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The ontogeny of quality-based signals has been studied in numerous animal systems but the degradation
of vocal signals with age has received much less attention. Investigating age-related changes in quality-
based acoustic signals and the associated social processes (e.g. rank changes, competition intensity) can
expand our understanding of the information content of signals and their perception by receivers. To
address this issue, we monitored the changes in syntactic complexity of songs in male rock hyraxes,
Procavia capensis, over their lifetime. These songs are known to reflect the signallers' identity and quality.
We found that age, residency and tenure had a combined effect on the syntactic structure of signals.
Progression trends differed according to the signallers’ social status. For mature bachelor males song
complexity increased with age, whereas it decreased for resident males, which had performed complex
songs at the beginning of their residency tenure. This decline in complexity, potentially indicating fa-
tigue, has also been associated with increased competition pressure, reflected in males' increased ten-
dency to become involved in fights. In previous studies on animal vocal signalling and human speech, no
effects of senescence on syntactic complexity were detected. Our current findings, however, suggest that
vocal complexity is informative and could be reflective of the condition and competitive abilities of the
signallers. However, an alternative explanation of lower signal complexity due to decreasing competitive
motivation is also discussed.

© 2019 Published by Elsevier Ltd on behalf of The Association for the Study of Animal Behaviour.

Vocal signals, transmitting information on the senders' quality,
are common across animal taxa and their adaptive value has
repeatedly been reported (Kitchen, Seyfarth, Fischer, & Cheney,
2003; Seyfarth & Cheney, 2003; Seyfarth et al., 2010; Vannoni &
McElligott, 2008). Honest information transfer facilitates the
modulation of social interactions (Pollard, 2011), allows individual
recognition (McComb, Moss, Sayialel, & Baker, 2000) and ulti-
mately saves energy (Johnstone & Norris, 1993) by maintaining
social hierarchies and minimizing fights (Clutton-Brock, Albon,
Gibson, & Guinness, 1979). Established hierarchies can remain
stable via two possible mechanisms: recognition of quality ac-
cording to honest ‘status badges’ or recognition of individuals

previously assessed as high ranked (Karavanich & Atema, 1998).
Badges of status honestly reflect the true state of the individual and
their decline can cause reassessment of the hierarchy. In contrast,
when hierarchy is based on individual recognition it relies on
experience from previous interactions and is more robust to re-
versals (Beacham, 2003), even after the higher-ranking individual
has lost its competitive advantage (Robbins, Robbins, Gerald-
Steklis, & Steklis, 2005). In a dynamic social environment, with
high immigration and intrusion levels, the quality assessment of
competitors is expected to be continuous. As a consequence, one
would also expect that a decline in quality would be tightly coupled
with a decline in social rank. In a stable population and under low
intrusion levels, an individual might be able to retain its rank
despite a worsening body condition. According to Grafen's (1987)
‘Bourgeois model’, resource holders are less frequently challenged
by conspecifics that ‘respect ownership’. Individual recognition and
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previous encounter experience might thus create a time buffer and
delay changes in hierarchy.

Although quality-dependent signals have been extensively
studied in the context of obtaining resources, the majority of
studies have examined short timewindows in the lives of the study
subjects (e.g. reproductive stage, Reby&McComb, 2003; significant
social event, Gray et al., 2017; or just a randomly chosen time
period, Koren, Mokady, & Geffen, 2008). Another significant vol-
ume of work has been carried out on the ontogeny of acoustic
signals, demonstrating the relationship between genetic (Laiolo &
Rolando, 2003), social (Price, 1998) and environment-based
(Nicholls & Goldizen, 2006) effects on their formation. Less atten-
tion has been given to quality-based signals during the advanced
life stages, when the body condition and fighting ability of an an-
imal often deteriorate. These changes are expected to be reflected
in the transmitted signals and affect an individual's social status
and its ability to access and defend resources. Examining lifetime
changes in quality-based signals, and the relationship between
their decline and the changes in individual social rank, can help to
differentiate between the models of hierarchical maintenance in a
population. This differentiation will enable a better understanding
of information usage and indicate how an individual's potential for
resource defence is perceived by conspecifics and to what extent an
established reputation can compensate for loss of competitive
abilities.

In this work, we assessed long-term and age-related changes in
syntactic complexity of vocal displays using male rock hyrax, Pro-
cavia capensis, songs as our model system. Hyraxes are diurnal
herbivores (Yom-Tov, 1993) that live in groups consisting mainly of
one, usually immigrant, resident male and a number of females and
their offspring (Barocas, Ilany, Koren, Kam, & Geffen, 2011). After
young males leave the group around the age of 24 months (Hoeck,
1989), they can either remain in the same area as bachelors
(Barocas et al., 2011) or disperse (Kershenbaum, Ilany, Blaustein, &
Geffen, 2012). Acoustic communication is a major signalling chan-
nel in rock hyraxes. While both sexes produce a variety of calls, it is
mostly the males that produce complex songs containing several
bouts with repetitive elements (wail, chuck and snort; Fig. A1;
Koren & Geffen, 2008). Males start singing when they reach
adulthood and the song is gradually formed between the ages of 2
and 3 years (Koren et al., 2008). Songs function as a quality
advertisement and have been shown to reflect caller age, social
rank and body condition (Koren et al., 2008; Koren & Geffen, 2008,
2011). Males were found to have a stable, individual acoustic
signature that presumably makes the callers individually recog-
nizable to listeners (Koren & Geffen, 2011). While the acoustic
features of vocalizations are largely determined by the anatomical
structure of the callers' vocal apparatus (Reby & McComb, 2003),
hormonal levels (Van Duyse, Pinxten, & Eens, 2002) and emotions
can also have an effect (Briefer, 2012). Syntax, on the other hand, is
not constrained by the callers' anatomy. It can be affected by
learning, flexibly adjusted by the context of call production and
theoretically can have higher potential for information complexity
(Kershenbaum et al., 2016). Indeed, in male hyraxes syntactic
complexity is condition dependent and positively associated with
perceived receiver attention (Demartsev et al., 2014). In addition,
complex songs get more replies from receivers (Demartsev et al.,
2017). Both these findings indicate that syntactic complexity has
a communicative importance in rock hyraxes. However, it is still
unclear whether syntactical complexity of hyrax songs reflects only
a temporal mental state or whether it is also indicative of a more
general competitive ability of the signaller.

