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Abstract
Many studies have revealed that animal vocalizations, including those from mammals, are individually distinctive. Therefore, 
acoustic identification of individuals (AIID) has been repeatedly suggested as a non-invasive and labor efficient alternative 
to mark-recapture identification methods. We present a pipeline of steps for successful AIID in a given species. By conduct-
ing such work, we will also improve our understanding of identity signals in general. Strong and stable acoustic signatures 
are necessary for successful AIID. We reviewed studies of individual variation in mammalian vocalizations as well as pilot 
studies using acoustic identification to census mammals and birds. We found the greatest potential for AIID (characterized 
by strong and stable acoustic signatures) was in Cetacea and Primates (including humans). In species with weaker acoustic 
signatures, AIID could still be a valuable tool once its limitations are fully acknowledged. A major obstacle for widespread 
utilization of AIID is the absence of tools integrating all AIID subtasks within a single package. Automation of AIID could 
be achieved with the use of advanced machine learning techniques inspired by those used in human speaker recognition or 
tailored to specific challenges of animal AIID. Unfortunately, further progress in this area is currently hindered by the lack 
of appropriate publicly available datasets. However, we believe that after overcoming the issues outlined above, AIID can 
quickly become a widespread and valuable tool in field research and conservation of mammals and other animals.
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Introduction

For many studies, it is important to be able to identify indi-
vidual animals, because by doing so, we can gain detailed 
insights about their ecology and behavior. Animals them-
selves often need to recognize conspecifics individually as 
well. Such individual recognition is a necessary requirement 
for complex social interactions and we see it being used 
in a variety of contexts including territorial behavior, par-
ent–offspring interactions, mate choice, the allocation of 
potentially altruistic behavior, etc. For wildlife conserva-
tionists, knowledge of individual identity can be used to help 
calculate precise population estimates (which are essential 
to provide robust estimates of population sustainability), to 
collect data about survival (which can be used to estimate 
trends and identify causes of mortality), and to quantify indi-
vidual movement (which represents ranging and resource 
use). Thus, for all these reasons, identifying individuals and 
following their fate and behavior may assist in the conserva-
tion and management of species and populations (Terry et al. 
2005; Pimm et al. 2015).
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Among free-ranging mammals, a certain proportion of 
individuals are visually distinctive and can be identified 
based solely on morphological characteristics (e.g., Wu ̈rsig 
and Wu ̈rsig 1977; Karanth and Nichols 1998) and success-
fully re-identified across years (Karczmarski et al. 2022a, 
b). In other cases, however, physical marking of individuals 
is needed and has traditionally been achieved by capturing 
and marking them with tags, radio tags, rings, pelage marks, 
PIT tags, etc. Marking facilitates the ability to identify indi-
viduals over time, either when re-sighted or re-captured. 
However, field techniques that involve physical capture of 
animals are invasive and pose a risk to the animals cap-
tured, depending on the method of trapping and species 
involved (Powell and Proulx 2003; Iossa et al. 2007; Cun-
ningham et al. 2015; Soulsbury et al. 2020), and for threat-
ened or endangered species, such risks may be considered 
extreme. Furthermore, in cases where capturing individuals 
might change their behavior or otherwise negatively impact 
research results (Linhart et al. 2012; Kukalová et al. 2013; 
Byers et al. 2019), other field techniques such as photo-
graphic (Karczmarski et al. 2022a, b) or acoustic (discussed 
further) should be considered.  

Many species produce individually distinctive vocaliza-
tions and these vocalizations can be used to identify, cen-
sus, and track individuals (Terry and McGregor 2002; Terry 
et al. 2005). Acoustic individual identification (AIID) is a 
non-invasive technique that identifies individuals using their 
vocalizations. It is, therefore, especially suitable for indi-
vidual monitoring of endangered species or those vulnerable 
to capturing and handling to minimize risks associated with 
capture–recapture identification techniques.

AIID requires species that are vocally active. Many cryp-
tic species (e.g., canopy-dwelling birds and mammals, noc-
turnal animals, and species that are hard to visually detect) 
should likely rely on communication through acoustic sig-
nals. While acoustic signaling evolved in nocturnal verte-
brates (Chen and Wiens 2020), it is not limited to them and 
it is a widely used modality for signaling in both terrestrial 
and aquatic habitats, because it has the ability for signals to 
be localizable, carry relevant information, and do so over a 
large area.

AIID requires a species to produce individually distinc-
tive vocalizations. Mammalian vocal production can be mod-
eled using source-filter theory whereby air is pushed through 
vocal folds, which causes them to vibrate and produce a 
sound (the ‘source’). The structure of the sound is then 
modified as it travels through the rest of the vocal tract (the 
‘filter’). Individual morphological differences of the vocal 
tract translate into individually distinctive sounds (Taylor 
and Reby 2010). In addition to vocal tract-driven individual 
variation, individual differences can also be represented by 
any spectro-temporal patterns that an individual can reliably 
produce. For instance, dolphin signature whistles (Janik and 

Sayigh 2013; Kershenbaum et al. 2013), and the individu-
ally specific “rhythm” of elephant seals grunts (Mathevon 
et al. 2017) both illustrate acoustic individuality not driven 
by vocal tract morphological variation. Such diverse acous-
tic signatures might result from cultural processes such as 
innovation learning as seen with dolphin signature whistles 
(Tyack 1997; Janik and Slater 2000). Once produced, adap-
tive processes shape the individual identity information in 
vocalizations (Wilkinson 2003; Pollard and Blumstein 2011; 
Charrier 2020). Many studies have documented individu-
ally specific vocalizations in mammals suggesting that these 
species could potentially be candidate species for individual 
acoustic identification.

Several pilot studies investigating the potential of AIID 
show that AIID can be effectively used to follow individu-
als over time and provide information about survival, ter-
ritorial dynamics and replacements, and migration (Laiolo 
et al. 2007; Adi et al. 2010; Kirschel et al. 2011; Petrusková 
et al. 2016). AIID may provide a cost-effective solution for 
a particular task or permit the collection of unique data una-
vailable with more traditional mark-recapture identification 
methods (Laiolo et al. 2007; Vögeli et al. 2008; Petrusková 
et al. 2016). However, and importantly, these previously 
mentioned case studies of AIID were conducted with birds. 
We are aware of just a single case where AIID has been used 
to acquire information about population characteristics of 
wild non-human mammals (Longden et al. 2020).

