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Abstract

Duetting, or the stereotypical, repeated and often coordinated vocalizations between 2 individuals

arose independently multiple times in the Order Primates. Across primate species, there exists sub-

stantial variation in terms of timing, degree of overlap, and sex-specificity of duet contributions.

There is increasing evidence that primates can modify the timing of their duet contributions relative

to their partner, and this vocal flexibility may have been an important precursor to the evolution

of human language. Here, we present the results of a fine-scale analysis of Gursky’s spectral tarsier

Tarsius spectrumgurskyae duet phrases recorded in North Sulawesi, Indonesia. Specifically, we

aimed to investigate individual-level variation in the female and male contributions to the duet,

quantify individual- and pair-level differences in duet timing, and measure temporal precision of duet-

ting individuals relative to their partner. We were able to classify female duet phrases to the correct

individual with an 80% accuracy using support vector machines, whereas our classification accuracy

for males was lower at 64%. Females were more variable than males in terms of timing between

notes. All tarsier phrases exhibited some degree of overlap between callers, and tarsiers exhibited

high temporal precision in their note output relative to their partners. We provide evidence that

duetting tarsier individuals can modify their note output relative to their duetting partner, and these

results support the idea that flexibility in vocal exchanges—a precursor to human language—evolved

early in the primate lineage and long before the emergence of modern humans.
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Duetting, or the stereotypical coordinated vocalizations between 2

or more individuals (Langmore 2002), occurs across a diverse range

of taxa including insects (Bailey 2003), frogs (Tobias et al. 1998),

birds (Thorpe et al. 1972; Hall 2004), and nonhuman primates

including the families Tarsiidae (tarsiers; Burton and Nietsch 2010;

Nietsch 1999), Pitheciidae (titi monkeys; Müller and Anzenberger

2002; Robinson 1979, 1981), Hylobatidae (gibbons and siamangs;

Geissmann and Orgeldinger 2000; Geissmann 1999, 2002; Keith et al.

2009), and in some lemur species, such as the indri (Indriidae; Tecot

et al. 2016) and sportive lemur (Lepilemuridae; Méndez-Cárdenas and

Zimmermann 2009). In nonhuman primates, duetting behaviors co-

occur with pair-living and territoriality (Haimoff 1986). Although the

function of duets in primates is still a topic of research, primate duets

may mediate intergroup spacing (Mitani 1985a), moderate territorial

conflicts (Mitani 1985b; Cowlishaw 1992), and serve to advertise and/

or strengthen the pair-bond (Geissmann and Orgeldinger 2000).

In nocturnal primates, duets may also serve an extra function of

facilitating the reuniting of individuals after a night of foraging

alone (the pair reunion model; MacKinnon and MacKinnon 1980;

Méndez-Cárdenas and Zimmermann 2009).
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As primate duets typically travel over multiple conspecific

territories, it seems likely that they are providing information to con-

specifics about caller or group status and identity. It is possible that

in territorial animals listeners can glean information from caller

identity simply from the location of the caller, but more likely that

call structure also provides cues to caller identity (Ham et al. 2016;

Torti et al. 2018), and this may vary according to call type (Volodin

et al. 2011; Bouchet et al. 2012). The majority of analyses on indi-

vidual- or pair-level variation in primate duets have focused on the

gibbons, or lesser apes (Oyakawa et al. 2007; Keith et al. 2009;

Terleph et al. 2015, 2018; Clink et al. 2017, 2018b; Lau et al.

2018), with some work on indris (Gamba et al. 2016; Torti et al.

2017). Vocal individuality may be simply the result of a unique com-

bination of genetic and environmental factors on the ontogeny of in-

dividual calls in the absence of selective pressures for individual

distinctiveness (McGregor 1993; Suthers 1994). For example, in

ring-tailed lemurs Lemur catta, it was found that morphological

variation in vocal tracts explains individuality in vocalizations

(Gamba et al. 2017). But, the fact that certain call types are more in-

dividually distinct than others provides evidence that some calls

have been under selection to provide cues to caller identity (Mitani

et al. 1996).

At its most simple definition, rhythm is defined as a pattern of

events in time (McAuley 2010), and the ability to perceive and fol-

low rhythm is ubiquitous across human cultures, along with the

ability for flexible turn-taking in vocal exchanges (Stivers et al.

2009). The ubiquity across cultures implies that these abilities may

have been a precursor to human language, and there is some evi-

dence for the ability for flexible turn-taking in nonhuman primates.

Primate duets generally exhibit stereotyped, alternating exchanges

between individual callers (Haimoff 1986). In male white-handed

gibbons, it was found that they flexibly time their contribution to

the duet relative to the female, and tend to interrupt females only if

female calls exhibit abnormal structure (Terleph et al. 2018). In ind-

ris, the proportion of time spent cosinging was influenced by the

dominance status of the caller, with dominant animals overlapping

more than nondominants (Gamba et al. 2016), indicating that these

animals can also flexibly time their vocalizations.

Tarsiers are small, nocturnal primates that are found only in

Southeast Asia, specifically in Borneo, Sumatra, Sulawesi, the

Philippines, and surrounding islands (Groves and Shekelle 2010).

