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Vocal production learning is the ability to modify a vocal output in response to auditory experience.
It is essential for human speech production and language acquisition. Vocal learning evolved inde-
pendently several times in vertebrates, indicating evolutionary pressure in favor of this trait. This
enables cross-species comparative analysis to be used to test evolutionary hypotheses. Humans share
this ability with a versatile but limited group of species: songbirds, parrots and hummingbirds, bats,
cetaceans, seals, and elephants. Although case studies demonstrate that African savanna and Asian
elephants are capable of heterospecific imitation, including imitation of human words, our under-
standing of both the underlying mechanisms and the adaptive relevance within the elephant’s natural
communication system is limited.

Even though comparing phylogenetically distant species is intriguing, it is also worthwhile to
investigate whether and to what extent learned vocal behavior is apparent in species phylogenetically
close to an established vocal learner. For elephants, this entails determining whether their living rela-
tives share their special ability for (complex) vocal learning.

In this review, we address vocal learning in Elephantidea and Sirenia, sister groups within the
Paenungulata. So far, no research has been done on vocal learning in Sirenians. Because of their aquat-
ic lifestyle, vocalization structure, and evolutionary relationship to elephants, we believe Sirenians
are a particularly interesting group to study. This review covers the most important acoustic aspects
related to vocal learning in elephants, manatees, and dugongs, as well as knowledge gaps that must
be filled for one to fully comprehend why vocal learning evolved (or did not) in these distinctive but
phylogenetically related taxa.
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Introduction

Vocal learning is critical for the development of
human speech and language. Although human language
is unique, some animals share our capacity for vocal
learning. Vocal learning is a behavioral trait in which an
individual’s vocalizations are shaped by their social and
acoustic environment (Nottebohm, 1972).

We use the term vocal learning to refer to the various
forms of learning based on the leading framework devel-
oped by Janik and Slater (1997, 2000). This framework
categorizes vocal learning into vocal comprehension
learning (VCL; Nowicki & Searcy, 2014), vocal usage
learning (VUL), and vocal production learning (VPL).
VCL occurs when an individual extracts a novel meaning
from a signal. VUL appears when an individual learns to
produce an existing signal in a novel context. For VPL
to occur, a vocalization needs to be modified based on
auditory experience.

In the literature, research has long suggested that
VPL is restricted to species that can imitate novel sounds
and have a direct neuronal connection between the fore-
brain and phonatory muscles as observed in the larynx
in mammals or syrinx in birds (e.g., Fitch, 2010). Recent
accumulating evidence from species exhibiting fine-tun-
ing of acoustic features of the innate call repertoire, such
as call convergence and social feedback contingency,
started to challenge this assumption. As is now widely
accepted, vocal learning in general should be viewed as
a continuum, or as a multidimensional space with various
complex levels that may also differ in the neural pathways
involved (Jarvis, 2019; Tyack, 2020). For example, Vernes,
Kriengwatana, et al. (2021), considered two dimensions
for VUL: how vocalization context (behavioral and posi-
tional contexts) is learned and how timing (call timing and
rhythmicity) is learned. For VPL, three dimensions were
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defined: (a) the copying of auditory signals (considering
copying accuracy but also divergence of acoustic models);
(b) the degree and type of change or modification; and (¢)
timing with respect to when learning happens, how long it
takes, and how long it is retained.

Other authors have recently put forward ideas and
frameworks that go in similar directions, also suggesting
that besides specialized neuronal implementation other
criteria for learned vocal behavior and functional pres-
sures need to be identified (e.g., Martins & Boeckx, 2020;
Wirthlin et al., 2019), because neural circuits in mammali-
an species (e.g., dolphins, seals, elephants, manatees) are
difficult to study. In many species, investigating potential
vocal learning phenotypes based on, for example, behav-
ioral ecology is a more promising strategy.

A comprehensive understanding of the complex vocal
learning trait and its evolution requires a broad cross-spe-
cies comparative approach focusing on specific research
questions (Lattenkamp & Vernes, 2018). This comparative
approach is critical because no single species is capable
of providing all answers regarding behavioral expression,
neuronal control, or functional relevance of vocal learn-
ing. For species that are recognized VPLers, to define their
vocal learning phenotype in depth, three critical questions
exist: How is VPL expressed? What do animals use it for
within their natural communication system? Who else is
capable of VPL phylogenetically close to the species in
question (Lattenkamp, 2020)?

Species with the ability to copy novel sounds that are
not part of the species-specific repertoire are considered
complex VPLers (e.g., Petkov & Jarvis, 2012). Humans
share the capacity for complex VPL with a diverse range
of species. Oscine songbirds (Lipkind et al., 2020) and
parrots (Pepperberg, 2010) can be trained to imitate hu-
man speech and have been shown to imitate vocalizations
of other species or artificial sound models (Tyack, 2020).
However, most species use VPL to acquire species-specif-
ic songs. Hummingbirds have been shown to replace their
song when hearing a new song (Araya-Salas & Wright,
2013; Johnson & Clark, 2020). Cetaceans (Janik, 2014),
pinnipeds (Reichmuth & Casey, 2014), and elephants
(Stoeger & Manger, 2014) are capable of heterospecific
vocal imitation, including imitation of human words and
sounds resembling human speech in rhythm and frequency
(Tyack, 2020).