Despite many mammals having individually distinctive 
vocalizations (Supplementary Material 1), there is remark-
ably limited work using acoustic individual signatures to 
study mammalian behavior and population biology. Terry 
et al. (2005) previously noted that most previous applications 
have focused on birds. The fact that this has not changed 
in a decade and a half is notable because, researchers fre-
quently use various acoustic monitoring techniques to col-
lect non-individualized data about mammals to study their 
behavioral activities in time and space (Heinicke et al. 2015; 
Spillmann et al. 2015; Kalan et al. 2015, 2016; Wrege et al. 
2017; Kershenbaum et al. 2019). Matching such data with 
information about individual identity of callers would clearly 
be an important step forward. There are several potential 
reasons why previous studies of mammals have not capi-
talized on the widespread individual variation contained in 
their vocalizations.

Terry et al. (2005) suggested that the amount of within-
individual variation in mammalian vocalizations might be 
greater than in birds making mammals potentially less suit-
able for individual acoustic monitoring which requires low 
within-individual variation for optimum results. Acoustic 
communication evolved independently in different verte-
brate lineages as documented by comparative analyses on 
acoustic signals, vocal tracts and auditory systems, and 
their underlying neural systems (Clack 2002; Senter 2008; 
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Albersheim-Carter et al. 2016; Kingsley et al. 2018; Riede 
et al. 2019; Barkan and Zornik 2020; Chen and Wiens 2020), 
and, therefore, it is possible there are yet unrecognized fun-
damental differences in the acoustic communication sys-
tems of birds and mammals making acoustic identification 
in mammals difficult.

However, our recent work has shown that vocalizations 
of birds and mammals exhibit comparable amounts of indi-
vidual identity information in their vocalizations (Linhart 
et al. unpublished data). Indeed, AIID has been used with 
great success in a mammalian species with very complex 
vocalizations—humans (Hansen and Hasan 2015). Accord-
ingly, human listeners can identify individuals based on their 
vocalizations with high accuracy (Lavan et al. 2019), which 
has been shown for many other mammalian species as well 
(Wiley 2013). Vocal production is based on similar princi-
ples across the whole class of mammals (Taylor and Reby 
2010) and, therefore, with the right approach, AIID should 
be feasible in mammals as well.

We review the potential for acoustic individual identi-
fication in mammals based on studies reporting individual 
variation in mammalian vocalizations. We also list a few 
pilot studies that successfully used AIID to collect new data 
about a population in a setting resembling a traditional mark-
recapture study. In such studies, AIID has been put to the 
ultimate test, and from these studies, we can learn about 
the realistic conditions (signature strength, signature stabil-
ity) required for the successful application of AIID. To be 
comprehensive, we sought analogous information from the 
avian literature where concepts and applications regarding 
AIID are relatively more developed. Many aspects of the 
process of AIID were nicely reviewed in Terry et al. (2005). 
Here, we offer a slightly different perspective and we map 
progress since the publication of their seminal paper. We 
provide a pipeline of the steps necessary for using AIID for 
a given species. We discuss practical and theoretical issues 
associated with each step. We also describe some potential 
limitations of AIID along with drawbacks currently hinder-
ing its more widespread use. Finally, we discuss the potential 
for its future development.

Acoustic individual identification pipeline

In general, there are three basic steps forming the process of 
individual identification: collection of a signal (recording), 
analysis of the signal (extraction of individually distinct fea-
tures, feature extraction), and evaluation of the signal (clas-
sification of the signal to an individual emitting the signal 
based on the extracted features). These steps are repeated 
at least twice when AIID is used to follow individuals 
within the population in a way similar to traditional mark-
recapture study. We also add three additional steps to our 

pipeline. These two steps—assessment of signature strength 
and assessment of its stability—can inform potential AIID 
users early on during pilot studies about whether their spe-
cies and vocalization under study are suitable for AIID or 
not. Finally, we must validate AIID whereby the effect of 
mistakes in AIID process on the population estimates are 
investigated (Fig. 1).

Step 1: Recording

Technically, the equipment and recording techniques used 
for recording vocalizations may differ in aquatic and ter-
restrial environments (Blumstein et al. 2011; Marques et al. 
2013). We do not aim to provide a review on technical issues 
associated with sound recording. Rather, we focus on con-
ceptual aspects of recording mammal vocalizations that have 
important implications for AIID.

From the perspective of AIID, vocalizations can be 
recorded in two conceptually different ways. Traditionally, 
animals are recorded using handheld microphones and (these 
days) digital recorders. In this situation, the person who is 
recording can also collect rich information about the vocaliz-
ing animal (e.g., its position, distance from recorder, context 
of the vocalization, and the number of and identities of other 
vocalizing individuals) that may inform further identification 
process. This is called focal recording (it is also referred to 
as manual, or target recording).

Alternatively, passive recording, where single or multiple 
autonomous recording units (ARUs) are placed within the 
animal’s environment, gained popularity and rapid develop-
ment in recent years (Blumstein et al. 2011; Marques et al. 
2013; Gibb et al. 2019). Nowadays, users may select from 
a variety of ARUs ranging from fully featured commercial 
units to relatively inexpensive open-source solutions (Gibb 
et al. 2019; Rhinehart et al. 2020). The identification of indi-
viduals from passive recordings is a relatively more chal-
lenging task, because of the lack of background information 
about the context of the recordings (except, of course, infor-
mation about the location and time of a recording). Never-
theless, the possibility of identifying individuals in passive 
recordings would open valuable new opportunities for appli-
cations of passive recording in ecology and conservation.

Focal recording typically provides higher quality audio 
samples due to targeted effort of the recording person and 
better equipment (a directional shotgun or parabolic micro-
phone). This is important, because fine acoustic structural 
details may be required for individual identification. Yet, 
some individually distinct acoustic features have been found 
to be robust in signal degradation studies (Blumstein and 
Munos 2005; Lameira and Wich 2008; Mouterde et  al. 
2014). It is also possible to obtain high-quality recordings 
with ARUs. For example, recorders can be deployed close 
to favorite spots animals use for vocalizing (nests, burrows, 
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etc.). High-quality recordings could also be obtained by 
deployment of large numbers of ARUs making the grid of 
ARUs thicker. And, for ARUs with multiple microphones, 
beam-forming (Chen et al. 2003) can be used to increase the 
signal to noise ratio of vocalizations and therefore improve 
their quality for subsequent analyses. Playback can be used 
to elicit vocalizations and increase the quantity and quality 
of recorded material for both focal as well as passive record-
ing (Plumptre et al. 2013; Hansen et al. 2015). In that case, 
it is necessary to ensure that potential behavioral changes 
caused by the playback do not affect expression of individual 
identity.

