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Abstract In order for an olfactory signal to be effective, it
must persist in the environment for an extended period.
White rhino dung odours transmit information about sex,
age, territorial and oestrous states. As these odours relay im-
portant information, temporal changes in the odour emission
rate and/or composition may be critical in order for other in-
dividuals to obtain this information. Here, we examine how
the dung odours of adult white rhinos (male: territorial and
non-territorial; female: oestrous and non-oestrous) change
over the short (hours) and long (seasons) term using head-
space extraction. Additionally, we measure seasonal midden
visitation and defecation frequency to link behaviours to sea-
sonal changes in odour longevity. We found that during the
dry season, territorial male dung odours persisted for 48 hours,
while the odours of all other adults persisted for >48 hours.
The high temperature and humidity of the wet season did not
affect odour longevity of oestrous females, but decreased
dung odour longevity (i.e. increased emission) of territorial
males, non-territorial males, and non-oestrous females.
Despite this reduction, neither males nor females adjusted
their seasonal visitation or defecation frequency. With regard

to a temporal indicator, 3,7-dimethly-1,6-octadiene signalled
dung age during the wet season, while acetophenone signalled
dung age during the dry season. Ultimately, our results pro-
vide the first detailed account of temporal changes of dung
VOCs, and highlight the limitations of dung as a signalling
medium.
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Introduction

Mammalian scent marks can originate from a variety of
sources, including specialised glandular secretions, urine,
and dung. These scent marks relay an assortment of informa-
tion from territorial state and reproductive condition, to group
membership and health (Zala et al. 2004; Archunan and
Rajagopal 2013; Leclaire et al. 2014; Stoffel et al. 2015;
Buesching et al. 2016; Marneweck et al. 2017). This informa-
tion is translated by the presence/absence or concentration of
specific volatile organic compounds (VOCs). The chemical
and physical properties of a VOC govern its volatility and
therefore its temporal pattern of emission (Regnier and
Goodwin 1977). For example, VOCs with low vapour pres-
sure will persist longer in the environment than VOCs with
high vapour pressure (Stoddart 1976; Regnier and Goodwin
1977). Messages within scent marks have different require-
ments of temporal emission. For example, alarm signals are
highly volatile (high vapour pressure) so that they can dissi-
pate once the threat has gone (Verheggen et al. 2010).
Contrastingly, territorial signals tend to have low volatility
(low vapour pressure) so that they can persist in the environ-
ment (Hurst et al. 1998). Due to the source and intended mes-
sage, scent marks become species specific. For example, pair-
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living swift foxes (Vulpes velox) mark with faeces in commu-
nal latrines almost daily (Darden et al. 2008), suggesting a
short odour longevity, but a need to advertise home range
ownership. In comparison, solitary territorial male common
duikers (Sylvicapra grimmia) defecate almost six times per
day, as opposed to non-territorial females who defecate only
three time per day (Lunt and Mhlanga 2011). As both sexes
weigh ~15 kg, this increased defecation rate, coupled with
male defecation volume being 28% less than females (123 g
vs 170 g), suggests that males likely regulate dung volume in
order to maximise scent-mark distribution. If correct, this
would then allow males to compensate for short dung odour
longevity.

External factors may also effect temporal patterns of emis-
sion. High levels of humidity and temperature can increase the
emission of VOCs (Regnier and Goodwin 1977;
Nimmermark and Gustafsson 2005; Peñuelas and Llusià
2001). This causes noise (variation in a signal not attributed
to the signal itself) (Wilson et al. 2015), and ultimately de-
creases the detectability and therefore longevity of an odour.
For example, both the detectability and persistence of
Carpetan rock lizard (Iberolacerta cyreni) femoral gland se-
cretions were lower at higher temperatures (Martín and López
2013). External factors changing VOC emission are an inev-
itable source of noise. However, to counteract these external
variations, animals could alter their behaviour to ensure effec-
tive information transfer. For example, the scent marking fre-
quency of black-tufted marmosets (Callithrix penicillata) was
positively correlated with humidity (Oliveira and Macedo
2010), while aardwolves (Proteles cristata) increased scent
marking during the summer wet season (Marneweck et al.
2015).

