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Simple Summary: In the face of a global biodiversity decline, zoos worldwide play important
roles in conservation via efforts such as providing breeding programmes and reintroductions into
the wild. Zoo populations are important as a buffer against extinction, but substantial differences
between the wild and zoo environments can lead to health issues. These problems, in turn, can
impact the reproductive success of individuals. Consequently, some primate species have reduced
breeding success when housed in zoos compared to their wild counterparts. To prevent the onset of
behavioural, physiological, and cognitive negative effects and to continually improve the welfare
of their animals, zoos widely implement different types of environmental enrichment. Enrichment
can take many forms, but sensory enrichments are less studied. Scent enrichments are less utilized
despite multiple research studies showing that they may affect positively the well-being of zoo-
housed animals, including non-human primates. Despite being traditionally considered to have a
poor sense of smell, more evidence is emerging to suggest that olfaction is important in primates.
This review article therefore focuses on scent-based enrichment and the specifics of primate olfaction.

Abstract: Zoos worldwide play an important role in both in situ and ex situ conservation via efforts
such as providing breeding programmes and reintroductions into the wild. Zoo populations are
crucial as a buffer against extinction. However, a mismatch between the wild and zoo environments
can lead to psychological as well as physiological health issues, such as stress, boredom, diabetes, and
obesity. These problems, in turn, can impact the reproductive success of individuals. Consequently,
some primate species have reduced breeding success when housed in zoos compared to their wild
counterparts. To prevent the onset of behavioural, physiological, and cognitive negative effects
and to continually improve the welfare of their animals, zoos widely implement different types of
environmental enrichment. There are many forms enrichment can take, such as feeding, puzzles
and training, but sensory enrichments, including implementing the use of scents, are currently
understudied. Scent enrichments are less utilized despite multiple research studies showing that
they may have positive effects on welfare for zoo-housed animal species, including non-human
primates. Despite being traditionally considered to be microsmatic, various lines of evidence suggest
that olfaction plays a larger role in primates than previously thought. This review therefore focuses
on scent-based enrichment and the specifics of captive primates.

Keywords: behavioural indicators of stress; physiological indicators of stress; captive breeding;
captive welfare; scent enrichment; zoo animals

1. Introduction

Biodiversity has declined significantly over the last few decades. Captive conservation
breeding is, therefore, becoming a very important tool for conservationists [1,2]. In this
regard, several factors have been identified that are likely to contribute to the breeding
success of captive animals, including husbandry practices such as diet and the use of envi-
ronmental enrichment [2]. However, the relationship between environmental enrichment
and reproductive success is still poorly understood and has received little focus thus far.
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Nevertheless, as enrichment aims to improve both the physiological and psychological
status of individuals, it should have some impact upon reproduction.

In this paper, we review the link between captive conservation breeding and environ-
mental enrichment programmes in zoos, the background information about environmental
enrichment as a whole and then the knowledge specifically regarding olfactory enrich-
ment. Particularly, we explore the case of non-human primates and the potential of scent
enrichment to increase the reproductive success of zoo-housed primates.

Specifically, this review article examines the following:

Environmental enrichment and conservation breeding in zoos.
Olfactory communication and reproduction in captive primates.
Scent-based enrichment and zoo-housed primates.

2. Environmental Enrichment and Conservation Breeding in Zoos
2.1. Environmental Enrichment

Environmental enrichment is widely implemented across zoos to improve welfare
and prevent the onset of, or mitigate, the effects of stereotypic or negative behaviours [3].
“Welfare” is a very broad concept that incorporates the physical and psychological health
of animals and can be measured [4], but sometimes it includes immeasurable aspects
(e.g., emotional state interpretation; [5]), which leads to a more holistic approach to welfare
management. Enrichment helps provide a more stimulating and complex environment
more similar to that which the species would encounter in the wild and is now a common
practice in modern-day zoos [6,7]. The main aim of enrichment is to increase in captivity
the frequency and variety of species-specific behaviours that are conventionally displayed
in the wild [7,8]. Enrichment can help captive facilities to improve both the psychological
and physiological well-being of individuals and is an effective tool to increase the range
and complexity of captive animals’ behaviours [4,9].

There are a number of ways in which zoos can try to enrich species to promote natural
behaviours and stop abnormal behaviours. The most common form of enrichment is via
feeding. Food-based enrichments provide the opportunity to look and search for food,
allowing for expression of foraging behaviours, puzzle solving and exercise [10]. Other
enrichment types involve sensory (visual, auditory, olfactory) and cognitive enrichment,
which have both begun to receive more attention over recent years [6,11]. Auditory en-
richment can range from playing noises from the wild (e.g., predator or prey noises) to
different music types, such as classical or rock [8]. Visual enrichment often encompasses
the use of colour, or technology, to provide novelty to the zoo environment [6,12]. Olfactory
enrichment involves placing scents around an enclosure or presentation of scents to indi-
viduals [13]. Cognitive enrichment using technology has particularly increased over the
last few years due to the increased availability of cheaper equipment [8]. When developing
and using enrichment, it is important to consider whether the enrichment is suitable for the
biology or ecology of the species [10], so enrichment should be considered at both species
and individual levels [4].

To conclusively say enrichment is beneficial, certain standard measures are needed
to assess the effectiveness of enrichment strategies on animal welfare [4] and ensure that
management practices can be improved accordingly [6]. These measures are usually
achieved by collecting behavioural and physiological data from individual animals [4,14];
however, so far, behavioural measures have been more commonly used compared to
physiological measures [15,16]. The link between behavioural and physiological changes
is tricky to validate and correlate in many studies, but it has been shown in a few cases
(e.g., [14,17-19]). For example, one study [14] found that blue-and-yellow macaws (Ara
ararauna) who expressed higher levels of behavioural activity and decreased abnormal
behaviours had a lower concentration of cortisol in their faeces. Similarly, other authors [17]
found that enrichment for African wild dogs (Lycaon pictus) increased their activity levels
and was associated with decreased cortisol. Furthermore, a study [16] on cotton-top
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tamarins (Saguinus oedipus) showed that captive groups associated with higher frequencies
of aggression had a higher concentration of cortisol.

Many studies have yielded valuable results showing that environmental enrichment
can positively affect the behaviour of animals through increased activity, exploration and
social behaviours, and decreased aggression or stereotypic behaviours [18]. For example,
the use of various enrichments, such as food items and bubbles, significantly increased the
exploration behaviour of harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus),
while reducing stereotypic swimming patterns [4]. Novel enrichments are more likely to
have a noticeable impact on behaviour when compared to enrichments that have been used
for a while as animals become habituated to them. This was illustrated in a study [19] on
polar bear (Ursus maritimus) enrichment at the Bronx Zoo, where the authors observed that
the use of novel toys (balls and floats) and a novel feeding device increased playing activity
and decreased pacing when compared to previously used enrichments.

2.2. Captive Conservation Breeding

Zoos contribute to both in situ and ex situ conservation of endangered species through
breeding programmes and by supporting reintroductions into the wild [2,20]. Notable
conservation successes that have involved captive breeding include several primate rein-
troductions of captive-bred individuals, including golden lion tamarins (Leontopithecus
rosalia; [21]), black-and-white ruffed lemurs (Varecia variegata; [22]), western lowland goril-
las (Gorilla gorilla gorilla); [23]) and, most recently, pileated gibbons (Hylobates pileatus; [24]).
Captive populations held in zoological facilities around the globe act as an important reser-
voir population for endangered species. They provide a safeguard against the extinction of
species, with some currently only existing at all in zoos, such as the scimitar-horned oryx
(Oryx dammah) and the Hawaiian crow (Corvus hawaiiensis) [2,20].

If the number of species continues to decline, there may potentially be a large increase
in the number of captive breeding programmes needed [25]. For some species, it may
be one of the only conservation options available until problems in species” home ranges
are addressed and overcome [25]. As such, it is important for conservation to implement
an integrated approach by pairing both in situ and ex situ conservation to maximize
the chances of success [26]. However, there are several primate species that have issues
breeding in captivity, which is of concern due to their conservation status and continual
decline in the wild [27]. For example, Eulemur species, gorillas (Gorilla), tamarins (Saguinus),
gibbons (Hylobatidae) and howler monkeys (Alouatta) seem to breed less in captivity than in
the wild [27]. Various studies have tried to understand the factors that may be contributing
to this (e.g., [28,29]). Both mongoose lemurs (Eulemur mongoz) and black lemurs (Eulemur
macaco) have shown higher rates of reproduction when breeding pairs are housed with
either additional males or other breeding pairs, which suggests that the reproduction of
these species is improved by the presence of conspecifics [30]. Likewise, a study on howler
monkeys (Alouatta caraya) found that group composition also affected breeding success,
showing that 38% of zoos housed the species in pairs despite no records of pairs being
found in the wild [27]. Some primates may be hand-reared by keepers, which can cause
problems with future reproductive success [28,29]. For example, a study on gorillas [28]
found that those who were reared by their mothers were more successful in reproducing
and rearing young compared to their hand-reared counterparts. As breeding programmes
and endangered species management in captivity is already difficult from a physiological
and social standpoint, it is important to understand what additional factors may influence
reproductive success.

There are different techniques that researchers and zoos have tried to improve the
success of breeding programmes, which are likely to continually improve as we gain an
improved understanding about the reproductive biology of different species and increased
technological capabilities [31]. For example, artificial insemination is a technique that
has been widely used in zoos and is particularly important for species that only have
a few remaining males left or when mating behaviour is not displayed in captivity [31].
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Moreover, artificial insemination may also be useful in increasing the genetic diversity
of captive populations [31]. Another important technique that can be used to improve
reproductive success in captivity is the analysis of sex hormones in the urine and faeces of
females to track oestrus [32]. This could help to better target and implement any breeding
interventions that may be needed [32].

Additionally, mate choice is an important aspect of reproduction, even though this is
rarely considered in captivity and pairings are most often based solely on studbook recom-
mendations [1]. Mate choice is an important part of sexual selection and incompatibility
between individuals can cause major issues. A study on captive giant pandas (Ailuropoda
melanoleuca) [1] showed that females paired with preferred mates had higher rates of copu-
lation and more births. Other authors [33] demonstrated that scents could be introduced in
captivity to facilitate mate choice and significantly improve the chances for reproductive
success in striped dunnarts (Sminthopsis macroura). Scents were also used to manipulate
mate choice successfully in harvest mice (Micromys minutes) [34]. Although both studies
used a relatively small sample size over a short period of time, they illustrate the potential
of using scents to influence breeding of other captive species. Evidence (reviewed by [9])
indicates that olfaction has an important role in mate choice and sexual selection, with
many implications for the success of species conservation.

