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General introduction
Olfaction is widely used in many mammalian species to coordinate various aspects of life,
including social and reproductive behaviour but also foraging behaviour and predator
avoidance. Olfactory communication was largely studied in rodents as well as other mammals,
and olfactory sensitivity is assumed to play a major role in the life of nocturnal and solitary
animals, like many rodent species. However, knowledge about olfactory communication in
nocturnal primates is still much more limited than in rodents.
The nocturnal mouse lemurs (Microcebus spp.), which are endemic to Madagascar with
currently 24 described species, are the smallest-bodied primates in the world. In parts of western
Madagascar, some mouse lemur species are known to live in sympatry. However, as hybrids
are rarely seen and so far only described between M. murinus and M. griseorufus, a species
recognition system in mouse lemurs seems likely. As they live as solitary foragers in dense
forest habitats, they are thought to communicate mainly via auditory and olfactory cues.
Vocalisations, on the one hand, were studied intensively already and it was shown that mouse
lemurs discriminate between different conspecific and heterospecific calls, with the highest
reaction towards calls from conspecifics. Olfactory cues, on the other hand, were not studied in
the context of species discrimination so far.
Scent marking behaviour, like urine-washing or anogenital rubbing, can occur in different
contexts, for example near the sleeping sites before dispersal at dusk. As it was furthermore
observed that females advertise their oestrus via multimodal cues (auditory and olfactory) and
male plasma-testosterone levels increase when exposed to prooestrous and oestrous female
urine, olfaction is assumed to play a major role in the reproductive context.
Mouse lemurs are seasonal breeders with males searching extensively for females during their
reproductive period. To ensure a high reproductive success, a reliable species recognition
system, based on the ability to discriminate mouse lemur species and to identify the
reproductive state in females via scent, should be highly beneficial. The aim of this thesis is,
therefore, to deepen the knowledge of olfactory communication strategies of mouse lemurs in
the context of species discrimination and reproduction, with special emphasis on the receivers’
perspective.
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As a first step, in Chapter 1, I review the current understanding of the anatomy of the olfactory
system and how mammals and especially primates are known to communicate using olfactory
cues. Furthermore, I introduce the social organisation of the two model species,
Microcebus murinus and Microcebus lehilahytsara.
In order to test for species-specific as well as oestrus-specific urinary cues, I conducted two
different experiments. Chapter 2 of this thesis gives a general overview of the established
paradigms most commonly used for the study of olfactory perception in mammals.
Furthermore, I briefly introduce the methods used for this thesis.
In Chapter 3, I will focus on the general ability for olfactory species discrimination in the two
study species. In this study, captive mouse lemurs of both sexes were trained in an operant
conditioning task, to discriminate a conspecific urine scent from a heterospecific urine scent.
In Chapter 4, I concentrate on olfactory discrimination in the reproductive context. For this
study, captive mouse lemur males were tested within and outside the reproductive season in a
spontaneous discrimination task with conspecific and heterospecific urine samples from
females in oestrus or dioestrus.
In Chapter 5, I finish with an overall discussion of the findings and compare the paradigms used
in this thesis with other setups that were previously used in the Institute of Zoology to study
mouse lemur olfactory perception. Furthermore, I discuss the evidence of olfactory
discrimination in the two model species as well as the implications of the differences found
between the animals’ behaviour during the experiments. Finally, I will discuss a new possible
framework for the use of multimodal cues by mouse lemurs to communicate with conspecifics
and heterospecifics.
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Chapter 1 Literature review

1.1 The olfactory system
The olfactory sense is regarded as one of the oldest senses. The olfactory system is divided into
two parts: first, the main olfactory system (MOS) including the main olfactory epithelium
(MOE) and the main olfactory bulb (MOB), and second, the accessory olfactory system (AOS),
consisting of the vomeronasal organ (VNO) and the accessory olfactory bulb (AOB). For a long
time, both systems were assumed to each have a specific and distinct set of functions and
receptors, leading to a strong separation of both systems, with the MOE being responsible for
the detection of air-borne odour molecules and the VNO detecting non-volatile molecules like
pheromones (reviewed in SANCHEZ-ANDRADE and KENDRICK 2009).
Recent findings, however, have shown that both systems do not operate mutually exclusive, but
that the interaction of both systems is far more complex (reviewed in SANCHEZ-ANDRADE
and KENDRICK 2009; SWANEY and KEVERNE 2009), as it was proven that the MOE can
also process non-volatile peptides (SPEHR et al. 2006; HOHENBRINK et al. 2014) and both
systems respond to certain volatile odours (LEINDERS-ZUFALL et al. 2004; XU et al. 2005).
Therefore, it was concluded “that both systems can detect and process social chemosignals of
non-volatile and volatile nature (as well as pheromones and non-pheromone cues) and that the
MOE and the VNO detect in part overlapping sets of chemosignals” (SANCHEZ-ANDRADE
and KENDRICK 2009, p. 325). This section will give an overview on the anatomy of both parts
of the olfactory system.

1.1.1 The main olfactory system
The main olfactory epithelium (MOE) is located in the nasal cavity in the posterior recess,
allowing access to the volatile stimuli provided by the nasal airstream (reviewed in SANCHEZANDRADE and KENDRICK 2009). Odour molecules are detected at the cilial surface of
olfactory sensory neurons (OSN) in the olfactory epithelium (MORI et al. 2000). The receptors
of the MOE consist of G protein-coupled seven-transmembrane proteins and can be divided in
two gene families: the olfactory receptors (ORs), which in rodents are encoded by
approximately 1000 genes (BUCK and AXEL 1991), and the trace amine-associated receptors
(TAARs), with 17 full-length TAARs in the rat, 15 in mice and 6 in macaques (LINDEMANN
et al. 2005; LIBERLES and BUCK 2006; HASHIGUCHI and NISHIDA 2007; HOROWITZ
et al. 2014; LIBERLES 2015). The axons of the OSN send their input through the cribiform
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plate to the glomeruli with glutamatergic mitral and tufted cells in the main olfactory bulb
(MOB), which consists of thousands of signal-processing glomerular modules which are
spatially arranged in zones (reviewed in MORI et al. 2000; KELLER et al. 2010). The MOB
then passes projections on to the primary olfactory cortex (reviewed in SANCHEZ-ANDRADE
and KENDRICK 2009). This structure, also known as the paleo-cortex, is connected to the
neocortex, the limbic system and the hypothalamus, which are responsible for emotional and
cognitive responses (reviewed in SANCHEZ-ANDRADE and KENDRICK 2009).

1.1.2 The accessory olfactory system
Ludvig Jacobson was the first who described the vomeronasal organ (VNO, therefore also
known as the “Jacobson organ”) in 1813 (translated into English by Trotier and Døving 1998)
as a paired, blind-ended bony tubular structure positioned ventrolateral on each side of the
cartilaginous nasal septum in the nasal cavity (TROTIER and DØVING 1998). The organ is
crescent-shaped, lined with a sensory epithelium medial and a non-sensory epithelium lateral
and has a fluid-filled lumen (reviewed in IBARRA-SORIA et al. 2014). The sensory epithelium
is furthermore divided into an apical and a basal layer of vomeronasal sensory neurons in
Didelphimorpha, Lagomorpha and Rodentia (YOUNG and TRASK 2007). The receptors of the
vomeronasal sensory neurons have also been divided into two families: vomeronasal
type 1 receptors (V1R) and the vomeronasal type 2 receptors (V2R), which both encode
G protein-coupled seven-transmembrane proteins (reviewed in SWANEY and KEVERNE
2009). The microvillar receptor neurons (BANNISTER 1968) send their axons to mitral cells
in the accessory olfactory bulb (AOB) (KEVERNE 1999), with V1R-expressing apical neurons
projecting to the anterior part of the AOB and basal V2R-expressing receptors projecting
exclusively to the posterior part of the AOB (reviewed in SWANEY and KEVERNE 2009).
A narrow duct connects the VNO to the nasal cavity (nasal duct), buccal cavity, or both
(nasopalatine duct), depending on species (BERTMAR 1981; reviewed in SANCHEZANDRADE and KENDRICK 2009). Fluid is actively pumped into the VNO to transport stimuli
to the receptors by a vascular pump that constricts and dilates the organ walls (MEREDITH et
al. 1980; reviewed in IBARRA-SORIA et al. 2014). The flehmen behaviour, seen in ungulates
and some other mammalian species (for example felids (HART and LEEDY 1987; MCBRIDE
and MCBRIDE 2010) and some primates (EVANS 1980; CHARPENTIER et al. 2013)), is
characterised by a curling back of the top lip towards the nose and is assumed to increase the
exposure of the VNO to stimulating chemicals (reviewed in SWANEY and KEVERNE 2009).
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The VNO is highly organized in Squamata and many mammals such as Didelphimorpha,
Rodentia, and some primates (prosimians and new world monkeys) but seems to be
non-functional due to pseudogenisation in bats, old world monkeys, apes and humans
((SWANEY and KEVERNE 2009; HOHENBRINK et al. 2013; FRANCIA et al. 2014) but see
(CHARPENTIER et al. 2013)). Even though the VNO is described to be completely absent in
marine mammals, it was found in the semi-aquatic platypus in which even the largest V1R
receptor gene family was identified (reviewed in SWANEY and KEVERNE 2009). In general,
both vomeronasal receptor gene families vary enormously in size between species suggesting
that the number of functional vomeronasal receptor genes characterises the complexity of the
VNO (reviewed in SWANEY and KEVERNE 2009).

1.2 Olfactory communication
Olfactory communication is by definition “the expression of information that is chemically
encoded in scent signals (and/or visually represented by scent marks), perception of that
information by a receiver, and action or the functional response to this information, as revealed
by the receiver’s change in behavioural, emotional, or physiological state” (DREA 2015
p. 120). It is assumed to be the oldest and widespread form of communication (WYATT 2014a).
Olfactory cues can be single compounds, like pheromones, that induce a fixed response, or
complex mixtures of different compounds which provide information about the sender
(reviewed in AMO 2017).
A clear advantage of olfactory signals is their longevity in the environment, whereas vocal or
visual signals are ephemeral and only communicate an immediate message (reviewed in DREA
2015). As olfactory cues stay in the environment even when the sender has already moved on,
they are assumed to be ideal for the communication between animals, which are not forming
cohesive social groups, as can be seen in solitary, widely ranging species. Interaction partners
can either be found by using the left scent-marks as a trail or also can be avoided, if necessary.
Chemical cues are used by vertebrates in a variety of social contexts (see below in sections
1.2.1 and 1.2.2) with each individual signature mixture (WYATT 2014a) containing different
individual subsets of molecules. In vertebrates, the highly variable major histocompatibility
complex (MHC) of the immune system appears to influence individual odour signatures, as it
is used e.g., by mice, primates and humans in the context of mate choice (for details see the
next sections and the review of (WYATT 2014b)).
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The information about the owner carried by scent marks is in parts fixed (genomic) and in parts
variable (metabolic) (reviewed in THOM and HURST 2004). Chemical cues used in individual
or kin recognition and discrimination can either be learned during young age and being used
later on to distinguish familiar from unfamiliar cues, or animals compare odours of other
individuals to their own (reviewed in WYATT 2014b). It has furthermore been argued that
especially mice are highly adaptable and may use whatever molecules differ between
individuals to distinguish them (WYATT 2014b).
To study olfactory communication is not always straight forward, as the same olfactory cue can
elicit different responses based on the situation and the identity of the receiver. For example,
two components of mouse urine are known to elicit different reactions based on the receiver: in
females they induce oestrus (JEMIOLO et al. 1986) but elicit aggression in males (for further
details see below) (NOVOTNY et al. 1985; reviewed in AMO 2017).

1.2.1 Olfactory communication in mammals
Chemical communication is important for many mammals. Olfactory cues can be used to
communicate dominance status, territory ownership or reproductive state, to give information
about species, individuality or group membership, to find a suitable mate as well as for the
communication between mother and offspring.
Generally, the frequency of scent-marking was observed to increase with social status
(GOSLING and ROBERTS 2001), with socially dominant animals or territory holders marking
more frequently than subordinates (HURST 1990; JORDAN et al. 2013). Many gregarious species
also show allomarking (marking of each other), which is often performed by dominant
individuals (ARCHIE and THEIS 2011). In the European badger, squat members mark each
other using their anal and subcaudal glands, which provides a common odour identity to all
members (ROPER 2010; WYATT 2014a). In mice, dominant males have territories which they
mark extensively and defend against other males (HURST and BEYNON 2004). It is known
that scent marks of male mice provide useful information about their social dominance and that,
therefore, males are attracted to scent marks of other potential rivals (ARAKAWA et al. 2008;
AMO 2017). The urine of male mice contains, amongst others, an active pheromone which is
a blend of two isomers of farnesene (BRADBURY and VEHRENCAMP 2011) with higher
levels in the urine of dominant males. This pheromone, which originates from the preputial
gland, is known to stimulate aggression in other dominant males, suppress subordinate males,
and is highly attractive to females (BRADBURY and VEHRENCAMP 2011). Therefore, in
addition to signalling ownership of a territory, it can also be used for defence against
competitors but also to attract mates (reviewed in THOM and HURST 2004).
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Wyatt (2014a) reviewed three hypotheses why animals scent mark their territories: (1) the
“scent-fence hypothesis”, in which animals mark to deter potential intruders, (2) the “scentmatching hypothesis”, in which the intruder will recognise the territory holder (should they
meet) based on the previously encountered scent mark and then could avoid it, and (3) the
“border-maintenance hypothesis”, in which the marking animal establishes boundaries with its
major competitors (reviewed in WYATT 2014a). In contrast to the “scent-fence hypothesis“,
scent marks on territory borders are only rarely seen to repel intruders. However, in the
European mole, males indeed avoid scent marks of familiar and unfamiliar other moles, a
finding which supports the first hypothesis (WYATT 2014a). In mice, intruders and
subordinates where observed to search out scent marks (WYATT 2014a) and in a study with
semi-free ranging mice, intruders were likely to flee when encountering the dominant territory
holder (HURST 1993), a finding concordant to hypothesis number two. In the East African
oribi antelope, the dominant male as well as the subordinate males of his group mark mainly
those borders shared with other multi-male groups rather than those shared with only a single
male, supporting the third hypothesis of “border-maintenance” (WYATT 2014a).
Territory owners often ensure that their scent remains predominant by countermarking intruder
scent marks (reviewed in THOM and HURST 2004). Overmarking, in which the new mark is
placed directly on top of an earlier mark, is a special case of counter-marking (FERKIN and
PIERCE 2007). It was shown that hamsters and voles have a preferential memory for the top
scent and females use the location of a mark (top or bottom) to assess the quality of males
(JOHNSTON 2008). Females furthermore prefer the top-scent male, regardless of whether the
bottom-scent male had marked a greater area (JOHNSTON 2008; WYATT 2014a).
Another chemical component, which is left by male mice when marking their territories, is a
major urinary protein (MUP) called darcin (MUP20) (WYATT 2014b; DEMIR et al. 2020).
Volatiles evaporating from darcin in the scent mark attract females that learn to spend time near
the respective scent mark and, when encountering the territory holder, preferentially mate with
him (reviewed in WYATT 2014b). However, females only respond to MUPs when in oestrus
but not during dioestrus (DEY et al. 2015; AMO 2017), as MUPs are detected by the VNO and
increased levels of progesterone in dioestrus block the receptors of the MUPs (DEY et al. 2015).
In some mammals and especially in rodents, the type of the major histocompatibility complex
(MHC) also plays a huge role in individual recognition and mate choice (THOM and HURST
2004). The MHC is a highly polymorphic signaller of genetic relatedness and may facilitate
inbreeding avoidance (HURST 2009), as individuals that share the same MHC phenotype are
likely to be closely related (AMO 2017). Female mice prefer to nest with closely related females
of the same MHC type (THOM and HURST 2004) and, furthermore, prefer scent of mates with
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different MHC type over those of their parents (THOM and HURST 2004). In addition, the
settlement of females in male territories is not random with respect to their MHC compared to
that of the male territory holder, which is suggested as the mate choice of the territory holding
male (POTTS et al. 1992). Animals that choose a partner with a dissimilar MHC also increase
the MHC diversity of their offspring which is assumed to lead to broader recognition of antigens
(reviewed in PENN and POTTS 1999; DRURY 2010; AMO 2017).
The “Bruce effect” (BRUCE 1959; reviewed in AMO 2017), which is mediated via MHC
class-I peptides found in male urine, can cause abortion in an early pregnant female when being
exposed to the urine of a different male than the previous mate (BRUCE 1959). Male territory
holders that scent mark their territory can therefore block pregnancies induced by competitors
(AMO 2017). Furthermore, it was discussed that females can control the Bruce effect by
avoiding or seeking other males than their initial partner and therefore may use the Bruce effect
as postcopulatory mate choice (BECKER and HURST 2009; reviewed in AMO 2017). It is
still not known how exactly the MHC influences the odour profile, however, it was suggested
that odorants also change noticeably with an MHC mediated change in the bacterial flora
(reviewed in WYATT 2014b).
Male chemical signals were also observed to induce and synchronise oestrus in females, as seen
in the “Whitten effect” (WHITTEN 1966). Females exposed to males or their urine exhibited
shorter and more regular cycles than females kept in absence of these stimuli (WHITTEN 1966;
WHITTEN et al. 1968). Chemical cues were further found to hasten onset of puberty and
oestrus in pigs, sheep, goats and cows (AMO 2017). Boar scent during insemination is
moreover known to improve sperm transportation and ovulation in pigs (SOEDE 1993).
Scent marks, however, are not only left by males, but also by females, for example as olfactory
oestrus advertisement. Female hamsters leave trails of vaginal secretions (PETRULIS 2009)
and female dogs produce long-range attractant pheromones (WYATT 2014a). Males of
different species were observed to recognise the periovulatory period in females in urine (e.g.
in elephants (RASMUSSEN et al. 2003; RASMUSSEN et al. 2005; BAGLEY et al. 2006),
sheep (BLISSITT et al. 1990), pandas (SWAISGOOD et al. 2002) and koalas (CHARLTON
2014)), in faeces (e.g. in water buffalos (KARTHIKEYAN et al. 2013)) or in odour cues of the
pouch and cloacal opening of kangaroos (MILLER et al. 2010).
Species recognition is another important aspect in the context of olfactory mate assessment.
This is especially important for species that live in sympatry as well as in cryptic species.
Incipient speciation was found in two subspecies of the European house mouse
(Mus musculus domesticus and M. m. musculus) which meet in a hybrid zone across central
Europe (reviewed in WYATT 2014b). Female mice in this zone prefer partners of their own
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subspecies and this preference was shown to be partly based on androgen-binding proteins in
the saliva of male mice (WYATT 2014b).
Olfactory communication is not only important in the reproductive context for mate search and
mate assessment, but also during communication and recognition between mother and
offspring, as the behavioural synchronization between the dam and her offspring ensure the
reproductive success (reviewed in LÉVY and NOWAK 2017). The importance of olfactory
cues in mother-offspring communication differs among species according to maternal style and
maturity of the young at birth, with altricial/nidicolous species using far more olfactory cues
than precocial/nidifugous species that rely more on multisensory cues (LÉVY and NOWAK
2017).
Most female mammals are not responsive to neonates outside the context of parturition and
especially rodents are known to instead avoid them, because the majority is being repelled by
the placenta and/or amniotic fluids (AFs) in which the neonate is covered (LÉVY and NOWAK
2017). However, after lesioning their main and accessory olfactory system, virgin hamsters,
which often cannibalize pups, instead retrieve them (MARQUES and VALENSTEIN 1976;
MARQUES 1979). In contrast, pup odours are necessary for female mice to trigger maternal
behaviour (LÉVY and NOWAK 2017). If made anosmic, female mice tend to eat their offspring
(SEEGAL and DENENBERG 1974; DICKINSON and KEVERNE 1988) but do not do so if
only the VNO is removed, indicating that the MOE and not the VNO is crucial for odorant
perception in this context (LEPRI et al. 1985; reviewed in LÉVY and NOWAK 2017).
Furthermore, experienced mothers compensate the loss of olfactory cues via other sensory
information, as it was found that anosmic multiparous mice do not kill their offspring (SEEGAL
and DENENBERG 1974).
The establishment of maternal care in ungulates, like sheep, also significantly depends on
olfactory cues, especially on the main olfactory system (LÉVY and NOWAK 2017). Ewes are
known to use volatile olfactory cues contained in AFs to recognise their offspring and they react
with increased aggression towards their own lamb after it has been washed (LÉVY and
NOWAK 2017).
The accessory olfactory system is also necessary for the perception of dodecyl propionate, a
compound responsible for attraction to anogenital smears, originating from the pups’ preputial
glands (BROUETTE-LAHLOU et al. 1991a; reviewed in LÉVY and NOWAK 2017). Female
rats can distinguish the sex of their pups using dodecyl propionate which furthermore focuses
the licking of the mother towards the anogenital region, where the licking stimulates defecation
and urination (LÉVY and NOWAK 2017). Wild strains of rats and guinea pigs form a selective
bond only with their own offspring, whereas laboratory strains also show maternal care towards
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alien pups, e.g., by retrieving or nursing them (LÉVY and NOWAK 2017). Both, however,
prefer their own litter and rat mothers retrieve their own offspring first before taking care of the
alien pups (LÉVY and NOWAK 2017). Adult mice are known to discriminate between the
MHC in urine from pups of the same age and prefer to retrieve pups of their own MHC type
compared to otherwise identical pups with a different MHC type (YAMAZAKI et al. 1992;
YAMAZAKI et al. 2000). This preference in retrieval is not shown any more after olfactory
bulbectomy, indicating recognition of the own offspring via olfactory cues (BEACH and
JAYNES 1956a).
Offspring of altricial species mainly use olfaction to find the mammary zone (LÉVY and
NOWAK 2017). In kangaroos and wallabies, offspring are not fully developed at birth and need
to crawl from the vaginal opening to the pouch through the abdominal fur. Whereas the upward
crawl is assumed to be guided by gravity, the change of orientation to crawl inside the pouch is
guided by olfactory cues originating from the mothers’ pouch (CANNON et al. 1976;
SCHNEIDER et al. 2009). Rabbit kittens use mammary (SCHAAL et al. 2003) and nipple
search pheromones (HUDSON and DISTEL 1983, 1986), which are produced by the nipples
and the milk of the mother (LÉVY and NOWAK 2017). Rat pups are attracted towards olfactory
cues in the AF and saliva deposited by the mother as she licks herself during parturition
(TEICHER and BLASS 1976). Once the pups have successfully suckled, they will use their
own saliva as odour cue to find the nipple again and attach to it (LÉVY and NOWAK 2017).
These recognition abilities seem to be linked to the stage when the young are seeking their
mother more actively and also initiate suckling outside the nest, as has been shown for rats
(e.g. (LEON and MOLTZ 1971)), Mongolian gerbils (GERLING and YAHR 1982) and
Belding’s ground squirrels (e. g. HOLMES 1997; reviewed in LÉVY and NOWAK 2017).

