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Abstract

A retractable larynx and adaptations of the vocal folds in the males of several polygynous ruminants serve for

the production of rutting calls that acoustically announce larger than actual body size to both rival males and

potential female mates. Here, such features of the vocal tract and of the sound source are documented in

another species. We investigated the vocal anatomy and laryngeal mobility including its acoustical effects

during the rutting vocal display of free-ranging male impala (Aepyceros melampus melampus) in Namibia. Male

impala produced bouts of rutting calls (consisting of oral roars and interspersed explosive nasal snorts) in a

low-stretch posture while guarding a rutting territory or harem. For the duration of the roars, male impala

retracted the larynx from its high resting position to a low mid-neck position involving an extensible pharynx

and a resilient connection between the hyoid apparatus and the larynx. Maximal larynx retraction was 108 mm

based on estimates in video single frames. This was in good concordance with 91-mm vocal tract elongation

calculated on the basis of differences in formant dispersion between roar portions produced with the larynx

still ascended and those produced with maximally retracted larynx. Judged by their morphological traits, the

larynx-retracting muscles of male impala are homologous to those of other larynx-retracting ruminants. In

contrast, the large and massive vocal keels are evolutionary novelties arising by fusion and linear arrangement

of the arytenoid cartilage and the canonical vocal fold. These bulky and histologically complex vocal keels

produced a low fundamental frequency of 50 Hz. Impala is another ruminant species in which the males are

capable of larynx retraction. In addition, male impala vocal folds are spectacularly specialized compared with

domestic bovids, allowing the production of impressive, low-frequency roaring vocalizations as a significant

part of their rutting behaviour. Our study expands knowledge on the evolutionary variation of vocal fold

morphology in mammals, suggesting that the structure of the mammalian sound source is not always human-

like and should be considered in acoustic analysis and modelling.
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Introduction

Anatomical adaptations for the production of rutting calls

that reflect body size and caller quality have been reported

for harem and lekking males of different taxa of mammals

(Fitch & Reby, 2001; Reby & McComb, 2003; Charlton et al.

2011b; Toth & Parsons, 2018). Certain species of cervids,

bovids, marsupials, felids and primates independently

evolved a descended and mobile larynx in combination

with an elongated pharynx (Sonntag, 1921; Negus, 1949;

Fitch & Reby, 2001; Weissengruber et al. 2002; Frey &

Gebler, 2003; Frey et al. 2008a,b, 2011, 2012, 2018; McEllig-

ott et al. 2006; Efremova et al. 2016; Volodin et al. 2017a).

A potential role of an elongated pharynx in respiration,
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deglutition or rumination has not been identified so far.

Therefore, it is generally agreed that a descended and

mobile larynx and the resulting elongation of the vocal

tract serves an acoustic function; in particular, it affects the

vocal tract resonances (formants) of male rutting calls (Fitch

& Reby, 2001; Frey et al. 2008a,b, 2011, 2012, 2018; McEllig-

ott et al. 2006; Volodin et al. 2017a, 2019).

Call fundamental frequency (f0) and its harmonics, pro-

duced by vibration of the vocal folds in the larynx (the

source), are filtered by the oral or nasal vocal tract up to

emission of the sound via the mouth or nostrils (Fant, 1960;

Taylor & Reby, 2010). The longer the supraglottal vocal

tracts (the filter), the lower the resulting resonance fre-

quencies or formants (Fant, 1960; Fitch, 1997; Reby &

McComb, 2003; Frey et al. 2007, 2011, 2012; Taylor & Reby,

2010; Volodin et al. 2014, 2017a; Sibiryakova et al. 2017).

Rutting calls with lower formants are perceived as more

threatening by rival males (Reby et al. 2005; Charlton et al.

2013b) and as more attractive by potential female mates

(Charlton et al. 2007, 2008, 2012). Anatomical constraints

are thought to impose limits on the apparent body size

exaggeration by vocal tract elongation (Fitch & Reby, 2001;

Reby & McComb, 2003). That is why the lowered formants

still correlate with body size and honestly communicate

male quality (Reby et al. 2005; Charlton et al. 2007, 2008,

2011b, 2012, 2013a; Briefer et al. 2010; Wyman et al. 2012).

Low-frequency calls with densely spaced harmonics reveal

formants better than high-frequency calls with widely

spaced harmonics (Fitch, 1997; Fitch & Reby, 2001; Frey &

Riede, 2013; Volodin et al. 2013, 2017b). Therefore, high-

frequency, narrowband, tonal male rutting calls are the

exception rather than the rule (Reby et al. 2016; Golosova

et al. 2017). In contrast, low-frequency, wideband, noisy

male rutting calls occur much more often, e.g. in koala

Phascolarctos cinereus (Charlton et al. 2011a), striped pos-

sum Dactylopsila trivirgata (Volodin & Volodina, 2002), red

deer Cervus elaphus (Fitch & Reby, 2001), fallow deer Dama

dama (McElligott et al. 2006), saiga Saiga tatarica (Frey

et al. 2007), goitred gazelle Gazella subgutturosa (Frey

et al. 2011) and impala Aepyceros melampus (Murray, 1982;

Oliver et al. 2006) (Fig. 1).

Adaptations of the larynx and vocal tract that evolved

under a selection pressure for rutting calls with lower f0
and/or lower formants occur in various combinations

among species. For example, a greatly enlarged and retract-

able, highly mobile larynx is characteristic of male Mongo-

lian gazelle Procapra gutturosa (Frey & Riede, 2003; Frey

et al. 2008a,b), goitred gazelle (Frey et al. 2011) and fallow

deer (McElligott et al. 2006). A moderately enlarged, per-

manently descended, mostly stationary larynx is characteris-

tic of male humans Homo sapiens (Negus, 1949). A non-

enlarged, permanently descended, retractable and highly

mobile larynx is characteristic of both male red deer (Fitch

& Reby, 2001; Frey et al. 2012) and koala (Sonntag, 1921;

Charlton et al. 2013a; Frey et al. 2018).

A permanently descended, unenlarged, probably retract-

able and mobile larynx is also characteristic of the large

roaring Pantherine felids (see Supporting Information,

Fig. S3). As in koala, these features occur in both sexes

(Luckhaus, 1969; Weissengruber et al., 2002, 2008). In lions,

this might have evolved in the context of acoustically mark-

ing and defending the pride territory by male and female

roaring choruses (McComb & Clutton-Brock, 1994; Grinnell,

2002; Ramsauer, 2005; Pfefferle et al. 2007).

To the human ear, the roars of male impala superficially

resemble the roars of lions and can be confused with the

latter by an inexperienced listener. However, the structure

of the vocal organs of lions is clearly different from that of

male impala. Apparently, as both taxa are not closely

related phylogenetically, they independently and conver-

gently evolved different specialisations for roaring vocalisa-

tions in a savannah habitat. Therefore, a comparison with

the vocal organs of lions is presented in the Supporting

Information, Fig. S3.

The common impala is a sexually dimorphic polygynous

ruminant (Jarman, 1979; Murray, 1982; Oliver et al. 2006)

with a body mass of 49–63 kg in males and 38–45 kg in

females (Skinner, 1971; Fairall & Braack, 1976; Murray, 1982;

Fig. 1). Shoulder height is about 885 mm in males and about

837 mm in females (Fairall & Braack, 1976). Impala are abun-

dant on farmland across the southern African sub-region

(Skinner & Chimimba, 2005; Schwab et al. 2012). In Namibia,

however, common impala is sparsely distributed across farm-

land and is usually restricted to ranches associated with

hunting and tourist business, but they are abundant in the

north-eastern protected areas of the country (Estes, 2012).

During the rutting season, which lasts from the beginning

of May until mid-June depending on the area (Dasmann &

Mossman, 1962; Child, 1965, 1968; Schenkel, 1966; Skinner,

1971; Warren, 1974; Jarman, 1979; Murray, 1982; Favreau

et al. 2013), impala males compete for females and regularly

produce loud, low-frequency roars at both phases of respira-

tion (Schenkel, 1966; Murray, 1982; Oliver et al. 2006). Previ-

ously, the male impala rutting roars have only been

described onomatopoetically (Schenkel, 1966; Murray, 1982).

Fig. 1 A rutting impala male with harem in the early morning sun at

the Okambara Elephant Ranch, Namibia.
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According to observations and video recordings of the

authors, male impala roaring is accompanied by retraction

of the larynx from a slightly lowered resting position in the

upper neck region, just below the lower jaw down to a

transient almost mid-neck position. Apparently, this roar-

synchronous retraction of the larynx has not been noticed

or described in the literature so far.

The aim of this study is to provide a detailed vocal

anatomy of male impala, to describe the vocal posture

of rutting male impala and to create a 2D graphical

reconstruction of the potential mechanism of laryngeal

mobility and vocal tract elongation during call-

synchronous movements of the larynx. In addition, we

estimate the effects of laryngeal mobility on the acous-

tics of male impala rutting roars. Finally, we discuss dif-

ferences of the vocal anatomy between impala and a

roaring felid, the African lion Panthera leo (see Support-

ing Information, Fig. S3).

Materials and methods

Sites, subjects and dates of work

Audio and video recordings of vocalisations and rutting behaviour

of at least a few dozen unmarked rutting male common impala

(Aepyceros melampus melampus) were conducted at the fenced

15 000-ha Okambara Elephant Ranch (22.68�S, 18.16�E), located

about 130 km east of Windhoek, Namibia, during the highest rut-

ting activity from 1 to 28 May 2015. The Okambara Elephant Ranch

is a native Namibian habitat with approximately 60% bush cover

and open areas around artificial watering places, where introduced

free-ranging adult male impala during the rut are subjected to

irregular selective legal hunting. In addition to natural feeding

resources (herbs, grass, shrubs, trees), hay is provided as supplemen-

tary food near the watering places during drought periods. The

entire population of impala during the data collection amounted

to approximately 800 individuals. This population originated from a

herd of about 100 individuals of common impala, which were

released on Okambara Elephant ranch in 1994. Since then, this pop-

ulation has been growing and currently counts more than 1000

individuals.

The vocal anatomy was investigated using two head-and-

neck Specimens (#1 and #2) of adult male common impala.

Specimen #1 was deep frozen postmortem at Hannover Zoo

(Germany) in 2013 and macroscopically dissected at the Leibniz

Institute for Zoo and Wildlife Research, Berlin, Germany (IZW)

in 2016. Specimen #2, a legally hunted male, was macroscopi-

cally dissected about 1 h after death at the Okambara Elephant

Ranch, Namibia, in May 2015. After the dissection, the hyoid

apparatus and the sagittally cut larynx of Specimen #2 were

preserved in 5% formalin, exported under permit number

145827, and later dissected and investigated histologically at

the IZW in 2018.

Audio recording

Audio recordings of male impala rutting calls were collected

both automatically and manually. For the automated audio

recordings (22.05 kHz, 16-bit, stereo), we used four Song Meter

SM2+ devices (Wildlife Acoustics Inc., Maynard, MA, USA). Each

device was equipped with two omnidirectional microphones,

fixed horizontally at 180° to each other. The devices were set at

maximum sensitivity and potentially recorded male impala rut-

ting calls within 100 m around the device in places of most

active rut, identified by the presence of multiple fresh impala

tracks and faeces. One device was placed on the ground within

a large wire-mesh cage, protecting it from damage by baboons

Papio ursinus. The remaining three devices were mounted on

trees at a height of 2–2.5 m and protected against baboons by

thorn bush branches.

The automated audio recordings were set to 9-min recording,

interrupted by a 1-min pause (the minimum possible pause for

this equipment), from 14:00 to 10:00 h of the next day, provid-

ing 120 audio wav-files of 9 min length each per device for each

24-h period. Each device was checked every 2–3 days during

daytime to replace the cards and batteries and either left in

place for further recordings or transferred to another site to

cover a larger territory and record as many rutting males as pos-

sible. In total, 11 030 9-min wav-files (1655 h of recording time)

were automatically collected in 22 different recording locations

at distances of 0.5–12 km from each other between 1 and 28

May 2015.

