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Cranial kinesis in the miniaturised lizard Ablepharus kitaibelii
(Squamata: Scincidae)
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ABSTRACT
Cranial kinesis refers to intracranial movements in the vertebrate skull
that do not concern the jaw joint, the middle ear or the hypobranchial
skeleton.Different kinds of cranial kinesis havebeen reported for lizards,
including mesokinesis, metakinesis, amphikinesis (simultaneous
mesokinesis and metakinesis) and streptostyly. Streptostyly is
considered relatively widespread within lizards, whereas mesokinesis
has been documented only for geckos, varanids and anguids. The
present study investigated cranial kinesis in the miniaturised scincid
Ablepharus kitaibelii by integrating morphological and experimental
data. Basedonmicro computed tomography,weprovide adescriptionof
skull osteology. Cranial joints were studied with histology, which results
in the first detailed description of cranial joint histology for a member of
the Scincidae. Taken together, the morphological data indicate a high
potential for amphikinesis and streptostyly, which was also corroborated
by skull manipulations. High-speed cinematography demonstrated that
mesokinesis occurs during food uptake, processing and intraoral
transport cycles. Bite force measurements showed prolonged and
reasonably hard biting even at large gape angles. Based on these data,
we formulate a model of the amphikinetic A. kitaibelii skull mechanism,
which provides an extension of Frazzetta’s quadric-crank model by
placing a special emphasis onmetakinesis. According to thismodel, we
hypothesise that metakinetic intracranial movements may provide a
means for reducing strain in jaw adductor muscles. Presented
hypotheses can be addressed and tested in future studies.

KEY WORDS: Metakinesis, Mesokinesis, Amphikinesis,
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INTRODUCTION
Cranial kinesis – intracranial movements in the vertebrate skull that
are unrelated to the jaw joint, the middle ear or the hypobranchial
skeleton – is found in several groups of extant Sauropsida, including
birds within the Archosauria (Bock, 1964; Zusi, 1993; Zweers,
1982), as well as ophidians (snakes) and non-ophidian squamates
(lizards) within the Lepidosauria (Frazzetta, 1962, 1966; Gans,

1961; Herrel et al., 1999; Kardong, 1977; Metzger, 2002; Rieppel,
1993). Considerations on cranial kinesis in lizards go back to the
works of Versluys early in the 20th century (Versluys, 1910, 1912,
1936), and since then this topic has received considerable interest. In
a seminal work, Frazzetta (1962) developed the quadric-crank
model for lizard cranial kinesis during mouth opening and mouth
closing, functionally integrating three types of kinesis: metakinesis,
which is movement between the braincase and dermal bones of the
skull roof; mesokinesis, which is dorsal extension and ventral
flexion of the snout around a transverse axis behind the eye; and
streptostyly, which is the pendulum-like rotation of the quadrate
bones allowing the position of the jaw joint to move forward
and backward (for a review, see Metzger, 2002). Simultaneous
metakinesis and mesokinesis is termed amphikinesis (Frazzetta,
1962; Versluys, 1912).

Since the introductionofFrazzetta’smodel, researchon lizard cranial
kinesis has focused on two main questions. (1) What kind of kinesis
occurs in different squamate taxa?More specifically, does the quadric-
crankmodel apply to a large numberor even themajority of lizards? (2)
What functional implications and possible adaptive value does a
specific kinetic mechanism have? Concerning the documentation of
presence/absence, type and magnitude of cranial kinesis, researchers
have used two different approaches. On the one hand, they searched for
morphological correlates of cranial kinesis in skull bones and cranial
joints and investigated the mobility of skull joints based on skull
manipulations on ligamentous specimens (Frazzetta, 1962; Iordansky,
1996). On the other hand, experimental approaches were utilized to
investigate the presence of cranial kinesis in living animals, including
conventional and high-speed cinematography (Frazzetta, 1962, 1983;
Iordansky, 1966), cineradiography (Herrel et al., 1998, 1999;
Herrel and De Vree, 1999; Rieppel, 1978b; Smith, 1980, 1982;
Throckmorton, 1976), X-ray reconstruction of moving morphology
(Montuelle andWilliams, 2015), analysis ofmuscle activity patterns by
electromyography (De Vree and Gans, 1987; Herrel et al., 1999;
McBrayer and White, 2002; Smith, 1982), and studies of tensile and
compressive forces in skull joints (Smith andHylander, 1985).The sum
of these approaches produced a bulk of knowledge, suggesting that
streptostyly is relatively widespread among lizards and mesokinesis
occurs at least in some geckos, varanids and anguids. Considerable
variation in the patterns of cranial kinesis exists, however, including
streptostyly without any other type of kinesis, coupled streptostyly–
mesokinesis, and concurrent streptostyly–mesokinesis without
functional coupling (for a review, see Metzger, 2002). Furthermore,
withinmost species, young animals aremore kinetic than older animals
(Starck, 1979, A.H. personal observation). Concerning the functional
implications and adaptive advantages of cranial kinesis, data indicate
that large differences exist between squamate taxa. A number of
hypotheses for the functional significance of mesokinesis (Condon,
1987; De Vree and Gans, 1994; Frazzetta, 1962; Herrel et al., 2000;
Montuelle and Williams, 2015; Rieppel, 1979; Schwenk, 2000) andReceived 21 December 2018; Accepted 2 April 2019
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streptostyly (Gingerich, 1971; Herrel and De Vree, 1999; MacLean,
1974; Rieppel, 1978b; Smith, 1980; Throckmorton, 1976) have been
presented, and some of them were corroborated by experimental data
(Metzger, 2002).Yet, noall-encompassinggeneral hypothesis hasbeen
accepted for the functional advantage of either mesokinesis or
streptostyly (Metzger, 2002).
Thus far, metakinesis has received much less attention compared

