mi
UNIVERSITE DE
NEUCHATEL

SEMANTIC CONTENT IN TITI MONKEY

ALARM CALL SEQUENCES

PhD Thesis submitted to the Faculty of Science
Institute of Biology

University of NeuchCtel

For the degree of Doctor of Philosophy

By

M®lissa BERTHET

Dissertation committee:

Prof Klaus ZUBERB ; HLER, University of NeuchCtel, thesis director

Prof Redouan BSHARY, University of NeuchCtel

Prof Simon TOWNSEND, University of Zurich

Defended on the 23th of May, 2018






| |
Faculté des Sciences
ml Secrétariat-décanat de Faculté
Rue Emile-Argand 11

B 2000 Neuchatel fi Suisse
UNIVERSITE DE Tél: +41(0)32 718 21 00
NEUCHATEL ) . . .

E-mail : secretariat.sciences@unine.ch

IMPRIMATUR POUR THESE DE DOCTORAT

La Faculté des sciences de I'Université de Neuchatel
autorise I'impression de la présente thése soutenue par

Madame Mélissa BERTHET

Titre:

1Semantic content in titi monkey alarm
call sequencesT

sur le rapport des membres du jury composé comme Sulit:

1 Prof. Klaus Zuberbiihler, directeur de thése, Université de Neuchatel, Suisse
91 Prof. Redouan Bshary, Université de Neuchéatel, Suisse
1 Prof. ass. Simon W. Townsend, Université de Zurich, Suisse

Neuchatel, le 12 juillet 2018 Le Doyen, Prof. R. Bshary

P L
foaien Y /
’ /

Imprimatur pour thése de doctorat www.unine.ch/sciences







A Mimi, Mon Pétit Fr re, Pitch, Suif, Chaussette, Pou°t-Pou°t, Blinies, Wakan, Tatonka,
Whany, Cartouche, Cacahu te, Boston, Ty Pouech, Lapinou, Washoe, Willow, et par-dessus
tout, * Chiffon, qui ont patiemment subi mes premi res tentatives doexp@riences ®thologiques.






This work has involved so much people that it was hard for me to write my thesis at the first
person. How to shorten hours of discussion and hard brainstorming, days of field work,
hundreds of email exchanges, all the motivation and energy that all the people put into this

work, to a simple iillo? For all the people hidden behind this little letter, here is all my gratitude:

First of all, thank you Klaus for the incredible opportunity you offered me, for the Friday
evenings that you devoted to our Skype meetings because | was only able to reach a good
internet connection during holidays, and for the weekends and nights you spent correcting my
articles and my thesis. | know that I arrived in NeuchOtel as a young pink pony who loved
everybody and everything, particularly MY monkeys, so | really want to thank you for giving
me that much freedom and for blindly, completely trusting the way I run this project. By doing

so, you allowed me to turn my PhD into the best part of my life.

A huge thank to Cristiane. First, thank you for introducing me to the fascinating world of titi
monkeys. You were of incommensurable help for launching my PhD, as much on the field (by
opening the trails, buying the first equipment, helping with the pilot studies) as outside of the
field (by helping us to get the visas and buy the car). Thank you also on the personal level to you
and Bel for your warm welcoming when | arrived alone in Brazil and was only able to say iBom
diad and fiTchaud. Thank you for introducing me to the Brazilian life, with football games
(iCoelhos!0), street food, churrasqueiras, family churrascos, Brahma and caipirinhas. Above all,

thank you for your patience towards my laborious Portuguese, you were really good teachers!

Thank you to ERC for funding my research, to the University of NeuchCtel for further funding,
and to the CNPq for allowing me to conduct my study in Brazil. Many thanks to Rogerio da

Cunha for his help in applying to a research permit.

Thank you to Redouan Bshary and Simon Townsend for accepting to be part of my PhD
committee. You both followed the progression of my work throughout PhD, thank you for your

wise insights and discussions during meetings and email exchanges.

Thank you to Philippe and Emmanuel for your early interest in my work, for your judicious
insights throughout my PhD and for support at the end of it. I am very honoured to be part of

your team now.

This thesis would definitely not be the same without the help of Christof. Thank you for your
incredible help with the statistics and for making me appreciate (I will not write filiked) writing
(or at least trying to write) a script on R. Thank you for all the enlightening talks we had about



titi monkeys -even if their calls sound the same to you- Science, ethics, academia and life in

general. |1 wish you all the best for your and your familybs future!

Thank you to Roger Mundry for kindly providing his pDFA script, and to Arik

Kerschenbaum for enlightening discussions on the last two chapters of my thesis.

This thesis would not exist without the help of my amazing field assistants. Muito obrigada
Breno por me ajudar com a habitua-«o do grupo S, com o estudo piloto, e por nossas discuss»es
em portugu®s muito duvidoso. Merci = Guilhem de savoir grimper aux arbres pour d®crocher
les cordes coinc®es, placer les oncillas et autres animaux morts, -a nous a rendu la tOche
beaucoup moinsss ardue. Merci ©~ Camille et Arthur pour tout ce que vous avez fait qui noa
servi " rien, dites-vous quéau moins vous avez habitu® (cass® ?) le groupe S. Cam, tes
illustrations sont le clou de ma th se. Vous °tes dans léavion pour la Nouvelle Z@lande au
moment 0%2j0@cris ces lignes, joai hOte de vous y rejoindre. Merci = Anays pour ton travail, ta
patience avec le groupe S et ton accent (tdentendre rager contre Suco est bien plus sympathique
avec loaccent du midi). Merci = Aude pour ton incroyable et excellent travail, tant sur le terrain
(grande sp@cialiste du caca de titi) que par la suite. Coest bien simple, le troisi me chapitre de
ma th se ne serait rien sans ta pr@cision et ton enthousiasme ! Thank you to Franziska, the less
French of the French people of Cara-a, second expert in titi poo. What was more comforting
that hearing a fiBouge ton cul mou du glando on the radio at the end of a long and lame day?
Enfin, merci ~* Oriane et Gr@goire pour votre travail sur nos donn®es brutes, jdimagine ™ quel
point cela a d¥s°tre passionnant de d®cortiquer nos carnets de terrain moisis pour y r@cup®rer des
points GPS et des cris, joesp re qubau moins vous avez un peu ri aux b°tises que des longues

journ@es de travail nous faisaient @crire...

Thank you to the four mousquetaires without whom all this study would not have been possible:
Denis, Bernard, Regis and Michel. Thank you for your involvement on the field experiments,
and again, sorry for your injuries. | cant wait to see your broken faces again. Thank you to Bob
for his unfailing support and enthusiasm (what a smile!) throughout the field period. He was a
major element in the cohesion of the team, always found a way to make our life easier and nicer,

and event run experiments himself.

Merci ~ Cl@ment et Nina, pour moavoir fait d@couvrir le rtle difficile mais enrichissant de
superviseur de stage de master. Merci pour votre investissement, votre travail sur le terrain et

ensuite dbanalyse !



Merci = Yatlle pour le magnifique surnom de Pink Pony qui va me coller " la peau encore
longtemps et pour méavoir entrain® dans cette ann®e de danse g@niale, 0%2loon a tant souffert
des abdos. Bonne chance pour p@cho Geoffrey ! Merci = Emilie, danseuse magnifique,
fabricante de gOteaux roses, rockstar de la primato (je suis si fi re de dire ¢ oh, regardez, je la
connais ! €) pour tout cet amour et ces soir@es films gourmandes. Merci ~ Steph pour avoir
partag® MT180 avec moi et mbavoir autant soutenue ~ Gen ve ! Merci = Alice pour le petit bout
de bonheur que tu mobas apport® en ces temps difficiles de fin de th se (et je valide : Paris is
amazing !). Merci ™ No®mie pour ton humour qui me fait tellement rire, tu nous as laiss® un
grand vide quand tu as termin® ta th se. Je ne te souhaite que du bonheur dans cette nouvelle
vie! Thank you to the Puerto Rican drama Julian, the second biggest fan of New World
monkeys in the lab (and a clich® ambulant). Thank you Renata, my big-hearted Brazilian drama
retard®. | love you so much and | have loved living with you, as long as were not touching my
food. Thank you Rapha for your (burnt) cookies (and the great fun when you tell this Christmas
story), your (surprisingly good) meals (see, Alice was wrong this time!) and for your lovely
present for Christmas. | miss our nights in your building crowed with biologists. Thank you
Coco for your amazing Christmas cookies and your fititio monkey, best present ever! Merci ™
Guillaume pour ton soutien pendant mes derni res heures de th se, et pour me d®culpabiliser
dé°tre si ¢ useless e. Fonce, la Start-up nation nbattend que toi. Merci ™ Duke et Quentin pour

vos pause th®s et pour moavoir aid®e " survivre  ces cours de 16@cole doctorale !

