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Abstract Chemical communication via olfactory semiochemicals plays a central role in the social behaviour and
reproduction of mammals, but even after four decades of
research, only a few mammal semiochemicals have been
chemically characterized. Expectations that mammal chemical signals are coded by quantitative relationships among
multiple components have persisted since the earliest studies
of mammal semiochemistry, and continue to direct research
strategies. Nonetheless, the chemistry of mammal excretions
and secretions and the characteristics of those semiochemicals that have been identified show that mammal
semiochemicals are as likely to be single compounds as to
be mixtures, and are as likely to be coded by the presence
and absence of chemical compounds as by their quantities.
There is very scant support for the view that mammal
semiochemicals code signals as specific ratios between
components, and no evidence that they depend on a Gestalt
or a chemical image. Of 31 semiochemicals whose chemical
composition is known, 15 have a single component and 16
are coded by presence/absence, one may depend on a ratio
between two compounds and none of them are chemical
images. The expectation that mammal chemical signals have
multiple components underpins the use of multivariate statistical analyses of chromatographic data, but the ways in
which multivariate statistics are commonly used to search
for active mixtures leads to single messenger compounds
and signals that are sent by the presence and absence of
compounds being overlooked. Research on mammal
semiochemicals needs to accommodate the possibility that
simple qualitative differences are no less likely than complex quantitative differences to encode chemical signals.
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Introduction
Animals in general, and mammals in particular, use
chemicals to communicate (Albone 1984; Wyatt 2003).
Mammals transmit chemical signals via their breath, urine,
faeces, saliva, glandular secretions and body surfaces, and
detect them by the main olfactory and vomeronasal systems.
These chemical signals, known as semiochemicals, influence behaviour, development, reproduction and social interactions (Doty 1986; Brennan and Zufall 2006; Smadja
and Butlin 2009). Their role is especially significant among
the small, nocturnal animals that comprise a large majority
of mammal species and the vast majority of individual
mammals.
Given the importance of chemical signalling and olfaction in the lives of mammals, it is perplexing that of the
approximately 3,500 animal semiochemicals that have been
identified (El-Sayed 2012), only a few are from mammals
(Tirindelli et al. 2009; Fig. 1), and that the rate at which
mammal semiochemicals are being identified has not increased despite dramatic improvements in analytical instrumentation (Meinwald 2003), revolutionary new findings in
the genetics, biochemistry and neurology of olfaction (Buck
and Axel 1991; Zarzo 2007; Zufall and Leinders-Zufall
2007; Keller and Vosshall 2008; Tirindelli et al. 2009;
Kaupp 2010; Nara et al. 2011), and a lengthening list of
mammals whose scent marking and olfactory behaviour and
chemistry have been investigated. The discrepancy between
invertebrate and mammalian semiochemistry in the number
of identified messenger compounds is striking, and prompts
the question, Why are mammal semiochemicals so elusive?
Plausible explanations for the slow rate at which mammal
semiochemicals have been identified have already been
discussed in the literature. Mammal secretions and the signalling compounds that they (presumably) contain are
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Fig. 1 The moth is 100 times as big (in linear dimension) as the
smaller figure of the elephant, approximately the same ratio as the
number of semiochemicals that have been characterized from invertebrates and from mammals. The figure was inspired by Fig. 1.1 in Wyatt
(2003)

exceptionally analytically challenging (Burger 2005), mammal behaviour is far more complex and variable than behaviour in other taxa (Mackintosh 1985; Johnston 2003), and the
closest mammalian equivalent of the insect antennogram;
micro-neurophysiology (Lin et al. 2005; Ferrero et al. 2011;
Luo et al. 2012) shows little immediate prospect of being
applicable beyond laboratory rodents. In addition, insect
semiochemistry has been better resourced than its equivalent
in mammals (Zimmer and Zimmer 2008).
The analytical challenges of detecting and identifying
nanomolar components of complex mixtures, where active
compounds range from volatiles with molecular weights of
76 Da (Galef et al. 1988) to 18–22 kDa proteins (Roberts et
al. 2010, 2012), and the biological problem of designing and
implementing realistic bioassays (Mackintosh 1985; Thom
and Hurst 2004) undoubtedly go a long way towards
explaining why mammal semiochemicals have been so hard
to find. Nonetheless, I will argue that another reason for
mammal semiochemicals having been so elusive is that researchers have been looking for the wrong things, and that
erroneous expectations about the nature of mammalian
chemical signals have led to searches for something that is
not there using research strategies that overlook or actively
exclude potential semiochemical candidates.
The assumption that mammal semiochemicals are complex mixtures, and speculation that signals are coded by
ratios in the abundances of multiple components, developed
from some of the pioneering work on mammal chemical
communication, which showed that mammal secretions and
excretions contain dozens of components (Eisenberg and
Kleiman 1972; Goodrich and Mykytowycz 1972). Evans
et al. (1978) were the first to use the term “Gestalt” (perceptual wholes that cannot be reduced to or reconstructed
from their component parts) in mammalian semiochemistry,

and Albone’s (1984, 1990) “chemical image” concept,
which proposed that every component in a secretion contributes to a chemical signal and that signalling activity
depends on both the chemical and biological contexts, was
linked to Gestalt psychology by Novotny et al. (1990b). The
view that mammal chemical signals in general, and signals
of individual identity in particular, are coded by mixtures of
compounds in specific ratios has persisted (Singer 1991;
Johnston 1998, 2003; Schaefer et al. 2001, 2002; Zhang et
al. 2003; Beauchamp and Yamazaki 2005; Müller-Schwarze
2006; Brennan and Kendrick 2006; Hurst 2009; Setchell et
al. 2010; Wyatt 2010). Wyatt’s (2010) closely argued distinction between classical pheromones and signature mixtures (my emphasis) implicitly excludes the possibility that
“signatures” may be single-compound “monograms”. The
search for active mixtures has become the norm, and it is
pursued through the use of multivariate statistical analyses
(usually of peak areas from gas chromatography) to search
among the components of mammal secretions for patterns of
abundance that might reveal which components are
semiochemicals.
To test the validity of the current narrow focus on multicomponent signals, I have surveyed the literature for evidence on the complexity of mammalian chemical signals,
whether they are coded as ratios and whether they depend
on a Gestalt or a chemical image. The reported compositions
of mammalian secretions in the broad sense and the nature
of the mammal semiochemicals that have been chemically
identified provide remarkably little empirical evidence that
mammal chemical signals are complex mixtures, almost no
evidence that they are coded by specific ratios and no
evidence at all that they depend on Gestalts or chemical
images. This suggests that there are flaws in current approaches to mammalian semiochemistry and in how multivariate analyses of chromatographic data are commonly
used to search for semiochemicals, and raises the possibility
that unrecognised mammal semiochemicals are hiding in
plain sight.
I will sidestep the decades-old dispute about the validity
of “pheromone” as a label for chemical signals between
mammals (Michael et al. 1976a, b; Smith 1976; Doty
2010; Brennan 2011) and more specifically avoid its being
linked to the chemical complexity of a signal (Johnston
2003; Wyatt 2009, 2010) by using the inclusive term
“semiochemical” (Regnier 1971), with the understanding
that a “chemical” may contain more than one compound. I
use the terms “quantitative” and “qualitative” with their
usual meanings in analytical chemistry: qualitative analyses
determine the presence or absence of a particular substance;
quantitative analyses determine how much of it is present.
Thus; a qualitative signal is encoded by the presence or
absence of one or more chemicals, and a quantitative signal
depends on how much of them is present. Both qualitative
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and quantitative semiochemicals can be either pheromones
or signature mixtures, depending on the response of the
receiver. In this sense, qualitative corresponds to “digital”
and quantitative corresponds to “analog” as used by Sun and
Müller-Schwarze (1998b), Yuan et al. (2004) and Rosell et
al. (2010) but avoids the association that these terms have
with signalling, which cannot be inferred from chemical
composition alone. Qualitative as used here has no connection with “odour quality” as used by Johnston (1998) or
“qualitative” as used by Pohorecky et al. (2008) for quantitative features of chemical mixtures. A bioassay tests a
chemical’s signalling activity by testing how an animal responds to it, whether the response is behavioural, hormonal,
developmental or neurophysiological.

Methods
I compiled from the literature the identities of those compounds that have been shown to be mammal chemical signals
because these provide the most direct evidence for the chemical nature of mammal semiochemicals in general, and for
evidence on whether the activity of multi-component signals
depends on the ratios between their components, or on a
Gestalt or a chemical image. In addition, I followed the
approach pioneered by Brownlee et al. (1969) and Novotny
et al. (1986, 1990b) and compiled examples of differences in
composition between secretions (in the broadest sense, i.e.
including urine, faeces, breath etc.) from different categories
of mammal, (for example, males vs. females, dominants vs.
subordinates, species etc.), since these differences provide
strong evidence about which components of the mixtures are
candidates for bioassays as semiochemicals.
Papers on mammal semiochemistry are very widely
scattered, and are to be found in journals covering subjects
as widely disparate as speleology and industrial engineering
(Bullard 1982; Nielsen et al. 2006). Much highly relevant
material is in books (e.g. Wyatt 2003; Müller-Schwarze
2006) and symposium series (e.g. the Chemical Signals in
Vertebrates series) that do not always appear in literature
searches and have limited availability on-line. Searches
were run mainly on Scopus, Ebsco and journal publisher’s
web sites. Keywords included pheromone, semiochemical,
infochemical, chemosignal, chemical signal, scent mark,
olfactory and olfaction, with mammal or the names of
families, genera or species. Contents alerts from the Journal
of Chemical Ecology, Chemical Senses, Ethology, Animal
Behaviour, Behavioral Ecology and Sociobiology and other
relevant journals have been monitored for the past 4 years.
Books and conference series were browsed “by hand”.
Chains of references were followed in both directions using
citation records, and authors’ names were re-entered to track
their other contributions. The resulting body of literature can
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make no claims to be a sample in the statistical sense, and it
falls somewhat short of being comprehensive, but there is no
reason to suppose that it is not representative or that significant works have been omitted.
I excluded results which could not be replicated and
where there are plausible alternative explanations for the
reported effects (Michael et al. 1977; O’Connell et al.
1978; Goodwin et al. 1979; Goldfoot 1981; McKennaKruse and Howard 1983; Petrulis and Johnston 1995). The
established mouse puberty accelerating pheromones have
been included, although the work of Flanagan et al. (2011)
suggests that the effects of some of them may depend on
unidentified experimental details. I also excluded results
with insufficient evidence or support [e.g. those reviewed
by Frank et al. (2010)], work with an overtly commercial
motivation or with clear analytical shortcomings and cases
where no systematic difference in chemical composition
was detected. I have not included any work on humans,
since the role of chemical signalling is so poorly understood
(Hays 2003; Wysocki and Preti 2004). Examples are arranged according to whether the signals or chemical differences are qualitative or quantitative, and whether they are
single compounds or mixtures.

Results
Signals
Qualitative signals
Single compound qualitative signals Proof positive that not
all mammal semiochemicals are mixtures is provided by
identifications of single active compounds.
Darcin, one of the Major Urinary Proteins (MUPs) in
male house mouse (Mus musculus) urine, holds the attention
of mice that were attracted to the urine by its odour, and
enhances their memory for the odour of the urine (Roberts et
al. 2010) and for its spatial location (Roberts et al. 2012). A
7-kDa peptide, exocrine gland-secreting peptide 1 (ESP1),
in male tears stimulates vomeronasal sensory neurons and
sexual behaviour in female mice (Haga et al. 2010). Female
mice are attracted by castrate mouse urine spiked with
(methylthio)methanethiol (Lin et al. 2005). Puberty delay
in young mice is induced by the adult urine constituent 2,5dimethyl pyrazine (Jemiolo and Novotny 1994). Carbon
disulphide in brown rat (Rattus norvegicus) and mouse
breath mediates socially transmitted food preferences (Galef
et al. 1988; Munger et al. 2010), and dodecyl propionate
from rat pups’ preputial gland secretion stimulates
anogenital licking by females (Brouette-Lahlou et al.
1991). A single 17-kDa protein, aphrodisin, stimulates copulation in male hamsters (Singer et al. 1986; Briand et al.