Our aim in this study was to examine how age affects the vocal
complexity of hyrax songs. Our working hypotheses were based on
the observations that prime-aged adults (approximately first half of

their adult life) are often superior in quality to older individuals
(Piper, Brunk, Flory,&Meyer, 2017) due to the deterioration of body
condition with age (Ricklefs, 1998), accumulation of injuries and
general fatigue (Terleph, Malaivijitnond, & Reichard, 2016). We
therefore predicted that syntactic complexity would increase as
male hyraxes reached the prime of their competitive ability, fol-
lowed by a decline towards the end of their life. In birds, testos-
terone levels have been reported to affect both song complexity
(Marler, Peters, Ball, Dufty, &Wingfield, 1988) and song rate (Hunt,
Hahn, & Wingfield, 1997). Additionally, since testosterone can also
serve as a mediator of aggressive displays (Hau, Stoddard, & Soma,
2004; Juntti et al., 2010) and its levels are often correlated with the
ability and willingness to fight (Wommack & Delville, 2007), we
hypothesized that elevated testosterone levels would increase
syntactic complexity, being a potential indicator of male aggression
and fighting ability. Theory posits that previous competition
experience (Beacham, 2003) and the ‘Bourgeois effect’ (Grafen,
1987) could create a buffer for potential competitors, which
might rely on individual recognition and avoid or delay confronting
resident males, despite the latter's transmitted signals indicating
reduced abilities. Our previous observations have revealed the ex-
istence of long-term residency in the rock hyrax system (Barocas
et al., 2011) and that residents are rarely challenged (Demartsev
et al., 2016b). Based on these factors we hypothesized that a
decline in signal quality would have a limited effect in terms of a
resident male's likelihood of being challenged.

METHODS

Field Protocol

The data were collected at the Ein-Gedi Natural Reserve, Israel
(31!280N, 35!240E). Acoustic recordings were made between 2002
and 2013, and behavioural and social data were available for the
period between 2000 and 2017. Field procedures followed previ-
ously published protocols (Barocas et al., 2011; Ilany, Barocas, Kam,
Ilany, & Geffen, 2013; Koren et al., 2008; Koren & Geffen, 2008).
Rock hyraxes were trapped using live box traps (Tomahawk Live
Trap Co., Hazelhurst, WI, U.S.A.), placed in shaded locations and
baited with cabbage and kohlrabi. The traps were set at dawn,
inspected after 3e4 h and locked until the next trapping session.
Trapped animals were anaesthetized by intramuscular injection of
ketamine hydrochloride (10 mg/kg). Each hyrax was individually
marked with a subcutaneous transponder (DataMars SA, Bedano,
Switzerland) and either an ear tag (pups and juveniles, ca. 0.25 g
per tag) or a lightweight numbered collar (adult individuals, ca. 5
g). All procedures were performed in the shade to avoid over-
heating. After recovery from anaesthesia (at least 120 min), hyraxes
were released back at their capture sites. Recaptures were released
immediately after traps were checked.

Five social groups and additional satellite bachelor males were
observed annually for 4e5 days/week between March and August.
Individuals were recognized from a distance using 10"42 binocu-
lars (Monarch, Nikon) and a telescopewith up to"75magnification
(Fieldscope ED82, Nikon). All behaviours, comprising movements,
fighting, social interactions and vocalizations, were registered
(Koren et al., 2006, 2008; Koren & Geffen, 2008). Agonistic in-
teractions betweenmales, consisting of short-range, direct physical
aggression (biting, chasing and fighting) were documented,
including both the participants’ IDs and the interaction outcome.

Residence Status

Each year, male hyrax residency (i.e. bachelor or resident) was
determined according to the social network algorithms described
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by Barocas et al. (2011). Bachelor males were observed only in brief
interactions with conspecifics, while resident males were observed
in a stable association with a group of females, sharing sleeping
dens and feeding sites. Resident tenure was counted from the first
year themalewas observed associated with a social group and until
it was no longer observed at the study site, found dead or, in one
case, observed as a bachelor. Each adult male in the study area was
assigned ‘local’ or ‘immigrant’ status. Local males were identified
and marked as pups or juveniles in the study groups. Immigrant
males were marked as adult new arrivals at the study areas.

Vocalization Recording and Analysis

Songs were recorded from a distance of 10e50 m with a
Sennheiser ME 67 shotgunmicrophone (frequency response 50e20
000 Hz ± 2.5 dB), powered by a Sennheiser K6 module and
covered with a Sennheiser MZW70-1 blimp windscreen (Sennhe-
iser Electronic GmbH&Co.KG, Wedemark, Germany). The micro-
phone was hand-held using an MZS20-1 shock-mount with a pistol
grip. Vocalizations were recorded in mono (Marantz PMD-222
cassette recorder, Marantz, Tokyo, Japan or Tascam HD-P2 digital
audio recorder; TASCAM Corporation, Montebello, CA, U.S.A.), with
a sampling frequency of 48 kHz and a sampling width of 24 bits
(Ilany, Barocas, Koren, Kam, & Geffen, 2011). For each song, a
spectrogram was generated using Avisoft SAS LabPro software,
version 5.2.10 (Avisoft Bioacoustics, Berlin, Germany). Spectro-
grams were measured at 512 FFT length, 100% frame, using a
Hamming window. All the vocal elements were identified and
manually marked from the sonograms using the Avisoft SASLabPro
cursors.

Song Complexity Analysis

Male hyrax songs contain a syntactic structure (Kershenbaum
et al., 2012). The relative rate of transitions between different
vocal elements can be expressed as a 5 " 5 Markov transition
matrix (wail, chuck and snort, with the addition of ‘bout start’ and
‘bout end’ markers). We used the nonuniformity of this transition
matrix to quantify syntactic diversity (Lameira et al., 2013). We
calculated syntax diversity using theweighted sum of the entropies
of the transition matrix probabilities, which was shown by
Shannon, Weaver, Blahut, and Hajek (1949) to be an estimate of the
entropy rate of an ergodic Markov chain (Kershenbaum, 2014). We
set the ‘start-end’ and ‘end-start’ blocks as zero on all matrices
because these transitions are biologically meaningless. All calcu-
lations were performed following Kershenbaum et al. (2012). The
diversity in the rate of element change was calculated as S¼ $P

i
pi
P

j
pi;j lognpi;j where pi,j is the probability of transition from

element i to element j, taken from n possible elements (n ¼ 5),
and pi represents the stationary probability of element i. The syn-
tactic complexity was calculated for each song, generating a list of
complexity values annotated with male identity and the date of
recording. This allowed us to capture the long-term dynamics of
maturation, residency and tenure on an individual level.

