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Animals communicating via scent often deposit composite
signals that incorporate odorants from multiple sources;
however, the function of mixing chemical signals remains
understudied. We tested both a ‘multiple-messages’ and a
‘fixative’ hypothesis of composite olfactory signalling, which,
respectively, posit that mixing scents functions to increase
information content or prolong signal longevity. Our subjects—
adult, male ring-tailed lemurs (Lemur catta)—have a complex
scent-marking repertoire, involving volatile antebrachial (A)
secretions, deposited pure or after being mixed with a
squalene-rich paste exuded from brachial (B) glands. Using
behavioural bioassays, we examined recipient responses to
odorants collected from conspecific strangers. We concurrently
presented pure A, pure B and mixed A + B secretions, in
fresh or decayed conditions. Lemurs preferentially responded
to mixed over pure secretions, their interest increasing and
shifting over time, from sniffing and countermarking fresh
mixtures, to licking and countermarking decayed mixtures.
Substituting synthetic squalene (S)—a well-known fixative—
for B secretions did not replicate prior results: B secretions,
which contain additional chemicals that probably encode
salient information, were preferred over pure S. Whereas
support for the ‘multiple-messages’ hypothesis underscores
the unique contribution from each of an animal’s various
secretions, support for the ‘fixative’ hypothesis highlights the
synergistic benefits of composite signals.

1. Introduction
When communicating with conspecifics, animals often use
composite signals that comprise elements from either multiple
or single sensory modalities (including vocal, visual, olfactory
and tactile modalities) [1–3]. Whereas multimodal signals include
elements from minimally two modalities, unimodal composite
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signals include minimally two elements from the same modality [3]. Whether investigating multimodal
or unimodal signals, attributing function to composite signals presents a significant challenge [4,5],
because one must deconstruct the signal to assess the contribution of its individual components and also
examine how those elements potentially enhance, complement or modulate one another [3]. Composite
signals that incorporate olfactory elements [6–8] further exacerbate the challenge because even pure
scent signals can be extremely complex and can contain hundreds of chemical compounds that might
serve different functions [9,10]. We therefore specifically lack understanding about the function of
composite olfactory signals. Here, using the scent-marking system of a strepsirrhine primate, we test
two non-mutually exclusive hypotheses about the function of composite olfactory signals.

The conceptual framework for understanding the evolution and function of composite signals
emerged primarily from the study of multimodal signals [2,3,11–13], which have been classified (or
dichotomized) as fixed or fluid and as redundant or non-redundant. The elements of fixed signals (e.g.
[14]) cannot be uncoupled from one another, whereas fluid signals (e.g. [15]) can vary in components,
timing or sequence [3,16]. Redundant (or backup) signals are those for which the individual elements
communicate identical information. For example, both the auditory and visual components of the
honeybee (Apis mellifera) ‘waggle’ dance provide information about the distance and direction to
food sources [17]. Redundancy in multimodal signalling may increase communication success or
emphasis [3,12], as evidenced by the enhanced or amplified responses such signals generate in receivers
[3,18–20]. By contrast, the elements of non-redundant signals convey unique information, such that
combining them allows multiple messages to be contained within the same signal [11,12]. These non-
redundant elements can modulate one another [3], enhance signal efficacy or produce novel information
[2]. More generally, the components of multimodal signals may draw attention or prime receivers
for additional information [6,21–23]. The vibrational cues of dancing honeybees, for example, alter
conspecific responsiveness to other elements within the multimodal signal [22].

Much of the theoretical framework developed for multimodal signals also applies to unimodal
composite signals [3,5]. For instance, to convey social dominance, mandrills (Mandrillus sphinx) rely on
fixed, redundant visual cues, including the vibrancy of their red and blue facial markings, as well as the
contrast between colours [24]. By comparison, components of human speech, including pitch, amplitude
and frequency, all convey different information and, thus, represent non-redundant elements of a vocal
composite signal [25]. Based on descriptive studies, numerous taxa rely on composite chemosignals
[26–30]; however, in only a handful of cases has the function of odorant mixtures been examined
[10,31,32]. This under-representation may owe to the fact that, of the various types of composite signals,
perhaps the most challenging to decipher are those involving olfactory elements.

Although certain scent signals can be relatively simple, as is the case with many insect pheromones
[33], most mammalian olfactory signals are exceptionally complex. Mammalian scent derives from
diverse sources, including urine, faeces, saliva, skin secretions and specialized scent glands [9,34,35], and
can be deposited alone or as mixtures. The ‘pasted’ scent marks of brown hyenas (Parahyaena brunnea),
for instance, comprise two anal-gland secretions originating from sebaceous and apocrine tissues,
respectively, but are deposited in close succession within the same marking event [36]. The resulting
composite mark includes a long-lasting white paste and a more ephemeral brown paste that, in addition
to their visible contrast, differ in their chemical composition [37]. The chemical compounds within any
given scent signal routinely range in structure, volatility and longevity [34,35,38,39]. Information can be
conveyed by single compounds [33] or classes of compounds [40], by their presence or absence, relative
ratios, absolute abundances [41] or by the entire odour mosaic [42]. When odorants from two or more
sources are combined, the resulting composite signal could represent information that is additive or it
could represent information that differs synergistically from that of the pure secretions.

Boasting a complex scent-marking repertoire [43–46], the ring-tailed lemur (Lemur catta) is an
appropriate model for the study of composite olfactory signals [6]. Endemic to Southwest Madagascar,
ring-tailed lemurs are diurnal generalists that reside in territorial, multimale–multifemale groups
[47,48]. Like most lemurs, they are characterized by female social dominance over males and by strict
reproductive seasonality [49,50]. Olfactory signalling in ring-tailed lemurs is critical both for inter- and
intra-group communication: both sexes scent mark [6,43,45,51] within and along territorial boundaries
[52], depositing chemically rich, genital secretions that encode the signaller’s sex, reproductive state and
individual identity [10], as well as genetic relatedness and genetic quality [40,53–55]. Males additionally
possess two sex- and species-specific scent glands, the antebrachial (A) and brachial (B) glands [56], the
usage of which forms the basis of this study.

The secretions from the males’ A and B glands, respectively, are highly volatile or greasy and rich in
squalene (S) [10,57], which is a common component of mammalian secretions and available commercially
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as a fixative [58–60]. Males broadcast their secretions in various ways: ‘wrist marking’, whereby the A
gland and its adjacent spur are drawn across a substrate (visibly and audibly scarring it) [43], minimally
serves to deposit pure A secretions. Because A secretions can be pre-mixed with B secretions via ‘shoulder
rubbing’, whereby males draw their A gland across their B gland, wrist marking also can serve to deposit
a composite (A + B) signal. Alternatively, these two secretions can be mixed by males rubbing both of
their glands against their tail fur (via tail marking), followed by wafting the scent-impregnated tail at
conspecifics during ritualized ‘stink fights’ [43]. Curiously, B secretion is not naturally deposited alone.

