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Summary 
 

It is of great interest to understand how nature succeeded in evolving a single-ossicle ear 

that is flexible enough to cope with large ambient pressure changes and still has the 

ability to transfer sound energy from the eardrum to the inner ear. However, little is 

known on the functional morphology of this system. Insights in functioning of the avian 

single-ossicle ear could be helpful in the development of more improved Total Ossicular 

Replacement Prostheses for humans, as these lack the ability to cope with ambient 

pressure fluctuations and have the risk to penetrate too deep into the inner ear. 

 

In this dissertation I concentrate on the avian middle ear morphology and function. The 

research results can be divided into two major parts. Part I contains three chapters and 

studies potential adaptations of the middle ear to sound transmission. Part II contains 

two chapters and handles the effects of quasi-static pressure fluctuations on the avian 

one ossicle middle ear. 

 

In Chapter 1, a morphological description of the middle ear components of 12 different 

birds species belonging to different ecotypes is provided, based on micro-CT scanning. 

These characteristics are linked to the species hearing capabilities as published in 

literature. The hearing threshold (intensity) is correlated with the ratio of the surface 

area of the tympanic membrane and columellar footplate. This relationship disappears, 

however, when the two owl species in the dataset are left out of the analysis. The ratio 

of the short (distance between the tip of the infrastapedius and the columella-

extracolumella transition) and long (distance between the tip of the extrastapedius and 

the tip of the infrastapedius) lever arm does not influence the hearing threshold. Unlike 

in mammals, the ossicular mass, middle ear volume and conical depth of the tympanic 

membrane do not influence 
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frequency perception. Overall, this study suggests that there is little effect of variation 

in middle ear morphology on sound transmission. 

 

Chapter 2 investigates in domestic chickens, by means of micro-CT, to what extent 

craniokinesis may impact the components of the middle ear because of the connection 

of the eardrum to the movable quadrate. Both hens and roosters are considered because 

they differ strongly in vocalization capacity. It is hypothesized that effects, if present, of 

craniokinesis on the middle ear will be greater in roosters because of their louder 

vocalization. Quadrate rotations did not affect the columella’s position and orientation. 

In hens, an influence of the quadrate movements on the shape of the eardrum could not 

be detected either, however, craniokinesis caused slight stretching of the eardrum 

towards the caudal rim of the otic process of the quadrate. In roosters, an inward 

displacement of the conical tip of the tympanic membrane, as result of craniokinesis, 

was observed. This is linked to a flattening and slackening of the eardrum. These changes 

most likely go along with a deformation of the extracolumella. Generally, in birds larger 

beak opening is related to the intensity of vocalization. The coupling between larger 

maximal upper jaw lifting in roosters and the slackening of the eardrum suggest the 

presence of a passive sound attenuation mechanism during self-vocalization. 

 

In Chapter 3, data are presented of audio recordings at the level of the entrance of the 

outer ear canal of crowing roosters. These data show that a protective mechanism is 

needed as sound pressure levels can reach amplitudes of 142.3 dB. Audio recordings 

made at varying distances from the crowing rooster show that at a distance of 0.5m 

sound pressure levels already drop to 102 dB. Micro-CT scans of a rooster and hen head 

show that in roosters the auditory canal closes when the beak is opened. In hens the 

diameter of the auditory canal only narrows but does not close completely. A 

morphological difference between the sexes in shape of a bursa-like slit exists which 
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occurs in the outer ear canal causes the outer ear canal to close in roosters but not in 

hens. 

 

In Chapter 4, the deformations of the chicken middle ear structures, as a result of middle 

ear pressure alterations, are quantified, using micro-CT scanning. It was experimentally 

tested whether reflexive opening of the pharyngotympanic tube to restore ambient 

middle ear pressure is present in chickens and mallards and if this mechanism depends 

on sensing middle ear pressure indirectly via deformations of the middle ear 

components or sensing the middle ear pressure directly. A translation of the columellar 

footplate was observed when middle ear pressure was kept at 1 kPa and -1 kPa relative 

to ambient pressure. Deformation of the tympanic membrane is larger than the 

columellar footplate translation. Bending and deformation of the extracolumella was 

observed. Opening of the pharyngotympanic tube occurred at random pressure for both 

chicken and mallard when middle ear pressure was raised and lowered 1.5 kPa relative 

to ambient pressure. No difference was found in middle ear venting rate when middle 

ear pressure was held constant at 0.5 , 1, 1.5, -0.5, -1 and -1.5 kPa for chickens and at 1, 

2, 4, -1, -2 and -4 kPa for mallards. As a result, no statement can be made about pressure 

within the avian middle ear being measured directly or indirectly. Our experiments do 

not support the presence of a short loop reflexive control of pressure equilibration via 

the pharyngotympanic tube. However, it is still possible that triggering this loop requires 

additional sensorial input (e.g. visual, vestibular) or it occurs voluntary (being controlled 

at higher brain level). 

 

Chapter 5 provides a quantitative description of columellar footplate and tympanic 

membrane (extrastapedius) motion in domestic chickens under quasi-static pressure 

conditions. Micro-CT scans were made of cadaveric heads of chickens under positive 

(0.25 kPa, 0.5 kPa, 1 kPa, and 1.5 kPa) and negative (-0.25 kPa, -0.5 kPa, -1 kPa, and -1.5 

kPa) middle ear pressure. Both extrastapedius and columellar footplate displacements 
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show a non-linear S-shaped curve as a function of pressure indicating non-linear 

response characteristics of the middle ear components. The S-curve is also seen in 

mammals, but unlike in mammals, the lateral piston-like displacement of both the 

columellar footplate and extrastapedius, which is caused by an increased middle ear 

pressure, is smaller than the medial piston-like displacements caused by a decreased 

middle ear pressure of the same magnitude. Columellar footplate piston displacements 

are always smaller than the extrastapedius piston displacements, indicating the 

flexibility of the extracolumella. The cone-shape of the avian tympanic membrane with 

inverted apex in comparison to the mammalian tympanic membrane, which points 

inwards, can cause the inverted shape of the pressure response curve. 
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Nederlandstalige samenvatting 
 

Het is interessant om te weten hoe een éénbeentjesoor flexibel genoeg is om met 

grotere drukveranderingen te kunnen omgaan is geëvolueerd in de natuur zonder de 

eigenschap te verliezen om geluidsenergie te geleiden van het trommelvlies naar het 

binnenoor. Er is slechts weinig geweten over de functionele morfologie van dit systeem. 

Inzicht in de functie van het éénbeentjesoor in vogels kan nuttig zijn voor de 

ontwikkeling van een verbeterd “Total Ossicular Replacement Prosthesis” in mensen. Bij 

de huidige prothesen bestaat het risico om te diep door te dringen in het binnenoor of 

om het trommelvlies te scheuren wanneer patiënten met deze prothesen te maken 

krijgen met grote drukveranderingen. 

 

Dit doctoraatsproefschrift concentreert zich op middenoor morfologie en functie in 

vogels. De onderzoeksresultaten kunnen in twee grote groepen onderverdeeld worden. 

Deel I omvat drie hoofdstukken over potentiële aanpassingen voor geluidsenergie 

geleiding. Deel II omvat twee hoofstukken en handelt over de effecten van quasi-

statische drukveranderingen op het éénbeentjesoor van vogels. 

 

In Hoofdstuk 1 wordt de morfologie van de verschillende middenoor componenten van 

12 vogelsoorten uit verschillende ecotypes beschreven aan de hand van micro-CT scans. 

Deze morfologische karakteristieken worden gelinkt aan het gehoor vermogen die 

teruggevonden zijn in de literatuur van de verschillende soorten. De intensiteit die best 

gehoord kan worden is gecorreleerd met de ratio tussen de oppervlakte van het 

trommelvlies en de columella voetplaat. Deze relatie verdwijnt echter wanneer de twee 

uilensoorten uit de analysen worden verwijderd. De ratio tussen de korte hefboomarm 

(afstand tussen de tip van de extrastapedius en de tip van de infrastapedius) en lange 

hefboomarm (de afstand tussen de tip van de extrastapedius en de tip van de 
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infrastapedius) beïnvloedt de beste intensiteit die gehoord kan worden niet. In 

tegenstelling tot de zoogdieren, wordt de hoorbare frequentie niet beïnvloed door de 

ossiculaire massa, het middenoor volume en de conische diepte van het trommelvlies. 

Deze studie suggereert over het algemeen dat er weinig invloed is van de variatie in 

middenoor morfologie op de geluidsoverdracht. 

 

In Hoofdstuk 2 wordt onderzocht in kippen of de connectie tussen het trommelvlies en 

het beweegbare quadratum een invloed heeft op de middenoor componenten tijdens 

bek-opening. Zowel hennen als hanen worden bestudeerd omdat er een groot verschil 

is in vocalisatie tussen de twee. De hypothese stelt dat de effecten, indien deze aanwezig 

zouden zijn, groter zijn in hanen door hun luidere vocalisatie. Rotaties van het 

quadratum hadden geen invloed op de oriëntatie en positie van de columella. In hennen 

werd er geen invloed gevonden van de quadratum rotaties op de vorm van het 

trommelvlies, er werd echter wel een toename in spanning geregistreerd. In hanen werd 

er een inwaartse verplaatsing van de tip van het trommelvlies waargenomen als gevolg 

van bek-opening. Dit kan worden gelinkt aan een afplatting en verslapping van het 

trommelvlies. Deze veranderingen gaan hoogstwaarschijnlijk gepaard met een 

vervorming van de extracolumella. In vogels kan een grotere bek-opening gerelateerd 

worden aan een hogere intensiteit tijdens vocalisatie. De koppeling tussen een grotere 

maximale bovenkaak opening in hanen en het verslappen van het trommelvlies duiden 

op de aanwezigheid van passieve beschermingsmechanismen tijdens vocalisatie. 

 

In Hoofdstuk 3 worden data gepresenteerd over audio opnames opgenomen aan de 

ingang van het oor-kanaal van kraaiende hanen. Deze data tonen aan dat hanen een 

beschermend mechanisme nodig hebben omdat de geluidsdruk tijdens kraaien kan 

oplopen tot 142.3 dB. Audio opnames op verschillende afstanden van de haan tonen aan 

dat de geluidsdruk zakt tot 102 dB slechts op 0.5 m afstand. Micro-CT scans van de kop 

van een haan en een hen tonen aan dat in hanen de gehoorgang volledig afsluit tijdens 
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kraaien, terwijl deze in hennen enkel vernauwt. Een morfologisch verschil in de vorm 

van een structuur die zich dicht bij de gehoorgang bevindt, zorgt voor een totale 

afsluiting in hanen maar niet in hennen. 

 

In Hoofdstuk 4 worden de vervormingen van de middenoor structuren van kippen door 

drukveranderingen gekwantificeerd. Er werd experimenteel getest of het reflexmatig 

openen van de faryngotympanische buis aanwezig is bij kippen en de wilde eend. Deze 

buis kan dienen om de middenoor druk gelijk te stellen aan deze van de omgeving en 

verder werd ook onderzocht of dit mechanisme afhankelijk is van het indirect meten van 

de middenoor druk door deformaties van het trommelvlies of het direct meten van de 

druk. De columella voetplaat ondergaat een translatie wanneer de middenoor druk 

constant 1 kPa en -1 kPa boven en onder de omgevingsdruk ligt. Vervormingen van het 

trommelvlies zijn groter dan de columella voetplaat translatie. Vervorming en verbuiging 

van de extracolumella zijn aanwezig. Wanneer de druk geleidelijk 1.5 kPa werd verhoogd 

en verlaagd, opende de faryngotympanische buis op een random middenoor druk bij 

zowel kippen als wilde eenden. Er werd geen verandering in frequentie van het openen 

van de faryngotympanische buis waargenomen in kippen wanneer de middenoor druk 

constant werd gehouden op 0.5 kPa, 1 kPa, 1.5 kPa, -0.5 kPa, -1 kPa en -1.5 kPa boven 

en onder de omgevingsdruk. In de wilde eenden werd er ook geen verandering in 

frequentie waargenomen wanneer de druk 1 kPa, 2 kPa, 4 kPa, -1 kPa, -2 kPa en -4 kPa 

boven en onder de omgevingsdruk werd gehouden. Hierdoor kon er geen uitspraak 

worden gemaakt over de rechtstreekse of onrechtstreekse meting van de middenoor 

druk. Onze experimenten ondersteunen de aanwezigheid van een korte reflexboog niet, 

maar het is mogelijk dat de activatie van deze reflexboog bijkomende sensorische input 

nodig heeft (bijvoorbeeld: visuele of vestibulaire) of misschien is het cognitief gestuurd. 

 

In Hoofdstuk 5 wordt een kwantitatieve beschrijving gegeven over de verplaatsing van 

de columella voetplaat en het trommelvlies in kippen bij quasi-statische 
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drukveranderingen. Er werden micro-CT scans gemaakt van kippenhoofden waarin de 

druk van het middenoor 0.25 kPa, 0.5 kPa, 1 kPa en 1.5 kPa hoger en lager was dan de 

omgevingsdruk. Zowel de extrastapedius als de columella voetplaat verplaatsingen in 

functie van de druk vertonen een S-vormige curve, die de niet lineaire karakteristieken 

van de middenoor componenten benadrukken. Deze S-curve wordt ook waargenomen 

in zoogdieren, hoewel in tegenstelling tot zoogdieren de laterale piston verplaatsing van 

zowel de columella voetplaat en extrastapedius kleiner is dan de mediale piston 

verplaatsing. De laterale verplaatsingen zijn een oorzaak van een stijgende middenoor 

druk, de mediale verplaatsingen zijn een oorzaak van een dalende middenoor druk met 

dezelfde grootte. De columella voetplaat verplaatsingen zijn altijd kleiner dan de 

flexibiliteit van de extracolumella. De laterale tentvormige structuur van het 

trommelvlies in vogels, in tegenstelling tot een mediale tentvorm in zoogdieren, zorgt 

voor de omgekeerde vorm van de druk-response curve. 
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The biological role of sound 

Sound plays an important ecological role in a wide variety of organisms. Many animals 

use auditory signals to communicate, these signals include warning calls, mate 

attraction, territory defense, social learning, transmitting the location of a food source, 

etc. Probably the best known is vocal communication in birds and mammals where the 

respiratory system is involved in making membranes vibrate at the level of specialized 

organs (resp. at the syrinx or larynx) and where the so called upper vocal track can be 

used as an adjustable resonance system to modulate the sound production (Flanagan et 

al., 1975, Wild, 1994). However, auditory communication does not always have to be 

vocal. Sound can be produced by rubbing specialized body parts together [e.g. some 

arthropods such as some species of Pamphagidae (grasshoppers), rub their femur 

against their abdomen (López et al., 2008)] while some vertebrates such as the 

Mozambique tilapia (Oreochromis mossambicus) possess structures in the mouth 

containing chisel-like teeth which can be rubbed together (Lanzing, 1974). Another 

possibility is striking body parts together, like the tail tip vibration of rattlesnakes 

(Crotalus and Sistrurus) as a warning signal or bill clacking in oriental white storks 

(Ciconia boyciana) (Eda-Fujiwara et al., 2004). In many teleosts, the swim bladder is used 

to produce sound. In some species with an physostomous swim bladder, sound is 

created by driving out gas bubbles through the pneumatic duct, while species with a 

physoclistic swim bladder make use of a muscle which vibrates the swim bladder. In, for 

example, the sea robins (Triglidae) and toadfish (Tetraodontidae), this muscle is entirely 

attached to the swim bladder wall. In other species like drumfishes (Scianidae), the 

muscle is connected to both the swim bladder wall and the body wall (Skoglund, 1961). 

 

Auditory signals can be used both in intra- and interspecific communication. An 

interesting example of an animal that combines both is the Campbell monkey 

(Cercopithecus campbelli). These monkeys use auditory cues of their own species and 



General introduction 

22 

alarm calls of the male Diana monkeys (Cercopithecus diana) to react in a specific way to 

the presence of certain predators (Zuberbühler, 2000, 2001). 

 

Sound can also be useful for other functions besides communication. Echolocation is 

used in several taxa and acts like a biological sonar. During echolocation the animal emits 

ultrasound calls which reflect off objects within the environment. These echoes are used 

for navigation and foraging. Species using echolocation include vertebrate species such 

as bats (Chiroptera), toothed wales (Odontoceti), shrews (Soricidae), cave swiftlets 

(Aerodramus) and oilbirds (Steatornis caripensis), but it has also been suggested that 

some invertebrates like noctuid moths (Noctuidae) use echolocation (Griffin and 

Thompson, 1982, Lapshin and Vorontsov, 1998, Johnson et al., 2004, Jones and Teeling, 

2006, Siemers et al., 2009, Brinkløv et al., 2013). 

 

Mechanics of sound 

Sound is a pressure wave which is created by a vibrating object. These vibrations set 

particles in the surrounding medium in vibrational motion, transporting energy through 

the medium. Although there are many complexities related to the transmission of sound, 

two aspects become very important at the level of the receptors: frequency and 

pressure. Sound can be presented by a mixture of sinusoidal waves (a pure tone) with 

different characteristics (Figure 1). These can differ in wavelength; soundwaves with a 

higher frequency (measured in Hertz (Hz)) will have shorter wavelengths than 

soundwaves with a lower frequency. They can also differ in amplitude (pressure). A 

higher amplitude will result in a higher intensity (measured in Pascals (Pa)) and a lower 

amplitude in a lower intensity. Sound pressure varies widely, the lowest audible sound 

for humans lies at 10-5 Pa, while sound pressures can reach more than 104 Pa (e.g. 

fireworks), so another scale is often used when talking about sound pressure. The sound 
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level or Sound Pressure Level (SPL) is a logarithmic scale (decibel scale (dB)) determined 

by (1.1): 

 𝑆𝑃𝐿 = 20 𝑙𝑜𝑔10(
𝑝𝑥

𝑝0
) (1.1) 

 

px is the pressure of the soundwave of interest of a certain intensity, p0 is the reference 

pressure established at 2 x 10-5 Pa, the hearing threshold of an average human at a 

frequency of 1000 Hz (Elmore et al., 1985, Gelfand, 2001). 

 

Figure 1: Example of a sinusoidal soundwave in function of time. The different components of the 
soundwave are indicated in the graph. The lower part of the figure depicts the propagation of sound through 
a medium. High density: compression; low density: rarefaction. 

 

When soundwaves hit another material with a higher density, a portion of the acoustic 

energy is reflected as a result of the different acoustic impedance of the materials. 

Acoustic impedance is the resistance to transport acoustic energy through a surface in a 

medium and is defined by the ratio of sound pressure over the volume of acoustic waves 

passing through the surface per unit of time. The acoustic impedance of air, for example, 
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is 415 Pa·s/m and that of water 1.48·106 Pa·s/m (both at 15°C). Due to this difference, 

99.9% of the soundwaves reaching the boundary between air and water will be 

reflected. 

 

Sound perception 

As sound plays an important role in the ecology of many species, a wide range of sound 

perception organs have evolved. Among invertebrates, most insect species cannot 

perceive sound, except those which produce sounds themselves (e.g. for mating). These 

insects evolved a tympanal organ, a Johnston’s organ or both. The tympanal organ 

consists of a tympanum (membrane) that is stretched over a hollow chamber and linked 

with sensory neurons, which sense the vibrations in the tympanum caused by 

soundwaves (Yack, 2004). Hymenoptera do not possess a tympanal organ but rely on the 

Johnston’s organ (Dreller and Kirchner, 1993), which consists of sensory cells in the 

second segment of the antennae that sense vibrations in loosely attached hairs (Dreller 

and Kirchner, 1993, Kamikouchi et al., 2009). Other examples of sound perception 

organs in invertebrates can be found in the Crustacea. These can be divided into three 

groups: superficial receptor systems, internal statocyst receptor systems and 

chordotonal organs. The superficial receptor systems are found over the external body 

surface and consist of a single cuticular hair or a group of hairs, which are coupled to 

sensory cells. These hairs are bent by water movement and thereby mechanically 

stimulate the sensory cells. The internal statocyst receptor system is primarily involved 

in balance and sensing but it has also been suggested to be involved in underwater 

hearing. This system consists of a saclike structure containing a mineralized mass (the 

otolith) and a wall aligned with sensory hairs (see further). Movement of the otolith will 

stimulate the sensory cells. The chordotonal organ is similar to the Johnston’s organ in 

insects (see above) (Budelmann, 1992). 
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In vertebrates, different sensing organs have also evolved. In fishes, two types of sound 

stimulation evolved in order to perceive sound (Fay and Popper, 1974). The first one is a 

direct stimulation pathway. Fishes possess an inner ear embedded in bone that contains 

three otoliths, and the inner ear wall is lined with hair cells where the otoliths are 

situated. Sound passes through the fish body as it has a density similar to the 

surrounding water, resulting in in-phase vibrations of the body and the soundwaves. As 

the otolith consists of heavier calcium carbonate, it moves slower in response to the 

soundwaves. The movement of the otoliths bend the cilia and the phase difference in 

movement between sensory cells and the otoliths is interpreted as sound by the brain 

(Popper and Fay, 1993, Popper et al., 2003). The second pathway is referred to as the 

indirect stimulation pathway. Many fish species evolved the ability to transmit the 

pressure component of soundwaves via the swim bladder to stimulate the inner ear. An 

example of this indirect pathway can be found in otophysan species (Ostariophysi), in 

which the anterior part of the swim bladder is mechanically coupled to the inner ear by 

a series of bones, the Weberian ossicles. Soundwaves will vibrate the wall of the swim 

bladder and these vibrations will be passed on via the Weberian ossicles to the inner ear 

(Higgs et al., 2002, Ramcharitar et al., 2006). Fish also possess a lateral line system which 

consists of neuromasts present on the skin or in canals below the skin’s surface. Hair 

cells in the neuromasts detect the relative motion of the surrounding water. Fishes use 

this system to detect acoustic signals at short range and at low frequencies (Webb, 1989, 

2000). 

 

The vertebrate aquatic-terrestrial transition (late Devonian period) posed several 

evolutionary challenges, aerial sound perception being one of these. Terrestrial 

vertebrates encounter a complication when perceiving aerial sound, as the acoustic 

impedance differs between the outside air and fluid-filled inner ear. To overcome this 

complication a mechanical lever system evolved, a functional role that is fulfilled by the 

middle ear. Without the middle ear, 99.9% of the soundwaves would be lost by reflection 
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(Møller, 1974). Much variation is present in the otic region of the extant tetrapod taxa. 

However, one feature has evolved at least once in each of the major lineages of 

tetrapods: an air-filled middle ear, specialized in the detection of aerial sound, 

containing one or more ossicles connected to a membranous inner ear structure. This is 

filled with endolymph and is embedded in a tight fitting, perilymph-filled bony cavity of 

the skull (the otic capsule). Some taxa evolved a middle ear with a membrane towards 

the outside world, the tympanic membrane. When soundwaves reach the tympanic 

membrane, it will start vibrating. These vibrations will be transmitted through the 

ossicle(s) to the fluid-filled inner ear. During evolution an oval window developed, a 

membrane-covered opening that leads from the middle ear to the entrance of the inner 

ear and is directly contacted to the ossicle footplate. As the membranous inner ear is 

filled with endolymph and embedded in the tight perilymph-filed osseous otic capsule, 

a pressure relief mechanism needs to be present to allow vibrations to pass through the 

fluid of the inner ear. The round window is a membrane in the wall of the otic capsule. 

When the ossicle moves into the oval window, the round window membrane moves out 

(and vice versa) allowing movement of the fluid within the endolymph, where hair cells 

will eventually sense the pressure wave (Figure 2). If the round window was absent or 

rigid, the ossicle footplate would not be able to move because of the incompressible 

fluid pushing against the unyielding walls of the otic capsula, However, sound perception 

could still be possible because of other pressure relief mechanisms (i.e. the ducts of the 

nerve pathways) other than the round window are suggested in mammals (Rosowski et 

al., 2018). 
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Figure 2: Schematic drawing of the middle- and inner ear. The arrows indicate the direction of the wave 
traveling through the perilymph. 

 

The middle ear, being an air-filled pocket, sealed off by a membrane in contact with the 

outside world, however, also poses (mechanical) evolutionary challenges. Changes in the 

pressure differential over the tympanic membrane may result in membrane 

deformations and thus also ossicle(s) movements interacting with the hearing function. 

The differential over the membrane can change because of alterations in the outside 

pressure (atmospheric pressure changes related to weather conditions, or changes in 

altitude by diving) or by gas diffusion into the middle ear cavity from the meatus and 

from the mucosa of the middle ear (Murakami et al., 1997, Teoh et al., 1997, Rosowski 

and Lee, 2002, Dirckx et al., 2006). In mammals, the complex interplay between gas 

exchange processes, eardrum deformation and the Eustachian tube (connection 

between middle ear cavity and outside world through the nasopharynx) action regulates 

the pressure difference between the middle ear cavity and ambient pressure (Dirckx et 

al., 2013). 
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Middle ear evolution 

In the next part of this thesis, the middle ear morphology and evolution will be discussed 

for the different extinct and extant tetrapod taxa. 

 

The transition of tetrapods from water to land was one of the most far-reaching events 

in evolution. Evidence exists that shows that the evolution of the middle ear was variable 

and complex. During the Triassic period, probably over a period of tens of millions of 

years, all extant tetrapod lineages developed a specialized middle ear, for aerial sound 

detection, with a tympanic membrane independently of each other, as early aquatic 

tetrapods lacked a specialized middle ear (Clack and Allin, 2004, Manley and Clack, 2004, 

Kemp, 2007). Interestingly in this context, the complex mammalian middle ear, with its 

three ossicles, did not develop from a single ossicle middle ear, but represents a separate 

line of evolution (see Synapsida figure 3) (Manley and Sienknecht, 2013). In the following 

paragraphs I will briefly discuss the complex evolution of the middle ear over time, based 

on Saunders et al. (2000) and Clack and Allin (2004). Figure 3 shows the phylogeny of the 

major groups referred to in the next paragraphs. 
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Figure 3: Phylogenetic relation of the major groups discussed in the section ‘Middle ear evolution’ (adapted 
from Werneburg and Sánchez-Villagra (2009)). 

 

Rhipidistia 
 

Early descendants of the Rhipidistia (ancient lobe-finned fish) are believed to have the 

capability to live out of the water for part of the time. These fishes had a small air-filled 

chamber in the buccal cavity that was isolated from the outside world and associated 
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with an outpouching structure of the first gill (Figure 4A) (Hotton, 1959, van Bergeijk, 

1966, 1967, Schmalhausen, 1968, Clack, 2015). The dorsal component of the hyoid arch, 

the hyomandibula, was located in this chamber and supported the upper jaw and the 

quadrate articulating with the lower jaw (Figure 4B). As it is in many fishes, it was 

connected to the braincase at two places. One of these connections was adjacent to a 

saccular chamber with an otolithic mass (Clack, 1996). An oval window was absent in the 

cranium, however, the presence of a thin cranial bone over the saccular chamber 

suggests that bone flexion could have resulted in the transmission of pressure waves in 

the fluid of the saccular chamber. The fact that one of the two attachment sites of the 

hyomandibula to the skull, was close to the saccular chamber appeared to be a critical 

feature for middle ear evolution. 

 

 

Figure 4: A) Skull morphology of the extinct lobe-finned fish Eusthenopteron, showing the position of the 
hyomandibular, gill pouch and otic capsule (adapted from Clack (2015)). B) Basic morphology of the 
pharyngeal basket (adapted from Kardong (2006)). 

 

Tetrapods 

Primitive tetrapods evolved from the Rhipidistia. The earliest tetrapods, the best known 

being Acanthostega, evolved during the Devonian. Changes in food gathering behaviors, 

which favoured a more mobile head, caused adaptions in the skull and body skeleton 

(Hotton, 1959). The hyomandibular became redeployed as the tetrapod stapes (Figure 

5). Its initial function, however, may have been a structural brace between the braincase 
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and the palatoquadrate rather than having a primary role in hearing (Clack, 1989). One 

of the main outcomes of the fish-tetrapod transition was the incorporation of the stapes 

head into the braincase and the development of an oval window (Ahlberg et al., 1996), 

but no pressure relief mechanism (round window) was present in the braincase wall. The 

hearing capabilities of these early tetrapods were probably confined to low frequencies 

or to vibrations in water. 

 

 

Figure 5: Evolution of jaw suspension. Yellow areas: hyoid arches; yellow, crosshatched areas: mandibular 
arches (adapted from Kardong (2006)). 

 

Amphibian lineage 

During the Carboniferous, tetrapods radiated into many diverse groups, including two 

major lineages which gave rise to the modern amphibians and amniotes. In the 

amphibian lineage, the first group that evolved adapted terrestrial ears were the 

temnospondyls. Temnospondyls evolved a specialization of the palate that might have 

been associated with buccal breathing, which allowed the stapes to be freed from its 

role as bracing structure in this group (Clack, 1992). Most temnospondyls show a skull 
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indentation which presumably contained a tympanic membrane with a rod-like stapes 

(columella) directed to the tympanic membrane. In the Lissamphibians, the Caudata and 

Gymnophiona show no evidence of terrestrial hearing specialization (lacking a tympanic 

membrane), while the Anura do possess a tympanic membrane. One feature can be 

found in all three groups: a mostly cartilaginous operculum inserted into the oval 

window in addition to the stapedial footplate. The operculum is suggested to be 

associated with the reception of low frequency ground borne sound, transmitted 

through the legs. However, this theory is weakly supported by the available evidence 

(Figure 6) (Hetherington et al., 1986, Mason, 2006). 

 

 

Figure 6: The middle ear morphology of the American bullfrog (Rana catesbeiana) (adapted from Werner et 
al. (2009)). 

