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ABSTRACT:

Animals localise sound by making use of acoustical cues resulting from space and frequency dependent filtering of
sound by the head and body. Sound arrives at each ear at different times, with different intensities, and with varying
spectral content, all of which are affected by the animal’s head and the relative sound source position. Location cues
in mammals benefit from structures (pinnae) that modify these cues and provide information that helps resolve the
cone of confusion and provide cues to sound source elevation. Animals without pinnae must rely on other
mechanisms to solve localisation problems. Most non-mammals lack pinna-like structures, but some possess other
anatomical features that could influence hearing. One such animal is the frill-necked lizard (Chlamydosaurus kingii).
The species’ elaborate neck frill has been speculated to act as an aid to hearing, but no acoustical measurements
have been reported. In this study, we characterise the frill’s influence on the acoustical information available to the
animal. Results suggest that the change in binaural cues is not sufficiently large to impact localisation behavior
within the species’ likely audiometric range; however, the frill does increase gain for sounds directly in front of the

animal similar to a directional microphone. © 2022 Acoustical Society of America.
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I. INTRODUCTION

Animals are able to localise sound by having two ears
in different locations separated by the head. As a conse-
quence, incoming sound will not be the same at both ears; it
will arrive at each ear at a different time, resulting in an
interaural time difference (ITD); with differing intensity
resulting in an interaural level difference (ILD); and with
different spectral content due to interactions with the head,
body, and pinnae. These three acoustical cues provide infor-
mation that aids the identification of sound source location
[see, e.g., Blauert (1997) and Grothe et al. (2010)].

Various animals have evolved special structures to help
enhance these acoustical cues, the most notable of these
being the pinnae of mammals and the facial ruff of the barn
owl (Keller et al., 1998; Knudsen and Konishi, 1979). Most
other species lack any prominent external features (although
some make use of internal structures; see Sec. IV); however,
any structure located around the opening to the ear will
inevitably change the nature of incoming sound and produce
information that could be helpful to sound localisation.
Studies in guinea pigs showed that, in addition to pinnae,
this species prominent zygomatic arch effectively turns the
side of the animal’s head into an acoustic receiver (Greene
et al., 2014). Knowing this to be the case, we can speculate
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that various features on other species might similarly act as
an aid to hearing.

Lizards exhibit a wide variety of ear morphologies
(Miller, 1966; Wever, 1978). In the external ear, differences
can be seen in the width, depth, and overall shape of the ear
canal, and many taxa contain other unique anatomical fea-
tures in the ear [some of which are under active control and
thus may be “tunable” by the animal (Young, 2016)]. While
much of this variation will be related to protection of the
tympanic membrane or other non-auditory functions, it has
been noted that many of these variations appear more
directly related to hearing (Baird, 1970; Versluys, 1898).
Some taxa with the most elaborate variations, such as
Gekko, are known to have superior hearing compared with
other squamates (Wever et al., 1963, 1964).

The frill-necked lizard (Chlamydosaurus kingii) is one
species with a particularly large structure surrounding its
ear. It possesses an elaborate neck frill, one of the largest
such structures seen in any extant reptile. The frill consists
of a fold of skin that normally sits flat against the neck and
is connected to the jaw by means of cartilaginous spines.
The animal can thus open the jaw and allow the frill to stand
erect [see Montandon et al. (2019) for further details on the
frill]. The ears of the frill-necked lizard are positioned ante-
rior to this frill as illustrated in Fig. 1, and it has been sug-
gested that the animal uses its erect frill to help it localise
sound. In a study of the muscles of the frill-necked lizard,
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FIG. 1. (Color online) Drawings of the frill-necked lizard with the frill in
the erect and relaxed position to illustrate the position of the ear relative to
the frill. The tympanic membrane is coloured in blue and outlined with a
dashed line.

Charles W. De Vis recalls an incident he witnessed in
Queensland, Australia:

“On one of the two occasions on which I have seen the
lizard adopt its biped mode of locomotion... I was
much interested to see it halt abruptly, erect its frill, and
at the same moment turn its head enquiringly from side
to side—then trot on again for twenty yards or so, and
repeat its attitude of attention—thus it did, till it
reached the tree it was making for, then darting a few
feet up its bole it clung there immovable for more hours
than my leisure could afford for observation” (De Vis,
1883).