Much of the focus in environmental enrichment studies is on the welfare of the indi-
viduals; little emphasis has been placed on how this, in turn, may affect other aspects of
zoo biology, such as breeding [15]. The effects of enrichment on reproductive functions
have been reported anecdotally over the years although there are few scientific studies
that confirm this [13]. Thus, there remains a gap in knowledge of how enrichment may be
developed or employed to help improve the conservation breeding of endangered species.
Specifically, there are very few studies that focus on the impact of enrichment on reproduc-
tion as many only consider the effects on stress and physiology (e.g., [35-37]). However,
there are various lines of evidence suggesting that it may affect potential reproductive
success. As enrichment is designed to encourage individuals to display species-specific
behaviour, including mating, it is likely to trigger or increase desirable behaviours associ-
ated with breeding [17]. Importantly, it is vital to ensure that species-specific socio-sexual
behaviours are maintained in captivity so that individuals can breed unassisted after
reintroduction to the wild to establish sustainable populations [27].

There have been a few laboratory-based studies showing a strong link between en-
vironmental enrichment and improved reproductive success. For example, a study [37]
found that in zebrafish (Denio rerio), the number of eggs produced by breeding pairs was
significantly higher in tanks that had a form of enrichment compared with control tanks.
Similarly, another study [38] found that laboratory mice pups (Mus musculus) born in cages
with enrichment often weighed more than those without enrichment and more of them
survived to weaning age. Likewise, a further study also concluded that enriched mice pups
had higher chances of survival and developed faster [39].

Even though the use of environmental enrichment is widespread across zoological
facilities and has known benefits for welfare, the number of published studies on the rela-
tionship between enrichment and reproductive success is extremely limited (e.g., [13,17,35]).
A study [40] on bobcats (Lynx rufus) at Jerez Zoo concluded that the females bred for the
first time due the introduction of enrichment; however, they also indicated that there were
changes to the groups and enclosures that could have been the main contributing factors
to this. However, another study [35] showed that the ovarian function of both oncillas
(Leopardus tigrinus) and margays (Leopardus wiedii) was disrupted when they were moved
from an enriched enclosure to one with no enrichment. This link between enrichment
and reproductive functions is further supported by a study on female African elephants
(Loxodonta africana), which demonstrated that those with access to a higher diversity of
enrichment had more regular ovarian cycles [36]. Conversely, another study [41] found
that there were no changes in the prevalence of breeding behaviours for harbour or grey
seals with or without enrichment.
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There is currently only one major published study that aimed to look specifically at
how novel enrichment could affect reproductive success in an endangered species. This
study [36] investigated the effects of a novel auditory enrichment programme and its
impact on a colony of northern bald ibis (Geronticus eremita) that were struggling to breed.
The authors recorded calls of conspecifics during breeding season (reproductive cues),
which were played back to the colony over the following two breeding seasons [17]. They
found that breeding behaviours increased significantly, and more eggs were produced
during the second season. This research provides an important example of the potential
impacts of enrichment on conservation beyond just improving the welfare of individuals in
captivity, while also highlighting the need for further studies investigating various novel
enrichments that may ultimately increase the reproductive success of endangered species.

2.3. Enriching Primates

Primates have evolved many complex cognitive skills and behavioural patterns and
have complex social lives, which often creates different challenges for these animals in
captive environments compared to other non-social species [42]. Being unable to engage
in these complex behaviours, or being housed in inappropriate social groups, can cause
frustration and stress, which undermines their welfare. Some primate species may ex-
press high levels of stress or abnormal and stereotypic behaviours. Therefore, it is of
the utmost importance to develop novel and sensory-stimulating enrichments aimed at
primate species, particularly those that are currently underrepresented in enrichment pro-
grammes [42]. Despite a large proportion of enrichment articles focusing on primates, only
a small minority of primate species were represented in these studies, highlighting the fact
that bias towards certain species exists within orders and not just between taxa [35].

Enrichments for primates do not have to be complicated and many can be made
from materials typically found in a zoo [43]. A study [43] validated increased activity
levels of white-handed gibbons (Hylobates lar), brown lemurs (Eulemur fulvus) and Mona
monkeys (Cercopithecus mona) in correlation with the introduction of a simple food-based
enrichment device using bamboo and wire. They also showed it significantly decreased
abnormal behaviours of brown lemurs when compared to the baseline [43]. Similarly,
other authors [44] added boxes of food to a ring-tailed lemur (Lermur catta) enclosure and
found it encouraged a small increase in active behaviours. Another study [10] showed
that the use of suspended gum feeders for tamarins (Saguinus spp.) and marmosets
(Callithrix spp.) significantly reduced the frequency of self-directed behaviours, which
is an indicator of stress in primates. The use of music as an enrichment has also been
suggested for primates, although results have so far been mixed. For example, the use
of classical and rock music was found to significantly increase social behaviours and
activity in gorillas [45], slightly increase activity and decrease abnormal behaviours in
chimpanzees [46] and had no significant impacts on the behaviour of Moloch gibbons
(Hylobates moloch; [47]). While most studies do show that enrichment has positive effects
on captive primates, different enrichment types have differing effects on individuals and
species (e.g., [10,41]). For example, a study on three different lemur species (ring-tailed
lemur; red-ruffed lemurs, Varecia rubra; Coquerel’s sifaka, Propithecus coquereli) at the Duke
Lemur Center (North Carolina) showed that each species reacted to three enrichments
significantly differently based on their feeding ecology in the wild [7]. Additionally, further
research [48] showed that abnormal and stress behaviours were significantly reduced across
a group of captive chimpanzees during positive reinforcement training and that this effect
was most pronounced among low-ranking individuals.

Cognitive enrichment has received much attention among primates, and particularly
in great apes, and allows for healthy challenge and control in the zoo environment [11,16].
Some scholars [49] proposed the use of tools as a form of cognitive enrichment. They
argued that wild chimpanzees spend a significant proportion of their time foraging, which
often involves the manipulation or acquisition of food through tool use, and so provided
captive chimpanzees with honey in bottles and gave them a few tools to extract it with [49].
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They found that there was a significant reduction in inactivity in the group and an increase
in social behaviours [49]. This has helped to illustrate the ways in which enrichment can be
used to expand captive animals’ behavioural repertoire and to make their behaviours more
comparable to those of their wild counterparts. However, some studies have found that
individuals of social species monopolize the object or become frustrated when presented
harder challenges, indicating the need for quantitative assessments of the benefits of each
enrichment type prior to broad implementation [11,12,50].

3. Olfactory Communication
3.1. Neurophysiological Basis of the Olfactory Communication Systems

Animals detect and react to molecules deriving from the external environment, and all
species perceive these chemical stimuli in the same way. Chemosensory receptor proteins
are exposed to the outside world in the membrane of chemosensory nerve cells, frequently
through a “window” in an otherwise impermeable skin or cuticle. The onset of an odour
molecule (i.e., odorant, which may be any kind of molecule, from large proteins to small
acids) is converted into a signal to the brain by binding to a chemosensory receptor protein
(reviewed in [51]).

The combinatorial olfactory systems of animals can detect, discriminate, and distin-
guish between countless different molecules as different odours. This ability is conferred by
the following features of olfactory systems: diverse chemosensory receptor proteins, with
broad but overlapping specificities; expression of one receptor type per olfactory sensory
neuron; and targeting olfactory sensory neurons sharing the same receptor to a collection
point in the brain (i.e., glomerulus), one for each receptor type (reviewed in [52]). Olfactory
receptor proteins are activated by multiple odorants, and then odorants activate multiple
olfactory receptor proteins in different combinations. Most olfactory receptor proteins are
broadly tuned so any odour molecule will stimulate a distinct subset of receptors and their
associated glomeruli, giving a combinatorial code (i.e., “odour map”) representative of that
odour molecule. The brain will then build up an olfactory picture of the external world
from these, integrating the responses across the different glomeruli (reviewed in [51]).

Olfaction is a particularly important sense for many mammalian species, especially
terrestrial species such as rodents and carnivores [53]. It is a key form of communication
for both solitary and social species [54,55]. In mammals, different scent cues are managed
by both the main olfactory system, whose function is to detect the volatile chemical signals,
and the accessory olfactory system, which plays a key role in social communications [56].
Different mammalian species show diversity in the relative sizes of their olfactory systems
and the number of functionally associated genes, which may be related to species’ sensitivity
to odours [56].

Olfactory signals can come from a variety of sources, such as sweat, skin, specialized
glands, urine, and faeces [57]. The chemical compounds found in odour secretions can be
separated into volatile, semi-volatile and non-volatile organic compounds [57,58]. Volatile
compounds are chemical compounds with a low molecular weight that can evaporate
quickly into the atmosphere [58]. Non-volatile compounds are those with a higher molecu-
lar weight and do not readily evaporate, such as proteins. Semi-volatile compounds have
higher molecular weights than volatile compounds but lower weights than non-volatile
compounds, and their ability to evaporate readily is in-between those classified as volatile
and those not. Volatile compounds are of particular interest in olfactory studies as they
can be detected easily and quickly by the receiver [58,59]. Individual chemical signals
may be very complex, containing a mixture of these different types of compounds [60].
Although compounds can be identified from olfactory signals, they are complex, sometimes
containing hundreds of different compounds, of which some of the functions are not fully
understood [60].
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3.2. Olfactory Communication in Non-Human Animals

Olfaction is described as the sensory detection of chemical compounds originating
from outside the body of the animal [61]. The olfactory system is phylogenetically the
oldest sensory system and chemical signals are the oldest form of communication between
animals [55,58,61]. Chemosensory systems (i.e., highly specialized sensory systems, of
which taste and smell are prototypical examples; [62]) likely evolved early [54]. For this
reason, they are found in most species, including reptiles, birds, and mammals. It is
therefore surprising that, compared to the other senses, chemical communication in animals
has long been understudied, with only recent work placing an emphasis on it (e.g., [9,58]).
There has been an increase in published research relating to olfaction in recent years
(e.g., [63,64]); however, there is still a lot currently unknown about olfactory communication
in many vertebrate species. Despite this, it is established that olfaction is a key sense and
has many important functions [13].