Marking with glandular secretions appears more stable
than marking with urine (i.e. the odours remain unchanged
for longer). For example, glandular secretions from
European badgers (Meles meles) remain unchanged for 72 hr
(Buesching et al. 2002). Further, klipspringers (Oreotragus
oreotragus) responded to glandular marks 168 hr (i.e. seven
days) after deposition (Roberts 1998). In comparison, male
guinea pigs (Cavia porcellus) only responded to female urine
that was <48 hr old (Beauchamp and Berüter 1973), while
male rats (Rattus norvegicus) only responded to oestrous urine
that was ≤24 hr old (Lydell and Doty 1972).

Despite many mammals marking with dung (Brachares
and Arcese 1999; Ralls and Smith 2004; Roper et al. 1993),
the detailed temporal changes of dung VOCs have not been
investigated. White rhinos (Ceratotherium simum) scent
mark using dung deposited in communal piles called mid-
dens (Owen-Smith 1973). Territorial males defecate be-
tween 2 and 3 times a day, but only in the same midden
abou t once every ten days (Owen-Smi th 1973;
Kretzschmar 2002; Marneweck et al. unpublished data). In
contrast, non-territorial males and adult females tend to

defecate in the same midden only once every 30 days
(Marneweck et al. unpublished data). When visiting mid-
dens, territorial males defecate 50% of the time. In the in-
stances when they do not defecate, these males spend time
sniffing the dung left by other individuals (Marneweck et al.
unpublished data). Surprisingly, when territorial males
(~2300 kg body mass) do defecate, they defecate in smaller
volumes than adult non-territorial males (~2300 kg body
mass) (Marneweck et al. unpublished data). This may be
due to dung being a physiologically limited resource, and
thus by depositing small amounts per defecation, territorial
males are likely able to defecate in more middens per day,
located over a wider area within their territories. With this in
mind, white rhinos may be able to alter their defecation rate
if season (i.e. temperature and humidity) affects temporal
changes in dung odour, in order to maintain signal
transmission.

Dung odour profiles from white rhinos transmit informa-
tion on sex, age, male territorial status, and oestrous state
(Marneweck et al. 2017). For males, in particular territorial
males, middens are used to advertise territory ownership
(Owen-Smith 1973). Thus, it would be evolutionary advan-
tageous for a territorial signal to persist for a long time. If an
odour lasts for several days, males could spend less time
remarking and more time finding mates, ultimately increas-
ing fitness (Gosling and Roberts 2001a; Owen-Smith 1973).
However, if the longevity of these profiles is limited, terri-
torial males may be able to compensate by increasing the
frequency with which they defecate in middens, especially
when the duration of the signal is reduced (e.g. wet season).
However, as dung is physiologically limited, territorial
males may not be able to increase the frequency with which
they defecate in specific middens. White rhinos employ a
polygynous mating strategy, where territorial males mate
with multiple females within their territory (White et al.
2007). Female oestrus cycles last approximately 30 days,
with oestrus lasting 1–3 days (Lindemann 1982; van der
Goot et al. 2015). For females, middens are likely used to
advertise reproductive state and assess potential mates
(Owen-Smith 1973). Breeding occurs year-round but there
is an observed peak at the beginning of the wet season,
following flushes of green grass (Owen-Smith 1973;
Owen-Smith 1988). As female white rhinos range farther
than territorial males (up to 10 times the area) (Owen-
Smith 1973), and the duration of oestrus is so short, it would
be advantageous for oestrous odours to last longer than non-
oestrous odours to help ensure that males locate any
oestrous females passing through their territories. Yet, it is
uncertain if this is the case. To investigate the temporal
changes in the VOCs of both male and female white rhino
dung, we assess the longevity of their dung odours, explore
temporal changes in odour composition, and investigate
marking frequency and its relation to odour longevity.
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Methods and Materials

