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Abstract
Tympanic hearing is a true evolutionary novelty that appears to have developed independently in
at least five major tetrapod groups—the anurans, turtles, lepidosaurs, archosaurs and mammals.
The emergence of a tympanic ear would have increased the frequency range and sensitivity of
hearing. Furthermore, tympana were acoustically coupled through the mouth cavity and therefore
inherently directional in a certain frequency range, acting as pressure difference receivers. In some
lizard species, this acoustical coupling generates a 50-fold directional difference, usually at
relatively high frequencies (2–4 kHz).

In ancestral atympanate tetrapods, we hypothesize that low-frequency sound may have been
processed by non-tympanic mechanisms like those in extant amphibians. The subsequent
emergence of tympanic hearing would have led to changes in the central auditory processing of
both high-frequency sound and directional hearing. These changes should reflect the independent
origin of the tympanic ears in the major tetrapod groups. The processing of low-frequency sound,
however, may have been more conserved, since the acoustical coupling of the ancestral tympanate
ear probably produced little sensitivity and directionality at low frequencies. Therefore, tetrapod
auditory processing may originally have been organized into low- and high-frequency streams,
where only the high-frequency processing was mediated by tympanic input.

The closure of the middle ear cavity in mammals and some birds is a derived condition, and may
have profoundly changed the operation of the ear by decoupling the tympana, improving the low-
frequency response of the tympanum, and leading to a requirement for additional neural
computation of directionality in the central nervous system. We propose that these specializations
transformed the low- and high-frequency streams into time and intensity pathways, respectively.
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1. Introduction
The emergence of a true evolutionary novelty is a rare event. By the logic of evolution, any
true novelty should either arise spontaneously by random processes, for example through
changes in ontogeny, or by preadaptation, co-opting structures originally used for other
purposes. Obviously, preadaptation is a phenomenon much more likely to occur than the
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spontaneous emergence of a novel, beneficial (or at least selection neutral) structure. In this
review, we outline the potential roles of the tympanic middle ear as an evolutionary novelty.

The sense of hearing is ancient in animals, stretching back to mechanoreceptors in the
earliest animals. In the vertebrates, the labyrinth, i.e. the inner ear with its sensory organs, is
a highly conserved structure, especially with regard to the equilibrium and gravistatic
sensors. The hearing organs, however, reflect the changes from aquatic to terrestrial
lifestyles in the tetrapods. Both the middle ear structures and the inner ear sensory maculae
associated with perception of sound underwent dramatic changes during the water–land
transition. During this transition, a true novelty emerged, the tympanic middle ear [15].
Below, we outline the likely changes from non-tympanic to tympanic hearing in the tetrapod
ancestors and propose a working hypothesis for the origin of time and intensity pathways in
tetrapods.

The apparent general similarity of the tympanic ears of tetrapods suggested to earlier
researchers that tympanic hearing emerged early in tetrapods (or even in the tetrapod
ancestors among the rhipidistian fish [37]) and that the tympanum and middle ear was
therefore homologous in recent amphibians and amniotes. However, Lombard and Bolt
[2,28] provided evidence from the structure of the middle ear in recent amphibians, and
morphology of the ear in their tetrapod ancestors, that suggested tympanic hearing in
anurans had evolved independently of tympanic hearing in the amniotes. These germinal
papers were followed by the discovery of the earliest tetrapod stapes or columella [13] and a
series of investigations of the middle ear of the early tetrapod, Acanthostega that suggested
the columella in this species did not function in audition, and that a tympanic middle ear was
not a primitive characteristic of tetrapods [14]. Furthermore, analyses of the amniote fossil
record shows that even amniote ancestors did not have a tympanic ear [15,30]. These studies
suggested that the tympanic ear appears to have emerged independently at least five times,
i.e. in the lines leading to amphibians, turtles, lepidosaurs (lizards and snakes), archosaurs
(crocodiles and birds) and mammals. The middle ear bone is homologous in the tetrapods,
however, having had non-auditory function in the ancestors, either as a structural element or
as an accessory in spiracular closure [15,28,31]. The consequence is that the auditory
papillae and nuclei in the central auditory pathway of tetrapods, especially those nuclei
involved in the processing of tympanic (i.e. high-frequency) sound, are not necessarily
homologous [21].

