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1 | INTRODUCTION

Vocal signaling represents a primary mode of communication for

nonhuman primates, especially for those living in habitats with limited
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Vocal signaling represents a primary mode of communication for most nonhuman
primates. A quantitative description of the vocal repertoire is a critical step in in-depth
studies of the vocal communication of particular species, and provides the foundation
for comparative studies to investigate the selective pressures in the evolution of vocal
communication systems. The present study was the first attempt to establish the vocal
repertoire of free-ranging adult golden snub-nosed monkeys (Rhinopithecus roxellana)
based on quantitative methods. During 8 months in Shennongjia National Park, China,
we digitally recorded the vocalizations of adult individuals from a provisioned, free-
ranging group of R. roxellana across a variety of social-ecological contexts. We identified
18 call types, which were easily distinguishable by ear, visual inspection of spectrograms,
and quantitative analysis of acoustic parameters measured from recording samples. We
found a great sexual asymmetry in the vocal repertoire size (females produced many
more call types than males), likely due to the sex differences in body size and social role.
We found a variety of call types that occurred during various forms of agonistic and
affiliative interactions at close range. We made inference about the functions of
particular call types based on the contexts in which they were produced. Studies on the
vocal communication in R. roxellana are particularly valuable since they provide a case
about how nonhuman primates, inhabiting forest habitats and forming complex social

systems, use their vocalizations to interact with their social and ecological environments.
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visibility (Altmann, 1967). Studies of vocal behavior can reveal
important aspects of how animals use their vocalizations to interact
with their social and ecological environments. A detailed quantitative

description of the vocal repertoire is a critical step in subsequent
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in-depth studies of the vocal communication of particular species, and
provides the foundation for comparative studies among populations,
species, and taxa to investigate the selective pressures in the evolution
of vocal communication systems (Bouchet, Blois-Heulin, & Lemasson,
2013; Ey & Fischer, 2009; Hauser, 1993). In addition, studies of the
vocal repertoire can provide common terminology and referents,
helping avoid confusion among different studies.

The structure and size of a vocal repertoire appear to be influenced
by the factors associated with the characteristics of habitat and social life
(Bouchet et al., 2013; Ey & Fischer, 2009). First, the characteristics of the
local habitat affect sound propagation (Waser & Brown, 1986). In order
that the information contained in vocalizations is effectively transmitted,
the physical properties of vocal signals, especially those used over long
distances, are expected to be designed to optimize propagation in the
environment (the acoustic adaptation hypothesis: Ey & Fischer, 2009;
Morton, 1975). Second, it has been argued that vocal repertoires can be
distinguished as graded or discrete based on the type of habitat and
conspecific interactions (Hammerschmidt & Fischer, 1998; Marler,
1976). Specifically, discrete signal systems without intermediates
between call types should evolve if animals live in closed habitats like
dense forests or vocalizations function across long distances in order to
reduce misunderstanding, because vocal signals must operate without
complementary visual or contextual cues in these situations. In contrast,
graded signal systems with continuous acoustic variation between call
types should be favored when animals inhabit open habitats like
savannahs or interact with conspecifics at close range. It has been
suggested that the acoustic variation in the vocal signals used during
“face-to-face” interactions is more likely to reflect the motivational states
of the callers rather than habitat characteristics (the motivation-
structural rules: Morton, 1977). Third, social complexity has been
hypothesized to co-evolve with vocal complexity (the social complexity
hypothesis: Bouchet et al., 2013; Gustison, le Roux, & Bergman, 2012).
Animals with more complex social systems, such as those consisting of
more interacting individuals, more diverse interactions, and/or more
social structural levels, are expected to need more diverse signals to
convey a wider range of information about individual identity, behavioral
and environmental contexts, and/or emotional and motivational states.

Within a vocal repertoire, the production and use of vocal signals are
affected by several factors including sex, age, body size, and social role
(Bouchet, Blois-Heulin, & Lemasson, 2012; Bouchet, Pellier, Blois-Heulin,
& Lemasson, 2010; Pfefferle & Fischer, 2006). The effects of these factors
may not be mutually exclusive. For example, sex-specific discrepancies in
terms of call production are common in nonhuman primates (Bouchet
et al., 2010; Brisefio-Jaramillo, Biquand, Estrada, & Lemasson, 2017;
Hohmann, 1991). These differences are often attributed to the sex
differences in social role, and in some species, the sex that is more social
produces more call types than the other (Bouchet et al., 2010, 2012). In
addition, some acoustic parameters (e.g., fundamental frequency and
formant dispersion) depend on the size of vocal tract/folds, which is
positively related to body size (Hauser, 1993; Pfefferle & Fischer, 2006).
Thus, in species with sexual dimorphism, sex differences in call production
may also be attributed to the sex differences in body size. For example, it
has been suggested that the fundamental frequency is negatively

correlated with body size (Pfefferle & Fischer, 2006), and thus the larger
body size may limit one sex (usually males) to produce some high pitched
calls that the other sex can emit (Bouchet et al., 2012).

The golden snub-nosed monkey (Rhinopithecus roxellana), a colobine
endemic to China, inhabits temperate forests in mountainous areas at
high altitudes of 1,000-4,100 m (Kirkpatrick & Grueter, 2010; Li, Pan, &
Oxnard, 2002). It exhibits pronounced sexual dimorphism in body size;
body weights are approximately 15.0 and 9.5 kg for adult males and adult
females in captivity, respectively (Davison, 1982; Jablonski & Pan, 1995).
This primate is primarily arboreal, but sometimes descends to the ground
for foraging (Li, 2007). It is well known for its multilevel social structure in
which several one-male multi-female units (OMUs) and one (occasionally
more than one) all-male unit (AMU) form a large cohesive group up to
several hundred individuals (Qi et al., 2014). The social units of a group
maintain a close association and coordinate their activities, while each
unit is spatially and socially distinct: the individuals of the same unit
usually stay much closer to each other than to those of other units, and
most social interactions occur among the individuals within units (Wang
et al., 2013; Zhang, Li, Qi, MacIntosh, & Watanabe, 2012).

