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Abstract

Olfactory communication is an important mediator of social
interactions i n mammal s, providing
identity and current social, reproductive, and health status. Callitrichids
(i.e. marmosets and tamarins) constitute a good model for the study of
olfactory communication, as they make use of a range of odour signals.
Callitrichids conspicuously deposit odorous secretions, produced by
specialized scent-glands, on branches in their environment, a behaviour
called scent-marking. Several functions have been attributed to
callitrichid scent-marking behaviour, including advertisement of
reproductive and dominance status, and of identity, territorial defence,
and spatial orientation and signalling of food resource location.

The present doctoral project combined behavioural and chemical
information to investigate callitrichid olfactory communication. The study
explored how environmental, social, and reproductive aspects might
influence patterns of callitrichid scent-marking behaviour, as well as the
chemical composition of scent-gland secretions and urine used to
convey chemosignals. Behavioural observations, along with swabs of
scent-glands, and of naturally deposited scent-marks and urine, were
collected from captive groups of bearded emperor tamarins, Saguinus
imperator subgrisescens, cotton-top tamarins, Saguinus oedipus, and
silvery marmosets, Mico argentatus, in three British zoos. Chemical
samples were analysed using headspace gas chromatography-mass
spectrometry (GC-MS). In addition, scent-gland secretion samples were
collected from a wild population of sympatric emperor tamarins and
Weddel | 6s s add |Leohtacebks wedaetiaduringnan annual
capture-and-release programme in the south-eastern Peruvian Amazon.
These samples were analysed using both in situ and laboratory-based
GC-MS techniques.

| established the existence of unique chemical signatures of
species, groups, sex, reproductive status, and the individual, in
callitrichid scent samples, which were matched with differences in scent-
marking behaviour. My results support the assumption that
chemosignalling plays an important role in the advertisement of identity,
reproductive state/status and dominance in this taxon. Moreover, |
showed that the social context, as well as spatiotemporal aspects of
scent-marking deposition, influenced scent-marking activity. Further
differences in the characteristics of scent-marking deposition revealed in
this study, both at behavioural and chemical levels, may reflect variable
strategies of communication to ensure that signals are transmitted to the
intended receivers, which is especially relevant for sympatric species.

| identified a number of putative semiochemicals (i.e. chemicals
involved in communication) from the scent samples of captive and wild
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callitrichids. Notably, | presented results from the first use of the Torione
portable GC-MS for in situ analysis of wild mammal scent samples. In
addition, | revealed differences in the chemical composition of tamarin
scent-gland secretion samples between wild and captive conditions,
which may indicate an effect of captivity on the chemicals produced.
This study provides knowledge of mammalian olfactory communication
systems, applicable to captive husbandry practices, including
conservation breeding programmes of rare species.

Key words: Olfactory communication; primates; gas chromatographyi
mass spectrometry; chemical signatures; semiochemicals.

Résumé

La communication olfactive est un important médiateur
déinteractions sociales chez | edobémammif res,
individu et son statut social, reproducteur, ou encore de santé. Les
callitrichidés (les tamarins et ouistitis) constituent un bon modéle pour
| 6®t ude de |l a communication ol factive car il
signaux chimiques capablesde régulerd 6i mport antes fonctions
comportementales. Les callitrichidés déposent des sécrétions odorantes
produites par des glandes odoriféres spécialisées, de maniére visible sur
des branches dans leur environnement. Ce comportement se nomme
marquage olfactif. Plusieurs fonctions ont été attribuées au comportement
de marquage olfactif des callitrichidés, notamment| 6 averti ssement

déidentit®, de statut reproducteur et de dom
ainsi que | 6orientation dans | 6espace et | a
alimentaires.

Le présent travail doctoral combine des informations
comportementalesetchi mi ques afin dbéexaminer certains
communication olfactive chez les callitrichidés. Mon étude explore
comment les aspects environnementaux, sociaux, et reproducteurs,
peuvent influencer le comportement de marquage olfactif des callitrichidés,
ainsi que la composition chimique des sécrétions glandulaireset de | duri ne
utilisées pour transmettre les signaux chimigues. Des observations
comportementales en captivité, accompagnées de prélevements de
sécrétionsodorant es et dour i nesurdesgroupe®te® col | ect ®e s
tamarins empereur a barbe (Saguinus imperator subgrisescens), de
tamarins a créte blanche (Saguinus oedipus) et de ouistitis argentés (Mico
argentatus) dans trois zoos britanniques. Les prélévements odorants ont
été analysés chimiqguement par chromatographie en phase gazeuse-



spectrométrie de masse (GC-MS). De plus, des échantillons de sécrétions

de glandes odoriferes ont été prélevés sur une population sympatrique a

| 6®t at sauvage de tamarins empereurs et de t
(Leontocebus weddelli) durant un programme annuel de marquage-

recapture en Amazonie péruvienne. Ces échantillons ont été analysés par

deux méthodes de GC-MS, in situ et en laboratoire.

Dur ant ce travail, j 6ai ®t abl i | 6exi stenc
les échantillons odorants de callitrichidés, distinguant les espéces,
groupes, sexes, statuts reproducteurs, et individus, qui coincident avec des
différences de comportement de marquage olfactif. Mes résultats

soutiennent | 6hypot pnalisationshaniqoeouduaquel | e | a si
rtle i mportant dans | 6avertissement de | 06i de
de dominance chez ce taxon. Par ailleurs, |0
social, ainsi que les aspects spatiotemporels de la déposition de signaux

offacti f s, i nfluen-aient I 6dactivit® de marquage.

différences dans les caractéristiques du marquage olfactif tant

comportementales comme chimiques. Ces différences peuvent refléter des

strat®gies variabl es dssurergumlessigriaexat i on afin d
sont transmis aux receveurs désirés, un mécanisme important notamment

chez les especes sympatriques.

Joai identifi® un nombre de probables sub
(substances chimiques impliguées dans la communication) trouvées dans
les échantillons odorants de callitrichidés sauvages et en captivité. En
par t i c wtésentd les répufiadside la premiére utilisation du Torione

GC-MS, uninstrumentde GC-MS portabl e, impstuur | 6anal yse
dé®chantillons dbéodeurs de mammif res 7 | 6®t
des différences dans la composition chimique de sécrétions de glandes

odoriferesentret amar i ns en captivit® et ° | 60®tat sau

indiquer un effet de la vie en captivité sur les substances sémiochimiques

produites. Mon étude contribue a une plus grande connaissance des

systemes de communication olfactive chez les mammiféres. Elle peut

sdbappliquer aux proc®d®s doé6®l evage en captiyv
d®vel oppement de programmes doé®l evage conser
menaceées.

Mots-clés : Communication olfactive ; primates ; chromatographie en
phase gazeuse-spectrométrie de masse ; signatures olfactives ;
substances sémiochimiques.



Resumen

La comunicacion olfativa es un componente importante en las
interacciones sociales de los mamiferos, informando sobre la identidad de
un individuo, su estatus social, estado reproductivo o de salud. Los
calitricidos (pichicos o titis) constituyen un buen modelo para el estudio de
la comunicacion olfativa ya que usan numerosas sefales quimicas
capaces de regular importantes funciones del comportamiento. Los
calitricidos depositan secreciones odorantes producidas por unas
glandulas odoriferas especializadas, de manera visible encima de las
ramas a su alrededor. Este comportamiento se llama marcaje olfativo.
Varias funciones fueron asignadas al comportamiento de marcaje olfativo
de los calitricidos, en particular: la advertencia de identidad, de estado
reproductivo y de dominancia; la defensa territorial asi como la orientacién
en el espacio y la sefializacion de recursos alimenticios.

El presente proyecto de doctorado combina informacion conductual
y quimica con el fin de investigar algunos aspectos de la comunicacion
olfativa de los calitricidos. Mi estudio explora como los aspectos
ambientales, sociales y reproductivos pueden influenciar el
comportamiento de marcaje olfativo de los calitricidos, asi como la
composicién quimica de las secreciones glandulares y de la orina,
utilizadas para transmitir las sefiales quimicas. Observaciones de
comportamiento en cautiverio, acompafnadas de muestras de secreciones
odorantes y de orina, fueron recolectadas en tres parques zoolégicos
britanicos. Las especies estudiadas fueron: Saguinus imperator
subgrisescens (pichicos emperadores o titis bigotudos), Saguinus oedipus
(titis cabeza de algoddn) y Mico argentatus (titis plateados). Las muestras
odorantes fueron analizadas quimicamente por cromatografia de gases-
espectrometria de masas (GC-MS). De igual modo, muestras de
secreciones de glandulas odoriferas fueron extraidas en una poblacién
simpéatrica silvestre de S. i. subgrisescens y de Leontocebus weddelli
(pichicos comunes) durante un programa anual de marcado-y-recaptura en
la Amazonia peruana. Esas muestras se analizaron por dos métodos de
GC-MS, in situ y en el laboratorio.

En las muestras odorantes de calitricidos he establecido la
existencia de firmas quimicas Unicas de especie, grupo, sexo, estado
reproductivo y del individuo, las cuales coincidian con diferencias de
comportamiento de marcaje olfativo. Mis resultados sostienen la siguiente
hipotesis: la sefializacion quimica juega un papel importante en la
advertencia de identidad, de estado reproductivo y de dominancia en este
taxon. Ademas, mostré que el contexto social asi como los aspectos
espaciotemporales de la deposicidén de sefales olfativas, influenciaban la
actividad de marcaje. Encontré otras diferencias en las caracteristicas de
marcaje olfativo a nivel de comportamiento y a nivel de composicion
guimica. Esas diferencias pueden reflejar estrategias variables de
comunicacion para asegurarse que las sefiales son transmitidas a los
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recipientes esperados, un mecanismo importante sobre todo en especies
simpatricas.

Identifiqué varias probables substancias semioquimicas
(substancias quimicas implicadas en la comunicacién) en las muestras
odorantes de calitricidos silvestres y cautivos. En particular, presenté los
resultados del primer uso del Torione GC-MS, un instrumento de GC-MS
portatil utilizado en el analisis in situ de muestras de olores de mamiferos
silvestres. Asimismo, revelé diferencias en la composicién quimica de
secreciones de glandulas odoriferas entre pichicos cautivos y silvestres.
Estas diferencias indican un efecto de la cautividad sobre las substancias
semioquimicas producidas por los animales. Mi estudio contribuye a un
mayor conocimiento de los sistemas de comunicacion olfativa en los
mamiferos, pudiéndose aplicar a los manejos de cria de animales y como
herramienta de conservacion de especies amenazadas, desarrollando
programas de cria en cautividad.

Palabras claves: Comunicacién olfativa; primates; cromatografia de
gases-espectrometria de masas; firmas olfativas; substancias
semioquimicas.
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Glossary:

Aliphatic compound i An open-chained molecule, either straight or
branched, or a cyclic non-aromatic compound.

Aromatic compound i An unsaturated, planar, cyclic molecule containing

conjugated double bonds or electron pairs

most commonly n=1.

Behavioural bioassay T Thest udy of an ani mal 0s
and/or physiological response to an odour signal.

Callitrichidae 7 The family of New World primates, composed of the
tamarins (Saguinus spp. and Leontocebus), the lion tamarins
(Leontopithecus spp.), the marmosets (Mico and Callithrix spp.), the pygmy
marmosets (Cebuella spp.), and the Goeldi 6 s kawydCallimico goeldii.

Catarrhines T The group of the Old World primates and apes,
characterized by nostrils close together and opening downwards, and a
non-prehensile, often greatly reduced or vestigial tail.

Chemical diversity i The combination of individual compounds in a scent
sample.

Chemical richness T The number of compounds in a scent sample.

Chemosignalling T The communication by the means of chemical signals,
i.e. chemosignals.

Chromatogram i The pattern of separated compounds obtained by
chromatography.

Flehmen i The behavioural response of many animals to chemical signals,
consisting of lip curling, head raising, and a long inhalation with the nostrils
usually closed, which facilitates the transfer of volatile chemicals into the
vomeronasal organ.

Headspace T The volume above a liquid or solid in a closed container.

lonization (in GC-MS) i The formation of ions by adding or removing
electrons from atoms, for instance by action of a highly energetic electron
field inside a mass spectrometer.

Kairomone (sensu Wyatt, 2014a) i A chemical signal liberated by prey,
used by predators.

1 Some of the definitions given in this glossary may be adapted to the specific use
of these terms for the present thesis.
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Macrosmatic / Microsmatic i Having a good/bad sense of smell.

Mass spectrum (in GC-MS) i The pattern of relative abundance of
fragment ions of different mass-to-charge ratio derived from a compound
coming out of the mass spectrometer.

Mobile phase (in GC-MS) 1 a flow of inert gas (often helium, more rarely
nitrogen or hydrogen), circulating inside the gas chromatograph and
carrying the mixture of compounds being analysed.

NIST mass spectral library (in GC-MS) i A database, developed and
supported by the National Institute of Standards and Technology, of mass
spectra of known molecules, used to compare with the mass spectra of
unknown compounds and suggest the best match as putative identity.

Pheromone (sensu Wyatt, 2014a) i A chemical signal used for
intraspecific communication.

Pheromonatherapy i The use of chemical signals to manage stress-
related behavioural disorders in pets.

Platyrrhines 17 The group of the New World primates, characterized by
nostrils far apart and opening forwards or sideways, and often a prehensile
tail.

Primer effect i A long-lasting physiological or developmental change,
sometimes mediated by hormones, to a chemical signal.

Releaser effect T An immediate behavioural response to a chemical
signal.

Scent-gland T A specialized secretory gland producing an odorous
substance used for scent-marking by many mammals. Location, size and
histology of scent-glands vary across species. Examples of scent-glands in
this study are the anogenital gland, the suprapubic gland, and the sternal
gland.

Scent-marking i The marking of a substrate with an odorous substance
secreted from a specialized scent-gland.

