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Abstract

The vestibular system is crucial for movement control during locomotion. As the dimensions of the vestibular system
determine the fluid dynamics of the endolymph and, as such, the system'’s function, we investigate the interaction
between vestibular system size, head size and microhabitat use in lizards. We grouped 24 lacertid species in three
microhabitat types, we acquired three-dimensional models of the bony vestibular systems using micro-computer
tomography scanning, and we performed linear and surface measurements. All vestibular measurements scale with
a negative allometry with head size, suggesting that smaller heads house disproportionally large ears. As the
sensitivity of the vestibular system is positively related to size, a sufficiently large vestibular system in small-headed
animals may meet the sensitivity demands during challenged locomotion. We also found that the microhabitat
affects the locomotor dynamics: lizards inhabiting open microhabitats run at higher dimensionless speeds. On the
other hand, no statistical relationship exists between dimensionless speed and the vestibular system dimensions.
Hence, if the vestibular size would differ between microhabitats, this would be a direct effect (i.e. imposed, for
instance, by requirements for manoeuvring, balance control, etc.), rather than depending on the lizards’ intrinsic
running speed. However, we found no effect of the microhabitat on the allometric relationship between head and
vestibular system size. The finding that microhabitat is not reflected in the vestibular system size (hence sensitivity)

of the lacertids in this study is possibly due to spatial constraints of the skull.
Key words: allometry; bony labyrinth; inner ear; locomotion; manoeuvrability; size constraint.

Introduction

Swift displacements are an essential element of the forag-
ing (Perry, 1999), anti-predatory behaviour (Domenici et al.
2008) and mating behaviour (South & Kenward, 2001) of
many animals and, thus, locomotor capacity is widely con-
sidered an ecologically relevant performance function
(Aerts et al. 2000). Many studies have examined how selec-
tion has moulded elements of the locomotor system to
match the specific requirements of the habitat (Herrel et al.
2002, 2013; Van Damme & Vanhooydonck, 2002; Biewener,
2003). Performance speed has received a lot of attention in
this regard (Huey et al. 1984; Vanhooydonck et al. 2001;
Brecko et al. 2008; Herrel et al. 2011), but being able to
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move in a controlled and stable way, i.e. keeping balance,
is equally important for successful locomotion. When
(rapidly) manoeuvring through an unknown (hence unpre-
dictable) structurally complex environment, or when per-
turbed, corrective actions are required (Goyens & Aerts,
2018). This demands a good perception of the structural
microhabitat complexity at the relevant scale for the ani-
mal, and of the self-motion (displacement of the body in
the environment; Cullen et al. 2011; Cullen, 2012), requiring
the integration of vision, vestibular, haptic and propriocep-
tive sense. As we can assume that animals have adapted to
their microhabitat and locomotor mode (e.g. continuous vs.
intermitted, fast vs. cautious, etc.; Ritzmann et al. 2004;
Toro et al. 2004; Gomes et al. 2009; Herrel et al. 2014), it
seems plausible that the interplay between the structural
microhabitat complexity and the locomotor mode/be-
haviour (in this study further together referred to as the
microhabitat use s.s.) are reflected in the physiological and
morphological structures of motor control (i.e. musculo-ske-
letal and neuro-motoric anatomy).

In vertebrates, the vestibular system is an important sen-
sory organ for movement and balance control. It comprises
the upper part of the inner ear, and it consists of the
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membranous semi-circular canals (SCs) and the otolith
organs (Hill et al. 2016). This balance apparatus senses
angular and linear accelerations as well as the spatial orien-
tation of the head, thus being key in perceiving self-motion
(Cullen et al. 2011; Cullen, 2012). At the same time, it is cru-
cial in providing the reference system required to map the
proprioceptively modulated movements of the body seg-
ments in a body-bound frame (Angelaki & Cullen, 2008;
Carriot et al. 2013; Goyens & Aerts, 2018). This is particularly
important for proper anticipatory action when manoeu-
vring through an unknown complex environment (e.g.
when chased by a predator) or for proper corrective actions
upon perturbation (e.g. as a result of substrate movements).
Its function relies on the hydrodynamics of the endolymph
in response to head movements (Angelaki & Cullen, 2008;
Carriot et al. 2013; Squire et al. 2013) and it is the absolute
dimensions of the vestibular system that determine these
fluid dynamics to a large extent (Muller, 1999; Rabbitt et al.
2004; Vogel, 2013). According to basic principles, both the
mechanical response time and sensitivity are proportional
to the membranous duct's cross-sectional surface area,
whereas, in addition, sensitivity is also proportional to the
length of the duct. As such, smaller vestibular systems may
face reduced sensitivity because of a too small overall
vestibular system size and too narrow ducts (i.e. smaller
ducts have a lower endolymph mass, hence only larger
head accelerations can result in sensible forces). Larger sys-
tems with wide ducts, on the other hand, may lose perfor-
mance in terms of response time (i.e. more delayed
responses). In other words, the size (morphology) of the
inner ear affects its performance (for review, see Spoor,
2003). Clearly, the sensitivity and response time of a vestibu-
lar system are only meaningful when considered in the con-
text of the animal’s natural behaviour in its natural
environment, i.e. in the context of the microhabitat use s.s.
as it is defined above.

