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The study of human chemical communication benefits from comparative

perspectives that relate humans, conceptually and empirically, to other pri-

mates. All major primate groups rely on intraspecific chemosignals, but

strepsirrhines present the greatest diversity and specialization, providing

a rich framework for examining design, delivery and perception. Strep-

sirrhines actively scent mark, possess a functional vomeronasal organ,

investigate scents via olfactory and gustatory means, and are exquisitely sen-

sitive to chemically encoded messages. Variation in delivery, scent mixing

and multimodality alters signal detection, longevity and intended audience.

Based on an integrative, 19-species review, the main scent source used

(excretory versus glandular) differentiates nocturnal from diurnal or cathem-

eral species, reflecting differing socioecological demands and evolutionary

trajectories. Condition-dependent signals reflect immutable (species, sex,

identity, genetic diversity, immunity and kinship) and transient (health,

social status, reproductive state and breeding history) traits, consistent

with socio-reproductive functions. Sex reversals in glandular elaboration,

marking rates or chemical richness in female-dominant species implicate

sexual selection of olfactory ornaments in both sexes. Whereas some

compounds may be endogenously produced and modified (e.g. via hor-

mones), microbial analyses of different odorants support the fermentation

hypothesis of bacterial contribution. The intimate contexts of information

transfer and varied functions provide important parallels applicable to

olfactory communication in humans.

This article is part of the Theo Murphy meeting issue ‘Olfactory

communication in humans’.

1. Introduction
Olfactory communication is ubiquitous and critical among mammals, including

primates, but, relative to visual and vocal communication, remains neglected as a

field of study. Indeed, Westernized cultures even lack a common nomenclature to

identify odours [1]. This research bias reflects enduring, albeit waning, views

about the diminished olfactory sensitivity of primates. In early evolutionary

models, researchers assumed an ancestral olfactory state and, based on anatom-

ical structures (e.g. olfactory bulb volume relative to total brain volume), inferred

two reductions in primate olfactory sensitivity, one for all primates in general

(relative to other mammals) and another for haplorhines (or ‘dry-nosed’ pri-

mates) more specifically (reviewed in [2]). Haplorhines comprise platyrrhines

(New World monkeys) and catarrhines, which include Old World monkeys

and hominoids (apes and humans). Based on the loss of an accessory or

vomeronasal organ (VNO) in catarrhines [3] or on olfactory receptor (OR) pseu-

dogenization [4], some researchers attributed these reductions to a trade-off

between primate olfactory sensitivity and trichromatic colour vision. Based on
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the retention of functional OR genes, however, others

suggested a gradual loss in olfactory sensitivity in every

lineage, but one that could not be explained by trichromacy

[5]. Such inconsistencies suggest that the alleged sensory

trade-off has been overstated (reviewed in [6]).

Some researchers have additionally questioned the uni-

versal loss in catarrhines of the VNO [7,8], have placed the

human OR gene repertoire on par with that of certain platyr-

rhines [5] and have documented acute olfactory sensitivity to

certain, socially relevant odorants across anthropoids [9],

including humans [10]. A more recent phylogenetic model

of continuous trait evolution, using parent–daughter

comparisons, also challenges the characterization of dual

reductions by suggesting oppositional diversification trajec-

tories for haplorrhines and strepsirrhines (or ‘wet-nosed’

primates) [2]. Accordingly, (i) the purported loss of sensitivity

in catarrhines, particularly hominoids, appears to have been

exaggerated and (ii) olfaction in strepsirrhines is inconsistent

with gradual reduction; rather, it has been further selected

and elaborated (reviewed in [6]). The first point has been sup-

ported by a growing literature on functional scent glands

[11,12] and intraspecific olfactory communication [13–15] in

catarrhines, including humans [16–19]. The second point

is consistent with the retention of a functional VNO, a

large repertoire of OR genes, a well-developed rhinarium,

numerous turbinates, a diversity of specialized scent

glands and the sophisticated use of and reliance on scent

by strepsirrhines [20–22].

The present review is thus focused on the latter group

(figure 1), but highlights empirical and methodological aspects

of strepsirrhine chemical communication that are relevant to

humans (and other haplorhines). It begins by surveying the his-

torical perspectives, breadth of evidence and various

methodologies related to the study of signal design, delivery

and perception (§2). Unlike the emergent patterns of chemical

cues, the perception of which exclusively benefits the receiver,

the reliable information encoded in chemical signals is evolutio-

narily selected, because it changes the behaviouror perceptionof

the receiver in a manner that generally benefits both sender and

receiver [24,25]. The next section presents comparative and inte-

grative studies, primarily out of one laboratory, to reveal the

expression and transfer of condition-dependent information,

typically in the service ofmutually profitable, socio-reproductive

functions (§3). These topics are then summarized (§4) and

punctuated with suggestions for future research.

2. Strepsirrhine chemical signals: design,
delivery, perception

Strepsirrhines represent nearly one-third of extant, primate

species (figure 1), with all members relying heavily on olfaction.

These species have a restricted geographical range; lorisiforms

occur in parts of Africa and Asia and lemuriforms are limited

(i.e. 100% endemism) to the island of Madagascar [26]. Owing

to infrequent, ancient colonization events, Malagasy animals

[27], including lemurids [28], have a long history of isolation

and underwent unparalleled adaptive radiations. Lemurs thus

represent an ‘experiment of nature’, both at macro- [29] and

micro-biotic [30] scales.Often overlooked in thehuman literature

(although see [31]), strepsirrhines feature amultiplicity of chemi-

cal signals that have special relevance to our understanding of

chemosensory evolution and function.

(a) Design
A dizzying array of scent sources is used in intraspecific

chemical communication [20]; strepsirrhine scents derive
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Figure 1. The strepsirrhine lineage of primates, modified with permission from dos Reis et al. [23], showing the main species reported upon (in black) and the

remaining genera (in grey). Symbols represent the species included in three comparative studies (§3), for which shadings represent different categories of animals.
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from excretory products (faeces, urine) and various exudates

(sweat, saliva and specialized glandular secretions; figure 2).

Some of these secretions (e.g. palmar, axial, genital and peri-

anal) are commonly expressed across species and by both

sexes (figure 2a,b). Nevertheless, in keeping with female

dominance [35,36], particularly when hormonally mediated

[37,38], certain scent glands are unusually prominent in

females (figure 2b), their elaboration being reflected in

signal design (§3b,c). These peculiarities draw our attention

to the operation of sexual selection in both sexes. Other

secretions (e.g. throat/sternal, head, preputial, antebrachial

and brachial; figure 2c–f) are more specialized, species-specific

and often restricted to males [20,32,39–43] (§3c).