Three different elephant species currently exist:
the African forest elephant, Loxodonta cyclotis; African
savanna elephant, Loxodonta africana; and the Asian
elephant, Elephas maximus. Any knowledge or research
on addressing VPL stems from African savanna and Asian
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elephants. For example, a male African savanna elephant
named Calimero imitated the high-frequency squeaks
typically produced by the Asian elephants (but not by
wild African elephants) with which he grew up as the
only African elephant. A female African savanna elephant
imitated the sounds of trucks (Poole et al., 2005). A male
Asian elephant named Koshik has been shown to imitate
human speech, matching speech features in such detail
that Korean native speakers could readily understand and
transcribe the imitations (Stoeger, Mietchen, et al., 2012).
The factors that may have led Koshik to imitate his human
caregivers may be social deprivation from conspecifics
during an important period of bonding and development
when humans were the only social contact available. This
hypothesis may also hold true for Calimero, and for other
known examples of speech imitation in mammals such
as Hoover the seal (Ralls et al., 1985), the beluga named
Logosi (Eaton, 1974), and most talking birds (e.g., parrots;
Pepperberg, 2010).

VUL is more widespread (Shapiro et al., 2004) and
has been demonstrated in multiple species, including par-
rots, chickens, mynahs, cats, dogs, rats (Vernes, Krieng-
watana, et al., 2021), monkeys and apes (Cheney & Sey-
farth, 2018), whales and dolphins (Janik, 2014), pinnipeds

(Reichmuth & Casey, 2014; Shapiro et al., 2004), and bats
(Lattenkamp et al., 2018). VUL can experimentally be
demonstrated if an animal is able to vocalize in response
to a conditioning stimulus (Janik & Slater, 2000; Shapiro
et al., 2004). Stoeger and Baotic (2021) and Stoeger et al.
(2021) showed that adult African savanna elephants can
vocalize in response to verbal cues, reliably producing call
types normally used in social communication as well as
idiosyncratic sounds. The latter are produced via unusual
and individualistic production techniques applying non-
phonatory structures (e.g., nasal tissue vibration via an in-
gressive airflow at the trunk tip) or by contracting defined
superficial muscles at the trunk base (Stoeger & Baotic,
2021; Stoeger et al., 2021). This reveals a profound vocal
control over diverse sound production mechanisms.

Twenty years after the discovery that elephants are
vocal learners, our understanding of the vocal learning
phenotype remains limited. We know nothing about the
adaptive function(s) of the vocal learning ability within
the natural communication system and have no knowledge
about the vocal learning ability, or lack thereof, of the
elephants’ closest relatives.

Elephants (Elephantidae, Proboscidea), belong to
the Afrotheria, a superorder that represents a diverse group

Figure 1. Phylogenetic tree of Paenungulata including time divergence between Sirenia, Proboscidea, and Hyracoidea. Divergence dates at nodes are
in millions of years, based on Springer et al. (2015), Meyer et al. (2017) and de Souza et al. (2021). Note that Procaviidae* are not discussed further

in this review.
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Figure 2. Knowledge about vocal learning in selected species of Paenungulata. The closest extant relatives of elephants are the aquatic dugongs and
manatees and the terrestrial hyraxes (Kellogg et al., 2007). Very few studies have been conducted on Paenungulata vocal learning. Therefore, strong
evidence is mostly missing, although observations of their vocal behavior indicate that learning might shape vocal communication in these taxa.

of mammals composed of six orders. Besides elephants,
Afrotheria comprises sea cows (Sirenia), hyraxes (Hyr-
acoidea), the aardvark (Tubulidentata), elephant shrews
(Macroscelidea), golden moles and tenrecs (Afrosoricida)
(van Dijk et al., 2001). Within the Afrotheria, Probosci-
dea, Sirenia, and Hyracoidea constitute the Paenungulata.
However, branching within the Paenungulata is still
debated (a phylogenetic time tree is provided in Figure
1). Rapid radiation, a deep divergence, and an extensive
morphological diversification has led to limited phyloge-
netic signal confounding resolution at morphological and
nucleotide levels (Amrine-Madsen et al., 2003; Kellogg
et al., 2007; Nishihara et al., 2005; Pardini et al., 2007,
Seiffert, 2007). Based on nine molecular loci, Sirenia
is sister to Hyracoidea plus Proboscidea (Pardini et al.,
2007), whereas morphological evidence supports a Sire-
nian-Proboscidean clade (Tethytheria) within Paenungu-
lata (Tassy & Shoshani, 1988). Tethytheria (Proboscidea
and Sirenia) is accepted by Asher et al. (2003), Kjer and
Honeycutt (2007), and Seiffert (2007). Other researchers
reject Tethytheria in favor of a Hyracoidea-Sirenia clade
(Matthee et al., 2007; Springer & Murphy, 2007) or reject
Tethytheria because of a suggested Hyracoidea- Probosci-
des clade (Amrine-Madsen et al., 2003).

Sirenia is a clade of fully aquatic mammals comprising
the three extant species of manatee (West Indian manatee,
Trichechus manatus; African manatee, 7. senegalensis; and
Amazonian manatee, 7. inunguis) and the dugong (Dugong
dugon). In all, except the African manatees, acoustic

communication has been shown to occur in contexts of social
and nonsocial aggregations and maternal care (Anderson &
Barclay, 1995; O’Shea & Poché, 2006; Sousa-Lima et al.,
2002). Although next to nothing is known about their vocal
flexibility, studies carefully suggest that ambient noise lev-
els might have an effect on manatee and dugong call usage
and that both species modify their vocalizations to some
extent (e.g., call rate, duration, call type usage) as a func-
tion of noise (Ando-Mizobata et al., 2011; Miksis-Olds &
Tyack, 2009). In Florida manatees, a subspecies of the West
Indian manatee, Miksis-Olds and Tyack (2009) showed that
call types decreased during feeding and social behaviors in
conditions of elevated noise levels (i.e., during nonwinter
months and turbid environments). They found a decrease in
vocalization rate dependent on behavioral state, an increase
in chirp duration in the presence of calves, and an increase
of squeak duration as noise level increased when calves
where absent. This indicates not only that ambient noise
levels have an effect on Florida manatee communication
but also that Florida manatees are able to modify their
vocalizations in response to external stimuli. The findings
cautiously suggest their flexibility in call usage and struc-
ture, as a function of behavior and group composition.
Hyracoidea (rock hyrax and tree hyrax) are highly
vocal, group living mammals. Adult males produce elab-
orate vocalizations known as songs. Songs are used as ad-
vertisement signals and possess geographical dialects with
regard to syntax and syllable order (Kershenbaum et al.,
2012). Research suggests that dispersing males introduce
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song features to new areas, which are then learned (cop-
ied), repeated, and modified by locals, leading to individ-
ual and within-regional variation in song structure. This
variation in song structure could represent a complex form
of vocal learning. Besides these observations, VPL as well
as VUL has not been specifically tested, and strong evi-
dence in both these taxa is missing. Thus far, Sirenia and
Hyracoidea are not considered among the species capable
of vocal learning (Figure 2).