In vertebrates, a generic negative allometric trend of
inner ear size with respect to body size (mostly expressed in
terms of body mass) exists (Jones & Spells, 1963; Muller,
1990; Spoor, 2003; Spoor et al. 2007; specific exponents
varying according to ear dimension used and taxon consid-
ered). In this way, overall similarity of canal response is pre-
mised to be maintained, as average angular head velocities
and accelerations decrease with body mass (i.e. movement
frequencies decrease while angular excursions remain iden-
tical in larger animals; untested assumptions, Jones & Spells,
1963; Spoor, 2003). However, movement control is likely
more challenging for species that must negotiate a priory
unknown structurally complex and difficult microhabitat
(e.g. climbing slippery, uneven rocky terrains, scurrying nar-
row, compliant and branching twigs). This is especially true
when this needs to be done at high speeds: swiftly manoeu-
vring will rely on instantaneous, feedback-controlled antici-
patory movements and corrective actions. Accordingly, fast
and agile animals that live in challenging microhabitats are

expected to have larger vestibular systems for their size than
expected on the abovementioned generic negative allomet-
ric trend because a larger vestibular size enhances sensitivity
(cf. Spoor, 2003: ‘residuals of individual species from the
general trend represent specialisation’; species above the
trend line are agile/rapid; see fig. 2 in that review).

The vast majority of the species used for the empirical
studies revealing this generic negative allometry between
ear size and body size have body masses more than 0.5 kg,
most even > 1 kg and up to about 6500 kg (Jones & Spells,
1963; Spoor et al. 2007; Davies et al. 2013). Yet, at the
other (lower) end of the vertebrate size spectrum (specific
body masses below 0.5 kg, down to a few grams only), it
seems plausible and worth to question whether the need
for sufficient and relevant sensitivity (as expressed by the
generic negative allometry) does not trade off with a spa-
tial constraint: the inner ear must fit within the available
head space. The inherently smaller head sizes in smaller
species should not come at the expense of the perfor-
mance of the system, unless the animals can ecologically
afford to compensate behaviourally (and physiologically)
for this by changing their microhabitat use, i.e. by moving
about more slowly and cautiously. Therefore, in the
absence of such behavioural compensation (e.g. because
of predatory pressure, feeding strategy, etc.) and to avoid
fitness loss, a negative allometric relationship should in the
first place exist between vestibular system size and the
head size, rather than with body size. Also, a minimal head
size to accommodate an inner ear with ecologically rele-
vant sensitivity seems plausible. Moreover, as for the
abovementioned overall generic ear-body size relation-
ship, it can also be expected that the microhabitat use s.s.
(structural complexity and locomotor mode) will be
reflected in this ear-head size allometry.

In the present study, we aim to assess this possible interac-
tion between head size, vestibular system size and micro-
habitat use s.s. To do so, we focus on lizard species of the
family Lacertidae. All lacertids share a fairly similar body
build (Arnold, 1989), can be considered agile/rapid (Spoor,
2003), and occupy a wide variety of habitats (tundra or
alpine meadows, Mediterranean climates, tropical forests as
well as desert areas; Arnold, 1998; Vanhooydonck & Van
Damme, 1999). Moreover, lacertids span a considerable part
of the mentioned lower end of the vertebrate size range
(i.e. <0.5kg; body masses ranging from 0.002 to 0.3 kg;
Meiri, 2008), with head sizes (head width) ranging from 5 to
40 mm (own unpublished data on 300 lacertid species). All
this makes them ideal to study the premised vestibular scal-
ing with head size and the relationship with the microhabi-
tat use s.s. More specifically, we hypothesize that, within
this family and despite the conserved body build, the species
with the smallest heads have the relatively largest inner ears
in order to respond to the functional demands. This will be
reflected in a negative allometry of ear size against head
size. Moreover, we predict that there will be an effect of
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the animals’ microhabitat use s.s. on this allometric relation-
ship in such a way that for animals living in less challenging
habitats (open areas), the size of the vestibular system will
be smaller and/or will increase more rapidly with head size
(i.e. less necessity to boost the sensitivity as much as possible)
than for animals inhabiting more complex and demanding
environments (densely vegetated areas, areas with vertical
elements). Results will also be discussed in the context of
the generic ear-body size negative allometry.

Materials and methods

Animals

We obtained a total of 42 preserved specimens representing 24 dif-
ferent lacertid species from the collections of the Functional Mor-
phology Laboratory at the University of Antwerp, from the private
collections of Dr A. Herrel (Muséum National d’Histoire Naturelle,
Paris) and Dr J. Martin (Museo Nacional de Ciencias Naturales,
Madrid, Spain), from the Ellerman Collection of the University of
Stellenbosch and the Zoological Museum of Tel Aviv University.

‘Microhabitat use’ and ‘performance’

‘Microhabitat use s.s.” (see Introduction) is considered as the com-
bined effect of the microhabitat structure [three-dimensional (3D)
complexity] at the lizard-relevant scale and the locomotor mode,
reflecting the lizards’ performance in the unknown (hence unpre-
dictable) complex 3D microhabitats. Based on reports in literature,
species were assigned to one of three microhabitat structure
groups: (i) open areas; (i) densely vegetated areas; and (iii) habitats
including vertical elements (e.g. rocks, bushes; Martin & Salvador,
1992; Vanhooydonck & Van Damme, 1999; Van Damme & Vanhooy-
donck, 2002; Arnold & Ovenden, 2004; Tadevosyan, 2007; Bar & Hai-
movitch, 2011; Bates et al. 2014; Baeckens et al. 2015; Table 1). As
such, we consider these microhabitats to be related to different
locomotor modes: (i) sprinting on more even surfaces, few manoeu-
vres; (ii) intermittent sprinting on more structured surfaces, many
manoeuvres; (i) intermittent sprinting on complex surfaces, many
manoeuvres, climbing and jumping.