This diversity of scent sources is but a fraction of the diver-

sity of volatile and non-volatile organic compounds expressed.

Mammalian chemosignals predominantly consist of complex

mixtures, consistentwith an ‘odourmosaic’ concept [44] or ‘sig-

nature’ [45], such that multiple messages are conveyed by

different combinations or varying proportions of compounds

about which conspecifics can learn [46,47]. These characteristics

are in stark contrast to pheromones or single chemicals that

elicit an unlearned, functionally specialized and species-specific

response [44,45]. Understanding the design features of

mammalian chemical signals thus requires identifying

biologically relevant compounds [48,49] using various

techniques in analytical chemistry, principally including gas

chromatography- or liquid chromatography-mass spectrometry

(GC-MS and LC-MS, respectively), and high-performance

LC [48,50]. Thereafter, differences in the presence, absence,

abundance or relative proportions of multiple compounds can

be related to signaller traits (using e.g. principal component

and linear discriminant analysis, PCA/LDA or non-metric

multidimensional scaling) [48]. Ecological indices of diversity

(richness, Shannon and Simpson) [51] also can be applied to

such datasets to reveal numerical and distributional patterns,

again relative to signaller features [52,53].

Because of the sheer number of chemicals expressed, the

methods used must be tailored to the species, type of odorant

investigated or type of compounds targeted [48,50,54,55].

For example, headspace analysis better captures the highly

volatile, low-molecular-weight compounds emanating from

urine (figure 3a), whereas solvent-based extraction allows cap-

turing the higher-molecular-weight compounds emanating

from certain glandular secretions (figure 3b). The heaviest,

even non-volatile or proteinaceous, compounds also likely

play a role in olfactory and gustatory communication, but

have received little attention. For strepsirrhines, we lack infor-

mation on urinary proteins that have a direct function in the

chemical communication of other mammals [57], possibly

including platyrrhines [58]. Preliminary data on lemur

glandular proteins, derived from one-dimensional SDS-

polyacrylamide gel electrophoresis and peptide identification

(via Quadropole Time-of-flight MS), are consistent with a role

for glandular proteins in strepsirrhine chemical signals [59].

The origin of these semiochemicals remains uncertain.

A genetic basis to mammalian odorant production [60] is evi-

denced by the inherited coding of soluble proteins associated

with the major histocompatibility complex (MHC; [61,62];

§3c). The MHC codes for proteins essential to the acquired

immune system, specifically for recognizing foreignmolecules

(a) (b) (c)

(d) (e) ( f )

Figure 2. Representative strepsirrhine scent glands, including (a) genital and perianal glands of male and (b) female red-fronted lemurs (Eulemur rubriventer),

in craniocaudal orientation, (c) active sternal gland of a dominant male Coquerel’s sifaka (Propithecus coquereli), (d ) head gland of a male red-fronted lemur,

(e) preputial gland of a male aye-aye (Daubentonia madagascariensis) and ( f ) brachial gland of a pygmy slow loris (Nycticebus pygmaeus). The specialized secretions

in (e) contribute additional organic compounds to those present in bladder urine [32] and in ( f ), shown as crystallized exudate, activate a venom when mixed with

saliva, producing a poisonous bite [33,34]. Photo (d ) courtesy of David Haring, Duke Lemur Center.
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and determining histocompatibility [63] and has a well-

known influence over an individual’s odour [64]. Otherwise,

the fermentation hypothesis posits that symbiotic bacteria

play a crucial role in producing volatile organic compounds

(VOCs) used in chemical communication [65]. Initially, this

hypothesis was assessed using cell culture techniques (e.g.

to link specific VOCs to isolated bacterial strains) [66]. More

recently, with the advent of high-throughput sequencing of

the 16S ribosomal RNA gene, often coupled with analytical

chemistry, researchers are conducting studies in various

species [67–69], including humans [70] and strepsirrhines

[30] (§3d), to identify and quantify the symbiotic bacteria in

scent secretions. Whereas sequencing reveals the multitude

of site-specific microorganisms, it lacks the specificity of

culture techniques for identifying the VOCs produced [71].

With some early exceptions [72,73], the chemical analysis

of strepsirrhine scent has been a fairly recent development

(table 1 and references therein; §3a–c) and rarely used by

field researchers (although see [74,85]), particularly if

animal capture is difficult or cold storage is inadequate [48].

When feasible, chemical analysis is often applied to one or

two types of odorants, often in only one species; the results

thus reflect a mere fraction of the available chemical

information expressed by the organism (or its microbiota).

Because no single method captures the entire range of poten-

tially important compounds, more ‘complete’ compound

detection and quantification would require a logistically

challenging combination of tools and techniques [48]. We

thus have much to learn in all primates from the continued

study of signal design.

Studies of human chemical cues, arising from a broad

range of odoriferous sources, are typically focused on diag-

nostic, forensic, environmental or industrial applications

[50,54,115]. In relation to a signal role in intraspecific com-

munication, human chemical studies tend to be focused on

axillary VOCs [18,60,116] and their microbial derivation

[70,117,118]. This focus is because the axillae are the largest

and most active scent sources in humans [19], considered

most analogous to the glands of other primates [119].

It might be profitable, however, to broaden the sources (e.g.

faeces, urine, breath, saliva, milk and non-axillary skin [50],

hands [115] and genitals [120]) studied in humans.

(b) Delivery
Scent signal delivery can be ‘passive’ (as reflected by the

natural diffusion of odours from the body [109]), ‘reflexive’

(as evidenced by the involuntary release of VOCs with fear,

anxiety or stress [121]) or ‘active’ (as displayed by intentional

scent marking or rubbing) [20]. Strepsirrhines use all forms of

delivery, but their elaborate scent-marking repertoires,

wherein animals adopt specific postures to optimally

deploy odorants (figure 4), have garnered the most attention

(reviewed in [20,122]; table 1).

Strepsirrhines self-anoint, allomark (figure 4e), deposit

marks on fresh surfaces and near or atop existing marks [20],

with overmarking being a highly effective form of intraspecific

competition (between males [93,95,107]; between females [88]).

