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changing ecosystems
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Interpreting sound gives powerful insight into the health of ecosystems. Beyond Highlights

detecting the presence of wildlife, bioacoustic signals can reveal their behavior. Behavior represents animals’ primary
However, behavioral bioacoustic information is underused because identifying means of responding to environmental
the function and context of animals’ sounds remains challenging. A growing VEREEEE ELETIg D [EREIClehg
acoustic toolbox is allowing researchers to begin decoding bioacoustic signals e

by linking individual ~ and population-level sensing. Yet, studies integrating Many animals’ presence, let alone be-
acoustic tools for behavioral insight across levels of biological organization re- havior, is highly cryptic to human ob-
main scarce. We aim to catalyze the emerging field of behavioral bioacoustics Isnengthp;zf;?ct;z: dsf:;::";::;:gral
by synthesizing recent successes and rising analytical, logistical, and ethical ecology.

challenges. Because behavior typically represents animals’ first response to en-

vironmental change, we posit that behavioral bioacoustics will provide theoreti- Bioacoustic signals not only revezini-

mals’ presence, but also encode detailed
information about the behaviors in which
they are engaging.

cal and applied insights into animals’ adaptations to global change.

Bioacoustic signals encode behavior in an era of rapid environmental change The study of behavioral bioacoustics has
emerged to decipher the context and

Sound is centralto ecosystems and how we perceive them. From Carson (Silent Spring) [1] € tynction of animasounds and to apply
Cousteau (The Silent World) [2], foundationabrks have invoked humans’ acoustic perception this comprehension to understanding
of animal behavior to inform our understanding of ecosystems and human-induced environmg animal behavior across ecological scales
tal change. The sounds of survival, reproduction, and communication [3] (hereafter behaviora and levels of biologicatganization.
bioacoustics; see Glossary) are useful to both non-human and human listeners by providing i’ growing capacity for behavioral bio-
formation on the behavior of diverse taxa over a range of spatiatales. For wildlife, behavioral acoustics represents a profound oppor-
bioacoustic signals provide critical social information [4] which expand the detail, accuracy, tunity to understand animal behavior
and range of how animals sense their environments [5-7], enabling more informed decision n f:ﬁ;:?:’:;iﬁﬁﬂz:ch:nn:mg ecosys”
ing in dynamic ecosystems [8,9]. For human listeners, behaviorddioacoustic signals provide

clues into how animals respond to dynamic and changing ecosystems because animals typically

first respond to changing conditions by modifying their behavior [10].

However in havior from nd is challengin nimals’ nd-pr in -
owever, decoding behavior from sound is challenging because animals’ sound-producing beMomerey Bay Aquarium Research

haviors and their context are often cryptic to direct human observation. Most passive acoustignstitute, Moss Landing, CA, USA
monitoring (PAM) studies rely on detecting the presence of species to generate ecologicial- *Bren School of Environmental Science
; [P PRrTI ; ; 11 PO f _and Management, University of
S|gh.t_through r.nor.1|tor|.ng individuapecies and guilds [11], af:oyst!c indices of C(.)m.mu.nlty COM-C i Santa Barbara, Santa Barbara,
position and biodiversity [12] (although see [13,14] for the limitations of acoustic indices as  ¢a usa
proxies for biodiversity), and whole-ecosystem soundscapes [15,16]. However, PAM systems’National Center for Ecological Analysis
TR f ; : ; PP d Synthesis, University of California

can only quantify individuals and species which are producing sound at any given point in timg1° > ' Y
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This bias in detectability based on behavioratate has often been viewed (appropriately, in an-acogperative Institute for Research in
swering certain ecologicajuestions) as a hindrance to be accounted for in downstream ecologenvironmentalSciences, University of

ical analysis, as in PAM-based density estimates [17-19]. Colorado, Boulder, CO, USA

Yet, the behavioral information inherently encoded in bioacoustic signals holds enormous poten-
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tialin and of itself. Deciphering the behaviorabntent of bioacoustic signals provides an oppor- woestreich@mbari.org
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but requires ground-truthing observations. A growing body of research is beginning to reteal Glossary
unique and meaningfulinsights to be gained from decoding behaviorabioacoustic signals by  Acoustic playback: playing recordings
linking observations from animal-borne biologging acoustic sensors to landscape and CIERUEB EEr 1D AITEL el LI elEg

le PAM observations (Fi 1. Doin | . th r of PAM to enabl in ecosystems, typically to infer either the
segscape-sca e observatio S (Figure ) oing so leve age§ e povye o o ena behavioral function of bioacoustic signals,
quiry across a broad range of spatiacales, at fine temporatesolution, and in the study of oth- evaluate animals’ behavioral responses to
erwise cryptic species and ecological phenomena [20-23]. However, this form of data integra sound sources, or to conduct acoustic

remains uncommon. ecosys.tem restor.ahon. .
Acoustic restoration: active

) ) ] o ) o restoration approach in which
Here, we aim to accelerate the emerging field of behaviobébacoustics by synthesizing recent broadcasting soundscapes or specific
advances toward gleaning detailed information about diverse animdehaviors from acoustic ~animalsounds is used to promote or
datasets. We argue that behavioral bioacoustics is poised to enable understanding of wildlife 2ccelerate recolonization of a degraded

. L . .. . . \ ecosystem. Acoustic monitoring can
havioralresponses to ecosystem variation and rapid change. Realizing this potentialequires ;55 be used to track the impact of

consideration not only of how to integrate insights across acoustic tools (e.g., biologgers and acoustic restoration.

PAM systems), ecological scales, and levels of biological organization, but also how re- Bshaviorallbioacoustics: studylof
searchers can enable the widespread, effective, and ethiealoption of behaviorabioacoustics ~ Pl0acoustic signals specifically to
. . . understand behaviorgbrocesses
in an era of rapid environmentahange. beyond presence.

Bioacoustic signal: sounds produced
Beyond presence: decoding behavior from bioacoustic signals by the behavior of organisms.

. . . . . Biologging: use of archivin
Animals use sound for an array of purposes including, but not limited to, finding food and mat . ekl Eo el
instrumentation directly attached to

defending territory, coordinating movements, and alerting others to the presence of threats.  animals to study diverse elements of
When human researchers detect these signals and understand their behaviomalirpose, they  animals’ activities and surroundings.
yield information not only on animals’ presence (effectively, 'l am here'), but also about anima Z:;Su::;‘ ;ch'“:t::rbs;:‘;tlzz ‘\’I:aa”ima's’
behavior (effectively, 'l am here, and this is what | am doing'). Studies across diverse ecosyst _ ' including micro/hydrophones,
and taxa have identified behaviorainformation transmitted via bioacoustic signals, including:  Gps loggers, accelerometers, etc.