Author's personal copy
490

2004). The rabbit (Oryctolagus cuniculus) mammary pheromone is a single compound, 2-methylbut-2-enal (Schaal et
al. 2003).
The responses of black-tailed deer (Odocoileus hemionus
columbianus) to tarsal gland scent are mimicked closely by
their responses to the single component cis-4-hydroxydodec6-enoic acid lactone (Brownlee et al. 1969), and specifically to
the naturally occurring Z-isomer (Müller-Schwarze et al.
1976), to the racemate and to the naturally predominant (−)
enantiomer (Müller-Schwarze et al. 1978).
As female Asian elephants (Elephas maximus) pass from
anoestrus to pro-oestrus, the concentration of (Z)-7-dodecen-1yl acetate in their urine increases from undetectable to
0.146 mM just before ovulation. This single compound robustly elicits Flehmen responses from male elephants (Rasmussen
et al. 1997).
Multi-compound qualitative signals Adult male mice have
dehydro-exo-brevicomin and 2-(sec-butyl)-4,5-dihydrothiazole
in their urine; both disappear after castration (Schwende et al.
1986). When spiked together into castrate urine, they elicit
aggression from dominant males (Novotny et al. 1985, but
see also Chamero et al. 2007) and accelerate puberty in
crowded females (Novotny et al. 1999b), and when mixed with
water and aged preputial gland secretion, they attract females
(Ninomiya and Kimura 1990). There are qualitative differences
between male and female mice in which MUPs occur in their
urine (Armstrong et al. 2005), and other qualitative differences
among males are the basis for recognition of which individual
deposited a scent mark (Hurst et al. 2001; Hurst 2009). A
mixture of four MUPs or one other unidentified component
separately induce aggression in the castrate mouse bioassay
(Chamero et al. 2007).
Boar (Sus scrofa) saliva contains 3α-androstenol and 5αandrostenone, either of which increases the probability of a
sow in oestrus assuming the mating stance (Melrose et al.
1971).

Quantitative signals
Single compound quantitative signals 6-Hydroxy-6-methyl3-heptanone in male mouse urine accelerates puberty in
female mice and declines three- to six-fold in concentration
when male mice are castrated (Novotny et al. 1999a).
Trimethylamine is a species-specific attractant for mice,
and male mouse urine contains about 1,000 times as much
of it as the urine of other rodents, and 10–30 times as much
as female mouse urine (Li et al. 2013). 2-Heptanone in the
odour of rat urine increases in concentration by a factor of
approximately four when rats are stressed and increases
immobility times in a forced swimming test in rats that
inhale it (Gutiérrez-García et al. 2007).
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In male Asian elephants, the presence in temporal gland
secretion of racemic frontalin above about 14 ng/ml or of
either of the isomers above about 7 ng/ml signals musth, but
see further discussion below (Greenwood et al. 2005). A
twelve-fold increase in 4-methylphenol concentration in
mares’ urine occurs on the day before oestrus, and spiking
dioestrous urine with 4-methylphenol increases its attractiveness to stallions and the extent or penile erections when
they smell it (Būda et al. 2012).
Multi-compound quantitative signals When adult female
mice are adrenalectomized, the concentrations of six compounds in their urine decline. These six compounds delay
puberty in immature females (Novotny et al. 1986). Two
farnesene isomers whose concentrations are elevated in the
urine of dominant mice are aversive to subordinate males
(Novotny et al. 1990a), and accelerate puberty and induce
oestrus in crowded females (Ma et al. 1999a; Novotny et al.
1999b). House mouse MUPs are three to four times as
abundant in the urine of males as in females (Beynon and
Hurst 2003).
Female rats sniff more at male urine than at castrate urine,
and Zhang et al. (2008b) found that squalene, 2-heptanone and
4-ethyl phenol spiked together into castrate urine at natural
levels increased its attractiveness to females. Zhang and Zhang
(2011) partially changed female rats’ preferences for urine from
different strains of males by manipulating the concentrations of
four compounds (note that these authors use “ratio” when
referring to concentration). Intriguingly, one of the compounds
that they identified as signalling relatedness, 2-heptanone, is
also increased in concentration in the urine of stressed rats, and
increases immobility times in a forced swimming test
(Gutiérrez-García et al. 2007). A mixture of five shortchain aliphatic acids whose concentration in faeces declines when female rats, horses (Equus caballus) or red
foxes (Vulpes vulpes) are in oestrus shows a U-shaped
dose–response curve in eliciting erections in male rats
(Nielsen et al. 2011).
Mixtures containing six or 24 components of beaver
(Castor canadensis) castoreum in their natural concentrations elicit reactions that are not significantly weaker than
responses to whole castoreum. Interestingly, the response to
the 24-component mix was weaker than to the sixcomponent mix (Müller-Schwarze and Houlihan 1991).
Countermarking in red foxes (V. vulpes) is elicited by a
mixture of eight male urine components at concentrations
similar to those in urine (Whitten et al. 1980). The urine of
male tree shrews (Tupaia belangeri) contains 2,5dimethylpyrazine at concentrations at least 100 times
higher than in the urine of castrates and females, and 3methylthiopropanoic acid and 3-methyl-2-oxovaleric acid at
higher concentrations than in female urine. When any of the
three is added to castrate urine, or presented as the pure
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substance, it stimulates overmarking by “chinning”, which
is the normal response to adult male urine. The effect of 3methyl-2-oxovaleric acid has a quantitative threshold. No
pure component stimulates as much overmarking as urine
itself (Von Stralendorff 1982, 1987).
Crewe et al. (1979) identified three major components: benzyl cyanide, 2-(hydroxyphenyl)ethanol and p-hydroxybenzyl cyanide, in thick-tailed bushbaby (Galago crassicaudatus) sternal
gland secretion, and found quantitative differences between
males and females. In field bioassays with free-ranging
bushbabies, benzyl cyanide and 2-(hydroxyphenyl)ethanol alone
each elicited no more sniffing than a clean control, but when
mixed, they elicited as much sniffing as natural marks. Mixtures
of all three compounds, in two different ratios that matched ratios
found in male and female secretions, elicited high rates of
sniffing (Katsir and Crewe 1980). Artificial marks contained
approximately ten times as much of each compound as a natural
mark (Crewe et al. 1979).
Other multicomponent signals In mice, up to about 50 peptide ligands of MHC proteins contribute to individual recognition and to mate selection, but whether the signals are
qualitative or quantitative has not been established (LeindersZufall et al. 2004; but see also Hurst et al. 2004).
Ratio signals I found no study in which ratios per se had been
deliberately experimentally manipulated to test whether they
encode signals, and so signals that may be coded by ratios are
listed under “Ratio candidates” subsection (below).

Candidates
Compounds that differ between individuals or categories, but
where no bioassays have been carried out, provide untested
candidates for the role of semiochemicals. Certainly, not all of
these candidates will pass the bioassay test; Von Stralendorff
(1987) showed clear inactivity for compounds whose differences in abundance in the urine of male and female tree
shrews suggested that they might be semiochemicals, and
although methyl thiolbutyrate increases 1,000-fold in hamster
(Mesocricetus auratus) vaginal fluid on the day of oestrus, it
does not induce sexual behaviour by males (Singer et al.
1983). The three compounds in tamarin scent marks that
Smith et al. (1985) found were sufficient to discriminate
between males and females were in a fraction of the total
volatiles that the tamarins themselves were unable to tell apart.
Qualitative candidates
Single compound qualitative candidates A single compound, 2′-aminoacetophenone, is specific to Mexican freetailed bats (Tadarida brasiliensis mexicana) and absent from
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other bat species (Nielsen et al. 2006), and accounts for the
distinctive (to the human nose) odour of the bats and their
roosts. N-pentyl acetate appears in the urine of female mice
only when they are in oestrus (Schwende et al. 1986). Zhang
et al. (2005) found 2-methylquinoline in ferret (Mustela
furo) urine to be specific to males, and 3-ethyl-1,2-dimethyl-1,2-dithiolane in anal gland secretion to be specific to
females. One component of anal gland secretion is present
in Siberian weasels (Mustela sibirica) and not in steppe
polecats (Mustela eversmanni) (Zhang et al. 2003). During
the breeding season, male red fox (V. vulpes) urine contains
2-methylquinoline which is not found in female urine
(Jorgenson et al. 1978). 5-Methylhydantoin in giant panda
(Ailuropoda melanoleuca) anogenital gland secretion is specific to females (Zhang et al. 2008a).
Multi-compound qualitative candidates There are multiple
qualitative differences between male and female antechinus
(Antechinus stuartii) urines (Toftegaards et al. 1999).
Zabaras et al. (2005) found qualitative inter-individual differences for all 32 compounds in the sternal gland secretion
of tammar wallabies (Macropus eugenii), and 18 of the
compounds occurred in fewer than five of 25 subjects. In
chromatograms from flank gland secretions of male
Crocidura russula, only a minority of peaks are common
to all males (Cantoni et al. 1996). In sac winged bats
(Saccopteryx), Caspers et al. (2008) found nine male specific
compounds (the scent sacs in females are rudimentary),
Caspers et al. (2009) found three species-specific compounds
in Saccopteryx bilineata and two in Saccopteryx leptura, and
Caspers et al. (2011) found three compounds specific to adult
male S. bilineata. Numerous components of fishing bat
(Noctilio leporinus) axial gland secretion differ qualitatively
with sex, age and status (Brooke and Decker 1996).
Male and female beavers have different compounds in
their anal gland secretions (Sun 1996 cited in Sun and
Müller-Schwarze 1998b). Burger et al. (2001) identified 48
compounds and detected several more from ventral gland
secretion of male dwarf hamsters (Phodopus sungorus) but
could not collect enough secretion for analysis from the far
less developed glands of females. In Phodopus urine, males
have seven compounds absent from females in Phodopus
campbelli and six in P. sungorus, and Phodopus roborowsky
shows multiple qualitative differences from the other two
species (Soini et al. 2005). Wellington et al. (1979) found
inter-specific qualitative differences in all except three compounds from perineal glands of wild and domestic guinea
pigs (Cavia porcellus and Cavia aperea). In mouse urine,
there are two peaks with a qualitative association with H-2
genotype, and eight peaks with qualitative associations with
genetic background (Eggert et al. 1996). In deermice
(Peromyscus californicus), seven urine compounds in males
and four in females are present in adults and not juveniles
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(Ma et al. 1999b). Two pyrazines disappear from the urine
of female pine voles (Microtus pinetorum) when they are
exposed to the bedding of males (Boyer et al. 1989).
Rabbit chin gland secretion shows numerous qualitative
inter-individual differences, and two compounds that are
both site-specific and present in the majority of animals at
a site (Hayes et al. 2002). There are qualitative interindividual differences in secretions from five species of deer
(Lawson et al. 2000), and of 55 urine volatiles from male
white-tailed deer (Odocoileus virginianus), 28 showed qualitative differences, nine were present only in dominants
during the breeding season and 19 only in subordinates
during the breeding season (Miller et al. 1998). In male
moose (Alces alces) urine, seven compounds are found only
during the rut, and two only outside the rut (Whittle et al.
2000). The faeces of feral horses show qualitative changes
with sex, season and breeding condition in the presence of
free acids, alcohols, phenols and skatole (Kimura 2001).
Two compounds occur in the pre-orbital gland secretions
of grey duiker (Sylvicapra grimmia) and red duiker
(Cephalophus natalensis) but are absent from blue duiker
(Cephalophus monticola) (Burger et al. 1988).
Of 22 compounds identified in the anal sac secretions of
one male and one female yellow mongoose (Cynictis
penicillata), only four were present in both animals (Apps
et al. 1989). In samples of anal gland secretion from banded
mongooses (Mungos mungo), no compound occurred in
every sample, and the most widespread compound occurred
in only 63 of 103 samples (Jordan et al. 2010). In Egyptian
mongoose (Herpestes ichneumon) anal gland secretion, 2methyl substituted acids occur only in males (Hefetz et al.
1984). Fossas (Cryptoprocta ferox) have three male- and
two female-specific compounds in the volatiles from the
hair on their tails (Vogler et al. 2008).
Mustelid anal sac secretions show both quantitative and
qualitative differences between species (Brinck et al. 1983).
In European badgers (Meles meles), of 300 compounds
tentatively identified in urine, only 33 compounds occurred
in at least 25 out of 84 animals (Service et al. 2001), and in
subcaudal gland secretion, only 21 of 110 compounds occurred in all of 66 animals (Buesching et al. 2002). In their
anal gland secretions, steppe polecats have four compounds
not present in Siberian weasels, and 2-ethylthietane is specific to female weasels (Zhang et al. 2002, 2003). 2Ethylthietane and 3-ethyl-1,2-dithiolane in anal gland secretion are specific to female stoats (Crump 1980).
Of 38 compounds in giant panda anogenital gland secretion, three occur only in females, and two of these differ
qualitatively between individuals (Zhang et al. 2008a).
Hagey and MacDonald (2003) found 111 out of 951 compounds to occur in at least 10 % of the samples from ten
pandas, or in other words that there were 840 compounds
that were absent from at least one sample. On average, 5 %
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of the compounds from females and 13 % of the compounds
from males are specific to individual animals. Yuan et al.
(2004) tentatively identified 95 compounds from 24 pandas;
each had a subset of 33–53 of these, and 39 compounds
occurred in three or fewer animals. Burgener et al. (2009)
found up to four (but usually zero) individually unique
peaks from spotted hyaena (Crocuta crocuta) pastings.
Three compounds, 3-methyltetrahydrothiophene, dodecanal
and 3-methylbutyl sulphide, in female coyote (Canis latrans)
urine appear and disappear quasi-periodically, with a peak in
abundance at the peak of oestrus (Schultz et al. 1988). Wolf
(Canis lupus) anal gland secretion shows multiple qualitative
and quantitative changes with sex and reproductive condition
(Raymer et al. 1985). Out of 77 identified compounds in wolf
faeces, Martín et al. (2010) found 55 compounds in faeces from
adults that were not present pup faeces, and four compounds in
pup faeces were not found in adults.
Numerous compounds in the anogenital gland secretions
of ring-tailed lemurs (Lemur catta) and Coquerel’s sifaka
(Propithecus verreauxi coquereli) are qualitatively different
between the species, several are qualitatively different between the sexes in the sifaka and a large number are qualitatively different between individuals in both sexes of both
species (Hayes et al. 2004). While male and female ringtailed lemurs share about 170 of the compounds in their
genital gland secretions, females have an average of 83
more compounds than males (Boulet et al. 2009), and each
sex has compounds not found in the other (Scordato et al.
2007). Owl monkey (Aotus nancymaae) subcaudal gland
secretion differs qualitatively between sexes and age groups
(Macdonald et al. 2007). Belcher et al. (1988) found that of
144 compounds in scent marks and suprapubic gland secretion from three female cotton top tamarins (Sanguinus o.
oedipus), only three occurred in all of the subjects; the other
compounds gave each individual a unique qualitative profile.
Quantitative candidates
Quantitative differences are universal at all levels of comparison from physiology within an individual, through interindividual to inter-specific. They are also generated from
identical samples by analytical variability. Given the intrinsic variability of biological materials and the complexity of
mammal secretions, it would be surprising to find materials
that were closely similar in composition. Only those cases
where quantitative differences were linked to a biological
difference (e.g. sex or social status) are listed here. Only
under exceptional circumstances (all components having the
same proportional change in concentration) will a quantitative change in one component not be accompanied by a
change in its ratio to other components. Therefore, all instances of quantitative differences are also examples of
differences in ratios, but in addition, there are two special
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candidate ratios that are listed separately because they have
been explicitly identified as potential ratio signals.
Single-compound quantitative candidates The concentration 3-nonene-2-one in whole body odours discriminates
between the cryptic rodent species Mastomys coucha and
Mastomys natalensis, despite large differences in concentration between individuals within each species (Apps et al.
1990). 16-Methyl oxacyclohexadecan-2-one is significantly
more abundant in male crested porcupines’ (Hystrix
cristata) perianal gland secretion than in females’ (Massolo
et al. 2009). If male pine voles are castrated, the only
detectable change in their urine volatiles is a decrease in
the concentration of phenylacetone (Boyer et al. 1989).
Multi-compound quantitative candidates Numerous components of fishing bat (N. leporinus) axial gland secretion
differ quantitatively with sex, age and status (Brooke and
Decker 1996).
Pohorecky et al. (2008) report quantitative differences in
rat preputial gland volatiles due to dominance and housing
conditions (they use “qualitative” in the sense of different
relative amounts). Jemiolo et al. (1987) found only quantitative differences in the urine volatiles of pregnant and
lactating mice compared to non-reproductive controls,
which were statistically significant for 14 out of 26 compounds. In deermouse urine, there are only quantitative
differences between males and females and between virgin
and pregnant females, and both quantitative and qualitative
differences with age (Jemiolo et al. 1994; Ma et al. 1999b).
P. campbelli and P. sungorus have quantitative differences
between males and females for 10 and 11 compounds,
respectively (Soini et al. 2005). In CH3 congenic mice,
differences in t-complex genes are associated with quantitative differences in seven urine compounds in males and
three in females (Jemiolo et al. 1991b). Five peaks from
mouse urine have quantitative associations with H-2 genotype, and four have quantitative associations with genetic
background (Eggert et al. 1996). Several studies reviewed
by Kwak et al. (2010) have found multi-compound associations with major histocompatibility (MHC) genes in mice
but in no case have the chemical differences been shown by
bioassay to constitute a signal. For example, MHC genotype
has a quantitative effect on urine volatiles in inbred mice
(Novotny et al. 2007), and Singer et al. (1997) found seven
volatile acids in mouse urine whose concentrations differed
significantly between MHC types, and demonstrated that
trained mice could discriminate the MHC type of urine
donor mice when presented with fractions that contained
these acids. The dominance status of male mice affects both
the overall quantity of volatiles, and the sizes and relative
sizes of individual peaks in their whole body odour (Apps et
al. 1988), bladder urine and preputial gland secretions
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(Novotny et al. 1990a, b). Exposure of female pine voles
to male bedding increases the concentration of two compounds and decreases the concentration of four compounds
in their urine (Boyer et al. 1989).
Volatiles from beaver anal gland secretions can be classified according to family relationships using three chromatographic peak areas from males, or two from females.
Classifications based on the three male peaks were 66 %
accurate, and including 22 peaks increased the accuracy to
96.5 %, but including more than three but fewer than 13
peaks actually decreased accuracy. Similarly, for females,
two peaks gave 89.7 % accuracy, three peaks gave 69.2 %
accuracy and 31 peaks gave 100 % accuracy. These classifications were run on peaks that occurred in at least 50 % of
samples, after exclusion of up to three peaks from male
profiles, and four to nine peaks from females (Sun and
Müller-Schwarze 1998b).
In male white-tailed deer, 11 compounds in inter-digital
gland secretion are more abundant in dominants (Gassett et
al. 1996), and nine compounds that occur in both dominants’ and subordinates’ urine during the breeding season show significant quantitative differences; three are
higher in dominants and six higher in subordinates
(Miller et al. 1998). Two compounds in the preorbital
secretions of grey duikers (Sylvicapra grimmia) occur at
higher concentrations in males than in females (Burger
et al. 1988).
Anal gland secretion fatty acid profiles are individually
different in Indian mongooses (Herpestes auropunctatus)
(Gorman 1976), red foxes (Albone and Perry 1976) and
brown hyaenas (Hyaena brunnea) (Mills et al. 1980). The
quantities of two compounds in female coyote urine fluctuate
quasi-periodically, with a clear peak in abundance at the peak
of oestrus (Schultz et al. 1988). Giant panda anogenital
gland secretion from males has five short-chain fatty
acids at four times the concentration found in females
(Hagey and MacDonald 2003), and Yuan et al. (2004)
classified giant panda anogenital gland secretions by age
and sex from differences in normalised peak areas
among the subset of compounds that occurred in more
than three animals. Steppe polecats and Siberian weasels
have multiple quantitative differences between species in
the sulphur compounds of their anogenital gland secretions (Zhang et al. 2002, 2003), and in ferrets, five
major anal gland secretion components differ in concentration between individuals (Clapperton et al. 1988).
Smith et al. (2001) demonstrated that the chemical profiles of (pooled) scent marks from five female marmosets
(Callithrix jacchus) were qualitatively similar; 36 of 42
pooled samples contained the same 162 chemicals, and the
other eight samples contained a subset of those. Linear
discriminant analysis of peak areas correctly assigned at
least 80 % of pooled samples to their donors.