A preliminary test proved that species belonging to open areas
move significantly faster than the ones inhabiting densely vege-
tated areas [P=0.025, corrected after Tukey hsd test, package ‘agri-
colae’ (Mendiburu, 2019) in R], and the result remained the same
after including phylogeny in the analysis (P=0.021). For this pur-
pose, we used the maximal sprint speed (on flat terrain) as reported
in the literature. As size differences must be considered (perceived
microhabitat structure and response may differs for animals of dif-
ferent size), we used the average limb length for each genus (per-
sonal unpublished data) to transform maximal sprint speed into
dimensionless speed (Hof, 1996):

dimensionless speed = w
g - (limb length)
Micro-computer tomography scanning

All animals were decapitated, and the heads were placed in a stain-
ing solution of 5% phosphomolybdic acid (Sigma-Aldrich, St Louis,
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MO, USA) and 70% EtOH for at least 14 days. Next, all the speci-
mens were scanned to obtain a 3D model of the vestibular system.

We obtained high-resolution shadow images of the inner ears of
all 42 specimens, by micro-computer tomography (u-CT) scanning.
Of the Takydromus sexlineatus specimens, 10 were scanned at the
SYREMP beamline of the Elettra synchrotron facility in Bazovizza
(Trieste, Italy). The specimens Gallotia galloti and Podarcis muralis
were scanned at the Tomolab scanner, which is a conventional u-CT
scanner at the same facility (by Dr Lucia Mancini). All other speci-
mens were scanned with a SkyScan 1172 high-resolution p-CT scan-
ner [Bruker micro-CT, Kontich, Belgium, managed by the BiostruCT
Hercules consortium (https://sites.google.com/view/biostruct)] at the
Vrije Universiteit Brussel (VUB, Belgium).

We adjusted scanning parameters depending on the specimen’s
size to optimise image resolution. We used an average voltage of
80 kV and a current of 124 pA with an aluminium-copper filter of 1
mm. The pixel size varied from 4.17 to 13.45 pm, due to the size dif-
ference between species. The rotation angle of the scans was 0.40 °,
and the exposure time was manually adjusted to 1300 ms.

The projection images were reconstructed in NRecon (Bruker
micro-CT). On the reconstructed slices, the bony labyrinth was
clearly visible as a network of connected tunnels at the posterior
end of the skull bone. We imported the reconstructed slice images
in the specialised 3D image processing software Amira (Amira 5.4.3
VSG systems, Mérignac, France). The voxels belonging to the bony
labyrinth were selected by combining automatic grey-scale thresh-
olding and manual corrections in the three orthogonal views. This
resulted in a 3D surface model of the vestibular system of the right
inner ear. For the P. muralis individual, we were only able to
acquire the left inner ear.

Morphometrics

Head length was measured from the tip of the snout to the poste-
rior extremity of the parietal scale. Head width was measured at its
widest point, which is as well the distance across the parietal shields
of the animal, and finally head height was the maximal distance
measured between the base of the mandible and the parietal sur-
face. We measured all head dimensions with a digital calliper (preci-
sion 0.01 mm). We used the 3D computer models to measure the
linear dimensions of the inner ear and more specific traits of the
bony labyrinth (the most important measurements are shown in
Figs 1-3).

We measured the anterior (ASC), posterior (PSC) and lateral
(LSC) semi-circular canal width and height (in lateral and vertical
directions, respectively). We used the Amira 3D distance tool at
three locations along the canals: (i) close to the ampulla of each
SC; (ii) close to the connection with the common duct; and (iii)
in the middle of each canal (Fig. 1). Based on these measure-
ments, we calculated the average width and height, as well as
the average cross-sectional area (considering their cross-sectional
shape as an ellipse). The widths and heights of the common
duct and the utricle were measured in the middle of the struc-
tures (Fig. 1). Further, we measured the height, width and
length for the ampullas of the anterior, posterior and lateral
SCs and calculated their surface areas considering their surface
shape as an ellipsoid (Tables 1 and 2 for all the variables mea-
sured). Additionally, we measured the height and width of each
canal (perpendicular to each other), and calculated the radius of
curvature as R=0.5 x (height + width)/2 following Spoor et al.
(2007) (Fig. 3; Table S1). We used the Meshtools software [ISE-
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Table 1 Morphological and performance information for all 24 species.