(i) movement phase; (ii) predation; (iii) antipredation behaviosstategies; (iv) unique individual Biologging acoustic sensors:

or group acoustic signatures; (v) collective behavioral processes in animal groups; and (vi) te Passive acoustic recording via recorders

L . . . . directly attached to animals via
riality, mating, and fitness displays (Figure 2). Saleee Carfess, T e e

typically considered a distinct, animal-
Gleaning such rich behavioral information from bioacoustic signals provides a means of unde borne subset of PAM tools. Here we only
standing animals’ behavioral responses to ecosystem variation and change, sometimes at " {0 passive acoustic biologging

) instrumentation and not active acoustic

ecosystem scale. For example, endangered blue whales (Balaenoptera musculus) in the Norf ji-mentation on biologging platforms.
east Pacific Ocean produce wide-ranging, low-frequency songs that are detectable via PAM  Ecological scale: scale of ecological
over thousands of square kilometers [24]. Deployment of biologging devices on individuals ~ Processes, ranging from individual
in this population has revealed that individuals’ diel patterning of these songs encodes inform 2'9anisms to ecologicatommunities
X . R i . . . ) .. and ecosystems.
tion on their behavioral state (foraging or southward breeding migration [24]). This acoustiC Si gyjerian observations: observations
nature enables detection of population-level departure for breeding migration, which tracks  of units made from a static frame of
interannual variation in foraging habitat phenology [25]. This long-distance acoustic informatic reference as these units pass through
. . . . . . . . the fixed region of observation.
is also likely used by blue whales themselves to better time their collective migration under in- Lagrangian observations:
terannual variation and change in their vast and dynamic foraging habitat [26]. Although blue gpservations made by following
whales’ high-amplitude, low-frequency sounds enable such behavioralinsight at ecosystem individualnits as they move through
scale from a single PAM recorder, similar behavioiakights are possible for other taxa via dis- Space and time.

. Levels of biological organization:
tributed PAM networks [27]' levels at which biologicgrocesses

occur and/or are examined, here used in
The behavioratontent of bioacoustic signals can also enable study of other seasob@haviors  the context of behaviorghrocesses
under changing ecosystem phenology. For acoustic signals with known individual-lebehay- ~ "anging from individudb community or
ioralcontext, such monitoring can be conducted via PAM alone. Many taxa (e.g., frogs, fish, ir EZZZ::JE:;)MC moritoring (PAM):
sects, birds, and mammals) produce seasonacoustic choruses associated with reproductive passive recording of soundscapes via
activity, in which the mating calls of many individuals overlap and provide an acoustically disc archivaland/or streaming acoustic
able signal of population-level breeding phenology. By studying mating activity via PAM, re- ~ ecorders. PAM stands in contrast to

. . ) active acoustic tools, in which sound is
searchers have gained ecosystem-scale understanding of whether and how such chorusing
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populations shift their mating effort under shifting biophysical ecosystem conditions in space « both emitted and recorded by acoustic

. instrumentation.
28,29]. e ! _
time [28,29] Soundscape: integrated collection of

sounds occurring in a given location at a
Analysis of bioacoustic signals has provided additional insight into adaptative behavioral char given time, including human

in response to more direct anthropogenic ecosystem impacts, such as rapid urbanization. For (8nthropophony), non-human biological
. . (biophony), and geologicggeophony)

ample, study of tungara frogs (Engystomops pustulosus) has revealed that males adaptively | sounds.

duce more conspicuous bioacoustic mating signals in urbanized habitat  [30]. Behavioral

bioacoustics can further elucidate wildlife responses to changes in human activity, as in white-

crowned sparrows’ (Zonotrichia leucophrys) shifts in song characteristics under lower-noise con-

ditions during the coronavirus disease 2019 (COVID-19) pandemic shutdowns [31]. Individually

identifying behavioral information from bioacoustic signals can also enable insight into responses

to ecosystem change. For example, Indian wolves (Canis lupus pallipes) can be individually iden-

tified via unique acoustic properties of their howls. This insight allows for exploration of shifting in-

dividualand pack-levelspace use in increasingly human-dominated landscapes [32].

Detailed elements of animals’ behaviors detected via bioacoustic signals can be incorporated into
future assessments of behavioraésponse to ecosystem change. The ability to acoustically de-
tect the sounds of life and death, including predation events, antipredation strategies, and mating
(Figure 2), makes bioacoustic signals valuable for assessing novel species interactions and fitness
under changing ecosystem conditions. For example, biologging acoustic studies have docu-
mented the sounds of predation events in both marine and terrestrigdosystems [33-39]. This
enables both individual-leve(via biologging acoustics) and population-levelvia PAM) assess-
ments of predation rates under interannual ecosystem variation and directional change in ecosys-
tem conditions. Biologging acoustics have also revealed animals’ antipredation strategies at the
individuallevel[40], and detection of group and population-levekrategies is possible in diverse

taxa via PAM (e.g., alarm calls [41-47]). In turn, acoustic monitoring can play a key role in future
studies exploring whether specific antipredation strategies are adaptive or maladaptive in the
face of novelpredator—prey interactions resulting from climate-induced range shifts and species
introductions. Transfer of information via acoustic signals can also mediate collective sensing and
behavioralprocesses, including group hunting [48], group vigilance [47], and collective move-
ment decisions [26,49-53]. Collective sensing and behavior can enable animaups to make

better informed decisions in dynamic ecosystems [6,54,55]. Thus, detection and comprehension
of such collective behaviorgirocesses via bioacoustic signals can help us understand whether
and how animalgroups respond adaptively or maladaptively to ecosystem change.

Sensing and understanding behavior across levels of biological organization

Even if we can detect bioacoustic signals persistently over great spatial scales via PAM, how can
we discern the behavioratontext of these signals? If we can use biologging acoustic sensing to
understand the behavioralcontext of the acoustic signals that animals produce, how can we
scale acoustic observation of these behaviors to the population leveland ecosystem scale?

The answers to these questions lie in the integration of powerfiobls and analyticatechniques

for sensing animabehavior acoustically across levels of biologigaiganization (Figure 3).

Biologging devices equipped with acoustic recorders are increasingly deployed on animals both
on land and at sea, providing a detailed view into the lives of individar@mals and nearby con-

and heterospecifics. By integrating on-animal acoustic, inertial, and/or geolocation data streams,
studies on diverse taxa have revealed both the acoustic signatures of key behaviors

(e.g., predation events [34]) and the behavioral function of specific acoustic signals (e.g., call pat-
terns associated with collective movement [24]). Such efforts have produced exciting insights
about the behavioratontent of acoustic signals, but are stilh their infancy, with both hardware
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and software advances holding promise for uncovering a wealth of acoustically transmitted be-
havioralinformation across a great diversity of taxa.

