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Although the vocal repertoire of nonhuman primates is strongly constrained by genetic, a growing
number of studies evidence socially determined Rexibility. According to Snovedat. [Social

In uences on Vocal Developmefitniversity Press, Cambridge, 1997), pp. 234D248], calls with a
higher social function (afpliative or agonistic) would be expected to show more Rexibility than
lesser social calls. Owren and Rendall [Evol. Anthropol., 10, 58D71 (2001)] nuanced this by
defending a structure-function relationship. Calls with particular acoustic properties, which directly
inRuence the listenerOs affect, would be less individually distinctive than calls involved in an affec-
tive conditioning process. These hypotheses were tested in CampbellOs monkeys using telemetric
recordings. This is the Prst detailed description of female Campbell®s monkeysO vocal repertoire
emphasizing a possible relationship between social function and Rexibility level. The vocal reper-
toire displayed an OarborescentO organization (call type, subtype, and variants). The highest number
of subtypes and the greatest acoustic variability, within and among individuals, were found in calls
associated with the highest afpliative social value. However, calls associated with agonism were
the most stereotyped, whereas less social alarm calls were intermediate. This only partially validate
the hypothesis of Snowdaet al. In accordance with Owren and RendallOs hypotheses, the level of
individual distinctiveness was minimum for noisy pulsed calls and maximum for calls involved in
afbliative interactions¢ 2011 Acoustical Society of Amerid®Ol: 10.1121/1.3569704]

PACS number(s): 43.80.Ka [ADP] Pages: 334193352

I. INTRODUCTION functions aimed directly at inducing changes in listenersO
affect through some particular acoustic properties (notably
l?oisy calls with repeated pulses) or by using calls as individu-
aﬁy distinctive vehicles of listener associative learning. Indi-

vidual distinctiveness would thus be stronger in calls inducing
an affective response conditioned by the history of positive
and-or negative past encounters between sender and listener.

Here, the hypotheses of Snowdenal. and Owren and

Whether or not the acoustic variability observed in non-
human primatesO vocal repertoires is signiPcant to animals
still subject to debaté Because of a strong genetic determin-
ism, their acoustic variability was long considered to be lim-
ited to maturational changés. New bndings, although still
limited to a few nonhuman primate species, illustrate to

some ‘?Xte”t vocal plaspcn_y_ in this groﬂ:pnteres_tmgly, an  Rendall were tested by analyzing female CampbellOs mon-
exceptional level of variability has been found in call types

keysOQGercopithecus campbelli campbgNiocal repertoires.
that are usually produced as part of exchange bouts betvyeelrhis species is particularly appropriate for this study: (1)
(e.0., pygmy marmosefsjapanese monkefsand chimpan- rbecause_of t.he den_sity of their.rainforest habitat, their social
zéeé) On the contrary, alarm calls have been described ag_ommunlcatlon relies p_redom|nantly on vocal rather thap
pxed .stereotyped struciures (e.g., vervet morfk8ys V|su_al S|gna|§; ar_ld (2.) since they _Ilve In harem groups, their
8 ¥ - social organization is based primarily on female-female
Snowdonet al® suggested that Rexibility may occur

S ; o . interactions, which are mainly afpliative and include a high
more in higher social calls (e.g., afbliative and agonistic calls) roportion of cohesion-contact call exchangé&?® Never-

that may require more adaptation to partnersO calls and t %t

. o : eless, although guenon malesO loud calls have been well
therefore a higher level of variability should be found in these . 9h g : -
. . . studied (e.g., vocal sac, referential communication, and call
calls than in lesser social calls targeting the whole group Y Jemis .
rather than a specibc group mate (e.g., alarm calls) Afbliativé:ombmat'on)z’. fS;’X reports describe fema_le _short-range
N ) intra-group signal$®?® Given the characteristics of the

calls of several non-primate species vary among ir“jiVidual%{:\mpbellf)s monkeys social system, it can be expected a stron-

ig?g:grt:ngd éii%yw?]r;?e::z@ﬁf;g re::rggt'gfgot(egd’ger and a more subtle social infBuence on the level of acoustic
' pp yp variability in females than in males. Indeed, recent studies of

carrying ponéss_LociaI referential messages like prggator typ%:ampbell()s monkeys showed that, at least for one afbliative
(e.g., suricatés and marmots). Owren and Rendaif pro- call, a given female can produce several acoustic variants,

posed an alternative hypothesis suggesting a structure-fungb me of which are shared with some preferred aroup mem-
tion relationship. Acoustic variability would be shaped by P group

bers??? Playback experiments reved that this acoustic vari-

ability was meaningful for individual$® Moreover, most of the

@Author to whom correspondence should be addressed. Electronic mair:?male calls are SOﬁland dlfDd:lIld_) “?CF”d under r]aturgl CP”d"
alban.lemasson@univ-rennes.fr tions. Also, observations at the individual level in their visually
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dense habitat are difpcult. Thukjs acoustic comparison was numeric stereophonic DAT-recorder [DA-P1 (TASCAM, a
based only on standardized recordings from captivity. division of TEAC America, USA)]. Each of the six females

