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Abstract Chemicals such as those used for scent marking, or
visual cues such as color badges, can transmit information
pertaining to different aspects of individual, group and species
recognition and attributes. Here, we show that complex
acoustic cues, such as calls also have the capacity for such
information transfer. Although songs are usually attributed to
birds, rock hyraxes (Procavia capensis) engage in a rich and
complex vocalizing behavior that we term ‘singing’. Previous
studies on various species have shown that a specific
vocalization can closely reflect a specific attribute. Using a
series of multiple regressions, we show that a single complex
vocalization by the adult male rock hyrax closely reflects
numerous individual traits, possibly encoding various types
of biologically important information (multiple-messages
hypothesis). Our study reveals that hyrax songs provide
accurate information regarding body weight, size and
condition, social status and hormonal state of the singer. We
also show that these independent data are sent in a sequential
manner, a pattern that probably allows a better partition of the
messages embedded in the song. Our results imply that
animals, through complex individual vocalizations, can
potentially advertise multiple individual attributes in the same
manner as that produced by chemical scent marking.
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Various vertebrate calls have been shown to communicate
information, such as age (Fischer et al. 2002), body size
(Fitch 1997), body mass and condition (Mager et al. 2007),
parasite levels (Garamszegi 2005), immunological condi-
tion (Simmons et al. 2005), exposure to nutritional stress
(Spencer et al. 2003), hormonal levels (Galeotti et al. 1997),
stamina (Fischer et al. 2004), and male quality (e.g.,
reproductive success; Andersson 1994; Reby and McComb
2003a). Conspecifics extract information from solo vocal-
izations as well as from vocal interactions, and use that
information in subsequent encounters (Peake et al. 2001;
Leboucher and Pallot 2004). Acoustic signals may be costly
and difficult to produce (Hasson 1994; Gil and Gahr 2002),
providing a useful tool for reliable advertising individual
characteristics to rivals (Fitch 1997; Bee et al. 1999) and to
potential mates (Davidson and Wilkinson 2004; Charlton
et al. 2007).

Several studies have examined the information content
of a single, specific song element. For example, in the water
pipit (Anthus spinoletta) the ‘snarr’ element is fundamental
to intraspecific male interactions. Males with high ‘snarr
scores’ are more dominant, mate more often, and have
territories with fewer overlaps than males with low scores
(Rehsteiner et al. 1998). In the male barn swallow (Hirundo
rustica), the ‘rattle’ element is positively related to plasma
testosterone levels and inversely related to body mass and
condition (Galeotti et al. 1997). Both the ‘rattle’ and the
‘snarr’ are emphasized in competitive situations.

Most research has examined individual signals in
isolation, although signaling usually incorporates different
components that interact in complex multiple sensory
modalities (Candolin 2003; Hebets and Papaj 2005). It is
possible that various components within signals reflect
different independent information about a signaler (i.e.
‘multiple messages’ hypothesis). One example of such a
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complex signal is that of a mixture of several chemical
compounds in precise and specific proportions, a “pheromone
blend”, which encompasses a signal that influences either
behavioral or physiological responses or both (Johnston
2003). In rodents, for example, each body area is a source
of odors carrying different information-types (Johnston
2003). Mixtures of many chemical compounds are analyzed
by receivers, which extract information based on these
compounds (Johnston 2003). The advertisement calls of
many frogs and toads, which encode information useful both
for mate recognition and quality assessment (Gerhardt 1992),
provide another example of a multi-attribute, ‘multiple-
message acoustic signal’. Further, previous studies showed
that calls like the ‘wahoo’ in baboons (Papio cynocephalus
ursinus; Fischer et al. 2004) and the roars of red deer
(Cervus elaphus; Reby and McComb 2003a) provide
information on multiple traits (i.e., rank, age, reproductive
success, and exhaustion).

A short and simple call (i.e., a single element) may carry
several messages (e.g., identity, location), yet a more
elaborate call (i.e., song or complex call) may encode more
messages since element rates and sequence of appearance
may also be assigned messages (e.g., Crockford and Boesch
2005). By playing the complete song, a series of messages,
which may be related or independent, are transmitted to the
listeners. When many sounds are displayed simultaneously
they may disrupt each other, making it difficult to perform a
‘successful’ combination (Hebets and Papaj 2005). Signals
containing several messages that arrive at the ear sequentially
avoid the loss of information due to interference, and allow
the listener a high resolution of message interpretation
(Rowe 1999).