Vocal signals should be a particularly important tool for communi-
cation in R. roxellana, living in forests with poor visibility, and further, its
complex social system makes vocal research more interesting. However,
there have been only few studies focusing on the vocal communication
of this primate, and all existing studies are very preliminary, in which
limited numbers of vocalizations were recorded and subjectively
classified. Tenaza, Fitch, and Lindburg (1988) reported four kinds of
vocalizations that frequently occurred, that is, shrills, bawls, chucks, and
whines, as well as some other vocalizations emitted infrequently, for
example, a variety of grunts, from four bisexual pairs of adult R. roxellana
in captivity. The authors also stated that shrills and bawls actually
comprised a variety of forms of vocalizations. Li, Chen, Luo, and Xie
(1993) presented five major categories of vocalizations from the Qinling
population of wild R. roxellana, and termed these vocalizations based on
contextual information, that is,amazement calls, alarm calls, warning calls,
peaceful calls, and contacting calls. Ren et al. (2000) recorded the
vocalizations from the Shennongjia population of wild R. roxellana, but
they did not conduct any acoustic analysis and classified these
vocalizations into four broad categories only by human auditory sense.

The purpose of the present study was to establish the vocal
repertoire of free-ranging adult R. roxellana by determining call types
based on quantitative analyses of acoustic properties. In addition, the
social-ecological contexts were recorded for each call type. We
predicted that R. roxellana would have a large vocal repertoire because
of the need to mediate various social interactions within a complex
multilevel society. The results will be helpful to understand the vocal

communication of R. roxellana in addition to accumulate literature.

2 | METHODS

2.1 | Study site and subjects

We carried out this study in a provisioned, free-ranging group of R.
roxellana in the Dalongtan area of Shennongjia National Park, Hubei
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Province, China (Dalongtan Conservation Station: 31°29'65"”N, 110°17’
93"E, 2,170 m) (Yao et al., 2011). The topography within this area is
extremely rugged with an elevational range of 2,000-2,700 m. The
climate is strongly seasonal. The average monthly temperature is highest
inJuly (ca. 17.1 °C) and lowest in January (ca. -3.5 °C). The annual rainfall is
approximately 1,800 mm with the rainy season from July to September.
Snowfalls last from November to March. The vegetation is characterized
by deciduous broadleaf and evergreen conifer mixed forests.

To facilitate ecotourism and research, the study group has been
provisioned and habituated since January 2006. The animals are
provisioned two or three times per day with lichens, pine seeds, apples,
carrots, oranges, and peaches (Yao et al., 2011), among which lichens and
pine seeds are their most important natural foods (Liu, Stanford, Yang,
Yao, & Li, 2013). When not provisioned, they forage freely within the area
of approximately 9 km? around the provisioning site. Close proximity
(0.5-10 m) allowed us to identify all individuals except infants, including
their age/sex classes and unit memberships, based on their physical
characteristics such as body size, hair coloration, scar, genitalia, face shape,
and canines (Yao et al., 2011). The unit memberships of infants could also
be determined based on their maternal dependence. During the study
period, the group contained 7 adult males (>7 years old), 19 adult females
(=5 years old), and 43-45 juveniles (males: 1.5-7 years old; females: 1.5-5
years old) and infants (1.5 years old) of both sexes, forming five OMUs
and one AMU. Specifically, there were one adult male and two to six adult
females in each OMU, and two adult males in the AMU. These adult
individuals were selected as our study subjects. Juveniles and infants were
excluded from this study due to the potential influences of developmental
factors on vocalizations (Snowdon & Elowson, 2001) and their lesser
importance in the maintenance of social structure.

The protocol of this study was approved by the Animal Care Committee
of the Beijing Normal University, and conformed to the regulatory
requirements of Shennongjia National Park and adhered to the American

Society of Primatologists Principles for the Ethical Treatment of Primates.

2.2 | Vocalization recording and acoustic analyses

We recorded vocalizations from April to November 2016 using a
combination of focal and ad libitum sampling primarily owing to the
special multilevel social structure of the monkeys. Specifically, we first
selected one social unit as our focal fellow on an observation day
(08:00-18:00), and then rotated to another on next day. Attempts
were made to rotate observations evenly among the six social units.
For each focal unit per day, vocalizations of adult individuals were
recorded ad libitum outside of the provisioning times and when there
were not excessive human disturbances. Occasionally, calls of adult
individuals from non-focal units were also recorded opportunistically
to increase the total amount of vocalization samples. Vocalizations
were recorded using a Tascam DR44-WL digital recorder at a 44.1 kHz
(16 bits) sampling rate, connected to a Sennheiser ME66 directional
microphone. The vocalization data were uploaded to a laptop
computer for storage and analysis.

Before acoustic analyses, we excluded the recordings from
unidentified callers. We generated narrow-band spectrograms for
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the selected recordings using Praat 5.3.72 package (Gaussian window
shape, view range=0-20kHz, window length=0.03s, dynamic
range = 50 dB) (Boersma & Weenink, University of Amsterdam, the
Netherlands). We pre-classified vocalizations based on auditory sense
and visual inspection of spectrograms. For the designation of call types,
we used descriptive terms that represented the characteristic
properties of spectrograms, with exceptions in which the calls
occurred only in the mating context and then we used terms implying
functional significance. We attempted to use the same terms for the
call types identified in the study of captive R. roxellana (Tenaza et al.,
1988).

For further acoustic analyses, we excluded the recordings with
excessive background noise such as water and bird sounds, and those
overlapped by other calls. The vocalizations in which the recording
distances were >10 m and where the orientations of the callers were
opposite to the recording equipment were further excluded to
minimize the effect of signal degradation. According to many previous
studies of other primates, the distances of <10m should be an
appropriate cutoff to obtain high quality recordings and measure
acoustic parameters, especially in terms of those related to intensity
(e.g., Macaca sylvanus: Hammerschmidt & Fischer, 1998; Papio papio:
Maciej, Ndao, Hammerschmidt, & Fischer, 2013; Gorilla gorilla: Salmi &
Doran-Sheehy, 2014; Mandrillus sphinx: Levréro et al., 2015). For each
selected recording, we used Praat to measure 16 temporal, spectral,
and intensity parameters: duration, mean fo, SD fo, start fo, end fo, min
fo, max fo, range fo, %T_min fo, %T_max fo, meanAMP, minAMP,
maxAMP, rangeAMP, HNR, and Jitter (parameter definitions and
extraction/calculation methods: Table 1) (Charlton, Zhihe, & Snyder,
2009a, 2009b). If vocalizations were uttered in bouts, we considered

each call separately for analysis.