Thank you to the people that I did not have the time to know better but with whom 1 found

support and | shared a few laughs: Julie, Gladez, Fredy, Eloyse, Adwait, Arnaud, Andrea.

Durante minha estadia de um ano e meio no Santu8rio do Cara-a encontrei pessoas incraveis,
carinhosas e pacientes, que tanto fizeram para que eu me sentisse bem, mesmo n«o falando sua
IZngua e n«o sabendo nada de seu pa%s. Muito obrigada a todas elas! Senti-me em casa durante
toda a minha estadia gra-as a elas. Estou com muitas saudades do lugar, da beleza e da natureza

do Cara-a, por®m, sinto ainda mais saudades dos meus amigos de I8!

Merci Padre Lauro pour nous avoir autoris® = mener ces recherches au sein de votre r@serve,
mais aussi et surtout pour votre accueil chaleureux, votre attention permanente ™ notre ®gard
ainsi que votre int@r°t pour notre travail. Merci pour ces discussions passionnantes dont nous
ressortions toujours en ayant appris quelque chose, mais aussi pour votre aide pour

loidentification doanimaux ou de plantes. Saudades verdeiras.



Um grande abra-o ao Ormerindo, o meu primeiro amigo brasileiro. Obrigada por me ensinar a
falar portugu®s com tanta paci°ncia, por cuidar de mim t«o bem e por sua gentileza. Patrick,
Patoche, merci de nous avoir tant appris sur lohistoire et la culture br@silienne, et d®sol® de
toavoir malmen® avec notre humour fran-ais ! Ces soir®es avec toi ont ®t® salvatrices pour nous
d@connecter du travail, jéai hGte de te revoir pour boire une bi re, regarder un bon film et
discuter de la vie ! A tr s bient!t, joesp re en France! Stnia, fia nossa m«e brasileirad, obrigada
por cuidar de n-s com tanta aten-«o, obrigada pelos p«es de queijo, pelas caipirinhas deliciosas
e o0s churrascos. Obrigada por estar em contato conosco at® hoje e por nos enviar, regularmente,
mensagens atenciosas. Beijos ao beb°®! Um grande agradecimento s meninas da recep-«o por
terem sempre facilitado a nossa vida no SantuSrio: Marcela, Th8bata, Beatriz e Geralda.
Muito obrigada tamb®m a Aline por permitir nossa pesquisa no Santugrio e por nos ajudar com
as informa-»es sobre a reserva. Obrigada tamb®m por facilitar o nosso trabalho, sobretudo a
respeito dos visitantes. Um grande abra-o tamb®m a nosso companheiro da mata, Daniel, por
cuidar da nossa seguran-a no campo. VVou me lembrar por toda a minha vida de voc® imitando o
r8dio e o GPS, gritando iO RADIO!0 porque n«o entendia nada... Muito obrigada pela sua
paci°ncia! Obrigada aos meus companheiros de casa tempor8rios: Ti«o, Jo«o J¥lio e Toninho,
pelas discuss»es, pelas festas e sobretudo pelas caminhadas. Foi bem legal! Obrigada a todas as
outras pessoas que encontrei que me ajudaram ou que facilitaram a minha vida no Cara-a, ='s
vezes apenas com sorrisos e gentileza: Padre Wilson e Padre LuZs, F8tima, Vani, S?lvio,
Junior, Douglas Henrique, Bruno Leles, M8rcio e Edilene, J* o taxista, e as pessoas da

fisombrad no Cara-a: as cozinheiras, as meninas do snack e as camareiras.

Merci aux amis de longue date et ceux que je me suis fait en chemin ainsi qud™ ma famille pour

leur soutien et leur amour durant cette th se.

Thank you Armani, Anna, Apollo, Auriane, Angie, Alma, Diego, Denise, Debra, Dota,
Denver, Roberta, Rafaelo, Renato, Rocky, Mickael, Marion, Malabar, Manny, Miko, Mili,
Muffin, Picasso, Paola, Peter, Pastis, Pepito, Panama, Serge, Sahel, Savi, Suco, (Sid ?), and
the 7 babies who took part in this adventure, mostly against their will. Sorry for all the trouble

we caused you, | miss you so much guys.

Enfin, merci " toi Geoffrey, qui, avec ta d®termination, ta pr@cision et tes encouragements, moa
pouss®e “ retenter, collecter plus, peaufiner les d@tails, ne pas abandonner. Cette th se est
presque autant la tienne que la mienne. Tu as r@ussi ~ faire de ces ann@es de travail acharn®, de
brom®lias, de moustiques, de tiques, de singes qui nous urinent dessus, de pentes bien trop fortes

(et qui glissent), de lecture interminable de num@ros de points GPS, dbexp@riences rat®es, de



cordes coinc®es dans les arbres, de voiture en panne, de virus zika (si je l6ai eu !), de pireq¥es,
de maison qui sé@croule, de douches froides, de moisissure, de serpents, de pain rassis et de
fromage fade, de riz et de haricots, de pizzas trop grasses, de tongs qui I6chent au moment o%2-a
nous arrange le moins, déinondations, de canicule, de longs trajets pour avoir une bonne
connexion internet, de d®broussaillage de chemins, de bricolages douteux et de protocoles

branlants, la meilleure p@riode de toute ma vie.






ABSTRACT

The comparative approach aims to understand the uniqueness of human language and how it
evolved from primitive communication systems. Black-fronted titi monkeys Callicebus
nigrifrons possess two soft alarm calls: A-calls are specific to threats within the canopy while B-
calls are general calls emitted to terrestrial predators but also in non-predatory contexts, while
moving near the ground. Titi monkeys combine these two simple calls into rule-governed
sequences that can convey information about the predator type and location, suggesting a
sophisticated syntax/semantic interface unique in animals. However, studies leading to these
conclusions were preliminary, and more research is needed to conclude on vocal capacities of
these primates. The first aim of my study is to reassess the context-specificity of sequences of B-
calls both on their acoustic and temporal structure. The second is to investigate the encoding
mechanisms of predator type and location in alarm sequences. The third is to assess what
information titi monkeys extract from the alarm sequences and what sequential feature they
attend to. Data were collected on six free-ranging groups of C. nigrifrons at the SantuSrio do
Cara-a, Brazil. Sequences of B-calls were recorded from individuals exposed to predators or
descending near the ground. | found that B-calls could be differentiated into context-specific
acoustic variants (terrestrial predators vs. ground-related movements) and that call sequences to
predators had a more regular sequential structure than ground-related sequences. | then
presented monkeys to two terrestrial predators and one aerial predator, either on the ground or in
the canopy, and | modelled what information is encoded by sequences. | found that information
encoded in the sequence focused more on the predator type rather than on the predator location.
Finally, I carried out playback experiments and found that listeners extracted information about
predator type and location by using the proportion of B-call combinations in the sequences,
suggesting that meaning was probabilistic rather than categorical. This work shows that call

combinations are a key component of titi monkey vocal communication and can convey



information about predator type, location and behaviour of the caller. Overall, my results
suggest that titi monkeys possess a unique sequential system that may provide new insights in

our understanding of the evolution of human language.