In the present study, the degree of structural (intra- anctarried a transmitter composed of a microphone [EM123T
inter-individual) variability of the different calls of the reper- (LEM industries, France); , 5 mmbL, 3 mm], positioned
toire of adult female CampbellOs monkeys, varying in agever the larynx area in a rubber collar adjusted round the
and belonging to different matrilines, was evaluated. Theneck of each individual, and an oscillator, which emitted
problem in studying female guenon communication lies infrom 90 to 130 MHz with an oscillation frequency tuned
the presence of their repertoire of sounds of very low intenwith an adjustable capacitor, assembled on a circular printed
sity and of their ability to produce calls with their mouths circuit board. A lithium battery (3 V; -, 14 mmbL, 24 mm;
closed, which makes it difbcult to identify callers even in 9 g) was connected to the oscillator in a plastic tube (7, 2
captivity. Precise measurements, based on high quality specmbL, 6 cm) covered inside by metallic paper connected to a
trograms, were required to test our hypotheses. Therefore, apring in the cap. The cap could be unscrewed easily to
original telemetric technique has been developed for soundhange the battery. All these elements were bxed on a
recording. The level of variability of calls, notably individual leather harness with two straps crossing the chest and the
distinctiveness, was then considered in relation to their socidback of the subject and passing over its shoulders, adjusted
value, inferred from the production context. This allowed usby two buckles. One strap was used to hide the microphone
to compare a panel of lesser vs higher social, including afpliconnection and the other one for the antenna. Transmission

ative vs agonistic, calls. range was approximately 50 m and the battery lasted approx-
imately 45 days. The total equipment bxed on the monkey

Il. METHODS weighed about 45 g. The receiver enabled us to record six

A. Subjects and housing conditions animals simultaneously on individual frequency modulation

(FM) tuners, but only two tracks were recorded at the same

CampbellOs mon_key_é:e(r_copithecus c. campbéllare  time, as the receiver was connected to the aforementioned
mostly arboreal and live in single-male groups of 10 to 20stereophonic DAT-recorder.

individuals from several matriline€: This species is wide-

spread in the West African rainforests. CampbellOs monkeys sound recordings and analyses

(with one subspecies LoweOs monkaycampbelli lowei } ) )

belong to themonasuperspecies including. wol , C. pogo- A total of 92 h 20 min of telemetric recordings covered a
nias andC. mona Few descriptions of call structure of these Period of 34 days in September and October 2000. Two ses-

species have been published and then mainly reports concef#PnS: 1asting 1 h 30 min, were conducted every day in a rotat-
male loud calls or female alarm caf&17:24 ing order that enabled the time-span between 9 AM and 6 PM

The study group, which lives in captivity at the OStationt0 be covered for each female. Only spontaneous call produc-

Biologique de PaimpontO (Universigle Rennes 1, France), tions were recorded during the routine daily activities of_ mon-
included one adult male (Sirano) and the members of twd<€yS: A total of 9 to 19 h (mean, 15 h 11 néind h 10 min)
matrilines, matriline 1 [adult females: Lisa (mother), Plume, ©f continuous recordings per individual was achieved, varia-
Lowina, Maricopa, and Chilula; male infants: Pikachu (LisaO&0ns being due to occasional technical problems, enabling us
son) and Togepi (LowinaOs son)] and matriline 2 (sisterd® collect 99 to 465 (mean 217 62) calls per individual.
Shawnee, Tilamook, and Bela). Two females were carrying;'ve of our six subjects were recorded for at least 14 h.

an infant and in order to avoid any disturbance, and they were A total of 1348 spectrograms were computed and ana-
not equipped with a telemetric harness (see below). Thus, th¥Zed using a customizeduica computer program for sound
repertoires of six adult females [three per matriline: PIumea_malyS'Sz- Calls used for spectrographic analyses were digi-
(PI, 8yo), Maricopa (Ma, 5y0), Chilula (Ch, 4yo), Shawnee fized at a 24 kHz sampling rate with an 8-bit amplitude reso-

(Sh, 7yo), Tilamook (Ti, 4y0), and Bela (Be, 3yo)] were ana-lution.  The spectrographic analysis used fast-Fourier
lyzed. These monkeys were kept in an indoor (2 n8m)D transforms (FFTs) with sizes of 256 points for each analyzed

outdoor (21 A 4m) enclosure, and all recordings were time window. Resulting spectrograms had a time resolution
made outdoors when all the group members were togetheP! 249 ms and a frequency resolution of 100 Hz.

Enclosures were enriched with branches for climbing, but no _ o

vegetation impeded visibility. Two meals were given per day,P- Terminology and contextual definitions

i.e., fruits and vegetables in the morning and industrial mon-  The following terms are used throughout the paifer.
key chows in the afternoon. Water was providetlibitum Ocall typeO is a set of calls presenting a common basic
acoustic structure. OCall subtypeO is a subdivision of Otype,O
a set of calls sharing several acoustic characteristics, but
The telemetric system for sound recordings developedtructurally divergent from other subtypes. OUnitO is a basic
here was adapted from an existing techniftét ensured sound element of a call, two successive units within a call
caller identibcation and gave clear spectrograms, discardingre always separated by a silent gap. ORepetitionO concerns
noise and echoes of all kinds, thus making intra- and intermulti-unit calls composed of several structurally similar
individual comparisons  possible. Radio-transmissionunits emitted in succession at a regular rhythm. OQuaveredO
enabled us to record wavering or even intention to vocalizerefers to the production of a trilled sound. Several acoustic
The system was composed of a transmitter, a receiver, andmarameters were measured on spectrograms (Tablg. 1).