Wrist marking and shoulder rubbing, whether used for depositing secretions on a substrate or for
self-anointing, form part of multimodal displays that include both fixed and fluid components. Both
displays always include fixed, but ephemeral, visual elements (i.e. the stereotypical postures required
for scent deposition). When used for marking substrates, the display also includes fixed, but ephemeral,
auditory elements (i.e. the clicking sound from the spur) and produces fixed, but long-lasting, visual
elements (i.e. the permanently scarred substrate that can become a communal signpost) [6,43,51]. The
fluid components of these multimodal signals derive entirely from their olfactory elements, because
males can variably mix A and B secretions. Although pure A and B secretions share some chemical
compounds that could potentially function as redundant signals [10], they also contain unique chemical
blends that elicit different conspecific responses [10,61], indicating that A and B likely also convey
non-redundant information (i.e. multiple messages).

Working within the framework of non-redundant signals, we use behavioural bioassays and
a discrimination paradigm to test two, non-mutually exclusive hypotheses about the function or
modulatory effect of mixing A and B secretions. According to the ‘multiple-messages’ hypothesis, if A
and B secretions each encode unique information, mixing them may increase the information conveyed in
a single scent mark [3,11,12], thereby increasing the interest of signal recipients. According to the ‘fixative’
hypothesis, adding viscous, long-lasting B secretions (S, in particular) to highly volatile A secretions may
function to increase the longevity of A’s information after deposition in the environment [10,29,34,60,62],
thereby prolonging the signal’s interest to recipients. Under this hypothesis, chemical elements would
be non-redundant, but would not necessarily convey new information.

In a first ‘natural experiment,’ we investigate male behavioural response to pure A, to pure B and to
mixed A + B secretions from conspecifics, presented concurrently in either fresh or decayed conditions.
If both secretions contribute unique information, responders should always prefer mixtures over pure
secretions of comparable age. If, however, B secretions (S, in particular) mainly preserve A secretions
without imparting any new information, responders should prefer A and/or A + B secretions over
B secretion when fresh, but only A + B secretions when decayed. In a second ‘synthetic experiment,’
we replicate the prior design, but replace B secretions with S throughout, testing if this fixative alone
can reproduce the function of mixing natural secretions.

2. Material and methods
2.1. Subjects and housing
The subjects were 12 adult, reproductively intact, male ring-tailed lemurs (mean age ± s.d.: 11.1 ± 9.7
years; range: 1.6–30.5 years) that served both as secretion ‘donors’ and as behavioural bioassay
‘recipients’. The animals belonged to six mixed-sex groups housed at the Duke Lemur Center (DLC)
in Durham, NC, USA. Details on animal housing, diet and reproductive seasonality in the Northern
Hemisphere have been described previously [10]. We ran the study in the breeding season (November
2013–February 2014), during morning hours (8.00–12.30).

2.2. Animal handling and odorant collection
To facilitate odorant collection, trained DLC handlers carefully caught and manually restrained the
subjects. We then gently pressed the animals’ A or B glands and swabbed their secretions with cotton that
had been pre-cleaned with methanol and pentane [10,61]. The DLC animals are habituated to these brief
(less than 15 min) procedures and experience minimal stress. Moreover, researchers have shown that the
same patterns of information content in odorants (e.g. differences by sex, age, rank) are detected whether
secretions are collected directly from the animal or after the animal deposits them in the environment
[63]. For the natural experiment, we mixed secretions by collecting A, then B, exudates onto the same
swab. For the synthetic experiment, we collected A secretions using a swab that had been pre-dipped into
a vial of S (99%, Acros Organics, Morris Plains, NJ, USA). ‘Fresh’ samples were immediately enclosed in
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pre-cleaned chromatography vials, which we placed on dry ice and then stored at −80°C within 2 hours.
‘Decayed’ samples were placed in pre-cleaned, uncapped vials, so as to be exposed to ambient air and
were left at room temperature for 12 hours (see electronic supplementary material, S1). After this period,
we capped the vials and stored them at −80°C.

2.3. Experimental design
During a series of 10 min bioassay trials [55,61], we presented subjects, temporarily isolated from their
group, with a choice between pure and mixed odorants. For each trial, we used three samples thawed
to room temperature, each rubbed onto a clean wooden dowel. We secured the dowels at a 45° angle to
the enclosure fence, placing them in randomized order between left, centre and right positions [61]. In
the natural experiment, each trial involved presenting A, B and A + B odorants derived from one donor
unfamiliar to the recipient. Recipients participated in two cycles of two trials per day, randomized within
days for the fresh and decayed conditions of a given donor’s odorants, and randomized across cycles for
the two different donors. The synthetic experiment, conducted a month later, was identical except that,
using two new, unfamiliar donors, we presented fresh or decayed A, S and A + S odorants.

2.4. Data collection
All trials were videotaped and began after dowel placement. Using an established ethogram [61],
an observer blind to odorant placement transcribed the recipients’ responses. Scoring began once the
inter-observer reliability scores exceeded 95% concordance [64], during training, between the observer
and a trainer who had extensive experience scoring videos of ring-tailed lemur bioassays; all trials
were then scored in random order within a three-week period. The responses recorded were readily
identifiable and easily distinguished (see fig. 1 in [54]): they included investigation of the ‘scent mark’
(sniffing and licking), as well as various forms of scent marking or ‘countermarking’ (wrist marking,
shoulder rubbing, genital marking, tail marking and biting of the substrate). The investigatory responses
could reflect recipient interest in the odorant, as well as the degree of processing required by the signal,
whereas countermarking is more purely responsive in nature.

2.5. Statistical analyses
We tested the influence of odorant type and freshness on recipient response using generalized linear
mixed models (GLMM) that we implemented using the glmmADMB package (v. 0.7.7) in Rstudio
(v. 0.98.501). We analysed the duration of sniffing and licking, as well as the duration of total investigation
(sniffing + licking). Because males occasionally insert shoulder rubs (as somewhat infrequent events)
within bouts of wrist marking, we analysed two measures associated with wrist marking: the total
frequency of wrist marking and the frequency of wrist marking that occurred within 1 min of shoulder
rubbing (as a proxy of A + B countermarks, hereafter termed ‘mixed marking’). Of the various forms of
countermarking, only wrist marking and its subset of mixed marking occurred at frequencies sufficient
for statistical analysis (genital marking, tail marking and biting the substrate were directed at less than
1%, 7% and 9% of the presented odorants, respectively).