Scent deposition can also vary quantitatively (in amount and

frequency) and qualitatively (in spatial, temporal or seasonal

distribution, and in substrate used or topographical detail).

Marking can produce visible signs that persist in the environ-

ment, including urinary or faecal latrines [123–126] and scent

posts created from various gougings [79,127,128] or smears

[20]. Sign placement may reflect function, including at territor-

ial boundaries to advertise ownership [129] or in core areas to

maintain social bonds [123].

Unlike with transient visual and vocal signals (or with

passive and reflexive chemical signals), delivery of an olfac-

tory signal does not depend on the simultaneous presence

of a receiver: the distinctive benefits of chemical communi-

cation are that it can function over time (i.e. with a delay)

and in the absence of social interaction. These characteristics

led early researchers to concentrate on solitary, nocturnal

species that are dispersed in the environment, rely principally

on urine [78,97,130] and would purportedly benefit most

from a broadcast approach to communication (reviewed in

[6,56,122]). The relevant functions most often proffered for

nocturnal species include territorial maintenance (i.e. keeping

non-cohabiting animals apart) and long-distance mate attrac-

tion (i.e. drawing non-cohabiting animals together). Whereas

urinary signals may well attract available mates, including via

as yet unidentified pheromones [73], the complex glandular

signals of diurnal, social species are known to reveal the

quality of potential mates [52,53,94,101].

Paradoxically, therefore, attending to the singular benefits

of olfactory communication may underrepresent the com-

plexity and nuance across species, specifically limiting our

understanding of the social nature, potential immediacy

and varied functions of strepsirrhine chemical signals
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Figure 3. Representative chromatograms of strepsirrhine excretory and

secretory products, deriving from (a) the urine of a female aye-aye

(Daubentonia madagascariensis) and (b) the scrotal pockets of a male ring-

tailed lemur (Lemur catta). Numbered compounds (1–11) include: acetone;

acetic acid; 1-butanol; 3-pentanone; 3-hexanone; 4-heptanone; 3-heptanone;

6-methyl, 3-heptanone; 3-octanone; acetophenone; and decanal; and derive

from data generated in delBarco-Trillo et al. [56]. Lettered compounds (a–h)

include: n-hexadecanoic acid; octadecanoic acid; octanoic acid, hexadecyl

ester; squalene; tetradecanoic acid, hexadecyl ester; and hexadecanoic acid,

hexadecyl ester; adapted from Charpentier et al. [52].
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Table 1. A representative subset of olfactory studies on strepsirrhine primates, by genus, in which fixed or transient, condition-dependent chemical signals and cues

are inferred from significant differences in patterns of design, delivery and/or perception across multiple odorant types.Repetition of studies horizontally represents

single studies using multi-pronged approaches; repetition of studies vertically represents single studies examining multiple, condition-dependent variables. With

regard to chemical design relevant to other aspects of transient condition, dietary influences were examined in Propithecus, Eulemur and Lemur [48], age effects

were examined in Propithecus, Lemur and Daubentonia [32,74,75] and social group effects were examined in Propithecus [74], but none were supported.

condition

taxonomic group [citation]

design Delivery perception

proposed immutable signals

species —

Cheirogaleus [56]

Propithecus [56,76]

Eulemur [56,77]

Lemur [56,76]

Varecia [56]

Daubentonia [56]

Galago [56]

Nycticebus [56]

Loris [56]

Microcebus [78]

—

Propithecus [79]

Eulemur [37,80]

Lemur [80]

—

—

—

—

—

—

—

—

Eulemur [81]

—

—

—

—

—

—

phylogenetic relatedness Cheirogaleus [56]

Propithecus [56]

Eulemur [56,77]

Lemur [56]

Varecia [56]

Daubentonia [56]

Galago [56]

Nycticebus [56]

Loris, [56]

—

—

—

—

—

—

—

—

—

—

—

Eulemur [81]

—

—

—

—

—

—

social system —

Eulemur [77]

Propithecus [82,83]

Eulemur [37]

—

—

sex Propithecus [76,84,85]

Eulemur [77]

Lemur [53,76,86]

Galago [72]

—

Propithecus [82-84,87]

Eulemur [37]

Lemur [39,88,89]

—

—

Propithecus [84]

Eulemur [90]

Lemur [74,91–93]

Galago [94]

Nycticebus [95]

individual ID —

Lemur [86,96]

—

—

—

Galago [97]

Eulemur [98]

Lemur [96,99,100]

Galago [101]

heterozygosity Lemur [52,102] — Lemur [103]

MHC Lemur [104,105] — Lemur [104]

relatedness Propithecus [85]

Lemur [52,53]

— — —

Lemur [103]

odorant source Eulemur [77]

Lemur [86]

Daubentonia [32]

—

Lemur [88,89]

—

—

Lemur [75, 106]

—

(Continued.)
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[73,87,88,93,94,101,131,132]. Indeed, the social complexity of

diurnal species may have selected for increased, rather than

decreased, complexity in olfactory communication [77] (§3a,b).

Whereas nocturnal species mark cryptically, the highly

visual [100], flamboyant displays that characterize glandular

scent marking by diurnal species may specifically attract

attention (i.e. within seconds [93]; figure 5). Secretions can

be delivered alone or as part of a compound unimodal or

multimodal signal [88,106,112,124,128,133]. Multimodality

typically augments signal detectability, but in ring-tailed

lemurs it can do so in real-time [88,128] (figure 5a–c) or

with a delay, by introducing fixatives via scent mixing to

increase signal longevity [106] (figure 5d–f ). Perhaps the

impetus to deposit pure scents versus mixtures is to target

different audiences by influencing the time-course over

which a signal remains functional: an immediate function

could be to relay short-lived, condition-dependent messages

to one’s group members, whereas a deferred function could

be to advertise long-term, territorial usage to extra-group

conspecifics [106] (figure 5g). These same males can also

self-anoint by rubbing both secretions onto their tail to

imbue the hairs with a combined odorant ‘cocktail’—creating

a composite, unimodal signal—that is then wafted at an

opponent or a potential mate during face-to-face ‘stink-fight-

ing’ [35,39] or ‘stink-flirting’ [134], respectively (§3c). Active

scent deployment in both cases (fight and flirt) requires a reci-

pient and serves an immediate, evaluative, social function.