Head (mm) Inner ear (mm) Sprint speed (ms™")
Species Length  Width Height Length Width Depth Absolute Dimensionless Microhabitat
Acanthodactylus boskianus (1)  16.43 9.71 7.97 3.38 2.44 2.84 2.98¢ 6.38 oa’
Australolacerta australis (1) 15.76 10.45 6.40 2.95 1.87 2.46 2.14f 4.22 ve’®
Dalmatolacerta oxycephala (1)  15.24 9.07 6.05 3.01 2.05 2.34 2.02° 4.53 ve'
Eremias acutirostris (1) 16.80 9.55 8.12 3.39 2.31 2.88 - - ve?
Gallotia galloti (1) 21.46 12.87 11 4.30 2.87 3.54 1.939 - dva’
Holaspis guentheri (1) 10.80 7.28 3.62 2.35 1.46 1.77 - - ve?
Iberolacerta monticola (1) 16.74 10.91 5.99 3.47 1.95 2.54 2.76¢ 5.28 ve?
Ichnotropis capensis (1) 11.45 7.59 5.5 2.41 1.59 2.07 2.48f 4.91 oa’
Lacerta agilis (1) 17.96 12.19 9.78 3.25 1.98 2.74 1.68° 3.56 dva®
Latastia longicaudata (1) 16.03 8.67 6.81 3.25 2.14 2.84 3.349 5.74 oa’
Messalina guttulata (1) 9.59 6.21 3.81 2.40 1.59 2.09 - - oa'
Meroles knoxii (1) 15.82 9.96 7.85 2.62 1.65 2.31 2.36f 5.17 oa’
Nucras tesselata (1) 14.07 9.71 7.14 2.80 1.71 2.44 2.05¢ 4.17 oa’
Ophisops elegans (1) 9.1 5.45 3.98 2.42 1.40 2.09 - - oa*
Pedioplanis lineocellata (1) 13.91 8.78 6.51 2.61 1.65 2.18 2.63¢ 5.35 dva’®
Phoenicolacerta laevis (1) 12.03 7.9 5.55 2.84 1.77 2.32 - - ve4
Podarcis melisellensis (1) 14.10 10.2 7.08 3.02 2.07 2.56 1.81¢9 4.02 ve?
Podarcis hispanicus (1) 14.41 9.94 7.98 3.05 2.07 2.66 1.85° 4.01 ve?
Podarcis peloponnesiacus (8) 17.36 9.84 7.57 3.13 2.10 2.77 2.67¢ 5.02 ve®
Podarcis muralis (1) 12.63 6.82 5.09 2.64 1.67 2.17 2.14° 4.98 ve?
Psammodromus algirus (1) 14.82 9.06 6.77 3.18 2.08 2.94 2.539 4.57 dva34
Takydromus sexlineatus (11) 14.02 6.61 5.93 2.71 1.70 2.24 1.332 3.33 dva®
Tropidosaura gularis (1) 14.27 8.49 5.93 2.82 1.60 2.33 1.89f 5.10 dva®
Zootoca vivipara (1) 10.61 7.21 5.22 2.46 1.47 2.13 0.87° 2.14 dva™

The number of specimens is indicated in the parentheses. Habitat type is indicated with dva, densely vegetated areas; oa, open areas;
and ve, areas including vertical elements.

Sprint speed data acquired from literature: *Vanhooydonck et al. (2001); PBauwens et al. (1995); “Verwaijen (2007); 9Brecko et al.
(2008); “Huey et al. (1984); fUnpublished data (personal observations by Dr Herrel and Dr Vanhooydonck); Vanhooydonck et al.
(2007).

Habitat type data acquired from literature: 1Vanhooydonck & Van Damme (1999); 2Tadevosyan (2007); 3Van Damme & Vanhooydonck
(2002); “Baeckens et al. (2015); *Bates et al. (2014); ®Mayer & Beyerlein (1999); Van der Meer et al. (2010). See Materials and methods
for the dimensionless speed calculation.

MeshTools 1.3.3 (Lebrun, 2014)] to place semi-landmarks at the
midline of each canal to create curves that describe their path
semi-automatically. The first and last semi-landmarks were posi-
tioned at the centre of each ampulla, so that their position
would be comparable for the whole dataset. The 3D
coordinates of these curves were used to calculate the length of
the canals.

Statistical analysis

As the species under study cannot be seen as independent data
points due to shared-ancestry, we considered it necessary to

implement phylogenetic information into our analyses. To do so,
we pruned the Bayesian tree constructed by Baeckens et al. (2015)
based on interspecific variation at two nuclear and three mitochon-
drial gene regions. To test for phylogenetic signal in the traits mea-
sured, we calculated Pagel's 1 (Pagel, 1999) and Blomberg's K
(Bloomberg et al. 2003) for all variables, using the ‘Phylosig’ func-
tion in the R-package ‘Phytools’ (Revell, 2012).

To evaluate the relationship between the size traits of the
vestibular system and head size, phylogenetic general least-squares
regressions (‘pgls’) were used. The Logie-transformed dimensional
data of the inner ear were regressed against the Log,o-transformed
head width measurements (ordinary least-squares method). Con-
forming to existing literature (Georgi et al. 2013; Maddin &

Fig. 1 lllustrations of the 3D surface model of the species Iberolacerta monticola and the morphological traits measured. The ampulla width (aTw,
a2w, a3w), length (a1l, a2l, a3l) and depth (a1d, a2d, a3d) are indicated, where a1: anterior ampulla (AA); a2: posterior ampulla (PA); and a3: lat-
eral ampulla (LA). The lengths of the semi-circular canals (SCs) are illustrated with coloured lines: c1l (green line)-ASC length; c2I (yellow line)-PSC
length; and 3l (red line)-LSC length. The following traits are illustrated by different colours: green-ASC; yellow—PSC; red-LSC; blue-utricle; pur-
ple—common duct. The utricle and common duct length are indicated with ul and cdl, respectively. Finally, the widths of the three SCs are indi-
cated (cTw, c2w, c3w). ASC, anterior semi-circular canal; LSC, lateral semi-circular canal; PSC, posterior semi-circular canal.
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Inner ear depth

. Inner ear length
Inner ear width

Inner ear depth

Fig. 2 lllustrations of the 3D surface model
of the species Iberolacerta monticola and the
morphological traits measured. The inner ear
length, width and depth measurements are
indicated. The semi-circular canals (SCs) are
illustrated with different colours: ASC in
green, PSC in yellow, LSC in red. The utricle
is shown in blue and the common duct in
purple. ASC, anterior semi-circular canal; LSC,
lateral semi-circular canal; PSC, posterior

1mm Inner ear length

Sherratt, 2014), we used head width as a size indicator. We mea-
sured the widest point of the skull, which is where the inner ears
are positioned and which is, therefore, the potential place of size
constraint.

