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A key question for understanding speech evolution is whether or
not the vocalizations of our closest living relatives—nonhuman
primates—represent the precursors to speech. Some believe that
primate vocalizations are not volitional but are instead inextricably linked to internal states like arousal and thus bear little resemblance to human speech. Others disagree and believe that since
many primates can use their vocalizations strategically, this demonstrates a degree of voluntary vocal control. In the current study,
we present a behavioral paradigm that reliably elicits different
types of affiliative vocalizations from marmoset monkeys while
measuring their heart rate fluctuations using noninvasive electromyography. By modulating both the physical distance between
marmosets and the sensory information available to them, we find
that arousal levels are linked, but not inextricably, to vocal production. Different arousal levels are, generally, associated with
changes in vocal acoustics and the drive to produce different call
types. However, in contexts where marmosets are interacting, the
production of these different call types is also affected by extrinsic
factors such as the timing of a conspecific’s vocalization. These
findings suggest that variability in vocal output as a function of
context might reflect trade-offs between the drive to perpetuate
vocal contact and conserving energy.
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U

nderstanding how human speech evolved is an enormously
difficult problem (1, 2). As evolution typically tinkers with
preexisting phenotypes to find workable solutions to new challenges (3), it seems logical that human speech evolved from the
nonspeech vocalizations of our hominid ancestors. Since social
behaviors, the brain, and other vocal production-related soft tissues do not fossilize, we are left with the comparative method—
investigating the vocal behavior and associated mechanisms of
extant animals—to shed light on how speech may have evolved via
nonspeech vocal output. In light of this, a key question for understanding speech evolution is whether or not the vocalizations of
our closest living relatives—nonhuman primates (hereafter, “primates”)—represent the precursors to speech (4, 5).
Some believe that primate vocalizations are inextricably linked
to internal states like arousal and thus cannot represent precursors to human speech as such vocalizations are not volitional
(6–8). Others believe that this is not the case, that many primates
can use their vocalizations strategically, demonstrating a degree
of volitional vocal control (9–11). For example, the presence of
different predators triggers the production of different alarm
calls by vervet monkeys, suggesting that external cues determine which vocalizations are produced (12). However, similarsounding vocalizations to vervet alarm calls may be elicited by
events unrelated to the presence of predators (e.g., aggression),
suggesting that vocal production is instead linked to the arousal
state of the animal (13). Along similar lines, affiliative “grunts”
produced by female macaques and baboons can be used to signal
“benign intent” (i.e., volitionally) (14, 15). For example, highranking baboons grunt toward lower-ranking ones to signal that
no aggression is imminent (15). However, in other contexts, the
www.pnas.org/cgi/doi/10.1073/pnas.1722426115