We ran a single GLMM for each condition (fresh versus decayed) and each experiment (natural versus
synthetic). Responses were entered as individual data points; the dependent variable was behavioural
response and the independent variable was odorant type (A, B, A + B or A, S, A + S). We included trial
number (first or second) on a given test day, and donor identity nested under each recipient, as random
terms. We used the Poisson distribution or negative binomial distribution in cases when the data were
overly dispersed and we used AIC values to select the best-fit distribution [65]. When appropriate, we
also applied a zero-inflation correction factor [65]. Lastly, to compare the responses to B and S odorants
across all trials, we used a single GLMM, as above, except that we used odorant type (B or S) and
condition (fresh or decayed) as independent variables.

3. Results
As predicted by the multiple-messages hypothesis, male ring-tailed lemurs responding to conspecific
scent in the natural experiment generally attended to the mixed secretions more than to either of the
pure secretions. Notably, during the fresh condition, males investigated A + B significantly more than A
(z = 2.88, p < 0.01; figure 1a). This result was driven primarily by the males’ sniffing behaviour, which was
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Figure 1. Mean+ s.e.m. responses by male ring-tailed lemurs during the natural experiment to pure (A or B) and mixed (A+ B)
secretions, presented in fresh (a–e) and decayed (f–j) conditions. Asterisks denote significant p-values (*p< 0.05, **p< 0.01,
***p< 0.001).

directed at A + B significantly more than at A (z = 2.42, p < 0.02; figure 1b). Males showed no difference,
however, between licking any of the fresh secretions, whether mixed or pure (figure 1c). Males also
wrist marked in response to fresh A + B significantly more than they did to either A (z = 2.48, p < 0.02)
or B (z = 2.03, p < 0.05; figure 1d). The main exception to the general preference for mixed over pure
secretions, when fresh, was in mixed marking (figure 1e): when considering only the subset of wrist
marks that were closely preceded by shoulder rubbing, males marked significantly more in response to
pure A secretions than to A + B mixtures (z = 3.99, p < 0.001; figure 1e). Moreover, as predicted by the
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fixative hypothesis, males performed significantly more mixed marking in response to fresh A than to
fresh B (z = 2.55, p < 0.02; figure 1e).

As predicted by both hypotheses, male interest in mixed over pure secretions was even stronger in
the decayed condition; however, the lemurs modified their manner of investigation and countermarking.
Notably, the males investigated A + B significantly more than either A (z = 2.79, p < 0.006) or B (z = 2.07,
p < 0.04; figure 1f ), but in contrast to the fresh condition, it was the males’ licking behaviour that
primarily drove this finding: whereas the males showed no difference in sniffing the decayed mixture
over either of the pure secretions (figure 1g), they licked decayed A + B significantly more than A
(z = 2.83, p < 0.005; figure 1h). Unlike with fresh odorants, males showed no differences in total wrist-
marking frequency in response to decayed mixtures compared to pure odorants (figure 1i). Nevertheless,
males deposited significantly more mixed marks in response to A + B secretions than to pure B secretions
(z = 2.00, p < 0.05; figure 1j).

Contrary to expectations, the findings from the synthetic experiment did not replicate those of the
natural experiment. Instead, lemurs responded the least to S, whether pure or mixed, fresh or decayed.
Although the males investigated A modestly more than A + S, in both the fresh (z = 1.62, p = 0.10;
figure 2a) and decayed (z = 1.77, p < 0.08, data not shown) conditions, there were no differences between
any of the odorants, whether fresh or decayed, in the males’ distribution of sniffing, licking, wrist
marking or mixed-marking behaviour (data not shown). Lastly, compared to their earlier responses to
B (in the natural experiment), subjects investigated S significantly less (z = −3.35, p < 0.001; figure 2b)
and tended to wrist mark less in response to S (z = −1.75, p = 0.08; data not shown).

4. Discussion
In this study of conspecific response to composite olfactory signals, focused on the male ring-tailed
lemur, we provide new evidence to support minimally two functions of scent mixing. Consistent with the
‘multiple-messages’ hypothesis [3,12], a mixture of two secretions often generated more responsiveness
(or interest) than did either of the pure secretions alone. Recipient responses revealed that composite
chemical signals probably function to increase the number of messages contained within a single scent
mark. That recipient preference for the mixture strengthened after the secretions had decayed also
supports the ‘fixative’ hypothesis [10,29,34,62], suggesting that, beyond contributing unique chemical
information, lemur B secretions help preserve lemur A secretions. This latter interpretation is also
supported by the pattern of recipient mixed countermarking to fresh and decayed signals. Although
squalene, a prevalent component of B secretions, might be a major fixing agent, the recipient males
overwhelmingly preferred natural secretions, regardless of their freshness, to those mixed with synthetic
squalene. Perhaps at the ‘dosage’ used, pure squalene became somewhat aversive. Based on these results,
we suggest that the mixing of low- and high-molecular weight compounds, respectively, contained in
lemur A and B secretions, serves dual functions, notably increasing the information content of composite
scent marks while also prolonging their longevity. Thus, the incorporation of multiple communicatory
elements in unimodal (and even multimodal) signals may serve several, concurrent functions, with
synergistic benefits.

Support for the ‘multiple-messages’ hypothesis might have been anticipated from the distinct
chemical properties of the pure forms of the lemurs’ two secretions [10] and the different responses
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they generated [61]. Given that males can deposit either pure A secretions or a mixture of A and B
secretions [6,43], these signals would be classified as both fluid and non-redundant [3,16]. That being
the case, it is unclear why male lemurs do not naturally deposit pure B secretions, particularly given
that they are not physically prohibited from doing so. Perhaps unlike A secretions, that function in
pure or mixed form, the unique messages contained in B secretions lack meaning or relevance if
uncoupled from the messages contained in A secretions. Therefore, particularly as suggested by the
mixed countermarking of respondents, the primary role of B secretions appears to be to modulate
A secretions.