Tarsiers are a particularly interesting group of primates as they ex-

hibit a range of social organization, from solitary to pair-living

(Gursky 2003), with the pair-living tarsiers on Sulawesi regularly

engaging in duets (MacKinnon and MacKinnon 1980). Tarsier duets

tend to occur around dawn, as the animals return to their sleeping

trees, but are also sometimes emitted during the night in territorial

encounters with other groups (MacKinnon and MacKinnon 1980),

providing evidence that duets function, at least in part, to mediate

territorial conflicts. Species with high-amplitude duets are predicted

to be communicating with extra-pair receivers (Dahlin and Benedict

2014), and tarsier duets can be heard up to 500 m in neighboring

territories (Gursky 2015). Since tarsier duets can be heard over mul-

tiple conspecific territories, they are probably communicating with

extra-pair individuals, and it is possible that some portion of their

duet contains information about individual or pair identity.

Sulawesi tarsier duets have previously been shown to exhibit strong

patterns of geographic variation, with different species and popula-

tions across Sulawesi showing distinct duet patterns (Nietsch 1999;

Shekelle et al. 2008; Burton and Nietsch 2010).

Here we report the results of a fine-scale analysis of Gursky’s

spectral tarsier Tarsius spectrumgurskyae duets recorded in

Tangkoko National Park, Sulawesi. To our knowledge, there have

not been analyses of individual variation in duet contributions, or

of duet timing in Sulawesi tarsiers. The tarsier lineage split from all

other extant primates at least 58 mya (Goodman et al. 1998), and

had an exceptionally long period of independent evolution (Merker

et al. 2009). Therefore, a thorough, quantitative assessment of tar-

sier duets may contribute to our understanding of the factors that

contributed to the evolution of duetting across the Order Primates,

as well as provide possible insights into the refinement of rhythm

and turn-taking abilities that occurred over the course of human

evolution (Gamba et al. 2016). Specifically, our objectives were to

1) investigate individual variation in the male and female contribu-

tions to the duet; 2) quantify the rhythm (Sasahara et al. 2015) of

tarsier duets to understand rhythmic consistency within and be-

tween individuals; 3) quantify and compare differences in rate of

note repetition between males and females; and 4) to examine the

temporal precision of male and female contributions relative to

each other, along with the amount of overlap or cosinging between

callers.

Methods

Study site and subjects
Our study focused on Gursky’s spectral tarsier (referred to hereafter

as spectral tarsiers, T. spectrumgurskyae, Shekelle et al. 2017) in

Tangkoko National Park, Sulawesi, Indonesia (1�33’45.3000N,

125�10’17.5300E; Figure 1). Data for this study were collected during

July and August 2018. We collected acoustic data using a combin-

ation of focal and autonomous recordings (see description below).

Tarsier population density at Tangkoko National Park is �156 indi-

viduals per km2 (Gursky 1998) with tarsier territory size varying

from 0.016 km2 (1.6 ha) to 0.041 km2 (4.1 ha; Gursky 1998).

Tarsiers exhibit a preference for sleep trees in the genus Ficus, show

a high fidelity to a small number of sleep trees in their territory

(Gursky 2003), and call from their sleep tree each morning

(MacKinnon and MacKinnon 1980). We distinguished between

pairs based on recording location alone but given certain aspects of

tarsier behavior and ecology—specifically their territoriality, nono-

verlapping home ranges and sleep tree fidelity—we felt confident in

distinguishing between pairs in this manner. Our criteria for distin-

guishing among pairs were as follows: the pair must be recorded

>150 m away from another pair (for autonomous recordings) or we

had to make visual and auditory contact with the pair (in the case of

focal recordings). In contrast to most other nonhuman primates,

unhabituated tarsiers exhibit relatively little fear in the presence of

potential predators (human or otherwise; MacKinnon and

MacKinnon 1980), so it seems unlikely that the presence of human

observers substantially altered their duetting behavior.

Acoustic data collection
We collected data using a combination of focal recordings and stra-

tegically placed autonomous recorders near to known sleeping trees.

For focal recordings, we used a RØDE NT-USB Condenser

Microphone (Røde Microphones, Sydney, Australia) connected to a

32 GB Apple iPad Air (Apple Inc., Cupertino, CA) and the Voice

Record Pro application at a sampling rate of 44.1 kHz and 16 bits.

In addition, we used 2 different autonomous recording devices, ei-

ther an ARBIMON portable recorder (Aide et al. 2013) which
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recorded at 44.1 kHz and 16 bits, or a SWIFT recorder (Koch et al.

2016) recording at 48 kHz and 16 bits. ARBIMON recorders were

programmed to record from 6 PM to 6 AM daily, SWIFT recorders

recorded 24 h continuously, and focal recordings were taken oppor-

tunistically during the early morning hours by D.J.C. and a research

assistant. All recordings were saved as Waveform Audio Files and

ARBIMON recorders saved 1-h long files at a size of 317.5 MB,

SWIFT recorders saved 40-min files at a size of 230.4 MB and focal

recordings files were of variable duration and size. The number of

recording days per autonomous recorder ranged from 2 to 7.

Although tarsier duets can be heard up to 500 m away by a human

observer (Gursky 2015), the detection distance of our recording

devices was much lower than that—typically <50 m for high-quality

recordings. Therefore, all recordings included in the present analysis

were taken within �50 m of the calling pair. Given their relative pre-

dictability in calling location, we were able to get high-quality

recordings of tarsier duets during focal recordings, and using the au-

tonomous recorders with relative certainty of pair identity. Using

the autonomous recorders, there were some cases wherein we were

able to get high-quality recordings over multiple days. We include a

summary of the number of phrases for each sex by recorder type

along with number of recording days in Table 1. The uneven sample

size between males and females is the result of having to exclude

certain male phrases because there were 2 males vocalizing at the

same time, and in 1 case there was a tarsier female who called with-

out a male.