Manual audio recordings (48 kHz, 16-bit, mono, distance to ani-

mals 10–100 m) were collected using two Marantz PMD-660 solid

state recorders (D&M Professional, Kanagawa, Japan) with Sennhei-

ser K6-ME66 cardioid electret condenser microphones (Sennheiser

electronic, Wedemark, Germany). In total, we manually collected

207 wav-files of 1–11 min duration (about 8 h of recording time)

between 1 and 28 May 2015.

The automated recordings provided the highest-quality calls

appropriate for detailed acoustic analyses, as the animals were not

afraid of the recording devices and often vocalised close to them.

The manual audio recordings with hand-held recording devices

were of lower quality and were only used as reference data for

comparison with the calls from the automated devices, to validate

the automatically recorded calls as indeed belonging to male

impala.

Video recording and analyses

Video clips of male rutting behaviour were recorded during the

morning (05:00–10:00 h) and evening (15:00–19:00 ) hours of high-

est rutting vocal activity from curtain-covered chairs used as tempo-

ral hides at 20 different recording locations at distances of 0.5–

12 km from each other. A total of 406 video clips of low resolution

(about 8 h of total recording time, from distances of 30–150 m to

the animals), were made with two Canon PowerShot SX50HS digital

cameras (Canon USA, Melville, NY, USA). Video clips of high resolu-

tion (over 10 h of total recording time, 50–200 m from the animals)

were made with a Sony FDR-AX100 Camcorder (Sony, Konan Min-

ato-ku, Tokyo, Japan) on a tripod fluid head (Fluid Drag System

MVH500AH) set on a 190CXPRO3 carbon fibre tripod (Manfrotto,

Cassola, Italy).

Both high- and low-resolution video clips served for selecting

video single frames for analyses of vocal posture and changes of

vocal tract length during the roars (Fig. 2). Video single frames and

subsequent analyses were selected using Adobe PREMIERE PRO, 1.5

AOO License ALL software (Adobe Systems Inc., San Jose, CA, USA).

Two videos (Supporting Information Video S1 and Video S2), illus-

trating calling posture and larynx retraction, are available in the

Supporting Information.
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Vocal tract length estimation

Estimation of male impala oral vocal tract length (Fig. 2) was neces-

sary to establish the settings of Linear Predictive Coding (LPC) for

measuring the formants of the impala roars with PRAAT DSP soft-

ware (Boersma & Weenink, 2013). For estimating the resting oral

vocal tract length, we selected video single frames of silent individu-

als in which the larynx was definitely in its resting position (Fig. 2A).

For estimating the elongated oral vocal tract length, we selected

video single frames of roaring individuals where the larynx was at

its maximally retracted position (Fig. 2B). We could not use single

frame pairs during one roaring sequence to identify the highest

and lowest respective positions of the larynx because the larynx

rarely fully ascends between roars in quick succession.

Absolute vocal tract length estimation required introduction of

an absolute measure into the body contours. For this we used the

distance from the tip of the nose to the middle of the eye,

determined by skull size, which was 200 mm in both Specimen #1

and Specimen #2 (see below). The eye and the tip of the nose are

easily identifiable in most of the video footage.

Call samples and analyses

For creating call samples for acoustic analyses, we used Avisoft

SASLAB PRO software (Avisoft Bioacoustics, Berlin, Germany). We

checked the automatically recorded calls and selected 202 high-

quality bouts of rutting calls with high signal-to-noise ratios, not

disrupted by wind, overlapped by calls of other animals or clipped

due to overmodulation. Of these 202 bouts, we further selected 72

bouts where the descending and ascending formant tracks acousti-

cally reflected the downward and upward movements of the larynx

during the roars (Fig. 3).

The 72 bouts were evenly selected over the entire rutting period

and originated from seven recording places, separated from each

other by distances of 0.5–12 km. This can be expected to decrease

thoroughly potential pseudoreplication by repeatedly taking bouts

of the same individual.

In one roar per bout we measured the fundamental frequency

period (period f0) and the first three formants (F1–F3). The mean

period f0 (i.e. the mean distance from a previous pulse to the fol-

lowing pulse) was measured from the screen with the standard

marker cursor in the main window of Avisoft, displaying the spec-

trogram and the waveform (following Volodin et al. 2011, 2014).

We used the following settings: Hamming window, FFT 512, frame

100%; frequency resolution of the spectrographic analysis was

43 Hz, time resolution varied between 0.3 and 0.5 ms, depending

on call duration. We then calculated the mean f0 of each roar as

the inversed value of the mean period f0 of the roar (Fig. 3).

The three first formants (F1, F2 and F3) were tracked with PRAAT

at two portions within a roar, corresponding to the highest and the

lowest position of the larynx during the roar: the portion with the

highest formants and the portion with the lowest formants (Fig. 3).

Formants were measured within call parts with nearly horizontal

formants and their positions were verified by superposition on the

narrowband spectrogram. Point values of formant tracks were

extracted, exported to EXCEL (Microsoft Corp., Redmond, WA, USA)

and the values of each formant for a given roar at both the highest

and lowest positions of the larynx were calculated as the average

values from the point values. The LPC-settings were Burg analysis,

window length 0.04 s, time step 0.01 s, maximum number of for-

mants 3–4. The upper limits of the frequency range of 1800–

2000 Hz for the highest formants and of 1400–1700 Hz for the low-

est formants were selected on the basis of the estimated lengths of

the resting and maximally elongated vocal tract (Fig. 2, Supporting

Information Table S1).

We used two different methods for calculating the formant dis-

persion (dF, the mean distance between neighbouring formants),

to select the method providing the closest possible accordance with

the oral vocal tract length estimates based on the anatomical dissec-

tions and based on the video single frames. Following Riede & Fitch

(1999), we calculated dF as dF = (F3 � F1)/2 for each roar, by apply-

ing the model of a straight uniform tube closed at one end. Follow-

ing Reby & McComb (2003), we calculated dF for the average

formant values of the roars using linear regression. Then, for each

method, the lengths of the resting and elongated vocal tract were

calculated by the equation: vocal tract length = c/2dF, where c is

the speed of sound in air, approximated as 350 ms�1 (Fitch & Reby,

2001; Reby & McComb, 2003).

A

B

Fig. 2 Oral vocal tract length estimation in video single frames of the

same individual: (A) resting length, (B) maximally extended length dur-

ing roar production. Green arrowhead: resting position of the larynx.

Red arrowhead: maximally retracted position of the larynx. Blue line,

turquoise end bars: tip of the nose/middle of the eye calibration line

that allowed the introduction of an absolute measure in the single

frames; this distance was 200 mm in the two dissected adult males.

Yellow line, red end bars: oral vocal tract length; left red bar: lips;

right red bar: assumed position of the vocal keels close to the exter-

nally visible laryngeal prominence. The inserted skull is that of the dis-

sected Specimen #1. In this example, roaring was produced while the

rutting male was in galloping locomotion.
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Computer tomographic investigation

The deep frozen head and neck of Specimen #1 were scanned in a

64-slice spiral Computer Tomograph (CT) Aquilion CX (Toshiba Med-

ical Systems Corp., Tochigi, Japan) at the IZW. The postmortem

in situ positions of the vocal organs were registered in black and

white virtual serial sections (MPRs) and in 3D-reconstructions with

VITREA 2 software (Toshiba Medical Systems Corp., Shimoishigami,

Japan) and Osirix 64-bit mac (Pixmeo S�arl, Bernex, Switzerland).

These data were compared with the postmortem in situ positions of

the vocal organs of Specimen #2 and used to reconstruct the resting

state of the vocal apparatus in the video single frame pairs. A 3D-re-

construction of the excised left half of the larynx of Specimen #1

was made with VITREA 2 software to illustrate the spatial structure of

the vocal keel.

Anatomical investigation

Specimen #1 was dissected using the in-water-method (Frey & Hof-

mann, 2000; Frey et al. 2018). Specimen #2 was dissected in air on a

metal table. Both dissections involved overnight cooling in a refrig-

erator. For Specimen #1, the consecutive dissection steps were pho-

tographed with a Nikon D70S digital camera (Nikon Corp., Tokyo,

Japan) on Compact Flash cards. For Specimen #2, the dissection

steps were photographed using a Panasonic Lumix DMC-FZ72 digi-

tal camera (Panasonic Corporation, Kadoma, Osaka, Japan) on

SDXC memory cards. The images were fed to a PC and graphically

processed (Adobe PHOTOSHOP 5.5 and CS4) to identify the individual

components of the vocal organs, including the associated muscles,

and to clarify mutual anatomical relationships.

The lengths of the individual parts of the hyoid apparatus of

both specimens were measured along the respective centre lines

(Supporting Information Table S2). The right larynx half of Speci-

men #1 and the left larynx half of Specimen #2, including the intrin-

sic laryngeal muscles, were separately dissected in detail and

photographed. In addition, the right larynx half of Specimen #2

was frontally cut in five macroscopical sections and their rostral and

caudal surfaces were photographed (Fig. 22).

The skeletal parts, the hyoid apparatus and the dissected larynges

of both specimenswere stored in themorphological collection of the

IZW. Anatomical terms are in accordance with Nomina Anatomica

Veterinaria (NAV, 2005, 2012) and Constantinescu & Schaller (2012).

Histological investigation

For investigation of the peculiar vocal keel of male impala, frontal

and sagittal samples of the macroscopic sections 2–5 of the right lar-

ynx half were taken and processed histologically (Fig. 26). We used

Haematoxylin-Eosin staining for a general overview, Azan staining

for collagen fibres and Elastica Van Gieson staining for elastic fibres.

Photographs of representative histological slides were taken with a

Keyence VHX-5000 Digital Microscope (Keyence Deutschland, Neu-

Fig. 3 Male impala rutting calls: (A) spectrogram of a rutting bout comprising snorts (S) and roars (R1–R3) – a purely exhalatory roar (continuous

roar, R1), an exhalatory roar with one interspersed inhalation (interrupted roar, R2) and a roar with rapidly repeated ex- and inhalations (pant roar,

R3). Calls and between-call intervals within this bout are demarcated by the sections above (R2 turns into R3 without interval). The inclined arrows

indicate the downward and upward movements of the larynx during the roars; the vertical down arrows indicate the inspiratory phases of roaring.

The spectrogram was created with sampling frequency 11.025 kHz, Hamming window, Fast Fourier Transform (FFT) 512, frame 50% and overlap

75%. (B) Spectrogram (below) and waveform (above) of a continuous roar taken from a different bout. The formants (F1, F2, F3) at the start and

end of the roar reflect the movements of the larynx from its uppermost position to its maximally retracted position. Period f0 – the fundamental

frequency period of the roar. The spectrogram was created with sampling frequency 11.025 kHz, Hamming window, FFT 512, frame 50% and

overlap 93.75%. An audio file with an example rutting bout and a continuous roar is available as Supporting Information Audio S1.
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Isenburg, Germany) using a VH-Z00R, RZ-50, Zoom 5-50x lens.

Adobe PHOTOSHOP version CS4 was used to process the images.

Graphical reconstructions and 2D-model

To document the typical calling posture, we selected video single

frame pairs, where the larynx was in its high resting position and in

its low, maximally retracted position during the roars, respectively.

Externally visible landmarks (mouth opening, nostrils, eye, laryngeal

prominence, ear base, angle of the lower jaw, hyoid prominence,

rostral end of the sternum) were used to reconstruct graphically the

positions of the skull, the hyoid apparatus, the larynx, the rostral

thorax and vocal tract length in the resting and maximally retracted

state. Related soft tissue structures (pharynx, muscles, etc.) were

gradually added to obtain a comprehensive reconstruction of both

the resting and maximally extended state of the vocal organs. We

thus obtained two overlays of the anatomical structures involved in

the production of the rutting roars: the first for the resting, pre-

roaring posture and the second for the extended, roaring posture.