Hormonal Assay

For this work we used a subset from a larger collection of hor-
monal data used in Koren et al. (2019). Male songs recorded in a
specific year were matched with a testosterone value representing
a 3e6-month-long hormonal profile obtained from an individual
hair sample (Koren et al., 2002) collected in the same year.
Testosterone values were available for 160 male-year cases.

The hormonal assay for extracting and measuring the levels of
testosterone that accumulated over the period of hair growth

followed previously published protocols (Koren et al., 2006, 2008;
Koren & Geffen, 2009). Briefly, hair samples were cut once a year
from the back leg of trapped hyraxes. Samples were washed twice
in isopropyl alcohol while shaken (100 rpm; 3 min) and, after
drying and depending on the year, were either left complete or
ground to a fine powder (25 Hz, 200 mm, Retsch, Haan, Ger-
many). Hair samples were soaked (0.2 mg weighed to the nearest
0.01 mg by electronic balance; BJ610c, Precisa, Dietikon,
Switzerland) in methanol (1 ml; Sigma-Aldrich Israel Ltd, Jerusa-
lem, Israel), sonicated (30 min) in an ice bath and then incubated
with shaking (50 !C, 130 rpm, 20 h). Finally, the methanol was
evaporated with nitrogen (45 !C). For testosterone quantification,
the samples were run in duplicates using a commercial ELISA kit
(EIA-1559, DRG International Inc., Springfield Township, NJ, U.S.A.)
following the kit protocol, after restoration with the zero standard
provided. This kit had been previously validated for hyrax hair
(Koren et al., 2006, 2008; Koren & Geffen, 2008, 2009). Duplicates
of the pool run on different days gave an interassay coefficient of
variation of 7.08%. Quantifying six duplicates of the pool run
together on a single plate gave an intra-assay variability of 4.09%.
Serial dilutions of the pool demonstrated parallelism with the
standards provided with the kit (univariate analysis of variance in
SPSS, IBM, Armonk, NY, U.S.A.; P ¼ 0.356), and linearity was
shown between 5 and 40mg of hair.When adding a known amount
of testosterone to the pool recovery was 101.9%.

Ethical Note

This work is part of an 18-year study on the rock hyrax popu-
lation in Ein-Gedi Natural Reserve, Israel. All field procedures for
this study were in accordance with the Israeli Nature and Parks
Authority guidelines and regulations. Annual permit numbers:
2000/8871, 2001/8871, 2002/14674, 2003/14674, 2004/17687,
2005/17687, 2007/27210, 2008/31138, 2009/32871, 2010/37520,
2011/38061, 2012/38400, 2013/38803, 2014/40185, 2015/40768,
2016/41174. Animal welfare concerns were taken into account
during trapping and marking sessions. All procedures were per-
formed by trained personnel or under direct supervision of a senior
field team member. The traps were placed in shaded spots and
covered to prevent exposure to sunlight. The ketamine dosage for
anaesthesia was set according to the animal's weight at 10 mg/kg.
This dosage has proved to allow 15e20 min of safe handling of the
animal as well as its fast recovery to full normal activity in up to 120
min after initial injection. The animals were monitored during re-
covery from anaesthesia and released only after they regained full
responsiveness but not less than 120 min after injection. All
procedures were performed in shaded areas to avoid overheating. If
the ambient air temperature, at the research site, rose above
40 !C, new animals were not anaesthetized and were promptly
released from traps. During sudden heatwaves and rapid ambient
temperature increases, animals already recovering from

Table 1
Effect of age, residency status (bachelor or resident) and standardized testosterone
levels on song entropy rate

Effect Estimate df F P

Age -0.018 1,63 1.4 0.219
Residency -0.028 1,8 1.2 0.005
Testosterone 0.032 1,71 7.6 0.003
Age*Residency 0.038 1,63 5.7 0.008
Residency*Testosterone 0.001 1,71 0.0 0.950

The results were calculated using a linear mixed model with male identity set as a
random effect and the P values were calculated using permutations. Significant
effects and interactions are indicated in bold.
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anaesthesia were cooled by wetting them and/or covering the trap
with a wet towel. Throughout the study, no long-term stress or
other adverse effects were detected in individual animals or in the
overall population. Both population numbers and the integrity of
the specific social groups in the research area remained stable.

Statistical Analysis

We used a linear mixed model to test for the effects of residency
status, age and annual hair testosterone levels on entropy rate. Our
model also included both two-way interactions with residency
status (Table 1). As our data included several song entropy values
matched to a single, annual testosterone measurement for each
hyrax male it could potentially generate data-drift issues caused by
using the same testosterone values multiple times. To account for
this we set male identity as a random effect in this model with
degrees of freedom representing the number of individual animals
rather than the number of songs. Since hair testosterone level was
affected by the year of collection and by the method of extraction
(ground or left intact; P < 0.001 for both effects), we standard-
ized for these effects using the regression residuals as a predictor
variable in our analysis for testosterone levels. P values for this
model were calculated by permutations using the R packages ‘nlme’
and ‘pgirmess’ (The R Foundation for Statistical Computing, Vienna,
Austria, http://www.r-project.org). The raw entropy rate and
testosterone level values used for constructing the model are
available at https://doi.org/10.17632/4yzpx4jvd9.1.

To determine the dynamics of entropy rate, we examined the
change with age in the number of elements per song using a linear
mixed model. In this model, residency was set as a fixed effect, age
as the covariate and male identity as a random effect. The number
of elements per song, the dependent variable, was transformed to
fit a normal distribution using the BoxeCox transformation.

To test for the effect of the number of residency years on the
frequency of fights, we used logistic regression. For this analysis, we
restricted the data set to a subset of resident males. The dependent
variable was whether an individual resident had been involved in a
fight or not (binary variable) on each of the days on which it had
been observed. These data were summed per year to the number of
days each resident was involved in a fight and the number of days it
was not. The predictors were number of residency years, male
identity and the interaction between the predictors. In this model
design (ANCOVA), each male in the analysis is represented by a
single probability function, and the interaction is testing the
contribution due to the difference between males.