 

Amniote lineage 

The amniote lineage diversified in the Late Carboniferous into numerous forms, two 

having living descendants. 1) The Diapsida, which gave rise to the Lepidosauromorpha 

and Archosauromorpha, and 2) the Synapsida, the mammalian ancestors. The evolved 

terrestrial lifestyle caused changes to skull structures due to the development of 

different types of terrestrial feeding and breathing, which affected lower jaw 
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construction and skull shape (Clack, 2002, 2012). The earliest true amniotes date from 

the Late Carboniferous. In this group, the stapes still has a bracing function and it forms 

the major link between the back of the braincase and the skull roof via the quadrate 

(Figure 7). The palatoquadrate of the mandibular arch was reduced to a small 

epipterygoid and separate quadrate (Figure 5). Permian Diapsida and Snapsida have ear 

regions similar to that of early amniotes. None of these animals show any specialization 

for terrestrial hearing. 

 

Figure 7: Skull of an early amniote (Paleothyris) from the Carboniferous. A) Dorsal, B) ventral, C) lateral and 
D) posterior view (adapted from Kardong (2006)). 

 

Diapsida 

The diapsids split into different lineages, two with living descendants, the 

Lepidosauromorpha and the Archosauromorpha. This split lies between the Late 

Permian and Early Triassic. 
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Lepidosauromorpha 

The most primitive Lepidosauromorpha show otic specializations suggesting a better 

hearing ability. The quadrate configuration indicates the presence of a tympanic 

membrane and a middle ear cavity. It is not known if any pressure relief mechanism was 

present. Lepidosauromorpha group rynchocephalians and squamates. Extinct 

rynchocephalians had an early form of a tympanic membrane and an oval window in 

which the bony margin was often incomplete. A part of the window was surrounded by 

a membranous wall, probably acting like a pressure relief window. In the extant 

Sphenodon the tympanic membrane disappeared again. Some Cretaceous squamates 

possessed an ear with tympanic membrane and most had a separate pressure relief 

mechanism, except where the tympanic membrane ear was secondarily lost (e.g., 

Chamaeleonidae). The lizard auditory apparatus possesses an outer ear opening and 

tympanic membrane supported by bony elements associated with movements of the 

jaws. The tympanic membrane communicates with the lagena through the branched 

extrastapes (extracolumella) and columella (Figure 8A). Both the Serpentes and 

Amphisbaenia lack an outer ear and tympanic membrane. In Serpentes one end of the 

columella has a cartilaginous connection with the quadrate, which communicates with 

both the mandible and the skull. Acoustic stimulation is transmitted through the 

quadrate bone to the columella and hence the inner ear (Figure 8B). The Amphisbaenia 

have a long extracolumella which communicates with the columella and with a 

thickening of the skin lying over the lower jaw. Acoustic stimulation presented to the 

facial skin is detected by the extracolumella.  
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Figure 8: Schematic drawing of A) an iguanid type and B) Serpentes middle ear (adapted from Wever, 1978). 

 

Archosauromorpha 

Archosauromorpha are a diverse group including three extant lineages, the crocodiles, 

birds and turtles. Primitive Archosauromorpha possessed a tympanic membrane and a 

stapes footplate surrounded by the bony margins of the oval window. No pressure relief 

mechanism was present, which appeared only in later Archosauromorpha. The evolution 

of the otic region in Dinosauria is not yet known. However, it is known that the earliest 

Dinosauria had an otic region resembling primitive Archosauromorpha and later 

Dinosauria had a separate pressure relief mechanism and a delicate columella, resulting 

in sensitive hearing (Sereno, 1991). The otic region in Archaeopteryx, close to the origin 

of birds, is poorly understood. However, they did not possess a separate pressure relief 

mechanism. Modern birds possess a tympanic membrane, a trifurcated cartilaginous 

extracolumella, bony columella, a columellar footplate connecting the middle ear to the 

inner ear and a separate pressure relief mechanism (Figure 9A). Terrestrial Triassic 

Crocodilia have an otic region resembling more a generalized Archosauromorpha rather 

than those of modern crocodiles (Parrish, 1993). Modern crocodilians have a tympanic 

membrane and similar to birds, they also possess a trifurcated extracolumella and bony 

columella with a relatively large footplate (Figure 9B).  
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Figure 9: Schematic drawing of A) avian (adapted from Dooling et al. (2000)) and B) crocodilian middle ear 
(adapted from Wever, 1978). 

 

The early Testudines showed little otic specialization. The modern turtles do not possess 

a round window but they have a reentrant fluid system surrounded by bony walls 

(Wever, 1978). In the reentrant fluid system the inward movement of the stapes 

displaces the fluids of the inner ear, the fluid circles around the lagena pathway, back to 

the lateral side of the columella. The tympanic membrane is covered by the outer layer 

of skin. The extracolumella protrudes only slightly into the middle ear cavity where it 

articulates with the long, thin, bony columella (Figure 10). The earliest fossil turtle from 

the Late Triassic does not show a reentrant fluid system but the perilymphatic sac may 

have used the large metotic foramen as a pressure relief mechanism, like in many early 

diapsids. 
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Figure 10: Schematic drawing of the ear of the green sea turtle (Chelonia mydas). The red arrow indicates 
the direction of the fluid displacement in the inner ear (reentrant fluid system) (adapted from Ridgway et 
al. (1969)). 

 

Synapsida 

In the group of the synapsids, I will only discuss the mammalian synapsids (for a general 

description on the non-mammalian synapsids see Kemp (1982)). In mammals, the 

dentary bone is the only bone of the mandible. Of the other bones of  the basic synapsid 

jaw, the articular and prearticular become elements of the middle ear, whereas the 

angular bone synostosed to the squamosal and petrosal bones (a part of the temporal 

bone) and the surangular bone vanishes. The articular bone becomes the main part of 

the malleus, whereas the prearticular evolved to the anterior process. The quadrate 

became the incus and a new jaw articulation formed between a process of the dentary 

and the squamosal bone. The original jaw joint, between the articular bone and the 

quadrate bone, evolved into the joint between the malleus and incus. (Figure 11). The 

direct connection between the stapes and quadrate, lost in many other groups, is 

retained in all synapsids (Goodrich, 1986, Sánchez-Villagra et al., 2002). In many 

primitive mammals the ectotympanic bone is free and potentially mobile. In modern 

mammals this bone became fused to a single temporal bone. The angular bone became 
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the tympanic annulus (Figure 12). The eardrum in mammals evolved independently of 

the eardrum in other lineages. 

 

 

Figure 11: Evolution of the mammalian jaw and middle ear bones from the primitive Synapsida to the early 
mammals. Articular (Ar), prearticular (Pa), quadrate (Q), quadratojugal (Qj) and surangular (Sa) (adapted 
from Kardong (2006)). 

 

 

Figure 12: Mammalian middle ear morphology (adapted from Volandri et al. (2012)). 
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The avian ear morphology and function 

On average, birds can hear best between 1 and 5 kHz with the most sensitive frequency 

being at 2-3 kHz. The hearing threshold approaches 0-10 dB SPL (Dooling, 2002). 

Although hearing capabilities differ between species, some general trends can be 

observed between different taxonomic orders. Non-Passeriformes (non-songbirds), for 

example, hear less at higher frequencies compared to Passeriformes (songbirds). 

Strigiformes (owls) are able to perceive sound with lower intensity (-18 dB) compared to 

Passeriformes and non-Passeriformes (Figure 13) (Dooling, 2002). In general birds can 

discriminate a little less than 1% changes in frequency. Overall frequency change 

detection is similar for all three groups. Passeriformes and Strigiformes can discriminate 

frequency changes at higher frequencies better than non-Passeriformes (Quine and 

Konishi, 1974, Dooling and Saunders, 1975b, Kuhn et al., 1980, Sinnott et al., 1980, Gray 

and Rubel, 1985). On average, birds can discriminate changes in intensity of 

approximately 2 – 4 dB (Dooling and Saunders, 1975a, Okanoya and Dooling, 1985, Hienz 

and Sachs, 1987, Dooling et al., 2000). 

 

Figure 13: Average hearing capability of Strigiformes (owls; 13 species), non-Passeriformes (non-songbirds; 
15 species) and Passeriformes (songbirds; 20 species) (adapted from Dooling (2002)). 
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The avian ear components differ greatly in size and shape between species, however, 

the overall configuration is similar. This similarity of overall configuration may be 

attributed, in part, to the adaptive pressure by flight for the need to detect aerial sound 

(Saunders et al., 2000). If true, one can question if this implies that flightless birds show 

more variation in middle ear morphology. Three main parts can be defined in the avian 

ear: the outer-, middle- and inner ear. The outer ear is the lateral part before the 

tympanic membrane, the middle ear lies between the tympanic membrane and the oval 

window of the cochlea, and the inner ear contains the cochlea and the semi-circular 

canals. In this thesis I opted to use the term ‘cochlea’ when speaking of the structures in 

the inner ear responsible for hearing, as this is also the term used in the avian inner ear 

literature (Brittan-Powell et al., 2010, Corfield et al., 2012, Corfield et al., 2013, 

Malkemper et al., 2018). 

 

The outer ear 

Unlike mammals, birds do not possess auricles or pinnae. The outer ear consists of an 

external auditory meatus bounded by muscles of the jaw, the quadrate bone and lower 

jawbone. The outer ear opening is smaller than the area of the tympanic membrane and 

the shape of the ear canal varies considerably between species. The external meatus 

protects the tympanic membrane and allows it to be thin with a large surface area. The 

ear canal is relatively short (2-7 mm) and as birds generally do not hear above 10 kHz, it 

is safe to assume that the ear canal provides no meaningful pressure amplification at the 

tympanic membrane through resonance (Dooling et al., 2000). 

 

Owls possess special features with regard to the outer ear. They evolved a facial ruff, 

extremely densely packed feathers which form a concave surface to the side of the ears. 

The ruffs act as parabolic reflectors and increase sound intensity in the ear. Most owl 

species have a narrow skin fold around the rim of the ear opening bearing most of the 
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feathers of the facial ruff. Owls also possess bilateral asymmetric ears, meaning that the 

two outer ears are not mirror images of each other (Figure 14A). Morphological 

asymmetrical ears have no effect on directional sensitivity for low frequencies. However, 

for high frequencies ear asymmetry makes the auditory directional sensitivity pattern 

different between the two ears which enables the owl to localize prey in the vertical 

direction by comparing intensity and spectral composition in the two ears without tilting 

the head. The difference in arrival time of the sound between the two ears can be used 

to determine the horizontal direction (Figure 14B and C) (Norberg, 1968, 1978, 2002). 

 

 

Figure 14: A)Surface model of long eared owl skull rostral view, red arrows indicate the position of the 
asymmetrical ears (own data). B) With symmetrical ears, the owl has to tilt his head to be able to locate prey 
in the horizontal and vertical plane. C) With asymmetrical ears the owl is capable of locating prey in both 
horizontal and vertical plane without tilting the head (adapted from Norberg (2002)).  

 

The middle ear 

The avian middle ear is a complex system consisting of different components which will 

be discussed in this section (Figure 15). The description will be based on Dooling et al. 

(2000). The primary function of the middle ear is to bridge the acoustic difference 

between the outside air and the fluid-filled cochlea of the inner ear. 
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Figure 15: Schematic overview of the parakeet (Melopsittacus undulates) middle ear (adapted from 
Dooling et al. (2000)). 

 

Middle ear cavity 

The components of the middle ear are located in an air-filled chamber, the middle ear 

cavity or tympanic cavity. The middle ear cavity is enclosed within two bony structures, 

the cranium and quadrate bone, and is sealed off by the tympanic membrane. The 

middle ear cavities on both sides of the head are connected by intracranial air-filled 

cavities and the interaural pathway. Both middle ear cavities are connected to the 

nasopharynx via the Y-shaped pharyngotympanic tube which is a part of the interaural 

pathway (Wada, 1923, Schwartzkopff, 1955, Counter and Borg, 1979). Muscle structures 

control venting into the nasopharynx. Both the air-filled intracranial cavities and 

interaural pathway have a significant role in sound localization (Larsen et al., 2016). 

 

Tympanic membrane 

The tympanic membrane, or eardrum, is an oval shaped membrane consisting of three 

layers: the outer epidermal layer, the lamina propria and inner epithelial layer. The outer 
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epidermal layer continues and covers the auditory meatus. The three arms of the 

extracolumella, the ascending ligament and the tympanic muscle insert in the lamina 

propria. The inner epithelial layer continues over the other middle ear structures. The 

tympanic membrane outer rim is supported by the neurocranium and by a broad 

ligament that extends from the otic process of the moveable quadrate, a part of the beak 

suspension. The tympanic membrane is conically shaped with the tip pointing outwards, 

due to the position of the extrastapedius of the extracolumella. 

 

Columella and extracolumella 

Birds, unlike mammals, only possess one ossicle which evolved from the hyomandibula. 

This ossicle consists of two parts, the extracolumella and columella (often referred to as 

the extrastapes and stapes in other taxa). It is the structure connecting the inner ear with 

the tympanic membrane. The extracolumella is cartilaginous and consists out of three 

processes: the extra-, infra- and suprastapedius (Pohlman, 1921). The three processes 

form a Y-like support on the surface of the tympanic membrane (Figure 16D). This 

configuration is supported by the columella and tenses the tympanic membrane. The 

extrastapedius presses into the tympanic membrane, giving it its conical shape. The 

infra- and suprastapedius extend from the columella-extracolumella joint to the edge of 

the tympanic membrane. 

 

The columella has a bony shaft and a footplate at its base. The shape of the columella, 

columellar footplate and connection between the two varies considerably between 

different species (Figure 16A, B and C). The columella shaft is slightly flattened and twists 

about 90° around its longitudinal axis. The shaft can be hollow and have holes and 

grooves to reduce its mass, but ridges along the surface allow it to retain its strength 

(Figure 16 E, F and G). The columella lies at an acute angle to the plane of the tympanic 

membrane. The columellar footplate has an oval shape and is supported by the annular 
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ligament in the oval window. The cochlear side of the footplate can be plate-like or knob-

like. The connection between the columella and extracolumella is flexible. 

 

Figure 16: Surface model of the columella of A) Humboldt penguin, B) European canary, C) Chilean flamingo. 
D) surface model of the columella (blue)-extracolumella (green) complex of the long-eared owl. Different 
columella configurations depicted by reconstructed slices of micro-CT scans of the middle ear of E) long-
eared owl (hollow and round-shaped columella), F) Humboldt penguin (full and round-shaped columella) 
and G) European canary (flattened columella). (Own results). 

 

Middle ear muscle 

In birds, one middle ear muscle -the tympanic muscle- is present. The largest part of the 

tympanic muscle lies outside the middle ear cavity. When entering the cavity through an 

opening in the middle ear cavity, the muscle splits into several tendons. Some of these 

tendons progress to the edge of the tympanic membrane. One tendon attaches to the 

posterior edge of the tympanic membrane between the supra- and infrastapedius, while 

another extends across the inner surface of the tympanic membrane and attaches to the 

extrastapedius (Figure 17). Contraction of the tympanic muscle increases middle ear 
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volume due to a net outward displacement of the tympanic membrane, changing its 

tension (Counter and Borg, 1979). The functional role of the tympanic muscle is still 

under debate. A reflexive response of the tympanic muscle to loud acoustic stimulus has 

been demonstrated in owls (Golubeva, 1972). This contraction, however, was not 

present in pigeons, chickens and starlings (Wada, 1923, Counter and Borg, 1979, 

Oeckinghaus and Schwartzkopff, 1983). However, the tympanic muscle contracts in 

response to self-vocalization in both chickens and starlings, acting as a protective 

mechanism during self-vocalization. Other possible roles hypothesized by Dooling et al. 

(2000) of this muscle may be attenuation of masking frequencies for communication, 

protection from low frequency wind noise during flight and providing necessary 

feedback for vocal development. 

 

Figure 17: Schematic drawing of the position of the tympanic muscle in birds (adapted from Smith (1904)). 

 

Ligaments 

The extrastapedius is not in direct contact with the tympanic membrane but 

communicates with its surface through the ascending ligament. This ligament starts at 

the caudal edge of the tympanic membrane, runs between the infra- and suprastapedius 

and ends in the conical tip of the membrane under the extrastapedius. The ascending 
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ligament protects and stabilizes the tympanic membrane in the region of the 

extracolumella and serves to transfer membrane motion to the extrastapedius. Another 

series of ligaments, the drumtubal ligaments, attach the tympanic membrane to the 

bony perimeter and serve to keep the membrane taut. Platner’s ligament starts at the 

junction between the supra- and extrastapedius, extends across the middle ear cavity 

and ends at the junction of the prootic and quadrate bone or directly at the quadrate 

bone (Starck, 1995). This ligament stabilizes the columella-extracolumella complex. An 

annular ligament supports the columellar footplate in the oval window of the cochlea. 

This ligament probably protects the inner ear by limiting the displacement of the 

footplate in response to sound with high intensity and quasi-static pressure fluctuations. 

 

 

Figure 18: Surface model of the middle ear of the common ostrich (Struthio camelus) to indicate the position 
of the annular, ascending and Platner’s ligament (adapted from Muyshondt et al. (2018)). 

 

Paratympanic organ 

The paratympanic organ (PTO) is a mechanoreceptive sense organ in the middle ear of 

birds and is located in the medial wall of the middle ear cavity. The PTO is connected to 
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both the tympanic membrane and columella via Platner’s ligament and the drumtubal 

ligaments (Figure 19). As a result, deformations of the tympanic membrane can deform 

the fluid-filled luminal space of the PTO, resulting in a movement of the fluid within the 

vesicle. This movement will be sensed by mechanosensory hair cells (Jørgensen, 1984, 

von Bartheld, 1994, von Bartheld and Giannessi, 2011). The function of this sense organ 

is still unknown. However, some functions have been put forward. Kreithen and Keeton 

(1974) suggested that the PTO has a function in sensing atmospheric pressure changes 

due to a difference in altitude. Another function premised for the PTO is the sensing of 

infrasound, potentially guiding migratory birds (Kreithen and Quine, 1979). The PTO can 

also act as a sensory relay, together with the tympanic muscle, to control the tension 

and position of the tympanic membrane (von Bartheld and Giannessi, 2011). Another 

function was assigned to the PTO by Larsen et al. (2016). He suggested that the PTO may 

play a role in the regulation in frequency and duration of the middle ear pressure 

equalization through the opening and closing of the pharyngotympanic tubes. 

 

 

Figure 19: Schematic drawing of the position of the Paratympanic organ (PTO) in birds. (adapted from von 
Bartheld (1994)). 
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Middle ear function 

The main function attributed to the middle ear in all vertebrates is to improve efficiency 

of the sound transmission from the surrounding medium (water, ground, air) to the fluid-

filled inner ear. Without the middle ear, a large part of the auditory information would 

be lost due to reflection. The middle ear in birds provides three mechanical mechanisms 

to bridge the acoustic impedance difference between the outside air and the fluid-filled 

inner-ear. 

 

The first lever system is called the hydraulic system. This lever system is based on the 

difference in surface area of the tympanic membrane (ATM) and columellar footplate 

(ACFP). Soundwaves entering the auditory canal will exert a certain pressure on the 

tympanic membrane (pTM). When this force is transmitted through the columella, the 

same force will act on the fluid of the inner ear. However, as ATM is always larger than 

ACFP, the pressure on the columellar footplate (pCFP) will be higher than the pressure on 

the tympanic membrane (1.2). This principle leads to an improved transmission of the 

sound energy (Figure 20). 

 

 
𝐴𝑇𝑀

𝐴𝐶𝐹𝑃
=  

𝑝𝐶𝐹𝑃

𝑝𝑇𝑀
 (1.2) 

 

 

Figure 20: Schematic overview of the hydraulic lever system in a one ossicle middle ear. Red arrows indicate 
energy flow. (adapted from Tonndorf and Khanna (1970)). 
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The second lever system is known as the ossicular lever. This lever system relies on a 

difference in length of the long force lever arm (lTM) related to the input force on the 

tympanic membrane (FTM) and the short resistance lever arm (lCFP) related to the output 

force of the columellar footplate (FCFP) (1.3). 

 

 
𝑙𝑇𝑀

𝑙𝐶𝐹𝑃
=  

𝐹𝐶𝐹𝑃

𝐹𝑇𝑀
 (1.3) 

 

A given force distributed over the tympanic membrane with its longer force lever arm 

results in a substantial increase in force applied at the smaller columellar footplate, 

increasing the acoustic impedance. Different definitions of this long and short lever arm 

are proposed for birds. Gaudin (1968) defines the long lever arm as the lengths of the 

columella and extracolumella combined. The short lever arm is the long diameter of the 

columellar footplate (Figure 21A). Norberg (1978) describes the long diameter as the 

orthogonal distance from the rotation axis at the tympanic membrane boundary to the 

extrastapedius tip projected onto the base plane of the tympanic membrane. The short 

lever arm is the distance from the tip of the infrastapedius to the columella-

extracolumella joint (Figure 21B). Gummer et al. (1989) calculates the lever ratio (rlr) by 

(1.4). θ = π/2 – (b-a) (Figure 21C). 

 

 𝑟𝑙𝑟 =  
cos 𝜃 sin 𝑐

sin(𝑑 − 𝜃) sin 𝛼
 (1.4) 

 

In Starck (1995), the long lever arm is described as the distance between the tip of the 

extrastapedius and the tip of the infrastapedius. The short lever axis is the distance 

between the tip of the infrastapedius and the columella-extracolumella joint (Figure 

21D). In my thesis I only use Starck’s definition of the lever ratio as the model of Gaudin 
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(1968) seems to severely overestimate the lever ratio (4-5) in relation with the structural 

data presented in Starck (1995). The model suggested by Norberg (1978) defines a lever 

ratio of 1.6 which lies within the range of the data provided by Starck (1995). The lever 

arms suggested by Stark (1995) can also be measured directly from my CT-scans omitting 

the change of errors during calculating the long lever arm suggested by Norberg (1978). 

The model suggested by Gummer et al. (1989) was not used because of the lack of critical 

morphological measurements in literature to define the lever ratio. So when using this 

model I would only have a very small dataset. Gummer et al. (1989) also uses angles 

between morphological structures, such as the eardrum and the columella. As some of 

the samples were stored in the freezer at -18°C for a long period of time, shrinkage of 

the eardrum could occur and hence change these morphological angles leading to 

misinterpretation of the obtained results. So we think that Starck’s suggested lever arm 

ratio is the most appropriate to use in this thesis. 

 

 

Figure 21: The long (green) and short (red) lever arm in the avian middle ear suggested by different authors. 
A) Gaudin (1968); B) Norberg (1978); C) Gummer et al. (1989) and D) Starck (1995). 

 



The avian ear morphology and function 

51 

The third mechanical lever is the catenary lever. The tympanic membrane is secured at 

its rim and large motions in the body of the membrane will result in smaller motions at 

the conical tip and extrastapedius (Figure 22). According to the catenary effect, smaller 

displacements are associated with larger forces hence improving the impedance 

(Tonndorf and Khanna, 1970). 

 

 

Figure 22: Schematic drawing of the catenary effect (adapted from Tonndorf and Khanna (1970)). 

 

The inner ear 

The morphology of the inner ear in birds can be divided in two major parts, the vestibular 

system and the cochlea. The vestibular systems contains the semi-circular canals which 

are embedded in the neurocranium and provide sensory input when they experience 

rotational movements. Two otolithic organs are present on each side of the head, the 

utriclus and sacculus, which respond to linear accelerations. They aid in balance and 

proprioception (sensing the orientation of your body in the environment) (Day and 

Fitzpatrick, 2005). They have no auditory function. 

 

Unlike in mammals, the avian cochlear duct is not coiled but bent and slightly twisted 

(Figure 23). An organ containing otoliths (the lagena) is present at the apical end of the 

cochlear duct close to the auditory basilar papilla. The lagena is considered to be a part 

of the vestibular system as no evidence is present for any auditory function (Manley et 

al., 1991). The columellar footplate enters the cochlear duct at the oval window and is 
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supported by the annular ligament. The cochlear duct is embedded in bone and protects 

the basilar papilla. When sound falls in on the tympanic membrane, the columellar 

footplate will vibrate. This sends a wave through the perilymph-containing scala vestibuli 

back through the perilymphatic scale tympani, which will vibrate the basilar papilla. The 

round window acts as a pressure relief mechanism, as fluid is uncompressible, returning 

the pressure to the middle ear cavity. The basilar papilla contains tall and short hair cells 

which will bend under influence of the wave and will send an electric potential to the 

cochlear ganglion, which will be registered as sound (Dooling et al., 2000). Hair cells at 

the apical, low frequency end of the basilar papilla have the tallest and fewest stereovilli 

while hair cells having more and shorter stereovilli towards the basal, high frequency 

end (Tilney and Saunders, 1983, Fischer et al., 1988, Gleich and Manley, 1988, Gleich et 

al., 1994, Corfield et al., 2013). In birds, the dimensions of the basilar papilla are 

correlated with the mean hearing frequency and best hearing range (Manley, 1972, 

Walsh et al., 2009). Species with a higher average afferent innervation density have a 

more restricted frequency range and are biased to a higher frequency range of best 

hearing (Corfield et al., 2012). Unlike mammals, birds possess the ability to regenerate 

hair cells after noise-induced hearing damage in a relatively short amount of time (100 

hours) (Smolders, 1999).
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Figure 23: Surface model of inner ear of the Eurasian hobby (Falco subbuteo) (own data obtained from 
micro-CT scanning). 

 

 

Research objectives 

The main function of the avian middle ear is to effectively transfer sound energy from 

the outer ear to the inner ear by matching the acoustic impedance difference and to 

enable the bird to hear aerial sound (Saunders et al., 2000). As described earlier, the 

morphological traits of the middle ear components differ greatly between species, 

regardless of the overall configuration (e.g. Kirikae, 1960, Saunders, 1985, Gummer et 

al., 1989). In mammals, simple models are put forward to describe the effects of middle 

ear morphology on both soundwave frequency and intensity (e.g. Tonndorf and Khanna, 

1970, Henson, 1974, Plassmann and Brändle, 1992, Nummela, 1995). These models, 

however, are only accurate for predictions at lower frequencies where vibrational 

models of the tympanic membrane and ossicles are relatively simple (Mason, 2016b). 

Since birds’ hearing is limited to low frequencies, it is assumed in this thesis that the 

mechanical principles premised for the mammalian functional models can be applied to 
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bird hearing capabilities. In birds, the variation in ear morphology has never been linked 

to their hearing capabilities. My first research objective was to document and quantify 

middle ear morphology of birds species of different eco-types, link these to their hearing 

capabilities (found in the literature) and to evaluate whether similar mechanical systems 

to improve sound transmission, as found in mammals, can be at play. For this purpose 

micro-CT scans were made and reconstructed to quantify middle ear morphology of 12 

species. These species were chosen by the availability of cadaveric samples and also by 

the knowledge of their hearing capabilities from literature. 

In birds, the tympanic membrane connects to both the neurocranium and the moveable 

quadrate, unlike in mammals where the tympanic membrane is supported by only the 

temporal bone. The quadrate bone is part of the beak suspension and Starck (1995) 

already suggested that movement of the beak can probably be linked to changes in 

tension of the eardrum, hence affecting sound transmission in birds. As beak movement 

can be linked to sound production, my second research objective was to study whether 

the coupling between the quadrate and the tympanic membrane affects the membrane 

tension and hence function as a passive protective mechanism against self-vocalization 

in species that produces loud sounds. For this purpose the anatomy and kinematics of 

roosters and hens are compared. Chickens were chosen due to the difference in 

vocalization between the two sexes. 

As mentioned earlier, a changing pressure differential over the tympanic membrane can 

cause deformations, which probably affect sound transmission. Birds, due to their 

lifestyle, are subjected to pressure fluctuations which are probably an important issue. 

Pressure regulation mechanisms, for example the Eustachian tube in mammals, seems 

necessary. In mammals, the effects of pressure changes are well known and described 

(e.g. Hüttenbrink, 1988, Dirckx and Decraemer, 1991, Dirckx et al., 2006). The third 

research objective of this dissertation was to study the effect of pressure fluctuations on 

the middle ear function and the presence of potential regulation mechanisms in birds. 

The studied species in this research were the domestic chicken and the mallard. The 
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chickens were chosen to optimize the experimental setup as fresh cadaveric samples 

and living birds were easy to obtain from a chicken farm. However, as the chicken is a 

terrestrial species they do not have to cope with extreme pressure fluctuations, 

therefore, the experiments were repeated on the mallard as this is a flying species which 

also dive under water so they have to cope with pressure fluctuations. 

 

The research results described in this dissertation are divided into two major parts. The 

first part is presented in three chapters and shows the results of the adaptations of the 

avian middle ear to sound. The first chapter investigates whether the morphology, 

morphometrics and biomechanics of the components of the middle ear influence the 

hearing frequency and intensity of bird species in different taxa and eco-types. In the 

second chapter, I investigated whether, and if so how, quadrate movements impact the 

middle ear configuration and act as a passive kinematic protective mechanism for self-

vocalization. In the third chapter, I discuss whether roosters need protective 

mechanisms for self-vocalization and whether additional passive protective mechanisms 

are present in the chicken ear. 

 

In the second part of this dissertation, I studied the effects of quasi-static pressure 

fluctuations on the avian middle ear. In the first chapter of this part, I discuss the effects 

of quasi-static pressure loads on the avian middle ear components. I also investigate 

whether the pharyngotympanic tubes act as a potential middle ear venting mechanism. 

In the second chapter, I provide a quantitative description of deformations and 

displacements of the middle ear components under a range of quasi-static pressure 

loads. 
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Abstract 

Avian species vary considerably in their capability to perceive sounds of different 

intensities and frequencies. In mammals, different hearing capabilities can be linked to 

the morphological traits of the middle ear. In the present study, we provide a 

morphological description of the middle ear components of 12 different bird species 

belonging to different ecotypes, based on micro-CT scanning. These characteristics are 

linked to the birds’ hearing capabilities as published in literature. The hearing threshold 

is correlated with the ratio of the surface area of the tympanic membrane and columellar 

footplate. The ratio of the short (distance between the tip of the infrastapedius and the 

columella-extracolumella transition) and long (distance between the tip of the 

extrastapedius and the tip of the infrastapedius) lever arm does not influence the 

hearing threshold. Unlike in mammals, the ossicular mass, middle ear volume, and 

conical depth of the tympanic membrane do not influence frequency perception. 

