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Abstract: The field of bioacoustics is rapidly developing and characterized by diverse methodologies,
approaches and aims. For instance, bioacoustics encompasses studies on the perception of pure tones
in meticulously controlled laboratory settings, documentation of species’ presence and activities using
recordings from the field, and analyses of circadian calling patterns in animal choruses. Newcomers
to the field are confronted with a vast and fragmented literature, and a lack of accessible reference
papers or textbooks. In this paper we contribute towards filling this gap. Instead of a classical list of
“dos” and “don’ts”, we review some key papers which, we believe, embody best practices in several
bioacoustic subfields. In the first three case studies, we discuss how bioacoustics can help identify
the ‘who’, ‘where’” and "how many’ of animals within a given ecosystem. Specifically, we review
cases in which bioacoustic methods have been applied with success to draw inferences regarding
species identification, population structure, and biodiversity. In fourth and fifth case studies, we
highlight how structural properties in signal evolution can emerge via ecological constraints or
cultural transmission. Finally, in a sixth example, we discuss acoustic methods that have been used
to infer predator—prey dynamics in cases where direct observation was not feasible. Across all these
examples, we emphasize the importance of appropriate recording parameters and experimental
design. We conclude by highlighting common best practices across studies as well as caveats about
our own overview. We hope our efforts spur a more general effort in standardizing best practices
across the subareas we’ve highlighted in order to increase compatibility among bioacoustic studies
and inspire cross-pollination across the discipline.

Keywords: bioacoustics; best practices; species identification; population structure; signal evolution

1. Introduction

The majority of communication signals in nature are used by animals to mediate social
interactions with other members of their species [1-3]. Acoustic signalling in particular
enables conspecifics to coordinate their activities over long distances or where sight-lines
are limited [4-6]. For example, noctules (Nyctalus noctula) produce loud, low frequency
social calls to broadcast their position when roosting in tree cavities. This allows them to
maintain group cohesion and spatial associations both within and between social groups
over considerable distances [4]. Acoustic signals are also effective in that they can be
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modulated rapidly over time, thus allowing animals to transmit real-time information
about changing states or contexts [1]. In some species, such as bats, dolphins, and shrews,
acoustic signals (i.e., echolocation) are also used to perceive and map out the environment
when vision provides limited input [7-11].

Increasingly, improvements in the technology available to record and process acoustic
data have provided scientists with new methods to (1) resolve previously unanswered
questions about population biology [12,13], ecology [14], and behavior [15,16], (2) document
patterns of acoustic behavior over greater temporal and geographic scales and/or at higher
resolutions [16-18], (3) improve the response time and accuracy of monitoring studies [19],
and (4) reduce the level of disturbance to the target species or ecosystem during data
collection. Acoustic data are relatively cost-effective to obtain compared with many other
sampling methods, and advances in automated data processing are increasing the feasibility
of gathering and analyzing large acoustic datasets. These advances, among others, have
sparked a rapid increase in the number of studies performed each year using acoustic
methods (Figure 1).

# Predator/preyinteractions
#* Ecosystem biodiversity

B Species identification

:* Conspecifics interaction

# Signal evolution

W Population structure

Figure 1. Number of studies performed each year using passive acoustic data. Data were obtained
by searching Google Scholar using “bioacoustics” + “category description” and then filtered per year.

One major area of acoustic research focuses within species, often with the goal of
identifying the core vocal repertoire of a species or population, in terms of both acoustic
characteristics and functions of vocalizations [20-23]. Vocalizations can vary with demo-
graphic features such as sex, age, and breeding status [24,25], behavioral states [26-29],
social structures [30,31], and even species morphology [32-35]. More broadly, acoustic
methods can be used to investigate topics related to population structure such as distribu-
tion and speciation across habitats or regions [12,36—40], and population densities [41-44].

A second major realm of recent interest in acoustics concerns the coordination of cooper-
ative and competitive behavior, including feeding, aggression, and mating [1,3,15,45]. In these
contexts, acoustic data can be used to investigate cognition [46,47], vocal learning [48-51],
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and the role of communication patterns and environmental pressures in shaping vocal
signals and repertoires over evolutionary timescales [52-55].

Yet, another major area of interest concerns acoustic interactions in the context of
ecosystem biodiversity, which can be studied via passive acoustic monitoring [42,56-59].
Recently, inter-species variation in the structure of acoustic signals has been used to create
biodiversity indices representing species richness [20,60-63], with one goal being to assess
the impacts of environmental degradation on biodiversity [64]. As we develop the capacity
to use acoustic data to monitor multiple species at once, sometimes combining passive
and active acoustic methodologies, researchers have begun to use acoustic data to examine
predator-prey interactions, both at broad and fine scales [65-67].

Our main aim in this paper is to bring together ideas and perspectives regarding the
value and application of bioacoustic data and analysis for studies in population biology,
ecology, and animal behavior. The authors represent a diverse group of bioacousticians
in fields within the life and statistical sciences, and convened for a 2018 workshop on
Bioacoustic Structure devised by Eric Archer and Shannon Rankin, sponsored by the
National Institute for Mathematical and Biological Synthesis (NIMBioS). Of the many topics
addressed in our working group, a point that emerged was that the field of bioacoustics
is sprawling, cutting across many areas and taxa, and that even though we all work in
bioacoustics, there are sub-areas of which each of us was unaware or at least unfamiliar.
Commonalities emerged, however, as we discussed challenges inherent to bioacoustic
research, and considered best practices for addressing these challenges. This set forth to
us the challenge of generating a single document to capture our excitement regarding the
possibilities of bioacoustics, writ large.