Author's personal copy
494

Ratio candidates By selective weighting of ln-transformed
peak areas, Willse et al. (2006) found 43 pairs of compounds
in which the ratio differed between MHC genotypes in mice,
but their signalling role has not yet been verified. The
isomeric ratio of frontalin in the temporal gland secretion
of male Asian elephants in musth is closer to the 1:1 racemic
mixture in mature animals (Greenwood et al. 2005).
Gestalts or chemical images?
If a single compound or simple mixture is active in the
absence of the other components of the mixture in which it
naturally occurs, the signal cannot depend on a Gestalt or a
chemical image.
Active out of context
Six compounds that delay puberty in crowded female mice
are active when presented together at their natural concentrations in water or glycol as well as in urine (Novotny et al.
1986, 1990a). Five out of six of the male urine components
that accelerate puberty in female mice are active alone in
water or castrate urine (Novotny et al. 1999b). The male
mouse preputial gland compounds E,E,-α-farnesene and
E-β-farnesene, which discourage subordinates from investigating dominant male urine and from scent marking, are
active when spiked together into bladder urine, female urine
or water (Novotny et al. 1990a; Jemiolo et al. 1992). 2,5Dimethylpyrazine delays sexual maturation in mice when
presented in polyethylene glycol (Jemiolo and Novotny
1994), and 6-hydroxy-6-methyl-3-heptanone accelerates puberty in female mice when presented in water (Novotny et
al. 1999a). The male mouse semiochemicals dehydro-exobrevicomin and 2-sec-butyl-4,5-dihydrothiazole will induce
the Whitten effect in crowded females when presented together in castrate urine or in water (Jemiolo et al. 1985,
1986). The darcin-containing fraction from male mouse
urine is as attractive as whole urine (Roberts et al. 2010),
and recombinant darcin alone enhances memory (Roberts et
al. 2012). Trimethylamine attracts mice when dispensed as a
pure vapour (Li et al. 2013), and ESP1 stimulates female
mouse sexual activity when presented in buffer on cotton
wool (Haga et al. 2010). Unlike dehydro-exo-brevicomin
and 2-sec-butyl dihydrothiazole (see below), recombinant
MUPs do not have to be in urine to induce aggression by
territorial male mice against castrates (Chamero et al. 2007).
Carbon disulphide, which mediates socially derived food
preferences in rats (Galef et al. 1988), improves the acceptance
of baits by black rats (Rattus rattus) when applied directly to
food, instead of being in its natural context of rat breath
(Parshad 2002). Although six compounds from castoreum are
needed to elicit a full overmarking response from beavers, four
of them, 4-ethylphenol, 1,2-dihydroxybenzene, acetophenone
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and 3-hydroxyacetophenone, each elicit immediate
overmarking when presented alone (Müller-Schwarze and
Houlihan 1991). The rabbit mammary semiochemical is active
in aqueous solution on the end of a glass rod, and in gas
chromatography-sniffing tests (Schaal et al. 2003). The deer
lactone from black-tailed deer tarsal tufts attracts sniffing and
licking when presented on Teflon rods (Müller-Schwarze et al.
1976, 1978).
Even when a boar is absent, the odour of either 3αandrostenol or 5α-androstenone increases the probability of
an oestrous sow standing in lordosis, and activity is not enhanced by mixing both compounds (Melrose et al. 1971).
Frontalin from Asian elephant bulls in musth is active at
100 μM in pH 8 phosphate buffer (Rasmussen and Greenwood
2003). (Z)-7-Dodecen-1-yl acetate, a signal of approaching
oestrous in Asian elephants, is approximately twice as active
in urine as in water, but this effect is primarily, or only, due to
pH; its activity in buffer is the same as in urine (Rasmussen et
al. 1997).
The three signal compounds identified by Von Stralendorff
(1982, 1987) in male tree shrew urine each elicit overmarking
when applied as an ether solution to wire mesh. The major
components of thick-tailed bushbaby chest gland secretion
elicit as much sniffing as natural marks when they are applied
to polyethylene pipes as solutions in dichloromethane (Katsir
and Crewe 1980).
Inactive out of context
Three mammal semiochemicals have been explicitly shown to
be inactive when presented out of context. To elicit aggression
from dominant male mice, dehydro-exo-brevicomin and 2-secbutyl dihydrothiazole have to be painted together in castrate
urine onto a subordinate male (Novotny et al. 1985); if they are
dissolved in water, they are inactive. Castrate mouse urine
spiked with (methylthio)methanethiol (MTMT) at the concentration at which it occurs in normal male urine was rendered
twice as interesting to female mice, and about two thirds as
interesting as intact male urine, while MTMT in water is only
slightly more interesting than water alone (Lin et al. 2005).
Tamarins are able to discriminate the sex and subspecies of a
scent mark, but do not discriminate when presented with either
the light or the heavy fraction of pooled scent mark volatiles
(Belcher et al. 1986). Whether any of these three cases demonstrate a Gestalt or a chemical image signal is discussed below.