Like over marking, multimodal or composite unimodal

signalling occurs routinely in strepsirrhines, but information

about the order of deposition and its consequences [95] is

limited. If subjects are difficult to observe, field researchers

might collapse potentially discrete categories of behaviour,

but the devil may be in these details. Perhaps there is ‘syntac-

tical’ meaning in the delivery sequence of the various

components. Further information about the specifics of

signal delivery could broaden our functional and mechanistic

understanding about a chemical ‘language’.

Whereas active delivery is the best-studied component of

chemical communication in strepsirrhines, it is the least-

studied component in humans. Signal delivery in humans

is generally seen as passive or reflexive, unconsciously chan-

ging with an individual’s emotional state [135,136]). With few

exceptions (e.g. hand shaking [137]), active signal delivery in

humans is generally overlooked. Nevertheless, as evidenced

by solitary, nocturnal strepsirrhines, scent delivery need not

be active or conspicuous for chemical communication to be

effective. Moreover, as evidenced by social, diurnal lemurs,

scent delivery need not occur asocially. Studies of human

chemical communication could thus profit from creative

ways of examining the details of signal delivery.

(c) Perception
Strepsirrhine primates perceive odorants both via the olfactory

epithelium, leading to the main olfactory bulb (MOB), and via

a well-developed functional VNO [138,139], leading to the

accessory olfactory bulb (AOB). Although they are particularly

well equipped to perceive odours, their endangered status

typically precludes them from the invasive procedures often

used with laboratory models (although see [140]) and from

brain imaging procedures (e.g. fMRI) requiring anaesthesia.

Somewhat incongruously, therefore, human chemosignalling

Table 1. (Continued.)

condition

taxonomic group [citation]

design Delivery perception

proposed transient signals

dominance status Microcebus [73]

Propithecus [48]

—

—

—

Microcebus [73]

Propithecus [42,79,82,83,107]

Eulemur [108]

Lemur [35,88,89]

—

Microcebus [73]

—

—

Lemur [75,93,109,10]

Nycticebus [95]

health/injury Lemur [111] — Lemur [111]

reproductive season —

Propithecus [74,76,84,85]

Eulemur [77]

Lemur [52,53,86,102]

—

Microcebus [73]

Propithecus [79,82–84]

Eulemur [80]

Lemur [80,88,110]

Galago [41]

—

Propithecus [84]

—

Lemur [75,93,103,110]

—

ovarian cycle —

—

Microcebus [73,112]

—

—

Galago [94]

reproductive success Propithecus [84] Propithecus [84] —

proposed transient cues

pregnancy Lemur [113] — —

fetal sex Lemur [113] — —

contraception Lemur [114] — Lemur [114]
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(a) (d) (e)

(b) (c)

Figure 4. Scent delivery by strepsirrhine primates, showing diverse marking postures, including male (a) sternal marking by a black-and-white ruffed lemur (Varecia

rubra) and (b) head marking by a red-fronted lemur (Eulemur rubriventer), or ambisexual (c) genital marking by the ring-tailed lemur (Lemur catta), (d ) urogenital

marking by the Coquerel’s sifaka (Propithecus coquereli), and (e) social marking between crowned lemur (Eulemur coronatus) mates. Terrestrial lemurs (c) use hand

stands to deposit genital secretions at nose level, whereas arboreal lemurs (d ) use vertical clinging. Photos (a–c) courtesy of David Haring, Duke Lemur Center;

photos (d,e) courtesy of Lydia Greene.
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Figure 5. Multimodal (olfactory, auditory and visual) signalling in the male ring-tailed lemur (Lemur catta) and the immediate or delayed responses such signals

generate. During (a) wrist marking, a male permanently and audibly gouges a sapling using (b) spurs on the inner wrists [39,128], depositing (c) clear, highly

volatile secretions from the adjacent antebrachial gland [88]. When preceded by (d ) shoulder rubbing, whereby the male brings his wrist to (e) the ipsilateral
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[86]. In (g), conspecific response is stronger to mixtures than pure secretions, but changes qualitatively over time. Photos (a,d ) provided courtesy of David

Haring and reprinted from Charpentier et al. [52], with permission. Figure (g) is modified from Greene et al. [106], with permission.
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studies are far more advanced with regard to the perception

component, as one can use powerful approaches for measur-

ing human brain activation in response to odorants

[141–143]. In only one comparative study to date has there

been direct functional assessment of primate OR sensitivity

to various odorants [144]: it included humans, chimpanzees,

rhesus macaques and rodents, but not strepsirrhines.

In strepsirrhines, the recipients’ perception of chemosignals

can be assessed via the physiological (e.g. hormonal [73])

changes induced by exposure. Most commonly, however, per-

ception is inferred from differential behavioural responses to

conspecifics, to marks encountered in the environment or to

controlled, experimental presentations of odorants (table 1),

with sniffing reflecting the detection of VOCs by the MOB

and licking or flehmen [91] reflecting the detection of non-

volatiles by the AOB. Typically, the responses recorded in

bioassays (e.g. investigation, counter marking) bear little

resemblance to the function purportedly served (e.g. mate

selection). In other words, the perception component is often

decoupled from the action component (see [96]).

Important benefits to behavioural bioassays include that

they allow distinguishing responses owing to the recipient’s

state from those owing to the signaller’s state [75]. Bioassays

testing the perception of and sensitivity to specific chemicals

[9,10] or responsiveness to experimentally created, odorant

mixtures [106] remain underused, but they have served to con-

firm multimodal integration (for example, between vocal and

olfactory representation of individuality [99]) and to unveil the

contribution of different odorants in composite unimodal

signals. When presented singly versus in combination, for

example, a mixture of secretions generates more investigatory

interest from conspecifics than do the individual secretions

alone (figure 5g), suggesting a synergistic function to mixing

[106]. Moreover, freshly mixed scents are primarily sniffed,

whereas decaying signals are primarily licked (figure 5g),

implying that animals rely on their nasal epithelium and

MOB when encountering fresh scent, but on their VNO and

AOB when encountering stale scent. Coupled with the poten-

tial for real-time olfactory transmission in lemurs (§2b), this

interpretation could suggest that the humanMOBmay be criti-

cal and sufficient for processing immediately available, socially

transmitted signals.

