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ABSTRACT

It is generally argued that distress vocalizations, a common modality for alerting conspecifics across a
wide range of terrestrial vertebrates, share acoustic features that allow heterospecific
communication. Yet studies suggest that the acoustic traits used to decode distress may vary
between species, leading to decoding errors. Here we found through playback experiments that Nile
crocodiles are attracted to infant hominid cries (bonobo, chimpanzee and human), and that the
intensity of crocodile response depends critically on a set of specific acoustic features (mainly
deterministic chaos, harmonicity, and spectral prominences). Our results suggest that crocodiles are
sensitive to the degree of distress encoded in the vocalizations of phylogenetically very distant
vertebrates. A comparison of these results with those obtained with human subjects confronted with
the same stimuli further indicates that crocodiles and humans use different acoustic criteria to assess
the distress encoded in infant cries. Interestingly, the acoustic features driving crocodile reaction are
likely to be more reliable markers of distress than those used by humans. These results highlight that
the acoustic features encoding information in vertebrate sound signals are not necessarily identical

across species.

KEYWORDS

Distress vocalizations, baby cries, cross-species communication, animal communication, nonlinear

acoustic phenomena, crocodiles



INTRODUCTION

The cross-species perception of emotions conveyed by voice is a topic that tickles both biologists and
the general public, as it challenges our ability to understand what non-human animals convey
through their vocalizations [1-3]. Darwin had hypothesized that natural selection had led to
convergences in emotion coding between animal species, and that the expression of emotions by
voice has ancient evolutionary roots. He suggested that the consistency in the way emotions are
expressed vocally must be sought in the mechanisms of production by the vocal organs [4]. Indeed,
since most airborne vertebrates share the same principles of sound production (vibration of
membranes driven by airflow), the acoustic output of emotions is likely to be similar in all these
animals, suggesting that they therefore share similar acoustic coding of emotions. A century after
Darwin, Morton [5] stated the principle that the acoustic structure of a sound signal should reflect
the motivational state of the sender (motivation-structural rules): birds and mammals use rather low-
pitched and "rough" sounds in a hostile context, and rather high-pitched and pure tone sounds when
they are frightened, or in a friendly context. Emotions can be classified along two dimensions: their
arousal level (low to high) and their valence (negative or positive) [6,7]. Recent studies provide
empirical data supporting Morton’s claim that vocalizations are usually louder and produced at a
faster rate, higher pitched, more frequency-modulated and rougher when arousal increases, with
positive vocalizations being shorter and less modulated in frequency than negative vocalizations [8-
10,1]. Emphasis has been placed on nonlinear phenomena i.e. irregularities in acoustic signals that
arise from perturbations of vocal folds vibrations [11]. These nonlinear phenomena (frequency
jumps, subharmonics, deterministic chaos and sidebands) [12] are the main cause for the typical
roughness of vocalizations related to high arousal. The arousal level of a distress call is accordingly
correlated with the amount of acoustic non-linearity [13-18]. Nonlinear acoustic phenomena are

therefore good candidates to encode distress in the sound signals across animal species.

If there are commonly shared coding rules, it can be hypothesized that airborne vertebrates -
including humans- are able to decode emotions conveyed by heterospecific acoustic signals. For
instance, people who live with pets often claim to be able to decipher emotions such as distress, joy
or surprise, by listening to their companion meow or bark [19-21]. Livestock and pet professionals
often agree [22-24], and they even seem to be able to decode more finely than non-professionals
the vocalizations of domestic animals (see the recent paper by Massenet et al. on the perception of
puppy whines by humans [14]). However, individual impressions, while suggesting the existence of
inter-species communication, do not provide objective information about the processes of decoding
the emotions carried by acoustic signals. A scientific approach, based on acoustic analyses of
emotion-carrying signals and on playback experiments to identify the acoustic parameters relevant
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to the receivers, is needed to shed light on the processes involved. Indeed, and although a number of
studies have supported this hypothesis by showing, for example, that human subjects are able to
estimate the degree of arousal in the calls of different vertebrate species [2,21,25-28], other studies
suggest however that the acoustic criteria used by receivers are not always appropriate. For
example, Kelly et al. [29] tested how human adult listeners rate the level of distress expressed in the
distress calls (cries) of the infants of human and non-human apes (bonobo and chimpanzee). They
showed that human listeners pay attention to the mean pitch of vocalizations, leading them to
overestimate the level of distress encoded in the bonobo cries. The very high-pitched bonobo infant
calls were indeed systematically rated as expressing overall high distress levels despite being
recorded in contexts eliciting various stress intensity. Similarly, Teichrob et al. [30] and Lingle and
Riede [31] find that female mule deer and white-tailed deer respond to distress calls from different
mammals only when the frequency range of these calls is artificially brought into the frequency range
of baby deer vocalizations. Root-Gutteridge et al. [32] also showed that the response of domestic
dogs to the cries of puppies and human babies is highly dependent on their frequency range. Thus,
the ability to identify vocally encoded emotions across species may be driven by species-specific
traits [33]. Furthermore, we have very limited knowledge of how non-human animals can decode
emotions in the vocalizations of other animal species since most studies focus on the perception of
animal vocalizations by humans. Moreover, investigations in non-human animals usually involved
species that are phylogenetically close (e.g., cross-species perception of alarm and distress calls in

birds [34]; deer perception of distress calls from other mammals [31]).