These two overlays integrate video information of the vocal pos-

tures of live rutting impala males and different larynx positions, the

CT investigation of Specimen #1 and the results of the anatomical

dissections of Specimens #1 and #2. Combined with video documen-

tation of calling behaviour, this overlay pair, each overlay separated

into four successive layers for improving clarity, provided a 2D

model illustrating the potential mechanisms of the pronounced

roar-synchronous downward and upward movements of the larynx

and of concomitant tongue protrusion (Fig. 27).

Abbreviations

Adit. lar. Aditus laryngis Laryngeal entrance

App. hyo. Apparatus hyoideus Hyoid apparatus

Arc. cart. cric. Arcus cartilaginis

cricoideae

Cricoid arc

Arc. palatphar. Arcus palatopharyngeum Palatopharyngeal

arc

Art. cricaryt. Articulatio

cricoarytenoidea

Cricoarytenoid

articulation

Art. cricthyr. Articulatio cricothyroidea Cricothyroid

articulation

Bas. epigl. Basis epiglottica Base of the

epiglottis

Basih. Basihyoideum Basihyoid

Bul. thyr. Bulla thyroidea Thyroid bulla

Car. voc.* Carina vocalis Vocal keel

Cart. aryt. Cartilago arytenoidea Arytenoid cartilage

Cart. cric. Cartilago cricoidea Cricoid cartilage

Cart. epigl. Cartilago epiglottica Epiglottic cartilage

Cart. thyr. Cartilago thyroidea Thyroid cartilage

Cav. infrglott. Cavum infraglotticum Infraglottic cavity

Ceratoh. Ceratohyoideum Ceratohyoid

conn. tissue Connective tissue

Cont. M.

thyraryt.

Contura M.

thyroarytenoideae

Contour of M.

thyraryt.

Corn. caud. Cornu caudale Caudal horn

Corn. rostr. Cornu rostrale Rostral horn

Epigl. Epiglottis Epiglottis

Epih. Epihyoideum Epihyoid

Fac. art. Facies articularis Articular surface

(for Cart. cric.)

For. thyr. Foramen thyroideum Thyroid foramen

Gl. thyr. Glandula thyroidea Thyroid gland

Gll. lar. Glandulae laryngeae Laryngeal glands

(continued)

Ham. pteryg. Hamulus pterygoideus Pterygoid hamulus

Incis. thyr.

rostr.

Incisura thyroidea rostralis Rostral thyroid

notch

Intsect. tend. Intersectio tendineae Tendinous

intersection

IPO Ostium intrapharyngeum Intra-pharyngeal

ostium

IT Tendinous

intersection (inset)

Lam. cart. cric. Lamina cartilaginis

cricoideae

Lamina of cricoid

cartilage

Lam. cart.

thyr.

Lamina cartilaginis

thyroideae

Lamina of the

thyroid cartilage

Lar. Larynx Larynx

lat. space Lateral space

Lig. arycorn. Ligamentum

arycorniculatum

Arycorniculate ligament

Lig. aryt.

transv.

Ligamentum

arytenoideum

transversum

Transverse arytenoid

ligament

Lig. voc. Ligamentum vocale Vocal ligament

Lig. cricthyr. Ligamentum

cricothyroideum

Cricothyroid ligament

Lig. thyroh. Ligamentum

thyrohyoideum

Thyrohyoid ligament

Ling. Lingua Tongue

Membr.

thyroh.

Membrana thyrohyoidea Thyrohyoid membrane

Muc. lar. Mucosa laryngis Laryngeal mucosa

M. aryt.

transv.

Musculus arytenoideus

transversus

Transverse arytenoid

muscle

M. cricaryt.

dors. dexter

Musculus

cricoarytenoideus dorsalis

dexter

(Right) Dorsal crico-

arytenoid muscle

M. cricaryt. lat. Musculus

cricoarytenoideus

lateralis

Lateral cricoarytenoid

muscle

M. cricthyr. Musculus cricothyroideus Cricothyroid muscle

M. genioh. Musculus geniohyoideus Geniohyoid muscle

M. hyoepigl. Musculus hyoepiglotticus Hyoepiglottic muscle

M. myloh. Musculus mylohyoideus Mylohyoid muscle

M. occiph. Musculus occipitohyoideus Occipitohyoid muscle

M. omoh. Musculus omohyoideus Omohyoid muscle

M. palat. Musculus palatinus Palatine muscle

M. palatphar. Musculus

palatopharyngeus

Palatopharyngeal muscle

M. sternoh.

(dex.)

Musculus sternohyoideus

(dexter)

(Right) Sternohyoid

muscle

M. sternthyr. Musculus sternothyroideus Sternothyroid muscle

M. styloh. Musculus stylohyoideus Stylohyoid muscle

M. thyraryt. Musculus

thyroarytenoideus

Thyroarytenoid muscle

M. thyroh. Musculus thyrohyoideus Thyrohyoid muscle

Mm. constr.

phar. caud.

Musculi constrictores

pharyngis caudales

Caudal pharyngeal

constrictor muscles

Nasophar. Nasopharynx Nasal part of pharynx

N. hypogl. Nervus hypoglossus Hypoglossal nerve

Orophar. Oropharynx Oral part of pharynx

OCH Occipitohyoid muscle

(inset)

Oesoph. Oesophagus Oesophagus

OMH Omohyoid muscle

(inset)

Palat. mol. Palatum molle Soft palate (velum)

Plic. aryepigl. Plica aryepiglottica Aryepiglottic fold

Plic. voc. (dex.,

sin.)

Plica vocalis (dextra,

sinistra)

(Right, left) Vocal fold

Proc. corn. Processus corniculatus Corniculate process

Proc. med. Processus medialis Medial process

(continued)
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Proc. musc. Processus muscularis Muscular process

Proc. voc. Processus vocalis Vocal process

Rec. pirif. Recessus piriformis Piriform recess

roof Nasophar. Roof of the

nasopharynx

SH Sternohyoid muscle

(inset)

ST Sternothyroid muscle

(inset)

STH Stylohyoid muscle

(inset)

Styloh. Stylohyoideum Stylohyoid

TH Thyrohyoid muscle

(inset)

Thyroh. Thyrohyoideum Thyrohyoid

Trach. Trachea Trachea

Tub. corn. Tuberculum corniculatum Corniculate tubercle

Vest. lar. Vestibulum laryngis Laryngeal vestibule

1. Cart. trach. 1. Cartilago tracheae 1. Tracheal cartilage

* Newly created term to designate the peculiar uniform com-

plex of canonical vocal fold plus arytenoid cartilage in male impala.

Results

Rutting behaviour

Male impala frequently emitted their bouts of rutting vocal-

isations while defending one or several females against rival

males. Rutting activities mostly occurred in areas with vege-

tation cover, between shrubs and trees, but sometimes also

on open areas, allowing video recording. Fights between

males and intense stabbing of the ground with their horns

by single males were often observed and documented on

video. Both behaviours might explain why some males had

one or two broken horns.

Vocal posture

Impala males produced their bouts of rutting calls in a

low-stretch posture, i.e. head and neck were extended

and kept in a low, horizontal position, with nostrils

widely opened and tongue frequently protruded

(Fig. 4). The hyoid prominence, indicating the position

of the basihyoid, and the larynx prominence, indicating

the position of the bulla of the thyroid cartilage, were

externally visible (Fig. 4).

Larynx position and tongue protrusion

According to CT images and dissection photographs, the

resting position of the larynx was at the level of the first

cervical vertebra or slightly lower. At roar-synchronous lar-

ynx retraction and vocal tract extension, the larynx descends

to its lower position in the upper third of the ventral neck

region. In this stage, reconstructions of the vocal organs

(see below) suggest a larynx position at the level of the sec-

ond and third cervical vertebra. The larynx re-ascends to its

resting position, at the end of a roaring bout (Fig. 5), but

larynx ascent between roars within a bout may be

incomplete. Often, but not always, males protrude the ton-

gue while emitting their rutting roars (Figs 4 and 5).

In the videos, the larynx in its resting position was visible

externally as a small prominence at about 50 mm ventral to

the angle of the lower jaw. During roar-synchronous vocal

tract extension, the larynx partly slides into the cleft

between left and right ventral neck muscles, thus decreas-

ing its external visibility. The distance from the laryngeal

prominence to the rostral tip of the sternal manubrium was

about 350 mm (Figs 4 and 5).

Vocal tract length estimates in video single frames

The absolute measure used for estimating vocal tract length

in video single frame pairs was the distance from the mid-

dle of the eye to the tip of the nose that had been consis-

tently ascertained to be 200 mm in Specimen #1 and

Specimen #2. Estimation of the vocal tract length in video

single frames yielded an average resting vocal tract length

of 292.8 � 3.1 mm (n = 12 estimates, three males) and an

average maximally extended vocal tract length of

400.8 � 6.6 mm (n = 15 estimates, three males) (Table S1).

The maximal vocal tract elongation was 108.0 mm, or

approximately 37% (Table S1).

Acoustic correlates of larynx retraction

Bouts of rutting calls included nasal snorts and oral roars,

comprising continuous, interrupted and pant roars (Fig. 3).

Snorts were explosive noisy calls without visible f0. The

roars were broadband low-frequency tonal calls with visi-

ble pulses of f0. The mean f0 of the roars (n = 72, one per

bout) was 50.0 � 4.6 Hz. The snorts were always produced

at expiration, whereas the roars could be produced solely

at expiration [continuous roars, interspersed with few inspi-

rations (interrupted roars) or at rapidly alternating ex- and

inspirations (pant roars; Fig. 3)]. In the latter case, roar

Fig. 4 Low-stretch vocal posture of roaring male impala. The indi-

cated landmarks were used for reconstruction of the vocal organs and

their associated musculature.
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duration was not constrained by the volume of exhaled air.

The substantial variation in roar duration was not consid-

ered in this study. A detailed description and analysis of

the different roar types of impala will be presented else-

where.

We selected 72 roars of superb quality from 72 different

bouts, in which measurement of the formants was possible

at the two extremes of vocal tract length: (1) at the shortest

vocal tract length (corresponding to the resting position of

the larynx or close to it) and (2) at the maximally elongated

vocal tract length (corresponding to the most retracted

position of the larynx) (Fig. 3). To this end, we selected two

nearly horizontal portions from each roar spectrogram, the

one with the highest formants and the one with the lowest

formants, corresponding to the highest and lowest larynx

positions, and tracked the three first formants along these

two parts of a roar. These values served to calculate for-

mant dispersion (dF) and then oral vocal tract length (vtl) at

the highest and lowest positions of the larynx during the

roars (Table 1).

Calculation from formant dispersion by the dividing

method (Riede & Fitch, 1999) yielded a resting oral vocal

tract length of 297.2 mm and a maximally extended oral

vocal tract length of 388.3 mm (Table 1). Thus, according to

the dividing method, roar-synchronous larynx retraction in

male impala produced an extension of the oral vocal tract

by 91.1 mm (31%).

Calculation from formant dispersion by the regression

method (Reby & McComb, 2003) yielded a resting oral vocal

tract length of 276.5 mm and a maximally extended oral

vocal tract length of 342.5 mm (Table 1). Thus, according to

the regression method, roar-synchronous larynx retraction

in male impala produced an extension of the oral vocal

tract by 66 mm (24%). Therefore, the value of oral vocal

tract extension calculated by the dividing method (Riede &

Fitch, 1999) was rather close to that estimated in video sin-

gle frame pairs (108 mm, 37% vtl extension), whereas the

degree of oral vocal tract extension calculated by the

regression method (Reby & McComb, 2003) was substan-

tially less.