Although Hyracoidea is an important and relevant
species within the Paenungulata, hyrax vocal signals (i.e.,
the elaborate songs with syllable and syntactic structure)
are considerably different from signals that elephants,
manatees, or dugongs produce. Therefore, in this article
we review and compare what is known about elephant
and Sirenian vocalizations. Specifically, we address vocal
communicative behavior in the context of their socio-be-
havioral ecology, including sound production; the vocal
repertoire and the information conveyed via vocalizations;
and the vocal ontogeny and mother—infant behavior. The
article’s intention is not to present a complete review of el-
ephant and manatee vocal behavior, respectively. We aim
to provide a synopsis of, in our opinion, the most relevant
topics for future comparative research and to highlight
knowledge gaps that need to be addressed in order for in-
dividuals to understand why certain vocal abilities—and,
most important, vocal learning—did (or did not) evolve
in these distinct (considering in terms of morphology and
habitat use) but phylogenetically related taxa.

Social and Behavioral Ecology

Vocal communication is a form of social interaction,
influenced by the social system and the social environment
individuals live in. The social system and its complexity
might be a driver of communication (and a possible causal
factor in origins of human language) because of the need to
mediate interactions and relations among group members
(Freeberg et al., 2012). Thus, knowledge about animal
social systems is an important prerequisite for the study of
vocal communication.

African (L. africana and L. cyclotis) and Asian (E.
maximus) elephants are generalist herbivores, long-lived,
and highly social mammals. Females and males are sex-
ually dimorphic in size (e.g., males are taller and bulk-
ier). The females maintain extensive networks of social
relationships between related matrilines (McComb et al.,
2000). These matriarchal family herds live in dynamic
fission—fusion societies (Moss & Poole, 1983; Vidya &
Sukumar, 2005), which are characterized by temporary
merging of and splitting into family units that consist of
groups of approximately 20 individuals (L. cyclotis, Tur-
kalo et al., 2013; Turkalo & Fay, 1995; L. africana, Archie
et al., 2006; Moss & Lee, 2011; Wittemyer et al., 2005).

Elephants show an extended period of maternal care.
Born into stable family units, elephant calves are highly
dependent upon their mothers for milk for approximately
2 years (Lee & Moss, 2011). Although the mother—calf
bond in elephants is very strong (Figure 3A), calves are
also frequently near other family members, such as sisters,

Figure 3. Photographs illustrating the strong mother—calf units in (A) African savanna elephants taken at the Addo Elephant National Park in South
Africa (credit: Simon Stoeger), and (B) Antillean manatees, taken at Turneffe Atoll in the offshore of Belize in Central America (credit: Alton Jeffords).
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aunts, great-aunts, or grandmothers; these members oc-
casionally nurse closely related calves (L. africana, Lee,
1987; E. maximus, Vidya, 2014). On occasion, other adult
females and juveniles guard or instruct calves, reflecting
the highly social and cohesive nature of elephant families
(Lee & Moss, 2011). Unlike the social-group-living fe-
males, pubertal males disperse from their natal family
at an average age of 14 (Lee et al., 2011; Poole, 1989).
African and Asian elephants exhibit a polygynous mating
system, in which adolescent males are known to associate
with other bulls, depending on their age and sexual state,
and may rove between female groups throughout the year
to temporarily associate and start competing with one an-
other over receptive females (Eisenberg et al., 1971; Moss
& Poole, 1983; Poole, 1989).

In Sirenians, complex social structures have not been
identified yet. Although manatees have been described as
semisocial (Hartman, 1979), manatees are more frequent-
ly observed in groups than alone (O’Shea & Poché, 2006;
Reynolds, 1981). Large aggregations of Florida mana-
tees occur during winter months at warm water refuges
because of their inability to thermoregulate (Reynolds
& Wilcox, 1994). Short-term, smaller aggregations have
been observed during summer months in areas where they
can find their primary resources: subaquatic vegetation
and fresh water. Although these aggregations are triggered
by nonsocial resources, they may provide an opportunity
to socially engage with other individuals. However, these
groups tend to be maintained for short durations, from
hours to a few days (Reynolds, 1981). Lack of selective
pressures may also have shaped the manatee’s simple
social structure (O’Shea & Poché, 2006; Reynolds, 1981).
Manatees and dugongs are primarily herbivores, which
does not necessitate chasing prey or cooperative foraging.
Although reports of predation by sharks and alligators
exist (Mou Sue et al., 1990; Wells et al., 1999; Wirsing et
al., 2007a, 2007b), it is thought that dugongs and manatees
minimize this risk because of their large size, sensory capa-
bilities, thick skin, and behavioral changes when predators
are perceived (Marsh et al., 2011). Manatees largely avoid
predation, whereas dugongs are regular prey for various
species of shark in the Indo-Pacific Ocean (Wirsing et al.,
2007b, 2007a). Similar to elephants, the strongest social
bond in manatees is the mother—calf bond (Figure 3B); the
manatee has a long period of dependency at 1% to 2 years
(O’Shea & Poché, 2006; Reynolds, 1981). Manatee calves
are thought to be nutritionally independent by 1 year of
age but stay with their mother beyond this age, possibly to
learn the location of warm water refuges and food sources
(Deutsch et al., 2003).