Semiochemical T A chemical emitted by an organism that influences the
physiology or behaviour of an organism of the same or a different species.

Semiochemistry T The study of the chemical means of communication
used by living species.

Stationary phase (in GC-MS) i An absorbent polymer coated into the
inside of a long column in the gas chromatograph, of varying chemical
affinity for the compounds composing the sample being analysed.

Strepsirrhines T The primate suborder including the lemurs, lorises,
galagos and pottos, characterized by a moist area around the nostrils.

Synomone (sensu Wyatt, 2014a) i A mutualistic chemical signal,
recognized by more than one species.
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Unsaturated compound T A straight or cyclic molecule containing one or
more carbon-carbon double or triple bonds. Many natural organic
compounds are unsaturated.

Vomeronasal organ (or Jacobson 6 s  oir Agpaimoj parallel tubules
situated on either side of the nasal septum of the buccal cavity involved in
chemoreception, found in reptiles, amphibians, and most mammals.
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Chapter 1T General introduction and study outline

Chapti€&Grenlenadaroducti on
and study outline

|.1. Importance of chemical communication in
the animal kingdom

[.1.1. Definitions

Chemical communication is the oldest and most diverse form of
communication, shared by all organisms including bacteria; all animals are
pre-adapted to detect chemical signals i chemosignals i in their
environment (Wilson, 1970; in Wyatt, 2014a). Chemical information in
animals is used in territorial defence and resource marking, as well as to
exchange signals during social interactions (Miller-Schwarze, 2006). In a
large number of animal species, chemosignals of an incredible diversity
have evolved to become an important mediator of social and sexual
interactions (Wyatt, 2014a). This is especially true in mammalian species,
which are often particularly social animals, using multiple modes of
communication to exchange information among conspecifics. Mammalian
social systems hinge upon acoustic, visual, facial, and olfactory signals that
convey information between individuals, both intra- and inter-specifics (Arlet
et al., 2015; Liebal et al., 2014; Partan, 2013). Olfactory communication
often involves complex chemosignals, which can give conspecifics
information on identity, i.e. at the levels of species, group, kinship, sex, and
the individual (Brennan and Kendrick, 2006; Johnston, 2003; Wyatt,
2014a), and current status, i.e. social, reproductive, and health status
(Brown and Macdonald, 1985; Drea, 2015; Wyatt, 2014a).

Chemosignalling has been subject of investigation in the fields of
animal communication, ecology, and reproduction, for a long time (e.g.
Cheal and Sprott, 1971; Ritter, 1979; Thiessen et al., 1976), notably since
Karlson and Butenandté s key st one di scchengcaly of mot h sex
signals (Karlson and Butenandt, 1959). Nevertheless, progress in the
understanding of mammalian chemosignalling has been slow in
comparison with other communication modalities, mainly due to

methodological constraints (Albone and Shirley, 1984; Miiller-Schwarze,
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2006). Only recently has the field of semiochemistry, i.e. the study of
chemical means of communication used by living species (Albone and
Shirley, 1984), emerged as a key point of study for mammalian taxa (Fig.
I.1; see Appendix A, Table A.1). Research in this field has been greatly
enhanced by the rapid development of analytical chemistry techniques in
the early 2000s (see section 1.2.2; Apps, 2013; Soso et al., 2014), thus
providing an exciting prospect for ongoing research on the subject. This is
especially true for the primate order, including humans, in a continuous
effort to shed light on the evolution of humanity, and further justifies the

present doctorate project.

The current literature uses various terms to define the different
types of animal chemosignals, well described in Wyatt (2014a). Notably,
pheromones (Karlson and Lisher, 1959) are chemosignals used for
intraspecific communication, for instance in intrasexual competition and
mate choice; kairomones are prey signals used by predators; and
synomones are mutualistic signals. However, the exact definitions of the
various types of chemosignals are still debated; therefore | have decided to
only use generic terms in my study, such as chemosignals, signalling
compounds, semiochemicals, olfactory signals, and odour signals, a
conservative choice made by many other authors in the field of
semiochemistry (e.g. Alberts, 1992; Apps, Weldon and Kramer, 2015;
Snowdon et al., 2006).
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1.1.2. Chemical communication pathways in
mammalian species

1.1.2.1. Signal production

Mammalian chemosignals are complex mixtures of volatile and non-
volatile compounds. Properties of these chemosignals depend upon when,
where and how they were emitted, the compounds assemblage, as well as
the physical properties (e.g. volatility) and chemical properties (e.g.
functional groups) of the component compounds (Miiller-Schwarze, 2006).
These compounds may be direct by-products of essential biochemical
pathways, derived from the environment (e.g. through diet), or produced by
commensal bacteria (Archie and Theis, 2011; Ezenwa and Williams, 2014).
They may be passively conveyed in body fluids and excretions, or actively

produced in glandular secretions.

Glandular secretions are fluids produced by different types of
exocrine glands, the apocrine sweat glands, the sebaceous glands
producing a lipid secretion, and specialized glands such as the mammary
glands producing milk, and the anal glands of carnivores (Burger, 2005). A
range of specialized secretory glands, called scent-glands, have a specific
role in chemosignalling. Scent-gland secretions are conspicuously
deposited in the environment (e.g. on rocks or branches) as a form of
chemical message, a behaviour called scent-marking. Sometimes, the
scent signal is produced by mixing several body fluids together, such as
urine, vaginal/seminal discharge, and anogenital scent-gland secretion (e.g.
in wolves, Canis lupus, Asa et al., 1985; and female giant pandas,
Ailuropoda melanoleuca, Hagey and Macdonald, 2003). This demonstrates
the variety and complexity of the chemical cues mediating social

communication.

[.1.2.2. Chemoreception and signal integration

Chemosignals are recognized and processed by the recipient,
which is often a conspecific individual, and sometimes a very different
organism, such as in preyi predator recognition (Saavedra and Amo, 2018;
Wyatt, 2014a). The volatile components in secretions evaporate after
deposition, and signals become weaker over time. Evaporation of the more

volatile compounds may change the quality of the odour, as well as the
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range over which it can be detected. Nevertheless, such decay and change
in the signal may also provide information about the age of the scent-mark
and, in turn, the recent behavioural history of the signaller (Mdiller-
Schwarze, 2006).

Chemoreception is performed by two main chemosensory systems
in mammals: the main olfactory system (MOS), and the accessory olfactory
system (AOS), well described in Miller-Schwarze (2006). The MOS is
formed by the main olfactory epithelium (MOE) beneath the nose, and its
corresponding main olfactory bulb (MOB) in the brain (Fig. I.2a); the AOS is
composed of the vomeronasal organ (VNO), also called Jacobson6 srgan,
located above the palate on either side of the nasal septum, and its

corresponding accessory olfactory bulb (AOB; Fig. 1.2b).

Figure I.2. Schematic diagrams of the mouse a. main, and b. accessory
olfactory systems. MOE: main olfactory epithelium; MOB: main olfactory
bulb; VNO: vomeronasal organ; and AOB: accessory olfactory bulb
(reproduced from Dulac and Wagner, 2006).
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The main components of the MOE are the olfactory sensory
neurons (OSNSs), connecting the mucosa covering the nasal cavity with the
glomeruli in the frontal part of the brain (Fig. I.3). The nasal mucosa
contains specific odorant-binding proteins that retain the volatile
compounds present in odours. OSN dendrites have cilia floating in the
mucosa, covered in binding receptors specific to a certain type of odorant
compound. When an odorant compound binds with the OSN, the signal is
transduced along the axon, and delivered in the corresponding glomerulus
of the MOB. Information is then processed in the brain at higher centres.
There are many different OSN types, all encoded in the olfactory receptor
genes, which constitute the largest multigene family in mammals (Issel-
tamer and Rine, 1997).

Glomerulus Mitral cell Olfactory bulb

Olfactory
epithelium
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Figure 1.3. Schematic diagram of a transversal section of the mammalian
main olfactory system (reproduced from Wolfe et al., 2017).

Although most mammals possess both MOS and AOS, there is
currently a debate over the functionality of the VNO in some species
formerly considered to have a poor sense of smell, such as Old World
primates including apes (Evans, 2006; Baum and Cherry, 2015;
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Charpentier et al., 2013). Unlike the MOE receptors, which can only bind
with volatile odorant compounds, the AOS receptors capture signals from
both volatile and non-volatile compounds, such as lipids and proteins,
contained in fluids or solids that can be swallowed. Yet MOS and AOS
partially overlap in function, the extent of which differs between taxa
(Mucignat-Caretta, Redaelli and Caretta, 2012). The VNO is formed of a
pair of parallel tubules, lined with OSNs, which axons connect to the AOB
(Fig. 1.2b). A well-known behaviour related to the VNO activity is flehmen
(Schneider, 1930), in which an animal opens its mouth with its lips curled in
a ladghing displayg in the direction of an scent source, to pick up odours in
its mouth (Fig. 1.4). Mammals are also known to sometimes lick or muzzle-
rub on deposited secretions or urine of congeners for this same

physiological reason (reviewed in Estes, 1972).

Figure 1.4. Flehmen behaviour in the plains zebra, Equus quagga (from

Kipedia.org).

Although there is a lot of research conducted on the
neurophysiology of odour detection and recognition in mammals (e.g.
Barkai and Wilson, 2014), it is not the focus of the present thesis. | will
instead concentrate on the proximate functions of chemical communication

in the social and sexual behaviours of mammals, in particular primates.
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|.2. Methodological approaches to the study of
mammalian chemosignalling

In mammals, olfactory communication is both chemical and
behavioural. Chemosignals produced by the signaller are liberated in the
environment, either via passive exudation of body odours or in excretions,
or via active deposition of scent-gland secretions during scent-marking.
Some mammalian species also perform urine-marking, where urine and/or
faeces, sometimes mixed with glandular secretions, is applied on a
substrate, usually the vertical face of a rock, or a prominent log or mount
(Apps, 2013). In primates in particular, scent-marking is often performed in
front of conspecifics (Laska and Hudson, 1995; Lazaro-Perea, 2001), which
suggests that the visual cue associated with scent deposition is also
important. This conspicuous behaviour has instigated numerous studies in

captive, semi-free range, and wild conditions (see section 1.3.2).

|.2.1. Behavioural approaches
[.2.1.1. Behavioural observations: study of scent-marking behaviour

During behavioural observations, social and ecological information
may be recorded, together with scent-marking patterns, such as scent-
marking frequency according to sex, social or reproductive status, and the
spatial distribution of scent-marks, in order to infer the likely functions of
scent-marking behaviour. Three functional hypotheses are commonly
considered: 1. spatial orientation and signalling of food resource location;
2. territorial advertisement and defence; and 3. regulation of social and
reproductive dominance, as well as intrasexual competition/intersexual
mate choice (Apps, Weldon and Kramer, 2015; Heymann, 2006a; Seyfarth
and Cheney, 2016; Wyatt, 2014a).

1.2.1.2. Behavioural bioassays: study of specific responses to odour
signals

In the case of behavioural bioassays applied to olfactory
communication, the proximate functions of olfactory signals on the receiver
are inferred from observations, usually in experimental conditions (Haynes
and Millar, 1998). Typically in a behavioural bioassay, an odour, either
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artificially synthetized, or sampled from a congener or another animal or
plant, is presented to the target individual, and its response, behavioural
and/or physiological, is recorded (Thom and Hurst, 2004). Experimental
controlled conditions in captive breeding centres and medical research
facilities allow the isolation of precise signal triggers and responses, which
is very valuable for trying to unravel the mechanisms and functions of
chemosignal transmission. For example, Swaisgood et al. (2000) found
evidence for the discrimination of sex and female reproductive condition via
olfactory cues in captive male giant pandas. Similarly, Smith and Abbott
(1998) showed that common marmosets, Callithrix jacchus, can
discriminate between circumgenital scent-marks from periovulatory and
anovulatory females. Moreover, Henkel and Setchell (2018) suggested that
chimpanzees, Pan troglodytes, recognize group members and kin via
olfactory cues in urine; and Scordato and Drea (2007) showed that male
ring-tailed lemurs, Lemur catta, respond primarily to odours from breeding
and dominant individuals, compared with subordinate congeners. However,
in wild conditions such behavioural bioassays can be very challenging to
put in place, and many more factors are likely at play in natural conditions
(Charpentier et al., 2012; Drea et al., 2013).

1.2.2. Semiochemical approaches
1.2.2.1. Principles of semiochemical analysis of animal scents

Semiochemical analyses use analytical chemistry techniques to
describe the chemical composition of animal scents used as signals.
Particular organic compounds may serve as chemosignals in various
ani mal species, regardl ess ofasingleet her
compound is the same across species. To use an analogy, we can relate
organic compounds to individual letters, which when associated together
form variousc h e mi c a l me serds@ and car( be used. acrdss
different species ( i lapguagesd. Moreover, mammalian chemosignals
may be either single compounds or mixtures, and are as likely to be coded
by the presence and absence of compounds, as by their relative
concentration, adding a layer of complexity in research in this field (Apps,
2013).

In their recent review, Soso and co-workers (2014) identify the most

t

he
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widely used analytical methods for chemical and sensory characterization
of scent-marking in large wild mammals. They describe the methods
currently used for the study of mammals, from New World primates to large
felines, with field applications. Starting from Soso etal.6 s r el présentv,
the main techniques for sampling and sample extraction, chemical analysis,
and data analysis, followed by an assessment of potential applications to

the current project.

[.2.2.2. Scent sampling and sample extraction
[.2.2.2.1. Scent sample collection and storage

Scent samples are usually collected on cotton or viscose swabs,
previously washed in an organic solvent (methanol and/or pentane), by
rubbing the substrate after natural scent-mark deposition, or the scent-
gland skin area from anaesthetized or restrained animals. Naturally
deposited scent-marks can sometimes be collected on filter paper placed in
the ani mal s 6 (eqincaptivermarenils, Mandrillus sphinx,
Vaglio et al., 2016). Captive animals, particularly primates, can also be
trained to deposit their scent-marks on glass plates or tubes tied to a perch
(e.g. common marmosets, Smith et al., 1997). Urine is easier to collect, as
it is usually produced in a more conspicuous guantity than scent-mark

depositions.