acoustic structure of baboon grunts is reported to differ as a
function of presumed high or low arousal states (16). It is impossible to really understand how internal states like arousal
relate to the production of primate vocalizations without a direct
measure of such physiological states in controlled contexts (5).
Under field conditions, it is difficult to obtain physiological
measures of arousal levels (e.g., heart rate, pupil dilation, skin
conductance) that may accompany vocal production. It is also
challenging in such conditions to account for the many variables
that could be affecting an individual’s arousal level at any moment
in time. By contrast, in captivity where direct physiological measures are easier to acquire, it is difficult to elicit different types of
vocalizations. This is because the number of contextual cues that
trigger vocalizations is small in captive conditions relative to the
wild (10, 17). In the current study, we combine a behavioral paradigm to reliably elicit different types of affiliative vocalizations
from captive marmoset monkeys with simultaneous measurements
of their heart rate fluctuations using noninvasive electromyography (EMG). We find that arousal levels are linked, but not inextricably, to vocal production and that different arousal levels
interact with external cues in the production of different call types.
Results
In this study, we systematically manipulated social contexts while
investigating the relationship between vocal output and arousal
levels in pair-bonded marmoset monkeys (Callithrix jacchus: n =
6 marmosets, or three pairs of male–female cage mates). Inspired by the finding that wild pygmy marmosets will switch
among different affiliative call types according to their physical
distance from their social group (18), we designed an experiment
in which marmosets were separated in different ways from their
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partner. There were four 30-min “social distance” conditions:
(i) a single marmoset was alone in a corner of an experiment room
(Alone); (ii) a pair of marmosets were placed in opposing corners with an acoustically transparent opaque curtain blocking
visual access [Occluded Far (OccFar)]; (iii) a pair of marmosets
were placed in opposing corners without an opaque curtain,
allowing visual contact [Visible Far (VisFar)]; and (iv) a pair of
marmosets were placed in the same corner with visual, but not
physical, contact [Visible Close (VisClose)] (Fig. 1A). Here,
“social distance” refers to physical distance from a partner, and
whether the partner could be seen or not, in accord with these
four experimental conditions.
We first measured how social distance affected vocal output.
The percentage of time spent vocalizing by marmoset monkeys
decreased as a function of decreasing social distance (Fig. 1B)
(P = 2.15e-12). Even though individual marmosets differ in how
voluble they are, this relationship is generally sustained (Fig. S1).
The acoustic structure of vocalizations also changed systematically. On a per-session basis, we measured duration, dominant
frequency, amplitude, and Weiner entropy (how noisy the calls
were) (Fig. 1 C and D). To avoid categorization biases (19, 20),
we did not a priori label calls according to ethology (21). Using a
fixed-effects linear regression model, we found that, with decreasing social distance, marmoset vocalizations became shorter
in duration (P = 2.60e-55), lower in dominant frequency (P =
7.80e-05), quieter (P = 4.66e-47), and noisier (P = 1.10e-51).
By subsequently classifying the marmoset vocalizations into
call types (21), we found that three affiliative vocalizations made
up 89.4% of all calls produced: phees, trillphees, and trills (Fig.
2A). We focused our subsequent analyses on these three vocalizations. Were these different call types uniquely associated with
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each context? We examined how frequently these different call
types were produced across the different contexts (Fig. 2B).
When alone, marmosets only make phee calls, but with decreasing social distance, the proportion of phees produced decreases. Conversely, trillphees and trills are completely absent
when marmosets were alone, but production of both call types
increased with decreasing social distance until trills were the
majority call type produced in the VisClose condition. A
multiple-regression model found a significant effect of call type
on context (P = 4.25e-111) and a significant interaction between
call type and context (P = 1.82e-83). Furthermore, all the
marmosets showed a similar pattern of transitioning between call
types (Fig. S2). These results show that different proportions of
affiliative call types are produced as a function of social distance.
We investigated whether the change in acoustic features was
solely due to the change between call types across contexts or
whether vocal flexibility is also present within call types. Even
though the percent time spent vocalizing decreased linearly with
decreasing social distance, the call rate by context did not follow
the same trend (Fig. S3). We looked at the acoustic features
within each call type for each context. For instance, Fig. 2C
shows that the phee calls from a single marmoset exhibit duration and amplitude changes as a function of context. We thus
calculated, for all marmosets, changes in duration, dominant
frequency, amplitude, and entropy for the phee, trillphee, and
trill calls (Fig. 2D). For duration, we found significant changes in
both call type and context: vocalizations were shorter as social
distance decreased (context, P = 1.29e-49; call type, P = 3.76e76). For dominant frequency, we found that it decreased in phee
calls but increased in trillphees and trills with decreasing social
distance (context, P = 0.0009; call type, P = 1.00e-11). For
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Fig. 1. Changes in context affect acoustic properties of vocal behavior. (A) Schematic of room and marmoset placement in four different social contexts. In
order of decreasing distance: Alone, a marmoset was alone in one corner; Occluded Far, two marmosets were at opposing corners with an opaque curtain
between them; Visible Far, two marmosets were at opposing corners without a curtain; Visible Close, two marmosets were in the same corner. (B) Percent
time spent calling in the session by context in order of decreasing social distance. (C) Four acoustic features were measured in the study: duration, dominant
frequency, amplitude, and Weiner entropy. Vertical red lines indicate the boundaries of the identified vocalization. (D) Change in those four acoustic features
over contexts. Error bars capture the SEM.
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amplitude, there was a decrease in intensity with decreasing
social distance (context, P = 8.87e-20; call type, P = 0.2895). For
entropy, each call type increased in noisiness the closer the
marmosets were to each other (context, P = 9.99e-38; call type,
P = 1.39e-07). Together, these results indicate that there is a
significant amount of flexibility within particular call types that is
revealed when the same call type is made in different social contexts.
How are arousal levels associated with changes in overall vocal
output, its acoustic features, and ultimately the switch to different call types? Heart rates were measured by recording noninvasive EMG signals using surface electrodes placed over the
chest and back (n = 3 of the six marmosets). We used changes in
heart rate because it is a temporally precise index of arousal state
(22–24). In Fig. 3A, exemplars of the audio recording and raw
physiological signal, along with the calculated heart rate, are
shown. The amount of time spent calling was positively correlated with mean heart rates of the session (Fig. 3B; partial correlation with subject identity taken into account: ρ = 0.3928, P =
0.0036). Moreover, a paired t test showed that the heart rate 1 s
before call onset was generally higher than the mean heart rate
for the session (Fig. 3C; P = 4.25e-04). By correlating heart rates
before call onset with our four different acoustic measures, we
found that as heart rates increased, duration and amplitude of
the subsequent call increased (duration: ρ = 0.4476, P = 7.78e-04;
amplitude: ρ = 0.3501, P = 0.0102). There was a negative
correlation between heart rates and entropy (ρ = −0.3624, P =
0.0077), and no significant correlation between heart rates and
dominant frequency (ρ = 0.1272, P = 0.3639).
When vocal output and heart rate measures were collapsed
across sessions, the different affiliative call types were associated
with different levels of arousal just before their production (P =
0.023) (Fig. 3E). The phee call was produced when the heart rate
was highest, and the trill call was produced when heart rate was
lowest. These relationships between call types and heart rate
levels were not surprising given that heart rates decrease as a
function of decreasing social distance (Fig. 3B) and that the
proportion of different call types produced also changes as a
function of social distance (Fig. 2B). However, within a particular context, there appeared to be no consistent relationship
between the heart rate and the call type produced (Fig. 3F;
OccFar, P = 0.388; VisFar, P = 0.305; VisClose, P = 0.961). One
possibility is that vocal production is not linked to the absolute
level but to the relative level of arousal. Given that heart rate is
elevated before call onset relative to the session mean (Fig. 3C),
we examined whether there were differences in the change in
heart rate for the different call types (Fig. S4). We found that,
for all sessions, there was a significant effect of call type on the
heart rate change (P = 0.021). However, when we separated out
Liao et al.