Acoustic analysis
Male and female tarsiers exhibit a high-degree of sex-specificity in

their duet contributions (Nietsch 1999; Burton and Nietsch 2010),

so we could easily distinguish male and female duet contributions

from the spectrograms. For our acoustic analyses, we included only

duets with a high signal-to-noise ratio (�10 dB) where it was clear

there was only one calling individual of each sex. Tarsier duets are

composed of multiple phrases wherein the male produces rapidly

repeating notes, and the female produces a series of notes that

increase in duration and decrease in bandwidth (see Figure 2 for a

representative spectrogram of a tarsier duet and phrase). We focused

our analysis on phrases within the duet, as opposed to the whole

duet, for the following reasons. First, the number of phrases in the

Figure 1. Map of recording locations of tarsier pairs in Tangkoko National Park, Sulawesi, Indonesia. Each point denotes the recording location of a tarsier pair

and the shape of the points reflects the type of recorder used (see “Methods” section for details).
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duet was variable, making it difficult to decide which features from

the whole duet to include for our analyses, particularly as our meth-

ods of discriminating individuals required us to use the same number

of features for each phrase (see “Classification of individuals” sec-

tion). Second, the phrases were highly stereotyped, making it easy to

discern when they start and end, which made them a relatively easy

unit of analysis for comparison. Third, previous studies of vocal in-

dividuality in nonhuman primates (Terleph et al. 2015; Clink et al.

2017; Lau et al. 2018), or on duet rhythm (Gamba et al. 2016) have

focused on a particular call type or phrase within a duet, as opposed

to the entire duet. And lastly, previous qualitative analyses of tarsier

duets focused on the duet phrase, so our analysis will be comparable

with previous analyses of tarsier duets (Shekelle 2008).

Given the limitations of data storage capabilities for the

ARBIMON autonomous recorders and our desired sampling

scheme, we were necessarily limited to a sampling rate of 44.1 kHz.

Tarsiers have ultrasonic vocalizations (Gursky 2015), but our analy-

ses focused on the fundamental frequency of the duet phrases, which

range from 6 to 14 kHz, indicating that a sampling rate of 44.1 kHz

was more than sufficient for our analysis. Before analysis and to en-

sure spectrogram measurements were comparable among different

recorder types, we low-pass filtered the data with a 48 kHz sampling

rate >22.5kHz using a Butterworth filter, and then down-sampled

to a sampling rate of 44.1 kHz using Audacity(R) 2.3.0 software

(2018). We created spectrograms using Raven Pro 1.5 Sound

Analysis Software (Bioacoustics Research Program, Cornell Lab of

Ornithology, Ithaca, NY). Spectrograms were created with a 1600-

point (33.3 ms) Hann window (3 dB bandwidth ¼ 43.1 Hz), with

50% overlap, and a 2048-point discrete fourier transform, yielding

time and frequency measurement precision of 16.7 ms and 24.1 Hz.

There were variable numbers of introductory notes for each

phrase, so we defined the start of a phrase as the first instance in a

duet where the female notes were emitted with a spacing of �2 s,

and we defined the end of the phrase as the instance when the female

stopped calling for at least 2 s. We created separate selection tables

for males and females in Raven Pro, and for each note estimated the

following features: start and stop time, note duration, along with

the minimum frequency (kHz), and the maximum frequency (kHz).

To increase intraobserver reliability in spectrogram measurements,

we used the robust measurements in Raven, which calculate meas-

urements based on the energy of the particular call segment and are

less sensitive to user variability (Charif et al. 2010). For our duration

features, we used 90% duration, and for our frequency features, we

used 5% and 95% frequencies, so actual duration and frequency

values were slightly lower or higher than those reported. For each

phrase, we also estimated the duration of the phrase, the number of

notes, and the rate of note output (number of notes divided by dur-

ation of the phrase; Figure 3).

Classification of individuals
For most modeling and discriminative tasks, it is a requirement

that the length of each feature vector for each observation is equal

(in this case, the number of features included for each phrase of

the tarsier duet). The fewest number of female notes in a particular

tarsier phrase was 6; therefore, we were limited to including the

features of 6 or fewer notes in our analyses of female duet phrases,

and for consistency we only included 6 notes for male duet

phrases. The commonly used method of classifying individual

vocalizations—linear discriminant function analysis (Terleph et al.

2015; Clink et al. 2017)— was inappropriate for our analysis as

we included multiple phrases from multiple tarsiers which were in

some cases collected over multiple days, meaning that our study

had a 3-factorial design, and not a 2-factorial design that is

required when using linear discriminant function analysis

(Mundry and Sommer 2007). If the same individual (or pair) is

recorded at 2 separate times, this violates the assumptions of stat-

istical independence for linear discriminant function analysis

(Venables and Ripley 2002). If we would have included only

phrases from each pair recorded on a single day in our analysis,

then we could have used a linear discriminant function analysis

without violating the assumptions, but we wanted to include the

largest sample size possible, so chose to use a “state-of-the-art”

support vector machine (SVM; Cortes and Vapnik 1995).