2.3 | Context observations

For each recorded vocalization, we noted the concurrent contextual
information by speaking into a lapel microphone using the second
audio channel of the recording equipment, complementarily by
videotaping with a Sony Digital Camera (HDR-XR 260) (by J. Yang,
one of field assistants). Such information included date, time, the caller,
its unit membership and behavior, its distance away from and
orientation relative to the recording equipment, and if possible the
potential receiver, its unit membership and behavioral response, and
the external event that could potentially elicit the call emission. A
vocalization was considered to be spontaneous or initial if it was not
preceded by other calls within 5s, and a behavioral response was
recorded if it occurred within 5s from an initial vocalization. All
behavioral contexts, live and from videotape, were coded by P. Fan, the
same person who recorded and pre-classified vocalizations. If possible,
we calculated the proportion of recorded vocalizations by context and
callers’ sex per call type. Vocalization contexts were classified into
several broad social-ecological categories, including traveling, forag-
ing, feeding, resting, greeting/responding, agonistic interactions,
affiliative interactions, mating, and environmental disturbances

(detailed descriptions of contexts: Table 2).
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TABLE 1 Definitions of acoustic parameters measured from the
vocalizations of free-ranging adult R. roxellana

Parameters  Definitions (units)

Duration Duration of the entire call(s)

Mean fo Mean frequency of the fundamental frequency
contour (Hz)

SD fo Standard deviation of frequency values of the
fundamental frequency contour (Hz)

Start fo Frequency at the start of the fundamental frequency
contour (Hz)

End fo Frequency at the end of the fundamental frequency
contour (Hz)

Min fo Minimum frequency of the fundamental frequency
contour (Hz)

Max fo Maximum frequency of the fundamental frequency
contour (Hz)

Range fo Range of the fundamental frequency (Hz)

%T_min fo Percentage of the duration from start f, to min fo out
of the entire fundamental frequency contour (%)

%T_max fo Percentage of the duration from start f, to max fo out
of the entire fundamental frequency contour (%)

MeanAMP Mean intensity (amplitude) of the entire call (dB)

MinAMP Minimum intensity (amplitude) of the entire call (dB)

MaxAMP Maximum intensity (amplitude) of the entire call (dB)

RangeAMP Range of intensity (amplitude) of the entire call (dB)

HNR Harmonics to noise ratio: periodic distribution of
energy within the call (dB)

Jitter Cycle-to-cycle variability in fo frequency across the

call (%)

Praat was used; (Sound: To Pitch [cc]) command for the extraction of
duration, mean fp, SD fo, start fo, end fo, min fo, max fo; (Sound: To Intensity)
command for the extraction of meanAMP, minAMP, maxAMP; (To
Harmonicity) command for the extraction of HNR; (Jitter [local]) command
for the extraction of Jitter; For %T_min fo and %T_max fo, the durations
from start fo to min fo and max fp were first extracted using (Sound: To Pich
[cc]) command and divided by the duration of the entire call, respectively;
Range fo and rangeAMP were directly calculated by max fo-min fo and
maxAMP - minAMP, respectively.

2.4 | Statistical analyses

We conducted a direct discriminant function analysis (DFA) to
examine whether our pre-classified call types were acoustically
distinct. DFA identifies the quantitative predictor variables that
best describe the differences among groups (Klecka, 1980). Based
on the discriminant functions combined by these variables, the
procedure assigns each vocalization to its appropriate group
(correct) or another (incorrect). For external validation, we used
the leave-one-out classification method, in which each case was
classified by the functions derived from all cases except that one.
Because the data set was unbalanced, classification coefficients
were adjusted according to the observed group sizes. Six highly
correlated parameters (Spearman's test: r > 0.4) were excluded
from DFA, including mean fq, SD fo, end fo, max fp, minAMP, and

maxAMP. The call types with sample sizes <10 were subsequently
excluded because the number of recordings for each call type
must be larger than the number of parameters used in DFA
(Tabachnick & Fidell, 2001). Some parameters were log
(duration, min fo, start fo, Jitter) or square-root (%T-min fo,
meanAMP, rangeAMP, HNR) transformed, and then normal
distributions of all parameters per call type used for DFA were
confirmed by the examination of Q-Q plots and the Kolmogorov-
Smirnov tests (p > 0.05). Although the covariances were unequal
across call types (Box's test: p <0.05) and the variances were
unequal for some parameters (Levene's test: p < 0.05), it has been
shown that DFA is robust to the violation of this homoscedastic-
ity assumption (Klecka, 1980; Lachenbruch, 1975). All statistical

analyses were conducted using SPSS 21.0.

3 | RESULTS

3.1 | Classification of call types

In total, we obtained 1,826 vocalization samples with identified callers
from adult animals (659 from males, 1,167 from females) in 650 hr over
105 days during the study period (Table 3). We pre-classified these
vocalizations into 17 call types, which were easily distinguishable by
human ear and visual inspection of their spectrograms (Figure 1). We
also noted another call type, which sounded apparently different from
any other one and was uttered by adult females during sexual
solicitations. However, we were not able to generate spectrograms for
it due to the extremely low intensity. We termed this call type as female
sexual solicitation calls and included it here for completeness. In
summary, we identified 18 different call types in the vocal repertoire of
free-ranging adult R. roxellana.