In this paper, we examine two hypotheses: the multiple-
messages hypothesis and the redundant-signal or backup
hypothesis (Hebets and Papaj 2005). In the multiple-
messages hypothesis, various signal components provide
different and independent information, whereas under the
redundant-signal hypothesis, all song components commu-
nicate similar or related information. However, these two
alternative hypotheses are not mutually exclusive since a
complex call may carry several messages that each is
repeated by several different vocal elements. In such a case,
both hypotheses may be supported. In addition, we also
examine whether the messages in a complex call are
transmitted as a single packet of signals (i.e., simultaneously)
or by a series of packets (i.e., sequentially), each carrying
one or a few signals.

The rock hyrax (Procavia capensis) is a social mammal
that lives in mixed-sex groups, comprising several males
(one mature immigrant resident and several natal late
dispersers) and ten to 20 females with their pups. All
resident males and some bachelor males sing complex
songs in individually distinct voices throughout most of the

year, and also countersing with neighboring males (Koren
et al. 2008). Although the exact function of singing in the
rock hyrax is currently unknown, we suspect that it may be
related to sexual advertisement since it abruptly decreases
for a few months following the mating period (Koren et al.
2008). Since only males respond by countersinging to the
songs of other males, we did not examine the above
hypotheses in the context of mate choice but, rather,
addressed the question of whether the complex songs
produced by male hyraxes contain several independent
messages (i.e., multiple-messages hypothesis) or multiple
backup copies of the same message (i.e., the redundant-
signal hypothesis).We tested the above alternative hypotheses
by relating song attributes to individual morphological,
behavioral, and hormonal characters.

Materials and methods

Study animals

We have been studying rock hyraxes in the Ein Gedi Nature
Reserve (31°28′N, 35°24′E) since 1999, as part of a long-
term study. Two deep gorges, David and Arugot, constitute
the reserve, which is located west of the Dead Sea in the
Judean Desert, Israel. Hyraxes are mostly diurnal, and at
this study site they are relatively habituated, tolerating the
presence of stationary humans at ≥10–20 m. Permits for
capturing and handling the hyrax were issued and reviewed
annually by the Israeli Nature and Parks Authority. The
data presented in this paper pertaining to male hyrax songs
were collected for 6 months annually (February–August;
i.e., 1 month before parturition until the end of the mating
period) over three consecutive years (2002–2004), under
permit numbers: 2002/14674, 2003/14674, 2004/17687.

Acoustic communication constitutes the most widely
used means of information transfer amongst rock hyraxes
(Fourie 1977). Both males and females produce loud
repetitive warning trills, while a third of the adult male
hyraxes in our study site, all resident males and some
bachelor males, also engaged in rich and complex vocalizing
behavior we term ‘singing’ (Koren et al. 2008). Breeding is
seasonal and synchronized (Mendelssohn 1965). Mate
guarding and manipulation by the territorial male thus
appear to be limited, probably offering subordinates an
opportunity occasionally to sire offspring as well (Emlen and
Oring 1977). Adolescent males (i.e., 17–24 months old) are
forced to disperse (Hoeck et al. 1982), and live on the
periphery of colonies or in bachelor groups (Koren et al.
2008). Adult resident male hyraxes will remain with a
group for only a few years before being evicted by other
males. These males must therefore be prepared to respond
to any challenge by a bachelor male, while attempting to
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avoid injury or loss of fitness in unnecessary aggressive
encounters.

All singing males (both residents and bachelors; n=18)
were caught using live box traps, which were placed in
natural crevices. Traps were set open before first light
(approximately 90 min before dawn) and operated until
noon, with inspections every 2 h. Trapped males were
anesthetized with ketamine hydrochloride (0.1 ml/kg
intramuscular injection), which sedated the animals to a
state that allowed safe handling. Each male was individu-
ally marked using an electronic subcutaneous transponder
(DataMars SA; Bedano-Lugano, Switzerland) and a num-
bered collar (collar weight 5 g; range of 0.125% to 0.2% of
hyrax body weight). After marking and measuring, hyraxes
were returned to the traps for full recovery (3 h), and thereafter
released back at the capture site. All animals resumed full
normal activity shortly following their release.