the call types into their respective contexts, our regression model
found no significant effect of call type (OccFar, P = 0.054; VisFar, P = 0.104; VisClose, P = 0.467). Overall, these data suggest
that vocal production (e.g., the type of call produced) is not inextricably linked to levels of arousal.
To investigate this further, we measured the relationship between a 0.1-Hz autonomic nervous system rhythm known as the
Mayer wave and the timing of vocal production. From our prior
work, we know that this 0.1-Hz rhythm (measured via heart rate
fluctuations; ref. 25) drives the timing of phee call production
when the marmoset is alone: marmosets tend to produce phee
calls roughly every 10 s (23). We hypothesized that decreasing
social distance (i.e., increasing available external/social cues)
would perturb this intrinsic arousal rhythm and consequently
weaken its relationship with vocal output. We calculated the
coherence between the call output and the heart rate for each
session (Fig. 4A). As before (23), we found a strong peak around
0.1 Hz when marmosets were in the Alone condition. As predicted, the coherence decreased to nonsignificance in the two
visible conditions. This tells us that the influence of this internal
arousal rhythm decreases in the presence of extrinsic factors.
Among those extrinsic factors is, of course, what the other
conspecific may be doing. We thus investigated how changes in
social distance affected the timing of vocalizations produced by
an individual and across pairs. A histogram of call latencies for
each context is shown (Fig. 4B). We defined the call latency as
the interval between the end of a previous vocalization to the
start of a new one (regardless of who produced it). In the Alone
condition, a peak emerged at around 10 s, consistent with the
coherence analyses (Fig. 4A). However, in contexts where the
marmoset was interacting with another conspecific, there was a
bimodal distribution of call latencies: a sharp, fast response and a
slower peak at around 10 s. We separated out those rapidly
produced vocalizations made within 12 s that were in response to
another marmoset’s vocalizations. Much like their relationship
with increasing arousal levels (Fig. 3D), we found positive correlations between duration, frequency, and amplitude with increasing response latency (Fig. 4C): the slower the response, the
longer, higher-pitched, and louder the vocalization (duration:
ρ = 0.117, P = 5.61e-08; frequency: ρ = 0.241, P = 1.99e-29;
amplitude: ρ = 0.132, P = 1.14e-09). Similarly, there was a
negative correlation with entropy: the faster the response, the
noisier the call (ρ = −0.061, P = 0.005) (Fig. 4C).
We then calculated the proportion of different call types
produced as a function of response latency (Fig. 4D). The top
panels belong to an exemplar marmoset and the bottom panels
are the group mean [OccFar: n = 4 (two marmosets only produced phee calls in this context and were excluded); VisFar and
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Fig. 2. Changes in context affect the call types produced. (A) Exemplar spectrograms for the phee, trillphee, and trill contact calls. All exemplars are from the
same marmoset. (B) Change in proportion of these three contact call types by context. (C) Exemplar spectrograms for the phee call from the same marmoset
in different contexts. (D) Change in acoustic features for the phee, trillphee, and trill vocalizations by contexts. Error bars capture the SEM.
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VisClose: n = 6]. We found that when responses were quick—
less than a few seconds—the call types produced were more
likely to be trills or trillphees. When more time passed, the call
type was more likely to be a phee call. In two contexts, the
probability to produce certain call types significantly depended
on the latency (fixed-effect multiple regression model; OccFar:
call type by latency, P = 0.017; VisFar: call type by latency, P =
0.0016; VisClose: call type by latency, P = 0.566).
The phee call is a louder, longer, and more tonal vocalization
than the other call types and requires greater coordination of
vocal biomechanics (more respiratory power and greater laryngeal tension) (24, 26). We also know from developmental studies
that the timing of spontaneous vocal output relative to arousal
levels determines which call types are produced, with phee calls
being produced when arousal levels are highest (24). We thus
hypothesized that a marmoset’s level of arousal when it hears a
conspecific’s vocalization may influence the timing of its vocal
response. To test this hypothesis, we calculated the heart rate
before call perception (1 s before hearing a call) and the heart
rate before call production (1 s before calling back) (Fig. 4E).
We found that response latency is positively correlated with
heart rate before call perception (ρ = 0.138, P = 0.001), and even
more strongly correlated with heart rate before call production
(ρ = 0.2885, P = 3.08e-12). These results show that the arousal
state is lower when the marmoset responds faster upon hearing
another’s call.
Discussion
Understanding the interplay between internal states and extrinsic
factors in the production of primate vocalizations is necessary for
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1722426115