Towards this end, in this paper we will review a diverse set of case studies that we
find particularly compelling, from six representative topics commonly addressed using
bioacoustic data. Our overarching goal is to demonstrate the utility of, and suggest some
best practices for, using bioacoustic approaches in studying topics broadly regarding the
ecology, evolution, and behavior of vocalizing species. The first three topics address the use
of passive acoustic data to describe and quantify vocal species diversity at scales ranging
from subpopulation to ecosystem: species identification [58], population structure [68], and
ecosystem biodiversity [69]. The next two topics relate to the evolution of signal structure,
addressing ecological [70,71] and cultural [52] factors affecting the evolution of acoustic
signal structure. The final topic covers the use of acoustic data to examine broad-scale
predator—prey interactions [72]. Within each topic, we identify best practices for collecting,
analyzing, and interpreting acoustic data, and discuss methods to avoid common pitfalls
that can hamper acoustic data interpretation.

2. Species Identification

Monitoring animal species in the wild, which is critical to many studies in biology, is
undertaken with increasing frequency using passive acoustic methods (sampling animals
by recording their sounds but without further engagement). Some taxa in which such meth-
ods have been applied include birds [42,73], marine mammals [43,58,74], bats [59,75,76],
amphibians [56,77], insects [78], and primates [57]. A first step in analyzing passive acous-
tic recordings is to identify which species produced each sound detected. When sounds
cannot be readily identified visually using spectrograms or other representations of sound
or aurally, researchers use statistical classifiers or machine learning algorithms [79-83]. A
growing number of bioacoustic analysis and passive acoustic monitoring software tools
now integrate machine learning methods directly into the processes of call classification
and species identification [83-85].

Species classification algorithms are trained using datasets of acoustic recordings in
which the identities of species producing the recorded sounds are known. Many species
have calls that are difficult to distinguish from those of other species, and so decisions
about species identity must often be validated with visual observations [86]. This can
be difficult to do, particularly in situations where recorders are left in remote locations
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or species exhibit cryptic behavior. As a result, visual validation of species identities is
sometimes not performed, and this leads to uncertainty in the validity of some tools for
species identification. When using a species classifier, it is crucial to ensure that the classifier
was trained using data that can unequivocally be attributed to the species included in the
classifier. In addition, when compiling training and testing datasets, a sufficiently large
set of recordings should be collected to capture the breadth of temporal, environmental,
geographic, and behavioral variability in vocalizations of each species to be classified. In
addition, care must be taken when selecting those samples used to train the classifier and
those used to test the performance of the classifier within a dataset. For example, including
vocalizations produced by a given group of animals in both the training and testing datasets
can skew the results due to similarities in vocalizations produced by particularly vocal
individuals in the group. If similarities exist, this approach will provide an unrealistically
high estimate of classifier performance. Therefore, it is important to ensure independence
of training and testing datasets by grouping all calls from any given individual into just
one of the two datasets, when possible.

When using existing species classifiers on novel data, it is important to consider how
and where the classifier training data were collected. Recorder characteristics such as
sampling rate, sensitivity, and placement in the environment can all affect data quality
and therefore impact classifier performance [87-89]. The same can be true of acoustic
analysis parameters such as window length, window type, and step-size for spectrogram
computation. Another factor that can impact classifier outcomes is geographic location.
Many species exhibit geographic variation in their signals [90-93], and different locations
often comprise different assemblages of species. Because of these factors, a classifier trained
using data from one location will not necessarily be accurate when applied to data collected
in a different location.

An example of a study that has taken these issues into consideration to produce a
robust acoustic classifier is Rankin et al. [58]. These authors trained a random forest classifier
to identify, based on acoustic parameters, five delphinid species that inhabit the California
Current ecosystem. The training dataset for this classifier comprised vocalizations recorded
during a 4.5-month shipboard visual and acoustic survey and included 153 different schools
of dolphins recorded across a variety of behavioral states and times of day. The samples
used for analysis included only schools that had visual confirmation of species identity,
were composed of a single species, and had no other species within range of the hydrophone.
A total of 1000 manually validated calls per species were extracted from these recordings,
resulting in a large dataset to be used for training and testing the classifier. The recordings
were all made using the same recording platform (a towed hydrophone array) to ensure
sampling consistency, and a sampling rate (500 kHz) sufficiently high to capture each
species’ entire range of vocal frequencies. To reduce the likelihood that vocalizations from
given individuals would be included in both training and testing datasets, all vocalizations
from each individual school were included in only one or the other dataset. This classifier
performed well on the test dataset, classifying 84% of schools to the correct species. Because
the training and test datasets were collected using consistent methods and drew from a
sample of recordings large enough to capture temporal and behavioral variability of all
five species within the study area, the resulting species classifier can now be applied with
confidence to document the presence and movements of these five species in the California
Current. One caveat, though, is that the Rankin et al. [58] classifier was trained using data
collected using a specific method, a towed hydrophone array, which could in theory impact
the structure of the training data samples. Thus, it is yet not clear whether the classifier
could be applied reliably to different locations or to data collected using different sampling
methods. Before doing so, it would be helpful to test the classifier on a visually validated
dataset, to determine whether the performance is consistent under different conditions.
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3. Population Structure