Collection of Dung Odours We conducted our study in the
896 km2 Hluhluwe-iMfolozi Park, KwaZulu-Natal, South
Africa. Here we collected 66 dung samples from different
adult male (territorial and non-territorial) and adult female
(oestrous and non-oestrous) white rhinos (Table 1). We iden-
tified individuals through variations in horn shape and other
distinguishing characteristics, and defined adults as individ-
uals >7 years old, based on body size and horn development
(Hillman-Smith et al. 1986). Territorial males were identified
as adult males performing territorial behaviours (i.e. dung
kicking, spray urinating) and non-territorial as adult males
not performing these behaviours (Owen-Smith 1971; Owen-
Smith 1973). Oestrous females were identified via the behav-
ioural reactions of males towards them (e.g. following and
mounting the female), and non-oestrous identified as females
without the attachment of an adult male (Owen-Smith 1973).

We collected approximately 800 g of dung per individual,
either one dung bolus or a collection of scattered dung in the
case of territorial males. To collect odours over time, we re-
moved a dung bolus from the midden, relocated it to the re-
search camp, and left the dung samples unprotected outside on
natural substrate (i.e. short grass). This exposed the dung to
the environmental conditions and allowed natural degradation
to occur. For each individual (n = 66), an initial odour sample
was taken <5 min from defecation (Table 1). We then subse-
quently resampled each bolus four more times, at intervals 6,
12, 24, and 48 hr after defecation to create an odour degrada-
tion profile (total n = 264). During this resampling period, the
bolus remained as one solid bolus, except for territorial males
who scatter their dung by kicking (Owen-Smith 1973). For
these males, we left the dung scattered so that it could degrade
in its natural state. We collected samples between March and
December 2014, with the wet season defined as October–
March and the dry season as April–September. This gave us
a total of four months of wet season data (i.e. March, October–
December) and six months dry season data (i.e. April–
September). Differences in the sampling periods were deter-
mined by the ease with which we could locate white rhinos
and collect sufficient dung samples. During the study, midday
temperatures averaged 35 °C and 75% humidity during the
wet season, and 27 °C and 56% during the dry season
(Marneweck et al. unpublished data). The rainfall over these
months was consistent with the ten-year average (wet sea-
son = 413 mm, dry season = 71 mm) (Ezemvelo KZN
Wildlife, unpublished data).

Odour samples were collected from a dung bolus using
dynamic headspace extraction (Amirav and Dagan 1997). To
do this, we collected the air for 25 min from a dung bolus
enclosed in a polyacetate bag using a micro-air sampler
(Supelco PAS-500) with a realized flow rate of 150 ml/min.
VOCs emitted from the dung were captured in a small

thermodesorption trap filled with 1 mg of Tenax® and 1 mg
of Carbotrap®. We limited sampling to 48 hr, as our pilot
study data revealed that dung odours did not last longer than
three days (supplementary material). With such short longev-
ity, we assumed that vast changes would occur relatively
quickly. Therefore, we chose shorter intervals for the begin-
ning of the sampling period. We took control odour samples
(ambient air) at random intervals, so that we could remove any
VOCs present in similar concentrations within control sam-
ples (i.e. contaminants). However, we found no contaminants
in the odours samples during this study.

Gas Chromatography-Mass Spectrometry Analysis of
Dung Odours We carried out gas chromatography-mass
spectrometry (GC-MS) analysis of the odour samples on a
Bruker 450 GCwith a 30m × 0.25mm internal diameter (film
thickness 0.255 mm) Varian VF-5 ms column, connected to a
Varian VF-1 ms column (11 m × 0.25 mm internal diameter,
film thickness 0.25 mm), coupled to a Bruker 300 quadrupole
mass spectrometer in electron-impact ionization mode at
70 eV. Thermodesorption traps were placed in a Varian 1079
injector equipped with a chromatoprobe thermal desorption
device. The flow of helium carrier gas was 1 ml min −1. We
held the injector at an initial temperature of 250 °C for 20 min.
The split vent was programmed to start with a 10:1 split for
2 min and then to switch to splitless mode for 2 min to allow
for thermal desorption, followed by a 100:1 split after 4.2mins
to clean the injector. After an initial temperature at 45 °C the
temperature of the GC oven was increased to 260 °C at 7 °C
min −1 and, after reaching 260 °C, held at this temperature for
a total run time of 35 min. We identified VOCs using Varian
WORKSTATION software with the NIST 2011 mass spectral
library (NIST/EPA/NIH Mass Spectral Library, data version:
NIST 2011; Microsoft SEARCH software version 2.0 d). We
verified the identification of VOCs with retention times of
authentic standards and published Kovats indices wherever
possible (supplementary material).