KEYWORDS

Syntax, semantics, titi monkeys, Callicebus nigrifrons, A-call, B-call



RESUME

L'approche comparative cherche = comprendre ce qui rend le langage humain si unique et
comment il a @volu®. Les singes titi = front noir Callicebus nigrifrons poss dent deux cris
doalarme de courte port®e : les cris A, sp@cifiques aux menaces de la canop®e, et les cris B, des
cris g®nBraux ®mis en pr@sence déun pr@dateur terrestre ou lorsque les singes descendent pr s du
sol. Les titis combinent ces deux cris en s®quences r@gies par des r gles pr@cises qui
transmettent des informations sur le type de pr@dateur et léendroit 0%zl se trouve, ce qui sugg re
des capacit®s de syntaxe et de s®mantique uniques dans le r gne animal. Cependant, les ®tudes
menant " ces conclusions sont pr@liminaires et n@cessitent dé°tre approfondies. Le premier
objectif de mon @tude est do@valuer la sp@cificit® contextuelle des s®quences de cris B, ™
l68chelle acoustique et temporelle. Le second objectif est dé®tudier les m@canismes par
lesquelles les singes encodent le type de pr@dateur et sa localisation dans les s@quences
doalarme. Le dernier objectif est de d®terminer quelle information les titis extraient de ces
s@quences et sur quel m@canisme ils stappuient. Les donn®es ont @t® collect®es sur six groupes
de C. nigrifrons sauvages au Santu8rio do Cara-a, au Br@sil. Des s@quences de cris B ®@mises par
des individus expos®@s " des pr@dateurs ou descendant au sol ont ®t® collect®es, et les r@sultats
ont montr® que la structure acoustique des cris B d®pendait du contexte do®mission (pr@dateur
terrestre vs descente vers le sol) mais aussi que les sBquences avaient une structure temporelle
plus r@guli re lorsquéil y avait un pr@dateur terrestre. Joai ensuite pr@sent® aux singes titis deux
pr@dateurs terrestres et un a®rien, au sol ou dans la canop®e, et joai mod®lis® quelle information
ils encodaient dans leurs s®quences vocales. Mes r@sultats ont montr® que léinformation encod®e
®tait plus li®e au type de pr@dateur qud™ sa localisation. Enfin, joai men® des exp®riences de
repasse et joai montr® que les singes comprenaient le type de pr®dateur et loendroit o%zil se
trouvait en se basant sur la proportion de combinaisons de 2 cris B dans la s®quence, sugg®rant

que le sens de la s@quence est probabiliste et non cat®@gorique. Dans son ensemble, ce travail



montre que la combinaison de cris est un ®I®@ment cl® de la communication vocale des singes
titis et quoelle peut transmettre des informations sur le comportement de celui qui ®@met des
vocalisations, sur le type de pr@dateur et sa localisation. Mes r@sultats sugg rent donc que les
singes titis poss dent un syst me s®quentiel unique, et contribuent de fa-on significative = notre

compr®hension de l6@volution du langage humain.

MOTS CLES

Syntaxe, s@mantique, singe titi, Callicebus nigrifrons, cri A, cri B
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CHAPTER 1. INTRODUCTION







HUMAN LANGUAGE AND ANIMAL COMMUNICATION

Language is a uniquely human trait and has been considered as such since the eve of the long
quest to identify what make humans different from animals. But what makes language so special
compared to animal communication? To answer this question, many linguistics and biologists,
starting from Darwin (1872), tried to define language and its characteristics, and compared it to
animal communication. Debates were so vigorous that the Soci®t® de Linguistique de Paris
banned discussions on language evolution in 1866 for over a century (Christiansen and Kirby
2003). Debates are still intense nowadays. For example, Hockett (1960) defined the 13 features
of human language but they are regularly contested (e.g. Everett 2005). Chomsky (1965) argued
that language is based on a universal grammar that is uniquely human. Hauser et al. (2002)
claimed later that language can be conceptualised in two ways, a narrow and a broad one, with
the narrow sense being unique to humans and the broad one also found in animals. Tomasello
(2003) demonstrated that language is usage-based and not innate, that language capacities are
connected to cognitive capacities that phylogenetically evolved from animals and that the only
uniquely human capacity that differentiates language from animal communication is the
comprehension of intentions, which has also been contested by more recent experiments on
chimpanzees (Call et al. 2004). Nowadays, language uniqueness and evolution are still hard to
define: indeed, studies regularly reveal surprisingly high capacities in animal communication,
making the comparative approach efficient to understand the uniqueness of human language and

how it evolved from primitive communication systems.

Comparative approach

The comparative method uses empirical data from living species to infer hypotheses about
extinct ancestors (Hauser et al. 2002). In other word, to claim that a trait is unique to humans,

one has to search for this trait in a large set of species and demonstrates that no other animal



possesses this trait. When comparing data, researcher search for homologies, i.e. traits derived
from a common ancestor, to study the evolution of this trait. They can also search for analogies,
I.e. traits that are present in different taxa but not in their last common ancestor, suggesting that
these traits evolved independently in different taxa. Analogous traits can be very useful to
understand the adaptation constraints, the development, or the function of a trait (Hauser et al.
2002). Typically, nonhuman primates have a fixed, innate vocal repertoire, while songbirds
develop specific songs by learning from conspecifics: thus, to better understand the adaptive
function of vocal learning and why it appeared in humans, it is more relevant to focus on
songbirds, while it is interesting to study nonhuman primates to understand how human

capacities were built on abilities present in the primate lineage (Hauser et al. 2002).

To fully understand how human language evolved, one should not restrain research to animal
vocal capacities, but also extend this framework to other modalities, especially gestural
communication. Indeed, more and more studies reveal than gestural communication in
nonhuman primates also reveal signs of continuity with human language, especially because
gestures are learnt, flexible, and intentional (see review in Genty et al. 2009), characteristics that
are less common in nonhuman primate vocal utterances (e.g. Schel et al. 2013). Combining both

modalities to understand the origin of human language is therefore crucial (Zuberb¢hler 2015).

Many other human language characteristics are also seen in animal communication (Fedurek
and Slocombe 2011; Zuberb¢hler 2015), but in this research, I will restrict the rest of my
arguments on semantics, the study of meaning, i.e. the relationship between an signal (the

signifier) and what it stands for (the signified).



MEANING IN ANIMAL VOCALIZATIONS

What information is conveyed

Shannon (1948) defined information as a statistical measure of uncertainty. The definition was
then applied to the field of animal communication as fiéa reduction of uncertainty in the
recipiento (Seyfarth et al. 2010). When an acoustic structure is elicited only by a narrow range
of events and when other contextual factors do not influence this structure, then the signal
potentially provides listeners with information (Seyfarth and Cheney 2003). To do so, a vocal
signal must possess three characteristics (Seyfarth and Cheney 2017). First, it possesses
informative value: the signal is associated with a narrow range of context (e.g. an individual, a
situation) and is never emitted in the absence of this stimulus. Second, the referential specificity
of the acoustic structure indicates the potential to convey reliable information. For example, a
signal associated with a large set of stimuli conveys less information than a signal elicited by a
very narrow set of stimuli. This is the case in several species of primates, in which one call is
typically given to aerial predators, while the call given to terrestrial predators is also given in
other non-predatory contexts (Wheeler and Fischer 2012): these general calls possess a similar
informative value than the aerial alarm calls because they are associated with a range of stimuli,
but are less referentially specific, because the range of stimuli is broader. Finally, the third
condition for a signal to convey information is its specificity, i.e. its acoustic uniqueness. In fact,
a call can only convey reliable information if it can be distinguished from other calls of the

repertoire.