Generally, samples are immediately stored in solvent-washed glass
vials and kept frozen in order to avoid sample decay. Contamination can be
limited by using storage vials directly usable for analysis (e.g. glass
chromatography vials with septum-fitted lids). Vials are often kept frozen
until analysis, at -20°C to -80°C, for as long as six months (Birkemeyer et
al., 2016; Drea et al., 2013). Freezing seems to have no effect on sample
composition and perceived odour (Lenochova, Roberts and Havlicek,
2009).

1.2.2.2.2. Solvent-based sample extraction technique

With solvent-based extraction technique, an organic solvent is used
to dissolve the volatile compounds present in the sample. Solvents
commonly employed are methanol- and ethanol-based, sometimes mixed

with water. Usually, the use of solvent-based extraction involves two to

10
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three steps (Drea et al., 2013): 1. dissolving the volatile compounds into the
solvent; 2. concentrating the compounds by evaporating part of the solvent;
and 3. (optional) applying chemical derivatization in order to increase the

volatility of the compounds, and hence reduce their processing time.

Solvent-based extraction is often used for the identification of
peptides and proteins, which are of particularly high polarity and low
volatility. This technique is very popular in most of the literature on
mammalian semiochemistry and is particularly cost-efficient. However,
several disadvantages of solvent-based extraction are pointed out by Soso
et al. (2014): they require a series of procedures and are time-consuming;
moreover, they can affect the chemical composition of a sample due to
interactions between the compounds and the solvent, or solvent impurities.
In addition, solvents are harmful for the environment and must be disposed
of in a safe manner, thus complicating the procedure. This method is
currently widely used for the analysis of primate scent-marking, notably by
Drea and co-workers who are leading the field of olfaction and behaviour in
captive strepsirrhines (Boulet, Charpentier and Drea, 2009; Charpentier et
al., 2008; Crawford, Boulet and Drea, 2011; Greene and Drea, 2014;
Scordato, Dubay and Drea, 2007).

1.2.2.2.3. Solvent-free sample extraction techniques

In recent years, several solvent-free, environmentally benign,
sampling techniques have been developed. These solvent-free techniques
directly extract the volatile constituents of the headspace, i.e. the air above
the sample, of an enclosed sample. Headspace sample extraction offers
the advantages of reducing sample preparation time and simplifying the
process for the extraction of volatile compounds, as well as minimising the
interferences and impurities induced by solvents. Different solvent-free
techniques exist and have been used for the analysis of mammalian
semiochemicals: direct headspace extraction, precolumn heater, solid-
phase microextraction, stir-bar sorptive extraction, solid-phase dynamic

extraction, and thermal desorption, described in Table I.1.

11
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Table I.1. Description of solvent-free sample extraction techniques used for the characterization of mammalian odours, including the main
processes involved, examples of mammalian studies using these techniques, and an assessment of each technique.

Extraction
technique

Main processes involved

References

Assessment (positive: <, negative: =)

Direct headspace
extraction

Volatile compounds from a solid or liquid
matrix transferred into the vapour phase
and carried by a carrier gas

Volatile compounds in urine of
lion, Panthera leo (Andersen
and Vulpius, 1999)

Older technique, replaced by more effective
methods

Precolumn heater

Glass cylinder heated to 100°C with
nitrogen being released simultaneously
and driving the volatile compounds out of
the sample

Volatile compounds in
interdigital glands of reindeer,
Rangifer tarandus (Andersson,
Brundin and Andersson, 1979)

Older technique, replaced by more efficient
methods

extraction (SBSE)

volatile and semi-volatile compounds from
liquid and gaseous samples

body odour (Penn et al., 2007)

< Can be used for in vivo extraction of volatiles
. < Various fibre coatings and fibre lengths available
S . Scent-gland volatile g
Use of a fused-silica fibre coated with o . to optimize the compounds to be extracted (e.g.
. . . . compounds in ring-tailed lemur, . . . .
Solid-phase absorbent thin polymeric film, to passively : from very volatilei semi-volatile, polari non-polar)
. . : . . Lemur catta (Hayes, Morelli . .
microextraction diffuse volatile compounds from a liquid or . < Can be easily automatized
. . . : and Wright, 2004; Knapp,
(SPME) solid sample via adsorption, absorption, or < Can be cleaned and reused
) . Robson and Waterhouse, : . . )
capillary condensation 2006) = Fibre is quite fragile
= Static technique, which limits the number of
compounds extracted
< Can be easily automatized
Use of a polymer-coated (usually < Dynamic technique, allows for quantification and
. . olydimethylsiloxane [PDMS]) magnetic . . extraction of samples of low concentration
Stir-bar sorptive polyd yis X. [ _]) gnet Volatile compounds in human X ! P W !
bar, constantly stirred, to actively extract < Can be cleaned and reused

Expensive
Requires specialized add-ons for analysis and
detection of compounds

12
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Extraction

Electronic nose

of gas sensors to match a known odour
pattern

(Staples and Electronic Sensor
Technology, n.d.)

; Main processes involved References Assessment (positive: <, negative: =)
technique
< Dynamic flow permits concentration of volatile
. N compounds
- . o Volatile compounds in urine of . .
Use of repetitive dynamic flow of liquid or < Can be easily automatized
. brown lemurs, Eulemur spp. . . .
Solid-phase gaseous sample components over an . < Various types of polymer coating available
. . : (DelBarco-Trillo et al., 2011), .
dynamic extraction absorbent polymer coating (usually PDMS) . < SPDE needle more robust than SPME fibre
. ; and African elephant,
(SPDE) on the inside wall of a stainless steel ) . < Can be cleaned and reused
. Loxodonta africana (Goodwin .
syringe needle. = [Expensive
et al., 2008) . - .
= Requires specialized add-ons for analysis and
detection of compounds
< Can be used for in vivo extraction of volatiles
< Tubes can be transported and stored without
Gaseous sample is pumped inside a Volatile compounds in body affecting the quality of the sample they contain
Thermal desorption | stainless steel tube internally coated with odour of common marmoset, < Various types of polymer coating available
tube absorbent polymer, which retains the Callithrix jacchus (Kticklich et < Can be cleaned and reused
volatile compounds al., 2017) = Expensive
= Requires specialized add-ons for analysis and
detection of compounds
< Sample extraction and chemical analysis
Scent-gland volatile performed by the same device
Use of the pattern of response of an array o .
compounds in ring-tailed lemur < Portable

Limitedtopre-s et 61l earnt &

only full odour patterns

odo
No discrimination between individual compounds,

13
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Thermal desorption, solid-phase microextraction, and solid-phase
dynamic extraction are now the most popular solvent-free extraction
techniques for the analysis of biological samples, notably because they
combine sampling and sample extraction with a procedure that is both
simple and efficient (Ramos, 2012; Soso et al., 2014). The main
disadvantage in using these methods is that fibres, desorption tubes and
needles, used to extract the volatile compounds from the headspace of a
sample, are more expensive than organic solvents; but since they can be

used multiple times, costs can be optimized.

A novel instrument for direct headspace extraction coupled to real-
time chemical analysis, atmospheric chemical ionization-mass
spectrometer (APCI-MS; Linforth and Taylor, 1997), was used to monitor
real-time production of volatile chemicals by parasitoid wasps. The wasps
were placed in air tight chambers were they could behave freely, in the
context of female-female competition (in Goniozus legneri; Goubault et al.,
2006), or female courtship by males (in Spalangia endius; Mowles et al.,
2013). The air inside the chamber was continuously drawn through a tube
inside an APCI-MS detector, which provided real-time occurrence and
guantity of the volatile compounds released by individual wasps. Such in
vivo chemical analyses have not yet been implemented on mammalian

species.

Electronic noses can identify an odour using the pattern of response
of an array of gas sensors to match a known odour pattern (Nagle,
Schiffman and Gutierrez-Osuna, 1998). These devices are notably used in
human clinical research, such as for the screening of diseases in body
odour and breath (e.g. differentiation of cancerous cells from healthy ones,
Kateb et al., 2009; detection of signs of pneumonia infection in the breath,
Hanson Il and Thaler, 2005; reviewed in RAck, Barsan and Weimar, 2008).
Electronic noses have also been employed for the screening of tuberculosis
infection in cattle, Bos taurus, and European badgers, Meles meles (Fend
et al., 2005). Moreover, they are often used to characterize odours of plants
(Huang et al., 2011) and food (Rdck, Barsan and Weimar, 2008) for
manufacturing applications. Ongoing research is aiming at widening the
range of uses of electronic noses; for example the chemical composition of
ring-tailed lemur scent-gland samples was tentatively characterized by an

electronic nose (Staples and Electronic Sensor Technology, n.d.).
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[.2.2.3. Chemical analysis
1.2.2.3.1. Principles of chemical analysis

Mammalian odours are analysed almost exclusively using gas
chromatography (GC), and sometimes high performance liquid
chromatography. In GC, a sample is injected into the injection port where it
is heated to a vaporous phase, and carried by the mobile phase, i.e. a flow
of inert gas (often helium, more rarely nitrogen or hydrogen). This gas flow
carries the mixture of compounds into the stationary phase, i.e. an
absorbent polymer coated into the inside of a long column (usually 30 m).
Inside the gas chromatograph column, the mixture of compounds is
separated into individual volatile and semi-volatile compounds according to
their relative affinity for the stationary phase, their polarity, and chemical
structure, which elute out of the column one after another (Fig. 1.5). Each
compound is therefore characterized by its time of elution, called retention
time. GC is ideal for detecting and separating relatively small compounds

(<550 daltons), of low polarity and high volatility.

Inject sample
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Figure 1.5. Schematic diagram of a gas chromatograph-mass spectrometer
(reproduced from Kim et al., 2016).

Combined with a detector, GC allows for the detection of individual
compounds within a sample. The most commonly used detectors are mass
spectrometer, flame ionization detector, and Fourier-Transform infrared
spectroscopy. Mass spectrometry (MS) is the most widely used detector

because of its capacity to perform a mass spectral search and match for
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over 200 000 compounds within its mass spectral library (National Institute
of Standards Technology, NIST; Shen et al., 2014; Stein, n.d.; Fig. |.5).
However, MS is not ideal for the detection of compounds of high molecular

weight. Sometimes two detectors can be combined for a better result.

When the compounds elute from the gas chromatograph into the
mass spectrometer, they are broken into ionized fragments, which gives
them a specific mass-to-charge ratio (m/z). The MS then separates the ions
according to their m/z, and records the relative abundance of each ion type
(Baker, 2010). Various ion sources can be found in a mass spectrometer,
including electron ionization: based on electron excitation, it induces strong
fragmentation of the molecules of the compound being analysed. Electron
ionization is most commonly used for gaseous samples, hence is often
coupled to GC (present study; Fig. I.5). Alternatively, chemical ionization
produces ions through collision of the compounds with primary ions present
in the source, either at high temperature (e.g. investigation of the comb wax
of honeybees, Apis sp.; Aichholz and Lorbeer, 2000), or at atmospheric
temperature (e.g. real-time monitoring of the production of volatile

chemicals by female parasitoid wasps; Mowles et al., 2013).

1.2.2.3.2. Result outputs: chromatogram and mass spectra

The primary output of a GC-MS analysis, called a chromatogram, is
a graphical representation of the diverse compounds composing a chemical
sample, as a function of their time of elution, i.e. retention time (Fig. |.6a).
Each peak on the chromatogram represents a unique compound (or
sometimes a mixture of several compounds), its area the relative
abundance of this compound in the sample. Mass spectrometers have
different sensitivities for different compounds, depending on their chemical
properties. As a result, although peak area may indicate the relative
abundance of a same compound across two chromatograms (i.e. from two
different samples), the area of different peaks on a same chromatogram
are not necessarily in the ratio of their relative concentrations. Each peak is
characterized by a mass spectrum, representing the distribution and
abundance of ion fragments composing the compound in function of their
m/z (Fig. 1.6b). Mass spectral libraries, such as the NIST library, compare
this mass spectrum with those of known compounds in their database, and

provide the best matches as putative identity (Fig. 1.6c).