investigating the origins of human communication. One of the
difficulties in determining what role internal states may play in
vocal production is that such states contain a number of related
parameters including a motivational component (i.e., does the
behavior fulfill a certain need), an affective component (e.g.,
positive or negative valence), and the arousal component related
to the probability and latency to respond (5, 27). It is also worth
noting that external and internal milieus may not be easily separated. External stimuli might elicit adaptive changes in the internal state that prepare the animal for appropriate action,
including vocal output. For example, changes in social status and
group structure as a result of aggression or predation (i.e., extrinsic factors) could lead to increased levels of stress hormones
(i.e., an internal state change) (28–30). Increased levels of stress
hormones can subsequently increase the probability of producing
vocalizations (31). Another major problem with invoking a role
for internal states in producing variation in vocal output is that it
is impossible to falsify hypotheses without an actual physiological
measure. In our experiment, we controlled for the first two
components of internal states by creating a consistent motivation
across experimental contexts (reunion with partner) and only
positively valenced interactions. We eliminated the other obstacle to our understanding by directly measuring heart rate
changes as function of social distance using noninvasive EMG.
We found that decreases in social distance reliably elicited
changes in the acoustic parameters of vocalizations that, ultimately, translated into producing different proportions of three
affiliative call types. Measures of heart rate as a function of social
distance revealed that, in general, arousal levels also decreased
with decreasing social distance. Thus, on average, arousal levels
Liao et al.
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were correlated with changes in different acoustic features and
the production of different vocalizations. These findings are
consistent (except for noisiness) with many vocalization studies
of primates that infer arousal level changes based on an animal’s
behavior as a function of the presence and/or distance from a
conspecific or predator. Vocalizations get longer, get louder, and
are produced at a higher rate with increasing arousal (32–37).
However, at social distances that could elicit all three call types
(phees, trillphees, and trills), their production was not reliably
associated with different arousal levels. This suggested that extrinsic
factors also play a role in driving the production of vocalizations.
Consistent with this idea, an autonomic nervous system
rhythm linked to the timing of spontaneous phee call production
in marmosets (23) decreased in power with decreasing social
distance. Conversely, extrinsic factors such as the vocalizations of
partners became increasingly important in influencing the marmoset’s vocal output. As the role of arousal is essentially a means
of allocating metabolic energy [i.e., preparing the body for action
(38)], variability in vocal output as function of context—from
changes in acoustic features to the production of different call
types—might be the result of the interplay between energy usage
and the facilitation of social coordination. One advantage of
vocal communication is the ability to broadcast signals over long
distances, and reciprocal exchanges of calls allows for maintenance of social bonds in visually challenging habitats (39).
However, vocal production, particularly the production of loud,
long, and tonal contact calls, is energetically demanding, eliciting
high metabolic costs (40). Visual contact could supplement vocal
fidelity, allowing energy savings through the production of quieter and shorter vocalizations. For marmoset monkeys, switching
Liao et al.

contexts rebalances the constraints of broadcasting social information (e.g., making longer, louder, lower entropy calls) and
the energy the marmoset invests in making these vocalizations at
the expense of other behaviors (e.g., foraging, infant care, etc.).
Primates must learn to produce the correct vocalizations in the
correct contexts. For example, infant vervets produce “eagle”
alarm calls to a very broad class of visual stimuli found in the sky
above (both harmful and harmless bird species, falling leaves,
etc.). Over time, they refine their alarm calls to a very limited set
of genuinely dangerous raptor species (12, 41). Similarly, infant
marmoset monkeys initially produce some affiliative call types in
the “incorrect” alone context (19, 24), and only later in postnatal
life produce them in the correct contexts via experience (42). In
both species, arousal levels also influence vocal output (13, 24),
and thus it seems external context cues must be correctly linked
with different levels of arousal. This type of associative learning—
between internal states and external cues—could be mediated
by communication between the two parallel neural pathways
involved vocal production. In primates (including humans), vocalizations are produced via the coordination of brain regions
within a “medial” pathway involved in both arousal regulation and
the motor aspects of vocal production and a “lateral” pathway that
is involved in volitional control of vocal production through
learning (11, 43). Recent neurophysiological data are consistent
with these ideas [macaque monkeys (44, 45); marmosets (46–48)].
Although it is widely believed that primate vocalizations cannot represent precursors to human speech because their production is linked to arousal (or some other internal state) (6–8),
this belief is inconsistent with what is known about speech production. Like primate vocalizations, speech production is linked
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to physiologically measured arousal states (49–51). Moreover,
the acoustic structure of speech is also influenced by arousal
levels (52). For example, during speech produced under increased cognitive load, humans show heightened autonomic
arousal, which correlates with changes in voice quality (51). Our
findings with marmoset monkey vocal production are thus consistent with what is known about human speech production. The
key evolutionary question is not about whether vocal production
in any species is purely volitional or purely driven by internal
states, but the extent to which those two factors interact with
each other during communication across different contexts.
Materials and Methods

Individual marmosets were tested in four different conditions: (i) Alone
(A), a single marmoset was placed in a corner of a testing room; (ii) Occluded
Far (OF), a pair of marmosets were placed in opposing corners with an
opaque curtain across the middle blocking visual access; (iii) Visible Far (VF),
a pair of marmosets were placed in opposing corners without an opaque
curtain; and (iv) Visible Close (VC), a pair of marmosets were placed in the same
corner. The participants were three cage mate pairs (n = 6 marmosets, 3 males/
3 females).
For EMG, one marmoset from each pair (n = 3 marmosets: 2 males, 1 female)
was selected to record EMG signals from. We used two pairs of Ag–AgCl
surface electrodes secured around the marmoset’s thorax. The electrode signals were collected by a Plexon Multichannel Acquisition Processor (MAP) data
acquisition system and digitized at 1,000 Hz.
Methods are described in detail in SI Materials and Methods.

Marmoset monkeys live with pair-bonded mates in family groups and were
born in captivity. They had ad libitum access to water and were fed daily with
commercial marmoset diet, supplemented with fresh fruits, vegetables, and
insects. All experiments were performed with the approval of the Princeton
University Institutional Animal Care and Use Committee.