B. Material
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TABLE I. Acoustic measurements. females differed for each acoustic parameter. This method is
a classic bioacoustic methStiDifferences between individu-

Class of sound Measurement Ab?{:i}{')at'on als Were'then 'Fested in relation to age and matriline. Non-
parametric statistical tests evaluated correlations (Spearman
All calls Dominant frequency Fmax (Hz) tests) and compared groups (Mann-Whitney tests). The level
Fundamental frequenty FOstartFOtop,  of inter- and intra-individual variability was estimated by the
Amplitude of the frequency Amf(o:;)d (H2) coefPcient of variation (CV%standard deviatiormean *
modulation 100), which is a statistical measure of dispersion. As it gives
Duration D (ms) relative variations, it allows comparisons of data sets that
Multi-unit calls Number of units NbU have different units, e.g., duration and frequeftithen, a
Interval between two Dinter (ms) PIC (potential for individual identity coding) index was calcu-
successive units lated?® PICY4CVinte=mean of CVintra (CVinte¥between-
Quavered calls Amplitude of the frequency Amfosc (Hz) individual coefbcient of variation, CVintégwithin-individ-

modulation of an oscillation

Duration between submits of Dosc (ms)
two successive oscillations

ual coefpcient of variation). When a PIC value for a given
call is > 1, this call presents individual differences.
The fact that the pre-debned subtypes were clearly ster-

3Calculated automatically using the amplitude spectrum. eotyped and did not represent gradations of a single type had
PMeasured at different points of the frequency modulation. to be controlled. Gradation was absent when measures for
°Selected in the middle and the most intense part of the call. two subtypes could be discriminated statistically. Wilcoxon

tests compared two sets of values representing two given
also given throughout Sed! in order to estimate the social subtypes, based on some critical frequency and the temporal

. . . . &arameters. Calls were selected randomly to have the same
value of the calls in terms of association with aggressive v
N . o number of measures per female for each subtype.
afbliative interactions or communication at the group vs
individual level. Call contexts were determined using previ-|||. RESULTS
ous studies of this speciéd>2+2224 and of closely related

species (mona superspecied?° in addition to some data A 3 _
issued from a complementary set of 42 h of focal observaknown) female CampbellOs monkeysO repertoire was elabo-
tions2%27 The detailed method of this contextual analysisrated from a structural viewpoint (based on GautierOs classi-

and the main conclusions have already been publighed. Pcation on related guenon specféS)and co-validated by

This analysis consisted of extracting statistically the majofcontextual report§1°20242627 Thys, based on several crite-
behavioral units displayed while, or immediately before, 2 (e.g.., number of units, rhythm of repetition, richness in
calling and the eliciting external events associated with eacfiarmonics, and shape of frequency modulation), the femalesO
call type based on a collection of 243 contextual detailecCallS were divided into three major categories, including ten
and varied items. Among the most representative items, se\E@!l types including four of which types could be divided
eral concerned Olesser socialO categories (behaviors: vigildfie tWo to six subtypes (Fig).

posture, visual exploration of the environment, and run(1) Category 1: calls with successive repetitive units emitted
down to take a food item; events: sudden noise, human  ejther at a slow [repetitive st atonal (RSA), repetitive
bird=cat-dog-horse passing by) and other items concerned  slow tonal (RST) with, respectively, atonal and tonal units)]
Ohigher socialO categories, either less- (move while staring at or a rapid [repetitive rapid chevron (RRC), repetitive rapid
a group mate and forage for food near a group mate) or high-  ascending (RRA) with, respectively, chevron-shape and
afpliative (peaceful approach, touch, and groom) and either  ascending frequency modtitn)] rhythm. RRA included
agonistic (behaviors: threat mimic, physical attack, and  two subtypes (RRA22Vssmalklarge number of units).
chase, events: conBict involving other group mates or neigh(2) Category 2: either atonal [single atonal (SA)] or tonal
boring cage groups) or intermediary (approach while staring  [single trill (ST)Nhigh-pitched and quavered, single har-
at the male and displaying submission). monic long (SHL)Nrich in harmonics, low-pitched and
long, single harmonic (SH) B rich in harmonics and short]
single-unit calls. Two SH (SH2Y4low-pitched-descend-

One-way analyses of variance (ANOVA) evaluated intra-  ing frequency modulation) and ST (S¥2%slong=short du-
and inter-individual variability and tested whether the six  ration) subtypes were found.

Brief contextual descriptions of each call subtype are

A classibcation of the different call types of the (poorly

E. Statistical analyses

FIG. 1. Examples of acoustic meas-
urements. The CH5 call subtype

Ll (left) is composed of a brst low-
$Amfosc pitched portion and a second high-
<_i pitched portion divided into three

parts: ascending (part 1), middle (part

2), and descending (part 3). Each por-
|Amf3 tion=part was measured. The ST1
Diitatioi subtype (right) is quavered and oscil-

JE— — lations are measured as shown.
D DI D2 D3 50 ms

Frequency (kHz)

Amfl D osc
" Fstart3

" <—Fend3
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Repetitive Single unit
) | [©)
Rapid succession Slow succession tonal Atonal
Chevron Ascending Atonal Tonal with Harmonics Trill
short long short descending  Long long short
RRC RRA1RRA2 RSA RST SlLl SJ‘IZ SI—L. ST1 ST2 SA
| | | | | | |
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FIG. 2. Call classibcation. Call type names: RRC, RRA, RSA, RST, SH, SHL, ST, SA, CH, and CT.

(3) Category 3: combined calls resulting from complex assodiscussed below in Selil E. OVocal activityO decreased sig-
ciations of several aforementioned structures and othepiPcantly with femalesO age only for CH calls (Spearman cor-
structures [combined trill (CT)Nassociation by transi- relation: rs¥a 0.97, n%.6, p< 0.05). No age differences
tion of ST and SH2 structures, combined harmonic(0.93> p (CH1 to CH6}> 0.16), but signiPcant individual
(CH)Nmerged association of SH and a complex high- preferences (Mann-Whitney:U%20.30, p< 0.01), were
pitched Oarch-shapeO structure]. Six CH subtypes corr@bserved in the propensity to emit the different CH subtypes.
sponding to either OcompleteO (CH6) or ObrokenO (CH1
to CH5) calls were distinguished. Only some portions ofA- Lesser social calls and higher social agonistic
the general OarchO observed in complete calls wef@!S: Calls with rapid repetitive units
maintained in broken calls. The arch was divided into Two main types were distinguished, RRC and RRA, that
three portions: ascending (part 1), middle (part 2), anchad been described, respectively, as threat calls (also named
descending (part 3) (Fidl). Broken calls were divided type 4) and alarm calls or sneeze (also named type 1) by
into Pve subtypes according to the remaining portionsStruhsakel? Gautier and Gautier-Hiohand Gautie?® in C.
(ascending: CH1, ascendipgdescending: CH2, mona, C. lowei and C. pogonias(belonging to themona
ascending middle: CH3, middld descending: CH4, super-species), and by Ouattatzal®* in wild C. campbelli
and ascending middlep descending: CH5). Observations of captive Campbell®s monkeys conbrmed that