The use of a permuted discriminant function analysis would

have been appropriate in our case (Mundry and Sommer 2007),

but we opted for the use of the SVM, which is a more commonly

used classification algorithm in human speech recognition (Dahake

et al. 2016), and increasingly in studies of nonhuman primate

Table 1. Summary of tarsier pairs and duet phrases analyzed in this study

Pair ID Sex Number of recording days Number of phrases Sex Number of recording days Number of phrases Recorder type

A F 1 4 M 1 4 Autonomous (SWIFT)

B F 2 10 M 2 10 Autonomous (SWIFT)

C F 2 12 M 2 12 Autonomous (SWIFT)

D F 1 4 M 1 4 Autonomous (SWIFT)

E F 3 13 M 2 9 Autonomous (ARBIMON)

F F 2 12 M 2 11 Autonomous (ARBIMON)

G F 1 10 M 1 3 Autonomous (ARBIMON)

H F 1 4 M 1 4 Focal

I F 1 1 M 1 1 Focal

J F 1 3 M 1 3 Focal

K F 1 1 M 1 1 Focal

L F 1 3 M 1 3 Focal

M F 1 3 M 1 3 Focal

N F 1 3 M 0 0 Focal

O F 1 9 M 1 9 Autonomous (SWIFT)

Total female phrases 92 Total male phrases 77

We analyzed duet phrases from 14 males and 15 females. In some cases using the autonomous recorders, we recorded high quality duets over multiple mornings,

and the number of recording days is equivalent to number of duets included per pair.
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vocalizations (Fedurek et al. 2016; Turesson et al. 2016; Clink et al.

2018a). SVMs have fewer assumptions regarding data independence

(Hsu and Lin 2002) than linear discriminant function analysis and

were therefore a more reasonable choice for our classification prob-

lem. To see how well different individuals could be distinguished

based on features estimated from the spectrograms, we used the

R package “e1071” to create multiclass SVM models (which are

appropriate for classification when there are >2 classes or groups)

using a radial kernel, and we used the “tune” function to estimate

the best values for the gamma and cost parameters. We used leave-

one-out cross-validation to determine our classification accuracy.

We also used SVM recursive feature elimination (Kuhn 2008; Colby

2011) to rank the features estimated from the spectrogram in terms

of their importance for classifying individuals.

Pair-level signatures
Given the subjective nature of spectrogram feature extraction, we

were interested to see if there were pair-level differences in duets

that we were potentially missing based on our choice of features.

Estimation of Mel-Frequency (Hz) cepstral coefficients (MFCCs)

provides an automated alternative to spectrogram feature extrac-

tion, and MFCCs are commonly used in human speech recognition

and animal call classification applications (Clemins et al. 2005; Lee

et al. 2006; Chou et al. 2008; Mielke and Zuberbühler 2013; Clink

et al. 2018a). We calculated MFCCs for the duet phrase (as opposed

to estimating features for individual notes like with spectrogram

feature extraction), and as tarsier duets consist of alternating notes

between males and females with substantial overlap, MFCCs

calculated for each phrase necessarily reflect pair-level differences,

as opposed to individual differences between males and females.

We calculated MFCCs for each tarsier phrase using the R package

“tuneR” (Ligges et al. 2018).

As with any type of classification using SVM, we needed to cre-

ate MFCC feature vectors for each tarsier phrase that were of equal

length. Tarsier phrase duration varied among pairs (ranging from 4

to 36 s), so we divided each phrase into an equal number of time

windows and calculated MFCCs for each time window. We found

that using 4 time windows resulted in the highest classification

accuracy, and including more time windows did not increase our ac-

curacy. We divided each phrase into 4 time windows, and calculated

12 MFCCs for each time window along with the delta-cepstral coef-

ficients, which are the first-order derivatives of the original cepstral

coefficient, and are meant to capture dynamics of MFCCs over the

course of the signal (Beigi 2011; Kumar et al. 2011). We omitted the

Figure 2. Representative spectrograms of a tarsier duet with multiple repeated phrases (top) and a single phrase (bottom). Female notes are denoted by blue,

downward facing arrows and male notes are denoted by red, upward facing arrows. Spectrograms were created using the same settings outlined in the methods,

and the single phrase spectrogram was zoomed in on the time axis.
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first MFCC for each time window, as this MFCC is correlated with

signal strength and is dependent on distance of caller from the

recording device (Han et al. 2006; Muda et al. 2010). We also

included the duration of the phrase which resulted in a feature vec-

tor of length 65. We then used SVMs as outlined above to classify

tarsier phrases by pair.

Male and female rhythm
To quantify rhythm structure of tarsier phrases, we used an ap-

proach that was originally developed to quantify developmental tra-

jectories of birdsong (Sasahara et al. 2015). For each of the male

and female phrase contributions, we calculated the interonset inter-

vals using Raven Pro selection tables for consecutive notes si and siþi

where IOI(i) ¼ t(siþ1) � t(si) for male notes and female notes

separately (Figure 3). We calculated a kernel density estimate for the

interonset intervals for each phrase, using the “density” function in

R and a smoothing bandwidth of 0.1 ms. We then computed the

local maxima for each density PLOT using the discrete analogue to

the second derivative applied to the kernel density estimate.

Different rhythm peaks are the result of a varying number of “local

maxima” or peaks of interonset interval densities, and following

Sasahara et al. (2015) we term these peaks “rhythm bands.” A rep-

resentative density plot highlighting our method of estimating

rhythm bands is shown in Figure 4. We estimated the number of

rhythm bands for each phrase for each tarsier individual, and used

the R package “ggpubr” (Kassambara 2017) to create boxplots of

number of rhythm bands for males and females separately. We then

used the “compare_means” function to calculate a 1-way analysis of

variance to test for differences between males, females, and males

Figure 3. Representative spectrogram of a tarsier phrase outlining the features used for individual classification (top) and the temporal measures taken to esti-

mate male and female rhythm bands, along with temporal precision of males relative to females (bottom). The white arrows indicate individual male notes. For

each male and female note, we estimated the duration, minimum frequency (kHz), and maximum frequency (kHz). For each phrase, we estimated the duration,

number of notes, and note rate (number of notes over total duration) for males and females separately. Spectrograms were created in Raven Pro using the spec-

trogram settings outlined in the methods.
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relative to females in number of rhythm bands. To test for correl-

ation between number of male and female rhythm bands, we used a

Pearson’s correlation test.