A second realm in which acoustic methods are making useful contributions concerns
the study of population structure. Population structure includes analyses of age structure,
demography, how individuals in a population are distributed across given areas, and how
multiple populations might isolate or mix through interbreeding [94]. A key component
to population structure is gene flow among populations [95]. Traditionally, studies of
population structure have relied upon direct observations of animal movement, combined
with genetic analyses to document patterns of interbreeding. While there is scientific merit
to genetic analyses, these methods are not suitable in all cases. For instance, species that
are rare or live in remote habitats may not be accessible for collecting genetic samples. In
other cases, a species may be highly mobile or cryptic, and therefore difficult to observe
or trap. For each of these cases, alternate methods are needed for population sampling.
With advances in acoustic methods, researchers have turned to passive acoustic surveys to
assess population structures for soniferous species when traditional observational methods
or genetic analyses are unavailable or inconclusive (Figure 2) [36,96-98].
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Figure 2. Linking sound structure to population structure. (a) Animals are recorded, with or without
consideration for non-acoustic socio-environmental variables. (b) A range of acoustic features are
extracted from each sound sample, and samples are clustered along these features. (c) Acoustic
structure is mapped to potential features of population structure (e.g., learning from nearby con-
specifics, dialects). Numbers refer to different individuals (d) Population structure is summarized
and visualized, providing a statistical prior for inference about non-acoustic socio-environmental
variables (see point a).

Many potential pitfalls in acoustic analyses of population structure parallel those that
apply to acoustic species classification. First, as pointed out in the previous section, species
need to be identified reliably based on their signals. Furthermore, just as species classifiers
rely on data that are visually validated, most methods of testing for population structure
require that the recordings come from source populations that have been validated using
other methods such as visual observations or genetic analysis. If the populations being
tested are geographically segregated, the location of the recorders can provide this valida-
tion if it can be shown that there is enough distance between recorders that sounds from
the adjacent population will not be recorded. However, if the populations being tested
are sympatric, it is important to use independent means (e.g., visual scans) to identify
the focal population or group being recorded and to ensure that individuals from other
populations are not present or nearby during the recording (see, for example, [31,98]). In
addition to these considerations, the parameters used in the recording and analysis of
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acoustic data should be consistent across the populations being tested to avoid introducing
variability as an artifact of the experimental design. As with species classification, some
parameters to hold consistent, or at least attempt to control for, include sampling rate,
recorder sensitivity, signal-to-noise ratio (SNR), time and seasonality of recordings, behav-
ioral states of the animals, call classification categories, FFT sample size, and length of the
spectrogram window.

A recent passive acoustic survey of Bigg’s killer whales (Orcinus orca) within the Gulf of
Alaska aimed to characterize aspects of this population’s structure [68], following a genetic
study in this species that suggested the presence in that region of as many as five potential
subpopulations [99]. Sharpe and colleagues collected and compared 1575 calls from Bigg’s
killer whales over a nine-year period, from 49-773 encounters per population per year.
These samples were sufficient to capture temporal (i.e., monthly and yearly) and behavioral
variability within the populations. Because the putative populations were sympatric in
their distributions, the research team needed to visually verify the identities of the animals
they recorded. Although they used slightly different sampling rates (48 kHz and 44.1 kHz)
across years, both sampling rates appeared to be sufficient to capture the entirety of the
vocalizations being examined, so this difference likely did not impact the outcome of the
analysis. Spectrographic parameters such as FFT size, overlap, and window type, as well as
spectrogram viewing length, were held constant throughout data processing. All calls were
assessed for quality based on SNR, and preliminary analyses were conducted using only
high SNR calls. Two methods for call classification were applied—manual and random
forest [100,101]—and their results then combined in a way that circumvented classification
errors known to exist in both methods [79,102,103] and that may occur in call types that
change or drift over time [104]. Qualitative and quantitative (e.g., structural and time-
frequency values) measures were used to identify a total of 36 call types across the study
area. After mapping their acoustic results onto the genetic outcomes, Sharpe et al. [68]
determined that this region supports at least three distinct populations. The robust data
collection and statistical approaches used in this study made it possible to account for
possible behavioral or temporal variability, analyst bias, or artifacts caused by sampling or
methodological variability as potential confounding factors driving the patterns observed
in the data, thus amplifying the authors’ confidence in their data interpretation.

4. Ecosystem Biodiversity

A third area of inquiry that is benefiting from advances in bioacoustic methods, related
to the prior two, concerns sampling of species richness. In particular, the development of
acoustic biodiversity indices that tally species richness [105-107] is allowing for relatively
rapid assessment and monitoring of ecosystem biodiversity. Researchers can link acoustic
parameters such as spectral amplitude, amplitude variability, and number of frequency
bands with biotic parameters such as species diversity and abundance or number of distinct
vocalizations. This approach allows for the quick tracking of changes in species community
composition related to factors such as seasonality [108], anthropogenic noise [107], invasive
species [105], habitat loss, or climate change [109].

As with studies of species identification and population structure (above), it is helpful
in acoustic studies of ecosystem biodiversity to consider the type and location of one’s
recording platform, and to ensure that methods used to process data are appropriate for
the sample at hand. If, for example, when generating spectrograms, FFT size is too large
in relation to the recording sampling rate, some temporal resolution will be lost, given
the necessary trade-offs in sound analysis between time and frequency resolution [110].
Additionally, data collected should capture temporal, ecosystem, behavioral, or geographic
variability as appropriate to the study question. If the study aims to compare multiple
ecosystems, data collection and processing methods should be consistent across all tar-
get regions.
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A caveat that is particularly relevant for the study of ecosystem biodiversity is that by
default, many acoustic biodiversity indices will integrate over all types of acoustic signals
detected. If, however, a given species produces distinct signals in different behavioral
states, these different signals may not be attributed to a single species and the resulting
estimate of species diversity may be artificially elevated. In addition, many recordings
include extraneous sounds, both biological (of other species) and ambient, which if not
correctly classified could further inflate estimates of species diversity. For these reasons,
verification of the vocal repertoires of individual species, only possible through direct field
observations (see above) or captive studies, are critical for valid application of bioacoustic
data for species richness and abundance calculations.