The crucial aspect of the AIID pipeline is whether the 
identity of recorded animals is known or unknown in the 

recording stage. Ultimately, we want AIID to be able to be 
used in a population of completely unknown individuals. 
This, however, is difficult. Knowing the identity of recorded 
animals in capture as well as recapture phases of the AIID 
process increases the ability to better optimize and ulti-
mately better evaluate AIID (Fig. 1) and this knowledge can 
help design studies where identity of individuals is entirely 
unknown. Hence, we recommend initial pilot studies are 
conducted on a sample of known individuals (captive ani-
mals, marked individuals). It is also important to include any 
background knowledge about the recordings that can help 
estimate individuality or provide at least partial validation 
of AIID results (territory, number of individuals within the 
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RECORDING (CAPTURE) RE-RECORDING (RECAPTURE)
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Fig. 1  Flowchart of AIID steps in a capture–recapture like study. The 
first recording of an individual represents CAPTURE and re-record-
ing of that individual represents RECAPTURE in the terminology of 
capture–recapture studies. Evaluation of the signature strength allows 
estimating the size of a population that is surveyable with AIID. 
Stronger signatures permit more reliable surveys in larger popula-
tions. Assessment of signature stability is important to estimate the 
appropriate recapture interval and helps determine the temporal lim-
its of AIID. Stable signatures allow for reliable AIID of individuals 
with longer intervals between recording and re-recording (capture 
and recapture) of the individual than unstable signatures. Knowing 

the ID of the individuals permits the inclusion of optimization loops 
to identify the best sets of features and classification approaches for 
discrimination between individuals and long-term re-identification 
of individuals. AIID validation (i.e., how mistakes in AIID influence 
population estimates based on capture–recapture data) is only possi-
ble if real and estimated ID can be verified in both the capture and 
recapture stage. Optimized methods from pilot studies could be later 
applied to larger scale studies or to new conditions (new individuals 
appearing within the population, new populations, another species) 
where individual identities do not need to be always known
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surveyed area or group, movement patterns, temporal scale 
of recordings, etc.)

Step 2: Feature extraction

Commercial and open-source software alternatives are 
available for the analysis of the recorded sounds (https:// en. 
wikip edia. org/ wiki/ List_ of_ Bioac ousti cs_ Softw are). How-
ever, there is no dedicated, off-the-shelf software solution 
for acoustic individual identification. Such special software 
solutions already exist for visual individual identification 
based on individual visual patterns (Tienhoven et al. 2007; 
Bolger et al. 2012; Crall et al. 2013), but they still need to 
be developed for AIID. The ideal software must integrate 
subtasks that are already available and achievable within 
various existing software packages: detection and segmenta-
tion of species calls in the recording, extraction of relevant 
features from the calls, and assigning calls or their sequence 
to a particular individual (Blumstein et al. 2011; Marques 
et al. 2013; Mcloughlin et al. 2019). However, an integrated 
solution of these steps is currently lacking, which means 
that users must develop their own analysis pipelines from 
scratch. This will ultimately lead to a variety of unique and 
non-compatible solutions. In many of the existing software 
tools, clustering/classification can be used for species detec-
tion or classification, and these could be likely re-used to 
achieve AIID, at least in cases of highly pronounced indi-
vidual distinctiveness, using individuals, instead of species, 
as the classification classes.

Sometimes, animals may have dedicated calls to signal 
their individuality, or individuality may be expressed across 
different calls from the animal’s repertoire. Individuality can 
be found in many different vocal traits (features) within the 
spectral, temporal, or amplitude domains, depending on the 
likely origin of acoustic signature in a given species. Some 
of these individually distinct features may have their ori-
gin in vocal tract morphology involving both vocal source 
and/or vocal filter. Such morphology-related vocal traits are 
expected to be present across different vocalization types. 
Vocal source-related individuality traits often include the 
fundamental frequency F0 (e.g., Root-Gutteridge et  al. 
2014a). Vocal filter-related traits translate into variation 
in the frequency spectrum profile of vocalizations and the 
occurrence of formants (e.g., Briefer and McElligott 2012). 
Temporal patterns of vocalizations including duration, 
intervals, or spacing of vocal elements (rhythm) can also 
be individually specific (e.g., Mathevon et al. 2017). The 
amplitude domain is often ignored as a potential source of 
individual distinctiveness, because amplitude can be heavily 
degraded as a sound propagates through the environment. 
Nevertheless, amplitude-related traits are also individually 
specific in some cases (e.g., Root-Gutteridge et al. 2014b). 

Spectro-temporal modulation patterns, especially specific 
modulation of F0 over time, are easily observable individual 
acoustic signatures in many mammalian species (e.g., Ker-
shenbaum et al. 2013; Feng et al. 2014; Clink et al. 2017). 
Also, sequences of sound units can convey complex infor-
mation including individual identity (e.g., Kershenbaum 
et al. 2016; Petrusková et al. 2016).

Many different acoustic features and their combinations 
may contribute to the degree of individual specificity in a 
vocalization. Pilot studies should first focus on the species 
where acoustic signatures can be well described by a limited 
number of identifiable acoustic features. If this is not possi-
ble and relevant vocal features cannot be identified based on 
the signal’s structure, or, based on past studies concerning 
the focal species or its relatives, as many as possible features 
should be measured and relevant features selected based on 
their performance in AIID. Alternatively, approaches based 
on features learnt automatically by classification algorithms 
could be used (Stowell and Plumbley 2014; Stowell et al. 
2019). However, it should be noted that including many 
non-specific traits or using black-box machine learning 
algorithms can also cause overfitting of the identification or 
obscur relevant individually specific features (e.g., Linhart 
et al. 2019; Stowell et al. 2019) and hinder proper evaluation 
of the AIID methods. Therefore, non-informative vocal fea-
tures should be identified and removed from further analysis. 
Furthermore, it is likely that vocal features that evolved to 
enhance individual recognition between conspecifics would 
be more robust on both spatial scales (they will not degrade 
easily with increasing distance from the sound source) as 
well as on temporal scales (they will be more stable in time) 
than features that differ between individuals solely due to 
stochastic variation. Hence, datasets including signals that 
have been re-recorded various distances from a speaker, or 
individuals recorded repeatedly at various time intervals can 
be used to help find an optimal feature set.

Step 3: Assessing the strength of acoustic signature

Measuring the strength of acoustic signature—The stronger 
the individual acoustic signature of a species (i.e., the more 
individual identity information is contained in its vocaliza-
tions), the greater the chance for efficient and unambiguous 
individual acoustic identification. Therefore, quantifying the 
amount of individual identity information in vocalizations is 
the first step to develop effective AIID. Proper quantification 
of individual identity information in vocalizations will also 
permit a better theoretical understanding of the mechanisms 
of individual identity signaling.