Cosinging, rate of note repetition and temporal

precision of tarsier duets
We calculated the duration of cosinging, following Gamba et al.

(2016), as the percentage of the total phrase duration that males and

females were calling at the same time using Raven Pro selection

tables by summing the duration during which males and females

overlapped during each phrase, and calculating the percentage of

the total phrase duration that males and females were calling to-

gether. To calculate rate of note repetition, we divided each tarsier

phrase into 3-s bins (median call duration was �9 s) and calculated

the number of male and female notes in each 3-s bin. We used a

Pearson’s correlation test to investigate the correlation between

male and female rate of note repetition. To calculate temporal preci-

sion of males relative to females (and females relative to males), we

used selection tables created in Raven Pro, and calculated the dur-

ation from the start of the individual’s note to the beginning of their

partner’s next note (Figure 3). To determine if female timing was

predictive of male timing, and vice versa, we calculated a Granger’s

causality test, which is a statistical test developed to determine if 1

time series could be used to forecast another time series (Granger

1969; Brandt et al. 2008). We calculated the Granger’s causality test

in the R package “lmtest” (Zeileis and Hothorn 2002) for each

phrase based on the interonset interval of male notes to female

notes, and vice versa.

Data access and R code
All data and R code needed to recreate analyses are provided as on-

line Supplementary material. In addition, sound files used for ana-

lysis will be made available from the corresponding author on

reasonable request.

Ethical note
The research presented here adhered to all local and international

laws. Institutional approval was provided by Cornell University

(IACUC 2017-0098). Approval was also granted by the Indonesian

Ministry of Research, Technology and Higher Education (Permit

number: 2881/FRP/E5/Dit.KI/VII/2018).

Results

Classification of individuals and pairs
We report the results of the analysis of 92 female tarsier calls and 77

male tarsier calls from 15 different pairs. Our ability to classify

females based on features estimated from the spectrogram using

SVM and leave-one-out cross-validation was substantially better

than our ability to classify males, with a classification accuracy of

80% for females and 64% for males. Using SVM recursive feature

elimination, we found that spectral features ranked highest in terms

of classifying females and males (see Table 2 for feature summary

and ranking along with mean, range, and standard deviation [SD] of

features for females and males). Our ability to classify pairs was

70%, based on the MFCCs estimated for each phrase.

Male and female rhythm
We found that there was substantial interindividual variation in the

number of rhythm bands for female phrases but not male phrases.

The results of a 1-way analysis of variance were statistically signifi-

cant for the number of bands among individual females (P<0.05)

but not for males (P¼0.33; Figure 5A). We found that males had

fewer rhythm bands (mean ¼ 3.2 rhythm bands, range ¼ 2–5) than

females (mean ¼ 4.4 rhythm bands, range ¼ 2–7; P<0.05), indicat-

ing that male note output was more consistent than females, but

there was a strong correlation between the number of rhythm bands

a male and female exhibited in a particular phrase (R¼0.36,

P<0.05; Figure 5B).

Tarsier cosinging, temporal precision, and rate of note

repetition
We found that tarsiers differed substantially in the amount of

cosinging exhibited during duetting, with pairs overlapping any-

where from 6% to 40% of the total duration of the duet, and some

pairs consistently overlapped more than others (P<0.05; Figure 6).

We found that males were precise in their note timing relative to

females, with a median interonset interval across males of 0.14 s.

There were consistent differences between individual males in their

Figure 4. Density plot of the interonset interval distribution for 1 tarsier female duet phrase highlighting local maxima or rhythm bands. For this particular tarsier

female duet phrase, there were 5 peaks, which correspond to 5 “rhythm bands.”
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relative timing (P<0.05; Figure 7), and all but 3 of the males were

in the range (<0.2 s) established for classifying duets as precise, at

least in songbirds (Dahlin and Benedict 2014). Females were also

precise, with a median interonset interval of 0.13 s, and there were

consistent differences among individual females in their timing rela-

tive to males (P<0.05), with 5 females exhibiting median interonset

intervals >0.2 s (Figure 7). Differences in relative note timing were

not influenced by male rate of note output, as there was not a signifi-

cant correlation between male timing and rate of male note output

(P¼0.84). To determine how well female timing could predict male

timing, and vice versa, we applied the Granger’s causality test on the

timing of male and female notes between phrases, and found that

the timing of female calling was useful in predicting male note out-

put 50% of the time whereas male calling was predictive of female

note output only 10% of the time (n¼77 phrases, P<0.05), which

shows that males adjust their timing relative to their partner more

often than females do.