Discussion
Table 1 summarizes the results of the literature search on the
nature of mammal chemical signals. There are four identifiable
sources of bias in these published findings. The first is towards
single-compound signals because it is technically easier to
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Table 1 A summary of the results of the literature search on the
nature of chemically characterized mammalian chemical signals,
showing the numbers of identified mammal semiochemicals and

Signals

Candidates

Single-component
Multi-component
Total signals
Single-component
Multi-component
Total candidates

495
candidates for bioassay that contain one or more than one
component, and that are coded by qualitative or quantitative
differences
Qualitative

Quantitative

Total

10
6
15
7
58
65

5
10
16
3
25
28

15
16
31
10
83
93

Individual studies are compiled and referenced in the “Results” section

identify one chemical than several. Nonetheless, this technical
challenge should not be exaggerated; multiple active compounds and candidates have been found in some materials.
The second bias, which to some extent counteracts the first, is
towards multi-compound signals; when bioassays have been
applied to mixtures, definitive tests of whether the same result
could be achieved with a single compound have rarely been
conducted. For example, Whitten et al. (1980) have not reported
on the activity of subsets of the eight components of their fox
urine mixture, Eggert et al. (1996) did not test any subsets of the
19 mouse urine compounds associated with mouse genotype,
and Singer et al. (1997) concluded that “differences in H-2 are
signalled by different relative amounts of the components of a
mixture of acids”, but did not test any of the seven acids singly.
An exception is the finding by Novotny et al. that five of the six
puberty accelerating compounds in male mouse urine are active
individually (Novotny et al. 1999b). Third, apparent qualitative
differences can be generated when a compound is always
present, but in some samples is at a concentration below the
analytical detection limit (e.g. Wellington et al. 1979). Fourth,
the large numbers of minor components that some studies
report to be present in certain individuals or classes and not in
others (e.g. Service et al. 2001; Buesching et al. 2002; Hayes et
al. 2002; Hagey and MacDonald 2003; Yuan et al. 2004; Jordan
et al. 2010) are prime candidates as qualitative semiochemicals
or labels of identity (although this conclusion is seldom drawn),
but may well be analytical artefacts; identification by mass
spectrum library search can generate a spurious diversity in
chemical identities due to variable overlap between incompletely resolved peaks that vary in size—as a neighbouring peak
contributes more or less to the mass spectrum at a peak apex,
the closest library fit changes.
Origin and persistence of the view that mammal
semiochemicals are complex and quantitative
The assumption that mammal semiochemicals are complex
mixtures, and speculation that signals are coded by the ratios
in abundance of multiple components, date from the early

development of mammalian semiochemistry (Eisenberg and
Kleiman 1972; Goodrich and Mykytowycz 1972). Evans et
al. (1978), working on aggression reducing signals in female
mouse urine, speculated that “the reaction may depend on
the Gestalt of the whole urine”, and the concept of irreducible quantitative complexity in mammal chemical signals
reached an apogee with Albone’s “chemical image”, which
proposed that every component in a secretion contributed to
the chemical signal, and that signalling activity depended on
both the chemical and biological contexts (Albone 1984,
1990). Novotny linked Albone’s chemical image to Gestalt
psychology, and cautioned that the chemical image
strategy’s assumption of “infinite chemical complexity”
would “discourage enquiries into mechanisms” (Novotny
et al. 1990b) but, nonetheless, the assumption of complexity
underlay criticisms of the use of bioassays on progressively
finer fractions of mammal secretions—the “response-guided
strategy” (Albone 1984; Doty 1986; Johnston 2003), and
Johnston (2003) explicitly ascribed the slow pace of identification of mammalian semiochemicals to the search for
single active compounds.
Actual evidence that a mammal chemical signal (as opposed to a mammal secretion) had multiple components was
first provided by Beruter et al. in 1973, who drew a contrast
with insect sex pheromones which at time were known
mostly as single compounds or simple blends of closely
related compounds (Regnier and Law 1968; Beruter et al.
1973). This ground-breaking work showed not only that a
mammal chemical signal had multiple active components
but also (and much more importantly) that the various
components required correspondingly diverse chemical
analyses. Nonetheless, for reasons that are obscure, it did not
contribute to the development of mammalian semiochemistry;
it remained uncited for three decades and prior to its citing here
has been cited only once (Scopus). In contrast, the use of a
single analytical technique, gas chromatography, by Michael et
al. (1971) to show that rhesus monkey “copulins” consisted of
mixed short-chain fatty acids (but see also Goldfoot 1981) and
by Gorman to demonstrate that individual Indian mongooses
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(H. auropunctatus) have quantitatively different mixtures of
short-chain fatty acids in their anal sacs (Gorman 1976), were
widely cited and have undoubtedly been seminal influences
since a majority of analytical semiochemistry uses gas chromatography exclusively to search for active mixtures of
volatiles.
The early speculations on the complexity of mammal
signals had some empirical support. Even with the relatively
low resolution separations that were then available, it was
apparent that the secretions and excretions of mammals
were much more complex than the sex pheromones of insects (Regnier and Law 1968; Goodrich and Mykytowycz
1972; Beruter et al. 1973; Smith 1976; Müller-Schwarze
2006). In hamsters, both a single compound candidate
semiochemical and a mixture of 13 compounds were inactive in a realistic bioassay (Macrides et al. 1977; O’Connell
et al. 1978), and the reactions of black tailed deer to fractionated tarsal gland secretion grew stronger as more fractions were recombined (Müller-Schwarze 1969). What is
puzzling is that the emphasis on quantitative complexity
and ratio coding has persisted, and more recently grown,
despite all the mammal semiochemicals that have been
chemically characterized being either chemically simple or
qualitative, or both (Table 1), and all of them being a tiny
minority among the hundreds of other compounds in the
materials in which the semiochemicals are deposited. Of 31
mammal semiochemicals that have been chemically characterized, only one possibly depends for activity on the ratio
between compounds, 28 identified semiochemicals retain
activity out of context, while one single compound and
one mixture of two compounds have been shown to be
inactive out of context, and a sex and subspecies discrimination no longer occurs if a scent mark is separated into two
fractions. Nonetheless, as discussed below, none of these
chemical signals have been shown to depend on a Gestalt or
a chemical image. Between them, the untested candidates
contain several hundred compounds, and clearly, bioassays
are lagging behind chemistry.
The persistence of the view that mammal chemical signals are complex and quantitative may have been a response
to the slow rate of discovery of new mammal
semiochemicals; the difficulty of finding simple, qualitative
signals by gas chromatography was ascribed to the signals
being complex and quantitative (Setchell et al. 2010); Smith
et al. (1985) state explicitly that their testing of a hypothesis
of complex quantitative signals was a response to the absence of detectable qualitative differences. The alternative
explanations for simple signals being cryptic, that they are
obscured by the chemical noise of more abundant components or are analytically intractable or incompatible with gas
chromatography, have rarely been recognised (for an exception, see Boyer et al. 1989) except as a rationale for using
bioassays rather than chemical analysis (Célérier et al. 2010)

Naturwissenschaften (2013) 100:487–506

and as evidence that signals are carried by volatiles (Kwak
et al. 2009). The demonstration by Beruter et al. (1973) that
signal components may occur among the non-volatile fraction of mammal secretions is now the first of several;
aphrodisin proteins in hamsters (Singer et al. 1986; Briand
et al. 2004), MUPs in mice (Hurst et al. 2001; Beynon and
Hurst 2003; Armstrong et al. 2005), other rodents (Beynon
and Hurst 2008) and predators (Papes et al. 2010), and the
oestrus inducing semiochemical in male opossums
(Monodelphis domestica) sternal gland secretion (Harder et
al. 2008) are all incompatible with gas chromatography.
Are signals coded as ratios?
Explicit tests for the semiochemical significance of ratios
are conspicuously lacking. Clearly, if test compounds are
presented at their natural concentrations, they will also be at
their natural ratios, but the converse is not true; the natural
ratio can be generated by unnatural concentrations (Katsir
and Crewe 1980). I could find no explicit test of whether a
ratio per se is a signal. Nielsen et al. (2011) tested only
natural ratios of free acids from female rat faeces on the
frequency of erections in male rats. To simulate the “scent of
age”, Osada et al. (2008) spiked three compounds into male
mouse urine at their natural concentrations and therefore
natural ratios. Dehydro-exo-brevicomin and 2-sec-butyl4,5-dihydrothiazole from male mouse urine induce the
Whitten effect (synchronization of oestrous cycles) when
presented together (Jemiolo et al. 1985) but whether they
have to be present in a specific ratio has apparently not been
established. In the mixture of the seven acids that Singer et
al. (1997) found to differ between mouse MHC types, there
were two pairs of peaks whose area ratios were sufficient to
discriminate between MHC types, and the normalized area
of one of these four peaks differed significantly between the
MHC types, and so could alone have been the basis of the
discrimination by the trained mice. The possibilities that
MHC type was signalled by the ratios within the pairs, or
the concentration of a single compound was not tested.
The only convincing case of a ratio signal is the changes
in the isomeric ratio of frontalin in the temporal gland
secretion of male Asian elephants in musth (Greenwood et
al. 2005). Nonetheless, the concentration of frontalin as well
as its isomeric ratio fluctuate widely in adolescent bulls, and
the possibilities that the signal of mature musth is simply the
presence of racemic frontalin at stable concentrations above
about 14 ng/ml or the presence of either of its isomers above
about 7 ng/ml are yet to be tested.
There are four mammal chemical signals that are definitely not coded by ratios. The signal of male dominance in
mouse urine cannot depend on the ratio between farnesene
isomers because all reports of the activity of synthetic
farnesenes (Novotny et al. 1990a; Jemiolo et al. 1992; Ma
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et al. 1999a) have used a 1:1 ratio, which does not occur
naturally (Harvey et al. 1989). Adult female mice showed
no preference for male urine over a mixture of farnesenes, 2sec-butyl-4,5-dihydrothiazole and dehydro-exo-brevicomin
at unnatural ratios (Jemiolo et al. 1991a), or for male
urine over castrate urine spiked with double the natural
concentration of dihydrothiazole and dehydrobrevicomin
(Ninomiya and Kimura 1990). That saddleback tamarins
can detect the presence of male scent marks mixed with
various ratios of female scent marks (Epple et al. 1980) and
domestic dogs (Canis familiaris) can detect female urine
diluted with male urine (Dunbar and Buehler 1980) proves
that the sex-specific characteristics are not encoded by different ratios of compounds that are common to urines from
both sexes, since such ratios must change as the mixing ratio
changes.
Are mammal chemical signals Gestalts or chemical images?
The two mouse semiochemicals that are inactive unless
mixed with urine (Novotny et al. 1985; Lin et al. 2005)
could depend on a chemical image, but their needing to be
in urine is much more likely to be due to adsorption of the
semiochemicals to urinary lipocalins (Marchlewska-Koj et
al. 2000; Beynon and Hurst 2003; Hurst and Beynon 2004)
which may be semiochemicals in their own right (Chamero
et al. 2007), or to the presence of semiochemicals from
preputial gland secretion in castrate urine (Ninomiya and
Kimura 1990). Tamarins’ inability to discriminate the sex and
subspecies of scent donors in either the light or the heavy
fraction of pooled scent marks (Belcher et al. 1986) could be
due simply to rapid evaporation of a semiochemically active
lighter fraction in the absence of fixatives in the heavy fraction. Both fractions contributing components to the signal
does not imply that all the components of both fractions are
necessary to the signal, which is required for the signal to be a
chemical image. Unless the previously identified
semiochemicals from mouse urine that they bioassayed really
are inactive, the failure by Flanagan et al. (2011) to replicate
their puberty accelerating effects implies that details of context
may be important, as required by the concept of a chemical
image. Nonetheless, since the activity was present in a narrowly specified fraction of the whole urine, the signal does not
meet the definition of a chemical image or a Gestalt.
Complexity
The secretions and excretions in which mammals embed
their chemical signals are unquestionably extremely complex (Fig. 2), but this does not necessarily mean that the
chemical signals themselves share that complexity, and
without exception, the mammal semiochemicals that have
been identified constitute a tiny numerical minority among
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the hundreds of other compounds present; the only chemically characterized signals with more than ten components
are the mouse urine MUPS.
Complexity, individuality and signature mixtures
The earliest work on the chemistry of mammalian secretions
showed that secretions were sufficiently complex and quantitatively variable to code individual identity by quantitative
differences in the composition of mixtures (Berüter et al.
1974; Gorman 1976). Subsequently, complexity being sufficient to code individual identity has metamorphosed into
assertions that complexity is necessary to code identity.
Arguments that generating large numbers of different signals requires chemical blends rather than single compounds
(Von Stralendorff 1987; Johnston 2005) seriously underestimate chemical diversity; among potentially airborne organics up to about the size of squalene (C30H50), there are
many orders of magnitude more chemicals are available
than individuals in any mammal species, and the number
of possible biological macromolecules is pseudo-infinite.
That every individual of a species has to have a unique
odour (Brahmachary 1986) is a misconception; it is necessary only that an individual can recognise the members of its
social group as individuals and distinguish them from all the
rest (Alberts 1992), or in an extreme case, that a mother
recognise her own offspring (Beecher 1989).
Clearly, metabolic pathways constrain what chemicals
organisms can produce to a subset of those that are chemically possible. The full potential of mammalian metabolic
pathways to generate diverse chemical compounds has not
been investigated, but if insect physiology is used as a
surrogate, there are tens of thousands of possible isomers
within the strictly constrained functional groups and restricted range of chain lengths of real insect pheromones (Byers
2005). This is more than the number of individuals that any
one mammal will interact with in a lifetime (Thom and
Hurst 2004); even bat mothers finding their pups in roosting
crèches only have up to 4,000 pups to choose from (Gustin
and McCracken 1987; McCracken 1993). In any case, it is
probably not mammalian metabolism that constrains the
range of compounds that might be in a mammal’s odour;
scent glands and sacs, the surface of the skin, the gut and the
urinogenital tract are populated by commensal microorganisms which are either suspected (Ware and Gosden 1980;
Albone 1984; Nordstrom et al. 1989; Alexy et al. 2003) or
proven (Bullard 1982; Voigt et al. 2005; Archie and Theis
2011; Goodwin et al. 2012; Li et al. 2013) to generate
odorous volatiles that could act as chemical messengers.
Even if a very wide diversity of compounds can be produced, the utility of single compounds as signals could be
constrained by limits to their perception and discrimination.
Figures for the total number of odours that can be
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Fig. 2 The complexity of mammal secretions (in the broad sense) is
illustrated by a capillary gas chromatogram (a) of a methanol extract from
the preputial tuft of a dominant male African wild dog (Lycaon pictus). The
components of the extract are separated as they pass along the capillary
column, and as a compound elutes from the column, it generates a peak on
the chromatogram. The size of the peak depends on the quantity of the