Mating strategies vary slightly between manatees and
dugongs. Both manatees and dugongs adapted scramble
promiscuity (Anderson, 2002; Bengtson, 1981; Hartman,
1979), as male manatees have the opportunity to mate with
multiple females but have little assurance of paternity. Re-
productive behavior consists of mating herds, where a focal
female is pursued by multiple males. In addition to mating
herds, there have been observations of lekking behavior in
which dugongs continuously occupied individual sites that
they patrolled regularly and vocalized frequently during
patrols (Anderson, 1997; Anderson & Barclay, 1995).

Structure and Function of Vocalizations

Identifying VUL or VPL in a particular species is
challenging. One of the main problems is determining
what represents a novel sound pattern, a novel call
structure, or a novel sound in general. Thus, determining
whether an observed vocalization is novel or represents a
modification of an existing vocalization involves knowing
the vocal repertoire of the species (Vernes, Kriengwatana,
et al., 2021), the vocal range (in terms of call duration and
frequency) and (if investigating VUL) the functionality of
vocalizations. In elephants, we have considerable knowl-
edge of the basic vocal repertoire, its variability, and the
functional use of most vocalization types. In manatees and
dugongs, the knowledge is currently lacking, and many as-
pects of the behavioral ecology are yet to be investigated.

Elephant vocalizations are distinguishable based on
their frequency range (high or low frequency) and presence
or absence of harmonics. Elephants commonly produce a
set of structurally different calls. These include low-fre-
quency rumbles with a fundamental frequency (f, lowest
frequency of a periodic sound) in the infrasonic range;
midfrequency ranged snorts, roars, and barks; and (for
elephants) high-frequency trumpets and squeaks (Stoeger
& de Silva, 2014; spectrograms of representative call
types are provided in Figure 4). These broad call types are
produced in many different contextual situations (Poole,
2011). The trumpet, however, is the most characteristic
utterance associated with elephants. All three species
produce this high-frequency (f, range = ~300-800 Hz),
loud, and bugling call type, particularly in situations of
excitement or distress (e.g., greeting ceremonies between
herds or births) but also during defensive or agonistic
interactions (e.g., predator defense, mock charging; Leong
et al., 2003; Nair et al., 2009; Poole, 2011). Usage and
functionality may differ, however, as African elephants
appear to trumpet and Asian elephants tend to roar more
often in situations of arousal (Stoeger & de Silva, 2014).
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Another high-pitched call type is the squeak (f, mean =
813.07 Hz), which is produced by Asian elephants via lip
buzzing (Beeck et al., 2021; Stoeger & de Silva, 2014)
in alarming or socially arousing contexts (de Silva, 2010;
Herler & Stoeger, 2012; Nair et al., 2009). Squeaks have
been heard from a few African savannah elephants;
however, these are either imitations (of Asian elephant
squeaks) or sound creations, respectively (Stoeger et
al., 2021). The squeaks are made by squeezing the trunk
tip together and closing one nostril while sucking in air
through the other during inhalation. Both high-frequency
trumpets and squeaks are periodic vocalizations with a
coarse harmonic content. Roars and barks tend to occur in
contexts of aggression or distress, such as during mating
or separation between group members (Leong et al., 2003;
Nair et al., 2009; Poole, 2011; Stoeger & de Silva, 2014).
Roars often possess a rather chaotic acoustic structure,
also referred to as deterministic chaos (Fitch et al., 2002).
Barks in African and Asian elephants are not always
chaotic. Although barks in Asian elephants are described
as chaotic broadband vocalizations (with no fully clear
harmonic structure), barks in African elephants sometimes
have harmonic content (e.g., Stoeger et al., 2021) .

Vocalizations in mammals that have noisy compo-
nents (i.e., irregularities in the vibration of vocal folds)
and are produced during different high-stakes contexts
may be indicative of aroused physiological states (e.g.,
sexual arousal, threat arousal), which in turn may influ-
ence phonatory events. Particularly, nonlinear phenomena
are considered to be honest signals that can serve as useful
indicators for a caller’s level of arousal (for a review, see
Fitch et al., 2002). For instance, although noisy elephant
roars are distress calls used in the context of separation
from group members or in need of immediate care, tonal
and mixed roars in elephant calves are produced in suckling
contexts as protest calls when disturbed (Stoeger-Horwath
et al., 2007).

Within each species, elephants are known to combine
or concatenate roars and low-frequency rumbles in a variety
of orders to produce “combination calls.” African savanna
elephants and Asian elephants mostly emit roar—rumble
combinations; African forest elephants produce more
combinations (rumble-roars, rumble—roar—rumbles, roar—
rumbles; Pardo et al., 2019). Although further behavioral
studies are needed, Pardo et al. (2019) cautiously suggested
based on their observations that call combinations in adults
with different orders (particularly in the forest elephants)
may have different functions (that differ across species).
Although elephants produce a wide range of different vo-
calizations, the most common vocalization is the rumble.
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Figure 4. Comparative spectrograms of the different vocalizations in
vocal repertoire of elephants and Sirenians. Examples of different call
types produced by each species are displayed to illustrate the common
structure of these calls and the frequency bands they occupy.