Olfactory communication has many advantages compared to visual, auditory, and
tactile communication. Messages can be left in the environment for receivers without
the presence of the signaller, which may help to avoid direct contact and limit physically
aggressive encounters [9,65]. Unlike the other modes of communication, olfactory cues
are unique in that they can persist in the environment [13]. Furthermore, odours are
energetically costly to produce and reflect the condition of the individual; thus, they
provide honest and reliable communication about the status of the individual [65,66]. Scent
signals are not necessarily aimed at specific individuals but rather “broadcast” information
to other individuals in the area, such as in the case of territory marking or advertising for a
mate [59]. The functions and meaning of olfactory signals are, however, very difficult to
interpret. Olfactory signals are usually extremely complex, and one signal may contain
hundreds of different chemical compounds with varying functions [60]. Thus, they must
be carefully deconstructed to infer their possible meanings [60,67].

Chemical communication, with chemical compounds involved in the chemical in-
teraction between organisms called as “semiochemicals” [51], plays several crucial roles
for different animal and plant species [54]. In this context, scent-marking behaviour is
common in many terrestrial species and has a variety of functions, from marking home-
range boundaries to signal that a competitor is in the area to establishing mother-offspring
bonds [54,59,68]. Olfaction also plays a role in foraging (for example, by helping individuals
to find the location of food sources and identifying their quality, which is advantageous
in complex habitats where food may be dispersed over long distances or patchily dis-
tributed [54,56]) as well as in the detection of predators by prey species and vice versa [54].

Olfactory communication has also an important role in many social functions [65].
Many species release “pheromones”, which are defined as chemicals secreted by one
individual that trigger a specific behavioural and physiological response from another
individual from the same species [69]. Furthermore, scent signals can provide abundant
information about the individual, including their sex, age, rank, and reproductive status,
as well as individual and group identity [65,66]. There is also evidence to suggest that
the major histocompatibility complex influences the volatile scents produced by mice,
mandrills (Mandrillus sphinx) and humans (Homo sapiens) [59,70]. Signals and cues from
odours are important for social communication, and this is emphasized in those species that
have specialized glands and display scent-marking behaviours [64]. For example, studies
have shown that higher-ranking or more dominant individuals display higher frequencies
of scent-marking behaviours in sugar gliders (Petaurus breviceps; [71]), meerkats (Suricata
suricatta; [72]) and mandrills [67].

3.3. Olfactory Communication in Primates

Primates are typically thought to be microsmatic, which means they are generally
considered to have a poor sense of smell and instead mainly rely on visual and acous-
tic signals [73,74]. As such, primate olfaction is relatively understudied compared to
other sensory modalities. It is believed that the reduced number of olfactory organs is
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related to the evolution of trichromatic vision in Cercopithecidae and apes [56,73]. However,
strepsirrhine primates (“wet-nosed” primates) are known to rely heavily on olfactory com-
munication and, accordingly, they display many genes associated with olfaction [73,74].
These species have more developed chemosensory organs and often show sexual dimor-
phism in scent glands [73,75]. Specifically, strepsirrhines and South American monkeys
express far more functional genes related to olfaction and more developed chemosensory
organs than African monkeys, Asian monkeys, and apes [73]. For example, research [76]
showed that spider monkeys (Ateles geoffroyi) were able to discriminate between different
odours at concentrations of just 1 ppm, demonstrating a level of sensitivity comparable to
that of rodents and canines.

Both strepsirrhine species and South American monkeys rely on olfactory senses for
different functions, such as foraging and communication of a variety of messages [68].
Most South American monkeys have specialized sternal or anogenital scent glands and
produce odours via secretions from these glands [68,77]. For example, one study [78]
was able to identify 162 chemical compounds from the scent marks of female common
marmosets (Callithrix jacchus) and found that the relative abundance of compounds differed
between individuals, indicating a role in identification. Furthermore, other authors [79]
identified 110 chemical compounds from just two glands from monogamous owl monkeys
(Aotus azarae and Aotus nancymaae), showing a large variation in the compounds based on
the gland type, suggesting that they have different functions. Other studies also inferred
different functions of olfactory cues based on differences between the sexes. For instance,
one study [80] found that there were significant differences in scent-marking behaviour
between the sexes in the moustached tamarin (Saguinus mystax) with females marking
more frequently. Despite finding no difference in the frequency of marking between the
sexes in black-tufted marmosets (Callithrix penicillate), there were significant differences
in scent-mark deposition between males and females, suggesting different functions for
marking in the two sexes [77].

Scent-marking behaviour is observed extensively in lemur species and serves various
functions and can vary based on the species, age, and season [67]. Similarly, a number
of studies have shown that scent-marking frequency tends to be higher in males than
females (ring-tailed lemurs [81], red-bellied lemurs, Eulemur rubriventer; [82] and red-ruffed
lemurs; [67]). The ring-tailed lemur exhibits complex olfactory behaviours and is often used
as a model for lemur olfactory communication (e.g., [60,66,83]). Chemical analyses of lemur
scents have revealed over 120 different volatile compounds that were found in different
types of scent glands [57,65]. Despite the clear importance of olfactory communication
in lemur species, most studies have only focused on the ring-tailed lemur (due to its
commonality in captivity and complex olfactory behavioural repertoire), with other species
underrepresented in the literature.

In contrast, there are only a few Cercopithecidae species that exhibit scent-marking
behaviour, such as mandrills [68]. However, despite the general belief that olfactory be-
havioural patterns have lost significance in African and Asian primates, accumulated
data suggest that they may be more important for these species than previously acknowl-
edged [53,73]. For example, western lowland gorillas can discriminate between different
odours, significantly increasing their investigation of a novel scent (almond or vanilla) [84].
Additionally, it has been shown that all great apes exhibit sniffing behaviours, and its
frequency varies with species, sex, age, and context [55]. In all species, males display
sniffing behaviours more often than females, with most sniffing occurring in non-social
contexts. However, there are exceptions: male chimpanzees (Pan troglodytes) most often
sniffed conspecifics [55], and mandrills, drills (Mandrillus leucophaeus) and olive baboons
(Papio anubis) all displayed olfactory investigative behaviours during social foraging [85].

There is also more evidence emerging that suggests how Cercopithecidae and ape
species can identify conspecifics via olfactory investigation (e.g., [86-88]). For example, one
study [86] found that both male and female rhesus macaques (Macaca mulatta) investigated
odours from individuals from outside their social group significantly longer than odours
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from within their group. In addition to this, another study [87] found that male Japanese
macaques (Macaca fuscata) showed significantly more sniffing and licking behaviours when
presented with female urine compared to a control odour. Likewise, further authors [88]
found that when chimpanzees were presented with urine from conspecifics, the first
response was an olfactory behaviour 83% of the time.

Chemical analyses of scent marks and body odours from African and Asian primates
has helped to highlight the importance of olfactory signalling in these species. A total
77 chemical compounds were identified in odour secretions deposited by the scent-marking
of male mandrills, with volatile chemical profiles conveying information about the sex, age
and rank of the signallers [67]. In an analysis of axillary odours, 140 chemical compounds
were detected in rhesus macaques [89]. The authors further analysed 21 of these compounds
and found that there was variation in compound abundance and profile based on sex,
kinship and group membership [89]. They also showed that the relative abundance of
certain compounds was related to female rank [89]. Furthermore, another study [55]
demonstrated via a chemical analysis of the body odour of great ape species that the
chemical composition varied between species and individuals, which might underline the
important social role that chemical communication could play in these species.

3.4. Olfaction and Reproduction in Primates

Olfaction plays a key role in reproduction. Scent signals provide information about
the individual signaller [67,68], and scents are thought to provide honest indicators of mate
quality. Therefore, scents are likely to play an important role in mate choice and successful
breeding [68,74,75]. As chemicals produced by individuals depend upon the condition
and health of the signaller, they likely reflect the physiological state of the individual [90].
There is a bias in the literature with studies on reproduction, chemosignals and individual
quality focusing more on males than females [91]. Despite this, several studies have
shown that chemical signalling from females can affect male physiology [91]. Females
may release pheromones to induce certain sexual behaviours and physiological responses
from males [91]. For example, the scents of new females can lead to increased testosterone
production in marmosets (Callitrichidae spp.), macaques (Cercopithecidae spp.) and even
humans [92-94].

Olfactory signalling plays an important role in advertising when a female is fertile, and
this may or may not be associated with other sexual signals, such as visual sexual swellings
or calls. The Graded-Signal hypothesis [95] states that exaggerated sexual swellings provide
information about the probability of female ovulation and thus allow females to manipulate
male behaviours. Further studies have shown that the olfactory behaviours of males change
in response to females in primate species that display sexual swellings (e.g., [87,96]). A
study [96] found that male Chacma baboons (Papio ursinus) displayed olfactory investiga-
tion towards females who had sexual swellings more often, suggesting a role of olfaction
in advertising reproductive state. Other authors [87] proposed that olive baboons also
use multimodal signalling to advertise female reproductive status, including olfactory
cues. They found that the frequency of male olfactory investigations of females increased
significantly during the females’ fertile phase [87]. Again, this indicates that olfactory
signals are likely to play a role in providing information about female reproductive status.

Although some primate species show no visual signs of fertility, a broad range of
studies have clearly shown a link between olfactory behaviours, the chemical composition
of scents and reproductive status [74]. For example, one study [58] showed that male
common marmosets increased their breeding behaviours when females were fertile despite
a lack of visual cues, while the chemical composition of anogenital odours differed between
fertile states, indicating an olfactory cue for reproductive status. Other studies have
yielded similar evidence showing changes in scent-marking behaviours between breeding
and non-breeding seasons in crowned lemurs (Eulemur coronatus; [97]), Milne-Edwards
sifaka (Propithecus edwardsi; [53]) and ring-tailed lemurs ([98]). Ring-tailed lemurs and
Milne-Edwards sifakas also showed differing chemical compositions of odours during
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breeding and non-breeding season [53,90]. Thus, a lack of visual or auditory cues does not
correspond to an absence of olfactory cues [58]. As reproduction and parental investment
are costly, especially for females, the advertisement of reproductive state will help an
individual to improve their reproductive success [58,91].