Collection of Behavioural Data To collect data on midden
visitation and defecation, we setup motion-triggered video
recording camera traps at ten middens, each with a different
resident territorial male (identified via differences in horn

Table 1 Number of individuals of each sex and state from which dung
odour samples were collected each season

Season Male Female Total

Territorial Non-territorial Oestrous Non-oestrous

Wet 10 11 3 11 35

Dry 11 9 2 9 31

Total 21 20 5 20 66
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shape and size), from October 2014 to August 2015. The
males recorded here were different to the males from which
dung odours were collected. We did this as we wanted to
minimise contact with the individuals from which we were
collecting behavioural data, as it may affect midden visita-
tion patterns. We identified territorial males as adult males
performing territorial-specific behaviours (i.e. dung
kicking, urine spraying), and non-territorial males as adult
males not performing these behaviours. We recorded data
on adults only and each adult was categorised as either ter-
ritorial male, non-territorial male, or female. We grouped all
adult females together for analysis, as it was not possible to
identify oestrous state from the video footage. We used in-
frared ‘no-glow’ camera traps (either a Cuddeback Black
Flash® E3 or Cuddeback Attack Black Flash® 1194 model)
placed approximately 3 m from the edge of the midden. We
used ‘no-glow’ cameras as they do not emit visible light or
have a flash, creating minimal disturbance at the midden
and therefore allowing us to capture natural behaviour. We
programmed the cameras to record 30 sec videos at each
trigger with a 1 sec delay before becoming active again.
From the 2403 videos, we created an ID profile for each
adult to determine individual visitation and defecation.

Statistical Analysis Absolute concentration of VOCs is sub-
ject to variability across samples, so we used relative abun-
dance of a VOCwithin a sample (i.e. proportion) for statistical
analysis. To determine if there was any short-term change in
dung odour per season we carried out a PERMANOVA based
on Bray-Curtis similarities of square-root transformed propor-
tions for eachmale (territorial, non-territorial) and female state
(oestrous, non-oestrous).

We define the odour signal persistence (or odour lon-
gevity) of dung as the duration for which odour differ-
ences in the VOC composition of different time groups
were statistically detectable. This is based on the assump-
tion that fresh dung should contain the highest informa-
tion (in terms of predictability that another individual is in
the same area). However, with increasing time after defe-
cation, the differential loss of VOCs from the dung will
reduce the information that the odour signal contains. At
some time after defecation, the VOC composition of dung
may reach such a high level of variation that it is difficult
to distinguish them from samples of earlier defecation
times. In other words, from an information theory per-
spective, environmental conditions, such as temperature
and humidity, increase the noise to signal ratio of the
odour signal, and that after a certain time most informa-
tion is lost.

To test factors affecting individual VOC contribution,
we ran a linear mixed-effects model using the R package
nlme (Pinheiro et al. 2015). We set the proportion contri-
bution of the VOC as the response variable, and season,

time (i.e. hours from defecation), VOC functional group,
plus their interactions, as fixed factors, and sample ID as a
random factor. We repeated this for each male (territorial,
non-territorial) and female state (oestrous, non-oestrous).

We interpreted the best predictors (i.e. VOCs) of dung
age using the importance function of the randomForest
package (Liaw and Wiener 2012) based on the metric mean
decrease in accuracy (MDA). The MDA is the increase in
the percentage of times the outcome is misclassified when
the variable is randomised. A higher MDA means less mis-
classification, and thus greater accuracy, and ultimately in-
dicates higher importance to the classification.