Rumbles are low-frequency and harmonically rich calls,
with frequency components near or in the infrasonic range
(Poole, 2011; Poole et al., 1988) and with variants that
fall on a continuum (Soltis, 2010). Rumble vocalizations
are uttered in multiple contexts, which include short- and
long-distance communication. They range from coordi-
nating movement and group activities, maintaining family
group cohesion, keeping vocal contact with affiliates, and
prompting defensive and exploratory behavior (Leighty et
al., 2008; McComb et al., 2000, 2003; Poole, 2011).

The vocal repertoire of Sirenians varies between three
and six call types depending on the mode of classification
(Anderson & Barclay, 1995; Brady et al., 2020; Steel,
1982; Umeed et al., 2018). However, for most species, we
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lack sufficient data to adequately characterize the breadth
and function of their vocal repertoire. Most of the infor-
mation about Sirenian vocal behavior comes from studies
of the two West Indian manatee subspecies: the Florida
and Antillean manatees. Brady et al. (2020) described their
vocal repertoire as graded, with calls ranging from tonal
sounds with harmonics that can extend into the ultrasonic
range (> 20 kHz; Ramos et al., 2020) to atonal sounds that
lack harmonic components (Mann et al., 2006).

The squeak is the most frequently described call type
in manatees. Studies suggest that all Sirenian species make
squeaks (referred to as chirp-squeaks in dugongs) that vary
slightly in their range of f, (Anderson & Barclay, 1995;
Nowacek et al., 2003; Rycyk et al., 2021; Sousa-Lima et
al., 2008). West Indian manatees, African manatees, and
dugongs produce vocalizations with overlapping f; ranges
from 0.5 to 5 kHz (Anderson & Barclay, 1995; Nowacek et
al.,2003; Rycyk et al., 2021), whereas Amazonian manatees
produce calls with a higher £, at 1.6 to 8 kHz (Sousa-Lima
et al., 2008). The other common vocalization described in
the dugong and manatees is the atonal vocalization. Atonal
vocalizations are referred to as barks in dugongs (Anderson
& Barclay, 1995) or squeals in West Indian manatees (Brady
etal., 2020). These broadband calls range in frequency from
0.5 Hz to 18 kHz (Anderson & Barclay, 1995; Miksis-Olds
& Tyack, 2009) and possess deterministic chaos throughout
the duration of the call (Mann et al., 2006). Spectrograms
of representative calls are provided in Figure 4.

Although multiple call categories have been defined,
there is limited information on the behavioral context
of Sirenian vocalizations. Anderson and Barclay (1995)
reported that specific call types were associated with terri-
toriality, affiliative functions, and aggression in dugongs.
In manatees, vocalizations have been noted during activ-
ities such as resting and feeding and when animals were
engaged in cavorting (play) and mating (Bengtson & Fitz-
gerald, 1985; O’Shea & Poché, 2006). All ages and sexes
have been observed in cavorting groups; however, most of
these groups contain males (Marsh et al., 2011). The use of
their vocalizations is thought to be affiliative and function
primarily to maintain contact between mother and calf
(Sousa-Lima et al., 2002). Spectrograms of manatee vo-
calizations show variability in call parameters; hypotheses
state that these properties are related to changes in motiva-
tional state (O’Shea & Poché, 2006). For example, slight
increases in duration of vocalizations from a mother—calf
pair was noted when their behavior changed from resting
to fleeing from a disturbance (O’Shea & Poché, 2006).

Some vocalizations of the repertoire from elephants
(i.e., the trumpets and squeaks) as well as most manatee

and dugong sounds are considerably higher in frequency
than expected for animals of that body size. Based on data
resulting from phylogenetic regression, Ravignani and
Garcia (2021) suggested a potential link between VPL and
allometric outliers. The authors found that multiple species
of VPL clades deviated from allometric scaling and show
higher vocalization frequencies than expected for body
size. Indeed, Ravignani and Garcia proposed an acoustic
allometry hypothesis and suggested that Trichechus inun-
guis and Trichechus manatus may be potential candidates
for VPL based on the high-frequency content in their
squeak vocalizations.

Sound Production

The ability to vocally modify existing sounds and
match a sound model is not only constrained by neuronal
circuitry but also affected by the capabilities of the vocal
production apparatus (Vernes, Kriengwatana, et al., 2021).
It is crucial to consider and understand sound-producing
mechanisms and peripheral morphological (including
synapomorphic) structures of the species in question to
assess constraints or, in some cases, a special ability for
producing and modifying sounds (e.g., possessing a highly
flexibly proboscis).

Mammal vocal production follows the source-filter
theory, in which the vocal fold vibrations in the larynx
(Fitch, 2006b), or vibration of different morphological
structures (e.g., in dolphins; Madsen et al., 2012), generate
a source signal determining the fundamental frequency.
Usually, this signal is filtered by a vocal tract the shape
and length of which amplifies certain resonant frequencies
(spectra peaks or “formants”) before the vocalization
radiates into the environment (Fitch, 2000).

Elephants hold a unique position among mammals
because of their body size and the proboscis, a muscular
hydrostat that elephants use extensively for sound emission
and production. However, most knowledge on sound pro-
duction stems from the rumbles, which have been shown
to originate via passive vocal fold vibration (Herbst et al.,
2012) and can be emitted orally as well as nasally (Stoeger,
Heilmann, et al., 2012). Although the mode of rumble
production is understood, the mechanism and anatomical
sound-producing structures behind the higher-frequency
vocalizations remain speculative, because the elephant’s
massive vocal folds can most likely not generate these high
frequencies. A recent study suggested that Asian elephants
produce their species-specific high-pitched squeaks (with a
Jyof up to 2000 Hz) by self-sustained lip vibrations when
forcing air through tensed lips (also termed /lip buzzing;
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Beeck et al., 2021). In addition, African savanna elephants
produce a variety of idiosyncratic sounds (Poole, 2011;
Stoeger & Manger, 2014). Some individuals have been
observed applying nasal tissue vibration via an ingressive
airflow at the trunk tip to produce extraordinary high-fre-
quency sounds (reaching a f; of up to 1800 Hz; Stoeger
et al., 2021). These examples demonstrate the elephant’s
ability to use alternative sound production strategies to
overcome morpho-mechanical limitations of laryngeal
sound production to extend the frequency range available
for communication (Beeck et al., 2021; Stoeger & Baotic,
2021; Stoeger et al., 2021) with a mechanism that potential-
ly combines motoric abilities with vocal learning processes.

