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Abstract

Urine is involved in sexual communication in New World monkeys and lemurs, but most studies of
the role of olfaction in sexual communication in Old World monkeys have focused on vaginal
secretions rather than urine. We investigated whether female urine promotes male sexual behaviors
(approaches and inspections of genital area) in Japanese macaques (Macaca fuscata). We used a
sequential presentation paradigm in behavioral experiments, presenting unfamiliar female urine and
control cotton swabs to males living in a social group with cycling females. We tested whether males
(N=3) showed more processing behaviors (licking, sniffing, tasting) towards female urine (22 stimuli
per male from pre-fertile, fertile, and post-fertile phases, based on urinary estrone and progesterone
conjugate profiles) than control odor (8 stimuli per male). We then compared male sexual behaviors
towards resident females pre- and post-exposure to stimuli and in relation to the females’
reproductive status (peri-fertile, non-fertile, and pregnancy periods, based on fecal estrone and
progesterone conjugate profiles). We found that males showed significantly more processing
behaviors towards urine stimuli than to controls but that male behavior did not vary across urine
samples from pre-fertile, fertile, and post-fertile phases. Exposure to unfamiliar female urine stimuli
did not modulate male approaches to and inspections of resident females at any stage of the female
reproductive cycle. Although our study is limited by its small sample size, the results suggest that
female urine contains compounds that males detect, but we found no evidence that female urine is

related to male sexual behaviors.
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Introduction

Female primates display multiple sexual signals that contain information about reproductive status
and influence male sexual behaviors. Studies of fertility signaling have mostly focused on visual
(e.g., Dubuc et al. 2009; Higham et al. 2008; Nunn 1999), behavioral (e.g., Brauch et al. 2007,
Engelhardt et al. 2005; O’Neill et al. 2004), and auditory channels (e.g., Maestripieri et al. 2005;
Pfefferle et al. 2008; Pradhan et al. 2006). However, there is also evidence that odors are involved in
sexual communication in primates, with males investigating the female genital area and/or urine
(chacma baboons, Papio hamadryas ursinus: Clarke et al. 2009; pygmy marmoset, Cebuella
pygmaea: Converse et al. 1995; spider monkeys, Ateles belzebuth and Ateles geoffroyi: Klein 1971;
olive baboons, Papio anubis: Rigaill et al. 2013; gray mouse lemurs, Microcebus murinus: Schilling
1979) or showing behavioral responses such as flehmen after exposure to odors from cycling females
(mandrills, Mandrillus sphinx: Charpentier et al. 2013). Males thus might have access to some
odorant information about female reproductive status that could influence their sexual behaviors and
that they could use in mating decisions to concentrate their reproductive effort on the most
conceptive days of the cycle. Studies show evidence for a signaling function in female urine and
labial/vaginal secretions in human and non-human primates (ring-tailed lemurs, Lemur catta:
Crawford and Drea 2015; rhesus macaques, Macaca mulatta: Curtis et al. 1971; Michael et al. 1971,
chimpanzees, Pan troglodytes: Fox 1982; Matsumoto-Oda et al. 2003; humans, Homo sapiens:
Michael et al. 1974). Odors may therefore be critical elements in primate sexual communication;
female odors may play a larger role in the regulation of primate sexual behavior than is currently
recognized.

Most studies of the role of olfaction in sexual communication in Old World monkeys have
focused on vaginal secretions. Early studies identified some compounds named “copulins” in these
secretions, i.e. volatile fatty acids such as acetic, propanoic, methylpropanoic, butanoic, and
methylbutanoic acids (Curtis et al. 1971; Michael et al. 1971; Michael and Keverne 1970). The
production of these compounds is enhanced by estrogen stimulation and suppressed by progesterone,
suggesting that they are linked to the menstrual cycle and may have a role in fertility signaling.
Studies of humans and stump-tailed macaques (Macaca arctoides) found that male testosterone and
cortisol concentrations increased after exposure to female vaginal odors from the peri-ovulatory
period (stump-tailed macaques: Cerda-Molina et al. 2006; humans: Cerda-Molina et al. 2013).
Moreover, exposure to vaginal secretions from the most conceptive period of the cycle promotes
male inspections of female genital area in stump-tailed (Cerda-Molina et al. 2006) and rhesus
macaques (Michael and Keverne 1970; Michael and Zumpe 1982), although another study of rhesus
macaques could not replicate those results (Goldfoot et al. 1976). The studies of rhesus macaques
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involved ovariectomized, androgen-treated females and used pairs of individuals housed alone. The
use of reproductively inactive but hormonally stimulated females (to promote female proceptive
behaviors) might produce results that are not representative of natural fertility signaling and mating
choices. Furthermore, although vaginal secretions seem to play a role in the multimodal framework
of reproductive signaling in Old World monkeys, it is likely that males have access to other
information through inspections of genital area, such as urine odor.

Female urine has been hypothesized to play a role in sexual communication in several New
World monkey species, with males directing more inspections of female genital area and of female
urine scent-marks during the mating season (squirrel monkeys, Saimiri sciureus: Hennessy et al.
1978; woolly spider monkeys, Brachyteles arachnoides: Milton 1985; Muriqui sp.: Nishimura et al.
1988; tufted capuchins, Cebus apella: Phillips et al. 2011; Ueno 1994). Captive male marmosets
responded more to urine scent-marks from ovulatory females compared to ovariectomized ones
(marmosets, Callithrix jacchus: Ferris et al. 2001). Similarly, studies reported urine-related behaviors
in sexual context have been also reported in several strepsirrhine, such as greater galagos (Galago
crassicaudatus crassicaudatus: Eaton et al. 1973), ring-tailed lemurs (Evans and Goy 1968;
Reynolds and VVan Horn 1977) and ruffed lemurs (Varecia variegata: Foerg 1982; Lemur variegatus:
Shideler et al. 1983). To our knowledge, no studies have investigated the potential role of female
urine on male sexual behaviors in Old World monkeys.

