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Synopsis Controlled aerial descent has evolved many times independently in vertebrates. Squamates (lizards and snakes)
are unusual in that respect due to the large number of independent origins of the evolution of this behavior. Although
some squamates such as flying geckos of the genus Ptychozoon and the flying dragons of the genus Draco show obvious
adaptations including skin flaps or enlarged ribs allowing them to increase their surface area and slow down their descent,
many others appear unspecialized. Yet, specializations can be expected at the level of the sensory and neural systems
allowing animals to maintain stability during controlled aerial descent. The vestibular system is a likely candidate given
that it is an acceleration detector and is well-suited to detect changes in pitch, roll and yaw. Here we use conventional
and synchrotron uCT scans to quantify the morphology of the vestibular system in squamates able to perform controlled
aerial descent compared to species characterized by a terrestrial or climbing life style. Our results show the presence of a
strong phylogenetic signal in the data with the vestibular system in species from the same family being morphologically
similar. However, both our shape analysis and an analysis of the dimensions of the vestibular system showed clear
differences among animals with different life-styles. Species able to perform a controlled aerial descent differed in the
position and shape of the inner ear, especially of the posterior ampulla. Given the limited stability of squamates against
roll and the fact that the posterior ampulla is tuned to changes in roll this suggests an adaptive evolution of the vestibular
system in squamates using controlled aerial descent. Future studies testing for similar differences in other groups of
vertebrates known to use controlled aerial descent are needed to test the generality of this observation.

Introduction genus Ptychozoon (Marcellini and Keefer 1976;

Even though powered flight evolved only twice Russell 1979; Young et al. 2002) or elaborate pata-
among extant vertebrates, controlled aerial descent gia supported by highly elongated ribs as observed

is relatively common and has evolved many times
independently in amphibians, reptiles and mammals
(Dudley et al. 2007). The evolution of controlled
aerial descent in many squamates (lizards and
snakes) has gone hand-in-hand with elaborate mor-
phological specializations such as skin flaps and
webbed feet as observed in the flying geckos of the
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in the South—Fast Asian flying dragons of the
genus Draco (McGuire 2003; McGuire and Dudley
2005). However, several other species known to
be able to perform controlled aerial descents show
little or no obvious morphological specialization
(Socha 2002; Vanhooydonck et al. 2009; Socha
et al. 2010).
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Despite the lack of obvious morphological special-
ization, the ability to maintain balance and stability
during a controlled aerial descent is likely crucial. As
such, the nervous system has been implicated in
playing an important role in the evolution of
animal flight (Maynard-Smith 1952). Given that
many squamates show little or no morphological
specialization they are likely unstable in the air and
adjustments by movements of limbs, tail, and body
may be crucially important for maintaining stability
and for maneuvering in mid-air (McCay 2001).
Associated with the need for fine tuning of move-
ments is the need for highly developed sensory sys-
tems able to detect changes in position of the body.
The vestibular system is ideally suited to do so as it
is composed of detectors of linear and rotational
acceleration, velocity, and displacement (Muller
1994; Muller and Verhagen 1988, 2002a,b,c) which
have been hypothesized to help maintain stability
during flying (Witmer et al. 2003; Necker 2006). As
such, the vestibular system has been proposed as a
crucially important sensory system in flying, gliding,
and even in arboreal mammals given its role in sta-
bilization of gaze in organisms confronted with fast
and complicated optic flow (Spoor et al. 2007).

In other vertebrates, correlations between locomo-
tor behavior and the size and shape of the
semi-circular canals have been demonstrated (Spoor
2003; Spoor et al. 2007; Walsh et al. 2009; Boistel
et al. 2010). Moreover, the vestibular system and
specifically the size of the semi-circular canals was
demonstrated to be different in primates using
rapid jerky movements versus those using slow, con-
tinuous locomotion. Similarly, aquatic and terrestrial
mammals are known to differ in the size of the
semi-circular canals (Spoor 2003; Spoor et al
2007). This suggests that differences in the size and
shape of the vestibular system can be expected based
on differences in the magnitude and type of acceler-
ations experienced by animals in their environment
and the complexity of body posture and body con-
trol. However, recent studies on the morphology and
structure of the labyrinth in strepsirrhine primates
demonstrated a strong phylogenetic signal that may
overshadow any ecological signal present in the data
(Lebrun et al. 2010). Squamate lizards may be an
ideal system to test for a functional signal in the
size and shape of the vestibular system given the
importance of stability during controlled aerial de-
scent, and the repeated independent evolution of
controlled aerial descent that took place at least six
times during the evolution of the group (Dudley
et al. 2007; Vanhooydonck et al. 2009).