16



Chapter 1T General introduction and study outline

Retention time (minutes)

a. [Abundance Scan 2949 (12.459 min): d15_sm_p1_soed.D\data.cdf
b 59.0
2.0£9 800 103.2
42
o |l 8s2 130.3 151.3  177.8_ 207.5 230.0 250.3 _ 282.1299.4
SMMSSS || NS SO - DU NS 1 P ¥ M7 £ M A L7, S ——
—_— 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
Abunciance #23730: 2-Propanol, 1-(2-methoxy-1-methylethoxy)-
c 54.0
1.5E9 .
5000 103.0
31.0
oh 140 Jigl jss.o 130.0 149.0
Ty RIS FURIL IO B T | R T T T DY B B AR BRARS
8 i 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
c m/Z--
S b |
S 1.0E9
c
>
Q
<
5.0E8
4 ‘1““ lﬁll L " LLL\_ AN, L_
GOEO—' T 1 I 1 1 I I T T 1 1 I T 1 1

T I T I
40 6.0 8.0 10.0 120 14.0 16.0 18.0 20.0 22.0 240 26.0 28.0 30.0 320 340 36.0 38.0 40.0

Figure 1.6. a. Example of a chromatogram produced by SPMET GC-MS analysis of a scent-mark sample from a female cotton-top tamarin,
Saguinus oedipus, where each peak represents a unique compound; b. Mass spectrum of the peak indicated by a green arrow, showing the
relative abundances of ion fragments originating from the molecules of the particular compound, in function of their mass-to-charge ratio (m/z);
c. Mass spectrum of 1-(2-methoxy-1-methylethoxy)-2-propanol, given as putative identity by the NIST mass spectral library with 83% match.
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1.2.3. Endocrinology approaches

When performing behavioural bioassays,t h e a nphysialdgitas
responses to the presentation of an olfactory cue may be recorded
alongside the behavioural response. Subtle changes in endocrinal activity
in response to olfactory cues may give a more detailed view of the
mechani sms triggered | Mlweiedektoftorimenesr eci pi ent 6s
involved in behavioural regulation, such as cortisol, oestrogen,
progesterone, testosterone, oxytocin, and prolactin, may be measured in
samples of urine, faeces, saliva, and hair, all of which can be collected non-
invasively (Petrulis, 2013). In particular, a new emphasis is being placed at
developing non-invasive endocrinology techniques to monitor hormonei
behaviour interactions in wild mammals (Whitten, Brockman and Stavisky,
1998), notably primates (Bales et al., 2006; Higham, 2016). Recent reviews
by Petrulis (2013), and Anestis (2010), summarize the relation between
chemosignals, hormones, and reproduction and sociality in mammals, and

in primates, respectively.

|.3. State of research in primate
chemosignalling

|.3.1. History of this field in primatology: olfaction as
the neglected sense

Since the beginning of systematic research on the evolution and
behavioural ecology of humans and other primates, this taxon was
considered to be microsmatic, i.e. to have a poor sense of smell, compared
with macrosmatic mammal groups such as carnivores and rodents (Albone
and Shirley, 1984; Andersson, 1994). As a result olfactory communication
in primates has been understudied (Heymann, 2006b). The consideration
of primates being microsmatic was mainly based on the hypothesis of an
evolutionary trade-off between vision and olfaction in social species
(Barton, 2006; Gilad et al., 2004; Kemp and Kaplan, 2012; Liman and
Innan, 2003; Melin et al., 2017), partly related to the comparatively smaller
size of the olfaction-related morphological structures in the brain (Le Gros
Clark, 1959; Smith and Bhatnagar, 2004; Smith and Rossie, 2006).
Moreover, the relatively inconspicuousness of olfactory-related behaviours

in primates, compared with acoustic and visual behaviours, and the
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methodological difficulties of recording and quantifying odour signals,

especially in field conditions, have biased our comprehension of the

importance of this mode of communication in this taxon (Epple, 1986;

Heymann, 2006b; Wyatt, 2015). Nevertheless, as outlined by Drea (2015)

i n her r echDebnstc ernetvioefw,Mabn: a comparative suUr Ve
chemosignallingi n r el at,pavodying oDaewidbnds pioneer public
d’he Descent of Man and Selection Related to Sexd(1871), researchers in

the field of semiochemistry are increasingly recognizing the prominent role

of olfactory communication in the social and sexual lives of primates.

Recently, we have been witnessing advances in the understanding and

development of analytical methods for the study of semiochemistry in a

range of vertebrate taxa, e.g. in carnivores (Buesching, Waterhouse and

Macdonald, 2002a; b; Gilad et al., 2016; Jordan et al., 2010; Soso and

Koziel, 2016, 2017; Weil} et al., 2018b); bats (Safi and Kerth, 2003);

reptiles and amphibians (Mason and Parker, 2010; Saporito et al., 2012);

and birds (Leclaire et al., 2012; Whittaker et al., 2013). These advances

have particularly been supported in humans for evolutionary and medical

purposes (e.g. Havlicek and Roberts, 2009; Penn and Potts, 1998; Roberts

et al., 2011; Vaglio, 2009; Winternitz and Abbate, 2015). These recent

findings have opened a new era of research on primate chemosignalling, at

behavioural, chemical, and genetic levels.

1.3.2. Current research on primate chemosignalling

Callitrichids, i.e. marmosets and tamarins, kept in laboratory
conditions have provided a good model for behavioural, physiological, and
chemical studies on primate chemosignalling (Fig. 1.7), as evidenced by the
important work of Smith and Epple starting in the 1970s (Table 1.2). More
recently, other captive primate populations allowed for in-depth
chemosignalling studies, such as the research on strepsirrhines, i.e. the
lemurs and lorises, led by Drea and co-workers at the Duke Lemur Center
in North Carolina, USA (Table 1.2, highlighted in orange). Although scent-
marking behaviour had been described in the wild in several primate clades
(e.g. in strepsirrhines, Jolly, 1966; and callitrichids, Heymann, 1998;
Lazaro-Perea, Snowdon and Arruda, 1999), only after the turn of the
century did it become a quite strong focus of research (Heymann, 2006b).

One long-term study of sympatric tamarins in northern Peru led by
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Heymann from the German Primate Centre, and co-workers (Table 1.2,
highlighted in green), together with a number of short-term studies on
lemurs, and a handful of studies of semi-free range catarrhines, i.e. Old
World primates, from Setchell and co-workers, constitute the core of
existing published knowledge of scent-marking in wild primates (Table I.2).
Captive studies continue to be the main conditions for studies on
chemosignalling in primates (Fig. 1.7), facilitating: 1. behavioural
observations, as scent-marking behaviour is easier to record than in natural
conditions; 2. behavioural bioassays, as experimental work is much more
easily controlled in a captive environment; and 3. chemical analyses of
scent-gland secretions and/or deposited scent-marks, as sample collection
and storage is more convenient in captivity (Drea et al. 2013). Today,
conservation breeding programmes of rare primate species are providing
an extra incentive for deciphering their chemical communication both in the
wild and in captivity (Dehnhard, 2011; Jennings and Prescott, 2009;
Swaisgood and Schulte, 2010).
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Figure 1.7. Number of publications between 19707 2018 in the field of non-

human primate chemaosignalling, by study type and primate taxon, in a.
captive conditions, and b. wild conditions. Reviews are not included.
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Table 1.2. Summary of published work between 19707 2018 in the field of non-human primate chemosignalling, by primate taxon, study conditions
(i.e. captive or wild conditions) and study type (i.e. behavioural observations, behavioural bioassays, or chemical analyses). Key studies on lemurs
carried out at the Duke Lemur Center, and on wild tamarins carried out by Heymann and co-workers in northern Peru, are highlighted in orange
and green, respectively. Reviews are not included.

Pr|n_1gte taxa and StUdY. Study type # Publi. = Main species studied and references
families condition
Behawoyral Ring-tailed lemur, Lemur catta (Kappeler, 1998)
observations
Black-and-white ruffed lemur, Varecia variegata (Rushmore, Leonhardt and Drea, 2012)
Coquer el Pwopitsecus @duareli (Rushmore, Leonhardt and Drea, 2012)
Strepsirrhini Behavioural Gray mouse lemur, Microcebus murinus (Aujard and Némoz-Bertholet, 2004)
Lemuridae, bioassays Ring-tailed lemur (Charpentier et al., 2010; Greene et al., 2016a; Kulahci et al., 2014; Mertl-
Indriidae, Millhollen, 2006; Rushmore, Leonhardt and Drea, 2012; Scordato and Drea, 2007)
zaubentonudae Captive Pygmy slow loris, Nycticebus pygmaeus (Fisher, Swaisgood and Fitch-Snyder, 2003a; b)
Tarsiiformes Aye-aye, Daubentonia madagascariensis (DelBarco-Trillo et al., 2013)
Tarsiidae Brown lemurs, Eulemur spp. (DelBarco-Trillo et al., 2012)
(1/2) S C o q u e sifaka @Gseene & Drea 2014; Hayes et al. 2004)
emica
analyses 14 Ring-tailed lemur (Boulet, Charpentier and Drea, 2009; Boulet et al., 2010; Charpentier,
Boulet and Drea, 2008; Charpentier et al., 2010; Crawford and Drea, 2015; Crawford, Boulet
and Drea, 2011; Knapp, Robson and Waterhouse, 2006; Scordato, Dubay and Drea, 2007)
12 Strepsirrhine spp. (Delbarco-Trillo et al., 2011; 2014)
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Primate taxa and Study . . . .
families condition Study type # Publi. = Main species studied and references
Bamboo lemur, Hapalemur meridionalis (Eppley, Ganzhorn and Donati, 2016)
Coquer el Aewis200%; 2006aLewis & Van Schaik 2007)
o Crowned sifaka, P. coronatus (Ramanamisata et al., 2014)
Lemuridae Behavioural 12 Milne-E d wa r d s OP. edidrdai kPachron et al., 2005a; b)
Indriidae, observations Red lemur, Eulemur rufus (Gould and Overdorff, 2002)
Daubentoniidae wild Ring-tailed lemur (Gould and Overdorff, 2002; Mertl-Millhollen, 2006; Palagi and Norscia,
& 2009; Walker-Bolton and Parga, 2017)
Tarsiidae Pygmy tarsier, Tarsius pumilus (Grow and Gursky-Doyen, 2010)
(2/2) Behavioural NA
bioassays
Chemical Mine-Ed wa r d s dHapes dt al.RG06; Morelli et al. 2013)
analyses
Common marmoset, Callithrix jacchus( Eppl e, 1970, 1972; Masse
2016)
hini Cotton-top tamarin, Saguinus oedipus (French and Cleveland, 1984; French, Abbot and
. . Behavioural Snowdon, 1984; Heistermann et al., 1989)
Callitrichidae Captive b ’ ' ' v
(1/2) observations Pygmy marmoset, Cebuella pygmaea (Converse et al., 1995)

Red-bellied tamarin, S. labiatus (Smith and Gordon, 2002)
Saddleback tamarin, Leontocebus sp. (Epple, 1981, 1982)
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Table 1.2. Continued (2/4).

Primate taxa and Study . . . .
families condition Study type # Publi. Main species studied and references
Common marmoset (Barrett, Abbott and George, 1990; Kemp and Kaplan, 2012; Smith and
Abbott, 1998; Smith et al., 1997; Ziegler et al., 2005, 2012)
B_ehavioural 12 Cotton-top tamarin (Belcher et al., 1988; Washabaugh and Snowdon, 1998)
bioassays Red-bellied tamarin (Caine and Weldon, 1989)
Captive Saddleback tamarin (Belcher et al., 1986, 1990; Epple, 1981)
Common marmoset (Kiicklich et al., 2017; Smith et al., 2001b)
Chelmical 7 Cotton-top tamarin (Belcher et al., 1988)
analyses
Y Saddleback tamarin (Belcher et al., 1986, 1990; Epple et al., 1981; Yarger et al., 1977)
Platyrrhini Black-tufted marmoset, C. penicillata (Oliveira and Macedo, 2010)
(C27I2I)|tr|ch|dae Common marmoset (Lazaro-Perea, Snowdon and Arruda, 1999)
_ Golden lion tamarin, Leontopithecus rosalia (Franklin et al., 2007; Miller, Laszlo and Dietz,
Behavioural 12 2003; Snyder, 1972)
observations )
Moustached tamarin, S. mystax (Heymann 1998; 2000; 2001; Huck et al. 2004)
Wwild

Behavioural
bioassays

Chemical
analyses

Saddleback tamarin (Bartecki and Heymann, 1990; Heymann, 2001; Lledo-Ferrer et al. 2010;
2011)

NA

NA
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Primate taxa and Study : . . .
families condition Study type # Publi. Main species studied and references
Common woolly monkey, Lagothrix lagothricha (White et al., 2000)
Southern brown howler monkey, Alouatta guariba clamitans (Braga Hirano, Coelho Correa
Behaviogral 4 @and Goncalves de Oliveira, 2008)
observations Nancy Mads n Adgub nancynmack\Wajoyich and Evans, 2007)
White-faced saki monkey, Pithecia pithecia (Homburg, 1989)
Captive Common squirrel monkey, Saimiri sciureus (Laska et al., 2007; Laska and Hudson, 1995;
. Laska, Seibt and Weber, 2000; Laska, Wieser and Hernandez Salazar, 2005)
Behavioural 5
Platyrrhini bioassays Geof f r oy 0 skey Atéled geoffrogi Laska et al., 2004; 2007; Laska, Wieser and
Other taxa Hernandez Salazar, 2005)
Chemical 2 Nancy Maods n(Macbdnaldebah, 2G08, Spence-Aizenberg et al., 2018)
analyses
Behaviogral 1 Common woolly monkey (Di Fiore, Link and Stevenson, 2006)
observations
Wild Behavioural 0 NA
bioassays
Chemical 1 Az aroaidmonkey, A. azarae (Spence-Aizenberg et al., 2018)
analyses
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Primate taxa and Study : . . .
families condition Study type # Publi. Main species studied and references
De Br az z a 6Gercopbhackisengglectus (Zschoke and Thomsen, 2014)
: Diana monkey, C. diana (Zschoke and Thomsen, 2014)
Behavioural 2
observations Haml ynés Onmmlnie(Zschoke and Thomsen, 2014)
Siamang, Symphalangus syndactylus (Geissmann, 1987)
_— Chimpanzee, Pan troglodytes (Henkel and Setchell, 2018)
aptive
P Behavioural . Japanese macaque, Macaca fuscata (Rigaill et al., 2017)
bioassays Southern pig-tailed macaque, M. nemestrina (Laska et al., 2004, 2007; Laska, Wieser and
Hernandez Salazar, 2005)
Catarrhini . Chimpanzee (Matsumoto-Oda et al., 2003)
Cercopithecidae, Chemical 2
o analyses Mandrill, Mandrillus sphinx (Vaglio et al., 2016)
Hominidae
Mandrill (Charpentier et al., 2013)
Behavioural : Olive baboon, Papio anubis (Rigaill et al., 2013)
observations Vervet monkey, Chlorocebus aethiops (Freeman et al., 2012)
Wild ,/ Western lowland gorilla, Gorilla gorilla (Klailova and Lee, 2014; Masi and Bouret, 2015)
Semi-free
range Behavioural 2 Rhesus macaque, M. mulatta (Henkel et al., 2015; WeiR et al., 2018a)
bioassays
Chemical . Mandrill (Setchell et al. 2010; 2011)
analyses Rhesus macaque (Birkemeyer et al., 2016)
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|.4. Study outline

|.4.1. Presentation of the study

The present study combines behavioural and semiochemical data
on both captive and wild callitrichids (family Callitrichidae, New World
primates), in an attempt to decipher some of the environmental, social, and
individual aspects of their chemical communication. Moreover, the study is
aimed at developing techniques for the analysis of primate semiochemicals,

in an effort to contribute to innovative knowledge in the field.