But what is the information that can be conveyed? An abundant literature is available on the
subject, in nonhuman primates but also in other vertebrate taxa. Information conveyed in vocal
signals can be of three types. First, acoustic signals can convey information about the features of

the caller. Indeed, acoustic structure of a call is influenced by the vocal tract of the animals, with



larger animals uttering longer calls with lower fundamental frequency, smaller formant
dispersion and energy concentrated in lower frequencies (Ey et al. 2007; Bowling et al. 2017).
Since age and sex are mostly correlated with body size, acoustic structure may also convey this
information (Blumstein and Munos 2005). Dominance status is also encoded in calls. For
example, high-ranking baboon males Papio cynocephalus ursinus produce fiwahooso with
longer fihooo syllable and higher fundamental frequency (Fischer et al. 2004) and hyenas
Crocuta crocuta encode information about their dominance status in the spectrum mean
frequency of their figiggleso (Mathevon et al. 2010). Male quality can also be conveyed in
acoustic signals: high-quality warbler males Setophaga discolor produce songs with longer
elements, lower frequencies and with greater consistency than low-quality males (Byers et al.
2016). Individual and group signatures can also be encoded in the signals. For example, great
gerbils Rhombomys opinus emit rhythmic alarm calls to predators that differ with individual and

family group (Randall et al. 2005).

Second, vocalizations can encode information about internal states of the caller, since the length
and shape of the vocal apparatus can be modified by the emotional state. Indeed, Morton (1977)
showed that birds and mammals decrease their fundamental frequency and produce longer calls
in hostile contexts but use tonal high-pitched sounds in case of fear or to appease the receiver. It
has also been showed in several species of mammals that arousal modifies several acoustic
structures like fundamental frequency range, energy distribution and peak frequency (Briefer

2012).

Finally, acoustic signals can convey information about external events. For example, meerkats
encode the level of urgency of a predator threat in their alarm calls (Manser 2001), Siberian jays
Perisoreus infaustus convey information about the behaviour of the predator (Griesser 2008)

and prairie dogs Cynomys gunnisoni encode the type of predator in their alarm calls (hawks,



humans, coyotes and dogs) but also features of the predator, like their colour (Slobodchikoff et

al. 2009).

However, it is hard to disambiguate whether a call conveys information about the internal state
of the caller or an external event. Indeed, the two stimuli can be interdependent, since an
external event like a predator presence or an agonistic interaction influences the emotional state
of the caller. It has often been considered that animal communication was different from the
human language because of their affective component (i.e. call emission is based on emotion),
while human language was a referential system based on the relation between words and their
referents (e.g. Macedonia and Evans 1993). However, Seyfarth and Cheney (2003) argue that
the information content of the call depends on the specificity of its production, regardless of the
mechanism underlying this specificity. According to them, knowing that a call is affective, i.e.,
due to the emotional state of the caller, does not tell anything about its referential properties, i.e.,
its capacity to convey information. Indeed, affective property of a signal depends on the
mechanisms of call production in the caller, while the referential properties of this call depends
on the listenerds capacity to extract information from the vocalization. This suggests that to
conclude on the informational value of a vocal signal, it is crucial to verify that this information

is salient to receivers.

How information is extracted

Playback experiments, in which calls are broadcasted to subjects in the absence of eliciting
stimulus, are crucial to determine whether listeners can extract information from the vocal
signals. When listeners react differently to calls encoding different information, then it can be
concluded that they can extract information from the vocal signals, and thus, that the signals are

meaningful (Wheeler and Fischer 2015).



Several mechanisms are proposed to explain how listeners adapt their behaviour according to
the vocalizations. First, the manipulative hypothesis argues that the acoustic structure of alarm
calls induces direct responses in the nervous system of listeners (Owren and Rendall 2001). For
example, mammal alarm vocalizations typically exhibit sharp onsets, high frequencies,
amplitude fluctuations and high-amplitude noisiness that can impact on receiver attention and
emotion and so modify their behaviour. However, this simplistic view is largely debated in the
literature (e.g. Seyfarth et al. 2010) mainly because receivers can display flexibility in their
reaction based on contextual cues, memory and personal experience, and because some calls
similar in their acoustic structures do not elicit the same reaction in listeners. Thus, the
information theory argues that listeners can learn to associate external events to different call
structures and thus adjust their behaviour accordingly when hearing the calls (Seyfarth and
Cheney 2003, 2010). For example, after being exposed to the association of a hawk with a
neutral tone, Golden-mantled ground squirrels Spermophilus lateralis respond similarly to
neutral tones than to natural conspecifics hawk alarm calls, suggesting that they learn the
association between an acoustic structure and an event (Shriner 1999). Two explanations are
proposed. Thompson (1995) suggested that the signal and the event are categorized as similar by
the animals because they elicit the same behavioural response. Thus, the signal and the event are
functionally equivalent and the association between the two does not require information
transfer. A second explanation argues that call structures elicit a mental representation of the
referent associated with the call. For example, when primed with snake alarm calls, Japanese tits
Parus minor become more efficient in finding snake-resembling objects, contrary to when
primed with other alarm calls (Suzuki 2018). When primed with eagle alarm or eagle shrieks,
Diana monkeys Cercopithecus diana do not respond when hearing an eagle shriek, but they do
when primed with leopard alarm calls (Zuberb¢hler et al. 1999a). All these results suggest that

listeners modify their behaviour not only because of the acoustic structures of the calls but also



because the calls elicit mental representation of their referents. This may also be the case for
acoustic signals with little context-specificity: since it is not possible for the listeners to establish
a strong association between an event and the call, listeners can rely on pragmatics to infer the
eliciting context. This is the case for example for putty-nosed monkeys Cercopithecus nictitans:
playbacks of general calls associated with contextual noise, like a tree falling, make listeners
spend less time looking for the cause of the call than playbacks of general calls alone (Arnold
and Zuberb¢hler 2013), suggesting that they can infer the referent by integrating contextual
cues. Similarly, listeners adapt their reaction to their own situation. For example, in vervet
monkeys Cercopithecus aethiops, individuals on the ground do not react the same way as those

in the trees when hearing a leopard alarm call (Scarantino and Clay 2015).

In some cases, information conveyed in signals is ignored by animals. This is the case of
example for meerkats Suricata suricatta. Close calls of meerkats encode a group signature, and
their alarm calls encode information about the caller, but listeners do not seem to discriminate
calls from different groups or callers (Schibler and Manser 2007; Townsend et al. 2010). This
could be because acoustic differences highlighted by statistical analyses are not perceived by

animals, or because they are not relevant.

This shows that a diverse range of information can be encoded in single call utterances, and that
they can be understood by listeners. However, another layer of complexity arises when it comes

to call combinations.

Information at the sequence level

Duality of patterning is a property of human language to generate combination at two levels
(Zuberb¢hler in press; Collier et al. 2014). Combination, or phonology, is the capacity of
combining meaningless sounds (phonemes) into meaningful elements (morphemes). For

example, the morpheme fibreakd is composed of the phonemes \b\, \0\, \0\ and \k\. Composition,



or syntax, is the capacity of combining morphemes into larger structures, like words or phrases,
of which meaning depends on the meaning of its parts and of the rules that combine them. For
example, the word fiunbreakableo is composed of the three morphemes fiund (meaning finoto),

fibreako (the root) and fiableo (meaning fican be doneo).

To extend the size of a fixed vocal repertoire, like the one of nonhuman primates, animals can
combine vocalizations into sequences (Zuberb¢hler and Lemasson 2014). Syntax is widespread
in animals and takes several forms. Meaning of the syntactic structure can be the linear addition
of the meaning of its components. This is the case of females Diana monkeys that combine two
morphological units, one conveying information about the external event and one about the
identity of the caller, and receiver can extract this two information types from the call
combinations (Coye et al. 2016). On the other hand, meaning of the call combination can be
derived from the meaning of its components. For example, Campbellds monkeys produce six
different alarm call types and combine them into nine context-specific sequences (Ouattara et al.
2009a). Among them, leopard alarms calls fiKrako can be combined with a suffix fiooo, a
vocalization that is never given alone. fiKrak-000 are given to a wide range of events, from
predator presence to inter-group encounters and falling branches (Ouattara et al. 2009a, b).
Playback experiments showed that the suffixation of the predatory call is salient to receivers,
suggesting that suffixation alters the meaning of the predatory call (Coye et al. 2015). On the
opposite of syntax, examples of animal phonology are still scarce. One clear example is the case
of the Chestnut-crowned babbler Pomatostomus ruficeps that combines A and B, meaningless
vocalizations that are never produced alone, into AB combinations that refer to flight, and BAB

combinations that refer to nestling provisioning (Engesser et al. 2015).