2. How and when did tympanic hearing emerge?
The anurans, the only amphibians with a tympanic membrane, probably emerged in the
Triassic, although no true anuran fossils are known from this period. Furthermore, at present
the origins of anurans are debated. Earlier studies proposed that anurans, together with other
recent amphibians (collectively termed the lissamphibia), were descended from
temnospondyls that may have developed tympanic hearing as early as in the Carboniferous
[14]. Recent cladistic analyses suggest, however, that lissamphibia belong to the
lepospondyls, and that temnospondyls represent a separate emergence of a tetrapod
tympanic ear [25]. In that case, the earliest tympanic ear in the line leading to anurans is
found in the lower Triassic proanuran Triadobatrachus, which is not an anuran, but has
some anuran features. The head region of this proanuran and of the oldest fossil anuran, the
early Jurassic, Vieraella herbstii, is too damaged to reveal auditory structures, but the
middle Jurassic species Notobatrachus degiustoi shows an essentially modern anuran ear
with a well-developed columella and probably also an operculum [1]. Therefore, it is
reasonable to suppose that tympanic hearing is a primitive characteristic in anurans. The
frog inner ear contains two hearing organs (review in [27]). The low-frequency hearing
organ, the amphibian papilla, covers the frequency range of 10–1200 Hz and is unique to
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recent amphibians. This papilla is probably derived from a specialization of a region of the
sacculus, an otolithic organ that in recent amphibians responds to substrate vibrations, and
also to low-frequency sound [12]. The anuran high-frequency hearing organ, the basilar
papilla, may be homologous to the hearing organ of the other tetrapods. The sensory
epithelium of the basilar papilla is located in the lagenar recess, as is the basilar papilla of
amniotes [35]. It has been suggested that the basilar papilla has retained its function as
auditory organ since the crossopterygian ancestors [20], although this view may be difficult
to reconcile with the view of independent origin of tympanate hearing in the anurans and the
other tetrapod lineages. In recent frogs, the basilar papilla is a high-frequency hearing organ
stimulated exclusively via the tympanum. Furthermore, the homology of the basilar papilla
in amphibians and amniotes has been disputed, since the morphology is very different in the
two groups, reflecting an underlying and fundamental difference in the mechanisms
generating shear [38]. Alternatively, the basilar papillae of amphibians and amniotes may
have been independently derived, but in both cases from regions of the lagena, and the
similarity reflects the common lagenar origin. The function of the lagena is variously
gravistatic, vibration-sensitive or auditory in the recent tetrapods, so the ancestral lagena has
not necessarily been an auditory organ, and the reason for this common origin could be that
access to the lagenar cavity could be important for the efficiency of early sound pressure
receivers [35].

Tympanic hearing in amniote lineages also emerged during the Triassic (see [31] and [16]
for reviews). The fossil evidence for the independent emergence of tympanic hearing in
amniote lineages was reviewed by Clack [15]. In this study tympanic hearing was linked to
morphological characters such as oval and round windows, ossification of the otic capsule
and a non-structural, vibratory stapes, and she proposed that the ancestral amniotes had a
non-tympanic ear like the extant Sphenodon (the tuatara). Surprisingly, all amniote lineages
(and probably also the anurans) seem to have developed tympanic hearing independently
during the Triassic. These events may be convergent evolution caused by the increased
importance of detection of airborne sound of biotic origin, either from predators or from
prey, leading to increased selection pressures for auditory sensitivity. The emergence of
tympanic hearing roughly coincides with the emergence of sound-producing insects [23].

3. Hearing before the tympanic ear
What was tetrapod hearing like in the 100 million years before the emergence of the
eardrum in the Triassic? The most parsimonious assumption is that originally, the tetrapod
ear functioned like that of the Crossopterygian ancestors and responded to sound-induced
vibrations of the skull (i.e. by mechanisms similar to bone conduction or extratympanic
hearing in recent vertebrates). Hearing in Crossopterygians has not yet been studied, but in
recent actinopterygian fish, one or more of the otolithic inner ear organs respond to whole-
body motion along all three dimensions, usually with maximal sensitivity to frequencies
below 200 Hz and lowest displacement thresholds at 0.1 nm [32]. Since the hair cells in the
otolithic sensory macula are directionally sensitive, the direction of body motion can be
processed from the excitation pattern of the macula. Each VIIIth nerve fiber has a well-
defined preferred direction [17]. The subsequent processing of this directional information
in the CNS of recent teleosts is largely unknown, but binaural interactions, probably
inhibitory, may sharpen the directional response [18]. We assume that the organization of
hearing in Crossopterygians would be similar to that of unspecialized actinopterygians.