RESULTS

We analysed 160 individual recordings performed by 16 males
(mean±SD ¼ 10 ± 9.06 songs/male). The recorded males
were aged 3e8 years, with 11 males defined as bachelors (mean
age±SD ¼ 4.9 ± 1.4 years) and five as residents (mean
age±SD ¼ 5.1 ± 1.4 years). There was no significant differ-
ence between bachelor and resident age (mixed model:
F1,47 ¼ 0.001, P ¼ 0.974). Resident males were assigned a
‘tenure period’ of 1e5 years. Between 2002 and 2013, 10 resident
males observed at the research site were identified as immigrants
and one as local; 17 bachelor males were identified as immigrants
and 14 as local. Resident males were predominantly immigrants (in
90.9% of cases; c2 ¼ 4.6, P ¼ 0.032).

Song entropy rate showed an increase with age in bachelor
males and a decrease in resident males (Table 1, Fig. 1), with resi-
dent males exhibiting higher entropy values than bachelors at the
beginning of their residency tenure, while this evened out to match
bachelor entropy values by the end of their tenure. Testosterone

levels showed a significant increase with song entropy rate and
with age (Table 1, Fig. 1) in both residents and bachelor males.

We detected a significant interaction between bachelors and
residents in the change in elements per song with age (mixed
model: F1,88 ¼ 5.1, P ¼ 0.027). In bachelors, the number of
elements per song increased with age (estimate ¼ 1.0,
F1,90 ¼ 15.7, P < 0.0001) in parallel to the increase in entropy.
However, the dynamics of residents’ song entropy rate could not be
explained by a simple change in element usage, because the
number of elements per song stayed constant during the tenure of
resident males (mixed model: estimate ¼ 0.1, F1,89 ¼ 0.1,
P ¼ 0.783; Fig. A2).

We compared the total number of fights in which bachelors
(N ¼ 103) and residents (N ¼ 35) participated and compared
these values to the randomly expected number of fights based on
the proportions of bachelors and residents in the male hyrax
population at the study site (42 bachelors and eight residents). The
analysis revealed that residents did not fight at a higher rate than
bachelors (Fisher's exact test: P ¼ 0.238). However, for residents,
the probability of fighting increased significantly with tenure years
(logistic regression: estimate ¼ 0.56, c2 ¼ 7.4, P ¼ 0.007,
N ¼ 586 observations): the probability of being observed in a
fight during the first year of tenure was about 10% while by the
fourthefifth year of tenure it approached 40%. Finally, the expected
rate of participation in agonistic interactions (i.e. number of fights
predicted by tenure years) did not correlate with the song entropy
rate in resident males (F1,51 ¼ 0.7, P ¼ 0.403).

DISCUSSION

Our results revealed a clear distinction between song syntactic
complexity of bachelor and resident males across their adult life.
Resident males' songs were more complex at the beginning of their
tenure than the songs of similar-aged bachelors. As males aged,
residents showed a decline in song complexity whereas bachelors
showed a steady increase, only partially supporting our hypothesis
of vocal complexity declining with senescence. In parallel to the
age-dependent decline in song complexity, residents showed a
tenure-dependent increase in fight participation, contrary to our
prediction of residents’ prestige reducing competition. Confirming
our initial predictions, testosterone levels were positively corre-
lated with age and song complexity. However, the opposite trends
of complexity progression shown between residents and bachelors
suggest that the temporal changes in song complexity are unlikely
to be driven by changes in testosterone levels.

Social dominance is often associated with elevated levels of
stress hormones (Creel, 2001; Goymann & Wingfield, 2004) and
higher energetic expenditure (Muller & Wrangham, 2004), which
might lead to premature senescence (Verhulst, Geerdink,
Salomons, & Boonekamp, 2014). However, the opposite has also
been reported, with dominant individuals expressing lower levels
of stress hormones (Abbott et al., 2003) and having longer lives
(Blomquist, Sade, & Berard, 2011). Resident male hyraxes have a
higher survival rate than bachelors (Barocas et al., 2011), suggesting
that social living provides increased protection and access to re-
sources. However, the decline in song complexity might suggest
that they also experience some adverse effects of dominance. This
is also supported by observations of resident males having shown a
decline in singing rates shortly before they disappeared from our
study site (Koren et al., 2008).

The degradation of signal quality in resident males can be
explained by an objective decline in the signallers' body condition,
but also as a strategic change in signalling tactics driven by social
dynamics and reproductive effort. Below, we discuss these two
options in the context of the signallers' social environment.
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Additionally, we discuss the link between residents’ song
complexity and competition intensity.

Song Complexity as a Badge of Quality

Senescence has been associated with a decline in quality-based
traits, such as foot coloration in the blue-footed booby, Sula
nebouxii (Beamonte-Barrientos, Velando, & Torres, 2014; Torres &
Velando, 2010) and the face mask in the eland, Tragelaphus oryx
(Bro-Jørgensen & Beeston, 2015). A decline in the complexity of
sexual displays was also reported in the greater flamingo, Phoeni-
copterus roseus, older individuals being unable to pay the associated
energetic cost (Perrot et al., 2016). At early adult stages, the strong
differentiation in syntactic complexity shown here between bach-
elor and resident hyrax males confirms it as an advertisement of
individual quality, as we have previously suggested (Demartsev
et al., 2014, 2016a; Koren et al., 2008; Koren & Geffen, 2008).
However, this decline in complexity observed in older residents
was not observed in bachelors. This indicates that the degradation
of resident male signals is not directly driven by ageing but is
possibly a result of the latter paying the ‘cost of dominance’ due to
the associated high energetic expenditure, as suggested for pri-
mates (Gesquiere et al., 2011; Sapolsky, 2005).

Song complexity as a signalling tactic

It is also possible that resident males reach their peak in terms of
song complexity at a young adult stage (3e4 years) because they
are mostly immigrants (90.9%) with the need to vigorously adver-
tise their quality in order to establish their reputation. Hierarchical