ACKNOWLEDGMENTS. We thank Weiji Ma for a set of queries that
prompted this study. We thank Daniel Takahashi and Lauren Kelly for
helpful discussions. This work was supported by NIH Grant R01NS054898 (to
A.A.G.) and a National Science Foundation Graduate Research Fellowship
(to D.A.L.).

1. Fitch WT (2000) The evolution of speech: A comparative review. Trends Cogn Sci 4:
258–267.
2. Ghazanfar AA, Takahashi DY (2014) The evolution of speech: Vision, rhythm, cooperation. Trends Cogn Sci 18:543–553.
3. Jacob F (1977) Evolution and tinkering. Science 196:1161–1166.
4. Fedurek P, Slocombe KE (2011) Primate vocal communication: A useful tool for understanding human speech and language evolution? Hum Biol 83:153–173.
5. Fischer J, Price T (2016) Meaning, intention, and inference in primate vocal communication. Neurosci Biobehav Rev 82:22–31.
6. Jürgens U (2009) The neural control of vocalization in mammals: A review. J Voice 23:
1–10.
7. Owren MJ, Amoss RT, Rendall D (2011) Two organizing principles of vocal production:
Implications for nonhuman and human primates. Am J Primatol 73:530–544.
8. Tomasello M (2008) Origins of Human Communication (MIT Press, Cambridge, MA).
9. Schlenker P, Chemla E, Zuberbühler K (2016) What do monkey calls mean? Trends
Cogn Sci 20:894–904.
10. Seyfarth RM, Cheney DL (2017) The origin of meaning in animal signals. Anim Behav
124:339–346.
11. Hage SR, Nieder A (2016) Dual neural network model for the evolution of speech and
language. Trends Neurosci 39:813–829.
12. Seyfarth RM, Cheney DL, Marler P (1980) Vervet monkey alarm calls: Semantic communication in a free-ranging primate. Anim Behav 28:1070–1094.
13. Price T, et al. (2015) Vervets revisited: A quantitative analysis of alarm call structure
and context specificity. Sci Rep 5:13220.
14. Silk JB, Kaldor E, Boyd R (2000) Cheap talk when interests conflict. Anim Behav 59:
423–432.
15. Silk JB, Seyfarth RM, Cheney DL (2016) Strategic use of affiliative vocalizations by wild
female baboons. PLoS One 11:e0163978.
16. Rendall D (2003) Acoustic correlates of caller identity and affect intensity in the
vowel-like grunt vocalizations of baboons. J Acoust Soc Am 113:3390–3402.
17. Marler P (1965) Communication in monkeys and apes. Primate Behavior, eds DeVore I,
Hall KRL (Holt, Rinehardt and Winston, New York), pp 544–586.
18. de la Torre S, Snowdon CT (2002) Environmental correlates of vocal communication of
wild pygmy marmosets, Cebuella pygmaea. Anim Behav 63:847–856.
19. Takahashi DY, et al. (2015) LANGUAGE DEVELOPMENT. The developmental dynamics
of marmoset monkey vocal production. Science 349:734–738.
20. Tchernichovski O, Mitra PP, Lints T, Nottebohm F (2001) Dynamics of the vocal imitation process: How a zebra finch learns its song. Science 291:2564–2569.
21. Bezerra BM, Souto A (2008) Structure and usage of the vocal repertoire of Callithrix
jacchus. Int J Primatol 29:671–701.
22. Gray MA, et al. (2012) Emotional appraisal is influenced by cardiac afferent information. Emotion 12:180–191.
23. Borjon JI, Takahashi DY, Cervantes DC, Ghazanfar AA (2016) Arousal dynamics drive
vocal production in marmoset monkeys. J Neurophysiol 116:753–764.
24. Zhang YS, Ghazanfar AA (2016) Perinatally influenced autonomic system fluctuations
drive infant vocal sequences. Curr Biol 26:1249–1260.
25. Julien C (2006) The enigma of Mayer waves: Facts and models. Cardiovasc Res 70:
12–21.
26. Teramoto Y, Takahashi DY, Holmes P, Ghazanfar AA (2017) Vocal development in a
Waddington landscape. eLife 6:e20782.
27. Todt D (1986) Hinweis-charakter und mittler-funktion von verhalten. Z Semiotik 8:
183–232.
28. Engh AL, et al. (2006) Behavioural and hormonal responses to predation in female
chacma baboons (Papio hamadryas ursinus). Proc Biol Sci 273:707–712.