We calculated individual visitation and defecation frequen-
cy by the number of visits or defecations divided by the num-
ber of camera active days (range = 172–282 active days). To
assess seasonal differences in midden visitation and defeca-
tion frequency we ran a linear mixed-effects model. We set
visitation or defecation frequency as the response variable,
season as the fixed factor, and rhino ID as a random factor.
We performed PERMANOVA tests in Primer version 6.1.15,
and linear mixed-effects models and random forests in
RStudio version 0.99.491.

Results

Short-Term Changes of Dung Odours

Territorial male dung odours underwent two significant
changes during the wet season (Fig. 1a). Specifically, be-
tween 0 and 6 hr (R = 1.968, P = 0.001) and 6–12 hr
(R = 1.393, P = 0.024). After 12 hr, no differences between
the odour samples were detected (12–24 hr R = 1.242,
P = 0.163; 24–48 hr R = 1.375, P = 0.083). Thus, the per-
sistence of territorial male dung odours was approximately
12 hr during the wet season. During the dry season, signif-
icant differences were detected between 0 and 6 hr samples
(R = 1.936, P = 0.001), 6–12 hr (R = 1.617, P = 0.006), and
24–48 hr (R = 1.469, P = 0.031; Fig. 1b). No differences
were detected between the 12 and 24 hr samples (R = 1.260,
P = 0.146), indicating that the odours persisted for approx-
imately 48 hr during the dry season, with noise increasing
with dung age.

Non-territorial male dung odours differed significantly dur-
ing the wet season between 12 and 24 hr (R = 1.494,
P = 0.017; Fig. 1c). No differences were detected between 0
and 6 hr samples (R = 1.329, P = 0.062), 6–12 hr samples
(R = 0.880, P = 0.620), or 24–48 hr samples (R = 0.898,
P = 0.597). Thus, non-territorial male dung odours persisted
for approximately 24 hr during the wet season. No significant
differences were detected between non-territorial male dung
odour samples during the dry season (0–6 hr R = 1.108,
P = 0.280; 6–12 hr R = 0.870, P = 0.628; 12–24 hr
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R = 0.897, P = 0.559; 24–48 hr R = 0.628, P = 0.927; Fig. 1d),
indicating that odours persist for over 48 hr.

We did not find differences between samples of oestrous
female dung during the wet (0–6 hr R = 1.213, P = 0.200; 6–
12 hr R = 1.046, P = 0.413; 12–24 hr R = 1.184, P = 0.412;
24–48 hr R = 1.439, P = 0.116; Fig. 2a), or dry season sam-
pling periods (0–6 hr R = 0.970, P = 0.660; 6–12 hr R = 0.724,
P = 0.698; 12–24 hrR = 2.309,P = 0.320; 24–48 hrR = 1.230,
P = 0.324; Fig. 2b). This suggests that oestrous female dung
odours persist for over 48 hr regardless of season. However,
this may be an artefact of the low sample size (n = 5 oestrous
females).

In contrast to oestrous females, the dung odour of non-
oestrous females differed significantly during the wet season
0–6 hr (R = 1.606, P = 0.019; Fig. 2c), but not during the any
other time period (6–12 hr R = 0.977, P = 0.442; 12–24 hr
R = 1.432, P = 0.056; 24–48 hr R = 0.843, P = 0.696; Fig. 2c).
However, during the dry season, the odour of non-oestrous
dung was similar to that of oestrous females in that it did not
differ (0–6 hr R = 1.285, P = 0.120; 6–12 hr R = 0.873,
P = 0.678; 12–24 hr R = 1.137, P = 0.213; 24–48 hr
R = 0.484, P = 0.965; Fig. 2d).

Long-Term Changes in Dung Odour Composition

The odour composition of territorial male dung was affect-
ed by a three-way interaction between season, time (i.e.

hours from defecation) and VOC functional group
(F27 = 2.857, P < 0.001). During the wet season, the pro-
portion of monoterpenes, alkanes, alkenes, and ketones
reduced over time. Sesquiterpenes and aldehydes in-
creased over time, benzenoids remained consistent con-
tributors to the odour, and acids showed a short-lived in-
crease (Fig. 3a). Contrastingly, during the dry season the
proportion of monoterpenes, alkanes, and alkenes reduced
over time. Sesquiterpenes, benzenoids, and aldehydes in-
creased over time, and both acids and ketones displayed a
short-lived increase (Fig. 3b). In addition, the pattern of
emission for benzenoids and ketones changed with season.
The most important VOC for indicating the age of territo-
rial male dung was the monoterpenoid 3,7-dimethyl-1,6-
octadiene during the wet season (Fig. 5a), and the benze-
noid acetophenone during the dry season (Fig. 5b).