RRC was associated only with aggressive behavior (i.e.,
Although the majority of call types and subtypes werethreatening or attacking a group memb&rwo subtypes of

present in the repertoires of all the females (e.g., RRAL, SHIRRA calls were distinguished. RRA1 was characterized by a

and CH4), some, rarely produced, were emitted by only ongeries of 1 to 5 units generally (75% of times) preceded by a

or two females (e.g., RRC and RSA). The rarity of these callshorter and higher pitched introductory unit. RRA2 was char-

seemed to be related to context (e.g., agonism) or femalacterized by a series of 4 to 10 units, very low in intensity
characteristics, such as age. For example, as CampbellOs mgot audible beyond 5 m). RRA2 calls lasted twice as long as

keys very rarely interact agonisticafly,this inRuenced the RRA1 calls (Wilcoxon test:D: z%4.148, NbU z%45.35,

frequency of emission of aggressive RRC calls (see belown¥,24,p< 0.01) and were higher-pitched at the peak of max-

RSA, RST, SA, and SHL calls were extremely rare calls andmum energy Fmax:z%4.128,p< 0.01). In captivity, RRA1

3344
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FIG. 3. Sonograms of RRC, RRA, ST, SH, and CT types. Upper sonograms: RRC type recorded from two females (Be and Ch), example® stiIRRAL
types. Lower sonograms: examples for females often producing the23BH2 subtypes, CT type (association by transition of ST1 and SH2 subtypes),
one example of potential gradation from the CT type.

was associated with a Ogeneral vigilance,O when a danger twakon test:z¥2.201,n%7, p< 0.05). Occasionally (8% of
been perceived (e.g., sudden unusual noise and animal passitiges), ST1 calls presented a discontinuity with a break on
by) or when descending brieBy to the ground to take somé&0 of 52.3 ms on average. Two SH subtypes were distin-
food, whereas RRA2 was a Ohuman presence aféft?0 guished as their frequency modulation and frequency param-
RRC was a rare call type\N¥418) emitted only by two eters differed (SH1Nquavering proble and SH2N
females (Be, Ch), whereas RRA calls were frequently pro-decreasing frequency modulation).
duced by all (RRALNY%2195) or all but one (RRA2N%4225) The ST type was frequently produced by the youngest
females (Fig.3). The inter-individual variability of both females (BeNY451; Ti; N%22) but very rarely by the old-
RRC and RRA calls was higher than their intra-individual est females (ShNv41; PI N%1; Fig. 3). The SH type was
variability for all frequency and temporal parameters (Ap-frequent, produced by all (SHINY.111) or half (SH2,
pendix A). Some differences in frequencies seemed to béN%16) of the females (Fig3). Inter-individual variability
related to age: older females produced calls with lower freawas higher than intra-individual variability for most parame-
quencies (Spearman correlation: FOstest/z 0.448, Amf:  ters (AppendixB). Inter-individual differences of frequency
rs¥ 0.131,Fmax: rs¥ 0.124,nv.6 females,p< 0.01). parameters appeared to be correlated with age (Spearman
No differences between matrilines were found. correlation, ST1:Fmax: rs¥a 0.763, Fstart: rs¥ 0.820,
Intra-individual variability of several features, e.g., fun- Fend: rs¥% 0.756, n¥%4 females; SH1: FOrs¥s 0.711,
damental frequency of RRC (C¥5.5%) and unit duration n%6 females,p< 0.01), and differences of SH1 temporal
of RRA1 (CV=2.1%) were remarkably low, but it was rela- parameters existed between matrilines, matriline 1 mem-
tively high for others, e.g., inter-unit duration (G¥45.6%  bers emitted longer calls (Mann-Whitneyt %1652,
RRAL1 and 151.2% RRC) and energy distributidimiax:  nl1%47,n2Yv57,p< 0.01; Fig.4). Quavering probles (i.e.,

CV ¥.55.4% RRAL and 69.8% RRAZ2). oscillations® shape) of subjects also differed. All ST and
SH parameters revealed a high intra-individual stability

B. Higher social intermediary affiliative calls: Single (except SH20s duration).

unit calls

ST and SH calls were the two main types distinguished.c' Higher social affiliative calls: Combined calls

ST and SH have been described, respectively, as contact CT and CH calls were the two types distinguished. Only
calls (also named type 6, frequent in the repertoire of imma<CH had been described previously as cohesion-contact calls
tures) and cohesion calls (also named type 2) by Gautier anlso named type 2-6 or OO0O0O calls) by Struhs&kaaut-
Gautier-Hiorf and Gautie?” for C. pogoniasHowever, cap- ier and Gautier-Hiorf,and Gautief° These calls were sup-
tive adult female CampbellOs monkeys emitted ST calls in posed to be produced in various social contexts. Captive
context of Ocontact seeking (mostly toward the adult malefemale CampbellOs monkeys emitted preferentially these
while displaying submission,O whereas SH calls were assodalls in two peaceful and relaxed afbliative contexts: Oco-
ated with a context of Omaintenance of a vocal contact dufeeding,O i.e., eating peacefully in close proximity, and
ing locomotion.€#?” Two ST subtypes were distinguished Oseeking physical contaéf& CH calls were never associ-
by their duration (ST1 218 98 ms, ST2 64 19 ms, Wil-  ated with agonism. They were usually produced within
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afbliative conversation-like vocal exchanges between partic- total of 76% of the calls presented a very small decreasing

ular preferred social partnet$:>?® second part and 60% of the calls presented a short interval
CT type calls were rareN*211) and emitted only by break during the ascending phase, lasting 13 ms on average.
the three youngest females (BE/6, Ti N3, ChNY42). Only three females (Be, Ti, and Ch) emitted this subtype.
They are the result of the combination of a ST (1 or 2) and §4) CH4 (NY464): in this call, the SH1 structure was not
SH2 call, separated, on average, by a 60 ms interval @ig. merged with the longX80 ms) descending and curved