There were 311 recording samples that were appropriate for
the measurement of acoustic parameters (Tables 3 and 4). The
contribution per individual to the data set varied among call types.
DFA correctly classified 85.8% of the call samples (shrills, long
grunts, squeals, bawls, compound squeaks not included due to small
sample sizes). The correct assignment rate of cross validation
analysis was 79.9%, better than expected by chance (Chi-square
test: X?=51.54, df=11, p<0.001), indicating that our pre-
classification of call types was appropriate (correct rate per call
type: Table 3). DFA generated three canonical discriminant
functions that had eigenvalues >1 (function 1: 14.8; function 2:
3.8; function 3: 1.4) and explained 91.1% of the variance
cumulatively. Function 1 was primarily correlated duration and
explained 67.5% of the variance. Function 2 was most strongly
associated with range fp and explained 17.4% of the variance.
Function 3 explained 6.2% of the variance and was mainly related
to meanAMP and Jitter. Rattles (50.0%) and compound squeals
(47.7%) had the lowest classification rates. Rattles were most often
misclassified as three syllabled barks (18.8%), and compound squeals
as modulated tonal screams (21.1%), reflecting the acoustic
similarities between the original and respective misclassified call
types in the most significant parameters (Table 4).



WILE Y-l

FAN €T AL

(9) €91
(97) oF
(1) 9¢

(G)etr

(ooT) 8

(001) 9¢

(8) 0T

(c6) 1€T
(oo1) 02
(62) 2T
(0€) €T
(1¥) ze

() Lz
(£1) 06
(s2) eeT
(€9) e8¢

saxas yjog

(0ot) T£
(89) GST (se) 8
v oy
(1) og (92) 9
@v (6€) 6
(00T) 2t
(L2) 9
(€L) 91
(o01) 82
(oom) 9 (oot) T
(00T) 85
(oo1) 08
(oot) €T
(001) St
(0ot) T2 (0ot) ¥T
(00T) 76
(81) 0T
(oot) O¥T (e8) 16
(oo1) 91 (oo1) ¥
(0g) zT
(te) ez
(oot) € (6€) 62
(0e) g
(¥e) 2v
(9¢) 5
() s (9) ze
(€n ze (67) 89
(L2 Ly (¥2) 98
(LS) 66 (19) 81
sojewa S9le|N

SUOI1eN}IS 9JESUN JaYj0 puE SUOIIDEJIUI 1ISIUOSE SSUIUI d[eW-d[ew SulINp SIUBJUl UMO Piemo) S

SUOIJEZI[EI0A JO (%) JaquinN

Sununowsip a1043q Ajlelpawwi pouad sy} 3uung

$90UBQJNISIP UIBAdUN

sayouelq Jo spunos upjealg

suewny Jo aduasald

S9yeuUS JO 2oUasald

Ajddns pooj yum suewny Jo 9ouasaid

NIAY @Y1 psemoy 3uljed pue 3unnosiap Assyduad dnoud je pajedo| ssjeway 3npy
Suliaaesy dnoug/3iun Suunp puiyaq Suidseq

SUOI3OBIIIUI J1ISIUOSE ISUIIU| S|EWDS-d[EWD) NINO-EJIU] JO}JE UOIE][IDU0IY

SUOI12€I9}U] D1ISIUOSE SSUIIUI djeW-djeWl NANO-I93UI PUE 3[eWd)-3[ewd) NANQ-BIIUI J9}JE UONel|IoUu0dY

NINO dWeS 3y} JO S|ENPIAIPUI WOJY SEDIY} d3e4apowl 03 (BUlpIOoAe ‘SUIYdNoId “8'3) SIOIABYDG YHM payiwgnsg

€d

SNINO JUJI3IP JO 9SO} pue NIAQ SWES S} JO djew JNPe dY} USSIMII] SUOIOeISIUI dI3sIuoSe asuaju|

NINO 3UdJa4Ip B W0y Sjew 3npe 3y} Aq paydene Ajusppns

S}IUN JUBIBHIP pue
awies ay} Jo s|enplAlpul pJemoy (3uiliq ‘Buidsesd “3-9) 1oe3U0d |eal1sAyd yum sjealyl asuaiu|

SNINO JUaJa4Ip pue swes
a3 JO S9jeway JNpe PIemoy (3004 uo Suipuels “8'3) SIoIAeyaq SUIGOW UYIIM SIS} dSUU|

suewiny jo a2udsald

SHUN JUSI34IP puE dWes ay}
JO S|ENPIAIPUI PJEMO] SUOISSRIAXD 1821y} (B0} pue SUIYDIRIIS }IBU YHM S}ealy} 91esapoin

NINO dWes ayj JO S|enpiAIpul PJemo) sazeS yam sjealyl plin

NINO dwes ay} Jo sa|IudAN[ WoJy s|[ed ssaujsip 0} Suipuodsay

NINO dWes ay} Jo Sajeway} 3npe wodj s||ys 03 Suipuodsay

(s)puey Jo ynow Buisn swayl pooy upreindiuew/3uimayd

19419301 (S)puey 10 yinow 3uisn swajl poos 3unejndiuew/3uimayd siaquisw NINO
das|s wouy dn Supjem Jayje Jayio yoes o3 3uneaud siaquisw NINO

Sul

21 NINO dwes ay3 Jo sjew }npe ayj} 0} Sulaain

S92I0A UBWNH
suoi3oeIR}U| [e1D0s ‘Buiew ‘Bulpasy “8'9 Sal3IAI}OE JO SaSUBYD UOIJEIO| Ul PIA|OAU] JON
pOO} 104 Yydueas 03 punoie SUIAOIA

Aljeuondaaip 3uidues dnoad/nun

uondidsap 1xajuo)

"JlUNn SjewW |[B ‘NIAY ‘HUN S|EWS4-13NW 3[ew-3uo ‘NINO

3unep

S9OUBQUNISIP [EIUSWUOIIAUT
S9OUBQUNISIP [EIUSWUOIIAUT
S9OUBQUNISIP [EIUSWUOIIAUT
S9OUBCUNISIP [EIUSWUOIIAUT
S92UBQUNISIP [EIUSWUOIIAUT
3uipuodsal/3unsaln
Buanes |

SUOIDRISIUI DAY
suondeIaul SAREN| Y
suoljoeIaUl d13SIU0SY
suopjoeIalUl 213SIU0SY
suoljoeIaUl 213SIU0SY

suol3oeJajul d13SIU0Yy

suoljoelaul 213sIuody

suoI}oeIA)UI D1}SIU0SY

S92UBCUNISIP [BIUSWILOIIAUT

suoljoelajul d13SIuoly
suoloeIAUI D1ISIU0SY
Suipuodsal/3unaaln
3uipuodsal/3unsaln
Buipas

