long-term monitoring
based on the use of microphone arrays (though
see low-cost devices such as Audiomoth; Hill et al.
2018). The creation of an array with several ARUs
and microphones requires greater financial invest-
ment, especially because ARUs must be equipped
with GPS devices and recording must be synchro-
nized (Van Wilgenburg et al. 2017). However, this
high sampling effort may reduce spatial coverage
when employing microphone arrays (but see
Frommolt & Tauchert 2014; Fig. 2). Recording
quality (e.g. signal-to-noise ratio of the micro-
phone, sampling rate, recording format) may also
have an impact on the effectiveness of the
approach employed. This impact may be lower for
those studies that estimate the sampling radius of
the ARU employed, but will be greater for studies
that do not control for differential sampling radius
among ARUs and human observers. Finally, a low
recording quality may reduce the effectiveness of
those approaches that require extraction of infor-
mation about vocalization characteristics, such as
SPL.

Effectiveness and applicability

DVAR is the only approach whose effectiveness
has been evaluated in a (relatively) large number
of species and under different recording conditions
(Table 2). Nonetheless, paired acoustic sampling
has also demonstrated its value for estimating bird
density in many bird species. The other seven

© 2021 British Ornithologists' Union

approaches have been tested only a few times
(maximum two) using a small number of species
as study models, and more research is needed
before making any generalizations about their
effectiveness. Future studies comparing the effec-
tiveness of different methods using the same
acoustic dataset may be useful to provide more
reliable comparisons among approaches. The lack
of studies using ARUs to estimate bird density in
tropical areas is a crucial gap that should be
addressed (Scarpelli et al. 2019), especially because
ARUs could be extremely useful in the tropics,
where the dominant vegetation is usually tall and
dense and the logistics of human access are diffi-
cult (Pérez-Granados & Schuchmann 2020b).
However, some of the methods reviewed here
(e.g. soundscape indices) may be less effective in
tropical areas due to the larger number of vocal
species and background noise (Eldridge et al
2018). A disadvantage of using soundscape indices
for estimating bird densities at the species level is
that they include non-target sounds (e.g. other
birds, rain, wind) within their summarized indices.
Indeed, Arneill et al. (2020) and Orben et al
(2019) used soundscape indices with contradictory
results, partially as a result of using different fre-
quency limits (Table 4). They also tested different
soundscape indices, thus precluding direct compar-
isons. For example, Orben et al. (2019) measured
the Acoustic Energy Index in a very narrow fre-
quency band (1376-1462 Hz), where most of the
energy of the call of their target species (Leach’s
Storm Petrel) was concentrated, reducing as much
as possible the presence of non-target species.
However, Arneill et al. (2020) used a wide fre-
quency band (1500-8000 Hz) and therefore
included most of the vocalizations of other taxa in
their measurements of the soundscape. Thus, the
lack of a relationship between soundscape indices
and abundance of the Manx Shearwater obtained
by Arneill et al. (2020) may be linked to the wide
frequency band considered in their study. A rea-
sonable solution to partly resolve this problem in
future species-specific studies aiming to use sound-
scape indices for estimating species’ density around
ARUs might be to narrow the bandwidth of the
sound frequencies to be analysed as much as possi-
ble.

Prior knowledge about the vocal behaviour of
the target species could also be a limiting factor,
because some of the approaches described here
require prior calibration or previous knowledge



about the vocal behaviour of the target species for
estimating bird densities using ARUs. For example,
to predict bird abundance or bird densities using
either DVAR or soundscape indices, it is necessary
to have previously estimated a regression of
observed bird density as a function of the selected
acoustically derived estimate index. A regression
framework could then be used to predict relative
density around recorders deployed in sites with
unknown numbers of individuals. Although little is
known about the number of independent sites
needed to estimate the relationship between
DVAR and bird abundance, previous studies have
suggested that a minimum number of 20-30 sites
is required (Pérez-Granados et al. 2019¢). Simi-
larly, for before applying cue counting, researchers
should have previously estimated an unbiased
average cue rate at which individuals vocalize
(Buckland 2006, Lambert & McDonald 2014).
This will in turn require sampling of a representa-
tive number of vocalizing individuals (Lambert &
McDonald 2014, Sebastidan-Gonzélez et al. 2018).
Likewise, to include the measurement of SPL of
received signals in the analyses also requires prior
knowledge of the relationship between SPL and
bird distance to the recorder, and the paired
acoustic sampling approach also requires previ-
ously estimated statistical offsets to correct for dif-
ferent sampling radius of the recorder for each
species monitored. In contrast, some approaches
can be used to infer bird density from sound
recordings without prior calibration or previous
knowledge of the vocal behaviour of the target
species. For example, bird density can be esti-
mated using reference sound recordings to esti-
mate bird detection distances to the recorder
(Darras et al. 2018a) or based on the direction and
time-of-detection when placing microphone arrays
or recording in stereo.