No inter-individual comparison has been made given the low frequency modulation, as a |Ong interval brea:k]_oo

number of calls. Other very rare calls were recorded and  ms) occurred between the two structures. A total of 17%

seemed to be gradations of this type (R3p. of the calls presented a small ascending curved part. All
In contrast, CH type calls were the most frequently  females presented this subtype.

produced, and emitted by all females. These calls correspong) CH5 (N%4123): similar to CH2 with a small curved fre-

to a combination between a SH1 subtype and a higher-pitched  quency modulation added in the middle of the interval

part (FIgS) No signibcant differences were found between pause, produced by all females except Ma.

the acoustic structure of SH1 produced as an isolated call an@) CH6 (N%491): complete arch. The ascending brst part
as a combined call (Wilcoxon test, #D=Amfosc=Dosc: was shorter than the descending second part. All

p> 005) The important variability of the frequency modula- females, except Ma, produced this Subtype_
tion of the high-pitched part led us to debne six different sub-

types that were clearly distinguishable and repeatable. Pairs of subtypes were compared on the basis of critical

parameters to investigate whether these subtypes could be
(1) CH1 (N%313): brief €40 ms) ascending frequency interpreted as stereotypical structures or were the result of a
modulation, produced by all females except Sh. graded system (Fidh). The six CH subtypes appeared to be
(2) CH2 (Nv4175): brief ascending frequency modulation fol- clearly stereotyped. Some subtypes could be distinguished
lowed by a long% 100 ms) interval break and then followed on the basis of the brst ascending part of their structure, both
by a brief descending frequney modulation similar to the in frequency and duration (CH1, CH2, CH5 vs CH3; CH4 vs
structure of SH2, produced by all females except Ma. CH®6), others differed in their last descending part (CH1,
(3) CH3 (N¥482): long & 100 ms) ascending and curved fre- CH2, CH5 vs CH4; CH3 vs CH6) and others differed in the
quency modulation reaching frequencies around 4 kHz. Aduration of the silence break (CH2 vs CH5).

FIG. 5. Sonograms of CH types. For
each of the six CH call subtype, two
sonograms are illustrated including
at least always the same individuals
Bela.
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Inter-individual variability of all subtypes was greater
than their intra-individual variability (AppendixC). Fre-
quency parameters tended to decrease with age (e.g., start
and end frequencies of each call part, Spearman correlations:

0.88<rs < 0.48,p< 0.01 for all CH subtypes). Matri-
lines could be distinguished on the basis of duration. Matri-
line 1 members emitted longer CH1 and CH3 (Mann-
Whitney: p< 0.01; CH1:U%8853 n1¥76 n2¥479, CH3:
Uva1723 nl¥52 n2%29) but shorter CH2 and CH5
(p< 0.01; CH2:U¥45338 n1¥58 n2%75; CH5: U %2599
n1v246 n2¥,32) calls than did matriline 2 members.

CH1 subtype calls showed a higher intra-individual sta-
bility compared to the other subtypes. The degree of variabili-
ty of the other subtypes depended on the portion of the
call measured. The highest variability was observed at the end
of calls, ie., part 3 [eg., CH2: CV(D}65.4%,
CH3: CV(Amf)%85.9%, CH4: CV(Amf}468.1%, CH6:
CV(Fend)v462.3%]. Moreover, frequency modulation of
CH6 calls presented important variations, i.e., shape of the
high-pitched arch. That led us to debne, in a parallel study,
structural variants on the basis of the calculation of an acous-
tic similarity index and cluster analysis. Each female had, in
her own repertoire, at one time, one to four variants that could
be shared with other members on the basis of preferential
social bond$*%? Another level of complexity in the variabili-
ty of CH6 calls was the presenabsence of quavering in
their upper portion: 54% of the calls were quavered, one
female produced all-quavered calls, one female produced all-
non-quavered calls, and three females produced both kinds.

D. Stereotypy and variability in the different calls:
Related to social function?

An overall view of the level of variability of the different
call types (all subtypes pooled) revealed a strong relationship
between their Osocial afbliative valueO and their degree of
variation (Tablell and Fig.7). The coefbcients of variation ] )
were the lowest for the rapid repetitive calls observed in threaf'S; & Structural comparison of CH subtypes. To test if CH subtypes were