Body measurements and age determination

Body length (base of the skull to tip of the tail), head
diameter (at eye level), body girth, and weight were taken
for each animal as size indicators. We combined body
length, head diameter, and body girth into a single
morphometric variable using principal components analysis
(PCA). The first component in the PCA explained 90.5% of
the variance in our morphometric data (eigenvalue=2.7).

All hyrax births at Ein Gedi are in the spring, with pups
first observed in March. The birth year for all natal hyraxes
was known since they were captured as pups. Body weight
(BW) was the best predictor of known age in 89 males
using linear fit (age was normalized using the Box–Cox
transformation; normalized male age=0.971+1.681BW,
R2=0.925, F1,88=1092.6, P<0.0001; Koren et al. 2008).
Using the above equation, we estimated the age of immigrants
and individuals born before our study began in 1999.

Fur coverage

Many hyraxes in Ein Gedi have only partial fur coverage,
which is caused by an irritation of the skin, mostly on the
hindquarters of the animal. We used fur coverage as a proxy
for individual physical condition, by estimating the per-
centage hair loss on the back of the animal. Percentage fur
coverage was assessed at the time of capture, and verified
using photographs. Adult fur coverage ranged between 60–
100% average � SD ¼ 90� 12:6%ð Þ. This remained sta-
ble over a field session, throughout successive assessments.
The cause of this mange is unknown, but no evidence of
scabies (Sarcoptes scabei) or fleas was found (LK,
unpublished data). However, at our study site similar hair
loss was observed in the Nubian ibex, and attributed to the
bites of a louse fly (Lipoptena sp.; Theodor and Costa

1967), which may also bite the hyrax. Extended skin
infections, like mange, are known to influence body
condition (Skerratt 2003). For statistical purposes, fur
coverage was normalized by arcsine transformation.

Social hierarchy

Behavioral observations were recorded over 430 observa-
tion days and approximately 3,000 h (by LK), using 10×42
binoculars and a telescope with ×50 and ·75 magnifications,
from a distance of 10–80 m. Most observations were in the
morning from dawn until noon (approximately 6 h);
thereafter hyraxes retreat from the heat, resuming activity
once the canyons become shaded (afternoon session;
approximately 2.5 h long). All agonistic interactions among
individuals belonging to six social groups were recorded
(all occurrences; Altmann 1974), and the initiator, recipient
and outcome were noted. Only agonistic interactions that
involved aggressive behavior by one individual (i.e.,
approaching, biting, pushing, or chasing) and resulted in
evasive action being taken by a second animal (i.e., fleeing
or retreating from position) were considered for the social
hierarchy analysis. A matrix of encounters was prepared for
each group using all pairwise agonistic interactions observed
during a given field season. Social hierarchy was calculated
from the interaction data using David’s score, which takes
into account the wins and losses of the focal individual and
its opponents (Gammell et al. 2003; Excel macros by H. de
Vries). Thereafter, each animal was ranked using the
calculated David’s scores. The animal with the highest
score was ranked first (i.e., 1), the next was ranked second
(i.e., 2), etc. All scores and ranks were normally distributed.

Hormone levels

We measured the levels of the androgens testosterone (T)
and androstenedione (A4), and the stress hormone cortisol
(C) that had accumulated over a period of a few months in
the hair of male singers. Hair samples were cut once a year
(April–August), from the back leg of trapped hyraxes in the
field, without the need for sedation. The extraction protocol
has been published elsewhere (Koren et al. 2002), and
validated by parallelism and liquid chromatography–mass
spectrometry (HPLC/MS/MS). The results obtained by the
ELISA were highly correlated with those obtained by the
HPLC/MS/MS (r=0.843, P<0.01).

All samples collected for each year were analyzed as a
single batch. Hair from each individual was tested in
duplicates in a double-blind experimental set-up. The
steroid hormones were detected using a competitive ELISA
method (human plasma kits for T and A4 and human saliva
kits for C; DRG International; NJ, USA). In order for
hormone levels to be compared across areas and years,
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results obtained from each ELISA-plate were standardized
(z scores). The average coefficient of variation for six
replicates performed in the same assay (intra-assay) was
4.6% and when one sample was analyzed over six
consecutive days (inter-assay) the coefficient of variation
was 8.3%.