Discussion

Tarsier female duet phrases encode more information about caller

identity than male duet phrases, as we were able to correctly classify

80% of female phrases, whereas our classification accuracy for male

phrases was only 64%. We found that females had marked variation

in the rhythm bands of their duet phrases, with some females

showing relatively high variance in the spacing between notes, and

others showing relatively low variance, whereas males were more

consistent. We found that tarsiers tracked their partner’s rhythm in

the sense that if the female was more variable, so was the male. All

tarsier phrases exhibited some degree of cosinging, with some pairs

overlapping substantially. The median interonset intervals for males

relative to females was �0.14 s (and for females relative to males it

was 0.13 s), and only 3 out of 14 males (and 5 out of 14 females)

had a median interonset interval >0.2 s, indicating that most

individuals were precise (Dahlin and Benedict 2014) in their note

Table 2. Description of features used for classification, along with mean and SD for females and males

Featurea Female mean and range Female SD Male mean and range Male SD

Note 6 maximum frequency (kHz) 9.3 1.8 11.8 1.2

(6.2–12.8) (7.6–13.5)

Note 5 maximum frequency (kHz) 9.6 1.8 11.8 1.1

(6.2–13.4) (7.9–13.7)

Note 4 maximum frequency (kHz) 10.2 1.6 11.8 1.2

(6.9–13.8) (7.9–13.7)

Note 5 minimum frequency (kHz) 6.8 0.7 6.8 0.8

(5.6–8.5) (5.1–9.8)

Note 6 minimum frequency (kHz) 6.6 0.6 6.7 0.7

(5.3–8.9) (5.1–9.1)

Note 3 maximum frequency (kHz) 10.8 1.4 11.9 1.0

(8.2–14.2) (8.7–13.8)

Note 2 maximum frequency (kHz) 11.5 1.5 11.9 1.2

(9.3–14.6) (7.4–13.8)

Note 1 maximum frequency (kHz) 12.0 1.5 11.8 1.2

(9.3–15.2) (8.7–13.5)

Number of notes in a phrase 14.78 6.72 18.36 9.48

(6–41) (6–48)

Note 4 minimum frequency (kHz) 7.0 0.5 6.7 0.8

(5.9–8.6) (5.0–10.4)

Note 3 minimum frequency (kHz) 7.1 0.6 6927 0.9

(6.4–8.8) (5.0–11.0)

Note 2 minimum frequency (kHz) 7.3 0.7 6.6 0.6

(6.4–9.0) (5.2–8.1)

Note 1 minimum frequency (kHz) 7.5 0.8 6.5 0.6

(5.9–9.8) (4.8–8.1)

Note 6 duration (s) 0.54 0.19 0.28 0.08

(0.24–0.98) (0.17–0.48)

Note 5 duration (s) 0.55 0.16 0.26 0.06

(0.25–0.95) (0.15–0.40)

Note 4 duration (s) 0.51 0.19 0.25 0.07

(0.26–0.83) (0.12–0.40)

Note 3 duration (s) 0.47 0.11 0.24 0.06

(0.30–0.88) (0.14–0.40)

Note rate (number of notes/duration [s] of phrase) 1.36 0.28 1.55 0.25

(0.74–1.98) (1.02–2.27)

Note 1 duration (s) 0.5 0.12 0.25 0.05

(0.304–0.744) (0.17–0.38)

Phrase duration (s) 12.31 6.84 12.18 6.81

(4.02–36.77) (3.09–35.93)

Note 2 duration (s) 0.46 0.11 0.25 0.06

(0.28–0.71) (0.14–0.40)

aFeatures are ranked by their importance for classifying individual females.
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output relative to their partner. We also found a correlation between

male and female note rate, providing evidence that tarsiers modify

the timing of their note output relative to their partner.

Potential for re-recording the same individuals
Although we aimed to reduce the possibility of categorizing 2 separ-

ate tarsier groups as the same group, the fact that many of our

recordings were taken using autonomous recording units in the

absence of a human observer means that there is the potential for

misclassification of pairs. We aimed to reduce this by only using

high-quality recordings in our analysis, in a sense using signal-to-

noise ratio as a proxy for distance. We assumed that there was only

one pair duetting close enough to our recorders to give a high

signal-to-noise ratio, given the territorial nature of tarsiers and the

fact that we never saw or heard tarsier duets emitted from 2 separate

groups in close proximity, although it can happen occasionally

(MacKinnon and MacKinnon 1980). Recording 2 separate pairs and

classifying them as a single pair would have influenced our results

Figure 5. Rhythm bands of tarsier male and female phrases. (A) Boxplot of the number of bands averaged per individual male and female for each of the 15 tar-

sier pairs examined. There were substantial differences between males and females in the number of rhythm bands present, with females having a higher num-

ber of rhythm bands (and therefore more variable rhythm than males). In addition, females exhibited substantial interindividual differences in the number of

rhythm bands. The tarsier pair “N” did not have a male vocalizing, so only the female is represented in the figure. (B) There was a positive correlation between

the number of rhythm bands in a female tarsier phrase and the number of bands in the corresponding male tarsier phrase. Points are jittered for better visualiza-

tion on the plot.

Figure 6. Tarsier pairs differ substantially in their amount of cosinging. (A) Tarsiers exhibit variation in the duration of cosinging (the percentage of the total

phrase duration that males and females were calling at the same time), and some pairs overlap much more than others, but in every phrase there is at least

some overlap between males and females. (B) A representative spectrogram of a tarsier phrase that exhibits a relatively low amount of cosinging from pair “A.”

(C) A representative spectrogram of a tarsier phrase that exhibits a relatively high amount of cosinging from pair “D.”
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in the following ways. First, it would have led to a decrease in our

classification accuracy. As our classification accuracy for females is

already relatively high (80%), it seems that it is unlikely we included

multiple individuals that were incorrectly classified as a single

individual. Second, classifying 2 groups as one would have resulted

in higher variance for our measures of rhythm, interonset intervals

and cosinging duration. As our measures for these variables were

relatively consistent within groups (as indicated by low variance),

it seems that it was unlikely that many pairs were misclassified.