Japanese macaques (Macaca fuscata) live in multi-male multi-female groups. In this seasonal
species, mating and conception occur during the coldest months of winter (Fooden and Aimi 2003),
which are often associated with the lowest food availability and variety (Go 2009; Hill 1997;
Iwamoto 1982; Nakagawa 1989). The high energetic costs (thermoregulation and reproductive costs,
see Garcia et al. 2011) associated with seasonality might have modulated the expression of fertility
signaling to avoid wasting energy on non-reproductive mating (i.e., mating outside the fertile phase).
Sexual signals (proceptive behaviors, estrous calls, and face color) in female Japanese macaques
convey broad information about female reproductive status (cycling vs. pregnancy, Rigaill et al.
2015), but they do not pinpoint the timing of ovulation as their expression does not vary between the
pre-fertile, fertile and post-fertile phases (behaviors and vocalizations, Garcia et al. 2009). Males are
nevertheless able to focus their reproductive effort on the most conceptive days of the cycle (in
captivity see Garcia et al. 2009; O'Neill et al. 2004) and refrain from mating with pregnant females
(Rigaill et al. 2015) which suggests that they might use other female signals. Captive and free-
ranging females produce a strong odor (perceptible to humans) during periods of high sexual activity
and males frequently inspect the female genital area during the mating season (Garcia et al. 2009). It

is therefore possible that female odors (urine and/or vaginal secretions) modulate male sexual arousal
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or contain information about the probability of ovulation that males could detect; and olfactory
signaling might be a crucial element of the Japanese macaque sexual communication.

We tested the hypothesis that female urine odor stimulates male sexual arousal or contains
information about the probability of ovulation, which ultimately modulates the expression of male
sexual behaviors (i.e. approaches and inspections of genital area) towards females in Japanese
macaques. We predicted that (a) males should show more processing behaviors (sniffing, licking,
and tasting the odor stimuli) toward urine than control stimuli, and (b) male processing behaviors
should vary with the reproductive state of the urine donor with an increase after exposure to urine
from the most fertile days of the menstrual cycle relative to the pre- and post-fertile phases. Then, (c)
if urine odor modulates male sexual arousal or is related to female reproductive state, male sexual
behaviors (i.e. approaches and inspections of genital area) should be greater after exposure to urine
compared with control stimuli, and finally (d) male sexual behaviors should vary with the
reproductive state of the donor with males displaying more sexual behaviors after exposure to odors

from the fertile phase than to other phases of the menstrual cycle.

Methods

Ethical Note

We carried out our study in captivity using non-invasive methods. The Center for Human Evolution
Modeling Research of the Primate Research Institute reviewed and approved our research protocol in
agreement with the Guidelines for the Care and Use of Nonhuman Primates of the Kyoto University

Primate Research Institute.

Subjects and housing

We conducted our study during the 2015-2016 mating season, from early October to late January,
using a captive population of Japanese macaques living in a 1210 m? outdoor enclosure at the
Primate Research Institute of Kyoto University (Inuyama, Japan). Individuals in this group (Wakasa
group) are habituated to humans and easily identifiable through facial tattoos. Animals were fed
twice daily between 09:30h and 10:30h and between 15:00h and 15:30h. Water was supplied ad
libitum. The group was composed of 37 individuals consisting of 6 adult males (10.0 + SD 4.4 years
old, range = 6-18) and 7 sexually immature males (2.5 + SD 1.4 years old, range = 1-5), 12 adult
females (9.3 = SD 2.9 years old, range = 6-16) and 9 sexually immature females (2.0 + SD 1.3 years
old, range = 1-4), and 3 infants less than 1 year old. Three adult females did not resume cycling at
the beginning of the study and were therefore not included for behavioral analyses. We initially

selected all adult and sexually active males for the study, but three males were later removed from
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the experimental protocol (see below) limiting our sample size to 3 adult males (male A: 12 years

old, rank number 2; male B: 7 years old, rank number 4; male C: 6 years old, rank number 5).

Collection of urine and fecal samples

Due to logistical limitations (e.g., concrete surface, possibility of contamination), we were unable to
collect urine from females living in the social group with the focal males so we collected urine from
unfamiliar donor females. This reduces potential confounding factors related to familiarity which
could affect male response to odor stimuli such as past experience and mate preferences. We
collected urine samples during the previous mating season between November 2014 and late January
2015 from five adult and cycling donor females (12.2 + SD 3.0 years old, range = 8-16 years) housed
in individual cages at the Primate Research Institute. We placed a plastic container under the
females’ individual cages, and covered it with mesh to prevent contamination from feces. We
collected urine samples every two days (except during menstruation) between 08:30h and 11:00h,
directly after micturition. We stored the samples in glass vials at -80°C to prevent chemical
degradation of the volatile compounds (Drea et al. 2013). In parallel, we kept a fraction of urine
samples at -20°C for hormonal analyses to determine female reproductive status. We followed the
females during two consecutive cycles and collected 169 samples (mean per female = 33.8 £ SD 6.7
samples).

To determine the reproductive status of the resident females housed with the focal males, we
collected 275 fecal samples from the nine cycling females (mean per female = 30.56 + SD 6.06 fecal
samples, range = 18-38). We collected fecal samples mainly between 8:00 AM and 12:00 PM, as
well as opportunistically when defecation was observed. We collected the fecal samples in their
entirety immediately after voiding; we bagged, labeled, and placed them on ice packs inside a
container until transfer to a freezer 0-2 hours later. We maximized our effort to collect samples
every two to three days to assess the ovarian cycle (Hodges and Heistermann 2011). All samples

were kept at -20°C until processing.

Determination of ovulation dates and cycle phases for urine and fecal samples
We analyzed urine and fecal samples for estrone conjugates (E;C) and pregnanediol-3-glucuronide
(PdG) using previously described and validated enzyme immunoassays (EIA) (Fujita et al. 2001;
Shimizu et al. 2003).

