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Writing over a century ago, Darwin hypothesized that vocal expression of
emotion dates back to our earliest terrestrial ancestors. If this hypothesis is
true, we should expect to find cross-species acoustic universals in emotional
vocalizations. Studies suggest that acoustic attributes of aroused vocalizations
are shared across many mammalian species, and that humans can use these
attributes to infer emotional content. But do these acoustic attributes extend
to non-mammalian vertebrates? In this study, we asked human participants
to judge the emotional content of vocalizations of nine vertebrate species repre-
senting three different biological classes—Amphibia, Reptilia (non-aves and
aves) and Mammalia. We found that humans are able to identify higher
levels of arousal in vocalizations across all species. This result was consistent
across different language groups (English, German and Mandarin native
speakers), suggesting that this ability is biologically rooted in humans.
Our findings indicate that humans use multiple acoustic parameters to infer
relative arousal in vocalizations for each species, but mainly rely on fundamen-
tal frequency and spectral centre of gravity to identify higher arousal
vocalizations across species. These results suggest that fundamental mechan-
isms of vocal emotional expression are shared among vertebrates and could
represent a homologous signalling system.

1. Introduction

Emotions are triggered by specific events and are based in physiological states
that increase an animal’s ability to respond appropriately to threats or danger in
the surrounding environment [1]. Emotional states can be classified according
to their valence (positive or negative) and their arousal level (i.e. activation
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or responsiveness levels, classified as high or low) [2]. Our
study focuses on arousal, which, following [3], we define as a
state of the brain or the body reflecting responsiveness to sen-
sory stimulation, ranging from sleep to frenetic excitement.
Accordingly, increases in arousal are correlated with increases
in behavioural, hormonal and/or neurological activity [2].
Critically, in vocalizing animals, a heightened state of arousal
may be reflected in acoustic modulation of the voice. The
connection between emotion and the voice can be understood
in terms of the effects of emotional physiology on the physi-
cal mechanisms of voice production. According to the
source—filter theory of voice production [4,5], vocalizations
are generated by tissue vibrations stimulated by the passage
of air in the sound ‘source”: the larynx in mammals, amphi-
bians and non-avian reptiles, and the syrinx in birds. The
signal produced by the source is subsequently filtered by the
resonances of the supralaryngeal vocal tract (the ‘filter’) with
certain frequencies being enhanced or attenuated. Source
vibration determines the fundamental frequency of the vocali-
zation (Fp), and filter resonances shape its spectral content,
producing concentrations of acoustic energy in particular
frequency bands (called ‘formants’) [6-11]. For instance,
when humans vocalize, air passes from the lungs through an
opening between the vocal folds, causing them to vibrate.
These vibrations are transmitted through the air in the vocal
tract to the openings of the mouth and nose, where they are
broadcast into the environment. Although physiological
changes associated with emotional arousal affect this process
in numerous ways, their effects on the muscular actions
required for vocal production (e.g. of the diaphragm, intercos-
tals and vocalis muscles) are likely to be critical, because they
alter the way air flows through the system and thus the quality
of the sounds produced [5].

In The descent of man, Darwin [12] hypothesized that vocal
emotional expression has ancient roots, painting a picture of
how the first steps in the evolution of laryngeal vocalization
may have proceeded: ‘All the air-breathing Vertebrata necess-
arily possess an apparatus for inhaling and expelling air,
with a pipe capable of being closed at one end. Hence when
the primaeval members of this class were strongly excited
and their muscles violently contracted, purposeless sounds
would almost certainly have been produced; and these, if
they proved in any way serviceable, might readily have been
modified or intensified by the preservation of properly
adapted variations” (p. 631). If this hypothesis is correct, we
should expect that fundamental aspects of vocal emotional
expression are shared across all extant species that trace their
ancestry to early terrestrial tetrapods. Consequently, it
should be possible to (i) identify acoustic universals that
convey the same emotional information across a broad range
of vocalizing species and (ii) use these universals to correctly
infer emotional status at an interspecific level.