Two theories are proposed to explain the emergence of syntax. The exaptive perspective states
that it emerged as a functional change of pre-existing systems during a sudden evolutionary

event in early hominids (Fitch 2011). The continuist perspective states that human syntactic
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capacities emerged from simpler combinatorial systems in animals (Engesser et al. 2016). Based
on this idea, Collier et al. (2014) suggested that the fact that so few animal species exhibit
phonology compared to the numerous example of syntax shows that syntax developed before
phonology in human language. Moreover, they suggested that phonology is not genetically-
based, since some human language do not share this characteristic, and is probably culture-
based. Its emergence would be favoured by a highly social system, for situations that do not
require urgent reaction from the listeners, and in an environment in which the number of events

to be communicated is large.

Another view criticizes the comparative approach, especially driven by linguists. For example,
Bolhuis et al. (2014) state that syntax capacity is the main difference between language and
nonhuman communication, and believe that the capacity of merge (i.e., the capacity to put
together two syntactic elements to form a new set) is the key evolutionary innovation that
allowed for the emergence of language. They consider that merge was a minor change built
upon primitive communication faculties but did not derive from them, making the language
acquisition not a slow and gradual event as traditionally thought, but rather a single and rapid
emergent event in the human lineage, between 70,000 and 100,000 years ago. For all these
reasons, Bolhuis et al. (2014) conclude that comparative approach make no sense to study the
evolution of syntax and language. However, this view is contested. For example, Townsend et
al. (in prep) argue that human syntactic capacity cannot be restricted to one operation, mainly
because syntax can be decomposed in different layers: it can be simple or complex, and can be
productive (infinite possible combinations) or non-productive (usage of fixed combinations, like
in prefabricated expressions). Since animals use simple and non-productive structures, authors

maintain that comparative approach is still relevant to understand the phylogeny of syntax.

All together, these results show that it is crucial to extend the research framework from single

call utterances to call combination, since rich information can be conveyed by those
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arrangements, reflecting greater flexibility in usage than in production (Zuberb¢hler and
Lemasson 2014), higher cognitive capacities than expected before, and providing helpful insight

in the evolution of human language.

Limitations in the study of animal semantics

The pioneering work by Seyfarth and Cheney (1980a, b; 1988) originally searched for noun-like
signals to denote objects and events (Macedonia and Evans 1993). However, since the cognitive
mechanisms of signal production remained unknown, it was suggested to switch focus from
noun-like signals to functionally referential signals to remain agnostic about the underlying
mental processes (Wheeler and Fischer 2012; Scarantino and Clay 2015). The criteria for
functional reference have been that the signal has to be stimulus-specific (production criterion)
and sufficient for receivers to display an appropriate response (perception criterion), even in the
absence of the eliciting stimulus or any correlated contextual cues (Macedonia and Evans 1993).
Functionally referential calls or sequences are found in a diverse set of taxa, from birds to
rodents and non-human primates, and are used in food-related contexts, alarm contexts, and

even in social contexts (Townsend and Manser 2013).

Functionally referential alarm signals convey information about, among other, predator type
(Suzuki 2014), predator location (Macedonia and Evans 1993), predator size (Templeton et al.
2005), urgency of the situation (Manser et al. 2002) and even predator colour (Slobodchikoff et
al. 2009). However, growing evidences suggest that alarm calls, especially those given to
terrestrial predators, are also given to non-predatory events and may function as general alarm
calls (e.g. Fichtel and Kappeler 2002; Wheeler 2010; C3sar et al. 2013). This statement raises
concerns about the relevance of production specificity criteria to study animal symbolic
capacities, especially because listeners must use contextual cues to infer the eliciting context of

a signal (Seyfarth and Cheney 2006, 2017; Wheeler and Fischer 2012; Scarantino and Clay
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2015). Hence, Wheeler and Fisher (2012), suggested to switch focus from context-specific calls
to so called figeneral callso, because processing of the latter suggests a higher cognitive capacity

than reacting to a referential stimulus.

One problem raised during this debate is that it is nearly impossible to assign context objectively
(Zuberb¢hler and Neumann 2017). First, context specificity is a vague concept, since a context
can be highly specific (e.g. prairie dogs alarm calls are specific of the type and the colour of the
predator, Kiriazis and Slobodchikoff 2006; Slobodchikoff et al. 2009) to sparsely specific (e.g.
Japanese great titsd fichickado are emitted to aerial and terrestrial predators, Suzuki 2014).
Second, context is always determined as categorical concepts according to humands own
perception of the world. Indeed, in the very definition of functionally referential signals,
Macedonia and Evans stated that ieall eliciting stimuli must belong to a common categoryo (p.
179) and stated later that Aieground squirrel alarm calls thus provide only probabilistic
information about predator identity and cannot be considered functionally referentialo (p. 184).
However, human perception of the world may be different from the natural categorisation taking

place by an animal mind.

We fail to highlight high symbolic capacities in animals: even Seyfarth and Cheney (1997) are
puzzled by the fact that animals have so few semantic labels. Further research on animal

communication are needed to understand why.

TITI MONKEYS

This work aims to provide new insights in our understanding of the evolution of human-like
semantic capacities. As mentioned earlier, the target species should be phylogenetically close to
humans to allow for the search for homologies. However, most vocal studies have been
conducted on Old World monkeys (especially Cercopithecines) and Great Apes (Seyfarth and

Cheney 2003), which share a most recent common ancestor some 32 and 6-17 million years ago,
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respectively (Perelman et al. 2011). New World monkeys are an independent radiation within
the primate order, sharing a common ancestor with humans some 43 million years ago
(Perelman et al. 2011). Focussing research on a New World monkey species allows for an
investigation of potentially older roots of human semantic capacities, to get a clearer picture of
its emergence from nonhuman primate-like communication. Moreover, research on New World
monkey vocal communication has led to crucial discoveries. For example, pygmy marmosets
Cebuella pygmaea have been the focus of one of the first studies challenging the supposed vocal
fixity of nonhuman primates: Snowdon and Elowson (1999) paired individuals with a new
mates and observed that the acoustic structure of their trills converged until being similar. In the
same fashion, babbling was considered as being a trait found in human and some songbirds
only, until Elowson et al. (1998b, a) found that it also occurs in infant pygmy marmosets as a
developmental stage. They showed that infant produce long sequences of calls that are mostly
similar in structure to those of adults but that are used in different pattern and contexts,
suggesting that they have to learn the association between context and call type. All these results
suggest that New World monkeys are promising to increase the power of the comparative
perspective and better track the phylogenetic history of the many components of human

language.

Titi monkeys are New World primates that produce long sequences of calls in several different
contexts, such as to predators (C&sar et al. 2012a) or during territorial defence (Caselli et al.
2014). Focussing on a species that produces sequences is promising: nonhuman primates have a
very limited flexibility in call production (Snowdon 2009), making it interesting to study call
combination to assess how they can create meaning from fixed call units (Zuberb¢hler and

Lemasson 2014).

This work focuses on alarm sequences in titi monkeys. Alarm signals are vocalizations emitted

in response to the presence of a predator or other dangers. They are interesting to study because
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they are easy to identify, and they are useful tools to investigate the cognitive mechanisms of a
species, including the messages conveyed and the mental representations generated by the
receivers (Zuberb¢hler, 2009). Moreover, as the eliciting stimulus is easy to identify and
because the behavioural response of the receivers is usually obvious and dependent on the
predator hunting strategy, alarm calls represent an ideal subject for experimental playbacks
(Macedonia and Evans, 1993). Moreover, preliminary studies on titi monkey alarm system

revealed promising results about their semantic capacities (C2sar et al. 2012b, 2013).

For all these reasons, titi monkey alarm sequences make an ideal candidate to study semantics

capacities of human relatives.