A B

C D

E F
Fig. 5 Mobile larynx in male impala during

emission of the rutting roars. From its resting

position just below the lower jaw (A), the

larynx is forcefully retracted down towards

the sternum for about one-third of the neck

length (B). From this maximally retracted

position, the larynx gradually ascends while

roaring emission proceeds (C–E) until it again

reaches the resting position at the end of

roaring (F). Roars are produced without lip

rounding, the tongue is protruded and the

nostrils are widely open.
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Hyoid apparatus

The hyoid apparatus consists of the hyoid in the strict sense,

which rostrally connects to the tongue through the

unpaired basihyoid and caudally, via the paired thyrohy-

oids, to the larynx. The connection to the skull is achieved

by a double suspension consisting of the paired cerato-, epi-

, stylo- and tympanohyoids. The cerato-, epi- and stylohy-

oids are ossified, whereas the tympanohyoids are cartilagi-

nous (Fig. 6). Ventrally, the basihyoid has a prominent

lingual process. Together with the basihyoid, the thyrohy-

oids form sort of a V-shaped osseous fork, which fixes the

rostral part of the larynx between its prongs. The caudal

third of the thyrohyoids is cartilaginous and thus more flexi-

ble. Both the osseous and the cartilaginous part of the thy-

rohyoids are connected to the rostral edge of the thyroid

cartilage by a resilient thyrohyoid membrane. Dorsally,

towards the tip of the thyrohyoid, the thyrohyoid ligament

(see below) blends into the thyrohyoid membrane. In the

in situ position, the hyoid apparatus appears as a hook-like

structure with multiple connections to the skull dorsally,

the pharynx laterally, the tongue and oral cavity rostrally

and the larynx and sternum caudally. The occipitohyoid

muscle terminates dorsally on the tip of the stylohyoid

angle (Fig. 7). For the lengths of the individual parts, see

Table S2.

Thyrohyoid ligament

In addition to the thyrohyoid membrane, the connection

between the hyoid apparatus and the larynx is established

by a paired thyrohyoid ligament. On each side this extends

between the cartilaginous end of the thyrohyoid and the

rostral horn of the thyroid cartilage. The resting length was

around 15 mm; its length at maximal artificial extension in

the excised hyoid apparatus and larynx was about 50 mm

(Figs 11, 14 and 15). The maximally extended length during

larynx retraction was estimated in the reconstruction of the

extended vocal tract using video single frames taken from

footage of live individuals. Here, the maximally extended

length of the thyrohyoid ligament was about 45 mm.

Muscles involved in larynx retraction and vocal tract

extension

Occipitohyoid muscle

In addition to the tympanohyoid, the small occipitohyoid

muscle establishes a second, muscular connection between

the hyoid apparatus and the skull. This fusiform muscle

originates from the curved caudal edge of the paracondylar

process of the occipital bone and terminates on the caudal

tip of the stylohyoid angle, where it covers the origin of the

stylohyoid muscle (Fig. 7).

Omohyoid muscle

The omohyoid muscle establishes a connection between the

hyoid apparatus and the cervical spine. This muscle origi-

nates from the deep neck fascia lateral to cervical vertebrae

Table 1 Values (mean � SD) of the three first formants (F1, F2, F3)

of male impala rutting roars, the formant dispersion (dF) and the vocal

tract length (vtl) calculated on the basis of formant dispersion. Roar

portions with the highest and lowest formants within roars (n = 72)

corresponded to the shortest vocal tract length (highest larynx posi-

tion) and the longest vocal tract length (lowest, maximally retracted

larynx position). Formant dispersion was calculated following two

methods: the dividing method (Riede & Fitch, 1999) and the linear

regression method (Reby & McComb, 2003).

Variable

Formants at

highest position

Formants at

lowest position

F1 (Hz) 408 � 46 354 � 25

F2 (Hz) 906 � 65 761 � 52

F3 (Hz) 1591 � 63 1261 � 69

dF (Hz), dividing method 592 � 39 454 � 37

vtl (mm), dividing method 297.2 � 19.9 388.3 � 31.5

dF (Hz), regression method 633 511

vtl (mm), regression method 276.5 342.5

Fig. 6 Hyoid apparatus of an adult male impala. (A) Rostral view; (B)

left lateral view. Scale bars: 10 mm.

Fig. 7 Hyoid apparatus and occipitohyoid muscle of an adult male

impala. Inset: the excised occipitohyoid muscle. Left lateral view. Scale

bar: (main figure) 20 mm; (inset) 10 mm.
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2–5, courses obliquely over the strap muscles in cranial

direction and terminates on the basihyoid, where it covers

the termination of the sternohyoid muscle (Fig. 8).

Sternothyroid, sternohyoid and thyrohyoid muscles

These so-called strap muscles connect the larynx to the ster-

num and to the hyoid apparatus. In addition, they establish

a connection between the sternum and the hyoid appara-

tus. The long, strap-like muscles comprise the sternothyroid

muscle, the thyrohyoid muscle and the sternohyoid muscle.

The caudal portions of the sternothyroid and sternohyoid

muscles are fused from their origin at the sternal manu-

brium up to a tendinous intersection at the level of the

4th–5th cervical vertebrae, approximately. From the tendi-

nous intersection onwards, the sternothyroid and sternohy-

oid portions diverge. The sternothyroid portion goes to the

larynx and terminates on the caudal edge of the thyroid

cartilage. The sternohyoid portion goes to the hyoid appa-

ratus and terminates on the basihyoid. The thyrohyoid mus-

cle originates from the thyroid cartilage at the termination

of the sternothyroid muscle and goes to the hyoid appara-

tus, where it terminates on the thyrohyoid (Fig. 9). The thy-

roid cartilage of the larynx protrudes ventrally between left

and right sternohyoid muscles and causes a slight bulging

of the skin, which is externally visible.

Stylohyoid muscle

The stylohyoid muscle connects the stylohyoid angle to the

basihyoid. This muscle originates ventrally from the tip of

the stylohyoid angle by a slender tendon that comprises

about one-quarter of the entire muscle length. The fusiform

muscle belly is single and terminates on the basihyoid

(Fig. 10).

Hyoepiglottic muscle

This V-shaped muscle establishes a mid-ventral muscular

connection between the larynx and the hyoid apparatus.

The hyoepiglottic muscle has a bifurcated origin rostrally,

from the ceratohyoids and the basihyoid, but then merges

and continues as a single bundle towards its termination on

the rostroventral surface of the epiglottis. After the excision

of the connected hyoid apparatus and larynx, the

hyoepiglottic muscle can be artificially extended to double

its resting length (Fig. 11).

Soft palate and intra-pharyngeal ostium

The soft palate completely separates the nasal portion of

the pharynx (dorsally) from the oral portion of the pharynx

(ventrally), except at the intra-pharyngeal ostium, an open-

ing in the soft palate across which both parts communicate.

The caudal edge of the intra-pharyngeal ostium, i.e. the

caudal end of the pharynx wall including the vestibule of

the oesophagus, is fixed to the larynx by connective tissue

and by the caudal constrictor muscles of the pharynx. The

resting length of the soft palate, from the choanae to the

Fig. 8 Omohyoid muscle of an adult male impala. Inset: the excised

omohyoid muscle. Left lateral view. Scale bar: (main figure) 20 mm;

(inset) 10 mm.

Fig. 9 Strap muscles of an adult male impala. Inset: the excised strap

muscles. Left lateral view. Scale bar: (main figure) 40 mm; (inset)

20 mm.

Fig. 10 Stylohyoid muscle of an adult male impala. Inset: the excised

stylohyoid muscle. Left lateral view. Scale bar: (main figure) 20 mm;

(inset) 10 mm.
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rostral edge of the intra-pharyngeal ostium, is 65 mm. The

edge of the intra-pharyngeal opening is not noticeably spe-

cialised; its dimensions are 18 mm (rostrocaudal

length) 9 15 mm (transverse width).

The palatopharyngeal arc, a mucosal fold along the cir-

cumference of the intra-pharyngeal ostium surrounding the

laryngeal entrance during quiet respiration, is thick and

prominent, and the palatopharyngeal muscle appears to be

strong (Fig. 12A). The mucosa of the nasal part of the phar-

ynx that is merging into the caudal edge of the intra-pha-

ryngeal ostium, and the palatopharyngeal arc are finely

plicated (Fig. 12B).

Larynx and vocal folds

Larynx overall view

The larynx possesses a moderate thyroid bulla, i.e. the cau-

dal part of the thyroid cartilage bulges out ventrally beyond

the tip of the cricoid arch. As a consequence, the cricoid car-

tilage (and the cricothyroid muscle) take on very oblique

positions – about 45° relative to the longitudinal axis of the

trachea (Fig. 13). The overall length of the larynx was 101/

105 mm, the maximal height 45/45 mm and the maximal

transverse width 39/45 mm (n = 2).

Laryngeal entrance

A characteristic feature of the laryngeal entrance of impala

is a prominent, thin and flexible aryepiglottic fold (Fig. 14).

The region of the laryngeal entrance, comprising the

epiglottis, the aryepiglottic folds, the ventral epiglottis/thy-

roid cartilage-connection up to the level of the corniculate

processes of the arytenoid cartilages dorsally, can be consid-

erably extended. Ventrally and laterally, the laryngeal

entrance is engirded by the thyrohyoid membrane plus the

thyrohyoid ligament, which both have a similar resilience

(Fig. 15).

Laryngeal cartilages

The shape and relative size of the laryngeal cartilages are

presented in Fig. 16. The epiglottis is comparably small; its

dorsoventral height and rostrocaudal length are approxi-

mately the same. In the two dissected specimens the

epiglottis was not engaged in the intra-pharyngeal ostium

but resided, ventrally adjacent to it, in the oropharynx. The

thyroid cartilage has a moderate caudoventral thyroid bulla

to the inside of which the vocal ligament and fibres of the

thyroarytenoid muscle attach. The ventral contour of the

arytenoid cartilage is uniformly convex from the corniculate

process up to the broad vocal process (Fig. 17). Thereby, the

intermediate surface, ventral to the medial and muscular

Fig. 11 Hyoepiglottic muscle of an adult male impala. Hyoid appara-

tus and larynx are still connected and the epiglottis is caudally

retracted with forceps. The hyoepiglottic muscle is relatively short and

its origin is rostrally bifurcated, extending from the ceratohyoids and

the basihyoid to the rostral surface of the epiglottis. The two arrow-

heads mark the attachments of the thyrohyoid ligament. Dorsal view.

Scale bar: 10 mm.

Fig. 12 Soft palate of an adult male impala: (A) ventral view; (B) dor-

sal view. The palatopharyngeal arc, a mucosal fold surrounding the

intra-pharyngeal ostium and locking the laryngeal entrance inside the

nasopharynx during quiet respiration, is prominent. Rostral is to the

left. Blue arrowhead indicating nasopharynx points towards the nos-

trils; green arrowhead indicating oropharynx points towards the

mouth opening. Scale bar: 10 mm.
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processes, is of considerable dorsoventral height, serving as

an extended site of termination of the thyroarytenoid mus-

cle laterally and as a surface of attachment for the mucosa

of the vocal keel medially (see below). Laterally, below the

muscular process, there is an additional smaller prominent

knob on which caudal fibres of the thyroarytenoid muscle

terminate (Fig. 17). Owing to the presence of a thyroid

bulla, the arch of the cricoid cartilage is bent dorsocaudally.

The angle between the long axes of the cricoid lamina and

the cricoid arch is about 25° (Fig. 16).

Vocal folds

The ‘vocal folds’ of male impala stand out because of their

unusual structure, large volume and massive shape (Figs 18

and 19). They occupy almost the entire laryngeal cavity and

are set in a very oblique position. Their orientation relative

to the longitudinal axis of the trachea is about 150° (central

axis) or 155° (ventral edge) caudoventrally to rostrodorsally

(Fig. 20). However, what at first glance appears as the ‘vocal

fold’ is not a vocal fold in the canonical sense, for the fol-

lowing reasons.