29. Engh AL, et al. (2006) Female hierarchy instability, male immigration and infanticide
increase glucocorticoid levels in female chacma baboons. Anim Behav 71:1227–1237.
30. Sapolsky RM (1982) The endocrine stress-response and social status in the wild baboon. Horm Behav 16:279–292.
31. Bercovitch FB, Hauser MD, Jones JH (1995) The endocrine stress response and alarm
vocalizations in rhesus macaques. Anim Behav 49:1703–1706.
32. Fichtel C, Hammerschmidt K (2002) Responses of redfronted lemurs to experimentally
modified alarm calls: Evidence for urgency‐based changes in call structure. Ethology
108:763–778.
33. Fischer J, Hammerschmidt K, Todt D (1995) Factors affecting acoustic variation in
Barbary‐macaque (Macaca sylvanus) disturbance calls. Ethology 101:51–66.
34. Meise K, Keller C, Cowlishaw G, Fischer J (2011) Sources of acoustic variation: Implications for production specificity and call categorization in chacma baboon (Papio
ursinus) grunts. J Acoust Soc Am 129:1631–1641.
35. Slocombe KE, Zuberbühler K (2007) Chimpanzees modify recruitment screams as a
function of audience composition. Proc Natl Acad Sci USA 104:17228–17233.
36. Yamaguchi C, Izumi A, Nakamura K (2010) Time course of vocal modulation during
isolation in common marmosets (Callithrix jacchus). Am J Primatol 72:681–688.
37. Scherer KR, Johnstone T, Klasmeyer G (2003) Vocal expression of emotion. Handbook
of Affective Sciences, eds Davidson RJ, Scherer KR, Goldsmith H (Oxford Univ Press,
New York), pp 433–456.
38. Pfaff D (2006) Brain Arousal and Information Theory (Harvard Univ Press, Cambridge,
MA).
39. Kulahci IG, Rubenstein DI, Ghazanfar AA (2015) Lemurs groom-at-a-distance through
vocal networks. Anim Behav 110:179–186.
40. Gillooly JF, Ophir AG (2010) The energetic basis of acoustic communication. Proc Biol
Sci 277:1325–1331.
41. Seyfarth RM, Cheney DL (1986) Vocal development in vervet monkeys. Anim Behav
34:1640–1658.
42. Gültekin YB, Hage SR (2017) Limiting parental feedback disrupts vocal development
in marmoset monkeys. Nat Commun 8:14046.
43. Holstege G, Subramanian HH (2016) Two different motor systems are needed to
generate human speech. J Comp Neurol 524:1558–1577.
44. Coudé G, et al. (2011) Neurons controlling voluntary vocalization in the macaque
ventral premotor cortex. PLoS One 6:e26822.
45. Hage SR, Nieder A (2013) Single neurons in monkey prefrontal cortex encode volitional initiation of vocalizations. Nat Commun 4:2409.
46. Nummela SU, Jovanovic V, de la Mothe L, Miller CT (2017) Social context-dependent
activity in marmoset frontal cortex populations during natural conversations.
J Neurosci 37:7036–7047.
47. Roy S, Zhao L, Wang X (2016) Distinct neural activities in premotor cortex during
natural vocal behaviors in a New World primate, the common marmoset (Callithrix
jacchus). J Neurosci 36:12168–12179.
48. Simões CS, et al. (2010) Activation of frontal neocortical areas by vocal production in
marmosets. Front Integr Nuerosci 4:123.
49. Linden W (1987) A microanalysis of autonomic activity during human speech.
Psychosom Med 49:562–578.
50. Lynch JJ, et al. (1980) Human speech and blood pressure. J Nerv Ment Dis 168:
526–534.
51. MacPherson MK, Abur D, Stepp CE (2017) Acoustic measures of voice and physiologic
measures of autonomic arousal during speech as a function of cognitive load. J Voice
31:504.e1–504.e9.
52. Banse R, Scherer KR (1996) Acoustic profiles in vocal emotion expression. J Pers
Soc Psychol 70:614–636.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1722426115

Liao et al.

Supporting Information
Liao et al. 10.1073/pnas.1722426115
SI Materials and Methods
Subjects. Marmoset monkeys live with pair-bonded mates in family
groups and were born in captivity. They had ad libitum access to
water and were fed daily with commercial marmoset diet, supplemented with fresh fruits, vegetables, and insects. The colony
room was maintained at a temperature of ∼27 °C with 50–60%
relative humidity and a 12:12 light/dark cycle. All experimental
sessions were conducted between 0100 hours and 1800 hours. All
experiments were performed with the approval of the Princeton
University Institutional Animal Care and Use Committee.
Experimental Setup. Additional treats were used before each
session to transfer the marmosets from their home cage into a
transfer box. Marmosets were then situated in corners of a soundattenuated experimental room (3.25 × 2.90 m) in four different
configurations portraying different social contexts (Fig. 1A).
These contexts were as follows: (i) Alone (A), a single marmoset
was placed in a corner of the room; (ii) Occluded Far (OF), a
pair of marmosets were placed in opposing corners (4.36-m
separation) with an opaque curtain across the middle blocking
visual access; (iii) Visible Far (VF), a pair of marmosets were
placed in opposing corners (4.36-m separation) without an
opaque curtain; and (iv) Visible Close (VC), a pair of marmosets
were placed in the same corner (0.3-m separation) without visual
occlusion. One microphone (AKG C1000S) was positioned
∼0.3 m above each marmoset, placed in Plexiglas and wire
testing boxes, and vocalizations were recorded using Audacity at
96,000 Hz. The participants were three cage mate pairs (n =
6 marmosets, 3 males/3 females). Each marmoset was run in
each context for a minimum of eight 30-min sessions, a maximum of 12 sessions. The order in which contexts were run was
randomized for each marmoset. Sessions where no calls were
made were discarded and not analyzed further. A total of
140 sessions and 9,912 calls were recorded.
Noninvasive Electromyography. In 54 sessions (Alone: n = 14;
OccFar: n = 14; VisFar: n = 13; VisClose: n = 13), one marmoset
from each pair (n = 3 marmosets: 2 males, 1 female) was selected
to record electromyography (EMG) signals from. Sessions with no
vocalization and/or low signal-to-noise ratios were excluded from
this set of data. To record the EMG signal, we used two pairs of
Ag–AgCl surface electrodes (Grass Technology). The electrodes
were sewn onto a soft elastic band that was secured around the
marmoset’s thorax. One pair of electrodes was placed on the chest
close to the heart and the second pair was placed on the back,
close to the diaphragm. On a separate day before experimental
sessions, we shaved the chest and back of the marmosets to improve the signal-to-noise ratio. Additionally, we applied ECl gel
on the surface of each electrode before wrapping it around the
marmoset. The electrode signals were collected by a Plexon
Multichannel Acquisition Processor (MAP) data acquisition system and digitized at 1,000 Hz. A third microphone was arranged
above the recorded marmoset and the signal sent to a separate
channel of the MAP system to help with call alignment in subsequent analyses. Recorded sessions were 30 min with sessions
(n = 4; mean, 24.25 min) aborted early if the signal diminished.
Quantification and Statistical Analysis.
Vocalization processing. A custom MATLAB routine automatically