Song recording and analysis

Singing behavior in our study area starts gradually in
February (pre-parturition), peaks in August (mating period),
and ceases abruptly thereafter. Singing males were recorded
in the morning sessions, when sound propagation is at its
peak (Titze 2000). In Ein Gedi, daily strong afternoon
winds interfere with sound recordings. Singing is loud and
can be heard by humans up to 500 m distance from the
singer (LK, unpublished data). Songs last a few minutes,
allowing for the observer to locate and identify the recorded
singer. The time, singer and social situation during which
songs were recorded were noted.

Singing males were tape-recorded from about 50 m
(range 10–80 m; by LK), with a Sennheiser ME 67 shotgun
microphone (frequency response 50–20,000 Hz ±2.5 dB)
powered by a Sennheiser K6 module, covered with a
Sennheiser MZW70-1 blimp windscreen. The microphone
was hand-held or placed on a tripod, using a MZS20-1
shock mount with a pistol grip. Recordings were captured
using a battery operated, portable Marantz PMD-222
cassette recorder (Frequency response for CrO2 Tape 40–
14,000 Hz; signal to noise ratio: 57 dB) on Maxell XLII-60
analogue tapes. Time, identity, and social context during the
recording period were noted. Vocalizations were digitized
using the Avisoft SAS Lab Pro software (version 4.38; R.
Specht, Berlin) at a sampling frequency of 44.1 kHz, with
16 bits. After visual inspection, tracks were downsampled to
22.05 kHz using Avisoft’s antialiasing filter. Spectrograms
were measured at 256 FFT lengths, 100% frame, using a
Hamming window, which gave a frequency resolution of
86 Hz with a 112 Hz bandwidth and a temporal resolution of
5.8 ms at a 50% overlap.

We recorded 103 bouts from ten known male singers in
2002, 106 bouts from six known singers in 2003, and 61
bouts from 12 known singers in 2004. On average, 15.9
different bouts were recorded per each of the 18 known
singers (range 1–86). We picked vocalizations for analysis
on merit of best signal to noise ratio. For each hyrax, we
selected several (average 4.6; range 1–11) high quality
bouts for analysis. We defined a bout as consisting of
several songs, with short pauses between them (<5 s). We
identified three key elements: wails, chucks, and snorts
(Fig. 1; also hear on Electronic supplementary material),
and measured 30 bout features. Mean number of songs per
bout (±SD) was 16.7±10.9, with the maximum being 43
songs. All bouts contained wails and, except for one bout,
all bouts contained chucks. Only 11 of the 18 singers
snorted. The number of bouts, songs, and elements within
the bouts, their durations, rates and temporal variations
were measured from the sonograms using the Avisoft
SASLabPro cursors, and transferred to Microsoft Excel
datasheets for analyses (e.g., Table 1). Using Avisoft’s
cursors, we also measured for each bout its minimum
fundamental frequency, maximum fundamental frequency
and average fundamental frequency, and first and second
harmonics (i.e., nine measurements).

Filter estimation

Measurements of the vocal anatomy of two fresh adult
hyrax road kills were conducted through detailed surgery
with the help of Dr. Y. Zohar, a neck surgeon. These
measurements were used to predict the number of formants
expected below the Nyquist frequency of the sampled
signal (Titze 2000). First formant characteristics (minimum,
average, and maximum frequencies) were measured from
the snort elements, using the Praat software (Boersma, P.
and Weenink, D., University of Amsterdam). Linear
predictive coding (LPC) is a spectral modeling technique
used to estimate formant frequencies in human speech. We
used model order 6–8 and number of poles 3–9, visually
selecting the optimum number of coefficients for each slice
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by superimposing LPCs on spectrographs. Formant analysis
parameters were: 0.01–0.05-s time step; two to five
maximum number of formants; 5,000–11,000 Hz maximum
formants. Formant frequency values were transferred to
Excel and averaged over the duration of the snort. Formant
dispersion could not be directly measured because the
number of formants extracted for each hyrax varied (range
1–4). It was calculated from the anatomical measurements to
be 3.5 kHz, with approximately three formants below the
Nyquist frequency of 11 kHz, when the sampling rate was
22.05 kHz. We united the three extracted formant variables
(average, minimum and maximum first formant), into a single
factor (termed ‘formants’), using PCA. That first component
in the PCA explained 60% of the variance in our formant data
(eigenvalue=1.8), and was not related to the other factors.