Beyond providing additive (A + B) messages, the synergistic benefit of combining these chemical
elements also owes, presumably, to the properties of squalene, in support of the ‘fixative’ hypothesis.
Glandular tissue specialized in the production (or expression) of certain low-molecular-weight
compounds (as evidenced by the A organs) may lack the versatility necessary to also produce specific
high-molecular-weight compounds (and vice versa). The dramatic differences between the morphology
of A and B glands [56] and the chemical composition of their secretions [10] extend well beyond B’s
contribution of squalene. Perhaps synergism also derives from the additional modification of compounds
in mixed signals. With growing appreciation for the role of bacterial fermentation in odorant production
[34,66] and decay [39], we now recognize that unique communities of obligate or facultative anaerobic
microbes inhabit warm, moist scent glands and produce many of the chemical compounds (e.g. volatile
fatty acids: [67]) used by their hosts in olfactory signalling [68]. Once glandular secretions are deposited,
the bacteria shed may be exposed to different light, oxygen, temperature or pH conditions that could
influence their action. Likewise, new microbes could be introduced from the substrate marked, altering
the structure of the microbial communities within the deposited mark. Continued microbial action over
the lifetime of a deposited secretion could be responsible for signal longevity or specific patterns of
decay [39]. Lastly, the blending of multiple scent-gland microbiomes and their signature chemicals may
underlie the modulation of chemical information within composite olfactory signals.

Regarding the perception of odorants by signal recipients, most mammals have two distinct sets
of chemosensory neurons (located in the olfactory epithelium and in the vomeronasal organ) that,
respectively, process small, volatile chemicals versus larger, fluid-phase molecules [69,70]. The male
lemurs’ preferential sniffing (over licking) of fresh mixtures is consistent with the processing of
ephemeral, volatile information via the olfactory epithelium. Their preferential licking (over sniffing)
of decayed mixtures is consistent with the processing of enduring, non-volatile information [69,70] via
their functional vomeronasal organ [71]. Licking may also function to moisten dehydrated secretions and
release conserved volatile information.

Regarding scent-marking responses following odorant perception, countermarking is a common
response to deposited odorants that can produce olfactory collages, often positioned along territorial
boundaries (e.g. [52,72–78]). The various functions proposed for countermarking [79] include delineating
territorial boundaries, mediating intrasexual competition, advertising reproductive state and converging
on a group signature. Male ring-tailed lemurs routinely overmark the odorants of both sexes, potentially
indicating that countermarking serves both competitive and reproductive functions [6,45]. Our present
results are consistent with the competitive function of countermarking, but also illustrate how both
the age and composition of the signal may further modulate the recipient’s response. Notably, fresh,
but not decayed, mixtures, elicited the most recipient wrist marking, potentially reflecting perception
of (and response to) a ‘nearby’ intruder male. Once decayed, the mixtures may no longer represent
the same imminent threat. In a similar manner, mixed countermarks (or the subset of wrist marks
that were preceded by shoulder rubs) were most frequent in respondents encountering fresh A or
presumably preserved A (i.e. decayed A + B), perhaps suggesting that the greatest threats elicit the most
enduring competitive response. The inclusion of B secretions into scent countermarks could allow male
respondents to either alter the messages encoded (according to the ‘multiple-messages’ hypothesis) or
to alter the intended audience (according to the ‘fixative’ hypothesis). More broadly, short-lived signals
may be directed at nearby conspecifics or group members, whereas enduring signals may be directed at
non-group members that may eventually visit the composite marks. Thus, to mix or not to mix secretions
in response to competitive odorants may depend on the concurrent inter- and intra-group social contexts
[2], as inferred by the qualitative features of the marks encountered.

Wrist marking occurred far more frequently than did shoulder rubbing, perhaps because the greasy
secretions from a single shoulder rub are sufficient to affect multiple wrist marks. The scarcity with which
we observed genital marking in this study may have owed to our focus on male response to male odour:
because genital secretions contain salient information about mate quality [53–55], genital marking may
be more relevant to intersexual signalling than to competitive, intrasexual signalling. Tail marking, which
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occurs during ritualized ‘stink fights’ between males [43], may have been infrequently observed in this
study because it requires the physical presence, rather than the mere olfactory presence, of a competitor.

The incorporation of unimodal variation within multimodal signals is not unique to ring-
tailed lemurs. Many species create composite olfactory signals by combining scents from various
sources [73,80,81]. Mammalian chemical signals are often also multimodal, incorporating short-term
[7,36,78,82–86] or enduring [87–89] visual aspects (associated with the deposition of odorants in a
particular manner or locale) that draw the attention of nearby conspecifics [3,6]. Nevertheless, our
understanding of the flexibility with which, or the context in which, mammals include or exclude
elements remains limited. Future studies could profitably address the chemical consequences of odorant
mixing, the decay of individual and composite odorants, the chemical modulation of signals resulting
from repeated overmarking by single or multiple individuals and the bacterial mechanisms underlying
host chemical communication. Understanding conspecific response to temporal and compositional
variation likewise will be key for assessing signal function. By presenting evidence that mixing olfactory
signals can minimally serve two functions—increasing information and prolonging messages—we hope
to spur additional comparative investigations into the function of composite olfactory communication.

Ethics. The DLC is fully accredited by the American Association for the Accreditation of Laboratory Animal Care.
Animal care met with institutional guidelines and was in accordance with regulations of the United States Department
of Agriculture. Our research adhered to the American Society of Primatologists principles for the ethical treatment of
primates. Our research protocols were approved by the Research Committee of the DLC and by the Institutional
Animal Care and Use Committee of Duke University (protocol no. A171-09-06).
Data accessibility. The data are provided as electronic supplementary material, S2.
Authors’ contributions. C.M.D. conceived of and designed the study, with assistance from K.E.G. K.E.G., K.N.S., S.A.K.
and C.A.A. collected the data; L.K.G. analysed the data, and all authors interpreted the findings. L.K.G., K.E.G. and
C.M.D. wrote the manuscript. All authors approved the final version.
Competing interests. The authors declare no competing interests.
Funding. Funding for this study was provided by Duke University’s Undergraduate Research Support grants and by
the Duke Lemur Center’s Molly Glander Awards to S.A.K. and C.A.A. Support during analysis and write-up was
provided by the NSF (IOS-1021633 to C.M.D.).
Acknowledgements. We would like to thank the DLC staff and animal technicians for their assistance in facilitating our
research and for their expert care of the lemurs. We would like to especially thank Erin Ehmke, David Brewer and
Britt Keith for their help with odorant collection. This is DLC publication no. 1319.