A related challenge is to account for variation in probabilities of signal detection,
given that some types of sounds will be harder to detect than others [111]. The behavioral
and environmental parameters that impact detection probabilities are unknown for the
signals of many species; they include the likelihood of occurrence of different types of
vocalizations; vocal frequency, duration, and amplitude; the rate at which different signals
attenuate; and the dynamic local environment effects on sound propagation. An accurate
assessment of acoustic biodiversity in any ecosystem, and more specifically the confidence
we can place on indices generated from acoustic data, will rely on our ability to reliably
detect those species that are present.

In a study of avian biodiversity in a temperate woodland, Depraetere et al. [69]
generated estimates of biodiversity using acoustic as well as traditional methods and
determined whether results from the two sets of methods matched. Depraetere et al. also
asked whether the acoustic indices could be used to track daily biodiversity variation.
Towards these ends, the researchers collected acoustic recordings at three woodland sites
over two three-hour periods at dawn and dusk for 73 consecutive days. Acoustic recorders
were positioned at least 300 m from each other to avoid overlap in recordings, each at a
height of 2 m with microphones pointed horizontally. Acoustic richness (AR), representing
traditional alpha diversity (which measures the diversity within an area), was calculated
as a rank statistic, by estimating the samples’ spectral and temporal entropy. Acoustic
dissimilarity, representing traditional beta diversity (which measures differences between
areas), was calculated by estimating the spectral and temporal dissimilarity among sites in
samples recorded at the same time on the same day. Depraetere et al. [69] then compared
these acoustic metric outcomes to those generated from more traditional biodiversity
metrics estimated using species inventories based on aural identification. They found that
the results of the AR analysis matched those obtained using aural identification of species
in this habitat and that the two acoustic indices (AR and acoustic dissimilarity) provided
complementary information. Based on these results, the authors concluded that acoustic
indices can be used to rapidly assess relative spatial and diel variability in biodiversity in
temperate woodlands.

Before drawing inferences based on their results, the authors of this study were careful
to address sources of bias where possible, and to constrain their research questions to those
that could be answered using the type of data collected. They controlled for instrument
bias by using the same recorders at each site. Environmental bias was normalized across
sites by placing the recorders in the same height and position relative to each other and by
not using recordings from days when bad weather (wind, rain) degraded sound recording
quality, which would have limited the ability to conduct accurate acoustic estimates of
diversity. Non-signal-related noise was removed using both a bandpass and an SNR filter.
Temporal variability was accounted for by collecting a large sample size for both morning
and evening time frames.

These authors also offer recommendations for improving the accuracy of acoustic
biodiversity metrics. Notably, acoustic samples will capture not just the focal species
but also other types of sounds, both biotic and abiotic, which need to be accounted for
before processing. Additionally, a trained observer may be able to recognize multiple
call types belonging to a given species, and thus avoid artificially inflating the acoustic
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measure of species diversity. As an illustration of this issue, the authors mention that
some amphibians were recorded during the evening at one site, thus spuriously inflating
the inferred count of bird species diversity at that site. This observation highlights the
importance of understanding the composition of an ecosystem before interpreting acoustic
biodiversity analyses, to avoid unfounded inferences. It is also important to note that even
trained observers cannot always identify all call types to species. In these cases, it can be
important to employ a statistical or machine learning classifier as described in Section 1,
Species Identification. In either case, one must quantify the reliability and accuracy of
methods used to identify species, and uncertainty in species identification should be built
into methods used to estimate biodiversity.

Finally, traditional analyses of species richness often account for varying species-
specific probabilities of detection [112,113]. Acoustic detection probabilities are currently
unknown for many species, and this will be a productive topic for further exploration.
In particular, it will be useful to characterize the impacts of differential likelihoods of
encountering different species, how often or systematically they produce acoustic signals,
the structure of their different types of vocalizations, and dynamic local environment effects
on sound attenuation or propagation. All of these parameters affect probabilities that any
given species will be detected, and thus impact the acoustic assessment of biodiversity.

5. Signal Structure and Evolution: Cultural Effects

Bioacoustic analyses can also provide insights into questions about signal evolution,
that is, the patterns and processes that drive changes in signal structure over time. Studies
of acoustic signal evolution have examined a variety of factors. These include the role of
morphology, environmental pressures, conspecific interactions, and neutral processes in
shaping acoustic communication and have been conducted across a wide variety of taxa
including birds, marine and terrestrial mammals, insects, and fishes (e.g., [114-118]). Dis-
entangling the factors that drive acoustic signal evolution can be difficult but is important
for understanding the drivers of cultural and ecological change within and among species
(e.g., [119,120]).

One approach to studying the evolution of acoustic signals, in species that learn their
vocalizations via imitation, focuses on cultural evolution: that is the interplay among use,
learning, and transmission of signals over multiple generations (e.g., [121-125]). A major
challenge in studying cultural evolution is to try to isolate its impact from other potential
drivers of acoustic signal evolution (e.g., morphology, sexual selection, environmental
factors, or random drift) [117,118,126-129]. To isolate the effect of any given driver, a
researcher must either control for all other potential factors or gather a sample that is
sufficiently robust to capture all of the variability in other potential factors. In particular,
it can be difficult to account for pre-existing variability in the input signal (e.g., songs of
tutors), and the effect of that variability on the output signal (e.g., songs of tutees). For
experimental studies of song learning and cultural evolution, as in other fields, artifacts of
experimental methodology can affect how results are interpreted, so one must ensure that
the recording and signal processing parameters employed are appropriate to the question
being asked and consistent across all experimental groups in the study.