Crocodilians and hominids (great apes including humans) are distant vertebrate groups on the
phylogenetic tree. However, both crocodile and hominid infants solicit parental care through distress
vocalizations [35-37] (hereafter called “cries”). Caregivers -a parent in most species- are attracted to
these infant cries and respond by providing various types of parental care (protection from predators
in crocodiles; protection and feeding in hominids). Moreover, crocodiles are top predators and
sometimes commit cannibalism [38,39]. As they are opportunistic feeders, crocodilians use all their
senses to detect and locate their preys [39]. A such, they can be attracted to the cries of potential
prey of many species[39][39][39]. Crocodile hearing abilities are excellent between 100 Hz and 4 kHz
[35], and it is empirically known that the whines of puppies and the cries of human babies attract
crocodiles [40]. Crocodiles are therefore an excellent model for investigating an animal's ability to
identify distress in the vocalizations of other phylogenetically distant species. Furthermore, it is
noteworthy that birds and mammals are about the only non-human animals that have been tested
for the perception of human vocal features. Crocodilians are closely related to birds and have many

ecological and cognitive traits that converge with mammals. Although we have a fairly good



knowledge of their anatomy, their behavior -and in particular their behavioral responses to acoustic

stimuli- still remains poorly known [41].

The present study extends this comparative approach, testing whether crocodilians react to distress
vocalizations of phylogenetically distant species, the cries of infant hominids. We identify the specific
acoustic features modulating the responses of Nile crocodiles to these distress calls, and we compare
these "crocodilian" acoustic features to what we had found previously with humans [29]. We predict
that these acoustic features will be identical to those that modulate the assessment of distress level
encoded in vocalizations in humans, which would suggest that the decoding of vocal emotions in
acoustic signals could be shared by phylogenetically distant species. We first conducted an analysis
of the acoustic structure of hominid baby cries (bonobos, chimpanzees and humans) recorded in
different situations eliciting various levels of distress. We then observed the behavioral response of
adult Nile crocodiles to the cries and identified the acoustic traits of the cries that explain the
variation in reaction intensity of the crocodiles. Finally, we compared these results with those
obtained in adult humans in a previous study using the same stimuli[29]. We found that, unlike adult
humans whose response to baby cries is primarily driven by cry frequency pitch, crocodiles are
particularly attentive to a set of features including nonlinear acoustic phenomena, which are known

to be particularly informative of distress level encoded in vocalizations of several mammals [13].

METHODS

Acoustic stimuli

All stimuli have been recorded prior to the present study and are part of the sound database of the

ENES Bioacoustics Research Laboratory (Figure 1A).

Bonobo infant cries were recorded in European zoological parks, with a Sennheiser MKH70 ultra-
directional microphone connected to a Zoom H4n recorder (sampling frequency = 44.1 kHz). The
recorded infants were aged from 1 to 4 years (sex unknown) and all dependent on their mother
(breast-fed and frequently carried by the mother). We isolated 6 cries from 6 different bonobo

babies (one cry per baby; cry duration = 3.0 = 0.4 seconds).

Chimpanzee infant cries were recorded in the wild from a population habituated to humans (Kibale
National Park, Uganda), with Sennheiser MKH70 ultra-directional microphone connected to a
Marantz PMD670 digital recorder (sampling frequency = 44.1 kHz). The exact ages as well as the sex

of the recorded infants were unknown, but all were under 4 years and were carried by their mother.



We isolated 6 cries from 6 different chimpanzee babies (one cry per baby; cry duration = 3.2 £ 0.4

seconds).

The context of the bonobo and chimpanzee infant cries recordings was always characterized by an
infant soliciting its mother. For practical and ethical reasons, it was not possible to quantify the

emotional state of the bonobo and chimpanzee infants by physiological measures (e.g., heart rate).

An operational definition is to consider arousal as a marker of the intensity of an emotion, ranging
from low to high [1]. In this framework, calls caused by minor stress correspond to low arousal, while
calls caused by major stress represent high arousal. We thus arbitrarily classified the cries of
chimpanzee and bonobo babies into 2 categories: low arousal (begging calls while the mother was
nearby, without a third individual involved in the interaction; n = 3 bonobo cries, n = 2 chimpanzee
cries), and high arousal (conflict with another individual, no immediate reaction from the mother; n =
3 bonobo cries, n = 4 chimpanzee cries). However, given the limited number of bonobo and
chimpanzee recordings of respectively low and high arousal, we chose to group them into a single
category to perform the acoustic analysis. Importantly for the purposes of the study, we obtained
recordings of bonobo and chimpanzee infants soliciting their mothers in various situations. This gave
our cry sample a wide range of arousal levels which allows us to explore the acoustic basis of the

distress response in crocodiles.