Behavioural bioassays are also used to test the socio-

reproductive functions of human odorants (reviewed in

[19]), multisensory responsiveness [145] or multisensory inte-

gration [146], particularly across visual and olfactory

domains. The combination of scent, touch and taste might

be particularly salient in this regard. Whereas bioassays in

non-humans and in preverbal humans [147,148] rely on the

overt behavioural discrimination of presented odorants by

test subjects, bioassays in verbal humans (e.g. using the

‘T-shirt’ paradigm) rely on self-reporting by test subjects

(reviewed in [149,150]). It would be interesting to evaluate

the consistency of findings on human responsiveness to

odorants across measures.

(d) Integrated studies
Independent study of the design, delivery and perception com-

ponents of chemical communication is commonplace and

informative, but potentially inconclusive. This is because an

odorant’s chemical composition may be uncoupled from its

delivery patterns or may contain information undetectable by

recipients. Likewise, the information that is seemingly revealed

by patterns of deposition or by response to odorants may not

be reflected in chemical design. For example, differences by

dominance status occur reliably in scent marking and scent

investigation by ring-tailed lemurs [88,89,109,110], but have

not been detected in the chemical composition of their signals

[86] nor in behavioural bioassays controlling for familiarity

between signaller–recipient pairs [75]. These latter discordances

suggest that, in some species, dominant animals may be recog-

nized as such not by the chemical encoding of status (although

see §3d), but by their learned individual scent signatures

[75,96] or the frequency with which their scents are encoun-

tered in the environment. Such mismatches might merely

influence our interpretation about the mechanism by which a

function is served or they could call into question our interpret-

ation about the existence of a purported signal. Consequently,

the most powerful approach to studying communication—

albeit a logistically challenging one—integrates design, delivery

and perception [151] or expression, perception and action [96].

Whereas delivery is often studied in wild primates,

design and perception are often studied in captive animals.

Nevertheless, multi-pronged approaches from within the

same laboratory have been used effectively in strepsirrhines

(e.g. figure 6 and table 1). For a given scent type, the studies

represented in table 1 show consistency in findings across

all

individuals
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Figure 6. An integrative, three-pronged study of olfactory communication about reproductive state in the Coquerel’s sifaka (Propithecus coquereli). Shown are

differences in (a) chemical design, based on principal component and linear discriminant analyses of the chemical compounds identified in female genital secretions,

using gas chromatography and mass spectrometry; (b) the frequency of signal delivery in a forest enclosure, based on observed urogenital marking by a repre-

sentative female; and (c) the perception of or interest in signals across reproductive seasons, based on conspecific investigation, in situ, of freshly deposited marks.

Adapted from Greene & Drea [84]. *p< 0.05; ***p< 0.001.
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the three components, supporting an interpretation of

functional signals. Sometimes there is redundancy across

different odorants in the various conditions encoded, but

sometimes not. For example, species identity is strongly

encoded in Eulemur genital and perianal secretions [77], but

not in their urine [56]. Multi-pronged approaches are likewise

powerful in studies of human chemical communication

(e.g. [152,153]) and should be adopted more routinely. For

example, complementary studies of hand-signal design

[115], delivery [137] and perception [154] would be better

integrated within a unified framework.

3. Condition-dependent chemosignals
An animal’s condition can be affected by various internal

(e.g. genetic, physiological) and external (e.g. environmental,

pathogenic, social) factors that influence the quality of its sig-

nals, and can tilt the balance between reproduction and

survival [155,156]. Condition-dependent signals fall into

two categories, those that are stable or fixed (such as one’s

species, sex, individual identity, kinship or genetic quality)

and those that are flexible or transient (such as one’s diet,

age, dominance status, health or reproductive state). Classic

studies have promoted visual or vocal modalities in con-

dition-dependent signals [157–160]; however, Penn & Potts

[161] extended the rationale to chemical signals, noting that:

‘The scent of a male mouse is the chemical equivalent of a

peacock’s plumage; they both function to attract females

but are costly to produce’ (p. 392). Here, signals of stable

and transient condition in strepsirrhines are evaluated in

three multi-species comparisons and in focal-species studies,

to address (i) urinary signals across six families, (ii) glandular

signals within the Eulemur clade of Lemuridae, (iii) glandular

(primarily genital) signals in the ring-tailed lemur and (iv)

glandular signals in relation to glandular microbiomes

within several species of Indriidae (figure 1 and table 1).

The first three reviews derive primarily from work on

captive animals housed socially at the Duke Lemur Center

(DLC), in Durham, North Carolina; the fourth derives pri-

marily from work on wild animals living near Moramanga,

Madagascar. Most of the species at the DLC have access to

forest enclosures, where they range semi-free and scent mark

freely under naturalistic conditions. Their age, social status

and reproductive history are known. They can be unobtru-

sively monitored at close range to (i) determine the secretory

state of their glands, (ii) assess their reproductive state and

(iii) observe behavioural details in situ or under controlled

bioassays. Many are habituated to handling (without the

need for anaesthesia), which facilitates routine sample collec-

tion for chemical, genetic, physiological and/or microbial

assessment. The wild animals are tracked, annually captured,

anaesthetized and sampled as part of a health-monitoring,

conservation project [162]. Cold storage is available and

samples are kept frozen during transport.

(a) Comparative studies of urinary signals across six

strepsirrhine families
Mammalian odorants variably contain a proportion of

unknown compounds that, without relevant mass spec-

trometry data, cannot be matched or compared across

conditions [47,163]. Therefore, to facilitate the comparative

chemical analyses necessary to address evolutionary or

ecological questions, several conditions must be met:

(i) secretory samples should derive from the same type of

odorant across species, (ii) they must be processed and ana-

lysed de novo, using the same methodology and (iii)

unknown compounds must be differentiated and included

in the dataset [56]. The dearth of comparative chemical

studies likely reflects the diversity (and, hence, discordance)

of scent sources across unrelated species, as well as the

logistical challenges of generating the necessary data. These

challenges, however, are not insurmountable.

In a broad comparison of 12 strepsirrhine species from six

families (figure 1) that do not share the same types of glands,

we used solid-phase microextraction GC-MS to examine the

composition and evolution of urinary VOCs [56]. We selected

for study six species that mark prominently using urine

(urine markers) and six that, instead, mark prominently

using glandular secretions (glandular markers). As antici-

pated, the individual chemical profiles accurately reflected

the species’ differential reliance on urinary signals: urine mar-

kers expressed more urinary VOCs (including putative

semiochemicals) than did glandular markers. Interestingly,

among the urine markers, the three most social species, includ-

ing the diurnal sifaka, expressed the greatest diversity of

putative semiochemicals. Moreover, whereas the urinary

VOCs of confirmed urine markers produced strong species sig-

natures, those of glandular markers produced only weak

species signatures.