Although this has not been measured, an unspecialized fish ear may respond fairly well to
airborne sound. This may be understood in terms of sound energies. In water, the acoustical
impedance of the medium and of the tissue is similar, so sound energy is absorbed relatively
effectively by the inner ear. Since water is relatively incompressible, however, the motion
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component of sound, i.e., the water particle movement, is small. By comparison, in air a
considerable amount of sound energy is lost by reflection because the impedance of the air
and the tissue is very different. On the other hand, at similar sound pressures the motion
component of sound in air is much higher than in water, so there might not be a substantial
difference in sensitivity between an unspecialized fish ear in water and on land. A measure
of the importance of non-tympanic auditory sensitivity can be gauged from the substantial
number of anuran species that have secondarily lost their middle ear (reviewed in [24]).
Most of these species use vocal communication and have reduced sensitivity, but mostly to
high-frequency sounds. At low frequencies (below 400 Hz), the sensitivity is only about 20
dB less than in ‘eared’ species. Furthermore, all anurans may have ‘extratympanic’
directional sensitivity at low frequencies, where the eardrum shows very little sensitivity and
directionality. The extratympanic sensitivity may be generated by sound-induced vibrations
of the skull (review in [7]). The existence of extratym-panic directional sensitivity is
supported by well-defined best axes for vibrations of the skull in frog auditory nerve fibers,
very similar to that observed for different fish species [4]. It therefore seems likely that the
atympanate ancestors had relatively crude, non-tympanic hearing, mainly restricted to low
frequencies and with sensitivities at least 20–30 dB less than their tympanate descendants.
We also propose that they had directional hearing based on sensitivity to skull vibration
direction, sharpened by binaural interaction in the brain stem.

4. Structure and function of the early tympanic ear
The early tympanic ear was probably formed when the spiracular opening was covered by a
layer of tissue contacted by the columella. The function and sensitivity of this ear would
have depended on many parameters, such as the thickness of the tissue forming the
membrane, the mass of the middle ear bone, its mode of attachment to the inner ear, and the
pressure release windows in the inner ear. By adjusting these parameters over the course of
evolution, the sensitivity of the tympanic ear would have increased compared to the non-
tympanic ear. Additionally, the spiracle opened into the mouth cavity, forming a second
important feature of the early tetrapod ear by acoustically coupling the eardrums. This ear
would have been inherently directional, because it would function as a pressure difference
receiver. The directionality would have depended on the strength of acoustical coupling, as
well as on the general sensitivity of the ear. Note, however, that another effect of the
acoustical coupling of the pressure difference receiver was that the ear would be less
sensitive to low-frequency sound. The phase difference of sound reaching the external and
internal surface of the eardrum is the arrival time difference divided by the cycle time. At
low frequencies this phase difference would be minimal. For example, an arrival time
difference of 100 μs produces a phase difference of 10° at 1 kHz, but only 1° at 100 Hz.
Therefore, the external and internal sound component would have nearly identical phases,
largely cancelling the eardrum motion. Low-frequency sounds, however, have still been
perceived by the ancestral, extratympanic pathways.

The ears of recent lizards show how strong directionality can be generated from a very
simple configuration of the ear. Lizards have very sensitive ears, and thin eardrums. The
eardrums are connected through the mouth cavity, and since the middle ear is not enclosed
in a tympanic cavity, the head is acoustically transparent [9] with unattenuated transmission
of sound from the contralateral eardrum [10,11]. An example of the directionality of a lizard
ear is shown in Fig. 1. The directional difference is up to 35 dB (50-fold) at frequencies
above 1 kHz. Note also that the eardrum is unresponsive at very low frequencies, and that
the directionality shows a steep gradient across the mid-line. This gradient allows the
sharpening of the directionality by binaural comparisons such as simple inhibitory
interactions, in effect a neural subtraction of the contralateral from the ipsi-lateral response.
This comparison can be modelled simply by subtracting the response by its mirror image
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(Fig. 1B). Note the very strong directionality resulting from this operation with a nearly
perfect demarcation of the midline.