1.2.2 Olfactory communication in primates
Primate species were observed to use olfactory cues in different contexts, and olfactory
communication is known to play a prominent role in the social and sexual lives of primates
(reviewed in DREA 2015). Primates are divided into two suborders: the Haplorhini, also known
as “dry-nosed” primates, with a well-developed visual sense but assumed loss of a functional
VNO and OR pseudogenization (HEYMANN 2006; FRANCIA et al. 2014; SMITH et al. 2014;
PARMA et al. 2017) and the Strepsirrhini, also known as “wet-nosed” primates, with a welldeveloped rhinarium, complex turbinates, a functional VNO and a large repertoire of functional
olfactory receptor genes (Lemur catta (SMITH et al. 2015), (reviewed in DREA 2015; KIRK
2018)). The size of the AOB differs between the suborders with being largest in Strepsirrhines,
small in Platyrrhines and absent in Catarrhines (MUNDY 2006). Considering all these
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anatomical features, Haplorhini (comprising tarsiers and anthropoids) have long been
categorised as “microsmatic” whereas Strepsirrhini (comprising lemurs, lorises and galagos)
have been categorised as “macrosmatic” (DREA 2015). However, these terms are now known
to be obsolete, as it was shown that also the MOS plays an important role in pheromonal
communication (DREA 2015) and that the number of functional OR genes is not predictive of
olfactory performance (reviewed in SHEPHERD 2004; DREA 2015; LASKA and SALAZAR
2015). This is also true for humans with ~370 functional ORs, who are just as good in
distinguishing odours as pigtail macaques (~700 functional ORs) and squirrel monkeys
(~1000 functional ORs) (LASKA et al. 2005).
Haplorhine primates, although long assumed to rely more on visual than olfactory cues, show
olfactory communication in many different aspects (DREA 2015). Even the flehmen response,
considered important for VNO contact (see chapter 1.1.2), was observed in both sexes of
mandrills after presentation of conspecific scent from males and females, leading to a rethinking of the use of olfaction in old-world primates (CHARPENTIER et al. 2013). Another
study observed mandrills, drills and olive baboons to sniff the mouth of conspecifics before
consuming the same food in the context of social foraging (LAIDRE 2009).
Unique to primates is the touching of odorant sources, followed by licking or sniffing of the
fingers and this is commonly observed in anthropoid males, that inspect vaginal secretions of
females (DREA 2015). In this context male responses are often some kind of sexual behaviour
like erection, masturbation or ejaculation, or a change in social behaviour, like increased
grooming (DREA 2015).
The onset of scent-marking often starts with the onset of puberty and often differs between
sexes and according to dominance or reproductive status (DREA 2015). Marking, therefore,
can be seen in the context of intraspecific competition, for example during aggressive
encounters between males or in hierarchical structures with marking frequencies being often
higher in dominant individuals (e.g. FEISTNER 1991; reviewed in DREA 2015).
Some of the best-known specialised glands used for intraspecific communication and
competition are those of the ring-tailed lemur, Lemur catta (DREA 2015). Male Lemur catta
possess brachial and antebrachial organs, located near their clavicles and inner wrists, and a
specialised scrotal gland, whereas females only possess labial glandular fields (reviewed in
(DREA 2015)). As the secretions of the different glands differ in their appearance and
consistency (MONTAGNA and YUN 1962; SCORDATO et al. 2007), a specialisation in
function was suggested (DREA and SCORDATO 2008). By using all or only parts of the
glands, the composition of the scent mark can be changed (reviewed in DREA 2015). Groups
of L. catta are known to defend their territories by face-to-face “stink fights”. In these
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encounters, males use the secretions of their wrist and shoulder glands to load their tails with
scent and then start to flick their tails towards their opponents (reviewed in WYATT 2014a).
Another special form of scent marking in primates is the urine washing. It can be observed in
many primate species (e.g. Microcebus, Cheirogaleus, Perodicticus, Nycticebus, Loris, Galago,
Pithecia, Cebus, Saimiri (reviewed in DREA 2015)) and is assumed to coordinate reproductive
activity, advertise territorial usage or owner identity ((DREA 2015) but see (CAMPOS and
FEDIGAN 2013)). In general, scent marking behaviour was often observed to increase in the
reproductive season and is moreover known to fluctuate across seasons, indicating a
reproductive endocrine control (DREA 2015). In some species, scent marking even increases
further on days of high receptivity, in one or both sexes (e.g. Chlorocebus, Microcebus, Lemur,
Galago, Daubentonia, Tarsius (DREA 2015)). Olfactory oestrus advertisement of solitary and
nocturnal females is assumed to provide an effective signalling mechanism (DREA 2015).
However, knowledge about the perception and discrimination of such olfactory oestrus
advertisement cues in nocturnal primates is rare ((KESSLER 2017) but for a study in thicktailed galagos see (CLARK 1982a)).
Males of cotton-top tamarins, pygmy marmosets and squirrel monkeys seem to rely on olfactory
cues to assess the reproductive state of females (ZIEGLER et al. 1993; CONVERSE et al. 1995;
reviewed in DREA 2015). Moreover, squirrel monkeys, spider monkeys and pigtail macaques
are able to detect androstenone and androstenol (Laska et al, 2005), which are presumed to play
a role in human and pig reproductive behaviour and therefore may also be involved in primate
olfactory communication in the reproductive context (Laska et al, 2005).
In the common marmoset, Callithrix jacchus, olfactory cues are known to induce reproductive
suppression (reviewed in WYATT 2014a; DREA 2015). In this species offspring can stay in
the group beyond reaching adulthood, but only the dominant female in the group breeds.
However, all animals of both sexes in the group help in infant care (YAMAMOTO et al. 2010).
The suppression of ovulation in subdominant females of the group is mediated via olfactory,
visual, and behavioural cues, but once the reproduction is successfully suppressed, odour alone
is needed for extension (WYATT 2014a; DREA 2015). A similar effect was found in tamarins,
where non-breeding females in their family group show only low or noncycling patterns of
estrogen excretion (FRENCH et al. 1984). Once removed from the natal group and paired with
an unfamiliar male, females show a rapid increase in urinary estrone and estradiol and moreover
increased rates of anogenital marking (FRENCH et al. 1984). Finally, the “Bruce effect” known
in rodents (BRUCE 1959) was also observed in geladas, with females aborting 80% of their
pregnancies after the takeover of another male (ROBERTS et al. 2012).
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Some research was conducted on the chemical profiles of odour samples to test for species, sex
or quality related components. In two strepsirrhine species (L. catta and Propithecus edwardsi),
the chemical components in odour samples reflect individual heterozygosity and were
suggested to signal genetic relatedness as well as quality of males (CHARPENTIER et al. 2008;
BOULET et al. 2010; MORELLI et al. 2013). However, genetic information in L. catta odour
samples only emerged during the reproductive season (CHARPENTIER et al. 2010) and oral
contraception of females dramatically altered the signal content (CRAWFORD et al. 2011).
Wedekind and colleagues (1995) tested if the MHC influences body odour and mate preferences
in humans, like described in rodents (see chapter 1.2.1). They reported that women scored
men’s body odour pleasantness in relation to their own MHC (WEDEKIND et al. 1995). The
more dissimilar the men’s MHC was from their own, the more pleasant was the rank given by
women to the odour and the more they were also reminded of the current or former partner.
Females taking oral contraceptives, however, did not score any of the odours more pleasant
than others (WEDEKIND et al. 1995; reviewed in AMO 2017). Evidence for MHC-associated
mate choice was also seen in various nonhuman primate species (reviewed in SETCHELL and
HUCHARD 2010). However, the countermarking frequency of males was also reported to have
an effect on female mate choice in Loris and Sifakas (FISHER et al. 2003a; NORSCIA et al.
2009).
Especially gregarious primate species rely furthermore on olfactory cues for individual
recognition as well as for discrimination of in-group odour from foreign odours. It was shown
that rhesus macaques and chimpanzees inspect odours of outgroup individuals longer than
odours of members of their own social group (HENKEL et al. 2015; HENKEL and SETCHELL
2018) and this discrimination was linked to the odour profile (SETCHELL et al. 2010; WEIß
et al. 2018; JÄNIG et al. 2019). A study investigating the subcaudal secretions of owl monkeys,
Aotus nancymaae, found short-fatty acids which are used by conspecifics for individual
discrimination by sex and age (MACDONALD et al. 2008).
Within strepsirrhine primates, L. catta and Eulemur fulvus are known to discriminate individual
conspecifics via scent (HARRINGTON 1976; PALAGI and DAPPORTO 2006, 2007).
Moreover, it was found that injury alters and dampens the chemical composition of genital
secretions of L. catta individuals (HARRIS et al. 2018). Males can discriminate injury status
based on scent alone and direct their competitive counter marking more towards odorants from
injured than uninjured males. Those condition dependent signals could therefore have an
important effect on socio-reproductive behaviours (HARRIS et al. 2018).
Relative to cathemeral and diurnal primate species, much less studies were conducted with
nocturnal strepsirrhines (KESSLER 2017), although strepsirrhines in general are assumed to be
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the “most scent-oriented group of the primate order” (NORSCIA and PALAGI 2016, p. 13).
However, a study on the olfactory discrimination of individuals in thick-tailed galagos showed
that both sexes of this species distinguish between conspecific individuals via composed scentmarks (glandular secretions and urine) and glandular secretions (CLARK 1982b).
Finally, volatile olfactory cues in urine have been found to differ between strepsirrhine species,
for which reason a species-specific scent signature was discussed (DELBARCO-TRILLO and
DREA 2014). In “urine-markers” (species that are known to mainly mark via urine), the urine
was more chemically complex and distinctive in comparison to “non-urine markers” (species
which mainly mark via glandular secretions) (DELBARCO-TRILLO et al. 2011; DELBARCOTRILLO and DREA 2014). In two species of galagos (Galago crassicaudatus and G. garnettii),
animals were observed to investigate conspecific composite scent marks (glandular secretions
and urine) longer than heterospecific marks (CLARK 1988). However, as galagos were
previously described to respond stronger towards glandular scent marks than urine samples
(CLARK 1982b) and furthermore possess specialised glandular fields on the chest (DIXSON
1976), it is likely that they rely more on odour cues provided by glandular secretions than by
urine.
In haplorrhine primates, two studies already described some evidence for species discrimination
ability in tufted capuchins (UENO 1994) and macaques, using only urine odour cues
(Macaca nemestrina and M. arctoides, (DEMARIA and ROEDER 1989)). The former study
trained animals via operant conditioning on conspecific urine odour and the animals were
thereby shown to discriminate between the urine odours of three new world monkey species,
including their own (UENO 1994). The latter study presented a conspecific and a heterospecific
urine sample as well as a control odour in randomised order over consecutive trials (DEMARIA
and ROEDER 1989). Individuals of both tested macaque species showed more interest towards
conspecific samples than heterospecific or neutral stimuli (DEMARIA and ROEDER 1989).
Both studies suggest the existence of species-specific urinary cues in primates, however,
besides the study with galagos described above, no studies were so far conducted with nocturnal
strepsirrhine primates in this area of research.
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1.3 Model species Microcebus spp.
The nocturnal mouse lemurs (Microcebus spp.) are the smallest-bodied primates in the world
and are endemic to Madagascar (MITTERMEIER et al. 2010). The genus includes 24 described
species, which can be found in all forested regions of the island (reviewed in ZIMMERMANN
and RADESPIEL 2014; GROVES 2016). Mouse lemurs inhabit various types of forest habitats,
ranging from spiny forests in the south of Madagascar, to dry deciduous forests in the north and
west, as well as rainforests in different altitudes in northern and eastern parts (MITTERMEIER
et al. 2010). The best studied mouse lemur species, the grey mouse lemur (M. murinus), is
widely distributed from the south to the northwest and, as it occurs in different habitat types, is
considered as an ecological generalist (PECHOUSKOVA et al. 2015). The grey mouse lemur
(Figure 1, on the left) lives in sympatry with some other mouse lemur species in the western
half of Madagascar (reviewed in ZIMMERMANN and RADESPIEL 2014; GROVES 2016).
Hybrids within the species have so far only been documented between M. murinus and
M. griseorufus (GLIGOR et al. 2009; HAPKE et al. 2011; RAKOTONDRANARY and
GANZHORN 2011). All other mouse lemur species (e.g., the Goodman’s mouse lemur
(M. lehilahytsara, Fig. 1, on the right), which inhabits the rainforests of central eastern
highlands (KAPPELER et al. 2005; RADESPIEL et al. 2012), have more regional distributions
and are therefore regarded as ecological specialists (PECHOUSKOVA et al. 2015;
RADESPIEL 2016).
Female mouse lemurs form mainly stable, in most cases matrilinear, sleeping groups during the
day, whereas the formation of sleeping groups in males depends on the respective species
(RADESPIEL et al. 1998; RADESPIEL et al. 2001b; WEIDT et al. 2004; GENIN 2008;
LAHANN 2008; JUERGES et al. 2013; HENDING et al. 2017). Sleeping groups, however, are
not formed between mates (RADESPIEL et al. 2001a; EBERLE and KAPPELER 2004a, 2006;
RADESPIEL et al. 2009). During the night, mouse lemurs are solitary foragers and their
dispersed social system with overlapping home ranges is defined as individualised
neighbourhood (RADESPIEL 2000). At the end of the night, the reunion of group members
can be coordinated via a gathering call, which was shown to contain group-specific acoustic
signatures in M. ravelobensis (BRAUNE et al. 2005). Furthermore, vocalisations of
M. ravelobensis, M. lehilahytsara and M. murinus were found to contain individual signatures
(ZIMMERMANN and LERCH 1993; BRAUNE et al. 2008) and, moreover, dialects were
discussed for M. murinus (HAFEN et al. 1998).
Madagascar is affected by a strong seasonality, resulting in a humid and warm rainy season and
a cooler dry season. Most mouse lemur species are seasonal breeders with the onset of
reproduction starting within the long day period (RINA EVASOA et al. 2018). Outside the
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reproductive season, male testes are small and inactive (SCHMELTING et al. 2000;
SCHMELTING et al. 2007), with testicular growth starting 1-2 months prior to the onset of
oestrus in females (GLATSTON 1979; RINA EVASOA et al. 2018). Furthermore, plasma
testosterone levels are known to correlate with testicular growth in M. murinus (PERRET
1985). In the short reproductive period, females are in oestrus 1-4 times per year and only for
the short duration of 2-4 hrs (GLATSTON 1979; PERRET 1992; SCHMELTING et al. 2000;
LAHANN et al. 2006).
Female M. murinus advertise their oestrus using multimodal cues, with increased locomotor
activity, scent-marking (muzzle rubbing and anogenital marking), and an oestrus advertisement
call (BUESCHING et al. 1998). Male mouse lemurs have to localize oestrous females during
their short period of receptivity and, therefore, roam extensively in search for suitable mates,
which can be seen in significantly increasing home ranges of M. murinus males during the
mating season (RADESPIEL 2000; EBERLE and KAPPELER 2004a). The mating system of
the grey mouse lemur was characterised as a promiscuous, multi-male/multi-female mating
system with scramble and sperm competition (FIETZ 1999; RADESPIEL 2000; EBERLE and
KAPPELER 2004a; EBERLE et al. 2007). When localizing a receptive female, male mouse
lemurs are known to also compete aggressively (SCHWAB 2000; RADESPIEL et al. 2001a;
EBERLE et al. 2007), whereas the potential for female mate choice was also discussed due to
the existence of moderate female dominance and the lack of sexual dimorphism (RADESPIEL
and ZIMMERMANN 2001; ANDRES et al. 2003; CRAUL et al. 2004; GOMEZ et al. 2012;
EICHMUELLER et al. 2013; HOHENBRINK et al. 2015a; HOHENBRINK et al. 2015b).
Mouse lemurs are promising animal models to study olfactory communication in nocturnal and
solitary foragers. As strepsirrhines, they have a well-developed rhinarium and probably the
largest repertoire of functional VNO receptor genes (EVANS and SCHILLING 1995; YOUNG
et al. 2010; HOHENBRINK et al. 2012; HOHENBRINK et al. 2013; HOHENBRINK et al.
2014; YODER et al. 2014). Dense forest habitats and their dispersed social structure forces
them to strongly depend on acoustic and olfactory cues as effective distance communication
strategies. Mouse lemurs show a large variety of marking behaviour via urine, such as urine
washing and rhythmic micturition as well as other secretions (saliva, glandular), deposited via
anogenital rubbing and mouth wiping (GLATSTON 1983). Scent marking behaviour could be
observed in different contexts: for example, M. ravelobensis mark their sleeping sites before
dispersal at dusk (BRAUNE et al. 2005). Also, captive M. murinus were observed to mainly
mark those areas, which they visit frequently (GLATSTON 1983).
Olfaction is moreover used for intraspecific communication, as seen in male grey mouse
lemurs, which were shown to communicate intraspecific dominance via urine (SCHILLING et
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al. 1984; PERRET and SCHILLING 1987) and, furthermore, react with increasing plasma
testosterone levels to prooestrous and oestrous females’ urine (PERRET 1985, 1992). However,
when deprived of their VNO via surgical VNO removal, male M. murinus showed significantly
reduced sexual behaviour and intermale aggressive behaviour, but no differences in plasma
testosterone levels (AUJARD 1997). Female M. murinus are assumed to use olfactory cues to
distinguish between their own and related offspring: although they perform cooperative
breeding, mothers only carry their own offspring when changing sleeping sites (EBERLE and
KAPPELER 2006). Furthermore, M. murinus females were observed to adjust the sex ratio
when confronted with urine of other females before oestrus: without urinary stimulation,
mothers more significantly gave birth to daughters, whereas, when stimulated continuously in
the time before oestrus, produced litters that were significantly biased towards males (PERRET
1995).
Two recent studies on urine content from two mouse lemur species revealed a difference in the
protein content and main components between M. murinus and M. lehilahytsara
((UNSWORTH et al. 2017) and CASPERS et al. in press for publication1) . The first study
revealed a new urinary protein, WFDC12, which differs between the two species by one amino
acid and was only found in high concentrations in the urine of some males but not in females
(UNSWORTH et al. 2017). The second study found that the number and composition of main
urinary components differed significantly between the sexes and that furthermore the
composition of the urine extracts differed significantly between the two species (CASPERS et
al. in press for publ.). Therefore, it could be shown that both species and sexes have their own
distinct chemical urine profiles (CASPERS et al. in press for publ.). It is not yet known,
however, if the protein and/or the identified volatile components are used for olfactory
communication of mouse lemurs. However, a possible use for species or sex discrimination, or
the communication of intraspecific dominance has been discussed ((UNSWORTH et al. 2017)
and CASPERS et al. in press for publ.). Based on these recent findings, it seems likely that
rather a mixture of the components is used as signal than single components themselves
(CASPERS et al. in press for publ.).
Olfactory perception of species-specific scent signals and their discrimination has not been
investigated in mouse lemurs so far. Given the social organization of the nocturnal mouse
lemurs in a dense forest habitat and their seasonal, short reproductive period, mouse lemurs of
both sexes should highly benefit from an olfactory species recognition system. Furthermore, as
scent-marks are longer lasting than acoustic or visual cues, they could lead individuals on the
1

JANA CASPERS, UTE RADESPIEL, ELKE ZIMMERMANN, STEFAN SCHULZ:
Volatile Urinary Signals of Two Nocturnal Primates, Microcebus murinus and M. lehilahytsara.
In press for publication in Frontiers in Ecology and Evolution
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trail of a conspecific and, therefore, could be advantageous especially for males in search of
receptive females. To fill these gaps in our knowledge of mouse lemur communication, in this
thesis I will focus on olfactory discrimination abilities of two mouse lemur species: M. murinus
(Fig. 1, on the left) and M. lehilahytsara (Fig. 1, on the right) which will be studied
experimentally in a captive setting.

Figure 1: Photograph of the two study species.
On the left M. murinus and on the right M. lehilahytsara
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Chapter 2 Methods

2.1 Established paradigms to study olfactory perception in
mammals
2.1.1 Non-associative tests
In the simplest non-associative test, the test animal is presented with an odour and the
spontaneous response of the animal towards the odour source is noted. These tests, which can
be conducted in the animal’s natural environment or in a simulated natural setting, mainly
provide information about odour detection but can also provide evidence for odour
discrimination or odour preference, if more than one odour is presented in succession (reviewed
in FENDT et al. 2017).
Habituation-Dishabituation tests are by far the most widely used non-associative test to measure
olfaction (reviewed in THOM and HURST 2004; FENDT et al. 2017). They are based on an
initial strong reaction seen as a response to novel odours in most animals (GREGG and
THIESSEN 1981). In the habituation trials, an odorant is placed in most cases on the subject’s
cage and the odour can diffuse over a short time period (e.g. 1 min). The time the animal spends
investigating the odour source is measured during this time. Afterwards, the odorant is removed
and, after a break of some minutes, the procedure is repeated a few times. During these trials,
the animals’ interest in the odour typically decreases, which is considered as habituation to the
odour. When the reaction to the odour reaches the control level (= no response), a different
odour will then be presented (= dishabituation trial) in the following trial. If the animal
investigates the new odour source significantly longer than the habituation odour during the last
habituation trial, this is taken as evidence that the animal discriminated between the habituation
and the dishabituation odour by specifically detecting differences between these two (FENDT
et al. 2017). As it was observed that animals sometimes even respond to a control stimulus, a
variation of this test can include the simultaneous use of the final test sample (dishabituation
odour) and a control stimulus (for example water), called habituation-discrimination test
(THOM and HURST 2004).
Furthermore, odours can be presented openly or in tea eggs or similar containers in the cage or
enclosure so that the animals can encounter different odours without further human interaction
in repeated or non-repeated trials (e.g. HENKEL et al. 2015; HENKEL and SETCHELL 2018).
The investigation time of odours is quantified and either compared between trials with different
odours or compared between simultaneously presented odours.
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2.1.2 Associative tests
Associative or conditioning tests are used to train animals to show discriminative behaviours
towards different odours (reviewed in FENDT et al. 2017). These tests are mainly conducted
in special setups designed to condition the animals. The underlying principle of operant
conditioning is to reward the animal for one behaviour (e.g. to sniff at odour A) and penalise
the animal, if it shows an unwanted behaviour (e.g. sniffing at odour B or the control scent).
The reward is often food or water, and the test animal has previously been food- or waterdeprived for some time. The penalty often includes that the animal can no longer reach the
reward and has to wait for a certain time span until the next trial is started. This paradigm is
based on the assumption that the animal will first show both behaviours by chance and
subsequently learns by trial and error which behaviour is rewarded and which behaviour is
penalised. The learning criterion at which a task is considered successfully learned, is often set
at 80% correct choices. The repeated presentation of an odour combined with a reward can
condition animals to choose the rewarded scent over others if they can discriminate between
the odours. Training often starts with just one odour and gets more complex with different
odours to discriminate once the animal has learned the general testing procedure.
The most widely used method for operant conditioning is maze learning, for example in a
Y-maze (Figure 2, (FENDT et al. 2017)). The animal starts the trial at the lower end of the
lower arm of the Y and then can choose one of the two upper arms. The odour sources are
placed randomly over consecutive trials. Often a door is closed after the animal enters one of
the two arms, to prevent it from moving back out of the first entered arm once it has entered it.
After a trial, the starting position as well as odour placement and reward can be changed to one
of the other arms, as all arms of the Y-maze are similar to each other.
Especially in rodents, the “dig-test” is an often-used paradigm. The animal is trained to dig in
a cup to obtain a food reward that is covered with odorised material (e.g. woodchip bedding).
In the following step, the animal is presented with two identical cups, the second one containing
no odour (odour detection task), or a different odour type (odour discrimination). The reward
is placed in both cups but is accessible only in the cup with the trained odour. As animals often
sniff at both cups before digging, the time spent digging is used to measure the animals’
response. Animals can be tested multiple times in different kind of tasks like odour detection
threshold tests or complex cognitive tasks (e.g. DREUMONT-BOUDREAU et al. 2006;
reviewed in FENDT et al. 2017).
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Figure 2: Example of a Y-maze.
1) Placement of odour source type one or a control and reward, 2) doors which can be closed after
entering the respective arm of the Y, 3) placement of odour source type two (or a control) and reward,
4) starting position of the animal.

Olfactometers are small test chambers and allow to control the exact concentration of a volatile
odour sample (SCHELLINCK et al. 1991). They allocate the odour very precisely to the test
subject and control onset and offset of the odour vapour. The odour is diluted by the
olfactometer using either air dilution or liquid dilution (FENDT et al. 2017). The animal needs
to be habituated to the small test chamber and is trained to insert its snout into the odour
sampling port and, once the conditioning odour has been detected, can lick at a water or juice
spout. Moreover, olfactometers can be automated and computer controlled fairly easily
(FENDT et al. 2017).
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2.2 Employed paradigms to study olfactory discrimination in
mouse lemurs
For this thesis, experiments were conducted using an associative and a non-associative
paradigm, which shall be briefly introduced here. For the first study (chapter 3 of this thesis),
an operant conditioning paradigm was used, to condition test animals on a conspecific urine
odour. For the second study (chapter 4 of this thesis), experiments were conducted using a
spontaneous discrimination paradigm, to test for a possible odour preference.
As mouse lemurs are nocturnal, experiments were always conducted under red light and at the
beginning of the animals’ active phase, when the animals are naturally motivated to forage for
food. To prevent the setups from any contamination with human body odours, nitrile gloves
were worn all the time and filter papers were handled using clean forceps. Furthermore, all parts
of the setups were cleaned with hot water and soap, then rinsed with 70% ethanol and left airdrying. For a detailed description on test animals, odour samples, experimental procedure etc.
see chapter 3 and chapter 4.

2.2.1 Operant conditioning paradigm
The operant conditioning experiments for chapter 3 of this thesis were conducted in a separate
experimental room with four animals (two M. murinus and two M. lehilahytsara, one male and
one female each) in October - November 2016 after a previously conducted pilot phase (in
May - June 2016; three male M. lehilahytsara) and screening (in July - September 2016;
9 M. murinus and 12 M. lehilahytsara, both sexes) with a total of 24 animals. The experimental
room was divided by a thick curtain into two parts: one with the experimental arena (surrounded
by the curtain to avoid visual cues) and one for experimenter monitoring.
The operant conditioning setup (see Fig. 3 in chapter 3) consists of a central square arena
(LxWxH = 70 cm x 70 cm x 40.5 cm) with two connected corridors (LxWxH = 70 cm x 8 cm
x 9.5 cm) on opposing sides. The central arena furthermore contains two more openings in the
other two walls to attach nest boxes to the setup from the outside. The nest boxes served as
starting points for the animals at the beginning of each trial. To prevent the animals from
escaping, the arena and corridors are topped by acrylic glass. Electronic doors are used to
control all four openings of the central arena and can be accessed via remote control. A light
barrier in the corridors near the entrance is linked to an injector containing apple juice as reward.
If the animal chooses the corridor with the conditioning odour (= correct choice), apple juice is
ejected at the far end of the corridor (for details on the learning steps see chapter 3). A small
dish next to the apple juice reward is used for an additional banana reward in the first learning
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steps. Both corridors end with a plastic grid to allow odour transmission but prevent the animals
from escaping. The conditioning stimuli (first banana mash and later urine) are placed behind
the grid (for more details see chapter 3). Each corridor is equipped with another electronic door
on the backside, behind which nest boxes are placed, to move the animals between the trials
without further handling.
The part of the room for experimenter monitoring is equipped with the remote control for the
electronic doors and a video screen. The experiments are filmed from above (Sony Handycam
DCR-SR210E) and can be followed live on screen. On a written protocol, the following
parameters were noted during the experiments: beginning of the trial (time), end of the trial
(time), chosen corridor (rewarded vs. non-rewarded) and behaviour in central arena (sniffing,
freezing, frantic movements (for ethogram see Table 4 in the supplementary information section
of chapter 3)).
In addition to the cleaning of the arena and all external parts described above, a fan was turned
on between test sessions and the door of the experimental room was left open to reduce the
smell inside the experimental room as much as possible. For further details on urine samples,
learning steps and experimental procedure see chapter 3.