Overall, this study suggests that there is little effect of middle ear morphology on sound 

transmission in birds. 

 

 

Introduction 

Hearing and vocalization play an important role in a bird’s life. Vocal signals can serve 

different functions (e.g. deterring males, attracting mates, alarm calls, roosting calls ...). 

These vocalizations can differ in complexity, frequency range, loudness etc. between 

species. Compare, for instance, the broad repertoire and vocalization capacity of the 

European starling (Eens et al., 1991) versus the monotonic call of the Eurasian collared 

dove (Ten Cate, 2004). As vocalization is important for the sending individual, so is 

auditory perception for the receiver. On average, birds hear best between 1 and 5 kHz, 

with the highest sensitivity approaching 0-10 dB sound pressure level (SPL) (in 
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comparison: 0 dB is the minimal sensitivity at 1 kHz in humans) at the most sensitive 

frequency (2-3 kHz) (Dooling, 2002). However, some general trends can be observed 

between different taxonomic orders (and eco-types) of birds. Passeriformes (songbirds), 

for instance, evolved better hearing at higher frequencies than non-Passeriformes (non-

songbirds), whereas Strigiformes (owls) are adapted to hear low sound pressure levels 

(-18 dB SPL; Dooling, 2002). Owls have to be able to hear their prey’s rustles (frequency 

range: 1 kHz-14 kHz). They use a high frequency bandwidth (6-9 kHz) to localize their 

prey to avoid the low frequency wing noise (< 3 kHz) interfering with sound localization 

(for general audiograms of the Passeriformes, non-Passeriformes and Strigiformes, see 

Dooling (2002) figure 1) (Konishi, 1973, Dooling et al., 2000, Dooling, 2004). In the 

frequency band of optimal hearing, birds, on average, can discriminate a little less than 

a 1% change in frequency, an accuracy level better than the frequency changes found in 

bird vocalization. Non-songbirds are less sensitive in discriminating frequency changes 

at high frequencies than songbirds and owls. The lowest change in frequency which can 

be detected is similar for all songbirds, non-songbirds and owls (Quine and Konishi, 1974, 

Dooling and Saunders, 1975b, Kuhn et al., 1980, Sinnott et al., 1980, Gray and Rubel, 

1985). Birds can discriminate changes in intensity of about 2 to 4 dB (Dooling and 

Saunders, 1975a, Hienz et al., 1980, Okanoya and Dooling, 1985, Dooling et al., 2000). 

 

Apart from the purely neurological aspects, the way sound is ultimately perceived can 

be influenced by the morphology, the morphometrics and biomechanics of the different 

components of the outer-, middle-, and inner ear. These features can influence the 

hearing frequency range, the optimal frequency, the minimal intensity and the explained 

hearing differences between different taxa and eco-types. The morphology of the avian 

inner ear structures (cochlea, basilar papilla and associated hair cells) have been studied 

and described in a number of species (domestic chicken, Gallus gallus domesticus, 

(Tilney and Saunders, 1983, Manley et al., 1996), European starling, Sturnus vulgaris and 

pigeon, Columba livia, (Gleich and Manley, 1988, Malkemper et al., 2018), barn owl, Tyto 
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alba, (Fischer et al., 1988), canary, Serinus canaria and zebra finch, Taeniopygia guttata, 

(Gleich et al., 1994). A significant correlation was found between the dimensions of the 

basilar papilla and the mean hearing frequency and best hearing range (Manley, 1972, 

Walsh et al., 2009). Species with a higher average afferent innervation density have a 

more restricted frequency range and are biased to a high frequency range of best 

hearing (Corfield et al., 2012). 

 

In mammals simplified models are put forward which predict the effects of the 

morphology of the middle ear components on sound perception (both intensity and 

frequency) at lower frequencies (Mason, 2016b). The mammalian middle ear is enclosed 

within bony structures, which are fused to one in some taxa, and contains three bony 

ossicles (malleus, incus, and stapes), two muscles (tensor tympani muscle and stapedius 

muscle; which is reduced to only one muscle in some species (Mason, 2013)), and four 

ligaments (anterior and superior mallear ligament, posterior incudal ligament, and the 

annular ligament) to transmit (and modulate) the sound waves from the tympanic 

membrane to the inner ear (Møller, 1974, Rosowski, 1996, Ades et al., 2012). The 

tympanic membrane is conically shaped with the tip, where it connects with the umbo 

of the malleus, pointing medially (Decraemer et al., 1991). 

 

Several functional links between this middle ear morphology and perception at lower 

frequencies where vibrational models of the tympanic membrane and ossicles are 

relatively simple, are premised in mammals (Mason, 2016b). 

A first set of features that may affect the minimal intensity that can be perceived. 1) The 

middle ear ossicles represent a lever system between the tympanic membrane and the 

footplate of the stapes. The longer lever arm of the malleus handle is attached to the 

tympanic membrane, while the shorter lever arm of the incus is attached to the head of 

the stapes and hence the stapes footplate. The difference in length of these arms may 

result in a difference in minimal intensity perception between species, as an increased 
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long lever arm / short lever arm may result in a lower minimal intensity perception 

(Plassmann and Brändle, 1992, Saunders et al., 2000). 2) The ratio of the surface area of 

the tympanic membrane and the surface area of the stapes footplate (will be referred 

to as TM/CFP ratio) also may influence minimal intensity perception. The smaller this 

ratio, the higher the minimal intensity over the total frequency bandwidth which can be 

heard (Tonndorf and Khanna, 1970, Saunders et al., 2000). 

A second set of features may impact the frequency that is perceived. 1) The mass of the 

middle ear components controls the high frequency response of the system. A reduction 

of mass may results in improved high frequency sound conduction which can be 

achieved by smaller or lighter ossicles, or by compacting the ossicular mass about the 

axis of rotation to reduce the moment of inertia (Hemilä et al., 1995, Saunders et al., 

2000). The inertia of the middle ear ossicle, however, explains only part of the rise 

towards high frequencies. 2) The middle ear cavity acts like an air-cushion. At low 

frequencies this cavity adds stiffness to the middle ear. At higher frequencies, the motion 

of the ossicles depends on the middle ear volume. Small cavities increase stiffness and 

cause these middle ears to be less responsive to low frequencies (Møller, 1974). 3) When 

the cone depth of the tympanic membrane increases, a slight response loss at low 

frequencies and a gain at high frequencies occur (Fay et al., 2006). 4) The tympanic 

membrane vibrations, for example, break up into sectional patterns at high frequencies 

and hence limit transfer at high frequencies (Khanna and Tonndorf, 1972). 

Optimization for having a low intensity threshold (TM/CFP ratio) may come at the 

expense of reduced hearing at high frequencies. Large tympanic membranes, favorable 

for sounds with low intensity, transmit large acoustic powers and thus require sizeable 

middle ear ossicles with a higher mass which limits hearing at high frequency (Henson, 

1974, Hemilä et al., 1995). 

The set of features described in mammals in the previous paragraph are believed, in 

literature, to be oversimplifications of the real middle ear mechanics, being relevant for 

perception at lower frequencies only (reviewed by Mason, 2016b). However, since the 
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hearing capabilities of birds are limited to lower frequencies it is assumed that similar 

mechanical predictions linking anatomy and function are accurate in birds and can thus 

be used in the analysis of this study. 

 

The avian middle ear morphology strongly differs from that of mammals. It is enclosed 

within two bony structures (the cranium and quadratum) and contains only one ossicle 

with a bony shaft (columella) and a cartilaginous, trifurcated distal end (extracolumella), 

some ligaments (ascendens ligament, drumtubal ligaments, Platner’s ligament, and 

annular ligament), and one muscle (stapedius muscle) (Smith, 1904, Starck, 1995, 

Saunders et al., 2000).The avian tympanic membrane is conically shaped with the tip 

pointing laterally (Fig. 1) (Saunders et al., 2000, Claes et al., 2018b). 

 

Despite these differences, mechanical effects affecting sound transmission and 

perception similar to what is found in mammals can be in play. However, to the best of 

our knowledge, it is presently unknown whether, and if so to what extent, variation in 

morphometrics and biomechanics of the middle ear components (tympanic membrane, 

ossicle, cavity, etc.) contribute to the ecologically relevant differentiation of sound 

perception in birds. 

 

In this study we provide a description of the morphology of the middle ear components 

of two songbirds species: Atlantic canaries (Serinus canaria) and European starling 

(Sturnus vulgaris); nine non-songbirds species: common wood pigeon (Columba 

palumbus), domestic chicken (Gallus gallus domesticus), mallard (Anas platyrhynchos), 

muscovy duck (Cairina moschata), Eurasian hobby (Falco subbuteo), peregrine falcon 

(Falco peregrinus), Chilean flamingo (Phoenicopterus chilensis), Humboldt penguin 

(Spheniscus humboldti) and crested wood partridge (Rollulus rouloul); and one owl 

species: long-eared owl (Asio otus). We link variation in middle ear morphology with the 

bird’s hearing capabilities as described in literature. The two songbird species (Atlantic 
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canary and European starling) have a broader hearing bandwidth and are more sensitive 

to higher frequencies than the non-songbird species (other species) (Dooling, 2002). The 

long-eared owl has a lower intensity threshold over the entire frequency range than both 

song- and non-songbirds and can hear at higher frequencies than non-songbirds 

(Dooling, 2002). Therefore, we expect, based on the findings for mammals, that the 

middle ear system in songbirds has a lower mass and a smaller middle ear cavity than 

non-songbirds. We also expect the conical depth of the tympanic membrane to be larger 

in songbirds. In owls we expect the TM/CFP ratio to be larger than in song- and non-

songbirds species. Birds also possess a lever system in their middle ears, the long lever 

arm being the distance between the tip of the extrastapedius and the infrastapedius, 

and the short lever arm being the distance between the tip of the infrastapedius and the 

columella-extracolumella joint (Fig. 1C) (Starck, 1995, see general introduction). We 

expect that the long lever arm/short lever arm ratio is larger in the long-eared owl than 

in the song- and non-songbirds species as this ratio also determines the threshold 

intensity. The owl is more sensitive to higher frequencies, so a reduction in mass of the 

ossicle, a small middle ear volume and a larger conical depth of the tympanic membrane 

are expected. 

 

 

Materials and methods 

Micro-CT scanning 

The cadaveric heads of (1) three Atlantic canaries (Serinus canaria), (2) three European 

starlings (Sturnus vulgaris), (3) three common wood pigeons (Columba palumbus), (4) 

three domestic chickens (Gallus gallus domesticus – breed: Dekalb White), (5) one 

mallard (Anas platyrhynchos), (6) one muscovy duck (Cairina moschata), (7) one Eurasian 

hobby (Falco Subbuteo), (8) one peregrine falcon (Falco peregrinus), (9) one Chilean 

flamingo (Phoenicopterus chilensis), (10) one Humboldt penguin (Sphenicus humboldti), 
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(11) one crested wood partridge (Rollulus rouloul), and (12) one long-eared owl (Asio 

otus) were used. All samples, except for (4), were stored in the freezer at -18°C and were 

taken out and left to thaw the day before scanning. For the chicken samples fresh 

cadaveric heads, obtained from a chicken farm the day before scanning, were used. The 

heads of (1), (2), (3), (5) and (6) were frozen immediately after death. The heads of (9), 

(10) and (11) were obtained from a zoo and were frozen after autopsy. The heads of (7), 

(8) and (12) were obtained from private collections and it is unknown whether they were 

frozen immediately after death. A small hole was drilled in the skull to ventilate the 

intracranial air cavities connecting the middle ears. In this way, potential pressure 

fluctuations inside the middle ear cavity as a result of the scanning procedure were 

excluded, as they could cause movement artifacts of the tympanic membrane. The heads 

were stored in a refrigerator at a temperature of 5°C one night before scanning. 

Micro-CT scans of the Atlantic canaries, European starlings, common wood pigeon, and 

domestic chicken were made with the Environmental Micro-CT (EMCT) scanner by the 

Centre of X-ray Tomography at Ghent University (Dierick et al., 2014). The micro-CT scans 

of the mallard, muscovy duck, Eurasian hobby, peregrine falcon, Chilean flamingo, 

Humboldt penguin, crested wood partridge, and long-eared owl were made with the 

High-Energy CT system Optimized for Research (HECTOR) of the same facility 

(Masschaele et al., 2013). All samples were scanned over an angle of 360°. The scanner 

parameters are summarized in table 1. 
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Table 1: Summary of the scanner setting. (/ = unknown) 

 

Scanner 
Source 
voltage 

(kV) 

Source 
power 

(W) 

Exposure 
time (ms) 

Frame 
averaging 

Number 
of 

images 
Filter 

Scan 
duration 

(min) 

Voxel 
size 

(µm) 

Atlantic 
canary 

90 18 60 4 2201 None 9 10.82 

European 
starling 

90 18 60 4 2201 None 9 16.6 

Wood 
pigeon 

90 18 60 4 2201 None 9 18.7 

Domestic 
chicken (2 
samples) 

90 18 40 5 2001 None 7 29.34 

Domestic 
chicken (1 
sample) 

90 18 60 5 2201 None 10 24.7 

Mallard 80 / / / 266 / / 7.43 

Muscovy 
duck 

120 / 1000 / 2400 
Al 1 
mm 

46 37.47 

Eurasian 
hobby 

120 30 500 / 2400 
Al 1 
mm 

20 31.5 

Peregrine 
falcon 

120 30 500 / 2400 
Al 1 
mm 

20 31.5 

Chilean 
flamingo 

120 30 500 / 2400 
Al 1 
mm 

20 24.64 

Humboldt 
penguin 

120 30 500 / 2400 
Al 1 
mm 

20 33.09 

Crested 
wood 
partridge 

120 30 500 / 2400 
Al 1 
mm 

20 18 

Long-eared 
owl 

120 30 500 / 2400 
Al 1 
mm 

20 min 30 

 

Data analysis and morphological measurements 

A three-dimensional processing software package (AMIRA 5.4.4.; 64-bit version) was 

used to assign the voxels corresponding to the tympanic membrane, columella, 

extracolumella, and the bony semi-circular canals of the inner ear. Segmentation was 

performed by automatic thresholding based on grey-scale values in combination with a 

manual correction in the three orthogonal views. The segmented outlines were 

smoothed and a surface model was created. 
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Anatomical measurements of the middle ear were made using the surface models 

created in AMIRA. The following structures were quantitatively evaluated in all species: 

the long and short diameter and surface area of the tympanic membrane and columellar 

footplate, the length of the columella, extrastapedius, infrastapedius and 

suprastapedius, the conical depth (measured as the angle between the axis of the tip of 

the tympanic membrane to the rim of the tympanic membrane where is cuts the axis of 

the short diameter, and the axis of the short diameter of the tympanic membrane), and 

the volume of the bone and cartilage portions of the columella and extracolumella. The 

surface area of the tympanic membrane and columellar footplate were calculated using 

the formula of an ellipsoid. The ratio between the length of the tip of the tympanic 

membrane to the tip of the infrastapedius and the length of the tip of the infrastapedius 

to the columella-extracolumella joint and the TM/CFP ratio were calculated (Fig. 1). The 

masses of both the columella and extracolumella were estimated from their volumes. 

Mass densities were assumed to be 2.1 g/cm³ and 1.01 g/cm³ for bone and cartilage 

respectively (Kirikae, 1960, Maftoon et al., 2015). 
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Figure 1: Surface model of the middle ear of the Atlantic canary. Red: tympanic membrane, green: 
extracolumella, blue: columella. A) Lateral view of the tympanic membrane, a: long diameter, b: short 
diameter; B) Medial view of the columellar footplate, c: long diameter; d: short diameter; C) Caudal view of 
the surface model of columella and extracolumella, e: columella length; f: length of the extrastapedius (ES); 
g: length of the suprastapedius (SS); h: length of the infrastapedius (IS; short lever arm); i: length between 
the tip of the extrastapedius and infrastapedius (long lever arm); D) Ventral view. α: conical depth of the 
tympanic membrane: angle between the tip cutting the short axis at the rim and the short axis of the 
tympanic membrane. 

 

Statistical analysis 

All tests were carried out with RStudio 1.1.453 (Rstudio, Inc.). P-values <0.05 were 

considered significant. Phylogenetic analyses were used to counter the fact that the 

differences in middle ear morphology observed between avian species are present due 

to their phylogenetic relationship.  The phylogenetic residuals of the original variables 

on body mass after a log-log transformation were calculated using the phyl.resid 

function, except for the conical depth of the tympanic membrane since this was not 

correlated with body mass (Revell, 2009). A phylogenetically informed principal 

components analysis (phylogenetic PCA) was carried out on the calculated residuals and 

the raw data of the conical depth to create a morphospace of the middle ear morphology 
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of the scanned species. The phylogenetic signal was calculated for PC1 and PC2 using 

Pagel’s lambda (Pagel, 1999). A Reduced Major Axis Regression was used, after a log-log 

transformation of the Phylogenetic Independent Contrasts, to test whether the surface 

area of the tympanic membrane and columellar footplate scale isometrically. Linear 

regressions were used 1) to test if the best frequency, low frequency, high frequency 

and bandwidth are correlated with total mass of the columella and extracolumella, with 

the conical depth of the tympanic membrane, and with the volume of the middle ear 

cavity and, 2) to test whether the hearing threshold was correlated with the ratio of the 

long and short lever arm. A Phylogenetic Generalized Least Squares analysis (CRAN-

package) was used to test the relationship between the hearing threshold and the 

TM/CFP ratio. To account for phylogenetic tree uncertainty, one hundred phylogenetic 

trees were made on https://birdtree.org of 15 bird species. The trees were selected 

using a combination of relaxed clock molecular trees of well-supported avian clades with 

a fossil calibrated backbone with representatives from each clade (see 

http://birdtree.org/methods/). These phylogenetic trees were based on Jetz et al. (2012) 

and Jetz et al. (2014). Both a the linear regression and PGLS results are provided when 

the number of data points was less than 10. A summary of the species used in the 

different statistical analysis is given in table 2. 

 

Audiogram 

A summary of the hearing capabilities is given for each species when data was available 

in literature (table 2). Data for the wood pigeon, Humboldt penguin and, carrion crow 

(Corvus corone) were not available in literature. However, we included data of closely 

related species; respectively the rock pigeon, black-footed penguin (Spheniscus 

demersus), and common crow (Corvus brachyrhynchos). The hearing threshold (the 

minimal intensity at the most sensitive frequency (in comparison: 0 dB is the minimal 

sensitivity at 1 kHz in humans)), the frequency at which hearing is best (best frequency), 

https://birdtree.org/


 Materials and methods 

71 

and the low and high frequency limits (frequencies at which thresholds are 30 dB above 

the hearing threshold (Dooling, 2002)) of hearing are given. The table also provides a list 

from where the morphological traits of the middle ear were obtained. 

Table 2: Summary of the hearing capabilities of the species used in the statistical analysis including the 
audiogram parameters and references from which the middle ear morphology characteristics were obtained 
(scan: own scans were used). Non-Passeriformes1, Passeriformes², and Strigiformes³. Species used in the 
statistical analysis for intensity are indicated by an asterisk (*) and for frequency by an octothorpe (#) 

Species 
Low 

frequency 
(kHz) 

Best 
frequency 

(kHz) 

High 
frequency 

(kHz) 

Hearing 
threshold 
(dB SPL) 

Reference 
Morphology 

obtained from 

Buteo buteo1      Schwartzkopff (1955) 

Anas platyrhynchos1,*,# 0.32 2 5.22 15.57 Hill (2017) Scan 

Cairina moschata1      Scan 

Columba palumbus1,*,# 0.13 1 5.67 16.9 Heise (1953) Scan 

Columba livia1,* 0.13 1 5.67 16.9 Heise (1953) Gummer et al. (1989) 

Falco subbuteo1      Scan 

Falco peregrinus1      Scan 

Gallus gallus domesticus1,*,# 0.2 1.41 4.1 7.37 
Saunders and 
Salvi (1993) 

Scan 

Phasianus colchicus1      Schwartzkopff (1955) 

Rollulus rouloul1      Scan 

Serinus canaria²,*,# 0.47 2.83 9.37 8 
Dooling et al. 

(1971) 
Scan 

Sturnus vulgaris²,*,# 0.23 3 6.43 8 
Dooling et al. 

(1986) 
Scan 

Molothrus ater²,* 0.35 2.83 8.5 11.5 
Hienz et al. 

(1977) 
Saunders (1985) 

Phylloscopus trochilus²      Schwartzkopff (1955) 

Parus caeruleus²      Schwartzkopff (1955) 

Hippolais icterina²      Schwartzkopff (1955) 

Sylvia atricapilla²      Schwartzkopff (1955) 

Hirundo rustica²      Schwartzkopff (1955) 

Fringilla coelebs²      Schwartzkopff (1955) 

Pyrrhula pyrrhula²,* 0.48 2.83 10.2 -0.5 Dooling (2002) Schwartzkopff (1955) 

Passer domesticus²,* 0.29 1.41 4.55 -8.31 Dooling (2002) Schwartzkopff (1955) 

Turdus merula²      Schwartzkopff (1955) 

Corvus corone²,* 0.47 2 4.57 -16.41 Dooling (2002) Schwartzkopff (1955) 

Phoenicopterus chilensis1      Scan 

Podiceps cristatus1      Schwartzkopff (1955) 

Melopsittacus undulates1,* 0.36 3 5.97 0.8 
Hashino et al. 

(1988) 
Saunders (1985) 

Spheniscus humboldti1,*,# 0.2 2.3 7  
Wever et al. 

(1969) 
Scan 

Asio otus³,*,# 0.41 5 8.06 -25.05 Van Dijk (1972) Scan 

Strix aluco³,* 0.22 4 6.62 -24.62 Van Dijk (1972) Schwartzkopff (1955) 
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Results 

Middle ear morphology 

A short description of the middle ear morphology of the scanned species is provided in 

the next section (Fig. 2). For the columella, the long and short diameter refer to the 

dimensions of the cross-section of the columella shaft. The surface area of the tympanic 

membrane and columellar footplate, the length of the long and short arm, and the mass 

of the columella and extracolumella are provided in table 3 (mean ± standard error, 

except when only one sample was available). 

 

Atlantic canary 

The columella is short and flattened in the dorso-ventral plane with a length of 1.22 

±0.05 mm, a long diameter of 0.23 ±0.04 mm and a short diameter of 0.04 ±0.01 mm. 

The bony shaft of the columella is connected to the footplate via multiple branches. The 

columella is not hollow and the columella and extracolumella have a combined mass of 

0.13 ±0.01 mg. The tympanic membrane is oval with a long diameter of 4.06 ±0.13 mm 

and a short diameter of 2.29 ±0.13 mm. 

 

European starling 

The columella is short and flattened in the dorso-ventral plane with a long diameter of 

0.19 ±0.02 mm and a short diameter of 0.04 ±0.01 mm. The columella twists 90° around 

its longitudinal axis. The bony shaft is connected to the footplate via multiple branches. 

The columella is not hollow and combined with the extracolumella it has a mass of 0.30 

±0.03 mg. The length of the columella is 1.16 ±0.07 mm. The tympanic membrane is oval 

with a long diameter of 4.82 ±0.23 mm and a short diameter of 2.91 ±0.25 mm. 
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Wood pigeon 

In wood pigeons the columella is elongated and flattened with a long diameter of 0.2 

±0.03 mm and a short diameter of 0.11 ±0.01 mm. The shaft of the columella connects 

to the footplate in one piece. The columella is 2.22 ±0.12 mm long. The columella is not 

hollow. The mass of the columella and extracolumella combined is 0.61 ±0.04 mg. The 

tympanic membrane is more circular with a long diameter of 6.1 ± 0.36 mm and a short 

diameter of 4.51 ±0.15 mm. 

 

Domestic chicken 

The columella is elongated and flattened with a length of 2.59 ±0.02 mm, a long diameter 

of 0.3 ±0.03 mm and short diameter of 0.19 ±0.06 mm. The columella twists 90° around 

its longitudinal axis. The bony shaft of the columella connects to the footplate in one 

piece. The columella is not hollow. The mass of the columella and extracolumella 

combined is 1.27 ±0.56 mg. The tympanic membrane is oval with a long diameter of 8.25 

±0.53 mm and a short diameter of 4.79 ±0.16 mm. 

 

Mallard 

The columella is elongated and round shaped with a length of 1.92 mm, a long diameter 

of 0.14 mm and a short diameter of 0.11 mm. The bony shaft of the columella connects 

to the footplate in one piece. The columella is not hollow. The mass of hearing system 

could not be calculated. The tympanic membrane is circular with a long diameter of 5.74 

mm and a short diameter of 4.54 mm. 

 

Muscovy duck 

The columella is elongated and round shaped with a length of 3.45 ±0.04 mm, a long 

diameter of 0.18 ±0.01 mm and a short diameter of 0.15 ±0.01 mm. The bony shaft of 

the columella connects to the footplate in one piece. The columella is not hollow. The 



CHAPTER 1. The influence of middle ear morphology on the hearing capabilities in birds 

74 

columella and extracolumella have a combined mass of 1.25 ±0.08 mg. The tympanic 

membrane is more circular with a long diameter of 7.57 ±0.25 mm and a short diameter 

of 5.76 ±0.06 mm. 

 

Eurasian hobby 

The columella is elongated, round shaped near the footplate and flattened near the 

extracolumella. The length of the columella is 3.80 ±0.03 mm, the long diameter is 0.33 

±0.03 mm and the short diameter is 0.3 ±0.03 mm. The columella twists 90° around its 

longitudinal axis. The bony shaft connects to the footplate in one large branch and one 

smaller one. The columella is hollow. The mass of the columella and extracolumella 

combined is 1.55 ±0.08 mg. The tympanic membrane is oval with a long diameter of 9.07 

±0.33 mm and a short diameter of 5.07 ±0.27 mm. 

 

Peregrine falcon 

The columella is elongated and round shaped with a length of 4.56 ±0.1 mm, a long 

diameter of 0.29 ±0.03 mm and a short diameter of 0.26 ±0.02 mm. The columella twists 

90° around its longitudinal axis. The columella splits in two shafts which connect to the 

footplate. The columella is hollow. The combined mass of the columella and 

extracolumella is 1.43 ±0.52 mg. The tympanic membrane is oval with a long diameter 

of 10.57 ±0.45 mm and a short diameter of 6.33 ±0.10 mm. 

 

Chilean flamingo 

The columella is elongated and round shaped with a length of 3.08 ±0.01 mm, a long 

diameter of 0.23 ±0.02 mm and a short diameter of 0.18 ±0.01 mm. The columella twists 

45° around its longitudinal axis. The bony shaft broadens at the base where it connects 

to the footplate. This connection covers almost the entire surface of the footplate. The 

columella is hollow. The columella and extracolumella combined have a mass of 1.47 
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±0.23 mg. The tympanic membrane is oval with a long diameter of 6.88 ±0.07 mm and a 

short diameter of 4.94 ±0.11 mm. 

 

Humboldt penguin 

The columella is elongated and round shaped with a length of 5.38 ±0.03 mm, a long 

diameter of 0.29 ±0.01 mm and a short diameter of 0.26 ±0.01 mm. The bony shaft 

connects to the footplate in one piece. The columella is not hollow. The mass of the 

columella and extracolumella combined is 2.29 ±0.05 mg. The tympanic membrane is 

oval with a long diameter of 6.75 ±0.24 mm and a short diameter of 4.94 ±0.87 mm. 

 

Crested wood partridge 

The columella is elongated and round shaped. The length of the columella is 1.58 ±0.04 

mm, the long diameter is 0.12 ±0.01 mm and the short diameter is 0.11 ±0.01 mm. The 

bony shaft connects to the footplate in one piece. The columella is not hollow. The 

combined mass of the columella and extracolumella is 0.26 ±0.01 mg. The eardrum is 

oval with a long diameter of 4.87 ±0.33 mm and a short diameter of 3.07 ±0.12 mm.  

 

Long-eared owl 

The columella is short and round shaped with a length of 2.89 ±0.01 mm, a long diameter 

of 0.34 ±0.01 mm and a short diameter of 0.30 ±0.01 mm. The columella twists 45° 

around its longitudinal axis. The bony shaft of the columella connects in one piece to the 

footplate. The columella is hollow. The mass of the columella and extracolumella 

combined is 1.49 ±0.19 mg. The eardrum is more circular with a long diameter of 8.67 

±0.04 mm and a short diameter of 6.99 ±0.04 mm. 
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Figure 2: Surface models of the middle ear morphology of the different scanned species. Red: tympanic 
membrane; green: extracolumella; blue: columella. 
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Table 3: Summary of the morphological data of the different species (mean ± standard error). The sample size 
(# of middle ears) is provided between brackets after the species name. Long arm: distance of the tip of the 
tympanic membrane to the tip of the infrastapedius, short arm: length of the tip of the infrastapedius to the 
columella-extracolumella joint. 