Frog eardrums are also coupled acoustically, but the coupling is generally weaker than in the
lizards [22], since the middle ear cavities are connected to the mouth cavity by narrower
Eustachian tubes, reducing the interaural transmission by approximately 10 dB [22].
Nevertheless, in the anurans this coupling generates directionality in a certain frequency
band (Fig. 2A) with maximal directional differences of 10 dB [9] that also can be sharpened
by simple binaural inhibitory interactions (Fig. 2B).

Given the data from frogs and lizards, it seems that processing of directional information in
the auditory pathway may be relatively simple for an ear like the frog or lizard ear, and
perhaps also for the tympanate tetrapod ancestors, since the input from the auditory nerve
itself should be directional at frequencies at which the tympanum is responsive. It should be
noted that phase locking is effectively non-existent at frequencies above 1.2 kHz in the
gecko [34], so binaural comparisons of a directional signal from the tympanum should have
been based on interaural level differences. At lower and perhaps extratympanic frequencies,
however, the neural input would be strongly phase locked, and the binaural response would
likely be influenced by both interaural time and intensity differences.

We therefore propose that the low and high frequencies would be processed in different
streams. We will define the border between low and high frequencies at approximately 400
Hz. The low-frequency stream would be the ancestral pathway, whereas the high-frequency
stream would have emerged with tympanic hearing. As a corollary, the nuclei in the low-
frequency stream should be more similar across diverse animal groups than nuclei in the
high-frequency stream.

In the frogs, the low-frequency stream (frequencies below 400 Hz) originates in the rostral
patch of the amphibian papilla in the inner ear. The hair cells in this part of the papilla are
oriented in a complex, three-dimensional pattern, are sensitive to both sound and vibration,
and have well-defined vibration axes, as described above [27,4]. Furthermore, the rostral
patch is clearly separate from the other part of the amphibian papilla macula, the caudal
extension, which covers the higher frequencies in the amphibian papilla. The rostral patch is
also conserved among all lissamphibia, whereas the shape of the caudal extension is much
more variable [26]. In lizards, it is proposed that the low-frequency population of hair cells
in the basilar papilla macula (tectorial hair cells) is ancestral and generally similar to hair
cells in other amniotes, whereas the high-frequency population of free-standing hair cells
may be derived [29]. The tectorial and free-standing hair cells in the alligator lizard differ in
their phase locking properties, reflecting adaptation for temporal processing in the tectorial
hair cells [33].

5. Binaural processing in the stem hindbrain auditory nuclei
Evidence for separate high- and low-frequency pathways in the hindbrain emerges from
studies on the alligator lizard. Generally, vertebrate auditory nerve fibers bifurcate as they
enter the medulla, terminating in an ipsilateral, dorsally located column of auditory nuclei.
In the alligator lizard, however, projections from the basilar papilla are partitioned so that
tectorial hair cell afferents (CFs 100–800 Hz) conform to the vertebrate pattern and project
to the nucleus magnocellularis and the lateral nucleus angularis, whereas free-standing hair
cell afferents (CFs 900–4000 Hz) project only to the medial nucleus angularis [36,5].
Separate high best frequency projections may characterize free-standing hair cell
populations in all lizards [29].
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In the gecko (Christensen-Dalsgaard, Tang and Carr, unpublished), neurons in the nucleus
magnocellularis generally have low best frequencies and phase lock to auditory stimuli.
Unlike magnocellularis neurons in birds, however, magnocellular neurons in the gecko are
excited by inputs from both ears. Binaural first order responses are not found in birds or
mammals, but in experiments on geckos where sound transmission from the contralateral ear
was blocked, responses to contralateral sound stimuli were still present in nucleus
magnocellularis, suggesting that there is projection to the nucleus magnocellularis from the
contralateral first or second order auditory nuclei. Magnocellular responses are clearly
modulated by both ITD and ILD, again reflecting the binaural and directional responses
present in the auditory nerve and projections from the contralateral auditory nuclei. The
processing of high frequencies is much less clear, although the phase locking of the auditory
fibers is insignificant at frequencies above 1 kHz. We hypothesize that further processing of
the higher best frequency binaural processing may take place in the superior olivary nuclei
and depend largely upon ILD.