In an influential study, Morton [13] proposed that harsh,
low-frequency vocalizations are used in agonistic contexts,
whereas more tonal, high-frequency vocalizations are used in
fearful or appeasing contexts in mammals and birds. Recent
studies align with this hypothesis, suggesting that increases
in frequency-related parameters of the voice (e.g. fundamental
frequency, frequency range and spectra shape), amplitude con-
tours and vocalization rate, as well as decreases in the temporal
interval between vocal bouts, are reliable acoustic correlates of
high arousal in numerous mammalian species (see [14] for a
review) and birds (black-capped chickadee, Poecile atricapillus

[15]; common raven, Corvus corax [16]). A few studies have n

addressed vocal correlates of arousal also in anurans and
non-avian reptiles. Indeed, timing and frequency-related par-
ameters seem to vary in response to escalating male-male
competition, hence correlating with different arousal states,
in some species of frogs (grey treefrog, Hyla versicolor [17,18];
hourglass treefrog, Dendropsophus ebraccatus [19,20]; African
reed frog, Hyperolius marmoratus [21]; golden rocket frog,
Anomaloglossus beebei [22]; neotropical treefrog, Hyla ebraccata
[23]). In addition, frequency-related parameters and intensity
parameters have been shown to correlate with arousal in the
Australian freshwater crocodile (Crocodylus johnstoni) [24].
Notably, although the acoustic correlates of arousal have
been extensively investigated in mammals, very few studies
have addressed this issue in non-mammalian species.

As to the acoustic encoding of valence, based on her
review of acoustic correlates of emotional valence in mamma-
lian vocalizations, Briefer [14] identified duration as the only
acoustic parameter that consistently changes as a function of
valence, with positively valenced vocalizations being shorter
than negatively valenced vocalizations. However, a syste-
matic empirical investigation of emotional valence acoustic
encoding in non-mammalian species is still lacking.

In parallel with comparative studies on the productive
aspects of vocal emotional communication, several studies
have also examined perceptual aspects. Studies have examined
humans’ perception of arousal in vocalizations of a number of
species including humans [25,26], piglets [27], dogs [28,29]
and cats [30]. Taken together, these studies suggest that
humans rely mainly on increases in fundamental frequency
(Fp) to rate both human and heterospecific vocalizations as
expressing heightened levels of arousal. Sauter et al. [25]
found that in addition to higher average Fy, shorter duration,
more amplitude onsets, lower minimum F;, and less F, vari-
ation predict humans’ higher ratings for arousal in human
vocalizations. Within this framework, research shows that
mule deer (Odocoileus hemionus) and white-tailed deer
(Odocoileus virginianus) mothers respond to infant distress
vocalizations of a number of mammalian species if the Fy
falls within the deer’s frequency response range [31] and that
the high-pitched, quickly-pulsating whistles of human she-
pards have an activating effect on dogs [32]. Research on
valence perception suggests that humans rate domestic piglets’
vocalizations with increased F and duration as more negative
[27]. Farago [28] showed that humans rate human and dog
vocalizations with shorter duration, and human vocalizations
with lower spectral centre of gravity (hereafter SCG), as more
positive (but see [29]). Moreover, humans can correctly classify
the emotional content of vocalizations produced by human
infants, chimpanzees (Pan troglodytes) [33], domestic pigs (Sus
scrofa domesticus) [27,34], dogs (Canis familiaris) [33,35] and
cats (Felis catus) [30,36], based on vocal production contexts
varying in emotional dimensions (e.g. agonistic or food-related
contexts [37]). Crucially, it has been found that dogs can
identify emotional valence in both conspecific and human
vocalizations [38]. Notably, these perceptual studies have
focused exclusively on mammalian vocalizations. Hence, the
question of whether the ability to identify emotional infor-
mation in vocalizations is preserved across phylogenetically
more distant species remains open. Empirical evidence in this
domain is highly relevant to Darwin’s hypothesis on the
shared mechanisms for vocal emotional expression, which
extends across all air-breathing tetrapods [12,39].
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Figure 1. Phylogeny of the animal species included in our experiment. Divergence times (millions of years) based on molecular data are presented at the nodes

[46-48].