The odour composition of non-territorial male dung was
effected by an interaction between season and VOC func-
tional group (F11 = 10.596, P < 0.001), and between time
(i.e. hours from defecation) and VOC functional group
(F44 = 3.446, P < 0.001). Over time, the proportion of emit-
ted monoterpenes decreased, and the proportion of sesqui-
terpenes, alkanes, alkenes, and aldehydes increased.
Benzenoids remained a consistent contributor to the odours,
while acids showed a short-lived increase (Fig. 3c,d). These
changes (i.e. level of increase or decrease) were more ap-
parent during the wet season. The most important VOC for

Fig. 1 Multidimensional scaling
(MDS) plot based on Bray-Curtis
similarities of the variation of
VOCs emitted from territorial
male dung over 48 hr during, (a)
wet and (b) dry seasons, and from
non-territorial male dung over
48 hr during (c) wet and (d) dry
seasons. Encompassing circles
represent 95% confidence
intervals
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indicating the age of non-territorial male dung was the
monoterpenoid 3,7-dimethyl-1,6-octadiene during the wet
season (Fig. 5c), and the benzenoid toluene during the dry
season (Fig. 5d).

The odour composition of oestrous female dung was af-
fected by a three-way interaction between season, time (i.e.
hours from defecation), and VOC functional group
(F44 = 1.797, P < 0.001). During the wet season, the

Fig. 3 Odour composition of
territorial male dung over 48 hr
during, the (a) wet and (b) dry
seasons, and non-territorial male
dung over 48 hr during, the (c)
wet and (d) dry seasons

Fig. 2 Multidimensional scaling
(MDS) plot based on Bray-Curtis
similarities of the variation of
VOCs emitted from oestrous fe-
male dung over 48 hr during, (a)
wet and (b) dry seasons, and from
non-oestrous female dung over
48 hr during, (c) wet and (d) dry
seasons. Encompassing circles
represent 95% confidence
intervals
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proportion of sesquiterpenes and aldehydes increased over
time, whereas monoterpenes, alkanes, and alkenes de-
creased. Both benzenoids and acids had a short-lived in-
crease, and ketones remained consistent contributors to the
odour (Fig. 4a). In contrast, during the dry season the pro-
portion of benzenoids, aldehydes, and ketones increased,
whereas sesquiterpenes, alkanes, and alkenes decreased.
Acids showed a short-lived increase, while monoterpenes
were consistent contributors (Fig. 4b). The pattern of emis-
sion for sesquiterpenes, monoterpenes, benzenoids, and ke-
tones changed with season. Regardless of season, the most
important VOC for indicating the age of oestrous female
dung was the benzenoid acetophenone (Fig. 5e,f).

Similar to oestrous female dung, the odour composition
of non-oestrous female dung was also effected by a three-
way interaction between season, time (i.e. hours from defe-
cation), and VOC functional group (F44 = 1.981, P < 0.001).
During the wet season, the proportion of sesquiterpenes,
benzenoids, and aldehydes increased over time, whereas
monoterpenes, alkanes, and alkenes decreased. Acids
showed a short-lived increase, while ketones were consis-
tent contributors (Fig. 4c). Contrastingly, during the dry
season only the proportion of sesquiterpenes increased,
while monoterpenes, alkanes, and alkenes all decreased.
Both benzenoids and acids showed short-lived increases,
and aldehydes and ketones were consistent contributors
(Fig. 4d). The pattern of emission for benzenoids and alde-
hydes changed seasonally. The most important VOC for
indicating the age of non-oestrous female dung was the

monoterpenoid 3,7-dimethyl-1,6-octadiene during the wet
season (Fig. 5g), and the benzenoid acetophenone during
the dry season (Fig. 5h).