In a set of experimental studies on song learning and cultural evolution conducted
with zebra finches, Fehér et al. [52,130] ran laboratory experiments where all parameters
were held constant except the song learning conditions. One advantage of this approach
was the ability to control which input the first generation of learners received, thus allowing
the researchers to systematically map the input signal to the end-product signal. In the
2009 study [130], first-generation birds were isolated and did not have a song tutor. As
expected, these birds ended up producing aberrant songs. Aberrant-singing birds were
then used as tutors for newly hatched, unrelated finches, and the procedure was repeated
over several experimental generations. The authors found that juveniles imitated their
tutor but changed some characteristics of their songs so that over three to four generations
songs evolved towards the wild-type. Matching unrelated birds as tutors and tutees in this
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way enabled Fehér et al. [130] to isolate song learning from genetic inheritance, so that the
resulting patterns of signal evolution could be attributed with confidence to the cultural
transmission of signals across generations.

Following this, Fehér et al. [52] developed a set of experiments to quantify the effect of
conspecific tutoring on song learning. In this study, vocal production was compared among
three groups of zebra finches, all housed and recorded individually. Birds in an isolate
group lacked a song tutor, and as described above for the 2009 study [130], developed songs
that were atypical in structure. Birds in a wild-type group were tutored with recordings
of wild-type adult songs. Finally, birds in a self-tutored group were not provided with
tutors or external models (like the isolate birds) but were provided the opportunity to hear
their own recently produced songs, played through speakers. Self-tutored birds developed
songs that were much closer in structure to songs of wild-type birds than of isolate birds,
suggesting that the experience of hearing songs, whether wild-type or improvised in the
laboratory, favors the development of species-typical signals. There were, however, limits
to the efficacy of self-tutoring; in several metrics, the structure of self-tutored birds’ songs
was closer to that of isolate birds than of wild-type birds. In both of these studies, the
experimental design employed (tests of song learning) allowed the researchers to isolate
the potential power of cultural inheritance as a factor driving acoustic signal evolution.

6. Signal Structure and Evolution: Ecological Effects

Another productive line of research in acoustic communication focuses on how signals
are influenced in structure and function by variation in ecological parameters such as
resource availability, habitat structure, and conditions for rearing offspring [119,131-133].
Ecological effects on signal structure can be direct, such as when they favor signals that
transmit effectively through particular habitats [111], or indirect, such as when patterns in
resource availability impact social, sexual, and life history parameters involved in commu-
nication [134,135]. When considering acoustic signals such as echolocation clicks that are
produced for navigation, object detection and localization, the environment will typically
impose particularly strong effects on the characteristics of produced sounds [136,137]. For
example, in bats, calls produced by different species while in flight resemble each other, as
do calls while tree-climbing or marauding over a water surface [137].

In these types of studies, as above for cultural effects, it can be tempting to ascribe
observed variations in acoustic signals to external ecological causes without truly isolating
the hypothesized driver. A firm demonstration of systematic variation in signal structure
driven by particular ecological traits requires attention to within-treatment or within-
location variation, with sample sizes sufficient to document this variation with confidence.
In other words, as discussed previously, the data collected should capture the variability
in all other potential environmental or ecological parameters in order to truly isolate the
target parameter. True variation is thus revealed by relatively limited within-treatment
variation in the acoustic signal across all other ecological parameters, as compared to
between-treatment variation. Variation in signals can emerge as non-functional, indirect by-
products of other processes such as cultural evolution or random drift in signal traits [55],
which can be confused with the direct effects of environment-specific selective regimes. It
is typically not feasible to control for all confounding factors within the scope of a single
study, and in such cases, it is important to address those caveats and consider potential
future work that would clarify the factors that drive signal evolution.

In addition to these issues, field studies on acoustic behavior are uniquely susceptible
to oversights about the context and intentions of the signaller. Understanding these things
requires carefully planned observational studies with large sample sizes or controlled
experimental conditions, and even these can be open to interpretation. Capturing the
full variability of signals being produced often requires multiple recorders to be placed
at various systematic locations throughout the study area. It is also important to record
extensive metadata about the acoustic context, including parameters describing the foraging
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space and annotation of the prey types being hunted [1]. This, however, can be difficult to
achieve in cases where the signallers cannot be directly observed.

Some recent papers on ecological effects on signal structure have focused on signal
differences related to highly distinct habitats and foraging spaces. For example, in a study of
mountain chickadees, Branch and Pravosudov [70] tested whether song structure diverged
with location and the preferences of females for local males, a pattern which would help
parents to produce offspring with locally adapted genes. The authors found that these birds’
songs indeed differed in structure among locally adapted populations, both by elevation as
well as regionally across two mountain slopes [70]. A second, conceptually similar study
in bats examined changes in echolocation characteristics at different flight elevations [71],
and showed that echolocation clicks became longer, lower-frequency, and had narrower
frequency bandwidths at higher elevations. The authors hypothesized that this pattern
might reflect altitude-specific variations in factors affecting acoustic attenuation or density
of prey items.