Such a broad, comparative study also allowed exploring

phylogenetic relationships (i.e. phylogenetic distance

between pairs of species relative to the chemical distance

between their urinary VOCs) [56]. Regardless of the major

mode of marking displayed, urinary signals showed gradual

(as opposed to saltational) change over time, such that

species that are more closely related have more similar urin-

ary profiles than do species that are more distally related. By

phylogenetically reconstructing the evolutionary trajectories

of putative semiochemicals, we estimate that three com-

pounds (benzaldehyde, nonanal and decanal) occurred at

all ancestral nodes, four compounds (acetone, 2-hexanone,

4-heptanone and 2-heptanone) occurred at the ancestral

nodes leading to urine markers and only one compound

(3-pentanone) occurred at an ancestral node leading primar-

ily to glandular markers. These patterns suggest that urine

marking is the ancestral state, whereas glandular marking

is derived [56].

These 12 species differ dramatically in their social organiz-

ation and activity patterns, with urine markers tending to

be solitary and nocturnal, and glandular markers tending

to be social and diurnal or cathemeral. Because cathemerality

(i.e. activity at any time of the day or night) is a rare pattern

that challenges sensory adaptations, it remains poorly under-

stood. There has been a long-standing debate about whether

cathemeral strepsirrhines descend from nocturnal species

recently transitioning to a diurnal lifestyle (e.g. [164]) or

from ancient diurnal species reentering a nocturnal niche

(e.g. [165]). Using a ‘chemical’ approach to address this

debate, we reanalysed the comparative data on urinary VOCs

and discovered that urinary compounds covary in relation to

the signaller’s main activity pattern [166]. The nocturnal and

diurnal species are most differentiated in their VOCs, and the

intermediary cathemeral species have VOCs more closely

aligned with those of diurnal species. Given the gradual rate
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of signal evolution [56], the similarities shared with diurnal

species support cathemerality as an ancient expansion of

diurnal animals into a nocturnal niche [165,166]. Through the

strength of the phylogenetic approach, these findings are the

first to link chemical signals to socioecological variables and

evolutionary history [132]. Although much reduced in species

diversity, it would be interesting to conduct comparative,

chemical studies in the great apes.

(b) Comparative studies of genital and perianal signals

across eight Eulemur species
Given the unparalleled diversity of strepsirrhines, the require-

ment that all subjects possess at least one comparable scent

source necessarily constrains the potential for comparative

chemical studies of glandular secretions. Here, this challenge

is met by examining eight related species from within the

relatively specious Eulemur clade. Although some possess

species- or sex-specific glands, all clade members of both

sexes minimally have genital and perianal glands in

common. The selected species differ in their mating systems,

which range from monogamous pairs to promiscuous

multimale–multifemale groups (reviewed in [77]). Likewise,

they differ in their social organization, with most species

being characteristically female dominant, while the remain-

der are rare exceptions in which the sexes are egalitarian

(figure 1) [167,168]. We used a three-pronged approach to

assess glandular morphology, patterns in the chemical com-

position of glandular secretions [77] and anogenital scent

marking by both sexes [37].

Regardless of the dominance structure of the species, all

female Eulemur (relative to male conspecifics) show elabor-

ation of their perianal glands (figure 2a,b) [77]. Moreover,

their secretions have stable, condition-dependent chemical

patterns (figure 7a) that are body-site specific [77]: despite

the close physical proximity of genital and perianal glands

(which are often collapsed for study and collectively referred

to as ‘anogenital glands’), the secretions from these two areas

are chemically distinct (figure 7c), potentially reflecting

different functions.

These animals’ chemical signals also reflect socio-

reproductive, socioecological and phylogenetic differences

between species. There are universally strong sex and seaso-

nal differences in the overall chemical composition of both
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types of secretions, but the sex differences are qualified:

‘promiscuous’ females have richer genital signals than do

‘pair-bonded’ females, and ‘egalitarian’ males have richer

genital and perianal signals than do ‘female-dominated’

males. Thus, in the female-dominant species, females

express richer signals (as in Lemur; §3c), whereas in the ega-

litarian species, males express richer signals (as in most

other mammals) [77]. Lastly, as with the gradual evolution

of urinary signals (over the course of roughly 3–75 Myr)

[56], the chemical distances between pairs of Eulemur species

(based on each type of secretion) positively covary with pair-

wise phylogenetic distances, again suggesting gradual,

albeit more rapid, evolution (i.e. over the course of roughly

2–9 Myr) [77].

Lastly, difference in Eulemur social organization is also

reflected in scent-marking behaviour. Overall, members (par-

ticularly females) of female-dominant species engage in more

frequent scent marking than do members (particularly

females) of egalitarian species. Moreover, there is a tendency

for females to mark more often than their male conspecifics in

female-dominant species, but for the reverse to be true in ega-

litarian species [37]. These complementary morphological,

chemical and behavioural patterns in females are potentially

linked to a suite of hormonally mediated, ‘masculinized’

traits [37,38,169–171] and are consistent with sexual selection

operating in females [102].

(c) Focal studies of glandular secretions in ring-tailed

lemurs
The ring-tailed lemur is the most socially complex strepsir-

rhine and the most emblematic olfactory communicator [35]

(figures 4c and 5). As the only surviving member of its

genus, it is often the subject of focal-species studies (but see

[56,76]). As noted for Eulemur, elaboration [172] or ‘masculi-

nization’ [171] of female genital glands in Lemur is

consistent with the pronounced chemical richness (or chemi-

cal ‘sex-reversal’) of female labial secretions, relative to

homologous, male scrotal secretions [52,53,86]. Moreover,

chemically distinct brachial, antebrachial, scrotal and labial

secretions [86] are matched by the sexes’ distinct scent-mark-

ing repertoires [39,88,93]. That these signals are differentially

deployed and investigated throughout the year [75,93]

further suggests effective perception and functional speci-

ficity. Research conducted by multiple research groups,

including ours, have provided a wealth of information

about condition-dependent signals in the ring-tailed lemur,

showing that chemical variation by species, gland, sex, repro-

ductive state, social status or individual identity typically

corresponds to variation in the signaller’s deployment pat-

terns, as well as to the recipient’s investigative behaviour

in situ or during controlled bioassays (table 1).