instability is often characterized by increased signalling effort (Gray
et al., 2017), specifically by individuals that are willing to commit to
conflict escalation (Grinnell & McComb, 2001). Syntactically com-
plex songs receive more attention and more replies from conspe-
cifics in rock hyraxes, probably due to being more noticeable and
memorable (Demartsev et al., 2017). A recent residentmight seek to
facilitate acquaintance with the local population (Goll, Demartsev,
Koren, & Geffen, 2017) and emphasize his readiness to defend his
newly acquired position (Demartsev et al., 2016b) by producing
complex and conspicuous songs. Additionally, the difference in
syntactic complexity between bachelors and residents might
reflect their different reproductive strategies. Immigrant males
often have an advantage over the local males, as local females
might prefer immigrants as an inbreeding avoidance tactic
(Manson, 1995), while the initial years of residency provide the
resident with breeding opportunities. Tenure is sometimes
inversely related to mating success, as female partner preference
can shift (Berard, 1999) making the signal investment less cost
effective, and residents might then need to balance the reduced
benefit by avoiding the costs of complex signals. We have previ-
ously shown that hyrax males do not always perform songs at
maximum exertion. They reserve the effort of performing a syn-
tactically complex signal for conditions in which the potential
benefit will be highest (Demartsev et al., 2014). Thus, a tenure-
associated decline in residents’ song complexity does not neces-
sarily demonstrate a deterioration of the males' physical ability.
Instead, it might be related to a general shift in signalling strategy
that reflects the changes in effectiveness of signalling. Bachelor
males, on the other hand, might employ a slow-gain strategy of
remaining in their natal area and accumulating reproductive
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Figure 1. The predicted change in the mean song entropy rate (a, b) across age groups in (a) residents (slope ¼ -0.072 ± 0.010, P < 0.001) and (b) bachelors
(slope ¼ 0.030 ± 0.012, P ¼ 0.014) and (c, d) as a function of standardized testosterone level in (c) residents (slope ¼ 0.037 ± 0.004, P < 0.001) and (d) bachelor
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corresponding (a, b) male age or (c, d) testosterone value.
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opportunities over time, with their song complexity positively
correlated with their experience and age.

Song complexity and competition intensity

The changes in resident male competition intensity might also
be related to competitors' recovery from awinner/loser effect (Hsu,
Earley,&Wolf, 2006) established during residency acquisition. As it
is rare, we were unable to document the process of residency
establishment in detail. Some anecdotal lines of evidence suggest
that it can include repeated signalling events and physical clashes
between candidate males (L. Koren, V. Demartsev, A. Ilany & A.
Barocas, personal observations). Previous findings have shown that
established resident males are rarely challenged to signalling
competitions (in comparison to bachelors), and usually win phys-
ical fights (Demartsev et al., 2016b). Thus, bachelors might expe-
rience a joint deterrent effect from the resident's complex song and
from previous interaction experience with him. However, our cur-
rent findings indicate that following an initial ‘grace period’, resi-
dents are more frequently challenged by competitors. This change
might be driven by the competitors' recovery from a previous
interaction experience with the resident or by a decline in the
motivation of the resident to defend resources and/or in his body
condition. Both factors, reflected in the resident's signal, probably
motivate bachelors to seek an opportunity for confrontation.
Alternatively, the arrival of new immigrant males, which have not
experienced previous interactions with the resident, might in-
crease the competition pressure. The accumulation of new chal-
lengers may eventually lead to a deterioration in the resident's
condition and a corresponding decline in his signal quality.

At this stage it is not possible to disentangle the effects of male
residence status and competition intensity on syntactic complexity.
Nevertheless, these options underline syntactic complexity as a
badge of quality (Demartsev et al., 2014), adding to the acoustic and
structural parameters previously found to correlate with signallers’
traits in hyrax (Demartsev et al., 2017; Koren & Geffen, 2008). Our
findings also suggest that quality-based signals, although funda-
mentally honest, could be subjected to the signallers' control ac-
cording to short-term costs/benefits. The change in signal
complexity discussed in this work is not driven by a simple change
in the proportions of elements or by an increase in the number of
elements per song, but by maximizing the diversity in the relative
order of vocal elements (Kershenbaum et al., 2012, 2016). Our
previous findings indicate that male song is energetically cheap
(Ilany et al., 2013). Combined, these suggest that the challenge of
hyrax song lies not in the production of specific elements but in
their combination and the temporal variation of the signal.

Conclusions

Monitoring hyrax male advertisement signals across their entire
life span enabled us to investigate two processes connected to the
temporal structure of their songs: male residence status and
competition intensity (related to residency tenure). In songbirds,
song complexity and syllable variance have been associated with
cognitive abilities and brain size (Boogert, Fawcett, & Lefebvre,
2011; Catchpole, 1996) as their songs require complex neural and
motor control (Tachibana, Koumura, & Okanoya, 2015), being po-
tential indicators of territorial defence and provisioning abilities.
Similarly, the initial difference in signal complexity between the
social classes of males can intuitively be attributed to differences in
quality, and the consecutive changes might reflect different life
histories and potentially different reproductive strategies of resi-
dents and bachelors. Acoustic degradation of vocal signals has been
associated with increased age (Terleph et al., 2016) and fatigue

(Vannoni & McElligott, 2009) in both animals and humans. How-
ever, evidence for a decline in signal complexity is limited. In fact,
two studies have reported no effect of ageing (Basken, Connor, &
Ciucci, 2012) and fatigue (Castellano & Gamba, 2011) on
complexity and temporal variation in animal vocal systems. There
was also no evidence of age effects on syntactic vocal complexity in
humans, despite their showing age-related differences in speech
tempo andmotor control (Dromey, Boyce,& Channell, 2014). It thus
remains unclear whether the costs of syntactically complex vocal
signals are incurred mostly during the signal acquisition stage
while the later production is relatively cheap and can be easily
maintained despite general physical decline. The results obtained
from the hyrax system show that song complexity of individual
males varies between different parts of the song (Demartsev et al.,
2017) as well between songs performed in different contexts
(Demartsev et al., 2014). These variations were attributed to the
immediate communication goals of the signaller and a short-term
demonstration of his quality. Here we have shown that observing
syntactic complexity on a longer timescale might also reveal
changes in general advertisement strategy and motivation or
alternatively indicate a decline in competitive ability.

To complement the existing knowledge on vocal ontogeny, a
focused study on senescence-related changes in signal complexity
and temporal structure is required. Its findings will help us to un-
derstand the production costs, information content and commu-
nication importance of vocal sequences in animal communication.
Ultimately, we might be able to determine whether complex vocal
sequences require high cognitive aptitude or, rather, mostly reflect
the animals’ neuromotor abilities.

Author contributions

V.D., A.I., A.B. and L.K. collected the data, Y.W. carried out the
hair testing and quantified testosterone levels, V.D., A.K. and E.G.
analysed the data, E.G. drafted the figures, V.D. and E.G. wrote the
paper, and all authors reviewed the manuscript. We declare no
competing interests.

Acknowledgments

We are grateful to the Ein Gedi Nature Reserve staff for their
logistic support, to the Nature and Park Authority for permission to
work in the Ein Gedi Nature Reserve and to the Ein Gedi Field
School for their hospitality. We thank all project students, field
assistants and guests for their valuable help in the field, and N. Paz
for her editorial services. This study was supported by grants from
the Israel Science Foundation (577/99, 488/05, 461/09, 550/14). Part
of this work was done while V.D. was a Minerva Stiftung post-
doctoral fellow.