The Callitrichidae family is a monophyletic group of New World
primates, composed of the tamarins (Saguinus and Leontocebus spp.), the
lion tamarins (Leontopithecus spp.), the marmosets (Mico and Callithrix
spp.), the pygmy marmosets (Cebuella spp.), andthe Goeldi 6 s monkey,
Callimico goeldii (Rylands and Mittermeier, 2013; Rylands et al., 2016).
Callitrichids are small, long-tailed primates, characterized by claw-like nails
on all digits except the hallux, and a tendency to twin (except for Callimico).
They range from Panama to southern Brazil, and are found in a variety of
habitat types, from tall primary forests to farmlands (Sussman, 2003).
Callitrichids constitute a good model for the study of olfactory
communication, as they are known to rely a lot on odour signals, notably
thanks to a well-developed vomeronasal organ, which is known to be at
least partially functional (Evans, 2006; Smith et al., 2011). In callitrichids,
olfactory signals are produced via three specialized scent-glands, and
conspicuously deposited on branches and lianas in the environment (scent-
marking) or on the body of a conspecific (allomarking). Conspecifics
i nvestigat e e antatks by s$niffiegr nduszle-subbang, ticking, or
overmarking scented spots (Smith et al., 1997). Several functions have
been attributed to callitrichid scent-marking behaviour, including
1. advertisement of identity, and of reproductive and dominance status;

2. territorial advertisement and defence; and 3. spatial orientation and
signalling of food resource location (Epple, 1986; Lazaro-Perea, Snowdon
and Arruda, 1999; Miller, Laszlo and Dietz, 2003; reviewed in Heymann,

2006a). These functions will be further detailed in the next section.

The captive part of the study took place between March 20171
March 2018 in three British zoos, members of the British and Irish

Association of Zoos and Aquariums (BIAZA). | recorded scent-marking
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behaviour of several groups of emperor tamarins, Saguinus imperator
subgrisescens (further referred to as S. imperator), cotton-top tamarins, S.
oedipus, and silvery marmosets, Mico argentatus. The results of this

behavioural study constitute Chapter 2 of the present thesis.

During these observations, | collected scent samples from voided
urine and naturally deposited scent-marks inside the enclosures. Samples
fromsome of t he land seardtiend wese additionally
collected when undergoing routine husbandry procedures. | analysed the
scent samples at Anglia Ruskin University (ARU) by SPMET GC-MS. In
addition, | used a subset of these samples to experimentally test the
temporal stability of sample chemical composition. This captive

semiochemical study is presented in Chapter 3.

The study of wild callitrichids was conducted in June 2017 at
Estacién Biologica Los Amigos (EBLA) in south-eastern Peru, on two
sympatric species of tamarin, emperor tamarinsandWe ddel | 6 s saddl eback
tamarins, Leontocebus weddelli. Scent samples were collected from the
t a ma rs¢emt-gl&nds and skin during an annual capture-and-release
programme at this site, which | analysed in situ using a new generation
portable GC-MS device. Additional emperor tamarin samples were
collected in June 2018 and transported to ARU, where | analysed them in
the laboratory, in order to compare the two analytical methods. Results

from this study are described in Chapter 4.

This study provides an important approach in directly comparing
1. scent-marking behaviour and semiochemistry in several species of
callitrichids; 2. the chemical composition of scent-gland samples from
captive and wild tamarins; and 3. the use of laboratory-based and in situ
analytical methods for the analysis of callitrichid scents. Besides providing
valuable insight on the chemical composition of the signals conveyed via
scent communication, | hope the present study can offer a guideline for the
captive breeding and husbandry of rare callitrichids and other mammals.
These ideas, following a discussion of the results found in both captive and

wild conditions, are discussed in Chapter 5.
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|.4.2. Research questions

The research questions considered in this study can be divided
along three axes: 1. questions relating to callitrichid scent-marking
behaviour; 2. questions relating to differences in the chemical composition
of callitrichid scent samples; and 3. questions relating to the
semiochemistry techniques used for the analyses of callitrichid scents.

These research questions are further summarized in Table 1.3.

1.4.2.1. Questions relating to scent-marking behaviour

Q1. Are there differences in scent-marking behaviour at the levels of
species, group, sex, reproductive status, and/or the individual?

In wild callitrichids, overlaps between different groupséhome ranges
are frequent, sometimes even between two or three sympatric species
(Smith, 1997; Watsa, 2013). Hence, we might expect differences in scent-
marking activity between species, and between groups, reflecting different
strategies of communication to ensure that messages are transmitted to the
correct receivers. This was found by Heymann (2001) in sympatric
moustached tamarins, Saguinus mystax, and Ge o f f saddieléack
tamarins, Leontocebus nigrifrons (formerly S. fuscicollis, recently
reassigned, Rylands et al., 2016). Differences in scent-marking behaviour
at the level of species may also indicate variable relative importance of
olfactory communication compared with other communication modalities
(Higham and Hebets, 2013). I will explore the differences in scent-marking

frequency between species and groups of the captive callitrichids studied.

Dominance and reproductive status are highly entwined in
callitrichids, owing to their cooperative breeding system (Huck et al., 2005).
As olfactory cues are involved in reproduction (Huck, Léttker and Heymann,
2004; Ziegler, 2013), we can predict reproductively active individuals to
scent-mark more often than the non-reproductive and immature ones, as
was found in captive common marmosets (Epple 1972). Scent-marking
may notably play a role in the reproductive suppression of callitrichid
subordinate females, occurring through both behaviour and chemical cues
from the dominant female (e.g. in common marmosets, Abbott et al., 1998;
Barrett, Abbott and George, 1990; Saltzman et al., 1997; Ziegler and

Sousa, 2002; Ziegler, 2013; golden lion tamarins, Leontopithecus rosalia,
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French and Stribley, 1985; cotton-top tamarins, Heistermann et al., 1989;
Savage, Ziegler and Snowdon, 1988; and pygmy marmosets, Cebuella
pygmaea, Spurlock, 2001; reviewed in Beehner and Lu, 2013). The
existence of strict reproductive suppression in other callitrichid species is
still unclear, although probable (Watsa, 2013). However in studies on wild
common marmosets (Lazaro-Perea, Snowdon and Arruda, 1999; Sousa et
al., 2005), and moustached tamarins (Huck et al., 2005), subordinate
females scent-marked more frequently than the reproductive female,
indicating a possible function of scent-marking in mate attraction and
intrasexual competition (reviewed in Heymann, 2006a). | will test the
influence of sex and reproductive conditions on the frequency of scent-

marking behaviour in captive callitrichids and inspect individual differences.

Q2. What is the social context of scent-marking behaviour in captive
callitrichids?

Scent-marking is very common in callitrichids, reported both in the
wild and in captivity (Table 1.2; Epple, 1974a; Heymann, 2006a). As for
many other behaviours in social species, scent-marking, which is a
conspicuous behaviour, may represent a visual signal in itself, in addition to
the olfactory message produced (Johnstone, 1996; Liebal et al., 2014). If
this is the case, we can expect scent-marking behaviour to be performed
more frequently in the presence of conspecifics and located on substrates
particularly visible to the rest of the congeners present. We can also predict
callitrichid scent-marking activity to be influenced by the identity of
conspecifics present, since effort in marking behaviour may be directly
linked to the potential receivers, or to other signalling individuals. This
would indicate a directed transmission of individual signals between two
given animals via olfactory communication. | will test these hypotheses in

captive callitrichids.

Q3. How much variation is found in captive callitrichid scent-mark
deposition?

Scent-marking in mammals can differ considerably in its mode of
deposition, duration, and the type of mark. Notably, different fluids can
sometimes be mixed together, which is likely to modify the signal content of
the deposited mark, such as in the case of female giant pandas known to

use a mixture of urine, vaginal discharge, and anogenital scent-gland
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secretions as scent-marks (Hagey and Macdonald, 2003). Moreover, most
mammals possess scent-glands on diverse regions of their body.
Callitrichids have three distinct specialized scent-glands on the anogenital,
suprapubic, and sternal regions of their body. Scent-glands may be used in
different contexts to convey different signals (Heymann, 2001).
Furthermore, variation in scent-marking duration may reflect differences in
the amount of secretions deposited during a scent-marking event, which
could result in the transmission of distinct signals. Such potential disparities
in scent-marking activity illustrate the variety and complexity of the
chemical cues mediating social communication. | will assess the diversity of
scent-marking characteristics in captive callitrichids by comparing types

and duration of scent-marking, as well as scent-gland use.

Q4. What are the temporal and spatial patterns of scent-marking
behaviour in captive callitrichids?

Scent-marking in callitrichids may be associated with territorial
defence and food resource marking (Miller, Laszlo and Dietz, 2003; Mitani
and Watts, 2005). Therefore, we can expect this behaviour to occur more
frequently in the wild than in captivity given the fact that i. home ranges are
obviously much larger; ii. food resources are unevenly distributed and far
away from each other; and iii. physical encounters with potential rival
groups are possible. In a captive environment, we can anticipate scent-
marking behaviour to be performed more frequently in association with
feeding activities, which would be consistent with a role in the signalling of
food resources. | will describe the spatiotemporal patterns of scent-marking

behaviour in captive callitrichids.

1.4.2.2. Questions relating to differences in the chemical composition
of callitrichid scents

Q5. To what extent does naturally deposited scent-mark chemical
composition differ from that of scent-gland secretions, and from
urine?

The chemical components of scent-gland secretions after scent-
marking potentially mix with other body fluids such as urine, and with
chemicals from conspecifics, plants and microorganisms present in the

environment (Archie and Theis, 2011; Ezenwa and Williams, 2014).
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Moreover, volatile chemicals naturally change and re-associate as soon as
they are liberated in the air (Greene et al., 2016a; Charpentier et al., 2012).
We can therefore expect the chemical composition of scent-mark samples
to be different from those collected directly from the scent-gland of the
animal. | will test this assumption in captive callitrichids. Incidentally, a
change over time of the chemical composition of a scent-mark can be
biologically meaningful, potentially providing the receiver with information
on how old the mark is, as well as the context of its deposition (Ezenwa and
Williams, 2014; Miiller-Schwarze, 2006). Urine on the other hand, may
convey olfactory cues as a by-product of its primary role of excretory body
fluid, which is well known in many mammals such as dogs, Canis lupus
domesticus, and rats, Rattus spp. (Wyatt, 2014a). Scent-gland secretions,
in turn, are purposely deposited in the environment as a discrete chemical
signal. Urine could thus represent the ancestral state of chemosignalling,
and glandular secretions a more novel chemosignalling mode shown only
by some animal taxa (Apps, Mmualefe and Weldon McNutt, 2012; Hagey
and Macdonald, 2003). Hence, we can anticipate callitrichid scent-gland
secretion chemical composition to be i. different, and ii. more complex,
than that of urine, owing to its specific chemosignalling function.
Alternatively, urine might be chemically more complex than scent-gland
secretions, since it is an aqueous mixture of many residual chemicals from
diverse reaction chains. Lastly, urine and scent-gland secretions might
present similar volatile compounds, but in different quantities. Urine and
scent-marks are both deposited in the environment and subject to decay
and mixing. The balance of volatile and semi- or non-volatile compounds
serving as olfactory cues may change over time, as the most volatile
compounds rapidly disperse into the air (Muller-Schwarze, 2006).
Unfortunately non-volatile compounds cannot be detected by the analytical
technique used in the present study (i.e. headspace GC-MS), therefore
only a partial picture of the chemical signals can be obtained. | will compare
the chemical composition of captive callitrichid deposited scent-marks,

scent-gland secretions, and urine, analysed by SPMET GC-MS.
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Q6. Do callitrichid scent-gland secretions, scent-marks, and urine
contain chemical signatures at the levels of species, group, sex,
reproductive status, and/or the individual?

As mentioned in Q1, chemosignals may be used to advertise
territoriality and identity, as well as reproductive and dominance status. In
primates in particular, it has been shown that chemical signatures are found
in the chemical profiles of deposited scents at the levels of species (e.g. in
urine of brown lemurs, Eulemur spp., DelBarco-Trillo and Drea, 2014; in
glandular secretions ofring-t ai | ed | emurs ansg Coquerel ds sif
Propithecus coquereli, Hayes, Morelli and Wright, 2004), and group (e.g. in
deposited scent-marks of mandrills, Mandrillus sphinx, Vaglio et al., 2016),
which might reflect different territorial strategies, and ensure interspecific
recognition in sympatric species. Moreover, chemical signatures at the
levels of sex (e.g. in glandular secretions of owl monkeys, Aotus spp.,
Spence-Aizenberg et al., 2018), reproductive status (e.g. in glandular
secretions of CGrepneaamndedted, 80149, iarfd thé a s |,
individual (e.g. in glandular secretions of common marmosets, Smith et al.,
2001b), may indicate a role of olfactory communication in mate choice,
dominance, and reproductive suppression in callitrichids. | will examine

these assumptions in both captive and wild callitrichids.

Q7. Are there differences in chemical composition between samples
from different scent-glands in wild tamarins?