R. Boistel et al.

Here, we explore the correlation between the size
and shape of the vestibular system in squamates dif-
fering in their locomotor ecology (terrestrial, climb-
ing, and those known to be able to perform
controlled aerial descent) using direct measurements
and landmark-based methods. To do so, we make
use of conventional and synchrotron microtomo-
graphic (uCT) scans of a range of species including
all species that have been suggested in the literature
to use controlled aerial descent.

Materials and methods
Specimens

One specimen each of Anolis carolinensis (A. Herrel,
personal collection), Amnolis cybotes (A. Herrel, per-
sonal collection), Anolis pentaprion (MCZ R-31582),
Coleonyx variegatus (A. Herrel, personal collection),
Gekko vittatus (A. Herrel, personal collection), Pty-
chozoon kuhli (A. Herrel, personal collection), Draco
volans (MCZ R-26153), Agama agama (A. Herrel,
personal  collection),  Phrynocephalus  guttatus
(MNHN1975.1469), Uromastyx acanthinurus
(A. Herrel, personal collection), Leiolepis belliana
(A. Herrel, personal collection), Pareas margarito-
phorus (MNHN 1974.1469), Chrysopelea ornata
(MCZ R-177291), Pantherophis guttatus (A. Herrel,
personal collection), Holaspis guentheri (A. Herrel,
personal collection), Psammodromus algirus (A.
Herrel, personal collection) and Podarcis muralis
(A. Herrel, personal collection) were scanned and
used to quantify the structure of the vestibular
system.

Conventional and synchrotron microtomography

We used the ID19 and BM5 beamlines of the
European Synchrotron Radiation Facility (Grenoble,
France) to scan A. carolinensis, C. ornata, D. volans,
H. guentheri, P. margaritophorus, P. guttatus, P. mur-
alis, A. agama, A. cybotes, P. guttatus, and P. kuhli.
The reconstruction was performed using the filtered
back-projection  algorithm  (PYHST  software,
European Synchrotron Research Facility). In addition
we scanned specimens of L. belliana, C. variegatus, G.
vittatus, P. algirus, U. acanthinurus on a Viscom
system at the University of Poitiers and a specimen
of A. pentaprion on an XRA-002 microCT scan
(X-Tek) available at the Center for Nanoscale
Systems at Harvard University. Voxel sizes varied
between 5.06 and 45.88 um depending on the type
of scan and the size of the specimen.
Three-dimensional processing and rendering was
obtained after semi-automatic segmentation of the
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cranial skeleton and vestibular system using gensur-
face in AVIZO 6.3 (VSG, Burlington MA, USA).
Geometrical and quantitative measurements on the
sample were performed with IMAGE] (available from
http://rsb.info.nih.gov/ij).

Morphometric analysis

Using the reconstructed heads of all the species we
extracted the 3D coordinates of a number of points
in Avizo 6.3 (Figs. 1 and 2; Supplementary Figs. 1
and 2) which were used to calculate the following
dimensions and angles using avisoDataParser:

(1) Vestibular systems were measured on the left
inner ear (Fig. 1). The vertical and horizontal
diameters of each semicircular canal (anterior,
horizontal, posterior) were calculated by taking
coordinates on surface renderings at the middle
of each canal. For each ampulla (anterior, hori-
zontal, posterior), we took the coordinates de-
scribing the greatest length, width, and height
(Fig. 1). We also took coordinates describing
the length, and the antero-posterior and
medio-lateral diameter of the common duct.
Finally, we quantified the size of the utriculus
by taking the coordinates of points describing

(2)

(4)

959

its greatest length, vertical diameter and horizon-
tal diameter.