, . _graded or stereotyped, comparisons were done, using key parameters,

contexts and presenting no subtype. Although individualitypetween pairs of subtypes which were structurally close. A diagram of calls
did emerge (PIC 1) in these calls, its level was much lower on the left illustrates some of the specibc comparisons. The key parameters
than for other call types. The other extreme was found for theé'® listed on the right with the=p values of the Wilcoxon test in brackets
afbliative CH calls that showed large variations in their fre- (™" P< 0-00).
guency modulation, and, on this basis, six different subtypes
were debned, as well as the largest coefbcients of variatiomyas a rhythmic succession of atonal and high-pitched very
especially in inter-individual comparisons. All the parametersnoisy units always produced by a female when she was physi-
of these calls were highly individual. Interestingly, number of cally attacked (bitten, grasped) by a group menfeFhis
subtypes, degree of variability and level of individuality of call was debned as a gecker GAff® RST type call N¥42)
socially OintermediateO calls (non aggressive and non afbliaas a succession of alternatively high- and low-pitched tonal
tive) presented intermediate values. These Pndings stronglynits. The RST type is structurally close to the OcryingO of
support the idea of a relationship between social afblliativenfants (pers. obs.) and has not been debned previously.
values and vocal information through structural variability. Two other call types could be distinguished in the second
Additional Pndings indicating that CH calls could also sup-category. SA type call was a high-pitched and noisy call, only
port a complex system of vocal sharing, through subtle variaproduced by females being severely attacked by a neighboring
tion in frequency modulation reRecting dyadic afbnifi&%>  group or when being captured by humans. This call had been
show how call types may carry combined information on indi-dePned as a scream by Gautier and Gautier-AiGautier?
vidual identity and social characteristics. and Struhsakef® SHL type call resembled a very long SH1
call and was only heard when adult females were isolated
from their group. This type seemed to be much more fre-

Two other call types could be distinguished in the Pbrstquently emitted by young individuals and was described as an
category but were only recorded in Be. RSA type chllt41) isolation call (or type 3) by Gautiétin C. pogonias

E. Other rare female calls
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TABLE Il. Link between the level of intra=inter-individual variability and the degree of afpliative social signiPcation of calls. This table summarizes the level variability of the bPe@lryagies. The acoustic parame-
ters, measured on the entire call (all subtypes combined), concerned the amplitude of the frequency modulation (Amf), the top fundamenta(F@iqpgnitye dominant frequenc¥rhax), and the duration. The
mean and the coefbcient of variation (CV, in brackets, in %) are given for each parameter within (intra) and between (inter) individuals. ANGVékeésditated in the middle column. CVinter and CVintra, aver-
aged for all factors were used to calculate the PIC index. Calls are presented (from top to bottom) according to their degree of afbliative social value

Frequency modulation

Top fundamental

All parameters

amplitude frequency Dominant frequency Total duration combined
Call Nb of Frequency
type subtypes Inter p Intra Inter p Intra Inter p Intra Inter P Intra CVinter CVintra PIC modulation Context
RRC 0 378(11.7) N 372(10.7) 539(7.1) ® 534(5.5) 446(130.4) ® 537(7.9) 100.1(335) N 94.8(36.8) 457 203 225 Threat
RRA 2 416 (81.6) K 398(21) 630(82.6) [ 606(14.7) 881(123.1) ° 905(71.7) 138.3(77) R 140.8(30.2) 91.1 344 265 Alarm
ST 2 1349 (44.7) N 1381 (43) 4519 (61.9) ® 3966 (14) 4036 (73.6) @ 3395(18.6) 200.9(111) © 301.5(30.8) 72.8 26.6 2.74 =p (quavering) Appeasement
SH 2 346 (102.5) * 361(29.5) 439(232.9) * 500(59.4) 885(36.5) N 879(34.3) 90.5(159) ® 84.9(31.1) 1327 38.6 3.44 =p (quavering)  Cohesion
CH 6 1914 (188.1) * 1565(53.1) 2790 (207.7) ® 2475(34.1) 2143 (241.9) ® 1906 (53.2) 152.5(272.6) * 142.4(60.3) 227.6 50.2  4.53 p (quavering,  AfPliation
arch shape)
N denotes not signibPcant.
%< 0.001.
Pp< 0.05.
°p< 0.01.
< 3
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addition, this study is the brst to give a full description of thegating acoustic variability. Conveely to alarm calls which have
vocal repertoire of females of this species. been intensively studied foheir referential properti€s’161724

Our study supports partially the hypothesis of Snowdonmonhuman primate afpliative calls have been under-evaluated in
et al. in a sense that lesser social calls presented a limited vathis regard, because the large diversity of associated contexts
iability,® but not all higher social calls were strongly variable, and acoustic structures make their study more difbcult. Other
as threat and contact calls presented opposite patterns. Omgports nevertheless conbrm #adstence of subtypes linked to
study also supports Owren and RendallOs hypothesis becaudifterent social situations in afbliative cafig>’
the lowest level of individual distinctiveness was found in An interesting question here was how a given species can
calls with particular acoustic properties like repeated pulse©createOQ acoustic variability. There are two possibilities. One
and noisiness, whereas calls involved in afpliative interactionpossibility is to have non-bxed acoustic parameters. The level
were highly variablé® More interestingly, the more a call of intra- and inter-individual variability of some frequency
was associated with an afbliative function, the more it wasand temporal parameters was related to the callOs social value.
Rexible and individually distinctive. Further investigations Another possibility is to use syntactic-like sound combina-
involving more species are now needed to determine whethdions. A previous work on CampbellOs monkeys showed that
the degree of afbliation is a universal determinant predictingnales are able to recombine sound units or even call types to
acoustic variability. It would be interesting to compare spe-increase the number of messages delivéféd For instance,
cies with a relatively tolerant social organization, like ours, males optionally add a unique sufbx at the end of some call
with other more despotic species. stems, thus altering the message and doubling their repertoire

Decomposing the vocal repertoire into different catego-size. Also, potential sound combinations and afpxation abil-
ries and sub-categories is common in bird and marine mamities can be evidenced in females. For instance, CH calls are
mal studies’’ Starling songs are grouped in notes or motifsthe result of a merged association between a short low-pitched
for instance presenting several functional sub-categdties. SH call (which can also be produced alone) and a high-pitch
Here, the vocal repertoire was based on three structural levarched frequency modulation. The duration of SH calls poten-
els: call type, subtype, and variant. This organization istially carries reliable information about matriline membership,
rarely described in nonhuman primates. whereas the arch shape encodes for social afpAttighe