Tamarins possess three types of scent-glands, anogenital,
suprapubic, and sternal, of comparable histology (Epple et al., 1993;
Fontani et al., 2014; Moraes et al., 2006; Perkins, 1966). Previous work on
the ring-tailed lemur has identified differences in the chemical composition
of genital and brachial scent-gland secretions, suggesting that different
messages may be conveyed by each of these glands (Greene et al.,
2016a; Scordato, Dubay and Drea, 2007). | will compare the chemical
composition of the different glands of individuals of two wild sympatric

tamarin species.

Q8. Are there differences in chemical composition between scent-
gland samples from captive and wild emperor tamarins?

Chemosignals used in animal olfactory communication can either be

by-products of essential biochemical pathways, derived from the
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environment, or produced by commensal bacteria (Archie and Theis, 2011;
Ezenwa and Williams, 2014). In a captive environment, variations in diet,
elements of the enclosure, and husbandry procedures, may influence the
commensal bacteria communities of the animals, thus resulting in a range
of different compounds being produced. For instance, diet has been shown
to have an effect on the production of cuticular hydrocarbons by fruit flies,
Drosophila melanogaster (Fedina et al., 2012); on the sex pheromones
released by male cockroaches, Nauphoeta cinerea (South et al., 2011);
and on the chemical composition of genital secretions of various
strepsirrhine species (Drea et al., 2013); although Baeckens et al. (2017)
did not find differences in the chemical composition of femoral gland
secretions from lacertid lizards (Lacertidae) subjected to different diets.
Another study revealed that captivity altered the diversity of skin lipids
produced by red-sided garter snakes, Thamnophis sirtalis parietalis (Rudie,
2015). Wild tamarins, which have access to a greater variety of food items,
and potentially interact with a greater diversity of organisms (i.e. con- and
hetero-specifics, predators, prey, parasites and other microorganisms),
may produce i. different, and ii. potentially more complex chemical signals,
than their captive counterparts. | will compare the chemical composition of

samples from wild and captive emperor tamarins.

Q9. Is there a relationship between scent-marking behaviour and
semiochemistry in captive callitrichids?

Scent-marking frequency can be assessed from behavioural
observations. If differences are found at the levels of species, group, sex,
reproductive status, the individual, or between scent-glands for the
callitrichid groups considered in this study (see Q1), it will be interesting to
examine whether the categories of individuals that scent-mark the most
also present a more complex, or dissimilar, scent-gland secretion and
scent-mark chemical composition (see Q6). | will relate chemical and

behavioural information on captive callitrichid olfactory communication.
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1.4.2.3. Questions relating to technical development for the chemical
analysis of callitrichid scents

Q10. What is the pattern of degradation of tamarin scent samples kept
at room temperature and subject to repetitive extractions?
Researchers in the field of mammalian semiochemistry usually
recommend that scent samples are transported and stored frozen, as they
may degrade and change over time, due to the loss of the most volatile
compounds, and bacterial activity inside the sample containers (Apps,
Weldon and Kramer, 2015; Drea et al., 2013; MacDonald et al., 2008).
However, the exact pattern of degradation or change is not yet known for
this type of samples. | will investigate this general statement by
experimentally testing the decay pattern of tamarin scent-gland secretion

samples, subject to repetitive extractions and storage at room temperature.

Q11. How successful was the analytical technique SPMEi GC-MS at
showing patterns in callitrichid scents; and how could it be
improved?

The choice of SPMET GC-MS (Table 1.1) for the analysis of
callitrichid scent samples was motivated by i. a careful review of existing
work using this technique (e.g. Curran et al., 2007; Goodwin et al., 2006;
Probert, Jones and Ratcliffe, 2004; Tait et al., 2014; Zagrobelny et al.,
2015; see section 1.2.2); and ii. an important process of method
optimization on the available instrumentation at ARU throughout the first
year of this project. The chromatography results obtained using this
technique have both their advantages and limitations, which | will assess

and discuss.

Q12. How successful was the use of the Torione T-9 GC-MS for the
analysis of wild tamarin scent-gland secretions; and how could it be
improved?

As outlined by Drea et al. (2013), one of the principal difficulties of
semiochemical analyses in wild conditions is the prior storage and
transportation of samples in cold conditions, to avoid sample degradation
(see Q10). The Torione T-9 (PerkinElmer, 2016), a portable GC-MS
developed for environmental analyses of air and water in war zones, offers
a solution to this problem by allowing in situ chemical analyses of freshly

collected samples. The Torione, associated with SPME, was employed to
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analyse the chemical composition of scent-gland secretions from wild

tamarins. | will assess and discuss the chromatography results obtained

using this technique, in comparison with laboratory analyses of similar

samples using a conventional bench-top GC-MS.

Table 1.3. Summary of the three axes of research developed in the present
doctoral project, their associated research questions, and corresponding

thesis chapters.

Research axis

Q#

Research question

Thesis
chapter

1.

Captive
callitrichid
scent-marking
behaviour

Q1.

Q2.

Q3.

Q4.

Are there differences in scent-marking
frequency at species, group, sex,
reproductive status, and individual
levels?

What is the social context of scent-
marking behaviour?

How much variation is found in scent-
marking deposition?

What are the temporal and spatial
patterns of scent-marking behaviour?

Chap.

Chap.

Chap.

Chap.

2

2.

Captive and wild
callitrichid
semiochemistry

Q5.

Q6.

Q7.

Qs.

Qo.

Does scent-mark chemical
composition differ between scent-gland
secretions, scent-marks, and urine, in
captivity?

Do callitrichid scents contain chemical
signatures at the levels of species,
group, sex, reproductive status, and/or
the individual?

Are there differences in chemical
composition between different scent-
glands in wild tamarins?

Are there differences in chemical
composition between scent-gland
samples from captive and wild
emperor tamarins?

Is there a relationship between scent-
marking behaviour and
semiochemistry in captivity?

Chap.

Chap.

Chap.

Chap.

Chap.

4-5

3.
Semiochemistry
techniques

Q10.

Q11.

Q12.

What is the pattern of degradation of
scent samples?

How successful was the use of
SPMET GC-MS in the captive study?

How successful was the use of Torione
T-9 portable GC-MS in the wild study?

Chap.

Chap.

Chap.
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ChaptieScreimiar ki ng
behaviour ciam | csapt iche

Abstract

This chapter describes and compares scent-marking activity
recorded ad libitum in five captive groups of callitrichids. First, | observed
patterns of identity in scent-marking activity at the levels of species, group,
sex, reproductive status, and the individual. | found differences between
species and groups, possibly partially explained by differences between
captive environments, as well as group size and composition, at the various
study sites. Female tamarins scent-marked more than males, suggesting a
role of scent-marking in advertising female reproductive status, otherwise
concealed in callitrichids. Reproductive females tended to produce the most
scent-marks, indicating a possible role of chemosignalling in intrasexual
competition and reproductive suppression in these cooperative breeding
primates. Furthermore, the influence of the identity of conspecifics present
at the time of scent-marking reflected potentially distinct strategies adopted
by individuals when exchanging chemical signals. Second, | found
differences in scent-marking type and duration, and scent-gland use,
between groups. Tamarins mainly marked using their anogenital scent-
gland; marmosets using their suprapubic gland. Both callitrichid taxa
sometimes combined urine with their scent-marks, and marmosets often
deposited rapid scent-marks after tree-gouging, thus potentially modifying
the chemosignals conveyed. Lastly, | observed a variation in the
spatiotemporal pattern of scent-marking behaviour. Time of day had little
influence on scent-marking activity, although scent-marking tended to be
less frequent in the morning. Horizontal and inclined substrates in indoor
enclosure areas were favoured for depositing scent-marks. These results
support the view of a main function of scent-marking behaviour in
callitrichids in advertisement of identity, as well as of reproductive and
dominance status. Moreover, the different scent-marking characteristics
recorded in this study emphasize the diversity and complexity of

chemosignals transmitted via scent-marking.
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1I.1. Introduction and hypotheses

11.1.1. Scent-marking behaviour in the Callitrichidae:
mechanisms and functions

Scent-marking is very common in callitrichids, reported both in
captivity (Epple, 1972; 1973; 1974a) and in the wild (Heymann, 2006a; b).
Callitrichids produce scent signals by depositing glandular secretions on
selected branches in their environment, produced by specialized scent-
glands on the anogenital, suprapubic, and sternal area of their body.
Sometimes, the secretions are mixed with urine, faeces or genital
secretions, and produce a potentially distinct scent signal (Sutcliffe and
Poole, 1978; in Smith et al., 2001b). Scent-marks provide durable olfactory
cues that potentially remain long after departure of the signaller, as
opposed to immediate visual or acoustic signals (Alcock, 2013; Liebal et al.,
2014). However, scent signals may change as soon as they are deposited,
owing to the loss of volatile compounds and to bacterial activity (Archie and
Theis, 2011; Theis et al., 2013; see Chapter 3). Moreover, scent-marking is
a particularly noticeable behaviour in callitrichids, in which the animals
ostensibly crouch down and repeatedly rub their scent-gland area against
the substrate (usually a branch), often in the presence of conspecifics
(Lazaro-Perea, 2001; pers. obs.). This conspicuousness of scent-marking
behaviour may serve to attract the attention of one or several particular
receivers. It may also constitute a visual signal in itself, regardless of the
chemical composition of the secretions and/or urine deposited (Johnstone,
1996). Conspecifics may i nv-enarksibysaiffing, each ot her
muzzle-rubbing, licking, or over-marking scented spots (Smith et al., 1997).
Some aspects of scent-marking behaviour include the identity of the
signaller, scent-mark characteristics (e.g. scent-gland used, presence of
urine mixed with secretions, and duration of the marking), the choice of
substrate to mark, the number and identity of potential receivers, and the

investigatory response elicited.

Several functions have been attributed to animal scent-marking
behaviour, including: 1. advertisement of identity at the levels of species,
group, sex, age, and/or the individual, as well as of reproductive and
dominance status; 2. territorial advertisement and defence; and 3. spatial
orientation and signalling of food resource location (Muller-Schwarze, 2006;

Thiessen and Rice, 1976; Wyatt, 2014a). These functions also apply to the
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social and sexual lives of primates, as reviewed by Dominy, Ross and
Smith (2004), Heymann (2006a), and Snowdon et al. (2006). In the
Callitrichidae (i.e. the marmosets and tamarins), the first function of scent-
marking behaviour, i.e. advertisement of identity, reproductive and
dominance status, may serve a role in the regulation of social and
reproductive dominance in this cooperative breeding taxon, such as in
intrasexual competition and mate choice (Abbott et al., 1998; Savage,
Ziegler and Snowdon, 1988; Smith et al., 2001b). The second function, i.e.
territorial advertisement and defence, is the most commonly referred to in
mammalian studies (Albone and Shirley, 1984). However, there is currently
a debate about the role of scent-marking in territoriality in the Callitrichidae,
as patterns of scent-marking do not match home range boundaries in
sympaticGe of f r oy 0 s s ad dUeantocabuknigtifrans €ormentys ,
Saguinus fuscicollis, recently reassigned, Rylands et al., 2016), and
moustached tamarins, Saguinus mystax (Lledo-Ferrer, Pelaez and
Heymann, 2011, 2012; Roberts, 2012). Finally, the third function, i.e. spatial
orientation and signalling of food resource location, has been established in
wild groups of common marmosets, Callithrix jacchus (Lazaro-Perea,
Snowdon and Arruda, 1999; Thompson et al., 2018), and golden lion
tamarins, Leontopithecus rosalia (Miller, Laszlo and Dietz, 2003). However,
this function is nearly impossible to investigate in captive conditions, where

space and food resources are so constrained.

11.1.2. Aims and hypotheses

This chapter investigates variation in scent-marking activity in five
groups of captive callitrichids, of three different species, housed at three
different zoos. First, | compared the frequency of scent-marking behaviour
between the different species and groups studied, as well as at the levels of
sex, reproductive status, and the individual. Since the home ranges of
multiple callitrichid groups, and sometimes even of two or three sympatric
species, frequently overlap (Heymann, 2006a), we can predict differences
in scent-marking activity between species, and between groups, reflecting
different strategies of communication to ensure that signals are conveyed
to the correct receivers. Differences in scent-marking behaviour at the level
of species may also indicate a variable relative importance of

chemosignalling compared with other communication modalities (Higham
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and Hebets, 2013; Partan, 2013). Moreover, as scent-marking behaviour in
callitrichids has been shown to play a role in the advertisement of
reproductive and dominance status (Heymann, 2006a), differences in
scent-marking activity are expected at the level of sex, reproductive status,
and the individual, as introduced in Chapter 1, section 1.4.2. Notably,
dominant, reproductive females may scent-mark more as a means to
indicate their reproductive status to potential mates (Epple, 1972), and to
suppress ovulation in the subordinate females of the group, as scent-
marking has been shown to play a role in the reproductive suppression of
subordinate females in this taxon (Beehner and Lu, 2013). | also inspected
t he & s oci &scentanarkirigactivityd defined as the influence of the
number and identity of conspecifics surrounding the signaller while scent-
marking, as well as the investigatory response elicited by scent-marks. We
can hypothesize that most scent-marking may happen in the presence of
conspecifics, where the conspicuous scent-mark deposition would easily
attract the attention of particular receivers, and that marking from a given

signaller may be directed to a particular conspecific (Kappeler, 1998).

Second, | investigated variation in scent-mark deposition, within and
across callitrichid groups. In particular, | compared the use of glandular
secretions only, with the use of a mixture of glandular secretions and urine.
| also explored differences in the use of scent-gland (i.e. anogenital,
suprapubic or sternal), and in the duration of scent-mark deposition. All
three characteristics may influence the range and concentration of chemical
components deposited when scent-marking, thus potentially conveying
different scent signals. The variation in callitrichid chemosignalling will be

further investigated at a chemical level in Chapters 3i 4.