2.2.2 Spontaneous discrimination paradigm
The experiments for chapter 4 of this thesis used a spontaneous discrimination paradigm in the
home cage of the animals (see Fig. 7 in chapter 4). They were conducted with 21 animals
(12 M. murinus and 9 M. lehilahytsara) in the reproductive season 2018 and 8 animals
(4 M. murinus and 4 M. lehilahytsara) in the non-reproductive season 2017. Urine samples
were pipetted on filter papers in metal tea eggs and additionally on the hanger of the tea eggs
to allow direct contact with the odorant source. Tea eggs were already used in other studies and
proofed to be feasible, as they can be cleaned easily and do not exhibit own smell (HENKEL
et al. 2015). Two tea eggs were presented simultaneously throughout all trials, to be able to
compare sniffing responses between the two presented odour types. They were placed at eye
level inside the cage on its front with a minimum of 20 cm apart from each other and 6 cm from
the sides of the cage. Next to the tea eggs towards the sides of the cage, bait trays were placed
(at least 2 cm apart from the tea eggs) to lure the animals into the proximity of the tea eggs and
to ensure an encounter with the presented odour. Baits were chosen based on the individual
animals’ preference and were one of the following items: ¼ raisin, 1/16 grape, one frozen
mealworm, or 20 µl apple juice.
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A control trial was conducted to test for the general olfactory ability of the study animals. In
this trial, the right tea egg contained banana mash smeared onto the filter paper (but not the
hanger) whereas the left tea egg contained only tap water. In all urine trials, a conspecific (on
the left-hand side) and a heterospecific (on the right-hand side) female urine sample were
presented to test for a possible odour preference of the animals (for details on the urine samples
see chapter 4 and Table 12 in the supplementary information section of chapter 4). A camera
(Sony Handycam DCR-SR210E) was placed approximately 50 cm in front of the cage and a
red-light lamp was used for better cage illumination during the experiments. For further details
on urine samples and experimental procedures see chapter 4.
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Chapter 3 First experimental evidence for olfactory species
discrimination in two nocturnal primate species
(Microcebus lehilahytsara and M. murinus)
Published in 2019 in the journal Scientific Reports (DOI: 10.1038/s41598-019-56893-y) by
Annika Kollikowski1, Elke Zimmermann1, and Ute Radespiel1
1Institute

of Zoology, University of Veterinary Medicine Hannover, Hannover, Germany

Olfactory communication is highly important for nocturnal mammals, especially for solitary
foragers, but knowledge is still limited for nocturnal primates. Mouse lemurs (Microcebus spp.)
are nocturnal solitary foragers with a dispersed lifestyle and frequently use chemo-sensory
signalling behaviour for governing social interactions. Different mouse lemur species can cooccur in a given forest but it is unknown whether olfaction is involved in species recognition.
We first screened 24 captive mouse lemurs (9 M. murinus, 15 M. lehilahytsara) for their
olfactory learning potential in an experimental arena and then tested the species discrimination
ability with urine odour in an operant conditioning paradigm in four individuals. The majority
of the screened animals (75%) did not pass the screening criteria within a 2-week test period.
However, all four final test animals, two M. murinus and two M. lehilahytsara, were
successfully trained in a 5-step-conditioning process to reliably discriminate conspecific from
heterospecific urine odour (requiring an overall median of 293 trials). Findings complement
previous studies on the role of acoustic signalling and suggest that olfaction may be an
important additional mechanism for species discrimination.
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3.1 Introduction
The olfactory sense is of high significance for many mammals. It is used to recognize specific
odours to avoid predators (VOZNESSENSKAYA 2014; HETTYEY et al. 2015), locate suitable
food sources (HOWARD et al. 1968; AL AÏN et al. 2014; NEVO and HEYMANN 2015;
GOCHMAN et al. 2016; COPPOLA and SLOTNICK 2018), recognize kin (BRENNAN 2004;
TODRANK et al. 2005; HENKEL and SETCHELL 2018), or to find potential mates (DAVIES
and BELLAMY 1974; BRENNAN 2004) and avoid inbreeding (PUSEY and WOLF 1996;
SHERBORNE et al. 2007; BOULET et al. 2009; SHAVE and WATERMAN 2017). It is
generally assumed that not all species rely equally on olfaction but that high olfactory sensitivity
is most beneficial under certain socio-ecological conditions, such as nocturnality, solitary
lifestyle, territoriality, or sympatry in cryptic species. For a long time, rodents and in particular
lab mice and rats have been regarded as perfect models to study olfactory discrimination
abilities and olfactory communication (SCHELLINCK et al. 1991; BEAUCHAMP and
YAMAZAKI 2003; ROBERTS et al. 2014; ROBERTS et al. 2018). Their high olfactory
sensitivity is based on a high number of olfactory receptors in the nose and an extraordinarily
rich repertoire of vomeronasal receptors (V1R and V2R) in the vomeronasal organ (VNO)
(SAITO et al. 1998; IBARRA-SORIA et al. 2014). Such complex cognitive functions were
interpreted as adaptive (SHI et al. 2005; NIIMURA and NEI 2007) given for example the
dispersed spatial organization of rodents.
The importance of olfactory communication in primates including humans, however, was long
underestimated due to the assumption that they are microsmatic because of their predominantly
diurnal and gregarious lifestyle, a largely reduced or even lacking VNO (HEYMANN 2006;
FRANCIA et al. 2014; PARMA et al. 2017) and few olfactory receptors (SMITH et al. 2014).
Their olfactory abilities have only gained more scientific attention over the last two decades
(LASKA et al. 2000; SMITH et al. 2001; SMITH et al. 2004; HEYMANN 2006; PARMA et
al. 2017). In haplorrhine primates, for example, mandrills of both sexes were observed to show
flehmen behaviour in response to the presentation of conspecific odorants of males and females
(CHARPENTIER et al. 2013). Furthermore, it was shown that rhesus macaques and
chimpanzees could recognize group membership via olfactory cues (HENKEL et al. 2015;
HENKEL and SETCHELL 2018). Humans were described to use olfaction in kin recognition
(PORTER 1998; WEISFELD et al. 2003) and mate choice (HAVLICEK and ROBERTS 2009).
Among new world primates, male pygmy marmosets showed an increased rate of mounting and
piloerection as well as sniffing and licking of anogenital scents of females in the peri-ovulatory
period compared with the non-ovulatory period (CONVERSE et al. 1995), and tufted capuchins
are able to discriminate between the urine odours of three new world monkey species including
their own (UENO 1994).
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In strepsirrhine primates, most studies focused on the ring-tailed lemur (Lemur catta), a diurnal
and group-living primate, endemic to Madagascar. This species produces scent by means of
specialised scent glands on the forearms (brachial and antebrachial organs), scrotum, and
perianal region (MONTAGNA and YUN 1962). It has been shown that L. catta recognize
conspecific individuals by scent (PALAGI and DAPPORTO 2006), that male scent advertises
genetic quality and relatedness (CHARPENTIER et al. 2008; CHARPENTIER et al. 2010) and
that injuries can be detected via scent (HARRIS et al. 2018).
However, a study of delBarco-Trillo et al. (2011) showed that those strepsirrhine species which
mainly mark with urine, have a greater chemical complexity and are more distinct from each
other in their urine than those marking mainly via glandular secretions like the ring-tailed lemur
(DELBARCO-TRILLO et al. 2011). The authors suggested that these species evolved speciesspecific urinary signatures due to their nocturnal and solitary lifestyle (DELBARCO-TRILLO
et al. 2011). A recent study on the protein content of mouse lemur urine revealed a new urinary
protein, WFDC12, that differs between Microcebus murinus and M. lehilahytsara by one amino
acid (UNSWORTH et al. 2017). Unfortunately, it is still not known if and how this protein is
used in the olfactory communication of mouse lemurs and why it was only found in very high
quantities in the urine of some, but not all males and not in female urine samples (UNSWORTH
et al. 2017). In order to test the hypothesis of species-specific urinary signatures, it is necessary
to demonstrate that nocturnal primate species can discriminate between conspecific and
heterospecific urine.
The nocturnal mouse lemurs (Microcebus spp.) with currently 24 described species inhabit the
forest habitats of Madagascar, as reviewed in Zimmermann and Radespiel (2014)
(ZIMMERMANN and RADESPIEL 2014). They are arboreal, solitary foragers and live in
dispersed but individualized neighbourhoods (RADESPIEL 2000). Within these networks,
female mouse lemurs often form stable, in most cases matrilinear sleeping groups, whereas
males may or may not form sleeping groups, depending on the respective species (RADESPIEL
et al. 1998; RADESPIEL et al. 2001b; WEIDT et al. 2004; GENIN 2008; LAHANN 2008;
JURGES et al. 2013; HENDING et al. 2017). To coordinate group members for their reunion
at the end of the night, mouse lemur gathering calls carry group-specific acoustic signatures
(BRAUNE et al. 2005). In addition, vocalizations do contain individual signatures
(ZIMMERMANN and LERCH 1993; BRAUNE et al. 2008).
It is known that up to two species of mouse lemurs can co-occur in a given forest and most of
these cases of sympatry concern the widely distributed grey mouse lemur (M. murinus) that can
overlap with a more local or regional congener in the western half of Madagascar (RADESPIEL
2006). However, hybrids were so far only observed between M. murinus and M. griseorufus
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(GLIGOR et al. 2009; HAPKE et al. 2011; RAKOTONDRANARY et al. 2011), leading to the
assumption that mouse lemurs should have a species recognition system. It was already shown
that mouse lemurs react differently to calls from mouse lemur males of different species and
that conspecific calls emit the highest reaction (BRAUNE et al. 2008), but it is not known if
olfactory cues are also used for species discrimination.
Mouse lemurs have a well-developed rhinarium and probably the largest repertoire of
functional VNO receptor genes among primates (EVANS and SCHILLING 1995;
HOHENBRINK et al. 2012; HOHENBRINK et al. 2013; HOHENBRINK et al. 2014) and
therefore are a promising model to study their olfactory abilities. They mark via urine
(deposited during urine washing, rhythmic micturition or anogenital rubbing) but also via other
secretions (saliva, glandular) deposited during mouth wiping or anogenital rubbing
(GLATSTON 1983). Olfactory marking behaviour was described in many different contexts,
leading to the assumption that much more information is conveyed via olfaction than is known
to date. For example, sleeping sites are marked when the animals leave their shelter at the
beginning of the night (BRAUNE et al. 2005), intraspecific dominance between males was
shown to be communicated via urine (SCHILLING et al. 1984; PERRET and SCHILLING
1987), and females show marking behaviour more frequently during than outside oestrus to
advertise their reproductive state to possible mates (BUESCHING et al. 1998). Whereas male
mouse lemurs typically compete when localizing receptive females during the short
reproductive season (SCHWAB 2000; RADESPIEL et al. 2001a; EBERLE et al. 2007),
females can also refuse to mate with certain males due to a lack of sexual dimorphism and due
to female dominance, at least in some species (RADESPIEL and ZIMMERMANN 2001;
ANDRES et al. 2003; CRAUL et al. 2004; GOMEZ et al. 2012; EICHMUELLER et al. 2013;
HOHENBRINK et al. 2015a; HOHENBRINK et al. 2015b).
Considering this socio-ecological background, selection should favour the evolution of a
reliable species recognition mechanism in both sexes that would allow to save energy or injury
costs during the search for a suitable mate and to avoid hybridization with a sympatric congener.
Given the need for quick and reliable decisions to be taken by potential mouse lemur mates of
both sexes within the mating context, it would be beneficial to complement the acoustic species
recognition system with olfactory species recognition to increase the reliability of the
communication system. This could be advantageous, since animals can perceive chemical
signals even when the sender is no longer at the same site and therefore can use them as a trace
to find possible interaction partners. Furthermore, producing one longer lasting chemical signal
of presence should be less costly in terms of energy, loss of feeding time and potential predator
attraction, than to vocalize frequently or constantly which would be needed to serve the same
purpose.
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The aim of this project is therefore to investigate the sensory olfactory capabilities of two
nocturnal primates (Microcebus spp.) in the context of species discrimination. For this purpose,
a new operant conditioning paradigm was developed and we further evaluate the general
suitability of this setup for training mouse lemurs and hypothesize that mouse lemurs can be
trained via operant conditioning to discriminate between a conspecific and a heterospecific
urine odour.

3.2 Methods

3.2.1 Ethical Considerations
In this study we tested the animals in a non-invasive experimental setup. We performed all
experiments according to the NRC Guide for the Care and Use of Laboratory Animals, the
European Directive 2010/63/EU and the German Animal Protection law. The study was
licensed by the Niedersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit (LAVES, reference number AZ 33.12-42502-04-14/1454) and followed
the Principles for the Ethical Treatment of Non-human Primates of the American Society of
Primatologists.

3.2.2 Study Animals and Housing Conditions
All study animals (except two Microcebus lehilahytsara who were born in Zoo Zurich,
Switzerland) were born and kept individually or in groups of 2-3 animals of the same or
opposite sex in the animal facility of the Institute of Zoology at the University of Veterinary
Medicine, Hannover, Germany. All animals underwent routine weekly handling to check their
health status and their reproductive state with standard procedures (BUESCHING et al. 1998).
For detailed housing conditions see (HOHENBRINK et al. 2015b). All cages were equipped
with external mobile wooden nest boxes that were used to move the test animal from the home
cage to the experimental room.
In a pilot phase during the breeding season 2016 (May-June), during which the steps for the
operant conditioning (for details see below) were optimized, we tested three male
M. lehilahytsara (age: 2-6 years), one of which (GND) completed all learning steps and two
were trained in step TS1a only (for details see below).
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In the transition period between reproductive and non-reproductive season
(July-September 2016), we tested an additional 12 M. lehilahytsara (7 females (f), 5 males (m);
age: 1-8 years) and 9 M. murinus (3f, 6m; age: 2-6 years) for their olfactory learning potential
(for details see below) in an initial screening.
Due to the seasonality of mouse lemurs and daily time restrictions, only four animals
(age: 2-6 years) subsequently underwent the complete test series of operant conditioning: two
M. lehilahytsara (GIN (f), GND (m)) and two M. murinus (LIL (f), PUM (m)). That complete
test series was conducted during the non-reproductive season in October - November 2016. One
of these four test animals (GND) had already been trained in the pilot phase before (see above),
where he completed all learning steps successfully (for learning curve see Fig. 6 in the
supplementary section of this chapter) and therefore was not naïve when tested again three
months later.

3.2.3 Collection and preparation of urine samples
All urine samples of M. murinus and M. lehilahytsara had been collected during previous
breeding seasons since 2014, but not during oestrus (in case of the females) to avoid potential
biases from unknown hormonal status. Urine samples were collected in small inert glass vials
(CS-Chromatographie Service GmbH, Langerwehe, Germany) during the weekly handling
using single-use pipettes or in special nest boxes for urine collection with a grid as bottom, to
which animals were confined prior to their active phase for one hour. Collected samples were
directly frozen at -18°C. To reduce the impact of individual scent signatures to a minimum, we
mixed samples of three urine donors in equal parts at the beginning of a test series and froze
them in aliquots of 5 µl and 18 µl at -18°C until use. Sample donors were selected by two
criteria: they have not been housed in the same room as the test animal over the last six months
and were not first-degree relatives (r = 0.5) of the test animal.

3.2.4 Experimental arena
The experiments were conducted in a separate experimental room which was divided into two
parts, one with the experimental setup and one for experimenter monitoring. Due to the
nocturnality of mouse lemurs, the experimental room was illuminated by dim red light during
the experiments. The experimental setup (Fig. 3) consists of a central arena (Fig. 3: #8) that is
connected to two 70 cm long corridors on opposing sides. The setup is topped by acrylic glass
and the walls contained two more openings to attach nest boxes with the test animal to the setup
(Fig. 3: #9). These served as start points for the experiments.
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All four openings of the central arena are controlled via electronic doors (Fig. 3: D2-5), which
can be opened and closed via remote control. At the front of the corridors is a light barrier
installed (Fig. 3: #7), which is linked via cable to an injector (Fig. 3: #6) containing apple juice
as reward that is ejected in portions of 80 µl at the far end of the corridor if the correct corridor
has been chosen (for details about the learning steps see below). Next to the apple juice reward
is a small dish (Fig. 3: #4) for the banana reward (= “inner banana”) in the first learning steps
(for details see below). Each corridor ends with a plastic grid that prohibits exit but allows odour
transmission (Fig.3: #3). Behind the grid and therefore non-accessible for the animals are the
conditioning stimuli. Closest to the grid is a small, transparent dish (Fig. 3: #2) on each side
with filter paper (“Whatman® glass microfiber filters, Grade GF/A, diameter 13 mm”,
GE Healthcare, Solingen, Germany) for eventually presenting the urine odour and behind a
bigger, non-transparent cup (Fig. 3: #1) that is used during the initial phases of the conditioning
process and contains decreasing amounts of non-accessible banana (= “outer banana”). On the
backside of each corridor is another electronic door (Fig. 3: D1 & D6) behind which a
temporary nest box is placed (Fig. 3: #5). In these the animals can be moved back to the central
arena after each test trial without further handling (= “transfer box”).

Figure 3: Experimental setup covered with acrylic glass.
1) non-transparent cup for “outer banana”; 2) transparent cup with filter paper for sample placement;
3) grid wall; 4) reward tray for “inner banana”; 5) nest box to enter at the end of each trial (transfer
box); 6) apple juice reward injector connected to 7) light barrier; 8) central arena; 9) nest box on
starting position (A/ B = starting position); D1-6 = electronic doors accessible via remote control; size
(LxWxH) of central arena = 70 cm x 70 cm x 40.5 cm; size of corridors = 70 cm x 8 cm x 9.5 cm
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The experimental setup is surrounded by a thick curtain to visually separate the animal from
the experimenter. The experimenter part of the room is equipped with a video monitor and a
remote control unit to handle the electronic doors of the arena. Experiments were filmed from
above with a camera (Sony Handycam DCR-SR210E) and simultaneously followed on the
monitor behind the curtain. The following parameters were noted during each trial on a written
protocol: beginning of the trial (time), end of the trial (time), chosen corridor (rewarded vs.
non-rewarded) and behaviour in central arena (sniffing, freezing, frantic movements (for
ethogram see Table 4 in the supplementary information section)).

3.2.5 General experimental procedure
Each animal undergoing operant conditioning was eventually tested with two different urine
mixes from the breeding season, one conspecific (Con) and one heterospecific (Het) urine mix.
Each male was tested with a urine mix of three females and each female was tested with a urine
mix of three males.
Prior to each experimental session and still during the sleep phase (light on), the test animal
was locked into its home nest box for about half an hour. At the beginning of the animals’ active
phase, when the animals are naturally hungry and motivated to forage for food, the test animal
was carried to the experimental room in its home nest box and placed in the “A” or “B” position
(Fig. 3: A & B). The starting position (A or B) of the animal changed between each trial on one
day. In addition, the starting position (A or B) changed in the first daily trial between
consecutive test days. The corridor, which contained the rewarded conditioning stimulus
changed daily too. A maximum of 15 trials was conducted per animal and day during a test
session with a maximum duration of 1 hr.
Each trial started with opening the electronic door to the home next box (Fig. 3: D3/4) and the
animal could enter the arena at its own will. The door was closed immediately when the animal
had entered the arena. The animal could choose freely between the two corridors (Fig. 3: D2/5
open), but once it entered one of the corridors, the door between that corridor and the central
arena was closed. If the animal did choose the corridor with the rewarded conditioning stimulus,
it received 80 µl of apple juice and, if still at the beginning of the conditioning procedure, a
small slice of banana at the end of the corridor (see below for learning steps). The door to the
transfer box (Fig. 3: #5) next to the reward (Fig. 3: D1 or D6) was opened as soon as the animal
took the reward and was closed immediately after the animal entered the transfer box. If the
animal did choose the corridor without conditioning stimulus, it received no reward but had to
wait for 30 sec, until the door (Fig. 3: D1 or D6) to the transfer box (Fig. 3: #5) was opened.
This door was also closed after the animal entered the transfer box. The transfer box with the
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animal inside was moved to the new starting position A or B (Fig. 3) to start the next trial
without further handling of the animal between trials. After each daily test session, the animal
was brought back to its cage and the normal daily food was provided. Test animals were fed
only after the test session to ensure a high foraging motivation during the experiments.
The arena and all external parts like tubes and small dishes etc. were wiped clean with hot water
and 70% Ethanol and left air-drying after each test session. Furthermore, the door of the test
room was left open and a fan was turned on between sessions to reduce the accumulation of
animal, urine or reward smell as much as possible inside the experimental room.

3.2.6 Pilot phase and initial screening for olfactory learning potential
All test animals were first habituated to the experimental setup. In the habituation phase,
animals were encouraged to explore the arena and the corridors and to habituate to the artificial
surrounding as well as the sound of the electronic doors. No urine odour, but only banana
(odour) was presented in both non-transparent cups (Fig. 3: #1). The transparent cup for sampleplacement remained empty (Fig. 3: #2). During habituation, the reward consisted of 1/8th slice
of banana (Fig. 3: #4) and about 80 µl apple juice, placed in both corridors. Frozen mealworms
were also placed in the central arena and the corridors to encourage the animals to move around
in the arena. Habituation was defined as being completed when the animal entered the arena
voluntarily in < 5 min and completed 10 trials/hr/day.
A pilot phase was conducted during the breeding season 2016 (May - July) with three
M. lehilahytsara males to establish all experimental procedures and the succession of learning
steps within the chosen paradigm. All animals were first habituated to the arena as described
above. One animal, GND, also completed all learning steps afterwards (TS1a-TS3, for details
see below). GND was also chosen for the subsequent period of data collection for this study
and therefore was not naïve. The two other males, FIN and JUL, did not show successful
learning in TS1a even after 22 and 30 test days, respectively, and did not enter any other
learning step.
During a subsequent period of large-scale screening for their olfactory learning potential,
21 animals were tested on a maximum of 10 days in the setup. The aim of this screening was
to quickly identify animals with a high olfactory learning potential for the subsequent operant
conditioning, which needed to be completed before the end of the non-breeding season.
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During the screening, animals underwent first a habituation phase (for details see above) and
eventually moved on to the first learning step (TS1a) of the conditioning process (for details
see below). Habituation was conducted for a maximum of three days and was defined as being
completed, when the animal entered the arena voluntarily in < 5 min and completed
10 trials/hr/day. If an animal could not be habituated within the given timeframe, it was
excluded from further testing. The screening was conducted under the conditions of the first
learning phase TS1a (see below) and started right after habituation. Animals were considered
suitable for subsequent operant conditioning when they reached all of the following criteria
within a maximum of seven days: (1) minimum of 10 trials/day possible within a 1hr test
session, (2) no frantic movements or longer freezing behaviour were shown in the arena,
(3) sniffing behaviour (for ethogram see Supplementary Table S1 online) was shown. These
criteria were chosen because a study on rhesus monkeys showed that the tendency to approach
and sniff odour samples influenced the learning speed (BROWN et al. 1963) and the training
of pigtailed macaques depended strongly on the motivation of the animals to sniff at an odour
cue (HUBENER and LASKA 2001). All parameters were noted on a written protocol. Due to
daily time restrictions, four test animals were finally chosen for the subsequent operant
conditioning.

3.2.7 Learning steps of the conditioning procedure
The conditioning process consisted of five learning steps (Test Series (TS) 1a-c, TS2, TS3, for
details see below), during which the animals had to learn to use their olfactory sense to obtain
the reward. Animals moved from one learning step to the next when they showed significantly
fewer errors than expected by chance (binomial distribution test, p < 0.05, expectation by
chance = 0.5) across the last two test days. This criterion was used throughout the whole operant
conditioning procedure. Apple juice was present in both injectors (Fig. 3: #6) throughout all
learning steps, but the light barrier (Fig.3: #7) did not activate the injector of the non-rewarded
corridor. Hence, no apple juice was ejected when the animals entered the wrong corridor.
In TS1a, the conditioning odour (= “outer banana”, Fig. 3: #1) as well as the banana reward
(= “inner banana”, Fig. 3: #4) were presented in one corridor only and only water was presented
on the filter paper (Fig. 3: #2). The animal was rewarded with banana and apple juice. When
the animal showed significantly fewer errors than expected by chance across the last two test
days, the amount of the “outer banana” was stepwise reduced from a full cup to ¼ cup.
In TS1b, no “outer banana” was presented any more, but the amount of the “inner banana” was
initially increased to ½ slice of banana to avoid a too fast decrease of banana odour. The amount
of apple juice remained the same as in TS1a throughout the experiments of all learning steps.
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On the filter paper, water was presented only. When the animal showed significantly fewer
errors than expected by chance across the last two test days, the amount of the “inner banana”
was reduced to ¼ slice of banana.
In TS1c, the rewarded urine odour (Con) was introduced and presented together with small
amounts of banana. For this, 10 µl of the urine mix were pipetted on the filter paper on one side,
which were refreshed with 5 µl before each fourth trial. On the filter paper of the non-rewarded
corridor, water was pipetted in the same amounts. When the animal showed significantly fewer
errors than expected by chance across the last two test days, the amount of the inner banana
was stepwise reduced from ¼ slice of banana to 1/32 slice.
From TS2 onwards, the animal was rewarded with apple juice only and no banana was present
in the setup anymore. In TS2, the amount of the presented urine odour was reduced from 10 µl
(refreshed with 5 µl) to 5 µl (refreshed with 2 µl) when the animal showed significantly fewer
errors than expected by chance across the last two test days.
In the last step, TS3, the non-rewarded urine odour (Het) was introduced and presented instead
of water behind the second corridor. In this step, the animals were trained to discriminate the
rewarded conspecific urine odour and the non-rewarded heterospecific urine odour.

3.2.8 Data analysis
Learning success was inspected after the end of the operant conditioning by calculating the
percent of correct choices for a sliding window of the 20 last trials for each day during all phases
of the operant conditioning to balance uneven trial numbers between days. For that, all trials of
one day were filled up to 20 with the last trials from the day before. In accordance with other
learning studies, 80% correct choices over the last 20 trials indicate successful learning (JOLY
et al. 2014). The learning success was furthermore tested statistically by means of a Binomial
test. When applied to the last 20 trials, ≥15 correct decisions (≥75 % correct decisions) indicate
a significant bias towards correct choices (p < 0.05).
The error rate was plotted in individual learning curves (for the raw data see Supplementary
Tables S3-7 online) according to previous learning studies (JOLY et al. 2014; SCHMIDTKE
et al. 2018). The first day of each new learning step was skipped (even the first two days of
TS1a were skipped in GND and GIN due to low trial numbers) when plotting the learning curve
and for the statistical analyses, because no 20 trials were available on Day 1 of each learning
step due to the maximum of 15 trials/day. The fourth test day of GIN was not plotted, as the
animal did not leave the starting box and therefore did not conduct any trial on this test day.
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Data availability statement: All data is included in this published article and its supplementary
information section in this chapter as well as the full supplementary file online (https://staticcontent.springer.com/esm/art%3A10.1038%2Fs41598-019-56893y/MediaObjects/41598_2019_56893_MOESM1_ESM.pdf).

3.3 Results

3.3.1 Pilot phase and initial screening
After the pilot phase and the initial screening, only 6 out of 24 animals (25%) have passed the
screening criteria and were considered suitable for the operant conditioning process (as shown
in Fig. 4 and in Table 5 in the supplementary information section). These six animals consisted
of two M. lehilahytsara (1m + 1f) and four M. murinus (2m + 2f). Five of the suitable animals
were aged 2-3 years, whereas the sixth animal was six years old. In contrast, the other 18
animals (5 M. murinus, 13 M. lehilahytsara, aged one to eight years) did not achieve habituation
(n = 7) within three test days or did not fulfil the screening criteria within 10 test days (n = 11)
and were therefore not considered suitable for further training (Fig. 4). The overall success rate
during habituation and initial screening was more than three times higher in M. murinus (44.4%)
than in M. lehilahytsara (13.3%) but did not differ substantially between males (21.4%) and
females (30%, Fig. 4). Animals, which passed the habituation but not the screening period, were
excluded from further training due to frantic movements and/or freezing behaviour or to a
secondary decrease in the number of conducted trials/day to < 10 as well as missing sniffing
behaviour (see Table 5 in the supplementary information section).
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Figure 4: Number of suitable versus excluded test animals in pilot phase and screening.
Animals that fulfilled all screening criteria are marked as “passed screening”, animals that were
excluded during TS1a are marked as “failed screening” and animals that could not be habituated are
marked as “not habituated”.

3.3.2 Overall time needed for conditioning process
The training throughout all five learning steps of the four test animals to discriminate
conspecific urine odour from heterospecific urine odour took the overall median of 27.5 test
days and 293 trials (Tables 1-3). The overall length of the learning period differed between the
four animals from 20-31 days and between 243-346 trials. Whereas the two M. lehilahytsara
(M. l., GND, GIN) learned faster (243, 250 trials), the two M. murinus (M. m.) needed more
trials (336, 346 trials) but not necessarily more days in total to complete the learning steps
(Table 1). GND was part of a pilot phase three months prior to this study and therefore familiar
with the general experimental procedure. He learned the quickest (20 days) and conducted 15
trials/day from the fifth experimental day onwards. However, he was not the quickest across all
test series, but only in TS1a and in TS3 (Table 1).
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Table 1: Time needed for operant conditioning (without initial screening/pilot phase)
Animal ID
Sex
& species
GND
(M. l. )
GIN
(M. l. )
PUM
(M. m. )
LIL
(M. m. )
Median

Test Series
Total
Median
TS1a
TS1b
TS1c
TS2
TS3
Trials/Day
Days Trials Days Trials Days Trials Days Trials Days Trials Days Trials

m

10

100

2

30

4

60

2

30

2

30

20

250

15

f

13

94

7

42

5

40

2

20

4

47

31

243

8

m

12

158

3

39

3

45

5

64

3

40

26

346

15

f

11

129

2

20

9

105

4

48

3

34

29

336

11

34.5

4.5

52.5

3

39

3

37

11.5 114.5 2.5

27.5 293

3.3.3 Discrimination of urine odour from water in TS2
After completing all operant conditioning steps with only one urine odour type presented in the
setup (TS1c and TS2), all four animals reached the learning criterion of ≥ 80% of correct trials
(= conspecific odour corridor chosen) across the last 20 trials. This result was also highly
significant in all four animals (Table 2).