Research on arousal and valence perception across diverse
animal classes may provide crucial insights on the adaptive
value of vocal emotional expression in animals. As a first
step into this research direction, the present study addresses
arousal perception. The ability to correctly identify heightened
arousal in vocalizations expressed through modulation of
specific acoustic parameters allows animals to perceive heigh-
tened levels of threat or danger, and is thus critically important
for reacting adaptively [40]. From an evolutionary standpoint,
this perceptual ability provides a critical complement to the
encoding of emotion in vocal production. Importantly,
research suggests that animals actually use this information
at a heterospecific level, integrating information gained from
heterospecific vocalizations with information gained from con-
specifics to determine appropriate behavioural reactions in
response to potential environmental dangers [41-45]. There-
fore, the investigation of vocal emotional communication in
animals across all classes is key to enhance our understanding
of the link between vocal signals and their adaptive nature,
shedding light on the evolution of acoustic communication.

To summarize, much research has identified the acoustic
correlates of vocal emotional expression in mammalian species
mainly. In parallel, research has investigated the perception
of emotional content across a few mammalian species. How-
ever, no studies have examined the acoustic parameters that
predict the perception of arousal in non-mammals’ vocaliza-
tions, and, critically, research on the acoustic universals that
are responsible for arousal recognition across all classes of
terrestrial tetrapods is still lacking. To address these gaps,
and to shed light on Darwin’s account of the ancient origins
of vocal emotional communication, we examined the ability
of humans to discriminate levels of arousal in the vocalizations
of nine phylogenetically diverse species (figure 1): the hour-
glass treefrog (Dendropsophus ebraccatus), American alligator
(Alligator mississippiensis), black-capped chickadee (Poecile
atricapillus), common raven (Corvus corax), domestic pig (Sus
scrofa domesticus), giant panda (Ailuropoda melanoleuca), African
bush elephant (Loxodonta africana), Barbary macaque (Macaca
sylvanus) and human (Homo sapiens). Notably, these species
span all classes of terrestrial tetrapods, including amphibians,
reptiles (non-aves and aves) and mammals. We predicted
that humans would be able to identify different levels of arou-
sal across all classes of terrestrial tetrapods, and that, if this
were a biologically rooted ability, it would be observed
across multiple language groups. Furthermore, we performed

acoustic analyses to identify the acoustic parameters this ability
is based on.

2. Material and methods

(a) Experimental design
Participants were informed that the aim of the study was to
understand whether humans are able to identify different
levels of arousal expressed in animal vocalizations. We provided
the following definition of arousal: “Arousal is a state of the brain
or the body reflecting responsiveness to sensory stimulation.
Arousal level typically ranges from low (very subdued) to high
(very excited). Examples of low arousal states (i.e. of low respon-
siveness to sensory stimulation) are calmness or boredom.
Examples of high arousal states (i.e. of high responsiveness to
sensory stimulation) are anger or excitement. Because we
included human language stimuli, we also made sure that
none of the participants could speak or understand the language
of these stimuli (which was Tamil), in order to exclude any
influence of the semantic content on the perception of arousal.
For familiarization with the experimental procedure, each
participant completed five practice trials, each consisting of a
pair of human baby cries (obtained from www.freesound.org)
varying in arousal. During this practice phase, explicit instruc-
tions on the experimental procedure were displayed on the
monitor. In the subsequent experimental phase, ninety pairs of
vocalizations (ten for each species) were played in a randomized
order across participants. Each trial in both phases was divided
into two phases. During the sound playback phase, one low
and one high arousal vocalization produced by the same individ-
ual were played with an inter-stimulus interval of 1s. Stimulus
order within pairs was randomized across participants. The
letters ‘A’ and ‘B’ appeared on the screen in correspondence
with the first and second vocalization, respectively. During the
subsequent relative rating phase, participants were asked to indi-
cate which sound expressed a higher level of arousal by clicking
on the corresponding letter with the mouse. Participants could
replay each sound ad libitum by pressing either letter (A or B)
on the keyboard. No feedback was provided.

(b) Participants

25 English speakers (mean age = 19.4 years; s.d. = 1.87 years;
12 female) and 25 native Mandarin speakers (mean age = 19.96
years; s.d. = 1.45 years, 12 female) recruited at the University
of Alberta (Canada), and 25 native German speakers (mean
age = 22.8 years; s.d. = 5.67 years; 22 female) recruited at the
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Ruhr University of Bochum (Germany), participated in this
experiment in exchange for course credit. The experimental
design adopted for this study was approved by both universi-
ties” ethical review panels in accordance with the Helsinki
Declaration. All participants gave written informed consent.