Taxonomy

Titi monkeys were long considered as being part of one unique genus, the genus Callicebus
(family Pitheciidae, subfamily Callicebinae). This genus was divided into four species-groups:
torquatus, personatus, donacophilus and moloch groups, and was considered the most species
rich of primate genus with 34 species discovered so far (Carneiro et al. 2016), the latest being
described in 2015 (Vermeer and Tello-Alvarado 2015). However, recent molecular analysis
showed that this genus is divided into three genera: Cheracebus (corresponding to the former
torquatus group), Callicebus (former personatus group) and Plecturocebus (former

donacophilus and moloch groups) (Byrne et al. 2016).

Ecology

Titi monkeys are small (weight: 0.8-1.4 kg), diurnal neo-tropical primates (Bicca-Marques and
Heymann 2013) that live up to 12 years in captivity (Rowe 1996). They are found in South
America, in the forests of the Amazon and Orinoco basins, the Chaco and dry forests of

Paraguay and Bolivia, and in Brazilian Atlantic rainforests (van Roosmalen et al. 2002) (Figure
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1.1). Titi monkeys of the new genus Callicebus are endemic to Brazil, and are mainly found in
tropical rainforest (annual rainfall between 500 to 3800 mm), like in Atlantic forests and forest
patches of Caatinga in the South Eastern part of Brazil, in the states of Paran§, S«o Paulo, Rio de
Janeiro, Espirito Santo, Minas Gerais, Goias and Bahia (Byrne et al. 2016) (Figure 1.1). They
live at an altitude comprised of 0 and at least 1500m (review in Bicca-Marques and Heymann
2013). They are mainly arboreal, and anecdotally go to the ground, mostly to forage (Souza-
Alvez et al., in prep). Their diet is composed of fruits, small animal preys (mostly insects) and

leaves (Caselli and Setz 2011; Bicca-Marques and Heymann 2013).
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Figure 1.1 Distribution of titi monkeys of the new genera Cheracebus (purple), Plecturocebus (pink)
and Callicebus (green). The green dotted area is the distribution range of C. nigrifrons. Map adapted
from Byrne et al. (2016) by Geoffrey Mesbahi. Coordinate system: WGS84, base map from
thematicmapping.org (Sandvik 2018), used with permission

Social system

Titi monkey exhibit no sexual dimorphism (Rowe 1996). They live in family groups composed
of two mated adults, monogamous for life, and up to four offspring (Bicca-Marques and
Heymann 2013). They live in a territory of 1 to 50 ha, but rarely above 25 ha, depending on the
species and the site (Bicca-Marques and Heymann 2013). Studies have shown a high bond

between the two mates: they are often in close proximity (Mason 1966), many studies report that
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removal of one of the partner elicits high distress in the remaining one (e.g. Fernandez-Duque et
al. 1997), and they exhibit aggressive behaviour when exposed to a same-sex intruder
(Cubicciotti 111 and Mason 1978). All these behaviours probably occur to prevent the mate from

extra-pair copulations, even if it has already been witnessed (Cubicciotti 111 and Mason 1978).

The mating pair gives birth to one infant per year, rarely twins (Knogge and Heymann 1995;
Valeggia et al. 1999), mostly at the end of the period of food scarcity or at the beginning of the
period of food availability (Di Bitetti and Janson 2000), between July and January (Bicca-
Marques and Heymann 2013). Most of the parental cares are provided by the father, who carries
the infant up to 98% of the time and actively transports the infant to the mother to breastfeed
(Jantschke et al. 1995; Spence-Aizenberg et al. 2016). This high disequilibrium in parental care
investment between the mother and the father results in a high attachment of the infant to the
father but not the mother (Mendoza and Mason 1986; Hoffman et al. 1995). However, this
attachment does not seem reciprocal: neither parent show distress sign when separated from the
young (Mendoza and Mason 1986) and the mother appears to avoid contact with the infant and
Is agitated in its presence if alone with him (Hoffman et al. 1995). A case of maternal infanticide
has even been reported (C2sar et al. 2008). Overall, these studies show that the attachment
between mates is stronger than between parents and infants, highlighting an interesting social
system in which the relationship between mates is similar to filial bond observed in other

species (Mendoza and Mason 1986).

Both sex disperse when they reach three years old (Bossuyt 2002), but it remains unknown how
new groups are formed. However, splitting of the parentso territory has been observed, probably
to allow the mature offspring to move to a different part of the territory, away from the parents
(Easley and Kinzey 1986). Replacement of one of the mate of the group by a new individual has

also been observed, suggesting another mechanism of group formation (C2sar 2011).
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Predator pressure

Titi monkeys are small primates, which make them subject to high predation pressure (Ferrari
2009). Predators include birds of prey, mammalian carnivores (felid and tayra), snakes and

capuchin monkeys (Ferrari 2009; C2sar 2011; Bicca-Marques and Heymann 2013).

Titi monkeys use sleeping sites randomly distributed among the territory and avoid using the
same two nights on a row, probably to make their location less predictable for predators (Caselli
et al. 2017). They choose high and large trees to avoid detection and access by terrestrial
predators, and trees with dense vegetation to prevent aerial predators to detect and attack them

(Caselli et al. 2017).

Vocal communication

Vocal repertoire of titi monkeys has first been described in Callicebus cupreus by Moynihan
(1966), who classified 10 vocalization types and suggested that titi monkey vocal
communication iémay illustrate the maximum elaboration which can be attained by species-
specific languageo (p. 125). The vocal repertoire was then described by Robinson (1979a) with
13 call types. Vocalizations of titi monkeys can be classified into high-pitched and soft
vocalizations, medium pitched calls and low-pitched, loud calls (Moynihan 1966; Robinson

1979a).

Loud calls are the most conspicuous vocalizations of titi monkeys, audible up to 500m away
(Robinson 1981). Therefore, studies on titi monkey vocal communication mainly focused on
this behaviour. Loud calls types were described by Moynihan (1966), Robinson (1979a, 1981)
and M¢ller and Anzenberger (2002) in Callicebus cupreus, and by Caselli et al. (2014) in
Callicebus nigrifrons. Loud calls are combined into sequences whose order and composition is

dependent on the context (Robinson 1979a; Caselli et al. 2014). These sequences are emitted in
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solo (one individual calling), in duet (the two mates calling) or in chorus (more than two
individuals calling) (Caselli et al. 2014) and mates synchronize their vocal production when
duetting (Robinson 1979a; M¢ller and Anzenberger 2002). The function of these loud calls is
puzzling. In Callicebus lucifer and Callicebus personatus, duets may serve to indicate the
location of the calling group to neighbours, to avoid inter-group encounters (Kinzey and
Robinson 1983). In Callicebus ornatus, however, duets may serve to define territory boundaries
and promote neighbour encounters, but they are also used in mate defence, since playbacks
simulating a same-sex intruder elicit vocal reactions (Robinson 1979b, 1981). Finally, in
Callicebus nigrifrons, duets are used as a joint defensive mechanism, to protect food resources
against intruders (Caselli et al. 2014, 2015). The adult pair reacts strongly to simulated intruders
so that playbacks of loud calls are often used in population monitoring, to assess the density of a
population in a forest (e.g. Dacier et al. 2011; Gestich et al. 2016). Individual separated from the
rest of the group also emit loud call sequences whose organisation and composition are different
from sequences elicited in territorial defence (Caselli et al. 2014). Finally, loud calls are also
emitted in sequences during predatory situations, but little work has been done on this context
(Casar 2011). Overall, these studies show that loud calls are used in within- and between-group

communication.