compound. This separation ran for 60 min; expanding a 2-min slice of the
chromatogram (light grey rectangle) shows that it contains about a dozen
visible peaks (b). Extracting the traces for single ion fragments detected by a
mass spectrometer at the end of the capillary column reveals that one of those
dozen peaks (darker rectangle) contains at least four different compounds
(c). Further details of the chemistry can be found in Apps et al. (2012, 2013)
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discriminated are largely speculative (Mori and Yoshihara
1995) and are based for obvious reasons on humans. Even if
no two chemicals have exactly the same odour (Turin and
Yoshii 2003), how easily different compounds can be distinguished from one another depends on the structural differences between them (Laska and Freyer 1997; Laska et al.
1999; Laska 2005). Olfactory discriminating power is
related to the number of functional olfactory receptor
genes (Laska and Shepherd 2007); non-human mammals
have up to three times as many functional olfactory
genes as humans (Young and Trask 2002), and can
smell compounds that are odourless to humans; for
example, mice can smell odourless mineral oil (Gamble
and Smith 2009), and rabbits can smell their chin gland
secretions which to humans have no odour (Goodrich and
Mykytowycz 1972). In addition, most non-human mammals
have an extra olfactory sensor, the vomeronasal organ, which
extends their sensory range even further. Thus, there is no
empirical evidence that limited odour discrimination would
prevent the use of single compound identity labels in
mammals.
The effects of various manipulations of mouse amniotic
fluid on newborn mouse pups’ orientation to their mother’s
nipples and their first sucking have been interpreted as
evidence that the fluid contains a signature mixture (Logan
et al. 2012), but although pups learn diet-induced differences in the composition of amniotic fluid, the composition
of the amniotic fluid is the same in females of different
strains, and pups do not differentiate between lactating
females. A signature mixture would differ between females,
and pups would differentiate. Complexity per se is not
necessary to the signal; the response to amniotic fluid can
be replicated by pairing the odour of single compounds that
do not naturally occur in amniotic fluid with gentle brushing
that simulates the mother’s licking. Intriguingly, two out of
three molecular weight fractions of amniotic fluid have to be
combined to produce the signal, so there must be more than
one active component, but one of the fractions has components with molecular weights of 3–10 kDa whose vapour
pressures must be below the detection limit of mammalian
olfaction.
Complexity and data analysis
There appears to be a particularly close (but implicit) link
between the concept of a holistic chemical image and the
use of principal components analysis (see below) to reduce
the dimensionality of multiple chromatographic peak areas
(Lawson et al. 2000; Service et al. 2001; Bloss et al. 2002;
Safi and Kerth 2003; Burgener et al. 2009; Setchell et al. 2010,
2011; Jordan et al. 2010). The chemical image concept also
apparently underpins the use of the number or diversity of
detectable peaks on a gas chromatogram as a signal parameter
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(Caspers et al. 2009; Boulet et al. 2009, 2010; Burgener et al.
2009; Rosell et al. 2010; Setchell et al. 2011; DelBarco-Trillo
et al. 2012), the use of multidimensional distances between
chromatograms (Service et al. 2001; Safi and Kerth 2003;
Caspers et al. 2009; Burgener et al. 2009) and the use of the
term semiochemical for every peak on a chromatogram
(Boulet et al. 2009).
There can be no objection to a search for active mixtures as
long as it does not exclude the possibility of discovering single
active compounds, or to a search for quantitative signals that
does not exclude signals encoded by presence and absence.
However, as argued below, in the current focussed search for
multi-component quantitative semiochemicals, signalling
mixtures are being sought by means that actively exclude
the possibility of finding qualitative differences and simple
signals. It has been common practise for peaks that are absent
from some chromatograms to have their areas in chromatograms where they do appear excluded from the statistical
analysis (Sun and Müller-Schwarze 1998a, b; Service et al.
2001; Yuan et al. 2004; Macdonald et al. 2007; Arnold 2009;
Boulet et al. 2009; Jordan et al. 2010; Martín et al. 2010), thus
excluding the possibility of finding signals that are coded
qualitatively, since qualitative signalling necessarily requires
that signalling components be absent from some samples and
present in others. If this approach had been followed with
mouse MUPS, which are a paradigm case of signature mixtures, their role in individual recognition could not have been
detected because some MUPs are not expressed at all by some
individual mice (Hurst et al. 2001).
Inevitably, data processing that requires components to
be present in all samples will not find chemical signals that
are encoded by compounds’ presence and absence. If only
those components that are common to both of two classes of
scent are included in data processing (Osada et al. 2008;
Boulet et al. 2009), it is inevitable that any differences
between the classes that are detected will be quantitative
and not qualitative. If labels of individual identity or correlates of genotype are the target, then even ostensibly conservative exclusions which require only that peaks occur in
50 % (Sun and Müller-Schwarze 1998b), or 10 % of samples (Hagey and MacDonald 2003; Massolo et al. 2009) still
exclude the possibility of finding qualitative individual identity labels, whether single- or multi-compound, because
each label will occur in only one animal. Paradoxically,
excluding components deletes parts of the holistic chemical
image, which depends on every component having a signalling role. Figure 3 shows a simplified schematic of the
characterization of semiochemicals via chemical analysis
and multivariate statistics or other data processing methods.
One reason that mammal semiochemicals have been hard
to find may be that they have been hiding in plain sight
among the chromatographic peaks that were excluded from
multivariate statistical analysis because they did not occur in
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Biology

Chemistry

Data processing

Candidates
Bioassay

Characterized
semiochemicals

Fig. 3 Simplified schematic of the process from the biology of scent
marking to the chemical characterization of a semiochemical. Dominant African wild dogs (Lycaon pictus) produce semiochemically
active scent marks by urinating with a cocked leg (top row left), faeces
deposited in a squat by subordinates are semiochemically inactive (top
row right; Jordan et al. 2013). Each letter signifies one, a few or
several chemical compounds; and the active compounds are in bold
face. Upper and lower case signify a difference in quantity, the letter
being replaced by an underscore signifies presence and absence,
respectively. Differences in chemical composition between active urine
and inactive faeces give clues as to which compounds from the urine
are carrying signals; chemical analysis (second row) of multiple samples reveals the composition of the active and inactive mixtures but
with losses of some compounds and some changes in quantity. In the
analytical results, there is nothing about the chemistry of the active
components that distinguishes them from the chemical background; to

identify and characterize the actives, the analytical results from multiple samples of different types have to be compared (double-ended
arrow). Multivariate statistics as commonly applied (dashed arrow) prunes the analytical data and excludes qualitative differences (third row), which removes qualitative signals from the data
while retaining only quantitative signals. Other data processing
methods of various kinds (solid arrow) and more recent applications of multivariate statistics that are robust to the properties of
semiochemical data (e.g. Caspers et al. 2011; dotted arrow) have
retained the active components in the data and have generated
both qualitative and quantitative candidates for bioassay (fourth
row), as listed in the “Candidates” section of the “Results”. So
far, only the candidates identified by the non-multivariate methods
have generated positive bioassays (fifth row, wavy arrow) and
been confirmed as semiochemicals (bottom row); these are listed
in the “Signals” section of the “Results”

some samples. Rather than excluding chromatographic
peaks that do not occur in a subset of samples, an alternative
first step, which is at least as logically parsimonious, would
be to exclude every peak that occurs in more than one
animal when searching for labels of individual identity,
and to exclude all peaks that occur in both sexes when
searching for signals of sex. If multivariate statistics are
employed, the tests must be robust to zero values and to
the number of variables being larger than the number of
samples, so that no peaks have to be excluded from statistical analysis.
Multivariate analysis can detect differences that have no
signalling role; for example, principal components analysis
of gas chromatography peak areas can classify the subspecies and sex of tamarins (Saguinus fuscicollis) from the
butyrate ester and squalene composition of their scent
marks, but the tamarins themselves do not discriminate the
ester and squalene fraction of scent marks from different

subspecies and sexes, or from clean surfaces or control
odours (Smith et al. 1985; Belcher et al. 1986). Even if
animals can discriminate between chemically classified
scents, it does not mean that a real signal is the basis for
the discrimination; mammals can be trained to discriminate
between arbitrary odours that have no functional significance (Beauchamp et al. 1985; Thom and Hurst 2004; Laska
et al. 2008). The two sets of compounds in male mouse
urine that Osada et al. identified as indicators of donor age
on the basis of trained discriminations (Osada et al. 2003)
and innate preferences (Osada et al. 2008) were completely
different. References to volatile “fingerprints” in this context are particularly (though probably unintentionally) apposite, since as Sun and Müller-Schwarze (1998b) point out,
real fingerprints are individually unique but are not used for
individual recognition. Although multivariate analyses very
often demonstrate that chromatographic profiles can be
grouped according to features of the animals that produced
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the samples, so that the corresponding differences in chemical composition could serve as signals, multivariate analysis of chromatographic data has not yet led to the chemical
characterization of a mammal semiochemical.

Conclusion
The quantitative complexity of mammal chemical signals has
been frequently affirmed, but not confirmed. Expectations that
mammal chemical signals are encoded by complex quantitative mixtures have led to single compounds and qualitative
differences being overlooked as candidate semiochemicals,
and the rate at which new mammal chemical signals are
characterized is likely to increase if research strategies and
methods accommodate the possibility that signals are coded
by qualitative differences or by single compounds and simple
mixtures. Eliminating chromatographic peaks because they do
not occur in some samples is equivalent to eliminating eye and
hair colour as cues in human face recognition because not
everybody is a blue-eyed blonde. Perhaps we have not seen
the trees because we have been looking for forests.
Acknowledgments I am extremely grateful for the funding provided
by the Paul G Allen Family Foundation under the auspices of the
Botswana Predator Conservation Trust’s BioBoundary Project. The
Botswana Department of Wildlife and National Parks granted permission to conduct research in Botswana under research permit number
EWT 3/3/8 XXIV (71). J. Weldon McNutt and Neil Jordan made
valuable comments on earlier versions.

References
Alberts AC (1992) Constraints on the design of chemical communication systems in terrestrial vertebrates. Am Nat 139:S62–S89
Albone ER (1984) Mammalian semiochemistry. The investigation of
chemical signals between mammals. Wiley, Chichester
Albone ER (1990) Mammalian semiochemistry and its applications.
In: Macdonald DW, Müller-Schwarze D, Natynczuk SE (eds)
Chemical signals in vertebrates 5. Oxford University Press, Oxford, pp 77–83
Albone E, Perry G (1976) Anal sac secretion of the red fox, Vulpes vulpes;
volatile fatty acids and diamines: implications for a fermentation
hypothesis of chemical recognition. J Chem Ecol 2:101–111
Alexy K, Gassett J, Osborn D (2003) Bacterial fauna of the tarsal tufts of
white-tailed deer (Odocoileus virginianus). Am Midl Nat 149:237–240
Apps PJ, Rasa A, Viljoen HW (1988) Quantitative chromatographic
profiling of odours associated with dominance in male laboratory
mice. Aggress Behav 14:451–461
Apps PJ, Viljoen HW, Taylor P (1989) Volatile components from the
anal glands of the yellow mongoose Cynictis penicillata. S Afr J
Zool 24:361–362
Apps PJ, Gordon DH, Viljoen HW, Pretorius V (1990) Chromatographic analysis of species specific odor profiles in Mastomys
natalensis and M. coucha (Rodentia: Muridae). J Chem Ecol
16:2667–2676