We thawed and centrifuged (3000 rpm, 5 min, Hitachi koki, himac CT13R) frozen urine
samples (from donor females). We diluted the supernatant between 1:20 and 1:50 for E;C and

between 1:1 and 1:10 for PdG assays. We shook 0.25g of dry feces (from resident females) with 2.5
5
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ml of modified phosphate buffer (0.1 M, pH 7.0, 0.1% BSA with 0.05% tween-20) at room
temperature for 24 hr, and then centrifuged (3000 rpm, 10 min, Hitachi koki, himac CF7F2). We
decanted the supernatant into clean tubes and discarded the residual pellet. We used fifty microliters
of urine and solubilized fecal samples for PdG and E;C EIA, using pregnanediol-3-glucuronide-BSA
antibody and estrone-3-glucuronide-BSA antibody (Cosmo, FKA334E and FKA224E, Japan). We
calculated the PdG and E;C concentrations for each sample by fitting the absorbance of the standard
curve using a curve-fitting program (LS-PLATE manager 2004, Wako Pure Chemical Industries,
Japan). We conducted dose response and parallelism tests to assess the validity of the assays.
Recovery of known amounts of E;C standards to urine and fecal samples was 95.0 + 13.0 % and
108.0 = 7.5 % (mean £ SD) respectively. Recovery of known amounts of PdG standards to urine and
fecal samples was 113.0 + 18 % and 119.1 £ 26.6 % (mean £ SD) respectively. Serial dilutions of
fecal and urine extracts showed that the slopes generated from the serially diluted samples were not
statistically different from the slope of the standard curve of E;C and PdG (ANCOVA, range of P
values > 0.1). The E;C assay had a sensitivity of 0.05-0.70 ng/ml with an intra-assay coefficient of
variation (CV) of 5.09 % and inter-assay CV of 4.70% for urine samples. The PdG assay had a
sensitivity of 0.03-0.61 pg/ml with an intra-assay CV of 5.38% and inter-assay CV of 2.61% for
fecal samples. We indexed all urine samples by creatinine to compensate for variations in individual
urine sample concentration (Taussky 1954). We used fifty microliters of urine, sodium hydroxide
and picric acid for creatinine assays. We determined the dilution factors of the urine samples
beforehand so that creatinine concentrations were in the range of creatinine standards. We calculated
the creatinine concentrations for each sample by fitting the absorbance of the standard curve using a
curve-fitting program (LS-PLATE manager 2004, Wako Pure Chemical Industries, Japan).

To determine the presumed days of ovulation of the donor females, we used urinary E;C
profiles following a previous study of hormonal profiles in Japanese macaques which reported that
ovulation occurs one day after the urinary E;C peak (Fujita et al. 2001). With the exception of one
abnormal cycle, we used data from 2 consecutive cycles per donor female. We defined the fertile
phase as the 5-day period covering the three preceding days before the urinary E;C peak, and the 2
following days to account for the life span of sperm in the female tract (macaques: Behboodi et al.
1991). We defined the pre-fertile and the post-fertile phases as the 5 days preceding and following
the fertile phase (Heistermann et al. 2007). To determine the presumed days of ovulation of the
resident females, as well as possible pregnancy, we used the fecal PdG profiles (details in Rigaill et
al. 2015). Since fecal collection was not conducted daily, PdG profiles provided a better assessment
of the reproductive cycle and ovulation date than E1C profiles (e.g. higher possibility of not

detecting E1C peak). We determined hormonal profiles for eight of the resident females, and seven
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females got pregnant during the study period. During the study period, resident females went through
all different stages of their reproductive cycle (i.e. pregnancy, pre-fertile, fertile, post-fertile, and
non-fertile periods). To compare reproductive periods of similar lengths, we categorized the resident
females as in their peri-fertile period (covering the pre-fertile, fertile, and post-fertile phases), non-

fertile period (outside the peri-fertile period), and pregnancy.

Experimental protocol and behavioral observations

LR conducted all behavioral experiments. Following the ethical guidelines for the Care and Use of
Nonhuman Primates of the Kyoto University Primate Research Institute, the experimenter conducted
the experiments and observations inside the enclosure (from Monday to Friday between 08:30h and
16:00h) wearing authorized field clothes and hat, facial mask, and plastic gloves. There were no
physical interactions between the animals and the experimenter.

We used all urine samples corresponding to the pre-fertile, fertile and post-fertile phases as
urine stimuli for the experiments in the enclosure, leading to a total of 66 samples (pre-fertile phase:
N = 24, mean per female = 4.8 = SD 1.6 samples; fertile phase N = 18, mean per female = 3.6 + SD
0.6 samples; post-fertile phase: N = 24, mean per female = 4.8 £ SD 1.8 samples). We restricted the
data set to a small part of the follicular and luteal phases and we thereby conducted a more stringent
test than if we had included the whole cycle or the whole luteal phase.

Prior to the beginning of the experiments in the enclosure, we habituated all males (N = 6) to
a control stimulus (neutral odor) over three weeks. Five days per week, the same familiar
experimenter entered the enclosure and presented one sterile cotton-swab (with wooden sticks)
soaked in 1 ml of distilled water to each male, resulting to the exposure to 15 swabs per male over
three weeks. At the end of this habituation phase, we excluded three males who did not interact with
the swab. We tested the three remaining males each for 22 urine stimuli, i.e. cotton-swabs soaked in
1 ml of urine (pre-fertile phase N = 8, fertile phase N = 6, post-fertile phase N = 8), and 6 control
swabs (to allow comparable analyses with the different cycle phases) soaked in 1 ml of distilled
water.

To answer our research question, i.e. whether female urine influences male processing and
sexual behaviors (approaches and inspections of female genital area), we used a sequential
presentation, i.e. presenting one odor stimulus per male for each experimental session. We tested
males between 2 and 4 times per week depending on weather conditions (i.e. experiments were not
carried out on rainy days to prevent from confounding factors linked to weather conditions that
might affect odor detection) and on male accessibility; because samples could only be used during

one session, when males were not accessible (i.e. engaged in social interactions or physically not
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accessible) or did not grab the swab after several trials, we ended the experiment. We conducted
behavioral experiments from Monday to Friday, outside feeding time, and we balanced between
morning (08:30h to 11:30h) and afternoon sessions (13:00h to 15:30h). Before beginning the
experiments, we randomized the order of stimuli presentation so that each male had access to swabs
from different phases of different female donors, and we randomized between control and urine
stimuli throughout the experimental period. We presented stimuli only once (i.e. different males
never had access to the same sample) to limit pseudo-replication in exposure to odors. We placed
urine samples at -20 °C on the night preceding the experiment, and brought the samples in a cooler
box inside the enclosure just before the beginning of the experiment. We prepared swabs inside the
enclosure (i.e. soaked in 1 ml of urine or distilled water) before exposure to males.