De Vis then suggests that the frill might serve an acous-
tic purpose, conducting sound to the tympanic membrane
“perhaps aided by the channels formed by its converging
folds.” However, De Vis concludes that his study of the ani-
mal’s muscles do not “of themselves indicate very clearly
that the appendage is in a strict sense an auditory conch,”
although he points out that his observations do not strictly
rule out an auditory function.

To the best of our knowledge, no other observation of
the animal making the actions described by De Vis have
been reported, and subsequent more thorough and system-
atic studies of frill-necked lizard behavior have dismissed
the idea of an auditory function for the frill. The observa-
tional study by Shine (1990) concluded that the frill’s pri-
mary function was likely “anti-predation and intraspecific
display,” with the frill most commonly used “in displays by
males and in interactions between adult lizards.”

However, as described above, the position of the frill
means that it will change the sound arriving at the ear when
it is erect as compared to when it is relaxed. Whether these
altered sounds are of use to the animal remains unknown.
The magnitude and frequency range of these changes are
uncertain, and any substantial alterations may only happen
outside the animal’s limited range of hearing (see Sec. IV).

To begin to determine whether the presence of the frill
could provide some useful information, we characterised the
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acoustical properties of the frill in subadult lizards by playing
sounds from locations around the animal, and with micro-
phones placed at each ear. Our results show that holding the
frill erect does produce a measurable acoustical effect. In this
article, we describe the acoustical significance of the frill and
whether or not it could be useful to the animal.

Il. METHODS
A. Animal preparation

Two cadaveric subadult frill-necked lizards were
acquired from a commercial supplier. The total length of the
lizards was 320and 340 mm, the snout-vent length was
100 and 110 mm, and the frill diameters were 78 and 82 mm.
This compares to a snout-vent length of ~260 mm and frill
diameters of 140—-180 mm in the largest specimens measured
by Shine (1990). The animals were fully thawed, and the
heads, frill, and tympanic membrane were visually inspected
for signs of damage prior to beginning measurements.

Two probe tube microphones (type 4181, Bruel and
Kjer, Nerum, Denmark) were used to measure the sound at
each ear. The microphones were fitted with flexible tubing
that was fixed to the lizard’s head with the top positioned at
the tympanic membrane. Each specimen was secured on a
platform in the center of the speaker array (described
below), and measurements were made with the frill in the
relaxed position. The frill was then opened and held erect
with glue and an acoustically transparent flexible wire mesh.
Photographs of the wild animal holding the frill erect were
referenced in attempts to ensure the frill was held as a natu-
ral a position as possible; however, there are likely to have
been some differences in the tension and curvature of the
frill as opposed to the situation in the living animal.

B. Experimental setup

The sound presentation setup and procedures were iden-
tical to those described in previous studies (Greene et al.,
2014; Koka et al., 2008, 2011; Tollin and Koka, 2009a,b).
The methods are described below, but more detailed
descriptions can be found in Greene et al. (2014).

The signals were generated by an RP2.1 [Tucker-Davis
Technologies (TDT), Alachua, FL], attenuated with a TDT
PAS, amplified with a TDT HB7, and delivered to 25 identi-
cal speakers with two TDT PM2Relay modules. The loud-
speakers were selected from a larger set (~100) on the basis
of best-matching frequency responses. The loudspeakers
were attached to a 1 m radius semicircular boom with a
spacing of 7.5° between speakers (covering azimuth angles
of +90° to —90°). This was attached to a motor that allowed
the speakers to be rotated around the lizard, the axis of rota-
tion being aligned with the animal’s interaural axis (with the
alignment being confirmed with lasers). We first made mea-
surements with the boom positioned at an elevation of —45°
(in front of and below the animal) and then subsequently
rotated it up and around in 7.5° steps until it reached —180°
(directly behind the animal). A distance of 1 m from the
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speakers means the measurements are in the far field for all
tested frequencies.