3uipas4
3uipuodsal/3unsaln
Suipuodsal/3unaal
S92UBCUNISIP [BIUSWILOIIAUT
3unsay

SuiSeso4

3uieael |

A1oSa3ed Ix03u0)

Junug Bununoy

RElilie)

w2125 [DUO} PaIvINPOIN

Jipq p3|qpjjAs 22141
)panbs punodwio)
Imog

|panbs punodwio)
|panbs

Jpanbsg

a1y

g

moi9

unio
unug suoq

auIyMm

ys

00)

adAy jjed

pupjjaxoJ "y }npe SuiSuel-93.4 JO 2410349daJ [ED0A Y} WOy 9dAY |jed Jad X3S SI9||ed pue JXa3U0D AQ SUOIIEZIEIOA PapI0dal Jo (98ejuadiad) Jaquinu pue uonldudsap 3xa3uo) g 31dV1L



6 of 13

AMERICAN JOURNAL OF

WILEY

FAN ET AL

PRIMATOLOGY

TABLE 3 Numbers (N) of all recorded vocalizations and the samples used to measure acoustic parameters, and correct classification rates based
on discriminant function analysis (DFA) per call type from the vocal repertoire of free-ranging adult R. roxellana

N of all vocalizations

N of vocalizations per

N of vocalizations used to measure acoustic

N of vocalizations N of individuals individual (range) parameters DFA
N of vocalizations
N of N of per individuals Correct
Call type Males Females Males Females Males Females vocalizations individuals (range) rate (%)
Coo 360 173 7 11 31-94 4-31 63 14 1-12 92.1
Shrill* 124 9 5-36 9 5 1-3
Whine 74 3 5 3-21 1-2 20 4 2-8 90.0
Long 4 16 1 4 4 2-6 7 2-3
grunt*
Grunt 111 140 5 6 9-44 4-81 41 7 1-14 100.0
Growl 94 13 2-15 15 7 1-4 100.0
Bark 14 22 3 6 3-7 1-7 11 7 1-3 72.7
Rattle 45 9 2-10 16 11 1-4 50.0
Squeak 135 9 6-28 11 1-5 81.8
Squeal* 30 6 2-10 9 4 1-3
Compound 58 8 2-18 19 1-9 47.7
squeal
Bawl* 2 6 1 3] 2 1-3 3 3 1
Compound 28 6 3-12 9 3 1-6
squeak*
Three 22 3 2-17 13 2 1-12 100.0
syllabled
bark
Modulated 42 10 1-22 21 10 1-8 66.7
tonal
scream
Chuck 23 229 2 16 7-16 3-33 32 14 1-10 93.8
Mounting 71 3 13-21 12 3 1-7 100.0
grunt
OVERALL 659 1,167 311 85.8
*Not included in DFA due to small sample sizes.
3.2 | Description of call types 3.2.1 | Coo

Some call types occurred in multiple contexts, especially coos,
shrills, whines, and chucks, while the others were produced in single
contexts, particularly those associated with social interactions at
close range and mating contexts (Table 2). Most of all identified call
types (10 of 18) occurred during various forms of agonistic and
affiliative interactions at close range. In addition, there were sex
differences in call production. Specifically, females produced more
call types than males, that is, there were more female-specific than
male-specific call types (female-specific: 10 call types; male-
specific: 1 call type). Most of female-specific call types are
produced during social interactions at close range. Below were
detailed descriptions of acoustic structure and contexts for each

call type.

Coos are tonal and characterized by a relatively long duration
(0.734+£0.194 ), a low fp (mean fy: 545 + 96 Hz), and rich harmonics
with a general trend of slow decrease in frequency. Almost all harmonics
are below 10 kHz and thus the frequency range is narrower than those
of most other call types. Coos were the vocalizations frequently heard
from all adult individuals during unit/group traveling (53%), foraging
(25%), and resting (17%). In these contexts, coos were often responded
to by the same vocalizations, whereas the individuals who responded
vocally and the social units they belonged to could not be determined in
most cases due to the widely dispersed distribution of the animals.
Based on the cases when we could do so, coos emitted by an individual
from an OMU were responded by others from both the same and other

OMUs, and coos uttered by an individual from the AMU were responded
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FIGURE 1 Representative spectrograms of vocalizations from free-ranging adult R. roxellana. (a) Coo, (b) Shrill, (c) Whine, (d) Long grunt,
(e) Grunt bout, (f) Growl, (g) Bark, (h) Rattle, (i) Squeak, (j) Squeal, (k) Compound squeal, (I) Bawl, (m) Compound squeak, (n) Three syllabled

bark, (o) Modulated tonal scream, (p) Chuck, and (q) Mounting grunt bout

to by another member from the AMU. The exchanges of coos among
individuals between OMUs and the AMU were not observed. In
addition, coos were also observed to be emitted by adult individuals

from all social units in response to the voices of staff (5%).

3.2.2 | Shrill

Shrills are basically tonal and comprise abundant harmonics super-
imposed by slight noisy elements. These vocalizations begin with a
slow increase in frequency continuously until the end with a slight
decrease. Shrills, with a medium duration (0.614+0.169s) and a
relatively low fo (mean fo: 650 + 100 Hz), were uttered by adult females
when the adult males of their own OMUs rejoined (36%), and when
they woke up from sleep at noon (34%) and were feeding together
(30%). Adult females of an OMU usually emitted shrills in a high degree
of synchronization, and the chorus was sometimes ended by a whine
from the adult male of the same OMU.

3.2.3 | Whine

Whines have a clear harmonic structure characterized by a longest
duration (1.567 £ 0.404 s), a highest HNR (10.543 + 3.652 dB), and a
relatively low fp (mean fo: 490 + 44 Hz) with stable slight vibrations (SD
fo: 58 £ 33 Hz; range fo: 267 + 124 Hz). As with coos, most harmonics
are below 10 kHz and the frequency range is narrower than those of
most other call types. Adult individuals of both sexes from all social
units uttered whines spontaneously while feeding (41%). The adult
male from an OMU was also observed to emit whines in response to

shrills of adult females from the same OMU (30%), and the calls, likely
expressing anxiety, of juveniles from the same OMU (29%).