with mesokinesis and streptostyly. Versluys (1910, 1912, 1936)
coined the term metakinesis for movements between the braincase
and the dermal bones of the skull roof. Metakinesis is defined as a
rotational movement between the braincase and the dermal skull
roof about the metakinetic axis running transversely through the
paroccipital processes. This movement manifests itself most
conspicuously as a displacement between the supraoccipital and
parietal bones, potentially also involving adjacent elements of the
dermal skull roof. According to the quadric-crank model (Frazzetta,
1962), the parietal bone is rotated downward during mouth opening
(coupled to a dorsal extension of the snout, i.e. mesokinesis).
Metakinesis may provide some stabilisation in the amphikinetic skull
(Frazzetta, 1986), but apart from this, no hypothesis has been put
forward that highlights its functional or adaptive significance. To
overstate the case, metakinesis is still somewhat of a myth: although
some authors considered it to be a general and widespread pattern
among Squamata (Arnold, 1998; Frazzetta, 1962; Iordansky, 2011),
others argued that its existence has never been experimentally proven
(Johnston, 2010; Metzger, 2002; Schwenk, 2000; Starck, 1979).
According to Metzger (2002), the ‘presence of metakinesis is
essentially unconfirmed for all lepidosaurs and its anatomical basis is
unclear’. The anatomy of the metakinetic joint is intricate. One of
the most detailed descriptions of the joint was given for Varanus by
Frazzetta (1962). He argued that the actual joint was formed by the
processus ascendens tecti synotici (PATS), a rod-shaped process of
the chondrocranium that originates from the anterior margin of
the supraoccipital bone and inserts in a ventral depression of the
parietal bone. According to Frazzetta, this joint permits some sliding
movement of the PATS against the parietal bone. Later works showed
that the histological nature of the metakinetic joint may vary strongly
between taxa or even within the same genus (Condon, 1998; Rieppel,
1978a). Although data on the histological nature of the metakinetic
joint remain sparse (Metzger, 2002; Schwenk, 2000), arguably the
main reason why metakinesis remains to be poorly understood is that
experimental studies have so far been unable to prove the nature and
magnitude of metakinetic movements (Metzger, 2002).
Cranial kinesis is probably more likely to appear in small lizard

species or juveniles of larger species. However, technical limitations
of experimental procedures such as cineradiography or
electromyography complicate investigation of feeding kinematics in
small species. Thus, available data on lizard cranial kinesis are biased
towards larger species, with little to no data so far available for very
small or miniaturised species. Miniaturisation over evolutionary
scales can lead to extensive remodelling of the skull (Gans, 1974). In
squamates this may involve skull bone reduction, including the loss of
the upper temporal arcade (Rieppel, 1984a,b, 1993). Furthermore, we
hypothesise that miniaturisation can cause a reduced ossification of
dermal elements of the skull owing to paedomorphosis, which could,
in some taxa, lead to a higher mobility in the skull. Thus, data on
cranial kinesis are badly needed for miniaturised squamates. To
mitigate this lack of data, the present study on Ablepharus kitaibelii
combines a thorough morphological investigation with experimental
data on feeding kinematics and bite force, and a novel method of
studying skull manipulations using microscopic 3D imaging.
Ablepharus kitaibelii is one of the smallest lizards in the world,

with an average head length of less than 7 mm (Ljubisavljevic ́ et al.,
2002; Yildirim et al., 2017). Some data for Ablepharus skull
morphology have previously been published. Haas (1935) made a
detailed histological study of the skull based on transverse sections.
Fuhn (1969) provided some data on osteology, and recently a detailed
comparative study on the osteology of three Ablepharus species was
published (Yildirim et al., 2017).