Measurement stimuli consisted of 11th order maximum
length sequences (MLSs) (Rife and Vanderkooy, 1989)
repeated continuously 128 times from each loudspeaker.
The MLS stimuli were presented at full 24-bit resolution at
a rate of 97 656.25 Hz. Additional measurements were made
playing tones at different frequencies to more accurately cal-
culate ITDs. Tones were only played for an elevation of 0°.

C. Data processing and analysis

The impulse responses for each ear and at each location
were calculated by circular cross correlation of the stimulus
and the microphone recording (Rife and Vanderkooy, 1989).
The impulse responses were then truncated to 512 (5.24 ms)
points by a Hanning window beginning at 700 samples
(7.17 ms) after the start of the stimulus presentation, thereby
approximately centering the maximum deflection of the
impulse response.

Head related transfer functions (HRTFs) were derived
by dividing the frequency response of each speaker record-
ing by that of the same loudspeaker without the specimen in
place, thereby removing the loudspeaker and microphone
frequency response from each measurement. The resulting
function, the HRTF, represents the acoustical gain and delay
introduced by the head. To reduce the effects of probe tube
placement, directional transfer functions (DTFs) for each
ear were calculated from the HRTFs by dividing the HRTF
made at each spatial location by the geometrical mean of all
the measured HRTFs across all measurement locations for
that ear. The spectral features resulting from the exact place-
ment of the probe tube microphone are expected to be simi-
lar for all measurement locations, so this “common” spectral
feature is removed from the HRTFs, resulting in the DTFs
(Middlebrooks et al., 1989). DTFs are essentially the sound
source direction-dependent components of HRTFs. Over the
frequency range we measured, the average HRTFs (common
component) differ by less than 1dB between frill up vs
down conditions.

Finally, the amplitude spectra of the DTFs were calcu-
lated using a 512-point fast Fourier transform (FFT) after the
spectra were passed through a bank of bandpass filters that
simulate the effects of auditory peripheral filtering. The filter
bank consisted of 500 Butterworth filters with center frequen-
cies spaced at intervals of 0.0143 octaves spanning from
0.25 to 32kHz. The 3 dB bandwidth of filters was held con-
stant across all frequencies at 0.0571 octaves, and the upper
and lower slopes of the filters fell off at ~105dB/octave.
These filters have properties similar to the bank of triangular
bandpass filters described in the literature (Schnupp et al.,
2003; Xu and Middlebrooks, 2000).

lll. RESULTS
A. DTF gain

Figure 2 shows surface plots of DTF gain in the left ear
as a function of frequency for sounds coming from the front
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of one of the two lizards. The plot shows data at five fre-
quencies from 1 to 8 kHz. This frequency range was chosen
as it likely spans the majority of the species’ hearing range
(see Sec. IV). In these plots, the data are displayed as Aitov
projections (Bugayevskiy and Snyder, 1995). The data are
displayed as if the animal were looking out of the page
toward the reader, with the nose positioned at 0° azimuth
and 0° elevation.

Unsurprisingly, given the simple ovoid shape of the ani-
mal’s head, high gain areas appear immediately to the left
and right of the head in all conditions and at all frequencies,
suggesting that the animal’s ears show a baseline dipole
acoustic directivity. At 1kHz (and below), gain appears rea-
sonably low and uniform, and the gain appears to be compa-
rable in the frill up and frill down conditions.

At 2kHz, a small (approximately 2 dB) increase in gain
is observed directly in front of the animal, which appears
somewhat more prominent in the frill up than frill down
condition. More dramatic and noticeable differences emerge
at higher frequencies (>2kHz), where a prominent hotspot
in the gain is visible nearly directly in front of the animal
and where the difference between the frill up and frill down
conditions rises to as much as 8—10dB. More complicated
and more prominent peaks and troughs are seen in the frill
up data, and we begin to see larger differences develop
between the two conditions. Overall, it appears that an erect
frill acts to provide additional gain and directionality for
sounds coming from the front hemifield.

Figure 3 shows the same gain data as in Fig. 2, but for
sound coming from positions behind the animal. In this pro-
jection, the animal is facing in the opposite direction to Fig.
2 and is facing directly into the page. A similar pattern is
seen as for the front hemifield, with limited changes at 1 and
2kHz and more complicated features emerging at higher
frequencies.