Discriminant function analysis (DFA) remains the most 
often used computational method to investigate and quantify 
individuality in vocalizations in different species. The dis-
crimination score from a DFA summarizes the percentage 
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of calls that were correctly assigned to correct individual. 
Other supervised and unsupervised classification methods 
can be used instead of DFA and these provide analogues 
to the discrimination score that summarizes the probabil-
ity of correct assignments to individuals emitting the call. 
That said, these sorts of classification methods are unsuit-
able to quantitatively compare individuality due to associ-
ated biases resulting from sampling and because they lack 
biological meaning. Instead, Beecher’s information statistic 
HS (Beecher 1989) has been recently recommended as the 
best currently available individuality metric (Linhart et al. 
2019). Linhart et al. (2019) describe the details to calculate 
HS and the other commonly used identity metrics. HS is 
based on information theory and is measured in bits.  2HS 
provides an estimate of the maximum number of individu-
als that can be unambiguously acoustically discriminated 
based on the provided set of measurements (Beecher 1989). 
HS can be used to quantify individuality of the entire signal 
or to compare individuality within a single call feature (or 
in different subsets of call features), which can help identify 
call features (and subsets of call features) that can be used 
to maximize the efficacy of AIID.

Strength of acoustic signatures in mammals—We reviewed 
studies reporting individual variation in vocalizations of 
mammalian species between 1973 and 2017. We found 
130 mammalian species in which individual variation was 
quantified using either Discriminant Function Analysis 
(DFA) or Beecher’s statistic (HS) (Linhart et al. unpub-
lished data; Supplementary Material 1). We then converted 
discrimination scores (percentage of correct classifica-
tions) from DFA into the HS using the IDmeasurer package 
(Linhart et al. 2019) to allow comparisons across studies. 
In these species, HS ranged between 10.5 bits (variation 
possibly accommodating 1448 unique individual identity 
signatures) and 0.1 bit (variation possibly accommodat-
ing 1 unique individual identity signature (i.e., no indi-
vidual variation is present). Our ongoing work indicates 
that individuality and the potential for individual acous-
tic identification is higher in adults and in vocalizations 
that are used in contact (establish and maintain contact) or 
advertisement (territorial, mate attraction) contexts (Lin-
hart et al. unpublished data). In contrast, individuality and 
the potential for individual acoustic identification seems 
to be low in vocalizations used in agonistic, distress, and 
affiliative contexts. Additionally, bat echolocation calls are 
generally not suitable for acoustic identification due to their 
low individuality (but see e.g., Jones and Siemers 2011 for 
further discussion).

Strength of acoustic signature required for successful 
AIID and potential for AIID across mammals—Many 
studies report on different aspects of AIID. For instance, 

studies report: the degree of individual variation in 
vocalizations; identify which vocal features could most 
likely convey the information about individual identity; 
describe the computational methods that are optimal to 
distinguish individuals; discuss whether individual signa-
tures are stable in time, etc. However, this knowledge has 
only rarely been transformed into subsequent applied use 
of AIID for any given species (i.e., to use AIID as a com-
plementary or alternative means to mark-capture methods 
to collect yet unknown information about individuals and 
population). Only one such study has been recently done 
on bottlenose dolphins (Longden et al. 2020). Dolphin 
signature whistles represent a unique identity signalling 
system, and, to our knowledge, the HS value of bottle-
nose dolphin signature whistles (HS = 13.72; c.a. 13,500 
unique signatures) (Sayigh et al. 2021), is the highest 
individuality value ever reported for any mammalian 
or avian vocalization. Furthermore, we reviewed stud-
ies quantifying individuality in humans where AIID was 
routinely applied for various tasks and we also included 
literature on birds to better estimate the individuality 
necessary for successful AIID (Table 1). It is appar-
ent that in mammals and birds, AIID was successfully 
applied in species with relatively high individuality, i.e., 
with HS ≥ 7 bits equivalent to 128 unique signatures or 
higher. In this perspective, individuality seems surpris-
ingly low in humans (6.9), where we would expect larger 
individuality. However, this may reflect how individual-
ity was measured in humans; it focused on individuality 
in a single phoneme (/ɛ/ phoneme from the ‘test n test’ 
phrase) (Bachorowski and Owren 1999).

However, individuality HS ≥ 7 neither guarantees suc-
cessful AIID nor does it mean that AIID is impossible 
in species with less pronounced individuality. Rather, it 
should be viewed as the only currently available empiri-
cal threshold indicating a good potential for AIID. In 
mammals, HS > 7 has been found in 23 out of 130 (c.a. 
18%) species with the species belonging to Rodentia (9), 
Primates (8), Carnivora (3), Chiroptera (2), and Ceta-
cea (1) orders. Furthermore, there is a good potential for 
AIID in vocalizations used in contact (8), advertisement 
(5), and, in mammals, also in alarm behavioral context 
(8). Note that the majority of results on mammalian 
alarm calls have been on studies of ground squirrels. No 
information is currently available on failed attempts of 
AIID and the appropriate individuality level in calls of 
these species. We note again the human example: humans 
have in general strong vocal individuality, and yet AIID 
fails in specific situations (Farrús 2018; Lavan et  al. 
2018).
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Beyond HS—Individual signatures with larger HS values 
can be used for AIID in larger populations. In an ideal situ-
ation, researchers would conduct a pilot study to estimate 
HS in a well-sampled subset to estimate the potential of the 
AIID for a given species/population, and, to roughly esti-
mate the population size that could be reliably monitored 
(Pollard et al. 2010; Linhart and Šálek 2017) to judge if 
the potential for AIID matches desired outcomes. While HS 
provides information about the potential for AIID, it is not 
the only factor determining AIID success. There are some 
other dimensions of individuality that may also be impor-
tant. Overlooking these other dimensions will likely reduce 
the precision in estimates of population size that can be 
monitored with AIID (Linhart and Šálek 2017).

For instance, HS provides an upper limit of unique indi-
vidual signatures. However, it assumes that individuals both 
partition and completely fill the available acoustic space. 
In nature, calls from different individuals often cluster 
together within the acoustic space with considerable overlap 
between individuals in their acoustic parameters. Similari-
ties between individuals may result from genetic relatedness 
(Blumstein et al. 2013; Torti et al. 2017), or vocal conver-
gence (Tyack 2008; Briefer and McElligott 2012). In such 
cases, HS could be overestimated, because acoustic space 
will not be completely filled and it would be advisable to 
consider the potential for AIID within, as well as across 
social units depending on the specific purpose of AIID task 
(i.e., identification of group members vs. identification of all 
individuals in a population). We speculate that partitioning 
of acoustic space might be a poorly described but interest-
ing phenomenon associated with the remarkable vocal plas-
ticity of certain species. Only a few mammals have been 

documented to possess the ability to substantially modify 
their vocalizations (Garcia and Ravignani 2020; Martins 
and Boeckx 2020; Tyack 2020). For example, dolphins can 
develop unique identity signatures as opposed to just copy-
ing existing signatures (Sayigh et al. 1990), but similar par-
titioning of acoustic space has not been properly investigated 
in any other species.