A canonical vocal fold extends between the inner cau-

dodorsal surface of the thyroid cartilage and the cricothy-

roid ligament and the vocal process of the arytenoid

cartilage and, typically, there is a pronounced angle

between the longitudinal axis of the arytenoid cartilage

and the vocal fold. Yet, in adult male impala, an arytenoid

cartilage and the corresponding vocal fold in the canonical

definition form one entity with a common longitudinal

axis. There is no distinct angle between the longitudinal

axes of the arytenoid cartilage and of the vocal fold.

Fig. 13 Larynx of an adult male impala. Caudoventrally, the larynx

has a moderate thyroid bulla. The cricoid cartilage and the cricothyroid

muscle are very obliquely oriented. Red line: longitudinal axis of the

trachea; blue line: longitudinal axis of cricothyroid muscle and cricoid

arc. Left lateral view. Scale bar: 10 mm.

Fig. 14 Laryngeal entrance of an adult male impala. The thin and

flexible aryepiglottic fold is very prominent. Two asterisks: the double

origin of the hyoepiglottic muscle. Dorsal view. Scale bar: 10 mm.

Fig. 15 Artificial extension of the laryngeal entrance of an adult male

impala demonstrating its remarkable resilience. The hyoid apparatus is

still connected with the larynx. The trachea was fixed and pull was

exerted on the left ceratohyoid. Left lateral view. Scale bar: 10 mm.

Fig. 16 Overlay of the laryngeal cartilages of an adult male impala,

assembled close to in situ positions; the thyroid cartilage has a moder-

ate thyroid bulla and the vocal process of the arytenoid cartilage is

broad and ventrally extended; asterisk: cricoarytenoid articulation; the

arch of the cricoid cartilage is bent caudodorsally; the angle between

the cricoid lamina and the cricoid arch is � 25° (between red and

green line). Left lateral view. Scale bar: 10 mm.
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Rostrally, the ventral contour of a vocal fold continues

into the ventral contour of the corresponding corniculate

process along a straight line without any visible discontinu-

ity (Figs 19–21). The rostrocaudal length of this entire

complex is 70 mm and its dorsoventral height is 26 mm.

Caudal attachment of this complex is to the inner surface of

the thyroid bulla and the cricothyroid ligament. To reflect

this remarkable structure of the sound source terminologi-

cally and to distinguish it from the canonical vocal fold, we

created a new term for the entire complex (arytenoid carti-

lage plus canonical vocal fold): vocal keel, or Carina vocalis

(because the complex resembles the long keel of a sailing

boat).

As a consequence of the peculiar structure, measure-

ment of the canonical vocal folds of male impala is not

straightforward. The position of the vocal process must

first be ascertained by palpation prior to the measure-

ment and then the conventional dimensions can be esti-

mated: maximal rostrocaudal length of the canonical

vocal folds (along the glottis) is 25 mm, maximal

dorsoventral length 20 mm, and maximal transverse

width 8-9 mm (in their dorsal third, close to the vocal

process of the arytenoid cartilage).

Fig. 17 Left arytenoid cartilage of an adult male impala: (A) lateral

view, (B) medial view. The red ellipse marks the prominent knob

below the muscular process on which caudal fibres of the thyroary-

tenoid muscle terminate. The vertical red bar indicates the consider-

able dorsoventral height of the arytenoid body. Scale bar: 10 mm.

Fig. 18 The bulky ‘vocal folds’ of an adult male impala. The larynx

has been opened dorsally along the mid-sagittal plane and the thyroid

laminae are pulled laterally. Dorsal view. Scale bar: 10 mm.

Fig. 19 Right (A) and left (B) ‘vocal fold’ of an adult male impala. The

arytenoid cartilage with its mucosal cover and the conventional vocal

fold form an entity. These unusual bulky vocal keels occupy almost

the entire space of the laryngeal cavity. The broken circle marks the

position of the vocal process of the arytenoid cartilage. Scale bar:

10 mm.
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Another unusual structure of the sound source consists in

a free space between the lateral surface of the vocal keel

and the wall of the laryngeal cavity. This lateral space

extends furrow-like from the edge of the corniculate pro-

cess rostrally up to the caudal end of the vocal keel. Maxi-

mal dorsal extension, from the ventral edge of the vocal

keel to the apex of the furrow, is 15 mm at the level of the

medial process of the arytenoid cartilage. From there, the

lateral space fades steadily in a caudal direction (Figs 22 and

23). Lateral and ventral to the vocal keels this lateral space

is lined with a reddish, soft and flabby mucous membrane.

Probably related to the existence of a lateral space and

the correspondent folding of the laryngeal mucosa, there is

a pronounced medioventral curving of thyroarytenoid mus-

cle fibres down into that fold, up to their termination on

the extended lateral surface of the arytenoid cartilage

(Fig. 22, Supporting Information Figs S1 and S2).

Along the region of the canonical vocal fold, i.e. between

the vocal process and the thyroid cartilage, extends a thick

whitish structure, spindle-shaped in cross-section, which we

consider to be a vocal ligament. Its medial surface is covered

by laryngeal mucosa (Fig. 22). In this region, the medially

concave thyroarytenoid muscle flanks the vocal ligament

laterally, ventrally extending into the lateral wall of the lat-

eral space (Fig. 22).

When defining the glottis (glottic cleft) as the distance

between the attachment of the canonical vocal fold to the

thyroid cartilage caudally up to the fusion of the medial

processes of the left and right arytenoid cartilages rostrally,

the intercartilaginous and intermembraneous parts of the

glottis are arranged in a straight line (Fig. 21). The entire

rostrocaudal length of this glottic cleft is 52.2 mm; the

intermembraneous part covers 24.8 mm, and the intercarti-

laginous part 27.4 mm. The corresponding ratio is 1 : 1.1.

A 3-dimensional impression of the vocal keel of male

impala is presented in Fig. 23, based on a CT scan of the left

half of the larynx of Specimen#1.

Intrinsic laryngeal muscles

The cricothyroid muscle takes its origin from the arc of the

cricoid cartilage and terminates on the concave caudal edge

of the thyroid cartilage and on its caudal horn (Fig. 13). The

arc of the cricoid cartilage has a lateral ridge that is

embraced by the cricothyroid muscle and gives it a roof-like

shape. Unlike in red deer, for example, the area of termina-

tion does not extend onto the medial surface of the thyroid

cartilage but is restricted to its caudal edge and caudal

horn. The rostral third of the cricothyroid muscle is covered

by the thyropharyngeus muscle and the caudal two-thirds

are covered by the sternothyroid muscle. The rostral third

of the cricothyroid muscle itself covers the lateral cricoary-

tenoid muscle.

The lateral cricoarytenoid muscle takes its origin from the

rostrodorsal edge of the cricoid arc and terminates on the

caudoventral surface of the muscular process of the ary-

tenoid cartilage (Fig. 24). Dorsomedially, the lateral

cricoarytenoid muscle touches the dorsal cricoarytenoid

muscle and ventrally it touches the thyroarytenoid muscle.

The dorsal cricoarytenoid muscle takes its origin from the

ipsilateral half of the cricoid plate and terminates on the

caudodorsal surface of the muscular process of the ary-

tenoid cartilage and, medially adjacent, on the medial pro-

cess of the arytenoid cartilage (Fig. 24). Laterally, the dorsal

cricoarytenoid muscle touches the lateral cricoarytenoid

muscle and rostrally it touches the transverse arytenoid

muscle.

The transverse arytenoid muscle takes its origin from the

dorsolateral surface of the body of the arytenoid cartilage,

Fig. 20 Very oblique orientation of the right vocal keel of an adult

male impala. The bulky, uniform structure, from the bottom of the

thyroid bulla up to the corniculate process, is set against the longitudi-

nal axis of the trachea at an angle of about 150° (central axis) or

about 155° (ventral edge). Medial view. Scale bar: 10 mm.

Fig. 21 Overlay of the left vocal keel and arytenoid cartilage of an

adult male impala. There is no distinct angle between the longitudinal

axes of the arytenoid cartilage and the canonical vocal fold. The ven-

tral contour of the canonical vocal fold continues into the ventral con-

tour of the corniculate process along a straight line without any visible

discontinuity. Blue-red bar: glottis, blue: intermembraneous part, red:

intercartilaginous part. Medial view. Scale bar: 10 mm.
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Fig. 22 Transverse sections of the right half

of the larynx of an adult male impala. (A)

Lateral view of sectioned larynx half, (B)

medial view of sectioned larynx half, (C) Part

2, rostral view, (D) Part 2, caudal view, (E)

Part 3, rostral view, (F) Part 3, caudal view,

(G) Part 4, rostral view, (H) Part 4, caudal

view. The arytenoid cartilage is mostly

separated from the laryngeal wall, dorsally by

the piriform recess and ventrally by a lateral

space (C,D). This space, although narrowing

and getting less deep in caudal direction, also

separates the entire vocal keel from the

laryngeal wall. In the region of the arytenoid

cartilage, fibres of the thyroarytenoid muscle

course ventrally along the medial wall of the

lateral space to terminate on a large area of

the lateral surface of the arytenoid cartilage

(D). Scale bars: 10 mm.
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including the muscular process, and terminates medial and

caudal to the corniculate processes of the arytenoid carti-

lage, on its contralateral counterpart (Fig. 24 and 25). Cau-

dally it touches the dorsal cricoarytenoid muscle and

lateroventrally it touches the thyroarytenoid muscle.

The thyroarytenoid muscle takes its origin from the

medioventral surface of the thyroid cartilage, lateral to the

vocal ligament along a paramedian line, starting from the

cricothyroid ligament and the caudodorsal end of the thy-

roid bulla up to the ventrorostral edge of the thyroid carti-

lage, caudally adjacent to the base of the epiglottis. The

caudal fibres take an oblique rostrodorsal course and con-

verge to terminate on the short vocal process and, ventral

to the muscular process, on the body of the arytenoid carti-

lage and on the prominent knob below the muscular pro-

cess (Figs 17A, 24 and Fig. S1). Ventrally, the middle fibres

take a rostrodorsal course and then turn dorsally and con-

verge to terminate on the body of the arytenoid cartilage

at the level of the dorsomedial process. The rostral fibres

take a caudodorsal course and converge to terminate on

the body of the arytenoid cartilage at its transition to the

corniculate process (Fig. 24). Caudodorsally, the caudal-most

fibres of the thyroarytenoid muscle touch the lateral

cricoarytenoid muscle. Rostrodorsally, the termination of

the thyroarytenoid muscle touches the origin of the trans-

verse arytenoid muscle. Ventrally, a superficial longitudinal

band of muscle fibres takes its origin from the thyroid carti-

lage at the level of the muscular process, coursing rostrally

to terminate laterally on the base of the epiglottis and,

partly, on the thyroid cartilage (Figs 24, 25 and Fig. S2).

Taken together, the attachment sites of the thyroary-

tenoid muscle are (from caudal to rostral): (1) the concave

inner surface of the thyroid bulla, (2) the vocal process, the

prominent knob and the ventrally adjacent, expanded body

area of the arytenoid cartilage and (3) the base of the

epiglottis. The fibres of the caudal portion of the thyroary-

tenoid muscle run more or less parallel to the longitudinal

axis of the vocal keel (rostrodorsally), whereas the fibres of

Fig. 23 Three-dimensional representation of the left larynx half of

Specimen #1 to provide an impression of the spatial structure of the

vocal keel and the lateral space between it and the larynx wall. It must

be noted that this male suffered from a prolonged heavy inflamma-

tion of the right lower jaw, ultimately ending in a jaw fracture and

euthanisation. Probably for this reason, the vocal keel is much less

voluminous and impressive than that of Specimen #2. Virtual cut cau-

dally (A), virtual cut rostrally (B), medial view (C), oblique rostral view

(D), rostral view (E). Scale bars: 10 mm.