For example, novebiologging systems allow researchers to overcome the power limitations of
multisensor platforms which include high-sampling-frequency sensors (such as acoustic re-
corders) [56] and to harness the potential of biologging devices for understanding acoustic com-
munication within animal groups [57]. Analytical advances include methods to discern
bioacoustic signals produced by focand nearby individuals [58-60], which is critidal behav-
ioralinterpretation. Further progress in theoreticahderstanding and analyticahethods are en-
abling researchers to comprehend the significance and information content of complex acoustic
sequences produced by wildlife [61]. Developments in machine learning methods for interpreting
acoustic signals alongside complex data streams from such multisensor biologging devices,
often from multiple individuals simultaneously, provide further promise for understanding the be-
havioralinformation encoded in animals’ bioacoustic signals [62,63].

Once the behavioral context of a bioacoustic signal is known, the value of detecting said signal at
broader ecologicakcales and higher levels of biologicatganization is immense for both funda-
mental and applied science, particularly in the context of behavioralresponse to ecosystem
change. Whereas biologging acoustics typically provides a Lagrangian, individual(or group)

level lens on behavior, PAM most often provides a wide-ranging, persistent, population or
community-levelperspective on behavior from an Eulerian lens (though note that some PAM
systems also move their frame of observation in space and time) (Figure 3). While the value of
PAM for remote sensing of bioacoustic signals has long been recognized and applied for species
monitoring [64], we now have a growing opportunity to integrate behavianaderstanding from
biologging acoustics with the capacity to observe at ecosystem scales via PAM. As an example,
the known acoustic signature of prey capture in sperm whales (Physeter macrocephalus) was
discovered via biologging acoustics [34] and has enabled PAM-based study of depredation

rates in the Southeast Alaskan demersal longline fishery, helping to mitigate the increased
human-wildlife conflict in this ecosystem [65].

Spatially explicit PAM systems [66] that identify the location or bearing of acoustically signaling in-
dividuals also provide valuable spatiabntext for understanding the causes and consequences

of population-levebehavior, particularly when integrated with Lagrangian tracking of individuals’
behavior via biologging acoustics [67]. Such individual-to-population insight via integration of
knowledge from biologging acoustics and PAM depends on growing capacity for automated
analysis of large PAM datasets across levels of  biological organization (Figure 3), from
individual-level identification, to species-level detectors, to the use of acoustic indices for analysis
at higher levels of biological organization. When deployed in concert, these bioacoustic hardware
and software tools provide the capacity for individual-to-ecosystem monitoring of behavior to un-
derstand changing ecosystems both on land and at sea (Figure 1).

Challenges and opportunities for realizing behavioral bioacoustics at scale
Understanding wildlife behavior at scale via bioacoustics requires overcoming logistichna-
lytical challenges, which can be addressed via interconnected immediate, short-term, and
longer-term actions (Box 1). Among these challenges is the need for infrastructure to store and

Figure 1. A vision for integrated acoustic monitoring of animabehavior in both (A) terrestriand (B) marine ecosystems Yellow rounded rectangles
represent biologging acoustic devices and blue rounded rectangles represent passive acoustic monitoring devices. Sounds emanating from various sources are
colored according to the primary acoustic devices by which they are detected.
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Behavioral information
Behavioral encoded in detected Additional
category Example taxon Bioacoustic tool(s) Ecological scale acoustic signal(s) examples
o/é\o»s Foraging vs. migratory
Movement = behavioral state, enabling
pli/7ass Individual, population inquiring into migratory [11,27, 111-116]
Bio-logging acoustics, plasticity under ecosystem
Blue whale stationary Easswe variation and change
(Balaenoptera musculus) [24] acoustics
=
®, =
Predation = Individual Suceessful & unsuccessful [34-39]
prey pursuits
Canada lynx Bio-logging acoustics
(Lynx canadensis) [33]
Vigilance, = Anti-predation vigilance in the
alarm_, & S Individual . .a.bsence of s.ounc'l from . [41-47]
anti- individuals wearing bio-logging
predation collars
Bio-logging acoustics
(Odocoileus hemionus) [40]
Unique o
individual \ Individual Ac.ou§t|'calIy-dlstlngmshable (117-127]
and group individual-level identity
identifiers . |
Indian wolf Stationary passwe
(Canis lupus pallipes) [32] acoustics
Collective
behavior & Coordinated departure from
group Group . [26,48,50-53]
decision winter roosts
processes y : ;
Jackdaw (Coloeus monedula) Stationary Passwe
acoustics
[49]
Territoriality, Male mating signals have
. Individual L
.fltness ndividual, group, adaptlv.e increased [27-29,128-130]
displays, & population conspicuousness
mating : . under rapid urbanization
> Stationary passive
Tungara frog (Engystomops -
pustulosus) [30] acoustics

HiEntlsinEcologyR:Evalliticny]

Figure 2. The diverse and detailed behaviomformation encoded in bioacoustic signalémage credits: Balaenoptera musculus by William Oestreich CC BY
2.0; Lynx canadensis public domain; Odocoileus hemionus public domain; Canis lupus pallipes by Rupal Vaidya CC BY 2.0; Coloeus monedula public domain;
Engystomops pustulosus by Brian Gratwicke CC BY 2.0. See [11,24,26-30,32-53,111-130].

access large volumes of heterogeneous data, as wadl to support flexible integration with clas-
sification algorithms. Ideally, researchers would be able to access an interactive platform
underpinned by a library of audio recordings contributed by the community from which acoustic
features, species identity, and behavioral state could be extracted. As greater volumes of
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acoustic data are continuously collected, remarkable archives of audio data have emerged
(https://www.gbif.org/dataset/b1047888-ae52-4179-9dd5-5448ea342a24) [68-70]. However,
these archives remain relatively siloed, despite growing interest from the research community

to create more comprehensive platforms for sharing [71-73], which would be critical to identifying
behavioralstates as wellas species occurrences.

Moving beyond archiving, the bioacoustics research community has begun to develop integrated
platforms to support species identification (see [70,74,75] as early examples), but has yet to incor-
porate behavioral classification. As automated approaches for identifying both species and behav-
ioral state rapidly evolve, it wilbe criticalto create flexible platforms which can incorporate new
techniques as they emerge. While these (often artifidrélligence; Al) methods are applied to a
greater diversity of taxa, sounds, and behaviors, it will also be crucial to correct for systematic errors
and biases that arise and which can influence ecologicérence. Behaviors extracted from raw

audio recordings would constitute a data set in their own right, which could be shared with others
for further applications including integration with other data types for generating ecoliogighit.