The authors of these studies standardized their recording equipment, the placement of
their recorders, and timing of their recordings across locations. Gillam et al. [71] collected
metadata about the data collection environment that could be used to remove non-target
data. In both studies, the sample size was large enough to capture variability within each
treatment (elevation and altitude, respectively), so that difference among the treatment
groups could be interpreted to be a result of elevation and altitude, rather than other envi-
ronmental or behavioral factors. Similar to other studies highlighted here, data processing
included removing low-quality signals from the final dataset based on SNR, and spec-
trogram parameters, sample size, and acoustic metrics were standardized across groups.
In their discussion of the drivers of changes in echolocation characteristics at altitude,
Gillam et al. [71] included the caveat that several potential drivers of acoustic divergence
could not be excluded based on their dataset (e.g., height-specific wind speed and di-
rection), and suggested that future studies undertake more comprehensive altitudinal
profiles of environmental conditions during the study period. Similarly, while Branch
and Pravosudov’s [70] data on mountain chickadee song divergence were consistent with
local adaptation, they recognized that the patterns observed in their study could also have
been impacted by additional factors, such as the structure of vocal geographic variation
by elevation (clinal gradients versus discrete dialects) and neutral drift caused by vocal
learning inaccuracies. The researchers thus recommended that future studies examine
relationships between gene flow and acoustic signals across a gradient of elevations, rather
than simply between a high and low elevation.

7. Predator-Prey Relationships

One last application of bioacoustic analyses that we now consider concerns relation-
ships between predators and prey. Some recent progress in this area has built on the
integration of acoustic analyses with complementary data types to explore research ques-
tions and /or ecosystem dynamics that were previously beyond the scope of what could
be studied. Predator—prey relationships have long been a central topic of ecological study,
but in many environments these relationships have remained uncharacterized due to the
difficulty in observing them with available technology (e.g., deep ocean, aerial, or extremely
remote/densely vegetated environments), especially as predator—prey interactions are of-
ten rapid and occur in unpredictable times and locations. In many cases, however, acoustic
analyses can be combined with other remote sensing technologies, such as satellite tagging
or active acoustic monitoring (in which a signal is transmitted and the echo is recorded and
analyzed), to allow scientists to monitor predator and prey behavior simultaneously and
thus potentially document predation events.

In one recent example, Lawrence et al. [72] applied a combination of passive and active
acoustic methods to describe the large-scale distributional relationships between harbor
porpoise and their prey in an enclosed sea off the coast of the United Kingdom. Harbor
porpoise are difficult to see at the surface of the ocean and are therefore difficult to survey
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using visual methods [138]. However, they vocalize frequently [136] producing clicks that
are well documented and easily distinguished from those of other cetaceans [139,140]. This
makes them well-suited for an analysis of their distribution using passive acoustic data.
In the passive acoustic portion of the study, Lawrence et al. [72] surveyed the Clyde Sea
using a towed array of two hydrophones. They ensured that their survey design covered
the entire ecosystem in a representative way and surveyed only during daylight hours to
minimize the effect of diel variability in acoustic behavior or depth of animals. Using two
hydrophones allowed them to determine the bearing angle to the sound source, which
aided in discriminating among echolocating individuals. Omnidirectional hydrophones
were used, which reduced biases related to the direction of the sound source. Hydrophone
sensitivity was calibrated to reduce equipment bias, and because harbor porpoise vocalize
using only high-frequency echolocation clicks, a high-pass filter was used to reduce bias
from noise in the lower frequency bands.

A significant challenge in combining passive and active acoustic monitoring techniques
is that signals emitted by an active acoustic source will be detected by passive acoustic
recorders. In order to address this challenge, Lawrence et al. [72] developed a classification
algorithm using open-source PAMGuard software [141] to distinguish between harbor
porpoise clicks and narrow-band 38, 50, 120, and 200 kHz pulses emitted at regular intervals
by the active acoustic systems used by the researchers. Signals classified as harbor porpoise
clicks were subject to an additional manual review based on their waveforms, power spectra,
and wigner plots to ensure they were classified correctly. This two-step classification and
review process reduced any potential false detections caused by signals emitted by the
active acoustic source or other sources of impulsive sound. For the purpose of this study,
the authors generated a method to rate their confidence in the classification of a click train
to harbor porpoise, and only used click trains that were rated as “certain click trains” to
indicate the species actual presence. Individual encounters were defined when more than
90 s passed between click trains, which is the time it took the ship to travel 300 m, the
maximum known distance a harbor porpoise echolocation click will travel before it fully
attenuates. Encounters were also separated if they occurred within 90 s of each other but at
different bearing angles.

Using these methods, Lawrence et al. [72] found a positive relationship between
porpoise density and their pelagic prey density at larger scales (5+ km), but that this rela-
tionship was not significant at smaller scales. By planning a comprehensive spatial survey,
ensuring data were collected during periods reflecting consistent biological behaviors, and
adhering to consistent parameters for acoustic data collection and processing, the authors of
this study ensured that passive acoustic data were collected and interpreted in an accurate
and representative manner. It is interesting to note that in choosing to use only “certain click
trains” in their downstream analyses of the distribution of harbor porpoise, i.e., those sig-
nals that they felt the highest level of confidence to be true porpoise click trains, the authors
probably erred on the side of underestimating the presence of harbor porpoise in the study
area. This is often considered the “conservative” approach for academic studies; however,
it is worth considering that for certain applications, for example when management or
conservation policy is being developed based on the presence or absence of a species in the
region, it may be beneficial to use an approach that errs toward overestimating presence.
For this purpose as well, the authors may have improved their study by using three or more
hydrophones, so as to triangulate the absolute position of echolocating animals. This would
remove some of the uncertainty in using acoustic data to distinguish among individuals
based on time difference or bearing angle between click trains.

8. Discussion

Bioacousticians benefit from adopting best practices in study design and data collection
to rise to a variety of challenges in interpreting animal acoustic communication. In the
preceding sections we have discussed six different studies that focused on a variety of
questions that can be investigated using acoustic data. While the studies we have included



Appl. Sci. 2022,12, 12046

12 of 22

address a range of questions using a range of methodologies, some commonalities emerge as
best practices which should be adhered to as best as possible in data collection, processing,
and interpretation of bioacoustic data (Figure 3).
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& Data Collection
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Figure 3. Summary of target best practices in the collection and analysis of bioacoustic data.