Fig. 24 Dorsal and lateral cricoarytenoid muscles and thyroarytenoid

muscle of an adult male impala. The thyroid cartilage has been

removed. The large thyroarytenoid muscle forms a continuous muscu-

lar mass from the cricothyroid ligament and the bottom of the thyroid

bulla up to the level of the corniculate process. In particular, the cau-

dal portion of this muscle is very massive. Its fibres terminate not only

on the vocal process but also on an extended area of the arytenoid

body ventral to the muscular process including the prominent knob

below the muscular process (red ellipse). Left lateral view. Scale bar:

10 mm.
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the rostral portion run more or less perpendicular to this

axis (caudodorsally).

Our definitions of the vocal keel of male impala as a com-

plex consisting of the arytenoid cartilage plus the canonical

vocal fold arranged in line, covered by a common mucosa

and separated from the laryngeal wall by a caudally fading

lateral space, has consequences when assessing participa-

tion of the thyroarytenoid muscle in the structure of the

vocal keel. Rostrally, along the arytenoid cartilage, the

fibres of the thyroarytenoid muscle curve ventrally, insert

on the arytenoid cartilage and thus are part of the free por-

tion of the vocal keel, protruding into the laryngeal lumen

and separated from the laryngeal wall by the capacious lat-

eral space (Fig. 22C–E). Caudally, along the canonical vocal

fold region, where the size of the lateral space decreases,

the fibres of the thyroarytenoid muscle course, laterally

adjacent to the vocal ligament, in the laryngeal wall and

thus are not part of the free portion of the vocal keel

(Fig. 22F–H). At its origin, the thyroarytenoid muscle, the

vocal ligament and the covering mucosa attach the vocal

keel to the bottom of the thyroid bulla. In short, the thy-

roarytenoid muscle is part of the free portion of the vocal

keel rostrally but not caudally.

Therefore, the thyroarytenoid muscle reflects the longitu-

dinal oblique orientation of the vocal keel itself, which is

clearly separate from the laryngeal wall rostrally, but gradu-

ally fuses with it in caudal direction.

Histology of the vocal keels of male impala

Medially and throughout its entire rostrocaudal length, the

vocal keel is covered by a non-keratinised stratified squa-

mous epithelium (mostly consisting of five layers), which

continues into the lateral space, the surface of which is

strongly plicated (Fig. 26). Rostrally (Fig. 22 – macroscopic

section 2 and transition to 1), the soft tissue of the vocal keel

wraps around the ventral part of the arytenoid cartilage. In

this region, this soft tissue is made up of collagenous loose

connective tissue with few elastic fibres. The loose connec-

tive tissue is interspersed with holocrine, seromucous glands.

Sections of their thick-walled, undulating excretory ducts

are visible in transverse and sagittal sections over the entire

area of the vocal keel soft tissue (Fig. 26). Correspondingly,

the glands are not concentrated in a subepithelial layer but

occur throughout the bulk of the vocal keel soft tissue and,

far from the epithelium, even close to the connective tissue

lining of the arytenoid cartilage. Hence, there is a high

length variation of the excretory ducts depending on the

respective position of the glands.

Lipocytes occur interspersed in the loose connective tissue

but mostly they form well-defined adipose sheaths around

the lymph and blood vessels inside the vocal keel soft tissue.

Dorsal and medial to the lateral space, the thyroarytenoid

muscle attaches to the arytenoid cartilage. The loose con-

nective tissue surrounding the lateral space contains glands

of the same type as the vocal keel. In the lateral wall of the

lateral space the amount of elastic fibres is higher than in

the rostral vocal keel portion.

In the middle portion of the vocal keel (Fig. 22 – macro-

scopic section 3 and transition to 4), a cartilaginous support

is lacking and the entire vocal keel is made up of collage-

nous loose connective tissue. In this region the amount of

elastic fibres is definitely higher than in the rostral vocal

keel portion and their arrangement is uneven. In the subep-

ithelial region they are mostly longitudinally aligned,

whereas in the remaining bulk of the vocal keel they are

irregularly oriented. In this portion of the vocal keel there is

a local dorsomedial concentration of holocrine seromucous

glands (Fig. 26). Dorsolaterally, a few larger blood vessels

run longitudinally along the vocal keel (Fig. 26).

Laterally, between the vocal keel and the thyroarytenoid

muscle, there is a ribbon-like stratified layer of tangential,

laminar-arranged thick collagen fibres connecting the medial

loose connective tissue to the lateral muscular tissue (Fig. 26).

Possibly, this intermediate layer is a functional equivalent of

the arytenoid cartilage in the rostral vocal keel portion in

terms of transmitting the tensile forces from the contracting

thyroarytenoid muscle onto the vocal keel. In transverse sec-

tions of the middle vocal keel portion, the thyroarytenoid

muscle extends from the dorsal edge of the vocal keel along

its bulky central portion down to the ventral end of the lat-

eral space, so that the concave surface of the crescent-shaped

thyroarytenoid muscle flanks the vocal keel laterally. A mod-

erate adipose layer separates the thyroarytenoid muscle from

the laterally positioned thyroid cartilage (Fig. 26).

In its caudal portion (Fig. 22 – macroscopic sections 4 and

transition to 5) the vocal keel narrows and no longer con-

sists of loose connective tissue. Instead, the connective

Fig. 25 Transverse arytenoid and thyroarytenoid muscles of an adult

male impala. The thyroid cartilage, the cricothyroid muscle and the lat-

eral and dorsal cricoarytenoid muscles have been removed. The large

single asterisk marks the muscular process of the arytenoid cartilage;

the small asterisks mark fibres of the thyroarytenoid muscle, which do

not terminate on the vocal process but on the body of the arytenoid

cartilage. The red ellipse marks the prominent knob below the muscu-

lar process. Left lateral view. Scale bar: 10 mm.
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tissue in this region is very compact, made up of thick colla-

gen fibres, which, in oblique section, are arranged in circu-

lar, spiral- or ellipsoid-like structures reminiscent of the

primary bundles of a tendon or a ligament. In addition, this

ligament-like structure is intimately interlocked with the

adjacent medial surface of the thyroarytenoid muscle. Sero-

mucous glands, braided with elastic fibres, and longitudi-

nally running lymph and blood vessels also occur in this

caudal region of the vocal keel.

As an additional result of the histological analysis, we

identified numerous sarcocysts (Sarcocystis sp.) around and

inside the thyroarytenoid muscle.

Trachea

The trachea consisted of 60 tracheal cartilages between the

larynx and the bifurcation. The internal diameters of the tra-

chea remained almost the same from the 2nd to the 58th

tracheal ring: 17 mm dorsoventrally, 21 mm transversely.

Reconstruction of the vocal organs (resting and

maximally extended posture)

The complete set of the reconstructed vocal organs and

relevant adjacent parts of male impala in the resting

posture and in the extended posture are presented in

Fig. 27. These reconstructions represent a graphical 2D

two-step model of roar-synchronous downward and

upward movements of the larynx and corresponding

vocal tract extensions and shortenings in rutting male

impala.

Discussion

Species with a mobile larynx

The discovery of a mobile larynx involved in the production

of rutting roars in male impala, extends the number of

polygynous ruminant species capable of pronounced larynx

A B C

D E F

G H I

Fig. 26 Microscopic vocal keel structure of

male impala. (A) Rostral surface of macro-

section 3, overview. (B) Caudal surface of

macro-section 3, overview. (C) Rostral surface

of macro-section 4, overview. (D) Close to

medial surface of macro-section 2. (E) Detail

of subfigure B. (F) Detail of subfigure C

(laterally). (G) Detail of subfigure C (ventrally).

(H) Detail of subfigure B (dorsomedially). (I)

Detail of subfigure C (medially). Arrowheads:

(D) excretion duct of seromucous gland, (E)

non-keratinized stratified squamous

epithelium, (F) layer of tangential, laminar

arranged thick collagen fibres connecting the

medial loose connective tissue to the lateral

muscular tissue, (G) plicated epithelium and

lumen of the lateral space, (H) dorsomedial

concentration of holocrine seromucous

glands, (I) elastic fibres mostly longitudinally

aligned in the subepithelial region but

irregularly oriented in the bulk of the vocal

keel. Macro-section numbers refer to Fig. 22.

(A–C, E–H) Frontal sections. (D) Sagittal

section. (A,D,G) Azan staining. (B,E,H)

Haematoxylin-Eosin staining. (C,F,I) Elastica

Van Gieson staining.
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retraction to five: red deer (Fitch & Reby, 2001; Frey et al.

2012; Frey & Riede, 2013; Volodin et al. 2019), fallow deer

(Fitch & Reby, 2001; McElligott et al. 2006), Mongolian

gazelle (Frey et al. 2008a,b), goitred gazelle (Frey et al.

2011) and impala (this study). Structures responsible for

laryngeal mobility in male impala are strap muscles appar-

ently homologous to those of other larynx-retracting

ruminants (Frey et al. 2008a,b, 2011, 2012; Frey & Riede,

2013). However, the large phylogenetic distance

between impala and the other larynx-retracting species

(B€armann et al. 2013) suggests independent evolution of

a mobile larynx in male impala. Multiple convergent

evolution of this feature indicates strong selection pres-

sure for effective male rutting calls and their importance

for male reproductive success. It should be mentioned

that slight retraction of the larynx, synchronous to the

emission of oral calls, was found in all mammals so far

examined via X-ray (Fitch, 2000). Slight call-synchronous

movements of the larynx are typical for most mammals

as a consequence of neck extension and moderate strap

muscle contraction. Apparently, the pronounced larynx

retraction of some ruminant species arose by expanding

the function of a pre-existing feature under the evolu-

tionary pressure of sexual selection.

A B

C D

E F

G H

Fig. 27 Reconstructions of the vocal organs

and relevant adjacent organs of an adult

male impala: (A,C,E,G) resting posture, (B,D,

F,H) extended posture. During roar

production, structures rostral to the larynx

become extended (e.g. pharynx, hyoid

apparatus, thyrohyoid ligament), the larynx

itself is retracted, and structures caudal to the

larynx either shorten (sternothyroid muscle) or

are pushed caudally (trachea). Body contour

and background: video single frames of the

same individual. Skeletal parts are those of

Specimen #1. From top to bottom,

increasingly deeper layers of the vocal organs

are exposed.
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Anatomical adaptations for larynx retraction

Impala males have an extendible pharynx and a resilient

thyrohyoid ligament and thyrohyoid membrane that allow

larynx retraction upon caudal muscular pulling by the con-

tracting narrow ribbon-like strap muscles (Fig. 9), connect-

ing the larynx to the hyoid apparatus rostrally (thyrohyoid

muscle, sternohyoid muscle) and to the sternum caudally

(sternohyoid muscle, sternothyroid muscle). These strap

muscles are similar to those of males of the other larynx-re-

tracting ruminant species (Frey et al. 2008a,b, 2011, 2012;

Frey & Riede, 2013). In addition, the entrance region of the

larynx, including the flexible aryepiglottic fold, possesses

an amazing resilience, certainly contributing to laryngeal

mobility of male impala (Fig. 15). As the epiglottis is not

tightly joined to the remaining parts of the larynx, it can be

expected to stay high, relatively close to the hyoid appara-

tus, whereas the laryngeal entrance undergoes consider-

able stretching, and the middle and caudal parts of the

larynx descend in a pronounced manner during larynx

retraction. As the caudal edge of the intra-pharyngeal

ostium and the caudal end of the pharynx are both dorsally

fastened to the larynx, we may further expect a corre-

sponding elongation and closure of the intra-pharyngeal

ostium to a slit by the tensile forces acting on the larynx,

pharynx and soft palate during larynx retraction. A similar

extensibility of the laryngeal entrance region has been doc-

umented inmale goitred gazelle (Efremova et al. 2016).