While a platform for sharing data, developing methods, and enabling ecological insights is a grand vi-
sion, severalelements to support the necessary infrastructure are already emerging within the

Equipment

[}
@ B Individual-level
o g signature detection signature
c
8 ‘
] 5 i
S 5
€
[}
£
k=3
3
o
w
) 8
c ] Individual-level Group-level Species-speci
K7 Ko signature detection signature detection detectors & clas:
= =
°
2 5
% £ On-animal acoustic sensors,
E, = q = < on-animal accelerometers
g = Biologging =
- S O (on-animal)
-~ acoustics ﬁ Tagged animal signal ~ Nearby conspecific
£ detection (SNR, signal detection (SNR, Nearby heterospecific signal detection
2 accelerometry) accelerometry)
Individual Group Population Guild Community

llEendsinEcologyEva/ilitiom
Figure 3. Sensing acoustic behavior across levels of biologicabanization.Four major categories of tools for sensing bioacoustic signals provide insight into
animalbehavior across levels of biologicabrganization (horizontahxis). Darker shading indicates the primary levels at which each tdslapplied. Biologging acoustics
and mobile passive acoustics provide a Lagrangian lens on behavior, whereas spatially explicit and omnidirectionatationary passive acoustics provide an Eulerian
lens. For each category, analyticaland signal processing methods and equipment are typically associated with detecting behaviors at specific levels of biological
organization. Abbreviation: SNR, signal-to-noise ratio.
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bioacoustics world. There is recognition of the need for standardized data models for acoustic data,
such as Tethys [76], which could be extended to include behagiassification. A handfof pow-

erful open-source tools for extracting ecologically meaningfulnformation (https://github.com/
lifewatch/pypam) [77-79] or species-levidentification [75,80] for a growing list of taxa (thanks

to advances in deep learning [79]) have been highly successfuin empowering analysis from

a wide range of users and could serve as the foundation for identifying and classifying acoustic
behaviors.

Valuable logisticalessons could be learned from other ecologicaknsing communities. Image-
based approaches face similar challenges in deploying algorithmic identification of ecologically

Box 1. Operationalizing behaviordlioacoustics at scale: next steps

Realizing the potentiabf behavioralbioacoustics for advancing behavioraécology, understanding wildlife responses to
ecosystem change, and enacting effective and equitable management requires coordinated efforts in the bioacoustics
research community. Here we provide a nonexhaustive list of key next steps—across timescales and both analytical
and logistical—that wilaccelerate the study of behaviorabioacoustics.

Immediate

* Researchers can publicly share new passive acoustic recordings, biologging data, and analysis work flows to enhance
methods development, reproducibility, and reuse of datasets for multiple taxa, ecological questions, and management
applications. This includes back catalogs of older PAM and biologging datasets.

* Many existing bioacoustic datasets have been analyzed for presence of particular sound sources, but can be
reanalyzed for insights about behavior.

Short to medium term

< Although existing repositories [70] already support automated detection of species alongside data storage and sharing
capabilities, such platforms could also provide capacity to include and/or detect behaviocahntext.

« The bioacoustics community can learn from and collaborate with other disciplines (e.g., other ecologidiciplines,
genomics, and geosciences) to avoid common logisticaitfalls and accelerate organization.

* The bioacoustics community can learn from and collaborate with other disciplines (e.g., Al and linguistics) to accelerate
discovery of the behavioratontext and function of bioacoustic signals.

* Researchers can build software packages to not only synchronize data streams from biologging devices deployed
simultaneously on multiple individuals, but also to synchronize with other behaviorabioacoustic tools (e.g., PAM)
and other key sensors providing conspecific, heterospecific, or ecosystem context.

« The bioacoustics community can provide training opportunities to promote equity and efficacy in opportunities to
make behavioralbioacoustics discoveries. This could mirror training opportunities provided in adjacent disciplines
(e.g., Animove, Bioacoustic Summer School, Computer Vision for Ecology Workshop).

» More broadly, researchers working in this space can foster greater collaboration across the core disciplines
intersecting within behaviorabioacoustics: behavioralecology, acoustics, biologging, movement ecology, Al, data
science, and resource management.

Long term

In the long term, the actions described earlier can contribute to moving the study of behavioral bioacoustics toward a plat-
form that allows for:

« multiple linked and synchronized bioacoustic data streams

« automated species detection

« automated behavioradetection

« methods development for animasounds with unknown behavioratontext
« removalof human sounds

* public sharing or private collaboration with community partners

And which is interoperable with other ecologicand environmentaldata sharing, analysis, and integration platforms and
tools; for example:

« Animalmovement data [100]
« Ecosystem remote sensing data [83]
« Camera trapping data [81]
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relevant information from complex data streams. Wildlife Insights supports camera trap studies
by providing Al-generated species identification, built-in statisticainalyses, and encouraging

data sharing [81]. The development of this platform is particularly relevant for the bioacoustics
community given that many bioacoustic analysis techniques also image-based, making use of vi-
sual representations of sound [75]. Arbimon [70] represents a similar platform for the bioacoustics
community, and could continue advancing behavioral bioacoustics research by enabling integra-
tion of PAM and biologging acoustics, as wedk linking to other criticatlata streams for behav-
ioralcontext (Box 1). Similarly, there are likely lessons to be learned from how the Geosciences
have coped with the rapid explosion of remote sensing data, including the development of
searchable metadata for data discovery [82] and open-source software ecosystems to support
analysis [83]. Like the technicahallenges discussed earlier, many of the ethicansiderations

of operationalizing bioacoustics at scale parallether remote sensing technologies (Box 2).

Behavioral bioacoustics for ecosystem stewardship

Integrating animabehavior into the conservation decision-making process has proven benefits
[84]; including this type of information provides a deeper understanding of biotic interactions

and potentially more robust predictors of risk in a changing world [85]. For example, acoustic
monitoring after translocation via both biologging acoustics [86] and PAM [87] can assist in
assessing behaviorahddaptation and the success of this conservation action. Using real-time or
near real-time acoustic detection of behavior to adaptively manage a habitat, species of concern,
or protected area remains a developing field [88], and applications are needed to support emerg-
ing resource management needs such as climate-smart fisheries [89] and sustainable offshore
wind development [64]. With the rapid growth in big data solutions for data management, pro-
cessing, and sharing, behavioradbioacoustics may emerge as a key todbr informing resource
management decisions and dynamic management approaches. Behaviorabioacoustics via

Box 2. Engaging with ethicathallenges and opportunities

Behavioralbioacoustics is poised to advance our understanding of animals’ behaviore#sponses to changing ecosys-

tems, yet there are a number of ethicabnsiderations when implementing these monitoring technologies at scale. These
considerations parallebther ecosystem monitoring technologies. For example, the analysis of environmerBNA sam-

ples has raised concerns about misuse of human genetic information captured in these samples [ 101]. Similar concerns
arise in capturing images of people on camera traps [102]. When detecting non-human activity and behavior through
acoustic monitoring we also, intentionally or inadvertently, detect human activities. This raises privacy concerns in the

use (or misuse) of bioacoustic data, which can be ameliorated at least in part via automated detection and anonymization
of human voices [103]. In some cases, detecting human activity may help to understand the behavioral changes of species
in response to anthropogenic pressures. For example, PAM has been used to understand both shifts in human behavior
[31,104] and the behavioral responses of wildlife to such shifts [31,105]. However, detecting human activities also has im-
plications for policing naturatesources and their use. For example, acoustic monitoring is used to detect illegafores-

tation [106], fishing [107], and poaching [108].