The behavioral experiments consisted of three phases: 1) a first 30-min focal sample of the
focal male, 2) the exposure of the focal male to a stimulus, and 3) a second 30-min focal sample of
the focal male. During the focal sample (Altmann 1974), we recorded all socio-sexual behaviors (e.g.
mounts, holding behaviors, and grooming bouts) with a particular focus on approaches and
inspections of female genital area, i.e. deliberate placing of the nostrils within 5 cm of a female’s
genital area directed by the male toward any resident female in the social group. We recorded
interactions between the focal male and females per dyad to later control for the reproductive status
of the resident females. We used male sexual behaviors directed toward resident females as a proxy
to estimate male sexual arousal. We used the first 30-min focal sample to assess the baseline level of
male sexual behaviors displayed naturally toward resident cycling females on that day. Within the 15
minutes following the end of the first 30-min focal sample, we gave to the focal male either a control
or a urine stimulus. We recorded any processing behavior (sniffing, licking, and tasting i.e. putting
the swab in the mouth without eating it) directed by the focal male toward the swab within the 1-min
exposure as a proxy for male interest. Male inspections of the female genital area generally last for
less than 30 s in Japanese macaques; making the 1-min exposure to the odor stimulus (female urine)
a good proxy to test the possible effect of female odor on male perception and behavior. We allowed
males to keep the swab after they grabbed it and to continue processing it. If the focal male rejected
the swab without interacting with it, we considered that the focal male was not exposed to the
stimulus (urine or control) and tried to give him another swab. If the focal male was engaged in
social or sexual interactions with other individuals, we waited until the end of the interaction to give
him the swab. We conducted the second 30-min behavioral observation at the end of the 1-minute
exposure. In total, we tested 53 urine and 18 control stimuli (see Table 1).
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Table 1. Number of successful trials exposing three male Japanese macaques to odor and control
stimuli at the Primate Research Institute, Inuyama, Japan (data from October 2015 to January 2016).
(males A to C: from highest to lowest dominance rank)

% (Number of trials with males taking the swab / total number of presentations)*100

Stimuli Male A Male B Male C
Control stimuli 6 6 6
Pre-fertile phase 5 8 7
Fertile phase 3 5 5
Post-fertile phase 5 7 8
Total 19 26 26
Rate of success® 70.37 % 92.86 % 92.86 %

Statistical analyses

We could not analyze variation in male holding behaviors and mounts due to infrequency of
occurrence during focal observations. Because of the small sample size, we could not assess the
effect of male dominance rank or age. We used the gimmadmb and ImerTest packages (Bates et al.
2015; Fournier et al. 2012; Skaug et al. 2014) in R to fit the models in a series of generalized linear
mixed-effect models (GLMMSs) with negative binomial distributions for “processing behaviors”,
“approaches”, and “inspections” variables. We accounted for temporal variation and pseudo-
replication by using the date on which the experiment was conducted in all models.

To determine whether male processing behaviors vary (a) between urine and control stimuli
and (b) with respect to female donor reproductive status, we compared the number of processing
behaviors (sum of 3 behaviors: sniffing, licking, and tasting the swab) displayed by the focal male
(within the 1-min exposure to the stimuli) after exposure to urine (pre-fertile, fertile, post-fertile
phases) or control stimuli. We included the type of stimuli as a predictor variable (4 levels: pre-
fertile, fertile, post-fertile phases, and controls). We added the identity of the focal male and the
identity of the female donor as crossed random effects. We compared the fitted model via a
likelihood ratio test (LRT) with a null model in which all predictor variables were removed but the
random effects structure was maintained.

To determine whether male approaches and inspections toward resident females vary (c) after
exposure to urine vs. control stimuli and (d) with respect to female donor reproductive status, we
compared the occurrence of approaches and inspections displayed by the focal male toward each

resident female (i.e. per dyad) between the pre- and post-exposure phases. We included in the models
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the exposure (2 levels: before and after exposure) and the reproductive status (3 levels: peri-fertile,
non-fertile, and pregnancy periods) of the resident female for each dyad as predictor variables. We
added the identity of the dyad (i.e. focal male and resident female) as crossed random effects. We
compared the fitted models via a LRT with their respective null models. If the models revealed that
male approaches or inspections differed between pre- and post-exposure to stimuli, we then
investigated the post-exposure period separately. For these models, along with the reproductive
status of the resident females for each dyad, we included the type of stimuli (4 levels: pre-fertile,
fertile, post-fertile phases, and controls) as predictor variables and tested for interactions between
donor and resident female reproductive status (i.e., do males exposed to urine from fertile phase
respond more strongly toward resident females in their peri-fertile period?).

We ensured that all relevant model assumptions were met by visually inspecting histograms
of the residuals and plots of the residuals against fitted values. Finally, because this statistical
approach forces comparisons of all categorical predictor levels against a baseline intercept term (i.e.
controls for urine, peri-fertile period for resident female reproductive status), we re-categorised the
baseline intercept term to compare all levels. This approach had no effect on other model parameters.
We report all parameter estimates with 95% confidence intervals.

Results

Variation in male processing behaviors depended on the stimulus type (LRT: %2 = 8.44, Adf = 3,
Aloglik = 4.22, P = 0.038). Males displayed significantly more processing behaviors (i.e. sniffing,
licking, and tasting) toward urine stimuli than to control stimuli (Figure 1 and Table 2). In contrast,
we found no significant differences in the occurrence of processing behaviors between cycle phases,
with no increase in those behaviors after exposure to urine stimuli from the fertile phase vs. pre- and

post-fertile phases (Table 2).

Table 2. Results of a GLMM testing the influence of stimulus type on the number of processing
behaviors (i.e. sniffing, licking, and tasting) of three male Japanese macaques towards a swab during
a 1-min exposure at the Primate Research Institute, Inuyama, Japan (data from October 2015 to
January 2016).