Angular dimensions of the vestibular system
(Fig. 2) included the angle between the anterior
and posterior semi-circular canals; the angle be-
tween the anterior canal and the ampulla; the
angle between the anterior ampulla and the hor-
izontal canal; the angle between the posterior
canal and the ampulla; the angle between the pos-
terior ampulla and the common duct; the angle
between the posterior ampulla and the utriculus;
and the angle between the common duct and the
utriculus.

Overall inner-ear dimensions were calculated as
follows (Supplementary Fig. 1): inner-ear length
was based on landmark coordinates describing
the maximum length between the anterior and
posterior semi-circular canals; minimum width
between the pair of inner ears at the narrowest
point; maximum width between the two inner
ears at the widest point; inner ear width at the
widest point, and inner ear height between the
cochlear apex and apex of the common duct.

External =~ measurements  of  the  skull
(Supplementary Fig. 2) were calculated using

4ap

paw

Fig. 1 The linear dimensions and diameters quantified for the vestibular system as exemplified by the left vestibular system in L. belliana.

[llustrated in clockwise fashion are: a dorso-lateral view, a dorso-medial view, a medial view, a caudal view, a caudal view in the plane of

the posterior canal, a frontal view in the plane of the anterior canal, and a lateral view. See ‘Materials and methods’ section and Table 1

for a list of abbreviations.
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Fig. 2 The angles taken by the vestibular system. On the left is
the vestibular system of L. belliana in dorsal, caudal, lateral, and
medial view.

the coordinates of landmarks: length from the
tip of the snout (premaxilla) to the apex of the
occipital condyle; width of the skull at its widest
point; height of the skull between the posterior
aspect of the parietal window and the ventral
aspect of the basisphenoid.

The shape of the vestibular system was quantified
using 19 anatomical landmarks distributed approxi-
mately equally over the entire inner ear as follows:
(1) the oval window, (2) the round window, (3) the
endolymphatic duct, (4) the apex of the cochlea, (5)
the apex of the common duct, (6) the ampulla of the
lateral canal, (7) the posteromedial-most point of
the lateral canal, (8) the posterolateral-most point

R. Boistel et al.

of the lateral canal, (9) the anterolateral-most point
of the lateral canal, (10) the ampulla of the anterior
canal, (11) the superior-most point of the anteri-
or canal, (12) the medial-most point of the anterior
canal, (13) the inferior-most point of the
anterior canal, (14) the ampulla of the posterior
canal, (15) the inferior-most point of the posterior
canal, (16) the superior-most point of the
posterior canal, (17) the posteromedial-most point
of the posterior canal, (18) the posterior sinus, and
(19) the intersection between the lateral canal and
the sacculus (Fig. 3). As a single threshold value
could affect to some extent the reconstruction of
the semicircular canals (Spoor and Zonneveld
1995), landmarks were located at the centers of the
lumina of the semicircular canals and of the ampul-
lae. Central locations were determined by means of
the medial axis transform (Amenta et al. 2001)
known as “‘skeletonization.” This procedure reduces
a 3D object volume (such as the endocast of the
bony labyrinth) to a set of connected lines, whereby
each line point represents a local centre of the object.
Most landmark locations were defined relative to the
three main axes of the labyrinth (Fig. 3). Additional
landmark locations were defined at centers of ana-
tomical structures (the ampullae of the semicircular
canals, the endolymphatic duct, the cochlear apex,
and the oval and round windows), and at the bifur-
cation of the common duct (Fig. 3).

Using generalized least-squares fitting (Rohlf 1990)
and principal components analysis (PCA) of shape
(Dryden and Mardia 1998), the form of each speci-
men’s landmark configuration was represented by its
centroid size, and by its multi-dimensional shape
vector in the linearized Procrustes shape space.
Analysis and visualization of patterns of variation
in shape were performed with the interactive soft-
ware package MorphoTools (Specht et al. 2007;
Lebrun et al. 2010). To test whether the shape of
the vestibular system differs among species character-
ized by different locomotor ecologies, we used a
linear discriminant analysis on the PC scores of the
specimens, using locomotor ecology as the categori-
cal variable.