Vocal production in Sirenians is presumed to originate
from the vocal folds in the laryngeal region (Grossman
et al., 2014; Landrau-Giovannetti et al., 2014). The vocal
folds are thick and are thought to regulate airflow to gen-
erate sound (Landrau-Giovannetti et al., 2014). As sound
passes the source, it is thought that the sound resonates in
the nasal region, as evidenced by observations of deflation
and inflation of the nasal area while vocalizing (Grossman
etal., 2014). Similarly, when elephants rumble intensively
via the nasal vocal tract, a fluttering can be observed at

the elephant’s forehead where the nasal passages enter the
skull, which has also been used to identity vocalizing in-
dividuals (Payne et al., 1986). Vocalizations produced via
the nostrils in Sirenians are unlikely, as there have been
no structures capable of vibrating noted in the nasal cavity
(Landrau-Giovannetti et al., 2014). The direct pathway
from the source into the environment in Sirenians is not
clear but is thought to be transmitted through either the
soft tissues (Chapla et al., 2007) or the lingual and cervical
fatty tissue of the head (Landrau-Giovannetti et al., 2014).
Despite the limited knowledge of sound production in Si-
renia and the anatomical differences, there are similarities
in Elephantidea and Sirenia (Figure 5): highly flexible and
multifunctional orofacial anatomical structures that have
potential to alter the nasal and oral vocal tracts to modify
the vocal output, or to generate sounds.

This anatomical structure has also been observed in
walruses that possess tremendous vocal plasticity. Besides
the larynx, walruses use their pharyngeal pouches, teeth,
nose and mouth, the lips, and the mobile tongue to produce
sounds (Schusterman & Reichmuth, 2008). Elephants also
make use of their lips (Beeck et al., 2021), tongue, and
the multifunctional trunk (Stoeger et al., 2021) to modify

Figure 5. Schematic main components of the (A) manatee vocal apparatus and (B) elephant vocal apparatus. In some sounds, the source signal is
generated at the larynx and then filtered in the nasal and oral cavities (separated by the velum) of the vocal tract before radiating into the environment.
Figure 5A styled from Figure 5 in Rommel et al. (2018). Figure 5B adapted from Figure 2A in Herbst et al. (2012) and from “A Novel Theory of Asian
Elephant High-Frequency Squeak Production,” by V. C. Beeck, G. Heilmann, M. Kerscher, and A. S. Stoeger, 2021, BMC Biology, 19, Article 12, Figure
1 (https://doi.org/10.1186/s12915-021-01026-z). Copyright 2021 by Springer Nature.
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and to generate sounds. Manatees possess a highly flexible
mouth with prehensile lips; the upper lip pad is split into
left and right sides, which can move independently (Noll,
1983). Although they use it predominantly for browsing,
these flexible structures could, in theory, be used for sound
production. So far, we do not know whether manatees,
similar to elephants, use synapomorphic structures to
produce or modify sounds.

The production of complex vocalization in humans,
birds, and nonhuman mammals always employs a sound
source and filtering systems that need to be modified to
match an acoustic template (orofacial structures, the
tongue, nasal passages, jaws, cheeks or beaks; Vernes,
Kriengwatana, et al., 2021). When addressing vocal
learning in a cross-species comparative and phylogenetic
approach, our interest cannot be limited to vocalizations
that require control of the phonatory muscles. In mammals,
the larynx is not necessarily the primary sound-producing
structure (e.g., it is not the case in dolphins and some
elephant vocalizations). Therefore, it is important and
justified to focus research on vocalizations generated by
the vocal organ and on supralaryngeal vocal production.
Yet the question remains whether and how neural control
mechanisms of VPL in laryngeal and nonlaryngeal sound
production compares (Vernes, Kriengwatana, et al., 2021).

Vocal Ontogeny

Vocal ontogeny is another crucial aspect to consider
when addressing vocal learning, yet the question of how
much learning affects vocal development is difficult to re-
solve. During development and various stages of life, ani-
mals might change calls they use, where VUL may or may
not be involved. Maturational processes lead to changes
in vocal tract morphology that can naturally influence the
structure of vocalizations. Therefore, observed changes in
the vocal structure, or even in the vocal repertoire during
ontogeny, are difficult to interpret in purely observational
studies (Janik & Slater, 1997). During an individual’s life,
call structure might further change because of hormonal or
other internal processes without learning being involved.
Still, vocal ontogeny needs to be intensively studied in
potential vocal learning species, as young individuals
might be particularly flexible, and vocal learning might
occur during limited sensitive phases (Vernes, Krieng-
watana, et al., 2021).