Table 2: Discrimination of water vs. conspecific urine odour across the last 20 trials in TS2

Animal ID

Correct
trials

False trials

GND
GIN
PUM
LIL

19
18
18
17

1
2
2
3

p-value
Correct
(Binomial test) trials [%]
< 0.0001 ***
< 0.001 ***
< 0.001 ***
0.003 **

95
90
90
85

3.3.4 Discrimination of conspecific versus heterospecific urine odour in TS3
After the training in TS3 (2-4 days over a total of 30-47 trials), the four test animals showed a
significant discrimination of the conditioned conspecific urine odour from a heterospecific
urine odour (Table 3). Three out of four animals also reached the criterion of successful learning
(≥ 80% of correct trials).
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Table 3: Discrimination of conspecific vs. heterospecific urine odour across the last 20 trials in
TS3

Animal ID

Correct
trials

False trials

GND
GIN
PUM
LIL

18
17
18
15

2
3
2
5

p-value
Correct
(Binomial test) trials [%]
< 0.001 ***
0.003 **
< 0.001 ***
0.04 *

90
85
90
75

3.3.5 Olfactory learning by operant conditioning
The performance of GND was above 80% right from the beginning of the experiments and
remained high across all learning steps (Fig. 5a), most likely due to the learning experience
from the pilot phase (see GNDs learning curve during the pilot phase in Fig. 6 in the
supplementary information section). All other naïve test animals (Fig. 5b-d) showed increasing
learning performance over time and three out of four test animals reached the criterion of
successful learning at the end of TS3. One animal, LIL, did not reach the 80% criterion at the
end, but the learning curve was increasing in TS3 and pointing towards the criterion (Fig. 5d).
Unfortunately, tests with this animal were stopped at that point, since it had already reached
significance across the tests of the last two days (Binomial test for N = 21, p = 0.027). Drops in
performance while staying in one learning step were mostly due to the stepwise reduction of
the amount of the odour presented, be it banana or urine (see Fig. 5, the black arrows point at
those days). This effect, however, was more visible in the early training steps than in the later
training steps.
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Figure 5: Learning curves of the four test animals a) GND; b) GIN; c) PUM; d) LIL across the
five learning steps (Test Series 1a-3).
For each day (besides the first day of each learning step), the percentage of correct trials across the last
20 trials is shown. All values above 80% (upper dotted line) indicate successful learning. The lower
dotted line indicates chance level (50%). The black arrows point to those days, where the odour source
was experimentally reduced. Learning steps: TS1a = without urine, inner + outer banana only on one
side, step-wise reduction of outer banana to ¼ cup if animal shows significantly low error rate;
TS1b = no outer banana and reduction of inner banana to ¼ slice; TS1c = introduction of rewarded
urine sample and step-wise reduction of inner banana to 1/32 slice; TS2 = without any banana, stepwise reduction of pipetted urine to 5µl; TS3 = simultaneous presentation of rewarded and nonrewarded urine.

3.4 Discussion
This study provides first empirical evidence for the discrimination of species-specific olfactory
signatures in nocturnal primates. The established operant conditioning setup was feasible for
conditioning mouse lemurs on the odour of a conspecific urine mix. However, we faced some
unexpected methodological limitations, which shall be discussed first.
We had to exclude 18 of 24 (75%) animals from the subsequent final conditioning experiments.
Several reasons may explain this relatively high dropout rate. First, animals may not have
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participated well in a spatial setup if they suffered from acute stress (LEHNERT et al. 1984;
QUARTERMAIN et al. 1996). Test animals exhibiting frantic movements and/or freezing
behaviour in our study (16 of 18 excluded animals, 89%) only rarely showed sniffing and
responded in no coordinated way to the offered olfactory stimuli in form of the banana reward,
indicating that stress may have affected the behaviour of a larger number of animals.
Second, other studies have demonstrated some degree of neophobia and cautiousness of mouse
lemurs in the context of open field experiments (NEMOZ-BERTHOLET and AUJARD 2003;
THOMAS et al. 2016; HUEBNER et al. 2018) and have attributed the different behavioural
responses to different personality types (DAMMHAHN 2012; DAMMHAHN and
ALMELING 2012; VERDOLIN and HARPER 2013). They also reported about a freezing
response in open field experiments (THOMAS et al. 2016) similar to that seen in wild grey
mouse lemurs as anti-predator behaviour (RAHLFS and FICHTEL 2010). In fact, test animals
appeared to fall into two behavioural types: first, the more nervous type showing frantic
movements and/or freezing behaviour and second, the more relaxed type that remained calm in
the arena and showed directed orientation responses (sniffing) towards the stimuli. The overall
success rate during screening of M. murinus (44.4%) was over three times higher than that of
M. lehilahytsara (13.3%). These findings might suggest a species difference in neophobia,
leading to different experimental performance. However, such species differences were not
reported for mouse lemurs so far and this hypothesis therefore requires further testing.
Previous studies also reported an effect of age on behaviour and personality traits in mouse
lemurs (DAMMHAHN 2012; ZABLOCKI-THOMAS et al. 2018). However, those studies
showed contrasting results with boldness increasing with age in wild males in one study
(DAMMHAHN 2012), but with shorter box emergence latencies in younger as well as higher
agitation scores in older captive animals (ZABLOCKI-THOMAS et al. 2018). In our study,
five of eleven younger animals (1-3 years old, 45.5%), but only one of 13 older animals
(4-8 years old, 7.7%) passed the screening. A study on grey mouse lemurs in a touchscreenbased cognitive task already showed an age-related impairment in older individuals, which
needed more trials to complete a learning step and additionally showed a deficit in their
cognitive flexibility (JOLY et al. 2014). Combined with higher agitation scores in older animals
(ZABLOCKI-THOMAS et al. 2018), this could be the reason for finding most of the suitable
animals in the group of younger adults. Further studies will be needed to clarify the relative
contribution of stress, personality and age on the performance in new experimental setups.
Dropout rates are relatively rarely reported in cognition studies. However, one other learning
study on captive mouse lemurs reported the dropout rates during the training (7 of 12 (58%)
animals excluded (SCHMIDTKE et al. 2018)). Animals in that study were locked in a small
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cognitive test chamber and had to interact with a touchscreen (SCHMIDTKE et al. 2018).
Another study on wild mouse lemurs reported dropout rates in the initial familiarization to a
maze (21 of 86 (24%) animals excluded, eight of which could be familiarized on a subsequent
day) (HUEBNER et al. 2018). For future refinement of our experimental setup, it may be one
solution to choose a smaller starting place to reduce animal exposure and anxiety before taking
spatial decisions. Another study design would be to conduct other complementary olfactory
experiments in the home cage, where the animals are in their familiar surroundings and might
be calmer, but olfactory stimulation would be much less controlled under these conditions.
It could be argued that habituation to this new setup could eventually be reached if the animals
would be trained for a longer period of time. However, two of three male M. lehilahytsara tested
in the pilot phase could still not be trained to discriminate banana odour from water (TS1a),
even though this test series was conducted for 22 and 30 days, respectively. This observation
was the reason for developing the quick screening protocol used in this study. An initial
screening across a series of ten test days can be concluded to be feasible to quickly establish
mouse lemur olfactory learning potential across a larger number of animals in a relatively short
time. We therefore recommend implementing such a procedure in future operant conditioning
studies.
One test animal, GND, was already trained in a pilot phase three months before the start of the
tests and therefore was not naïve to the setup and experimental procedure across all conditioning
steps. The previous experience of this animal is clearly visible when comparing its high
percentage of correct trials (> 80%) from the very start of the experiments conducted in October
and November to those from the experiments of the pilot phase in May and June 2016 (45%).
Obviously, the underlying olfactory learning was already completed during the pilot phase and
was memorized for at least three months. Odour memory was also described in other studies;
for example in Ateles geoffroyi, where the performance of the tested animals was not effected
by a 4-weeks break after the animals had learned to discriminate between two odour samples
(LASKA et al. 2003).
Interestingly, the two M. lehilahytsara learned faster than the two M. murinus which needed
more trials in total to complete the experiments. With regard to the higher dropout rate of
M. lehilahytsara in the screening, this was unexpected. A recent field study compared the
ecological generalist M. murinus with the specialist M. berthae in their innovation ability and
concluded that the specialist species was faster in succeeding in a problem-solving task than
the generalist species (HENKE-VON DER MALSBURG and FICHTEL 2018). This could
potentially also explain the observed species differences in our study, but this hypothesis will
need to be tested in the future when comparative cognitive datasets become available.
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To conclude, we showed that mouse lemurs passing the screening criteria could be trained via
operant conditioning to discriminate conspecific urine samples from water and heterospecific
urine samples by scent alone. All four test animals learned to use olfaction to find the food
reward and could be conditioned to link the food reward to the scent of conspecific urine. The
overall time needed for training the animals is comparable to previous studies on operant
conditioning for olfactory discrimination in primates (A. geoffroyi (LASKA et al. 2003), Saimiri
sciureus (HUDSON et al. 1992)). Consistent with the study of (JOLY et al. 2014), the oldest
individual (six-year-old M. murinus male PUM) needed most trials to complete the
experiments. However, this setup is not suitable to establish a spontaneous interest in or a
preference for particular odours, in other words to study their biological relevance.
It is known that grey mouse lemur females advertise their oestrus not only with more frequent
scent marking behaviour but also with oestrus advertisement calls (BUESCHING et al. 1998).
In the dense forest habitats of Madagascar, auditory and olfactory cues have the highest
potential to be perceived by conspecifics and potential mates (ZIMMERMANN 2016).
However, to ensure that conspecific mates are attracted, females should not only advertise their
oestrus, but also their species and their locality. This should be particularly beneficial under
limited vision, which is characteristic for their microhabitats in the fine-branche niche
(MARTIN 1972; BUESCHING et al. 1998). Previous studies on the acoustic communication
of mouse lemurs (ZIMMERMANN 1995; ZIETEMANN 2000; BRAUNE et al. 2005;
ZIMMERMANN 2016) also found an individually distinct and species-specific advertisement
call, which is uttered by sexually active males (ZIMMERMANN and LERCH 1993; BRAUNE
et al. 2008). Combined with the ability of mouse lemurs to discriminate mouse lemur species
by scent, as shown in this study, these findings suggest a multimodal (here chemo-acoustic)
species recognition system in mouse lemurs.
Multimodal means, as defined by Slocombe, Walter and Liebal (2014), the “simultaneous
combinations of signals from two or more modalities (gestural, facial, vocal and olfactory
signals), and/or any signals requiring sensory integration by the receiver” (SLOCOMBE et al.
2014, p. 115). Using multimodal cues for species recognition was already shown in other
primate species (for example Cebus apella, visual-auditory matching (EVANS et al. 2005) and
possible olfactory-visual matching in Eulemur rufifrons (RAKOTONIRINA et al. 2018)). It is
known that the capability to achieve a coherent and multimodal representation of the
surroundings confers advantages, because it enables the receiver to achieve higher sensory
resolution, which is the basis for well nuanced behavioural responses (CALVERT 2001).
Additionally, multimodal cues are likely to “enhance the detection and discrimination of
external stimuli” (CALVERT 2001, p. 1110) and increase the accuracy of decision making
(e.g., in fish (WARD and MEHNER 2010)).
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To summarize, this study provides proof of principle for the discrimination of species-specific
olfactory signatures by nocturnal primates. Findings are congruent with studies suggesting an
important role of chemical signalling in species diversification (HAYES et al. 2004;
DELBARCO-TRILLO et al. 2011) which are most likely complemented by the use of auditory
cues (BRAUNE et al. 2005, 2008; ZIMMERMANN 2016) for species discrimination in mouse
lemurs.
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3.7 Supplementary information
Please see the full supplementary file online for the Tables of the raw data (Tables S3-S7):
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-019-56893y/MediaObjects/41598_2019_56893_MOESM1_ESM.pdf

Figure 6: Learning curve of GND in the pilot phase.
For each day (exclusive of the first day of each learning step), the percentage of correct trials across
the last 20 trials is shown. All values above 80% (upper dotted line) indicate successful learning. The
lower dotted line indicates chance level (50%). The arrows point on those days, where the odour
source was experimentally reduced. Learning steps: TS1a = without urine, inner + outer banana only
on one side, step-wise reduction of outer banana to ¼ cup if animal shows significantly low error rate;
TS1b = no outer banana and reduction of inner banana to ¼ slice; TS1c = introduction of rewarded
urine sample and step-wise reduction of inner banana to 1/32 slice; TS2 = without any banana, stepwise reduction of pipetted urine to 5µl; TS3 = simultaneous presentation of rewarded and nonrewarded urine.
Table 4: Ethogram used for categorizing the animals during the screening

Behaviour

Description

Sniffing

the animal is standing still for a few seconds, sometimes
bipedal, and pointing with the nose at one or both corridors
alternatingly
the animal is stationary, sometimes crouching, and not
moving its body for > 10 s

Freezing
Frantic movement

the animal runs very fast and without pause in the arena
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Table 5: The behaviour of all test animals in pilot phase and screening.
If a behaviour was shown at least once, it is marked with a “+”. Behaviours that were never shown are
marked with a “-“
Pilot
phase
Screening

Animal ID
FIN
GND
JUL
ELI
GIN
HAP
IMK
IRM
LIA
LIS
FEV
FRO
GUD
LEO
LUP
LIL
LOT
NUR
LIM
MAN
NAP
NIG
PRI
PUM

species
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. lehihalytsara
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

sex
m
m
m
f
f
f
f
f
f
f
m
m
m
m
m
f
f
f
m
m
m
m
m
m
= 24 animals tested in total
M. lehilahytsara n = 15
M. murinus n = 9
aged 1-8 years

age in
2016
2
3
6
1
3
4
5
5
8
8
2
2
3
8
8
2
2
4
2
3
4
4
6
6
= 6 animals
considered
suitable

considered
suitable
no
yes
no
no
yes
no
no
no
no
no
no
no
no
no
no
yes
yes
no
no
yes
no
no
no
yes

= 11 animals
conducted 10
trials/each day

conducted 10
trials/day
+
+
+
+
+
+
+
+
+
+
+

-

sniffing
behaviour
+
+
+
+
+
+
+
+
+
+

frantic
movement
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

= 10 animals
= 14 animals
showed sniffing showed frantic
behaviour
movement

= 9 animals
showed
freezing
behaviour

freezing
behaviour
+
+
+
+
+
+
+
+
+
-

= 17 animals
completed
habituation

completed
habituation
yes
yes
yes
no
yes
no
yes
no
no
yes
no
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
no
yes
yes
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Chapter 4 Experimental evaluation of spontaneous
olfactory discrimination in two nocturnal primates
(Microcebus murinus and M. lehilahytsara)
In revision for publication in the journal Chemical Senses since the 10th March 2020 by
Annika Kollikowski1, Selina Jeschke1, Ute Radespiel1
1

Institute of Zoology, University of Veterinary Medicine Hannover, Hannover, Germany

Solitary species often employ chemocommunication to facilitate mate localisation. In the
solitarily foraging, nocturnal mouse lemurs (Microcebus spp.), females advertise their short
period of oestrus acoustically and by increased scent marking, whereas males search widely for
receptive females. Both sexes can be trained by operant conditioning to discriminate
conspecific from heterospecific urine scent. However, it is not known, if males during and
outside the reproductive season show different spontaneous interest in conspecific female urine,
and if urine from oestrous females elicits a higher sniffing response than that from dioestrous
females. We established a spontaneous discrimination paradigm and quantified sniffing
responses of 21 captive male mouse lemurs of M. lehilahytsara and M. murinus when
presenting one conspecific and one heterospecific female urine odour sample simultaneously.
Overall, M. murinus sniffed significantly longer at stimuli than M. lehilahytsara. Moreover,
males of M. murinus showed significantly longer sniffing at conspecific urine samples during
but not outside the reproductive season. This indicates that female urinary cues are
spontaneously discriminated by male M. murinus and that this discrimination is more relevant
during the reproductive season. However, males of both species did not sniff differently on
urine samples from oestrous versus dioestrous females. Finally, male age correlated negatively
with the overall sniffing duration in M. lehilahytsara, suggesting a potential age-dependent
olfactory decline in mouse lemurs. In conclusion, this new spontaneous discrimination
paradigm provides a useful additional tool to study olfactory communication of nocturnal
primates from the receiver’s perspective.

Keywords: chemical communication, olfaction, urine, seasonal reproduction, solitary,
Strepsirrhini
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4.1 Introduction
Olfactory cues play a major role in the communication of many mammals. Especially in the
context of reproduction, animals rely heavily on their sense of smell (KELLER et al. 2010). For
example, scent is used to recognize kin and avoid inbreeding (PUSEY and WOLF 1996;
SHERBORNE et al. 2007; BOULET et al. 2009) or to find mates (BRENNAN 2004; KELLER
et al. 2010). Moreover, olfactory cues are used by female mice or female cape ground squirrels
in the context of mate choice (ROBERTS et al. 2014; SHAVE and WATERMAN 2017),
whereas males of sheep and water buffalo discriminate between oestrous and non-oestrous
female scents and investigate scents of oestrous females longer (BLISSITT et al. 1990;
KARTHIKEYAN et al. 2013). Also males of several primate species were observed to react
more strongly to scents from oestrous or peri-ovulatory females (thick-tailed galagos (CLARK
1982), chacma baboons (CLARKE et al. 2009), cotton-top tamarins (ZIEGLER et al. 1993) and
humans (GILDERSLEEVE et al. 2012)), indicating that olfactory communication plays also a
critical role in primate social and reproductive behaviour (reviewed in DREA 2015).
Besides the general importance of deciphering olfactory cues in the reproductive context, this
is particularly relevant in solitary species. As solitary animals need to locate suitable mates over
distance, they need a reliable mate detection system. Especially in solitary seasonal breeders
with short receptive periods, the reproductive success of the males depends strongly on the
ability to localize suitable, conspecific, oestrous females and to not waste energy and time in
following trails of non-oestrous or even heterospecific females. In the solitary living koala,
Phascolarctos cinereus, and the solitary and seasonally mono-oestrous giant panda, Ailuropoda
melanoleuca, males show a significant investigatory preference for urine from oestrous
compared to non-oestrous females (SWAISGOOD et al. 2002; CHARLTON 2014). In
seasonally breeding primates, marking often increases during the reproductive season (DREA
and SCORDATO 2008; FREEMAN et al. 2012; GREENE and DREA 2014) and can increase
even further in females on days of high receptivity, for example in the nocturnal Galago
(CLARK 1982) and Daubentonia (reviewed in COLQUHOUN 2011). Such olfactory oestrus
advertisement of nocturnal and solitary foraging females is assumed to be highly advantageous
given the poor visual conditions at night (DREA 2015).
Nocturnal mouse lemurs (Microcebus spp.) form a speciose lemur genus (24 described species)
that can be found with up to two sympatric congeneric species in various regions of Madagascar
(reviewed in ZIMMERMANN and RADESPIEL 2014; GROVES 2016). They live in dispersed
social networks that have been characterized as individualised neighbourhoods (RADESPIEL
2000) where individuals forage solitarily during the night and can form stable sleeping groups
during daytime, but not between mates (RADESPIEL et al. 2001; EBERLE and KAPPELER

Spontaneous olfactory discrimination in mouse lemurs | 65

2004a, 2006; RADESPIEL et al. 2009). Given the dense forest habitat and dispersed social
structure, they strongly depend on effective intra-specific distance communication strategies,
including vocal and olfactory communication. Mouse lemurs have the largest repertoire of
functional VNO receptor genes among primates as well as a well-developed rhinarium
(EVANS and SCHILLING 1995; YOUNG et al. 2010; HOHENBRINK et al. 2012;
HOHENBRINK et al. 2013; HOHENBRINK et al. 2014; YODER et al. 2014), and the
importance of olfaction is further suggested by various types of scent marking behaviours like
urine-washing or anogenital rubbing (GLATSTON 1983).
Mouse lemurs are typically seasonal breeders and one month prior the onset of oestrus in
females, testes volume significantly increases in male mouse lemurs (GLATSTON 1979; RINA
EVASOA et al. 2018). Females are known to advertise their oestrus via increased scentmarking and an oestrus advertisement call (BUESCHING et al. 1998), whereas plasma
testosterone concentrations of males were shown to increase when being exposed to urine scents
of prooestrous and oestrous females (PERRET 1985, 1992). Female mouse lemurs are receptive
for only 2-4 hrs during one night 1-3 times per year in the forests of Madagascar (GLATSTON
1979; PERRET 1992; SCHMELTING et al. 2000; LAHANN et al. 2006), and males have to
localize receptive females during this time (RADESPIEL 2000; EBERLE and KAPPELER
2004a). The mating system of the best studied mouse lemur species, M. murinus, has been
characterized as a promiscuous, multi-male/multi-female mating system with scramble and
sperm competition (FIETZ 1999; RADESPIEL 2000; EBERLE and KAPPELER 2004a;
EBERLE et al. 2007). Male mouse lemurs search for receptive females by significantly
increasing their home range sizes during the reproductive season (RADESPIEL 2000). Using
scent-marks to locate a suitable mate should be advantageous for mouse lemur males, as scent
marks are longer lasting in contrast to acoustic or visual cues and therefore can guide the search
effectively even when the respective female already moved out of hearing or visual range. We
recently showed that captive M. murinus and M. lehilahytsara can be trained via operant
conditioning to discriminate conspecific from heterospecific urine scent (KOLLIKOWSKI et
al. 2019). However, it is not known if mouse lemur males discriminate spontaneously between
oestrous and dioestrous, conspecific and heterospecific female urine scents.
In this study, we focus on two species of mouse lemurs: the widely distributed grey mouse
lemur, M. murinus, that lives in sympatry with other mouse lemur species in various parts of
the island (RADESPIEL 2016), and the Goodman’s mouse lemur, M. lehilahytsara, that occurs
in allopatry to all other mouse lemur species in the central east highlands (KAPPELER et al.
2005; RADESPIEL et al. 2012).
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The aim of this study is to investigate and compare signals of spontaneous olfactory
discrimination of female urine scents by captive male M. murinus and M. lehilahytsara. First,
as the effects of freezing of urine samples on behavioural experiments are still discussed (see
SAUDE and SYKES 2007; HOFFMANN et al. 2009; DREA et al. 2013), we compared sniffing
at frozen (at -18° directly after sampling) and fresh (collected on the morning of the respective
test day) urine samples. Next, we tested males of M. murinus and M. lehilahytsara during the
reproductive season with urine scent of conspecific and heterospecific females in two different
reproductive states (oestrus and dioestrus). We predicted that male mouse lemurs show longer
sniffing at urine belonging to conspecific oestrous females, as this odour should advertise a
potential mate. Results are compared to a test series conducted on male M. murinus and
M. lehilahytsara during the non-reproductive season with urine from conspecific and
heterospecific females in dioestrus. Here we predict that the sexually inactive males do not
differ in sniffing at both odour types, as both scents could equally cause avoidance or interest
outside the reproductive context. Finally, we evaluated an influence of male breeding activity
(some of the study males were kept in breeding pairs outside the tests) and of male age on
behavioural responses (sniffing durations) towards the odours in order to identify further
potential sources of behavioural variation.

4.2 Material and methods
4.2.1 Study Animals and Housing Conditions
The behavioural experiments for this study were conducted with nine M. lehilahytsara
(aged 1-10 years, mean = 4.2 years) and 12 M. murinus (aged 1-9 years, mean = 6.1 years)
during the reproductive season 2018 and the non-reproductive season 2017 (see Table 10 in the
supplementary information section of this chapter for details). The reproductive season (def.
start of first oestrous to end of last oestrus) in our colony lasts from the end of January until
July in M. murinus and February until June in M. lehilahytsara (WROGEMANN et al. 2001).
Animals were kept in the animal facility of the Institute of Zoology at the University of
Veterinary Medicine Hannover in Hannover, Germany (licensed by Ordnungsamt, Gewerbeund Veterinärabteilung, Landeshauptstadt Hannover, AZ 42500/1H). All study animals were
born in captivity and kept individually or in groups of 2-3 animals of the same sex or in breeding
dyads. Cages (width x height x depth: 65 cm x 155 cm x 80 cm per animal) are equipped with
wooden nest boxes that are attached outside the cage and could be closed temporarily to confine
animals prior to experiments. The side elements of the cages contain doors which can be opened
to connect cages hanging side by side for socially housed animals, but also can be closed if an
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individual needs to be separated from other group members (e.g., for experiments). For more
details on housing conditions, see (HOHENBRINK et al. 2015). Female M. murinus underwent
2-4 oestrus cycle in the year 2018, while female M. lehilahytsara were in oestrus 1-3 times in
2018 (based on colony reproductive records). All animals receive a weekly health check where
the reproductive state is evaluated with standard procedures (BUESCHING et al. 1998).
Besides, oestrous status of females is checked daily for changes in vulva morphology when
entering prooestrus (def.: vagina swollen but still sealed). Females are considered in oestrus,
when their vagina just opened and vaginal cytology displays large, angular and keratinised
epithelial cells with disappearing nuclei and no leucocytes (BUESCHING et al. 1998). Females
are considered in dioestrus when the vagina is flat and sealed.

4.2.2 Collection and preparation of urine samples
Urine samples are routinely collected since 2014 during the reproductive season either from
spontaneously urinating oestrous and dioestrous females using single-use pipettes during the
weekly handling of M. murinus and M. lehilahytsara, or from suitable donor females that were
confined for one hour prior to their active phase in special nest boxes for urine collection (see
(KOLLIKOWSKI et al. 2019) and Figure 13 in the supplementary section for details). Samples
were either used immediately (=fresh) or were directly frozen at -18° in small inert glass vials
(CS Chromatographie Service GmbH, Langerwehe, Germany). Details on odour sample
composition across all trial types are provided in supplementary text S1 and Tables 11-12 in
the supplementary information section.

4.2.3 Behavioural Assays
Study period and trial types
A subsample of eight males (NM. murinus = 4, NM. lehilahytsara = 4) was tested during the nonreproductive season from October to December 2017. The experiments during the subsequent
reproductive season were conducted with all 21 males (NM. murinus = 12, NM. Lehilahytsara = 9) from
February to May 2018, when male testes sizes were largest, they can in principle be sexually
active and should therefore have the highest interest in female odours. All experiments were
performed according to the NRC Guide for the Care and Use of Laboratory Animals, the
European Directive 2010/63/EU and the German Animal Protection law. This study was
licensed by the Niedersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit (LAVES, reference number AZ 33.12-42502-04-14/1454) and followed
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the Principles for the Ethical Treatment of Non-human Primates of the American Society of
Primatologists.
Urine odours were presented in and on metal tea eggs (for details see below) next to a bait tray
that served to standardize experimental conditions by attracting all animals at least once to the
proximity of each tea egg (for details see below, Fig. 7). We used tea eggs because they proofed
feasible in other studies (HENKEL et al. 2015), as they do not smell themselves and can be
cleaned easily with ethanol. Test animals were not tested with urine from first-degree relatives
(r = 0.5) or animals with whom they had been housed in the same room over the last six months
to reduce a possible influence of relatedness or strong familiarity on the behavioural response.

Figure 7: Bait trays (#1) and tea eggs (#2) for urine sample presentation in an animals’ cage.