3.2.4 | Long grunt

Long grunts are tonal and rich in harmonics with few frequency
modulations. The duration is relatively short (0.306 + 0.079 s) and the fy
is the lowest (mean fy: 453 + 195 Hz). These vocalizations accompanied
by threatening gazes were emitted by both sexes from OMUs during
intra-unit mild agonistic interactions. When juveniles were threatened
by long grunts of adults, and adult females were threatened by adult
males, they usually interrupted their ongoing behaviors and moved
away. When an adult female was threatened by another, she avoided or

resisted, which usually led to the escalation of agonistic interactions.

3.2.5 | Grunt

Sounding like long grunts, grunts are also tonal and comprise abundant
harmonics with few frequency modulations. However, grunts have a
higher fo than long grunts (mean fo: 549 + 126 Hz) and a shorter
duration than long grunts and any other call type (0.092 +0.013s).
Grunts occurred in bouts with regular intervals (range = 2-8, me-
dian = 5), which could last up to more than 1.3 s. These vocalizations,
accompanied by stretching of the neck and facial expressions of threat
such as glaring, were emitted by both sexes mainly during various
forms of intra-unit and inter-unit moderate agonistic interactions
(92%). The reactions of receivers varied and depended on the specific
situations of the interactions: when juveniles were threatened by
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adults of the same social units (OMUs or AMU), they always submitted
with behaviors such as crouching or avoiding; when adult females were
threatened by adult males of the same OMUs, they submitted
(sometimes with compound squeal calls) or resisted (usually with bark
calls); when adult females were threatened by other adult females of
the same OMUs, they submitted (sometimes with compound squeal
calls) or resisted (sometimes with growl! calls); when adult females were
threatened by other adult females of different OMUs, they always
resisted (with growl calls). The resistance against grunt threats often led
to the immediate escalation of agonistic interactions. In addition,
grunts were also observed to be emitted, by adult males of all social
units, toward approaching humans (8%).

3.2.6 | Growl

Growls are harsh and plosive calls characterized by a relatively short
duration (0.159 £ 0.062 s), a high fo (mean fy: 1935 + 480 Hz), and high
intensity (meanAMP: 76.6 + 4.1 dB). This type of call accompanied by
mobbing behaviors could be uttered singly or in bouts (range = 1-4,
median =2) by adult females involved in female-female ritualized
agonistic interactions without physical contact within and between
OMUs. The receivers avoided or defended with the same vocalizations
accompanied by the same behaviors. Sometimes, growl! calls appeared
to be able to attract some other adult females from the same OMUs of

the callers to form an alliance.

3.2.7 | Bark

Barks are also harsh and loud (meanAMP: 78.3+2.8dB) calls like
growls, but the duration is longer (0.250 + 0.070 s) and the f, is lower
(mean fo: 811+ 256 Hz). These vocalizations sounded extremely like
dog barks to the human ear. Barks were uttered singly or doubly by
both sexes involving in various forms of intense agonistic interactions
with physical contact (e.g., grasping and biting), including female-
female, male-female interactions within OMUs, and male-male
interactions between two OMUs and between an OMU and the AMU.

3.2.8 | Rattle

When an adult female from an OMU was suddenly attacked by the adult
male from another OMU, she uttered rattle calls accompanied by facial
expressions of fear and by running quickly to the adult male of her own
OMU. Rattles are tonal and rich in harmonics with a general trend of slow
increase in frequency through the entire call, and have a medium
duration (0.433+0.109s) and a relatively high f, (mean fy:
1029 + 341 Hz), and high intensity (meanAMP: 77.6 + 3.8 dB). These
vocalizations usually elicited intense agonistic interactions between the
adult male of the caller's OMU and the other who attacked the caller.

3.2.9 | Squeak

Squeaks are tonal calls with a medium duration (0.598 +0.144 s) and fo
(mean fo: 747 £ 263 Hz), and low intensity (meanAMP: 55.4 + 3.1 dB).

WILE Y- [

The harmonic structure has a general trend of slow decrease in
frequency with one slight increase in the middle and another near the
end. Squeaks were uttered by adult females during intense agonistic
interactions between the adult males from their own OMUs and those
from other OMUs. This type of call appeared to express a high degree
of excitement that was almost always transferred from one female to
another. This led to a highly synchronized pattern of vocal behavior,
which could probably provide vocal support for the adult males of their
own OMUs during male-male intense agonistic interactions. Female
callers were never observed to be directly involved in such
interactions.

3.2.10 | Squeal

Squeals comprise both tonal and harsh components and are
characterized by a relatively long duration (0.861+0.236s) and a
highest fo (mean fo: 2153 + 1486 Hz). The harmonic structure with an
upward frequency modulation in middle is superimposed by slight
broadband noisy elements. Adult females uttered squeals accompanied
by moving quickly to their infants, upon realizing that their infants
might fall in potential unsafe situations, such as male-male intense

agonistic interactions.

3.2.11 | Compound squeal

Compound squeals comprise both tonal and harsh components, and the
harmonic structure with few frequency modulations is superimposed
by heavy and broadband noisy elements. This type of call has a
relatively long duration (0.850+0.329s) and a high fp (mean fo:
1424 + 562 Hz). Compound squeals accompanied by submissive
behaviors (e.g., crouching, avoiding) were emitted by subordinate
adult females involving in female-female, male-female moderate
agonistic interactions within OMUs. Upon hearing these vocalizations,
the dominant party of the interactions usually stopped their
threatening behaviors including grunt calls.

3.2.12 | Bawl

Bawls are tonal and characterized by a medium duration
(0.621 £0.419 s) and a relatively low fp (mean fp: 631+ 161 Hz), and
low intensity (meanAMP: 56.3 + 10.0 dB), and abundant harmonics
with well frequency modulations. This type of call was emitted by both
sexes immediately after intense agonistic interactions. Adult females
uttered bawls accompanied by reconciliation behaviors (i.e., hugging
each other) after female-female interactions within OMUs, while adult
males emitted bawls after male-male interactions between OMUs.
While calling, adult males laid the face down on the back of the
individual in close proximity from their own OMUs.