A brst hypothesis predicts that categories are sometimegrch shape and sharing patterns change over years following
difbcult to determine in nonhuman primates. Several primatehanges observed in the social netw&fkdabitat is often
species, notably those living in open areas, can ensure tlregarded as a strong constraint on acoustic variability in pri-
transmission of a given message by using multi-modal commates as it inRuences propagation of caffs Nevertheless,
munication and present a systematically graded vocal repeno adaptative reason (neither species weight nor background
toire with hardly classibable calfé. They are opposed to noise and distortion propert&y can explain the presence of
forest species that rely mostly on calls to communicate dehigh-pitched short-range signals in arboreal guenons. CH calls
spite strong sound degradation during propagationhese  present a whistle-type structure with a large frequency modu-
species possess a more discrete repertoire with a limitelhtion comparable to starling or dolphin whistles also used in
number of reliable Ostereotyped callO types, thus reducirgprocess of socially biased vocal sharfigyhich is another
the risk of message confusion.Nevertheless, some forest illustration of the structure-function relationsHip.
species possess a graded and large repertoire that has been Why then does such an acoustic variability exist? Find-
explained by group size and the frequency of close interacing more variability in afpliative calls than in agonistic calls
tions3*3°Here, the level of variability was neither uniformly or alarm calls might be explained by the fact that afbliative
nor randomly distributed over the whole repertoire of a givencommunication requires potentially a much more subtle
species, i.e., some call types being more variable than otheexchange of information between particular social partners.
in relation to their social context of occurrence. The socialDifferent types of social information can be carried by afpli-
value of a call typeOs function inRuenced its subsequent suétive calls in nonhuman primates, such as the belonging to a
divisions. The most subtypes were found in the afbliativegiven social unit>?? the callerOs intention to interact in a
CH call type. Our results show that these different subtypeparticular way?’ or the request for a vocal resporie.
coexist in one individual and neither gradations betweerCampbellOs monkeys are not the only primates who can
subtypes nor age effects in the frequency of production ofmodify the acoustic structure of their afbliative calls as call
the different structures were evidenced. Concerning alarnconvergence and call matching exist in marmoSethjm-
call subtypes, inter-population divergences can be found dupanzees,and Japanese macaqdes.
to differences in environments. The human alarm described  Finally, another key information transmitted by calls is
here does not exist in wild CampbellOs monkey populationsaller identity. This information is essential when habitat
for instance?* Moreover, if the different subtypes exist in all visibility is reduced or when the group is large (e.g., pen-
individuals of a given population, this is not true at the vari- guing®) for the listener to adjust its behavior in conse-
ant level (within subtype) as the structuration of variants isquence. However, not all call types need to carry individual
socially controlled. A CH6 given variant is only shared by a identity.*® The important fact, when hearing a predator alarm
limited number of preferential partnet$2? call, is to adopt a protective response no matter who the

A second hypothesis predicts that as honhuman primatesaller was. Conversely, many studies stress the importance
calls are often considered as poednantly genetically deter- of identity coding in mother-infant communication (e.g., fur
mined this a priori Pxity would discourage people from investi-seald® and sheep$). All the main calls in the CampbellOs
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monkeysO repertoire showed signiPcant differences betwesituation (subtype), the caller identity and other social charac-
individuals, which is common in primat&sand non-prima- teristics like preferential bonds. Animals might use different
tes?%4! for a large diversity of calls. However, here the acoustic parameters to transmit on the one hand their identity
value of the potential for individual identity coding was and on the other hand the social context (see also dog¥arks
clearly positively inBuenced by the call involvement in the and baboon gruntsfor instance). Nevertheless, all call types
within-group afbliative social life. In addition to social func- in a speciesO repertoire, according to their function, are not
tion, the caller-listener average distance might also inBuencequivalent in this regard. The fact that some of the acoustic
the degree of variability. For instance, chimpanzee long-disvariability might still have been underestimated here needs to
tance afbliative calls have a higher potential to encode idenbe acknowledged. No noise-related measurements and no
tity than do short-distance afbliative caff5. Here, nonlinear phenomenon have been taken into account here, as
differences between individuals were notably due to agenone of the previous reports on that species pointed out these
(especially for frequency parameters, a classic observation itraits has potentially informativé®*"2%2224 Nevertheless,
primate$ and other mammaiy or matriline- (especially for  this should be investigated in future studies as they might be
temporal parameters, also observed in other priffa@msd  another source of variabilit{f

whale$?) differences, but also to individual characteristics.

So, even for CH calls involved in vocal sharing, some acousackNOWLEDGMENTS
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V. CONCLUSIONS

APPENDIX A: ACOUSTIC PARAMETERS OF RRC AND RRA CALLS

Means and coefbcients of variation (in brackets, in %) aremjifor each parameter within (intra) and between (inter)
individuals. ANOVA results are indicated in the middle colnnParameters measured involved both the entire call and the
unit. RRA had two subtypes: RRA1 and RRA2. RR@I&RRA?2 did not have any introductory unit.

Example of interpretation: no signibcant difference between individuals in the duration of introductory units of RRA1
calls, which were very variable within individuals (C¥44.5%), whereas all the typical unit characteristics differed signip-
cantly between individuals.