 Body 
mass 

(g) 

Conical 
depth 

(°) 

Area 
TM 

(mm²) 

Area 
CFP 

(mm²) 

Long 
arm 

(mm) 

Short 
arm 

(mm) 

Mass 
columella 

(mg) 

Mass 
extracolumella 

(mg) 

Atlantic 
canary (6) 

24.3 24 ±4 
7.29 

±0.53 
0.34 

±0.01 
1.73 

±0.07 
1.11 

±0.09 
0.08 

±0.01 
0.05 

±0.01 

European 
starling (6) 

87.6 23 ±6 
11.02 
±1.13 

0.68 
±0.08 

2.08 
±0.19 

1.45 
±0.3 

0.13 
±0.02 

0.16 
±0.03 

Wood 
pigeon (6) 

490 22 ±4 
21.62 
±1.47 

1.2 
±0.02 

2.49 
±0.08 

1.6 
±0.14 

0.27 
±0.02 

0.31 
±0.03 

Domestic 
chicken (4) 

2350 28 ±2 
31.07 
±2.74 

1.51 
±0.16 

2.47 
±0.25 

1.49 
±0.13 

0.65 
±0.23 

0.62 
±0.36 

Mallard (1) 1246 9 20.33 0.8 1.74 1.29 / / 

Muscovy 
duck (2) 

2450 19 ±0 
34.19 
±0.74 

1.78 
±0.02 

2.8 
±0.18 

1.77 
±0.11 

0.81 
±0.01 

0.44 
±0.07 

Eurasian 
hobby (2) 

209.5 20 ±0 
36.15 
±3.21 

1.62 
±0.02 

3.72 
±0.23 

2.86 
±0.17 

0.97 
±0.04 

0.58 
±0.04 

Peregrine 
falcon (2) 

697.5 14 ±2 
52.57 
±3.07 

1.55 
±0.06 

3.95 
±0.16 

2.79 
±0.37 

1.05 
±6 

0.37 

Chilean 
flamingo 
(2) 

2277 16 ±1 
26.69 
±0.34 

1.07 
±0.04 

2.68 
±0.11 

1.79 
±0.01 

0.64 
±0.03 

0.83 
±0.26 

Humboldt 
penguin (2) 

4379 9 ±2 
26.24 
±5.54 

1.29 
±0.04 

2.6 
±0.02 

1.79 
±0.14 

1.10 
±0.02 

1.19 
±0.03 

Crested 
wood 
partridge 
(2) 

217 22 ±5 
11.73 
±1.26 

0.72 
±0.0 

1.54 
±0.05 

1 
±0.03 

0.13 
±0.01 

0.13 
±0.01 

Long-eared 
owl (2) 

299 33 ±0 
47.53 
±0.05 

1.13 
±0.04 

3.18 
±0.05 

1.85 
±0.02 

0.80 
±0.02 

0.70 
±0.21 
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Principal component analysis 

The first principal component of the phylogenetic PCA (Fig. 3) accounts for 70% of the 

total variance, the second principal component accounts for only 13%. The loadings of 

the dimensions of the eardrum and columellar footplate, the length of the columella, 

extrastapedius and infrastapedius explain variability in PC1, while the short diameter of 

the columella and the length of the suprastapedius explain the variability in PC2. Along 

PC1 the species have a tendency to group in the middle. The two falcon species and the 

long-eared owl are found at a more negative values and the mallard is found at more 

positive values. Along PC2 the species are distributed more or less across all values. The 

two falcon species and the long-eared owl group for both PC1 and PC2. Species with 

similar hearing capabilities, both intensity and frequency, do not cluster. The scores of 

PC1 show no phylogenetic signal (λ = 0.54; p = 0.33). PC2, however, does show a 

phylogenetic signal (λ = 0.99; p = 0.03), indicating that the middle ear features are more 

similar in close related species and indicate evolution in a Brownian-motion model. 

 

Figure 3: Distribution of the scanned avian species in the morphospace of the middle ear plotted against the 
first two principal components (PC1 and PC2). 
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Intensity 

The overall relationship of TM against CFP seems to scales isometrically (Fig. 4), 

suggesting that the overall relationship of the TM/CFP ratio is fixed and there is no 

difference in transmission (in terms of intensity) between species / eco-types. However, 

a great deal of scatter is present, which could indicate species differences. Species below 

the confidence interval of this isometric relationship can be expected to have a higher 

hearing threshold than average, species above this confidence limit have a lower hearing 

threshold than average. The barn swallow (Hirundo rustica), European starling, crested 

wood partridge, great crested grebe (Podiceps cristatus), wood pigeon, rock pigeon 

(Columba livia), and common buzzard (Buteo buteo) have relatively smaller tympanic 

membranes given the size of their columellar footplate. The common chaffinch (Fringilla 

coelebs), Eurasian blackcap (Sylvia atricapilla), long-eared owl, common pheasant 

(Phasianus colchicus), peregrine falcon, and tawny owl (Strix aluco) on the other hand 

have relatively larger tympanic membranes for their columellar footplate. 

 

 

Figure 4: Relation between the Phylogenetic Independent Contrasts (Pic) of the surface area of the tympanic 
membrane (logTMPic) and columellar footplate (logCFPPic) after a log-log transformation. The slope is 1.02 
and does not deviate significantly from 1 (p = 0.76). Including the 95% confidence interval (dotter lines). 
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The hearing threshold used in the analysis (PGLS) ranges between -25.1 dB (long-eared 

owl) and 16.9 dB (wood pigeon and rock pigeon). The TM/CFP ratio ranges from 16.21 

(European starling) to 42.06 (long-eared owl). A correlation was found between the 

TM/CFP ratio and the hearing threshold of the birds, taking into account each of the 100 

phylogenetic trees (Fig. 5A). The slopes are virtually invariant, with a mean value of 1.597 

±0.000 (p-values < 0.005; R²-values on average 0.535 ±0.000) (Fig. 5 B, C and D) 

 

Figure 5: A) Correlation between the ratio of surface area of the tympanic membrane / columellar footplate 
and the hearing threshold. The abbreviations used are the first two letters of the two parts of the binominal 
nomenclature (table 2). Histogram of the (B) slope distribution, (C) p-value distribution, and (D) r-squared 
distribution of the Phylogenetic Generalized Least Squares test. 

 

Although the long lever arm / short lever arm ratio is slightly larger in the long-eared owl 

than in the song- and non-songbirds, no correlation was found between this ratio and 

the hearing threshold (linear regression: p = 0.08, R² = 0.4839; PGLS: p = 0.08, R² = 

0.4839) (Fig. 6). The ratio of the long lever arm/short lever arm ranges from 1.35 

(mallard) to 1.72 (long-eared owl). 
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Figure 6: Correlation between the ratio of the long / short lever arm and the hearing threshold. The 
abbreviations used are the first two letters of the two parts of the binominal nomenclature (table 2). 

 

Frequency 

The ossicular mass lies between 0.13 mg (Atlantic canary) and 2.29 mg (Humboldt 

penguin). The ossicular mass scales negatively allometric with body mass (after a log-log 

transformation), indicating that smaller birds have a relatively heavier ossicle in 

comparison with larger bird species. The long-eared owl has a heavier ossicle in relation 

to its body mass in comparison with the song- and non-songbirds (Fig. 7A). No correlation 

was found between low, best, high frequency, and bandwidth on the one hand, and the 

absolute ossicular mass on the other hand (table 4), meaning that the ossicular mass is 

not correlated with frequency perception in the studied species. The product of the 

surface area of the tympanic membrane and the length of the columella was calculated 

for estimating the middle ear volume (see discussion). The estimated middle ear volume 

ranges from 8.89 mm³ (Atlantic canary) to 141.70 mm³ (Humboldt penguin). The 

estimated middle ear volume also scales negatively allometric with body mass (after a 

log-log transformation) indicating that smaller birds have relatively larger middle ear 

cavities in comparison with heavier birds. Again the long-eared owl is an exception with 

a relatively larger middle ear cavity for its body mass (Fig. 7B). The conical depth of the 

tympanic membrane ranges from 9° (Humboldt penguin) to 33° (long-eared owl). and is 
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larger in the long-eared owl than in song- and non-songbirds. No difference is present in 

conical depth between song- and non-songbirds (Fig. 8). 

No correlations were found between the low, best, high frequency, and bandwidth on 

the one hand, and estimated middle ear volume or conical depth on the other hand 

(table 4), indicating that both middle ear volume and the conical depth do not influence 

sound perception (in terms of frequency) in our studied species. 

 

 

Figure 7: A) The ossicular mass and B) middle ear volume plotted against the body mass after a log-log 
transformation. 

 

Table 4: Summary of the R²-values of the correlation between the middle ear volume, ossicular mass and 
conical depth on the one hand, and low -, best -, high frequency and bandwidth on the other hand; R²-values 
are depicted as: linear regression (PGLS). No R²-value differs significantly from 0 (all p > 0.4) 

 Low frequency Best frequency High frequency Bandwidth 

Middle ear 
volume 

0.0143 
(0.0081) 

0.1137 
(0.1520) 

1.331 e-5 
(0.0063) 

0.0002 
(0.0060) 

Ossicular mass 
0.0570 

(0.0570) 
0.0110 

(0.0289) 
0.0335 

(0.0335) 
0.0311 

(0.0311) 

Conical depth 
0.0709 

(0.1916) 
0.1910 

(0.2083) 
0.0379 

(1.469 e-7) 
0.0344 

(0.0045) 
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Discussion 

Beside the neurological aspects, sound perception can be influenced by the 

morphometrics and biomechanics of all the components of the middle ear. In mammals, 

the effects on both intensity and frequency perception are often described in 

oversimplified middle ear models (as presented in the introduction), however, these 

models can be used in this study as avian hearing capabilities are limited to lower 

frequencies, which increases the accuracy of the predictions of these models (Henson, 

1974, Møller, 1974, Plassmann and Brändle, 1992, Nummela, 1995, Saunders et al., 

2000, Fay et al., 2006, Mason, 2016b). In birds it is unknown whether, and if so to what 

extent, differences in middle ear morphology between species contribute to the 

ecologically relevant differentiation of sound perception. 

 

In this study we provide a qualitative and quantitative description of the middle ear 

morphology of bird species from different taxa and ecotypes. When studying sound 

perception (both intensity and frequency), the absolute morphological dimensions of 

the middle ear components have to be taken into account. In mammals a number of 

size-dependent factors influence sound perception. Large mammals, for example, have 

large skulls and can encompass wide tympanic membranes and spacious middle ears 

favoring high sensitivity at low frequencies (Plassmann and Brändle, 1992). Large 

tympanic membranes are able to transmit high acoustic energy and thus require middle 

ear ossicles with a higher mass limiting sensitivity to higher frequencies (Henson, 1974, 

Hemilä et al., 1995). 

 

Our results on birds indicate that middle ear morphology influences intensity perception 

which is supported by a strong correlation between TM/CFP ratio and the hearing 

threshold. The two owl species have a larger surface are of their tympanic membrane in 

relation with their columellar footplate enabling them to hear sound with a low intensity 
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(-24.6 dB). Both the long-eared owl and the tawny owl are nocturnal hunters that rely 

on their hearing to locate prey which implies they need to hear sounds with a low 

intensity (Hirons, 1982, Riegert et al., 2009). 

 

Starck (1995) suggested the presence of a lever system in the avian middle ear to 

improve the transmission of the sound energy from the tympanic membrane to the fluid-

filled inner ear. The ratio of the short lever arm, being the distance between the tip of 

the extrastapedius and the columella-extracolumella joint, and the long lever arm, being 

the distance between the tip of the extrastrapedius and the infrastapedius, was also 

suggested to determine the intensity sensitivity which can be perceived. Our findings, 

however, do not support this theory as we did not find a correlation in the studied 

species between the lever arm ratio and the hearing threshold. The relative position of 

the long and short lever arm in relation to each other and to other middle ear structures 

will likely influence the output of the lever system, which also has to be taken into 

account. In all likelihood a combination of the above discussed traits will affect the 

intensity perception in birds, as was already discussed and reviewed in mammals 

(Mason, 2016b). 

 

In mammals both middle- and inner ear morphology determine frequency perception 

(Ruggero and Temchin, 2002). Our results show, however, that in birds the investigated 

differences of middle ear morphology do not play a role in the perception of low, best, 

and high frequencies. The ossicular mass is lower in our songbird species than in the non-

songbirds and the long-eared owl. No correlation was found between ossicular mass and 

frequency perception. When plotting the ossicular mass against body mass, after a log-

log transformation, a linear regression line slope smaller than 1 was found, indicating 

that smaller birds have a heavier columella-extracolumella complex in comparison to 

larger species. In mammals, the ossicular mass also scales negatively allometric with 

body mass (Mason, 2001). Our results suggest that a critical ossicular mass has to be 
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present in small birds enabling them to cope with the sound energy passed on through 

the tympanic membrane. The long-eared owl has a relatively heavy ossicle for its body 

mass in comparison with the other species. This can most likely be explained by the fact 

that they also have relatively large eardrums and hence require a sizeable middle ear 

ossicle enabling them to cope with large acoustic powers transmitted through the 

tympanic membrane (Henson, 1974). More recently the idea has been put forward that 

in mammals the high frequency response is not limited by the ossicular mass. However, 

this hypothesis is still controversial (Ruggero and Temchin, 2002, Mason, 2016b). 

 

Unlike in most mammals, the middle ear cavity in birds is complex with intercranial air 

pockets and an interaural pathway connecting both middle ears (Wada, 1923, 

Schwartzkopff, 1955, Counter and Borg, 1979, Mason, 2016a). Due to this complexity it 

is difficult to define a middle ear volume. Therefore the middle ear volume was 

estimated by the product of the tympanic membrane area and the columella length. In 

mammals, the middle ear cavity acts like an air-cushion and influences the frequency 

perception (Møller, 1974), however, our results suggest that such relation is not present 

in birds. This could indicate that our simple estimate of middle ear volume is not 

representative for the real middle ear volume. On the other hand this correlation may 

not be present as the conus of the avian tympanic membrane points outwards (inwards 

in mammals) and extra air cavities connecting the two middle ears are present within 

the skull (not present in mammals, except for some mole species, which are, like birds, 

limited to hearing at lower frequencies (Mason, 2016a)) resulting in large middle ear 

cavities in birds. Large middle ear cavities have a higher compliance which no longer 

limits low frequency perception. When large middle ear cavities are present the ossicular 

stiffness may become the limiting factor for high frequency perception (Ravicz and 

Rosowski, 1997). The fact that the avian middle ear complex is less stiff than in mammals 

may be the cause of the lower frequency perception in birds (Mason, 2016b, Claes et al., 
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2018b). Unlike in mammals, birds with a larger conical depth do not hear better at higher 

frequencies than birds with a smaller conical depth. 

 

It has to be taken into account that for all the analyses including the tympanic 

membrane, the surface area of the tympanic membrane is calculated as a flat ellipsoid, 

however, the real surface area of the tympanic membrane is larger due to the conical 

shape. This conical shape varies between the different eco-types. The surface area of the 

tympanic membrane would be larger, due to a larger conical depth, in the long-eared 

owl, Atlantic canary, European starling, and also the domestic chicken, all species with a 

lower hearing threshold. It was opted to not use the real surface area of the tympanic 

membrane in the analyses 1) as this would decrease the dataset from 14 to only 7 species 

as no data from literature could be used. 2) Some of the samples were stored in the 

freezer (-18°C) for a longer period of time, which may dry out and shrink the tympanic 

membrane. This would cause a reduction in conical depth and a misinterpretation of the 

results. 

 

The avian inner ear and the effects on the hearing capabilities of these species have been 

investigated intensively in previous studies (Manley, 1972, Walsh et al., 2009). These 

studies showed that the dimensions of the basilar papilla and the mean hearing 

frequency (the mean of the low and high frequency) and the bandwidth are correlated. 

Species with a relatively longer endosseous cochlear duct have a higher mean hearing 

frequency and a larger hearing bandwidth (Walsh et al., 2009). Species with a higher 

average afferent innervation density have a more restricted frequency range and are 

biased to a higher frequency range of best hearing (Corfield et al., 2012). The findings in 

our study indicate that the intensity perception in birds is probably regulated by the 

middle ear morphology. Frequency perception, on the other hand, is independent of the 

middle ear morphology and is most likely only influenced by the neurological aspects 

and dimensions of the inner ear. 
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Our results, obtained from a morphological comparison among different avian species, 

suggest that the middle ear morphology only influences intensity perception, but not 

frequency perception. A difference in intensity perception seems to be limited to the 

TM/CFP ratio. However, middle ear morphology varies considerably among species 

which can be driven by natural selection. The ability to cope with pressure fluctuations 

could act as selective pressure on the avian middle ear morphology, for example, as birds 

are subjected to ambient pressure fluctuations due to their lifestyle. e.g. the Humboldt 

penguin dives deep into the ocean for foraging (Wilson et al., 1989), resulting in a large 

pressure onto the tympanic membrane. They have a small tympanic membrane and 

sturdy extracolumella which provides firmness and a better ability to cope with these 

extreme pressures. 

 

More research is needed to support the findings of our study as only a limited amount 

of species hearing capabilities and morphological descriptions of the middle ear are 

available in literature. It would be interesting to include songbird species with a higher 

body mass, non-songbirds with a lower body mass and also include more owl species 

with both hearing capabilities and morphological descriptions of the middle ear. 
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Abstract 

The avian middle ear differs from that of mammalians and contains a tympanic 

membrane, one ossicle (bony columella and cartilaginous extracolumella), some 

ligaments and one muscle. The rim of the eardrum (closing the middle ear cavity) is 

connected to the neurocranium and, by means of a broad ligament, to the otic process 

of the quadrate. Due to the limited number of components in the avian middle ear, the 

possibilities of attenuating the conduction of sound seem to be limited to activity of the 

tympanic muscle. We investigate to what extent craniokinesis may impact the 

components of the middle ear because of the connection of the eardrum to the movable 

quadrate. The quadrate is a part of the beak suspension and plays an important role in 

craniokinesis. Micro-computed tomography was used to visualize morphology and the 

effect of craniokinesis on the middle ear in the domestic chicken (Gallus gallus 

domesticus). Both hens and roosters are considered because of their difference in 

vocalization capacity. It is hypothesized that effects, if present, of craniokinesis on the 

middle ear will be greater in roosters because of their louder vocalization. Maximal lower 

jaw depression was comparable for hens and roosters (respectively 34.1 ±2.6° and 32.7 

±2.5°). There is no overlap in ranges of maximal upper jaw elevation between the sexes 

(respectively 12.7 ±2.5° and 18.5 ±3.8°). Frontal rotation about the transversal quadrato-

squamosal, and inward rotation about the squamosal-mandibular axes of the quadrate 

were both considered to be greater in roosters (respectively 15.4 ±2.8° and 11.1 ±2.5°). 

These quadrate rotations did not affect the columella’s position and orientation. In hens, 

an influence of the quadrate movements on the shape of the eardrum could not be 

detected either, however, craniokinesis caused slight stretching of the eardrum towards 

the caudal rim of the otic process of the quadrate. In roosters, an inward displacement 

of the conical tip of the tympanic membrane of 0.378 ±0.21 mm, as result of 

craniokinesis, was observed. This is linked to a flattening and slackening of the eardrum. 

These changes most likely go along with a deformation of the extracolumella. Generally, 
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in birds larger beak opening is related to the intensity of vocalization. The coupling 

between larger maximal upper jaw lifting in roosters and the slackening of the eardrum 

suggest the presence of a passive sound attenuation mechanism during self-vocalization. 

 

 

Introduction 

When vertebrates evolved from an aquatic to a terrestrial lifestyle a mechanical system 

developed to improve the transmission of sound energy in the ear by matching the 

acoustic impedance difference between the outside air and the fluid filled inner ear. This 

functional role is fulfilled by the middle ear. Without the middle ear conducting 

apparatus, 99.9% of the sound energy would be lost by reflection (Møller, 1974). 

The mammalian middle ear consists of a tympanic membrane, three ossicles (malleus, 

incus and stapes), two muscles (tensor tympani muscle and stapedius muscle; which is 

reduced to only one muscle in some species (Mason, 2013)) and some ligaments 

(anterior and superior mallear ligament; posterior incudal ligament and the annular 

ligament). The air filled middle ear cavity containing the ossicles, muscles and ligaments 

is enclosed within bony structures, which are fused to one in some taxa. This bone also 

supports the rim of the tympanic membrane (Møller, 1974, Rosowski, 1996, Ades et al., 

2012). Effective sound transmission to the inner ear depends almost entirely on the 

passive acoustical (resonant) and mechanical (conductive) properties of the middle ear 

structures (i.e. geometry, stiffness and flexibility of the ligaments and tympanic 

membrane, surface ratio tympanic membrane and stapes footplate). Activity of the 

tensor tympani muscle and stapedius muscle can modulate these passive properties. 

This system has already been studied intensively (e.g. Webster, 1966, Nuttall, 1974, Pang 

and Peake, 1985, 1986, Rosowski, 1996). 

The avian middle ear contains a tympanic membrane; one ossicle with a bony shaft 

(columella) and a cartilaginous, trifurcated distal end (extracolumella) (Fig.1C, green 



CHAPTER 2. The effect of craniokinesis on the middle ear of domestic chickens 

92 

structure), with one arm (extra-stapedius) giving the tympanic membrane its conical 

shape; some ligaments (ascendens ligament, Platner's ligament and annular ligament) 

and one muscle (tympanic muscle). The middle ear cavity has an irregular shape and is 

bordered by bony structures of the neurocranium and quadrate. The rim of the tympanic 

membrane is supported by the neurocranium and rostrally by a broad ligament (see 

Fig.1B between points A and B) that extends from the otic process of the quadrate 

(Fig.1B between points C and D) (Smith, 1904, Starck, 1995, Saunders et al., 2000). 

In the avian middle ear, sound attenuation seems to be limited to the tympanic muscle. 

Primarily based on electromyograms of the tympanic muscle and associated volume 

change in the middle ear in chickens, Counter and Borg (1979) found the tympanic 

muscle to be active during vocalization, but these authors already suggested that an 

unknown mechanism, other than the tympanic muscle, influences the middle ear 

function. Starck (1995) suggested, based on anatomical research, that movement of the 

beak can be linked to changes in tension of the eardrum – due to the broad ligamentous 

connection of the tympanic membrane with the kinetic quadrate - hence effecting the 

hearing of birds. The present study tests this premise by quantitatively assessing the 

effect of craniokinesis on the middle ear. 

The quadrate bone is a part of the beak suspension (Fig.1) and plays an important role 

in craniokinesis. A general model of upper jaw elevation has been put forward in which 

the quadrate rotates dorsally, rostrally and medially about the quadrato-squamosal 

joint. This force is transferred to the pterygoid-palatine complex and jugal, which 

elevates the upper jaw (Bock, 1964, Zusi, 1984, Gussekloo et al., 2001, Dawson et al., 

2011). We question whether, and if so, how, these quadrate movements, which cause 

beak opening, may impact the conducting apparatus of the middle ear. Micro-computed 

tomography was used to visualize morphology. Quadrate rotations, upper jaw elevation 

and lower jaw depression were measured. Tympanic membrane shape analysis and 

columella deformation analysis were conducted to visualize the effect of craniokinesis 

on the middle ear in the domestic chicken (Gallus gallus domesticus). It is hypothesized 
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that quadrate rotation coupled to beak opening affects the function of the sound 

transmitting apparatus (tympanic membrane, extracolumella and columella) in chickens. 

Because of the difference in vocalization capacity between the sexes, both hens and 

roosters are investigated. We hypothesize that influences of craniokinesis on the middle 

ear will have a greater influence in roosters then in hens because of their much louder 

vocalization. Alarm calls in hens can reach 76 dB (Brumm et al., 2009), in roosters sexual 

display calls can reach 100 dB (Brackenbury, 1977); own measurements: see further). 

 

 

Figure 1: Chicken skull and quadrate morphology. A) Surface model of skull, lateral view. Red: quadrate; 
black dashed line: axis of skull removal. B) Surface model of left quadrate (red), tympanic membrane (purple) 
and broad ligament (green) connecting the quadrate (between C and D) and tympanic membrane (between 
A and B). The rest of the tympanic membrane is connected to the neurocranium. C) Middle ear components: 
tympanic membrane (purple); extracolumella (green) and columella (blue). 
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Materials and methods 

Micro-CT scanning 

Six heads of the domestic chicken (Gallus gallus domesticus), three males and three 

females, respectively four months and one year old, were used. The heads were 

obtained from a chicken farm after decapitation. The samples were stored for one day 

in a refrigerator and taken out the night before scanning. To exclude potential pressure 

fluctuations inside the middle ear as a result of the scanning procedure that could affect 

the tympanic membrane, the caudal part of the skull of one hen and one rooster was 

removed to ventilate the interaural pathway, connecting the two middle ears (Fig.1A). 

Removing this specific part of the skull had no influence on craniokinesis, because none 

of the muscles nor ligaments responsible for beak movements attach to this part of the 

skull (Van Den Heuvel, 1991). On these specimens, ±15 beads (glass spheres; diameter: 

38 - 45 µm) were placed per tympanic membrane on the left and right tympanic 

membrane. After scanning bead displacement was assessed from the difference in 3D 

position in the surface models. This enabled us to visualize and quantify eventual 

deformations of this membrane during craniokinesis. Beads displacement before and 

after opening of the beak could be an indication for alterations in membrane strain. 

Micro-computed tomography (micro-CT) enabled us to make surface models of the 

specimen. The heads were scanned with the beak closed and fully opened. Care was 

taken not to force the beak beyond its anatomical limits but it is still possible that the 

manipulation range of motion do not match the behavioral range of motion. To keep the 

beak open during scanning, a plastic tube was placed between the upper and lower jaw. 

When the beak was opened, the sample was left to accommodate for 30 minutes. The 

scans were made by the Centre for X-ray Tomography at Ghent University with the High-

Energy CT system Optimized for Research (HECTOR) (Masschaele et al., 2013). The 

samples were scanned over an angle of 360° in a closed container with the X-ray source 

set at 120 kV and 250 µA. The exposure time 
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was set at 667 ms and the total scanning time per sample was 30 min. The reconstructed 

slice images had voxel sizes of 25 and 30 µm. 

 

Segmentation, surface model 

A three-dimensional image processing software package (Amira 5.4.4; 64-bit version, 

VSG systems) was used to segment the voxels corresponding to the quadrate, columella, 

tympanic membrane and the bony semi-circular canals of the inner ear. Segmentation 

was performed by automatic thresholding based on grey-scale values in combination 

with a manual correction in the three orthogonal views. The segmented outlines were 

smoothed and a surface model was created. The bony semi-circular canals of the inner 

ear were used to align the models so a comparison could be made within one head 

(opened and closed beak). 

 

Measurements 

Beak opening was quantified as the angle of upper jaw elevation (β) and lower jaw 

depression (α) after aligning the neurocrania of the scans with opened and closed beak 

(Fig.2). Upper jaw elevation was quantified via the four bar system formed by the 

quadrate (Fig.2: A); jugal bar (Fig.2: B); nasal-frontal hinge – jugal-upper jaw hinge (Fig.2: 

C) and the nasal-frontal hinge – quadrato-squamosal joint (Fig.2: D) (respectively crank; 

coupler; rocker and frame). 
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Figure 2: Morphology of hen skull with closed (purple) and open beak (red). α: lower jaw depression; β: 
upper jaw elevation; Position of the four bar system when the beak is closed is depicted in full lines. Position 
of the four bar system when the beak is opened is shown in dashed lines. A: crank; B: coupler; C: rocker; D: 
frame. 

 

The morphology and dimensions of the columella, tympanic membrane and quadrates 

of both hens and roosters were compared to assess possible sexual dimorphism. 

Dimension differences were checked by taking the ratio of the length between the 

orbital process and the quadrato-squamosal joint (x) over the length between the lateral 

mandibular condyle and the quadrato-squamosal joint (y) (Fig.5A). The quadrate of the 

roosters were further downscaled and aligned with the ones of the hens to visually 

compare the morphology. 

Rotation of the quadrate was described as a combination of a forward rotation of the 

lateral lower jaw condyle (Fig.3A) about the quadrato-squamosal joint (Fig.3B) and an 

axial rotation about its squamosal-mandibular (S-M) axis (Fig.3). 
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Figure 3: Axes about which the quadrate rotation angles are calculated. Directionality is indicated by the 
rotational arrows. A) Frontal rotation of the quadrate about the quadrato-squamosal axis (Q-S axis; red). B) 
Lateral view of quadrate and C) Rostral view of quadrate: axial rotation about the squamosal-mandibular 
axis (S-M axis; green). 

 

The potential translation of the columella, as a result of craniokinesis, was assessed by 

allocating four anatomical points on the rim of the footplate at the outer edge of the 

long and short diameter. The differences between closed and open beak conditions in 

the position of the mean of the coordinates of these four points was calculated. Potential 

angular displacement of the columella was calculated as the rotation of the tip of the 

bony shaft about the position where the bony shaft is connected to the columellar 

footplate. 

 

One side of one rooster head could not be used as movement artefacts of the columellar 

footplate during scanning occurred. 

 

Conclusions on deformation of the tympanic membrane are based on the heads with 

opened interaural cavities (cf. above) only. 

 

Behavioral recordings 

For the purpose of the discussion, qualitative video recordings of pecking and crowing 

roosters were made of free ranging individuals and were used to assess gaping (relative 
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to head size) of both actions. For 5 individuals, calibrated sound records of crowing were 

made (H2n Handy Recorder, Zoom Corporation, Tokyo; at a distance of 1m) together 

with the video recordings. For records for which the head was (close to) in sagittal view, 

the reconstruction of the skull of the µCT-scanned heads with close and maximal opened 

beak were superimposed on the video frames in order to estimate the degree of beak 

opening during crowing. 

 

 

Results 

Beak opening 

Hens had a lower jaw depression (Fig.2: α) of 34.1 ±2.6° and roosters of 32.7 ±2.5°, the 

overlapping ranges are indicative for hens and roosters being indifferent in this respect. 

However, in upper jaw elevation (Fig.2: β) there was no overlap in ranges indicating a 

difference between hens and roosters (Fig.4). In hens the upper jaw was elevated 12.7 

±2.5°, whereas in roosters the upper jaw was elevated 18.5 ±3.8° (Fig.4; Table 1). 

 

Figure 4: Measurements of upper jaw elevation and lower jaw depression. Green: hen; Red: rooster. 
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Quadrate 

The ratio (x/y) had a value of 1.08 ±0.06 for hens and 1.18 ±0.07 for roosters (Table 1). 