References

Abbott, D. H., Keverne, E. B., Bercovitch, F. B., Shively, C. A., Mendoza, S. P., …
Garland, T., Jr. (2003). Are subordinates always stressed? A comparative analysis
of rank differences in cortisol levels among primates. Hormones and Behavior,
43(1), 67e82.

Barocas, A., Ilany, A., Koren, L., Kam, M., & Geffen, E. (2011). Variance in centrality
within rock hyrax social networks predicts adult longevity. PLoS One, 6(7),
e22375. https://doi.org/10.1371/journal.pone.0022375.

Basken, J. N., Connor, N. P., & Ciucci, M. R. (2012). Effect of aging on ultrasonic vo-
calizations and laryngeal sensorimotor neurons in rats. Experimental Brain
Research, 219(3), 351e361. https://doi.org/10.1007/s00221-012-3096-6.

Beacham, J. L. (2003). Models of dominance hierarchy formation: Effects of prior
experience and intrinsic traits. Behaviour, 140, 1275e1303. https://doi.org/
10.1163/156853903771980594.

Beamonte-Barrientos, R., Velando, A., & Torres, R. (2014). Age-dependent effects of
carotenoids on sexual ornaments and reproductive performance of a long-lived
seabird. Behavioral Ecology and Sociobiology, 68(1), 115e126. https://doi.org/
10.1007/s00265-013-1628-0.

V. Demartsev et al. / Animal Behaviour 153 (2019) 151e158156



Berard, J. (1999). A four-year study of the association between male dominance
rank, residency status, and reproductive activity in rhesus macaques (Macaca
mulatta). Primates, 40(1), 159e175. https://doi.org/10.1007/BF02557708.

Blomquist, G. E., Sade, D. S., & Berard, J. D. (2011). Rank-related fitness differences
and their demographic pathways in semi-free-ranging rhesus macaques
(Macaca mulatta). International Journal of Primatology, 32(1), 193e208. https://
doi.org/10.1007/s10764-010-9461-z.

Boogert, N. J., Fawcett, T. W., & Lefebvre, L. (2011). Mate choice for cognitive traits: A
review of the evidence in nonhuman vertebrates. Behavioral Ecology, 22(3),
447e459. https://doi.org/10.1093/beheco/arq173.

Briefer, E. F. (2012). Vocal expression of emotions in mammals: Mechanisms of
production and evidence. Journal of Zoology, 288(1), 1e20. https://doi.org/
10.1111/j.1469-7998.2012.00920.x.

Bro-Jørgensen, J., & Beeston, J. (2015). Multimodal signalling in an antelope: Fluc-
tuating facemasks and knee-clicks reveal the social status of eland bulls. Animal
Behaviour, 102, 231e239. https://doi.org/10.1016/j.anbehav.2015.01.027.

Castellano, S., & Gamba, M. (2011). Marathon callers: Acoustic variation during
sustained calling in treefrogs. Ethology Ecology & Evolution, 23(4), 329e342.

Catchpole, C. K. (1996). Song and female choice: Good genes and big brains? Trends
in Ecology & Evolution, 11(9), 358e360. https://doi.org/10.1016/0169-5347(96)
30042-6.

Clutton-Brock, T. H., Albon, S., Gibson, R., & Guinness, F. E. (1979). The logical stag:
Adaptive aspects of fighting in red deer (Cervus elaphus L.). Animal Behaviour, 27,
211e225.

Creel, S. (2001). Social dominance and stress hormones. Trends in Ecology & Evo-
lution, 16(9), 491e497. https://doi.org/10.1016/S0169-5347(01)02227-3.

Demartsev, V., Bar Ziv, E., Shani, U., Goll, Y., Koren, L., & Geffen, E. (2016a). Harsh
vocal elements affect counter-singing dynamics in male rock hyrax. Behavioral
Ecology, 27(5), 1397e1404. https://doi.org/10.1093/beheco/arw063.

Demartsev, V., Ilany, A., Barocas, A., Bar Ziv, E., Schnitzer, I., Koren, L., et al. (2016b).
A mixed strategy of counter-singing behavior in male rock hyrax vocal com-
petitions. Behavioral Ecology and Sociobiology, 1e9. https://doi.org/10.1007/
s00265-016-2222-z.

Demartsev, V., Ilany, A., Kershenbaum, A., Geva, Y., Margalit, O., … Geffen, E. (2017).
The progression pattern of male hyrax songs and the role of climactic ending.
Scientific Reports, 7(1), 2794. https://doi.org/10.1038/s41598-017-03035-x.

Demartsev, V., Kershenbaum, A., Ilany, A., Barocas, A., Bar Ziv, E., Koren, L., et al.
(2014). Male hyraxes increase song complexity and duration in the presence of
alert individuals. Behavioral Ecology, 25(6), 1451e1458. https://doi.org/10.1093/
beheco/aru155.

Dromey, C., Boyce, K., & Channell, R. (2014). Effects of age and syntactic complexity
on speech motor performance. Journal of Speech, Language, and Hearing
Research, 57(6), 2142e2151. https://doi.org/10.1044/2014_jslhr-s-13-0327.

Gesquiere, L. R., Learn, N. H., Simao, M. C. M., Onyango, P. O., Alberts, S. C., &
Altmann, J. (2011). Life at the top: Rank and stress in wild male baboons. Sci-
ence, 333(6040), 357e360. https://doi.org/10.1126/science.1207120.

Goll, Y., Demartsev, V., Koren, L., & Geffen, E. (2017). Male hyraxes increase coun-
tersinging as strangers become 'nasty neighbours'. Animal Behaviour, 134, 9e14.
https://doi.org/10.1016/j.anbehav.2017.10.002.

Goymann, W., & Wingfield, J. C. (2004). Allostatic load, social status and stress
hormones: The costs of social status matter. Animal Behaviour, 67, 591e602.
https://doi.org/10.1016/j.anbehav.2003.08.007.

Grafen, A. (1987). The logic of divisively asymmetric contestserespect for owner-
ship and the desperado effect. Animal Behaviour, 35, 462e467. https://doi.org/
10.1016/s0003-3472(87)80271-3.

Gray, S. M., Montgomery, R. A., Millspaugh, J. J., & Hayward, M. W. (2017). Spatio-
temporal variation in African lion roaring in relation to a dominance shift.
Journal of Mammalogy, 98(4), 1088e1095. https://doi.org/10.1093/jmammal/
gyx020.