Finally, | examined the temporal and spatial variation of scent-
marking activity. As is the case in other mammals such as canids and
felids, which tend to deposit urine marks on prominent rocks and trunks
(Apps, Weldon and Kramer, 2015; Soso and Koziel, 2017), we can expect
callitrichids to preferentially scent-mark on highly accessible substrates,
commonly visited by conspecifics, thus more easily detectable by potential
receivers. Callitrichids might also place their scent-marks in key locations
for the signalling of food resources or sleeping sites, and in association with
feeding or social activities at certain times of day. However this hypothesis

is difficult to test in captivity, where space is so constrained.
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11.2. Methods

11.2.1. Study sites and species

Scent-marking behaviour was studied in captive bearded emperor
tamarins, Saguinus imperator subgrisescens (referred to as Saguinus
imperator in the rest of this study; Deville, 1849; Rylands et al., 2016),
cotton-top tamarins, S. oedipus (Linnaeus 1758), and silvery marmosets,
Mico argentatus (formerly Callithrix argentata, Linnaeus 1758; Rylands,
1993). A group of six emperor tamarins and a group of eight silvery
marmosets housed at Twycross Zoo (TZ) were observed in April and
October 2017, respectively. A group of six cotton-top tamarins housed at
Paradise Wildlife Park (PWP) was studied in September 2017. Finally, a
group of four cotton-top tamarins and a pair of emperor tamarins housed at
Drayton Manor Park (DMP) were observed in January and February 2018,
respectively. The three study sites are all members of the British and Irish
Association of Zoos and Aquariums (BIAZA). This project received approval
from the Faculty of Science and Engineering Departmental Research
Ethics Panel committee at Anglia Ruskin University (DREP), BIAZA, and

each of the individual study sites.

Individuals in each callitrichid group were classified as reproductive
adults (i.e. fully sexually mature individuals), subordinate adults (i.e.
offspring of the reproductive pair, of over 18 months old, probably sexually
mature but not having reproduced), juveniles (i.e. offspring of the
reproductive pair, of less than a year old), and an infant (i.e. offspring of the

reproductive pair, not yet weaned; Table 11.1).
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Table II.1. Composition of the five callitrichid groups included in the study.
Photographs show adults of the three species.

Species common . Group Group Age (years
A Study site : .
& scientific name size composition + months)
Drayton Reproductive | 3Y 5M
Manor Park 2 .
Reproductive I 4Y 8M
Emperor tamarin,
Saguinus imperator Reproductive | 5Y 7M
Reproductive I 7Y 11M
Subordinate | 1Y 9M
Twycross 6
200 Subordinate |l 1Y 9M
Juvenile | 0Y 6M
Juvenile Il 0Y 6M
Reproductive | 4Y 8M
Drayton Reproductive I 4Y 3M
Manor Park & .
Juvenile | oY 10M
Cotton-top tamarin,
Saguinus oedipus Juvenile |l oY 10M
Reproductive | 11Y 4M
Reproductive I 10Y 7M
. Subordinate | 2Y 7™M
Paradise 6
Wildife Park Subordinate I 1Y 11M
Juvenile | 0Y 5M
Juvenile |l 0Y 5M
Reproductive | 7Y ™
Reproductive I 11Y OM
Silvery marmoset
. ' Older
Mico argentatus Ty 2Y 11M
Subordinate | 2Y 2M
Twycross 8
Z0o Subordinate Il 2Y 2M
Juvenile | oY 8M
Juvenile |l oY 8M
Infant (sex unk.) oY 2M
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11.2.2. Recording of scent-marking behaviour and
individual proximity measures

[1.2.2.1. Scent-marking behaviour

Each callitrichid group was observed for 50 hours over a ten day
period, except for the group of silvery marmosets at TZ, which was
observed for 45 hours over nine days. One animal was removed from the
silvery marmoset group by the veterinarian team on the tenth day of
observation, which had an impact on the general behaviour of the group in
the following days (pers. obs.), leading to the decision to discard data
collected after this event. A single observer collected all observational data,
thus limiting the variability of the recordings (Martin and Bateson, 2007).
Prior to data collection, at least one day of observation was spent
habituating the primates to the observerods c
observer to learn to visually differentiate individuals within a group. Daily
observation time was five hours, divided into five one-hour bouts at random
intervals between 09:00 and 16:40. Scent-marking behaviour was clearly
noticeable to the human observer, and the location of each of the three
scentgl ands on the animal sdé body generally al/l
between anogenital marking (also called circumgenital marking, e.g. Smith
et al., 2001b; Fig. 1l.1a), suprapubic marking (Fig. Il.1b), and sternal
marking (Fig. 1l.1c).

Scent-marking events were recorded ad libitum for all individuals
during each bout of observation. Two occurrences of scent-marking at short
time interval were considered as separate events, unless the second
occurrence happened within 2 min and on the exact same spot of the first
event, in which case it was classified as an overmark in response to the
first scent-mark event. The following information was recorded for each
scent-marking event: day, time of day, identity of the marker (i.e. species,
study site, group, sex, reproductive status, and individual ID), scent-
marking type, scent-gland used, duration of the marking, enclosure area
and substrate used, presence of conspecifics and identity of the nearest
neighbour when present in the same enclosure section at the time of the
scent-marking event, and investigatory response to the mark. These

categories are described below, and further summarized in Table 11.2.
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Figure II.1. Photographs of scent-marking behaviour in tamarins: a. adult
female emperor tamarin, Saguinus imperator, anogenital scent-marking
(right), while being observed by a subordinate male (left); b. adult male
Weddel | 6s s addLeentoeebus weddeli auprapnbjc scent-
marking (photo credit: Field Projects International); and c. adult male
emperor tamarin sternal scent-marking.
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For statistical purposes, the recorded scent-marking time was
further categorized into a Mhimg@eor Oti me of
09:0071 11:30), midday (i.e. 11:317 14:00), and afternoon (i.e. 14:017 16:40).
Scent-marking types were defined as either glandular secretions only (i.e.
secretions) or secretions mixed with urine (i.e. urine+secretions), where
scent-marking was performed just after urination. In addition, silvery
marmosets at TZ often performed scent-marking in association with tree-
gouging, a natural foraging behaviour in this exudate-feeding species
(Rosenberger, 1978; Rylands, 1984, 1985, 1993). For this species, when
scent-marking was performed just after gouging and on the very same spot,
it was noted as such (i.e. gouging+secretions). Scent-marking duration was
recorded as a categorical factor, comprising short (i.e. 1i 2 sec), medium
(31 6 sec), and long (>6 sec) depositions. The number of enclosure sections
and substrate types available varied between zoos, and between
enclosures. Therefore, for the purpose of this study the factor enclosure
area only included indoor and outdoor areas, and the factor substrate
comprised harizontal, inclined, and vertical substrates. The animals were
free to access all areas of their enclosure at all times during data collection.
Presence of conspecifics was defined as the number of individuals present
in the same enclosure section at the time of scent-marking deposition, and
therefore potentially having the signalling individual in sight. Importantly
here, unlike the factor enclosure area, enclosure section corresponded to
the different spaces of both indoor and outdoor areas, divided by walls,
wooden panels, or mesh covered with branches, platforms and/or
vegetation, preventing visual contact between the signalling animal and its
potential receivers. The categories used were one neighbour, >1
neighbour, and none (i.e. no conspecific present in the same enclosure
section). Finally, investigatory response by conspecifics, which
corresponded to either sniffing, muzzle-rubbing, or overmarking a
deposited scent-mark, was recorded as yes (i.e. occurrence of response) or
no (i.e. absence of response). Owing to the limited space available to the
animals in captivity, investigatory responses were only recorded if they
occurred within 2 min of the scent-marking event, and if the receiver 6 s head
approached within 2 cm of the scent-marked spot, in order to avoid

recording behaviours having happened only by chance.
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Table I1.2. Summary of the information recorded for each scent-marking
event included in this study.

Information type

Factor recorded

Categories included

Day 16Day 10 (only 9 days for

Day .
silvery marmoset group)
Temporal . .
information Morning (09:00-11:30); midday
Time of day (11:30-14:00); afternoon (14:00-
16:40)
. Silvery marmoset; emperor tamarin;
Species .
cotton-top tamarin
Study site DMP; PWP; TZ
Silvery marmosets at TZ; emperor
Grou tamarins at DMP; emperor tamarins
Identity of the P at TZ; cotton-top tamarins at DMP;
signaller cotton-top tamarins at PWP
Sex Male; female

Reproductive status

Individual

Reproductive; non-reproductive

See Table I1I.1

Social context

Presence of
conspecifics

Identity of the
nearest neighbour

Investigatory
response

One neighbour; >1 neighbours;
none

See Table Il.1

Yes; no

Characteristics
of scent-marking
event

Scent-marking type

Scent-gland used

Scent-marking
duration

Secretions; urine+secretions;
gouging+secretions (only M.
argentatus)

Anogenital; suprapubic; sternal

Short; medium; long

Location of
scent-marking
event

Enclosure area

Substrate

Indoor; outdoor

Horizontal; inclined; vertical

[1.2.2.2. General use of space and proximity to conspecifics

In addition to the ad libitum scent-marking behaviour data, the

enclosure area used and the identity of the nearest neighbour were

recorded for all individuals using group scan sampling every 2 min

(Altmann, 1974). This enabled the proportion of time spent in each

enclosure area, and in closest presence of each conspecific, to be

examined for each individual in the five groups studied.
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11.2.3. Statistical analyses

All statistical analyses were performed in R v.3.5.1 operated in
RStudio (R Core Team, 2018). Scent-marking frequency was calculated as
the number of scent-marking events per sample category (e.g. species,
sex, etc.) per one-hour observation bout. First, differences in hourly scent-
marking frequency were assessed using non-parametric Kruskal-Wallis
rank sum tests of difference (function kruskal.test() in R base package
6statsodo), bet ween species, study sites,

Bonferroni adjustment (i.e. pairwise tests for multiple comparisons of mean

and

rank sums; function posthockru s kal . dunn. test () in R package

Pohlert, 2014) were used as post-hoc tests to investigate pairwise
differences within the same factors. Only the first nine days of observation
were included, to account for the fact that the group of silvery marmosets at

TZ was observed for nine days instead of ten.

In order to account for differences between callitrichid groups,
Kruskal-Wa |l | i s rank sum t éactestswem thenbsechnds post
for each group independently, to perform pairwise comparisons between
categories of sex, reproductive status, individual, scent-mark type, scent-
gland used, marking duration, presence of conspecifics, investigative
response, time of day, enclosure area used, and substrate used. For these
group-level comparisons, all 10 days of observations were included in the
four tamarin groups studied. Additionally, the choice of enclosure area
during scent-marking was related to the general use of space by performing
Pearsonb6s 6| t ennuity comectior(chigcatdastf) ;1 dasecR
package O6statsd). This test compared the
marking frequency per callitrichid group in indoor and outdoor enclosure
areas, with the expected values given the general use of space. These
expected values were calculated as: YO Qc%}} 6 Q B"YD ¢ ¢fB6,
where "Y1 ‘Q aXdjis the expected daily number of scent-marking events in
enclosure area Q6 "Qis the number of daily behavioural scans recorded in
enclosure area "‘Qand B"Y( & and B 6 are the total daily number of

observed scent-marking events, and of behavioural scans, respectively.

To further investigate the social context of scent-marking behaviour,
i.e. the influence of the identity of the nearest neighbour at the time of
scent-marking, individual marking frequency for each potential pair of

signalleri neighbour was compared in all five callitrichid groups. For
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consistency, when individuals were alone in their enclosure section (i.e. out

of sight from conspecifics) at the time of scent-marking, they were allocated
the neighbour | abel O6Noned. -Wallgrank, f or each
sum test assessed the general influence of
nei ghbour & o-marking fieguency, ®lloveed iy Dunnd s  fhacs t
tests in order to investigate pairwise differences between potential

neighbours. Individual signallers usually spent more time in proximity to

certain conspecifics than others, which was likely to affect the scent-

marking rate recorded for each pair of signalleri neighbour. Therefore,

values of individual scent-marking frequencies per nearest neighbour were
then weighted by dividing them by the proportion of time spent in closest
proximity to each potential nearest neighbour during observations. This was
measured as the hourly proportion of 2 min scans recorded when closest to
each potential nearest neighbour. Second, a social network analysis

approach (Croft, James and Krause, 2007) was applied to describe the
observed variation in individual scent-marking activity across all potential
nearest neighbours. Social network analysis in the study of animal

behaviour was first introduced by Altmann (1968), who described the flow

of social signals among members of a free-ranging population of rhesus
macaques, Macaca mulatta, using sociograms, i.e. diagrams representing

the relationships between each pair of individuals in a social group. More
recently, sociograms have been used for example to assess intragroup
affiliative behaviour between mother ring-tailed lemurs, Lemur catta, and

their offspring (Nakamichi and Koyama, 2000); as well as to describe
grooming behaviour in female hamadryas baboons, Papio hamadryas
(Swedell, 2002; review by Krause, Croft and James, 2007). Here,

sociograms were built using weight matrices of hourly scent-marking
frequencies of all individual signallers given the identity of their nearest
neighbour, weighted for the proportion of time each pair spent in proximity,

for each callitrichid group studied (function qgraph() in R package 6 qgr ap h 6 ;
Epskamp et al., 2012).
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11.3. Results

11.3.1. Total scent-marking events recorded

A total of 847 individual scent-marking events were recorded across
the 25 animals observed belonging to the five callitrichid groups studied.
The number of scent-marking events recorded daily ranged from 4i 50 per
group (median 16.5 £SD 8.94), and from 01 42 per individual (2 £5.46),
although there was no statistical difference in overall scent-marking activity
between days of observation (Kruskal-Wallis rank sum test: ¢ § 12.032, df=
9, P=0.212). This allowed all daily recordings, i.e. nine days for the silvery
marmoset group, and ten days for the four tamarin groups, to be pooled

into a single dataset.