(c) Acoustic stimuli

(i) Recordings and arousal classification

We gathered 180 recordings of vocalizations from nine different
vertebrate species. These recordings were obtained from published
studies for the hourglass treefrog [19,20], African bush elephant
[49], giant panda [50], domestic pig [51], Barbary macaque [52]
and human [53] species, and from unpublished work for the Amer-
ican alligator, common raven and black-capped chickadee. Except
for recordings of the American alligator (made by S.A.R.), the
common raven (made by A.P.) and the black-capped chickadee
(made by J.V.C. and J.H.), classifications of arousal level as either
high/low arousal for the purposes of this study were made in
accordance with criteria presented in the original studies from
which they were taken (electronic supplementary material,
table S1). For the American alligator, arousal was assessed based
on the status of the palatal valve (open or closed), which has
been shown to correlate with different arousal states [24]. For the
common raven, arousal was assessed based on the type of physical
confrontation with a dominant individual [16,54]. For the chicka-
dees, arousal was assessed based on research showing increase
of neural activity in response to high-threat predator models [55].
For human recordings, speakers were instructed to express
emotions (sadness and anger) that vary in arousal intensity [53].
Classification of vocalizations as high or low arousal (i.e. of high
and low activation or responsiveness levels [3]) for the remaining
species was based on the following indicators: escalating level of
competition during sexual advertisement for the hourglass treefrog
[19,20], occurrences of physiological responses (namely secretions
from the temporal glands [56]) and of ears, head and tail move-
ments for the African bush elephant [57,58] (as reported in [49]),
increased motor activity for giant pandas [50] and domestic pigs
[51], and increased temporal distance from the moment of disturb-
ance originating the vocalization to the point where lack of danger
is assessed for Barbary macaques [52]. Although these indicators
vary across species, they provide clear correlates of relatively low
or high arousal within each species, which is appropriate given
that the perceptual decisions our participants were asked to
make were always within a species. Importantly, we make no
claim that absolute arousal levels are comparable between species.
As detailed in electronic supplementary material, table S1, these
indicators generally reflect the degree of threat, competition or
disturbance (low or high) posed by external stimuli within the
behavioural context of vocal production. Hence, all vocalizations
expressing high arousal, as well as all vocalizations expressing
low arousal, are considered negatively valenced. For each species,
10 pairs of low /high arousal vocalizations recordings were used.
Within each pair, the vocalizations were always produced by the
same individual. Vocalizations were produced by 6-10 different
individuals in each species. Stimuli from the following species
were produced by juveniles: American alligator, domestic pig,
giant panda, African bush elephant. Hourglass treefrog vocaliza-
tions consisted of a sequence of pulses, sometimes followed by
clicks [19,20]. Black-capped chickadee vocalizations consisted of
a sequence of notes. Human vocalizations consisted of a Tamil sen-
tence spoken with emotional intonation. For all the other species,
each vocalization consisted of one unit. Since our stimuli were
recorded in different experimental settings (using different record-
ing equipment), and at different distances from the vocalizing
animal, all vocalization recordings were equalized to the same
root-mean-square amplitude. Fade in/out transitions of 5ms
were applied to all files to remove any transients.