detected the onset and offset of any acoustic signal that differed
from the background noise. Four acoustic parameters, similar to
those used previously, were calculated from automatically deLiao et al. www.pnas.org/cgi/content/short/1722426115

tected calls (1). We first bandpass filtered the audio signal between 5 and 11 kHz to detect calls. The duration of the call is the
difference between the offset and onset of the detected vocalization. Individual syllables are combined into a call if the interval
between them is <500 ms. A spectrogram was calculated using a
fast Fourier transform window of 1,024 points, Hanning window,
with 50% overlap. The dominant frequency of a syllable was calculated as the average frequency at which the spectrogram had
maximum power. The amplitude is calculated as the power of the
sound at the identified dominant frequency. Calls with higher values have more energy throughout their dominant frequencies. The
power (p) is converted using the equation: Lp = 20 * log10 ðp=p0 Þ,
where p0 = 20e-6 Pa. We then converted to the sound power level
using the equation: Lw = Lp + j10 * logðQ=4πr 2 Þj, where Q is the
directivity factor and r is the distance to the sound source (e.g.,
marmoset is 0.3 m away from the microphone). The Wiener entropy, representing how broadband the power spectrum of a signal
is, is the logarithm of the ratio between the geometric and arithmetic means of the values of the power spectrum for different
frequencies. Additionally, the time spent calling per session was
calculated by summing the duration of all of the calls in the session
and then dividing by the length of that session.
Each automatically detected call was then manually classified
based on their spectral-temporal profiles from Bezerra and Souto
(2). The major call types observed were phees, trillphees, and
trills. The classification of the trillphee required a minimum of
50 ms presented for each component; otherwise, it was classified
as the call type that spans the majority. Other call types seen
included twitter, chirp, cough, tsik, ek, and tsik-ek calls. To assess
the reliability of the classification, 15 audio sessions were randomly selected (one for each marmoset, each context) and coded
by a second, independent rater. The raters were 96% similar and
demonstrated an interrater reliability of 92.18 (Cohen’s k).
Multiple linear regression analysis. We used the MATLAB routine
(fitlm) to fit a multiple linear regression to the data. We go
through our models below. The data points for these analysis were
the mean values of the variable of interest for each session. To
evaluate the contextual dependence of the time spent calling, we
fitted the multiple linear regression model:
Time spent calling = a + b * context + c * subject + error,
where context and subjects are nominal variables. Subject identity
was set as a fixed variable; due to low sample size, we chose to
model each marmoset individually. After running an ANOVA
on the model, we reported the P value for context. Similar analyses were carried out for the contextual dependence of acoustic
features.
To assess the differences of call type proportions under different contexts, we fitted the multiple linear regression model:
Proportion = a + b * call type + c * context + d * subject
+ e * context * call type + error,
where call type, context, and subject are nominal variables. We
reported the P value on an ANOVA for call type and the interaction term of context and call type.
To determine how the acoustic features for each call type
changed over contexts, we fit the following models:
1 of 5