Finally, species with temporally stable vocalizations will 
be good candidates for AIID (see Step 4). In the future, other 
dimensions of individuality beyond HS must be considered 
to better estimate both potential and real limitations for AIID 
in a given species.

Step 4: Select identification method/algorithm

HS provides information about the strength of acoustic 
signatures and about the potential for AIID. On the other 
hand, the actual process of AIID requires vocalizations to 
be assigned to individuals who most likely produced the 
vocalization. This can be done by human observers or vari-
ous classification algorithms. While partial attempts have 
been made to automate AIID, automatic AIID has not yet 
been fully achieved and routinely applied in any non-human 
mammal or bird species.

In principle, AIID represents an open-set classification 
task, where many new classes (individuals) can appear dur-
ing the ongoing survey. However, open-set classification 
algorithms are not trivial to apply and may require extensive 
material for training and optimization; most supervised clas-
sification algorithms (even in deep learning) are designed 
for closed-set tasks.

Table 1  Individuality across mammalian and avian species in which AIID has been applied

If multiple individuality values were reported, we report the maximum value in the table. Individuality could not be extracted directly from the 
AIID study on bottlenose dolphins, but HS in bottlenose dolphin whistle signatures was reported by Sayigh et al. (2021) in a recent study. Fur-
thermore, individuality could not be extracted directly from the AIID study on Eurasian bitterns (Gilbert et al. 2002), and, therefore, we report 
individuality values from the related study by the same authors. In humans, AIID was not applied in an equivalent of mark-recapture study, but it 
is applied in many different identification tasks, therefore, only a study quantifying individuality is listed. The individuality values (discrimina-
tion scores) were converted into HS using IDmeasurer R package (Linhart et al. 2019)

Species Species (scientific) HS (bits) References

Mammals
 Bottlenose dolphin Tursiops truncatus 13.72 AIID—Longden et al (2020); HS—(Sayigh et al. (2021)
 Human Homo sapiens 6.9 AIID—different studies, HS—Bachorowski and Owren (1999)

Birds
 Dupont's lark Chersophilus duponti 11.1 Laiolo et al. (2007)
 European nightjar Caprimulgus europaeus 9.5 Rebbeck et al. (2001)
 African wood owl Strix woodfordii 8.4 Delport et al. (2002)
 Eurasian bittern Botaurus stellaris 8.5 AIID—Gilbert et al. (1994); HS—Gilbert et al. (2002)
 Mayan antthrush Formicarius moniliger 7.6 Kirschel et al. (2011)
 Scops owl Otus scops 7.0 Galeotti and Sacchi (2001)
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Unsupervised classification methods have the advantage 
that they can be used without the prior knowledge about the 
individual identity and on the open set of individuals (Clink 
and Klinck 2021; Sadhukhan et al. 2021). On the other hand, 
their results still require an external validation as the internal 
validation metrics were shown to be unreliable (Clink and 
Klinck 2021). Furthermore, without external validation, it 
is difficult to include optimization loops that fine-tune the 
features and classification methods to an AIID task (Fig. 1).

Discriminant function analysis (DFA) represents a super-
vised classification method that has most often been associ-
ated with individual identification, even though it is known 
that DFA is not suitable for the task, because it is applicable 
only within a closed set of individuals (Terry et al. 2005; 
Vögeli et al. 2008). To overcome the closed-set limitation, 
some AIID studies relied on human judgment (Longden 
et al. 2020) to assign identities to vocalizations. Alterna-
tively, simple similarity thresholds can be used to decide 
whether the recorded call belongs to an already known 
individual (and which one) or whether it represents a new 
individual (Peake et al. 1998; Laiolo et al. 2007). For sur-
veys of large areas and large populations, it may be useful to 
integrate information on precise geographic location where 
samples were recorded, with data on home range size, loca-
tion and individual movements, to improve classification 
(Budka et al. 2014). In other words, similar vocal structures 
recorded in distant locations or times are likely two different 
individuals.

Ideally, AIID would employ both a supervised phase, 
to optimize the best feature set for a given task, as well as 
an optimization of classification criteria (e.g., under which 
condition a new individual should be established) and an 
unsupervised phase where the fine-tuned methods would be 
applied in a different or in a larger population (Sadhukhan 
et al. 2021). Nevertheless, it would still be wise to continue 
to check the performance of classification on a set of known 
individuals.

There is an extensive literature on AIID for human voices, 
recognised by ear or by machine (for a good overview, see 
(Hansen and Hasan 2015). The set of target voices may be 
small and constrained (e.g., speaker diarization for a meet-
ing) but in many cases, it is large and open-set. The term 
used for automatic AIID of humans is “speaker recognition” 
and the analysis is rather different from that of automatic 
speech recognition of the linguistic content. Preprocessing 
of acoustic signals into features is well-standardized—Mel-
frequency cepstral coefficients are the dominant features that 
enable speaker recognition and early approaches to speaker 
recognition would apply generic classification algorithms 
to such data (Atal 1976). The most successful modern para-
digm for speaker recognition is a tailored approach based on 
constructing a Gaussian mixture model (GMM) representing 
a “universal background model” (UBM) of human voices, 

and then measuring the difference between the voice in ques-
tion and the UBM. This measured difference (summarized 
in features such as Gaussian supervector or i-vector) is then 
treated somewhat like a fingerprint for the voice in question. 
GMM-UBM speaker recognition approach is suitable for 
closed-set as well as open-set recognition tasks and has also 
been used in pilot studies on animals (Ptacek et al. 2016; 
Spillmann et al. 2017).

Could human speaker recognition be adopted into 
mammalian AIID, or are there important differences? 
Frequency ranges aside, many terrestrial mammals have 
vocal production similar enough to humans that the same 
analysis may apply. There is an important hurdle to over-
come, however. The majority of work on human speaker 
recognition concerns single-source voices recorded 
clearly, in low-noise conditions, on a close microphone 
(e.g., telephone calls). The dominant paradigm is relatively 
robust to noise through the development of normalization 
techniques but retains a strong dependence on the single-
source assumption. The approach may thus work for focal 
recordings, but it is an open question whether it can use-
fully be applied to passive recordings. The alternative 
would be to apply more general methods, perhaps based 
on deep learning, and/or to apply pre-processing sound 
source separation to recover single-source audio clips. We 
are not aware of any work applying such modern speaker 
recognition algorithms to non-human mammal AIID.