Statistical analysis

Principal components analysis (PCA; SPSS; v. 13.0) was
used to group the 21 extracted bout features into six
components (see Table 1), which had eigenvalues >1.
Interpretation of components composition (i.e., highest
variable loadings for each component) was achieved by using
the varimax rotation. The six factors combined explained 89%

of the song variance. In addition, we used PCA to unite nine
measurements that combined the harmonic frequencies into a
single factor (termed ‘harmonics’), which explained 86% of
the variance in our harmonic frequencies data (eigenvalue=
7.7). Since the ‘rates’ component correlated with the
‘harmonics’ component (r17=0.852; p<0.0001), it was
excluded from subsequent analyses. In order to test which
of the seven independent variables (harmonics, formants,
snorts, wails, extremes, counts, and chucks; tolerance≥0.55
and VIF≤1.8 in all cases) correlated with male character-
istics, we set weight, morphometric factor, fur coverage,
hormonal levels, and social status as dependant variables in a
stepwise multiple regression (through 1,000 permutations;
Permute; v. 3.4). Overall, all these dependent variables were
unrelated except in the following cases (Table 2). Body
weight was a good predictor of age in singers (R2=0.778;
Table 2); thus making these variables interchangeable. The
morphological component was associated with weight and
age, accounting for 36–41% of the variance in these
variables (Table 2), and therefore not a sole reliable predictor
for weight or age. Lastly, T and C were significantly
correlated but this association accounted for only 40% of
the variance (Table 2). The sample sizes between tests vary
since we did not have a full data-set for hyraxes in all years.

Table 1 Principal components analysis (PCA) on variables extracted from hyrax songs

FactorsFactor name
(% variance, eigenvalue) Variables 1 2 3 4 5 6

nwails 0.972 -0.113 -0.021 0.068 -0.063 -0.071
nsongs 0.968 -0.119 -0.013 0.095 -0.077 -0.065
duration 0.939 -0.064 -0.172 0.060 0.003 -0.109
tbout 0.928 0.152 -0.033 0.229 0.143 -0.062
twail 0.897 -0.150 0.003 0.045 0.288 0.061
nchucks 0.878 0.256 -0.079 0.140 -0.170 -0.118
nfiles 0.868 0.028 -0.052 0.238 0.241 -0.018
nbouts 0.742 0.115 0.069 -0.024 0.001 0.364

Counts (35.5%, 7.5)

nsnorts 0.699 0.129 0.015 0.329 0.060 0.228
chuck.song -0.110 0.939 -0.200 0.107 -0.063 0.018
rchuck -0.044 0.842 0.173 0.030 -0.338 0.042
tsong -0.036 0.840 0.006 0.218 0.461 0.068

Chucks (16.5%, 3.5)

max.chuck 0.274 0.833 -0.099 -0.046 -0.070 -0.206
rsong -0.032 -0.182 0.974 -0.048 -0.042 0.064
rwail -0.078 -0.223 0.902 -0.054 0.276 0.097

Rates (13.2%, 2.8)

singing -0.071 0.400 0.884 0.117 0.164 0.072
snorts series 0.202 0.097 -0.034 0.904 -0.106 -0.028Snorts (9.4%, 2.0)
snorts.song 0.312 0.089 0.028 0.861 0.078 -0.087
tchuck -0.010 -0.051 0.198 -0.147 0.927 -0.045Extremes (9.3%, 2.0)
max wail 0.471 -0.151 0.201 0.228 0.660 0.184

Wail (5.5%, 1.1) ave wail -0.013 -0.065 0.145 -0.085 0.030 0.902

A box borders high loadings for each factor. The amount of variance explained by each factor and the associated eigenvalue are in parenthesis.
Only factors with eigenvalues >1 are shown
n Number of, r rate of, t time of, .song number of elements per song, max.chuck maximum number of chucks, max maximum number of, ave
average number of, singing-percent singing of total bout duration, tbout average bout length, duration is average file length (including pauses).
Long bouts constituted several sound files (thus nfiles measurement). The ‘rates’ factor correlated with the ‘harmonics’ factor (r17=0.852;
p<0.0001) and was therefore excluded from subsequent analyses.
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For example, since formants were only extracted from
snorts, in a given year they were not calculated for a hyrax
that did not snort. Moreover, we could not obtain behavioral
and trapping-related (i.e., morphometric) data for all hyraxes
every year.