First, in an olfactory control trial, the left tea egg contained only tap water and the one on the
right contained a small amount of banana mash smeared onto a filter paper (Table 6: trial Ban).
This trial was used to test for the general olfactory ability, as mouse lemurs are typically
attracted towards banana (AK, UR, personal obs.).
Second, two urine odours were presented simultaneously to compare the spontaneous sniffing
response between the two odour types (for a detailed list of the odours used per animal and trial,
see Table 11 in the supplementary information section). In each urine trial, we presented on the
left-hand side one conspecific (“con”) and on the right-hand side one heterospecific (“het”)
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urine sample (Table 6). Subsequent urine trials with the same male were at least two weeks
apart and all animals were first tested in the trial R-Oe (= reproductive season – oestrus)
followed by trial R-DiOe (= reproductive season – dioestrus). Because we were not able to
collect fresh oestrous urine samples of suitable donor females for all males, only eight
M. murinus and no M. lehilahytsara male could be tested in the trial R-Oe-fresh (= reproductive
season-oestrus-fresh, Table 6, this trial was conducted between trials R-Oe and R-DiOe). The
experimenter was not blinded for the test condition, as most experiments were conducted by
A.K.
Table 6: Description of trial type, sample quality, reproductive condition of donor females used
in each trial type, urine source, and number of tested animals per condition

Sample
quality

Cycle
status of
donor
females

Urine
source

//

//

//

fresh

oestrus

not mixed,
one donor

R-Oe

reproductive
season
(summer)

frozen

oestrus

mixed from N M. murinus = 12
two donors N M. lehilahytsara = 9

R-DiOe

reproductive
season
(summer)

fresh

dioestrus

not mixed,
one donor

NR

nonreproductive
season (winter)

dioestrus

mixed from
N M. murinus = 4
three
N M. lehilahytsara = 4
donors

Trial type

Ban

R-Oe-fresh

Condition
Water vs
Banana,
reproductive
season
(summer)
reproductive
season
(summer)

frozen

Tested N of both
species

N M. murinus = 12
N M. lehilahytsara = 9

N M. murinus = 8

N M. murinus = 12
N M. lehilahytsara = 9

Habituation and experimental procedures
The experiments were conducted in the home cage of the animals. If an animal was housed in
a social group in a set of 2-3 connected cages, the doors to the neighbouring cages were closed
for the duration of the experiment. Half an hour prior to the activity phase, the test animal was
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locked in its nest box to prepare the test cage for the experiment, and animals of the same social
group were locked separately in other boxes to not distract the test animal during the
experiment.
A habituation and pre-training period was conducted with each male before starting with the
actual urine trials to familiarize males with the setup and secure active participation in the
subsequent trials. In the course of this pre-training, males learned to reliably approach the setup
and take the bait out of each bait tray in less than five minutes. As a first step, two empty tea
eggs were hung into the cage 24 hrs prior to the first day of pre training to habituate the males
to these unknown items. During pre-training and all subsequent trials, the two tea eggs
(Fig. 7: #2) and bait trays (Fig. 7: #1) were placed at eye level inside the cage on its front. Tea
eggs were placed with a minimum of 20 cm apart from each other and 6 cm from the sides of
the cage. Bait trays were placed directly next to the side of the cage and at least 2 cm apart from
the tea eggs on the same height. In each bait tray, one of the following (depending on the
animals’ preference) items was placed: one frozen mealworm, ¼ raisin, 1/16 grape or 20 µl
apple juice. The experimenter first waited if the animal inspected the bait trays on its own.
When an animal did not inspect one or both bait trays, the experimenter presented another bait
to the animal using forceps and then lured it to the bait trays until the animal approached both
bait trays spontaneously on its own. The pre-training was first conducted for a maximum of ten
minutes per animal and day (independent of the animals’ interaction with the bait trays) but was
reduced to five minutes as the animal got faster in taking the baits. After each pre-training with
one animal, all experimental equipment was removed from the cage, cleaned with soap and hot
water, then rinsed with 70% ethanol and left air-drying in a separate room. The time needed for
the pre-training ranged between 1-15 days (mean ± SD = 4.52 ± 3.08 days, Table 14 in
supplementary information section).
Prior to each urine trial, the following preparations were done: Frozen urine samples were
thawed just before the experiment. Directly before each urine trial, the animals’ cage was
prepared as described for the pre-training. The urine samples were pipetted directly before the
experiment on a filter paper (2x2 mm) placed inside the tea eggs (2 µl) and on the hanger of the
tea eggs (1 µl) to give the animals the possibility of direct contact with the samples (e.g., for
licking and VNO contact). To prevent any contamination with human body odours, nitrile
gloves were worn at all times and the filter paper was only handled using clean forceps. We
placed a camera (Sony Handycam DCR-SR210E) on a tripod and added a red-light lamp for
better cage illumination, approximately 0.5 m in front of the cage.
Urine trials of five minutes duration were conducted at the beginning of the animals’ active
phase, in the first hour of the dark phase. Experiments were started when the animal left its nest
box, and the box was closed during the experiment. In parallel to filming the experiment, the
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experimenter directly observed the animal at a distance of about one meter to the cage. The
animal could move freely inside its cage and water was available ad libitum. At the end of the
experiment, the experimenter removed the experimental equipment, re-opened the nest box,
side doors and nest boxes of group members, and provided the daily food for all group members.
Tea eggs and bait trays were cleaned as described above.

4.2.4 Video analysis
Videos were analysed frame-by-frame using The Observer XT12.5 (Noldus, Wageningen, The
Netherlands). Analyses started with the animal entering the cage and ended after five minutes.
The duration (in seconds) of all sniffing at the tea eggs was recorded. Sniffing was defined as
the nose pointing towards the tea egg in a 2 cm radius around the tea egg. The data was extracted
from The Observer to Excel 2016 and prepared for statistical analyses. A subset of videos was
analysed by a second person, to estimate inter-observer reliability (N = 18, 22.8%). For this, we
used Spearman’s rank correlation on all durations for each coded behaviour. The correlation
was highly significant (N = 18, rSpearman = 0.98, p < 0.001).

4.2.5 Statistical analyses
For the test of the odour detection ability, we used a Wilcoxon matched pairs test in
STATISTICA 8 (StatSoft Inc., Tulsa, OK) on the non-transformed data to compare sniffing
duration of all males at water and banana odour in trial Ban. All following statistical tests (see
Table 7 for a detailed description of the statistical tests used in each research question) were
conducted in R Studio version 3.6.1 (R CORE TEAM 2019) with the packages car (FOX and
WEISBERG 2019), lme4 (BATES et al. 2015) and lmerTest (KUZNETSOVA et al. 2017). We
transformed sniffing durations (either log-transformation (log transformation + 1) or square
root transformation (square root transformation +1)) if needed, so that the assumptions of
normally distributed and homogeneous residuals were best met (Table 7). Whenever results on
variables with more than two states were significant, we compared sniffing durations of
different datasets using a Tukey Post hoc test.
We first tested for a possible impact of sample condition (fresh vs. frozen) on sniffing with the
sub-dataset of the eight M. murinus males that were tested first with frozen and then fresh
oestrus urine (Table 7). We then tested for a species difference in the total sniffing duration of
males in the largest dataset available for all test animals (= sum of the sniffing durations in the
trials Ban, R-Oe and R-DiOe, Table 7). Due to the stated species difference (see results), all
subsequent analyses were performed for each species separately.

72 | Spontaneous olfactory discrimination in mouse lemurs

Table 7: Statistical tests used for each research question
research
question

dataset trials

statistical test

dependent
variable

random
factor

fixed factor

sample storage

R-Oe, R-Oefresh, only M. m.

linear mixedeffects model

sniffing duration per
trial (logtransformed)

ID

sample
condition

species difference

R-Oe, R-DiOe,
Ban

one-way
ANOVA

Olfactory
discrimination

R-Oe, R-DiOe,
NR, divided by
species

linear mixedeffects model

R-Oe, only M. m.

linear mixedeffects model

reproductive
activity

correlation of age
and sniffing

Spearman's rank
correlation test
R-Oe, R-DiOe,
(M. m. ),
Ban, divided by Pearson's productspecies
moment
correlation test
(M. l. )

total sniffing
duration (square
//
species
root-transformed)
sniffing duration per
time
time period +
trial (logperiod/ID sample type
transformed)
sniffing duration per
trial (logtransformed)

ID

repro_2018 *
sample type

overall sniffing
duration (nontransformed)

//

age

To test if season (R-NR) and/or oestrus phase (Oe-DiOe) influenced the dependent variable
sniffing duration, we built a combined factor time period (R-Oe, R-DiOe, NR-DiOe) which
was then used as fixed factor together with sample type (conspecific vs. heterospecific
odour) in a linear mixed-effects model with the individual (ID) nested in time period as
random factor (Table 7). We furthermore tested if the breeding status of males (repro_2018:
paired vs. not paired with female during reproductive season 2018) influenced sniffing
durations in the reproductive context (= during R-Oe, Table 7). We could not test M.
lehilahytsara for this question due to a low sample size.
In order to test for a possible correlation between male age and sniffing activity, the total
sniffing duration across the largest of all partial datasets (= sum of all sniffing durations
during the trials Ban, R-Oe and R-DiOe) was considered in correlation tests that were
chosen according to the data distribution in the M. murinus and M. lehilahytsara dataset
(Table 7). Differences were considered significant at p < 0.05.
Data availability: The datasets generated and analysed during this study are available in the
supplementary information section.
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4.3 Results
4.3.1 Influence of food smell, sample preservation and species on sniffing response
All animals of both species besides one M. lehilahytsara (ID = LUP) sniffed longer on the
banana scent than on water. This different response to banana odour and water was significant
(Wilcoxon matched pairs test: z = 3.98, p < 0.001, Ntotal = 21, Fig. 8). As the animal LUP showed
sniffing behaviour in all other trials on both tea eggs but just did not show interest in banana,
the animal remained in the study.

Figure 8: Sniffing duration (in seconds) on water vs. banana scent during the control trial (Ban)

The sniffing duration on urine samples did not differ between fresh and frozen samples (trials
R-Oe vs. R-Oe-fresh: Estimate = 0.344, SE = 0.480, p = 0.486). As frozen oestrous urine
samples elicited the same amount of sniffing as fresh oestrous urine samples, we conclude that
sample condition did not influence the animals’ responses to urine odours and that this factor
therefore does not need to be considered in subsequent analyses.
Based on the largest dataset available for all test animals (Ban, R-DiOe, R-Oe), M. murinus
sniffed significantly longer on tea eggs than M. lehilahytsara (F(1, 19) = 9.488, p = 0.006,
Fig. 9). To account for this overall species difference, all subsequent models were calculated
for both species separately.
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Figure 9: Total sniffing duration (in seconds) per animal for both species across all trials (Ban,
R-Oe and R-DiOe).
Box = inter-quartile range (IQR), line in box = median, whiskers = maximal 1.5 x IQR, individual
datapoints are plotted.

4.3.2 Influence of time period, sample type, and male reproductive state on sniffing
response
Sniffing durations did not differ significantly between the three time periods in both species, but
a significant influence of the sample type on sniffing duration was detected in M. murinus (Table
8, Fig. 10a, b). Overall, M. murinus males sniffed significantly longer on conspecific female
urine than on heterospecific female urine (Table 8). This difference was particularly visible during
the two time periods from the reproductive season (R-DiOe, R-Oe, Fig. 10a). No consistent and
significant difference between sniffing at different odour types was detected in M. lehilahytsara
across the three time periods (Fig. 10b, Table 8).
Table 8: Results of the linear mixed effects models for testing the influence of time period and
sample type on sniffing duration
Response
variable

Fixed effect
Intercept

Estimate
1.519

M. murinus
SE
df
0.416
29.742

p
a

Estimate
1.201

Sniffing duration Time
-0.038
0.168
26.000
0.822
-0.173
(logperiod
transformed)
Sample
-0.531
0.216
27.000 0.021* -0.083
type (het)
a= not shown because of not having a reasonable interpretation
SE = Standard error, df = degrees of freedom, het = heterospecific odour

M. lehilahytsara
SE
df
0.386
21.929

p
a

0.161

20.000

0.294

0.166

21.000

0.621
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a)

b)

Figure 10: Sniffing durations (in seconds) of a) M. murinus and b) M. lehilahytsara on the
conspecific (con) vs heterospecific (het) odour in three time periods.
NR = non-reproductive season, dioestrous female urine; R-Oe = reproductive season, oestrous female
urine; R-DiOe = reproductive season, dioestrous female urine. Box = inter quartile range (IQR), line in
box = median, whiskers = maximal 1.5 x IQR, individual datapoints are plotted.

A mixed model testing for the influence of sample type and reproductive activity in 2018
(= repro_2018) revealed again the significant impact of sample type but also a significant
interaction of sample type and repro_2018 (Table 9). Specifically, non-breeding M. murinus
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males sniffed significantly longer on conspecific than on heterospecific urine odours (Table 9,
Fig. 11, Tukey test for non-breeding males: estimate = -1.301, SE = 0.462, p = 0.047), whereas
this was not the case in the five breeding males (Table 9, Fig. 11, Tukey test for breeding males:
estimate = 0.230, SE = 0.547, p = 0.974). The respective female partners of the breeding males
were in metoestrus (N = 1) or in dioestrus (N = 4) on the test day.
Table 9: Results of the linear mixed effects model on the influence of reproductive activity and
odour type on sniffing duration in M. murinus.
M. lehilahytsara could not be tested, since breeding M. lehilahytsara males were not available in
sufficient numbers for this test
M. murinus
Response variable
Fixed effects
Estimate
SE
df
p
a
Intercept
1.765
0.327
18.160
repro_2018 (yes breeding)
Sniffing duration (logtransformed)
Sample type (het)
repro_2018*sample type

-0.904

0.506

18.160

0.091+

-1.307

0.381

10.000

0.006**

1.537

0.591

10.000

0.026*

a= not shown because of not having a reasonable interpretation
SE = Standard error, df = degrees of freedom, het = heterospecific

Figure 11: Sniffing durations (in seconds) on conspecific (con) and heterospecific (het) urine
samples of breeding vs non-breeding M. murinus males tested with urine of oestrous females in
trial R-Oe.
Box = inter quartile range (IQR), line in box = median, whiskers = maximal 1.5 x IQR, individual
datapoints are plotted.
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4.3.3 Effect of age on sniffing behaviour
A significant correlation between the age of males and their total sniffing time across all odour
trials with urine or banana (trials Ban, R-Oe and R-DiOe) was found in M. lehilahytsara, with
older males showing shorter overall sniffing durations than younger males
(rPearson, M. lehilahytsara = -0.681, p = 0.043, NM. lehilahytsara = 9, Fig. 12b). No such correlation was
found in M. murinus (rSpearman, M. murinus = 0.248, p = 0.438, NM. murinus = 12, Fig. 12a).
a)

b)

Figure 12: Relationship between age and total sniffing duration in seconds for a) M. murinus and
b) M. lehilahytsara.
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4.4 Discussion
We presented results from a new behavioural test paradigm that was developed for and
conducted with male mouse lemurs to evaluate their spontaneous behavioural olfactory
discrimination of different species-specific cues in the urine of female mouse lemurs. From a
methodological perspective, our results show that the setup is feasible for assessing spontaneous
sniffing responses in male mouse lemurs towards scents presented in and on metal tea eggs.
However, some technical aspects shall be discussed first before evaluating the olfactory
discrimination results in more detail.
We tested if freezing urine samples has a negative effect on sniffing responses of mouse lemurs.
This was expected, as some metabolites are known to change over the course of freezing and
thawing (SAUDE and SYKES 2007). Furthermore, it was discussed in rodents that freezing of
urine samples denatures the proteins in urine, leading to a significant decrease in behavioural
response towards these samples (HOFFMANN et al. 2009). However, the males in this study
sniffed similarly long under both sample preservation conditions, indicating that freezing
mouse lemur urine samples at -18° is a feasible conservation method that may be kept for future
behavioural studies. To be able to freeze urine samples for behavioural testing is clearly
beneficial, as urine samples can be collected long before the start of the experiment, providing
more flexible access to urine samples of donor animals. Additionally, it is then possible to pool
samples as well as to use samples of the same donor with test animals at different life history
stages, like for example as immatures and matures, or during and outside reproductive season.
Frozen urine as well as other frozen odour samples are widely used in olfactory discrimination
studies (for example GREGG and THIESSEN 1981; ARAÚJO 2003; CHARLTON 2014), but
often without further validation (but see HENKEL et al. 2015).
With this paradigm we tested mouse lemur sniffing responses to two odours simultaneously
presented in their familiar surroundings. To present two (or more) samples simultaneously
instead of consecutively is regarded advantageous as the sniffing on each sample can be directly
related to the overall sniffing time during that trial which facilitates the understanding of an
animals’ scent preference (SWAISGOOD et al. 2002; PALAGI and DAPPORTO 2006;
SHAVE and WATERMAN 2017) and reduces the impact of potential external disturbances or
motivational changes across longer test series with one stimulus per trial. However, the
simultaneous presentation of olfactory stimuli is also challenging, since volatiles might mix and
therefore confuse the animal, leading to unclear results. We placed the samples in our assay as
far away from each other as possible given the limited space in the home cage, but we cannot
rule out some mixing of the different odours. However, as all but one individuals of both species
sniffed preferably on the banana odour in the control trial, we conclude that localized sniffing
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behaviour at the tea eggs indeed announced odour detection and does also signal odour
discrimination if being biased towards one side.
We observed an overall significantly shorter sniffing duration in M. lehilahytsara than in
M. murinus. A possible explanation could be a generally higher cautiousness in
M. lehilahytsara when facing an unfamiliar test situation. In a previous cognition study, we
faced the problem of high dropout rates, especially in M. lehilahytsara, and considered a
possible species difference in neophobia (KOLLIKOWSKI et al. 2019), which could have led
to differences in the experimental performance. In the current study, all animals approached the
bait trays and tea eggs, however, when looking at the time needed for the pre-training in both
species separately, M. lehilahytsara males needed more days for the pre-training: Whereas the
time for M. murinus males ranged between 1-8 days (mean±SDM. murinus = 3.92±1.98 days),
males of M. lehilahytsara were in pre-training for 2-15 days (mean±SDM. lehilahytsara = 5.33±3.97
days). We furthermore found a difference in the mean latency until first sniffing of tea eggs,
with M. murinus (mean±SDM. murinus = 72.00±79.70 s) sniffing at tea eggs quicker than
M. lehilahytsara (mean±SDM. lehilahytsara = 113.54±109.40 s, results not shown). All of these
findings indicate a certain wariness in M. lehilahytsara, presumably caused by lower levels of
experience with behavioural tests which was stated in a parallel study (JESCHKE 2018), and
could be the reason for the significantly lower sniffing durations of M. lehilahytsara. Thus,
potential species difference in behavioural responses should be kept in mind when planning and
evaluating future studies.
Male M. murinus discriminated between conspecific and heterospecific female urine scent and
sniffed on conspecific scents significantly longer than on heterospecific scents, but mostly
during and not outside the reproductive season. This difference was expected as males outside
the reproductive season are not sexually active, have only small testes (WROGEMANN et al.
2001) and should therefore not have a particularly high interest in conspecific female odours.
Instead, they could be expected to sniff equally on conspecific and heterospecific scent samples
based for example on a general interest at an unknown olfactory stimulus in the home cage.
Such differences were also observed in other mammals like the giant panda, where females and
males discriminated the donor sex only during the reproductive season, but not in the nonreproductive season (WHITE et al. 2004). In M. lehilahytsara, however, a sniffing bias for one
odour type was not found, neither inside nor outside the reproductive season. In a previous
study, using an operant conditioning paradigm, however, we were able to condition M. murinus
as well as M. lehilahytsara males and females to discriminate conspecific from heterospecific
urine scent (KOLLIKOWSKI et al. 2019). Therefore, both species are in principle able to
discriminate mouse lemur species by urine scent and it remains unclear, why M. lehilahytsara
males did not show a spontaneous discrimination in this paradigm.
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Interestingly and in contrast to non-breeding M. murinus males, breeding males showed no
preference for conspecific over heterospecific urine from oestrous females and even seemed to
avoid the conspecific scent in comparison to the sniffing durations of the non-breeding males
(Fig. 11). This result did not follow our expectations of high sexual interest by breeding males.
However, the findings may be explained by the following circumstances. In three of the five
breeding dyads, males had to be separated from females outside the females’ receptive days
due to bite marks and a loss in weight. Female grey mouse lemurs are known to be dominant
over males, and this agonistic asymmetry in aggressive behaviours (more frequent in females)
and submissive behaviours (more frequent in males) is most strongly expressed in permanently
grouped animals (compare findings of RADESPIEL and ZIMMERMANN 2001 with
HOHENBRINK et al. 2016). Therefore, the lower interest in female oestrous odours by our
breeding males may signal an avoidance of conspecific female scent as a consequence of recent
negative experience with the breeding partner. In another discrimination study, male
M. murinus were also reported to avoid females (ARAÚJO 2003). Taken together, such a
possible avoidance of females by breeding males should be considered when planning future
spontaneous olfactory discrimination studies in mouse lemurs.
Animals of both species did not show an investigatory preference for the urine samples of
oestrous females compared to those of females in dioestrus. In a previous study, male
M. murinus were tested with urine from prooestrous vs. postoestrous females, presenting the
odours consecutively and here the animals did also not show a preference for one of these two
odour types (ARAÚJO 2003). On the other hand, it has been shown that urinary oestrogen and
progesterone concentrations change over the course of the ovulatory cycle in several other
primates and other mammals (e.g., ruffed lemurs (SHIDELER et al. 1983), red howler monkey
(HERRICK et al. 2000), horses (MONFORT et al. 1991)). Furthermore, reproductive
information was concluded to be present in the urine of mouse lemur females near ovulation,
since Perret (PERRET 1985, 1992) showed a significant increase in plasma testosterone levels
of males after being exposed to urine scents of prooestrous and oestrous females. However, as
both studies did not compare the effects of urine obtained from oestrous females with urine
obtained from dioestrous females, it remains unclear which urinary cues have induced the
observed changes in plasma testosterone levels.
A possible alternative explanation for the lack of behavioural discrimination between oestrous
and dioestrous female urine could be that not urine but other cues may be used by male mouse
lemurs to assess the ovulatory state of females. Buesching et al. (1998) showed that female
M. murinus advertise their oestrus using multiple sensory modalities: on the day of oestrus they
show a significantly higher locomotor activity with significantly increased frequencies of
anogenital marking and muzzle rubbing, and they utter an oestrus advertisement call. Therefore,

Spontaneous olfactory discrimination in mouse lemurs | 81

it is possible that urine is just one part of a more complex recognition system of the female
reproductive state in mouse lemurs. Scent marks left by oestrous females of different
mammalian species were previously discussed to lead males on the trail of nearby females
(LAURIE 1982; BUESCHING et al. 1998). When males come within hearing range of the
respective female, vocal signals like the oestrus advertisement call of grey mouse lemurs may
then signal the actual location and receptivity of the female (BUESCHING et al. 1998). Such a
multi-modal signalling via olfactory-auditory matching has previously been suggested in the
context of individual recognition in the ring-tailed lemur (KULAHCI et al. 2014). Furthermore,
audio-visual cross-modal individual recognition was observed in lions (GILFILLAN et al.
2016) and it was discussed that having two simultaneous stimuli of different modalities
improves the stimulus recognition (reviewed in ROWE 1999), as shown for example in humans
(LA BUISSONNIERE-ARIZA et al. 2012).
We found a significant negative correlation of age and total sniffing durations in male
M. lehilahytsara. Previous studies inspecting if the olfactory sensitivity is age-dependent in
grey mouse lemurs (reviewed in LANGUILLE et al. 2012) showed that testosterone levels
(AUJARD and NEMOZ-BERTHOLET 2004) and c-fos expression in neurons of the main
olfactory bulb (CAYETANOT et al. 2005) are only increased in young adult males, in contrast
to old adults, when exposed to urine scent of prooestrous females. Furthermore, aged
M. murinus males show higher aversion thresholds than young adult males in a chemosensory
discrimination test (AUJARD and NEMOZ-BERTHOLET 2004), indicating an age-dependent
decline in olfactory sensitivity. These findings could also explain the negative correlation found
in our study. An age-dependent decline in the olfactory sensitivity was also reported for
example in humans (SHIP et al. 1996) and mice (NAKAYASU et al. 2000). However, another
study focusing on age-related effects on the reproductive function in male M. murinus found
no significant differences in the frequencies of sniffing behaviours between young and aged
adults (AUJARD and PERRET 1998), a finding which would be concordant to the absence of
a correlation in aged M. murinus males in our study. In our study, the mean age of M. murinus
(mean age = 6.1 years) was even higher than that of M. lehilahytsara (mean age = 4.2 years),
indicating that species differences were not simply caused by a different age distribution.
Therefore, it remains unclear why this negative correlation was only observed in one of the two
species. However, for future studies, the age of the observed animals should be considered to
test for possible age-dependent effects.
To summarise, the findings of this study indicate that males of at least one mouse lemur species
(M. murinus) show signal of spontaneous species discrimination by sniffing longer at urinary
cues of conspecific than heterospecific females primarily during the reproductive season. The
ability to discriminate these odours are probably adaptive in the context of an efficient mate
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search in these dispersed solitary forager societies. Breeding males, however, tended to avoid
the urine scent of conspecific oestrous females, possibly as a result of intersexual conflicts
within existing breeding pairs and of female dominance. Signals of age-related olfactory decline
were identified in one of the study species (M. lehilahytsara), which may, however, not be
relevant under natural conditions, as wild mouse lemurs typically do not reach a high age due
to very high predation rates in the natural environments (KRAUS et al. 2008; ZOHDY et al.
2014; RADESPIEL et al. 2019). This study helps to further our understanding of the role of
olfaction in mouse lemurs and indicates a complex communication system in these seasonally
breeding primate species.

4.5 Acknowledgments
We are deeply grateful for many helpful discussions with and support by the late Elke
Zimmermann during the course of this study. We thank Sönke von den Berg for technical
support, and Jennifer Wittkowski, Birgit Haßfurther and Tjard Bergmann for their help during
sample collection. We thank Charlotte Vogel for her help with the statistics. Furthermore, we
thank Lisa Marie Bente, Ann-Sophie Reinshagen and Elena Meier for their help in conducting
the experiments and Iris Grages, Johanna Samtlebe and the late Aldona Jenda-Lemke for animal
caretaking. The study was financially supported by the Institute of Zoology, University of
Veterinary Medicine Hannover, Foundation.