References
1. Higham JP, Hebets EA. 2013 An introduction to

multimodal communication. Behav. Ecol. Sociobiol.
67, 1381–1388. (doi:10.1007/s00265-013-1590-x)

2. Hebets EA, Papaj DR. 2005 Complex signal function:
developing a framework of testable hypotheses.
Behav. Ecol. Sociobiol. 57, 197–214. (doi:10.1007/
s00265-004-0865-7)

3. Partan SR, Marler P. 2005 Issues in the classification
of multimodal communication signals. Am. Nat.
166, 231–245. (doi:10.1086/431246)

4. Hebets E. 2011 Current status and future directions
of research in complex signaling. Curr. Zool. 57, i–v.
(doi:10.1093/czoolo/57.2.i)

5. Partan SR. 2013 Ten unanswered questions in
multimodal communication. Behav. Ecol. Sociobiol.
67, 1523–1539. (doi:10.1007/s00265-013-1565-y)

6. Drea CM, Scordato ES. 2008 Olfactory
communication in the ringtailed lemur (Lemur
catta): form and function of multimodal signals. In
Chemical signals in vertebrates, vol. 11 (eds JL Hurst,
RJ Beynon, SC Roberts, T Wyatt), pp. 91–102. New
York, NY: Springer Press.

7. Bekoff M. 1979 Ground scratching by male domestic
dogs: a composite signal. J. Mammal. 60, 847–848.
(doi:10.2307/1380206)

8. Acquistapace P, Aquiloni L, Hazlett BA, Gherardi F.
2002 Multimodal communication in crayfish: sex
recognition during mate search by male

Austropotamobius pallipes. Can. J. Zool. 80,
2041–2045. (doi:10.1139/z02-171)

9. Müller-Schwarze D. 2006 Chemical ecology of
vertebrates. Cambridge, UK: Cambridge University
Press.

10. 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. (doi:10.1093/chemse/
bjm018)

11. Moller A, Pomiankowski A. 1993 Why have birds got
multiple sexual ornaments? Behav. Ecol. Sociobiol.
32, 167–176. (10.1007/BF00173774)

12. Johnstone RA. 1996 Multiple displays in animal
communication: ’backup signals’ and ’multiple
messages’. Phil. Trans. R. Soc. Lond. B 351,
329–338. (doi:10.1098/rstb.1996.0026)

13. Bro-Jørgensen J. 2010 Dynamics of multiple
signalling systems: animal communication in a
world in flux. Trends Ecol. Evol. 25, 292–300.
(doi:10.1016/j.tree.2009.11.003)

14. Preininger D, Boeckle M, Freudmann A, Starnberger
I, Sztatecsny M, Hödl W. 2013 Multimodal signaling
in the small torrent frog (Micrixalus saxicola) in a
complex acoustic environment. Behav. Ecol.
Sociobiol. 67, 1449–1456. (doi:10.1007/s00265-013-
1489-6)

15. McGurk H, MacDonald J. 1976 Hearing lips and
seeing voices. Nature 264, 746–748. (doi:10.1038/
264746a0)

16. Smith W. 1977 The behaviour of communicating: an
ethological approach. Cambridge, MA: Harvard
University Press.

17. Michelsen A, Andersen B, Storm J, Kirchner W,
Lindauer M. 1992 How honeybees perceive
communication dances, studied by means of a
mechanical model. Behav. Ecol. Sociobiol. 30,
143–150. (doi:10.1007/BF00166696)

18. Candolin U. 2003 The use of multiple cues in mate
choice. Biol. Rev. 78, 575–595. (doi:10.1017/S14647
93103006158)

19. Brooks R. 1996 Melanin as a visual signal amplifier
in male guppies. Naturwissenschaften 83, 39–41.
(doi:10.1007/BF01139310)

20. Hasson O. 1989 Amplifiers and the handicap
principle in sexual selection: a different emphasis.
Proc. R. Soc. Lond. B 235, 383–406. (doi:10.1098/
rspb.1989.0006)

21. Hölldobler B, Stanton RC, Markl H. 1978
Recruitment and food-retrieving behavior in
Novomessor (Formicidae, Hymenoptera). Behav.
Ecol. Sociobiol. 4, 183–216. (doi:10.1007/
BF00354978)

22. Schneider SS, Lewis LA. 2004 The vibration signal,
modulatory communication and the organization of

http://dx.doi.org/10.1007/s00265-013-1590-x
http://dx.doi.org/10.1007/s00265-004-0865-7
http://dx.doi.org/10.1007/s00265-004-0865-7
http://dx.doi.org/10.1086/431246
http://dx.doi.org/10.1093/czoolo/57.2.i
http://dx.doi.org/10.1007/s00265-013-1565-y
http://dx.doi.org/10.2307/1380206
http://dx.doi.org/10.1139/z02-171
http://dx.doi.org/10.1093/chemse/bjm018
http://dx.doi.org/10.1093/chemse/bjm018
http://dx.doi.org/10.1007/BF00173774
http://dx.doi.org/10.1098/rstb.1996.0026
http://dx.doi.org/10.1016/j.tree.2009.11.003
http://dx.doi.org/10.1007/s00265-013-1489-6
http://dx.doi.org/10.1007/s00265-013-1489-6
http://dx.doi.org/10.1038/264746a0
http://dx.doi.org/10.1038/264746a0
http://dx.doi.org/10.1007/BF00166696
http://dx.doi.org/10.1017/S1464793103006158
http://dx.doi.org/10.1017/S1464793103006158
http://dx.doi.org/10.1007/BF01139310
http://dx.doi.org/10.1098/rspb.1989.0006
http://dx.doi.org/10.1098/rspb.1989.0006
http://dx.doi.org/10.1007/BF00354978
http://dx.doi.org/10.1007/BF00354978


9

rsos.royalsocietypublishing.org
R.Soc.opensci.3:160076

................................................
labor in honey bees, Apis mellifera. Apidologie 35,
117–132. (doi:10.1051/apido:2004006)

23. Komura Y, Tamura R, Uwano T, Nishijo H, Ono T.
2005 Auditory thalamus integrates visual inputs
into behavioral gains. Nat. Neurosci. 8,1203–1209.
(doi:10.1038/nn1528)

24. Renoult JP, Schaefer HM, Sallé B, Charpentier MJ.
2011 The evolution of the multicoloured face of
mandrills: insights from the perceptual space of
colour vision. PLoS ONE 6, e0029117. (doi:10.1371/
journal.pone.0029117)

25. Scherer KR. 1985 Vocal affect signalling: a
comparative approach. Adv. Study Behav. 15,
189–244. (doi:10.1016/S0065-3454(08)60490-8)

26. Bartecki U, Heymann EW. 1990 Field observations
on scent-marking behaviour in saddle-back
tamarins, Saguinus fuscicollis (Callitrichidae,
Primates). J. Zool. 220, 87–99. (doi:10.1111/j.1469-
7998.1990.tb04295.x)

27. Byers JA. 1985 Olfaction-related behavior in collared
peccaries. Z. Tierpsychol. 70, 201–210. (doi:10.1111/j.
1439-0310.1985.tb00511.x)