3.2.13 | Compound squeak

Compound squeaks are basically tonal, and the harmonic structure is
characterized by close frequency bands with few modulations
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superimposed by slight noisy components. The duration is relatively
long (0.935+0.067s) and the fy is the second lowest (mean fo:
493 + 263 Hz). These vocalizations were observed to be emitted by
adult females during reconciliation behaviors immediately after intra-
unit intense agonistic interactions. The winners of the interactions
always called initially and the losers usually responded with the same

vocalizations.

3.2.14 | Three syllabled bark

Three syllabled barks are loud calls (meanAMP: 79.0 + 2.0 dB) with a
medium duration (0.522 + 0.088 s), composed of three harsh syllables
with most energy concentrated on the second and third syllables.
These vocalizations were emitted by adult females lagging behind
during unit/group traveling (73%) and by those located at the
periphery of the group toward the AMU (27%). While no vocal
responses were heard from other individuals, the adult females from
the callers’ OMUs stopped their ongoing behaviors and looked toward
the directions of the callers.

3.2.15 | Modulated tonal scream

Modulated tonal screams are characterized by the second to longest
duration (0.993+0.223s) and the second to highest fo (mean fy:
1924 + 648 Hz). These vocalizations comprise two tonal parts. The
harmonic structure in the first part includes close continuously
increasing frequency bands, whereas the frequency bands in the
second part become much more dispersed and modulated. Modulated
tonal screams were only observed to be emitted by adult females
toward approaching humans with food supply.

3.2.16 | Chuck

Chucks consist of two harsh syllables with most energy concentrated
on the second one. The duration is relatively short (0.280 + 0.050 s)
and the fy is high (mean fp: 1393 + 279 Hz). Chucks were uttered by all
adult animals in response to sudden environmental disturbances,
including the presence of snakes (5%), approaching humans (14%),
breaking sounds of branches (16%), and other uncertain disturbances
(65%). In the first three contexts, the callers scanned toward the
directions of disturbances while calling, and those on the ground
climbed up into the trees. Upon hearing chucks, the individuals in
proximity, no matter which social units they belonged to, responded
with the same vocalizations and accompanying behaviors. In the
context of uncertain disturbances, neither the callers nor the
individuals in proximity were observed to change their ongoing
behaviors.

3.2.17 | Mounting grunt

Similar to grunts, mounting grunts have a harmonic structure with
few frequency modulations and occurred in bouts (range =2-6,
median = 3) with irregular intervals, which could last up to more than

1s. However, the duration is slightly longer (0.100 + 0.027 s) and the f,
is slightly lower (mean fo: 514 + 126 Hz) than those of grunts. The
intensity is much lower than that of grunts and any other call type
(meanAMP: 43.9 +11.4dB). Mounting grunts were observed to be
emitted by adult males from OMUs during the period immediately

before dismounting.

4 | DISCUSSION

To our knowledge, the present study was the first attempt to establish
the vocal repertoire of free-ranging adult R. roxellana based on
quantitative methods. We identified 18 call types based on auditory
sense, visual inspection of spectrograms, and quantitative analyses of
acoustic structure. It was not claimed that the complete vocal
repertoire or all concurrent contexts of particular call types present
in the natural habitat were covered due to the relatively short duration
and habituation/provisioning effect in this study, however, we
believed that the most and essential part was observed. The vocal
repertoire of adult R. roxellana appeared to be larger than those of
many other colobines that typically live in one-male multi-female (5 call
types in Colobus guereza: Marler, 1972; 14 in Trachypithecus johnii:
Hohmann, 1991; 8 in Procolobus versus: Bene & Zuberbueler, 2009) or
multi-male multi-female (14 in Semnopithecus entellus: Hohmann,
1991) smaller groups without stratified structures. This comparison
suggested a positive association between the size of vocal repertoire
and group size/structure, consistent with the findings of some
previous comparative studies of Old World primates and supporting
the social complexity hypothesis (Bouchet et al., 2013; Gustison et al.,
2012). However, the social complexity hypothesis does not appear to
work when applied to New World primates (Cleveland & Snowdon,
1982; Snowdon, 2013). The adult cotton-top tamarins (Saguinus
oedipus), for example, live in small family groups, but can produce up to
38 different types of calls (Cleveland & Snowdon, 1982).

We did not have much difficulty in classifying all vocalizations, but
this did not discount the possible acoustic gradation existing among
call types. Although some call types were relatively invariant or
stereotyped, for example, coos and chucks, some others, especially
those used at close range, appeared to be graded. For example,
increasing the intensity of mounting grunts may lead to grunts, and
further, if the duration increases and the f, decreases in grunts, long
grunts may result. Although some primates have been considered to
have graded vocal repertoires (Macaca fuscata: Green, 1975; Macaca
sylvanus: Hammerschmidt & Fischer, 1998) and some others have
discrete vocal repertoires (Cercopithecus diana: Zuberbuhler, Noé, &
Seyfarth, 1997; Cercopithecus neglectus: Bouchet et al., 2012), a mixed
vocal system with both graded and discrete signals appears to be the
norm for most primates, living in either relatively open or closed
habitats (reviewed in Green & Marler, 1979; Papio hamadryas: Rendall,
Notman, & Owren, 2009; Cercopithecus campbelli: Lemasson &
Hausberger, 2011). The level of gradedness or discreteness is likely
to be varied among different call types depending on their specific
functions (Bouchet et al., 2013; Lemasson & Hausberger, 2011). In
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C. campbelli, for example, male alarm call types appear to be discrete,
whereas female contact call types exhibit a high degree of variation
(Lemasson & Hausberger, 2011; Ouattara, Lemasson, & Zuberbihler,
2009).