Data infrastructures themselves also raise ethical challenges. The computatiarfedstructures needed to store and pro-
cess bioacoustic data are reliant on mineramining and fossilfuel industries with large environmentalmpacts. Further,
large computationaldemands and data storage needs risk consolidating data ownership and processing capacity exclu-
sively within technology corporations with sufficient resources.

Many of these challenges are also being confronted by other societal domains (e.g., policing, healthcare, and finance). Re-
moving individually identifying data [103], ensuring community consent for the use of these technologies, and engaging
with communities to define the scope of data use [109] and codes of conduct [102] will be critical in order to realize behav-
ioralbioacoustics’ potentialin an ethicalmanner.

Beyond anthropocentric considerations, we must also confront wildlife-centric ethiagliandaries in conducting and ap-
plying behaviorabioacoustics research. Biologging devices can negatively impact the individuals bearing these sensors
[110]. In using biologging devices, we must carefully consider necessary sample sizes and whether less-invasive methods
of discerning the behaviorakontext of acoustic signals are feasible. As the insights gained from behavioraloacoustic
studies are applied to ecosystem management, it will also be crutiatonsider when, where, and how it is ethical to ma-
nipulate animals’ behaviors via acoustic playbacks [98].
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PAM represents a particularly appealing means of monitoring ecosystems due to its relatively Qutstanding questions

noninvasive nature.

Behavioral bioacoustics can also be applied in the acoustic restoration of ecosystems. As ecc
systems face rapid change and multifaceted threats, more active approaches to managemen
and restoration such as acoustic playbacks are emerging [90,91]. Acoustic playbacks of con-

specifics or heterospecifics can be used to attract

for managing animals’ distribution and behavior [95,96]. Returning the behavioralunction of
sound back into degraded habitats (e.g., playbacks of biologicunds) can help kickstart res-

toration of ecosystems [90]. In practicing acoustic

tential restoration sites to mitigate threats (e.g., climate impacts, invasive species) and improv
success [97], address ethicatonsiderations [98] (Box 2), and promote just, community-led res

toration programs [99].

Concluding remarks and future directions

We live in an exciting time for the study of behavidrialacoustics. Researchers are beginning to
decode the rich behavioral content of bioacoustic signals by integrating acoustic sensing tech
ogies. Growing computational infrastructure is enabling monitoring of behavior via bioacoustic
scale, which can support active stewardship of ecosystems. Still, significant theoretical, analy
cal, logistical, and ethical challenges remain (see Outstanding questions). These recent adva
are concurrent with widespread human-induced rapid environmentziange, underscoring the

urgency of answering these outstanding questions. By listening to animalbehavior, we now

To what extent do bioacoustic
signals revealadaptive or maladaptive
behavioral responses to ecosystem
change?

How do animals use the behavioral
content of bioacoustic signals from
both conspecifics and heterospecifics
to make choices in the face of
ecosystem variation and change?

animals [92-94], and represent a growing t:

restoration, we must also carefully assess |

How can advances in Al (e.g., large
language models, natural language
processing, transformers, etc.) be ap-
plied to discern behaviorainformation
from biologging and PAM data?

Can we integrate behavioral bioacoustics
and ecoacoustics to discern ecosystem-
levelacoustic behavior-scapes and their
variation through time? As discussed in
this article, behaviorabioacoustics en-
able tracking of populations’ behaviors
across landscapes and seascapes; sim-
ilarly, tracking community-levedhifts in
behavior at ecosystem scale may be
possible.

have the capacity to understand the behaviorabntext and function of animasounds. This un-

derstanding creates an opportunity for landscape-scale understanding of animals’ behavioral
sponses in rapidly changing ecosystems and enhances our capacity to implement solutions f

ecologicalrestoration.

Acknowledgments

W.K.O. was supported by a postdoctoralfellowship from the David and Lucile Packard Foundation through the Monterey
Bay Aquarium Research Institute. R.Y.O. was partially supported by the Kuni Endowed Junior Faculty Fellowship at the E

School of EnvironmentalScience and Management.

Declaration of interests
No interests are declared.

References

1. Carson, R. (1962) Silent Spring, Houghton Mifflin

. Cousteau, J.Y. and Dumas, F. (1953) The Silent World, Harper
& Brother Publishers 1.

. Krause, B.L. (2012) The Great Animal Orchestra: Finding the Origins
of Music in the World’s Wild Places, Hachette Book Group 12.

. Mathevon, N. (2023) The Voices of Nature: How and Why Animals
Communicate, Princeton University Press

. Mukhin, A. et al. (2008) Acoustic information as a distant cue for 13.
habitat recognition by nocturnally migrating passerines during
landfall. Behav. Ecol. 19, 716-723

. Berdahl, A. et al. (2013) Emergent sensing of complex environ-
ments by mobile animafroups. Science 339, 574-576

. Page, R.A. and Bernal, X.E. (2020 he challenge of detecting
prey: private and social information use in predatory bats.
Funct. Ecol. 34, 344-363

. Fagan, W.F. et al. (2017) Perceptual ranges, information gather-
ing, and foraging success in dynamic landscapes. Am. Nat.
189, 474-489

. Martinez-Garcia, R. et al. (2013Dptimizing the search for re-
sources by sharing information: Mongolian gazelles as a case
study. Phys. Rev. Lett. 110, 248106

10.

N

w

o

(o2}

14.

~

15.

16.

©

17.

©

18.

970  Trends in Ecology & Evolution, October 2024, Vol. 39, No. 10

What does ethicalacoustic monitoring
and data sharing look like when human
behavior is detected or detectable?

Can behavioral understanding of
bioacoustic signals be used to facilitate
behavioral adaptation to ecosystem
change (e.g., re-introductions, relearning
of lost migrations, etc.)?

How can bioacoustic signals and their
behavioral connections be shared
with and collectively experienced by
human communities to advance
community-led solutions for biodiver-
sity conservation?

Wong, B.B. and Candolin, U. (2015)Behavioralresponses to

changing environments. Behav. Ecol. 26, 665-673

Van Doren, B.M. et al. (2023) Automated acoustic monitoring cap-

tures timing and intensity of bird migration. J. Appl. Ecol. 60, 433-444

Buxton, R.T. et al. (2018) Efficacy of extracting indices from

large-scale acoustic recordings to monitor biodiversity.

Conserv. Biol. 32, 1174-1184

Bradfer-Lawrence, T. et al. (2019) Guidelines for the use of

acoustic indices in environmental research. Methods Ecol.

Evol. 10, 1796-1807

Alcocer, |. et al. (2022) Acoustic indices as proxies for biodiver-

sity: a meta-analysis. Biol. Rev. 97, 2209-2236

Pijanowski, B.C. et al. (2011) Soundscape ecology: the science

of sound in the landscape. BioScience 61, 203-216

Sueur, J. et al. (2019) Climate change is breaking earth’s beat.