28. Lazaro-Perea C, Snowdon CT, de Fátima Arruda M.
1999 Scent-marking behavior in wild groups of
commonmarmosets (Callithrix jacchus). Behav. Ecol.
Sociobiol. 46, 313–324. (doi:10.1007/s002650050625)

29. Rosell F. 2002 Do Eurasian beavers smear their
pelage with castoreum and anal gland secretion?
J. Chem. Ecol. 28, 1697–1701. (doi:10.1023/A:10199
54020963)

30. Steiner AL. 1974 Body-rubbing, marking, and other
scent-related behavior in some ground squirrels
(Sciuridae), a descriptive study. Can. J. Zool. 52,
889–906. (doi:10.1139/z74-120)

31. Hazlett BA. 1999 Responses to multiple chemical
cues by the crayfish Orconectes virilis. Behaviour
136, 161–178. (doi:10.1163/156853999501261)

32. Ferkin MH, Johnston RE. 1995 Meadow voles,
Microtus pennsylvanicus, use multiple sources of
scent for sex recognition. Anim. Behav. 49, 37–44.
(doi:10.1016/0003-3472(95)80151-0)

33. Howard RW, Blomquist GJ. 2005 Ecological,
behavioral, and biochemical aspects of insect
hydrocarbons. Annu. Rev. Entomol. 50, 371–393.
(doi:10.1146/annurev.ento.50.071803.130359)

34. Albone ES. 1984Mammalian semiochemistry: the
investigation of chemical signals between mammals.
New York, NY: Wiley.

35. Drea CM. 2015 D’scent of man: a comparative survey
of primate chemosignaling in relation to sex. Horm.
Behav. 68, 117–133. (doi:10.1016/j.yhbeh.
2014.08.001)

36. Mills M, Gorman M, Mills ME. 1980 The scent
marking behaviour of the brown hyaena Hyaena
brunnea. S. Afr. J. Zool. 15, 240–248.
(doi:10.1080/02541858.1980.11447718)

37. Buglass A, Darling F, Waterhouse J. 1990 Analysis of
the anal sac secretion of the Hyaenidae. In Chemical
signals in vertebrates 5 (eds DWMacdonald, D
Muller-Schwarze, SE Natynczuk), pp. 415–429.
New York, NY: Plenum Press.

38. Brennan PA, Kendrick KM. 2006 Mammalian social
odours: attraction and individual recognition. Phil.
Trans. R. Soc. B 361, 2061–2078. (doi:10.1098/rstb.
2006.1931)

39. Goodwin TE et al. 2012 Chemical signals of elephant
musth: temporal aspects of microbially-mediated
modifications. J. Chem. Ecol. 38, 81–87. (doi:10.1007/
s10886-011-0056-8)

40. Boulet M, Crawford JC, Charpentier MJE, Drea CM.
2010 Honest olfactory ornamentation in a
female-dominant primate. J. Evol. Biol. 23,
1558–1563. (doi:10.1111/j.1420-9101.2010.02007.x)

41. Drea CM, Boulet M, Delbarco-Trillo J, Greene LK,
Sacha CR, Goodwin TE, Dubay GR. 2013 The ‘secret’
in secretions: methodological considerations in
deciphering primate olfactory communication. Am.
J. Primatol. 75, 621–642. (doi:10.1002/ajp.22143)

42. Johnston RE. 2001 Neural mechanisms of
communication: from pheromones to mosaic
signals. In Chemical signals in vertebrates 9 (eds
A Marchlewska-Koj, JJ Lepri, D Muller-Schwarze),
pp. 61–67. New York, NY: Plenum Press.

43. Jolly A. 1966 Lemur behaviour. Columbia and Yale:
University Presses of Chicago.

44. Schilling A. 1974 A study of marking behaviour in
Lemur catta. In Prosimian biology (eds RD Martin,
GA Doyle, AC Walker), pp. 347–362. London, UK:
Duckworth.

45. Kappeler PM. 1998 To whom it may concern: the
transmission and function of chemical signals in
Lemur catta. Behav. Ecol. Sociobiol. 42, 411–421.
(doi:10.1007/s002650050455)

46. Palagi E, Telara S, Tarli SMB. 2004 Reproductive
strategies in Lemur catta: balance among sending,
receiving, and countermarking scent signals. Int. J.
Primatol. 25, 1019–1031. (doi:10.1023/B:IJOP.00000
43349.23082.c0)

47. Sauther ML, Sussman RW, Gould L. 1999 The
socioecology of the ringtailed lemur: thirty-five
years of research. Evol. Anthropol. Issues News Rev.
8, 120–132. (doi:10.1002/(SICI)1520-6505(1999)8:
4<120::AID-EVAN3>3.0.CO;2-O)

48. Mertl-Millhollen AS. 2006 Scent marking as
resource defense by female Lemur catta. Am. J.
Primatol. 68, 605–621. (doi:10.1002/ajp.20255)

49. Jolly A. 2012 Berenty Reserve, Madagascar: a long
time in a small space. In Long-term field studies of
primates (eds PM Kappeler, DP Watts), pp. 21–44.
Berlin, Germany: Springer.

50. Kappeler P. 1990 Female dominance in Lemur catta:
more than just female feeding priority? Folia
Primatol. 55, 92–95. (doi:10.1159/000156504)

51. Mertl-Millhollen AS. 2002 Tradition in Lemur catta
behavior at Berenty Reserve, Madagascar. Int. J.
Primatol. 21, 287–297. (doi:10.1023/A:1005429
621566)

52. Mertl-Millhollen AS. 1988 Olfactory demarcation of
territorial but not home range boundaries by Lemur
catta. Folia Primatol. 50, 175–187. (doi:10.1159/00015
6344)

53. 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. (doi:10.1186/1471-2148-9-281)

54. Charpentier MJE, Boulet M, Drea CM. 2008 Smelling
right: the scent of male lemurs advertises genetic
quality and relatedness.Mol. Ecol. 17, 3225–3233.
(doi:10.1111/j.1365-294X.2008.03831.x)

55. Charpentier MJE, Crawford JC, Boulet M, Drea CM.
2010 Message ‘scent’: lemurs detect the genetic
relatedness and quality of conspecifics via olfactory
cues. Anim Behav. 80, 101–108. (doi:10.1016/j.
anbehav.2010.04.005)

56. Montagna W, Yun JS. 1962 The skin of primates. X.
The skin of the ring-tailed Lemur (Lemur catta)
United States Public Health Service, RG-2125 (C12),
the Colgate-Palmolive Company, and

Chesebrough-Pond’s, Inc. Am. J. Phys Anthropol. 20,
95–117. (doi:10.1002/ajpa.1330200211)

57. Palagi E, Dapporto L. 2006 Beyond odor
discrimination: demonstrating individual
recognition by scent in Lemur catta. Chem. Senses
31, 437–443. (doi:10.1093/chemse/bjj048)

58. Gondra E, White BA. 1988 Squalane, water,
emollient, preservative, emulsifier. U.S. Patent No.
4,778,783.

59. Alberts AC. 1992 Constraints on the design of
chemical communication systems in terrestrial
vertebrates. Am. Nat. 139, S62–S89.
(doi:10.1086/285305)

60. Russell EM. 1985 The prototherians: order
Monotremata. In Social odours in mammals
(eds DWMacdonald, RE Brown), pp. 37–44. Oxford,
UK: Clarendon.