501
Apps P, Mmualefe L, McNutt JW (2012) Identification of volatiles
from the secretions and excretions of African wild dogs (Lycaon
pictus). J Chem Ecol 38:1450–1461
Apps P, Mmualefe L, McNutt JW (2013) A reverse engineering approach to identifying which compounds to bioassay for signalling
activity in the scent marks of African wild dogs (Lycaon pictus).
In: East ML, Denhard M (eds) Chemical signals in vertebrates
XII. Springer, Berlin, pp 417–432
Archie EA, Theis KR (2011) Animal behaviour meets microbial ecology. Anim Behav 82:425–436
Armstrong SD, Robertson DHL, Cheetham SA, Hurst JL, Beynon RJ
(2005) Structural and functional differences in isoforms of mouse
major urinary proteins: a male-specific protein that preferentially
binds a male pheromone. Biochem J 391:343–350
Arnold J (2009) Olfactory communication in red foxes (Vulpes vulpes).
PhD dissertation. University of Bristol, Bristol
Beauchamp GK, Yamazaki K (2005) Individual differences and the
chemical senses. Chem Senses 30(Suppl 1):i6–i9
Beauchamp GK, Yamazaki K, Wysocki CJ, Slotnick BM, Thomas L,
Boyse EA (1985) Chemosensory recognition of mouse major
histocompatibility types by another species. Proc Natl Acad Sci
U S A 82:4186–4188
Beecher MD (1989) Signalling systems for individual recognition: an
information theory approach. Anim Behav 38:248–261
Belcher AM, Smith AB III, Jurs PC, Lavine B, Epple G (1986)
Analysis of chemical signals in a primate species (Saguinus
fuscicollis): use of behavioral, chemical and pattern recognition
methods. J Chem Ecol 12:513–531
Belcher A, Epple G, Kuderling I, Smith AB III (1988) Volatile components of scent material from cotton-top tamarin (Saguinus o.
oedipus): a chemical and behavioral study. J Chem Ecol 14:1367–
1384
Beruter J, Beauchamp GK, Muetterties EL (1973) Complexity of
chemical communication in mammals: urinary components mediating sex discrimination by male guinea pigs. Biochem Biophys
Res Commun 53:264–271
Berüter J, Beauchamp G, Muetterties E (1974) Mammalian chemical
communication: perineal gland secretion of the guinea pig. Physiol Zool 47:130–136
Beynon RJ, Hurst JL (2003) Multiple roles of major urinary proteins in
the house mouse, Mus domesticus. Biochem Soc Trans 31:142–
146
Beynon RJ, Hurst JL (2008) Urinary lipocalins in rodenta: is there a
generic model? In: Hurst JL, Beynon RJ, Roberts SC, Wyatt TD
(eds) Chemical signals in vertebrates 11. Springer, New York, pp
37–49
Bloss J, Acree TE, Bloss JM, Hood WR, Kunz TH (2002) Potential use
of chemical cues for colony-mate recognition in the big brown
bat, Eptesicus fuscus. J Chem Ecol 28:819–834
Boulet M, Charpentier MJE, Drea CM (2009) Decoding an olfactory
mechanism of kin recognition and inbreeding avoidance in a
primate. BMC Evol Biol 9:281
Boulet M, Crawford JC, Charpentier MJE, Drea CM (2010) Honest
olfactory ornamentation in a female-dominant primate. J Evol
Biol 23:1558–1563
Boyer ML, Jemiolo B, Andreolini F, Wiesler D, Novotny M (1989)
Urinary volatile profiles of pine vole, Microtus pinetorum, and
their endocrine dependency. J Chem Ecol 15:649–662
Brahmachary RL (1986) Ecology and chemistry of mammalian pheromones. Endeavour 10:65–68
Brennan P (2011) Pheromones: fact or fantasy. Ethology 117:265–266
Brennan PA, Kendrick KM (2006) Mammalian social odours: attraction and individual recognition. Phil Trans R Soc B 361:2061–
2078
Brennan PA, Zufall F (2006) Pheromonal communication in vertebrates. Nature 444:308–315

Author's personal copy
502
Briand L, Trotier D, Pernollet J-C (2004) Aphrodisin, an aphrodisiac
lipocalin secreted in hamster vaginal secretions. Peptides
25:1545–1552
Brinck C, Erlinge S, Sandell M (1983) Anal sac secretion in mustelids,
a comparison. J Chem Ecol 9:727–745
Brooke AP, Decker DM (1996) Lipid compounds in secretions of
fishing bat, Noctilio leporinus (Chiroptera: Noctilionidae). J
Chem Ecol 22:1411–1428
Brouette-Lahlou I, Amouroux R, Chastrette F, Cosnier J, Stoffelsma J,
Vernet-Maury E (1991) Dodecyl propionate, attractant from rat
pup preputial gland: characterization and identification. J Chem
Ecol 17:1343–1354
Brownlee RG, Silverstein RM, Müller-Schwarze D, Singer AG (1969)
Isolation, identification and function of the chief component of
the male tarsal scent in black-tailed deer. Nature 221:284–285
Buck L, Axel R (1991) A novel multigene family may encode odorant
receptors: a molecular basis for odor recognition. Cell 65:175–187
Būda V, Mozūraitis R, Kutra J, Borg-Karlson A-K (2012) p-Cresol: a
sex pheromone component identified from the estrous urine of
mares. J Chem Ecol 38:811–813
Buesching C, Waterhouse J, Macdonald D (2002) Gas-chromatographic
analyses of the subcaudal gland secretion of the European badger
(Meles meles) part I: chemical differences related to individual
parameters. J Chem Ecol 28:41–56
Bullard RW (1982) Wild canid associations with fermentation products. Ind Eng Chem Prod Res Dev 21:646–655
Burgener N, Dehnhard M, Hofer H, East ML (2009) Does anal gland
scent signal identity in the spotted hyaena? Anim Behav 77:707–
715
Burger B (2005) Mammalian semiochemicals. Top Curr Chem
240:231–278
Burger BV, Pretorius PJ, Stander J, Grierson GR (1988) Mammalian
pheromone studies, VII. Identification of thiazole derivatives in
the preorbital gland secretions of the grey duiker, Sylvicapra
grimmia, and the red duiker, Cephalophus natalensis. Z
Naturforsch C J Biosci 43:731–736
Burger B, Smit D, Spies H, Schmidt C, Schmidt U, Telitsina A,
Grierson G (2001) Mammalian exocrine secretions XV. Constituents of secretion of ventral gland of male dwarf hamster,
Phodopus sungorus sungorus. J Chem Ecol 27:1259–1276
Byers JA (2005) Chemical constraints on the evolution of olfactory
communication channels of moths. J Theor Biol 235:199–206
Cantoni D, Favre L, Tencalla F, Croset P, Morgenthaler F, Camarda G,
Ruchet C, Rivier L, Vogel P (1996) Intra- and interindividual
variation in flank gland secretions of free-ranging shrews
Crocidura russula. J Chem Ecol 99:1669–1687
Caspers B, Franke S, Voigt CC (2008) The wing-sac odour of male
greater sac-winged bats Saccopteryx bilineata (Emballonuridae)
as a composite trait: seasonal and individual differences. In: Hurst
JL, Beynon RJ, Roberts SC, Wyatt TD (eds) Chemical signals in
vertebrates 11. Springer, New York, pp 151–160
Caspers BA, Schroeder FC, Franke S, Streich WJ, Voigt C (2009)
Odour-based species recognition in two sympatric species of sacwinged bats (Saccopteryx bilineata, S. leptura): combining chemical analyses, behavioural observations and odour preference
tests. Behav Ecol Sociobiol 63:741–749
Caspers BA, Schroeder FC, Franke S, Voigt CC (2011) Scents of
adolescence: the maturation of the olfactory phenotype in a freeranging mammal. PLoS One 6:1–6
Célérier A, Huchard E, Alvergne A, Féjan D, Plard F, Cowlishaw G,
Raymond M, Knapp LA, Bonadonna F (2010) Detective mice
assess relatedness in baboons using olfactory cues. J Exp Biol
213:1399–1405
Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, Saghatelian
A, Cravatt BF, Stowers L (2007) Identification of protein pheromones that promote aggressive behaviour. Nature 450:899–903

Naturwissenschaften (2013) 100:487–506
Clapperton B, Minot E, Crump D (1988) An olfactory recognition
system in the ferret Mustela furo L. (Carnivora: Mustelidae).
Anim Behav 36:541–553
Crewe R, Burger B, Le Roux M, Katsir Z (1979) Chemical constituents
of the chest gland secretion of the thick-tailed galago (Galago
crassicaudatus). J Chem Ecol 5:861–868
Crump DR (1980) Thietanes and dithiolanes from the anal gland of the
stoat (Mustela erminea). J Chem Ecol 6:341–347
DelBarco-Trillo J, Sacha CR, Dubay GR, Drea CM (2012) Eulemur,
me lemur: the evolution of scent-signal complexity in a primate
clade. Phil Trans R Soc B 367:1909–1922
Doty R (1986) Odor-guided behavior in mammals. Experientia
42:257–271
Doty R (2010) The great pheromone myth. Johns Hopkins University
Press, Baltimore
Dunbar I, Buehler M (1980) A masking effect of urine from male dogs.
Appl Anim Ethol 6:297–301
Eggert F, Holler C, Luszyk D, Müller-Ruchholtz W, Ferstl R (1996)
MHC-associated and MHC-independent urinary chemosignals in
mice. Physiol Behav 59:57–62
Eisenberg JF, Kleiman DG (1972) Olfactory communication in mammals. Annu Rev Ecol Syst 3:1–32
El-Sayed AM (2012) The Pherobase: database of pheromones and
semiochemicals. Available at http://www.pherobase.com.
Accessed 16 Dec 2012
Epple G, Alveario MC, Golob NF, Smith AB III (1980) Stability and
attractiveness related to age of scent marks of saddle back tamarins (Saguinus fuscicollis). J Chem Ecol 6:735–748
Evans CM, Mackintosh JH, Kennedy JF, Robertson SM (1978) Attempts to characterise and isolate aggression reducing olfactory
signals from the urine of female mice Mus musculus L. Physiol
Behav 20:129–134
Ferrero DM, Lemon JK, Fluegge D, Pashkovski SL, Korzan WJ, Datta SR,
Spehr M, Fendt M, Liberles SD (2011) Detection and avoidance of a
carnivore odor by prey. Proc Natl Acad Sci U S A 108:11235–11240
Flanagan KA, Webb W, Stowers L (2011) Analysis of male pheromones that accelerate female reproductive organ development.
PLoS One 6(2):e16660. doi:10.1371/journal.pone.0016660
Frank D, Beauchamp G, Palestrini C (2010) Systematic review of the
use of pheromones for treatment of undesirable behavior in cats
and dogs. J Am Vet Med Assoc 236:1308–1316
Galef BG, Mason RJ, Preti G, Bean NJ (1988) Carbon disulfide: a
semiochemical mediating socially-induced diet choice in rats.
Physiol Behav 42:119–124
Gamble KR, Smith DW (2009) Discrimination of “odorless” mineral
oils alone and as diluents by behaviorally trained mice. Chem
Senses 34:559–563
Gassett J, Wiesler D, Baker A, Osborn D, Miller K, Marchinton R,
Novotny M (1996) Volatile compounds from interdigital gland of
male white-tailed deer (Odocoileus virginianus). J Chem Ecol
22:1689–1696
Goldfoot A (1981) Olfaction, sexual behavior, and the pheromone
hypothesis in rhesus monkeys: a critique. Am Zool 21:153–164
Goodrich BS, Mykytowycz R (1972) Individual and sex differences in the
chemical composition of pheromone-like substances from the skin
glands of the rabbit, Oryctolagus cuniculus. J Mammal 53:540–548
Goodwin M, Gooding KM, Regnier F (1979) Sex pheromone in the
dog. Science 203:559–561
Goodwin TE, Broederdorf LJ, Burkert BA, Hirwa IH, Mark DB,
Waldrip ZJ, Kopper RA, Sutherland MV, Freeman EW, HollisterSmith JA, Schulte BA (2012) Chemical signals of elephant musth:
temporal aspects of microbially-mediated modifications. J Chem
Ecol 38:81–87
Gorman ML (1976) A mechanism for individual recognition by odour
in the small Indian mongoose Herpestes auro-punctatus. Anim
Behav 24:141–145