Human babies’ cries were recorded in two contexts: bathing at home by parents (low arousal
context; N = 6 babies with balanced sex ratio) and vaccination at the pediatrician’s office (high
arousal context; N = 6 babies with balanced sex ratio, different from those recorded in the bathing
context). The babies were recorded with a Sennheiser MD42 microphone placed at 30 cm from their
mouth, and connected to a Zoom H4n recorder (sampling frequency = 44.1 kHz). We isolated one cry
per recorded baby (total of 12 sequences; duration of each cry = 3.2 £ 0.2 seconds).

From a general point of view, the bank of cry recordings with which we worked thus contained a
diversity of signals, both in terms of hominid species and in terms of arousal level. This diversity
allowed us to achieve the major objective of the study, which was to identify the specific acoustic

features modulating the response of crocodiles to distress calls.

Analysis of sound stimuli

We analysed the acoustic structure of cry sequences using a custom script in Praat software [42].
Extending the analysis method we developed previously [29], we measured the following eighteen
acoustic variables: number of cry syllables in the sequence (nbCries), average duration of each

syllable in the sequence (meanDur), percentage of the sequence duration with detectable pitch



(voiced), average pitch over the sequence (meanF0), minimum pitch (minF0), maximum pitch
(maxF0), range of pitch (maxFO - minFO = rangeF0), pitch coefficient of variation (FOCV), harmonicity
(harmonicity; ratio of harmonics to noise in the signal expressed in dB), jitter index (jitter; small
fluctuations of periodicity), index of shimmer (shimmer; small variations in amplitude), first three
spectral prominences characterizing the spectral envelope of the cries (SP1, SP2, SP3), percentage of
the sequence duration with subharmonics (subharmonics; nonlinear phenomena appearing on the
spectrogram as integer fractional values of an FO), percentage of the sequence duration with
biphonation (biphonation; nonlinear phenomena characterized by two simultaneous and
independent fundamental frequencies), percentage of the sequence duration with deterministic
chaos (chaos; nonlinear phenomena characterized by non-random noise), mean intensity of the cry
sequence (meanINTcroc or meaniINThuman). The latter variable was calculated by considering the
respective auditory sensitivity of crocodiles and humans. The maximum amplitude of all signals was
previously normalized. Based on the crocodilian audiogram measured by Higgs et al. (2002), we
converted flat dB into “dB crocodile” and obtain the average intensity corresponding to the hearing
sensitivity of crocodiles (see Supplementary Material 1 for details). The average human intensity was

calculated using dB(A).

To illustrate the differences between cry categories while reducing the acoustic dimensions
considered, we performed a principal component analysis (PCA) on all 18 acoustic variables (taking
meaniINTcroc as the measure for the mean intensity of the cry sequence). Clustering of cry categories
according to the first three principal components (acoustic dimensions) was tested using anova
(package stats, R-Studio v.4.1.2), taking each acoustic dimension as the dependent variable and the
cry category (bonobo, chimpanzee, human baby at bath, human baby during vaccination) as the fixed
factor. We then performed post hoc multiple comparisons of means (Tukey contrasts, R package

multcomp).

Playback experiments on crocodiles

The experiments were conducted at CrocoParc zoo (Agadir, Morocco). This park hosts more than 300
Nile crocodiles (Crocodylus niloticus) in an outdoor garden including several ponds. As the animals
are free to roam, it was impossible to test the crocodiles individually. We therefore played back the
sound stimuli to four groups of between 7 and 25 adults (females and males, unknown sex ratio),
occupying 4 different ponds (see Figure 1A for a plan of the ponds and the position of the speakers).
By emitting acoustic stimuli to groups of crocodiles rather than to single individuals, the possibility

that individual responses to the stimuli are influenced by the behavior of other animals in the basin



cannot be excluded. To our knowledge, no previous study has experimentally tested that crocodiles
mimic the behavior of other individuals - although they are probably capable of doing so (e.g., some
species, such as the spectacled caiman, black caiman and alligator, have been shown to fish in groups
[44]). Above all, in the basins where we did the experiments, the crocodiles are rarely on the move,
and when one or a few of them start to swim, they are never systematically followed by others. The
fact that we observed, as in this study, rapid responses towards the speaker (see results below)
argues in favor of reactions driven first by the sound stimuli. In order to avoid habituation, each
group of crocodiles was tested during a single experimental session, except for one group that was
tested in two sessions, one day apart. To accustom the crocodiles to the presence of the speakers,
they were positioned two days before the start of the experiments. During these two days, we
regularly observed the crocodiles (several observation sessions per day) and noticed that they
showed no particular interest in these silent speakers. Each experimental session started at 19:00,

one hour after the park closed to the public.