Defecation Frequency

Season did not affect the midden visitation (t = −1.024,
P = 0.719, Fig. 6a), or defecation frequency (t = −0.363,
P = 0.643, Fig. 6b) of male or female adult white rhinos.

Discussion

The longevity of an olfactory signal has implications for an
animal’s fitness. In the case of marking with dung, it is very
likely that information is lost over time because certain VOCs
emitted from the dungwill disappear. This is confirmed by our
study. We found that older dung showed a much higher vari-
ation in their VOC composition than fresh dung. For territorial
males, or oestrous females trying to attract mates, it makes
evolutionary sense for signals to be long-lasting (Gosling
and Roberts 2001a). In contrast, for individuals not breeding
(e.g. non-territorial males, non-oestrous females), the duration
of an olfactory signal is likely not as important. In line with
these predictions, we found that the dung odours of oestrous
white rhino females persisted for longer than non-oestrous
females. However, dung odours of white rhino territorial
males persisted for less time than non-territorial males.
Seasonally, the dung odours of all adults persisted longer

Fig. 4 Odour composition of
oestrous female dung over 48 hr
during, the (a) wet and (b) dry
seasons, and non-oestrous female
dung over 48 hr during, the (c)
wet and (d) dry seasons
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during the dry season, compared to the wet season. Yet, the
decrease in wet season longevity did not elicit a change in
white rhinos’ defecation frequency or midden visitation.
Additionally, we found three VOCs (of plant origin) that were
important for distinguishing the age of white rhino dung.
Ultimately, similar to glandular secretions (Buesching et al.
2002), our findings tend to suggest that dung can be a good
source of information transfer, however, it is likely not as
suitable for long-term transmission of olfactory information.

Scent marking with dung by white rhinos has a territorial
role (Owen-Smith 1973). Middens occur throughout a male’s
territory, and territory holders deposit dung in each midden
approximately every 10 days (Owen-Smith 1971; Owen-
Smith 1973). By defecating in middens found along the terri-
tory boundary, territorial males can signal territory ownership
to rival males, and to any females entering the territory
(Owen-Smith 1971; Owen-Smith 1973). Yet, to be effective,
these signals need to persist for extended period of time, or be
refreshed regularly prior to the signal dissipating (Gosling
1982; Gosling and Roberts 2001b). In our study, we found
that territorial male dung odours were relatively short-lived

compared to the dung odours of other adult white rhinos,
persisting only 48 hr in the dry season, and then decreasing
to approximately 12 hr during the wet season. The seasonal
decrease in longevity of the territorial male odours, and the
odours of the other adults, was likely due to environmental
conditions. Average midday temperature and humidity at the
study site were 35 °C and 75% respectively in the wet season,
compared to dry season 27 °C and 56% (Marneweck et al.
unpublished data). High temperatures and levels of humidity
increase the emission of VOCs (Regnier and Goodwin 1977;
Peñuelas and Llusià 2001; Nimmermark and Gustafsson
2005) and, as dung VOCs are finite, this likely caused a de-
crease in odour longevity. This likely affects territorial males
more than other individuals because their dung emits more
VOCs of high volatility (Marneweck et al. 2017;
Marneweck et al. unpublished data), and thus are more sus-
ceptible to environmental changes.

Because of the decreased longevity of the dung odours
during the wet season, we would have expected white rhinos,
in particular territorial males, to increase their midden visita-
tion and defecation frequency during this time to maintain