The small difference between these ratios, together with the comparison in figure 5, 

indicates that morphological differences are very small between hens and roosters. 

Importantly, at the otic process, where the tympanic membrane is attached no 

differences could be observed. Further comparison of all the quadrata showed that 

these differences seem to reflect inter-individual variability rather than differences 

between the sexes. 

The frontal rotation of the quadrate about the transverse quadrato-squamosal (Q-S) axis 

(Fig.3A) had a magnitude of 11.1 ±2.5 for hens and 15.4 ±2.8° for roosters. The rather 

small overlap in ranges are indicative for roosters having a greater rotation about the Q-

S axis (Fig.6, Table 1). 

In hens, the quadrate rotated 3.2 ±1.2° about the squamosal-mandibular (S-M) axis 

(Fig.3B). In roosters this angle amounts 5.7 ±2.5°, which can be an indication that the 

rotation angle in roosters was greater (Fig.6, Table 1). The greatest observed quadrate 

displacement for the connection between the quadrate and the eardrum is situated at 

the point where the tympanic membrane is connected to the quadrate via the broad 

ligament (see point C in Fig.1B) and being equal to 0.50 ±0.07 mm in hens and 0.79 ±0.05 

mm in roosters (Table 1). 

 

 

Figure 5: Surface models of the aligned left quadrates of one hen (green) and one rooster (red) after scaling. 
A) Sagittal view; B) Rostral view. 
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Figure 6: Measurements of frontal rotation of the quadrate about the quadrato-squamosal axis (Q-S axis) 
and rotation angle of quadrate about the squamosal-mandibular axis (S-M axis). Green: hen; Red: rooster. 

 

Middle ear 

A total linear columella displacement of 0.07 ±0.05 mm in hens and 0.08 ±0.02 mm in 

roosters was observed when the beak was opened. When linear displacement of the 

columella is presented as a percentage of the length of the bony shaft of the columella 

(respectively 2.60 ±0.05 mm in hens and 3.10 ±0.06 mm in roosters) it is noticed that 

linear displacement is very small, the percentages being 2.3% for hens and 2.6% for 

roosters. An angular displacement with a magnitude of 2.0 ±1.3° in hens and 1.3 ±0.3° in 

roosters was calculated (Table 1; Fig.7). Figure 7 shows that after downscaling the 

columella of roosters there are only minimal differences with hens. 
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Figure 7: Position of the columella: A) sagittal and B) top view of the columella of one hen and C) sagittal 
and D) top view of the columella of one rooster with closed beak (green) and open beak (red). Position of 
the extracolumella (blue) on the columella in hen with closed beak (same orientation on columella of 
rooster, but not shown in figure). 

 

Figure 8A shows the effects of beak opening in hens on the tympanic membrane. No 

displacement of the conical tip of the eardrum - where the extracolumella pushes the 

eardrum outwards - was observed, in both left and right tympanic membrane (Table 1). 

In hens, the shape of the conus changed little, with only a small change in position of the 

beads (between 0.11 and 0.17 mm) towards the caudal rim of the otic process of the 

quadrate (Fig.9A). This suggests that beak opening, through craniokinesis, causes slight 

stretching of the tympanic membrane. 

In roosters there is substantial inward change in position of the conical tip of the 

eardrum during beak opening of 0.378 ±0.21mm. This is linked to a flattening of the 

eardrum conus. (Table 1; Fig.8B). Figure 9B shows that direction of the biggest change in 

position of the beads in roosters was perpendicular at the direction of the quadrate 

movement. When opening the beak, a displacement of 0.145 mm and 0.115 mm on 

respectively the left and right tympanic membrane was calculated. 
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Figure 8: Color code: green: closed beak; red: maximal beak opening. A) Edge on view of the left tympanic 
membrane of a hen. B) Oblique view of the left tympanic membrane of a hen. C) Edge on view of the left 
tympanic membrane of a rooster. D) Oblique view of the left tympanic membrane of a rooster. 

 

 

 

Figure 9: Schematic overview of the tympanic membrane and the otic process of the quadrate bone A) in 
hens and B) in roosters. Purple: tympanic membrane; green: quadrate position closed beak; red dotted line: 
quadrate position open beak; purple star: position of conical tip of tympanic membrane; green dot: position 
of beads with closed beak; red plus: position of beads with opened beak; black arrows: directions of beads 
(tympanic membrane) displacements (NOT magnitude of displacement). 
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Table 1: Overview of measured data (mean ± standard deviation) of both sexes. 

  Hen Rooster 

Beak opening 
Upper jaw elevation (°) (Fig.2: 

β) 
12.7 ±2.5 18.5 ±3.8 

 
Lower jaw depression (°) 

(Fig.2: α) 
34.1 ±2.6 32.7 ±2.5 

Quadrate 
morphology 

Ratio x/y (Fig.5) 1.08 ±0.06 1.18 ±0.07 

Quadrate rotation 
Frontal rotation angle about 

Q-S axis (°) (Fig.3A) 
11.1 ±2.5 15.4 ±2.8 

 
Rotation angle about S-M axis 

(°) (Fig.3B) 
3.2 ±1.2 5.7 ±2.5 

 
Quadrate displacement at 

point C (mm) (Fig.1B) 
0.50 ±0.07 0.79 ±0.05 

Middle ear Length of columella (mm) 2.60 ±0.05 3.10 ±0.06 

 Linear translation (mm) 0.07 ±0.05 0.08 ±0.02 

 Angular displacement (°) 2.0 ±1.3 1.3 ±0.3 

 
Displacement of conical tip of 

TM (mm) 
0.0 ±0.00 0.378 ±0.21 

 

 

Discussion 

The avian middle-ear conducting apparatus consists of one ossicle (the columella) 

composed of a bony shaft and a cartilaginous, trifurcated distal end attached to the 

tympanic membrane (extracolumella consisting of the supra-, infra- and extra-

stapedius). There is no real joint between the bony shaft and extracolumella but great 

flexibility exists between the two. One muscle can be found in the avian middle ear, 

which is attached to the infra-stapedius and to the edge of the tympanic membrane 

between the infra- and extra-stapedial cartilages. Platner’s ligament is connected to the 

transition between the extracolumella and the columella and stretches across the 

middle ear cavity to the posterior face of the quadrate bone. Two other ligaments are 

attached to the extra- and infra-stapedius, run over the inside of the tympanic 

membrane and attach to the walls of the bony Eustachian groove. The tympanic 

membrane has a conical shape of which the tip is orientated outwards. The rim of the 
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membrane is supported by the neurocranium and rostrally by a broad ligament that 

extends from the otic process of the quadrate (Smith, 1904, Saunders et al., 2000). 

Counter and Borg (1979) studied the activation of the tympanic muscle in the middle ear 

of chickens. Electromyograms were obtained from the tympanic muscle and related to 

the volume changes of the middle ear. Activity of the muscle was primarily related to 

self-vocalization of the chickens and it was found that with the sound intensity level, the 

activation level of the muscle and the middle ear volume increased. Possible effects of 

contraction of the tympanic muscle was excluded by cutting the muscle, however, 

volume changes were still noticeable making these authors to suggest that mechanisms 

other than the tympanic muscle (e.g. outer ear muscles, air pressed into the system via 

the Eustachian tube or deformation of the whole skull during vocalization) influence the 

middle ear function during vocalization. Via anatomical studies on palaeognathous birds, 

Starck (1995) suggested that beak opening must change tension of the eardrum, due to 

the connection of this membrane to the kinetic quadrate. This author postulated that 

this must effect the hearing of the bird. So far, no study has quantified the exact effect 

of craniokinesis on the middle ear in birds. The present study focused on the domestic 

chicken; not only because this species is widespread and well-studied (Borg et al., 1979, 

Counter and Borg, 1979, 1982, Grassi et al., 1990), but primarily because both sexes 

differ drastically in vocalization. Sound levels up to 100 dB - measured at 1 meter 

distance - are recorded during crowing (similar to the level reported by Brackenbury 

(1977) and these levels are likely considerably higher at the birds external auditory canal 

(approximating the sound signal of crowing as an hemispheric pressure wave originating 

from the source, the 100 dB at 1 meter distance recalculates to an impressive 126 dB at 

the level of the auditory canal; Muyshondt et al., 2017). As adjustments of the middle 

ear mechanics in response to self-vocalization were already demonstrated in Gallus hens 

(Counter and Borg, 1979), differences between hens (which are reported to produce 

maximally 76 dB measured at 1m distance (Brumm et al., 2009)) and roosters in the 
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effect of the mechanical link between craniokinesis and middle ear, if present, seem 

therefore very plausible. 

 

Chickens have a prokinetic skull, which means total beak opening is a combination of 

both upper jaw elevation, about the nasal frontal hinge, and lower jaw depression (Van 

Den Heuvel, 1991) (Fig.2). Due to the prokinetic skull, upper jaw elevation is caused by 

the rotation of the quadrate about the quadrato-squamosal joint (Van Den Heuvel, 1991, 

Bout and Zweers, 2001). The study of Dawson et al. (2011) also showed that in mallards 

rostral rotation of the quadrate is highly correlated with upper jaw elevation. Thus, solely 

upper jaw elevation, and not lower jaw depression, could be linked to altered middle ear 

mechanics via the ligamentous connection between the tympanic membrane and the 

caudal border of the quadrate. Our results suggest indifference in maximal lower jaw 

depression between hens and roosters (Fig.4). Interestingly, however, a difference in 

maximal upper jaw elevation between both sexes was suggested, with the greater lift in 

roosters (Fig.4, Table 1). As a result, roosters do show larger gaping mediated by the 

upper jaw. Degree of beak opening affects bird vocalization, not only in frequency 

patterns (with higher gapes related to higher frequencies (Hausberger et al., 1991, 

Westneat et al., 1993, Podos et al., 1995)), but more importantly, also in sound 

amplitudes (loudness). Louder syllables are produced with greater beak opening 

(Williams, 2001, Goller et al., 2004). Qualitative video measurements indicated much 

larger gapes during crowing than during pecking the largest food items available (>3x). 

Protection of the inner ear against loud self-vocalization might be an issue for the 

roosters, because the larger gaping is likely due to higher upper jaw elevation. However, 

based on the superposition of the reconstructions of the skull with closed and fully 

opened beaks on the frames of the video sequences with the sound records, it appeared 

that in none of these sequences (n=9), neither upper nor lower jaw reach their maximal 

positions during the recorded crows. This might suggest that the behavioral range of 

motion (during crowing) is smaller than the anatomical range as imposed during the 
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careful manipulation of the fresh cadaver heads used for scanning. Equally well, 

however, it may be that the recorded vocalizations were submaximal. This possibility is 

clearly supported by the fact that the typical extended and bended neck-posture that 

occurs during intense crowing was never reached in the present qualitative video 

recordings1. If true, sound levels will be even more impressive than the recorded 100 dB 

at 1m distance. Further detailed quantitative kinematical analysis coupled to sound 

recordings of vocalization under different natural conditions (e.g. male-male 

interactions, herding ….) is needed, but is beyond the scope of this anatomical study. 

 

Given the nearly identical morphology of the quadrate in hens and roosters when scaled 

for quadrate size (Fig.5, Table1) the greater maximal upper jaw rotation in roosters must 

be related to a greater frontal rotation of the quadrate. This goes along with also a 

somewhat larger outwards rotation of the caudal border of the quadrate about the S-M 

axis in roosters (Fig.3B, Table 1). Taken together, these quadrate rotations result in a 

nearly 60% larger displacement of the attachment site (measured at point C, see Fig.1; 

cf. table 1) of the tympanic membrane in roosters, which strongly suggests that a 

mechanically significant differences in effect on the middle ear between sexes is present. 

 

Effects of craniokinesis on the middle ear components were found in both hens and 

roosters. In hens change in the conical shape of the tympanic membrane could not be 

detected, nor could a change in position of the conical tip (Fig.8A). However, small 

displacements of the beads on the tympanic membrane between the closed and open 

beak conditions were observed (Fig. 9A). This displacement towards the caudal rim of 

the eardrum where the quadrate is connected, likely indicate an increase in tension of 

the eardrum as the rest of the rim of the tympanic membrane is connected to the 

                                                           
1 After superimposing the reconstructions of the skull on images of adult crowing roosters (after 

publication), we confirmed that beak gapes used for scanning were met during crowing. 
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neurocranium, thus being immobile. Since the displacement of this quadrate rim is larger 

than the bead displacement, the broad ligament and soft tissue between quadrate and 

eardrum apparently absorb part of the strain created by quadrate rotation. Any 

deviation from the resting tension of the tympanic membrane will result in an altered 

impedance (Van Dishoeck, 1941), so a shift in the sound transmission characteristics in 

hens as a result of craniokinesis can be expected. However, the change in tension of the 

tympanic membrane by craniokinesis, and consequently also the premised effect on 

transmission, is small. To understand how tension is distributed and changes over the 

tympanic membrane finite element modeling is necessary for which material properties 

of the tympanic membrane have to be known (e.g. thickness, elasticity, …). This, 

however, is beyond the scope of this study. 

In roosters, craniokinesis is more pronounced and greater impacts on the tympanic 

membrane were observed. Our results show a clear flattening of the tympanic cone (i.e. 

inwards shift of the apex of the tympanic membrane). As neither linear, nor angular 

displacement of the columella were observed as a result of craniokinesis, this shape 

change of the eardrum implies a deformation of the extracolumella. Because the 

tympanic muscle is inactive in our specimens (cf. also Counter and Borg, 1979), tympanic 

membrane movement is more readily explained by the larger quadrate movements in 

roosters. Moreover, pressure differentials over the membrane were excluded by 

experimentally opening the interaural pathway (see materials and methods). The 

flattening of the cone probably results in a decreased tension in the membrane, as the 

membrane rim cannot move (except for the small part where it is connected to the 

quadrate). This is confirmed by the change in position of the beads, which move towards 

each other when the quadrate rotates during beak opening (Fig.9B). Relaxation of 

eardrum tension results in an attenuation of sound transmission, suggesting that the 

relatively large beak opening during a rooster’s vocalization behavior (cf. above) can 

provide the hypothesized protective (attenuation) response via a passive kinematic 

chain. In hens quadrate rotations lead to an increase in tension of the tympanic 
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membrane (see above). In roosters however a more pronounced rotation of the 

quadrate lead to a decrease in tension of the tympanic membrane. From the present 

µCT-study, however, it cannot be deduced how this more pronounced quadrate 

movement can lead to these opposite effects at the level of the tympanic membrane in 

hens as roosters. Our samples were not stained as this may cause shrinkage and increase 

in stiffness (Buytaert et al., 2014). Answering the questions we pose requires to keep the 

natural mechanics of the tympanic membrane. Yet, not staining the specimens had as 

disadvantage that certain soft tissue types were not distinguishable: e.g. the transition 

between the tympanic membrane and the surrounding soft tissue (movements of the 

outer rim of the eardrum could not be visualized) and ligaments linked to the eardrum 

due to this it may look in figure 8C as if the whole tympanic membrane moves inwards, 

including the rim. However, it can be expected that this is not the case due to the fixation 

of the eardrum to the bony surrounding, except for the part where is connects to the 

quadrate where a small disposition of the eardrum may be expected. 

 

 

Conclusion 

Different effects of craniokinesis on the middle ear mechanics were observed between 

hens and roosters. In hens, quadrate rotation when opening the beak maximally has only 

a small effect on the tympanic membrane. In roosters, quadrate movements are more 

pronounced and seem to result in a decrease in tension of the eardrum, which causes a 

deformation of the extracolumella. Most likely, these altered mechanics are linked to 

larger beak opening when crowing. This difference between the sexes can be placed in 

a behavioral, ecological context. During pecking, beak opening remains small for both 

hens and roosters and sound perception (predators, destress calls, vocalizing by 

conspecifics) is likely not affected by the kinematic chain. For roosters, self-vocalization 

can be extremely loud (above 100 dB at the level of the external auditory canal). Passive 
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damping of this intense sound level could be very helpful to protect the inner ear from 

being damaged. However, more research is needed to support this hypothesis. 

Quantification of the strain and displacement of the tympanic membrane in function of 

acoustic measurement of the columellar footplate response, as well as quantitative 

audio and video recordings of crowing roosters would be very useful in this respect. 
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Abstract 

High sound pressure levels (> 120 dB) cause damage or death of the hair cells of the inner 

ear, hence causing hearing loss. Vocalization differences are present between hens and 

roosters. Crowing in roosters is reported to produce sound pressure levels of 100 dB 

measured at a distance of 1m. In this study we measured the sound pressure levels that 

exist at the entrance of the outer ear canal. We hypothesize that roosters may benefit 

from a passive protective mechanism while hens do not require such a mechanism. 

Audio recordings at the level of the entrance of the outer ear canal of crowing roosters, 

made in this study, indeed show that a protective mechanism is needed as sound 

pressure levels can reach amplitudes of 142.3 dB. Audio recordings made at varying 

distances from the crowing rooster show that at a distance of 0.5m sound pressure levels 

already drop to 102 dB. Micro-CT scans of a rooster and chicken head show that in 

roosters the auditory canal closes when the beak is opened. In hens the diameter of the 

auditory canal only narrows but does not close completely. A morphological difference 

between the sexes in shape of a bursa-like slit which occurs in the outer ear canal causes 

the outer ear canal to close in roosters but not in hens. 

 

 

Introduction 

Noise induced hearing impairment can be caused by exposure to loud sounds. A 3 dB 

increase in sound pressure level (SPL) represents a doubling of the sound intensity and 

above 120 dB, sound may even result in immediate damage in both mammals and birds 

(Smolders, 1999, Maassen et al., 2001). Guidelines for humans set by the National 

Institute for Occupational Safety and Health (NIOSH) recommend noise exposure limits 

of 85 dB for a period of 8 hours as being safe. Exposures at and above this level are 

considered hazardous. Increased SPLs are safe for a shorter span of time (e.g. 100 dB is 
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safe for less than 15 min; SPL above 130 dB can cause hearing damage at exposure times 

of less than 1 s) (NIOSH, 1998). This hearing loss is mostly the result of damage to, or 

death of, the hair cells of the inner ear (Wang et al., 2002). 

 

In chickens (Gallus gallus domesticus) a drastic difference in vocalization is present 

between the two sexes. Alarm calls in hens reach 76 dB (Brumm et al., 2009), while 

crowing roosters are reported to produce sound levels of 100 dB, measured at a 1m 

distance, which recalculates (inverse square distance law) to approximately 126 dB close 

to the source (Brackenbury, 1977, Claes et al., 2017). Borg and Counter (1989) reported, 

quasi anecdotally, (i.e. no reference or details on how this measure is obtained) that the 

SPL can reach 130 dB measured directly next to the head of the rooster. These high SPL 

values suggest the necessity for active or passive mechanisms to protect the animals 

from self-generated vocalizations. It has been shown that the tympanic muscle in the 

chicken middle ear activates in response to self-vocalizations, possibly influencing sound 

transmission through the middle ear (Borg and Counter, 1989). Attenuations, as a result 

of reflexive stapedius activation, of up to 20 dB for maximal contraction at 800 Hz are 

reported. Oeckinghaus and Schwartzkopff (1983) observed a frequency specific 

attenuation in tawny owls (Strix aluco). Higher levels of attenuation (10 dB) are present 

at lower frequencies than at higher frequencies. In starlings the songs and calls fall into 

the most sensitive hearing range (Konishi, 1970, Dooling et al., 1971). The tympanic 

muscle exerts little influence at these frequencies. This implies that the tympanic muscle 

probably only provides limited protection against self-vocalization. However, also 

passive mechanisms play a role in hearing protection. Claes et al. (2017) showed that 

wide upper beak elevation in roosters (as present during crowing) causes, through its 

coupling with the moving quadrate bone, relaxation of the tympanic membrane. 

Interestingly, however, this was not observed in hens suggesting that the effect of 

craniokinesis on the tympanic membrane in roosters represents a passive protective 

mechanism against loud self-vocalization. Ex vivo experiments by Muyshondt et al. 
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(2017) show that beak opening in roosters results in reducing the power transferred 

from the tympanic membrane to the inner ear by approximately half (3.5 dB), while in 

hens, beak opening barely affects the transfer. As mentioned earlier, attenuation by 

stapedius activity reaches a maximum of 20 dB at 800 Hz. However, the findings of 

Oeckinghaus and Schwartzkopff (1983), that attenuation is frequency dependent, may 

imply that less attenuation is present at higher frequencies in chickens. This implies that, 

despite the passive attenuation found by Claes et al. (2017) and measured by Muyshondt 

et al. (2017) and if the above reported SPL at the level of the rooster’s head are 

confirmed, the sound pressure reaching the inner ear still remains close to the threshold 

level at which immediate damage can, potentially, be caused. Even if active protection 

by reflexive stapedius activation occurs damage can still take place. In this case the 

question can be posed whether additional passive protection related to wide beak 

opening during crowing exists. 

 

Former measurements of crowing roosters were taken in the far field (materials and 

methods). No doubt, however, that at close proximity, a rooster should be considered a 

highly directional sound source. Thus, measurements at a distance do not actually give 

any information about what is perceived by the animal itself. In this paper, we present 

the results of measurements of the sound level directly perceived at the entrance of the 

external auditory canal during self-vocalization in roosters. Additionally, SPL in the 

proximity of the crowing rooster were also recorded at different distances and from 

multiple directions to compile the geometry of the sound field. 

 

We hypothesize that SPLs at the rooster’s ear are so high that the animal may indeed 

benefit from (passive) protective mechanisms, but that the decrease of the SPL in the 

environment is such that hens, even when relatively close to the rooster, are not in 

immediate danger of hearing impairment. This would explain the formerly reported 

functional anatomical difference in the coupling between craniokinesis and middle ear 
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function in both sexes (see above; Claes et al., 2017). Moreover, we hypothesize that 

passive protective mechanisms related to wide beak opening additional to the tympanic 

membrane relaxation are likely present in roosters, but not in hens. If present, further 

passive attenuation must occur at the level of the external auditory canal (i.e. part of the 

path of the sound waves from the periphery to the tympanic membrane), as our former 

functional morphological study (Claes et al., 2017) assessed the passive SPL-reduction in 

the remaining part (i.e. by the entire middle ear, from the tympanic to the inner ear). 

Therefore, the effect of beak opening on the geometry of the external auditory canal is 

studied by means of micro-CT. 

 

 

Materials and methods 

Sound recording 

Audio recordings of the crows of three adult roosters (different breeds of Gallus gallus 

domesticus: Welsummer, R1; Barnevelder, R2 and mix breed, R3) were made at the level 

of the entrance of the outer ear canal. For this purpose, a small audio recorder 

(Wristband Voice Recorder, J&R Electronics, Hong Kong, China) was strapped around the 

neck of the animals such that the microphone was positioned immediately adjacent to 

the ear opening (fig. 1a). The sensitivity of the device was modified to be able to measure 

sound pressure levels well over 140 dB SPL. Animals were instrumented the night before 

recording to get them accustomed to the device before the recording sessions the next 

day at dawn. Recordings were made in a large outside enclosure to ensure free-field 

conditions. R1 recordings were used in Muyshondt et al. (2017). The first 11 crows of 

each rooster were used to calculate the mean SPL for each time step. To assess variability 

between the individual crows of each individual, the mean and standard deviation of the 

maximal dB of each crow was calculated. 
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Figure 1: A) Position of the wristband with audio recorder around the neck of R1. B) Setup for audio 

recordings at distance. White arrow indicates position of the audio recording device. 

 

Audio recordings were also made at different distances from one rooster (R1). The audio 

recorder was strapped on a wooden pole in the chicken’s enclosure, approximately 35 

cm above the ground (approximately the height of a hen’s outer ear when standing 

upright). The microphone opening was placed above the pole to ensure that traveling 

sound waves were not obstructed (fig. 1b). The distance from the rooster, wandering 

around in the enclosure, to the audio recorder during crowing was assessed by using 

markings on the ground and the directionality of the rooster towards the recorder was 

noted for each crow (front, front-right, right, back-right, back …). When no data points 

were available on the left or right side of the rooster head the same SPL was taken from 

the corresponding direction on the contralateral side, as it can be expected that SPL on 

both sides of the rooster are the same. The recorder was not attenuated for sound 

pressure sensitivity for these recordings. 

The audio recorder sampled at 16 kHz with a depth of 16 bit. It was calibrated twice (i.e. 

when attenuated for sound pressure sensitivity and when not; cf. above). The calibration 

was achieved by measuring the SPL of stepwise pure-tone sound signals (in free field) at 

a distance of 20 cm from a loudspeaker by means of a precalibrated microphone (Probe 

Microphone Type 4182, Brüel & Kjær, Nærum, Denmark). The frequency dependent 

calibration curve of the audio recorder was obtained by comparing the magnitudes of 

both signals. The resulting calibration curves are shown in fig. 2a. To determine the total 

SPL of the rooster’s crow as a function of time, a spectrogram of the uncalibrated 
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vocalization signal was first calculated by means of a short-time Fourier transform. To 

correct the spectrogram for the frequency-dependent sensitivity of the microphone, the 

spectral decomposition of each time instant in the spectrogram was multiplied with the 

microphone’s calibration curve. A spectrogram for a single crow of rooster R1 is shown 

in fig. 2b. Then, peaks of the vocalization signal were identified in the spectrogram, and 

the harmonic contributions of all peaks (i.e. sines with particular frequencies, amplitudes 

and phases) were summed. Subsequently, the root mean square of this reconstructed 

signal was calculated to obtain the total SPL. 

 

 

Figure 2: A) Calibration curve of the audio recorder when it was attenuated for sound pressure sensitivity 

(grey) and when it was not attenuated for sound pressure sensitivity (black). B) Calibrated spectrogram of a 

single crow of rooster R1, showing the spectral decomposition of the rooster’s crow over time. 

 

Geometry of the external auditory canal 

During manipulation experiments where the beak of chickens was maximally opened 

and closed it could be observed that the external auditory canal is compressed. However, 

visual inspection alone is inadequate to assess whether the auditory canal closes 

completely. To study this the µCT scans of a hen and rooster used to study the effect of 

beak opening on the middle ear (Claes et al., 2017) were re-examined to reconstruct the 

geometry of the external auditory canal when the beak is closed and when opened 

widely. One fresh rooster and one chicken head (species: Dekalb white) were obtained 

from a chicken farm. The heads were stored in a refrigerator during one day and taken 
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out the night before scanning. The heads were scanned with the beak closed and fully 

opened. µCT-scans were made by the Centre for X-ray Tomography at Ghent University 

with the High Energy CT system Optimized for Research (HECTOR) (Masschaele et al., 

2013). The samples were scanned over an angel of 360° in a closed container with the X-

ray source set at 120 kV and 250 µA. The exposure time was set at 667 ms and the total 

scanning time per sample was 30 min. A three-dimensional image processing software 

package (Amira 5.4.4; 64-bit version, VSG systems) was used to assign the voxels 

corresponding to the outer ear canals and the vestibular system. A surface model was 

created after smoothing the outlines. The outer ear canals were superimposed by 

aligning the vestibular systems so the geometry of the external auditory canals could be 

compared before and after beak opening. 

 

 

Results 

Sound recording 

In figure 3 the SPL of the individual crows and mean are plotted as a function of time. R1 

and R3 show only small fluctuations in SPL between the individual crows, being 1.4 dB 

and 1.3 dB respectively. R2 shows larger variability, 2.3 dB (fig. 3). However, individual 

performances are very comparable. The crows of rooster 1 and 2 took approximately 2 

s. The SPL was over 130 dB for approximately 50% of this time period for R1 and 

approximately 25% for R2. For the remaining duration of the crow, the level in most 

crows stayed well above 110 dB (R1) and 120 dB (R2). SPL never dropped below 100 dB. 

For R3, crows were shorter in duration (approximately 1.3 s), but the SPL for 

approximately 10% of this time stays over 140 dB and never dropped below 120 dB. 

When looking at the individual crows of each rooster maximal SPLs are 136.1 dB, 141.2 

dB and 143.8 dB for the crows of individual R1, R2 and R3 respectively. The mean SPLs 
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of the individual crows were calculated for each rooster. Maximal mean SPLs are 133.5 

dB, 131.8 dB and 142.3 dB respectively. 

 

 

Figure 3: Graphic representation of 11 crows (grey), measured at the ear entrance, of rooster 1 (A), 2 (B) 

and 3 (C) with mean (black). Sound pressure level (dB) as a function of time (s). 

 

The SPL declines when the audio recorder is located further away from the source. At 

shorter distance from the rooster (0.5 – 1.5 m) the SPL is higher when being in front, 

front-left and front-right of the rooster. This effect of directionality diminishes and 

eventually disappears when the distance increases (fig. 4). 
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Figure 4: Schematic overview of the position of the audio recorder in relation to the head of the rooster 

(beak directed towards Front). Distance between the grey dotted circles is 1 m. Different colors indicate 

different SPL. Blue dots indicate at which position data was available. SPL (dB) is included (mean ± standard 

deviation; when multiple crows were available; number between brackets indicate the number of recordings 

when more than one recording was present). 

 

Geometry of the external auditory canal 

In the rooster, µCT-reconstruction shows that the external auditory canal closes 

completely when the beak opens maximally as during crowing (fig. 5A). Closing of the 

auditory canal occurs over a length of 1 mm, with the total length of the canal being 

approximately 4 mm. When the beak opens, soft tissue of the auditory canal comes into 

contact with almost 50% of the eardrum. For the hen the auditory canal compresses as 

a result of beak opening but does not close completely (fig. 5B). When the beak of the 



 Results 

121 

hen was closed a cross-sectional diameter of 4.5 mm was measured. When the beak was 

opened the diameter was reduced to 1.9 mm. 

 

Figure 5: Reconstruction of the auditory canal. Green outlines indicate the outer wall of the auditory canal. 