61. Scordato ES, Drea CM. 2007 Scents and sensibility:
information content of olfactory signals in the
ringtailed lemur, Lemur catta. Anim. Behav. 73,
301–314. (doi:10.1016/j.anbehav.2006.08.006)

62. Yarger RG, Smith III AB, Preti G, Epple G. 1977 The
major volatile constituents of the scent mark of a
South American primate Saguinus fuscicollis,
Callithricidae. J. Chem. Ecol. 3, 45–56. (doi:10.1007/
BF00988132)

63. Vaglio S, Minicozzi P, Romoli R, Boscaro F, Pieraccini
G, Moneti G, Moggi-Cecchi J. 2015 Sternal gland
scent-marking signals sex, age, rank, and group
identity in captive mandrills. Chem. Senses 41,
177–186. (doi:10.1093/chemse/bjv077)

64. Martin P, Bateson P. 1993Measuring behaviour: an
introductory guide. Cambridge, UK: Cambridge
University Press.

65. Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM.
2009Mixed effects models and extensions in ecology
with R. New York, NY: Springer.

66. Archie EA, Theis KR. 2011 Animal behaviour meets
microbial ecology. Anim. Behav. 82, 425–436.
(doi:10.1016/j.anbehav.2011.05.029)

67. Theis KR, Venkataraman A, Dycus JA, Koonter KD,
Schmitt-Matzen EN, Wagner AP, Holekamp KE,
Schmidt TM. 2013 Symbiotic bacteria appear to
mediate hyena social odors. Proc. Natl Acad.
Sci. USA 110, 19 832–19 837. (doi:10.1073/pnas.
1306477110)

68. Ezenwa VO, Williams AE. 2014 Microbes and animal
olfactory communication: where do we go from
here? BioEssays 36, 847–854. (doi:10.1002/bies.
201400016)

69. Buck LB. 2004 Olfactory receptors and odor coding
in mammals. Nutr. Rev. 62, S184–S188. (doi:10.1111/
j.1753-4887.2004.tb00097.x)

70. Wysocki CJ, Beauchamp GK, Reidinger RR,
Wellington JL. 1985 Access of large and nonvolatile
molecules to the vomeronasal organ of mammals
during social and feeding behaviors. J. Chem. Ecol.
11, 1147–1159. (doi:10.1007/BF01024105)

71. Smith TD, Muchlinski MN, Bhatnagar KP, Durham
EL, Bonar CJ, Burrows AM. 2015 The vomeronasal
organ of Lemur catta. Am. J. Primatol. 77, 229–238.
(doi:10.1002/ajp.22326)

72. Dröscher I, Kappeler P. 2014 Maintenance of
familiarity and social bonding via communal latrine
use in a solitary primate (Lepilemur leucopus).
Behav. Ecol. Sociobiol. 68, 2043–2058. (doi:10.1007/
s00265-014-1810-z)

73. Jordan NR. 2007 Scent-marking investment is
determined by sex and breeding status in meerkats.

http://dx.doi.org/10.1051/apido:2004006
http://dx.doi.org/10.1038/nn1528
http://dx.doi.org/10.1371/journal.pone.0029117
http://dx.doi.org/10.1371/journal.pone.0029117
http://dx.doi.org/10.1016/S0065-3454(08)60490-8
http://dx.doi.org/10.1111/j.1469-7998.1990.tb04295.x
http://dx.doi.org/10.1111/j.1469-7998.1990.tb04295.x
http://dx.doi.org/10.1111/j.1439-0310.1985.tb00511.x
http://dx.doi.org/10.1111/j.1439-0310.1985.tb00511.x
http://dx.doi.org/10.1007/s002650050625
http://dx.doi.org/10.1023/A:1019954020963
http://dx.doi.org/10.1023/A:1019954020963
http://dx.doi.org/10.1139/z74-120
http://dx.doi.org/10.1163/156853999501261
http://dx.doi.org/10.1016/0003-3472(95)80151-0
http://dx.doi.org/10.1146/annurev.ento.50.071803.130359
http://dx.doi.org/10.1016/j.yhbeh.2014.08.001
http://dx.doi.org/10.1016/j.yhbeh.2014.08.001
http://dx.doi.org/10.1080/02541858.1980.11447718
http://dx.doi.org/10.1098/rstb.2006.1931
http://dx.doi.org/10.1098/rstb.2006.1931
http://dx.doi.org/10.1007/s10886-011-0056-8
http://dx.doi.org/10.1007/s10886-011-0056-8
http://dx.doi.org/10.1111/j.1420-9101.2010.02007.x
http://dx.doi.org/10.1002/ajp.22143
http://dx.doi.org/10.1007/s002650050455
http://dx.doi.org/10.1023/B:IJOP.0000043349.23082.c0
http://dx.doi.org/10.1023/B:IJOP.0000043349.23082.c0
http://dx.doi.org/10.1002/(SICI)1520-6505(1999)8:4<120::AID-EVAN3>3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1520-6505(1999)8:4<120::AID-EVAN3>3.0.CO;2-O
http://dx.doi.org/10.1002/ajp.20255
http://dx.doi.org/10.1159/000156504
http://dx.doi.org/10.1023/A:1005429621566
http://dx.doi.org/10.1023/A:1005429621566
http://dx.doi.org/10.1159/000156344
http://dx.doi.org/10.1159/000156344
http://dx.doi.org/10.1186/1471-2148-9-281
http://dx.doi.org/10.1111/j.1365-294X.2008.03831.x
http://dx.doi.org/10.1016/j.anbehav.2010.04.005
http://dx.doi.org/10.1016/j.anbehav.2010.04.005
http://dx.doi.org/10.1002/ajpa.1330200211
http://dx.doi.org/10.1093/chemse/bjj048
http://dx.doi.org/10.1086/285305
http://dx.doi.org/10.1016/j.anbehav.2006.08.006
http://dx.doi.org/10.1007/BF00988132
http://dx.doi.org/10.1007/BF00988132
http://dx.doi.org/10.1093/chemse/bjv077
http://dx.doi.org/10.1016/j.anbehav.2011.05.029
http://dx.doi.org/10.1073/pnas.1306477110
http://dx.doi.org/10.1073/pnas.1306477110
http://dx.doi.org/10.1002/bies.201400016
http://dx.doi.org/10.1002/bies.201400016
http://dx.doi.org/10.1111/j.1753-4887.2004.tb00097.x
http://dx.doi.org/10.1111/j.1753-4887.2004.tb00097.x
http://dx.doi.org/10.1007/BF01024105
http://dx.doi.org/10.1002/ajp.22326
http://dx.doi.org/10.1007/s00265-014-1810-z
http://dx.doi.org/10.1007/s00265-014-1810-z