Our own in-depth studies of L. catta genital secretions

further address condition-dependent signals in relation to

genotype and health, and also address cues in relation to

reproductive parameters (table 1). With regard to honest sig-

nalling of genetic quality and kinship, the chemical

composition of male and female genital secretions relates to

individual, genome-wide, neutral heterozygosity and pair-

wise genetic distance between individuals [52,53,102]. For

example, the most genetically diverse females show the great-

est diversity of fatty acid esters during the breeding season

[102]. Moreover, the ‘smell’ of both quality and kinship is

salient to conspecifics, as illustrated by females most often

associating with the scent of the most genetically diverse

females or of unrelated males [103]. Because microsatellite

diversity is an accurate predictor of health and survivorship,

L. catta genital signals appear to be honest indicators of qual-

ity and kinship, functioning as sexually selected ornaments in

both sexes.

Neutral heterozygosity differs, however, from functional

genetic diversity, so to further examine odour–gene covari-

ance [105], we used next-generation sequencing techniques

applied to the MHC-DRB gene of L. catta [173,174]. Genotyp-

ing the MHC-DRB in a large number of wild and captive

lemurs showed that captive animals have reduced allelic

diversity [174]. Nevertheless, their allelic diversity relates sig-

nificantly to the chemical richness of their genital signals and

to the responsiveness of conspecifics encountering their

scents for the first time [104]. For example, males that have

the most MHC-DRB supertypes also have the greatest chemi-

cal richness in their genital secretions—attributes that are

detectable by female recipients, who associate most often

with the scent of MHC-DRB dissimilar males. In summary,

chemicals expressed in the genital secretions of L. catta

reliably advertise an individual’s genetic quality, whether

via neutral, genome-wide heterozygosity or functional,

MHC-DRB diversity. They also advertise pairwise kinship

or MHC-DRB similarity. Such odour–gene relationships in

both sexes facilitate prioritization of agonistic or nepotistic

interactions, as well as compatible mate attraction and

inbreeding avoidance to increase the immunocompetence of

offspring [52,53,102–104]—findings that are functionally

relevant to humans and other primates [150,175–177].

With regard to health or wellness, we also uncovered sali-

ent effects of injury on signal composition in male and female

L. catta [111]. Over the course of a decade, we amassed a set of

genital scent samples from naturally ‘injured’ animals, that

were or were not treated with antibiotics, and a set of season-

ally matched samples from ‘healthy’ animals (both at

baseline, prior to injury and following recovery). Relative to

healthy animals, both groups of injured animals (i.e. +or−

antibiotics) lost signal richness, but with different patterns

(revealed via PCA/LDA) in the diversity and composition

of their remaining compounds. Injury alone dampens and

alters genital signals, consistent with the expensive signal

hypothesis (i.e. that chemical signals honestly reflect the

signaller’s ability to bear the cost of manufacture). Injury

coupled with antibiotic treatment likewise dampens, but

differentially modifies the signal, consistent with the fermen-

tation hypothesis. Conspecific males are sensitive to the

chemical changes owing to injury alone, responding differ-

ently, particularly with more competitive overmarking, to

the smell of an individual when injured versus when healthy,

as if sensing and taking advantage of weakness. Although

olfactory-guided predation pressure is not particularly

strong in Madagascar, a dampened signal could potentially

benefit an injured animal; nevertheless, the proximate mech-

anism is likely to involve reallocation of energetic resources to

processes involved with healing. No comparable effects of

injury on scent signals appear to have been investigated in

other species, but evidence of health effects on human

chemosignals abound [153,178,179].

Lastly, chemical changes associated with female reproduc-

tive parameters, including pregnancy [113] and hormonal

contraception [114], are considered cues because the benefit
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to the signaller is either unlikely [114] or remains to be estab-

lished [180]. Beyond seasonal variation [75,86], evidence of

hormonal mediation of female scent derives from the strong

chemical indicators of pregnancy status and fetal sex in

female L. catta [113]. Notably, preconceptive females express

more compounds in their genital secretions than do pregnant

females, and pregnant females experience a greater loss in

compounds if carrying a fetal son versus a fetal daughter.

These findings suggest broader hormonal modification of

chemosignals than previously recognized in strepsirrhines,

and are consistent with chemical patterns observed in

pregnant humans [181].

With regard to contraception using medroxyprogesterone

acetate, treatment during the breeding season (when control

females have immediate reproductive potential) dramatically

alters the chemical richness and composition of female geni-

tal secretions, scrambling and degrading olfactory signals of

fertility, as well as signals of individuality, genetic quality

and relatedness [114]. These sweeping changes are salient

(and apparently unappealing) to male conspecifics [114].

Modestly akin to the hormonally mediated effects on male

scent as a result of surgical castration [40,41], pronounced

effects of hormonal ‘castration’ in females may owe, in part,

to diminishing concentrations of naturally occurring sex

steroids and, in part, to unknown effects of introducing

supra-physiological concentrations of synthetic steroids. These

data provide unique insights for better understanding the

olfactory ratings of and by hormonally contracepted women

[176,182–184], presumably relevant to human mate choice

[149]; nevertheless, we await confirmation of contraceptive

effects on the composition of human chemical signals.

(d) Comparative studies of the chemicals and

microbiomes across members of Indriidae
There is a vast and rapidly growing literature on the gut micro-

biome, including in strepsirrhines [185–189]; however, the

primate literature onothermicrobiomes (e.g. axial [190], vaginal

[191–193]) remains relatively sparse. Although these various

microbiomes are potentially related to odour production, the

focus of primate microbiome literature is on health. Our final

comparative study—the first to describe microbiomes associ-

ated with primate scent glands [30]—is instead relevant to the

fermentation hypothesis of signal derivation. It explores the

microbiota contained in various scent glands of indriids,

mostly from the wild (figure 1), to see if any differentiated

patterns of community membership concur with typical,

condition-dependent patterns observed in the chemical

compounds of lemur glandular secretions (§3b,c).

The diurnal and social Coquerel’s sifaka (Propithecus

coquereli) produces rich urinary signals ([56]; §3a), but also

marks prominently using glandular secretions (figures 2c,

4d and 6). Marking behaviour, although rarely observed in

Avahi spp. [194], has been well studied in Propithecus spp.,

both in captivity [84] and in the wild [79,82,83,87] (table 1).