Several important themes emerged related to the sampling design and data collection
phases of an acoustic study. In each of our case studies, we have pointed out the impor-
tance of collecting data that adequately captures variability in the acoustic behaviour of
species of interest. Some species produce different types of sounds in different behavioural
states [6,142-144], at different times of the day or year [145,146], or in different loca-
tions [38,147,148]. If these differences are not taken into account, results of acoustic analyses
can be misinterpreted. For example, as we pointed out in Section 3, Ecosystem Biodiversity,
failure to account for differences in calls produced by a single species at different times
could lead to over-estimates of species diversity. Sample sizes should also be carefully
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considered at this stage. This is particularly important for acoustic repertoires with high
variability, such as the whistle repertoires of short- and long-beaked common dolphins,
which are comprised of hundreds of different whistle types [149]. Sample sizes should
be large enough to capture as much variability as possible, and to represent the different
signal types adequately. Statistical analyses such as discovery curves can be useful tools
in determining whether a given sample is sufficiently large to capture the variability in a
target population [150,151].

Barriers to collecting sufficient acoustic data include challenges and logistics of carry-
ing out field work (especially for expensive sampling protocols such as making recordings
in remote locations or field work involving large ships), limitations on battery life of record-
ing equipment, data storage space, and resources for analyzing large datasets. One strategy
for overcoming these challenges is to use duty-cycling when making recordings; that is, to
record for only certain periods during a given time window. For example, a duty-cycled
recording regime could record for 1 min every 5 min, for 10 min every hour, or for 1 h every
4 h. However, such an approach can compromise the final sample in several ways includ-
ing missed detections of rare sounds and incomplete representation of sound occurrence
patterns. In addition, the effects of using duty cycles can vary by species due to differences
in acoustic behavior, characteristics of the signals being produced, and propagation charac-
teristics of the environment. Therefore, it is not always appropriate to use the same duty
cycle for different species, in different habitats, or to answer different questions [152-155],
a point that should be considered especially if a given recording sample will be used to
examine multiple questions spanning multiple species. Before selecting a duty cycle it is
advisable to examine a dataset of continuous recordings to evaluate the effect that different
duty cycles will have on the detection of vocalizations of interest and thus the questions
that can be answered using duty cycled data.

Placement of microphones or hydrophones (transducers) is another important consid-
eration. For example, if conducting a small-scale study of a targeted population [156-158],
transducers should be placed in locations where they can adequately capture sounds
produced by a representative sample of the population, and at appropriate times. If the
population of interest is only in a certain location at some times of the day or year, one
must consider whether placing a recorder in that location will bias results. On the other
hand, if an acoustic study is more broad scale, one must decide how many recorders are
necessary. This decision should be based on the distance over which sounds of interest can
be detected, which in turn will be influenced by the sounds produced (frequency, source
level, etc.), the environment through which those sounds will travel, and the sensitivity
of the recording equipment being used. Hand-in-hand with this is the need for balanced
geographic coverage across study strata. If the study covers a large area, the researcher
must consider how to achieve balanced coverage and/or whether certain areas within
the larger area are more important to monitor than others. Finally, one should consider
transducer placement with regard to their species of interest; for example, placing trans-
ducers at different heights in a tree or depths underwater will affect which species’ signals
are recorded and what types of noise interference or propagation effects may result. The
resulting placement should optimize the signal to noise ratio for the sounds of interest.

Another factor that needs consideration is that acoustic studies often involve the
use of multiple transducers placed in different locations and/or at different times. If
multiple transducers are being used, the extent of overlap among transducers must be
evaluated. For example, in Section 3, Ecosystem Biodiversity, Depraetere et al. [69] posi-
tioned microphones at least 300 m from each other to limit the probability of detecting
given sounds on multiple microphones. In other situations, for example when acoustic
localization is desired, transducers should be placed so that target sounds are detected
on multiple transducers. In one such example, in Section 6 Predator-prey relationships,
Lawrence et al. [72] used hydrophones spaced 30 cm apart, which allowed acoustic localiza-
tion of harbor porpoise clicks. When using multiple transducers in a study it is important to
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ensure they are time synchronized, and use the same sensitivity and frequency responses,
high/low frequency pass filters, and sampling rates.

Yet, another consideration involves the frequency response of the transducers and
the frequency range of the signals of interest. When making decisions about recording
equipment, one must be familiar with the sounds of interest to ensure that the equipment
is capable of capturing the entire frequency range required. For example, when recording
narrowband high frequency clicks produced by species such as harbor porpoises, it is nec-
essary to use hydrophones that have frequency responses to at least 150 kHz, and to record
using a sampling rate of at least 300 kHz. Any signal with frequencies over one-half of the
sampling rate, commonly called the Nyquist frequency [110], will be biased by aliasing;
therefore, for sounds to be accurately represented in recordings, a sampling rate that is
at least twice that of the highest frequency sound of interest must be used. If equipment
limitations necessitate a lower-than-optimal sampling rate, an analog anti-aliasing filter
needs to be implemented to avoid aliasing from uncaptured higher frequency components.

Once decisions have been made regarding the type and placement of recording equip-
ment and the recording schedules, one must give careful thought to the supplemental data
and observations (e.g., metadata) that will be collected along with the acoustic recordings.
There are many factors that can affect the quality of acoustic recordings, the sounds that
are detected, and the interpretation of the data collected, and it is crucial to document these
factors along with all recordings where possible. The type of supplemental data required
will vary with the aims and scope of each study. Supplemental data commonly includes
information such as time and location of recordings, equipment and settings used, weather
conditions, species present, and behavior exhibited. This is by no means an exhaustive list
and prior to collecting acoustic data, researchers should spend time carefully considering
the types of supplemental data required, how these data will be documented, and ways to
best organize these data and link them to specific acoustic recordings [159].