We ran the regression analyses four times, each time using a dif-
ferent model of evolution. Identification of the best evolutionary
model was performed using the AIC (Akaike, 1973) and BIC (Findley,
1991) approach. These four models are as follows: the Brownian
motion timed model (1=1; k=1, = 1); the Speciational model (x
= 1); the Star model (/1 = ~0); and the model in which the best com-
bination of the 4, k and § parameters is determined by maximum-
likelihood (ML; R packages ‘nlme’, ‘geiger’, ‘caper’ and ‘phytools’,
function: ‘pgls’).

After calculating the regression slopes, we used t-tests to assess
whether the slope values differed significantly from the expected
ones [i.e. slope of 1 for linear dimensions; slope of 2 for surfaces
(Richard & Wainwright, 1995)]. For the species where we had more
than one specimen available, we used the average of the traits
measured for the statistical analyses (T. sexlineatus, n = 11; Podarcis
peloponnesiacus, n = 8).

semi-circular canal.

To test the effect of microhabitat use on vestibular size variation,
phylogenetic analyses of covariance were used using the ‘pgls’ func-
tion in the R-package ‘phytools’. We performed the test twice, once
including microhabitat type together with the interaction with
head width, and once correcting for head size. In this way, we can
assess whether, respectively, the slopes (assessing differences in
allometry between microhabitat use groups) and/or the intercepts
(referring to overall size as such) differ between microhabitat use.
All statistical analyses were conducted in R studio version 1.0.136 (R
Core Team, 2012; R Studio, 2012).

Finally, we performed an analysis of covariance (ancova) between
the inner ear dimensions measured, the dimensionless sprint speed
and the microhabitat types to test whether the intrinsic speed is sta-
tistically related to the vestibular system size and if this differs
according to the microhabitat type. The relationship between
dimensionless speed and vestibular system size has statistical mean-
ing only, as absolute, not normalised, physical variables are per-
ceived by sensors. For all analyses, we assume that the duct
morphological parameters are interconnected and are not treated
separately.

© 2019 Anatomical Society



1 mm

Fig. 3 lllustrations of the 3D surface model of the species Iberolacerta
monticola and the radius of curvature measurements. For each semi-
circular canal (SC), respectively, the width (ASC w, PSC w, LSC w) and
height (ASC h, PSC h, LSC h) measurements of the radius of curvature
are illustrated. ASC radius of curvature (ASC R) is indicated in green,
PSC radius of curvature (PSC R) is indicated in yellow, and LSC radius
of curvature (LSC R) is indicated in red. ASC, anterior semi-circular
canal; LSC, lateral semi-circular canal; PSC, posterior semi-circular
canal.

Results

Morphometrics and microhabitat type

The measured head and inner ear dimensions of the indi-
vidual animals in this study are reported in Tables 1 and 2.
Additionally, Table 1 shows the dimensionless speed based
on the maximal sprint speed average for the species as
found in the literature. The average head dimensions were

© 2019 Anatomical Society
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14.4 + 2.88 mm for head length, 8.94 + 1.83 mm for head
width and 6.57 &+ 1.74 mm for head height. The average
inner ear dimensions were 2.94 + 0.45 mm for ear length,
1.88 & 0.35 mm for ear width and 2.47 + 0.38 mm for ear
depth (Fig. 2 for measurements). Figure 4 illustrates, as an
example, the vestibular system anatomy of the species
T. sexlineatus focusing on the three SCs of the bony labyr-
inth. An important part of the skull volume is occupied by
the inner ear (both inner ears occupy almost 60% of the
total head width for this species).

Scaling analysis

Figure 5 illustrates the 3D surface models of the 24 speci-
mens. To visualise size differences, the inner ear size of
each species was first scaled to the specific head width.
Then, these relative ear sizes were scaled to the relative
ear size of G. galloti (the largest in our dataset, see
Tables 1 and 2). For all phylogenetic regressions, the ML
model explained trait evolution best. Therefore, only the
scaling results under this model of evolution were taken
into account for further interpretation. The majority of
the linear measurements showed a strong, and significant,
phylogenetic signal, indicating that closely related species
resemble each other more in their inner ear morphology
than expected by chance (Table S2). All linear dimensions
of the inner ear scaled with a slope significantly lower
than a slope of 1, indicating a negative allometry (Fig. 6;
Table 3). Furthermore, the cross-sectional areas of the
anterior, posterior and lateral ampullas all scaled with a
slope significantly lower than 2, again indicating a nega-
tive allometry (Table 4). The same pattern was also fol-
lowed by the SCs cross-sectional area (Table 4). The results
of the phylogenetic ancova, taking into consideration the
interaction between microhabitat type and head size,
were not significant (i.e. slopes did not differ significantly),
showing no effect of the microhabitat use on the scaling
relationships between the measured variables and the
head width (all P> 0.42). After correcting for head size, no
significant difference was found either; the intercepts of
the slopes representing the three microhabitat groups
were similar (all P>0.42). No significant correlation was
found between inner ear dimensions, dimensionless speed
and microhabitat use (all P>0.06), indicating that, if a
relation between microhabitat structure and ear size
would have been present, this does not depend upon
intrinsic sprint capacity of the animals.