Individual classification
Spectral tarsier duets, like gibbon duets, exhibit sex-specificity in

duet contributions. If the duet function was mainly for intrapair

communication, then sex-specific contributions may not be neces-

sary as the receivers (or partners) would be able to distinguish their

mates call without the need for sex-specific contributions (Dahlin

and Benedict 2014). Alternatively, sex-specific parts of the duets

may have evolved initially for extra-pair signaling, but may also pro-

vide information to the pair-mate regarding motivation or physical

condition (Seyfarth and Cheney 2003). We found that the female

duet phrase was more individually distinct than the male phrase.

This is consistent with findings of Bornean gibbon duets, where the

female contribution was distinct between individuals (Clink et al.

2017), but the male contribution was less distinct (Lau et al. 2018).

Given the similarities in sex-specificity, and degree of encoding of in-

dividual identity into respective male and female duet contributions,

between gibbon and tarsier duets, it is possible that the duets of

these distantly related primates serve the same function(s).

Differences in individual identity encoding of duet contributions

may be related to different functions of the male and female

contribution. For example, in chimpanzees pant hoots are more

stereotyped and individually distinct than pant grunts, and this may

be related to different selection pressures on different call types

(Mitani et al. 1996). There is evidence that primates respond differ-

ently to vocalizations from different individuals based on playback

experiments, indicating that primates do pick up on acoustic cues

related to differences between individuals (Cheney and Seyfarth

1980, 1999; Rendall 2003). The combination of sex-specificity and

individual distinctiveness of tarsier duets are likely conveying

information to conspecifics about both members of the pair, but it is

unclear which acoustic cues tarsiers pick up on, and if they alter

their behavior in response to variation in acoustic cues.

Pair-level signatures
Feature extraction from the spectrogram is a commonly used means

of data reduction for analysis of primate acoustic signals (Mitani

et al. 1996; Terleph et al. 2016; Clink et al. 2017), and is useful for

hypothesis testing as it allows researchers to measure specific

features of acoustic signals such as note frequency and duration.

But, feature extraction from the spectrogram is subjective in

the sense that researchers must make choices about which features

to estimate, and this will be influenced by the particular research

question. For example, Nietsch (1999) was interested in geographic

Figure 7. (A) Boxplot of interonset intervals for males relative to females averaged by tarsier pair; (B) boxplot of interonset intervals for females relative to males

averaged by tarsier pair; and (C) the correlation of rate of note output (number of notes per 3 s) between males and females within a particular phrase. The dotted

horizontal line indicates the 0.2 s mark, which is the proposed cutoff for temporal precision in duetting partners (Dahlin and Benedict 2014). Males and females

can both be considered “precise” in their output relative to their partner. In addition, there was a correlation between the rate of note repetition between males

and females, indicating that as one partner increases their note output, so does the other. Points are jittered on the plot for better visualization.
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variation in Sulawesi tarsier duets, and extracted 6 features from

spectrograms of tarsier duet phrases, focusing on global measures

such as the maximum frequency of the highest note in a duet. In this

study, we estimated 21 features from each duet phrase, focusing on

values from individual notes, as we were interested in distinguishing

among tarsier individuals from a single site.

In an attempt to reduce the subjectivity inherent with classifica-

tion using features extracted from the spectrogram, and also to test

the value of a pair-level metric of acoustic similarity, we calculated

MFCCs for each tarsier duet phrase. As MFCCs are not calculated

based on the linear Hertz scale normally used to describe sound, but

are based on the “mel” scale, differences in MFCCs are difficult to

interpret in a biologically meaningful way (Mielke and Zuberbühler

2013). But, MFCCs have been shown to reliably reflect not only

identity of the caller (Clemins et al. 2005; Clink et al. 2018a) or pair

(this study), but also the age, social status, and motivation state or

context of the call (Deshmukh et al. 2012; Fedurek et al. 2016).

Given the complexity of most animal acoustic signals, it seems un-

likely that the primate auditory systems responsible for processing

vocalizations focus on a single acoustic parameter (Fedurek et al.

2016), but rather a suite of reduced features analogous to MFCCs.

Calculating MFCCs employs several principles with known counter-

parts in human auditory processing—frequency decomposition,

mel-filtering of the frequency axis, and compression of amplitudes

(Holmberg et al. 2006)—which means that variation in MFCCs may

be more relevant to listening tarsier conspecifics than variation in

features estimated from the spectrogram.

Rhythm in tarsier duets
To date, most studies of variation in rhythm have focused on the de-

velopmental trajectory of rhythm in birdsong (Saar and Mitra 2008;

Sasahara et al. 2015). Here, we investigated interindividual vari-

ation in rhythm in spectral tarsier duet phrases, and found that male

tarsiers were more consistent in the rhythm output of their notes

relative to females, which is not particularly surprising based on vis-

ual inspection of spectrograms of the duet phrase. In indris, there is

sexual dimorphism in interonset intervals, with males exhibiting

longer interonset intervals than females (Gamba et al. 2016), which

is opposite to the pattern seen in tarsier phrases. We also found that

females differed substantially from other individuals of the same sex

in terms of the number of rhythm bands, but males did not, which

means that male spectral tarsiers in our population are relatively

consistent in the rhythm of their duet contributions.