Unfortunately, little is known about the vocal ontog-
eny of elephants across all species. Elephant calves gener-
ally have the same call type categories as adults, but their
acoustic structure is different. Neonates roar and rumble

(though calf rumbles differ from adult rumbles, as they are
higher in frequency, shorter in duration, and limited in mod-
ulation) soon after birth (Poole, 2011; Stoeger-Horwath et
al., 2007). Proper trumpets appear to be created only after a
few weeks of age, mostly in the context of playing. Before
that, calves can blast air out of the trunk during play, but it
sounds more like a snort than a trumpet (Stoeger-Horwath
et al., 2007). In general, young elephants have a higher f
and a shorter call duration, which is true for the majority of
call types, including rumbles and trumpets. Age-dependent
variation (calculated in months) was documented in the
low-frequency rumble. Older individuals (age 10 months
and older) tended to have lower fundamental frequencies in
rumbles than younger individuals (6 months and younger),
and rumble duration tended to increase slightly with age.
This finding is mainly explained by the smaller body size
and related sound-producing structures as well as smaller
respiratory capacities of young elephant calves. Infant Af-
rican savanna elephants younger than 2 to 3 months of age
can be heard producing soft grunts that are barely audible
for observers but might function in close-contact communi-
cation between a mother and her calf. These quiet vocaliza-
tions might be a form of acoustic crypsis; recently, acoustic
crypsis was suggested to occur between mother—calf pairs
in whales (e.g., humpback whales, Videsen et al., 2017;
southern right whale, Nielsen et al., 2019; North Atlantic
right whales, Parks et al., 2019). Baleen whale mother—calf
units vocalize at a particularly low level (resulting in a
small active space; less than 100 m in humpback whales;
Videsen et al., 2017) to minimize the risk of alerting poten-
tial predators such as eavesdropping killer whales. At ap-
proximately 2 months of age, elephant calves stop grunting
(Stoeger-Horwath et al., 2007). Roars, barks, and rumbles,
on the other hand, are produced frequently as they mature.
Further, African savanna elephant calves and juveniles are
more likely than adults to produce combination calls with
varying call order (rumble-roar or roar—rumble-roar, and
bark—rumble; Pardo et al., 2019; Stoeger et al., 2011). Adult
African savanna elephants mostly produce roar—rumble
combinations, which might cautiously hint toward a plastic
stage with increased vocal variability during ontogeny.

Calves and juveniles of Asian elephants rumble,
roar, trumpet, squeak, and produce variable combination
of rumbles and roars as well (Herler & Stoeger, 2012;
Pardo et al., 2019). The squeak’s f, needs to be changed to
a subscripted “0”: f; does not appear to obey the inverse
frequency—body mass rule. Adult males occasionally
squeak at a higher frequency than calves, which may be
explained by the call type’s unique lip buzzing mode of
sound production (Beeck et al., 2021).
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The vocal ontogeny of manatees is poorly under-
stood. Manatee calves produce vocalizations that are
structurally similar to those of adults. In both Antillean
and Amazonian manatees, an inverse relationship between
total body length and f range was observed, indicating that
the f, becomes more defined and lower as the animal ages
(Sousa-Lima et al., 2002, 2008). Additionally, manatee
calves may exhibit structural features that are recogniz-
able by unrelated conspecifics. Playback experiments of a
distressed calf call to unrelated females appeared to elicit
a protective response, where females encircled the source
of the sound with their tails facing the speaker (Phillips
et al., 2003). Although the acoustic parameters of the call
were not reported, it is possible that the call type played
had features those females recognized as a calf.

It is crucial to understand why changes occur, retain-
ing a critical and careful perspective, because babbling
could also be an explanation for changes in utterances.
Babbling is a developmental phenomenon known in hu-
man vocal learning and found in many nonhuman vocal
learning species such as songbirds and bats (Lipkind et al.,
2020; Vernes, Janik, et al., 2021). Infants experiment with
utterances without producing proper adult vocalizations.
In fact, babbling was long considered a crucial prereg-
uisite for VPL (Fitch, 2006a). However, this evidence
comes only from songbirds and humans and thus requires
a broader cross-species perspective to address (ter Haar
et al., 2021). Vocal development preceding the adult
repertoire has been documented in some vocal learning
species as well as in species that are considered limited
vocal learners (e.g., New World monkeys and giant otters;
ter Haar et al., 2021). It is still unknown whether babbling
occurs during vocal ontogeny in young elephants or man-
atees, and if so, to what extent. The increasing diversity
of vocal combinations in calves, as well as the snorts that
precede correct trumpets, may be promising areas for fur-
ther exploration based on the current (albeit still limited)
understanding of elephant vocal ontogeny. Because of
the long developmental periods in elephants and Sirenia,
studying their vocal ontogeny is challenging and time-con-
suming, but observing several mother—calf units across
time is a crucial first step toward a better understanding of
vocal development and the possible significance of vocal
learning in these taxa.

Discussion

To gain insight into the evolution and diversifi-
cation of vocal learning capacities over time, scholars
must investigate various aspects of Paenungulata vocal

communication, some of which are described in this article.
In the wild, the difficulties associated with being unable
to detect or correctly identify calling animals are likely to
make it overwhelming to reliably investigate vocal learn-
ing in manatees and dugongs. Experimental investigation
of vocal learning abilities in trained individuals may be a
promising approach to increase the number of species that
can be compared. Stoeger and Baotic (2021) and Stoeger
et al. (2021) showed that elephants can be trained to vo-
calize on verbal cue, which revealed the elephants’ ability
of VUL. For an experimental demonstration of VUL, an
animal has to reliably produce a call in response to a spe-
cific cue (Shapiro et al., 2004). More convincing evidence
appears when an animal remains silent or stops vocalizing
in response to different cues. The most complex level
of VUL is shown when an animal is capable of emitting
different call types in response to distinct cues (Shapiro
et al., 2004). Individual African savanna elephants have
mastered the most complex level, producing up to seven
call types in response to distinct verbal cues (Stoeger &
Baotic, 2021). Asian elephants have also been observed to
vocalize on verbal cue (Beeck et al., 2021), though further
scientific experiments are pending. Because African forest
elephants are not kept in captivity and are typically diffi-
cult to monitor, we have no data on this species. Similar
tests could be conducted with trained Sirenians. In captive
settings, experimental explorations of their vocal learning
ability are most plausible for the West Indian and Amazo-
nian manatees because of extensive rescue and rehabilita-
tion efforts throughout their range and facilities housing
abundant numbers of animals. The understudied African
manatee will prove more difficult to study given the lack
of facilities for the care of captive or wild rescued animals.