4.6 References
ARAÚJO, A. (2003):
Male behavioral response to the urine odor of females in lesser mouse lemur (Microcebus
murinus Miller, 1777)(Cheirogaleidae, Primates).
Revista Brasileira de Zoociências 5, 55-77
AUJARD, F. and F. NEMOZ-BERTHOLET (2004):
Response to urinary volatiles and chemosensory function decline with age in a prosimian
primate.
Physiol Behav 81, 639-644
AUJARD, F. and M. PERRET (1998):
Age-related effects on reproductive function and sexual competition in the male prosimian
primate, Microcebus Murinus.
Physiol Behav 64, 513-519

Spontaneous olfactory discrimination in mouse lemurs | 83

BATES, D., M. MAECHLER, B. BOLKER and S. WALKER (2015):
Fitting Linear Mixed-Effects Models Using lme4.
J Stat Softw 67, 1-48
BLISSITT, M. J., K. P. BLAND and D. F. COTTRELL (1990):
Discrimination between the odours of fresh oestrous and non-oestrous ewe urine by rams.
Appl Anim Behav Sci 25, 51-59
BOULET, M., M. J. CHARPENTIER and C. M. DREA (2009):
Decoding an olfactory mechanism of kin recognition and inbreeding avoidance in a primate.
BMC Evol Biol 9
BRENNAN, P. A. (2004):
The nose knows who's who: chemosensory individuality and mate recognition in mice.
Horm Behav 46, 231-240
BUESCHING, C. D., M. HEISTERMANN, J. K. HODGES and E. ZIMMERMANN (1998):
Multimodal oestrus advertisement in a small nocturnal prosimian, Microcebus murinus.
Folia Primatol (Basel) 69, 295-308
CAYETANOT, F., F. NÉMOZ-BERTHOLET and F. AUJARD (2005):
Age effects on pheromone induced Fos expression in olfactory bulbs of a primate.
Neuro Report 16, 1091-1095
CHARLTON, B. D. (2014):
Discrimination of sex and reproductive state in koalas, Phascolarctos cinereus, using
chemical cues in urine.
Anim Behav 91, 119-125
CLARK, A. B. (1982):
Scent marks as social signals in Galago crassicaudatus I. Sex and reproductive status as
factors in signals and responses.
J Chem Ecol 8, 1133-1151
CLARKE, P. M., L. BARRETT and S. HENZI (2009):
What role do olfactory cues play in chacma baboon mating?
Am J Primatol 71, 493-502
COLQUHOUN, I. C. (2011):
A Review and Interspecific Comparison of Nocturnal and Cathemeral Strepsirhine Primate
Olfactory Behavioural Ecology.
Int J Zool 2011, 1-11
DREA, C. M. (2015):
D'scent of man: a comparative survey of primate chemosignaling in relation to sex.
Horm Behav 68, 117-133

84 | Spontaneous olfactory discrimination in mouse lemurs

DREA, C. M., M. BOULET, J. DELBARCO-TRILLO, L. K. GREENE, C. R. SACHA, T. E.
GOODWIN and G. R. DUBAY (2013):
The "secret" in secretions: methodological considerations in deciphering primate olfactory
communication.
Am J Primatol 75, 621-642
DREA, C. M. and E. S. SCORDATO (2008):
Olfactory Communication in the Ringtailed Lemur (Lemur catta): Form and Function of
Multimodal Signals.
In: Chemical Signals in Vertebrates 11, New York, NY, 91-102
EBERLE, M. and P. M. KAPPELER (2004a):
Sex in the dark: determinants and consequences of mixed male mating tactics in Microcebus
murinus, a small solitary nocturnal primate.
Behav Ecol Sociobiol 57, 77-90
EBERLE, M. and P. M. KAPPELER (2006):
Family insurance: kin selection and cooperative breeding in a solitary primate (Microcebus
murinus).
Behav Ecol Sociobiol 60, 582-588
EBERLE, M., M. PERRET and P. M. KAPPELER (2007):
Sperm competition and optimal timing of matings in Microcebus murinus.
Int J Primatol 28, 1267-1278
EVANS, C. and A. SCHILLING (1995):
The accessory (vomeronasal) chemoreceptor system in some prosimians.
In: International Conference on Creatures of the Dark: The Nocturnal Prosimians, Durham,
North Carolina, 393-411
FIETZ, J. (1999):
Mating system of Microcebus murinus.
Am J Primatol 48, 127-133
FREEMAN, N. J., G. M. PASTERNAK, T. L. RUBI, L. BARRETT and S. P. HENZI (2012):
Evidence for scent marking in vervet monkeys?
Primates 53, 311-315
GILDERSLEEVE, K. A., M. G. HASELTON, C. M. LARSON and E. G. PILLSWORTH
(2012):
Body odor attractiveness as a cue of impending ovulation in women: evidence from a study
using hormone-confirmed ovulation.
Horm Behav 61, 157-166
GILFILLAN, G., J. VITALE, J. W. MCNUTT and K. MCCOMB (2016):
Cross-modal individual recognition in wild african lions.
Biol Lett 12

Spontaneous olfactory discrimination in mouse lemurs | 85

GLATSTON, A. R. (1979):
Reproduction and behaviour of the lesser mouse lemur (Microcebus murinus, Miller 1777) in
captivity.
University of London
GLATSTON, A. R. (1983):
Olfactory communication in the lesser mouse lemur (Microcebus murinus).
In: Perspectives in Primate Biology
Today & Tomorrow's Printers and Publishers, p. 63-73
GREENE, L. K. and C. M. DREA (2014):
Love is in the air: sociality and pair bondedness influence sifaka reproductive signalling.
Anim Behav 88, 147-156
GREGG, B. and D. D. THIESSEN (1981):
A simple method of olfactory discrimination of urines for the Mongolian gerbil,
Meriones unguiculatus.
Physiol Behav 26, 1133-1136
GROVES, C. (2016):
The taxonomy of Cheirogaleidae: an ever-expanding species list.
In: The Dwarf and Mouse Lemurs of Madagascar
Cambridge University Press, Cambridge Studies in Biological and Evolutionary
Anthropology, p. 21-53
HENKEL, S., A. R. LAMBIDES, A. BERGER, R. THOMSEN and A. WIDDIG (2015):
Rhesus macaques (Macaca mulatta) recognize group membership via olfactory cues alone.
Behav Ecol Sociobiol 69, 2019-2034
HERRICK, J. R., G. AGORAMOORTHY, R. RUDRAN and J. D. HARDER (2000):
Urinary progesterone in free-ranging red howler monkeys (Alouatta seniculus): Preliminary
observations of the estrous cycle and gestation.
Am J Primatol 51, 257-263
HOFFMANN, F., K. MUSOLF and D. J. PENN (2009):
Freezing urine reduces its efficacy for eliciting ultrasonic vocalizations from male mice.
Physiol Behav 96, 602-605
HOHENBRINK, P., S. DEMPEWOLF, E. ZIMMERMANN, N. I. MUNDY and
U. RADESPIEL (2014):
Functional promiscuity in a mammalian chemosensory system: extensive expression of
vomeronasal receptors in the main olfactory epithelium of mouse lemurs.
Front. Neuroanat. 8
HOHENBRINK, P., N. I. MUNDY, E. ZIMMERMANN and U. RADESPIEL (2013):
First evidence for functional vomeronasal 2 receptor genes in primates.
Biol Lett 9

86 | Spontaneous olfactory discrimination in mouse lemurs

HOHENBRINK, P., U. RADESPIEL and N. I. MUNDY (2012):
Pervasive and ongoing positive selection in the vomeronasal-1 receptor (V1R) repertoire of
mouse lemurs.
Mol Biol Evol 29, 3807-3816
HOHENBRINK, S., F. SCHAARSCHMIDT, K. BÜNEMANN, S. GERBERDING, E.
ZIMMERMANN and U. RADESPIEL (2016):
Female dominance in two basal primates, Microcebus murinus and Microcebus lehilahytsara:
variation and determinants.
Anim Behav 122, 145-156
HOHENBRINK, S., E. ZIMMERMANN and U. RADESPIEL (2015):
Need for speed: sexual maturation precedes social maturation in gray mouse lemurs.
Am J Primatol 77, 1049-1059
JESCHKE, S. (2018):
Verhaltensbiologische Untersuchung zur Diskriminierung artspezifischer Duftsignaturen bei
männlichen Mausmakis (Microcebus murinus, M. lehilahytsara).
University of Veterinary Medicine Hannover
KAPPELER, P., R. RASOLOARISON, L. RAZAFIMANANTSOA, L. WALTER and C.
ROOS (2005):
Morphology, behaviour and molecular evolution of giant mouse lemurs (Mirza spp.) Gray,
1870, with description of a new species.
Primate Rep 71, 3-26
KARTHIKEYAN, K., S. MUNIASAMY, D. SANKARGANESH, S. ACHIRAMAN,
V. RAMESH SARAVANAKUMAR and G. ARCHUNAN (2013):
Faecal chemical cues in water buffalo that facilitate estrus detection.
Anim Reprod Sci 138, 163-167
KELLER, M., D. PILLON and J. BAKKER (2010):
Olfactory systems in mate recognition and sexual behavior.
In: Vitamins & Hormones
Elsevier, p. 331-350
KOLLIKOWSKI, A., E. ZIMMERMANN and U. RADESPIEL (2019):
First experimental evidence for olfactory species discrimination in two nocturnal primate
species (Microcebus lehilahytsara and M. murinus).
Sci Rep 9, 20386
KRAUS, C., M. EBERLE and P. M. KAPPELER (2008):
The costs of risky male behaviour: sex differences in seasonal survival in a small sexually
monomorphic primate.
Proc. Biol. Sci. 275, 1635-1644

Spontaneous olfactory discrimination in mouse lemurs | 87

KULAHCI, I. G., C. M. DREA, D. I. RUBENSTEIN and A. A. GHAZANFAR (2014):
Individual recognition through olfactory-auditory matching in lemurs.
Proc. Biol. Sci. 281, 20140071
KUZNETSOVA, A., P. B. BROCKHOFF and R. H. B. CHRISTENSEN (2017):
lmerTest Package: Tests in Linear Mixed Effects Models.
J Stat Softw 82, 1-26
LA BUISSONNIERE-ARIZA, V., J. FRASNELLI, O. COLLIGNON and F. LEPORE
(2012):
Olfactory priming leads to faster sound localization.
Neurosci Lett 506, 188-192
LAHANN, P., J. SCHMID and J. U. GANZHORN (2006):
Geographic Variation in Populations of Microcebus murinus in Madagascar: Resource
Seasonality or Bergmann's Rule?
Int J Primatol 27, 983-999
LANGUILLE, S., S. BLANC, O. BLIN, C. I. CANALE, A. DAL-PAN, G. DEVAU, M.
DHENAIN, O. DORIEUX, J. EPELBAUM, D. GOMEZ, I. HARDY, P. Y. HENRY, E. A.
IRVING, J. MARCHAL, N. MESTRE-FRANCES, M. PERRET, J. L. PICQ, F. PIFFERI, A.
RAHMAN, E. SCHENKER, J. TERRIEN, M. THERY, J. M. VERDIER and F. AUJARD
(2012):
The grey mouse lemur: a non-human primate model for ageing studies.
Ageing Res Rev 11, 150-162
LAURIE, A. (1982):
Behavioural ecology of the Greater one-horned rhinoceros (Rhinoceros unicornis).
J. Zool. 196, 307-341
MONFORT, S. L., N. P. ARTHUR and D. E. WILDT (1991):
Monitoring ovarian function and pregnancy by evaluating excretion of urinary oestrogen
conjugates in semi-free-ranging Przewalski's horses (Equus przewalskii).
J. Reprod. Fert. 91, 155
NAKAYASU, C., F. KANEMURA, Y. HIRANO, Y. SHIMIZU and K. TONOSAKI (2000):
Sensitivity of the olfactory sense declines with the aging in senescence-accelerated mouse
(SAM-P1).
Physiol Behav 70, 135-139
PALAGI, E. and L. DAPPORTO (2006):
Beyond odor discrimination: demonstrating individual recognition by scent in Lemur catta.
Chem Senses 31, 437-443
PERRET, M. (1985):
Influence of Social Factors on Seasonal Variations in Plasma Testosterone Levels of
Microcebus murinus.
Z. Tierpsychol. 69, 265-280

88 | Spontaneous olfactory discrimination in mouse lemurs

PERRET, M. (1992)
Environmental and social determinants of sexual function in the male lesser mouse lemur
(Microcebus murinus).
Folia Primatol (Basel) 59, 1-25
PUSEY, A. and M. WOLF (1996):
Inbreeding avoidance in animals.
Trends Ecol Evol 11, 201-206
RADESPIEL, U. (2000):
Sociality in the gray mouse lemur (Microcebus murinus) in northwestern madagascar.
Am J Primatol 51, 21-40
RADESPIEL, U. (2016):
Can behavioral ecology help to understand the divergent geographic range sizes of mouse
lemurs?
In: The Dwarf and Mouse Lemurs of Madagascar: Biology, Behavior and Conservation
Biogeography of the Cheirogaleidae
Cambridge University Press, Cambridge U.K, p. 498-519
RADESPIEL, U., M. JURIĆ and E. ZIMMERMANN (2009):
Sociogenetic Structures, Dispersal and the Risk of Inbreeding in a Small Nocturnal Lemur,
the Golden-Brown Mouse Lemur (Microcebus ravelobensis).
Behaviour 146, 607-628
RADESPIEL, U., H. LUTERMANN, B. SCHMELTING and E. ZIMMERMANN (2019):
An empirical estimate of the generation time of mouse lemurs.
Am J Primatol 81, e23062
RADESPIEL, U., J. H. RATSIMBAZAFY, S. RASOLOHARIJAONA, H. RAVELOSON,
N. ANDRIAHOLINIRINA, R. RAKOTONDRAVONY, R. M. RANDRIANARISON and
B. RANDRIANAMBININA (2012):
First indications of a highland specialist among mouse lemurs (Microcebus spp.) and
evidence for a new mouse lemur species from eastern madagascar.
Primates 53, 157-170
RADESPIEL, U., Z. SARIKAYA, E. ZIMMERMANN and M. W. BRUFORD (2001):
Sociogenetic structure in a free-living nocturnal primate population: sex-specific differences
in the grey mouse lemur (Microcebus murinus).
Behav Ecol Sociobiol 50, 493-502
RADESPIEL, U. and E. ZIMMERMANN (2001):
Female dominance in captive gray mouse lemurs (Microcebus murinus).
Am J Primatol 54, 181-192

Spontaneous olfactory discrimination in mouse lemurs | 89

RINA EVASOA, M., U. RADESPIEL, A. F. HASINIAINA, S. RASOLOHARIJAONA, B.
RANDRIANAMBININA, R. RAKOTONDRAVONY and E. ZIMMERMANN (2018):
Variation in reproduction of the smallest-bodied primate radiation, the mouse lemurs
(Microcebus spp.): A synopsis.
Am J Primatol 80, e22874
ROBERTS, S. A., A. J. DAVIDSON, R. J. BEYNON and J. L. HURST (2014):
Female attraction to male scent and associative learning: the house mouse as a mammalian
model.
Anim Behav 97, 313-321
ROWE, C. (1999):
Receiver psychology and the evolution of multicomponent signals.
Anim Behav 58, 921-931
SAUDE, E. J. and B. D. SYKES (2007):
Urine stability for metabolomic studies: effects of preparation and storage.
Metabolomics 3, 19-27
SCHMELTING, B., P. EHRESMANN, H. LUTERMANN, B. RANDRIANAMBININA and
E. ZIMMERMANN (2000):
Reproduction of two sympatric mouse lemur species (Microcebus murinus and
M. ravelobensis) in north-west Madagascar: First results of a long term study.
In: Diversity and Endemism in Madagascar
Mémoire de la Sociéte de Biogéographie, Paris, p. 165-175
SHAVE, J. R. and J. M. WATERMAN (2017):
The effects of familiarity and reproductive status on olfactory discrimination by female cape
ground squirrels (Xerus inauris).
Behav Ecol Sociobiol 71
SHERBORNE, A. L., M. D. THOM, S. PATERSON, F. JURY, W. E. OLLIER,
P. STOCKLEY, R. J. BEYNON and J. L. HURST (2007):
The genetic basis of inbreeding avoidance in house mice.
Curr. Biol. 17, 2061-2066
SHIDELER, S. E., N. M. CZEKALA, K. BENIRSCHKE u. B. L. LASLEY (1983):
Urinary Estrogens During Pregnancy of the Ruffed Lemur (Lemur Variegatus).
Biol Reprod 28, 963-969
SHIP, J. A., J. D. PEARSON, L. J. CRUISE, L. J. BRANT and E. J. METTER (1996):
Longitudinal Changes in Smell Identification.
J. Gerontol. A Biol. Sci. Med. Sci. 51A, M86-M91
SWAISGOOD, R., D. LINDBURG and H. ZHANG (2002):
Discrimination of oestrous status in giant pandas (Ailuropoda melanoleuca) via chemical cues
in urine.
J. Zool. 257, 381-386

90 | Spontaneous olfactory discrimination in mouse lemurs

WHITE, A., R. SWAISGOOD u. H. ZHANG (2004):
Urinary chemosignals in giant pandas (Ailuropoda melanoleuca): seasonal and developmental
effects on signal discrimination.
J. Zool. 264, 231-238
WROGEMANN, D., U. RADESPIEL and E. ZIMMERMANN (2001):
Comparison of reproductive characteristics and changes in body weight between captive
populations of rufous and gray mouse lemurs.
Int J Primatol 22, 91-108
YODER, A. D., L. M. CHAN, M. DOS REIS, P. A. LARSEN, C. R. CAMPBELL, R.
RASOLOARISON, M. BARRETT, C. ROOS, P. KAPPELER, J. BIELAWSKI and Z.
YANG (2014):
Molecular evolutionary characterization of a V1R subfamily unique to strepsirrhine primates.
Genome Biol. Evol. 6, 213-227
YOUNG, J. M., H. F. MASSA, L. HSU and B. J. TRASK (2010):
Extreme variability among mammalian V1R gene families.
Genome Res. 20, 10-18
ZIEGLER, T. E., G. EPPLE, C. T. SNOWDON, T. A. PORTER, A. M. BELCHER and I.
KÜDERLING (1993):
Detection of the chemical signals of ovulation in the cotton-top tamarin, Saguinus oedipus.
Anim Behav 45, 313-322
ZIMMERMANN, E. and U. RADESPIEL (2014):
Species concepts, diversity, and evolution in primates: lessons to be learned from mouse
lemurs.
Evol. Anthropol. 23, 11-14
ZOHDY, S., B. D. GERBER, S. TECOT, M. B. BLANCO, J. M. WINCHESTER, P. C.
WRIGHT and J. JERNVALL (2014):
Teeth, sex, and testosterone: aging in the world's smallest primate.
PLoS ONE 9, e109528

Spontaneous olfactory discrimination in mouse lemurs | 91

4.7 Supplementary information
Table 10: Overview of the test animals (ID, anonymised names), age, breeding status and trial
types.
Trial types are listed in a standardized order, not chronologically.

ID

species

CAP
CHU
DOB
DUM
FIN
GAN
GUI
JUL
LUP
IDE
IKA
MAN
NEV
NCK
NIK
OTT
PEA
PED
PEP
PHI
QUE

M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

age
(years)

kept in
breeding dyad
2018

1
1
2
2
4
5
5
8
10
1
1
5
6
6
6
7
8
8
8
8
9

no
no
yes
yes
no
no
no
no
no
no
no
no
yes
yes
no
yes
no
yes
yes
no
no

conducted trials
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, NR, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, NR, Ban
R-Oe, R-DiOe, NR, Ban
R-Oe, R-DiOe, NR, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-Oe-fresh, R-DiOe, Ban
R-Oe, R-Oe-fresh, R-DiOe, NR, Ban
R-Oe, R-Oe-fresh, R-DiOe, NR, Ban
R-Oe, R-Oe-fresh, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-Oe-fresh, R-DiOe, Ban
R-Oe, R-Oe-fresh, R-DiOe, Ban
R-Oe, R-DiOe, Ban
R-Oe, R-Oe-fresh, R-DiOe, NR, Ban
R-Oe, R-Oe-fresh, R-DiOe, NR, Ban

R-Oe = reproductive season, frozen urine of oestrous females; R-DiOe = reproductive season, fresh urine of
dioestrous female; Ban = control trial, water vs. banana; NR = non-reproductive season, frozen urine of
dioestrous females; R-Oe-fresh = reproductive season, fresh urine of oestrous female
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Figure 13: Special nest box for urine collection.
With a grid as bottom (1) and a funnel (2) underneath. Another smaller grid (3) between funnel and
sample tube (4) prevents the urine from faecal contamination. The front of the box is made of acrylic
glass (5, covered with cardboard to keep the inside of the box dark), which can be removed to handle
the animal.

Text S1: Details on odour sample composition
For experiments conducted with frozen urine of females in dioestrus, urine samples of three
female donors were mixed (supplementary Tables 11-12) to reduce the impact of individual
scent signatures to a minimum, and frozen in aliquots of 4 µl. Due to limited sample availability
from oestrous females, the stimulus for experiments conducted with frozen urine of oestrous
females contained only mixed samples of two females (supplementary Table 13). Before
mixing, the creatinine concentration of samples of oestrous females was estimated with an inhouse validated colour chart, and mixing volumes were adjusted accordingly (supplementary
Table 13).
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Fresh urine samples were collected from females on their first day of oestrus and were stored
in closed vials at room temperature until their use on the same day. We selected the same donor
animals again for collecting fresh dioestrus urine samples to minimize the influence of different
individual scents on the results. Fresh urine samples were not mixed due to low sample sizes of
suitable donor animals. See Table 6 for detailed sample description for each trial.
Table 11: Composition of urine mixes collected from females in dioestrus for experiments during
non-reproductive period (no estimation of creatinine concentration)

Mix
Donor ID
M. lehilahytsara
L7
L_OLY
L_NAO
L_NIX
L12
L_PUM
L_OLI
L_LIN
L 13
L_ILO
L_HAP
L_JAN
L14
L_HEL
L_OLI
L_PUM
M. murinus
M6
M_MEL
M_MON
M_PAM
M7
M_LIL
M_NIC
M_PIA
M15
M_MER
M_LUN
M_LUC
M16
M_LAN
M_LUL
M_MEG
L = M. lehilahytsara, M = M. murinus, Donor ID anonymised

94 | Spontaneous olfactory discrimination in mouse lemurs

Table 12: Detailed overview of the urine samples used for each test animal and trial type
ID

CAP
CHU
DOB
DUM
FIN
GAN
GUI
JUL
LUP
IDE
IKA
MAN
NEV
NCK
NIK
OTT
PEA
PED
PEP
PHI
QUE

Species

M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

Oestrous-Samples
Trial R-Oe
Trial R-Oe-fresh
Mix_Con_ Mix_Het_ Fresh_Con_ Fresh_Het_
Oe
Oe
Oe
Oe
OeL3
OeM7
//
//
OeL1
OeM1
//
//
OeL3
OeM3
//
//
OeL6
OeM8
//
//
OeL2
OeM2
//
//
OeL1
OeM1
//
//
OeL2
OeM2
//
//
OeL7
OeM4
//
//
OeL4
OeM5
//
//
OeM10
OeL6
//
//
OeM5
OeL7
//
//
OeM4
OeL4
M_PAU
L_ELL
OeM1
OeL1
M_PAU
L_ELL
OeM8
OeL6
M_PAU
L_ELL
OeM9
OeL4
M_PET
L_GIN
OeM6
OeL5
//
//
OeM5
OeL2
M_PAU
L_ELL
OeM7
OeL3
M_PAU
L_ELL
OeM6
OeL7
//
//
OeM3
OeL7
M_PAU
L_ELL
OeM2
OeL1
M_PAU
L_ELL

Dioestrous-Samples
Trial NR
Trial R-DiOe
Mix_Con_ Mix_Het_ Fresh_Con_ Fresh_Het_
DiOe
DiOe
DiOe
DiOe
//
//
L_LIS
M_NOR
L12
M16
L_ELL
M_PAU
//
//
L_HAN
M_PIA
//
//
L_LIS
M_NOR
L13
M15
L_JAN
M_PER
L12
M16
L_LIS
M_NOR
L7
M7
L_JAN
M_PER
//
//
L_HAN
M_PIA
//
//
L_JAN
M_PER
//
//
M_NOR
L_LIS
//
//
M_PIA
L_HAN
//
//
M_PAU
L_ELL
M16
L14
M_PAU
L_ELL
M15
L12
M_PAU
L_ELL
//
//
M_PET
L_GIN
//
//
M_PER
L_JAN
//
//
M_PAU
L_ELL
//
//
M_PAU
L_ELL
//
//
M_PER
L_JAN
M6
L12
M_PAU
L_ELL
M15
L14
M_PAU
L_ELL

L = M. lehilahytsara, M = M. murinus, Oe = oestrus. Mixed urine samples were numbered consecutively, and all
animal IDs are anonymised. R-Oe = reproductive season, frozen urine of two oestrous female;
R-DiOe = reproductive season, fresh urine of one dioestrous female; Ban = control trial, water vs. banana;
NR = non-reproductive season, frozen urine of three dioestrous females; R-Oe-fresh = reproductive season, fresh
urine of one oestrous female
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Table 13: Composition of urine mixes collected from oestrous females

Mix

Donor
ID

same estimated
creatinine
concentration?

proportions
mixed

M. lehilahytsara
OeL1

L_LIS
L_ILK
OeL2
L_GRA
L_JAN
OeL3
L_LIN
L_IRM
OeL4
L_HEL
L_ILO
OeL5
L_HAP
L_GIN
OeL6
L_IMK
L_ELL
OeL7
L_GRA
L_HEL
M. murinus
OeM1 M_MEG
M_NIC
OeM2 M_LAN
M_SUS
OeM3 M_ROM
M_SUS
OeM4 M_POL
M_PIA
OeM5 M_NOR
M_ROM
OeM6 M_LIL
M_LOT
OeM7 M_LAN
M_NOR
OeM8 M_SUS
M_NOR
OeM9 M_MER
M_LAN
OeM10 M_PIA
M_MEG

ca 550µg/ml
ca 50µg/ml
yes
yes
yes
yes
yes (ca 50µg/ml)
yes (ca 50µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
ca 50µg/ml
ca 250µg/ml
yes (ca 50µg/ml)
yes (ca 50µg/ml)

5µl
55µl
30µl
30µl
30µl
30µl
30µl
30µl
30µl
30µl
50µl
10µl
30µl
30µl

yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
ca 550µg/ml
ca 50µg/ml
yes (ca 60µg/ml)
yes (ca 60µg/ml)
ca 60µg/ml
ca 550µg/ml
ca 60µg/ml
ca 50µg/ml
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)
yes (ca 60µg/ml)

30µl
30µl
30µl
30µl
5µl
55µl
30µl
30µl
63µl
7µl
22µl
28µl
30µl
30µl
30µl
30µl
30µl
30µl
30µl
30µl

L = M. lehilahytsara, M = M. murinus, Oe = Oestrus. All animal IDs are anonymised
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Table 14: Time needed per animal (ID, name anonymised) for the pre-training

ID
CAP
CHU
DOB
DUM
FIN
GAN
GUI
JUL
LUP
IDE
IKA
MAN
NCK
NEV
NIK
OTT
PEA
PED
PEP
PHI
QUE

Species
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

Days
8
2
15
7
5
3
2
3
3
2
8
4
2
4
6
3
2
1
4
5
6

Table 15: Sniffing duration in seconds of each test animal (ID) in urine trials

ID
CAP
CAP
CHU
CHU
CHU
DOB
DOB
DUM
DUM
FIN
FIN
FIN

species
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara

trial
R-Oe
R-DiOe
R-Oe
R-DiOe
NR
R-Oe
R-DiOe
R-Oe
R-DiOe
R-Oe
R-DiOe
NR

sample
condition
frozen
fresh
frozen
fresh
frozen
frozen
fresh
frozen
fresh
frozen
fresh
frozen

cycle
oestrus
dioestrus
oestrus
dioestrus
dioestrus
oestrus
dioestrus
oestrus
dioestrus
oestrus
dioestrus
dioestrus

sniff_total
87
15
30
46
8.72
162
0
1
14
59
23
3.52

sniff_con
34
7
19
32
3.12
139
0
0
2
16
0
0.52

sniff_het
53
8
11
14
5.6
23
0
1
12
43
23
3
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GAN
GAN
GAN
GUI
GUI
GUI
JUL
JUL
LUP
LUP
IDE
IDE
IKA
IKA
MAN