Figure 4 shows the maximum gain measured in the
front hemisphere against frequency. The blue lines show
data for the frill up condition, and the red lines show data
from the frill down condition, and different lizards are dis-
tinguishable by symbols (open or closed). Above 1500 Hz,
we begin to see the data from the two conditions diverge,
with the frill up condition showing a systematic increasingly
larger gain with increasing frequency. With the frill erect,
the maximum gain is approximately double what is seen
with the frill relaxed.

In Fig. 5, we see the location of the maximum gain in
both in azimuth (top) and elevation (bottom). As in previous
figures, the red lines indicate the frill down condition and
the blue lines indicate the frill up, and different lizards are
distinguishable by symbols (open or closed). We can see
that the maximum gain for both frill up and down conditions
occurs at the same azimuth angle for frequencies below
2500 Hz. Above this frequency, we see differences begin to
emerge with the position of the gain moving further off to
the side of the animal, and this occurs much earlier for the
frill down condition than for the frill up. However, once we
reach around 5500 Hz, this situation appears reversed.
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FIG. 2. (Color online) DTF gain in the left ear as a function of frequency (from 1 to 8 kHz) for sounds coming from the front of the animal. The magnitude

of the gain is indicated by colour.

A much more dramatic result is seen when examining
the change in the elevation angle of the maximum gain
(Fig. 5, bottom panel). There is a very clear shift from the
back of the animal to the front when the frill is held erect.
With the frill down, the maximum gain is between 90° and
180° (directly above to directly behind the head), while in
the frill up condition, the maximum gain averages around
—15° to —45° (in front and below the head).

B. Binaural sound localisation cues

Most terrestrial vertebrates use differences in the acous-
tical properties of sounds arriving at their two ears to deter-
mine sound source location. Figure 6 shows the magnitude
of the ILDs, calculated as the difference in gain between the
left and right ears, across frequencies, at different elevation
and azimuth angles, and for both the frill up and frill down
conditions in one of the two lizards. The top two panels
show data at an elevation of 0° and at different azimuth
angles, while the bottom two panels show data at 0° azimuth
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and changing elevation. Different angles of elevation and
azimuth are indicated by colour.

For fixed elevation and changing azimuth, we see that
below 1-2kHz ILDs are very small, but at higher frequen-
cies we see ILDs increase consistent with the expected rela-
tionship between the small head size of these animals. ILDs
are comparable across frill conditions for low frequencies
but begin to diverge at higher frequencies, rising to as high
as 9dB at 8 kHz for the frill down condition and to a peak of
near 16 dB at 67 kHz for the frill up condition. The magni-
tude of the ILD shows a progression across space, generally
increasing with increasing azimuth angle (as expected for
the lateral placement of the ears). For fixed azimuth and
changing elevation, a more complex story is seen. At some
positions directly behind that animal, we do see a reduction
in the ILD when the frill is held erect but see more increases
in the ILDs at other elevations.

To better characterise how ILD depends upon fre-
quency, Fig. 7 shows the mean ILD slope from —30 to +30
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FIG. 3. (Color online) DTF gain in the left ear as a function of frequency (from 1 to 8 kHz) for sounds coming from behind the animal. The magnitude of

the gain is indicated by colour.

azimuth for both lizards and all conditions. Results from
both lizards are distinguishable by symbols (square and cir-
cle), and the frill up and frill down measurements are distin-
guishable by colour (red and blue). Responses are highly
consistent across both lizards and across all conditions for
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FIG. 4. (Color online) The maximum gain measured in the front hemi-
sphere vs frequency. The blue lines show data for the frill up condition, the
red lines show data from the frill down condition, and the black lines show
the ratio of frill up to frill down. Different lizards are distinguishable by
symbols (open or closed).
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FIG. 5. (Color online) The location of the maximum gain in both in azimuth
(top) and elevation (bottom). The blue lines show data for the frill up condi-
tion, and the red lines show data from the frill down condition, and different
lizards are distinguishable by symbols (open or closed).
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FIG. 6. (Color online) The magnitude of the ILDs, calculated as the difference in gain between the left and right ears, across frequencies, at different eleva-
tion and azimuth angles, and for both the frill up and frill down condition. The top two panels show data at an elevation of 0° and at different azimuth angles,
while the bottom two panels show data at 0° azimuth and changing elevation. Different angles of elevation and azimuth are distinguishable by colour as indi-

cated in the legend.

low frequencies. Results from the two measurement condi-
tions begin to diverge for higher frequencies, beginning just
below 2kHz. ILD is suppressed, even becoming negative
(pointing in the wrong direction) for frequencies between 2
and 4kHz in the frill up condition. This trend rapidly
reverses at yet higher frequencies where the frill up condi-
tion displays substantially higher ILDs.