(ii) Acoustic analysis

To explore how specific acoustic cues affect humans’ ratings of arou-
sal across animal taxa, we measured four parameters for each
stimulus: F, tonality (harmonics-to-noise-ratio, HNR), SCG and
duration. Fy and HNR are related to the tension in the vocal fold
and are reliable indicators of the emotional state of the vocalizing
individual [4,13]. Duration is also typically measured as a parameter
linked to the emotional state of the vocalizing individual [14,59].
Finally, SCG has been found to affect the perception of arousal in
humans [25,28]. Acoustic analyses were performed in PRAAT
v.5.2.26 (www.praat.org) [60] and SIGNAL v. 5.00.24 sound analysis
software (Engineering Design, RTS, Berkeley, California, USA) (elec-
tronic supplementary material, table S2). For the measurements of
duration and SCG, analysis settings were identical for all the record-
ings. Duration was measured in SIGNAL. SCG was measured in
PRAAT using the ‘“To spectrum’ and ‘Get center of gravity’ com-
mands (power =2.0). The analysis of F, was performed in
PRAAT, and restricted to vocalizations with clear harmonics visible
in the spectrogram. Fy measurements were made using the ‘Get
pitch’ algorithm. Typically ‘Pitch floor’ and ‘Pitch ceiling’, but some-
times also ‘Silence threshold” and ‘Voicing threshold” within the
‘Advanced pitch settings’” menu, were adjusted until the values
identified by the algorithm visually matched the frequency distance
between harmonics seen in the PRAAT spectrogram view window.
If harmonics could not be identified (e.g. in the presence of subhar-
monics or bifurcations), Fy was not measured. Following these
criteria, Fy was measured in 84/90 vocalizations (93.33%). Because
HNR can only be measured in vocalizations with Fy, HNR measure-
ments were also limited to this subset of our data. HNR was
measured using the “To Harmonicity (cc)’ command in PRAAT
(time step = 0.01 s; minimum frequency based on the settings used
for Fy measurement of the same vocalization). Each vocalization of
the hourglass treefrogs, black-capped chickadees and humans,
which consisted of a sequence of units (pulses sometimes followed
by clicks, notes and words, respectively), were analysed as a whole
stimulus, averaging across the entire vocalization.

(d) Statistical analysis

Statistical analyses were performed in R Studio v. 1.0.136 [61]. In
order to assess participants’ accuracy for each species, we per-
formed a binomial test. In order to assess any effect of repetition
of sound playback on participants’ responses within the relative
rating task, we computed a binary logistic regression model
within the generalized linear model framework. Furthermore, we
used a generalized linear mixed model (GLMM) to compare
humans” accuracy in identifying the vocalization that expressed a
higher level of arousal within each trial across language groups.
Within this model, we assessed the effect of language group and
acoustic parameters of the vocalizations on humans’ accuracy
across our species sample. Data across all participants were mod-
elled using a binomial distribution with a logit link function. The
dependent variable was a binary response (i.e. correct or incorrect
response). Participant’s response was correct when they identified
the vocalization expressing the higher level of arousal, as was inde-
pendently assessed based on arousal indicators. Participant, animal
species and behavioural context of vocalization were entered as
random factors. Ratios of F;, HNR, SCG and duration between
low and high arousal vocalizations within each trial and language
group were entered as fixed factors (glmer function, Ime4 library).
We assessed the statistical significance of each factor by comparing
the model with and without the factor included using likelihood-
ratio tests. Pairwise comparisons within language groups were per-
formed within the same model (glht function, multcomp library),
using the Holm-Bonferroni correction procedure [62]. To assess
which acoustic parameters affected human ability to identify the
vocalization expressing a higher level of arousal within each
species, we performed separate GLMMs for each species. These
models were identical to the one described above, except that
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only participant ID was entered as a random factor. For all the ana-
lyses within GLMMs, we used a model selection procedure based
on Akaike’s information criterion adjusted for small sample size
(AICc) to identify the model(s) with the highest power to explain
variation in the dependent variable [63,64]. AICc was used to
rank the GLMMs and to obtain model weights (model.sel function,
MuMIn library). Selection of the models (i.e. of model(s) with the
highest power to explain variation in the dependent variable) is
based on lowest AICc. Models with AICc < 2 compared with the
best model’s AICc are considered as good as the best model [64].

3. Results

The binomial test revealed that the proportion of correct
answers was higher than expected by chance (50%) for all
species (hourglass treefrog: 90%; American alligator: 87%;
black-capped chickadee: 85%; common raven: 62%; domestic
pig: 68%; giant panda: 94%; African bush elephant: 88%;
Barbary macaque: 60%; human: 95%; p < 0.001 for all species;
figure 2). Our analysis did not reveal any significant effect
of number of repetitions on responses (effect of number of
repetitions of “A”: z = —1.728, p = 0.08; effect of number of rep-
etitions of ‘B”: z = 1.866, p = 0.06).