However, ecological tools (including AIID) do not nec-
essarily require the most advanced methods (Pimm et al. 
2015). For instance, consider a situation that resembles 
a mark-recapture population study. AIID would likely 
employ previous recordings and something as simple as 
asking humans to determine if the vocalizations come 
from the same or different individuals could be appropri-
ate (Janik 1999; Kershenbaum et al. 2013; Longden et al. 
2020). Humans, after all, are astute classifiers and can con-
sider (implicitly) many potentially confounding aspects 
(e.g., changes in acoustic structure caused by recording 
distance, motivation, emotional state, etc.). Of course, 
humans may be somewhat subjective so reviewing the 
results by several people (Longden et al. 2020) and quan-
tification of classification reliability (Sayigh et al. 2007) 
should be an essential part of studies relying on human 
judgments for AIID. Additionally, humans are limited by 
their working memory and can struggle with AIID involv-
ing hundreds or thousands of individuals.

Nevertheless, at least, a partial automation of the AIID 
process is desirable, because it reduces the analysis bur-
den for users. Potential users of AIID includes conserva-
tion managers, field workers, non-bioacoustic research-
ers, amateur naturalists or community scientists, to name 
a few, who may already be overwhelmed by other tasks 
and will only adopt new methods if these methods do not 
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require steep learning curves. More automated AIID is 
essential to facilitate widespread adoption of AIID, as well 
as to yield repeatable outcomes in situations (e.g., many 
different individuals) where relying on human judgment 
could be limited.

Advanced machine learning methods could help auto-
mate the process. An important resource for the develop-
ment of advanced machine learning classification methods is 
the existence of appropriate datasets. In the human speaker 
recognition field, such a dataset is called corpus and the 
availability and variability of different corpora is crucial 
for ongoing development of speaker recognition algorithms 
(Campbell and Reynolds 1999; Hansen and Hasan 2015).

While there are huge repositories of bird song record-
ings that can be used to train machine learning algorithms, 
there are relatively fewer mammalian vocalizations in sound 
archives. For instance, the British museum lists 140,085 
recordings of birds and 7237 recordings of mammals in 
their ‘Wildlife sounds’ catalogue. These recordings might 
be used to study potential for AIID in particular species 
(e.g., Root-Gutteridge et al. 2014a), but their value for the 
development of automatic AIID may be limited. Therefore, 
dedicated AIID datasets need to be published, ideally, within 
a single online platform similar to, for example, platforms 
publishing human speech corpora (e.g., https:// catal og. ldc. 
upenn. edu/). With no such central platform at hand, authors 
should still publish their datasets along with appropriate 
metadata used in their manuscripts using platforms such 
as Dryad, Figshare, Zenodo, etc. Authors can also adver-
tise their datasets through personal initiatives, for example, 
Bioacoustic Datasets web page by Justin Salamon (https:// 
bioac ousti csdat asets. weebly. com/). Loosely coordinated data 
sharing is enhanced by the use of metadata standards such as 
Darwin Core (Wieczorek et al. 2012), which make it easy for 
future researchers to combine datasets drawn from multiple 
sources.

It is likely that AIID in animals, as opposed to human 
speaker recognition, will face specific challenges due to 
limitations specific to animal corpora. For example, many 
animals cannot be recorded under fully controlled condi-
tions or without background noise requiring the use of clever 
data augmentation methods (Stowell et al. 2019). Both focal 
recording and passive recording methods have shortcomings 
when creating a sufficiently large and variable corpus for 
AIID. Focal recording yields high-quality audio, but may 
have limitations on the numbers of recordings per individual. 
Obtaining recordings in a number of different acoustic con-
ditions (various distances, various acoustic backgrounds) 
might be difficult and time consuming. Passive recording’s 
main shortcoming is that the identity of the vocalizing ani-
mal may not be known with certainty. As a result, very few 
datasets presently exist for testing and fine-tuning the newest 
classification algorithms for AIID purposes.

Creating and cultivating appropriate sound archives will 
be essential to support widespread studies and applications 
of AIID in mammals and animals in general. Missing bio-
acoustic datasets actually represent a pressing issue across 
multiple bioacoustic research domains including use of 
vocalizations to assess animal welfare (Mcloughlin et al. 
2019), environmental assessment and detection of species 
(Baker and Vincent 2019; Gibb et al. 2019; Morfi et al. 
2019), and AIID (this review). Storage space might pose a 
problem for sharing entire bioacoustic datasets from large 
passive acoustic monitoring programs. However, develop-
ment of AIID would also benefit from sharing limited data-
sets including only the individuals’ call specimens, signifi-
cantly reducing storage issues. Curation and consistency of 
metadata may represent a significant obstacle for creation of 
a single platform for dataset sharing. However, this problem 
also need not be detrimental in the case of AIID, because 
at the most extreme case, the only metadata really needed 
for this purpose is the confirmed identity of the caller. Nev-
ertheless, more details about the context of the recording 
(call type, age, sex, behavioral context, distance or recording 
quality) may help to fine tune the methods and explain any 
arising inconsistencies.

Step 5: Evaluate acoustic signature stability

The existence of individually specific vocalizations permits 
discrimination between individuals at a given time. How-
ever, vocalizations may change over time and this may create 
challenges for individual discrimination and AIID purposes. 
Some animals are capable of long-term individual identifi-
cation (Insley 2000; Briefer et al. 2012). Thus, understand-
ing the temporal stability of acoustic signatures is another 
important dimension when designing an AIID project. To 
be able to identify individuals over time, individual identity 
signatures need to be stable over that time frame. See Terry 
and McGregor (2002) for distinction between discrimination 
and identification of individuals.

Vocalizations are dynamic and often state-dependent sig-
nals and their acoustic structure may undergo rapid short-
term as well as gradual changes over longer time periods 
depending on various physiological, environmental or social 
conditions (Newman 1989; Moss et al. 1997; Fischer et al. 
2002; Parks et al. 2007; Briefer 2012; Prat et al. 2016; Hra-
dec et al. 2017; Cheney and Seyfarth 2018). Short-term and 
long-term changes also concern acoustic individual signa-
tures. Such changes can be systematic or stochastic. For 
example, juveniles go through a maturation process which 
shapes the final form of their acoustic signatures (Briefer and 
McElligott 2012; Blumstein et al. 2013; Syrová et al. 2017; 
Casey et al. 2020). It is still an open question whether and 
how any systematic (e.g., maturation and senescence effects) 
and stochastic changes in vocalizations of a single individual 

https://catalog.ldc.upenn.edu/
https://catalog.ldc.upenn.edu/
https://bioacousticsdatasets.weebly.com/
https://bioacousticsdatasets.weebly.com/
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(e.g., health issues, behavioral context) could be compen-
sated for or overcome in AIID and longitudinal studies on 
known individuals are needed to answer these questions.