Birds tend to move while vocalizing, which may
in most cases make the estimation of bird densities
using ARUs difficult. However, the impact of
birds’ mobility on the performance of some meth-
ods may be low (e.g. soundscape indices and those
applying distance sampling, if only the first detec-
tion of a bird species at a location is used), but it
is a serious limitation for other methods. Among
the methods more affected by bird movements is
the use of stereo recordings, because the maxi-
mum number of vocalizing individuals detected is
limited by the number of channels and criteria
employed (Hobson et al. 2002, Williams et al.
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2018). Moreover, the process of deciding the
direction and the volume of the received signal to
distinguish calls from individuals can be subjective
and may require high levels of expertise and con-
centration (Williams et al. 2018). Thus, stereo
recordings may be useful for monitoring birds liv-
ing in low densities (e.g. bitterns, some rails, owls)
but would be ineffective for monitoring birds liv-
ing in higher densities. However, in some other
approaches, such as when using microphone
arrays, birds’ movements between recorders should
have low or no impact on bird estimates, as bird
location can be described according to the direc-
tion-of-arrival and time of detection of the signal
to each recorder. For microphone arrays, one of
the major components of variance might be micro-
phone variability, due to the large number of
microphones involved (Marques et al. 2013). In
general, microphones should be standardized prior
to sampling whatever method is being used (Tur-
geon et al. 2017).

Bird vocal activity differs within the day and
among days for both exogenous and endogenous
reasons (Catchpole & Slater 2008). Moreover,
vocal activity of the same species may vary spa-
tially and affect comparisons among sites (Marques
et al. 2013). It is therefore important to control
for factors that alter the vocal behaviour and the
detectability of a species’ vocalization for obtaining
unbiased density estimations. The variable vocal
behaviour of birds may have an impact on every
approach but might be more influential for those
approaches using vocalization counts as variable
response (e.g. DVAR and cue counting); in the
worst case, vocalization counts may only be useful
to estimate bird densities in the monitored area,
allowing no wider generalization. A solution for
reducing the impact of both exogenous and
endogenous factors on the number of recorded
vocalizations might be to record over several days
and use the average number of vocalizations
counted over this period as the variable response
(see reduction of the coefficient of variation of the
mean DVAR for three bird species as a function
of consecutive recording days in Pérez-Granados
et al. 2019¢ and Pérez-Granados & Schuchmann
2020b). A similar solution may apply for estimat-
ing a reliable average cue rate, which is needed to
apply cue counting successfully. The time period
for which each individual is monitored should
therefore be long enough to ensure that the aver-
age estimate is representative of the survey period,
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including any periods during which monitored
birds are silent (Pérez-Granados et al. in press).
Similarly, a representative sample of birds should
be monitored to estimate the average cue rate for
the target species (Buckland 2006, Sebastian-
Gonzélez et al. 2018).