The results of the present study revealed a sexual asymmetry in
the vocal repertoire size of adult R. roxellana: females emitted many
more call types than males. Similar findings have already been reported
in some species of Old World monkeys (Cercocebus torquatus: Bouchet
et al., 2010; C. neglectus: Bouchet et al., 2012), whereas a high degree
of call type sharing between sexes is found in some other species,
particularly macaques (M. sylvanus: Hammerschmidt & Fischer, 1998;
Macaca thibetana: Bernstein, Sheeran, Wagner, Li, & Koda, 2016). The
great sex discrepancy in terms of call production in adult R. roxellana
could be attributed to two non-exclusive factors. First, adult males are
1.5-2.0 times heavier in body mass than adult females (Davison, 1982;
Jablonski & Pan, 1995), and thus the larger body size may limit male R.
roxellana to emit some high pitched call types. Indeed, the call types
with the highest fo, that is, growls, squeals, compound squeals, and
modulated tonal screams, were all female-specific. Meanwhile, male R.
roxellana shared a relatively high pitched call type, chucks in particular,
with females. Thus, the second factor, that is, sex specificity of social
role, may also be an important reason for the sexual asymmetry in the
vocal repertoire size of adult R. roxellana. Previous studies of this
species have shown that females play a more important role in the
maintenance of the OMU cohesion, and most social interactions occur
among females within OMUs (Wang et al., 2013; Zhang et al., 2012).
This was consistent with the result of the present study that most
female-specific call types occurred during various forms of social
interactions. Male R. roxellana may be potentially able to produce some
call types, but their social roles constrained the expression of these
vocalizations.

R. roxellana inhabits dense forests with poor visibility and lives in
large multilevel groups typically formed by several OMUs and one
AMU (Qi et al., 2014). In order to maintain intragroup cohesion and
spacing, this primate should have developed vocalizations that allow
information to be effectively transmitted in forest habitats where
sound degradation is high. According to the acoustic adaptation
hypothesis, vocalizations with long durations, harmonic patterns, low
fo, low mean frequencies, few frequency modulations, and narrow
frequency ranges are suitable for long range communication in closed
habitats (Ey & Fischer, 2009; Morton, 1975). The present study
indicated that stereotyped coo calls possess these acoustic character-
istics. We estimated the transmission distance of coos by one person
walking toward the direction away from the monkey group while
another person recording vocalizations (two persons keeping contact
with wireless interphones). According to our rough estimates (N = 8),
coos could be transmitted over long distances up to at least 0.5 km in
the dense forest (i.e., the whole group could be covered; based on our
observations, the group spread in diameter was usually <0.3 km).
Meanwhile, the exchanges of coos were observed to frequently occur
among individuals within and between social units (except between
OMUs and the AMU) in a variety of contexts, mainly including unit/
group traveling and foraging when maintaining constant vocal contact

WiLEY-EE-

was particularly important. The acoustic properties and concurrent
contexts suggested that coos were likely to be the contact calls used for
both intra-unit and intragroup cohesion and spacing, especially when
visual cues were blocked by long distances. The absence of coo
exchanges among individuals between the AMU and OMUs was
consistent with the observation of previous studies that the AMU is
located at the spatial and social periphery of the whole group (Qi et al.,
2014). Except coos, three other call types with relatively low fo and
harmonic patterns, that is, shrills/whines and squeaks, appeared to play
important roles in facilitating the cohesion of OMUs under peaceful
and agitated (e.g., male-male intense agonistic interactions) states,
respectively, as suggested in the study of captive R. roxellana (Tenaza
et al., 1988). In addition, three syllabled barks were likely to be used as
“isolated calls” for adult females, and the loudness and harshness of
these vocalizations might reflect the anxiety of the callers.

In order to maintain its complex social system, R. roxellana should
also have evolved a variety of vocalizations for mediating various forms
of social interactions at close range (intra-unit and inter-unit, agonistic,
and affiliative) (McComb & Semple, 2005), as found in the present study:
long grunts, grunts, growls, barks, rattles, squeals, compound squeals, bawls,
and compound squeaks. Overall, the acoustic patterns of these vocal-
izations followed the concept of the motivation-structural rules
(Morton, 1977). Specifically, long grunts, grunts, growls, and barks with
relatively short durations and low f, (except for growls) appeared to
represent a ladder of hostility levels from the lowest to the highest, and
the loudness and harshness increased along this ladder (Bernstein et al.,
2016; Cleveland & Snowdon, 1982). Growls have a relatively high fo
probably because they also reflected the motivation of fear (Bernstein
et al., 2016). The “appeasing calls,” compound squeals, have a long
duration and a high fo directed toward threatening individuals and
inhibiting further attacks (Zimmermann, 1985). Squeals, with a long
duration and a high fo, were also likely to reflect the motivation of fear
because these vocalizations occurred when the callers’ infants were
actually or potentially attacked (Bernstein et al., 2016). Rattles were
emitted when the callers were being attacked and were used to recruit
support from unit members (adult males in particular), and thus the
harmonic structure and medium f, probably represented a balance
between frightened motivation and information propagation (Bernstein
etal., 2016; Morton, 1975). Bawls and compound squeaks were given as
“friendly calls” and show harmonic structures with relatively long
durations and low frequencies (Zimmermann, 1985).

In conclusion, our study showed that adult R. roxellana had a large
vocal repertoire with a great sexual asymmetry. The results of this
study could serve as a basis for in-depth studies on the vocal behavior
of this species. For example, to fulfill their functions, the contact calls,
especially coos, should be potentially able to convey the information
about individual identity. Furthermore, some call types occurred in
multiple contexts, for example, coos and chucks. There may be acoustic
differences encoding context-specific information within each of
these call types, allowing the receivers to make inferences about the
events experienced by the callers, which is quite common in nonhuman
primates (Fischer, Hammerschmidt, Cheney, & Seyfarth, 2001; Oda,
1996; Sugiura, 2007). Actually, this was evidenced in this study by the
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varied reactions of the receivers in response to chucks, apparently
serving as alert/alarm signals, provoked by different categories of
environmental disturbances. Playback experiments should be used in
future studies to investigate the possible acoustic variation and
encoded meanings within call types. Studies on the vocal communica-
tion in R. roxellana are particularly valuable since they provide a case
about how nonhuman primates, inhabiting forest habitats, and forming
complex social systems, use their vocalizations to interact with their

social and ecological environments.
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