Olfaction, furthermore, plays a role in parenthood, which is important for the success-
ful raising of their offspring, and thus, reproductive success [99]. One of its most important
functions is mother—infant recognition, which is crucial in establishing maternal bonds and
individual identification [74,99,100]. A study [100] found that the odour profiles of female
ring-tailed lemurs were significantly different before and during pregnancy, which further
supports the role of olfaction in signalling reproductive status. It is also important for
humans, as a study [101] found that 90% of mothers who participated were able to identify
their babies” clothes by smelling them. A more recent study [102] concluded that mothers
could also identify toddlers from smelling their clothes, with the success of identification
higher than chance rates. Their results also show that those women who were able to
correctly identify their child were more successful in distinguishing between male and
female odours [102].

Olfactory communication and behavioural repertoires are believed to have evolved un-
der sexual selection [83]. For example, male ring-tailed lemurs exhibit a unique behaviour
known as “stink fights” in which they anoint their tails and waft their scent towards com-
petitors [83]. They also waft their anointed tails towards females (“stink flirt”), in what is
likely a visual and olfactory display to advertise themselves as potential mates [83]. These
behaviours are thought to be “honest” indicators of quality, as scents are costly to produce
and reflect the physiological condition of the signaller [83]. Research [83] investigated this
behaviour and found that higher-ranking males engaged in stink fights more often and
much of the anointed wafting was directed towards females, suggesting it is likely a display
of male quality.

4. Olfactory Enrichment
4.1. Scent-Based Enrichment in Captive Settings

The main goal of olfactory enrichment is to improve the welfare of animals in captive
environments, but olfactory enrichment items can be used to manipulate the environment
in other ways (reviewed in [103]). As studies have shown that habitat exploration can
be influenced by the use of scent enrichment, this could be used to increase the visibility
of animals to zoo visitors (e.g., [104,105]). Additionally, olfactory enrichment has shown
to help increase activity and species-specific behaviours (e.g., [105,106]), which, in turn,
could potentially provide a positive knock-on effect influencing the attitudes of the public
towards zoo-housed endangered species and the frequency of zoo visits. Studies on
domestic animals in shelters have shown that olfactory enrichment not only decreases
stress but can help to increase positive behaviours and improve socialization (e.g., [107,108]).
As scents often elicit behavioural and physiological responses, it is important to explore
the use of olfactory enrichment to promote potential beneficial effects on reproductive
success [17].

Olfactory enrichment offers several benefits that could be used by zoos. Scents are
easy to apply as part of an enrichment programme, either via the introduction of the
scents on cloths and other objects or their direct placement in the enclosure [8,109,110].
Furthermore, there are a number of different scents that could be introduced, ranging from
natural (i.e., prey odours, relevant plant species) and anthropogenic (i.e., essential oils)
scents to species-specific fragrances created in the lab [104,105]. Either scents from herbs
and plants or animal odours from faeces could be easily obtained from areas within a zoo,
providing a low-price and varied enrichment [17,106]. In addition to this, it is possible to
introduce and mix scents in infinite ways, thus creating a dynamic and exciting enrichment
schedule [104].

The effects of olfactory enrichment have been tested by a number of studies on do-
mestic, farm, laboratory and zoo-housed species (e.g., [111,112]). For instance, olfactory
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enrichment has been studied in both dog (Canis lupus familiaris) and cat (Felis catus) rescue
shelters as a tool to reduce stress and encourage desirable behaviours (e.g., [108,110,112]).
Rescue shelters are often stressful environments, and it is therefore important to find ways
to improve the welfare of individuals. A study [108] exposed domestic dogs to a variety
of essential oils and blends of oils and found that some scents increased frequencies of
behavioural indicators of relaxation while others decreased behavioural indicators of stress
such as pacing and over-grooming. Similarly, another study [110] found that the introduc-
tion of cloths scented with vanilla, coconut and ginger significantly decreased vocalizations
associated with stress in dogs housed in a rescue centre. A study on domestic cats [107]
showed that almost all individuals showed a positive response, including increased play
behaviours and decreased stress behaviours, when exposed to a few scented plants. Further
studies [107,113] found that olfactory enrichment involving catnip significantly increased
play behaviours, which is highly desirable for facilitating adoptions.

Generally, in zoo-housed animals, studies have found that scent enrichments could be
effective at increasing active and natural behaviours, such as enclosure exploration and scent
marking, and might contribute to improving welfare of various species (e.g., [104-106]). For
example, a study [105] introduced various naturally occurring (e.g., kelp and sardine oil)
and biologically relevant (e.g., vanilla and cinnamon) scents to a group of Californian sea
lions (Zalophus californianus) and found that these scents significantly increased enclosure
utilization and reduced stereotypic swimming patterns. Similarly, a study on Rothschild
giraffes (Giraffa camelopardalis rothschildi) [104] showed that habitat exploration and activity
increased with the introduction of a scent-based enrichment. Other authors [114] found that
the activity and exploration of black-footed cats (Felis nigripes) significantly increased during
olfactory enrichment, while both resting and standing behaviours decreased. Moreover, a
study on cheetahs (Acinonyx jubatus) and tigers (Panthera tigris) [115] found that stereotypic
pacing behaviour was significantly decreased in the presence of a hay ball with cinnamon.
Additionally, further studies [17,116] showed that the activity of African wild dogs was
significantly increased via the introduction of scent-based enrichment.

However, some studies showed findings that were less clear or indicated that scent
enrichment had little effect (e.g., [6,117]). For example, a study [117] found that the in-
troduction of scents, including prey odour, had no significant effects on the behaviour
of a group of captive meerkats, despite olfaction being used extensively by the species.
However, as acknowledged by the authors, there was no enrichment-free control used in
the study to establish a baseline of behaviour without presentation of a novel object. It is,
therefore, difficult to conclude that the enrichment was not effective [117]. Furthermore, an-
other study [107] found that 65% of tigers did not respond to an olfactory enrichment with
the rest showing only partial behavioural responses, in contrast to other studies on big cats
(e.g., [106,115,118]). Similarly, other authors [108] found that a decrease in faecal cortisol
levels was exhibited by domestic dogs despite differing levels of exposure to essential oils.

As a few studies have indicated [11], the success of novel olfactory enrichment pro-
grammes seems dependent on both the delivery of the scent and the type of scents used.
Most studies used spices or essential oils, rather than focusing on natural or biological
scents that may be more meaningful to the species. Many scents, such as lavender, were
chosen based on their effectiveness in humans or domestic animals, but this may not
necessarily be appropriate for all species [103]. As with all types of enrichment, the biology
of the species should be considered, and its effectiveness should be continually monitored
to inform best practices. For example, several studies have suggested that the use of either
natural prey/predator odours or scents from conspecifics should be researched further
(e.g., [8,119]). Further studies have suggested that the use of diffusers as a delivery method
may be more effective (e.g., [11]). Additionally, other authors have indicated that scents
could be used in a number of combinations and introduced randomly in order to con-
tinue to add novelty to the enrichment programme and avoid the problem of habituation

(e.g., [106]).
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There have been several studies that have used prey or predator odours to test the
responses by individuals (e.g., [118,120]). For example, the introduction of faeces from prey
to captive lions (Panthera leo) has been shown to significantly increase their activity [118].
On the other hand, several studies have shown mixed effects when introducing predator
odours to captive animals [8]. For example, cotton-top tamarins reacted with high anxiety
behaviours when exposed to predator faeces [121], while exposure to wolf (Canis lupus)
odours elicited no response from horses (Equus ferus caballus) [120]. A study [113] also
found that domestic cats showed little interest in cloths that were impregnated with rabbit
(Lagomorpha spp.) odours. Another study [17] found that African wild dogs only showed
an increase in activity when introduced to natural prey scents rather than other scent types,
suggesting that it had more meaning and thus a greater response from the animals. In
contrast to this, other authors [116] found that both natural (blood trail from prey) and
non-natural (lemon) scents led to a significant positive response in African wild dogs.
As animals are unlikely to face prey or predators in a captive environment, these may
then be less relevant to captive-born individuals than their wild counterparts. However,
these studies still show promise and demonstrate a need for further investigation into
what constitutes a relevant odour and how this can be used to create a more stimulating
environment for captive animals.

4.2. Scent Enrichment for Primates

The overall effects of olfactory enrichment on primate species are currently unclear
and understudied. A study on Moloch gibbons [119] found that olfactory enrichment did
significantly increase the frequency of species-specific behaviour, although individuals’
interest in the olfactory enrichment decreased rapidly after the first day, which was undesir-
able. By contrast, another study [8] tested the effects of olfactory enrichment on ring-tailed
lemurs at Birmingham Wildlife Conservation Park (UK) and found no significant effects on
individuals” behaviour in the presence of the odours; however, this was a relatively small
study (eight individuals in one zoo) and only one scent used was ecologically relevant
to the species. Likewise, scents were also shown to have no significant effects on the
behaviour of gorillas at Belfast Zoological Gardens (UK), but again only essential oils with
little ecological relevance to the species were used [109]. Thus, it is important to consider
the ecological /biological relevance of enrichment to the species as this is likely to affect
the results.

Our preliminary study [65] on the effects of essential oils, such as benzoin, lavender,
and lemongrass, show that these oils may work as scent enrichment to decrease the stress
levels of zoo-housed primates across the major lineages. This is particularly the case
of social primate species where odour plays a crucial role, such as red-ruffed lemurs.
Specifically, after exposure to a series of essential oils, red-ruffed lemurs spent less time
engaging with reassurance-derived social interactions and exhibited lower rates of stress-
related behaviours but increased levels of faecal glucocorticoid concentrations, which could
be associated with an increase in activity by individual lemurs.

Different studies (e.g., [8,109,119]) suggested that an emphasis should be placed on
the use of ecologically or biologically relevant odours as a form of olfactory enrichment;
however, there remains a significant lack of research in regard to this. Most scents currently
used in these studies are essential oils, spices, or herbs. One study [8] used a prey odour
(meal worms), but the authors stated that the ring-tailed lemur troop was fed these regularly
anyway and thus it had no novelty. All these studies [8,109,119] suggest that prey, predator,
and conspecific odours should be considered and studied as a form of enrichment.

Despite some authors highlighting that using olfactory cues can improve the breeding
success of captive animals by facilitating mate choice (e.g., harvest mice, [15]; striped
dunnarts, [9]), this topic is still understudied. While neither of these studies were focused
on enrichment and the odours presented were not meant as such, they both provide
evidence suggesting that olfactory enrichment could influence breeding behaviours as well
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as welfare. Specifically, these studies show the need for further exploration of biological
relevant scents as novel enrichment programmes.