Inmale impala, the sternohyoidmuscle retains its ancestral

termination on the basihyoid, unlike red and fallow deer, in

which this muscle is evolutionarily shortened (red deer: Frey

et al. 2012; fallow deer: Reby et al. 2018). In male impala, the

caudal halves of the sternohyoid and sternothyroid muscles

have a common origin from the rostral tip of the sternum

and are connected to the rostral halves by a tendinous inter-

section. Presumably, this tendinous intersection establishes a

functional separation of the rostral and caudal muscle por-

tions, enabling differential contraction and extension.

Whereas the common caudal portion strongly contracts to

effect larynx retraction, the rostral portions of the samemus-

cles can simultaneously be extended to a certain extent by

counteracting pulling forces (Fig. 27). Regarding the rostral

portion of the sternothyroid muscle, a counteracting pull

might come from the progressive and finally maximal exten-

sion of the thyrohyoid muscle. Regarding the sternohyoid

muscle, a counteracting pull might be exerted by the tongue

muscles responsible for roar-synchronous tongue protrusion.

Probably, this construction increases the flexibility of the

mobility system of the larynx and reduces stress in the

attachment areas of the strapmuscles.

We think that the occipitohyoid muscle of impala is

involved in flexibly adjusting the overall caudal and rostral

deflections of the hyoid apparatus during roar-synchronous

downward and upward movements of the larynx. This

action would be supported and enhanced by the wide span

between the fixation of the tympanohyoid to the skull ros-

trally and the tip of the stylohyoid angle caudally, constitut-

ing a favourable leverage (Figs 6 and 7).

During maximal retraction of the larynx and roar produc-

tion, the basihyoid bulges out from the fine skin of the

throat region (Figs 4 and 27). Contraction of the omohyoid

muscle probably assists larynx retraction by preventing too

much rostral and ventral excursion of the basihyoid. The

omohyoid muscle appears to stabilise the overall configura-

tion of the hyoid apparatus by counteracting both the ros-

tral pulling of contracting tongue muscles (genioglossus

and geniohyoid muscles) and the caudal pulling of the long

strap muscles (sternohyoid and sternothyroid muscles).

Thus, throughout the frequent roar-synchronous descents

and ascents of the larynx, the position of the hyoid appara-

tus relative to the neck vertebrae seems to be under

dynamic control of the omohyoid muscle (Fig. 8).

By position and attachments to the stylohyoid angle dor-

sally and to the basihyoid ventrally, the stylohyoid muscle is

ideally suited for flexible regulation of the dorsoventral

length of the multisectional suspension chain of the hyoid

apparatus (Fig. 10). This function is required during roar-

synchronous descents and ascents of the larynx, when the

throat region either expands when approaching the roar-

ing posture or shrinks when returning to its resting shape,

and the configuration of the hyoid apparatus changes

accordingly from its folded resting state towards maximal

extension and back.

The prominent lingual process of the basihyoid might

improve the leverage for the geniohyoid and genioglossus

muscles rostrally and the omohyoid and sternohyoid mus-

cles caudally (Figs 6 and 7). Retraction of the larynx is mostly

effected by strong contraction of the joint portion of the

sternohyoid and sternothyroid muscles. Simultaneously, the

downward movement of the larynx will cause an extension

of the entire hyoid apparatus and a caudal deflection of

the thyrohyoid. This is achieved by dorsal pulling of the thy-

rohyoid ligament on the thyrohyoid tip. Ventrally, this

deflection of the thyrohyoid is favoured by contraction of

the geniohyoid and genioglossus muscles and protrusion of

the tongue, simultaneously causing an extension of the ros-

tral portion of the sternohyoid muscle (Fig. 27).

Acoustic correlates of larynx retraction

The acoustics of the rutting roars indicate that male impala

begin to produce their rutting roars during the downward

movement of the larynx, resulting in vocal tract elongation,

similar to red deer (Fitch & Reby, 2001; Frey et al. 2012;

Volodin et al. 2019), fallow deer (McElligott et al. 2006) and

goitred gazelle (Frey et al. 2011). In contrast to other rumi-

nants with a retractable larynx, male impala sometimes con-

tinue with roaring during the ascending movement of the

larynx, i.e. when the vocal tract is re-shortening (Fig. 3A). As

the formant frequencies primarily depend on the length of
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the vocal tract (Fitch & Reby, 2001; Taylor & Reby, 2010),

changes of vocal tract length are noticeably reflected in the

positions of the formants of male impala roars (Table 1).

Thus, formant frequencies of the roars rose at shortening

and fell at elongation of the vocal tract (Fig. 3B; Table 1).

Calculations of the vocal tract length based on formant

dispersion of the roars according to the dividing method

(Riede & Fitch, 1999) produced values close to those esti-

mated from video single frames (Fig 2; Table S1). As cal-

culations of vocal tract length based on the regression

method produced much lower values (Reby & McComb,

2003), we are assuming that the video single frame

method and the dividing method approach the real

vocal tract length in male impala more reliably than the

regression method. The dividing method also provided a

better coincidence between the anatomical and acousti-

cal calculations of vocal tract length for rutting male

Pannonian red deer (Volodin et al. 2019). However, the

regression method provided a good coincidence

between the anatomical and acoustical calculations for

Iberian red deer (Frey et al. 2012), goitred gazelle (Frey

et al. 2011) and saiga (Volodin et al. 2014).

The repeated, short inspiration phases within the pant

roars of rutting male impala (Fig. 3) might promote sus-

tained vocalisations, i.e. extend potential roaring time, even

over changing positions of the larynx. The insertion of these

short inspiration phases during roars with repetitive, bidi-

rectional airflow is unique to impala among the other rumi-

nants with a mobile larynx, in which the volume of the

expiratory airflow strongly determines the duration of the

uninterrupted roars with unidirectional airflow (red deer:

Frey et al. 2012; Volodin et al. 2015, 2019; fallow deer:

McElligott et al. 2006; goitred gazelle: Frey et al. 2011).

Tongue protrusion behaviour

Rutting impala males frequently, but not always, protrude

the tongue during roar emission. We are not aware of any

acoustic function of this tongue protrusion behaviour. Pos-

sibly, exposing the warm and moist surface of the tongue

during strong serial exhalations and inhalations during the

roaring contributes to thermoregulation via evaporative

cooling and heat dissipation from the oral vocal tract sur-

faces, as was suggested for rutting male Iberian red deer

Cervus elaphus hispanicus (Frey et al. 2012).

Acoustic correlates of larynx size

In impala males, larynx size does not correspond with the

size of the sound-producing structures inside. Impala males

have a typically sized larynx but a considerably enlarged

sound source. This was achieved by combining two struc-

tures, the arytenoid cartilage and the canonical vocal fold,

in one entity. The resulting sound source of male impala,

the vocal keel, represents an evolutionary novelty, as the

vocal fold and the arytenoid cartilage are functionally sepa-

rate in other species of ruminants (Frey et al. 2008a,b,

2011; Frey & Riede, 2013). In contrast to other species, in

male impala the entire vocal keel (i.e. the vocal fold in the

canonical sense plus the arytenoid cartilage) might be set

into oscillation by purely exhalatory airstreams or by

rapidly alternating exhalatory and inhalatory airstreams

during the roars. The particularly large thyroarytenoid

muscle might support the oscillatory movements of the

vocal keel.

The low fundamental frequency of male impala rut-

ting roars (50 Hz) is comparable to that produced by the

large and massive vocal folds inside the enlarged larynx

of rutting male goitred gazelles (23 Hz; Frey et al. 2011).

Unlike those of the much noisier male rutting calls of

Mongolian and goitred gazelles (Frey et al. 2008a, 2011;

Volodin et al. 2017c), the fundamental frequency of

male impala calls is clearly visible and measurable in the

spectrograms (Fig. 3). In male Mongolian and goitred

gazelles, vocal ontogenetic development starts from

clearly tonal calls shortly after birth to culminate in the

noisy calls of mature males, involving prominent

changes in the anatomy and histology of the vocal folds

(Efremova et al. 2011, 2016; Volodin et al. 2017a,c). Fur-

ther studies are required to reveal the vocal ontogenetic

development from birth to adulthood in male impala.

Vocal fold anatomy

For a better understanding of the divergent structure of

the male impala vocal fold, the corresponding features in a

typical bovid, as exemplified by sheep and goat (cf. Nickel

et al. 2004), are briefly summarised:

• (contrary to impala vocal keels) vocal fold orientation

is more or less perpendicular to the longitudinal axis

of the larynx and trachea, i.e. to the airflow;

• thereby, the longitudinal axis of the arytenoid carti-

lage and that of the vocal fold form a right angle,

approximately (whereas they are in line in impala);

• the position of the ventral attachment of the vocal

ligament to the thyroid cartilage is roughly at the level

of the cricoarytenoid articulation (whereas it is cau-

dally shifted in impala);

• therefore, this site, the laryngeal prominence, has a

position at about half-way along the ventral midline

of the thyroid cartilage (whereas, in impala, it is

located at the caudal end of the thyroid cartilage);

• the free edge of the vocal fold protruding into the

laryngeal lumen is thin and flexible, and rostrally direc-

ted, i.e. away from the expiratory airflow (whereas it is

thick and tough and ventrally directed in impala);

• the dorsoventral length of the vocal fold is pro-

nouncedly larger than its rostrocaudal length (whereas

this proportion is reversed in impala);
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• accordingly, the rostrocaudal dimension of the glottis

is relatively small (whereas it is large in impala) (see

textbook illustrations, e.g. in Nickel et al. 2004).

Compared with this typical vocal fold structure in bovids,

the vocal fold of male impala is remarkable in several

respects:

• the vocal fold in the canonical sense is fused to the

arytenoid cartilage and its covering soft tissues along

a straight axis, thus forming a new large entity that

fills almost the entire supraglottal laryngeal cavity. To

designate this new structure, we created a new term:

vocal keel, or Carina vocalis;

• as a consequence of the in-line orientation of the two

parts of the vocal keel and their uniform mucosal cov-

ering, the dimensions of the canonical vocal fold are

not readily visible but have to be indirectly accessed

by palpation of the vocal process;

• the vocal keel is connected to the lateral laryngeal

wall solely via a narrow longitudinal ridge (a stalk in

cross-section), whereas dorsally and ventrally the vocal

keel is separated from the lateral laryngeal wall, dor-

sally by the deep piriform recess and ventrally by a

specific lateral space (Fig. 22C,D);

• owing to the linear arrangement of the arytenoid car-

tilage and the vocal fold in the canonical sense and

their strongly oblique orientation, the two parts of

the glottis are also set longitudinally one after

another, the cartilaginous part rostrally and the mem-

braneous part caudally. Therefore, the glottic cleft,

from the bottom of the thyroid bulla up to the med-

ial connection of the arytenoid cartilages via their

medial processes, is rather long (more than 50 mm,

Fig. 21);

• between the vocal process and the bottom of the thy-

roid bulla a sort of a hypertrophied vocal ligament

extends, forming the caudal part of the vocal keel

(Fig. 22F,G);

• the thyroarytenoid muscle is very large and covers the

entire lateral region of the vocal keel, from the bottom

of the thyroid bulla up to the level of the corniculate

process, also invading the medial wall of the lateral

space. In cross-section, it is crescent-shaped, medially

concave and has extensive attachments not only on the

vocal process but also on the body of the arytenoid car-

tilage, including a prominent lateral knob ventral to

the muscular process, on the thyroid cartilage and on

the base of the epiglottis (Figs 17A and 24).