To eliminate pseudo-replication, we used each hyrax
only once per analysis. For animals that were recaptured in
multiple years, we used the first full data-set, where all
information (hormones and social status) was available.
Consequently, we had a single set of morphological,
hormonal, and rank values for each animal. We averaged
each of the vocal elements extracted over all bouts recorded
for each male during the focal year. To justify averaging over
bouts, we evaluated whether male song centroids significantly
differed from each other using the Wilks’ Lambda (λ)
statistic. Wilks’ Lambda, the ratio of within-males sums of
squares to the total sums of squares, is the proportion of the
total variance not explained by the assignment of songs to
males. For this analysis, all song variables were normalized
by the log-transformation (except the variables ‘rchuck’ and
‘singing’). At both sites, males had significantly different
centroids (λ<0.00001, F=171,832.7, P<0.0001 and λ=
0.00004, F=95,533.8, P<0.0001 for David and Arugot,
respectively). The mean squared distance of each song from
its male’s centroid (mean±SD; 13.0±5.7 and 14.8±5.9 for
David and Arugot, respectively) was an order of magnitude
smaller than the mean distance to the centroids of the other
males (216.7±195.0 and 145.9±73.5 for David and Arugot,
respectively).

Results

Only 18 of the 54 adult males wemonitored sang (i.e., a third).
These included all resident males (n=10) and a third of
bachelor males (n=8). All singers were sexually mature (i.e.,
over 2 years old) and had left their natal groups. In order to
test whether songs transmit several independent messages

(i.e., multiple-messages hypothesis) or multiple copies of the
same message (i.e., the redundant-signal hypothesis), we
related individual characteristics to song attributes.

Both body weight and size were measured since two
animals can weigh the same yet have different body sizes.
We found that body weight explained about a half of the
variance in the counts factor; thus, heavier males sang
longer bouts, with longer songs and numerous repeated
elements (R2

10 ¼ 0:54, P=0.009; sequential Bonferroni
correction, αSB=0.01; Fig. 2a). Body size explained about
a third of the variance in the chucks factor; hence, hyraxes
that were physically bigger (i.e., higher morphometric
factor) chucked more than smaller animals (R2

11 ¼ 0:377,
P=0.036; αSB=0.025; Fig. 2b). The chuck element in
hyraxes mostly appeared in a multi-repetitive format (mean
number±SD of chucks in a row was 12.8±10), with the
maximum number of chucks recorded in a row being 51.

Most of the variance in the social status was reflected in the
formants factor (R2

7 ¼ 0:86, P=0.002; αSB=0.009; Fig. 3),
with dominant males having lower formant frequencies.
Formant frequencies also accounted for most of the variance
in fur coverage (R2

7 ¼ 0:72, P=0.012; αSB=0.013; Fig. 2c),
where singers that had fuller fur coverage displayed lower
formant frequencies, which give ‘richer’ sounding voices
(i.e., more timbre). In order to assess formant reliability, we
operated on two adult hyraxes (i.e., road kill) and measured
their vocal tracts. The length from the epiglottis to the tusks
(at the front of the mouth) was 4 cm, yet the cricothyroid
muscle had freedom to move, allowing the larynx and the
thyroid cartilage to retract a further 0.8 cm (i.e., to extend the
vocal tract by 20%).

Although testosterone (T) levels were not related with
snorts (R2

14 ¼ 0:24, P=0.077), androstenedione (A4) levels
were related to both the snorts and the harmonics factors
(R2

14 ¼ 0:77, P<0.001; αSB=0.007), with most of the
variance attributed to the snorts factor (R2

14 ¼ 0:55, P<
0.001; Fig. 4a), and to a lesser degree to the harmonics
factor (R2

14 ¼ 0:21, P=0.014). The stress hormone cortisol

Table 2 Spearman correlation coefficients (rs; below diagonal) and corresponding P values (above diagonal) for the nine characteristics variables
of singing males