During each experimental session, each group of crocodiles heard a succession of up to 6 stimuli
(min-max = 4-6), broadcasted with a remote-controlled loudspeaker (FoxPro Fusion with Visaton SL
87 ND internal speakers, see Supplementary Figure 1 for the technical specifications). Each stimulus
consisted of a 30-second repetition of one of the 24 previously isolated cries. The stimuli were
different between groups. Among the stimuli sent to each group, there was at least one cry from
each category (bonobo, chimpanzee, human baby bathing, human baby being vaccinated). To avoid
any order effect, we also took the precaution of presenting the stimuli in different orders and
combinations from one experiment to another (see Supplementary Table 1 for a detailed list of
stimuli played to the different groups). There was a minimum interval of 10 min between each

playback, and we only played the next stimulus when the crocodiles had lost interest in the speaker.

All experiments were filmed (Lumix DMC-FZ300 camera). The behavioural response of the crocodiles
was assessed by measuring the proportion of individuals who responded to the stimulus (number of
individuals who turned their head toward the speaker or moved in its direction divided by the

number of individuals present in the basin during the experiment).

Analysis of the crocodile reaction to playback

We tested the effect of the cry category on crocodile behavioral response with a generalized mixed
model (package Ime4, logistic function, R-Studio v.4.1.2, fixed factor: cry category, random factor:
number of the pond where the tested group of crocodiles was located; the individual identity of the

recorded crying infants was not taken into account because 22 out of 24 stimuli were played only



once). We used multiple comparison tests to compare the behavioral responses of crocodiles across

stimulus categories.

To identify the acoustic traits that could explain crocodiles behavioral responses in terms of response
rate (i.e. proportion of crocodiles reacting to the sound stimulus), we explored the relative
importance of each of the 18 acoustic variables characterizing the stimuli using partial least squares
logistic regression PLS (package plsRgIim [45]). PLS is useful when a response has to be predicted from
a large set of variables and when there is multicollinearity. While classical principal component
analysis does not identify the salient acoustic features explaining the behavioral response, PLS-
regression allows to group the acoustic features that best predict these responses. PLS constructs
components from linear combinations of the predictors optimized to be related to the variable to be
explained. Here, the variable to be explained was the crocodile response rate to the acoustic stimuli
while the predictors were the 18 acoustic parameters. Cross validation was used to select the
optimal number of components in the model. Predictor significance and BCa confidence intervals
were derived using balanced bootstrap (R=1000 resampling). Results were expressed as standardized
regression coefficients § and credible intervals derived from the bias corrected accelerated bootstrap
distribution. Coefficients with bootstrap distributions above or below zero were considered
statistically significant. Finally, we tested the potential correlation between the value of the PLS first

component and the amount of distress expressed by the cries.

Comparison with humans

The perception of distress encoded in infant bonobo, chimpanzee, and human cries by adult human
listeners has been the subject of the previous study by Kelly et al. [29]. However, in order to compare
with the results obtained here with crocodiles, we reanalyzed the data from that previous study
normalizing human ratings between 0 and 1 and using the acoustic variables presented here. We
conducted the same analyses as described above for crocodiles (principal component analysis and

partial least squares logistic regression, taking meanINThuman instead of meanINTcroc).

RESULTS

Cry stimuli differ by pitch, presence of chaos and distribution of energy in the spectrum

Principal Component Analysis performed on the 18 acoustic variables yields three major components
(called “Acoustic Dimensions”) that significantly discriminate the cry categories (anova, AD1: F(3,20)
= 70.6, p < 0.001; AD2: F(3,20) = 22.5, p < 0.001; AD3: F(3,20) = 8.4, p < 0.001). The first acoustic
8



dimension (AD1) primarily represents cry pitch (with meanFO, maxFO, and rangeFO showing the
highest loadings; Table 1). As illustrated by Figure 1B, bonobo cries have a higher pitch than those of
chimpanzees and human babies. Human babies recorded during bathing were the lowest pitched
cries (see Table 2 for post-hoc multiple comparisons between cry categories). The second acoustic
dimension AD2 essentially represents deterministic chaos (nonlinear phenomenon) and the highest
spectral prominences (SP2 and SP3). It is the cries of human babies recorded in a vaccination context
and the cries of bonobos that present the highest values of AD2 (Figure 1B). The third dimension
(AD3) is associated with the periodic quality of the cries (captured by the variables voiced, harm and
jitter; Figure 1B). As shown in Figure 1B, chimpanzee and particularly bonobo calls are distributed
along a gradient spread along all three acoustic dimensions, meaning that our recordings can be

considered representative of acoustic variability in the cries of these great apes.