M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. lehilahytsara
M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

MAN M. murinus
MAN M. murinus
NEV M. murinus
NEV
NEV
NEV
NCK

M. murinus
M. murinus
M. murinus
M. murinus

NCK
NCK
NCK
NIK

M. murinus
M. murinus
M. murinus
M. murinus

NIK
NIK
OTT
OTT
PEA

M. murinus
M. murinus
M. murinus
M. murinus
M. murinus

PEA
PEA
PED

M. murinus
M. murinus
M. murinus

PED
PED
PEP

M. murinus
M. murinus
M. murinus

R-Oe
R-DiOe
NR
R-Oe
R-DiOe
NR
R-Oe
R-DiOe
R-Oe
R-DiOe
R-Oe
R-DiOe
R-Oe
R-DiOe
R-Oe
R-Oefresh
R-DiOe
R-Oe
R-Oefresh
R-DiOe
NR
R-Oe
R-Oefresh
R-DiOe
NR
R-Oe
R-Oefresh
R-DiOe
R-Oe
R-DiOe
R-Oe
R-Oefresh
R-DiOe
R-Oe
R-Oefresh
R-DiOe
R-Oe

frozen
fresh
frozen
frozen
fresh
frozen
frozen
fresh
frozen
fresh
frozen
fresh
frozen
fresh
frozen

oestrus
dioestrus
dioestrus
oestrus
dioestrus
dioestrus
oestrus
dioestrus
oestrus
dioestrus
oestrus
dioestrus
oestrus
dioestrus
oestrus

98
954
4.12
73
42
1.04
94
18
85
112
106
112
277
17
22

76
903
2.48
62
11
1.04
40
7
19
41
106
47
263
17
10

22
51
1.64
11
31
0
54
11
66
71
0
65
14
0
12

fresh
fresh
frozen

oestrus
dioestrus
oestrus

123
98
129

63
59
50

60
39
79

fresh
fresh
frozen
frozen

oestrus
dioestrus
dioestrus
oestrus

106
117
5.72
165

75
9
3.56
105

31
108
2.16
60

fresh
fresh
frozen
frozen

oestrus
dioestrus
dioestrus
oestrus

98
535
11.04
335

71
496
6.44
297

27
39
4.6
38

fresh
fresh
frozen
fresh
frozen

oestrus
dioestrus
oestrus
dioestrus
oestrus

37
221
31
24
45

20
209
12
10
28

17
12
19
14
17

fresh
fresh
frozen

oestrus
dioestrus
oestrus

121
102
68

36
44
0

85
58
68

fresh
fresh
frozen

oestrus
dioestrus
oestrus

55
134
93

36
120
55

19
14
38
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PEP
PHI

M. murinus
M. murinus

PHI
PHI
PHI
QUE

M. murinus
M. murinus
M. murinus
M. murinus

QUE
QUE
QUE

M. murinus
M. murinus
M. murinus

R-DiOe
R-Oe
R-Oefresh
R-DiOe
NR
R-Oe
R-Oefresh
R-DiOe
NR

fresh
frozen

dioestrus
oestrus

92
13

38
13

54
0

fresh
fresh
frozen
frozen

oestrus
dioestrus
dioestrus
oestrus

182
165
8.04
1666

55
105
3.12
1628

127
60
4.92
38

fresh
fresh
frozen

oestrus
dioestrus
dioestrus

12
1329
2.68

12
1277
0.64

0
52
2.04

R-Oe = reproductive season, frozen urine of two oestrous females; R-DiOe = reproductive season, fresh urine of
one dioestrous female; Ban = control trial, water vs. banana; NR = non-reproductive season, frozen urine of three
dioestrous females; R-Oe-fresh = reproductive season, fresh urine of one oestrous female

Table 16: Sniffing duration in seconds of all test animals (ID) in the control trial (Ban)

ID
CAP
CHU
DOB
DUM
FIN
GAN
GUI
IDE
IKA
JUL
LUP
MAN
NEV
NCK
NIK
OTT
PEA
PED
PEP
PHI
QUE

sniff_water sniff_banana
3.08
16.92
2.4
5.6
2.6
14.68
0
16.88
0.44
8.72
0
9.68
0
6.44
1.48
2.8
0
41
0.88
11.32
0.4
0
3.4
19.8
3.28
35.16
4.12
5.08
3.56
17.24
0.64
19.64
2.12
44.32
1.6
26.24
1.4
37.2
2.96
13.04
5.84
14.04
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Chapter 5 General discussion

The ability to discriminate different urinary cues by scent alone was analysed in two separate
studies in two captive mouse lemur species, the grey and the Goodman’s mouse lemur
(M. murinus and M. lehilahytsara). However, some methodological limitations became
apparent in the first study, which shall be discussed first in comparison to the paradigm of the
second study and other experimental approaches that were tested in several olfactory studies
during the last years.
Interestingly, although members of both species could be trained to discriminate a conspecific
from a heterospecific urine scent, individuals did not necessarily investigate one of the samples
longer when facing them in a spontaneous discrimination task. Paired males of M. murinus even
seemed to avoid the scent of a conspecific oestrous female, possibly due to previous negative
experiences with their respective breeding female. Furthermore, species-specific patterns were
detected in both studies, suggesting a difference in the level of anxiety in new situations with
individuals of M. lehilahytsara being more cautious than those of M. murinus. Moreover, the
age of an individual had an influence on the learning performance (the oldest animal (M. m.)
needed the most trials to complete the discrimination task) and the general behaviour (more of
the younger animals (1-3 years old) were considered suitable) of both species in the first study.
Additionally, a negative correlation of age and sniffing duration was found for M. lehilahytsara
in the second study. Finally, as mouse lemur vocalisations have been studied intensively already
and those studies found evidence for the use of vocalisations for species discrimination and the
possible assessment of the female reproductive state by males, a multimodal communication
using auditory and olfactory cues in mouse lemurs seems likely and shall be discussed in more
detail.

5.1 How to best study olfactory discrimination in mouse lemurs
Investigating olfactory communication can be difficult as olfactory signals are a complex
mixture of many different chemicals, some of which are volatile, diffusing into the air, whereas
some are larger proteins and can only be detected after direct contact with the odorant source
(reviewed in WYATT 2014a). To determine which part of this complex chemical mixture is
detected and discriminated by individuals is difficult and therefore most studies are conducted
with full scent samples. Non-associative tests are often used to get first insights into the
relevance of different odour sources for the animals, following the rationale that a scent that
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does not provoke any interest in the test animals, might not be of any biological relevance
(reviewed in FENDT et al. 2017). However, non-significant results are difficult to interpret,
because they do not necessarily mean that animals are not able to detect or differentiate
presented odour samples in principle (FENDT et al. 2017).
To reliably test for the general ability of scent detection and discrimination, an operant
conditioning paradigm can be useful and is thought to be the most straightforward method
(BEAUCHAMP and YAMAZAKI 2003). In this paradigm the animals are normally highly
motivated to get a reward and therefore will choose the conditioned odour over the
unconditioned odour, as long as they are able to discriminate between those two (FENDT et al.
2017). Operant conditioning experiments allow multiple trials on individual subjects to assess
odour detection/sensitivity and animals can be tested in simple as well as complex
discrimination tasks (FENDT et al. 2017). Finally, odour memory can be tested (FENDT et al.
2017), which could also be seen in one of our tested animals in the first study that was
previously tested in a pilot study and memorised the underlying olfactory learning of the operant
conditioning for at least three months. However, as animals are trained to choose one odour
over the others, this kind of tests do not represent the animals’ own interest in the odour and
therefore gives no insight into the biological relevance of specific odours for the animal.
Olfactory operant conditioning of mouse lemurs was done previously using fruit odours in an
automated olfactometer designed for the use in rodents (JOLY et al. 2004). The advantage of
an automated olfactometer is the exact adjustment of the amount and onset of the odour
vaporisation. However, olfactometers are expensive and therefore not easily established and
available in every lab. In this thesis, experiments were conducted using both kinds of
approaches: associative and non-associative tests. The first study used an operant conditioning
paradigm to test the general ability of M. murinus and M. lehilahytsara to discriminate a
conditioned conspecific urine odour from water and, in a second step, from a heterospecific
urine sample. All four test animals were able to accomplish all discrimination tasks and
therefore clearly showed that these two mouse lemur species are in principle able to
discriminate species-specific urinary cues. However, these tests were labour intensive and time
consuming, as training of the four individuals took two months. Moreover, the majority of the
previously screened test animals needed to be excluded from the subsequent test series, as they
exhibited behaviours that were measured and interpreted before by others as expressions of
anxiety and shyness (DAMMHAHN and ALMELING 2012; VERDOLIN and HARPER 2013;
HUEBNER et al. 2018).
It is possible that the artificial surrounding of the test arena constrained the animals in their
natural foraging behaviour and caused a certain uneasiness in these animals. To remove this
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constraint, the second study was conceptualized to take place in the home cage of the animals,
a surrounding they are used to and where they can be expected to show more natural and relaxed
foraging and exploration behaviour than in the test arena. The tested males of both species
encountered two simultaneously presented female urine odours and could respond
spontaneously towards these odours with sniffing or other behaviours such as licking.
Simultaneously presented odours can elicit a clear response of the animal to be near one of the
odours or to interact with only one of the odours in a particular way (BEAUCHAMP and
YAMAZAKI 2003). Furthermore, investigation of one sample can be directly related to the
overall time spent investigating both odour samples, allowing conclusions on the animals’
odour preference (SWAISGOOD et al. 2002; PALAGI and DAPPORTO 2006; SHAVE and
WATERMAN 2017). Finally, the simultaneous testing with different odours reduces possible
motivational changes, which may confound results when testing animals across longer test
series (“habituation of dishabituation”) (THOMPSON and SPENCER 1966 p. 19; and
reviewed in FENDT et al. 2017). In our study, the sniffing responses of male M. murinus
differed between the two presented species-specific odours, leading to the conclusion that the
animals detected the difference and directed their behaviour more to one of the two scents. In
this setting a longer sniffing response may be cautiously interpreted as a preference for the
underlying scent that may correspond to the biological relevance of the specific odour for the
test animal. The males of M. lehilahytsara, however, only showed such a difference in sniffing
response in the control trial, but not in trials with urine. As during this study some confounding
factors were faced, which shall be discussed further in the following sections, some information
might have been missed. However, if the operant conditioning results from the first study would
not be available, it would remain unclear if M. lehilahytsara males are able to discriminate
between species using urinary cues.
These potentially conflicting results suggest that it can be important and even essential to
combine different approaches to get a better understanding of animal communication.
Moreover, these results also illustrate that the identification and establishment of a suitable test
paradigm for a species of interest can be highly challenging. The ideal experiment would
guarantee that animals do not show high levels of anxiety during the experiment and are highly
motivated to show a clear and measurable behavioural response to a given stimulus. In search
of such an experimental design for studying mouse lemur olfactory discrimination abilities,
several student projects were conducted over the last years in the Institute of Zoology which
shall be briefly reviewed and evaluated here. In all of these cases, only non-associative tests
were used, as the operant conditioning paradigm presented in chapter 3 of this thesis required
long training times and only a few animals of the Hannover colony were judged suitable to
enter this training period.
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The first approach, which was used as part of a bachelor’s thesis, aimed to adapt an olfactory
habituation-dishabituation paradigm to mouse lemurs in order to test if male M. murinus
(during the reproductive season) discriminate between female urine samples from the
reproductive and non-reproductive season (RILLING 2017). Habituation-Dishabituation
paradigms are used frequently and successful in rodents (reviewed in THOM and HURST 2004;
FENDT et al. 2017) and were also implemented in some primate species (e.g. Galago (CLARK
1982b), Lemur (PALAGI and DAPPORTO 2006) and Gorilla (HEPPER and WELLS 2012)).
Animals were first habituated to a female urine sample collected in the non-reproductive season
(W1) and were presented with another urine sample from the same female, which was collected
a few weeks later in the same season (W2). This experiment was conducted to test for the
general response when perceiving a different odour sample than the one that was used for
habituation. On the next day, animals were again habituated with the urine sample W1 and then
presented with the dishabituation urine (S), which had been collected from the same female but
during the reproductive season (RILLING 2017).
For the experiments the test animal was moved to a test cage in an experimental room. The test
cage contained a test box on the side that had the same dimensions as a typical nest box and
served as standardized place for the habituation-dishabituation trials. At the far end of the test
box, the urine sample was placed on a filter paper behind a small hole in the wall of the box.
Next to the hole, bait (a small piece of banana or apple juice) was placed inside the box to lure
the animal into the box and into the proximity of the odour. A door between test box and test
cage could be opened and closed via remote control between consecutive trials (RILLING
2017). During all experiments, the animal was observed directly by an observer and, once it
entered the test box, via a camera placed inside the test box. Videos were analysed afterwards,
scoring all behaviours exhibited in the test box (RILLING 2017). Rilling (2017) found no
significant differences in any of the measured response behaviours between the habituation and
dishabituation trials.
Habituation/Dishabituation paradigms have many advantages, as they need no special training
of the animals and can in principle be conducted in the animals’ familiar surroundings (FENDT
et al. 2017). Moreover, only a series of brief tests is often needed to generate evidence for odour
detection and discrimination (e.g. shown in mice by PANKEVICH et al. 2004; reviewed in
FENDT et al. 2017). However, animals may also detect the odour even if they do not approach
the odour source very closely. Therefore, sniffing scores may underestimate the true odour
perception time of the animal (FENDT et al. 2017). Additionally, strong carry-over effects
constrain multiple within-groups tests, i.e., animals may start to show lower interest in
exploring new odours (THOMPSON and SPENCER 1966) across multiple test series (THOM
and HURST 2004). Finally, the response of the animal within such a setup strongly depends on
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the animals’ motivation for voluntary inspection (FENDT et al. 2017). This aspect seemed to
have influenced the results of the study of Rilling (2017) most. The animals used in her study
differed significantly and largely consistently in the activities that they showed inside the test
box throughout the whole test series which may well explain the lack of evidence for a clear
olfactory discrimination across the test cohort (RILLING 2017). This study suggests that a
habituation-dishabituation paradigm, at least if performed outside the home cage, is not well
suited to study the olfactory perception of captive mouse lemurs.
Another non-associative experimental setup tested as part of a master’s thesis investigated, if
female M. murinus spontaneously discriminate between body scents of related vs. unrelated
and/or between familiar vs. unfamiliar female conspecifics (HENKEL 2019). As mouse lemurs
exhibit not only urine marking behaviours but also use other body parts, like in head rubbing,
it seemed promising to use the whole-body odour instead of only urine scent. Body odour was
collected right before the experiments from odour donor animals using cotton socks, as
described in zebra finches (CASPERS et al. 2017). Subsequent tests were conducted in an open
field arena, where test animals could choose freely between two test boxes installed on opposing
sides of the arena, which could each be entered through a hole in the wall of the arena. One test
box contained a sock with body odour from a conspecific female, whereas the other box
contained a clean, non-odorised sock. The arena was illuminated by red light with 4.1 Lux. This
level of illumination was chosen as the animals should feel uncomfortable enough to enter the
boxes, but not too anxious to freeze or exhibit frantic movements in order to escape (HENKEL
2019). All experiments were video recorded and videos were analysed, scoring the times the
animal spent in close proximity of the boxes and inside the boxes as well as the frequency of
inspecting the two boxes (HENKEL 2019). Henkel (2019) did not find any significant
differences in the response behaviour towards scents of related vs. unrelated or familiar vs.
unfamiliar female conspecifics.
The lack of statistical evidence for olfactory discrimination in this setup may be due to several
factors. First, study animals were tested only with one odour type against a control
(= non-odorised sock). This procedure was chosen to eliminate the risk of olfactory crosscontamination of the test chamber and the boxes. However, and consequently, discrimination
could only be detected by comparing different test cohorts and not in direct comparison on the
same test day which increases behavioural variations and therefore statistical noise. Moreover,
some experiments had to be excluded from statistical analyses, because the animal never
entered any of the boxes or never came even near to at least one of the boxes. This drop-out led
to rather small sample sizes for the different test cohorts which lowered the power of the
statistical tests considerably. Finally, as animals normally have a high motivation to forage at
the beginning of their active phase and therefore would not or only briefly enter a nest box
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during this time, it might be more useful to conduct such experiments at the end of the active
phase and not at the start, like it was done here. This study suggests that a spontaneous
discrimination task using test boxes at the beginning of the active phase of mouse lemurs is not
well suited to study their spontaneous olfactory discrimination. Furthermore, as also seen in the
study of Rilling (2017), mouse lemurs show certain amounts of behavioural variations across
longer test series, especially when tested with only one odour, and therefore it may help to
present odours simultaneously in future experiments, like done in chapter 4.
A general problem of conducting cognitive experiments with exotic animals is often a small
sample size. Unforeseen factors can have a huge impact on sample sizes and limit the power of
statistical tests. Exotic animals like mouse lemurs are not available in very high numbers for
any experiment and therefore careful planning of experimental designs is needed. Pilot studies
do help to get a first glimpse of the behavioural responses of the study species in a new
experimental situation and should always be considered before starting a more complex and
time-consuming test series. Furthermore, screening experiments can help to find suitable test
animals and should therefore be generally used before starting any longer experimental
procedures such as those involving conditioning.
In sum, the study of olfactory discrimination in mouse lemurs can be challenging and profits
from combining different approaches. Associative tests like operant conditioning setups will
provide clear results on the general olfactory discrimination ability, however, only nonassociative tests like the tea egg setup presented in chapter 4 can give an answer on the
biological relevance of the tested odours for the animals.

5.2 Olfactory discrimination in mouse lemurs

5.2.1 Species differences in olfactory and general experimental performance
A general difference in the behaviour of the two mouse lemur species was observed across both
studies that were conducted as part of this thesis. In the first study (see chapter 3), where animals
were trained in an operant conditioning paradigm, only few of the screened M. lehilahytsara
were considered suitable for further operant conditioning with urine (13.3%), whereas in
M. murinus a higher number of suitable test animals was found (44.4%). However, in the
subsequent test series with four animals, the two M. lehilahytsara individuals accomplished the
task even faster than the two individuals of M. murinus. In the second study (see chapter 4),
where the animals could encounter and approach the urinary scents in their home cage, the

General discussion | 105

M. lehilahytsara males sniffed significantly shorter on the tea eggs than males of M. murinus
and additionally visited the tea eggs later than the M. murinus males. These differences in
behaviour could be based on two explanations.
First, individuals of the two mouse lemur species had not participated the same overall number
of previous behavioural experiments within the breeding facility (JESCHKE 2018) when they
were tested in this setup. This difference in experimental experience could explain a higher
cautiousness in M. lehilahytsara when facing new situations. In the first study (chapter 3), the
animals could be categorised into two behavioural types: first, the nervous type exhibiting
freezing behaviour and/or frantic movements and secondly the more relaxed type showing
directed orientation towards the stimuli while remaining calmer in the arena. Individuals of
M. lehilahytsara were more often observed to fall into the first behavioural type than
M. murinus individuals. In the second study (chapter 4), male M. lehilahytsara needed more
days for the pre-training than M. murinus males (meanM. lehilahytsara = 5.33 days vs.
meanM. murinus = 3.92 days). Moreover, they sniffed at the tea eggs later than M. murinus males
(mean latencyM. lehilahytsara = 113.54 s vs. mean latencyM. murinus = 72 s), indicating a general
wariness towards the setup and the testing situation, even though conducted in their home cage.
Previous studies also reported some degrees of cautiousness and neophobia of mouse lemurs in
open field experiments (NEMOZ-BERTHOLET and AUJARD 2003; THOMAS et al. 2016;
HUEBNER et al. 2018) and additionally reported freezing responses (THOMAS et al. 2016)
such as those seen in anti-predator behaviour (RAHLFS and FICHTEL 2010). Such differences
in behaviour were even used to categorise mouse lemurs into different personality types
(DAMMHAHN 2012; DAMMHAHN and ALMELING 2012; VERDOLIN and HARPER
2013). Whether being caused by differences in personal experience or by differences in speciesspecific degrees of cautiousness and neophobia, such potential biases in behavioural responses
should be considered when planning future experiments.
Second, the two species live in different habitats and distributions, with M. murinus occurring
as ecological generalist from southern to north-western Madagascar (ZIMMERMANN and
RADESPIEL 2014; PECHOUSKOVA et al. 2015; GROVES 2016) and M. lehilahytsara as
ecological specialist living in the central eastern montane rainforests (KAPPELER et al. 2005;
RADESPIEL et al. 2012; PECHOUSKOVA et al. 2015; RADESPIEL 2016). A previous study,
which compared M. murinus individuals with the ecological specialist M. berthae regarding
their innovation ability, observed that the specialist species was faster in accomplishing a
problem-solving task (HENKE-VON DER MALSBURG and FICHTEL 2018). However,
opportunistic or generalist primate species are more behaviourally diverse than specialist
species (PARKER 1978). Furthermore, generalists are assumed to be less neophobic due to
their “more diverse background against which novelty is rated” (METTKE-HOFMANN 2014,
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p. 352) and additionally more explorative and flexible (reviewed in METTKE-HOFMANN
2014). Finally, generalists were shown to be better learners compared with specialists
(METTKE-HOFMANN 2014), a finding, however, which is contrasting with the faster learning
in the specialist species, M. lehilahytsara, in the first study of this thesis or with the results on
the species pair M. berthae/M. murinus (HENKE-VON DER MALSBURG and FICHTEL
2018). Further studies comparing several mouse lemur specialist species with the generalist
M. murinus are needed to clarify to what extend the ecological specialisation of species has an
impact on cognitive abilities.

5.2.2 Olfactory species discrimination
The results presented in chapter 3 showed that males and females of M. murinus and
M. lehilahytsara that passed the screening criteria, could all be trained via operant conditioning
to discriminate a conspecific urine sample from water and a heterospecific urine scent. The
animals learned to find the food reward by using olfaction and were trained to link the reward
with the conditioned conspecific urine odour.
Following up from the results in chapter 3, urine samples from females of the two species were
presented in a simultaneous discrimination task to males of both species, as described in
chapter 4. The aim of this second study was to investigate and compare the biological relevance
of urine odours in communicating female reproductive state and species. The results of this
study indicated that male M. murinus actively use female urinary cues to discriminate
conspecifics from heterospecifics, as they sniffed longer on conspecific than on heterospecific
scents. This odour discrimination, however, was only visible during the reproductive season
and was not observed in the non-reproductive season. As mouse lemurs are seasonal breeders
and male testes are inactive and small outside the reproductive season (WROGEMANN et al.
2001), this difference could be expected. Whereas males during the reproductive season should
always be more interested in conspecific female scents in order to ensure a high reproductive
success, conspecific and heterospecific female scents presented in the males’ home cage outside
the reproductive season may both elicit a similar general interest or avoidance. Outside the
reproductive context an unknown heterospecific as well as conspecific scent might on the one
hand induce avoidance or even neophobia, or might simply be not interesting for the animal,
both leading to lower sniffing durations. On the other hand, this new scent in the animals’ home
cage might also induce a general interest, as it is suddenly encountered in the otherwise familiar
surroundings. It might be beneficial for the animal, to investigate scents of unknown mouse
lemurs, as they are known to compete over food and other resources (HOHENBRINK et al.
2016). In other seasonally breeding mammals, such seasonal differences in the response
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behaviour towards olfactory cues were also observed, for example in the giant panda, where
both sexes discriminate the donors’ sex only during the reproductive season, but not outside
(WHITE et al. 2004).
In male M. lehilahytsara, on the other hand, no spontaneous discrimination of the two urine
samples was observed and sniffing responses did furthermore not change between the two
seasons. This was unexpected as individuals of M. lehilahytsara were successfully trained to
discriminate between conspecific and heterospecific urine samples in the study of chapter 3 and
therefore are in principle able to discriminate mouse lemur species by urine odour. However,
and as described before in section 5.2.1, M. lehilahytsara seemed to be generally more cautious
than M. murinus in both setups. This could have caused the significant shorter odour
investigation in the second study. Although the animals showed a general interest in the
presented samples, they might have been too anxious to stay longer at the front of the cage to
investigate the samples more closely. However, not only M. murinus but also M. lehilahytsara
males sniffed the banana odour significantly longer than the control. Therefore, it remains
unclear, why the males of M. lehilahytsara did not show a spontaneous discrimination of urine
scents in this second study.
The olfactory discrimination of species with a preference for the conspecific female scent was
significant during the reproductive season in the unpaired M. murinus males but absent in the
paired males. As the majority of the breeding males needed to be separated from their female
partners due to weight loss and severe biting by the female, an avoidance of conspecific female
odour due to negative experience with the female partner is the likely explanation for this
finding. This result, however, can be considered an artefact of captivity, as captive breeding
males can barely avoid encounters with their respective breeding partner when being housed
with her in the same cage. Captive female M. murinus are generally dominant over males and
aggressive behaviours are more frequent in females than in males (RADESPIEL and
ZIMMERMANN 2001; HOHENBRINK et al. 2016). In contrast, captive males show
submissive behaviours more frequently than females and this agonistic asymmetry is most
expressed in permanently grouped pairs (RADESPIEL and ZIMMERMANN 2001;
HOHENBRINK et al. 2016). Avoidance of females was previously observed in another
olfactory discrimination study on M. murinus (ARAÚJO 2003). Important to mention, the
influence of the breeding background on sniffing durations in the second study was not
statistically tested for M. lehilahytsara, as only two of the males were kept in breeding pairs.
Therefore, some signals might have been missed when evaluating the response behaviour of
the M. lehilahytsara males. However, as also female M. lehilahytsara were found to be
dominant over the males in the reproductive season (HOHENBRINK et al. 2016), this might as
well have influenced the paired M. lehilahytsara test males and could have also led to shorter
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sniffing durations. To conclude, as such negative previous experiences can have a clear impact
on the behaviour of captive animals in behavioural studies, test animals should always be
selected carefully considering their social background in combination with the research
question.

5.2.3 Olfactory oestrus recognition
Male mouse lemurs are expected to use urinary cues in mate assessment to ensure a high
reproductive success. However, males of both tested species did not show a preference in
sniffing on urine samples of oestrous compared to dioestrous females (chapter 4). Maybe the
results would have been clearer without the intimidated paired M. murinus males, which
seemed to avoid the conspecific female scent and through this might have blurred the results.
This could also be the case for the M. lehilahytsara males that seemed too cautious to spend
more time to investigate the two urine odours.
In another study that tested male M. murinus consecutively with urine collected from
prooestrous versus postoestrous females, males also showed no investigatory preference for one
of these two odours (ARAÚJO 2003). However, it is known from other primates and mammals
that hormone levels over the course of the ovulatory cycle change and that this change of
oestrogen and progesterone concentrations is reflected in changes of urine composition (see,
for example, ruffed lemurs (SHIDELER et al. 1983), red howler monkeys (HERRICK et al.
2000), and horses (MONFORT et al. 1991)). Furthermore, it was shown that male M. murinus
react with increasing testosterone levels when presented with urine of mouse lemur females
near ovulation (PERRET 1985, 1992). However, these two studies by Perret (1985, 1992) did
not compare urine samples from oestrous versus dioestrous females and additionally, none of
the previous nor our study have tested these two urine sample types simultaneously which may
be important to reduce other confounding factors. As shown in chapter 4, freezing of urine
samples does not have a negative effect on the sniffing durations of male mouse lemurs.
Therefore, a future test could simultaneously present male mouse lemurs with urine samples of
conspecific females in different reproductive stages to test if one of these odours attracts more
attention. Alternatively, as the interest in both reproductive stages seemed equally high in this
study, operant conditioning could be used to test their general ability to discriminate between
oestrous and dioestrous female odour.
Finally, and further discussed below in section 5.3, it is possible that other cues, such as female
anogenital markings or female calls are used by male mouse lemurs to diagnose female oestrus.
Therefore, future tests should not only focus on urine but should also consider anogenital scent
or whole-body odours that may then be presented in a setup introduced by the study of Henkel
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(2019) or which could be used in tests for olfactory-auditory matching like in a previous study
conducted on ring-tailed lemurs by Kulahci and colleagues (2014).