Fieldwork at recording time

Some methods can be applied without the need to
collect data during recording (microphone arrays,
sonogram analyses, soundscape indices), while
other approaches require trained observers to col-
lect additional information while recording
(Table 5). One such method is paired acoustic
sampling, because the estimated statistical offsets
to account for the differences in sampling radius
among humans and ARUs are species-specific and
must be estimated for each species separately. This
may reduce their applicability to shy or threatened
birds. Moreover, paired acoustic sampling requires
observers accurately to estimate their distance
from detected birds as well as the time-of-detec-
tion, which can be difficult for some species and
situations (Bombaci & Pejchar 2019) and may
require extra training for observers to meet analyti-
cal assumptions (Van Wilgenburg et al. 2017).
Another method that requires additional work
while recording is the measurement of SPL for esti-
mating bird detection distances from sound record-
ings. For example, Yip et al. (2019) found that a
calibration dataset of approximately 300 vocaliza-
tions was needed to minimize error in bird distance
prediction by SPL. However, these studies have
proven the value of including measurements of
SPL to predict bird distances from sound record-
ings. For example, Yip et al. (2019) found that
error from all SPL-predicted distances was less than
estimated human error extracted from the litera-
ture. Similarly, Sebastidn-Gonzélez et al. (2018)
found that measured and predicted distances were
significantly related. Moreover, the measured statis-
tical offsets by paired acoustic sampling and the
relationship between SPL and birds’ predicted dis-
tances may vary among species, recorders, habitat
type or birds’ singing direction, and therefore more
research is still required (Darras et al. 2016,
Sebastian-Gonzalez et al. 2018, Pérez-Granados
et al. 2019b, Yip et al. 2019). In this sense, the use
of reference sound recordings would be an optimal
solution for estimating bird detection distances in
sound recordings, when reference recordings of
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birds have not been collected or are difficult to
obtain. Indeed, Darras et al. (2018a) have already
demonstrated that estimated bird distances from
sound recordings can be similar to actual distances
of the birds estimated in the field. The creation of
sound libraries cataloguing bird vocalizations
recorded or broadcasted at known distances may
therefore be useful for future bioacoustics studies
aiming to estimate bird densities using ARUs.
Nonetheless, whenever possible it would be desir-
able to estimate detectability for the species and
the conditions (habitat type, ARU employed) of
the survey rather than using reference sound
recordings, as the applicability of sound libraries is
likely to be lower when compared with specific
tests for the species and ARU of the survey.

Time and expertise needed for
interpreting recordings

The time required for recording analyses is multi-
plied when using microphone arrays or stereo
recordings because of the larger number of record-
ings collected. Among the approaches available for
estimating bird densities with a single ARU,
DVAR, cue counting and use of soundscape
indices are among those requiring less effort and
expertise for recording interpretation, because the
variable response (vocalizations counts or acoustic
index) can easily be estimated (Table 5). Similarly,
the effort required for interpreting recordings using
the paired acoustic sampling approach is low,
because once the statistical offset has been esti-
mated, its application is similar to that described
above for DVAR and cue counting. However, the
measurement of SPL of acoustic signals can be
laborious, because sounds must be isolated, mea-
sured (using reference recordings of birds made at
different distances), and bird detection distances
estimated through specific functions (Yip et al
2019). Visual and aural inspection of sonograms is
costly in time and expertise required for interpret-
ing recordings, and its use may be limited for long-
term monitoring programmes (Table 5).

CONCLUSIONS

e Passive acoustic monitoring has the potential to
reliably estimate bird population density
around ARUs.

e Future studies aiming to use ARUs for estimat-
ing bird densities should estimate the sampling
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Table 5. The number and type of ARUs required, work needed at the time of recording, time cost for interpreting recordings and
knowledge required to apply each method (once recordings have been analysed) for estimating bird density using ARUs.

Minimum
number of
devices Time cost and expertise for Expertise required for

Method required Fieldwork at recording time recording interpretation estimating bird density

Microphone  Spatially Low (although large number of  Very high (multiple recordings Medium (bird density is
array dispersed ARUs may need to be must be analysed accounting estimated based on the

groups of deployed, increasing working for time stamps and ARU estimated location of

microphones  effort) location). vocalizing birds; specific
formulae considering recording
location and time stamps are
required to do so)

Stereo A single Low (no need to collect data High (recordings need to be Low (number of birds equals
recordings recorder while recording) checked accounting for time number of different birds

with two stamps, channel of the signal identified in sound recordings)
microphones and volume)

Detected A single Medium (it is necessary to Low (count the number of Low (bird density can be
vocal recorder record on multiple sites to vocalizations per recording predicted using the known
activity rate with one estimate the relationship and the relationship between relationship between bird

microphone between DVAR and bird bird density and detected bird density and soundscape
density. Accuracy is greater vocal activity rate) indices, see application in
when recording during longer Oppel et al. 2014)
periods)

Paired A single Very high (paired sampling, Low (count the number of High (statistical offsets have to
acoustic recorder observers need to record vocalizations per recording) be estimated for each bird
sampling with one distance to birds detected and species and for each ARU

microphone time of detections) using specific functions)

Sound A single High (observers need to High (bird vocalizations must be  High (the relationship between
pressure recorder annotate distance to birds isolated and measured) SPL and bird distance to the
level with one detected, species-specific recorder needs to be

microphone studies are needed, although estimated and specific models,
playback tests and referenced such as distance sampling,
sounds can be used) are required to obtain bird
densities from sound
recordings)