5. Conclusions

Studies on olfactory enrichment are less frequent than those on other enrichment
types, and additionally show a bias towards big cat species [13]. In addition, there is mixed
and conflicting evidence regarding the benefits of scent-based enrichment for captive an-
imals” well-being [8]. However, several studies (e.g., [116,118,120,121]) showed promise
and demonstrated a need for further investigation. Future work should focus on what
constitutes a relevant odour by considering the ecological/biological relevance of olfactory
enrichment to the species, and how this can be used to create a more stimulating environ-
ment for captive animals. Thus, future research would need to focus on further exploration
of biological relevant scents as novel enrichment programmes and how to use such novel
enrichments to encourage breeding behaviours of endangered species in zoos. While the
link between olfactory cues and the breeding success of captive animals is still understud-
ied, there is accumulating evidence (e.g., [9,15]) suggesting that olfactory enrichment could
influence mating behaviours as well as welfare status. Olfactory-based enrichment may
benefit endangered species included in ex situ conservation initiatives [9,17], as shown
by our preliminary findings [65,122,123] on newly designed scent enrichments, mimick-
ing female fertile odour signals to trigger male mating behaviour and hopefully improve
reproductive success in endangered zoo-housed lemur species.

Author Contributions: Conceptualization, E.J.E. and S.V.; writing—original draft preparation, E.J.E.;
writing—review and editing, S.V.; funding acquisition, S.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by Dudley Zoo & Castle and Twycross Zoo (E.J.E. bench fees)
and the University of Wolverhampton’s Faculty of Science & Engineering (E.J.E. tuition fees) and
Research Investment Fund scheme—Phase 4 (publication fees).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Christopher Young and Stefano Kaburu for their contribution
to E.J.E.’s PhD supervision, including their advice on the thesis chapter focused on the literature
review. We would also like to thank the Animal Behaviour and Wildlife Conservation group (Wolver-
hampton) for their constructive feedback in the context of the Journal Club meetings. Finally, we
thank the two anonymous reviewers for their constructive comments and very useful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Martin-Wintle, M.S.; Shepherdson, D.; Zhang, G.; Zhang, H.; Li, D.; Zhou, X.; Li, R.; Swaisgood, R.R. Free Mate Choice Enhances
Conservation Breeding in the Endangered Giant Panda. Nat. Commun. 2015, 6, 10125. [CrossRef] [PubMed]

2. Little, H.A,; Gilbert, T.C.; Athorn, M.L.; Marshall, A.R. Evaluating Conservation Breeding Success for an Extinct-in-the-Wild
Antelope. PLoS ONE 2016, 11, e0166912. [CrossRef] [PubMed]

3. Shepherdson, D. The role of environmental enrichment in the captive breeding and reintroduction of endangered species. In
Creative Conservation; Olney, P].S., Mace, G.M., Feistner, A.T.C., Eds.; Springer: Dordrecht, The Netherlands, 1994; pp. 167-177.

4. Hill, S.P; Broom, D.M. Measuring Zoo Animal Welfare: Theory and Practice. Zoo Biol. 2009, 28, 531-544. [CrossRef] [PubMed]

5. Wemelsfelder, F.; Farish, M. Qualitative categories for the interpretation of sheep welfare: A review. Anim. Welf. 2004, 13, 261-268.
[CrossRef]

6.  Wells, D.L. Sensory Stimulation as Environmental Enrichment for Captive Animals: A review. Appl. Anim. Behav. Sci. 2009, 118, 1-11.
[CrossRef]

7. Shapiro, M.E.; Shapiro, H.G.; Ehmke, E.E. Behavioral Responses of Three Lemur Species to Different Food Enrichment Devices.
Zoo Biol. 2018, 37, 146-155. [CrossRef]

8.  Baker, B.; Taylor, S.; Montrose, V.T. The Effects of Olfactory Stimulation on the Behavior of Captive Ring-tailed Lemurs (Lemur

catta). Zoo Biol. 2017, 37, 16-22. [CrossRef]


https://doi.org/10.1038/ncomms10125
https://www.ncbi.nlm.nih.gov/pubmed/26670381
https://doi.org/10.1371/journal.pone.0166912
https://www.ncbi.nlm.nih.gov/pubmed/27935999
https://doi.org/10.1002/zoo.20276
https://www.ncbi.nlm.nih.gov/pubmed/19816909
https://doi.org/10.1017/S0962728600028372
https://doi.org/10.1016/j.applanim.2009.01.002
https://doi.org/10.1002/zoo.21414
https://doi.org/10.1002/zoo.21392

Animals 2023, 13, 1617 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Campbell-Palmer, R.; Rosell, F. The Importance of Chemical Communication Studies to Mammalian Conservation Biology: A
Review. Biol. Conserv. 2011, 144, 1919-1930. [CrossRef]

Regaiolli, B.; Angelosante, C.; Marliani, G.; Accorsi, P.A.; Vaglio, S.; Spiezio, C. Gum Feeder as Environmental Enrichment for Zoo
Marmosets and Tamarins. Zoo Biol. 2020, 39, 73-82. [CrossRef]

Jacobson, S.L.; Kwiatt, A.C.; Ross, S.R.; Cronin, K.A. The effects of cognitive testing on the welfare of zoo-housed Japanese
macaques (Macaca fuscata). Appl. Anim. Behav. Sci. 2018, 212, 90-97. [CrossRef]

Clay, A.W,; Perdue, B.M.; Gaalema, D.E.; Dolins, F.L.; Bloomsmith, M.A. The Use of Technology to Enhance Zoological Parks. Zoo
Biol. 2011, 30, 487-497. [CrossRef]

Brown, ]J.L.; Paris, S.; Prado-Oviedo, N.A.; Meehan, C.L.; Hogan, J.N.; Morfeld, K.A.; Carlstead, K. Reproductive Health
Assessment of Female Elephants in North American Zoos and Association of Husbandry Practices with Reproductive Dysfunction
in African Elephants (Loxodonta africana). PLoS ONE 2016, 11, e0145673. [CrossRef] [PubMed]

de Almeida, A.C.; Palme, R.; Moreira, N. How Environmental Enrichment Affects Behavioral and Glucocorticoid Responses in
Captive Blue-and-Yellow Macaws (Ara ararauna). Appl. Anim. Behav. Sci. 2018, 201, 125-135. [CrossRef]

Alligood, C.; Leighty, K. Putting the “E” in SPIDER: Evolving Trends in the Evaluation of Environmental Enrichment Efficacy in
Zoological Settings. Anim. Behav. Cogn. 2015, 2, 200-217. [CrossRef]

Fontani, S.; Vaglio, S.; Beghelli, V.; Mattioli, M.; Bacci, S.; Accorsi, P.A. Fecal Concentrations of Cortisol, Testosterone, and Proges-
terone in Cotton-Top Tamarins Housed in Different Zoological Parks: Relationships Among Physiological Data, Environmental
Conditions, and Behavioral Patterns. J. Appl. Anim. Welf. Sci. 2014, 17, 228-252. [CrossRef] [PubMed]

Rafacz, M.L.; Santymire, R.M. Using Odor Cues to Elicit a Behavioral and Hormonal Response in Zoo-Housed African Wild Dogs.
Zoo Biol. 2013, 33, 144-149. [CrossRef]

Swaisgood, R.R.; Shepherdson, D.J. Scientific Approaches to Enrichment and Stereotypies in Zoo Animals: What’s Been Done
and Where Should We Go Next? Zoo Biol. 2005, 24, 499-518. [CrossRef]

Canino, W.; Powell, D. Formal behavioral evaluation of enrichment programs on a zookeeper’s schedule: A case study with a
polar bear (Ursus maritimus) at the Bronx Zoo. Zoo Biol. 2010, 29, 503-508. [CrossRef]

Britt, S.; Cowlard, K.; Baker, K.; Plowman, A. Aggression and Self-directed Behaviour of Captive Lemurs (Lemur catta, Varecia
variegata, V. rubra and Eulemur coronatus) is Reduced by Feeding Fruit-free Diets. ]. Zoo Aquar. Res. 2015, 3, 52-58.

Beck, B.B.; Kleiman, D.G.; Dietz, ].M.; Castro, I.; Carvalho, C.; Martins, A.; Rettberg-Beck, B. Losses and reproduction in
reintroduced golden lion tamarins, Leontopithecus rosalia. Dodo ]. Jersey Wildl. Preserv. Trust 1991, 27, 50-61.

Britt, A.; Welch, C.; Katz, A. Can Small, Isolated Primate Populations Be Effectively Reinforced through the Release of Individuals
from a Captive Population? Biol. Conserv. 2003, 115, 319-327. [CrossRef]

King, T.; Courage, A. Western gorilla re-introduction to the Batéké Plateau region of Congo and Gabon. In Global Re-Introduction
Perspectives: Re-Introduction Case-Studies from around the Globe; IUCN/SSC Re-Introduction Specialist Group: Abu Dhabi,
United Arab Emirates, 2008; pp. 217-220.

Leroux, N.; Bunthoeun, R.; Marx, N. The reintroduction of captive-born pileated gibbons (Hylobates pileatus) into the Angkor
Protected Forest, Siem Reap, Cambodia. Primate Conserv. 2019, 33, 47-58.