µCT-scan of the auditory canal of a rooster with closed (A) and opened (B) beak and a hen with closed (C) 

and opened (D) beak. 3 dimensional model of the closing of the auditory canal when the beak is closed and 

opened in a rooster (E) and in a hen (F). Transparent indication outlines the outer wall of the auditory canal 

with a closed beak (including the opaque indication). Opaque indication outlines the outer wall of the 

auditory canal with an opened beak. Scale bar: 2 mm. 
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Discussion 

The audio recordings of the crows of R2 and R3 confirm the previously measured SPL of 

R1 used in Muyshondt et al. (2017) and show that crowing in roosters is at levels that 

can cause immediate damage. The maximal recorded peak SPL (143.8 dB) even exceed 

the 126 dB as recalculated from the measurements by Claes et al. (2017) or the 130 dB 

suggested by Borg and Counter (1989) and are as loud as a jet taking off (Rabinowitz, 

2000). These vocalizations last only a few seconds, yet, the rooster produces such 

vocalizations over and over again. In mammals it has been shown that short duration 

exposure to loud sounds may damage the inner ear (NIOSH, 1998). 

 

As hair cells of the inner ear in birds are very similar to the mammalian hair cells (Köppl, 

2011), it seems very probable that protection of the inner ear in roosters against the 

impressive SPL of self-vocalization is required. Relaxation of the eardrum due to maximal 

upper bill elevation was put forward as a passive protective mechanism against self-

vocalization in roosters (Claes et al., 2017). Sound attenuation measurements were 

conducted in Muyshondt et al. (2017) which showed that when roosters open their beak 

maximally 3.5 dB attenuation is present. Von Békésy (1949) observed that the entrance 

and the cross-sectional area of the rooster’s outer ear canal become smaller while raising 

the head during vocalization. Our anatomical reconstructions reveal that beak opening 

(craniokinesis) not only relaxes the eardrum, but also entirely closes the external 

auditory canal over a large distance in roosters, even such that approximately half the 

tympanic membrane is externally cushioned by soft tissue. Functionally, this compares 

in a way to humans inserting custom molded anatomical earplugs reported to achieve 

noise reductions up to several tens of dB’s. Therefore, the attenuation of 3.5 dB as 

measured by Muyshondt et al. (2017) most likely only refers to the passive effects at the 

level of the middle ear described by Claes et al. (2017). Indeed, Muyshondt et al. (2017) 

report that, in their experiments where sound pressure was introduced at the entrance 
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of the ear canal and modelling clay was used to acoustically seal the canal entrance, it 

could not be observed that the opening of the ear canal became effectively smaller. 

 

In Claes et al. (2017) it was found that hens do not possess a passive protective 

mechanism. In the present study we, however, show that the auditory canal in hens does 

not close when the beak is opened. Only a small reduction in diameter is present. Our 

audio recordings in the far field support the hypotheses that hens do not need a 

mechanism to protect them from the loud crow of a rooster nearby, except when they 

are positioned directly in front of the beak of the rooster. The SPL rapidely drops to 102 

dB at a distance of 50 cm. It is also contra-intuitive that hens should anticipate by 

opening their beak when a rooster starts crowing. 

 

The question remains as to why beak opening in roosters, and not in hens, causes 

complete closure of the auditory canal. This may well be due to the morphological 

difference in shape of the bursa-like slit which occurs at the fibrous plate which attaches 

to the depressor mandibulae (Pohlman, 1921). This bursa-like slit is more developed in 

roosters than in hens. The depressor mandibulae connects to the retro articular process 

of the mandible and to the occipital bone and lies next to the auditory canal. Contraction 

of this muscle will displace the bursa-like slit forward and outward and seal the external 

ear canal completely in roosters but will only reduce the diameter of the outer ear canal 

in hens. The necessity for protection against self-vocalization may explain this sexual 

difference in anatomy. 

 

Still other passive mechanisms may be present. Bray and Thurlow (1942) observed a 20 

dB attenuation in pigeons due to changes in inner ear pressure. These changes can only 

be caused by displacements of the columellar footplate, however, in Claes et al. (2017) 

no displacements were found when the beak of the rooster was opened. Muyshondt et 

al. (2017) suggested that roosters may open their pharyngotympanic tubes while 
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crowing which allows sound to pass through, thus potentially balancing the pressure 

differential over the membrane, as already described in rainforest frogs (Narins, 1992). 

Whether such reflexive coupling exist in birds is actually unknown. Borg and Counter 

(1989) showed that also active mechanisms can play a role in protection against loud 

self-vocalization. They found that tympanic muscle activity in roosters may cause 

attenuations up to 20 dB. Therefore, taking everything into account it seems very likely 

that sufficient protection against loud self-vocalization is present in crowing roosters. 

Moreover, unlike mammals, birds have the ability to regenerate hair cells of the inner 

ear after noise-induced hearing damage. When accidental overload of SPL occurs, birds 

have the ability to restore their hearing capacity in a relatively short amount of time (100 

hours) (Smolders, 1999). 
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Abstract 

Static pressure changes can alter the configuration and mechanical behavior of the chain 

of ossicles, which may affect the acoustic transfer function. In mammals, the Eustachian 

tube plays an important role in restoring ambient middle ear pressure hence restoring 

the acoustic transfer function and excluding barotrauma of the middle and inner ear. 

Ambient pressure fluctuations can be potentially extreme in birds and due to the simple 

structure of the avian middle ear (one ossicle, one muscle), regulation of the middle ear 

pressure via reflexive opening of the pharyngotympanic tube appears all the more 

important. In this study the deformations of the chicken (Gallus gallus domesticus) 

middle ear structures, as a result of middle ear pressure alterations, are quantified, using 

micro-CT scanning. It was experimentally tested whether reflexive opening of the 

pharyngotympanic tube to restore ambient middle ear pressure is present in chicken and 

mallard (Anas platyrhynchos) and if this mechanism depends on sensing middle ear 

pressure indirectly via deformations of the middle ear components or sensing the middle 

ear pressure directly. A translation of the columellar footplate was observed when 

middle ear pressure was kept at 1 kPa and -1 kPa relative to ambient pressure. 

Deformation of the tympanic membrane is larger than the columellar footplate 

translation. Bending and deformation of the extracolumella was observed. Opening of 

the pharyngotympanic tube occurred at random pressure for both chicken and mallard 

when middle ear pressure was raised and lowered 1.5 kPa relative to ambient pressure. 

We also did not find a difference in middle ear venting rate when middle ear pressure 

was held constant at 0.5 , 1, 1.5, -0.5, -1 and -1.5 kPa for chickens and at 1, 2, 4, -1, -2 

and -4 kPa for mallards. As a result, no statement can be made about pressure within 

the avian middle ear being measured directly or indirectly. Our experiments do not 

support the presence of a short loop reflexive control of pressure equilibration via the 

pharyngotympanic tube. However, it is possible that triggering this loop requires 
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additional sensorial input (e.g. visual, vestibular) or it occurs voluntary (being controlled 

at higher brain level). 

 

 

Introduction 

When tetrapods made the transition from water to land the development of the middle 

ear (ME) structures was essential to match the acoustic impedance between the outside 

air and the fluid filled inner ear. Without the mechanical impedance match 99.9% of 

sound energy would be lost due to reflection (Møller, 1974). The ME ossicles are 

contained in an air-filled cavity with a mostly rigid wall and one opening sealed off by 

the tympanic membrane. A connection between the ME cavity and the nasopharynx 

exists both in mammals (Eustachian tube) and in birds (pharyngotympanic tube). In 

mammals it has been shown that the Eustachian tube is closed most of the time. In 

normal conditions it occasionally injects small volumes of nasopharyngal gas into the 

middle ear. When, mostly due to the external circumstances, very large pressure 

differences develop between the ME cavity and the ambient pressure. It has the function 

of a protective valve (Dirckx et al., 2013) and can release over- or under pressure. The 

main pressure regulation mechanism in the mammalian ear is a complex interplay 

between eardrum deformations, Eustachian tube gas injection and gas exchange over 

the mucosa covering the inner walls of the ME cavity in mammals and if present (as e.g. 

in humans) the air cells in the mastoid. Gas exchange across the last two pathways is a 

passive, partial-pressure gradient driven diffusion (Marcusohn et al., 2006, Alper et al., 

2011). In birds, a mucosa lined mastoid is not present. However, the ME cavity and air 

cavities in the skull (connecting the two MEs) are covered with mucosa so gas exchange 

can be present, it could be that the pharyngotympanic tube might play a more prominent 

role in ME pressure regulation.  
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The mammalian ME contains three bony ossicles (malleus, incus and stapes), two 

muscles (tensor tympani muscle and stapedius muscle; which is reduced to only one 

muscle in some species (Mason, 2013)) and some ligaments (anterior and superior 

mallear ligament; posterior incudal ligament and the annular ligament) to transmit (and 

modulate) the sound waves from the tympanic membrane to the inner ear. The ME 

cavity is also enclosed within bony structures, which are fused to one in some taxa, and 

the only connection to the pharynx exists via the Eustachian tubes, one at each side of 

the head (Møller, 1974, Rosowski, 1996, Ades et al., 2012). The mammalian ME is 

subjected to slow and sudden pressure changes due to changes in ambient pressure (e.g. 

changing altitude, diving in water etc.). These pressure changes may cause a pressure 

differential over the tympanic membrane resulting in deformations of the tympanic 

membrane thus altering the configuration and mechanical behavior of the chain of 

ossicles. This may affect the acoustic transfer function (Murakami et al., 1997, Teoh et 

al., 1997, Rosowski and Lee, 2002, Dirckx et al., 2006). When pressure changes are 

extreme (cfr. underwater diving; 10.1 kPa/m) barotrauma of the ME and inner ear can 

occur (e.g. rupture of the tympanic membrane, the inner ear membranes, oval and 

round window) (Melamed et al., 1992). The articulated multiple ossicles, muscles and 

ligaments of the ME enable to (partly) compensate for these altered mechanics, but 

cancelling the pressure differentials over the tympanic membrane is a more direct way 

to restore the normal transfer. 

The effects of static pressure changes on the mammalian ME are well known and 

described (Hüttenbrink, 1988, Dirckx and Decraemer, 1991, Dirckx et al., 2006). During 

experiments conducted by Dirckx et al. (2006) on cadaveric rabbit temporal bones, 

where ambient pressure was altered from -2.5 to 2.5 kPa the umbo (of the tympanic 

membrane) displaced 0.165 mm while the stapes amplitude was only 0.034 mm. In 

humans the complex interplay between the gas exchange processes, eardrum 

deformation, and to some extent Eustachian tube action, regulates the pressure 

differences between the ME cavity and ambient pressure (Dirckx et al., 2013). In the 
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human middle ear, it has been shown that both over- and under pressure can develop 

over time and under normal conditions the Eustachian tube does not reset the pressure 

to ambient conditions (Padurariu et al., 2016). Under normal conditions these 

Eustachian tubes are closed. During reflexive behaviors, including swallowing and 

yawning, muscles will enable gas transfer through the Eustachian tube between the ME 

and the pharynx (Siedentop et al., 1968, Rosowski and Merchant, 2000). Therefore, a 

baro-receptor function is premised at the level of the ME but, the exact appearance and 

sites of these receptors are still under debate (Rockley and Hawke, 1992). For example, 

Nagai et al. (1989) and Nagai and Tono (1989) reported mechano-receptors (Vater-

Pacinian corpuscles) in the tympanic membrane and ME which are suggested to be 

sensitive to deformations of the tympanic membrane and which may play a role in 

Eustachian tube action, which can be questioned as these are rapidly adapting receptors. 

 

In birds, the ME contains one ossicle with a bony shaft (the columella) and a 

cartilaginous, trifurcated distal end (the extracolumella), some ligaments (ascendens 

ligament, drumtubal ligaments, Platner’s ligament and annular ligament) and one 

muscle (tympanic muscle) (Smith, 1904, Starck, 1995, Saunders et al., 2000) (Fig. 1A). 

The MEs at both side of the heads are connected to each other by intracranial air-filled 

cavities and the interaural pathway which is part of the Y-shaped pharyngotympanic 

tube (Fig. 1B). Increasing the pressure outside one ear makes the tympanic membrane 

of the contralateral ear bulge out (Wada, 1923, Schwartzkopff, 1955, Counter and Borg, 

1979) (Fig. 2). The avian MEs are also connected with the pharynx via the 

pharyngotympanic tube, which is also closed (Saunders et al., 2000) (Fig. 2). Under 

normal conditions ME pressure slowly decreases 20 Pa below ambient pressure. When 

this pressure is reached, venting of the ME (opening of the pharyngotympanic tube) 

occurs. As such, depending on the species, regular venting of the ME occurs at constant 

ambient pressures, every 20-180 s (Larsen et al., 1997, 2016). 
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Figure 1: A) Medial view on the ME components: tympanic membrane (TM), columella (C), columellar 

footplate (CFP), extrastapedius (ES), infrastapedius (IS), suprastapedius (SS), Platner’s ligament (PL), superior 

drumtubal ligament (SDT), medial drumtubal ligament (MDT), inferior drumtubal ligament (IDT) and 

tympanic muscle (M). Deduced from Smith (1904). B) Schematic overview of pharyngotympanic tube, MEs, 

tympanic membranes, intracranial air cavities and interaural pathway. 

 

However, much larger pressure differentials than the few tens of Pa-s are likely to occur 

as a result of birds behavior. Many species frequently climb and descend several 

hundreds of meters in a relatively short time span. The bar-headed goose (Anser indicus), 

for instance, can bridge altitude differences of 6000 m starting at sea-level in one flight 

(total pressure drop of ±54 kPa (Hawkes et al., 2011) and stoop dive-flights of peregrine 

falcons, reaching speeds as high as 100 m/s (e.g. Ponitz et al., 2014), go along with 

pressure rates of change above 1 kPa/s (own estimates). In case of plunge-diving birds, 

such as gannets, these rates of change may even rise to several tens of kPa/s (based on 

e.g. Brierley and Fernandes, 2001, Capuska et al., 2011). Due to the simple structure of 

the ME (one ossicle, one muscle), capabilities to compensate for the inherently affected 

mechanical transfer by adjusting the properties of the chain connecting the tympanic 

membrane with the inner ear, seems to be much less in birds, compared to the 

mammalian ME. Therefore, given the potentially large and fast ambient pressure 

fluctuations, the possibility to effectively regulate the ME pressure via reflexive opening 

of the pharyngotympanic tube appears all the more important. 
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Figure 2: Comparison of the ME mechanical chain of chicken (A and C) and mallard (B and D). A and B: caudal 

view; C and D: dorsal view. Tympanic membrane (red), extracolumella (green), columella (blue) and Platner’s 

ligament (purple). IS: infrastapedius, ES: extrastapedius, SS: suprastapedius. Black oval: position and 

diameter of the tympanic membrane perforation. Scale bar: 1 mm. 

 

If reflexive pressure equilibration via pharyngotympanic tube ventilation is present in 

birds, there is also need for a system that can sense the pressure changes in the ME. 

Whatever the sensor is, from the mechanical point of view it could theoretically function 

in two different ways: either it senses the ME pressure directly, or it relies on the stress 

or strain changes that emerge when the mechanical chain of the ME deforms as a result 

of pressure alterations. As for mammals a ‘candidate’-organ can be premised. In birds 

(and also in some other tetrapods such as juvenile alligators and one species of bat) one 

candidate-organ in the middle ear is described: the paratympanic organ (PTO), which is 

suggested to function as a baro- and altimeter (von Bartheld, 1994, von Bartheld and 

Giannessi, 2011), although the exact function of the PTO is still under debate. Other 

unknown sense organs may also be present in the avian middle ear. 

In this study we first quantify the form changes of the sound transmission chain (i.e. the 

tympanic membrane, the extracolumella and the columella), using micro-CT (µCT), as a 

result of ME pressure alterations (mimicking differentials with ambient pressure). Next 
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we test (1) whether reflexive opening of the pharyngotympanic tube to restore the 

neutral configuration of the ME-mechanical chain does occur in birds when imposed to 

pressure changes, and (2) whether this relies on a mechanism of direct pressure sensing 

in the ME or on the deformation of the ME structures itself. The results are discussed in 

the context of the PTO-function. 

 

 

Materials and methods 

Study species 

Many experimental and morphological studies on the ME are carried out on domestic 

chickens (Gallus gallus domesticus) (Pohlman, 1921, Saunders, 1985, Giannessi and Pera, 

1986, von Bartheld, 1990, von Bartheld, 1994, Mills and Zhang, 2006). Therefore, the 

present study focusses on chickens, for what concerns the quantification of the 

deformation of the ME mechanical chain by means of µCT scanning. However, chickens 

are adapted to a terrestrial lifestyle and do not experience large ambient pressure 

fluctuations as compared to diving or flying species. For this reason, pressure 

experiments testing for the presence of reflexive opening of the pharyngotympanic tube 

and, eventually, for the nature of the triggering signal, are also performed on mallards 

(Anas platyrhynchos), a species which encounters higher static and dynamic pressure 

fluctuations, related to their lifestyle (crossing altitudes of 1 km very fast). 

 

Effects of pressure on middle ear components in chicken 

µCT scans were made of the head of both chicken and mallard post mortem to compare 

the ME anatomy. To visualize the possible effects of ambient pressure fluctuations on 

the tympanic membrane, columella and extracolumella, one rooster head was used for 

µCT scanning. The head was obtained from a chicken farm after decapitation one day 

before scanning and stored in the refrigerator at 5°C. Before scanning a thin hollow 
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needle (Ø = 0.8 mm) was inserted in the caudal part of the skull which was used to alter 

pressure within the intracranial air cavities, interaural pathway, and hence the MEs as 

they are connected with the intracranial air cavities and interaural pathway (Fig. 1). To 

ensure this system was airtight, glue was put around the entrance point of the needle 

into the skull. Three µCT scans were made with the Environmental Micro-CT (EMCT) by 

the Centre for X-ray Tomography at Ghent University (Dierick et al., 2014) to study the 

possible effects of pressure changes on the tympanic membrane, columella and 

extracolumella. During the first scan, the needle was opened, so ambient- and ME 

pressure were identical. Secondly, a rubber tube connected to a custom-made pressure 

generator was placed on the needle and ME pressure was held at -1 kPa below ambient 

pressure, which corresponds to a descent in altitude for instance from 83 m to sea-level. 

The custom-made pressure generator was used to change pressure in the intracranial 

air cavities, interaural pathway and MEs. After calibration, the system holds the pressure 

at the desired value with a precision better than 20 Pa. For the third scan the ME 

pressure was held 1 kPa above ambient pressure which correspond to a raise in 

atmosphere from sea-level to 83 m. All samples were scanned over an angle of 360° with 

the X-ray source set at 90 kV and 24.75 µA. The exposure time was set at 40 ms and the 

total scanning time per sample was 17 min. The reconstructed slice images had a voxel 

size of 30 µm. 

A three-dimensional image processing software package (AMIRA 5.4.4; 64-bit version, 

VSG systems) was used to assign the voxels corresponding to the tympanic membrane, 

columella, extracolumella, Platner’s ligament and the bony semi-circular canals of the 

inner ear. Segmentation was performed by automatic thresholding based on gray-scale 

values in combination with a manual correction in the three orthogonal views. The 

segmented outlines were smoothed and a surface model was created. The bony semi-

circular canals of the inner ear were used to align the models so a comparison could be 

made between the three conditions. 
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The anatomy of the chicken ME, as deduced from the µCT-scans, was compared with 

this of the mallard. One mallard head was scanned by the High-Energy CT system 

Optimized for Research (HECTOR), also at Ghent University, with a resolution of 7.5 µm 

(Masschaele et al., 2013). The head was obtained from a private dealer the day before 

scanning and stored in the refrigerator at 5°C. 

 

Possible displacement of the tympanic membrane was measured at the apex where the 

extracolumella pushes the membrane outwards. The potential translation of the 

columella was assessed by allocating four anatomical points on the rim of the footplate. 

Of these coordinates the mean was calculated. The difference in position between the 

means of the three conditions was calculated. Potential angular displacement of the 

columella was calculated as the rotation of the tip of the bony shaft about the position 

where the bony shaft is connected to the columellar footplate. Linear displacement of 

the tips of the three arms of the extracolumella were measured. After aligning the 

columellas of the three different conditions, exctracolumella deformation was 

quantified as rotation angles of the tips of the three arms of the extracolumella (infra-, 

supra- and extrastapedius) around the transition of the cartilaginous extracolumella and 

the bony columella (Fig. 1, 2). 

 

Pharyngotympanic tube response on fluctuating middle ear pressure 

The experiments are approved by the Ethical Committee for Animal Testing (ECD – 

University of Antwerp) (code: 2013-65). During these experiments three hens and three 

female mallards were used. The animals were not anesthetized. Three experiments were 

conducted on each individual. In the first experiment, the left tympanic membrane of 

the bird was perforated with a needle (Ø = 0.8 mm), so only a small puncture was present 

and the shape of the tympanic membrane was preserved (Fig. 2A, B). A plastic hollow 

plug was glued in the outer ear canal. This plug was connected via a rubber tube to our 
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custom-made pressure generator (see above). In this way pressure in the MEs, 

intracranial air cavities and interaural pathway could be altered above and below 

ambient pressure (see below). Secondly, the right tympanic membrane was also 

perforated with a needle in the same individual and the outer ear canal was sealed off. 

Again ME pressure was altered. Thirdly, to confirm if free airflow was present within the 

MEs, intracranial air cavities and interaural pathway the right ME was ventilated by 

removing the seal of the right outer ear. During these three experiments ME pressure 

was measured via a pressure transducer connected to the pressure generator tube. A 

sudden drop or increase in ME pressure indicated opening of the pharyngotympanic 

tube, hence ME ventilating (Fig. 5, 6). Pressure in the ME was raised and lowered in 

chickens and mallards with respectively 1.5 and 2 kPa in steps of 50 Pa every 2 seconds. 

ME pressure was also held constant in chickens at 0.5, 1 and 1.5 kPa for 300 s which 

corresponds to a sudden increase in altitude for instance from sea-level up to 

respectively 40, 83 and 125 m. In mallards ME pressure was held constant at 1, 2 and 4 

kPa for 150 s which corresponds to an increase in altitude from sea-level to respectively 

83, 168 and 338 m. ME pressure was also decreased and held constant in chickens at -

0.5, -1 and -1.5 kPa for 300 s which simulates for instance a sudden decline from altitudes 

of 40, 83 and 125m to sea-level. In mallards ME pressure was decreased and held 

constant at -1, -2 and -4 kPa for 150 s which corresponds to a decline from altitudes of 

83, 168 and 338 m to sea-level or submerging the head 0.1 m, 0.2m and 0.4m during 

diving respectively. 

Leaving the right tympanic intact and perforating this membrane allowed us to test 

whether the pressure sensor (PTO or others) acts as a direct pressure sensor or whether 

it senses the stress or strain changes that emerge when the mechanical chain of the ME 

deforms as a result of pressure alterations. No conclusion can be drawn from only 

leaving the right tympanic membrane intact. However, during experiments when a 

reaction could be observed when the right tympanic membrane was intact and during 

subsequent experiments when the right tympanic membrane was perforated, it could 
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be assumed that the sensor is a pressure sensor because no strain is present on both left 

and right eardrum. When a reaction could be observed when the right tympanic was 

intact but not during subsequent experiments when the right tympanic membrane was 

perforated, it could be assumed that the sensor is a tension sensor because the tension 

of the tympanic membrane changes when the tympanic membrane is intact. 

We measured the pressure at which the pharyngotympanic tube is opened for the 

stepwise in/decrease of pressure. For the constant pressure sequences, the frequency 

of pharyngotympanic tube opening was considered and compared with the 0.5 & -0.5 

treatment kPa which was taken as baseline. 

After the experiments the animals were euthanized using carbon dioxide. 

 

Statistical analysis 

All tests are carried out with R 2.15.1 (R CoreTeam, 2012). A Shapiro-Wilk Normality Test 

was used to test if the data were distributed normally (W > 0.9). When normality was 

confirmed, an F-test was used to compare variances (p < 0.05: variances not equal). 

Normality and equal variance were met for all data. Afterwards a repeated measure 

ANOVA was conducted to reject the null hypothesis (no differences between the 

conditions) with a p < 0.05. No statistical analysis could be conducted on the data of the 

mallards due to the small sample size (see below) 

 

 

Results 

Comparison ME of chicken and mallard 

Figure 2 shows great similarity between the ME of chickens and mallards, however, some 

differences can be observed. Both infra- and suprastapedius of the extracolumella are 

more elongated in mallards. The tympanic membrane of chickens is more conical than 

in mallards as the angle between the columella and extrastapedius is smaller than in 
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chickens. When comparing both columellas it can be observed that the connection of 

the columella to the columellar footplate and the bony shaft of the columella are wider 

in chickens. Overall it can be stated that the ME of chickens is more robust than the ME 

of mallards. 

 

Effects of pressure on middle ear components of chicken 

When ME pressure was raised 1 kPa, total lateral linear columella displacement was 

0.197 ±0.001 mm. Lateral linear displacements of the infrastapedius, suprastapedius and 

extrastapedius were respectively 0.40 ±0.01 mm, 0.42 ±0.08 mm and 0.50 ±0.07 mm. A 

lateral change in position of the conical tip of the tympanic membrane of 0.595 ±0.061 

mm was measured. A caudal columella rotation of 0.8 ±0.8° was observed. The 

infrastapedius was deformed 7.3 ±2.9° and suprastapedius deformation was 7.0 ±2.7°. 

Extrastapedius deformation was smaller with a magnitude of 3.7 ±0.3° (Fig. 3A, 4A). 

When ME pressure was lowered by 1 kPa, total linear columella medial displacement 

was 0.137 ±0.014 mm. Medial linear displacements of the infra-, supra- and 

extrastrapedius were respectively 0.52 ±0.04 mm, 0.39 ±0.10 mm and 1.05 ±0.03 mm. A 

substantial medial displacement of the conical tip of the tympanic membrane of 1.055 

±0.011 mm was observed. No angular displacement was measured for this condition. 

Extracolumella deformation was measured as an infrastapedius rotation of 5.8 ±0.4°, a 

suprastapedius rotation with a magnitude of 8.6 ±2.9° and a large extrastapedius 

deformation of 27.1 ±1.2° (Fig. 3B, 4B). 

 

 

Figure 3: Color code: green: increased and decreased ME pressure, red: ambient ME pressure. Edge view of 

right tympanic membrane of a chicken. A) Comparison ambient ME pressure and increase of 1 kPa of ME 

pressure. B) Comparison ambient ME pressure and decrease of 1 kPa of ME pressure. 
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Figure 4: View of the right columella-extracolumella complex (CEC) in a chicken ME. Color code: blue: 

columella; green: extracolumella. mesh structures show CEC with a ventilated ME, solid structures visualize 

the deformations of the CEC when ME pressure is raised or lowered. A) Rostral view of CEC, comparison 

ambient ME pressure and increase of 1 kPa of ME pressure. B) Rostral view of CEC, comparison ambient ME 

pressure and decrease of 1 kPa of ME pressure. C) Side view of CEC along SS, comparison ambient ME 

pressure and increase of 1 kPa of ME pressure. D) Side view of CEC along SS, comparison ambient ME 

pressure and decrease of 1 kPa. (IS: infrastapedius; ES, extrastapedius; SS: suprastapedius). Black arrows 

indicate the direction of rotation of extracolumella deformations. 

 

Pharyngotympanic tube response on fluctuating middle ear pressure 

Figure 5A shows opening of the pharyngotympanic tube at random pressure intervals in 

chickens when ME pressure is slowly increased and decreased 1.5 kPa when the right 

tympanic membrane was kept intact. When the right tympanic membrane was 

perforated, ventilation of the ME was only observed for individual C1 and C2, once and 

at a random pressure. When ME pressure was decreased when the right tympanic 

membrane was perforated, no opening of the pharyngotympanic tube could be 

observed (Fig. 5B) (Table 1). When ME pressure was increased 2 kPa for mallards during 

both experiments, only one ventilation of the ME could be observed. When ME pressure 

was lowered 2 kPa opening of the pharyngotympanic tube was observed at random 

pressure. M1 did not ventilate its ME during the experiments (Table 1). 
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Figure 5: ME pressure in chickens for stepwise in/decrease during A) intact right tympanic membrane and 

B) perforated right tympanic membrane. Black arrow indicate opening of pharyngotympanic tube. *head 

movement artefact. Different colors indicate the different individuals. 

 

Table 1: ME pressure for both chicken (C) and mallard (M) at which the pharyngotympanic tube is opened 

for the stepwise in/decrease of ME pressure for both intact and perforated tympanic membrane (TM). (/: 

no opening of pharyngotympanic tube observed). 

 Right TM intact Right TM perforated 

 0  1.5 kPa 0  -1.5 kPa 0  1.5 kPa 0  -1.5 kPa 

C1 610 Pa -430; -1497 Pa 820 Pa / 

C2 740 Pa -1335 Pa 610 Pa / 

C3 895 Pa / / / 

 0  2 kPa 0  -2 kPa 0  2 kPa 0  -2 kPa 

M1 / / / / 

M2 / -1631 Pa / -895 Pa 

M3 / / 1397 Pa -567 Pa 

 

Figure 6 shows an example of a readout of ME pressure from which time interval 

between ventilation of the ME could be extracted (remark, the time differs from this in 

Fig. 5). Results are summarized in figure 7 and 8 for chickens and in figures 9 and 10 for 

mallards. 
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Figure 6: Example readout of ME pressure in C2 with an intact right tympanic membrane at a constant 

applied pressure of 0.5; 1 and 1.5 kPa. 