Grinnell, J., & McComb, K. (2001). Roaring and social communication in african li-
ons: The limitations imposed by listeners. Animal Behaviour, 62(1), 93e98.
https://doi.org/10.1006/anbe.2001.1735.

Hau, M., Stoddard, S. T., & Soma, K. K. (2004). Territorial aggression and hormones
during the non-breeding season in a tropical bird. Hormones and Behavior,
45(1), 40e49. https://doi.org/10.1016/j.yhbeh.2003.08.002.

Hoeck, H. N. (1989). Demography and competition in hyrax. Oecologia, 79(3),
353e360. https://doi.org/10.1007/bf00384314.

Hsu, Y., Earley, R. L., & Wolf, L. L. (2006). Modulation of aggressive behaviour by
fighting experience: Mechanisms and contest outcomes. Biological Reviews,
81(1), 33e74. https://doi.org/10.1017/S146479310500686X.

Hunt, K. E., Hahn, T. P., & Wingfield, J. C. (1997). Testosterone implants increase song
but not aggression in male Lapland longspurs. Animal Behaviour, 54, 1177e1192.
https://doi.org/10.1006/anbe.1997.0558.

Ilany, A., Barocas, A., Kam, M., Ilany, T., & Geffen, E. (2013). The energy cost of singing
in wild rock hyrax males: Evidence for an index signal. Animal Behaviour, 85(5),
995e1001. https://doi.org/10.1016/j.anbehav.2013.02.023.

Ilany, A., Barocas, A., Koren, L., Kam, M., & Geffen, E. (2011). Do singing Rock Hyraxes
exploit conspecific calls to gain attention? PLoS One, 6(12), e2861210, 1371/
journal.pone.0028612.

Johnstone, R. A., & Norris, K. (1993). Badges of status and the cost of aggression.
Behavioral Ecology and Sociobiology, 32(2), 127e134. https://doi.org/10.1007/
bf00164045.

Juntti, S. A., Tollkuhn, J., Wu, M. V., Fraser, E. J., Soderborg, T., … Shah, N. M. (2010).
The androgen receptor governs the execution, but not programming, of male

sexual and territorial behaviors. Neuron, 66(2), 260e272. https://doi.org/
10.1016/j.neuron.2010.03.024.

Karavanich, C., & Atema, J. (1998). Individual recognition and memory in lobster
dominance. Animal Behaviour, 56(6), 1553e1560.

Kershenbaum, A. (2014). Entropy rate as a measure of animal vocal complexity.
Bioacoustics, 23(3), 195e208. https://doi.org/10.1080/09524622.2013.850040.

Kershenbaum, A., Blumstein, D. T., Roch, M. A., Akçay, Ç., Backus, G., … Zamora-
Gutierrez, V. (2016). Acoustic sequences in non-human animals: A tutorial re-
view and prospectus. Biological Reviews, 91(1), 13e52. https://doi.org/10.1111/
brv.12160.

Kershenbaum, A., Ilany, A., Blaustein, L., & Geffen, E. (2012). Syntactic structure and
geographical dialects in the songs of male rock hyraxes. Proceedings of the Royal
Society B: Biological Sciences, 279(1740), 2974e2981. https://doi.org/10.1098/
rspb.2012.0322.

Kitchen, D. M., Seyfarth, R. M., Fischer, J., & Cheney, D. L. (2003). Loud calls as in-
dicators of dominance in male baboons (Papio cynocephalus ursinus). Behavioral
Ecology and Sociobiology, 53(6), 374e384. https://doi.org/10.1007/s00265-003-
0588-1.

Koren, L., & Geffen, E. (2008). Complex call in male rock hyrax (Procavia capensis): A
multi-information distributing channel. Behavioral Ecology and Sociobiology,
63(4), 581e590. https://doi.org/10.1007/s00265-008-0693-2.

Koren, L., & Geffen, E. (2009). Androgens and social status in female rock hyraxes.
Animal Behaviour, 77(1), 233e238. https://doi.org/10.1016/
j.anbehav.2008.09.031.

Koren, L., & Geffen, E. (2011). Individual identity is communicated through multiple
pathways in male rock hyrax (Procavia capensis) songs. Behavioral Ecology and
Sociobiology, 65(4), 675e684. https://doi.org/10.1007/s00265-010-1069-y.

Koren, L., Mokady, O., & Geffen, E. (2006). Elevated testosterone levels and social
ranks in female rock hyrax. Hormones and Behavior, 49(4), 470e477. https://
doi.org/10.1016/j.yhbeh.2005.10.004.

Koren, L., Mokady, O., & Geffen, E. (2008). Social status and cortisol levels in singing
rock hyraxes. Hormones and Behavior, 54(1), 212e216. https://doi.org/10.1016/
j.yhbeh.2008.02.020.

Koren, L., Mokady, O., Karaskov, T., Klein, J., Koren, G., & Geffen, E. (2002). A novel
method using hair for determining hormonal levels in wildlife. Animal Behav-
iour, 63, 403e406.

Koren, L., Weissman, Y., Schnitzer, I., Beukeboom, R., Bar Ziv, E., … Geffen, E. (2019).
Sexually opposite effects of testosterone on mating success in wild rock hyrax.
Submitted manuscript.

Laiolo, P., & Rolando, A. (2003). The evolution of vocalisations in the genus Corvus:
Effects of phylogeny, morphology and habitat. Evolutionary Ecology, 17(2),
111e123. https://doi.org/10.1023/a:1023003110969.

Lameira, A., Vries, H., Hardus, M., Hall, C. A., Mitra-Setia, T., … Wich, S. (2013).
Predator guild does not influence orangutan alarm call rates and combinations.
Behavioral Ecology and Sociobiology, 67(3), 519e528. https://doi.org/10.1007/
s00265-012-1471-8.

Manson, J. H. (1995). Do female rhesus macaques choose novel males? American
Journal of Primatology, 37(4), 285e296. https://doi.org/10.1002/ajp.1350370403.

Marler, P., Peters, S., Ball, G. F., Dufty, A. M., & Wingfield, J. C. (1988). The role of sex
steroids in the acquisition and production of birdsong. Nature, 336(6201),
770e772. https://doi.org/10.1038/336770a0.

McComb, K., Moss, C., Sayialel, S., & Baker, L. (2000). Unusually extensive networks
of vocal recognition in African elephants. Animal Behaviour, 59, 1103e1109.
https://doi.org/10.1006/anbe.2000.1406.