When similar training paradigms are used, it is possi-
ble to compare vocal learning capacities directly. Positive
reinforcement training, for example, could be applied to
reveal plasticity and creativity in sound production. A
study using contingency learning found that reinforced
variability induced novelty and creativity in sounds and
sound production mechanisms in walruses (Odobenus
rosmarus). However, Vernes, Kriengwatana, et al. (2021)
claimed that if reward-driven (food or positive social feed-
back) modifications result in vocalizations outside of the
recognized vocal repertoire, it may theoretically include
processes in addition to VPL.

Socially guided VPL is suggested to require addition-
al connections between the VPL and the social motivation
system (Syal & Finlay, 2011). However, it is important
to note that the effect of social factors, feedback, and
reinforcement on VPL in nonhuman animals is relatively
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poorly understood (Chen et al., 2016; Theofanopoulou et
al., 2017; Williams, 2004). In human infants, social pos-
itive feedback is crucial for early speech learning (Gold-
stein Michael et al., 2003; Kuhl, 2007). The importance of
social feedback has also been shown in the song learning
of young male zebra finches (Carouso-Peck & Goldstein,
2019) and is well documented for parrots (Pepperberg,
1997); killer whales (Musser et al., 2014); and, to some
extent, in Calimero—a male African elephant that was
cross-socialized and raised among Asian females and
imitated squeaking sounds (Poole et al., 2005). The social
environment and social relationships are important in
communication, and vocal learning may be influenced by
social motivation. In training experiments, the handlers,
not conspecifics, are the social partners interacting with
the animals. In case of elephants, we know that animals
and handlers form social ties that have good consequences
on both sides, including operational and affective benefits
(Carlstead et al., 2019; Hart, 1994; Rossman et al., 2017).
Therefore, in our opinion, positive reinforcement training
can be a valuable method in studying aspects of vocal
learning in elephants and Sirenians, while taking into
consideration the potentially different neuronal mecha-
nisms involved. These include aspects of (a) VUL, such
as context variability and timing of call production, and
(b) VPL, such as the accuracy with which auditory models
are copied (as well as acoustic model divergence); the
degree and type of change or alteration;, and time in terms
of when learning occurs (testing different age and sex
classes), how long it takes, and how long learned effects
are maintained. To establish a thorough understanding of
the vocal learning phenotype and the functional relevance
within the natural communication system, approaches
addressing the variety in form and function of calls, sound
generation variability, and vocal ontogeny of vocalizations
of captive and free-ranging animals are required.

Finally, to fully comprehend the evolution of the
vocal learning trait in Paenungulata, we must assess the
original selection advantages that led to its emergence.
Currently, broad cross-taxa comparative evidence sup-
ports two primary hypotheses (out of several). To begin,
the sexual selection hypothesis proposes that VPL evolves
to allow expansion of vocal repertoires in response to mat-
ing preferences for more complex vocalizations or songs.
Second, the information-sharing hypothesis postulates that
as vocal repertoires expand in response to kin selection,
information sharing between relatives is favored (Nowicki
& Searcy, 2014). It is argued that, for VPL to develop,
there needs to be a direct benefit for those individuals that
modify their vocalizations.

Jarvis (2006) made a similar argument, claiming that
VPL was selected for by two factors: mating preference
for a variety of vocalizations and the need for rapid
adaptation to propagate sound in various environments.
Yet Jarvis added an interesting thought: Selection against
vocal learning occurred by predation (where varied vocal-
izations make an easier target). He argued that once preda-
tion pressure was overcome, learned vocalizations could
have been used for other functions, including complex
communication. According to Jarvis, VPLers have few if
any predators, or are among the top predators themselves
(humans and killer whales). Adult elephants are also rel-
atively unaffected by predators (aside from humans) that
occasionally prey on their calves, such as lions, tigers, and
crocodiles (Andheria et al., 2007; Loveridge et al., 2006).
Also, only a few records exist of large sharks, crocodiles,
or killer whales preying on adult manatees and dugongs
(Weller, 2009).

In addition, several major constraints might have
favored the development of VPL. One particular inter-
esting constraint highlighted by Verpooten (2021) (and
initially proposed by Janik & Slater, 1997) is spatial
dimensionality of the environment (in combination with
sexual selection, because of the difficulty of coordinating
and finding mates). At the species level, a great majority
of complex VPL’s currently inhabit three-dimensional
habitats such as air and water (except for humans and
elephants, who are terrestrial). Elephants do not vocalize
to attract mates but rather fight over the access to females,
particularly during musth (Poole et al., 2011). Because of
the social life of elephants, the social cohesion function of
VPL (Sewall et al., 2016) appears to be more reasonable
(at least for the extant species). Yet an alternative expla-
nation for the origin of VPL should not be ruled out, as
one could argue that ancient three-dimensionality played
a role in elephant evolution (Kellogg et al., 2007). Theo-
retically, this could be consistent with the mate choice and
spatial-dimensional environment origin of complex VPL.
According to phylogenetic reconstructions based on net
surface charge of myoglobin, the last common ancestor of
Sirenia, Elephantidae and Hyracoidea, possessed expert
diving abilities previously observed only in cetaceans
and pinnipeds (Mirceta et al., 2013). This emphasizes the
importance of comparing closely related species to gain
a better understanding of potential evolutionary pressures
that may have selected for the vocal learning trait in a
recognized complex terrestrial vocal learner, the elephant.
Ultimately, this might reveal that elephants not only have
aquatic living relatives but also have relatives that are
(complex) vocal learners.
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