 

Chicken 

Figure 7A shows there is no significant difference in ME venting frequency when ME 

pressure is raised to 1000 Pa (1.1 ±0.1; p = 0.679; F = 1.5; df = 2) and 1500 Pa (1.2 ±0.0; 

p = 0.679; F = 1.5; df = 2) compared with the baseline measurement at 500 Pa (1.1 ±0.1) 

when the right tympanic membrane was kept intact. No significant difference was 

observed in ventilation frequency between 1000 Pa and 1500 Pa (p =0.269; F = 1.5; df = 

2). Figure 7B show similar results when the right tympanic membrane was perforated 

with ventilation frequencies for 500, 1000 and 1500 Pa being respectively 1.0 ±0.3, 1.0 

±0.2 (p =1; F = 1.5; df = 2) and 1.0 ±0.2 (p =1; F = 1.5; df = 2). No significant difference 

was observed in ventilation frequency between 1000 Pa and 1500 Pa (p =1; F = 1.5; df = 

2). No differences could be found in ventilation of the MEs between an intact and 

perforated right tympanic membrane (p =0.171; F = 0.17; df = 4). 
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Figure 7: Plot of ME ventilation frequency (# ventilations/minute) in chickens for a constant ME pressure of 

500, 1000 and 1500 Pa for A) intact right tympanic membrane and B) perforated right tympanic membrane. 

 

When ME pressure was lowered 500, 1000 and 1500 Pa no differences could be 

observed in ventilation frequency when the right tympanic membrane was kept intact 

(respectively 1.0 ±0.2, 1.1 ±0.3 (p =0.797; F = 0.29; df = 2) and 1.1 ±0.2 (p =0.797; F = 

0.29; df = 2)). When comparing -1000 and -1500 Pa no significant difference was found 

(p =1; F = 0.29; df = 2) (Fig. 8A). When the right tympanic membrane was perforated, 

also no differences could be found between the three conditions. Results are 1.0 ±0.2 (-

500 Pa); 1.1 ±0.2 (-1000 Pa; p =0.943; F = 0.07; df = 2) and 1.1 ±0.3 (-1500 Pa; p =0.943; 

F = 0.07; df = 2). No significant difference was observed in ventilation frequency between 

-1000 and -1500 Pa (p =1; F = 0.07; df = 2) (Fig. 8B). No significant differences could be 

found in ventilation frequency between an intact and perforated right tympanic 

membrane (p =0.712; F = 0.18; df = 4)) (Fig. 8A, B). 
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Figure 8: Plot of ME ventilation frequency (# ventilations/minute) in chickens for a constant ME pressure of 

-500, -1000 and -1500 Pa for A) intact right tympanic membrane and B) perforated right tympanic 

membrane. 

 

Mallard 

Figure 9A show an increase in mean ME venting frequency when comparing a ME 

pressure increase of 2000 Pa (0.4 ±0.0) with an increase of 1000 Pa (0.3 ±0.3) with an 

intact right tympanic membrane. ME ventilation frequencies do not change when ME 

pressure was increased to 4000 Pa (0.3 ±0.2). When the right tympanic membrane was 

perforated the mean of the ventilation intervals are similar for the three pressure 

conditions (Fig. 9B). 

 

 

Figure 9: Plot of ME ventilation frequency (# ventilations/minute) in mallards for the increase in ME pressure 

of 1000, 2000 and 4000 Pa for A) intact right tympanic membrane and B) perforated right tympanic 

membrane. 
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When ME pressure was lowered and held constant at -1000 (0.6 ±0.3), -2000 Pa (0.3 

±0.1) and -4000 Pa (0.0 ±0.0) a decrease in ventilation frequencies of the MEs with an 

intact right tympanic membrane could be observed (Fig. 10A). With a perforated right 

tympanic membrane, comparing -1000 Pa (0.5 ±0.1) and -2000 Pa (0.4 ±0.3) decrease of 

ME pressure, a decrease in ME ventilation frequency could be observed (Fig. 10B). At ME 

pressure of -4000 Pa only one of the individuals ventilated the MEs for both experiments. 

 

 

Figure 10: Plot of ME ventilation frequency (# ventilations/minute) in mallards for the increase in ME 

pressure of -1000 and -2000 for A) intact right tympanic membrane and B) perforated right tympanic 

membrane. (No ventilation of the ME was observed when ME pressure was lowered 4000 Pa below ambient 

pressure). 

 

 

Discussion 

In the present study we quantified the deformation of the ME mechanical chain as a 

result of pressure changes that are inherent to a bird’s life style. Secondly, it was 

questioned whether the neutral configuration of the mechanical chain is reflexively 

restored by ME ventilation to ensure proper sound transmission and/or avoid damage. 

 

Changes in ambient pressure resulting from an animal’s daily activities may cause a 

pressure differential over the tympanic membrane which results in a deformation of the 

tympanic membrane. These deformations may cause altering in the configuration and 
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mechanical behavior of the different ME components which may affect the acoustic 

transfer function (Murakami et al., 1997, Teoh et al., 1997, Rosowski and Lee, 2002, 

Dirckx et al., 2006). Extreme pressure changes can cause barotrauma in the ME and inner 

ear which can result in a permanent hearing loss (Melamed et al., 1992). For this reason, 

restoring ME pressure to ambient levels seems essential. 

In the human middle ear, it has been shown that both over- and under pressure can 

develop over time and under normal conditions the Eustachian tube does not reset the 

pressure to ambient conditions (Padurariu et al., 2016). It is known that the mammalian 

ME is subjected to slow and sudden ambient pressure changes (e.g. changing altitude, 

diving in water, etc.). An increase in ME pressure will cause an outward movement of 

both umbo and stapes while an inward movement is observed when ME pressure is 

decreased. In rabbits a stapedial footplate peak-to-peak amplitude of 34 µm was found 

when ME pressure was raised and lowered 2.5 kPa above and below ambient pressure 

(Dirckx et al., 2006). Stapedial footplate displacement is 15 to 25 times smaller than 

umbo (tympanic membrane) movement when ME is lowered and raised 2 kPa 

(Hüttenbrink, 1988, Murakami et al., 1997). Rahm et al. (1956) showed a 18 dB hearing 

drop at lower tones (< 1 kHz) in cats with an increase and decrease of 1 kPa ME pressure 

and a 2 – 7 dB drop at higher tones (> 1 kHz). In humans an increase or decrease of 1 kPa 

reduced hearing at lower tones up to 1.8 kHz (Loch, 1942). In humans the Eustachian 

tube, together with the mastoid are capable of regulating ME pressure (Gaihede et al., 

2010, 2013) and hence play an important role in restoring these temporary hearing 

losses. Gas exchange, tympanic membrane movement and occasional injection of small 

amounts of nasopharyngal gas through the Eustachian tube continuously regulate 

pressure fluctuations. When large pressure differences develop, usually caused by 

sudden changes in ambient pressure, the Eustachian tube acts as a safety valve but 

under normal conditions this tube is closed. During reflexive behavior muscles will open 

the Eustachian tube and enable for a small passive gas transfer between the ME and the 
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pharynx (Siedentop et al., 1968, Rosowski and Merchant, 2000). Therefore a baro-

receptor function is premised at the level of the ME. 

 

In birds ambient pressure changes can be even more extreme than in mammals and the 

mastoid is not present in birds (Rowe, 1988), so the pharyngotympanic tube in birds can 

have a more important role in ME pressure regulation than in mammals. Many species 

frequently climb and descend several hundreds of meters in a relatively short span of 

time. Pressure changes non-linearly with height and depends on the meteorological 

conditions, but typically such differences in altitude represent pressure fluctuations of a 

few kPa. The pressure differential of 1 kPa used in the morphometric part of this study 

is equivalent to an altitude change of about 83 m above sea-level. For most birds, this 

still is a modest altitude, yet the observed deformations of the ME mechanical chain are 

already considerable. As this height difference can easily be covered in matters of 

seconds (especially during descent), reflexive ventilation of the ME to restore a zero 

pressure differential over the TM seems appropriate. Peregrine falcons can reach speeds 

as high as 100 m/s during stoop-diving (Ponitz et al., 2014) and may encounter pressure 

rates of change above 1 kPa/s (own estimates). For plunge-diving birds (e.g. gannets) the 

rates of change may even rise to tens of kPa/s. It can be debated if the ability of hearing 

is crucial during stoop- and plunge-diving, but other species of birds do rely on their 

hearing when they are climbing or descending. Some species of larks (Eurasian skylark 

(Alauda arvensis) and Oriental skylark (Alauda gulgula)) are climbing up to 100 m whilst 

singing (Geoffrey, 1985, Dave, 2005). Moreover, restoring ME pressure to ambient levels 

can still be important for species who do not depend on their hearing during stoop- and 

plunge-diving as barotrauma to the ME and inner ear still can occur (e.g. rupturing of the 

tympanic membrane, oval and round window). 

 

Despite the morphological differences between the mammalian and avian middle ear 

(shape of the tympanic membrane, three ossicle articulated chain versus single 
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columella, etc.), deformations of the tympanic membrane occur in both species when 

middle ear pressure is lowered and raised (Pohlman, 1921, Dirckx and Decraemer, 1991). 

In mammals pressure alterations will cause deformations of the ossicle chain (Dirckx and 

Decraemer, 1991) and hence change the material mechanical stress in the connection 

to the inner ear, influencing the sound transmission. In birds, the deformations caused 

by pressure alterations will occur at the three arms of the extracolumella (Pohlman, 

1921), also changing the mechanical stress of the middle ear components, hence 

influencing sound transmission. 

 

A pressure differential of 1 kPa over the tympanic membrane is equivalent to an altitude 

change of about 83m above sea-level. This rather modest change in altitude for birds 

already causes considerable deformations of the ME mechanical chain, hence changing 

the acoustic transfer function (see above). We observed in chickens that, when ME 

pressure is raised, the surface of the tympanic membrane bulges outwards and the 

conical tip of the membrane also displaces outwards. The columellar footplate has a 

piston- like displacement away from the inner ear as only a linear translation and a very 

small rotation of the columella could be observed. This piston-like displacement is most 

likely limited in magnitude by both the annular ligament which connects the columellar 

footplate with the oval window, and also by Platner’s ligament which becomes tense. 

Extrastapedius deformations are three times larger than columellar footplate 

displacement as was also described by Pohlman (1921). The extracolumella exist of 

hyaline cartilage so bending movement is not only possible between the extracolumella 

and columella but also at the processi of the extracolumella (Saunders, 1985, Mills, 1994, 

Starck, 1995, Arechvo et al., 2013). Unlike Pohlman (1921) we did find an outward 

displacement of the infrastapedius when ME pressure was increased. When ME pressure 

is lowered the tympanic membrane displaces inwards. For this condition, the columellar 

footplate also undergoes a piston-like movement, as only a linear translation and no 

rotation was observed. Likely, the annular ligament provides a protective mechanism by 
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limiting the displacement of the footplates so that no damage is caused by the columella 

penetrating too deep in the inner ear. Extrastapedius deformation was 8 times larger 

than the columellar footplate displacement. The smallest extracolumella deformation 

was found at the suprastapedius as displacement is limited by the close relation of this 

arm to the middle ear cavity wall. The largest deformation was found at the 

extrastapedius, which rotates inwards. These deformations and translations confirm the 

findings by Pohlman (1921). The deformations of the extracolumella and the difference 

in magnitude between the deformation of the tympanic membrane and linear 

translations of the columellar footplate indicate that the extracolumella is an effective 

buffer for static pressure changes. However, we argued that ME pressure differentials in 

nature may well exceed the applied experiments pressure differences and the possibility 

that the annular ligament and/or tympanic membrane rupture, remains. Similar 

deformations, as described for the chicken, can be expected in the mallard ME when 

subjected to the same altering ME pressures as dimensions of the ME mechanical chain 

are similar in both chicken and mallard. 

 

We showed that displacement of the bird columellar footplate as a result of pressure 

changes is larger than in mammals, which may be indicative for even larger reduction of 

hearing than what is reported for mammals. Therefore ME pressure regulation via the 

pharyngotympanic tube seems all the more important in birds. In birds it has been shown 

that under normal conditions, of closed pharyngotympanic tube and constant ambient 

pressure ME pressure slowly decreases to 20 Pa below ambient pressure (Larsen et al., 

2016). When this pressure is reached, opening of the pharyngotympanic tube occurs 

every 20-180 s, depending on the species (Larsen et al., 1997, 2016). However, much 

larger pressure differentials than the few tens of Pa-s are likely to occur and the pressure 

differential over the tympanic membrane can change in a very short span of time (see 

above). We expected to observe a reflexive opening of the pharyngotympanic tube to 

restore ME pressure to ambient pressure levels, hence restoring optimal sound 
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transmission and protecting the ME and inner ear from barotrauma, when a certain 

pressure gradient over the tympanic membrane was reached. However, during the 

experiments, when ME pressure was slowly lowered and raised above and below 

ambient pressure, no reflexive opening of the pharyngotympanic tube could be 

observed for both chicken and mallard. It could be expected that the ME ventilation 

frequency could increase when ME pressure was increased or decreased even more. The 

ME ventilation rate in chickens is 1.1 times per minute with an intact right tympanic 

membrane and 1 time per minute with a perforated right tympanic membrane. In 

mallards ventilation frequency is 0.3 times per minute with an intact right tympanic 

membrane and 0.4 times per minute with a perforated right tympanic membrane. These 

frequencies are within the range of 0.3 and 3 times per minute reported in other species 

(Larsen et al., 2016). When ME pressure was increased or decreased further, no change 

in ME ventilation frequencies could be observed. Also no differences were observed 

between the two experiments. As a result, no statement can be made regarding the 

question if the pressure sense organ (if present) in the avian ME acts as a tension or 

pressure sensor. Our pressure experiments do not support the presence of a short loop 

reflexive control of pressure equilibration via the pharyngotympanic tube. It is, however, 

still possible that triggering reflexive ME venting requires higher middle ear pressure 

than used during our experiments. On the other hand, the pain threshold in humans lies 

around 2.8 kPa (Blackstock and Gettes, 1986) so it can be expected that the pressures 

used in this study (2 kPa) are sufficient to evoke pharyngotympanic tube response. It is 

also possible that ME venting requires additional sensoriy input (e.g. visual, vestibular), 

or occurs voluntary, i.e. being controlled at higher brain levels. This, however, could not 

be derived from our experiments. The ecology of the two species (chicken and mallard) 

used during the pressure experiments may explain the lack in venting of the middle ear. 

Other species which are subjected to more extreme ambient pressure fluctuations (e.g. 

gannets) may show venting behavior when subjected to middle ear pressure changes. 
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In the introduction we put forward the paratympanic organ (PTO) as candidate sensor 

to trigger reflexive opening of the pharyngotympanic tube. The PTO is a 

mechanoreceptive sense organ situated in the medial wall of the middle ear cavity, close 

to the opening of the pharyngotympanic tube and dorsolateral to the columella in the 

avian ME (von Bartheld, 1994). The PTO lumen is filled with a mucous fluid and its medial 

side contains a sensory epithelium covered with type II hair cells (Jørgensen, 1984, 

Giannessi and Pera, 1986, Giannessi et al., 1996, von Bartheld and Giannessi, 2011). The 

PTO is connected to both the columella and the tympanic membrane, respectively via 

Platner’s ligament and the superior drum tubal ligament (von Bartheld, 1994). It is 

assumed that ambient pressure fluctuations will significantly deform the tympanic 

membrane, resulting in movement of the fluid within the PTO either due to the direct 

ligamentous connections or the displacement/deformation of the columella. This fluid 

motion is probably the stimulus of the type II hair cells that may allow birds to sense 

tympanic membrane position or tension and hence register absolute or relative 

differences in air pressure (Jørgensen, 1984, von Bartheld, 1994). Kreithen and Keeton 

(1974) have shown that pigeons are sensitive to small changes in atmospheric pressure 

of 100-200 Pa, equivalent to an altitude difference of about 10-20 m. As mentioned 

above, the results of the pressure experiments in our study suggests that the PTO is not 

involved in reflexively opening of the pharyngotympanic tube, hence venting of the ME, 

unless integration with information of other sensors is required. Our results, however, 

do not exclude that the PTO can function as a baro- or altimeter. 
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Abstract 

Although most birds encounter large pressure variations during flight, motion of the 

middle ear components as a result of changing ambient pressure are not well known or 

described. In the present study, motion of the columellar footplate and tympanic 

membrane (extrastapedius) in domestic chickens (Gallus gallus domesticus) under quasi-

static pressure conditions are provided. Micro-CT scans were made of cadaveric heads 

of chickens under positive (0.25 kPa, 0.5 kPa, 1 kPa, and 1.5 kPa) and negative (-0.25 kPa, 

-0.5 kPa, -1 kPa, and -1.5 kPa) middle ear pressure. Both extrastapedius and columellar 

footplate displacements show a non-linear S-shaped curve as a function of pressure 

indicating non-linear response characteristics of the middle ear components. The S-

curve is also seen in mammals, but unlike in mammals, the lateral piston-like 

displacement of both the columellar footplate and extrastapedius, which is caused by an 

increased middle ear pressure are smaller than the medial piston-like displacements, 

caused by a decreased middle ear pressure of the same magnitude. Columellar footplate 

piston displacements are always smaller than the extrastapedius piston displacements, 

indicating the flexibility of the extracolumella. The cone-shape of the avian tympanic 

membrane with inverted apex in comparison to the mammalian tympanic membrane 

can cause the inverted shape of the pressure response curve. 

 

 

Introduction 

In mammals the middle ear (ME) cavity is enclosed within bony structures, which are 

fused to one in some taxa, and is sealed off by the tympanic membrane. The only 

connection to the pharynx is via the Eustachian tubes. The mammalian ME contains 

three bony ossicles (malleus, incus, and stapes), two muscles (tensor tympani muscle 

and stapedius muscle; which is reduced to only one muscle in some species (Mason, 

2013)), and some ligaments (anterior and superior mallear ligament, posterior incudal 
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ligament, and the annular ligament) (Møller, 1974, Rosowski, 1996, Ades et al., 2012). 

The mammalian tympanic membrane is conically shaped with the tip, where it connects 

with the umbo of the malleus, pointing medially (Decraemer et al., 1991). Both slow and 

sudden pressure changes cause a pressure differential over the tympanic membrane 

which deforms and displaces, altering the mechanical behavior and configuration of the 

chain of ossicles. These effects may alter the acoustic transfer function (Murakami et al., 

1997, Teoh et al., 1997, Rosowski and Lee, 2002, Dirckx et al., 2006). The effects of 

changing static pressure on the mammalian ME have been investigated in detail 

(Hüttenbrink, 1988, Dirckx and Decraemer, 1991, Dirckx et al., 2006). Experiments 

conducted by Dirckx et al. (2006) on cadaveric rabbit temporal bones, for example, show 

an umbo displacement of 165 µm when pressure was raised and decreased 2.5 kPa 

above and below ambient pressure, while the stapes displacement was only 34 µm. 

The behavior of the avian ME under static pressure conditions is known in much less 

detail. The avian ME cavity is enclosed within two bony structures (the cranium and 

quadratum) and is sealed off by the tympanic membrane. MEs on both side of the head 

are connected to each other by intracranial air-filled cavities and the interaural pathway 

(fig. 1a). MEs are connected to the outside world (nasopharynx) via the Y-shaped 

pharyngotympanic tube which is a part of the interaural pathway (Wada, 1923, 

Schwartzkopff, 1955, Counter and Borg, 1979). Under normal conditions, this tube is 

closed (Claes et al., 2018a). The ME contains one ossicle with a bony shaft (the columella) 

and a cartilaginous, trifurcated distal end (the extracolumella consisting of the 

extrastapedius, infrastapedius, and suprastapedius), some ligaments (ascendens 

ligament, drumtubal ligaments, Platner’s ligament, and annular ligament), and one 

muscle (tympanic muscle) (fig. 1b) (Smith, 1904, Starck, 1995, Saunders et al., 2000). The 

avian tympanic membrane is conically shaped with the tip pointing laterally (Saunders 

et al., 2000). In birds, only one study provides quantitative data on deformations and 

motion of the columellar footplate over a range of ME pressures (Arechvo et al., 2013). 

In other studies only descriptive data or data with only one pressure condition in the ME 
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are provided (Pohlman, 1921, Gaudin, 1968, Norberg, 1978, Claes et al., 2018a, 

Muyshondt et al., 2018). Although most birds encounter large pressure variations during 

flight, little data exist on the motion of the tympanic membrane and columella under 

static pressure loads. 

 

 

Figure 1: A) schematic overview of the connections between the pharynx and middle ears in birds (ME), 

showing the pharyngotympanic tube, interaural pathway, intracranial air cavities (with indication of the 

needles), and tympanic membrane (TM). B) Schematic medial view of the ME components: tympanic 

membrane (TM), columella (C), columellar footplate (CFP), extrastapedius (ES), infrastapedius (IS), 

suprastapedius (SS), Platner’s ligament (PL), superior drumtubal ligament (SDT), medial drumtubal ligament 

(MDT), inferior drumtubal ligament (IDT), and tympanic muscle (M). Deduced from Smith (1904). C) 

chicken’s ME components: tympanic membrane: red; extracolumella: green; columella: blue; Platner’s 

ligament: purple. 

 

Two theories stand on how the columella displaces under quasi-static and dynamic 

pressure loads exerted on the deforming tympanic membrane. The first theory describes 

Intracranial air cavities 
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the motion of the columellar footplate as an inward and outward piston-like motion 

(Pohlman, 1921, Norberg, 1978, Manley, 2012). Pohlman (1921) attributes this motion 

to a rotation of the extracolumella and columella at the intercolumellar joint. Norberg 

(1978) describes the motion as originating from a rotation about the axis of rotation of 

the extracolumella located at the rim of the tympanic membrane. Manley (2012) 

describes that the motions do not take place by a rotation at the intercolumellar joint 

but within the flexible extracolumella itself. The second theory describes the motion of 

the columellar footplate as being a rocking motion (Gaudin, 1968), caused by the acute 

angle between the shaft of the columella and the tympanic membrane, the out-of-center 

attachment of the columella shaft to the columellar footplate, and the asymmetrical 

anatomy of the annular ligament of the columella being wider at the anterior edge of 

the columellar footplate. 

In the present study we measured pressure-induced deformations and the motion of the 

tympanic membrane and columella by means of micro-CT scanning in order to quantify 

the nature of these motions. 

 

 

Materials and methods 

Sample preparation 

Four heads (from now on referred to as C1, C2, C3, and C4) of female adult domestic 

chickens (Gallus gallus domesticus) were obtained from a chicken farm and prepared the 

same day for scanning. Two hypodermic needles (diameter: 0.8 mm), attached to a 

rubber tube, were inserted in the caudal part of the skull (fig. 1a). Through one needle 

air was injected to or extracted from the intracranial air cavities, interaural pathway, and 

hence the MEs to change the pressure. Through the second needle, pressure within the 

MEs was measured with a pressure gauge. Glue was applied around the entrance point 

of the needles into the skull to ensure the system was airtight. The heads were stored in 
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a refrigerator at a temperature of 5°C for one night with a water-soaked paper to ensure 

the samples did not dry out. 

 

Micro-CT scanning 

Micro-CT scans were made with the Environmental Micro-CT (EMCT) by the Centre for 

X-ray Tomography at Ghent University (Dierick et al., 2014). In this system, contrary to 

standard micro-CT scanners, the source and detector rotate around the stationary object 

in the horizontal plane. As such, the connection between peripheral equipment and the 

object is much more straightforward and stable. Nine scans were made per head, each 

with a different middle ear pressure. During the first scan the needle was left open to 

the atmosphere to ensure that ambient and ME pressure were identical. Next, the fine 

needle was connected with a rubber tube to a custom-made pressure generator which 

continuously maintained the pressure at the required level. ME pressure was set at 0.25 

kPa, 0.5 kPa, 1 kPa, and 1.5 kPa above ambient pressure and then at -0.25 kPa, -0.5 kPa, 

-1 kPa, and -1.5 kPa. When ME pressure was altered scanning was postponed for 2 

minutes so that deformations could stabilize before the start of the scan. All samples 

were scanned over an angle of 360° with the X-ray source set at 90 kV. For C1 and C2 the 

exposure time was set at 40 ms and total scanning time per sample was 7 minutes. Due 

to technical changes at the scanner facility, the second set of heads (C3 and C4) was 

scanned with slightly different settings: exposure time was set at 60 ms and total 

scanning time per sample was 10 minutes. The reconstructed slice images had a voxel 

size of 29.34 µm (C1 and C2) and 24.7 µm (C3 and C4). 

 

Data analysis and measurements 

A three-dimensional processing software package (AMIRA 5.4.4.; 64-bit version) was 

used to assign the voxels corresponding to the tympanic membrane, columella, 

extracolumella, and the bony semi-circular canals of the inner ear. Segmentation was 
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performed by automatic thresholding based on grey-scale values in combination with a 

manual correction in the three orthogonal views. The segmented outlines were 

smoothed and a surface model was created. The bony semi-circular canals of the inner 

ear were used to align the models so a comparison could be made between the different 

pressure conditions. 

Possible deformations of the tympanic membrane were visualized by taking the cross-

section of the membrane (for +1.5 kPa and -1.5 kPa) in the longitudinal direction through 

the tip where the extrastapedius pushes the tympanic membrane outwards. For 

individual C4 the cross-section was shown for the different pressure conditions. 

Deformations were also measured at the apex of the extrastapedius. Potential 

translation of the columella was assessed by allocating four anatomical points on the rim 

of the footplate at the outer edge of the long and short diameter. The mean of the 

coordinates per pressure condition was calculated for all nine pressure conditions and 

subtracted from the 0 kPa condition. The linear displacement of the tips of the 

extracolumella (infra-, extra-, and suprastapedius) were also measured. Negative values 

indicate a medial displacement while positive displacements indicate a lateral 

movement. The piston-like component of the extracolumella and columellar footplate 

displacements is plotted as a function of ME pressure. In what follows we will refer to 

this as the “linear motion”, not to be confused with the non-linear response of the 

motion amplitude as function of pressure. Columella angular rotations were measured 

as the rotation of the lateral end of the bony shaft relative to the columellar footplate 

center point.  
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Results 

Tympanic membrane deformation 

Fig. 2 shows the full field deformation of the tympanic membrane of C4 at a ME pressure 

of +1.5 kPa (fig. 2a) and -1.5 kPa (fig. 2b). Fig. 3 displays cross-sections of the tympanic 

membrane, at different ME pressures, in the longitudinal direction through the tip where 

the extrastapedius pushes the tympanic membrane outwards (fig. 3d). The maximal 

lateral displacement of the tip of the tympanic membrane, when ME pressure is 

increased, is limited by the position of the extrastapedius (fig. 3a). The largest lateral 

deformation is observed at the ventral side of the tympanic membrane, where the 

distance of the tip of the tympanic membrane and the edge is maximal. When ME 

pressure is decreased 1.5 kPa below ambient a medial deformation of the tympanic 

membrane is observed. The ventral side of the tympanic membrane undergoes the 

largest deformation (fig. 3b). Differences between the left and right tympanic membrane 

are rather small and may be caused by small differences in degree of ossification of the 

(extra)columella or by a small difference in stiffness of the tympanic membranes. A small 

increase of ME pressure (0.25 kPa) induces a major portion of the maximal deformation. 

At a ME pressure of -0.25 kPa, only a small eardrum displacement is observed. 

Decreasing ME pressure further causes the tympanic membrane to bulge inward (fig. 

3c). 

 

 

Figure 2: Edge view of the right tympanic membrane of C4. A) Comparison of ambient ME pressure and 

increase of ME pressure by 1.5 kPa. B) Comparison of ambient ME pressure and decrease of ME pressure 

by 1.5 kPa. Color code: green: increased and decreased ME pressure; red: ambient ME pressure. 
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Figure 3: Cross-section of the tympanic membrane in the longitudinal direction through the tip where the 

extrastapedius pushes the tympanic membrane outwards with ME pressure increased 1.5 kPa above 

ambient pressure (A) and decreased 1.5 kPa below ambient pressure (B). Full line: left tympanic 

membrane; dashed line: right tympanic membrane. The different colors indicate the 4 different individuals 

(black: C1; red: C2; blue: C3; green: C4). Thin graphs: cross-section of the tympanic membrane with 

ambient ME pressure; thick graphs: changed ME pressure C) Cross-section of the tympanic membrane of 

C4 with the different ME pressures (full lines; dashed line: ambient ME pressure). D) Schematic indication 

of position of the cross-section on a tympanic membrane. 

 

Columella and extracolumella displacement 

Fig. 4 shows 3-D representations of the columella and extracolumella at rest position 

and for the different pressure conditions. Table 1 summarizes the quantitative results. 

When ME pressure was increased 0.25 kPa above ambient pressure a small lateral 

displacement of the columellar footplate (0.04 ±0.04 mm), extra- (0.07 ±0.07 mm), and 

infrastapedius (0.03 ±0.08 mm) was observed. The displacement occurs in the direction 

parallel to the shaft of the columella, and from here on we will refer to it as piston 

displacement. No displacement of the suprastapedius was detected. When ME pressure 

was further increased to 0.5 kPa above ambient pressure, the spatial configuration of 
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both the columella and extracolumella remained unchanged. An increase in lateral 

piston displacement of both the infra- (0.07 ±0.11 mm) and suprastapedius (0.03 ±0.08 

mm) was measured. When ME pressure was raised 1 kPa above ambient pressure the 

lateral displacement of the columella (0.05 ±0.04 mm), extra- (0.12 ±0.11 mm), infra- 

(0.09 ±0.13 mm), and suprastapedius (0.04 ±0.09) increased. When the pressure was 

further increased to 1.5 kPa above ambient pressure an increase in piston displacement 

of the columellar footplate could be observed resulting in a total piston displacement of 

0.07 ±0.05 mm. A large increase in the displacement of the infrastapedius was present 

resulting in a total displacement of 0.26 ±0.19 mm. Very small columellar footplate 

rotations of 0.3 ±0.4°, 0.3 ±0.6°, 0.5 ±0.9°, and 1.1 ±1.0° could be observed for an 

increased ME pressure of respectively 0.25 kPa, 0.5 kPa, 1 kPa, and 1.5 kPa (fig. 4a and 

5, table 1). 