The only other vocal behaviour of titi monkey that has been studied is alarm vocalisations. In
Callicebus nigrifrons the first part of an alarm sequence is composed of two soft call types, the A-
calls that are arch-shaped with a down-sweep modulation and the B-calls, S-shaped with an
upsweep modulation (C3sar et al. 2012a) (Figure 1.2). C3sar (2011) reported that some C-calls
could also be present in the sequences but these calls seem to function as travelling calls rather
than alarm calls. Soft calls are gradually replaced in the sequence by medium and loud calls (C@sar

2011).
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A-call sequences are produced in response to non-terrestrial predators, like raptors and capuchin
monkeys (C2sar et al. 2012a), and playbacks of A-calls make the listeners look upwards (C3sar et
al. 2012b), suggesting that A-calls refer to threats within or above the canopy. B-call sequences are
given in response to terrestrial predators, such as oncillas, pumas and tayras (C@sar et al. 2012a), but
also in non-predatory contexts, such as when monkeys approach the ground (C2sar 2011; C3sar et
al. 2012b). These results, added to playbacks experiments showing that B-calls make the listeners
look towards the speaker (C@sar et al. 2012b), suggest that B-calls function as general alarm calls.
Interestingly, predator presentations showed that when aerial predators are on the ground, titi
monkeys intersperse B-calls within the A-call sequence, while when terrestrial predators are found

in the canopy, titi monkeys emit a single A-call at the beginning of the B-call sequence (C3sar et al.

2013).
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Figure 1.2 Spectrograms of adult titi monkey alarm calls (A) A-call, (B) B-call

From these results, C2sar et al. (2013) concluded that titi monkeys combine two simple calls into
rule-governed sequences that can convey information about the predator type and location, with
variation in the predator-specific sequences indicating an uncharacteristic location. Overall, this

suggests a sophisticated syntax/semantic interface in titi monkeys, possibly the most sophisticated
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meaningful nonhuman primate sequences that have been studied so far (C&sar and Zuberb¢hler

2012).

When re-analysing C2sarbs data with linguistic tools, Schlenker et al. (2016a) concluded that the titi
monkey alarm sequences should not be considered as a whole, but that each call provides relatively
simple information about the situation at the time it is uttered. In their analysis, the A-call would
refer to a serious non-ground threat, while the B-call would refer to a noteworthy event, including
the non-serious non-ground threats. Thus, in the raptor on the ground condition, the A-calls would
refer to a serious non-ground threat (a raptor) but the monkeys would then switch to B-calls (non-
serious non-ground threat) because the raptor on the ground is not as dangerous as a flying one. In
the terrestrial predator in the canopy condition, the first call would refer to a serious non-ground
threat, because the predator is dangerous and in the canopy, but since a deterred predator stops
hunting (Zuberb¢hler et al. 1999b), the predator would stop being dangerous after emission of the

first call, so the caller would switch to B-calls (non-serious non-ground predator).

These conclusions led to two hypotheses: Either titi monkeys use non-trivial combinatorial rules to
encode for predator location and type, or they do not, and each call provides information about the

situation at the time it is uttered.

Black-fronted titi monkeys

Not much research has been conducted on titi monkeys (but see C#sar 2011), mainly because
they live in an environment that is challenging for human observers and because they are very

cryptic and discrete animals (Pinto et al. 2013).

My research focuses on the black-fronted titi monkey Callicebus nigrifrons (von Spix 1823)
(Figure 1.3). This species is one of the largest titi monkeys (Rowe 1996), found in the Atlantic

forests and Caatinga patches of South-East of Brazil, in the States of S«o Paulo, Minas Gerais,
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Goi8s and Rio de Janeiro (van Roosmalen et al. 2002) (Figure 1.1). This species was the focus

of C3sards study on alarm sequences (C&sar 2011; C3sar et al. 20123, b, 2013).

Figure 1.3 Black-fronted titi monkey Callicebus nigrifrons

AIMS OF THE RESEARCH

Titi monkeys may possess a unique system in which the semantics of A and B-calls and the
syntax of the sequences are tangled to convey information about predator type and location
(Casar et al. 2012b, 2013). However, studies leading to these conclusions were preliminary, and

more research is needed to be able to conclude on these statements.

First, the B-calls are given to terrestrial predators or when the caller is moving towards the
ground. This raises questions about the meaning of B-calls, considered as general calls.
However, no acoustic investigation was carried out to conclude on the context-specificity of
these calls. I investigated both the acoustic and sequential structure of the B-sequences, to define

their semantics. Second, the study suggesting that alarm sequences composed of A and B-calls
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convey information about predator type and location (C2sar et al. 2013) was preliminary. Thus,
other sequence features that convey information may have been overlooked. | investigated the
information conveyed in the sequences by exposing titi monkeys to predator models on the
ground and in the canopy, to refine our understanding of the encoding in titi monkey alarm
sequences. Third, it was not investigated how listeners can perceive and extract information
from the alarm sequences, making it impossible to conclude on the semantic capacities of the titi
monkeys. | carried out playback experiments to assess what information titi monkeys extract

from the alarm sequences, and what encoding mechanism they rely on.

Overall, this work aims to bridge the existing gaps to conclude on the semantic and syntactic
capacities of titi monkeys, providing new insights in the evolution of vocal capacities in the

primate lineage.
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STUDY SITE

My study took place at the Reserva Particular do Patrim!nio Natural SantuSrio do Cara-a
(Figure 2.1), a private reserve of 11,000 ha in the Espinha-o Mountain range, Minas Gerais,

Brazil (204050 S, 43A296W).
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Figure 2.1 Location of the field site in Brazil by Geoffrey Mesbahi. Coordinate system: WGS84,

base map from thematicmapping.org (Sandvik 2018), used with permission

History

In 1770, Brother Louren-o de Nossa Senhora built a chapel and founded the Irmandade e
Romaria de Nossa Senhora M«e dos Homens, a brotherhood and pilgrim dedicated to Marie. In

1820, Dom Jo«o VI, king of Portugal and Emperor of Brazil, gave the responsibility of the
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property to the Provincia Brasileira da Congrega-«o da Miss«o (Brazilian Congregation of the
Mission), according to Louren-o0ds will. The place was turned into a college and a seminar of
great reputation that welcomed more than 11,000 students. After a fire destroyed a building in
1968, the Congrega-«o da Miss«o decided to turn the complex into a spiritual, touristic and
cultural centre. 11,000 ha out of the 12,403 of the Santu8rio were recognized as Reserva
Particular do Patrim® nio Natural (Particular Reserve of Natural Heritage, RPPN) in 1994 by the

IBAMA (Brazilian Institute of the Environment and Renewable Natural Resources).

Environmental impact of economic activities

Since 1770, when the property was purchased by Brother Louren-o, activities outside of
educational and spiritual ones have been restricted to farming, cattle raising and forest industry.
Logging was common for coal extraction (on Eucalyptus Eucalyptus sp), especially in the two
forests of interest of this study, but also to clean space for cattle and in 1930, to build a road
leading to the complex. This road represents the limit of one of the forest of interest, Tanque
Grande. Mining is a very common activity in the region since the end of the XVII century, and

some mines were present in the reserve.

Since the creation of the RPPN in 1994, no farming, cattle raising, or forestry is allowed in the
protected area. Outside of this zone, in the 1,000-remaining ha, logging (to build fences and for
property usage) and burn farming (to clean pastures) are still performed at small scale by the

farms belonging to the Sanctuary.

All mine activities were stopped in 2011 in the reserve but are still very intense on the border,
threatening to turn it into an fiislando isolated from other natural forests: this region is indeed
one of the most fragmented Atlantic forest of Brazil (Machado and Bouchardet Da Fonseca
2000). Coal extraction and culture of Eremanthus erythropappus (a Brazilian plant that produce

popular oil) are very important in the region and are found at the limits of the park. Accidental
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fires are very common, especially in the borders due to coal exploitations and burning farming,
and difficult to manage since most of the region is difficult to access for fire-fighters. Illegal
charcoal kilns are present in the region and are targeted by the local environmental police but

are difficult to control since the headcounts are very low and the area to manage is wide.