Conde, D.A ; Colchero, E; Gusset, M.; Pearce-Kelly, P.; Byers, O.; Flesness, N.; Browne, RK; Jones, O. Zoos through the Lens of
the IUCN Red List: A Global Metapopulation Approach to Support Conservation Breeding Programs. PLoS ONE 2013, 8, e80311.
[CrossRef] [PubMed]

McGowan, PJ.; Traylor-Holzer, K.; Leus, K. IUCN Guidelines for Determining When and How Ex Situ Management Should Be
Used in Species Conservation. Conserv. Lett. 2016, 10, 361-366. [CrossRef]

Farmer, H.L.; Plowman, A.B.; Leaver, L.A. Role of Vocalisations and Social Housing in Breeding in Captive Howler Monkeys
(Alouatta caraya). Appl. Anim. Behav. Sci. 2011, 134, 177-183. [CrossRef]

Beck, B.B.; Power, M.L. Correlates of sexual and maternal competence in captive gorillas. Zoo Biol. 1988, 7, 339-350. [CrossRef]
Lukas, K.E.; Barkauskas, R.T.; Maher, S.A.; Jacobs, B.A.; Bauman, J.E.; Henderson, A J.; Calcagno, ].M. Longitudinal study of
delayed reproductive success in a pair of white-cheeked gibbons (Hylobates leucogenys). Zoo Biol. 2002, 21, 413—-434. [CrossRef]
Hearn, G.W.; Berghaier, R.W.; George, D.D. Evidence for social enhancement of reproduction in two Eulemur species. Zoo Biol.
1996, 15, 1-12. [CrossRef]

Huang, Y.; Li, D.; Zhou, Y.; Zhou, Q.; Li, R,; Wang, C.; Huang, Z.; Hull, V.; Zhang, H. Factors Affecting the Outcome of
Artificial Insemination Using Cryopreserved Spermatozoa in the Giant Panda (Ailuropoda melanoleuca). Zoo Biol. 2011, 31, 561-573.
[CrossRef]

Stoops, M.A.; West, G.D.; Roth, T.L.; Lung, N.P. Use of Urinary Biomarkers of Ovarian Function and Altrenogest Supplementation
to Enhance Captive Breeding Success in the Indian Rhinoceros (Rhinoceros unicornis). Zoo Biol. 2013, 33, 83-88. [CrossRef]
Parrott, M.L.; Nation, A.; Selwood, L. Female Mate Choice Significantly Increases Captive Breeding Success, and Scents Can Be
Frozen to Determine Choice, in the Stripe-faced Dunnart. Appl. Anim. Behav. Sci. 2019, 214, 95-101. [CrossRef]

Roberts, 5.C.; Gosling, L.M. Manipulation of Olfactory Signaling and Mate Choice for Conservation Breeding: A Case Study of
Harvest Mice. Conserv. Biol. 2004, 18, 548-556. [CrossRef]

Moreira, N.; Brown, ].L.; Moraes, W.; Swanson, W.F.; Monteiro-Filho, E.L.A. Effect of Housing and Environmental Enrichment on
Adrenocortical Activity, Behavior and Reproductive Cyclicity in the Female Tigrin (Leopardus tigrinus) and Margay (Leopardus
wiedii). Zoo Biol. 2007, 26, 441-460. [CrossRef] [PubMed]


https://doi.org/10.1016/j.biocon.2011.04.028
https://doi.org/10.1002/zoo.21531
https://doi.org/10.1016/j.applanim.2018.12.014
https://doi.org/10.1002/zoo.20353
https://doi.org/10.1371/journal.pone.0145673
https://www.ncbi.nlm.nih.gov/pubmed/27416141
https://doi.org/10.1016/j.applanim.2017.12.019
https://doi.org/10.12966/abc.08.01.2015
https://doi.org/10.1080/10888705.2014.916173
https://www.ncbi.nlm.nih.gov/pubmed/24836597
https://doi.org/10.1002/zoo.21107
https://doi.org/10.1002/zoo.20066
https://doi.org/10.1002/zoo.20247
https://doi.org/10.1016/S0006-3207(03)00150-2
https://doi.org/10.1371/journal.pone.0080311
https://www.ncbi.nlm.nih.gov/pubmed/24348999
https://doi.org/10.1111/conl.12285
https://doi.org/10.1016/j.applanim.2011.07.005
https://doi.org/10.1002/zoo.1430070405
https://doi.org/10.1002/zoo.10040
https://doi.org/10.1002/(SICI)1098-2361(1996)15:1&lt;1::AID-ZOO1&gt;3.0.CO;2-F
https://doi.org/10.1002/zoo.20421
https://doi.org/10.1002/zoo.21106
https://doi.org/10.1016/j.applanim.2019.03.006
https://doi.org/10.1111/j.1523-1739.2004.00514.x
https://doi.org/10.1002/zoo.20139
https://www.ncbi.nlm.nih.gov/pubmed/19360593

Animals 2023, 13, 1617 15 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

Clark, J.A.; Haseley, A.; Van Genderen, G.; Hofling, M.; Clum, N.J. Increasing Breeding Behaviors in a Captive Colony of Northern
Bald Ibis through Conspecific Acoustic Enrichment. Zoo Biol. 2011, 31, 71-81. [CrossRef] [PubMed]

Wafer, L.N.; Jensen, V.B.; Whitney, ].C.; Gomez, T.H.; Flores, R.; Goodwin, B.S. Effects of Environmental Enrichment on the
Fertility and Fecundity of Zebrafish (Danio rerio). . Am. Assoc. Lab. Anim. Sci. 2016, 55, 291-294.

Whitaker, J.; Moy, S.S.; Godfrey, V.; Nielsen, ].; Bellinger, D.; Bradfield, J. Effects of Cage Size and Enrichment on Reproductive
Performance and Behavior in C57BL/6Tac Mice. Lab. Anim. 2009, 38, 24-34. [CrossRef]

Leidinger, C.S.; Thone-Reineke, C.; Baumgart, N.; Baumgart, J. Environmental Enrichment Prevents Pup Mortality in Laboratory
Mice. Lab. Anim. 2018, 53, 53-62. [CrossRef]

Molla, M.L; Quevedo, M.A.; Castro, F. Bobcat (Lynx rufus) Breeding in Captivity: The Importance of Environmental Enrichment. .
Appl. Anim. Welf. Sci. 2011, 14, 85-95. [CrossRef]

Hunter, S.A.; Bay, M.S.; Martin, M.L.; Hatfield, ].S. Behavioral Effects of Environmental Enrichment on Harbor Seals (Phoca
vitulina concolor) and Gray Seals (Halichoerus grypus). Zoo Biol. 2002, 21, 375-387. [CrossRef]

Csatadi, K.; Leus, K.; Pereboom, J. A brief note on the effects of novel enrichment on an unwanted behaviour of captive bonobos.
Appl. Anim. Behav. Sci. 2008, 112, 201-204. [CrossRef]

Costa, R.; Sousa, C.; Llorente, M. Assessment of environmental enrichment for different primate species under low budget: A
case study. J. Appl. Anim. Welf. Sci. 2017, 21, 185-199. [CrossRef] [PubMed]

Dishman, D.L.; Thomson, D.M.; Karnovsky, N.J. Does simple feeding enrichment raise activity levels of captive ring-tailed lemurs
(Lemur catta)? Appl. Anim. Behav. Sci. 2009, 116, 88-95. [CrossRef]

Brooker, J.S. An investigation of the auditory perception of western lowland gorillas in an enrichment study. Zoo Biol. 2016, 35,
398-408. [CrossRef]

Wallace, E.K; Altschul, D.; Korfer, K.; Benti, B.; Kaeser, A.; Lambeth, S.; Waller, B.M.; Slocombe, K.E. Is music enriching for
group-housed captive chimpanzees (Pan troglodytes)? PLoS ONE 2017, 12, e0172672. [CrossRef] [PubMed]

Wallace, E.K.; Kingston-Jones, M.; Ford, M.; Semple, S. An investigation into the use of music as potential auditory enrichment
for moloch gibbons (Hylobates moloch). Zoo Biol. 2013, 32, 423-426. [CrossRef]

Pomerantz, O.; Terkel, ]J. Effects of positive reinforcement training techniques on the psychological welfare of zoo-housed
chimpanzees (Pan troglodytes). Am. J. Primatol. 2009, 71, 687-695. [CrossRef] [PubMed]

Celli, M.L.; Tomonaga, M.; Udono, T.; Teramoto, M.; Nagano, K. Tool use task as environmental enrichment for captive
chimpanzees. Appl. Anim. Behav. Sci. 2003, 81, 171-182. [CrossRef]

Meehan, C.L.; Mench, J.A. The Challenge of a Challenge: Can Problem Solving Opportunities Enhance Animal Welfare? Appl.
Anim. Behav. Sci. 2007, 102, 246-261. [CrossRef]

Wyatt, T. Pheromones and Animal Behaviour. In Chemical Signal and Signatures; Cambridge University Press: Cambridge, UK, 2014.
Buck, L.B. Unraveling the sense of smell (Nobel Lecture). Angew. Chem. Int. Ed. 2005, 44, 6128-6140. [CrossRef]

Hayes, R.A.; Morelli, T.L.; Wright, P.C. Volatile Components of Lemur Scent Secretions Vary throughout the Year. Am. J. Primatol.
2006, 68, 1202-1207. [CrossRef]

Wackermannova, M.; Pinc, L.; Jebavy, L. Olfactory Sensitivity in Mammalian Species. Physiol. Res. 2016, 65, 369-390. [CrossRef]
[PubMed]

Janig, S.; WeiB3, B.; Birkemeyer, C.; Widdig, A. Comparative Chemical Analysis of Body Odor in Great Apes. Am. J. Primatol. 2019,
81, €22976. [CrossRef] [PubMed]

Nevo, O.; Heymann, E.-W. Led by the Nose: Olfaction in Primate Feeding Ecology. Evol. Anthr. Issues News Rev. 2015, 24, 137-148.
[CrossRef] [PubMed]

Delbarco-Trillo, J.; Sacha, C.R.; Dubay, G.R.; Drea, C.M. Eulemur, Me Lemur: The Evolution of Scent-Signal Complexity in a
Primate Clade. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 1909-1922. [CrossRef] [PubMed]

Kiicklich, M.; Moéller, M.; Marcillo, A.; Einspanier, A.; Weif3, B.M.; Birkemeyer, C.; Widdig, A. Different Methods for Volatile
Sampling in Mammals. PLoS ONE 2017, 12, e0183440. [CrossRef] [PubMed]

Hurst, J.L.; Beynon, R.J. Scent wars: The chemobiology of competitive signalling in mice. Bioessays 2004, 26, 1288-1298. [CrossRef]
Greene, LK.; Grogan, K.E.; Smyth, K.N.; Adams, C.A.; Klager, S.A.; Drea, C.M. Mix It and Fix It: Functions of Composite
Olfactory Signals in Ring-Tailed Lemurs. R. Soc. Open Sci. 2016, 3, 160076. [CrossRef]

Apps, PJ.; Weldon, PJ.; Kramer, M. Chemical Signals in Terrestrial Vertebrates: Search for Design Features. Nat. Prod. Rep. 2015,
32, 1131-1153. [CrossRef]

Spielman, A.I; Ozdener, M.H.; Brand, ].G. Chemosensory Systems. In Encyclopedia of Life Sciences; John Wiley & Sons: Hoboken,
NJ, USA, 2016.