Crocodile response is driven by a set of acoustic features that do not include pitch

The results of the playback experiments show no significant difference between the response rates
of crocodiles to different distress cry categories (GLM, Wald X? = 5.0, p = 0.173). As suggested in
Figure 2A, only some high-arousal human infant cries and some bonobo cries appear to stand out by
inducing a stronger response than low-arousal cries or chimpanzee cries. However, the response of
crocodiles is dependent on the acoustic characteristics of the stimuli. Indeed, the PLS regression
reveals the acoustic predictors of crocodile response to sound stimuli (Figure 2B). Low harmonicity,
high jitter, the presence of chaos, and higher energy in the higher frequencies of the spectrum
accompany higher responsiveness of the tested animals (harmonicity: B =-0.16 [-0.43, -0.09]; jitter: B
=0.14 [0.07, 0.39]; deterministic chaos: § = 0.11 [0.03, 0.21]; SP2: $ = 0.13 [0.07, 0.36]; SP3: B = 0.09
[0.03, 0.19]). Conversely, the pitch (FO) does not predict crocodile reaction to sound stimuli. Only one
component was kept in the PLS model, and as illustrated in Figure 2C, this first component (Crocodile
PLS1, Supplementary Table 2) is significantly higher (Imer, Wald X* = 8.6, p < 0.01) when crocodiles
were tested with signals potentially expressing a lot of distress (high arousal cries), than when they

hear signals potentially expressing less distress (low arousal cries).

Human listeners rely mostly on pitch features to assess baby cries
Similar to the results reported in [29], we found that human listeners judge the cry of hominid babies
differentially (GLM, Wald X* = 92.0, p < 0.001, Figure 2C). Specifically, they rate bonobo cries as

expressing the highest level of distress (multiple comparisons: § > 1.0, Z > 3.5, p < 0.01), while human



babies’ low arousal cries are rated as expressing the least distress (multiple comparisons: p<-1.2,7Z <
-5.4, p < 0.001).

PLS regression reveals that the most significant predictors are related to pitch and its variation
(rangeF0O: B = 0.08 [0.07, 0.09]; maxF0: B = 0.07 [0.06, 0.08]; FOCV: B = 0.08 [0.06, 0.10]). Human
listeners thus assign a high distress value to high-pitched cries. Other predictors, such as harmonicity
(B =-0.07 [-0.08, -0.06]), also modulate human listeners’ rating of cries (Figure 2D).

Similarly to crocodiles, the first component of the PLS model (Human PLS1, Supplementary Table 2) is
higher when individuals are tested with signals expressing a lot of distress than when they hear

signals expressing less distress (Figure 2F).

DISCUSSION

Our results show that Nile crocodiles are attracted to infant hominid cries and suggest that their
motivation to respond depends on acoustic features known to encode the intensity of distress
expressed by the emitter. In particular, crocodiles are more attracted to cries with nonlinear acoustic
phenomena (chaos, low harmonicity) and more intense energy in the high frequencies of the
spectrum (spectral prominences), which are two acoustic traits known to code for a high arousal.
Unlike humans who primarily use pitch to judge the level of distress encoded in infant cries,

crocodiles are only moderately sensitive to this acoustic feature.

The present analysis of the acoustic structure of bonobo, chimpanzee, and human infant cries
confirms and complements the work of Kelly et al. [29]. The acoustic parameter differing the most
between stimulus categories is pitch. Bonobo infant cries are by far the highest pitched, followed by
human infant high arousal cries. Human baby high arousal cries are distinguished from other stimuli
by a greater presence of nonlinear phenomena [28,46] (deterministic chaos, low harmonicity). As
illustrated by the representation of the stimuli in two-dimensional acoustic space, some of the
bonobo cries also exhibit marked nonlinear phenomena [47] (high values of the second acoustic
dimension). Because of their diversity, our stimuli thus represent a range of distress coding. Human
infants were recorded in two contexts (at the bath and during a vaccination session) inducing
different levels of arousal. Bonobo and chimpanzee infants were recorded in a variety of contexts,

also inducing a diversity of arousal levels.

This diversity in the acoustic features of the stimuli, which reflects a diversity in the arousal of the
emitters, drives a variation in the behavioral response of the crocodiles. Playback experiments
suggest that crocodiles are not particularly sensitive to the category of the playback call (bonobo,

chimpanzee or human), but pay particular attention to acoustic features that mark arousal, such as

10



nonlinear acoustic phenomena (chaos and low harmonicity) and spectral prominences in the upper
part of the spectrum. Our psychoacoustic approach allows to explore the correlations between the
objective acoustic properties of sound stimuli and the subjective perception of sounds by crocodiles.
The results of the acoustic analysis show that pitch is an essential dimension for differentiating
sounds in the acoustic space determined by principal component analysis. On the other hand, the
results of the playback experiments highlight that pitch is not a reliable predictor of the behavioural
response of crocodiles. In short, what we can call the "perceptual sound dimension", i.e., the acoustic
dimension that best explains the crocodiles' response, does not correspond exactly to the acoustic

dimensions that best discriminate sound stimuli.

What might be termed the "perceptual dimension" of crocodiles does not correspond exactly to the
distribution of calls in the acoustic space determined by principal component analysis. In particular,
while it is an essential dimension for discriminating between cry categories, pitch is not a reliable

predictor of crocodile response.