Discussion

When manoeuvring swiftly through an unknown environ-
ment, animals must continuously perform instantaneous
feedback-controlled anticipatory movements to negotiate
the microhabitat structure and corrective actions to com-
pensate for (possible) perturbations (Biewener, 2003). It
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Table 2 Morphological information for all 24 species (additional to Table 1).

Linear measurements (mm)

Cross-sectional surface areas (mm?)

Species ASCI PSCl Lscl Cdl ul ASCa PSCa LSCa Cda Ua AAa PAa LAa
Acanthodactylus boskianus (1) 4.19 3.82 4.29 1.08 1.57 0.05 0.06 0.06 0.14 0.12 1.67 2.04 1.83
Australolacerta australis (1) 3.52 3.07 3.30 1.89 1.49 0.05 0.04 0.09 0.14 0.12 1.04 1.50 1.52
Dalmatolacerta oxycephala (1) 3.77 3.32 3.58 1.16 1.28 0.04 0.04 0.03 0.10 0.10 1.01 1.38 1.41
Eremias acutirostris (1) 3.98 3.78 4.15 1.14 1.71 0.05 0.04 0.05 0.10 0.15 1.45 1.90 1.87
Gallotia galloti (1) 5.58 5.02 5.77 1.37 1.94 0.07 0.05 0.06 0.17 0.15 1.97 2.59 2.23
Holaspis guentheri (1) 2.66 280 252 097 09 0.03 0.03 0.04 0.08 0.10 0.84 1.1 0.90
Iberolacerta monticola (1) 3.79 3.51 4.14 1.18 1.58 0.03 0.03 0.03 0.13 0.08 1.38 1.70 1.67
Ichnotropis capensis (1) 2.74 2.51 2.40 1.13 1.10 0.03 0.04 0.04 0.10 0.08 0.79 0.99 1.04
Lacerta agilis (1) 3.62 343 394 133 1.52  0.08 0.06 0.07 0.18 0.13 1.47 1.52 1.89
Latastia longicaudata (1) 4.17 4.16 4.45 1.43 1.57 0.03 0.05 0.03 0.14 0.13 1.44 1.81 1.45
Messalina guttulata (1) 2.87 2.85 2.67 0.96 0.99 0.04 0.04 0.04 0.10 0.05 0.57 1.05 1.10
Meroles knoxii (1) 3.25 2.73 2.85 1.04 1.23 0.05 0.04 0.05 0.11 0.09 0.88 1.34 1.44
Nucras tesselata (1) 3.19 3.00 328 080 1.28 0.04 0.03 0.04 0.09 0.08 0.89 135  1.23
Ophisops elegans (1) 2.67 252 263 094 1.09 0.03 0.03 0.04 0.09 0.05 0.83 1.07 1.08
Pedioplanis lineoocellata (1) 3.09 3.02 2.82 0.97 1.08 0.04 0.05 0.04 0.09 0.06 0.80 1.15 1.25
Phoenicolacerta laevis (1) 3.10 2.99 3.47 0.94 1.31 0.03 0.04 0.03 0.13 0.09 1.12 1.35 1.31
Podarcis melisellensis (1) 3.58 3.33 3.77 1.30 1.27 0.05 0.04 0.05 0.09 0.08 1.44 1.79 1.78
Podarcis hispanicus (1) 3.46 3.49 3.73 1.52 1.33 0.06 0.04 0.05 0.15 0.13 1.15 1.56 1.59
Podarcis peloponnesiacus (8) 3.71 3.36 3.87 1.28 1.40 0.05 0.04 0.05 0.12 0.08 1.15 1.59 1.58
Podarcis muralis (1) 2.98 2.68 3.11 0.85 1.16 0.05 0.03 0.04 0.09 0.07 0.57 1.18 1.14
Psammodromus algirus (1) 3.85 3.56 4.06 1.30 1.44 0.05 0.04 0.04 0.14 0.1 1.09 1.45 1.41
Takydromus sexlineatus (11) 3.28 2.89 3.16 0.90 1.28 0.04 0.04 0.04 0.10 0.08 0.92 1.22 1.17
Tropidosaura gularis (1) 3.36 3.07 3.28 1.13 1.35 0.04 0.03 0.02 0.1 0.10 0.86 1.13 1.24
Zootoca vivipara (1) 3.05 2.88 2.82 1.01 1.10 0.03 0.03 0.04 0.09 0.07 0.70 1.07 1.27

Traits of the vestibular system measured: ASCI, ASC length; Cdl, common duct length; LSCI, LSC length; PSCI, PSC length; Ul, utricle
length; cross-sectional surface areas of ASC (ASCa), PSC (PSCa), LSC (LSCa), anterior ampulla (AAa), posterior ampulla (PAa), lateral

ampulla (LAa), utricle (Ua) and common duct (Cda) (Fig. 1).

can, therefore, be assumed that movement control is more
challenging for animals moving about in complex environ-
ments. Basically, there are two ways to deal with this: (i)
adjusting the locomotor behaviour by moving more cau-
tiously (i.e. behaving less agile); or (ii) enhancing movement
and balance control.