Another recurring challenge when working with bioacoustic data collected in the
field is the ability to identify species in the recordings with confidence. The gold-standard
method for accomplishing this is to pair acoustic recordings with visual observations of
the vocalizing animals [160,161]. However, in many cases it is not possible to obtain visual
observations of all (or even any) sound producers during the recording period. In such
cases, species must be identified based on their vocalizations. Some species produce calls
that are distinctive and thus easily recognized (such as fixed frequency relationships among
notes in Black-capped Chickadees [146]) and for others, detailed call catalogs are available
(e.g., killer whales, [162,163]). In many cases, however, it can be helpful to utilize machine
learning classifiers (see Section 1, Species Identification, and Section 2, Population Structure).
When using machine learning methods for classification or detection, it is essential to design
models and handle data carefully to avoid over-fitting and thus ensure that outcomes will
be indicative of expected performance on future novel data. This requires separation of
data into training, testing, and validation datasets. Models are trained on training data,
with testing data used for evaluation and testing during system design to adjust model
parameters. Validation data should be reserved for a single final evaluation. To avoid
over-fitting so that expected results on the reserved validation data will be in line with the
testing performance during model development, it is important that the model complexity
and number of parameters be selected carefully in accordance with the size of the training
data set.

Once an acoustic dataset has been collected, effective data processing also requires
application of best practices. Many data processing workflows include examination of
spectrograms. The settings used to create spectrograms (e.g., FFT size, window length,
windowing function) can have significant impacts on the visual appearance of sounds and
thus affect how they are evaluated. For example, increasing FFT size results in a gain in
frequency resolution but a loss in time resolution, and vice versa [110]. The optimal settings
for a given project will depend on the frequencies being examined, the sample rate of the
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recordings, and the questions being asked. It is important to maintain consistent settings
across an analysis and/or to carefully document when and why settings are changed.

In many cases, acoustic recordings are processed before analysis to minimize noise
and/or exclude low quality calls (e.g., calls that are low SNR, masked by other sounds,
overlapping with each other, etc.). It is helpful to maintain consistency in these methods
across recordings, as well as to consider the effects of pre-processing on the results of the
analyses to be performed. For example, before removing low quality calls from a dataset,
one should consider whether this might skew the results. This could occur if lower ampli-
tude calls are produced by certain group members, or by individuals in certain behavior
states or locations relative to the transducer. Additionally, clear rules for evaluating the
quality of a call should be developed and applied. For example, in Section 2, Population
Structure and Section 5, Signal Structure and Evolution: Ecological Effects, the authors of
the case studies presented all clearly state that they did not include low quality calls in
their analyses [68,70,71]. Knowledge of which calls were omitted and how quality control
decisions are made might impact how the results of any bioacoustic study can be evaluated.

Finally, when interpreting the results of an acoustic study, one would ideally rule out
all sources of variability beyond the primary sources being investigated. In reality, this is
usually not possible, and so it is critical to identify remaining sources of variability, evaluate
their possible effects on the results obtained, and discuss the alternative data interpretations
that these could lead to. For example, as discussed in Section 5, Signal structure and
evolution: ecological effects, Branch and Pravosudov [70] state that acoustic differentiation
they found and attributed to local adaptation to environmental conditions could have also
been impacted by additional factors such as cultural drift and the geographic structure of
vocal variation and proposed further studies towards these ends. Openly presenting and
discussing alternative hypotheses can lead to fruitful collaborations and productive lines of
further investigation.

9. Conclusions

Throughout this manuscript, we have endeavored to present studies that exhibit best
practices in some aspects of bioacoustic research, and to discuss the specific impacts of
these practices on the collection and interpretation of bioacoustic data. The particular
studies included here were chosen in part because each study clearly described their
methodologies. Careful and comprehensive documentation of all of the steps, choices, and
experimental parameters chosen in any bioacoustic study is important to allow readers to
understand the basis for the study conclusions, and consistent methods for data collection
allow studies to be compared across diverse geographic spaces, different ecological niches,
and time periods.

Rather than providing a comprehensive literature review, we hope to have presented
a taste of the kinds of issues involved in setting best practices for data collection, analysis,
and interpretation. We have focused mainly on studies that apply to passive acoustic
sampling, that is without adding sounds to the environment or manipulating the animals
being recorded. We did not address the interpretation of active acoustic data, and touched
only briefly on playback, laboratory, and experimental studies, as these approaches involve
an entirely different set of considerations, some of which have been reviewed elsewhere
(e.g., [164,165]). Additionally, with the exception of developing machine learning classifiers,
we have not included statistical analysis of acoustic data, as this is highly dependent on the
questions being asked and the type of data collected. The use of appropriate statistics is
another crucial piece of the puzzle, and many resources are available to guide decisions
about which approaches to use (e.g., [166-173]).

In conclusion, bioacoustic approaches can provide a wealth of unique and valuable
insights into the diversity of populations, species, ecosystems, and their interactions. The
time and resources required to collect, analyze, and interpret acoustic datasets are often
extensive; collecting and interpreting bioacoustic data are processes that can be fraught
with methodological challenges, technological difficulties and inconsistencies that can
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introduce bias across studies; and determining what sounds are biologically meaningful
can be difficult. For these reasons, the value of applying best practices cannot be overstated.
We hope that the best practices discussed in this manuscript act as a useful guide for
bioacoustic investigations to come.
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