To assess temporal stability, subsets of individuals must 
be systematically recorded over time and their vocalizations 
compared with those vocalizations recorded in the past. 
Non-significant changes and high repeatability of vocaliza-
tion features would indicate a good potential for AIID over 
a given time period. Nevertheless, it also must be shown that 
the real emitter of new calls can be accurately predicted by 
the AIID methods devised from the first set of vocalizations.

Very few studies tested for stability in mammalian 
acoustic individual signatures. Those few that did recorded 
individuals during two or more different occasions sepa-
rated by days, weeks, months, or years. The vocalizations 
from the first recording were used to build the identifica-
tion model (typically, discriminant function analysis) and 
this model has been used to classify vocalizations recorded 
during the following recording events. Maintenance of a 
high percentage of correct identifications has been inter-
preted as evidence of a stable acoustic signature. In con-
trast, a substantial decrease in correct identifications has 
been interpreted as an indication of an unstable and chang-
ing acoustic signature.

Long-term stability of acoustic signatures (over sev-
eral years) has been found, for example, in blue monkeys 
(Butynski et al. 1992), gibbons (Feng et al. 2014), and 
dolphins (Sayigh et al. 1990). Within-year acoustic sta-
bility of identity signals has been found in two species 
of marmosets (Jones et al. 1993; Jorgensen and French 
1998), but it may be modified over the longer time peri-
ods of several years, hindering reliable identification on 
a longer time scale (Jorgensen and French 1998). Simi-
larly, calls of individual cheetahs were stable within 
a single year but changed over years (Smirnova et al. 
2016). Short-term acoustic signatures (lasting from days 
to weeks) were reported in two different ground squirrel 
species (Matrosova et al. 2009, 2010). Surprisingly, even 
in these species, some individuals were able to maintain 
unique and stable acoustic signatures over long periods 
spanning two different years (Matrosova et al. 2010). 
Unfortunately, factors like age and sex were not useful 
to explain why some individuals retained their signatures 
and others did not.

AIID in species with mid-term and short-term individu-
ality would likely require more frequent re-recording of 
animals and classification algorithms capable of incor-
porating this additional temporal variation. Some studies 
have followed individuals over long time periods, but they 
did not divide their data by recording period. Rather, they 
pooled the vocalizations from different time periods to 
build the classification model encompassing the total vari-
ation within the dataset. A subsample of data from across 

the entire dataset is then left out and used for classification 
and to calculate classification accuracy (Spillmann et al. 
2015; Prat et al. 2016). While models from such data are 
likely better at accommodating many sources of additional 
variation (e.g., calls from different contexts, social envi-
ronment, ontogeny, etc.), these studies say little about the 
stability of signatures or about the performance of AIID 
in sets of newly collected samples. Such studies may com-
pensate for partial changes in acoustic signatures at the 
expense of slightly lower overall classification accuracy. 
Ultimately, the lesson from this is that AIID models should 
be gradually updated to involve older as well as newly col-
lected samples to ensure robust performance.

Step 6: Validation of the AIID performance

The previous step is associated with the validation of 
AIID performance. Validation of AIID also needs to be 
conducted on newly collected samples. Validation con-
sists of two phases. First, we need to compare AIID to 
another reliable identification method to test reliability 
of the AIID in a sample of individuals with known iden-
tities. In the case of mammals, using artificially marked 
subjects and/or radio/GPS tagging them should enable 
vocalizations to be reliably matched to individuals pro-
viding a gold standard for AIID performance validation. 
Some studies may make use of captive animals that are 
housed individually or in small groups. However, it is not 
known whether and how individuality could be affected 
by captive conditions.

The second phase of validation comes into place if 
the identification is not perfect. It is likely that AIID will 
suffer different types of misidentification, which is also 
the case of, for example, visual methods of identification 
which also rely on the naturally occurring individual phe-
notypic variation. There, it is valuable to know the amount 
and quality of the misidentification to minimize errors in 
estimates of population parameters.

Each of several types of misidentification (Johansson 
et al. 2020) has specific impacts on the quality of estimates 
of various population parameters.

• misidentification of a known individual as a new indi-
vidual (splitting error)—leads to overestimation of 
population size and underestimation of survival

• misidentification between two known individuals (shift-
ing error)—may affect survival and distort movement 
patterns

• misidentification of a new individual as a known indi-
vidual (combination error)—leads to underestimation 
of population size and overestimation of survival

• sample cannot be classified (exclusion error)
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While these identification mistakes are not specific to 
AIID, specific attributes of acoustic signals could shift 
their relative prevalence and importance of different misi-
dentification types in AIID compared to other identifica-
tion methods. For instance, the most individually distinc-
tive acoustic signals are often long-distance signals. They 
have a large active space and orientation of the animal 
typically does not influence identification. This should 
result in a higher total number of detection events than 
what might be seen in, for example, camera trap studies 
which require individuals to be in a specific location and 
position for a good chance of identification. This aspect of 
AIID should lead to an overall higher number of detections 
and a reduction of exclusion errors.

On the other hand, acoustic signals are comparatively 
dynamic and simple signals, and such increased variation 
could make reliable identification more difficult. This might 
increase the prevalence of splitting, shifting, and combina-
tion errors in case that AIID would be applied within inap-
propriately large populations with low individuality in 
vocalizations.

It can be very difficult to comprehensively address each 
or both of the validation phases of AIID in any species. 
However, this should not preclude their use. For example, 
Longden et al. (2020), compared recaptures based on signa-
ture whistles with recaptures based on photo-identification, 
but without a complete knowledge about the true state of 
population. They found the results of both methods compa-
rable. While neither method is perfect, they both can bring 
valuable and complementary insights about the species and 
population, especially in cases when they are the only pos-
sible source of any information.

Prospects for future

While various acoustic monitoring schemes have become a 
common tool to detect a species’ presence and activity, mon-
itoring programs routinely integrating acoustic identification 
of individuals are missing. Our review indicates that Pri-
mates and Cetacea are likely good candidates for successful 
application of AIID, because they involve species with both 
strong and stable acoustic signatures. It is telling that we are 
only aware of one study applying AIID in non-human mam-
mals and this has been done with dolphins (Longden et al. 
2020) which are known to possess an exceptional identity 
signaling system—signature whistles. However, information 
about stability of individual signatures is largely missing 
in Carnivora and Chiroptera, taxonomic groups which also 
possess strong identity signatures. Also, more studies should 
focus on rodents to find out if and under which conditions 
their individual acoustic signatures remain stable over time. 
Such studies are crucial for estimating feasibility of AIID 

and require repeated recordings of known individuals. At 
the same time, such studies could also be used to validate 
AIID and understand how to avoid or account for different 
types of misidentifications which are currently completely 
unknown in the case of acoustic signatures.