Statistical analysis

All morphometric data were log,, transformed prior
to analyses to meet assumptions of normality and
homoscedascity required for parametric analyses. As
species are not independent data points but related
through their evolutionary history, we used phyloge-
netically informed analyses. Given the large number
of measurements taken in the vestibular system of
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Fig. 3 Landmarks used for geometric morphometric analysis of the inner ear, as exemplified by A. agama. Gray arrows:
anteromedial-to-posterolateral and anterolateral-to-posteromedial directions used to define landmark locations 7, 8, and 9. The
superior-to-inferior direction was used to define landmark locations 11, 13, 15, 16. The gray line represents a simplified version of

the medial axis.

each species we first performed a factor analysis with
varimax rotation and saved factor scores as new var-
iables to be used in phylogenetic AN(C)OVA’s. The
phylogenetic framework for these analyses (Fig. 4)
was based on Lee (2009) for the interfamilial rela-
tionships and on Arnold (1989), Nicholson et al.
(2005), Gamble et al. (2008), Collar et al. (2010),
and Pyron et al. (2011) for within-families relation-
ships. All branch lengths were set to 1 as branch
lengths were not available for all taxa included in
our analysis. To check whether branch lengths of
unit length were indeed appropriate for our analyses,
we used the diagnostics options in the PDTREE pro-
gram to test for correlations between the absolute
values of the standardized contrasts and their stan-
dard deviations (Garland et al. 1992). As correlations
were not significant, these branch lengths could be
used (Garland et al. 1992). Moreover, it has been
shown that the actual length of the branches does
not usually have substantial effects on the results of
phylogenetic analyses (Martins and Garland 1991;
Diaz-Uriarte and Garland 1998).

To test whether the structure of the vestibular
system of among terrestrial species, climbing species,
and those employing controlled aerial descent dif-
fered, we ran phylogenetic analyses of (co)variance
involving simulation analyses using the PDSIMUL
and PDANOVA programs (Garland et al. 1993). In
the PDSIMUL program, we used Brownian motion
as our model for evolutionary change and ran 1000
unbounded simulations to create an empirical null
distribution against which the F-value from the orig-
inal data could be compared. In the PDANOVA pro-
gram, habitat use was entered as the dependent
variable; factor scores and length, width and depth
of the skull were used as independent variables. Skull
length was used as a covariate when appropriate (i.e.
in analyses of skull width and depth). We considered

differences among categories to be significant if the
original F-value derived from a non-phylogenetic
analysis was higher than the F95 value derived
from the empirical distribution. We ran two analyses
on the data, the first one contrasting three groups
(terrestrial, climbing, and gliding species) and the
second one contrasting “gliding” with non-gliding
squamates. Using data from the literature (Oliver
1951; Marcellini and Keefer 1976; Russell 1979;
Losos et al. 1989; Manthey and Grossmann 1997;
Socha 2002; Young et al. 2002; McGuire 2003;
McGuire and Dudley 2005; Vanhooydonck et al.
2009) and from personal observations (A. penta-
prion), species were classified as to their ability to
perform controlled aerial descent. All traditional
(i.e. non-phylogenetic) analyses were performed
with SPSS v.15.

Results

A factor analysis performed on the measurements
taken on the vestibular system of the different species
extracted six factors with eigenvalues greater than
one, jointly explaining ~91% of the variation in
the data (Table 1). The first factor was strongly
and positively correlated with the dimensions of
the ampullae and with the diameter of the canals.
The second factor was strongly and positively deter-
mined by the overall size of the skull and vestibular
system. The third factor was strongly and positively
determined by the angle between the posterior am-
pulla and the common duct and negatively by the
angle between the posterior ampulla and the utricu-
lus, suggesting a more vertical connection between
the posterior ampulla/canal and the common duct.
The fourth factor was strongly negatively determined
by the angle between the anterior canal and the
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Table 1 Results from a factor analysis performed on the morphometric data