As detailed in electronic supplementary material, table S3,
our analyses revealed a significant effect of Fy and SCG ratios
for identification of vocalizations expressing a higher level of
arousal within each vocalization pair. Specifically, increases
in Fp and SCG ratios predicted higher human accuracy in
identifying vocalizations expressing a higher level of arousal
(Fo: X%l) =60.043, p < 0.001; SCG: X%l) =32.301, p < 0.001).
Within this model, no significant effect was reached by HNR
and duration ratios. In line with this result, the model selection
computed within the GLMM ranked the models where F, or
SCG ratios were excluded from the analyses as the weakest
models (electronic supplementary material, table S3). In
addition, the effect of language group was not significant

()(%2) =2.048, p=0.36). Pairwise comparisons between
language groups were also not significant (English—German:
z= —0.123, p = 0.90; German—Mandarin: z= —1.182, p = 0.57;
English—Mandarin: z = —1.303, p = 0.57).

As shown in electronic supplementary material, table 54,
the GLMMs computed within each species revealed significant
effects for the following acoustic variables on identification of
vocalizations expressing higher levels of arousal: Fj ratio for
hourglass treefrog, American alligator, common raven, giant
panda and domestic pig; SCG ratio for common raven,
African bush elephant, giant panda, domestic pig and Barbary
macaque; HNR ratio for black-capped chickadee, common
raven, African bush elephant, giant panda, domestic pig and
Barbary macaque; ratios of duration for African bush elephant,
giant panda, domestic pig and Barbary macaque. The effect of
language group did not reach significance in any of the species.
Model selection computed within each of these GLMMs was
consistent with these results (see electronic supplementary
material, table S4). None of the acoustic parameters included
in our model reached significant effects for high-arousal
identification in human vocalizations.

4. Discussion

We show that humans are able to reliably identify higher levels
of arousal in vocalizations of nine species spanning all classes of
air-breathing tetrapods (figure 1). This finding held true for
English, German and Mandarin native speakers, suggesting
that this ability is biologically rooted in humans. In addition,
although different acoustic parameters affect humans” arousal
perception within each species, higher Fy and SCG ratios best
predict humans’ ability to identify higher levels of arousal in
vocalizations produced by all classes of terrestrial tetrapods.
In addition, our data suggest that duration and HNR are not
among the best predictors of human accuracy in identifying
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arousal across a wide range of tetrapods. We cannot exclude
that, besides the acoustic parameters included in our statistical
model, amplitude might also play a role in the human ability
to discriminate levels of arousal.

Ever since Darwin argued for a shared set of mechanisms
grounding vocal emotional expression across terrestrial ver-
tebrates [12,39], there have been attempts to pinpoint the
phylogenetic continuity of emotional communication across
species, in terms of both the production [13-24,49-53] and
the perception [25-38] of emotional vocalizations. However,
no study had investigated the ability of humans to recognize
emotional information in vocalizations of non-mammalian
species. To our knowledge, our study is the first to directly
address this issue, providing evidence on the acoustic
parameters grounding the human ability to identify higher
levels of arousal expressed in the vocalizations across all classes
of terrestrial tetrapods. Indeed, the species included here not
only exhibit greater phylogenetic diversity than has been
previously assessed, but also considerable diversity in size,
ecology and social structure (figure 1). Hence, our results are
consistent with the hypothesis that fundamental mechanisms
underlying emotion perception in vocalizations, a biological
phenomenon key to survival, may have emerged in the early
stages of their evolution and have been preserved across a
broad range of animal species [28,37,59,65,66]. However, in
order to provide stronger empirical support for this hypothesis,
more species need to be tested on their ability to infer the
arousal state of signallers from a similarly wide range of hetero-
specific vocalizations. Findings on the evolutionary roots of
arousal perception in animal vocalizations will comple-
ment further evidence on the mechanisms grounding the
production of vocalizations with arousal-related content, sup-
porting Darwin’s hypothesis on homologous mechanisms of
emotional expressions across terrestrial tetrapods [12,39].

Our findings extend research suggesting that perception
mechanisms of frequency-related information, which is critical
in human audition, originated early in primate evolution [65].
Crucially, our work corroborates and extends Morton’s [13]
observation that the use of frequency-related parameters in
vocalizations serves emotional expression in mammals and
birds, an ability that might have triggered appropriate beha-
viours in response to surrounding threats. Moreover, our
data confirm outcomes from studies on duration and HNR as
vocal correlates of arousal, which provide contrasting evidence
in different species [14,51,67]. Here too we found that in certain
species increases in these parameters predict identification of
high arousal, while in other species the reverse pattern applies.
This suggests that these parameters are not reliable indicators
of arousal at an interspecific level. Our within-species findings
on the effect of higher Fj ratios on humans” accuracy in identi-
fying high-arousal vocalizations also extends earlier findings
showing, for example, that increases in F; predict humans’ abil-
ity to identify high arousal in conspecifics [25,26], dogs [28],
cats [30] and domestic pigs [27]. In the case of the hourglass
treefrog and black-capped chickadee, it might be that one of
the acoustic parameters that best predicts arousal identification
is the repetition rate of vocalizations” units [15,19,20]. Unfortu-
nately, we could not include this parameter in our model, since
it was not measurable across all the species included in our
stimuli set.