5.2.4 Effect of age on the performance in olfactory discrimination tests
In both studies of this thesis, the age of the individuals seemed to influence their behaviour. In
the first study, only one of the older animals (7.7%, 4-8 years old, Ntotal = 13) but five younger
animals (45.5%, 1-3 years old, Ntotal = 11) of both species passed the screening. Additionally,
the one older animal (a six-year-old M. murinus male), which passed the screening, needed the
most trials to accomplish the subsequent discrimination task, suggesting an age-dependent
decline in learning performance. In the second study, a negative correlation of age and the total
sniffing duration was found in M. lehilahytsara, but not in M. murinus.
The age of mouse lemurs was previously reported to have an effect on behaviour and
personality traits (DAMMHAHN 2012; ZABLOCKI-THOMAS et al. 2018), learning
performance and cognitive flexibility (JOLY et al. 2014), and sensory function (reviewed in
LANGUILLE et al. 2012). However, personality studies showed contrasting results in captive
and wild animals. Whereas young animals in captivity showed shorter box emergence latencies
and older captive animals got higher agitation scores (ZABLOCKI-THOMAS et al. 2018),
boldness was observed to increase with age in wild animals (DAMMHAHN 2012).
An age-dependent decline in olfactory sensitivity was described (1) in the central nervous
system of grey mouse lemurs (LANGUILLE et al. 2012) in form of changed c-fos expression
in neurons of the main olfactory bulb (CAYETANOT et al. 2005), and (2) by analysing
testosterone levels (AUJARD and NEMOZ-BERTHOLET 2004) that increase only in young
adult M. murinus males, but not in older individuals when exposed to prooestrous female urine
odour. More than that, aversion thresholds in a chemosensory discrimination test were higher
in older M. murinus males than in young adult males (AUJARD and NEMOZ-BERTHOLET
2004).
In the first study (chapter 3), the oldest animal needed the most trials to complete the
experiment, a finding that could be explained by an age-dependent decline in learning
performance, as described previously (JOLY et al. 2014). Furthermore, as most of the suitable
animals were found in the group of younger adults in the first study, an increased agitation in
the older test animals seems likely. However, as discussed in chapter 5.2.1, also a general higher
cautiousness in M. lehilahytsara was suggested. When comparing the mean age of both test
species in the first study, the individuals of M. lehilahytsara (mean age = 4.53 years) were older
than those of M. murinus (mean age = 3.67 years). Interestingly, of the seven younger
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(1-3 years) M. lehilahytsara, only two passed the screening (28.6%), whereas none of the eight
older (>3 years) animals was considered suitable. In M. murinus, three of four younger adults
were considered suitable (75%) but still only one of five older animals (20%). Taken together,
the age seemed to influence the behaviour of both species but also the species itself seems to
have influenced the general performance in the operant conditioning arena.
In the second study (chapter 4), an age-dependent decline in olfactory sensitivity could be
assumed for M. lehilahytsara due to the negative correlation found in this species. Such an agedependent decline in olfactory sensitivity was also observed in other species (for example in
mice (NAKAYASU et al. 2000) and humans (SHIP et al. 1996)). On the other hand, the
M. murinus males of the second study did not show a correlation between age and sniffing
duration, a finding that is concordant with another study, which did not find differences in the
sniffing behaviours between young and aged adults (AUJARD and PERRET 1998). As in the
second study the mean age of the M. murinus males was higher than that of M. lehilahytsara,
the species difference in this study was not simply caused by a different age distribution.
Overall, it remains unclear why such effects of the age of an animal have only been observed
in some animals in both studies. It is likely that not only the age but also other traits like the
individual experience or personality but also the species of an animal have a strong effect on
the performance under experimental conditions. Finally, as mouse lemurs in the wild normally
do not reach the high age of captive individuals due to high predation rates (KRAUS et al. 2008;
ZOHDY et al. 2014; RADESPIEL et al. 2019), an age-related olfactory decline should be
mainly relevant for experimental studies in captivity but probably less so under natural
conditions.

5.3 Indication of multimodal communication in mouse lemurs
The ability to achieve a coherent representation of the surroundings by means of multimodal
cues should be highly advantageous, as it generates the basis for a well-nuanced response by
the receiver (CALVERT 2001). Furthermore, multimodal cues are known to increase the
accuracy of decision making (WARD and MEHNER 2010) and “enhance the detection and
discrimination of external stimuli” (CALVERT 2001, p. 1110; and reviewed in NORSCIA and
PALAGI 2016). The term multimodal will in the following be used according to the definition
given by Slocombe, Walter and Liebal (2014): The “simultaneous combinations of signals from
two or more modalities (gestural, facial, vocal and olfactory signals), and/or any signals
requiring sensory integration by the receiver” (SLOCOMBE et al. 2014, p. 115). Ring-tailed

General discussion | 111

lemurs, for example, were already shown to use olfactory-auditory matching to recognise
individuals (KULAHCI et al. 2014).
Mouse lemurs are assumed to rely mainly on auditory and olfactory cues due to their nocturnal
lifestyle, dense forest habitats and their dispersed social system. As it was shown in this thesis,
they are able to discriminate mouse lemur species by scent. In the context of species
recognition, it was previously shown that male advertisement calls of three mouse lemur species
differ in frequency contour and duration (ZIMMERMANN 1995; ZIETEMANN 2000;
BRAUNE et al. 2005; ZIMMERMANN 2016). Moreover, mouse lemurs presented with male
advertisement calls from conspecific and heterospecific species show the highest reaction
towards conspecific calls (BRAUNE et al. 2008), firmly suggesting that species recognition is
at least partly achieved via acoustic communication. The combination of this earlier work with
the findings of this thesis strongly suggest a multimodal species recognition system on the basis
of olfactory-auditory matching in mouse lemurs. In other primate species, the use of multimodal
cues for species recognition was already shown: tufted capuchin monkeys use visual-auditory
matching (EVANS et al. 2005), and a possible matching of olfactory and visual cues was
discussed in Eulemur rufifrons (RAKOTONIRINA 2016; RAKOTONIRINA et al. 2018).
Finally, macaques are known to use visual-auditory matching to discriminate familiar
conspecifics and humans (ADACHI and HAMPTON 2011; SLIWA et al. 2011).
Female M. murinus have been observed to advertise their oestrus via multimodal cues: on the
day of oestrus, they show a significantly higher locomotor activity and higher rates of muzzle
rubbing and anogenital marking (BUESCHING et al. 1998). Additionally, they utter an oestrus
advertisement call (BUESCHING et al. 1998). Scent marks in general could attract males and
lead them on the trail of the receptive female even when the female has already left that
particular spot, as discussed previously (LAURIE 1982; BUESCHING et al. 1998). In the
reproductive context, urinary cues could provide information about the species and also the sex
of the sender, whereas anogenital marks may provide information about the oestrus state of a
female. Nothing is known by date about the chemical composition of glandular secretions of
the anogenital region of mouse lemurs and if and how these change during the female ovulatory
cycle. A recently conducted study on the volatile urinary signals of M. murinus and
M. lehilahytsara, however, showed that both species and sexes have their own distinct chemical
urine profiles, which could be used for species and sex discrimination (CASPERS et al. in press
for publ.2). It is plausible that when males follow this olfactory trail and come within hearing
range of the respective female, the oestrus advertisement call may then signal the receptivity
2

JANA CASPERS, UTE RADESPIEL, ELKE ZIMMERMANN, STEFAN SCHULZ:
Volatile Urinary Signals of Two Nocturnal Primates, Microcebus murinus and M. lehilahytsara.
In press for publication in Frontiers in Ecology and Evolution
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and actual location of the female (BUESCHING et al. 1998). The use of multimodal cues in
this context can help males to increase encounter rates with receptive females, thereby ensure
a high reproductive success and to avoid hybridization. Furthermore, as searching for mates is
energetically costly, it should be advantageous for the males if they can distinguish between
receptive and non-fertile females by the use of multimodal cues. It is known that females during
the reproductive season can be quite aggressive towards males and therefore males might avoid
risky agonistic interactions with dominant females (RADESPIEL and ZIMMERMANN 2001;
HOHENBRINK et al. 2015a; HOHENBRINK et al. 2016) if multimodal cues convey rough
information on the female’s reproductive state. However, as males during the reproductive
period also investigate the genital region of non-receptive females3 it seems more likely that
they need to be close to the female for a final distinct control of the female’s reproductive state.
Further experimental studies will be needed to investigate if and how multimodal cues are
indeed used by mouse lemurs to recognise mouse lemur species, find suitable mates and avoid
unwanted interactions with con- as well as heterospecifics.

5.4 Overall conclusion
This thesis presents new information about olfactory discrimination in two nocturnal primate
species. The results of the first study provide the first evidence for the discrimination of speciesspecific urinary cues by mouse lemurs (M. murinus and M. lehilahytsara) and furthermore
complement studies on the role of acoustic species discrimination. The results of the second
study suggest spontaneous olfactory species discrimination and a preference for conspecific
female urine odours in M. murinus, but so far not in M. lehilahytsara. This preference was only
found in the reproductive season, indicating a biological relevance of this ability for dispersed
solitary foragers mainly in the context of mate search and mate assessment. Captive paired
males, however, seemed to be affected negatively by their paired housing background which
was expressed by shorter sniffing durations at the unfamiliar conspecific female urine scent.
The two mouse lemur species behaved differently in both tests, suggesting either an effect of
individual experimental experience or of their evolutionary and ecological background
(generalist versus specialist species) on the behaviour in unfamiliar experimental situations.
The age of the test animals had an effect on the learning performance of one older M. murinus
and the general performance of M. lehilahytsara and M. murinus in the olfactory tests.
However, as mouse lemurs face a high predation risk in the wild and typically do not reach a
high age naturally, this effect should be mainly important when evaluating or planning olfactory
3

Personal note of UTE RADESPIEL, Hannover, March 06th 2020

General discussion | 113

studies conducted with captive animals. Taken together, mouse lemurs seemed to be affected
by different individual factors like individual experience, species and age. The relevance of
each of these hypotheses could only be decided if further studies and formal testing would be
performed.
In conclusion, this thesis expands our understanding of olfactory discrimination in mouse
lemurs and generated new questions for future investigations. In particular, more behavioural
data would be desirable to quantify and characterize the possible multimodal communication
of species status and reproductive state between mates.
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Summary
Annika Kollikowski
Behavioural experiments on olfactory discrimination in small nocturnal primates
(Microcebus murinus and Microcebus lehilahytsara)

Olfactory discrimination of odour cues left by other animals is an important part of the intraand interspecific communication of many mammals but gains special importance in solitary
species. The ability to discriminate between different olfactory cues has been studied
extensively in rodents, but also in some primate species. However, there is still a lack of
knowledge on olfactory species discrimination in strepsirrhine primates, despite these species
relying heavily on their sense of smell. This is especially true in nocturnal strepsirrhines which
often live in dispersed social systems and communicate mainly via olfactory cues or
vocalisations. In addition, the reproductive success of the strepsirrhine primates of Madagascar
depends strongly on their ability to find and reproduce with as many suitable mates as possible
during a limited reproductive season. Therefore, the aim of this thesis was to investigate the
olfactory discrimination abilities of two captive species of mouse lemurs (Microcebus spp.),
the genus that contains the smallest-bodied primate species on earth. Two experimental studies
were designed and conducted to test the ability of the grey and the Goodman’s mouse lemur
(Microcebus murinus and M. lehilahytsara) to discriminate between mouse lemur species and
furthermore between female reproductive states based on urine odours.
The first study investigated the general ability of both sexes and both species to discriminate a
conspecific from a heterospecific urine scent. Four mouse lemurs (two M. murinus and two
M. lehilahytsara, one male and one female each) were trained via operant conditioning to
choose a conspecific urine odour first over water and then over a heterospecific urine sample
in a two-way choice arena. In addition, a pre-screening investigating the general olfactory
learning potential and behaviour in the new experimental arena was conducted before with 24
mouse lemurs. Although most of the screened animals did not pass the screening criteria, mostly
M. lehilahytsara individuals, all four final test animals were successfully trained to reliably
choose the conspecific urine odour instead of water or the heterospecific urine odour. These
findings indicate that olfaction could be an important proximate mechanism for species
discrimination in mouse lemurs.
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In the second study, the spontaneous response of 21 male mouse lemurs (12 M. murinus and
9 M. lehilahytsara) towards conspecific and heterospecific urine odours of females at different
reproductive stages was investigated in the reproductive and the non-reproductive season.
Animals were tested in their home cage with two urine samples presented simultaneously. The
sniffing response towards the stimuli was video-recorded and analysed systematically. Overall,
M. murinus showed longer sniffing durations than M. lehilahytsara. Male M. murinus
furthermore sniffed at conspecific female urine significantly longer than at heterospecific
female urine samples, however, this difference was only expressed in the reproductive season.
In M. lehilahytsara, on the other hand, no difference in sniffing responses was observed. Both
species did not show a preference for urine scent from oestrous females compared to females
in dioestrus. Therefore, this study indicates a spontaneous discrimination of female urinary cues
at least by male M. murinus and suggests that this discrimination is more relevant in the
reproductive season.
Taken together, both studies provide new insights into the olfactory perception of mouse
lemurs. The findings furthermore complement previous studies on the role of acoustic
communication in the context of species discrimination and mate assessment and suggest
multimodal communication by olfactory-auditory matching in mouse lemurs. Moreover, the
two study species differed in their general behaviour in both studies with individuals of
M. lehilahytsara seeming more cautious towards new situations than M. murinus. Further
comparative studies will be needed to illuminate to which extend these findings were caused
by a lower experimental experience of M. lehilahytsara individuals or by a general species
difference in exploratory behaviour due to different evolutionary trajectories. Finally, it was
shown that the age of mouse lemurs can have an effect on the olfactory sensitivity and general
performance in cognitive tasks and this factor therefore should always be considered when
planning and evaluating studies with captive animals.
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Zusammenfassung
Annika Kollikowski
Verhaltensexperimentelle Untersuchungen zur olfaktorischen Diskriminierung bei
nachtaktiven Kleinprimaten (Microcebus murinus und Microcebus lehilahytsara)

Der olfaktorische Sinn wird von vielen Säugetierarten genutzt, um verschiedene
Lebenssituationen zu koordinieren, wie beispielsweise das Sozial- und Fortpflanzungsverhalten
aber auch die Nahrungssuche oder das Vermeiden von Fressfeinden. Die olfaktorische
Diskriminierung von Duftmarken, die von anderen Tieren hinterlassen wurden, spielt dabei eine
wichtige Rolle in der Kommunikation innerhalb sowie zwischen verschiedenen Arten. Es wird
angenommen, dass olfaktorische Sensitivität eine besonders große Rolle im Leben von
nachtaktiven und einzelgängerisch lebenden Arten einnimmt, wie zum Beispiel bei vielen
Nagetierarten. Über die olfaktorische Kommunikation nachtaktiver Primatenspezies ist jedoch
deutlich weniger bekannt als über Rodentia. Besonders die Fähigkeit zur Diskriminierung von
spezies-spezifischen Duftsignaturen wurde bisher nur wenig untersucht; selbst in der Familie
der Feuchtnasenprimaten, welche viel über Gerüche kommunizieren.
Nachtaktive Mausmakis (Genus Microcebus spp.), welche mit derzeit 24 beschriebenen Arten
endemisch auf Madagaskar leben, sind die kleinsten Primaten der Welt. Im Westen
Madagaskars kommen einige Arten sympatrisch vor, Hybride wurden jedoch bisher nur
zwischen Grauen Mausmakis (Microcebus murinus) und Graubraunen Mausmakis
(M. griseorufus) beobachtet, was das Vorhandensein von einem Arterkennungssystem in
Mausmakis vermuten lässt. Da Mausmakis als Einzelgänger auf Nahrungssuche gehen und in
dichten Waldhabitaten leben, wird angenommen, dass sie hauptsächlich über Rufe aber auch
Duftsignaturen kommunizieren. Vorherige Studien zur akustischen Kommunikation ergaben,
dass Mausmakis zwischen arteigenen (=konspezifischen) und artfremden (=heterospezifischen)
Rufen unterscheiden können. Die Diskriminierung von Duftsignaturen verschiedener Arten
wurde bisher bei Mausmakis jedoch nicht untersucht.
Mausmakis zeigen verschiedenes Markierverhalten, wie beispielsweise Urinwaschen oder
Anogenitalmarkieren, in verschiedenen Situationen, unter anderem an Schlafplätzen bei
Einbruch der Nacht vor dem Aufbrechen der Tiere zur Nahrungssuche. Da weiterhin beobachtet
wurde, dass Mausmakiweibchen ihren Östrus mit multimodalen Hinweisen ankündigen
(akustisch über Rufe und chemisch über Duftsignaturen) und Männchen auf den Urinduft von
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proöstrischen und östrischen Weibchen mit steigendem Plasma-Testosteron-Level reagieren,
kann angenommen werden, dass Olfaktorik eine wichtige Rolle im Fortpflanzungskontext
spielt.
Zusätzlich pflanzen sich Mausmakis nur saisonal fort, weshalb der Fortpflanzungserfolg stark
von der Fähigkeit abhängt, in der begrenzten Zeit möglichst viele passende, arteigene und
paarungsbereite, Partner zu finden und sich mit ihnen zu paaren. Mausmakimännchen suchen
in dieser Zeit intensiv nach Weibchen, weshalb ein verlässliches System zur Arterkennung aber
auch Erkennung des weiblichen Zyklusstandes von großem Vorteil sein sollte.
Das Ziel dieser Dissertation war daher, das olfaktorische Diskriminierungsvermögen von zwei
im Labor gehaltenen Mausmakiarten zu untersuchen und zu vergleichen. Zwei Studiendesigns
wurden erstellt, um spezifische Fragen bezüglich der olfaktorischen Diskriminierung anhand
der Modellarten Grauer und Goodman’s Mausmaki (M. murinus und M. lehilahytsara) zu
beantworten. Zum einen wurde untersucht, ob Mausmakis beider Arten arteigene
Duftsignaturen von artfremden Duftsignaturen im Mausmaki-Urin unterscheiden können und
zum anderen, ob Männchen beider Arten spontan zwischen Urinproben von östrischen und
diöstrischen Weibchen diskriminieren.
In der ersten Studie wurde mit Hilfe operanter Konditionierung die generelle Fähigkeit von
Mausmakis beider Arten und Geschlechter untersucht, zwischen konspezifischem und
heterospezifischem Urin zu unterscheiden. Vier Mausmakis (zwei M. murinus und zwei
M. lehilahytsara, jeweils ein Männchen und ein Weibchen) wurden mittels operanter
Konditionierung trainiert, in einer Zweifachwahl-Testarena einen arteigenen Urinduft im
Vergleich zu Wasser und später zu einem heterospezifischen Urinduft auszuwählen. Vorher
wurde mittels eines Screeningverfahrens mit 24 Tieren das potenzielle olfaktorische
Lernpotenzial sowie ihr Verhalten in der Arena untersucht und beurteilt. Die meisten der vorab
untersuchten Tiere (75 %), zum Großteil Angehörige der Art M. lehilahytsara (72.2 %),
erreichten das Kriterium für einen erfolgreichen Abschluss des Screenings aufgrund von
hektischem Verhalten sowie von „Einfrieren“ (ein Verhalten, bei dem die Tiere sich ducken
und nicht mehr bewegen) nicht. Die vier Testtiere, die letztendlich ausgewählt wurden für die
anschließende Urin-Konditionierung, konnten jedoch allesamt trainiert werden, den
konditionierten arteigenen Urinduft verlässlich häufiger zu wählen als Wasser oder den
anschließend präsentierten heterospezifischen Duft. Dieses Ergebnis lässt eine wichtige
unmittelbare Rolle der Olfaktorik zur Spezieserkennung sowie -diskriminierung in Mausmakis
vermuten.
Die zweite Studie untersuchte sowohl während als auch außerhalb der Reproduktionszeit die
Spontanantworten männlicher Mausmakis (zwölf M. murinus und neun M. lehilahytsara)
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gegenüber konspezifischem und heterospezifischem Urin von Weibchen in verschiedenen
Stadien des Ovulationszyklus. Die Tiere wurden in ihrem Heimatkäfig getestet, wobei
gleichzeitig die arteigene und artfremde Urinprobe in und auf Teeeiern präsentiert wurden. Die
Schnupperantwort der Tiere gegenüber der verschiedenen Stimuli wurde per Videokamera
aufgenommen und im Nachhinein mittels des Programms „The Observer XT12“ analysiert.
Grundsätzlich zeigten Männchen der Art M. murinus signifikant längere Schnupperdauern als
Männchen der Art M. lehilahytsara. Weiterhin schnupperten M. murinus Männchen signifikant
länger an arteigenen Urindüften als an artfremden, dieser Effekt war jedoch nur zur
Reproduktionszeit und nicht außerhalb sichtbar. Männchen von M. lehilahytsara zeigten
hingegen keine signifikante Präferenz für arteigene oder artfremde Urindüfte, weder innerhalb
noch außerhalb der Reproduktionszeit. Die Männchen beider Arten schnupperten außerdem
ungefähr gleich lang an Proben von östrischen und diöstrischen Weibchen. Diese Studie ergab
damit Hinweise für die biologische Relevanz der Erkennung spezies-spezifischer
Duftsignaturen im Weibchenurin innerhalb der Reproduktionszeit zumindest bei M. murinus
Männchen.
Zusammengenommen bieten beide Studien neue Einblicke in die olfaktorische
Wahrnehmungsleistung von Mausmakis. Beide neu für Mausmakis etablierten Setups erwiesen
sich als geeignet, um die olfaktorische Diskriminierungsleistung von Mausmakis zu
untersuchen. Dabei war die operante Konditionierung besser geeignet, um das generelle
Diskriminierungsvermögen bezüglich spezies-spezifischer Duftsignaturen im Mausmakiurin
zu untersuchen, während das zweite Setup zur spontanen Diskriminierung erste Aufschlüsse
über eine mögliche biologische Relevanz von Weibchenurindüften zur Reproduktionszeit gab.
Zukünftige Studien zur olfaktorischen Diskriminierung in Mausmakis sollten sich deshalb nicht
nur auf einen Setuptypen konzentrieren, sondern verschiedene Setups kombinieren, um sowohl
das Diskriminierungsvermögen als auch die Bedeutung verschiedener Düfte für Mausmakis
weiterführend zu untersuchen.
Zusammenfassend konnten beide Geschlechter beider Mausmakiarten trainiert werden,
arteigenen von artfremdem Urinduft zu unterscheiden. Männchen der Art M. murinus zeigten
überdies auch in dem spontanen Zweifach-Wahlexperiment ein höheres Interesse an arteigenem
Weibchenduft, jedoch nur in der Reproduktionszeit und nicht außerhalb. Es bleibt fraglich,
warum M. lehilahytsara Männchen zwar prinzipiell auf arteigenen Duft konditioniert werden
konnten, aber keine spontane Präferenz für arteigenen oder artfremden Duft zeigten, wenn sie
diesen beiden Düften in ihrem Heimatkäfig begegneten.
Zusätzlich konnte ein starker Einfluss des sozialen Hintergrunds der Männchen
(Zuchtmännchen ja oder nein) festgestellt werden. Während M. murinus Männchen, die nicht
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zur Zucht eingesetzt wurden, während des Versuchszeitraums eine deutliche Präferenz für
konspezifischen Weibchenduft zeigten, schienen die Zuchtmännchen derselben Art den
Urinduft des arteigenen Weibchens eher zu meiden. Dieses Meideverhalten ist vermutlich
darauf zurückzuführen, dass M. murinus Weibchen dominant und häufiger aggressiv sind
gegenüber den Männchen, insbesondere in der Reproduktionszeit. In unserem Fall mussten drei
der fünf Zuchtmännchen sogar vom Zuchtweibchen getrennt werden, da sie Bissspuren
aufwiesen und Gewichtsverluste zeigten. Demnach zeigte sich, dass die persönliche negative
Erfahrung von Versuchstieren einen starken Einfluss auf das Verhalten im Versuch haben kann
und dies sollte bei zukünftiger Versuchsplanung berücksichtigt werden.
Unerwartet zeigten beide Arten unterschiedliches Verhalten über beide Studien hinweg:
Individuen der Art M. lehilahytsara erschienen deutlich vorsichtiger in beiden experimentellen
Situationen zu sein als M. murinus Individuen. Zukünftige vergleichende Studien könnten
weitere Aufklärung bieten bezüglich der Frage, ob diese Artunterschiede durch fehlende
Versuchserfahrung der M. lehilahytsara Versuchstiere oder durch einen tatsächlichen
Unterschied im Erkundungsverhalten der beiden Arten, basierend auf verschiedenen
Evolutionspfaden, verursacht wurden. Schließlich konnte auch ein Einfluss des Alters der
Versuchstiere auf die olfaktorische Sensitivität und die allgemeine Performance in kognitiven
Tests festgestellt werden, weshalb das Alter in der Planung und Auswertung besonders in
Versuchen mit Laborprimaten immer bedacht werden sollte.
Die Ergebnisse beider Experimente komplementieren vorangegangene Studien zur Rolle der
akustischen Kommunikation im Kontext der Arterkennung und Partnerfindung und suggerieren
ein multimodales (chemo-akustisches) Kommunikationssystem in Mausmakis. Zum einen ist
bereits bekannt, dass Mausmakis anhand ihrer Rufe die eigene von fremden Arten
unterscheiden können, und arteigenen Rufen die größte Aufmerksamkeit zuwenden. Zum
anderen kündigen Mausmakiweibchen ihren Östrus durch Rufe und Duftmarkierungen an.
Daher kann angenommen werden, dass Weibchen-Gerüche die Mausmakimännchen auf die
Fährte von Weibchen locken können, wobei Urin als Distanzkommunikationssignal sehr
wichtig sein könnte für die Art- und Geschlechtserkennung. Kommt das Männchen dann in
Rufweite eines Weibchens, könnte es über Rufe seinen aktuellen Standort sowie die
Paarungsbereitschaft signalisieren. Weitere Studien sind jedoch nötig, um diese Hypothese
weiter zu klären.
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Fig.
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s
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V1R
V2R
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degrees Celsius
amniotic fluids
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accessory olfactory system
Banana
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Figure
heterospecific
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Microcebus murinus
major histocompatibility complex
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main olfactory bulb
main olfactory epithelium
major urinary protein
non-reproductive season
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olfactory sensory neuron
page
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seconds
trace amine-associated receptors
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