10

rsos.royalsocietypublishing.org
R.Soc.opensci.3:160076

................................................
Anim. Behav. 74, 531–540. (doi:10.1016/j.anbehav.
2006.12.015)

74. Jordan NR, Cherry MI, Manser MB. 2007 Latrine
distribution and patterns of use by wild meerkats:
implications for territory and mate defence. Anim.
Behav. 73, 613–622. (doi:10.1016/j.anbehav.2006.
06.010)

75. Roberts SC. 1997 Selection of scent-marking sites by
klipspringers (Oreotragus oreotragus). J. Zool. 243,
555–564. (doi:10.1111/j.1469-7998.1997.tb02801.x)

76. Rosell F, Bergan F, Parker H. 1998 Scent-marking in
the Eurasian beaver (Castor fiber) as a means of
territory defense. J. Chem. Ecol. 24, 207–219.
(doi:10.1023/A:1022524223435)

77. Johnston RE, Munver R, Tung C. 1995 Scent counter
marks: selective memory for the top scent by
golden hamsters. Anim. Behav. 49, 1435–1442.
(doi:10.1016/0003-3472(95)90064-0)

78. Leuchtenberger C, Mourão G. 2009 Scent-marking
of giant otter in the Southern Pantanal, Brazil.
Ethology 115, 210–216.
(doi:10.1111/j.1439-0310.2008.01607.x)

79. Ferkin MH, Pierce AA. 2007 Perspectives on
over-marking: is it good to be on top?

J. Ethol. 25, 107–116. (doi:10.1007/s10164-006-
0012-1)

80. Epple G. 1978 Studies on the nature of chemical
signals in scent marks and urine of Saguinus
fuscicollis (Callitricidae, primates). J. Chem. Ecol. 4,
383–394. (doi:10.1007/BF00989496)

81. Roper T, Shepherdson DJ, Davies JM. 1986 Scent
marking with faeces and anal secretion in the
European badger (Meles meles): seasonal and
spatial characteristics of latrine use in relation to
territoriality. Behaviour 97, 94–117. (doi:10.1163/
156853986X00333)

82. Allen JJ, Bekoff M, Crabtree RL. 1999 An
observational study of coyote (Canis latrans)
scent-marking and territoriality in Yellowstone
National Park. Ethology 105, 289–302. (doi:10.1046/
j.1439-0310.1999.00397.x)

83. Mertl-Millhollen AS, Goodmann PA, Klinghammer
E. 1986 Wolf scent marking with raised-leg
urination. Zoo Biol. 5, 7–20. (doi:10.1002/zoo.14300
50103)

84. Moran G, Sorensen L. 1986 Scent marking behavior
in a captive group of meerkats (Suricata suricatta).
J. Mammal. 67, 120–132. (doi:10.2307/1381008)

85. Sharpe LL, Jooste MM, Cherry MI. 2012 Handstand
scent marking in the dwarf mongoose (Helogale
parvula). Ethology 118, 575–583. (doi:10.1111/j.
1439-0310.2012.02045.x)

86. White AM, Swaisgood RR, Zhang H. 2002 The highs
and lows of chemical communication in giant
pandas (Ailuropoda melanoleuca): effect of scent
deposition height on signal discrimination. Behav.
Ecol. Sociobiol. 51, 519–529. (doi:10.1007/s00265-
002-0473-3)

87. Burst TL, Pelton MR. 1983 Black bear mark trees in
the Smoky Mountains. Bears Biol. Manag. 5, 45–53.
(doi:10.2307/3872519)

88. Powzyk JA. 1997 The socio-ecology of two sympatric
indriids: Propithecus diadema diadema and Indri
indri, a comparison of feeding strategies and their
possible repercussions on species-specific
behaviors. PhD dissertation, Duke University.

89. Stewart PD, MacDonald DW, Newman C, Tattersall
FH. 2002 Behavioural mechanisms of information
transmission and reception by badgers,Meles
meles, at latrines. Anim. Behav. 63, 999–1007.
(doi:10.1006/anbe.2001.1990)

http://dx.doi.org/10.1016/j.anbehav.2006.12.015
http://dx.doi.org/10.1016/j.anbehav.2006.12.015
http://dx.doi.org/10.1016/j.anbehav.2006.06.010
http://dx.doi.org/10.1016/j.anbehav.2006.06.010
http://dx.doi.org/10.1111/j.1469-7998.1997.tb02801.x
http://dx.doi.org/10.1023/A:1022524223435
http://dx.doi.org/10.1016/0003-3472(95)90064-0
http://dx.doi.org/10.1111/j.1439-0310.2008.01607.x
http://dx.doi.org/10.1007/s10164-006-0012-1
http://dx.doi.org/10.1007/s10164-006-0012-1
http://dx.doi.org/10.1007/BF00989496
http://dx.doi.org/10.1163/156853986X00333
http://dx.doi.org/10.1163/156853986X00333
http://dx.doi.org/10.1046/j.1439-0310.1999.00397.x
http://dx.doi.org/10.1046/j.1439-0310.1999.00397.x
http://dx.doi.org/10.1002/zoo.1430050103
http://dx.doi.org/10.1002/zoo.1430050103
http://dx.doi.org/10.2307/1381008
http://dx.doi.org/10.1111/j.1439-0310.2012.02045.x
http://dx.doi.org/10.1111/j.1439-0310.2012.02045.x
http://dx.doi.org/10.1007/s00265-002-0473-3
http://dx.doi.org/10.1007/s00265-002-0473-3
http://dx.doi.org/10.2307/3872519
http://dx.doi.org/10.1006/anbe.2001.1990

	Introduction
	Material and methods
	Subjects and housing
	Animal handling and odorant collection
	Experimental design
	Data collection
	Statistical analyses

	Results
	Discussion
	References