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Eigenvalues 15.02 11.6 2.62 2.61 2 1.48
Percentage of variation explained 38.52 29.76 6.71 6.68 5.13 3.8

Vertical diamerer of the anterior canal (1v) 0.95 0.13 —0.09 0.00 0.06 —0.10
Horizontal diameter of the anterior canal (1h) 0.87 —0.01 0.10 0.21 —0.02 —-0.18
Vertical diameter of the posterior canal (2v) 0.92 0.05 —-0.12 0.00 —-0.11 —0.07
Horizontal diameter of the posterior canal (2h) 0.88 —0.03 —0.03 0.05 —0.05 —0.35
Vertical diameter of the horizontal canal (3v) 0.96 —0.07 0.10 0.08 —0.07 —0.06
Horizontal diameter of the horizontal canal (3h) 0.86 0.03 —0.40 —0.06 —0.16 0.01
Common duct length (cdl) 0.56 0.78 —0.09 0.20 —0.04 0.10
Common duct antero-posterior diameter (4ap) 0.82 0.38 0.20 0.08 0.19 0.13
Common duct lateral diameter(41) 0.84 0.32 0.01 0.09 —0.02 0.11
Utriculus length (ul) 0.47 0.63 0.39 0.27 0.29 0.14
Utriculus vertical diameter (5v) 0.86 0.24 0.19 0.01 —0.32 0.19
Utriculus horizontal diameter (5 h) 0.67 0.56 —0.07 0.21 0.07 0.34
Anterior ampulla depth (aad) 0.80 0.49 —-0.21 0.00 0.13 —-0.11
Anterior ampulla length (aal) 0.77 0.28 0.19 0.10 0.40 0.16
Anterior ampulla width (aaw) 0.81 0.49 0.11 0.20 —0.10 0.02
Horizontal ampulla depth (had) 0.80 0.43 0.14 0.30 —0.03 —0.08
Horizontal ampulla length (hal) 0.82 0.49 0.08 0.06 0.07 0.09
Horizontal ampulla width (haw) 0.85 0.48 0.04 0.09 0.04 0.09
Posterior ampulla depth (pad) 0.76 0.58 —0.20 —0.06 0.09 —0.02
Posterior ampulla length (pal) 0.61 0.58 0.08 0.01 0.06 0.24
Posterior ampulla width (paw) 0.81 0.50 —0.06 0.02 0.11 0.00
Sacculus depth (sd) 0.32 0.77 —0.12 0.33 0.09 0.15
Sacculus length (sl) 0.21 0.68 0.15 0.43 0.44 0.20
Sacculus width (sw) 0.43 0.63 —0.30 0.24 —0.13 0.36
Angle between the anterior and posterior canal —0.31 0.27 —0.12 0.04 0.83 0.06
Angle between the anterior canal and anterior ampulla —0.16 —0.33 —0.06 —0.84 —0.16 —0.03
Angle between the anterior ampulla and horizontal ampulla 0.04 0.13 0.22 0.82 —0.03 0.04
Angle between the posterior canal and posterior ampulla —-0.57 —0.01 0.12 0.09 0.20 0.72
Angle between the posterior ampulla and common duct —0.24 0.36 0.82 0.17 —0.15 0.00
Angle between the common duct_utriculus 0.35 —0.68 0.14 0.13 0.37 0.26
Angle between the posterior ampulla and utriculus —0.12 0.02 —0.96 —0.15 —0.05 —0.07
Minimum distance ear 0.10 0.88 —0.03 —-0.37 0.09 —0.01
Maximum distance ear 0.35 0.88 0.21 0.06 0.08 —0.14
Ear depth 0.38 0.82 0.1 0.22 0.18 —0.07
Ear width 0.17 0.93 0.08 0.20 —0.04 —0.01
Ear length 0.25 0.77 0.28 0.20 0.39 —0.01
Skull length 0.03 0.82 0.14 0.15 0.41 0.22
Skull depth 0.31 0.84 0.05 0.08 0.00 —0.13
Skull width 0.08 0.72 0.15 0.35 —0.01 0.32