This result is interesting for two reasons. First, it marks a difference with the way humans assess the
level of distress in infant cries. Our analysis of humans' assignment of distress level to stimuli indeed
confirms that conducted by Kelly et al. [29]: humans assign a distress level primarily from the pitch of
the cry. The higher the pitch of a cry, the more humans judge the cry as expressing high distress
[27,21,25,2]. This leads human listeners to consistently judge bonobo baby cries as expressing strong
distress, and thus to be likely to be wrong. Bonobo babies have been recorded in a variety of
contexts and express a diversity of arousal levels, which is reflected in the wide distribution of their
cries on the second acoustic dimension (chaos and spectral prominences). The second benefit of
crocodiles not paying attention to pitch is that their reaction to the baby cry is less dependent on the
animal species emitting the cry than it is for humans. Pitch is a potentially misleading distress marker
trait: while it may be informative within a given animal species, its basal value varies too much
between animal species to be a marker of distress widely shared across species [33,32,29-31].
Crocodiles thus seem particularly adapted at estimating the degree of distress encoded in an infant’s
cry regardless of the hominid species considered. Unlike humans, whose perception and analysis of
infant cries is biased by this emphasis on pitch, crocodiles probably have no experience with cries in
different hominid species - except in the wild for crocodiles living in close proximity to human
populations or other Hominids. They therefore respond to stimuli based on acoustic criteria alone,
without recognizing the origin of the stimulus. Moreover, although crocodiles have excellent hearing
in air, they [35,43] have a poor perception of high frequencies and bonobo cries, which have a

frequency range up to 10 kHz, are therefore likely to be poorly perceived by crocodiles [35,43]. This

11



poor perception of high frequencies may explain why human babies' high arousal cries tend to

induce a stronger response from crocodiles.

Why humans rely heavily on the pitch (FO) to assess the level of distress coded by a cry is a question
beyond the scope of this paper. To put it in a nutshell, this is potentially explained by the fact that a
human infant expresses a high level of distress by increasing the prevalence of not only nonlinear
acoustic phenomena but also pitch [28]. The average pitch differs between human babies, but since a
human normally knows the baby(s) they are caring for, using pitch to detect distress in a given baby's

cries becomes reliable.

Why do crocodiles respond to hominid cries? It is known that adult crocodiles are attracted to the
distress calls of their young. Crocodilian females -and males in some species- come to provide
parental assistance in case of attack by a predator [48]. However, adult crocodilians do not always
show care for the young, and cases of cannibalism are regularly observed [38,39]. The distress calls of
young crocodilians share common features with the cries of hominid infants: they are harmonic
series spanning a wide bandwidth (between 500 and 6000 Hz) [49,50], modulated in frequency, and
may exhibit nonlinear acoustic phenomena. In our experiments, it was not possible to reliably
identify each tested adult crocodile as male or female. However, we definitely observed that
individuals of both sexes responded to our stimuli. In addition, not all animals approached the
speaker in the same way. Some did so by swimming on the surface, while others practiced an
underwater approach, a behavior which looks as a predator strategy. We also observed some
individuals trying to bite the speaker, while others stopped a few tens of centimeters in front of it
with their snout pointed in its direction. Although it is likely that our hominid cry stimuli triggered a
predatory response from these opportunistic hunters, it cannot be entirely ruled out that some

individuals (particularly females) responded in a parental care context.

Furthermore, by showing that adult Nile crocodiles are attracted to the cries of hominid babies, our
study suggests that these large predators may have been a danger to the human lineage throughout
its evolution. The Nile crocodile was indeed an abundant species in the African cradle where the
human lineage developed [51]. Since the cries of babies of all species forming the human lineage
probably shared acoustic characteristics with the cries of present-day human babies, they probably

always represented attractive stimuli for crocodiles.

One possible limitation of our study is the lack of a control stimulus. Indeed, we tested the crocodiles
only with cries, and not with any other type of signal. However, we are confident that the responses
we observed are indeed driven by cries and not by any other type of sound. In fact, our previous

works with crocodilians show that these animals respond selectively to certain sound signals. For

12



example, a black caiman mother does not respond to her offspring’s contact calls while she rushes to
a speaker emitting distress calls [50]. Young Nile crocodiles are attracted to calls from other young,
but do not respond to frog calls [52,53]. In the present study, we could certainly have played non-
significant signals (such as white noise for example). We chose not to do so in order to limit the
number of playback experiments. Crocodiles are particularly intelligent animals and their ability to
associate the presence of a speaker with listening to unusual sounds is certainly very high. Since the
number of testable animals was very limited, we needed to keep the number of experiments to a

minimum.

Since our stimuli were distress calls recorded from young individuals, it is not possible to generalize
our results to other emotional vocalizations, such as adult distress calls. Only new playback
experiments could answer this question. For instance, it would be interesting to test the reaction of
crocodiles to other types of vocalizations, including vocalizations with a positive valence such as
laughter. Based on the results of the present study, we hypothesize that since these vocalizations

show little or no non-linear phenomena, they should elicit less response from the crocodiles.