10
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Lower confidence interval; Std. P

Predictors Estimate z

Upper confidence interval Error >z)
Control vs. pre-fertile 1.077 0.28; 1.88 0.407 2.64 0.008
Control vs. fertile 1.141 0.30; 1.99 0.430 2.65 0.008
Control vs. post-fertile 0.869 0.05; 1.69 0.420 207 0.038
Fertile vs. pre-fertile -0.065 -0.68; 0.55 0.315 -0.20 0.838
Fertile vs. post-fertile -0.273 -0.92; 0.38 0.331 -0.82 0.410
Post-fertile vs. pre-fertile  0.208 -0.38; 0.80 0.301 0.69 0.489

Figure 1. Number of processing behaviors during a 1-min exposure to odor stimuli in three male
Japanese macaques at the Primate Research Institute, Inuyama, Japan (data from October 2015 to
January 2016). Plots show the median (black horizontal line), the first and third quartiles (top and
bottom of the box), and the maximum and minimum (top and lower whiskers) number of behaviors
displayed. P values were generated by GLMMs. NS indicates non significant results at the 0.05
probability level

NS

N
1

—_

Number of processing behaviors

‘ AllP <005

Control Prefertile phase Fertile phase Postfertile phase
Type of stimuli

11



343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

360
361
362
363
364

We used a total of 376 approaches (183 before exposure and 193 after exposure) and 71
inspections of female genital area (32 before exposure and 39 after exposure) to analyze variation in
male sexual behaviors. The fitted model explaining the number of male approaches outperformed its
respective null model (LRT: x2 = 17.50, Adf = 3, Aloglik = 8.75, P < 0.001). Males approached
females significantly fewer times during pregnancy compared to the peri-fertile and non-fertile
periods, but there were no statistical differences in the occurrence of male approaches between the
peri-fertile and non-fertile periods (Tables 3 and 4). Exposure to odor stimuli did not modulate male
approaches toward females (Table 3). The fitted model of male inspections did not outperform its
respective null model (LRT: 2 = 1.33, Adf = 3, Aloglik = 0.66, P = 0.721). Since the statistical
analyses suggested that male approaches and inspections did not vary after exposure to stimuli, we
did not investigate the effect of urine (pre-fertile, fertile, and post-fertile phases) vs. control stimuli

on these behaviors further.

Table 3. Results of a GLMM testing the influence of exposure to donor female urine and resident
female reproductive status in the number of approaches toward resident females of three male
Japanese macaques at the Primate Research Institute, Inuyama, Japan (data from October 2015 to
January 2016).

Predictors Estimate Lower confidence interval; Std. Error y4 P (>|z|)

Upper confidence interval
Exposure 0.133 -0.23; 0.49 0.185 0.72 0.471

Peri-fertile vs.

) -0.586 -1.28; 0.11 0.353 -1.66 0.097
non-fertile
Peri-fertile vs.
-1.394 -2.02; -0.77 0.321 -4.34 <0.001
pregnancy
Non-fertile vs.
-0.808 -1.58; -0.04 0.393 -2.06 0.040

pregnancy
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Table 4. Male approaches toward female genital area in relation to the reproductive status of resident
female Japanese macaques at the Primate Research Institute, Inuyama, Japan (data from October
2015 to January 2016).

Mean £ SD number of approaches

during 30-min focal sample

Female reproductive status Pre-exposure Post-exposure
Non-fertile period 0.38 £ 1.67 0.58 £2.10
Peri-fertile period 0.80+2.15 0.66 +1.88
Pregnancy period 0.22+£0.74 0.24 £ 0.79

Discussion
Our results did not fully support our hypothesis that female urine odor stimulates male sexual
arousal. We found that males showed more processing behaviors after exposure to female urine
stimuli than to control stimuli, which suggests that female urine contains olfactory and/or gustative
compounds that might have triggered their interest. However, male sexual behaviors (approaches,
inspections of female genital area) did not increase in response to exposure to female odors,
suggesting that among the olfactory and/or gustatory compounds that males could detect in female
urine, none stimulated their sexual arousal, or that urine alone is not sufficient to promote male
sexual behaviors. We did not find evidence that males could have information about the probability
of ovulation through female urine odor as males did not display more processing behaviors towards
odor from the most fertile days of the menstrual cycle than to pre- and post-fertile phases. We cannot
rule out the possibility that males did not respond to urine odor because the source (i.e., the donor
female) of the stimuli was unknown which could have affect the signal relevance. Indeed, in some
mammal species, urine contains compounds involved in individual recognition mechanisms
(Johnston et al. 1993; Hurst et al. 2001) and studies found evidence for volatile markers (in scent-
marks and gland secretions) of identity in primates (Setchell et al. 2010; Smith 2006; Vaglio et al.
2016). To fully interpret our results, future studies should focus on the chemical analyses of urine
composition (volatile compounds, reviewed in Drea 2015) in relation to female chemosignature and
reproductive state to better understand the possible role of urine in individual recognition and in the
modulation of male sexual behaviors in Japanese macaques.

Besides female urine odor, males may access other information through close inspection of

female genital area, i.e. vaginal secretions and sperm remains. VVaginal secretions of human and some

13



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

non-human primate species contain volatile fatty acids (rhesus macaques: Curtis et al. 1971; Keverne
and Michael 1971; chimpanzees: Fox 1982; Matsumoto-Oda et al. 2003; humans: Michael et al.
1974) that elicit male behavioral (stump-tailed macaques: Cerda-Molina et al. 2006; rhesus
macaques: Michael and Keverne 1970; Michael and Zumpe 1982) and endocrinological responses
(stump-tailed macaques: Cerda-Molina et al. 2006; humans: Cerda-Molina et al. 2013). In Japanese
macaques, both female cervical mucus and vaginal scent increase during the follicular phase of the
menstrual cycle (Enomoto 1974; Nigi 1975), this suggests that males may be inspecting for
information contained in vaginal odors (but not urine). Males might also inspect females for
information about previous copulations. In several primate species, including Japanese macaques,
sperm plugs or sperm remaining in the female vagina or in the genital area after ejaculation are
visible from a distance (Dixson and Anderson 2002). There are several hypotheses for the physical
functions of sperm plugs, such as forming a physical barrier to future inseminations, preventing
sperm leakage and facilitating sperm release into the female reproductive tract (Voss 1979). Sperm
remains and/or plugs are more likely to occur in species with multi-male multi-female mating
systems (Dixson 1998; Parga 2003) and therefore they have been hypothesized to play a crucial role
in male-male competition. If males can assess the occurrence of previous copulations (sperm
remains) and simultaneously discriminate female reproductive status (vaginal secretions) through
visual, tactile, and/or olfactory cues, they might efficiently time their mating effort and maximize
their chance of siring, while females might gain benefits by promoting sperm and male-male
competition. Further studies compiling behavioral data (e.g. relationship between male copulations
and inspections of females), experiments to test signal perception (e.g. testing whether males can
discriminate individual identity in urine samples), and chemical analyses for signal content (e.g.
volatile fatty acids, identity markers in urine and vaginal secretions) are needed to better understand
the role of female odors in male and female mating strategies in Japanese macaques.