It is possible that variation in the number of rhythm bands seen

across female individuals is related to age of calling individual (sensu

Sasahara et al. 2015) or that temporal variation is related more to

social status (dominant or subordinate) and individual identity, as is

the case with indris (Gamba et al. 2016). It is also possible that inter-

individual variation in spectral tarsier rhythm provides cues to caller

identify. For example, in wild chimpanzees (Pan troglodytes), there

are consistent interindividual differences in buttress drumming,

which may provide acoustic cues for listeners to identify drumming

males (Arcadi et al. 1998). There is evidence that nonhuman pri-

mates can detect rhythmic differences, as shown in studies of captive

cotton-top tamarins (Saguinus oedipus) that were able to discrimin-

ate between different languages only if they were characterized into

different rhythmic classes (e.g., Polish and Japanese) but not if they

were in the same rhythmic class (e.g., English and Dutch; Tincoff

et al. 2005). Therefore, in addition to variation in temporal and

spectral features of the notes of tarsier duet phrases, variation in

rhythm may also provide acoustic cues to caller identity.

Temporal precision
In songbirds, duets are considered to be temporally precise when

there is a response latency of �0.2 s (Dahlin and Benedict 2014). We

found that tarsier individuals are precise in their timing relative to

their partner. Our analyses support the observation by Nietsch

(1999) that spectral tarsiers adjust their duet contributions through

simultaneous acceleration or deceleration. The ability for ongoing

temporal adjustment of note output exists in other tarsier species, as

Togian tarsier duets exhibit a complete avoidance of temporal over-

lap of notes (Nietsch 1999). It is possible that variation in temporal

precision, or coordination between pairs, is related to the amount of

time that a pair has been together, as animals that have been paired

longer may have a higher degree of temporal coordination (Hall and

Magrath 2007). It is also possible that temporal coordination is an

honest signal of the coalition quality (Hall and Magrath 2007).

Alternatively, variation in temporal precision could simply be the re-

sult of age-related changes in tarsier duet contributions, and that

partners’ note output correlates because individual singing rates

change with age in general. In male banded wrens (Thryophilus

pleurostictus), age-related changes were found in the consistency of

trill notes (de Kort et al. 2009) as well as rate of trill note output

(Vehrencamp et al. 2013), so it is possible that changes such as these

occur in tarsiers. Further lines of research investigating temporal co-

ordination among tarsier pairs with known age and pair-bond

length, along with playback experiments with more and less tempor-

ally precise duets will be informative.

Cosinging
Tarsier pairs exhibited a variable degree of overlap, ranging from

10% to 40% of the total phrase duration. At the start of the duet

phrase, male and female tarsiers tend to emit notes antiphonally, but

as the female notes increase in duration and decrease in bandwidth,

the male notes tend to overlap the females. Duets across the Primate

Order exhibit a variable degree of overlap, with titi monkey duets

overlapping the majority of the time (Adret et al. 2018), whereas in

many species in the genus Hylobates males rarely overlap with

females when the female is emitting a great call (Clink et al. 2018b;

Terleph et al. 2018). In the family Hylobatidae, species in which

duet contributions are sexually dimorphic tend to overlap less,

whereas species that are not sexually dimorphic tend to overlap

more (Deputte 1982). And indris—which are not sexually

dimorphic—also overlap substantially in their chorusing (Gamba

et al. 2016). A meta-analysis on duetting birds did not find a rela-

tionship between duet function—either intrapair or extrapair com-

munication and degree of overlap or temporal precision of notes

(Dahlin and Benedict 2014). Within various tarsier species across

Sulawesi, there is substantial variation in the amount of overlap be-

tween cosingers (Nietsch 1999). Given high levels of variation in the

amount of cosinging across Sulawesi tarsiers, it seems unlikely that

this variation reflects differences in the function of the duets. It is

possible that variation in cosinging in tarsiers is the result of long-

term reproductive isolation of tarsier populations (Driller et al.

2015) which lead to nonadaptive changes in duet structure over

time.

Evidence for vocal flexibility in spectral tarsiers
Tarsier duets exhibit clear structural and temporal regularities, but

little is known about how tarsiers (and nonhuman primates in

general) coordinate singing (Terleph et al. 2018). We investigated

the potential for vocal flexibility in tarsier duet phrases in 3 ways.
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First, we found that the number of male and female rhythm bands in

a particular phrase is correlated. Second, we showed that individual

tarsiers were precise in the timing of their notes relative to their part-

ner. And third, we showed that there was a correlation between

the rate of female note output and the rate of male note output.

The presence of antiphonal duets in a species is not sufficient to

determine that animals have the ability for flexible turn-taking,

and it must be shown that animals can flexibly modify their output

in response to their partners (Terleph et al. 2018). Although vocal-

izations in nonhuman primates are generally thought to be develop-

mentally or genetically fixed (Geissmann 1984), we show that

spectral tarsiers have the ability to simultaneously modify the rate of

note output of duet phrases—and in a sense the ability to track their

duetting partner—which suggests that tarsier duets exhibit a degree

of behavioral plasticity. Future research into the structure of

“abnormal” tarsier duet phrases wherein one or the other partner

abandons their respective part (sensu Terleph et al. 2018) will be in-

formative. Our results are consistent with findings on chimpanzees

(Fedurek et al. 2013), gibbons (Terleph et al. 2018), marmosets

(Chow et al. 2015), and indris (Gamba et al. 2016) which show that

nonhuman primates have the capacity to modify their vocal output

relative to their partner. This flexibility in vocal interactions is a

universal in human language (Stivers et al. 2009; Levinson 2016),

and our results add support to the idea that this precursor to human

language evolved long before the appearance of modern humans.

Supplementary Material

Supplementary material can be found at https://academic.oup.com/cz.
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