In sum, our study suggests that crocodiles identify and respond proportionately to different levels of
distress in hominid infant cries. This behavior is elicited by acoustic features otherwise known to be
markers of distress in vocalizations [13-15,54,16,55,18]. Our experiments obviously do not mean
that crocodiles cannot be attracted by other signals than distress calls -they are opportunistic
hunters-, but they suggest that the readiness of these animals to react increases with the presence of
acoustic features marking a level of distress (non-linear acoustic phenomena). Moreover, and
because the crocodiles tested have never had the opportunity to associate a hominid baby's cry with
the presence of a baby in their immediate surroundings in the zoo, their response to hominid baby
cries is likely innate. Since crocodiles primarily pay attention to nonlinear acoustic phenomena where
humans are primarily sensitive to pitch, our results suggest that the decoding of arousal level

expressed by vocalizations may be based on different acoustic features depending on the species.
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Tables

Table 1: Principal Component Analysis of the sound stimuli.

AD1 AD?2 AD3

parameters Eigenvalue = | Eigenvalue = | Eigenvalue =
7.1 3.7 2.2
nbCries 0.35 -0.65 -0.33
meanDuration -0.44 0.69 -0.07
voiced 0.08 -0.05 0.72
meanFO 0.91 -0.17 0.05
maxFO 0.94 -0.16 0.18
minFO 0.31 -0.51 -0.31
rangeF0 0.91 -0.04 0.27
FOCV 0.42 0.44 0.48
meanINTcroc -0.68 -0.41 -0.32
harmonicity -0.62 -0.27 0.54
jitter 0.77 0.08 -0.54
shimmer 0.79 -0.21 -0.43
SP1 0.70 0.41 -0.03
SP2 0.47 0.75 -0.03
SP3 0.48 0.74 -0.12
biphonation 0.84 -0.14 0.32
subharmonics -0.37 0.22 -0.03
chaos -0.35 0.79 -0.40

19




Table 2: Multiple comparisons tests between sound stimuli.

catecgrgries Acoustic Dimension | Acoustic Dimension _Acous_tic
. 1 2 Dimension 3
comparison
Estimat ¢ 5 Estimat ; 5 Estimat ¢ 5
e e e
Human bath /
Human -1.66 -3.36 0.015 -3.57 | -6.16 | <0.001 2.18 3.49 | 0.011
vaccine
Humanbath /| /0 | 1348 | <0.001 | -148 | -2.55 | 0081 | 003 | 0.05 | 1.000
bonobo
Hc‘;]ﬁnrr?ga?]azzll 434 | 876 | <0.001 | 087 | 150 | 0454 | 229 | 3.67 | <0.01
Human
vaccine / -5.02 -10.12 | <0.001 2.09 3.61 <0.01 -2.15 -3.44 | 0.013
bonobo
Human
vaccine / -2.68 -5.40 <0.001 4.44 7.66 | <0.001 0.11 0.18 1.000
chimpanzee
Bonobo / 234 | 472 | <0001 | 235 | 406 | <001 | 226 | 3.62 | <0.01

chimpanzee
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Figures legends

Figure 1. Playback experiments with Nile crocodiles. A. Aerial view of the ponds of Crocoparc zoo,
Agadir, Morocco. We played the sound stimuli to 4 groups of 7 to 25 adults (females and males, sex
ratio unknown), occupying 4 different ponds. For each experimental session, two loudspeakers were
placed on the banks of the pond, allowing to playback the sound stimuli from two different locations.
Arrows indicate the position and direction of the loudspeakers. Camera icons indicate the position of
the cameras used to monitor the experimental trials. B. Hominid baby cries used as playback stimuli.
Top: Spectrograms of cry samples. Bottom: Acoustic space of cries. Each dot represents a cry stimulus
(duration around 3 seconds). The acoustic structure of cries was described using 18 acoustic variables
and further reduced into three independent acoustic dimensions using a Principal Component
Analysis. The first acoustic dimension is mainly related to cry pitch. The second acoustic dimension is
mainly related to deterministic chaos and high spectral prominences. The third acoustic dimension is
mainly related to cry harmonicity (see Table 1 for Principal Components coefficients). Legend of dots
in the acoustic spaces: disks = low-arousal human baby cries; triangles = high arousal human baby
cries; empty squares = low arousal baby bonobo cries; solid squares = high arousal baby bonobo
cries; simple crosses = low arousal baby chimp cries; double crosses = high arousal baby chimp cries.