Notes. Abbreviations between brackets refer to abbreviations used in Fig. 1. Bolded values represent loadings greater than 0.7.

anterior ampulla and positively by the angle between  and the sixth factor by the angle between the poste-
the anterior ampulla and the horizontal ampulla. The rior canal and the posterior ampulla.

fifth factor was strongly influenced by the angle be- A phylogenetic analysis of variance using the
tween the anterior and posterior semi-circular canals  factor scores as input and testing for differences in
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Table 2 Phylogenetic AN(C)OVA's with species grouped in three (glider, climbing, terrestrial) or two (glider, non-glider) ecological

categories

Three groups Two groups

F Fonyt Ponyt F Fonyt Ponyt
Factor 1 0.85 1.64 0.18 0.18 1.81 0.49
Factor 2 0.41 1.83 0.44 0.34 2.03 0.38
Factor 3 4.89 1.56 0.002%* 4.14 1.84 0.008*
Factor 4 0.1 1.87 0.80 2.44 1.96 0.036*
Factor 5 1.65 172 0.057 0.67 1.88 0.21
Factor 6 193 1.54 0.027% 0.06 1.87 0.68
Skull length 1.24 1.54 0.086 0.62 192 0.23
Skull depth 0.43 1.74 0.40 0.46 192 0.29
Skull width 0.03 1.88 0.93 1.53 192 0.075
Skull depth (ancova) 0.02 1.88 0.95 0.04 2.14 0.77
Skull width (ancova) 517 2.03 0.002%* 0.89 2.36 0.18

Note. F=critical F-value based on traditional analyses; Fy,, = critical F-value based on a simulation taking into account phylogenetic relatedness
among species; Py, = significance of the AN(C)OVA after taking into account the phylogenetic relatedness among species.

*Significant after taking into account phylogenetic relationships.

**Significant after taking into account phylogenetic relationships and after Bonferroni correction.

Table 3 Factor scores for each ecological group

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Terrestrial 0.15+1.24 0.56 +1.11 0.33+0.77 0.38+0.64 —0.28+1.44 —0.07 +1.14
Gliders —0.14+1.17 —0.20+0.71 —0.61+0.61 —0.49+1.36 0.27+£0.85 0.09 +0.80
Climbers 0.00+0.56 —0.44+1.03 0.34+1.39 0.13+0.76 0.01+0.53 —0.01+1.24

Note. Table entries are means =+ standard deviations.

the vestibular structure among terrestrial, climbing
and “gliding” squamates found significant differ-
ences in factors three and six (Table 2). Gliders
score lower and terrestrial and climbing species
higher on the third factor (Table 3 and Fig. 3), sug-
gesting that “gliders” differ from the other groups by
having a more horizontally positioned connection
between the posterior ampulla and the common
duct. The difference in factor six indicates again a
difference between gliders and the two other groups
with gliders having a greater angle between the pos-
terior canal and the posterior ampulla. Finally,
climbing species had relatively narrow heads for a
given head length compared to terrestrial species;
gliders were intermediate. An analysis contrasting
gliders to non-gliders retained the difference in
factor three with gliders scoring lower on this axis
and revealed an additional difference in factor 4 with
gliders having lower scores than the non-gliders
(Table 2). This indicates that gliders are character-
ized by a smaller angle between the horizontal and

anterior ampullae and a greater angle between the
anterior canal and the anterior ampulla.

Our landmark-based analysis of shape-demon-
strated distinct differences between phylogenetic
groups, regardless of locomotor behavior (Fig. 6).
Phylogenetic groups are well separated on the first
two principal component axes. A linear discriminant
analysis performed on PC scores separated species
with different life-styles, with squamates capable of
controlled aerial descent scoring particularly low on
the second discriminant axis (Fig. 7). Arboreal spe-
cies are intermediate in vestibular shape compared to
terrestrial species and those capable of controlled
aerial descent (Fig. 6). Species capable of controlled
aerial descent have relatively shorter common ducts,
rounder anterior semi-circular canals, and all parts of
the posterior semi-circular canal tending to converge
on the same plane, whereas other species present
relatively longer common ducts, elongated anterior
semi-circular canals and somewhat twisted posterior
semi-circular canals.
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ge"i@ta —— Coleonyx variegatus T