Data availability
The datasets analyzed in this study are available from the corresponding author on reasonable

request.

Acknowledgments

We thank the members of the Social Systems Section of the Primate Research Institute of Kyoto
University for their help with the experiments. Thanks to Prof. Ikuma Adachi for helpful comments
on the design of the study protocol. We also thank Prof. Phyllis Lee, Prof. Fred Bercovitch, Prof.

Joanna Setchell, and two anonymous reviewers for their comments on the manuscript. This work was

14



426
427
428
429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

supported by the Centre National de la Recherche Scientifique (France), Projet International de
Coopération Scientifique (grant number 06274, to C Garcia), and the Japan Society for the
Promotion of Science (to L Rigaill).

References

Altmann, J. (1974). Observational study of behavior: sampling methods. Behaviour, 49(3), 227-267.

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using
Ime4. Journal of Statistical Software, 67(1). doi:10.18637/jss.v067.101

Behboodi, E., Katz, D., Samuels, S., Tell, L., Hendrickx, A., & Lasley, B. (1991). The use of a
urinary estrone conjugates assay for detection of optimal mating time in the cynomolgus
macaque (Macaca fascicularis). Journal of medical primatology, 20(5), 229-234.

Brauch, K., Pfefferle, D., Hodges, K., Mohle, U., Fischer, J., & Heistermann, M. (2007). Female
sexual behavior and sexual swelling size as potential cues for males to discern the female
fertile phase in free-ranging Barbary macaques (Macaca sylvanus) of Gibraltar. Hormones
and behavior, 52(3), 375-383. doi:10.1016/j.yhbeh.2007.06.001

Cerda-Molina, A. L., Hernandez-Ldpez, L., Chavira, R., Cardenas, M., Paez-Ponce, D., Cervantes-
De la Luz, H., & Mondragon-Ceballos, R. (2006). Endocrine changes in male stumptailed
macaques (Macaca arctoides) as a response to odor stimulation with vaginal secretions.
Hormones and behavior, 49(1), 81-87. doi:10.1016/j.yhbeh.2005.04.014

Cerda-Molina, A. L., Hernandez-Lépez, L., de la O, C. E., Chavira-Ramirez, R., & Mondragon-
Ceballos, R. (2013). Changes in men’s salivary testosterone and cortisol levels, and in sexual
desire after smelling female axillary and vulvar scents. Frontiers in Endocrinology, 4, 159.
doi:10.3389/fend0.2013.00159

Cerda-Molina, A. L., Hernandez-L6pez, L., Rojas-Maya, S., Murcia-Mejia, C., & Mondragdn-
Ceballos, R. (2006). Male-induced sociosexual behavior by vaginal secretions in Macaca
arctoides. International Journal of Primatology, 27(3), 791-807. doi:10.1007/s10764-006-
9045-0

Charpentier, M. J. E., Mboumba, S., Ditsoga, C., & Drea, C. M. (2013). Nasopalatine ducts and
flehmen behavior in the mandrill: reevaluating olfactory communication in Old World
primates. American Journal of Primatology, 75(7), 703—714. doi:10.1002/ajp.22146

Clarke, P. M. R., Barrett, L., & Henzi, S. P. (2009). What role do olfactory cues play in chacma
baboon mating? American journal of primatology, 71(6), 493-502. doi:10.1002/ajp.20678

Converse, L. J., Carlson, A. A., Ziegler, T. E., & Snowdon, C. T. (1995). Communication of
ovulatory state to mates by female pygmy marmosets, Cebuella pygmaea. Animal Behaviour,
49(3), 615-621. doi:10.1016/0003-3472(95)80194-4

Crawford, J. C., & Drea, C. M. (2015). Baby on board: olfactory cues indicate pregnancy and fetal
sex in a non-human primate. Biology Letters, 11(2), 20140831. doi:10.1098/rsbl.2014.0831

Curtis, R. F., Ballantine, J. A., Keverne, E. B., Bonsall, R. W., & Michael, R. P. (1971).
Identification of primate sexual pheromones and the properties of synthetic attractants.
Nature, 232(5310), 396-398. d0i:10.1038/232396a0

Dixson, A. F. (1998). Primate sexuality: comparative studies of the prosimians, monkeys, apes and
human beings (Oxford University Press.). New York.

Dixson, A. F., & Anderson, M. J. (2002). Sexual selection, seminal coagulation and copulatory plug
formation in primates. Folia Primatologica, 73(2-3), 63-69. doi:10.1159/000064784

Drea, C. M. (2015). D’scent of man: a comparative survey of primate chemosignaling in relation to
sex. Hormones and Behavior, 68, 117-133. doi:10.1016/j.yhbeh.2014.08.001

Drea, C. M., Boulet, M., Delbarco-Trillo, J., Greene, L. K., Sacha, C. R., Goodwin, T. E., & Dubay,
G. R. (2013). The “secret” in secretions: methodological considerations in deciphering

15



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

primate olfactory communication. American journal of primatology, 75(7), 621-642.
doi:10.1002/ajp.22143

Dubuc, C., Brent, L. J. N., Accamando, A. K., Gerald, M. S., MacLarnon, A., Semple, S., et al.
(2009). Sexual skin color contains information about the timing of the fertile phase in free-
ranging Macaca mulatta. International Journal of Primatology, 30(6), 777—789.
doi:10.1007/s10764-009-9369-7

Eaton, G. G., Slob, A., & Resko, J. A. (1973). Cycles of mating behaviour, oestrogen and
progesterone in the thick-tailed bushbaby (Galago crassicaudatus crassicaudatus) under
laboratory conditions. Animal Behaviour, 21(2), 309-315.