Tourism impact

The place is very popular with tourists and attracts between 60,000 and 70,000 visitors
(Brazilians and foreigners, as well as local schools) per year. Although it represents a large
amount of people walking in the forest, they follow specific path leading to natural curiosities
and are required to stay on these designed trails. Thus, when crossing the forest that monkeys
inhabit, visitors can only see the animals along the trails, which only represents a small portion
of their life ranges. Moreover, it is explicitly forbidden to interact with animals from the reserve
in any way (e.g. feeding, touching, hunting) and we could see that monkeys were habituated to
see people on the trails but never approached them to beg for food, which confirms that tourists
do not interact with monkeys. Moreover, illegal hunting in the reserve has never been registered.
Then, impact of tourists on titi monkeys behaviour -and this study- was limited to noise since
they often speak loudly when walking in the forest. We used signs delimiting the study area to
quieten tourists but because it had limited efficiency in case of big affluence, we adjusted our

schedule to avoid running crucial experiments on these periods (e.g. weekends, public holidays)

Ecology

This study took part in the central part of the reserve, in the two forests of Tanque Grande and
Cascatinha. The two forests are located one kilometre apart from each other and are composed
of transition zones between native Atlantic forest, ficerradoo (savannah), ficampo rupestreo

(rocky grassland) and ficapoeirad (deforested areas), ranging from 1,200 to 1,300 metres of
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altitude (Brandt and Motta 2002). The climate is characterised by a rainy, hot season (from

October to March) and a dry, colder season (from April to September).

The reserve presents a rich biodiversity. Four species of primates inhabit it: the black capuchin
Cebus nigritus, the white-headed marmoset Callithrix geoffroyi, the black-tufted marmoset
Callithrix penicillata and the back-fronted titi monkey Callicebus nigrifrons. Brown howler
monkeys Alouatta guariba have not been seen since the 2000s but one group has been observed
in the reserve in 2016 (C2sar 2011; Prov?ncia Brasileira da Congrega-«o da Miss«o 2013,

Douglas Henrique da Silva, personal communication).

Many titi monkey predators - confirmed or suspected 1 are also present: among mustelids, the
tayra Eira barbara is common. Among felids, the reserve is home of the ocelot Leopardus
pardalis, the margay Leopardus wiedii, the puma Puma concolor, the jaguarundi Puma
yagouaroundi and the jaguar Panthera onca (Prov2ncia Brasileira da Congrega-«o da Miss«o
2013). Many raptors are found in Cara-a, among them the caracara Caracara plancus, the
crowned eagle Harpyhaliaetus coronatus, the black-chested buzzard-eagle Geronoaetus

melanoleucus and the black hawk eagle Spizaetus tyrannus (C2sar 2011).

STUDY SUBJECTS

Groups and individuals

| studied five groups of Callicebus nigrifrons that have been habituated to human presence since
2003 (C3sar 2011) but it is important to note that they were not systemically monitored between
the end of C&sarbs study in 2011 and my study. To increase the dataset, | habituated a sixth
group, the S group, from December 2014 to January 2015 (Table 2.1). Four groups reside in the
forest of Tanque Grande and two groups in the forest of Cascatinha, located one kilometre apart

from each other (Figure 2.2). As mentioned earlier, both sexes disperse after reaching sexual
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maturity, at around 3-4 years of age (Bossuyt 2002), so group composition was different
between C2sards and my study, with only some paired adults being present in both studies

(Table 2.1).

Figure 2.2 Map of the territories of the six habituated groups, by Geoffrey Mesbahi. Coordinate
system: WGS84, base map from Google Maps (2018), used with permission

We considered an individual as adult from the age of 30 months, as sub-adult between 18 and 30
months, as juvenile between 6 and 18 months and as infant if less than 6 months old (C&sar
2011). Recognition of individuals was based on morphological cues, such as size, fur pattern
and facial or corporal characteristics. Each individual was given a name whose first letter

corresponded to the name of the group (ex: Savi from the S group, Muffin from the M group).
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Table 2.1 Characteristics of the six habituated groups during my study (2015-2016)

Forest Group #Individuals Paired Unpaired Sub. Juv. Inf. Habituation Territory

ad. ad. size (ha)
A 6 (1) 2(1) 1-3 1 0-1 0-1 2008 8.2
Tanque D 4-5(2) 2(2) 0-1 1 0-1 0-1 2004 8.0
Grande R 4-6 (1) 2(1) 0-2 0-1 01 02 2004 7.1
S 4-5 2 0-2 0-1 01 01 2015 7.0
) 5-6 (2) 2(2) 1-2 1 1 01 2008 8.5

Cascatinha

4-5(2) 2(2) 1-2 0-1 01 01 2008 6.8

Paired ad: mated pairs; Unpaired ad: young adults prior to dispersal; Sub: Subadults, Juv: Juveniles

and Inf: Infants. Number between brackets: individuals already present in C2sar (2011).

DATA COLLECTION

Study period and monitoring teams

Data were collected over a 17-month study period divided into three field seasons: a pilot study
(October-December 2014), and two main study periods (April-June 2015 and October 2015-

August 2016) by several teams.

Teams were composed of either a master student and a field assistant (Nina Buffenoir and
Guilhem Duvot, April-June 2015; ClI®@ment Ludcher and Anays Pessato, January-March 2016) or
two field assistants (Camille Rostan and Arthur Colliot, October-December 2015; Aude Pajot
and Franziska M¢schenich, April-June 2016) or me and a field assistant (Breno Henrique,
December 2015; Geoffrey Mesbahi, April-June 2015 and October 2015-August 2016). After

completing the training (about a month), each team was assigned a research topic and collected
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data autonomously for the rest of their stay. Some of the data collected by these teams were used
in this thesis if comparison of data collection at the end of the training phase showed that inter-

observer reliability was correct.

Daily monitoring

Each group was followed at least four days per month. Groups were monitored for 1,715 hours
during this study: 746 hours by the teams of one master and one assistant or of two assistants,

and 969 hours by me and my assistant (Table 2.2).

Table 2.2 Monitoring effort of the six groups by my team (me and one field assistant) and the other

teams (one master student + one field assistant or two field assistants)

Monitoring (in hours) by

Group My team Other teams

A 201.3 24.5

D 163.3 34.2

M 138.5 131.0

P 145.3 189.7

R 193.8 67.2

S 126.5 298.8
Total 968.8 745.3

Teams used to arrive in the territory of the target group at dawn and walked along the trails until
finding the monkeys, mainly by acoustic cues (movements in the trees, vocalizations like duets
or feeding calls). On experimental days, i.e. days with planned experiment(s), groups were
followed until they were lost, stopped at a sleeping site, or after completion of the

experiment(s). If conditions allowed it, we sometimes ran experiments on several groups within
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a day: in this case, we either joined another team that was working with another group, or we

searched another group following the same procedure as above.

To avoid habituation, we interspersed fimonitoring dayso in between experiment days, i.e. days
when we only collected opportunistic data and did not run any experiments. On these days,
groups were followed until they stopped at the sleeping tree, or after at least 6 hours of

monitoring.

Regardless of the aim of the day, scans were collected every 10 min and included the activity,
height and strata of every individual of the group, as well as the maximum inter-individual
distance. The GPS position of the centre of the group was recorded with a GARMIN

GPSMAPG60CSx GPS.

Opportunistic data collection

It was not possible to blindly record data because this study involved focal animals in the field.

We recorded natural alarm sequences (i.e. given during natural predator encounters, even if it
was not possible to identify the predator) and descending sequences (i.e. when the caller
descends or moves horizontally near the ground, at 2-3 m high maximum, usually to forage, no
predator presence). Each sequence was labelled with the context of emission and the identity of

the caller(s), if identified.

We recorded vocalizations in WAV format with a Marantz solid-state recorder PMD661 (44.1
kHz sampling rate, 16 bits accuracy) and a directional microphone Sennheiser K6/ME66 or

K6/ME67 (frequency response: 40-20,000 Hz N 2.5 dB).

Other data were collected opportunistically along the day, like social events (neighbouring

encounters, duets and choruses, copulations), but were not systematically used in this study.
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([SHULPHQWDO GDWD FROOHFWLRQ 3UHGDWRU SUHVHQ

'H XVHG IRXU VWXIIHG SUHGDWRUV DV VWLPXORGH DN RH
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WKDW QR GXHW JURXS HQFRXQWHU ORXG FDOMRFEXMRPE HGO
LQ WKH PLQXWHV SUHFHGLQJ WKH H[SADQROHG P GHIH L
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