Figure 2: Response of crocodile and human adults to hominid baby cries. A. Crocodile response
rates to sound stimuli. Each group of crocodiles was tested with all stimuli in several successive
experimental trials. Each dot represents an experimental trial. The outcome measured was the
proportion of responding individuals in each tested crocodile group. B. PLS Acoustic predictors of
crocodile response to baby cries. Coefficients with bootstrap distributions above or below zero are
statistically significant predictors. The crocodile response to cries is essentially predicted by low
harmonicity, jitter, the presence of chaos and the highest spectral prominences. Predictors related to
stimulus pitch do not explain the crocodile response (Partial Least Square Regression: standardized
regression coefficients and 95% balanced bias-corrected and accelerated bootstrap confidence
intervals). C. Relationship between the PLS first component and the degree of distress expressed by
cries in the experiment involving crocodiles. D. Distress level ratings of sound stimuli in the
experiment involving human adults. Each dot represents one psychoacoustic measure. E. PLS
Acoustic predictors of human rating of distress level in baby cries. Coefficients with bootstrap
distributions above or below zero are statistically significant predictors. Predictors related to stimulus
pitch and its variation explain the best human ratings (Partial Least Square Regression: standardized
regression coefficients and 95% balanced bias-corrected and accelerated bootstrap confidence
intervals). F. Relationship between the PLS first component and the degree of distress expressed by
cries in humans.
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Supplementary Materials

Supplementary Material 1: Conversion of flat dB to dB “crocodile”. Based on the ANSI methodology
used to estimate the sound level in dB(A) (i.e. related to the human auditory curve; ANSI 51.6-1967
(R1976)) [56], we developed the same methodology based on the alligator audiogram as measured
by Higgs et al. (2002) to estimate the sound intensity in dB “crocodile”. The first step was to
interpolate a weighting function in dB for each frequency from the alligator audiogram curve (ref O
dB at 1000Hz) and to transform this weighting function on a linear scale. The second step was to
compute the spectrum of the sounds in dB using an FFT (Fast Fourier Transform) and then to multiply
this FFT transformed on linear scale by the weighting function. Finally, we calculated the mean RMS

level in dB of the resulting FFT.
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Supplementary Figure 1. Technical specifications of the loudspeakers. Most of the energy of the
acoustic signals used in this study was between 500 Hz and 10 kHz. Since the original transfer
functions of the FoxPro loudspeakers (Shogyo #GF0923BM-1X) in this frequency range were very hilly
with rapid variations up to 16 dB, we decided to insert a new speaker into the FoxPro with smoother
and flatter transfer functions (Visaton #SL 87 ND). In addition, the use of these new loudspeakers
makes the FoxPro much more omnidirectional. All measurements have been done in a semi-anechoic
room (dimensions 3.4 x 4.6 m; reverberation time = 0.2 for 125 Hz and < 0.1 for frequencies greater
than or equal to 500 Hz). A. Transfer functions of the two FoxPro (1 and 2) with the new
loudspeakers measured with a condenser microphone (Behringer ECM8000) while emitting a
broadband noise. B. Directionality functions (polar diagram, dB scale) of the FoxPro with the new
intern speakers measured for sinus at three frequencies.



Supplementary Table 1: Details of the playback experiments.

Pond Trial Cry category Signal ID Nb of Response
individuals rate
in the pond
1 1 bonobo 03_bonobo (high arousal) 25 36 %
1 2 chimpanzee 04_chimp (high arousal) 20 15%
1 3 Human bath 01_human_bath 18 6%
1 4 bonobo 03_bonobo (high arousal) 22 27 %
1 5 Human vaccine 02_human_vaccine 11 55 %
1 6 Human vaccine 02_human_vaccine 28 54 %
2 1 Human bath 06_human_bath 7 0%
2 2 Human vaccine 11_human_vaccine 11 36 %
2 3 bonobo 16_bonobo (low arousal) 12 0%
2 4 | chimpanzee 21_chimp (high arousal) 8 13%
3 1 chimpanzee 22_chimp (low arousal) 23 52%
3 2 Human vaccine 12_human_vaccine 30 3%
3 3 bonobo 17_bonobo (low arousal) 30 27 %
3 4 Human bath 07_human_bath 21 24 %
3 5 bonobo 18_bonobo (high arousal) 29 7%
3 6 chimpanzee 23_chimp (low arousal) 21 14 %
4 1 Human bath 08_human_bath 20 25%
4 2 bonobo 19_bonobo (high arousal) 17 41 %
4 3 Human vaccine 13_human_vaccine 22 23 %
4 4 chimpanzee 24_chimp (high arousal) 25 8%
4 5 Human bath 09_human_bath 20 15 %
4 6 Human vaccine 14_human_vaccine 18 11%
1 1 Human vaccine 15_human_vaccine 25 36 %
1 2 chimpanzee 25_chimp (high arousal) 26 19%
1 3 bonobo 20_bonobo (low arousal) 20 5%
1 4 Human bath 10_human_bath 22 23%




Supplementary Table 2: Weights of predictor variables on the first PLS component.

Acoustic Crocodile Human

parameters PLS1 PLS1
nbCries 0.02 -0.10
meanDuration 0.33 0.04
voiced 0.04 0.02

meanF0 -0.05 0.30

maxFO -0.10 0.35

minFO -0.19 -0.02

rangeF0 -0.06 0.39

FOCV -0.01 0.37
meanlINTcroc 0.18 0.02
harmonicity -0.50 -0.34
jitter 0.42 0.31

shimmer 0.05 0.22

SP1 -0.10 0.13

SP2 0.39 0.22

SP3 0.26 0.29
biphonation -0.20 0.25
subharmonics 0.002 -0.09
chaos 0.33 0.09