Sauter et al. [25], who also included SCG in their analyses,
found that, in addition to increase in Fj-related measures,
increase in SCG predicted humans’ arousal rating of human

nonverbal emotional vocalizations such as screams and laugh- n

ter. Somewhat surprisingly, and in contrast, we found that
none of the acoustic correlates of arousal included in our ana-
lyses affected arousal identification in human vocalizations.
One explanation might be that verbal emotional sentences,
even when spoken in an unfamiliar language, are proces-
sed differently than nonverbal emotional vocalizations (e.g.
screams), which are less constrained by precise articulatory
movements [68,69]. In fact, nonverbal stimuli are typically
employed for emotional identification in human stimuli
[25,70-72]. Additional studies should compare emotional pro-
cessing of both verbal and nonverbal human sounds (speech
and vocal or instrumental music), possibly examining effects
of multiple emotional dimensions, namely arousal, valence,
approach—withdrawal or persistence [40]. Furthermore, it
would be interesting to disentangle language effects from cul-
tural effects in human perception of vocal arousal across
species. To this aim, future studies should extend our work
to language groups with different cultural backgrounds, or to
one group with the same cultural background, but speaking
two native languages.

Notably, the vocalizations of American alligator, domestic
pig, giant panda and African bush elephant used in our study
were produced by infants. Lingle & Riede [31] suggested that
infant distress vocalizations, which evolved to elicit a response
by caregivers, have a similar acoustic structure across species
within the contexts of isolation from the mother and human cap-
ture. It is possible that differences in the acoustic structure of
arousal vocalizations produced by infants compared with
adults, as well as differences in arousal assessment in caregivers
compared with non-caregivers, affect arousal perception. Further
experimental investigations are needed to estimate these effects.

In our study, the classification of the recordings as high- or
low-arousal vocalizations, for most species, was based on
observational indicators, which reflect the underlying level of
threat, competition or disturbance in the context of vocalization
production (electronic supplementary material, table S1).
Future research would benefit from combining recordings of
behavioural observations with other types of data, such as
brain activity [73,74] and physiological measures (heart rate,
temperature, adrenaline or stress hormone levels) of each
signaller during the production of emotional vocalizations
(as in [18,75-77]). Moreover, one crucial limitation of our
study is that the behavioural contexts in which our vocal
stimuli were produced varied considerably across species,
including laboratory settings, as in the case of domestic pig
vocalizations included in our stimuli set. Hence, future studies
should aim at including vocalizations recorded in qualitatively
and functionally comparable and biologically relevant contexts
across all species. This objectively quantified classification of
vocalizations across animal species, which may assess different
degrees of both arousal and valence in the vocalizations, could
be used to disentangle the relative effect of arousal and valence
in perception of emotional content in animal vocalizations.

Finally, research on the acoustic parameters involved
in the production and perception of arousal in emotio-
nal vocalizations across terrestrial tetrapods is relevant to
understanding the evolution of human language. Indeed,
responding adaptively to the emotional content of vocal
expressions, which appears to be dominant over verbal content,
is likely to be evolutionarily older than speech articulation, and
might have paved the path for its emergence [78,79]. Critically,
arousal-related acoustic universals also appear to be shared by
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music [26]. Comparison between animal vocalizations, speech
and music are thus likely to further our understanding of
the shared evolutionary roots between music and emotional
prosody in verbal language.

In conclusion, our findings provided empirical evidence for
the universality of acoustic correlates of arousal among tetra-
pods, suggesting that important aspects of vocal expression
and perception are deeply rooted in our terrestrial vertebrate
ancestors. This research framework has direct implications
for our understanding of emotion processing across a broad
variety of land-living animal species.
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