Observations typically reveal differences between species

and by sex (males > females), by season (breeding > non-

breeding) or by status (dominant > subordinate). The status

difference in male sternal marking is related to an andro-

gen-mediated ‘bimorphism’ between stained or dominant

males (figure 2c) and unstained or subordinate males

[42,43]. These behavioural patterns match certain condition-

dependent chemical patterns (as determined by GC-MS or

LC-MS) in the glandular signals of indriids and other

lemurs, including between different species of Eulemur [77]

(figure 7a), between the sexes in P. coquereli [84] (figure 7b),

between different glands in Eulemur [77] (figure 7c), and

between males of different dominance status in P. coquereli

[48] (figure 7d ).

We selected for microbial study four indriid species

(figure 1) that sympatrically occupy the same region of mon-

tane rainforest in eastern Madagascar. Whereas the wooly

lemur is nocturnal, the other three Propithecus spp. are diurnal;

while each has a specific diet, all are generally described as

folivorous or frugo-folivorous [30,187,195]. We extracted

DNA from samples of their glandular microbiomes, amplified

and sequenced the v4 region of the 16S rRNA gene, assigned

operational taxonomic units (OTUs) and report on the pres-

ence/absence, diversity and differential proportions of

OTUs within and across species [30]. These analyses reveal

that microbial communities in homologous genital secretions

vary by species (figure 7e) and by sex (figure 7f ), and

microbial communities in male-specific secretions vary by

type of gland and by male dominance status (figure 7g).

These broadly comparable patterns in chemical signals

(figure 7a–d) and glandular microbial communities

(figure 7e–g) are consistent with a bacterial contribution to

signal design, and could help explain why mated pairs that

have successfully reproduced ‘smell’ more alike than do co-

dwelling pairs that have not yet reproduced [84]. Through

intimate, long-term co-residency, sexual activity or infant

care, certain individuals may more regularly exchange micro-

biota, eventually converging their microbial community

composition, which could ultimately influence their chemical

signatures [84]. The same process could occur on a larger

scale to influence group microbial signatures [189,196,197]

that link to group scent signatures [67,69]. Although we

have yet to investigate these various condition-dependent

components in a single species, differentiating glandular

microbial communities [30] is the first step to relating

glandular chemical signals to glandular microbes, as seen in

humans [70] and other animals.

4. Summary and conclusion
The proposed sensory trade-off between vision and olfaction,

coupled with the emphasis on asocial and delayed benefits

to scent marking, contributed to views about primate chemi-

cal communication as a secondary or even latent mode of

information transfer. To the extent that these historical per-

spectives do not accurately represent the most odour-reliant

of primates—the strepsirrhines—so too may they cloud our

understanding of the significance of chemical communication

in humans.

The olfactory specialization and diversity of strepsirrhine

primates make them excellent models for studies of chemical

communication. By integrating methodologies (§2) and

adopting a comparative framework (§3), we better appreciate

the evolutionary history of chemical signals, their design

complexity, the varied modes of dissemination, the wealth

of information transferred and the range of functions

served. Notably, we have learned that (i) chemical signals,

whether excretory or secretory, have a long evolutionary his-

tory of gradual change, (ii) species differences in the

composition of chemical signals can reveal evolutionary
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patterns in species diversification, and (iii) sociality may have

selected for olfactory complexity in secretory signals (as it

does for visual and auditory signals).

This chemical complexity includes condition-dependent

information about both stable and flexible traits of the signal-

ler that have many parallels in the human literature. More

specifically, (iv) immutable traits that are signalled via scent

include species, sex, odorant source, individual identity, kin-

ship and genetic quality (via neutral heterozygosity and

MHC-DRB diversity)—information that is salient for target-

ing intrasexual competition or nepotism, as well as for

optimizing mate choice and avoiding inbreeding. Of particu-

lar note is that sex differences in glandular anatomy, chemical

complexity and marking behaviour among female-dominant

strepsirrhines are often reversed, suggesting sexual selection

of female olfactory signals. These exceptional findings high-

light the importance of the signaller–signal–receiver triad

operating bi-directionally in both sexes, at least in the most

social of species.

By contrast with stable signals, (v) flexible signals of the

condition include information about variable states, such as

health or physical condition (e.g. injury), which could likewise

influence intraspecific competition, nepotism or mate choice.

At an ultimate level, the dampening effect injury has on chemi-

cal signals may provide a benefit in terms of minimizing

detection by predators, but at a proximate level, it suggests a

cost of signal manufacture—one that cannot be born when

the animal’s condition is compromised. Other transient

indicators reflect social status or hormonally mediated repro-

ductive state. Whereas some reproductive indicators, namely

those that vary seasonally or with ovarian cycles, likely serve

as signals, others, such as pregnancy, fetal sex and hormonal

contraception, might serve as cues. Whether evolutionarily

selected or a byproduct of endocrinological processes, such

chemical indicators may also be salient for intraspecific

female–female competition and mate choice.

Lastly, (vi) patterns of microbial communities present in

glandular secretions recapitulate both the stable and transient

patterns in chemical composition within and between species,

suggesting a role for fermentative bacteria in the derivation of

VOCs. This relationship, directly relevant to human axillary

odours, potentially extends to other human signals also.

Although there is more to learn about the derivation of

signals and the role of individual chemical compounds, as

well as the relative contributions of the MOB versus the

AOB in signal reception and processing, a relevant ‘take-

home’ message is that the chemical mixtures identified thus

far need not function like pheromones for primate signals

to be potent. The potentially misguided search for phero-

mones in humans [198] may well have been motivated by

the early research of Michael & Keverne (e.g. [199]) on the be-

havioural effects seemingly induced by certain chemical

compounds (i.e. ‘copulins’) expressed by female catarrhines.

Nevertheless, failure to replicate these findings (e.g. [200])

led Michael’s contemporaries to instead attribute the male

primates’ sexual responsiveness to the effects of associative

learning, which is incompatible with the action of phero-

mones (reviewed in [6]). The continued search for human

pheromones thus appears to be motivated more by work in

other mammals (including rodents) than by research on pri-

mates. Together, recent findings and implications derived

from integrative and comparative studies of strepsirrhines

suggest a need for refining this broader comparative

framework in re-evaluating primate chemical communi-

cation. Most notably, however, the uncharacteristic findings

about the role of sociality, including intimacy and immediacy,

in driving the complexity and functional range of chemical

signals in lemurs, better position us to appreciate the critical

role that complex odorant mixtures play in the social lives of

humans and other primates.
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