Muller, M. N., & Wrangham, R. W. (2004). Dominance, cortisol and stress in wild
chimpanzees (Pan troglodytes schweinfurthii). Behavioral Ecology and Sociobio-
logy, 55(4), 332e340. https://doi.org/10.1007/s00265-003-0713-1.

Nicholls, J. A., & Goldizen, A. W. (2006). Habitat type and density influence vocal
signal design in satin bowerbirds. Journal of Animal Ecology, 75(2), 549e558.
https://doi.org/10.1111/j.1365-2656.2006.01075.x.

Perrot, C., Bechet, A., Hanzen, C., Arnaud, A., Pradel, R., & Cezilly, F. (2016). Sexual
display complexity varies non-linearly with age and predicts breeding status in
greater flamingos. Scientific Reports, 6, 10. https://doi.org/10.1038/srep36242.

Piper, W. H., Brunk, K. M., Flory, J. A., & Meyer, W. (2017). The long shadow of
senescence: Age impacts survival and territory defense in loons. Journal of Avian
Biology, 48(8), 1062e1070. https://doi.org/10.1111/jav.01393.

Pollard, K. A. (2011). Making the most of alarm signals: The adaptive value of in-
dividual discrimination in an alarm context. Behavioral Ecology, 22(1), 93e100.
https://doi.org/10.1093/beheco/arq179.

Price, J. J. (1998). Family- and sex-specific vocal traditions in a cooperatively
breeding songbird. Proceedings of the Royal Society B: Biological Sciences,
265(1395), 497e502. https://doi.org/10.1098/rspb.1998.0322.

Reby, D., & McComb, K. (2003). Anatomical constraints generate honesty: Acoustic
cues to age and weight in the roars of red deer stags. Animal Behaviour, 65,
519e530. https://doi.org/10.1006/anbe.2003.2078.

Ricklefs, R. E. (1998). Evolutionary theories of aging: Confirmation of a fundamental
prediction, with implications for the genetic basis and evolution of life span. The
American Naturalist, 152(1), 24e44. https://doi.org/10.1086/286147.

Robbins, M. M., Robbins, A. M., Gerald-Steklis, N., & Steklis, H. D. (2005). Long-term
dominance relationships in female mountain gorillas: Strength, stability and
determinants of rank. Behaviour, 142, 779e809. https://doi.org/10.1163/
1568539054729123.

Sapolsky, R. M. (2005). The influence of social hierarchy on primate health. Science,
308(5722), 648e652. https://doi.org/10.1126/science.1106477.

V. Demartsev et al. / Animal Behaviour 153 (2019) 151e158 157



Seyfarth, R. M., & Cheney, D. L. (2003). Signalers and receivers in animal commu-
nication. Annual Review of Psychology, 54, 145e173. https://doi.org/10.1146/
annurev.psych.54.101601.145121.

Seyfarth, R. M., Cheney, D. L., Bergman, T., Fischer, J., Zuberbuhler, K., &
Hammerschmidt, K. (2010). The central importance of information in studies of
animal communication. Animal Behaviour, 80(1), 3e8. https://doi.org/10.1016/
j.anbehav.2010.04.012.

Shannon, C. E., Weaver, W., Blahut, R. E., & Hajek, B. (1949). The Mathematical Theory
of Communication. Urbana, IL: University of Illinois Press.

Tachibana, R. O., Koumura, T., & Okanoya, K. (2015). Variability in the temporal
parameters in the song of the Bengalese finch (Lonchura striata var. domestica).
Journal of Comparative Physiology, 201(12), 1157e1168. https://doi.org/10.1007/
s00359-015-1046-z.

Terleph, T. A., Malaivijitnond, S., & Reichard, U. H. (2016). Age related decline in
female lar gibbon great call performance suggests that call features correlate
with physical condition. BMC Evolutionary Biology, 16. https://doi.org/10.1186/
s12862-015-0578-8.

Torres, R., & Velando, A. (2010). Color in a long-lived tropical seabird: Sexual se-
lection in a life-history context. Advances in the Study of Behavior, 42, 155e188.

Van Duyse, E., Pinxten, R., & Eens, M. (2002). Effects of testosterone on song,
aggression, and nestling feeding behavior in male great tits, Parus major. Hor-
mones and Behavior, 41(2), 178e186. https://doi.org/10.1006/hbeh.2001.1747.

Vannoni, E., & McElligott, A. G. (2008). Low frequency groans indicate larger and
more dominant fallow deer (Dama dama) males. PLoS One, 3(9), e3113. https://
doi.org/10.1371/journal.pone.0003113.

Vannoni, E., & McElligott, A. G. (2009). Fallow bucks get hoarse: Vocal fatigue as a
possible signal to conspecifics. Animal Behaviour, 78(1), 3e10.

Verhulst, S., Geerdink, M., Salomons, H. M., & Boonekamp, J. J. (2014). Social life
histories: Jackdaw dominance increases with age, terminally declines and
shortens lifespan. Proceedings of the Royal Society B: Biological Sciences,
281(1791). https://doi.org/10.1098/rspb.2014.1045.

Wommack, J. C., & Delville, Y. (2007). Stress, aggression, and puberty: Neuroen-
docrine correlates of the development of agonistic behavior in golden hamsters.
Brain, Behavior and Evolution, 70(4), 267e273.

Yom-Tov, Y. (1993). Does the rock hyrax, Procavia capensis, conformwith Bergmanns
rule. Zoological Journal of the Linnean Society, 108(2), 171e177.

Appendix

(+)+

+(+)

Bout 1

Bout 2

5

10

15

20

5

10

15

20Fr
eq

ue
n

cy
 (

kH
z)

0.5 1 1.5 2 2.5 3

Time (s)

3.5 4 4.5 5 5.5 6

Wail Snort

Snort Snort

Syntax switch point

Syntax switch point Syntax switch point

Syntax switch point

Chucks

Chucks

Interbout intervall

Interbout intervall

Figure A1. Sample spectrogram of two consecutive bouts from a mature male song. The vocal elements are wail, chuck and snort. Bout boundaries are set from the beginning of the
first element to the end of the last element. Interbout interval is defined as a silent intermission above 1 s. Syntax switch points are transitions between different vocal elements.
Reproduced from Demartsev et al. (2014) by permission of the International Society for Behavioral Ecology.
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Figure A2. The relative frequency (mean±SD) of the three song elements, (a) wail, (b) chuck and (c) snort, during the tenure of resident males.
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