Acoustic feature value = a + b * call type + c * context
+ d * subject + error,
where call type, context, and subject are nominal variables. After
running an ANOVA on the model, we reported the P values for
context and call type.
Call rate analysis. The call rate was calculated by taking the total
number of calls and dividing by the length of the session to get
calls per minute. To evaluate the contextual dependence of the
call rate, we fitted the multiple linear regression model:
Call rate = a + b * context + c * subject + error,
where context and subject are nominal variables. After running an
ANOVA on the model, we reported the P value for context.
Heart rate data. Heart rate signals were extracted using customwritten MATLAB code (3). The raw EMG data were first
bandpassed between 5 and 39 Hz to better isolate the heartbeats.
Individual heartbeats were detected using a template matching
method. False positives were removed based on the average
interspike intervals, and false negatives were distinguished with an
adaptive local threshold. The heartbeats were binarized (2.5-ms bin
width) and convoluted with a Gaussian window (σ = 0.25 s) to get a
continuous estimate of heart rates. Heart rates were averaged
within each session to get a session heart rate. Heart rates from
the interval 1 s before call production to call onset were averaged
to get a heart rate before call. We took this heart rate interval to
be a proxy for the arousal state of the animal before he/she is
driven to vocalize. Calls with noisy cardiac signals were excluded
from the subsequent analyses.
One concern that arises from using this method of calculating
heart rate is that, at any point in time, the signal is influenced by
both temporal dimensions. Thus, to check that the heart rate is
not artificially elevated by the act of vocalization, we calculated
the heart rate using an alternative method: the inverse of the
interbeat interval (Fig. S5). The interbeat interval was calculated
by taking the time interval between the peaks of consecutive
heartbeats. We then calculated the reciprocal of each interval in
seconds to get a heart rate value in hertz. To calculate the arousal
state before call onset, the intervals from heart beats present from
1 s before call onset to call onset were selected. We then took the
mean of these values. A paired sampled t test for all calls in a randomly selected session revealed that the calculated heart rates before call onset did not differ between the two methods (P = 0.914).
Partial correlation analysis. In the analyses of arousal effects on
vocalization, to control for the effects of marmoset identity, we
used partial correlation (MATLAB: partialcorr) between our
variables of interest. We used this for the following analysis: (i)
correlation between time spent calling in the session and mean
heart rate for the session (n = 54); (ii) correlation between
acoustic features of the call and the heart rate 1 s before call
production at a session level. The ρ and P values were reported.
Test for difference in heart rate distributions. To test whether the heart
rate before call onset was elevated relative to the mean heart rate
for the session, we conduct a paired-sample t test between the
session mean of the precall heart rates and the mean of the
overall heart rate of the session. We reported the P value.
Multiple linear regression for heart rate by call type. To evaluate the
correlation between heart rate and call type, we fit multiple linear
regression models for all sessions and for each separate context:
Heart rate = a + b * call type + c * subject + error,
where call type and subject are nominal variables. We reported
the P values for the effect of call type in the ANOVA of the
model.
Liao et al. www.pnas.org/cgi/content/short/1722426115

Heart rate change by context. The change in heart rate was calculated
by taking the heart rates before call onset and subtracting the
mean heart rate for the session. Positive values indicate that the
heart rate was elevated before vocal production, while negative
values indicate that it was suppressed. To evaluate whether there
were differences between the heart rate and call types, we fit the
multiple linear regression model for all sessions and for each
separate context:

Heart rate change = a + b * call type + c * subject + error,
where call type and subject are nominal variables. After running
an ANOVA of the model, we report the P values for call type.
Coherence analysis between heart rate and vocalization. We constructed a binary vocal pattern variable encoding the vocalization/silence states. Both vocal pattern and heart rate signals were
normalized and resampled to 2 Hz. Only sessions containing
more than 15 calls from the recorded marmoset were included in
this analysis. For each session, we calculated the coherence between the vocal pattern and heart rate (MATLAB routine:
cmtm). Mean coherence was calculated across sessions of the
same context. We tested the null hypothesis that the coherence
was not different from the coherence between two signals with
the same power spectra but with random phase differences. We
generated shuffled surrogate data by randomizing the Fourier
transform phases of the signals for each session and repeated
this 1,000 times. We then estimated the 95% confidence intervals. Coherence values that exceeded these bounds were
significant.
Call latencies. We calculated call latencies to be the time interval
between the end of one call and the start of the next call. A
histogram of all of the latencies for each session was created to
examine whether there were differences by context. The isolated context (Alone) had a peak around 10 s. All of the interactive contexts (OccFar, VisFar, VisClose) showed a second
earlier peak. We then focused our analyses on the response
latency, the time between the end of one marmoset’s call and
the start of another marmoset’s call. In particular, only latencies shorter than 12 s were considered. Twelve seconds was
chosen becomes it becomes ambiguous if calls exceeding this
range are produced spontaneously or in response to the other
marmoset’s call (4).
To test the dependence of call latency on acoustic features,
partial correlations between the acoustic feature and the response
latency were performed controlling for marmoset identity (n =
2,128 calls). The ρ and P values were reported.
To examine whether different call types were made at different
response latencies, we calculated the proportions of the different
responded call types at each 1-s time window. We then fitted a
multiple linear regression model:
Proportion = a + b * call type + c * latency + d * subject
+ f * call type * latency + error,
where call type and subject are nominal variables. The significance of the interaction term reveals whether the probability
to respond with a certain call type depends on the response latency. P values for the interaction were reported.
To test the effect of heart rate before perception on response
latency, we performed a partial correlation between the heart rate
1 s before hearing a call and the subsequent response latency with
subject identity controlled. We also tested the effect of heart rate
before call production on response latency with a partial correlation between the heart rate 1 s before producing a call and the
previous response latency with subject identity controlled. The ρ
and P values were reported.
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Fig. S1. Percent time spent calling in the session by context in order of decreasing social distance for each marmoset. Error bars capture the SEM.
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Fig. S5. Alternative method to calculate heart rate before call onset for one session. (A) A exemplar vocalization was selected and the corresponding
waveform shown. The green tick represents the identified call onset. (B) The corresponding EMG signal is shown with identified heart beats in light green. (C)
The heart rate calculated from convolving a Gaussian with binarized heart beats are shown. (D) The heart rate calculated from taking the inverse interbeat
interval is shown. (E) The heart rates calculated using both methods are plotted against each other. Gray line represents where the signals would be
equivalent.
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