Engelhardt, A., Hodges, J. K., Niemitz, C., & Heistermann, M. (2005). Female sexual behavior, but
not sex skin swelling, reliably indicates the timing of the fertile phase in wild long-tailed
macaques (Macaca fascicularis). Hormones and behavior, 47(2), 195-204.
doi:10.1016/j.yhbeh.2004.09.007

Enomoto, T. (1974). The sexual behavior of Japanese monkeys. Journal of Human Evolution, 3(5),
351-372. d0i:10.1016/0047-2484(74)90198-5

Evans, C. S., & Goy, R. W. (1968). Social behaviour and reproductive cycles in captive Ring-tailed
lemurs (Lemur catta). Journal of Zoology, 156(2), 181-197. doi:10.1111/}.1469-
7998.1968.tb05928.x

Ferris, C. F., Snowdon, C. T., King, J. A., Duong, T. Q., Ziegler, T. E., Ugurbil, K., et al. (2001).
Functional imaging of brain activity in conscious monkeys responding to sexually arousing
cues. Neuroreport, 12(10), 2231-2236.

Foerg, R. (1982). Reproductive behavior in Varecia variegata. Folia Primatologica, 38(1-2), 108—
121.

Fooden, J., & Aimi, M. (2003). Birth-season variation in Japanese macaques, Macaca fuscata.
Primates, 44(2), 109-117. doi:10.1007/s10329-002-0011-y

Fournier, D. A., Skaug, H. J., Ancheta, J., lanelli, J., Magnusson, A., Maunder, M. N., et al. (2012).
AD Model Builder: using automatic differentiation for statistical inference of highly
parameterized complex nonlinear models. Optimization Methods and Software, 27(2), 233—
249. doi:10.1080/10556788.2011.597854

Fox, G. J. (1982). Potentials for pheromones in chimpanzee vaginal fatty acids. Folia Primatologica,
37(3-4), 255-266. doi:10.1159/000156036

Fujita, S., Mitsunaga, F., Sugiura, H., & Shimizu, K. (2001). Measurement of urinary and fecal
steroid metabolites during the ovarian cycle in captive and wild Japanese macaques, Macaca
fuscata. American journal of primatology, 53(4), 167-176. doi:10.1002/ajp.3

Garcia, C., Huffman, M. A., Shimizu, K., & Speakman, J. R. (2011). Energetic consequences of
seasonal breeding in female Japanese macaques (Macaca fuscata). American journal of
physical anthropology, 146(2), 161-170. doi:10.1002/ajpa.21553

Garcia, C., Shimizu, K., & Huffman, M. (2009). Relationship between sexual interactions and the
timing of the fertile phase in captive female Japanese macaques (Macaca fuscata). American
journal of primatology, 71(10), 868-879. doi:10.1002/ajp.20717

Go, M. (2009). Seasonal changes in food resource distribution and feeding sites selected by Japanese
macaques on Koshima Islet, Japan. Primates, 51(2), 149-158. doi:10.1007/s10329-009-0179-
5

Goldfoot, D. A., Kravetz, M. A., Goy, R. W., & Freeman, S. K. (1976). Lack of effect of vaginal
lavages and aliphatic acids on ejaculatory responses in rhesus monkeys: behavioral and
chemical analyses. Hormones and Behavior, 7(1), 1-27. doi:10.1016/0018-506X(76)90001-5

Heistermann, M., Brauch, K., Mdhle, U., Pfefferle, D., Dittami, J., & Hodges, K. (2007). Female
ovarian cycle phase affects the timing of male sexual activity in free-ranging Barbary
macaques (Macaca sylvanus) of Gibraltar. American journal of primatology, 70(1), 44-53.
doi:10.1002/ajp.20455

16



524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573

Hennessy, M. B., Coe, C. L., Mendoza, S. P., Lowe, E. L., & Levine, S. (1978). Scent-marking and
olfactory investigatory behavior in the squirrel monkey (Saimiri sciureus). Behavioral
Biology, 24(1), 57-67. doi:10.1016/S0091-6773(78)92896-1

Higham, J. P., Heistermann, M., Ross, C., Semple, S., & Maclarnon, A. (2008). The timing of
ovulation with respect to sexual swelling detumescence in wild olive baboons. Primates,
49(4), 295-299. doi:10.1007/s10329-008-0099-9

Hill, D. A. (1997). Seasonal variation in the feeding behavior and diet of Japanese macaques
(Macaca fuscata yakui) in lowland forest of Yakushima. American Journal of Primatology,
43(4), 305-320. doi:10.1002/(SIC1)1098-2345(1997)43:4<305::AID-AJP2>3.0.CO;2-0

Hodges, J. K., & Heistermann, M. (2011). Field endocrinology: monitoring hormonal changes in
free-ranging primates. In Field and laboratory methods in primatology: a practical guide
(Cambridge University Press.). Joanna M. Setchell and Deborah J. Curtis.

Hurst, J. L., Payne, C. E., Nevison, C. M., Marie, A. D., Humphries, R. E., Robertson, D. H., et al.
(2001). Individual recognition in mice mediated by major urinary proteins. Nature,
414(6864), 631-634.

Iwamoto, T. (1982). Food and nutritional condition of free ranging Japanese monkeys on Koshima
Islet during winter. Primates, 23(2), 153-170. doi:10.1007/BF02381158

Johnston, R.E., Derzie, A., Chiang, G., Jernigan, P., Lee, H.-C. (1993) Individual scent signatures in
golden hamsters: evidence for specialization of function. Animal Behaviour, 45(6), 1061—
1070.

Keverne, E. B., & Michael, R. P. (1971). Sex-attractant properties of ether extracts of vaginal
secretions from rhesus monkeys. Journal of Endocrinology, 51(2), 313-322.

Klein, L. L. (1971). Observations on copulation and seasonal reproduction of two species of spider
Monkeys, Ateles belzebuth and A. geoffroyi. Folia Primatologica, 15(3-4), 233-248.
d0i:10.1159/000155382

Maestripieri, D., Leoni, M., Raza, S. S., Hirsch, E. J., & Whitham, J. C. (2005). Female copulation
calls in Guinea baboons: evidence for postcopulatory female choice? International Journal of
Primatology, 26(4), 737-758. d0i:10.1007/s10764-005-5306-6

Matsumoto-Oda, A., Oda, R., Hayashi, Y., Murakami, H., Maeda, N., Kumazaki, K., et al. (2003).
Vaginal fatty acids produced by chimpanzees during menstrual cycles. Folia primatologica,
74(2), 75-79.