Fig. 5 The importance of volatile organic compounds (VOCs) for
distinguishing the age of dung from territorial males, a) wet season, b)
dry season; non-territorial males c) wet season, d) dry season; oestrous

females e) wet season, f) dry season; and non-oestrous females g) wet
season, h) dry season. Importance was based on mean decrease in accu-
racy (MDA). Only the top ten compounds are presented in the figure
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their olfactory signals. This, however, was not the case. In
contrast, neither territorial males nor any other adult white
rhinos adjusted their midden visitation or defecation frequen-
cy. Non-territorial males and females do not experience sea-
sonal changes in dung odour to the same degree that territorial
males do, which may explain the lack of change in their sea-
sonal defecation frequency. With regard to territorial males,
we suggest that the lack of change is likely due to dung being a
limited resource (Brachares and Arcese 1999), and that white
rhinos are already defecating at the highest frequency possible
for their physiology. Territorial white rhino males defecate
smaller volumes than other adults, likely to increase their
marking frequency (Marneweck et al. unpublished data).
One way territorial males could potentially increase the num-
ber of middens they visit per day would be to reduce the
amount of dung they defecate even further. This, however,
would likely result in an even faster loss of information due
to the increased surface area to volume ratio available for
emission. A second possibility, is that during this critical time,
territorial males may restrict their marking efforts to a few key
middens within and along the borders of their territories.
Determining this, however, was beyond the scope of our
study.

With regard to reproduction, being able to determine the
age of a dung mark is likely extremely important for territorial
males. For example, as the average male territory is generally
small (~2 km2; Owen-Smith 1988), knowing approximately
when an oestrous female defecated in a midden will allow the
male to determine whether it is worth pursuing her. For
oestrous females, long lasting oestrous odours would help
ensure that males can find them while they are still in oestrus.
White rhinos have monthly oestrus cycles (van der Goot et al.
2015) and breed year-round (Owen-Smith 1988). In line with
this, we found that the dung odours of oestrous females were
the only odours not to change seasonally. This would be ad-
vantageous for signalling to males irrespective of season.

However, we must acknowledge that the apparent stability
of the oestrous dung odours may be due to low sample size,
and thus is worth exploring further.

The diet of an individual can influence the odours that it
produces (Buesching et al. 2002; Macdonald et al. 2008). Yet,
it has been suggested that odours that are influenced by genet-
ics (e.g. sex) remain stable and detectable despite dietary
changes (Kwak et al. 2008). We found that for white rhinos,
the VOCs responsible for indicating the age of a dung mark
(i.e. 3,7-dimethyl-1,6-octadiene, acetophenone, and toluene)
originated from undigested vegetation present in the dung
(Osbourn and Lanzotti 2009). However, we found that the
VOCs that indicated dung age varied seasonally, where 3,7-
dimethyl-1,6-octadiene indicated age during the wet season,
and acetophenone during the dry season. This shift could be
related to white rhinos shifting their diet in the dry season as a
way of coping with decreasing food quality (Shrader et al.
2006). Further, as these VOC indicators of dung age are un-
important for signalling white rhino characteristics such as sex
(Marneweck et al. 2017), they provide a separate set of infor-
mation for individuals to assess dung age. Thus, white rhinos
are most likely able to detect the sex and status of an individ-
ual (e.g. territorial male, oestrous female), as well as the ap-
proximate time of deposition.

Up until our study, an understanding of the detailed tempo-
ral changes of dung VOCs has been lacking. Our results show
that vast changes in the dung odours of white rhinos occur
relatively quickly. In a previous study (Marneweck et al.
2017), we found that white rhinos were able to recognise
sex, age, territorial and oestrous state from the odour of fresh
dung. The findings of our present study expand on this by
indicating that it is likely that white rhinos are also able to
determine the age of the dung from odour changes, and thus
respond accordingly. In contrast to the dung odours of white
rhinos, Buesching et al. (2002) found that individual-specific
information in the glandular secretions of European badgers

Fig. 6 Seasonal midden (a)
visitation, and (b) defecation, of
adult white rhinos
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was relatively stable, with only two VOCs negatively corre-
lated with time. Additionally, klipspringers responded to glan-
dular marks seven days after deposition (Roberts 1998), and
male golden hamsters (Mesocricetus auratus) responded to
female glandular marks that were 40 days old (Johnston and
Schmidt 1979). Although individual-specific information in
white rhino dung is not as stable as glandular secretions, there
is information available on the age of the dung, while the
signal is still active. However, the short longevity and insta-
bility of white rhino dung odours highlights some of the key
limitations of marking with dung.
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