It appears that the sound source of male impala under-

went an internal evolutionary enlargement without any

enlargement of the larynx itself. This uncoupling of larynx

size and vocal fold size occurred by the fusion of two

adjacent laryngeal structures: the arytenoid cartilage and

the canonical vocal fold.

The large rostrocaudal length of the thyroarytenoid mus-

cle and its oblique orientation, being part of the vocal keel

rostrally but merely flanking the vocal ligament caudally,

and the different fibre directions in its rostral and caudal

portions, suggest the following functions: (1) adduction of

the ventral parts of the arytenoid cartilages by ventral pull-

ing of the rostral fibres, (2) closure of the glottis by joint

ventral and caudal pulling of the rostral and caudal fibres,

(3) closure of the lateral space by the same action, (4) longi-

tudinal shortening of the vocal keel, thereby increasing its

bulging into the laryngeal lumen by contraction and caudal

pulling of the caudal fibres.

As the bulky vocal keels of male impala occupy much

more space in the laryngeal cavity (Figs 18, 19 and 21) than

typical small, slender and flexible mammalian vocal folds,

they might act as obstacles for normal breathing, particu-

larly during the rut when reaching maximal dimensions.

Apparently, this danger is prevented by opening the glottis

through relaxation of the thyroarytenoid muscle and con-

traction of the large dorsal cricoarytenoid muscles (Fig. 14),

thereby pulling the vocal keels laterally. The left and right

lateral spaces and their restricted, ridge-like attachment to

the larynx wall (Fig. 22C,D) provide the space and mobility

of the vocal keels necessary for this movement.

In certain features, the vocal fold anatomy of male

impala is reminiscent of the vocal fold anatomy of whales,

in particular that of mysticete whales (cf. Reidenberg &

Laitman, 1988, 2007): (1) the orientation of the vocal fold

is at an acute angle to the longitudinal axis of the larynx

and trachea, i.e. more or less in parallel with the direction

of the airflow (Reidenberg & Laitman, 2007, fig. 1,

p. 749); (2) the structure of the vocal keel resembles the

U-fold of mysticete whales insofar as the arytenoid carti-

lage and the canonical vocal fold form a continuous entity

arranged one after the other along a common longitudi-

nal axis (cf. Reidenberg & Laitman, 2007, fig. 4, p. 752);

(3) the vocal ligament is thick and tough and its attach-

ment to the thyroid cartilage lies pronouncedly caudal to

the cricoarytenoid articulation (cf. Reidenberg & Laitman,

2007, fig. 5, p. 755).

One mechanism of low-frequency sound production in

mysticete whales is assumed to be U-fold vibration (cf.

Reidenberg & Laitman, 2007, p. 757), i.e. vibration of a

vocal keel-like structure consisting of a linearly arranged

entity of arytenoid cartilage and a vocal fold homo-

logue. Considering the similarly organised vocal keel

structure of rutting male impala and the low-frequency

pulses of their rutting roars, it is conceivable that, in

contrast to a typical mammalian larynx but in agreement

with the above-cited mechanism suggested for mys-

ticetes, the entire bulky vocal keel is set into oscillation

by rapidly repeated exhalations and inhalations during

rutting roar production.

However, excised larynx experiments along the lines of

earlier studies (Titze et al. 2010; Herbst et al. 2012) will be
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necessary to clarify the precise functioning and vibratory

modes of this novel structure.

Vocal fold angle

Typically, the orientation of the vocal fold in artiodactyls

and primates is more or less perpendicular to the longi-

tudinal axis of the larynx, whereas the vocal fold of car-

nivores is set at an acute angle to it (Schneider, 1964).

Given the peculiar structure of the male impala vocal

keel, which clearly differs from a typical artiodactyl vocal

fold, we used the approximated central axis of the vocal

keel to determine vocal fold orientation (150°: Fig. 20).

If we had used the same method as Schneider (1964) and

used the rostral edge of the vocal fold, which corre-

sponds to the ventral edge of the impala vocal keel, for

measuring, the angle would even be more obtuse (155°:

Fig. 20). Compared with the smallest value (17.5°)

reported by Schneider (1964, p. 70/71) for a pinniped,

the California sea lion (Zalophus californianus), the ori-

entation of the male impala vocal keel is obviously quite

different: in the California sea lion (and most other pin-

nipeds) the vocal fold is rostroventrally inclined (Schnei-

der, 1962, 1963, 1964, figs 70 and 76), whereas the male

impala vocal keel, corresponding to the orientation of

the longitudinal arms of the U-fold in mysticete whales

(Reidenberg & Laitman, 2007), is caudoventrally inclined.

As a consequence, the vocal fold in the California sea

lion is almost parallel (approaching 0°) to the longitudi-

nal axis of the arytenoid cartilage (Schneider, 1962,

1964, fig. 76) whereas the ventral attachment of the

canonical vocal fold in male impala has been shifted cau-

dally so that it is now in line (180°) with the long axis of

the arytenoid cartilage.

In contrast to pinnipeds, which temporarily leave the

water and haul themselves out on land, whales and dol-

phins have evolved a permanent aquatic lifestyle. After

more or less prolonged dives, when surfacing, they effect

their respiratory gas exchange by rapid exhalations and

inhalations. Possibly, the vocal folds of cetacea, which are

oriented more or less in parallel with the airflow (Reiden-

berg & Laitman, 1988, 2007), are advantageous to manage

this temporarily constrained and violent respiration by

reducing resistance to the rapid exchange of large air vol-

umes.

Similarly, the vocal keels of male impala, which have a

comparable orientation, might be advantageous in produc-

ing rutting roars, particularly pant roars, in rapid succession.

Vocal fold histology

Like the human vocal folds (Bucher & Wartenberg, 1997,

p. 249), the vocal keels of male impala are covered with

non-keratinized stratified squamous epithelium, probably

to withstand the mechanical stresses occurring during

oscillation and sound production. In contrast to the human

vocal fold (Bucher & Wartenberg, 1997, p. 249), the vocal

keel of male impala is extensively equipped with seromu-

cous glands over its entire rostrocaudal length. Probably,

the voluminous massive vocal keels, medially facing each

other across a very large glottis region, require copious

lubrication already in the resting state and even more so

when intermittently contacting each other in the oscillating

state during sound production.

Most probably, the vocal keel portion between the

vocal process of the arytenoid cartilage and the thyroid

bulla corresponds to a typical mammalian larynx’s

canonical vocal fold and the bulky ligament-like struc-

ture within to the vocal ligament. Provided this interpre-

tation is correct, the vocal ligament inside the vocal keel

of male impala differs from the delicate human vocal

ligament, which is mostly made up of parallel-arranged

elastic fibres (Bucher & Wartenberg, 1997, p. 122). In

contrast, the vocal ligament of male impala mostly con-

sists of thick collagen fibres arranged in bundles. Func-

tionally, this might indicate a lesser resilience of the

gross vocal ligament in male impala than in a vocal liga-

ment of a typical mammalian larynx (e.g. the human lar-

ynx, Bucher & Wartenberg, 1997). However, as in

humans (Hirano & Kakita 1985), the thyroarytenoid mus-

cle appears to be tightly fastened to the vocal ligament

by collagenous fibres (Fig. 26C,F).

Taken together, this would coincide with the compact

structure of the entire vocal keel, which certainly cannot

be set under tension in the same way as a typical deli-

cate and flexible mammalian vocal fold, i.e. by leverage

of the laryngeal cartilages alone. Instead, contraction of

the extensive, obliquely oriented and (in cross-section)

crescent-shaped thyroarytenoid muscle additionally

appears to increase the bulge of the vocal keel and shift

it medially, thereby closing the glottis by a modified

mechanism compared with a typical mammalian larynx,

in which closure of the glottis is effected by pivoting the

arytenoid cartilages medially through muscle action. We

suggest, therefore, that the unique structure of the

vocal keel of male impala involves a modified closure

mechanism of the glottis.

Larynx parasite infestation

Our histological sections documented infestation of the

larynx, particularly the thyroarytenoid muscle, with sar-

cocysts (genus Sarcocystis). Species identification was

beyond the scope of this work. Potentially, such an infes-

tation can affect vocalisation of rutting males in some

way; however, such effects have not yet been reported.

A similar infestation of the oesophagus and larynx with

sarcocysts of three species of the genus Sarcocystis has

been reported earlier for Mongolian gazelle (Odening

et al. 1996).
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Convergent evolution of larynx-retracting ruminant

species

The anatomy of the male impala vocal keel clearly differs

from a typical ruminant vocal fold as found in the domestic

ruminants (goat, sheep, cow) (Nickel et al. 2004). The two

cervid and three bovid, larynx-retracting species are phylo-

genetically not closely related, all belonging to different

genera (Emerson & Tate, 1993; B€armann et al. 2013). The

relevant features of the sound source are different in each

species. This strongly implies that they evolved conver-

gently, because the resonance frequencies of the vocal tract

can be better exposed with low sound source frequencies.

In the larynx-retracting species, a large male vocal source is

achieved by different evolutionary pathways: (1) in male

red deer, the vocal fold is already large because of the size

of the larynx; (2) in the smaller fallow deer male, the vocal

fold is enlarged by the enlargement of the larynx (R. Frey,

D. Reby, M. Wyman, personal observation); (3) in male

Mongolian gazelle, the larynx is greatly enlarged and the

structure of the vocal fold does not conform to a typical

bovid vocal fold; it is supported by a large vocal pad and

caudally directed (‘vocal bow’); (4) in male goitred gazelle,

the larynx is enlarged and the vocal fold is supported by a

vocal pad and rostrally directed; (5) in male impala, the lar-

ynx is not enlarged but the sound source has been enlarged

by a combination and in-line arrangement of the arytenoid

cartilage and the canonical vocal fold, whose common edge

is ventrally directed leading to a structure that we have ter-

med ‘vocal keel’.

Polygynous ruminants have diverse mating systems in

which the males may defend a larger territory with

resources, or a small territory inside a lek, or may defend a

harem of females or use combinations of these strategies.

The mating system may not be fixed across a population

(Apollonio et al. 1992). The decisive feature is that there is

male–male competition and female choice, and in both

contexts male rutting vocalisations are critically important.

Both males and females react to the rutting vocalisations

of other males. Fights between unequal males can be pre-

vented acoustically by the size-related features of the vocal

organs. Males matching in body size react either by retreat

or by aggressive encounters towards a rival male’s vocalisa-

tions, and female mates are attracted by the vocalisations

of dominant males and probably avoid mating with young

males.

Therefore, male rutting vocalisations contribute decisively

to male reproductive success. This is why the anatomy of

the vocal organs and the related acoustic vocal features are

under strong selection pressure, which might also explain

why such features as a mobile larynx and the extreme vari-

ability of the enlarged vocal folds, which are disadvanta-

geous and costly from the perspective of natural selection,

could have evolved in these larynx-retracting species. The

advantages of these features in male reproductive success

clearly outweigh the disadvantages, so there is a trade-off

between natural and sexual selection.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Fig. S1. The excised left thyroarytenoid muscle of an adult male

impala.

Fig. S2. Contour of the thyroarytenoid muscle after its removal

to show relationships to other laryngeal structures.

Fig. S3. Permanently descended hyoid apparatus and larynx in

two adult lionesses.

Video S1. Rutting male impala, walking and producing several

roars. Roar-synchronous larynx retraction is faintly visible at the

ventral neck contour. The tongue is temporarily protruded.

Video S2. Rutting male impala, slowly galloping and producing

several roars. Roar-synchronous movements of the larynx along

the ventral neck contour faintly visible.

Audio S1. Male impala rutting calls: one rutting bout compris-

ing snorts and continuous, interrupted and pant roars, and one

continuous roar taken from a different bout.

Table S1. Vocal tract length (vtl) estimates in rutting adult male

impala based on single video frames.

Table S2. Lengths of the individual parts of the hyoid apparatus

of adult male impala.
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