LaDue, C.A,; Schulte, B.A. Pheromonal enrichment in the zoo: An empirical approach with Asian elephants (Elephas maximus).
Appl. Anim. Behav. Sci. 2021, 235, 105228. [CrossRef]

Vaglio, S.; Kaburu, S.; Pearce, R.; Bryant, L.; McAuley, A.; Lott, A.; Sheppard, D.J.; Smith, S.; Tompkins, B.E.; Elwell, E.; et al.
Effects of scent enrichment on behavioural and physiological indicators of stress in zoo primates. Am. |. Primatol. 2021, 83, e23247.
[CrossRef]

Scordato, E.S.; Drea, C.M. Scents and Sensibility: Information Content of Olfactory Signals in the Ring-tailed Lemur, Lemur catta.
Anim. Behav. 2007, 73, 301-314. [CrossRef]


https://doi.org/10.1002/zoo.20414
https://www.ncbi.nlm.nih.gov/pubmed/21812021
https://doi.org/10.1038/laban0109-24
https://doi.org/10.1177/0023677218777536
https://doi.org/10.1080/10888705.2011.551619
https://doi.org/10.1002/zoo.10042
https://doi.org/10.1016/j.applanim.2007.09.001
https://doi.org/10.1080/10888705.2017.1414606
https://www.ncbi.nlm.nih.gov/pubmed/29299937
https://doi.org/10.1016/j.applanim.2008.06.012
https://doi.org/10.1002/zoo.21312
https://doi.org/10.1371/journal.pone.0172672
https://www.ncbi.nlm.nih.gov/pubmed/28355212
https://doi.org/10.1002/zoo.21074
https://doi.org/10.1002/ajp.20703
https://www.ncbi.nlm.nih.gov/pubmed/19434627
https://doi.org/10.1016/S0168-1591(02)00257-5
https://doi.org/10.1016/j.applanim.2006.05.031
https://doi.org/10.1002/anie.200501120
https://doi.org/10.1002/ajp.20319
https://doi.org/10.33549/physiolres.932955
https://www.ncbi.nlm.nih.gov/pubmed/27070753
https://doi.org/10.1002/ajp.22976
https://www.ncbi.nlm.nih.gov/pubmed/31094019
https://doi.org/10.1002/evan.21458
https://www.ncbi.nlm.nih.gov/pubmed/26267435
https://doi.org/10.1098/rstb.2011.0225
https://www.ncbi.nlm.nih.gov/pubmed/22641829
https://doi.org/10.1371/journal.pone.0183440
https://www.ncbi.nlm.nih.gov/pubmed/28841690
https://doi.org/10.1002/bies.20147
https://doi.org/10.1098/rsos.160076
https://doi.org/10.1039/C5NP00029G
https://doi.org/10.1016/j.applanim.2021.105228
https://doi.org/10.1002/ajp.23247
https://doi.org/10.1016/j.anbehav.2006.08.006

Animals 2023, 13,1617 16 of 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Janda, E.D.; Perry, K.L.; Hankinson, E.; Walker, D.; Vaglio, S. Sex Differences in Scent-marking in captive red-ruffed lemurs. Am. J.
Primatol. 2019, 81, €22951. [CrossRef] [PubMed]

Vaglio, S.; Minicozzi, P.; Romoli, R.; Boscaro, E; Pieraccini, G.; Moneti, G.; Moggi-Cecchi, J. Sternal gland scent-marking signals
seX, age, rank and group identity in captive mandrills. Chem. Senses 2016, 41, 177-186. [CrossRef] [PubMed]

Heymann, E.W. Scent Marking Strategies of New World Primates. Am. J. Primatol. 2006, 68, 650-661. [CrossRef]

Karlson, P; Liischer, M. "‘Pheromones”: A new term for a class of biologically active substances. Nature 1959, 183, 55-56. [CrossRef]
Setchell, ].M.; Vaglio, S.; Abbott, K.M.; Moggi-Cecchi, ].; Boscaro, E,; Pieraccini, G.; Knapp, L. Odour signals MHC genotype in an
Old World monkey. Proc. R. Soc. B 2011, 278, 274-280. [CrossRef]

Mallick, J.; Stoddart, D.M.; Jones, L.; Bradley, A.J. Behavioral and endocrinological correlates of social status in the male sugar
glider (Petaurus breviceps Marsupialia: Petauridae). Physiol. Behav. 1994, 55, 1131-1134. [CrossRef]

Morales-Gonzalez, A.; Ruiz-Villar, H.; Ozgul, A.; Maag, N.; Cozzi, G. Group size and social status affect scent marking in
dispersing female meerkats. Behav. Ecol. 2019, 30, 1602-1610. [CrossRef]

Colquhoun, I.C. A Review and Interspecific Comparison of Nocturnal and Cathemeral Strepsirhine Primate Olfactory Behavioural
Ecology. Int. ]. Zool. 2011, 2011, 62976. [CrossRef]

Drea, C.M. D’scent of Man: A Comparative Survey of Primate Chemosignaling in Relation to Sex. Horm. Behav. 2015, 68, 117-133.
[CrossRef]

Delbarco-Trillo, J.; Drea, C.M. Socioecological and Phylogenetic Patterns in the Chemical Signals of Strepsirrhine Primates. Anim.
Behav. 2014, 97, 249-253. [CrossRef]

Salazar, L.T.H.; Laska, M.; Luna, E.R. Olfactory sensitivity for aliphatic esters in spider monkeys (Ateles geoffroyi). Behav. Neurosci.
2003, 117, 1142-1149. [CrossRef] [PubMed]

Oliveira, D.G.; Macedo, R.H. Functional context of scent-marking in Callithrix penicillata. Folia Primatol. 2010, 81, 73-85. [CrossRef]
[PubMed]

Smith, T. Individual olfactory signatures in common marmosets (Callithrix jacchus). Am. J. Primatol. 2006, 68, 585-604. [CrossRef]
Spence-Aizenberg, A.; Kimball, B.A.; Williams, L.E.; Fernandez-Duque, E. Chemical composition of glandular secretions from a
pair-living monogamous primate: Sex, age, and gland differences in captive and wild owl monkeys (Aotus spp.). Am. J. Primatol.
2018, 80, €22730. [CrossRef]

Heymann, E.W. Sex differences in olfactory communication in a primate, the moustached tamarin, Saguinus mystax (Callitrichinae).
Behav. Ecol. Sociobiol. 1998, 43, 37-45. [CrossRef]

Prasher, S. Evaluating Spatial Distributions of Scent-Marks in Semi-Free-Ranging Groups of Lemur catta at the Duke Lemur Center.
Ph.D. Thesis, Northern Illinois University, DeKalb, IL, USA, 2019.

Singletary, B.; Tecot, S. Signaling across the senses: A captive case study in pair-bonded red-bellied lemurs (Eulemur rubriventer)
at the Duke Lemur Center, NC, USA. Primates 2019, 60, 499-505. [CrossRef]

Walker-Bolton, A.D.; Parga, ].A. “Stink flirting” in ring-tailed lemurs (Lemur catta): Male olfactory displays to females as honest,
costly signals. Am. J. Primatol. 2017, 79, €22724. [CrossRef]

Hepper, P.G.; Wells, D.L. Olfactory discrimination in the western lowland gorilla, Gorilla gorilla gorilla. Primates 2012, 53, 121-126.
[CrossRef]

Laidre, M.E. Informative breath: Olfactory cues sought during social foraging among Old World monkeys (Mandrillus sphinx, M.
leucophaeus, and Papio anubis). ]. Comp. Psychol. 2009, 123, 34. [CrossRef]

Henkel, S.; Lambides, A.R.; Berger, A.; Thomsen, R.; Widdig, A. Rhesus macaques (Macaca mulatta) recognize group membership
via olfactory cues alone. Behav. Ecol. Sociobiol. 2015, 69, 2019-2034. [CrossRef]

Rigaill, L.; Suda-Hashimoto, N.; Ducroix, L.; Mouri, K.; Furuichi, T.; Garcia, C. Testing for links between female urine odor and
male sexual behaviors in Japanese macaques (Macaca fuscata). Int. J. Primatol. 2017, 38, 823-837. [CrossRef]

Henkel, S.; Setchell, ].M. Group and Kin Recognition via Olfactory Cues in Chimpanzees (Pan troglodytes). Proc. R. Soc. B Boil. Sci.
2018, 285, 20181527. [CrossRef] [PubMed]

Weif3, B.M.; Kiicklich, M.; Thomsen, R.; Henkel, S.; Janig, S.; Kulik, L.; Birkemeyer, C.; Widdig, A. Chemical composition of
axillary odorants reflects social and individual attributes in rhesus macaques. Behav. Ecol. Sociobiol. 2018, 72, 65. [CrossRef]
[PubMed]

Charpentier, M.J.E.; Boulet, M.; Drea, C.M. Smelling Right: The Scent of Male Lemurs Advertises Genetic Quality and Relatedness.
Mol. Ecol. 2008, 17, 3225-3233. [CrossRef]

Coombes, H.A.; Stockley, P.; Hurst, ].L. Female Chemical Signalling Underlying Reproduction in Mammals. ]. Chem. Ecol. 2018,
44, 851-873. [CrossRef]

Ziegler, T.E.; Schultz-Darken, N.J.; Scott, ].].; Snowdon, C.T.; Ferris, C.F. Neuroendocrine response to female ovulatory odors
depends upon social condition in male common marmosets, Callithrix jacchus. Horm. Behav. 2005, 47, 56-64. [CrossRef]
Cerda-Molina, A.L.; Hernandez-Loépez, L.; Rojas-Maya, S.; Murcia-Mejia, C.; Mondragén-Ceballos, R. Male-induced socio-sexual
behaviour by vaginal secretions in Macaca arctoides. Int. |. Primatol. 2006, 27, 791-807. [CrossRef]

Miller, S.L.; Maner, ].K. Scent of a woman: Men’s testosterone responses to olfactory ovulation cues. Psychol. Sci. 2010, 21, 276-283.
[CrossRef]