Michael, R. P., Bonsall, R. W., & Warner, P. (1974). Human vaginal secretions: volatile fatty acid
content. Science, 186(4170), 1217-1219.

Michael, R. P., & Keverne, E. B. (1970). Primate sex pheromones of vaginal origin. Nature,
225(5227), 84-85. doi:10.1038/225084a0

Michael, R. P., Keverne, E. B., & Bonsall, R. W. (1971). Pheromones: isolation of male sex
attractants from a female primate. Science, 172(3986), 964-966.

Michael, R. P., & Zumpe, D. (1982). Influence of olfactory signals on the reproductive behaviour of
social groups of rhesus monkeys (Macaca mulatta). Journal of Endocrinology, 95(2), 189—
205. doi:10.1677/joe.0.0950189

Milton, K. (1985). Mating patterns of woolly spider monkeys, Brachyteles arachnoides: implications
for female choice. Behavioral Ecology and Sociobiology, 17(1), 53-59.

Nakagawa, N. (1989). Bioenergetics of Japanese monkeys (Macaca fuscata) on Kinkazan Island
during winter. Primates, 30(4), 441-460. doi:10.1007/BF02380873

Nigi, H. (1975). Menstrual cycle and some other related aspects of Japanese monkeys (Macaca
fuscata). Primates, 16(2), 207-216. doi:10.1007/BF02381418

Nishimura, A., Fonseca, G., Mittermeier, R., Young, A., Strier, K. B., & Vall, C. (1988). The
muriqui, genus Brachyteles. Ecology and behavior of neotropical primates (Vol. 2).

Nunn, C. L. (1999). The evolution of exaggerated sexual swellings in primates and the graded-signal
hypothesis. Animal behaviour, 58(2), 229-246. doi:10.1006/anbe.1999.1159

17



574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623

O’Neill, A. C., Fedigan, L. M., & Ziegler, T. E. (2004). Relationship between ovarian cycle phase
and sexual behavior in female Japanese macaques (Macaca fuscata). American journal of
physical anthropology, 125(4), 352—-362. doi:10.1002/ajpa.20024

Parga, J. A. (2003). Copulatory plug displacement evidences sperm competition in Lemur catta.
International Journal of Primatology, 24(4), 889-899. do0i:10.1023/A:1024637024088

Pfefferle, D., Brauch, K., Heistermann, M., Hodges, J. K., & Fischer, J. (2008). Female Barbary
macaque (Macaca sylvanus) copulation calls do not reveal the fertile phase but influence
mating outcome. Proceedings. Biological sciences / The Royal Society, 275(1634), 571-578.
doi:10.1098/rspb.2007.1499

Phillips, K. A., Buzzell, C. A., Holder, N., & Sherwood, C. C. (2011). Why do capuchin monkeys
urine wash? An experimental test of the sexual communication hypothesis using fMRI.
American Journal of Primatology, 73(6), 578-584. doi:10.1002/ajp.20931

Pradhan, G. R., Engelhardt, A., Schaik, C. P. van, & Maestripieri, D. (2006). The evolution of female
copulation calls in primates: a review and a new model. Behavioral Ecology and
Sociobiology, 59(3), 333-343. doi:10.1007/s00265-005-0075-y

Reynolds, R. L., & Van Horn, R. N. (1977). Induction of estrus in intact Lemur catta under
photoinhibition of ovarian cycles. Physiology & Behavior, 18(4), 693-700.
doi:10.1016/0031-9384(77)90068-3

Rigaill, L., Higham, J. P., Lee, P. C., Blin, A., & Garcia, C. (2013). Multimodal sexual signaling and
mating behavior in olive baboons (Papio anubis). American Journal of Primatology, 75(7),
774-787. doi:10.1002/ajp.22154

Rigaill, L., Maclntosh, A. J. J., Higham, J. P., Winters, S., Shimizu, K., Mouri, K., et al. (2015).
Multimodal advertisement of pregnancy in free-ranging female Japanese macaques (Macaca
fuscata). PLOS ONE, 10(8), e0135127. doi:10.1371/journal.pone.0135127

Schilling, A. (1979). Olfactory communication in prosimians. In The study of prosimians behavior
(Academic Press., pp. 461-542). New York: G. A. Doyle and R. D. Martin.

Setchell, J. M., Vaglio, S., Moggi-Cecchi, J., Boscaro, F., Calamai, L., & Knapp, L. A. (2010).
Chemical composition of scent-gland secretions in an old world monkey (Mandrillus sphinx):
influence of sex, male status, and individual identity. Chemical senses, 35(3), 205-220.
doi:10.1093/chemse/bjp105

Shideler, S. E., Lindburg, D. G., & Lasley, B. L. (1983). Estrogen-behavior correlates in the
reproductive physiology and behavior of the ruffed lemur (Lemur variegatus). Hormones and
Behavior, 17(3), 249-263.

Shimizu, K., Udono, T., Tanaka, C., Narushima, E., Yoshihara, M., Takeda, M., et al. (2003).
Comparative study of urinary reproductive hormones in great apes. Primates, 44(2), 183-190.
doi:10.1007/s10329-002-0021-9

Skaug, H. J., Fournier, D. A., Bolker, B., Magnusson, A., & Nielsen, A. (2014). Generalized linear
mixed models using AD Model Builder. R package version 0.8.0.

Smith, T. (2006). Individual olfactory signatures in common marmosets (Callithrix jacchus).
American journal of primatology, 68(6), 585-604. doi:10.1002/ajp.20254

Taussky, H. H. (1954). A microcolorimetric determination of creatine in urine by the Jaffe reaction.
Journal of Biological Chemistry, 208(2), 853-862.

Ueno, Y. (1994). Responses to urine odor in the tufted capuchin (Cebus apella). Journal of Ethology,
12(2), 81-87. doi:10.1007/BF02350052

Vaglio, S., Minicozzi, P., Romoli, R., Boscaro, F., Pieraccini, G., Moneti, G., & Moggi-Cecchi, J.
(2016). Sternal gland scent-marking signals sex, age, rank, and group identity in captive
mandrills. Chemical Senses, 41(2), 177-186. doi:10.1093/chemse/bjv077

Voss, R. (1979). Male accessory glands and the evolution of copulatory plugs in rodents. Occasional
papers of the Museum of Zoology, University of Michigan, 1-27.

18