Ptychozoon kuhlii G

Gekko vittatus C

lacertidae Psammodromus algirus T

= Podarcis muralis C

o s Holaspis guentheri G
leiolepididae s ;

i E Leiolepis belliana G

Uromastyx acanthinurus T

| Phrynocephalus gutfatus T

- Agama agama G

— agarﬁidae Draco volans G

Anolis cybotes T

Anolis pentaprion G

—| polychrotidael—  Anojis carolinensis 5

serpentes _E Chrysopelea ornata G

v Pantherophis gutatus T

— Pareas margaritophorus  C

Fig. 4 Composite phylogeny illustrating the phylogenetic
relationships between the species used in this study. The
ecological classification of each species is indicated one the
right. T, terrestrial; C, climbing; G, gliding.

Discussion

Both the factor analysis performed on the raw mea-
surements and the one performed on our landmarks
describing variation in shape separate species belong-
ing to the same family in multivariate space. Snakes
are especially divergent in having much shallower,
less rounded semi-circular canals (Supplementary
Fig. 4) compared to the other squamates. Given
that the size, that is the radius (Ten Kate et al.
1970) of the semi-circular canals is thought to be
related to life-style with more active species having
more rounded and larger semi-circular canals, this
suggests that snakes, on average, experience lower
rotational accelerations. The other interesting group
that stands out from the others is lizards of the
genus Anolis. Indeed, all three species of Anolis
have very similar morphologies of the inner ear
(Figs. 5 and 6) despite marked differences in habitat
use and life-style. The agamids also display a rather
similar inner-ear shape that is similar to that ob-
served in leiolepidids and Anolis (Fig. 6), again dem-
onstrating the strong effect of shared ancestry in
driving the morphology of the inner ear in squa-
mates. Interestingly, the effect of shared ancestry ap-
pears less strong when quantifying the dimensions of
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Fig. 5 A factor analysis performed on the logqo-transformed
measurements illustrating significant differences among three
groups of squamates: those capable of performing controlled
aerial descent; climbing species; terrestrial species. Only
those axes for which differences between ecological groups
were significant are illustrated. Open symbols represent glid-
ers, gray symbols climbing species, and black symbols terrestrial
species. Symbols represent phylogenetic affinity. Upward trian-
gle, geckos; downward triangle, lacertids; circles, leiolepidids;
diamonds, snakes; hexagons, agamids; and squares, Anolis. The
icons illustrate those angles most contributing to the variation
on each axis.

the physiologically relevant structures compared to
the landmark-based analysis of shape (compare the
panel in Fig. 5 to that in Fig. 7). The presence of a
strong phylogenetic signal in the shape of the inner
ear and bony labyrinth was previously described for
strepsirrhine primates for which it was suggested that
inner ear characters may even be used for taxonomic
purposes (Lebrun et al. 2010). Interestingly, however,
both our factor analysis and our linear discrimi-
nant analysis detected significant differences between
species with different life-styles and locomotor
ecologies.