Author's personal copy
Naturwissenschaften (2013) 100:487–506
Greenwood DR, Comeskey D, Hunt MB, Rasmussen LEL (2005)
Chirality in elephant pheromones. Nature 438:1097–1098
Gustin M, McCracken G (1987) Scent recognition between females and
pups in the bat Tadarida brasiliensis mexicana. Anim Behav 87:13–19
Gutiérrez-García A, Contreras C, Mendoza-López M, García-Barradas
O, Cruz-Sánchez J (2007) Urine from stressed rats increases
immobility in receptor rats forced to swim: role of 2-heptanone.
Physiol Behav 91:166–172
Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R, Sakano
H, Yoshihara Y, Kikusui T, Touhara K (2010) The male mouse
pheromone ESP1 enhances female sexual receptive behaviour
through a specific vomeronasal receptor. Nature 466:118–124
Hagey L, MacDonald E (2003) Chemical cues identify gender and
individuality in giant pandas (Ailuropoda melanoleuca). J Chem
Ecol 29:1479–1488
Harder JD, Jackson LM, Koester DC (2008) Behavioral and reproductive responses of female opossums to volatile and nonvolatile
components of male suprasternal gland secretion. Horm Behav
54:741–747
Harvey S, Jemiolo B, Novotny M (1989) Pattern of volatile compounds in dominant and subordinate male mouse urine. J Chem
Ecol 15:2061–2072
Hayes RA, Richardson BJ, Claus SC, Wyllie SG (2002) Semiochemicals
and social signaling in the wild European rabbit in Australia: II.
Variations in chemical composition of chin gland secretion across
sampling sites. J Chem Ecol 28:2613–2625
Hayes RA, Morelli TL, Wright PC (2004) Anogenital gland secretions
of Lemur catta and Propithecus verreauxi coquereli: a preliminary
chemical examination. Am J Primatol 63:49–62
Hays W (2003) Human pheromones: have they been demonstrated?
Behav Ecol Sociobiol 54:89–97
Hefetz A, Ben-Yacov R, Yom-Tov Y (1984) Sex specificity in the anal
gland secretion of the Egyptian mongoose Herpestes ichneumon.
J Zool 201:205–209
Hurst JL (2009) Female recognition and assessment of males through
scent. Behav Brain Res 200:295–303
Hurst JL, Beynon RJ (2004) Scent wars: the chemobiology of competitive signalling in mice. BioEssays 26:1288–1298
Hurst J, Payne C, Nevison C, Marie A, Humphries R, Robertson D,
Cavaggioni A, Beynon R (2001) Individual recognition in mice
mediated by major urinary proteins. Nature 414:631–634
Hurst J, Thom MD, Nevison CM, Humphries RE, Beynon RJ (2004)
MHC odours are not required or sufficient for recognition of
individual scent owners. Proc R Soc B 272:715–724
Jemiolo B, Novotny M (1994) Inhibition of sexual maturation in
juvenile female and male mice by a chemosignal of female origin.
Physiol Behav 55:519–522
Jemiolo B, Alberts J, Sochinski-Wiggins S, Harvey S, Novotny M
(1985) Behavioural and endocrine responses of female mice to
synthetic analogues of volatile compounds in male urine. Anim
Behav 33:1114–1118
Jemiolo B, Harvey S, Novotny M (1986) Promotion of the Whitten
effect in female mice by synthetic analogs of male urinary constituents. Proc Natl Acad Sci U S A 83:4576–4579
Jemiolo B, Andreolini F, Wiesler D, Novotny M (1987) Variations in
mouse (Mus musculus) urinary volatiles during different periods
of pregnancy and lactation. J Chem Ecol 13:1941–1956
Jemiolo B, Xie T-M, Novotny M (1991a) Socio-sexual olfactory preference in female mice: attractiveness of synthetic chemosignals.
Physiol Behav 50:1119–1122
Jemiolo B, Xie T-M, Andreolini F, Baker AEM, Novotny M (1991b)
The t complex of the mouse: chemical characterization by urinary
volatile profiles. J Chem Ecol 17:353–367
Jemiolo B, Xie T-M, Novotny M (1992) Urine marking in male mice:
responses to natural and synthetic chemosignals. Physiol Behav
52:521–526

503
Jemiolo B, Gubernick DJ, Yoder MC, Novotny M (1994) Volatile
compounds of Peromyscus californicus, a monogamous biparental rodent. J Chem Ecol 20:2489–2500
Johnston R (1998) Pheromones, the vomeronasal system, and communication. From hormonal responses to individual recognition. In:
Murphy C (ed) Olfaction and taste XII. An International Symposium. Ann N Y Acad Sci, pp. 333–348
Johnston RE (2003) Chemical communication in rodents: from pheromones to individual recognition. J Mammal 84:1141–1162
Johnston R (2005) Communication by mosaic signals: individual recognition and underlying neural mechanisms. In: Mason R,
LeMaster M, Müller-Schwarze D (eds) Chemical signals in vertebrates 10. Springer, New York, pp 269–282
Jordan NR, Mwanguhya F, Kyabulima S, Ruedi P, Cant MA (2010)
Scent marking within and between groups of wild banded mongooses. J Zool 280:72–83
Jordan NR, Golabek KA, Apps PJ, Gilfillan GD, McNutt JW (2013)
Scent-mark identification and scent-marking behaviour in African
wild dogs (Lycaon pictus). Ethology (in press)
Jorgenson AJW, Novotny M, Carmack M, Copland GB, Wilson SR,
Katona S, Whitten WK (1978) Chemical scent constituents in the
urine of the red fox (Vulpes vulpes L.) during the winter season.
Science 199:796–798
Katsir Z, Crewe RM (1980) Chemical communication in Galago
crassicaudatus: investigation of the chest gland secretion. S Afr
J Zool 15:249–254
Kaupp UB (2010) Olfactory signalling in vertebrates and insects:
differences and commonalities. Nat Rev Neurosci 11:188–200
Keller A, Vosshall LB (2008) Better smelling through genetics: mammalian odor perception. Curr Opin Neurobiol 18:364–369
Kimura R (2001) Volatile substances in feces, urine and urine-marked
feces of feral horses. Can J Anim Sci 81:411–420
Kwak J, Opiekun MC, Matsumura K, Preti G, Yamazaki K,
Beauchamp GK (2009) Major histocompatibility complexregulated odortypes: peptide-free urinary volatile signals. Physiol
Behav 96:184–188
Kwak J, Willse A, Preti G, Yamazaki K, Beauchamp GK (2010) In
search of the chemical basis for MHC odourtypes. Proc R Soc B
277:2417–2425
Laska M (2005) Olfactory discrimination ability for aliphatic C6 alcohols as a function of presence, position, and configuration of a
double bond. Chem Senses 30:755–760
Laska M, Freyer D (1997) Olfactory discrimination ability for aliphatic
esters in squirrel monkeys and humans. Chem Senses 22:457–465
Laska M, Shepherd GM (2007) Olfactory discrimination ability of CD1 mice for a large array of enantiomers. Neuroscience 144:295–
301
Laska M, Trolp S, Teubner P (1999) Odor structure-activity relationships compared in human and non-human primates. Behav
Neurosci 113:998–1007
Laska M, Rosandher A, Hommen S (2008) Olfactory discrimination of aliphatic odorants at 1 ppm: too easy for CD-1 mice
to show odor structure-activity relationships? J Comp Physiol
A 194:971–980
Lawson RE, Putman RJ, Fielding AH (2000) Individual signatures in
scent gland secretions of Eurasian deer. J Zool 251:399–410
Leinders-Zufall T, Brennan P, Widmayer P, Chandramanis P, MaulPavicic A, Jäger M, Li X-H, Breer H, Zufall F, Boehm T (2004)
MHC class I peptides as chemosensory signals in the vomeronasal
organ. Science 306:1033–1037
Li Q, Korzan WJ, Ferrero DM, Chang RB, Roy DS, Buchi M, Lemon
JK, Angeldeep W, Kaur AW, Stowers L, Fendt M, Liberles S
(2013) Synchronous evolution of an odor biosynthesis pathway
and behavioral response. Curr Biol 23:11–20
Lin DY, Zhang S-Z, Block E, Katz LC (2005) Encoding social signals
in the mouse main olfactory bulb. Nature 434:470–477

Author's personal copy
504
Logan DW, Brunet LJ, Webb WR, Cutforth T, Ngai J, Stowers L
(2012) Learned recognition of maternal signature odors mediates
the first suckling episode in mice. Curr Biol 22:1998–2007
Luo M, Fee MS, Katz LC (2012) Encoding pheromonal signals in the
accessory olfactory bulb of behaving mice. Science 299:1196–
1201
Ma W, Miao Z, Novotny M (1999a) Induction of estrus in grouped
female mice (Mus domesticus) by synthetic analogues of preputial
gland constituents. Chem Senses 24:289–293
Ma W, Wiesler D, Novotny M (1999b) Urinary volatile profiles of the
deermouse (Peromyscus maniculatus) pertaining to gender and
age. J Chem Ecol 25:417–431
Macdonald EA, Fernandez-Duque E, Evans S, Hagey LR (2007) Sex,
age, and family differences in the chemical composition of owl
monkey (Aotus nancymaae) subcaudal scent secretions. Am J
Primatol 69:1–11
Mackintosh JH (1985) The bioassay of mammalian olfactory signals.
Mammal Rev 15:57–70
Macrides F, Johnson PA, Schneider SP (1977) Responses of the male
golden hamster to vaginal secretion and dimethyl disulfide: attraction versus sexual behavior. Behav Biol 211:377–386
Marchlewska-Koj A, Cavaggioni A, Mucignat-Caretta C, Olejniczak P
(2000) Stimulation of estrus in female mice by male urinary
proteins. J Chem Ecol 26:2355–2366
Martín J, Barja I, López P (2010) Chemical scent constituents in feces
of wild Iberian wolves (Canis lupus signatus). Biochem Syst Ecol
38:1096–1102
Massolo A, Dani FR, Bella N (2009) Sexual and individual cues in the
peri-anal gland secretum of crested porcupines (Hystrix cristata).
Mamm Biol 74:488–496
McCracken GF (1993) Locational memory and female-pup reunions in
Mexican free-tailed bat maternity colonies. Anim Behav 45:811–
813
McKenna-Kruse S, Howard WE (1983) Canid sex attractant studies. J
Chem Ecol 9:1503–1510
Meinwald J (2003) Understanding the chemistry of chemical communication: are we there yet ? Proc Natl Acad Sci U S A
100(suppl):14514–14516
Melrose DR, Reed HCB, Patterson RLS (1971) Androgen steroids
associated with boar odour as an aid to the detection of oestrus
in pig artificial insemination. Brit Vet J 127:497–501
Michael RP, Keverne EB, Bonsall RW (1971) Pheromones: isolation of
male sex attractants from a female primate. Science 172:964–966
Michael RP, Bonsall RW, Zumpe D (1976a) “Lack of effects of vaginal
fatty acids, etc”.: a reply to Goldfoot et al. Horm Behav 7:365–
367
Michael RP, Bonsall RW, Zumpe D (1976b) Missing message. Sciences 19:2
Michael RP, Zumpe D, Richter M, Bonsall RW (1977) Behavioral
effects of a synthetic mixture of aliphatic acids in rhesus monkeys
(Macaca mulatta). Horm Behav 9:296–308
Miller KV, Jemiolo B, Gasset JW, Jelinek I, Wiesler D, Novotny M
(1998) Putative chemical signals from white-tailed deer
(Odocoileus virginianus): social and seasonal effects on urinary
volatile excretion in males. J Chem Ecol 24:673–683
Mills MGL, Gorman ML, Mills MEJ (1980) The scent marking behaviour of the brown hyaena Hyaena brunnea. S Afr J Zool
15:240–248
Mori K, Yoshihara Y (1995) Molecular recognition and olfactory
processing in the mammalian olfactory system. Prog Neurobiol
45:585–619
Müller-Schwarze D (1969) Complexity and relative specificity in a
mammalian pheromone. Nature 223:525–526
Müller-Schwarze D (2006) Chemical ecology of vertebrates. Cambridge University Press, Cambridge

Naturwissenschaften (2013) 100:487–506
Müller-Schwarze D, Houlihan PW (1991) Pheromonal activity of
single castoreum constituents in beaver, Castor canadensis. J
Chem Ecol 17:715–734
Müller-Schwarze D, Silverstein RM, Müller-Schwarze C, Singer AG,
Volkman NJ (1976) Response to a mammalian pheromone and its
geometric isomer. J Chem Ecol 2:389–398
Müller-Schwarze D, Ravid U, Claesson A, Singer A, Silverstein RM,
Müller-Schwarze C, Volkman N, Zemanek K, Butler R (1978)
The “deer lactone” source, chiral properties, and responses by
black-tailed deer. J Chem Ecol 4:247–256
Munger SD, Leinders-Zufall T, McDougall LM, Cockerham RE,
Schmid A, Wandernoth P, Wennemuth G, Biel M, Zufall F,
Kelliher KR (2010) An olfactory subsystem that detects carbon
disulfide and mediates food-related social learning. Curr Biol
20:1438–1444
Nara K, Saraiva LR, Ye X, Buck LB (2011) A large-scale analysis of
odor coding in the olfactory epithelium. J Neurosci 31:9179–9191
Nielsen L, Eaton D, Wright D, Schmidt-French B (2006) Characteristic
odors of Tadarida brasiliensis mexicana Chiroptera: Molossidae.
J Cave Karst Stud 68:27–31
Nielsen BL, Jerôme N, Saint-Albin A, Thonat C, Briant C, Boué F,
Rampin O, Maurin Y (2011) A mixture of odorant molecules
potentially indicating oestrus in mammals elicits penile erections
in male rats. Behav Brain Res 225:584–589
Ninomiya K, Kimura T (1990) Female-attracting property of urinary
compounds in male mice. Stereospecificity and interaction with
other factors. Naturwissenschaften 77:586–588
Nordstrom KM, Belcher AM, Epple G, Greenfield KL, Leyden JJ,
Smith AB III (1989) Skin surface microflora of the saddle-back
tamarin monkey, Saguinus fuscicollis. J Chem Ecol 15:629–639
Novotny M, Harvey S, Jemiolo B, Alberts J (1985) Synthetic pheromones that promote inter-male aggression in mice. Proc Natl
Acad Sci U S A 82:2059–2061
Novotny M, Jemiolo B, Harvey S, Wiesler D, Marchlewska-Koj A
(1986) Adrenal-mediated endogenous metabolites inhibit puberty
in female mice. Science 231:722–725
Novotny M, Harvey S, Jemiolo B (1990a) Chemistry of male dominance in the house mouse, Mus domesticus. Experientia 46:109–
113
Novotny M, Jemiolo B, Harvey S (1990b) Chemistry of rodent pheromones: molecular insights into chemical signalling in mammals.
In: Macdonald DW, Müller-Schwarze D, Natynczuk SE (eds)
Chemical signals in vertebrates 5. Oxford University Press, Oxford, pp 1–22
Novotny M, Jemiolo B, Wiesler D, Ma W, Harvey S, Xu F, Xie T,
Carmack M (1999a) A unique urinary constituent, 6-hydroxy-6methyl-3-heptanone, is a pheromone that accelerates puberty in
female mice. Chem Biol 6:377–383
Novotny M, Ma W, Wiesler D, Zídek L (1999b) Positive identification
of the puberty-accelerating pheromone of the house mouse: the
volatile ligands associating with the major urinary protein. Proc R
Soc B 266:2017–2022
Novotny MV, Soini HA, Koyama S, Wiesler D, Bruce KE, Penn DJ
(2007) Chemical identification of MHC-influenced volatile compounds in mouse urine. I: Quantitative proportions of major
chemosignals. J Chem Ecol 33:417–434
O’Connell RJ, Singer AG, Macrides F, Pfaffmann C, Agosta WC
(1978) Responses of the male golden hamster to mixtures of
odorants identified from vaginal discharge. Behav Biol 24:244–
255
Osada K, Yamazaki K, Curran M, Bard J, Smith BPC, Beauchamp GK
(2003) The scent of age. Proc R Soc B 270:929–933
Osada K, Tashiro T, Mori K, Izumi H (2008) The identification of
attractive volatiles in aged male mouse urine. Chem Senses
33:815–823