Nunn, C.L. The evolution of exaggerated sexual swellings in primates and the graded-signal hypothesis. Anim. Behav. 1999, 58,
229-246. [CrossRef]


https://doi.org/10.1002/ajp.22951
https://www.ncbi.nlm.nih.gov/pubmed/30663779
https://doi.org/10.1093/chemse/bjv077
https://www.ncbi.nlm.nih.gov/pubmed/26708734
https://doi.org/10.1002/ajp.20258
https://doi.org/10.1038/183055a0
https://doi.org/10.1098/rspb.2010.0571
https://doi.org/10.1016/0031-9384(94)90398-0
https://doi.org/10.1093/beheco/arz124
https://doi.org/10.1155/2011/362976
https://doi.org/10.1016/j.yhbeh.2014.08.001
https://doi.org/10.1016/j.anbehav.2014.07.009
https://doi.org/10.1037/0735-7044.117.6.1142
https://www.ncbi.nlm.nih.gov/pubmed/14674835
https://doi.org/10.1159/000313011
https://www.ncbi.nlm.nih.gov/pubmed/20606455
https://doi.org/10.1002/ajp.20254
https://doi.org/10.1002/ajp.22730
https://doi.org/10.1007/s002650050464
https://doi.org/10.1007/s10329-019-00770-9
https://doi.org/10.1002/ajp.22724
https://doi.org/10.1007/s10329-011-0291-1
https://doi.org/10.1037/a0013129
https://doi.org/10.1007/s00265-015-2013-y
https://doi.org/10.1007/s10764-017-9980-y
https://doi.org/10.1098/rspb.2018.1527
https://www.ncbi.nlm.nih.gov/pubmed/30355708
https://doi.org/10.1007/s00265-018-2479-5
https://www.ncbi.nlm.nih.gov/pubmed/29606788
https://doi.org/10.1111/j.1365-294X.2008.03831.x
https://doi.org/10.1007/s10886-018-0981-x
https://doi.org/10.1016/j.yhbeh.2004.08.009
https://doi.org/10.1007/s10764-006-9045-0
https://doi.org/10.1177/0956797609357733
https://doi.org/10.1006/anbe.1999.1159

Animals 2023, 13, 1617 17 of 17

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

Clarke, PM.; Barrett, L.; Henzi, S.P. What role do olfactory cues play in chacma baboon mating? Am. J. Primatol. 2009, 71, 493-502.
[CrossRef] [PubMed]

Kappeler, PM. A Preliminary Study of Olfactory Behavior of Captive Lemur coronatus during the Breeding Season. Int. J. Primatol.
1988, 9, 135-146. [CrossRef]

Gould, L.; Overdoff, D.J. Adult Male Scent-Marking in Lemur catta and Eulemur fulvus rufus. Int. |. Orimatol. 2002, 23, 575-586.
[CrossRef]

Corona, R.; Lévy, E. Chemical Olfactory Signals and Parenthood in Mammals. Horm. Behav. 2015, 68, 77-90. [CrossRef] [PubMed]
Crawford, J.C.; Drea, C.M. Baby on Board: Olfactory Cues Indicate Pregnancy and Fetal Sex in a Non-human Primate. Biol. Lett.
2015, 11, 20140831. [CrossRef]

Kaitz, M.; Good, A.; Rokem, A.M.; Eidelman, A.I. Mothers’ recognition of their newborns by olfactory cues. Dev. Psychobiol. 1987,
20, 587-591. [CrossRef]

Roberts, S.C.; Eryaman, F. Mutual olfactory recognition between mother and child. Hum. Ethol. 2017, 32, 42-52. [CrossRef]
Clark, E; King, A.J. A.J. A critical review of zoo-based olfactory enrichment. In Chemical Signals in Vertebrates 11; Hurst, J.L.,
Beynon, R.J., Roberts, S.C., Wyatt, T.D., Eds.; Springer: New York, NY, USA, 2008.

Fay, C.; Miller, L. Utilizing Scents as Environmental Enrichment: Preference Assessment and Application with Rothschild Giraffe.
Anim. Behav. Cogn. 2015, 2, 285-291. [CrossRef]

Samuelson, M.M.; Lauderdale, L. K,; Pulis, K.; Solangi, M.; Hoffland, T.; Lyn, H. Olfactory Enrichment in California Sea Lions
(Zalophus californianus): An Effective Tool for Captive Welfare? J. Appl. Anim. Welf. Sci. 2017, 20, 75-85. [CrossRef]

Quirke, T.; O'Riordan, R.M. The Effect of Randomised Enrichment Treatment Schedule on the Behvaiour of Cheetahs (Acinonyx
jubatus). Appl. Anim. Behav. Sci. 2011, 135, 103-109. [CrossRef]

Bol, S.; Caspers, J.; Buckingham, L.; Anderson-Shelton, G.D.; Ridgwat, C.; Buffington, C.A.T.; Schulz, S.; Bunnik, E.M. Responsive-
ness of Cats (Felidae) to Silver Vine (Actinidia polygama), Tatarian Honeysuckle (Lonicera tatarica), Valerian (Valeriana officinalis) and
Catnip (Nepeta cataria). BMC Vet. Res. 2017, 13, 70. [CrossRef]

Uccheddu, S.; Mariti, C.; Sannen, A.; Vervaecke, H.; Arnout, H.; Rufo, J.G.; Gazzano, A.; Haverbeke, A. Behavioral and Cortisol
Responses of Shelter Dogs to a Cognitive Bias Test after Olfactory Enrichment with Essential Oils. Dog Behav. 2018, 2, 1-14.
Wells, D.L.; Hepper, P.G.; Coleman, D.; Challis, M.G. A Note on the Effect of Olfactory Stimulation on the Behaviour and Welfare
of Zoo-housed Gorillas. Appl. Anim. Behav. Sci. 2007, 106, 155-160. [CrossRef]

Binks, J.; Taylor, S.; Wills, A.; Montrose, V.T. The Behavioural Effects of Olfactory Stimulation on Dogs at a Rescue Shelter. Appl.
Anim. Behav. Sci. 2018, 202, 69-76. [CrossRef]

Blackie, N.; de Sousa, M. The Use of Garlic Oil for Olfactory Enrichment Increases the Use of Ropes in Weaned Pigs. Animals 2019,
9, 148. [CrossRef] [PubMed]

Heitman, K.; Rabquer, B.; Heitman, E.; Streu, C.; Anderson, P. The Use of Lavender Aromatherapy to Relieve Stress in Trailered
Horses. J. Equine Vet. Sci. 2018, 63, 8-12. [CrossRef]

Ellis, S.L.; Wells, D.L. The influence of olfactory stimulation on the behaviour of cats housed in a rescue shelter. Appl. Anim. Behav.
Sci. 2010, 123, 56-62. [CrossRef]

Wells, D.L.; Egli, ].M. The Influence of Olfactory Enrichment on the Behaviour of Captive Black-footed Cats, Felis nigripes. Appl.
Anim. Behav. Sci. 2004, 85, 107-119. [CrossRef]

Damasceno, J.; Genaro, G.; Quirke, T.; McCarthy, S.; McKeown, S.; O'Riordan, R. The effects of intrinsic enrichment on captive
felids. Zoo Biol. 2017, 36, 186-192. [CrossRef]

Price, L.J. A Preliminary Study of the Effects of Environmental Enrichment on the Behaviour of Captive African Wild Dogs
(Lycaon pictus). Biosci. Horiz. 2010, 3, 132-140. [CrossRef]

Myles, S.; Montrose, V.T. The Effects of Olfactory Stimulation on the Behaviour of Captive Meerkats (Suricata suricatta). JZAR
2015, 3, 37-42.

Schuett, E.B.; Frase, B.A. Making scents: Using the olfactory senses for lion enrichment. Shape Enrich. 2001, 10, 1-3.

Grongvist, G.; Kingston-Jones, M.; May, A.; Lehmann, J. The Effects of Three Types of Environmental Enrichment on the Behaviour
of Captive Javan Gibbons (Hylobates moloch). Appl. Anim. Behav. Sci. 2013, 147, 214-223. [CrossRef]

Christensen, J.W.; Rundgren, M. Predator odour per se does not frighten domestic horses. Appl. Anim. Behav. Sci. 2008, 112,
136-145. [CrossRef]

Buchanan-Smith, H.M.; Anderson, D.A.; Ryan, C.W. Responses of cotton-top tamarins (Saguinus oedipus) to faecal scents of
predators and non-predators. Anim. Welf. 1993, 2, 17-32. [CrossRef]

Fontani, S.; Kaburu, S.; Marliani, G.; Accorsi, P.A.; Vaglio, S. Anogenital scent-marking signals fertility in captive Alaotran gentle
lemurs. Front. Vet. Sci. 2022, 9, 940707. [CrossRef]

Elwell, E.; Kaburu, S.; Young, C.; Walker, D.; Palframan, M.; Vaglio, S. Using scents to trigger mating behaviours in endangered ruffed
lemurs. In Proceedings of the 4th Faculty of Science and Engineering Festival of Research, Wolverhampton, UK, 3 May 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/ajp.20678
https://www.ncbi.nlm.nih.gov/pubmed/19267398
https://doi.org/10.1007/BF02735733
https://doi.org/10.1023/A:1014921701106
https://doi.org/10.1016/j.yhbeh.2014.06.018
https://www.ncbi.nlm.nih.gov/pubmed/25038290
https://doi.org/10.1098/rsbl.2014.0831
https://doi.org/10.1002/dev.420200604
https://doi.org/10.22330/heb/321/042-052
https://doi.org/10.12966/abc.08.07.2015
https://doi.org/10.1080/10888705.2016.1246362
https://doi.org/10.1016/j.applanim.2011.10.006
https://doi.org/10.1186/s12917-017-0987-6
https://doi.org/10.1016/j.applanim.2006.07.010
https://doi.org/10.1016/j.applanim.2018.01.009
https://doi.org/10.3390/ani9040148
https://www.ncbi.nlm.nih.gov/pubmed/30959748
https://doi.org/10.1016/j.jevs.2017.12.008
https://doi.org/10.1016/j.applanim.2009.12.011
https://doi.org/10.1016/j.applanim.2003.08.013
https://doi.org/10.1002/zoo.21361
https://doi.org/10.1093/biohorizons/hzq017
https://doi.org/10.1016/j.applanim.2013.04.021
https://doi.org/10.1016/j.applanim.2007.08.003
https://doi.org/10.1017/S0962728600015438
https://doi.org/10.3389/fvets.2022.940707

	Introduction 
	Environmental Enrichment and Conservation Breeding in Zoos 
	Environmental Enrichment 
	Captive Conservation Breeding 
	Enriching Primates 

	Olfactory Communication 
	Neurophysiological Basis of the Olfactory Communication Systems 
	Olfactory Communication in Non-Human Animals 
	Olfactory Communication in Primates 
	Olfaction and Reproduction in Primates 

	Olfactory Enrichment 
	Scent-Based Enrichment in Captive Settings 
	Scent Enrichment for Primates 

	Conclusions 
	References