Trends Ecol. Evol. 34, 971-973

Marques, T.A. et al. (2013) Estimating anirpapulation density

using passive acoustics. Biol. Rev. 88, 287-309

Macaulay, J.D.J. et al. (2023)mplications of porpoise echolo-

cation and dive behaviour on passive acoustic monitoring.

J. Acoust. Soc. Am. 154, 1982-1995



Trends in Ecology & Evolution

. Warren, V.E. et al. (2017) Spatio-temporeriation in click pro- 45
duction rates of beaked whales: Implications for passive acous-

tic density estimation. J. Acoust. Soc. Am. 141, 1962-1974 46
Blumstein, D.T. et al. (2011) Acoustic monitoring in terrestrial envi-
ronments using microphone arrays: applications, technological
considerations and prospectus. J. Appl. Ecol. 48, 758-767
Sugai, L.S.M. et al. (2019) Terrestripassive acoustic monitor-
ing: review and perspectives. BioScience 69, 15-25

Ross, S.R.J. et al. (2023) Passive acoustic monitoring provides

20.

21.

22.

a fresh perspective on fundamental ecological questions. Funct. 49.

Ecol. 37, 959-975

Wood, C.M. et al. (2021) Using the ecological significance of an-
imal vocalizations to improve inference in acoustic monitoring
programs. Conserv. Biol. 35, 336-345

Oestreich, W.K. et al. (2020) Animal-borne metrics enable acous-

23.

24.

tic detection of blue whale migration. Curr. Biol. 30, 4773-4779 51.

25. Oestreich, W.K. et al. (2022) Acoustic signature reveals blue
whales tune life-history transitions to oceanographic conditions.
Funct. Ecol. 36, 882-895

26 Dods on, S. et al. (2024) Long-distance communication can en-
able collective migration in a dynamic seascape. Sci. Rep. 14,
14857

Oliver, R.Y. et al. (2018) Eavesdropping on the Arctic: auto-
mated bioacoustics reveatlynamics in songbird breeding phe-
nology. Sci. Adv. 4, eaaq1084

Larsen, A.S. et al. (2021) Monitoring the phenology of the wood
frog breeding season using bioacoustic methods. Ecol. Indic.
131, 108142

Luczkovich, J.J. et al. (2008) Passive acoustics as a toofish-
eries science. Trans. Am. Fish. Soc. 137, 53341

Halfwerk, W. et al. (2019) Adaptive changes in sexs#nalling

in response to urbanization. Nat. Ecol. Evol. 3, 374-380
Derryberry, E.P. et al. (2020) Singing in a silent spring: Birds re-
spond to a half-century soundscape reversion during the
COVID-19 shutdown. Science 370, 575-579

Sadhukhan, S. et al. (2021) Identifying unknown Indian wolves
by their distinctive howls: its potentiahs a non-invasive survey
method. Sci. Rep. 11, 7309

Studd, E.K. et al. (2021) The purr-fect catch: using accelerom-
eters and audio recorders to document kill rates and hunting
behaviour of a small prey specialist. Methods Ecol. Evol. 12,
1277-1287

Miller, P.J. et al. (2004)Sperm whale behaviour indicates the
use of echolocation click buzzes ‘creaks’ in prey capture.
Proc. R. Soc. B Biol. Sci. 271, 2239-2247

Griffin, D.R. et al. (1960)The echolocation offlying insects by
bats. Anim. Behav. 8, 141-154

Holt, M.M. et al. (2019) Sounds associated with foraging and
prey capture in individual fish-eating killer whales, Orcinus
orca. J. Acoust. Soc. Am. 146, 3475-3486

Ajemian, M.J. et al. (2021) Capturing shell-crushing by large
mobile predators using passive acoustics technology. J. Exp.
Mar. Biol. Ecol. 535, 151497

DeRuiter, S.L. et al. (2009) Acoustic behaviour
echolocating porpoises during prey capture. J. Exp. Biol.
212,3100-3107

Johnson, M. et al. (2009)Studying the behaviour and sensory
ecology of marine mammals using acoustic recording tags: a
review. Mar. Ecol. Prog. Ser. 395, 55-73

Lynch, E. et al. (2015) Landscape and anthropogenic features
influence the use of auditory vigilance by mule deer. Behav.
Ecol. 26, 75-82

Patek, S.N. et al. (2009) The acoustics and acoustic behavior of
the California spiny lobster (Panulirus interruptus). J. Acoust.
Soc. Am. 125, 3434-3443

Sakiyama, T. and Garcia Molinos, J. (2023) Efficacy of adeal
tection methods for detecting Northern Pika (Ochotona
hyperborea)occupancy in rocky and densely vegetated habi-
tats. J. Mammal. 104, 1124-1132

Slobodchikoff, C.N. and Placer, J. (2006) Acoustic structures in
the alarm calls of Gunnison’s prairie dogs. J. Acoust. Soc. Am.
119, 3153-3160

McDonald, P.G. et al. (2022)Using referentiablarm signals to
remotely quantify ‘landscapes of fear’ in fragmented woodland.
Bioacoustics 31, 629-645

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

of

39.

40.

41.

42.

43.

44.

47.

48.

50.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

¢ CellPress
OPEN ACCESS

. Ladich, F. (2022) Shut up or shout loudly: predation threat and
sound production in fishes. Fish Fish. 23, 227-238

. Manser, M.B. (2001) The acoustic structure of suricates' alarm

calls varies with predator type and the level of response ur-

gency. Proc. R. Soc. B Biol. Sci. 268, 2315-2324

Blumstein, D.T. (2007) The evolution, function, and meaning of

marmot alarm communication. Adv. Study Behav. 37, 371-401

Mine, J.G. et al. (2022) Vocsignals facilitate cooperative hunt-

ing in wild chimpanzees. Sci. Adv. 8, eabo5553

Dibnah, A.J. et al. (2022) Vocally mediated consensus decisions

govern mass departures from jackdaw roosts. Curr. Biol.32,

R455-R456

Bousquet, C.A. et al. (2011) Moving calls: a vocainechanism

underlying quorum decisions in cohesive groups. Proc. R.

Soc. B Biol. Sci. 278, 1482-1488

Sperber, A.L. et al. (2017) Grunt to go — vocatoordination of

group movements in redfronted lemurs. Ethology 123,

894-905

Cobb, B. (2022) Factors affecting follower responses to move-

ment calls in cooperatively breeding dwarfnongooses. Anim.

Behav. 192, 159-169

Walker, R.H. et al. (2017)Sneeze to leave: African wild dogs

(Lycaon pictus)use variable quorum thresholds facilitated by

sneezes in collective decisions. Proc. R. Soc. B Biol. Sci. 284,

20170347

. Berdahl, A.M. et al. (2018) Collective animaévigation and mi-

gratory culture: from theoreticamodels to empiricalevidence.