The present results show that, within the tested group of
lacertid species, lizards living in the open (less challenging)
microhabitat run at a faster dimensionless speed than
lizards from the more complex microhabitat types (densely
vegetated or habitats where climbing is required). Because
the open habitat lends itself to faster running, it is not all
too surprising that for two lizards of the same body size,
the one living in an open microhabitat is a faster runner.
Because we do not find a significant statistical relationship
between dimensionless speed and the anatomical measure-
ments, size differences of the inner ear between microhabi-
tats, if present, should relate to other effects of the
microhabitat on the locomotion type (e.g. imposed require-
ment for manoeuvring, balance control) than the intrinsic
sprint capacity per se. In this situation, we expected slopes
further from isometry (i.e. stronger negative allometry) or

larger intercepts in more challenging microhabitat types
(overall larger inner ears). As premised on the basis of the
hydrodynamic characteristic of the endolymph (see Intro-
duction), we found a negative allometry for the vestibular
system, suggesting that species with smaller skulls possess
disproportionally larger vestibular systems for their head
size. A similar relationship was also found in lizard species
of the genus Anolis by Dickson et al. (2017), in this case
between head length and the centroid size of the vestibular
system. However, contrary to our expectations, the micro-
habitat that lacertids occupy does not affect the negative
allometry or the overall size of the inner ears. Together
with the fact that there is no statistical relationship
between dimensionless speed on the inner ear dimensions,
this finding suggests that microhabitat use (i.e. microhabi-
tat complexity) is not reflected in the inner ear dimensions.
So, why is this?

The available data only allow us to speculate about possi-
ble reasons. First, this may be due to methodological rea-
sons (e.g. sample size, small number of species per
microhabitat group, not specialised enough microhabitat
groups). But is it also possible that we have misjudged the

© 2019 Anatomical Society
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Fig. 4 lllustration of the inner ear of the species Takydromus sexlineatus. (A) Graphical illustration of the bony labyrinth. The three semi-circular
bony canals are indicated. (B) D-V inverse average projection image of the skull with the model of the right inner ear superimposed. Both inner
ears are highlighted. (C) Transversal micro-computed tomography (u-CT) slice from the scans made at the Elettra synchrotron facility.
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demands imposed by habitat use on motor control? If, for
these small agile lizards, vestibular sensitivity is not an issue
in even the most demanding environment (i.e. hydrody-
namics are not constraining and/or vision primarily governs
movement and balance control, and/or structural complex-
ity of the three types is after all not too different, but see
further), one cannot expect to see a habitat signal in the
vestibular morphology (in casu size).

However, the observed negative allometry suggests, in
itself, that vestibular function is in fact important in
these small species. Because of the negative allometry,
small heads have relatively large vestibular systems,
which come at the potential cost of a spatial trade off:
in small species, the posterior part of the cranium is
almost entirely occupied by the inner ears (Fig. 4), limit-
ing the available space for the other vital organs. If the
above arguments hold true, it appears that the com-
bined size constraint (Muller, 1999; Lambert et al. 2008)
of the inner ear mechanics and the spatial limitations of
the small skull size prevent an effect of microhabitat use
on inner ear dimensions. Caution has to be taken when
comparing with the literature because often different
anatomical measurements and different habitat or loco-
motion groups are compared. Nevertheless, it is interest-
ing to note that also Boistel et al. (2011) show that the
vestibular system size does not change in squamates dif-
fering in locomotor behaviour and microhabitat, and
that Benson et al. (2017) report that the centroid size of
the SCs of small birds is constrained by their skull size

Fig. 5 lllustration of the 3D computer models
of the inner ears for all lacertid species under
study. Relative ear to head size is used and
scaling to the Gallotia galloti inner ear.
Smaller animals (e.g. Ophisops elegans and
Takydromus sexlineatus; Table 1) appear to
have relatively the largest inner ears for their
head size. Different colours indicate the
different habitat types (open areas: yellow;
areas with vertical elements: red; densely
vegetated areas: green).

and not by their flying capacities (using body mass as a
body size measure).

On the other hand, this may seem to conflict with Dick-
son et al. (2017) who did find differences in vestibular sys-
tem shape (measured using geometric morphometrics)
between Anolis ecomorphs. The ecomorphs were defined
on the basis of the preferred position in the arboreal envi-
ronment, which was linked to ‘agility’ by the authors.
Hence they are partly comparable to the ‘microhabitat use’
parameter in our study. However, these authors addition-
ally report that SC morphology is correlated with skull and
canal size. Contrary to the present lacertid sample, the Ano-
lis ecomorph groups differ in head size, making it possible
that the reported link between ecomorph group and
vestibular morphology (presumably including size) is indi-
rect, and actually reflects the effect of the head size rather
than microhabitat use. Another reason for the discordant
findings between Dickson’s study and ours might be due to
differences in the degree and type of microhabitat speciali-
sation between the two lizard groups. While anole micro-
habitat specialists from the Greater Antilles differ extremely
in their use of structural microhabitat on trees [from high
trunks, over low branches of narrow support, to broad, low
surfaces (Losos & Ricklefs, 2009)], lacertids occupy not only
tree trunks, but also open sandy areas, dense vegetation
and steep rock faces (Arnold, 1989). As such, the contrasting
set of divergent microhabitats used by anoles and lacertids
might affect the evolution of the morphology of the
vestibular system on both lizard clades differently.