RRC (N%418) RRAL (N%163) RRA2 N¥:25)

Intra Inter Intra Inter Intra Inter
Call D (ms) 94.8 (36.8) N 100.1 (33.5) 132.3(18.1) 2 128 (83.4) 228.9 (27.7) N 231.9 (19)
NbU 2.7 (33.7) b 3.1(77.1) 3(16.6) a 2.8 (74.3) 5.8 (24.8) N 5.8 (34.5)
Introductory D (ms) 9.9 (44.5) N 11.7 (46.6)
unit Dinter (ms) 19.3 (19.7) a 23.1(108.7)
Fmax (Hz) 881 (71.6) N 1093 (80)
Typical unit D (ms) 35 (18.7) a 29.6 (134.7) 25.1(2.1) a 29.7 (45.7) 28.7 (24.9) 29.6 (41.1)
Dinter (ms) 2.6 (151.2) b 4.7 (210.4) 10 (45.6) a 10.1 (297.5) 12.1(32.3) a 11.9 (96.3)
Fmax (Hz) 539 (11.7) a 423 (201.8) 646 (55.4) a 639 (209) 1917 (69.8) N 2009 (38.1)
FOstart (Hz) 181 (20.7) a 215 (98.2) 225 (14.3) a 223 (53.1)
Amf (Hz) 372 (10.7) N 378 (11.7) 344 (23.7) a 414 (87.7) 405.7 (21.6) 405 (46.9)
FOtop (Hz) 534 (5.5) a 539 (7.1)

N denotes not signibcant.
%< 0.001.

Pp< 0.05.

°p< 0.01.

APPENDIX B: ACOUSTIC PARAMETERS OF ST AND SH CALLS

ST and SH each had two subtypes (SZ1SHZ2). No inter-individual comparison was made for ST2 given the low
number of calls. The fundamental frequency of SH1 could not be tested (?) since no variation was observed within individuals.
ANOVA results are indicated in the middle column.
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ST1 N¥52) (N¥45) ST2 N¥42) SH1 (N¥104) SH2 N¥416)

Intra Inter Bela Tilamook Intra Inter Intra Inter

FOstart (Hz) 3988 (13.1) ® 4547 (58.3) 4515.8(16.7) 3286.5(3.2) 309(0) 2 306 (35.4)

Foend (Hz) 2245(23.3) 2 3112(76.8) 3773.2(15.6) 2935(1.2) 697 (23.3) N 705 (18)
Amf (Hz) 0 0 551(26.8) °  602(72.4)
Fmax (Hz) 3400(18.9) 2 4072 (70.6) 805(36.6) N 846 (42.4) 1121 (18.2) N 1135(12.4)
D (ms) 309.1(27.7) P 216.8(97.6) 61.77(32.9) 73.48(7.2) 96.3(22)2 100.3(110.3) 26(51.7) N 26.6(17.6)
Amf (osc) (Hz) 438.9(23.7) ° 509 (54.1) 306 (5.4) @ 307 (20.6)

D (osc) (ms) 271125 N 27.9(14.4) 26(11.8) @  25.1(52.8)

N denotes not signibcant.

3 < 0.001.

Pp< 0.01.

APPENDIX C: ACOUSTIC PARAMETERS OF CH CALLS

CH type was composed of six subtypes. Several parameters were measured on each part of the high-pitched frequency
modulation (partl: ascending, part2: middle, part3: descending), on the entire call and on the oscillations present at the top of
some calls. ANOVA results are indicated in the middle column.

CH1 (N¥4156) CH2 N%4134) CH3 (N%482) CH4 Nv453) CH5 (N¥480) CH6 (Nv¥291)
Intra Inter Intra Inter Intra Inter Intra Inter Intra Inter Intra Inter
Part1 Fstart(Hz) 627 ? 634 631 *® 619 670 * 667 623 *® 642 626 * 648
(0) (88.2) (6.4) (76.1) (1.6) (47.2) (1.8) (38.4) (5.9 (45.5)
Fend (Hz) 1809 # 1867 1929 & 1920 3395 # 3351 2085 & 2224
(10.4) 92) (9.6) 92) (11.9) (57.8) (8.3) (53.4)
D (ms) 362 * 341 338 @ 345 1147 ® 1154 1359 @ 1205 335 2 326 904 ° 92.1
(19.9) (193.5) (19.8) (77.2) (26.7) (88.5) (29.2) (110.3) (15.7) (84.9) (15.9) (35.5)
Slope 436 % 451 414 2* 407
(29.4) (193.7) (28.7) (179.1)
Amf (Hz) 3206 * 3182 243 N 67 1462 * 1582 2915 2 3015
(7.9) (34.2) (754.9) (298) (11.8) (66.3) (10.6) (52.5)
Part2 D (ms) 135.1 * 134.8 689 N 717
CH2: break (21.8) (92.7) (58.3) (33.5)
Ftop (Hz) 3876 * 3848 2254 * 2963 3414 * 3653 3541 *? 3663
(6.6) (31.2) (33.7) (114.2) (8) (53.4) (8.8) (47)
Amf (Hz) 750 N 797
(49.2) (71.4)
Part 3 Fstart (Hz) 1569 ° 1577 2230 ® 2896 1456 * 1482
(28.6) (60.9) (32.4) (110.1) (16.5) (49.1)
Fend (Hz) 611 N 609 1950 * 1540 649 *® 623 966 ° 973
(28.3) (30.7) (40.8) (190.8) (13.1) (46.9) (62.3) (216.5)
D (ms) 53.4 2 55 829 N 977 394 * 368 1576 *? 149.5
(65.4) (293) (64.4) (55.1) (29.2) (242.5) (22.3) (91.4)
Slope 229 & 228
(38.6) (184.3)
Amf (Hz) 481 °© 497 1183 N 1423 807 @ 859 2575 @ 2690
(85.9) (166.6) (68.1) (68.1) (30.2) (102.1) (22.8) (62.3)
Call D (ms) 2351 P 2385
(12.5) (27.6)
Osc  Amf (Hz) 424 ® 451
(17.9) (39.9)
D (ms) 277 N 27.4(16.1)
(17.3)

N denotes not signibcant.
3 < 0.001.

Pp< 0.01.

p< 0.05.
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