In Fig. 8, we show the ITDs calculated for a 1000 Hz
tone at an elevation of 0°. As in Figs. 4 and 5, results from
both lizards are distinguishable by symbols (square and cir-
cle), and the frill up and frill down measurements are distin-
guishable by colour (red and blue). The maximum ITD at
this frequency was *150 ps. Measurements in mammals
have demonstrated that pinnae can increase the size of ITDs
(Tollin and Koka, 2009b), but our data here show no signifi-
cant difference in ITD as a result of the position of the frill.
ITDs were also calculated at other frequencies between 250
and 4000 Hz, but the pattern remained the same at all fre-
quencies with no differences between the frill up and frill
down conditions. It appears that the frill does not alter ITDs
in any way that could enhance sound localisation.

IV. DISCUSSION
A. The hearing ability of the frill-necked lizard

The audiogram of the frill-necked lizard has not yet
been reported, but the hearing ability of other lizard species
has been measured via the auditory brainstem response
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(ABR). Brittan-Powell et al. (2010) measured ABRs in the
green anole (Anolis carolinensis) and found good hearing
from 1 to 7kHz. This is the species most closely related to
the frill-necked lizard for which we were able to find data;
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FIG. 7. (Color online) The mean ILD slope at =30 azimuth for both lizards
and all conditions. This is calculated by subtracting the ILDs at *+30 and
dividing by 60. The blue lines show data for the frill up condition, and the
red lines show data from the frill down condition, and different lizards are
distinguishable by symbols (open or closed).
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FIG. 8. (Color online) The ITDs calculated for a 1000 Hz tone at an eleva-
tion of 0°. The blue lines show data for the frill up condition, and the red
lines show data from the frill down condition, and different lizards are dis-
tinguishable by symbols (open or closed). As with Fig. 5, the positive
angles are to the left of the animal, while the negative angles are to the
right.

however, it is a much smaller species, and we would expect
the upper limit of hearing to be lower in larger species. One
such larger species that has been well studied is the Tokay
gecko (Gekko gekko), in which hearing ability has been
measured in numerous ways (e.g., Brittan-Powell et al.,
2010; Manley et al., 1999; Werner and Wever, 1972). The
upper limit of hearing in these studies is generally found to
be closer to 5kHz. We predict that the hearing range of the
frill-necked lizard will not be greater than for the anole and
will probably be closer to the gekko due to its more similar
size. Such an upper limit of hearing is normal across most
lizards.

The frill does start to generate some noticeable acousti-
cal changes starting at around 2 kHz, and these get larger as
we move to higher frequencies. Thus, if we assume an upper
limit of hearing at 5 kHz, similar to most other lizards, it is
likely that some of the acoustical changes caused by the frill
are audible to the species. The neck frill does begin to gen-
erate still more significant acoustical cues at frequencies
higher than the frill-necked lizard can likely hear. Our
results show how simple “pinna-like” structures can gener-
ate acoustical information but that higher frequency hearing
is required to make use of it. This is likely why only mam-
mals, which do hear higher frequencies, possess these
structures.

B. Acoustical localisation cues produced by the neck
frill

The results in Figs. 2 and 3 show how the neck frill is
acoustically transparent at frequencies below 2 kHz, but at
higher frequencies (shorter wavelengths) it produces direc-
tionally dependent variation in the gain, with the magnitude
of this gain increasing with increasing frequency. A similar
result is also seen when examining ILDs. Here, again we see
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changes in the magnitude of the ILDs with an erect frill and
changes that vary with sound source location.