Despite successful pilot studies using AIID, and 
despite all the single steps of AIID being able to be 
managed with existing knowledge, routine application 
of AIID remains challenging (Table 2). For example, 
there are no readily available software tools that integrate 
all necessary steps of AIID. Therefore, interested users 
must make huge time investments to develop their own 
analysis pipelines for their species of interest. Further-
more, it is possible that AIID could be limited to certain 
vocally active animals, certain sexes, age classes, or to 
certain behavioral contexts. Also, potential users of AIID 
would likely have to accept some degree of identification 
uncertainty, a common problem with other methods that 
exploit naturally occurring cues to individual identity 
like coat patterns, etc., and handle this uncertainty in 
further analyses.

Because these issues are, in principle, addressable, 
we have an optimistic vision for the future of AIID in 
mammals. Automatic or semiautomatic pipelines for 
AIID must be developed to integrate species detection in 
recordings, feature extraction, and identification of the 
likely emitter. This is likely the currently most pressing 
bottleneck limitation hindering the spread of AIID. Only 
such an integrated solution would be adopted by a broad 
community of potential users who may lack the time and 
resources to develop their own AIID pipelines.

Initial applications might focus either on model spe-
cies (e.g., domesticated species), or on ‘umbrella spe-
cies’, a species of high conservation importance or com-
mon charismatic species. Regardless, it also should be 
species that are easy to work with (tagging, observing) 
to allow thorough validation. Such species should also 
have a high potential for AIID regarding the amount 
of individual identity information and stability which 
would guarantee reliable identification results. Unfor-
tunately, none of the domesticated mammalian species 
seem to possess such a strong individual acoustic sig-
nature (pig, HS = 2.4–5.2 bits; cow, HS = 0.5–2.0 bits; 
goat, HS = 1.9–6.4 bits; dog, HS = 1.1–2.2 bits; cat, 
HS = 2.6–3.2 bits, Supplementary Material 1), but, on 
the other hand, studies on domesticated species could be 
valuable in development and testing of AIID methods for 
species with suboptimal individuality in their calls. Data 
necessary for validation of AIID are generally difficult 
to collect in marine mammals so ‘AIID umbrella species’ 
could be likely found among primates and, eventually, 
among canids, bats, or rodents. A deeper understanding 
of AIID and its pitfalls within and across different model 
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species would eventually lead to more confident use of 
AIID in situations where individual identity cannot be 
confirmed by other means and, therefore, AIID would 
be highly desirable. For example, detailed knowledge of 
AIID could help us to develop internal validation guide-
lines for unsupervised or self-supervised classification 
methods, or, decide on whether confirmation of identity 
is still required in novel conditions (e.g., new individuals 
in population, new regions and populations, or even new 
species). With routine AIID in hand, this method would 
bring more attention and interest in AIID, more users, 
and consequently, more data for further improvement of 
AIID that could solve some of the issues mentioned in 
this paper.

Table 2  Summary of challenges and solutions for each AIID step

AIID step Challenge Solution

Recording ID not known - Pilot studies on a sample of marked individuals
- Pilot studies on captive animals
- Proxies for identity that can help validate classification (location—territorial 

animals, time—call sequences come from a single individual, number of indi-
viduals in a group/area, etc.)

Low quality of recordings - Use focal recording
Too few vocalizations - Playback can increase vocal output

- Extended deploys of passive recorders in a subject's proximity can increase the 
amount of recorded material

Feature extraction Selecting right set of features - Check studies on similar species or having similar vocalizations
- Measure many features and optimize the set of features depending on the task 

(short-term vs. long-term identification, validation)
- Use classification methods based on automatically learnt features

Estimating signature strength Weak signature - Optimize extracted features
- Eliminate sources of within-individual variation (vocalization type, behavioral 

context, sex, age, distance, etc.)
- Select another type of vocalization
- AIID can still be usable in small populations
- Larger samples per individual may improve classification results

Classification Classification is not reliable - See Weak signature
ID not known - Use unsupervised classification methods and compare their results to other 

known metadata of the calls
- Use the ID model parameters from studies on known individuals

Estimating signature stability Signature not stable - Use shorter recapture interval and update ID models in each recapture
Validation ID not known - See Recording/ID not known

Splitting errors - Find better feature sets maximizing signature stability
Shifting errors - Find better feature sets maximizing signature strength and stability. Check how 

classifications match other metadata (location, time) and how they fit to the 
animal life history to identify nonsense shifting errors

Combination errors - Find better feature sets maximizing signature strength
Exclusion errors - Collect better recordings

Appendix 1 Published datasets and other 
online resources

Bioacoustic datasets including information about individual 
identity of vocalizing animals. Many of these datasets were 
originally listed in Sainburg et al. (2020).

Mammals

• Chimpanzee (Pan troglodytes) (Plooij et al. 2015)
• Egyptian fruit bat (Rousettus aegyptiacus) (Prat et al. 

2017)
• White-beaked dolphins (Lagenorhynchus albirostris) 

(Trotter et al. 2019)
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• Macaque (Fukushima et al. 2015)

Birds

• Little owl, Athene noctua (Stowell et al. 2019)
• Tree pipit, Anthus trivialis (Stowell et al. 2019)
• Chiffchaff, Phylloscopus collybita (Stowell et al. 2019)
• Bengalese finches (Lonchura striata var. domestica) 

(Katahira et  al. 2013; Koumura and Okanoya 2016; 
Nicholson et al. 2017)

• White-rumped munia, Lonchura striata (Katahira et al. 
2013)

• California thrasher, Toxostoma redivivum (Cody et al. 
2016)

• Cassin’s Vireo, Vireo cassinii (Hedley 2016)
• European starling, Sturnus vulgaris (Arneodo et al. 2019)
• Swamp sparrow, Melospiza georgiana (Lachlan et al. 

2018)
• Zebra finches, Taeniopygia guttata (Pearre et al. 2017; 

Elie and Theunissen 2018)

Repositories

• Overview of mammal sound archives—https:// www. 
mamma lwatc hing. com/ resou rces/ mammal- vocal isati 
ons- audio- libra ry/

• MouseTube https:// mouse tube. paste ur. fr/
• Justin Salamon’s collection of Bioacoustic datasets and 

repositories—https:// bioac ousti csdat asets. weebly. com
• BioAcoustica repository (Baker et al. 2015)
• Bird-DB repository (Arriaga et al. 2015)

Supplementary Information The online version contains supplemen-
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