In anurans, auditory nerve fibers from the amphibian papilla and the basilar papilla project
the dorsal medullary nucleus. A commissural tract exists between the two DMN, making
this the first site along the auditory pathway in which binaural interactions occur [19,8].
Binaural neurons in the DMN are excited by monaural stimuli, and often inhibited by
dichotic stimuli [8]. It is presently not clear, however, whether there is a clear partitioning of
low and high frequencies, as in the lizards. Neither lizards nor anurans show evidence for
segregated processing of time and intensity cues.

6. Changes in the early tympanic ear
As we have outlined above, the early tympanic ears may have been similar to the lizard ear,
with substantial acoustical coupling of the ears. If this was the case, the mammalian pressure
receiver ear must be derived from such an ear, raising the question of which evolutionary
processes would lead to partial isolation of the middle ears. One such selective pressure
could be a requirement to shield the eardrums from respiration noise [9]. Changes in buccal
pressure associated with respiration in anurans or lizards cause the eardrums to move.
Because of the higher respiration rate in mammals, this disturbance of their auditory
function may be more serious. Another explanation could be a general protection of the
middle ear bone(s) that are completely exposed in the mouth cavity of lizards, while a third
explanation would be a side effect of the enlargement of the mammalian brain, specifically
growth of the brain downward. Finally, pressure gradient directionality comes at the expense
of sensitivity, because the subtraction inherent in the mechanism can produce both decreased
low-frequency sensitivity and nulls, or directions of low sensitivity, at higher frequencies.
Whatever the cause(s) of the isolation of the middle ears, their separation would lead to a
non-directional ear, where sound direction processing would need additional computing in
the CNS. The transformation of a pressure gradient ear into a pressure receiver ear would
also lead to increased tympanic stimulation at low frequencies. The increased tympanic
sensitivity and the need for additional neural computation of directionality may have
transformed parts of the original low-frequency stream to a time pathway, since the low-
frequency stream would already show phase locking [33]. Changes associated with the
transformation into the time pathways known from recent birds and mammals include
improved synaptic coupling (endbulbs of Held) in the first-order acoustic nuclei, and
increased phase locking in hair cells and auditory nerve [6]. Binaural comparisons in the
high-frequency pathway were originally based on ILD and would have been transformed
into the intensity pathway. Once the pressure gradient mechanisms were lost or diminished,
there might have been selection pressure for increased high-frequency sensitivity, and for
peripheral structures (external ears, pinnae) that could increase ILD cues. On top of these
peripheral changes, the neural processing would now have to compensate for the loss of
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directional information from the eardrum. This might have led to specialization in central
time processing such as the delay lines in archosaurs and the precisely timed inhibitory–
excitatory binaural processing in the gerbil MSO [3,21]. Note that even these specialized
binaural neurons probably may have had counterparts in the ancestral tetrapods, since the
hindbrain auditory nuclei of anurans and lizards also exhibit excitatory and inhibitory
binaural connections.

According to this hypothesis, many of the features of the avian and mammalian central
auditory system reflect modifications of existing structures in an already functioning system.
Thus, the tympanum may be considered a novelty in the course of the evolution of the
tetrapod ear.
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Fig. 1.
Eardrum directionality in the lizard species Anolis sagrei. (A) The normalized vibration
velocities (colour scale, in dB re 1 mm/(s Pa)) are plotted as a function of direction (x-axis,
contralateral angles on the left and ipsilateral angles on the right) and frequency (y-axis).
Each horizontal line corresponds to a polar plot. (B) Interaural difference plot modelling the
output of a binaural difference (EI) neuron in Anolis sagrei. The eardrum vibration data set
is subtracted from its reflection along the body axis. The colour scale is relative interaural
differences in dB. From Christensen-Dalsgaard and Manley [10,11].
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Fig. 2.
Eardrum directionality in the grass frog, Rana temporaria. Other details same as Fig. 1.
From Christensen-Dalsgaard and Manley [9].
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