That being said, the usefulness of the differences we
find is limited by their relatively small magnitude as com-
pared to the pinna cues that mammals use to localise sound.
The DTF gain never rises much above 8 dB (at the frequen-
cies we report), but for mammals, the gain can reach as high
as 20-30dB at the frequencies they use [see, e.g., measure-
ments from our laboratory in guinea pigs (Greene et al.,
2014), rats (Koka et al., 2008), and chinchillas (Jones et al.,
2011)], which is due almost entirely to the pinnae.

It must be noted that the acoustical cues produced by the
neck frill will not be the only information available to the
animal to aid in sound localisation. Non-mammals (as well as
monotremes and some therian mammals) do possess internal
passages between the ears (Mason, 2016), which allow their
ears to function as pressure difference receiver microphones
(Hemmen et al., 2016; Vedurmudi et al., 2020). These inter-
aural canals allow sound to travel through the head: the tym-
panic membrane therefore acts as a pressure difference
receiver and will greatly alter the effective ILD and ITD and
thus enhance the cues available to the animal. To the best of
our knowledge, there are no published descriptions of the
morphology of the Eustachian tubes and/or interaural pas-
sages in the frill-necked lizard. However, micro-CT analysis
performed on the specimens used in this study clearly
showed an interaural passage between the contralateral mid-
dle ear cavities. The size and structure of this interaural pas-
sage is quite similar to what was previously described in
monitor lizard Varanus (Vedurmudi et al., 2020).

In some species, these interconnected ears can lead to
an almost 40 dB difference in eardrum vibration between the
ears (Christensen-Dalsgaard and Manley, 2008; Vossen
et al., 2010). Thus, a study of the acoustical influence of the
neck frill does not fully characterise the directional cues
available to the animal. Studying the effects of the canals is
beyond the scope of this study; however, this could be
explored in future studies by making simultaneous measure-
ments of tympanic membrane vibration alongside the acous-
tical signal.

These considerations aside, it is the case that to achieve
accurate sound localisation, some anatomical structure must
be in place to resolve the cone of confusion by producing
directionality in the vertical and front/back dimensions. In
the absence of such a structure, e.g., pinnae or frill, a source
in front of an animal will have roughly the same binaural
cues as a source at the complementary angle behind the ani-
mal (e.g., 45° in front vs 135° behind).

C. The frill as a directional microphone

As previously described, De Vis (1883) observed a liz-
ard holding its frill erect and then actively moving its head
around as if in search of sound. The description suggests
that the lizard used its erect frill to work as a directional
microphone. This possibility is supported by our measure-
ments that demonstrate the frill’s role in increasing the
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directivity of the ears. This is not to suggest that the frill’s
sole function, or even its primary function, is as an aid to
hearing, but that the structure’s acoustical influence means
that a hearing function for it is not impossible. As mentioned
in the Introduction, the available information suggests the
frill’s likely primary function is in intraspecific communica-
tion, and an additional acoustic function would not interfere
with this.

It should be remembered that our lizards were subadults
and had not reached their maximum size. The relationship
between frill size and body length has been described
(Shine, 1990), and so we know that larger animals will have
proportionally larger frills. It is well known that the directiv-
ity index of a microphone or speaker depends upon both fre-
quency and the diameter of the membrane (Blackstock,
2000). A larger frill should result in a larger effective mem-
brane diameter. This would further increase the effective
radius of the ears, resulting in further increases in directiv-
ity. Published studies have shown the acoustics of pinna
scaling (Middlebrooks, 1999; Schnupp et al., 2003; Tollin
and Koka, 2009a), and from these we would expect the
acoustical information we see in our lizards to be shifted to
lower frequencies in a full-sized adult, and thus the informa-
tion is more likely to fall within the animal’s range of hear-
ing. Combined, this would mean the frill’s potential
usefulness as an aid to hearing is greater in an adult than in
a juvenile animal.

V. CONCLUSIONS

We made measurements of the acoustical influence of
the neck frill in subadult frill-necked lizards. We observed
changes in directional gain when the frill is held erect. Our
results shows that an erect frill increases the gain and direc-
tivity of the ear and thus could function as a directional
microphone and help resolve front—back confusions.
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