Indeed, both the overall shape of the bony laby-
rinth, as well as the angles by which the posterior
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ampulla attaches to the common duct, appear to be
different among squamates with different modes of
locomotion (terrestrial, climbing, controlled aerial
descent), even when taking into account the phylo-
genetic relatedness between species. In contrast to
studies on mammals in which the size of the
semi-circular canals was demonstrated to be different
among species with different life-styles and ecologies
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Fig. 6 A principal component analysis performed on the
procrustes residuals. Note how species cluster according to their
phylogenetic affinity. Gliders (black), climbing species (gray), and
terrestrial species (black) are well-separated along the second
discriminant axis. Upward triangle, geckos; downward triangle,
lacertids; circles, leiolepidids; diamonds, snakes; hexagons,
agamids; and squares, Anolis.
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(Spoor et al. 2007), the size of the canals did not
differ among squamates with different life-styles.
Interestingly, most of the differences detected were
associated with the angles of the connection between
the posterior ampulla and the other structures with
which it connects (posterior canal and common
duct) (Fig. 5) and to some degree with the angle
of the anterior ampulla. The ampulla is a bulbous
expansion of the canal which contains a transverse
ridge of sensory epithelium called the crista (Selva
et al. 2009). The surface of the crista contains the
sensory hair cells that detect changes in the move-
ment of the endolymph. The posterior canal is
thought to predominantly detect accelerations, veloc-
ities, and displacements in the roll and pitch direc-
tions (Muller 1994; Muller and Verhagen 2002c).
Although unclear how these changes in the angle
between the ampullae and the ducts may affect the
physiology of the system, any change in the position
of the ampulla relative to the canal will likely affect
the flow of endolymph and may thus increase the
sensitivity of the system. Although studies on frogs
suggest that these animals are mostly unstable
around the yaw axis, the shape of the body of the
squamates, in addition to personal observations of
these animals during controlled aerial descents
(Vanhooydonck et al. 2009), suggest that they are
least stable in the roll direction. If this is indeed
the case then an increased sensitivity to roll may

g '5% ®
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a 0.00- . B B oo
| o A ™
v o
o v
Y
-0.10-
LR °
020 ' 2010 ' 0.00 ' 0.10 '
&
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Fig. 7 Results of a linear discriminate analysis performed on the principal component scores. Gliders (black), climbing species (gray),
and terrestrial species (black) are well-separated along the second discriminant axis. lcons represent hypothetical vestibular systems in
dorsal and lateral view, illustrating the changes in shape along the two discriminant axes. Upward triangle, geckos; downward triangle,
lacertids; circles, leiolepidids; diamonds, snakes; hexagons, agamids; and squares, Anolis.
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be important to correct for deviations from a
stable-descent posture that would assure a correct
landing. Observations for at least three species of
squamates (H. guentheri, P. kuhli, and A. pentaprion)
suggest that they often use their tails to try to stabi-
lize themselves against roll during controlled aerial
descents (Vanhooydonck et al. 2009; A. Herrel, per-
sonal observation), similar to the use of the limbs
and tails in gliding mammals such as sugar gliders
(Bishop 2007).

Interestingly, the Anolis included in our study did
not conform to the general pattern observed among
squamates. Not only did all Anolis species show a
morphology similar to that of other squamates capa-
ble of controlled aerial descent, but within the Anolis
species examined the arboreal species was most sim-
ilar and the “glider” least similar to other “gliding”
squamates. Although A. carolinensis has been sug-
gested of being able to perform controlled aerial
descent (Oliver 1951), which might explain the mor-
phology of its inner ear, A. cybotes is unlikely to be
able to do so given its large head, stocky body and
terrestrial habits. Geckos were also different, with the
strictly terrestrial species (C. variegatus) being most
similar to other squamates capable of controlled
aerial descent. Again, however, on average all
geckos have an inner ear similar to that observed
for “gliders.” Given the strong phylogenetic signal
in the data, these strange patterns could be the re-
sults of the retention of the morphology of an arbo-
real ancestor. Although this is plausible for Anolis
(Losos 2009), this is rather unlikely for geckos
given the terrestrial habits of the basal-most
radiation.

In summary, despite the importance of behavioral
adjustments in the evolution of controlled aerial de-
scent, our data suggest that sensory systems may also
be tuned to changes in behavior. The structural
modifications of the inner ear in species capable of
performing controlled aerial descent are likely related
to the maintenance of stability. Interestingly, our
data show that arboreal taxa have an intermediate
inner-ear morphology, suggesting that arboreality
may be an important precursor for controlled
aerial descent as suggested previously (Dudley et al.
2007). Although our data show differences in the
vestibular system in squamates capable of controlled
aerial descent, the generality of our findings for other
vertebrates remains to be tested. Finally, more de-
tailed studies examining the fine detail and structure
of the ampullae are needed. For example, despite its
suggested role during aerial behaviors (Harada et al.
2002), the presence of an eminentia cruciata in the

R. Boistel et al.

ampullae of squamates capable of controlled aerial
descent remains to be demonstrated.
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