Author's personal copy
Naturwissenschaften (2013) 100:487–506
Papes F, Logan DW, Stowers L (2010) The vomeronasal organ mediates interspecies defensive behaviors through detection of protein
pheromone homologs. Cell 141:692–703
Parshad VR (2002) Carbon disulphide for improving the efficacy of
rodenticide baiting and trapping of the house rat, Rattus rattus L.
Int Biodeterior Biodegrad 49:151–155
Petrulis A, Johnston RE (1995) A reevaluation of dimethyl disulfide as
a sex attractant in golden hamsters. Physiol Behav 57:779–784
Pohorecky LA, Ma W, Blakley GG, Soini HA, Novotny M (2008)
Psychosocial stress and volatile compounds in preputial glands of
rats. Ann N Y Acad Sci 1148:219–222
Rasmussen L, Greenwood DR (2003) Frontalin: a chemical message of
musth in Asian elephants (Elephas maximus). Chem Senses
28:433–446
Rasmussen L, Lee TD, Zhang A, Roelofs WL, Daves GD (1997)
Purification, identification, concentration and bioactivity of (Z)7-dodecen-1-yl acetate: sex pheromone of the female Asian elephant, Elephas maximus. Chem Senses 22:417–437
Raymer J, Wiesler D, Novotny M, Asa C, Seal US, Mech LD (1985)
Chemical investigations of wolf (Canis lupus) anal-sac secretion
in relation to breeding season. J Chem Ecol 11:593–608
Regnier FE (1971) Semiochemicals—structure and function. Biol
Reprod 4:309–326
Regnier FE, Law JH (1968) Insect pheromones. J Lipid Res 9:541–551
Roberts SA, Simpson DM, Armstrong SD, Davidson AJ, Robertson
DH, McLean L, Beynon RJ, Hurst JL (2010) Darcin: a male
pheromone that stimulates female memory and sexual attraction
to an individual male’s odour. BMC Biol 8:75
Roberts S, Davidson AJ, McLean L, Beynon RJ, Hurst JL (2012)
Pheromonal induction of spatial learning in mice. Science
338:1462–1465
Rosell F, Jojola S, Ingdal K, Lassen B, Swenson J, Arnemo J,
Zedrosser A (2010) Brown bears posess anal sacs and secretions
may code for sex. J Zool 283:143–152
Safi K, Kerth G (2003) Secretions of the interaural gland contain
information about individuality and colony membership in the
Bechstein’s bat. Anim Behav 65:363–369
Schaal B, Coureaud G, Langlois D, Giniès C, Sémon E, Perrier G
(2003) Chemical and behavioural characterization of the rabbit
mammary pheromone. Nature 424:68–72
Schaefer ML, Young DA, Restrepo D (2001) Olfactory fingerprints for
major histocompatibility complex-determined body odors. J
Neurosci 21:2481–2487
Schaefer ML, Yamazaki K, Osada K, Restrepo D, Beauchamp GK
(2002) Olfactory fingerprints for major histocompatibility
complex-determined body odors II: relationship among odor
maps, genetics, odor composition, and behavior. J Neurosci
22:9513–9521
Schultz TH, Flath RA, Stern DJ, Mon TR, Teranishi R, McKenna
Kruse S, Butler B, Howard WE (1988) Coyote estrous urine
volatiles. J Chem Ecol 12:277–296
Schwende F, Wiesler D, Jorgenson J, Carmack M, Novotny M (1986)
Urinary volatile constituents of the house mouse, Mus musculus,
and their endocrine dependency. J Chem Ecol 12:277–296
Scordato ES, Dubay G, Drea CM (2007) Chemical composition of
scent marks in the ringtailed lemur (Lemur catta): glandular
differences, seasonal variation, and individual signatures. Chem
Senses 32:493–504
Service KM, Brereton RG, Harris S (2001) Analysis of badger urine
volatiles using gas chromatography–mass spectrometry and pattern recognition techniques. Analyst 126:615–623
Setchell JM, Vaglio S, Moggi-Cecchi J, Boscaro F, Calamai L, Knapp
LA (2010) Chemical composition of scent-gland secretions in an
Old World monkey (Mandrillus sphinx): influence of sex, male
status, and individual identity. Chem Senses 35:205–220

505
Setchell JM, Vaglio S, Abbott KM, Moggi-Cecchi J, Boscaro F,
Pieraccini G, Knapp LA (2011) Odour signals major histocompatibility complex genotype in an old world monkey. Proc R Soc
B 278:274–280
Singer A (1991) A chemistry of mammalian pheromones. J Steroid
Biochem Mol Biol 39:627–632
Singer A, O’Connell R, Macrides F, Bencsath A, Agosta W (1983)
Methyl thiolbutyrate: a reliable correlate of estrus in the golden
hamster. Physiol Behav 30:139–143
Singer AG, Macrides F, Clancy N, Agosta C (1986) Purification and
analysis of a proteinaceous aphrodisiac pheromone from hamster
vaginal discharge. J Biol Chem 261:13323–13326
Singer AG, Beauchamp GK, Yamazaki K (1997) Volatile signals of the
major histocompatibility complex in male mouse urine. Proc Natl
Acad Sci U S A 94:2210–2214
Smadja C, Butlin RK (2009) On the scent of speciation: the
chemosensory system and its role in premating isolation. Heredity
102:77–97
Smith RD (1976) Chemical communications in mammals. Sciences
:21–24. Jul/Aug
Smith AB, Belcher AM, Epple G, Jurs PC, Lavine B (1985) Computerized pattern recognition: a new technique for the analysis of
chemical communication. Science 228:175–177
Smith TE, Tomlinson AJ, Mlotkiewicz JA, Abbott DH (2001) Female
marmoset monkeys (Callithrix jacchus) can be identified from the
chemical composition of their scent marks. Chem Senses 26:449–
458
Soini HA, Wiesler D, Apfelbach R, Vasilieva NY (2005) Comparative
investigation of the volatile urinary profiles in different Phodopus
hamster species. J Chem Ecol 31:1125–1143
Sun L, Müller-Schwarze D (1998a) Anal gland secretion codes for
relatedness in the beaver, Castor canadensis. Ethology 104:917–
927
Sun L, Müller-Schwarze D (1998b) Anal gland secretion codes for
family membership in the beaver. Behav Ecol Sociobiol 44:199–
208
Thom MD, Hurst JL (2004) Individual recognition by scent. Ann Zool
Fenn 41:765–787
Tirindelli R, Dibattista M, Pifferi S, Menini A (2009) From pheromones to behavior. Physiol Rev 89:921–956
Toftegaards CL, Moore C, Bradley AJ (1999) Chemical characterization of urinary pheromones in brown antechinus, Antechinus
stuartii. J Chem Ecol 25:527–535
Turin L, Yoshii F (2003) Structure-odor relations: a modern perspective. In: Doty R (ed) Handbook of olfaction and gustation, 2nd
edn. Marcel Dekker, New York, pp 1–35
Vogler BR, Goeritz F, Hildebrandt TB, Dehnhard M (2008) Gender
specific expression of volatiles in captive fossas (Cryptoprocta
ferox) during the mating season. In: Hurst JL, Beynon RJ, Roberts
SC, Wyatt TD (eds) Chemical signals in vertebrates 11. Springer,
New York, pp 161–168
Voigt C, Caspers B, Speck S (2005) Bats, bacteria, and bat smell: sexspecific diversity of microbes in a sexually selected scent organ. J
Mammal 86:745–749
Von Stralendorff F (1982) A behaviorally relevant component of the
scent signals of male Tupaia belangeri: 2,5-dimethylpyrazine.
Behav Ecol Sociobiol 11:101–107
Von Stralendorff F (1987) Partial chemical characterization of urinary
signalling pheromone in tree shrews (Tupaia belangeri). J Chem
Ecol 13:655–679
Ware GC, Gosden PE (1980) Anaerobic microflora of the anal sac of
the red fox (Vulpes vulpes). J Chem Ecol 6:97–102
Wellington J, Byrne K, Preti G, Beauchamp G, Smith AB III (1979)
Perineal scent gland of wild and domestic guinea pigs. A comparative chemical and behavioral study. J Chem Ecol 5:1978–1983

Author's personal copy
506
Whitten WK, Wilson MC, Wilson SR, Jorgenson JW, Novotny M, Carmack
M (1980) Induction of marking behavior in wild red foxes (Vulpes
vulpes L.) by synthetic urinary constituents. J Chem Ecol 6:49–55
Whittle CL, Bowyer RT, Clausen TP, Duffy LK (2000) Putative pheromones in urine of rutting male moose (Alces alces): evolution of
honest advertisement? J Chem Ecol 26:2747–2762
Willse A, Kwak J, Yamazaki K, Preti G, Wahl JH, Beauchamp GK
(2006) Individual odortypes: interaction of MHC and background
genes. Immunogenetics 58:967–982
Wyatt TD (2003) Pheromones and animal behaviour. Communication
by smell and taste. Cambridge University Press, Cambridge
Wyatt TD (2009) Fifty years of pheromones. Nature 457:262–263
Wyatt TD (2010) Pheromones and signature mixtures: defining
species-wide signals and variable cues for identity in both invertebrates and vertebrates. J Comp Physiol A Neuroethol Sens
Neural Behav Physiol 196:685–700
Wysocki CJ, Preti G (2004) Facts, fallacies, fears, and frustrations with
human pheromones. Anat Rec A 281:1201–1211
Young JM, Trask BJ (2002) The sense of smell: genomics of vertebrate
odorant receptors. Hum Mol Genet 11:1153–1160
Yuan H, Liu D, Sun L, Wei R, Zhang G (2004) Anogenital gland
secretions code for sex and age in the giant panda, Ailuropoda
melanoleuca. Can J Zool 1604:1596–1604
Zabaras R, Wyllie S, Richardson B (2005) The effect of sex and time of
year on the suite of semiochemicals secreted by the sternal gland
of the tammar wallaby (Macropus eugenii: Marsupialia). Aust
Mammal 27:211–216

View publication stats

Naturwissenschaften (2013) 100:487–506
Zarzo M (2007) The sense of smell: molecular basis of odorant recognition. Biol Rev 82:455–479
Zhang Y, Zhang J (2011) Urine-derived key volatiles may signal
genetic relatedness in male rats. Chem Senses 26:125–135
Zhang J-X, Sun L, Zhang Z, Wang Z, Chen YI, Wang RUI (2002)
Volatile compounds in anal gland of Siberian weasels (Mustela
sibirica) and steppe polecats (M. eversmanni). J Chem Ecol
28:1287–1297
Zhang J-X, Ni J, Ren X-J, Sun L, Zhang Z-B, Wang Z-W (2003)
Possible coding for recognition of sexes, individuals and species
in anal gland volatiles of Mustela eversmanni and M. sibirica.
Chem Senses 28:381–388
Zhang J-X, Soini HA, Bruce KE, Wiesler D, Woodley SK, Baum MJ
(2005) Putative chemosignals of the ferret (Mustela furo) associated with individual and gender recognition. Chem Senses
30:727–737
Zhang J-X, Liu D, Sun L, Wei R, Zhang G, Wu H, Zhang H, Zhao C
(2008a) Potential chemosignals in the anogenital gland secretion
of giant pandas, Ailuropoda melanoleuca, associated with sex and
individual identity. J Chem Ecol 34:398–407
Zhang J-X, Sun L, Zhang J-H, Feng Z-Y (2008b) Sex- and gonadaffecting scent compounds and 3 male pheromones in the rat.
Chem Senses 33:611–621
Zimmer RK, Zimmer CA (2008) Dynamic scaling in chemical ecology.
J Chem Ecol 34:822–836
Zufall F, Leinders-Zufall T (2007) Mammalian pheromone sensing.
Curr Opin Neurobiol 17:483–489