11.3.2. Identity of the signaller: differences at the levels
of species, group, sex, reproductive status, and the
individual

Scent-marking frequency differed significantly between species
(Kruskal-Wallis rank sum test: ¢ ¥ 13.060, df= 2, P=0.001), with silvery
marmosets marking 3 +3.18 times per hour (median £SD), emperor
tamarins 2.5 £1.41 times per hour, and cotton-top tamarins 4 £2.67 times
per hour. Cotton-top tamarins scent-marked significantly more than both
other species (Fig. Il.2a; Table 11.3). Scent-marking frequency also differed
between study sites (¢ ¥ 37.748, df= 2, P< 0.001), with animals at DMP
scent-marking significantly more frequently (3.5 £2.44 marks per hour) than
those at TZ (2.5 £1.75 marks per hour) and PWP (3 £2.25 marks per hour;
Table I1.3). Given the significant differences observed between species as
well as study sites, it appeared important to consider each callitrichid group
individually for the rest of the analyses. When considering each callitrichid
group individually, there was an overall variation in scent-marking
frequency across groups (6 ¥ 20.359, df= 4, P< 0.001). In particular, the
cotton-top tamarin group housed at DMP scent-marked the most frequently
(4 £4.35 marks per hour), which was significantly more frequent than the
emperor tamarin groups at DMP (2 +1.97 marks per hour) and TZ (3 +1.96
marks per hour), and the silvery marmoset group at TZ (3 £3.18 marks per
hour; Fig. I1.2b; Table I1.3). The difference with the cotton-top tamarin
group at PWP (3 £2.29 marks per hour) was not significant (Table 11.3).
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Figure 1.2. T u k e y 6and-vihiskers plots showing variation in scent-

marking frequency between a. the three callitrichid species; and b. the five

groups studied. Boxes indicate the median and interquartile range (IQR);

whiskersgi ve t he smal |l est-1.5QR, anellaQestvalueer hi nge
O upper hi n g=esample siZe *Abtaisks indicate statistically
significant diff er en cfersategoniespfai2(ow?rOse Dunnos
0.05,6 6 PO0.01,6 6 6 PO0.001; Table I1.3).
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Table I1.3. Results of Kruskal-Wa | | i s rank sum t est s o fhocdest$ dn paireise comparisans,®n sPemtrmarkireg p o st
frequency (i.e. number of scent-marking events per one-hour observation bout), between species, study sites, and callitrichid groups.
G ¥ G jstatistic; df= degrees of freedom; Z= Z-statistic; and P= p-value, significant at PO0.05 (in bold).

Category Kruskal-Wallis rank sum

tested tests Pairwise comparisons

Du nn 6 s-hqgroests

Silvery marmosets i Emperor tamarins

Z=0.020, P= 1.000

Emperor tamarins at DMP i Cotton-top tamarins at DMP
Emperor tamarins at DMP i Cotton-top tamarins at PWP
Emperor tamarins at TZ i Cotton-top tamarins at DMP
Emperor tamarins at TZ i Cotton-top tamarins at PWP

Cotton-top tamarins at DMP i Cotton-top tamarins at PWP

Species = 1 Jf=0,#HQ.001 Silvery marmosets i Cotton-top tamarins Z=3.119, P=0.005
Emperor tamarins i Cotton-top tamarins Z= 3.140, P= 0.005
DMP i PWP Z=1.881, P=0.180

Study site = 3 Wi=2,#80.001 DMPIiT TZ Z=2.829, P=0.014
PWP1 TZ Z=0.948, P=1.000
Silvery marmosets at TZ 1 Emperor tamarins at DMP Z=0.491, P= 1.000
Silvery marmosets at TZ 1 Emperor tamarins at TZ Z=0.202, P=1.000
Silvery marmosets at TZ i Cotton-top tamarins at DMP Z=3.541, P=0.004
Silvery marmosets at TZ 1 Cotton-top tamarins at PWP Z=0.893, P=1.000
Emperor tamarins at DMP i Emperor tamarins at TZ Z=0.692, P= 1.000

Group 2 (i= 3,%9(0.001

Z=4.031, P=0.001
Z=1.383, P=1.000
Z=3.339, P=0.008
Z=0.691, P= 1.000
Z=2.648, P=0.081
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There was an overall variation in scent-marking frequency at the
level of sex (Kruskal-Wallis rank sum test: ¢ ¥ 73.769, df= 1, P< 0.001) and
reproductive status (G ¥ 40.321, df=1, P< 0.001; Table II.4). However,
when considering each callitrichid group individually, the differences
observed were variable. Females scent-marked more than males,
significant for both emperor tamarin groups and both cotton-top tamarin
groups; however, this was not observed in the silvery marmoset group at
TZ (Fig. 11.3a; Table I1.4). Non-reproductive individuals (i.e. juveniles and
subordinates) scent-marked significantly more than the reproductive pair in
the silvery marmoset group at TZ and the cotton-top tamarin group at PWP,
whereas the reproductive pair of cotton-top tamarins at DMP scent-marked

more often than the non-reproductive individuals (Fig. I1.3b; Table I11.4).
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Table Il.4. Results of Kruskal-Wa | | i s rank sum t est s o fhocdest$ dn paireise comparisans,dn sbemtrmarkirsg p o s t
frequency (i.e. number of scent-marking events per one-hour observation bout), for each category tested: time of day, sex, reproductive status,
individual, scent-marking type, scent-gland used, scent-marking duration, enclosure area, substrate chosen, presence of conspecifics, and
investigative response. All tests are run on the full dataset (i.e. all callitrichid groups) as well as for each callitrichid group studied, for categories of
sample size n> 2. 6 F G Jstatistic; df= degrees of freedom; Z= Z-statistic; and P= p-value, significant at PO0.05 (in bold).

Du n n & s-hqgroests

'?eztti%ory :;LUKSIS(S;V\’E/SISE Pairwise comparisons All groups S&illtv_(l_%;y EaTB(:;gr Er;]tp-?éor C‘iggn- C(?[gtgn-
atDMP___ at PWP
o it e caserom | T35 o hm Rom am
thZ?LZdUCtive N f{; 306%2(31i Reproductive i Non-repro. Z= 6.350, P< 0.001 lzji%_‘(‘)iz’ - lzaz%_?;i% ﬁ%,%ﬁ’ z= %%;25,
Repro. | i Repro. | z=7.896,P<0001 | £-28%, 225507, 723316 =649, Z=2673,
Repro. | i Older subord. | NA ,Z;: (i'.%‘(%
Repro. | i Subord. | 7=8.372,P<0001 | 4. %ii% z= %32?553 z= 30,%42
Individual NA (unbalanced Repro. | T Subord.| = 1290, [P DL ii%iaé IZDE%%SZ?:‘ IZDZ%%%?
(1/2) 90UPS) | Repro. 1 i Juvenile | /i 2=14.634,P<0.001 | 5_9°0% Z=8.212, | Z=8.785,
Repro. | i Juvenile I z=14.467, P<0.001 | 5.3 ZosiEy, Zoin Zelane
Repro. II i Older subord.! NA IZD::?E)E())%%
Repro. Il i Subord.| Z= 0.476, P= 1.000 ﬁol-_%%% - 6.347,
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Table 11.4. Continued (1/3).

Chapter Il i Scent-marking behaviour in captive callitrichids

Dunn 8 s-hgroests

Category Kruskal-Wallis Pairwise comparisons . Cotton-
tested rank sum tests p All groups Silvery Emperor  Emperor top
at TZ at DMP at TZ
at DMP
. _ Z=0.593,
Repro. I i Subord. | Z=4.706, P< 0.001 P=1.000
. . _ Z=3.489, Z=1.936,
Repro. II T Juvenile | /I Z=6.739,P<0.001 | 5_ 0.010 P=0575 P=0317
. . _ Z=2.254, Z=2.334, Z=2.720,
Repro. II 7 Juvenile Il Z=6.572, P<0.001 P= 0508 P=0.039
. Z= 3.340,
Older subord.l 7 Subord.l NA P=0.018
. Z=2.946,
Older subord.l i Subord.ll NA P=0.068
Older subord.l 71 NA Z=0.049,
Juvenile | /Il P=1.000
Individual NA (unbalanced . : Z=1.284,
212) groups) Older subord.l 1 Juvenile I NA P=1.000
. _ Z=0.395,
Subord.l T Subord.ll Z=4.230, P< 0.001 P=1.000
. . _ Z=3.291,
Subord.l T Juvenile | /Il Z=6.262, P< 0.001 P=0.021
. . _ Z=0.836,
Subord.l T Juvenile ll Z=6.095, P< 0.001 P=0.056
. . _ _ Z=2.896,
Subord. II T Juvenile | /I Z=2.032, P=0.884 P= 0079
. . _ _ Z=1.661,
Subord. II 7 Juvenile |l Z=1.865, P=1.000 P=1.000
. . . _ _ Z=1.235, . Z=0.784,
Juvenile | /Il T Juvenile |l Z=0.167, P=1.000 P=1.000 P=1.000 P=1.000

Z=1.262,
P=1.000

Z=2.007,
P=0.672

Z=17.609,
P<0.001

Z=8.354,
P<0.001

Z=0.745,
P=1.000

Cotton-
top
at PWP

n too
small

n too
small

n too
small

n too
small
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Table 11.4. Continued (2/3).

Chapter Il i Scent-marking behaviour in captive callitrichids

Dunn 8 s-hgroests

Category Kruskal-Wallis - . ; Cotton- Cotton-
tested rank sum tests Pairwise comparisons Silvery Emperor Emperor
Al Erenes atTZ  atDMP  atTZ top top
at DMP at PWP
Silvery only: ¢ ¥ | Gouge+secretions i 7= 2344
5.494, df= 1, P= | Secretions or NA P_- 0 019’
0.019 | Urine+secretions -
) Gouge+tsecretions i Z=4.048,
fq(;errll}n tvpe . Secretions NA P<0.001
gtyp Tamarins only: o _
Gouge+tsecretions i Z=6.061,
G ¥ 141.920, Urine+secretions NA P< 0.001
d=1, P<0.001 Uri tions i Z=2 613 Z=4.344, 7=4.109, Z=7.667, Z=7.077
rine+secretions i _ =2.013, =4.344, =4.109, =7.667, =7.077,
Secretions z=11.763,P<0.001 | 55137  p<0.001 P<0001 P<0.001 P<0.001
o . _ Z=4.722, Z=7.058, Z=6.654, Z=8.440, Z=5.520,
Anogenital i Suprapubic Z=10.645, P< 0.001 P<000l P<000l P<0.00l P<O0.001l P< 0.001
G ¥ 295.660, N _ Z=2.341, n too Z=8.443, n too Z=8.393,
Scent-gland df= 2, P< 0.001 Anogenital i Sternal Z=17.017, P< 0.001 P= 0058 P< 0.001 P< 0.001
. _ Z=7.063, Z=1.789, Z=2.873,
Suprapubic 7 Sternal Z=6.371, P< 0.001 P< 0.001 P=0.220 P=0.012
. . _ _ Z=6.594, Z=6.265, Z=3.153, Z=6.818, Z=5.755,
Scont Short i Medium 2=0.464,P=1.000 | 55001 P<0.001 P=0005 P<0.001 P<0.001
cent-
. G ¥ 59.844, L _ n too n too Z=0.722, Z=7.950, Z=3.752,
marking df=2, P< 0,001 | Medium T Long Z= 6455, P< 0.001 P=1000 P<0001 P=0.001
. _ n too n too Z=2.431, Z=1.132, Z=2.003,
Shorti Long Z=6.919, P<0.001 |t SR P=0.045 P=0.770  P=0.135
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Table 11.4. Continued (3/3).

Chapter Il i Scent-marking behaviour in captive callitrichids

_ Dunn 6 s-hqroests
;Ztttz%ory :;LUKSIS(SL;V\{ZISIE Pairwise comparisons Al Greuss S;Lv_le_:gy EaTB(:;gr Ergtp_trééor C(igtgn- Cc;:)tgn-
at DMP at PWP
Tmeotdey g SEONG | Maseyt atemoon  zosnperom |04 Z0XE Zizg ziem i
aErnecalosure df:Gl?:ggod%%% Indoor i Outdoor Z=16.752, P< 0.001 ‘ gr;c;(ﬁ
Horizontal i Inclined Z=10.826, P< 0.001 lZD==(iE(3)5OA(1) snngl)l lzji%%%gl lzjzzci%%% IZDZ?)%%)Sl
Substrate df:GZ?F?EOO%ZO?L’ Horizontal i Vertical Z=18.053, P< 0.001 izz)%éi %’Z%%Z)i
Inclined i Vertical Z=7.227, P< 0.001 grrtgl)l 2;:;‘; grrtgl)l IZDZZ)T)%Ai IZD==20012%
rosi oo | S50 EONE o Tows riie
R nnarced | one1 1 z=omnpeoons | 5320 [N TO0 0% LS
one1 51 2000 peocor | 2500 el
niestoave ST | est o 17721, peo001 | 225750 [ e |
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Chapter 11T Scent-marking behaviour in captive callitrichids

Figure Il.3. T u k e y &and-vihiskers plots showing variation in scent-

marking frequency between a. males and females; and b. reproductive and

non-reproductive individuals, for each callitrichid group. Boxes indicate the

median and interquartile range (IQR); whi skers give the small est
lower hinge -1.5*IQR,and | argest value Qn=uwsaqpler hinge +1
size. Asterisks indicate statistically significant differences in pairwise

Du n n 6 s fortcategdriess of n> 2 (6 PO0.05,6 6 PO0.01,606 6 PO

0.001; Table 11.4).

In particular, the reproductive females in both emperor tamarin
groups, and the cotton-top tamarin group at DMP, scent-marked more
frequently than any of the other individuals (Fig. 1.4; Table 11.4). However,
in cotton-top tamarins at PWP and silvery marmosets at TZ, the
subordinate female scent-marked the most. Juveniles generally marked
less than adults (Fig. I.4; Table 11.4).
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