Philos. Trans. R. Soc. B. Biol. Sci. 373, 20170009

Oestreich, W.K. et al. (2022) The influence of social cues on

timing of animalmigrations. Nat. Ecol. Evol. 6, 1617-1625

Rafiq, K. et al. (2023) SensorDrop: a system to remotely detach

individual sensors from wildlife tracking collars. Ecol. Evol.,

10220

Demartsev, V. et al. (2023) Signalling in groups: New tools for

the integration of animalcommunication and collective move-

ment. Methods Ecol. Evol. 14, 1852-1863

Goldbogen, J.A. et al. (2014)Using accelerometers to deter-

mine the calling behavior of tagged baleen whales. J. Exp.

Biol. 217, 2449-2455

Stimpert, A.K. et al. (2020) Variations in received levels on a sound

and movement tag on a singing humpback whale: Implications for

caller identification. J. Acoust. Soc. Af#7, 3684-3690

Eisenring, E. et al. (2022)Quantifying song behavior in a free-

living, light-weight, mobile bird using accelerometers. Ecol.

Evol. 12, e8446

Kershenbaum, A. (2016) Acoustic sequences in non-human

animals: a tutoriateview and prospectus. Biol. Rev. 91, 13-52

Rutz, C. et al. (2023) Using machine learning to decode animal

communication. Science 381, 152-155

Couzin, 1.D. and Heins, C. (2023) Emerging technologies for be-

havioralresearch in changing environments. Trends Ecol. Evol.

38, 346-354

Van Parijs, S.M. et al. (2023) Establishing baselines for

predicting change in ambient sound metrics, marine mammal,

and vesseloccurrence within a US offshore wind energy area.

ICES J. Mar. Sci., fsad148

Thode, A. et al. (2015) Cues, creaks, and decoys: using passive

acoustic monitoring as a tooffor studying sperm whale depre-

dation. ICES J. Mar. Sci. 72, 1621-1636

Mennill, D.J. et al. (2012)Field test of an affordable, portable,

wireless microphone array for spatietonitoring of animakcol-

ogy and behaviour. Methods Ecol. Evol. 3, 704-712

Ryan, J.P. et al. (2022)Oceanic giants dance to atmospheric

rhythms: ephemeral wind-driven resource tracking by blue

whales. Ecol. Lett. 25, 2435-2447

Budney, G. et al. (2014) Transitioning the largest archive of an-

imal sounds from analogue to digital. J. Dig. Media Manag. 2,

212-220

Wall, C.C. et al. (2021) The next wave of passive acoustic data

management: how centralized access can enhance science.

Front. Mar. Sci. 8, 703682

Aide, T.M. et al. (2013)Real-time bioacoustics monitoring and

automated species identification. PeerJ 1, e103

Parsons, M.J. et al(2022) Sounding the calfor a globallibrary

of underwater biologicakounds. Front. Ecol. Evol. 10, 39

Trends in Ecology & Evolution, October 2024, Vol. 39, No. 10 971



¢? CellPress
OPEN ACCESS

72. Roe, P. et al. (2021) The Australian acoustic observatory.
Methods Ecol. Evol. 12, 1802-1808

Darras, K.F. et al. (2020) ecoSound-web: an open-source, on-
line platform for ecoacoustics. F1000Research 9, 1224

Baker, E. et al. (2015) BioAcoustica: a free and open repository

and analysis platform for bioacoustics. Database 2015, bav054

73.
74.

75.
diversity monitoring. Ecol. Inform. 61, 101236

Roch, M.A. et al. (2016) Management of acoustic metadata for
bioacoustics. Ecol. Inform. 31, 122-136

Merchant, N.D. et al. (2015) Measuring acoustic habitats.
Methods Ecol. Evol. 6, 257-265

Ulloa, J.S. et al. (2021) scikit-maad: an open-source and mod-
ular toolbox for quantitative soundscape analysis in Python.
Methods Ecol. Evol. 12, 2334-2340

Stowell, D. (2022) Computationdlioacoustics with deep learn-
ing: a review and roadmap. PeerJ 10, 13152

Lapp, S. et al. (2023)OpenSoundscape: an open-source bio-
acoustics analysis package for Python. Methods Ecol. Evol.

14, 2321-2328

Ahumada, J.A. et al. (2020) Wildlife insights: a platform to max-
imize the potential of camera trap and other passive sensor
wildlife data for the planet. Environ. Conserv. 47, 1-6

Simoes, R. et al. (2021) Rstac: An R Package to Access Spatio-
temporalAsset Catalog Satellite Imagery. In IEEE International
Geoscience and Remote Sensing Symposium IGARSS,

pp. 7674-7677

Abernathey, R.P. et al. (2021) Cloud-native repositories for big
scientific data. Comput. Sci. Eng. 23, 26-35

Greggor, A.L. et al. (2016)Research priorities from animabe-
haviour for maximising conservation progress. Trends Ecol.
Evol. 31, 953-964

Marske, K.A. et al. (2023) Integrating biogeography and behav-
ioral ecology to rapidly address biodiversity loss. Proc. Natl.
Acad. Sci. U. S. A. 120, 2110866120

Yan, X. et al. (2019) Acoustic recordings provide detailed infor-
mation regarding the behavior of cryptic wildlife to support con-
servation translocations. Sci. Rep. 9, 5172

Metcalf, O.C. et al. (2019) A novel method for using
ecoacoustics to monitor post-translocation behaviour in an en-
dangered passerine. Methods Ecol. Evol. 10, 626-636

Van Parijs, S.M. et al. (2009) Management and research appli-
cations of real-time and archivgbassive acoustic sensors over
varying temporal and spatial scales. Mar. Ecol. Prog. Ser.
395, 21-36

Mason, J.G. et al. (2023) Linking knowledge and action for cli-
mate-ready fisheries: emerging best practices across the US.
Mar. Policy 155, 105758

Williams, B.R. et al. (2021) Repairing recruitment processes
with sound technology to accelerate habitat restoration. Ecol.
Appl. 31, 02386

Znidersic, E. and Watson, D.M. (2022) Acoustic restoration:
using soundscapes to benchmark and fast-track recovery of
ecologicalcommunities. Ecol. Lett. 25, 1597-1603

James, M.S. et al. (2015) Investigating behaviour for conserva-
tion goals: conspecific callplayback can be used to alter am-
phibian distributions within ponds. Biol. Conserv. 192, 287-293
Buxton, R.T. and Jones, I.L. (2012)An experimentalstudy of
social attraction in two species of storm-petrel by acoustic
and olfactory cues. Condor 114, 733-743

Lehnardt, Y. and Sapir, N. (2024)Redistribution of songbirds
within a migratory stopover site as a response to sylviid warbler
song playback. Ibis, Published online May 16, 2024. https://
doi.org/10.1111/ibi.13330

Putman, B.J. and Blumstein, D.T. (2019) What is the effective-
ness of using conspecifi or heterospecific acoustic playbacks
for the attraction of animals for wildlife management? A system-
atic review protocol. Environ. Evid. 8, 8

Buxton, V.L. et al. (2020) A review of conspecific attraction for
habitat selection across taxa. Ecol. Evol. 10, 12690-12699
Spatz, D.R. et al. (2023) Tracking the globapplication of con-
servation translocation and sociahttraction to reverse seabird
declines. Proc. Natl. Acad. Sci. U. S. A. 120, 2214574120
Watson, D.M. et al. (2019) Ethical birding call playback and con-
servation. Conserv. Biol. 33, 469-471

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

972  Trends in Ecology & Evolution, October 2024, Vol. 39, No. 10

99.