Sonogram A single Medium (it is necessary to High (visual inspection of Medium (bird population size

analyses recorder study the vocal behaviour of sonograms considering the can be directly estimated from
with one the target species or record vocal behaviour of the species visual inspection, but complex
microphone reference sounds of different monitored or estimating bird statistical models, including
frequencies at variable distances according to signal distance sampling, might be
distances, see Darras et al. intensity based on reference required for estimating bird
2018a) sounds) densities from sound
recordings using reference
sounds, see Darras et al.
2018a)

Soundscape A single Medium (it is necessary to Medium (estimation of Low (bird density can be

indices recorder record on many sites to soundscape indices can be predicted using the known
with one estimate the relationship automated, for example using relationship between bird
microphone between the selected specific R packages; it is also density and soundscape
soundscape index and bird necessary to assess the indices)
density) relationship between bird
density and the selected
soundscape index)

Cue A single High (it is necessary to know Low (count the number of Low (bird density is estimated

counting recorder the average cue rate of vocalizations per recording) dividing the number of
with one individuals of the target vocalizations per recording by
microphone species) the average cue rate of

individuals of the target
species).
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radius of the ARU employed for the target spe-
cies in the habitat type of the survey and,
whenever possible, control for imperfect detec-
tion (e.g. estimate the probability of detecting
a bird vocalization within the sampling radius
considered). This is the only way to estimate
bird density and will allow more fair compar-
isons among studies.

e Some of the approaches described here might
be useful to reduce biases in every acoustic sur-
vey, and therefore to improve the estimation of
bird density using ARUs. Among these
approaches, we highlight: (i) paired acoustic
sampling to estimate the different sampling
radius among ARUs and human observers and
(ii) including a measurement of the SPL of the
received signal, which may allow for estimating
bird densities but also truncation of the sam-
pling radius of the ARU to a sensible threshold
beyond which the probability of detection
sharply decreases for ARUs. This will allow
better application of distance sampling to
obtain more accurate bird density estimates
(e.g. Yip et al. 2019). However, for those stud-
ies unable to estimate the relationship between
SPL and bird distance to the recorder, the use
of reference sound recordings of different fre-
quencies and uttered at known distances might
be an alternative aid to applying distance sam-
pling (Darras et al. 2018a).

e Microphone arrays enable researchers to deter-
mine the position of vocalizing individuals with
high accuracy and to apply any of the methods
described, but also to use sophisticated meth-
ods to control for imperfect detection of birds
and the sampling radius of the recorder, such
as SECR. Using arrays could therefore be a rec-
ommended approach for future surveys aiming
to estimate bird densities using ARUs. How-
ever, the high cost of acquiring multiple micro-
phones (and ARUs), together with greater time
needed for data analyses, might be a limitation
for some studies.

e Estimating bird density from stereo recordings
could be a good solution to increase the area
sampled with a single recording. However, the
criteria previously employed for counting birds
from recordings have been subjective and
therefore further research recording in stereo
and including some of the approaches to
reduce biases among ARUs and human obser-
vers (e.g. measurement of SPL, paired acoustic
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sampling) is required to improve our knowl-
edge about whether recording in stereo does
improve acoustic survey efficiency. Similarly,
estimating bird densities directly by visual
inspection of recordings might be useless for
most circumstances and it might be better to
use some of the approaches already available
that have proven their effectiveness across mul-
tiple bird species.

e DVAR and cue counting are based on vocaliza-
tion counts. Thus, researchers should be aware
that vocal activity at the population and indi-
vidual level (cue rate) vary over time and
space, but also depend on many endogenous
and exogenous factors, so that direct compar-
isons across time or space may be biased. How-
ever, both methods may be a feasible solution
to predict bird density under difficult circum-
stances for traditional surveys, such as inacces-
sible cliff locations (Oppel et al. 2014) or
when monitoring cryptic birds living in canopy
forest (Lambert & McDonald 2014).

e The possible use of soundscape indices may
require narrowing as much as possible the
bandwidth of the vocalization selected for
recording analyses to reduce the presence of
non-target species within the selected frequen-
cies. Soundscape indices may perform better in
areas with low numbers of species around
ARUgs, but further research is needed.

e To increase our understanding about the spe-
cies and circumstances in which the use of
ARUs can be useful for estimating bird densi-
ties, further research should evaluate the effec-
tiveness of the described approaches in tropical
areas and report outcomes, including when
there is no agreement between traditional field
and acoustic-based surveys.
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