 

 

Figure 4: Dorsal view of deformations and translations of the columella (blue) and extracolumella (green) 

under an increased (A) and decreased (B) ME pressure. The transparent surface represents the condition at 

ambient ME pressure. Opaque surfaces represent the shape of the columella and extracolumella when 

deformed by ME pressure changes. 

 

When ME pressure was decreased 0.25 kPa below ambient pressure, a medial piston 

movement of the columellar footplate (0.09 ±0.01 mm), extra- (0.25 ±0.18 mm), infra- 

(0.25 ±0.14 mm), and suprastapedius (0.15 ±0.16 mm) could be observed. These 
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translations had a similar magnitude as the lateral translation at 1.5 kPa. When ME 

pressure was further decreased to 0.5 kPa below ambient pressure, the medial 

translation increased to 0.11 ±0.07 mm, 0.94 ±0.37 mm, 0.27 ±0.20 mm, and 0.39 ±0.20 

mm for the columella, extra-, supra-, and infrastapedius respectively. When ME pressure 

was decreased 1 kPa below ambient pressure, no further increase in medial piston 

translation of the columellar footplate could be observed. An increase in medial piston 

translation of the three arms of the extracolumella was noticed (extrastapedius: 1.32 

±0.34 mm, suprastapedius: 0.29 ±0.22 mm, and infrastapedius: 0.42 ±0.17 mm). When 

ME pressure was further decreased to 1.5 kPa below ambient pressure no further piston 

movement of the columellar footplate, infra-, and suprastapedius was observed. A 

further medial translation of the tip of the extrastapedius was measured resulting in a 

total piston displacement of -1.41 ±0.31 mm. Very small columellar footplate rotations 

of 1.1 ±0.9°, 1.1 ±0.8°, 1.7 ±1.2°, and 2.1 ±1.1° could be observed for a decreased ME 

pressure of 0.25 kPa, 0.5 kPa, 1 kPa, and 1.5 kPa respectively (fig. 4b and 5, table 1). 

Figure 5 includes umbo and stapes displacements of mammalian species (New Zealand 

White rabbit (Dirckx et al., 2006), human (Hüttenbrink, 1988; Dirckx and Decreamer, 

1991), and gerbils (Dirckx and Decreamer, 2001)) and one avian species (common ostrich 

(Arechvo et al., 2013)). The stapes footplate displacement in mammals is much smaller 

than the columella motion. Therefore fig. 5c and 5d show plots where the amplitude 

range of the mammal data were scaled to the same range as the columella data of the 

chicken so that the shape of the curves can be better compared. Both umbo and stapes 

displacement value were multiplied with a scaling factor (maximal amplitude chicken / 

maximal amplitude mammal) to scale the mammalian amplitude ranges. The scaling 

factors for the umbo displacement were 12.8, 3.2, and 5.3 for respectively New Zealand 

white rabbit, human, and gerbil. The scaling factors for the stapes displacement were 

5.14 and 10 for respectively New Zealand white rabbit and human. The literature data 

on ostrich are only available for positive pressures, hence they were omitted in the 

scaled representation of fig. 5c and 5d. 
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Figure 5: Extrastapedius and umbo (A) and columellar footplate and stapes (B) piston displacements as a 

function of ME pressure. Extrastapedius and scaled umbo (C) and columellar footplate and scaled stapes (D) 

piston displacement as function of ME pressure. Data for New Zealand White rabbit are taken from Dirckx 

et al., 2006, human from Hüttenbrink (1988); Dirckx and Decreamer (1991), gerbil from Dirckx and 

Decreamer (2001), and common ostrich from Arechvo et al. (2013). In (C) and (D) the mammal data are 

scaled so that the total amplitude range is equal to the amplitude range measured in chicken. The literature 

data on ostrich are only available for positive pressures, hence they are omitted in the scaled representation 

of (C) and (D).  

 

Peak-to-peak displacement (sum of the piston displacement at 1.5 kPa and -1.5 kPa ME 

pressure) of the columellar footplate, extra-, infra-, and suprastapedius with an increase 

and decrease of 1.5 kPa in ME pressure were respectively, 0.15, 1.48, 0.49, and 0.30 mm. 

The lateral displacement of the columellar footplate caused by an increase of ME 

pressure was respectively 2.3, 2.8, 2.4, and 1.6 times smaller than the medial 

displacement caused by a decrease in ME pressure of the same magnitude (0.25 kPa, 0.5 

kPa, 1 kPa, and 1.5 kPa). The lateral displacement of the extrastapedius was respectively 

3.4, 13.4, 11, and 7.4 times smaller than the medial displacement caused by a decrease 

in ME pressure of the same magnitude (0.25 kPa, 0.5 kPa, 1 kPa, and 1.5 kPa). 
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Table 1: Mean and standard deviation (SD) of the piston displacement of the columellar footplate (CFP), 
extrastapedius (ES), suprastapedius (SS) and infrastapedius (IS) in mm and rotation angles of the columella 
in ° for the different pressure conditions. Positive values indicate a lateral displacement. Negative values 
indicate a medial displacement. 

 CFP (mm) ES (mm) SS (mm) IS (mm) Rotation (°) 

kPa Mean ±SD Mean ±SD Mean ±SD Mean ±SD Mean ±SD 

1.5 0.07 0.05 0.19 0.12 0.09 0.11 0.26 0.19 1.1 1.0 

1 0.05 0.04 0.12 0.11 0.04 0.09 0.09 0.13 0.5 0.9 

0.5 0.04 0.04 0.07 0.10 0.03 0.08 0.07 0.11 0.3 0.6 

0.25 0.04 0.04 0.07 0.07 0.00 0.00 0.03 0.08 0.3 0.4 

-0.25 -0.09 0.01 -0.24 0.18 -0.15 0.16 -0.25 0.14 1.1 0.9 

-0.5 -0.11 0.07 -0.94 0.37 -0.27 0.20 -0.39 0.20 1.1 0.8 

-1 -0.12 0.06 -1.32 0.34 -0.29 0.22 -0.42 0.17 1.7 1.2 

-1.5 -0.11 0.08 -1.41 0.31 -0.30 0.22 -0.46 0.19 2.1 1.1 

 

 

Discussion 

The effects of ambient pressure fluctuations on the ME components are well known and 

described in different mammalian species. New Zealand white rabbits showed a stapes 

displacement of 30 µm and umbo displacement of 100 µm after lowering the pressure 

in the auditory canal with 1.5 kPa (Dirckx et al., 2006). When pressure was raised 1.5 kPa 

a stapes displacement of 7 µm and umbo displacement of 35 µm was measured. Umbo 

displacements are 3.57 times larger than the stapes displacement amplitude. In humans, 

a stapes displacement of 14 µm and umbo displacement of 350 µm was observed after 

the pressure in the auditory canal was decreased 1.5 kPa. When pressure was increased 

with the same magnitude the stapes displaced 4 µm and the umbo 150 µm (Hüttenbrink, 

1988, Dirckx and Decraemer, 1991). The displacement of the umbo is 23 times larger 

than the stapes displacement amplitude (Dirckx and Decraemer, 2001). Decreasing 

pressure 1.5 kPa in the gerbil’s auditory canal causes the umbo to displace 175 µm. When 

pressure is increased by the same magnitude the umbo displaced 125 µm (Dirckx and 
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Decraemer, 2001). In mammals both umbo and stapes displacements caused by ambient 

pressure fluctuations show non-linear S-shaped curves which indicate the non-linear 

response characteristics of the ME components. Magnitudes of umbo and stapes 

displacement at overpressure in the auditory canal are always significantly larger than 

the displacement at negative pressure of the same magnitude. The asymmetric shape of 

the curves of the umbo and stapes displacement curves as function of pressure can 

possibly be attributed to the conical shape of the tympanic membrane. Due to its shape, 

the tympanic membrane stretches at overpressure in the auditory canal but can easily 

bend and balloon outward at negative pressure. 

 

Although birds are frequently exposed to ambient pressure changes due to their 

lifestyle, only one study provides quantitative data on deformations and motion of the 

columellar footplate over a range of ME pressures. Arechvo et al. (2013) increased 

pressure within the auditory canal in ostrich (Struthio camelus) from 0 to 2 kPa. The 

average columellar footplate displacements were 190 µm at 0.5 kPa, 270 µm at 1 kPa, 

and 310 µm at 1.5 kPa. When pressure within the auditory canal was increased and 

decreased, bending occurred in the extrastapedius while Platner’s ligament limits the 

displacement of the columellar footplate. Claes et al. (2018a) showed that ME pressure 

in chickens and mallards is ventilated only once every 1 to 3 minutes, indicating that 

birds, due to their lifestyle, can be subjected to ME pressure conditions used in the 

presented study. In the present study on chickens, quasi-static pressure changes were 

induced in the intracranial air cavities, interaural pathway, and hence both the MEs 

simultaneously, as all these systems are connected (Wada, 1923, Schwartzkopff, 1955, 

Counter and Borg, 1979). After increasing ME pressure (conform decrease of pressure in 

the auditory canal) we observed that the tympanic membrane bulges laterally and the 

conical tip of the membrane also displaces laterally. A linear translation and a very small 

rotation of the columella could be observed indicating a largely piston-like motion. At an 

increase of 1 kPa in ME pressure, 63% of the maximal displacement (at 1.5 kPa) of the 
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extrastapedius and 71% of the maximal movement of the columellar footplate was 

observed. At 1 kPa, extrastapedius displacements were 2.4 times larger than columella 

displacements, about the magnitude found in Pohlman (1921) and Claes et al. (2018a). 

When ME pressure was increased further only small lateral displacements of the 

extrastapedius and columellar footplate were observed. The displacements are likely 

limited in magnitude by both Platner’s ligament becoming tense and by the annular 

ligament which connects the columellar footplate with the oval window. Due to the 

hyaline cartilage in the extracolumella, bending movement is not only possible between 

the extracolumella and columella but also at the processi of the extracolumella 

(Saunders, 1985, Mills, 1994, Starck, 1995, Arechvo et al., 2013). After ME pressure was 

decreased we observed a medial displacement of the tympanic membrane. A linear 

translation and a small rotation of the columella were observed which indicate that the 

columellar footplate undergoes a predominantly piston-like motion. At 1 kPa, 

extrastapedius deformations were 11 times larger than columellar footplate 

displacements. The annular ligament likely protects the inner ear by limiting the 

displacement of the footplate so the footplate cannot penetrate too deep. At a decrease 

of 1 kPa in ME pressure, 94% of the maximal displacement (at 1.5 kPa) of the 

extrastapedius and 100% of the maximal movement of the columellar footplate was 

observed. When ME pressure was decreased further only a small increase in medial 

displacement was observed. The small rotation angles of the columellar footplate 

support the piston-like motion theory posed by Pohlman (1921) and not the rocking-

motion theory posed by Gaudin (1968). In birds, both extrastapedius and columellar 

footplate displacements caused by ME pressure fluctuations show non-linear S-shaped 

response curves as function of pressure which also indicate the non-linear response 

characteristics of the ME components. Magnitude of extrastapedius and columella 

amplitude at negative pressure in the ME are significantly larger than the displacements 

at overpressure. 
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The larger displacements of the umbo and smaller displacements of the stapes in 

humans compared with rabbits can be attributed to the larger tympanic membrane in 

humans (56 – 85 mm2 (Gan et al., 2004); rabbit: 32 mm2 (Marcusohn et al., 2006)) but 

also to a difference in stiffness of the ossicular chain (Dirckx et al., 2006). The gerbil 

however, seems to be an exception with a peak-to-peak displacement of 300 µm of the 

umbo with only a tympanic membrane surface area of 19 mm2 (Cohen et al., 1992). 

However, looking at the peak-to-peak displacement of the extrastapedius of the 

chicken’s ME and comparing this to the peak-to-peak displacement of the umbo of the 

rabbit (similar tympanic membrane surface area), we see that the displacement in 

chickens is 10 times larger. Scaling the surface area of the tympanic membrane in gerbils 

to the same size of the chicken’s tympanic membrane, peak-to-peak amplitudes of the 

deformations of the tympanic membrane are still almost 3.7 times smaller in gerbils. This 

can indicate that the ME system in birds has an ever higher flexibility than the 3 ossicle 

system in mammals. Scaling the mammalian maximal displacement amplitude of the 

umbo and stapes to the same magnitude of the maximal displacement amplitude of the 

extracolumella and columellar footplate in chickens show that when ME pressure is 

increased the ME components seem to be more flexible in chickens as maximal 

displacement is reached at a lower increased ME pressure than in mammals. Comparing 

mammalian and avian linear displacements when ME pressure is decreased indicates 

similar flexibility of the avian ME components. The limited perception of higher 

frequencies in birds can be attributed to higher flexibility in the ossicular chain limiting 

movement of the columella (Mason and Farr, 2012). 

 

The results show that the quasi-static displacements of the columella are larger than the 

stapes displacement in the mammalian ear. The flexibility of the extracolumella gives 

the avian ear another unique feature to buffer static motions at the level of the 

footplate, which is not present in the mammalian ear. Still, the results show that the 

inner ear of birds is more prone to quasi-static inputs than the mammalian ear. The 
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cochlear duct in birds is straight, in contrast to the coiled mammalian cochlea, and the 

round window in mammals is far smaller than its counterpart in the avian ear. From a 

hydrodynamic standpoint this might make it easier for the avian inner ear to cope with 

large displacements at the level of the columellar footplate. 

 

The tympanic membrane in mammals is conically shaped with the tip pointing inwards 

(Decraemer et al., 1991). In birds the tympanic membrane is also conically shaped but 

the tip is pointing outwards. This anatomical difference can be the main cause of the 

difference in the S-shape of the pressure-displacement curves between mammals 

(smaller medial than lateral displacements) and birds (larger medial than lateral 

displacements). An outward pointing tip of the tympanic membrane can make the 

tympanic membrane stretch at negative pressure in the auditory canal, but make it easy 

to bend and balloon at overpressure. 

 

These findings can indicate the importance of including a compliant ‘extracolumella’ or 

a hinge-like structure within the design of a flexible total ossicular replacement 

prosthesis in human surgery as an effective method to decrease the potentially 

damaging of the inner ear by the stapes footplate, as was already was suggested by 

Beleites et al. (2007) and Arechvo et al. (2013). 
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The enigma of the avian middle ear 

As sound plays an important role in the ecology of many species, this led to the evolution 

of a wide variety of sound perception organs (e.g. Dreller and Kirchner, 1993, Saunders 

et al., 2000, Higgs et al., 2002, Popper et al., 2003, Yack, 2004). In terrestrial vertebrates, 

aerial sound perception resulted in a complication, as the acoustic impedance differs 

between the outside air and the fluid-filled inner ear, causing the potential loss of 99.9% 

of the soundwaves due to reflection (Møller, 1974). A mechanical lever system evolved 

to bridge this difference, a functional role fulfilled by the middle ear. 

 

The avian middle ear is at first glance less complex than the mammalian middle ear: it 

contains one ossicle with a bony shaft (the columella) and a cartilaginous, trifurcated 

distal end (the extracolumella), one muscle (stapedius muscle) and some ligaments 

(ascendens ligament, drumtubal ligaments, Platner’s ligament and annular ligament) 

(Smith, 1904, Starck, 1995, Saunders et al., 2000). The tympanic cavity is an air-filled 

pocket sealed off by the tympanic membrane, which is connected to both the quadrate 

bone and the neurocranium. Sealing off the tympanic cavity with a membrane poses 

evolutionary challenges, as changes in the pressure differential over the tympanic 

membrane may result in membrane deformations which can interact with hearing 

perception. Due to their lifestyle, birds encounter considerable ambient pressure 

fluctuation and it is intriguing to understand how this relatively simple middle ear copes 

with this. This may seem easier when the middle ear contains several articulating ossicles 

like in mammals, however, in birds the flexibility of the columellar complex allows 

deformation of the middle ear components. Thus, understanding the functioning of the 

avian ear can not only give insight into how evolution by natural selection managed to 

optimize this single-ossicle ear, but may also provide knowledge which may be used to 

improve ossicular prostheses in humans (see future perspectives). For this purpose, the 

results of my research are compared with the findings in mammals. 
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Using mammalian middle ear mechanics to understand form 

relationships in birds: rationale and limitations 

Predictions on the effects of different mammalian middle ear morphologies on their 

hearing capabilities were used in this thesis to evaluate potential form-function 

relationships in birds. However, the set of features in mammals described in the 

literature are believed to be oversimplifications of the real middle ear mechanics, being 

only relevant for perception at lower frequencies (reviewed by Mason, 2016b). Some 

limitations of the mammalian models are discussed here. 1) The tympanic membrane, 

which is conically shaped, will vibrate with greater amplitudes in some areas than in 

others when stimulated by sound, resulting in an ‘effective area’ of the tympanic 

membrane (Hemilä et al., 1995). It may be valid to model the tympanic membrane as a 

simple piston at low frequencies, however, at higher frequencies the membrane 

vibrations will break up into more complex vibrations (Khanna and Tonndorf, 1972). This 

indicates that the effective area of the tympanic membrane is frequency dependent 

(measurements by Muyshondt et al. (2016) prove that this phenomenon is also present 

in ostrich). 2) Simple models assume that the ossicles are stiff and vibrate about the 

anatomical axis between the anterior process of the malleus and the short process of 

the incus. However, flexibility within the ossicle(s) is present in all tetrapods, including 

birds (see Chapter 4 and 5) so it may be expected that the effective lever ratios differ 

from the anatomical ratios. The lever ratio between the eardrum and stapes footplate is 

frequency dependent, although it seems to be constant at frequencies below to 10 kHz 

(de La Rochefoucauld et al., 2010, Decraemer et al., 2014). 3) It is argued that the upper 

limit of high frequency perception is limited by the cochlea (Ruggero and Temchin, 

2002). It is, therefore, possible that the middle ear morphology allows the transfer of 

high frequencies, but that this cannot be translated into overall hearing sensitivity. 
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Moreover, since the hearing capabilities of birds are limited to lower frequencies, it is 

assumed that the simplified mechanical predictions linking anatomy and function are 

accurate in birds and can thus be used in the analysis of this study. 

 

 

Ultimate explanations for avian middle ear variability: sound or 

pressure? 

Substantial interspecific variation is present in the avian middle ear morphology and it is 

tempting to relate this to the functional requirements imposed by the specific niche. In 

our study, intensity perception was only influenced by the ratio of the surface area of 

the tympanic membrane over the surface area of the columellar footplate. Frequency 

perception did not seem to be influenced by variation in middle ear morphology, 

although literature shows that in mammals it is influenced by the middle ear volume and 

the conical depth of the tympanic membrane. In Chapter 1 of this thesis, middle ear 

volume was estimated by multiplying the surface area of the tympanic membrane with 

the length of the columella. As the flat ellipsoid surface area defined by the membrane 

margins is used, these calculations can probably yield an underestimation since the true 

surface area as the membrane is conically shaped. Using the true surface area, however, 

would have decreased our already limited dataset, as only the data for the presently 

scanned species could be used. Moreover, some of these samples had been frozen (-

18°C) over a long period of time which may have caused shrinkage of the tympanic 

membrane and hence a reduction in conical depth, resulting in an artificial variability of 

the estimated volume. Because of practical limitations, determining the intracranial air-

space from the scans was impossible (see further). Therefore, we opted to use the robust 

proxy for middle ear volume for species comparison. 
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The possibility exists that the variation in middle ear morphology between species, apart 

from size, is random or evolutionary driven by other factors than sound perception. If 

‘random’, an equally large intra- than interspecific variation would be expected. 

However, this is not the case. For example, the variation in columella length between 

three European canaries after scaling for body size is 0.002 mm, while the variation 

between the species used in Chapter 1 is 0.013 mm. This could indicate that middle ear 

morphology does not vary randomly between species and that a functional link is 

present. A factor possibly influencing middle ear evolution in birds is the ability to cope 

with pressure fluctuations. 

 

To test this hypothesis, deformations and displacements of the middle ear components 

could be quantified and compared in species which encounter different pressure 

gradients and the present dataset should be expanded with more underwater diving 

species, migratory species, ground dwellers, etc. Unfortunately, our dataset was limited 

by the availability of cadaveric heads, obtained from a zoo, private collections and 

poultry farms. Using museum specimens for this purpose was no option, as these are 

often preserved in formaldehyde or ethanol, causing shrinkage and fixation of the 

different middle ear components. Testing the hypothesis will require contacting 

specialized research labs or bird rescue centers to obtain fresh or properly preserved 

material of carefully selected species. 

 

 

Scanning and pressure measurements: methodological issues 

As mentioned above, birds have to cope with large pressure fluctuations due to their 

lifestyle, potentially causing deformation of the middle ear components. In this thesis, 

pressure differentials were experimentally imposed and resulting in deformation were 

visualized by micro-CT scanning. After applying required pressure levels in the middle 
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ear, the samples were allowed to settle for 2 minutes to avoid artefacts caused by 

movement of the tympanic membrane during scanning. As a result, the visualized 

deformations in the different pressure conditions could be biased by slow viscoelastic 

effects working on the middle ear components. However, we assume that these 

viscoelastic effects will also occur in vivo, since mallards for example only ventilate their 

middle ears every 2.5 – 3.5 minutes. 

 

Deformations of the middle ear components are known to change sound perception in 

mammals (Loch, 1942, Rahm et al., 1956, Rosowski and Lee, 2002, Dirckx et al., 2006). 

Also in the avian middle ear, deformations will most probably alter sound perception, so 

ventilating the middle ears is important to restore middle ear pressure to ambient levels. 

To study this, relatively simple pressure experiments were conducted. Chickens were 

used to optimize the experimental setup as they are easy to obtain from a poultry farm. 

However, as they are a terrestrial species and probably do not have to cope with large 

pressure fluctuations, the same experiments were conducted on mallards, a flying 

species which also dives under water. In both species, no change in ventilation rate was 

observed when middle ear pressure was increased or decreased. The same set of 

experiments can be repeated on species which have to cope with even more extreme 

pressure fluctuations, for example: gannets, peregrine falcons, etc. In these experiments 

the middle ear pressure could be changed to even more extreme levels than the 4 kPa 

change used in this thesis. It would also be beneficial to test whether a faster of slower 

alteration of middle ear pressure might trigger reflexive opening of the 

pharyngotympanic tube. 

 

In birds, the pressure in the middle ear always decreases slowly to 20 Pa below ambient 

pressure. When this pressure is reached, venting of the middle ear (opening of the 

pharyngotympanic tube) occurs (Larsen et al., 1997, Larsen et al., 2016) so a baro-

receptor function is premised at the level of the middle ear. In literature, only the 
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paratympanic organ is put forward as a candidate organ to measure middle ear pressure 

in birds either directly or indirectly, however, other unknown candidate organs may be 

present (von Bartheld, 1994, von Bartheld and Giannessi, 2011). To test if such an organ 

exists and if it measures middle ear pressure directly or indirectly (by deformations of 

the middle ear components), experiments were conducted where the tympanic 

membrane was first perforated in one ear and afterwards also in the second. However, 

it might be possible that perforating one tympanic membrane already reduced the 

tension stimulus to levels below detection, disabling the reflexive venting of the middle 

ear when this candidate organ is a tension senor. To exclude this possibility 

unequivocally, middle ear pressure should have changed in vivo via the intracranial air 

cavities, requiring surgical interventions to implant the needle tips. Clearly, in that case, 

animals should be anesthetized for implantation. Apart from the effect on behaviour 

during testing (higher stress levels), the lack of the capability to ventilate their middle 

ears has already be shown in anesthetized mammals and birds (Eames et al., 1975, 

Larsen et al., 2016). 

 

 

Can the ‘sound protection study’ be biased by age-effects? 

Two passive protective mechanisms are described in roosters as their vocalization can 

be very loud (> 140 dB). These mechanisms are lacking in hens due to a sexual 

dimorphism. One of the described mechanisms is a change in tension of the eardrum 

which was assigned to a higher upper jaw elevation in roosters. However, some caution 

may be appropriate because the roosters were only four months old while the hens were 

already one year old. In lizards for example, it is known that the joints within the skull 

become more stiff and hence there is reduced flexibility with an increasing age (Herrel 

et al., 1999, Moazen et al., 2009, Montuelle and Williams, 2015). This could indicate that 

the differences in upper jaw elevation between the roosters and hens used in this study 
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may be an age effect, as the possibility exists that the nasofrontal hinge becomes more 

stiff when roosters become older, thus reducing quadrate rotations and limiting the 

effects on the middle ear components. Therefore, it would be interesting to investigate 

if upper jaw elevation decreases with increasing age in roosters. X-ROMM 

(http://www.xromm.org/ ; applicable at FunMorph’s 3D²YMOX platform) could be an 

appropriate technique to test this in vivo. 

 

Should the range of motion of the quadrate and hence the upper jaw be smaller in older 

roosters, the inward displacement of the tip of the tympanic membrane would still 

probably happen, as this is likely to be caused by the soft tissue of the outer ear canal 

coming into contact with the tympanic membrane. It is highly likely that this decreases 

the tension of the tympanic membrane as is shown by the bead displacements, altering 

the sound perception. Experiments conducted in Muyshondt et al. (2017) measured the 

effect of craniokinesis on the hearing capabilities of both hens and roosters. A significant 

difference was found in attenuation between the two sexes. Hens show an attenuation 

of only 0.5 dB over frequency (0.125 – 4 kHz) while roosters on average have an 

attenuation of 3.5 dB. 

 

An indirect way to support the present findings on chickens would be to study whether 

similar passive mechanisms are also present in other species: for example, species in 

which both males and females have similar loud vocalization such as the salmon-crested 

cockatoo (Cacatua moluccensis), species with a sexual dimorphism in terms of 

vocalization (loud male, quite female) like the common blackbird (Turdus merula) or 

silent species such as the white stork (Ciconia ciconia) which lack muscles in the syrinx, 

thus being unable to utter sound. 

 

 

http://www.xromm.org/
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Brief synthesis of the present findings 

This thesis is entitled “Understanding functioning and evolution of bird middle ear 

mechanics: a functional morphological analysis”. Despite the above-mentioned 

methodological constraints and potential pitfalls, the research carried out in this thesis 

does contribute to our understanding of the functional morphology of the avian middle 

ear, at least in that form-function relationships, if present, are probably much more 

complex than what could be expected from the, at first glance, fairly simple morphology 

of the bird’s middle ear.  Looking at figure 2 in chapter 1, it is indeed difficult to imagine 

that the depicted conspicuous form-variation would just be random. However, apart 

from the quite logical relation between intensity threshold and the ratio of the surface 

areas of the tympanic membrane and columellar footplate, none of the other considered 

shape-variables could, at least in the present sample, be linked to perceived hearing 

frequency. As a first approach, the selection of these shape-variables focused on in this 

thesis, was inspired by the mechanical abstractions put forward for the mammalian 

middle ear, which is after all rather different from that of birds. Probably, new 

mechanical analyses (such as for instance dynamic FEM modelling) will point at other 

functional principles and will reveal other form-function relationships.  The results of the 

present pressure experiments show pronounced deformations of the extra-columella 

and the tympanic membrane, probably requiring their own proper mechanical 

assessment rather than efforts to match these with the mammalian middle ear 

kinematics and models.   

Alternatively, biological roles other than sound transmission may be at play.  In this 

respect, attention was drawn to the effect of large pressure differential and transients 

that are probably present in birds.  At least in the species studied, accommodation rates 

adjusting pressure differentials did not change when the pressure was modulated, 

suggesting that the necessity to cope with different pressure gradients may represent a 

selective pressure, indeed. As already mentioned, providing further support for this 
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would require more comparative anatomical and experimental efforts (the latter 

unfortunately practically very difficult, if not impossible) on a wide variety of birds 

occupying very specific niches.  Moreover, it is also shown in this thesis that craniokinesis 

can interact with middle ear function. As such, biological roles, such as for instance 

feeding or sound production, in which craniokinesis is in play, can potentially also be 

reflected in the middle ear morphology.  Clearly, this will also require further integrative 

research.  

 

 

Future perspectives 

Prosthetic ossicles are used to restore hearing in humans when the ossicles are damaged 

or missing. When all three ossicles are missing, a direct connection is made between the 

tympanic membrane and the stapes footplate, the so called ‘Total Ossicle Replacement 

Prosthesis’ (TORP). In the current design, these prostheses are solid and consist of only 

one piece, leading to clinical problems (e.g. penetrating and damaging the inner ear, 

rupturing of the tympanic membrane) in patients due to quasi-static pressure variations 

(Mills et al., 2007). Understanding the functioning of the avian ear can not only provide 

insight in the functional evolution of species, but it can also reveal how evolution by 

natural selection managed to optimize this single-ossicle ear. Until now, the exact 

functioning of the avian ear could not be revealed, as only simple mechanical models 

exist. Improved realistic finite element models and input parameters, e.g. elasticity of 

the tympanic membrane, stiffness of the extracolumella and columella-extracolumella 

transition, are necessary to test the functioning of better designed TORPs. Multiple-

component prostheses have been suggested to overcome the current problems, which 

makes a study on the single ossicle ears in birds beneficial to mimic nature’s solution in 

the avian middle ear (Manley, 1995, Mason and Farr, 2012). 
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The results of Chapter 5 show the importance of a compliant extracolumella to buffer 

sudden ambient pressure changes. Including compliant structures, based on the 

extracolumella, in the ‘Total Ossicular Replacement Prosthesis’ would be beneficial. 

Inverting the inward pointing tip of the tympanic membrane in patients with a TORP 

could be an improvement as the outward pointing tip of the tympanic membrane in birds 

is probably ideal for a single ossicle ear. These principles have to be tested by ex-vivo 

experiments on human cadaveric temporal bones and computer modelling. 
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