Variable Weight Morphology Age Fur T C A DR

Weight 0.010 0.001 0.303 0.273 0.279 0.812 0.657
Morphology 0.64 (15) 0.015 0.188 0.770 0.579 0.152 0.466
Age 0.88 (17) 0.60 (16) 0.129 0.604 0.374 0.510 0.735
Fur −0.30 (14) −0.36 (15) −0.41 (15) 0.794 0.132 0.383 0.925
T 0.28 (17) 0.08 (16) 0.13 (18) −0.07 (15) 0.005 0.844 0.870
C 0.28 (17) 0.15 (16) 0.22 (18) −0.41 (15) 0.63 (18) 0.245 0.743
A 0.07 (16) 0.39 (15) 0.17 (17) −0.25 (14) 0.05 (17) 0.30 (17) 0.138
DR −0.15 (11) −0.23 (12) −0.11 (12) −0.03 (11) 0.05 (12) −0.11 (12) 0.48 (11)

Morphology PCA component for three morphological variables, T testosterone, C cortisol, A androstenedione, and DR social ranking using Ds.
Sample size in parenthesis
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(C) was related to the chucks factor (R2
14 ¼ 0:36, P=0.03;

αSB=0.017; Fig. 4b).

Discussion

Complex hyrax songs contain specific and important
information pertaining to body weight, size and condition,
hormonal levels, and social status, which are individual and
mostly independent traits. This information is communicated
through specific song features, supporting the multiple-
message theory (Johnstone 1996). Independent messages
were linked to sound frequency (e.g., formant), occurrence of
vocal components (e.g., number of chucks) or to the
presence of vocal components (e.g., snort). This may show
that the information can potentially be extracted by integrat-
ing the data from the discrete acoustic cues that compose the
complete complex multi-signal. Furthermore, the different
signals that reflect different qualities may be directed at
different receivers (receiver variability hypothesis), shaped
by variable receiver preferences (Hebets and Papaj 2005).
Male displays (i.e., song) may be composed of one
component that is important in male–male competition, and
another one that is important in mate choice (Savalli 1994;
Grether 1996). To distinguish between these two possibili-
ties, it will be necessary to carry out playback experiments
and test receiver responses.

Sound provides information on body size by default, as
shown in human voices (Krauss et al. 2002; Bruckert et al.
2006). Advertising a large bodyweight may be advantageous,
since weight has been positively related to reproductive
success in many mammals (Eberle and Kappeler 2004). In
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Counts factor as a function of body weight (kg; R2

10 ¼ 0:54, P=
0.009), showing that heavier singers sang more. b Chucks factor as a
function of morphometric factor. Larger males used more chucks in
their singing (R2

11 ¼ 0:38, P=0.036). c Formants factor as a function
of transformed fur coverage. Singers with fuller fur coverage sang
with lower formant frequencies (R2

7 ¼ 0:72, P=0.012)
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rock hyraxes, rows of chucks seem to be produced in one
breath. Therefore, longer rows may indicate bigger lungs,
which are related to bigger body size (Fitch and Hauser
2002). Repetitive elements, such as chucks, are also often
used in male–male communication (McElligott and Hayden
1999). Producing long rows of chucks may require concen-
tration and muscular control in order to achieve precise
rhythmic pulses, with exact lengths and spaces, thus
revealing motivational state and concentration, and permit-
ting individuals to assess their opponents (Zahavi 1977).

Low, harsh, noisy sounds, such as snorts, are sound
qualities predicted by Morton’s motivation structural rules
to accompany aggression (Morton 1977; Fitch 1997),