© 2019 Anatomical Society
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Maybe, once the spatial constraint of skull size relaxes
when body size increases, habitat use can be reflected in
vestibular size. Literature suggests that, in larger heads,
relationships between vestibular size and locomotor beha-
viour are present, all or not coupled to the habitat the ani-
mals live in. For instance, sloths have relatively small canals
for their size as they are less agile and perform slow and
sluggish movements (Perier et al. 2016). In addition, it has
been observed that modern humans (Homo sapiens) possess
ASCs and PSCs that are larger in size than in other hominids
and in greater apes (e.g. Australopithecus and Paranthro-
pus; Spoor et al. 1994, 2002), and by contrast they possess
LSCs that are significantly smaller (Jeffery & Spoor, 2004).
This can probably be linked to the requirement for a higher
sensitivity to meet the increased challenge that balance
control can present when being bipedal. Similarly, bipedal
dinosaurs possessed larger inner ears than quadrupedal
ones (Georgi et al. 2013). Obviously, these taxa have very
different locomotion styles and occupy very different habi-
tats than the lacertid lizards in this study. Hence, these
examples in which habitat use is apparently reflected in

© 2019 Anatomical Society
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vestibular size can only loosely and with much caution be
compared with our data.

Most studies scale the vestibular system dimensions with
body size, instead of head size. This may well affect the
allometry found. For instance, if we would use body size
(snout-to-vent length; own estimation from unpublished
data on 212 lacertids) instead of skull size in our analysis,
our conclusions would be different: in lacertids, there is a
positive allometry between head and body size [slope = 1.3,
P<0.01 (slope significantly different from a slope of 1)],
which together with the negative allometry between inner
ear and head size, suggests that the inner ear would scale
isometrically with body size [slope = 0.98, P=0.93 (slope not
significantly different from a slope of 1); for these linear
regression tests we used species average snout-to-vent
lengths from unpublished data as mentioned before]. This
suggests that the generic negative allometric trend found
in vertebrates (ear size vs. body size) disappears at the lower
end of the total size range, at least in our sample. There-
fore, the size proxy describing the scaling of the vestibular
system should always be chosen according to the scientific
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Table 3 Phylogenetic scaling results of the ML evolutionary model for linear measurements.

Measurements (mm) n Adj. R? Slope SE 95% ClI P-value
Ear width 24 0.72 0.56 0.07 0.41-0.70 < 0.001
Ear depth 24 0.66 0.48 0.07 0.34-0.61 < 0.001
Ear length 24 0.68 0.45 0.07 0.33-0.58 < 0.001
ASC length (c1l) 24 0.69 0.48 0.07 0.35-0.60 < 0.001
PSC length (c2l) 24 0.67 0.55 0.08 0.40-0.71 < 0.001
LSC length (c3I) 24 0.65 0.55 0.08 0.39-0.72 < 0.001
ASC radius of curvature (R) 24 0.45 0.37 0.08 0.20-0.53 < 0.001
PSC radius of curvature (R) 24 0.66 0.54 0.07 0.38-0.69 < 0.001
LSC radius of curvature (R) 24 0.47 0.47 0.08 0.32-0.63 < 0.001
Common duct length (cdl) 24 0.42 0.56 0.13 0.30-0.81 0.003
Utricle length (ul) 24 0.57 0.65 0.12 0.42-0.87 0.006

Coefficient of determination (R%) and slope of the phylogenetic regression line describing the relationship between the cross-sectional
areas and head length (both Log;o-transformed). The standard error (SE) and 95% confidence interval (Cl) are also shown. The P-value
indicates the statistical significance of the difference between the obtained slope with that expected under simple isometry [slope = 1
for linear measurements (Richard & Wainwright, 1995)].

ASC, anterior semi-circular canal; LSC, lateral semi-circular canal; PSC, posterior semi-circular canal.

Table 4 Phylogenetic scaling results of the ML evolutionary model for surface measurements.

Measurements (mm?) n Adj. R? Slope SE 95% Cl P-value
ASC cross-sectional area 24 0.38 0.77 0.20 0.38-1.17 < 0.001
PSC cross-sectional area 24 0.17 0.4 0.17 0.07-0.73 < 0.001
LSC cross-sectional area 24 0.43 0.71 0.17 0.38-1.03 < 0.001
Common duct cross-sectional area 24 0.45 0.78 0.18 0.43-1.12 < 0.001
Utricle cross-sectional area 24 0.49 1.01 0.21 0.60-1.43 < 0.001
Anterior ampulla cross-sectional area 24 0.77 1.6 0.18 1.24-1.96 0.02

Posterior ampulla cross-sectional area 24 0.68 0.96 0.13 0.69-1.22 < 0.001
Lateral ampulla cross-sectional area 24 0.8 0.96 0.10 0.76-1.16 < 0.001

Coefficient of determination (R?) and slope of the phylogenetic regression line describing the relationship between the cross-sectional
areas and head length (both Logqo-transformed). The standard error (SE) and 95% confidence interval (Cl) are also shown. The P-value
indicates the statistical significance of the difference between the obtained slope with that expected under simple isometry [slope = 2

for surface measurements (Richard & Wainwright, 1995)].

ASC, anterior semi-circular canal; LSC, lateral semi-circular canal; PSC, posterior semi-circular canal.

question, which in our research was to detect the possible
size limitations of the small lizard head on their vestibular
system’s functioning.

In summary, we find no differences in vestibular system
allometry between microhabitat groups. The inner ear
occupies a large portion of the skull cavity, thereby decreas-
ing space for other organs. This probably constrains the
growth of the vestibular system, which may prevent further
size adaptation to microhabitat use. Indeed, often no size
adaptation to locomotor behaviour is found in animals with
small heads, while this is often the case for large-headed
animals where the size constraint is weaker or absent. Con-
sidering the complex geometry of the vestibular system, it
may be interesting to investigate whether vestibular system
shape differs between the microhabitats, as this can happen
without taking more space inside the skull (Billet et al.

2015; Pfaff et al. 2015; Grohé et al. 2016; Costeur et al.
2018).
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