100.

Kahl, S. et al. (2021) BirdNET: A deep learning solution for aviar01.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11

o

112.

113.

114.

115.

116.

17.

118.

119.

120.

121.

122.

Trends in

Elias, M. et al. (2022) Ten people-centered rules for socially
sustainable ecosystem restoration. Restor. Ecol. 30,
e13574

Kays, R. et al. (2022) The Movebank system for studying global
animal movement and demography. Methods Ecol. Evol. 13,
419-431

Doi, H. and Kelly, R.P. (2023) Ethical considerations for
human sequences in environmentalDNA. Nat. Ecol. Evol. 7,
1334-1335

Sharma, K. et al. (2020) Conservation and people: towards an
ethical code of conduct for the use of camera traps in wildlife re-
search. Ecol. Sol. Evid. 1, €12033

Cretois, B. et al. (2022) Voice activity detection in eco-acoustic
data enables privacy protection and is a proxy for human distur-
bance. Methods Ecol. Evol. 13, 2865-2874

Ryan, J.P. et al. (2021) Reduction of low-frequency vesssse

in Monterey Bay NationaMarine Sanctuary during the COVID-
19 pandemic. Front. Mar. Sci., Published online June 2,
2021. https://doi.org/10.3389/fmars.2021.656566

Kleist, N.J. et al. (2016) Anthropogenic noise weakens territorial
response to intruder's songs. Ecosphere 7, e01259

Mporas, |. et al. (2020) lllegal logging detection based on
acoustic surveillance of forest. Appl. Scil0, 7379

Kline, L.R. et al. (2020)Sleuthing with sound: Understanding
vesselactivity in marine protected areas using passive acoustic
monitoring. Mar. Policy 120, 104138

Pardo, J.M. et al. (2022) Predicting poaching hotspots in the
largest remnant of the Atlantic Forest by combining passive
acoustic monitoring and occupancy models. Biol. Conserv.
272, 109600

Longdon, J. (2023) Visualising forest sound: justice-led
ecoacoustic data interaction. In Extended Abstracts of the 2023
CHI Conference on Human Factors in Computing Systems
(507), pp. 1-5

Soulsbury, C. et al. (2020)The welfare and ethics of research
involving wild animals: A primer. Methods Ecol. Evol. 11,
1164-1181

. Studd, E.K. et al. (2019)Use of acceleration and acoustics to

classify behavior, generate time budgets, and evaluate re-
sponses to moonlight in free-ranging snowshoe hares. Front.
Ecol. Evol. 7, 154

Hurme, E. et al. (2019) Acoustic evaluation of behaviostdtes
predicted from GPS tracking: a case study of a marine fishing
bat. Mov. Ecol. 7, 21

Coquereau, L. et al. Acoustic behaviours of large crustaceans in
NE Atlantic coastahabitats. Aquat. Biol. 25, 151-163.

Thiebault, A. et al. (2021) Animal-borne acoustic data alone can
provide high accuracy classification of activity budgets. Anim.
Biotelem. 9, 16

Szesciorka, A.R. and Stafford, K.M. (2023) Sea ice directs
changes in bowhead whale phenology through the Bering
Strait. Mov. Ecol. 11, 8

Sanders, C.E. and Mennill, D.J. (2014Acoustic monitoring of
nocturnally migrating birds accurately assesses the timing and
magnitude of migration through the Great Lakes. Ornithol.
Appl. 116, 371-383

Clink, D.J. and Klinck, H. (2021) Unsupervised acoustic clas-
sification of individualgibbon females and the implications for
passive acoustic monitoring. Methods Ecol. Evol. 12,
328-341

Janik, V.M. et al. (2006) Signature whistle shape conveys iden-
tity information to bottlenose dolphins. Proc. Natl. Acad. Sci.

U. S. A. 103, 8293-8297

Sayigh, L.S. et al. (2022) The Sarasota dolphin whistle data-
base: a unique long-term resource for understanding dolphin
communication. Front. Mar. Sci. 9, 923046

Pardo, M.A. et al. (2024) African elephants address one another
with individually specific calls. Nat. Ecol. EvdPublished online
June 10, 2024. https://doi.org/10.1101/2023.08.25.554872
Lehmann, K.D. et al. (2022) Long-distance vocalizations of
spotted hyenas contain individual, but not group, signatures.
Proc. R. Soc. B Biol. Sci. 289, 20220548

Mathevon, N. et al. (2010) What the hyena's laugh tells: sex,
age, dominance and individuakignature in the giggling calbf
Crocuta crocuta. BMC Ecol. 10, 9

Ecology & Evolution



Trends in Ecology & Evolution ¢? CellPress
OPEN ACCESS

123. Favaro, L. et al. (2017) Acoustic correlates of body size and in- 127. Levréro, F. and Mathevon, N. (2013) Vocalgnature in wild in-

dividualidentity in banded penguins. PLoS One 12, e0170001 fant chimpanzees. Am. J. Primatol. 75, 324-332

124. Blumstein, D.T. and Munos, O. (2005) Individual, age and sex- 128. Mann, D.A. and Lobel, P.S. (1995) Passive acoustic detection
specific information is contained in yellow-bellied marmot of sounds produced by the damselfish, Dascyllus albisella
alarm calls. Anim. Behav. 69, 353-361 (Pomacentridae). Bioacoustics 6, 199-213

125. Mumm, C.A. and Kndrnschild, M. (2017)  Territorial cho- 129. Szymanski, P. et al. (2021)Passive acoustic monitoring gives
ruses of giant otter groups (Pteronura brasiliensis) encode new insight into year-round duetting behaviour of a tropical
information on group identity. PLoS One 12, e0185733 songbird. Ecol. Indic. 122, 107271

126. Gero, S. et al. (2016) Individual, unit and vocal clan level 130. Calsbeek, R. et al. (2022) Individuzbntributions to group cho-
identity cues in sperm whale codas. R. Soc. Open Sci. 3, rus dynamics influence access to mating opportunities in wood
150372 frogs. Ecol. Lett. 25, 1401-1409

Trends in Ecology & Evolution, October 2024, Vol. 39, No. 10 973



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13