which is often associated with dominance. Such sounds
have been documented in water pipits (‘snarr’ element;
Rehsteiner et al. 1998) and in barn swallows (‘rattle’
element; Galeotti et al. 1997). Their production and
radiation may be physically constrained by body size (Fitch
and Hauser 2002). Since snorts are loud and contain a broad
frequency spectrum, they may also serve to accentuate
formant frequencies (Fitch and Hauser 2002) and project
them over significant distances (Fitch and Hauser 2002).
Formant frequencies are shaped by the vocal tract, which
discriminately filters out certain frequencies and amplifies
others. They are inversely related to vocal tract length,
providing an honest indication of body size (Fitch 2000b).
Having found that formant frequencies are associated with
social status in hyrax, we suggest that snorts may serve as a
badge of status (e.g., in birds; Rehsteiner et al. 1998),
effective in male–male competition. Individuals that display
the dominance badge may be subject to more challenges by
other males, which only the truly dominant males can
withstand (Rohwer and Ewald 1981). However, we found
that the hyrax epiglottis is rigid and the trachea is flexible,
enabling the vocal tract to elongate. When the vocal tract is
extended, format frequencies and spacing decrease. In red
deer, the larynx can be pulled far down to the sternum while
calling, significantly lowering the formant frequencies (Reby
and McComb 2003b), and exaggerating body size (Fitch
1997). In dogs (Canis familiaris), cotton-top tamarins
(Sagunius oedipus), pigs (Sus scrofa), and goats (Capra
hircus), the larynx is also lowered into the oral cavity during
vocalization (Fitch 2000a). Male hyraxes were also seen
extending their necks when they sang (LK, unpublished
data), which may serve to elongate their vocal tract, thereby
exaggerating their body size. This mechanism may poten-
tially introduce deception, although, as in the red deer (Reby
and McComb 2003b), it is likely that all hyrax singers strive
for maximal vocal tract elongation, thus potentially main-
taining formant frequencies as an honest signal.

Formant frequencies were shown to provide reliable cues
of identity, age, gender, social rank and reproductive
success in different species (e.g., Reby and McComb
2003a; Fischer et al. 2004; Bruckert et al. 2006). In this
study, we show that in the male hyrax, formant frequency
can be used as an indicator of body condition, expressed by
fur coverage. In a few systems, following the influential
hypothesis by Hamilton and Zuk (1982), male immune
function and female preferences were associated with
secondary sexual traits (Hamilton and Zuk 1982; Lindstrom
and Lundstrom 2000), such as song (Simmons et al. 2005).

Social status is often linked to androgen levels in males
(Creel et al. 1997). In hyrax singers, only androstenedione
levels were significantly associated with the snorts factor.
Since testosterone and androstenedione did not show the
same relationship with the snort element, it is possible that
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the two androgens are in a biochemical balance in singers,
where a negative feedback exists between the two hormones,
mediated through additional factors or conditions. Another
possibility is that testosterone and androstenedione are
regulated by different mechanisms, both associated indirectly
and independently with the snorts factor. In that case, the
perceived opposite trends suggest that their levels are
independent of each other, perhaps indicating separate
evolutionary mechanisms. Androstenedione levels were also
linked to the harmonics factor, which represents the length of
the vocal folds (i.e., fundamental frequency; F0), which have
traditionally been linked to body size (Titze 2000). The
notion that a deep voice necessarily indicates a large body
has been shown to be inaccurate in several mammalian
males (Fitch and Hauser 2002; Fischer et al. 2004). The size
of the vocal folds can be independent of body size, and can
further experience a hormone-dependent growth spurt (Fitch
1997). Moreover, since F0 is dependent on both vocal fold
length and stress, motivation and social context are likely to
change it, raising F0 in exciting or stressful situations
(Fischer et al. 2004). The dual representation of androstene-
dione is the only case we found for the redundant-signal or
backup hypothesis.

Altogether, hyrax songs contain a significant amount of
information pertaining to different aspects of animal’s life,
mostly supporting the multiple-messages hypothesis. Since
we could not draw up general rules to predict the potential
information transfer, the fact that information is encoded in
a fragmented manner may suggest the importance of
specific packets of information to different functions, or
perhaps audience. If individual packets of codes are lost
due to acoustic distortions or disruptions, others information
units may withstand despite the interruption. This is
evolutionary important in setting up long-lasting dependable
cues. Acoustic cues for long-distance recognition and
communication are probably advantageous in the rugged
habitat of the rock hyrax, relative to chemical (odor), visual
and behavioral cues. Dorsal and footpad glands, urine and
sneeze marking, and defecation in latrines are possible
means for intraspecific communication in the rock hyrax.
However, scent marking relies on the frequency with which
marking sites are visited; thus, information is distributed
slowly. By contrast, information carried by song instantly
reaches all individuals within hearing distance of the caller.
We view the complex hyrax songs as similar to other
information bearing mechanisms, such as chemical mole-
cules used in scent marking, because they provide the
receivers with a range of information that is delivered in a
sequential manner, allowing a clear signal interpretation.
Whether males or females decipher the information carried
in the songs, which song elements bear the information, and
how this information interacts, are key questions whose
answers require manipulative-playback field experiments.
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