The present study on A. kitaibelii had three main aims. First, to
provide a detailed description of the cranial architecture, including
osteology, histology of cranial joints and analysis of cranial
muscles. In particular, histological data on cranial joints are
especially lacking for Scincidae (Payne et al., 2011). Second, to
provide experimental data based on high-speed cinematography,
bite force measurements and skull manipulations. So far, no
experimental evidence has been advanced for the occurrence of
mesokinesis andmetakinesis in Scincidae (Metzger, 2002), whereas
a study on Corucia zebrata and Tiliqua scincoides has shown that
both mesokinesis and metakinesis are absent in these two species
(Herrel et al., 1998). We measured mesokinetic movements during
prey capture, processing and intraoral transport based on high-speed
videos, and also studied the magnitude of intracranial movements
during skull manipulations using microscopic X-ray computed
tomography. And third, to formulate, using these data, an extended
functional model for lizard amphikinesis with a special focus on the
possible functional advantages of metakinetic movements. This
model should be seen as a working hypothesis that can be tested in
future studies on other small or miniaturised squamates.

MATERIALS AND METHODS
Terminology
In the present work we follow the terminology introduced by
Versluys (1912, 1936) and later expanded by Frazzetta (1962). The
skull is divided into an occipital segment (bony braincase), a
maxillary segment (rest of the skull) and the lower jaws
(mandibles). The maxillary segment includes five subunits: (i)
muzzle unit, (ii) parietal unit, and the paired (iii) basal, (iv)
epipterygoid and (v) quadrate units (muzzle unit plus basal units are
equivalent to the palatomaxillary segment described by Smith,
1982). Metakinesis is defined as rotation movement between the
braincase (occipital segment) and the skull roof (parietal unit) about
the metakinetic axis. Mesokinesis is defined as movement between
the muzzle unit and the parietal unit at the frontal–parietal suture.
Streptostyly is defined as rotation of the quadrate around its dorsal
articulation. Amphikinesis is combined meta- and mesokinesis
(Frazzetta, 1962; Versluys, 1912, 1936). Hypokinesis, which refers
to the flexion and extension of the palate around a transverse axis
during mesokinesis (see also flexipalatality; Iordansky, 2011), will
be discussed as part of mesokinetic movements instead of being
treated as a distinct form of cranial kinesis (Metzger, 2002).
Terminology of cranial muscles mostly follows Nash and Tanner
(1970). For description of the gape cycles, we followed the
terminology of Bramble and Wake (1985) and Schwenk (2000).

Animals
A total of 28 adult Ablepharus kitaibelii (Bibron and Bory de
Saint-Vincent 1833) individuals were used in this study. The
individuals were collected from Pancharevo, near Sofia (FN91),
Bosnek Village (FN70) and Bezden Village (FN75), Bulgaria,
caught under permit numbers 411/14.07.2011, 520/23.04.2013 and
656/08.12.2015 of the Ministry of Environment and Water,
Bulgaria. All experiments were conducted in accordance with
national animal welfare regulations.
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High-speed cinematography
High-speed video recordings of feeding (food uptake, processing/
manipulation and intraoral transport) of 12 adult specimens of
A. kitaibelii were accomplished in a filming aquarium
(50×30×30 cm) with a reference scale grid for calibration. During
experiments, animals were fed with mealworms (Tenebrio molitor
larvae) of equal size (length 1.5–2 cm; thickness 1.5–2 mm). Videos
were recorded using a Photron FASTCAM 1024PCI high-speed
camera (Photron, San Diego, CA, USA) and accompanying control
software (Photron FASTCAM Viewer, v3600_64bit). The camera
was equipped with a Nikon AF D 24-85/2.8-4IF Macro objective
(Nikon Corporation, Tokyo, Japan). Illumination of the film set
was created via usage of two Dedocool lights (Dedo Weigert Film
GmbH, Munich, Germany). The majority of videos were recorded at
1000 frames s−1, although some videos were made at 500 frames s−1.
The animals were consistently filmed in lateral view while feeding on
mealworms. In total, more than 100 feeding events were captured, but
the majority of videos did not show the head in an acceptable lateral
orientation relative to the camera. Thus, the best 22 video sequences
were chosen, resulting in eight recordings of food uptake (from
eight individuals), 18 processing/manipulation cycles (from six
individuals) and 15 intraoral transport cycles (from five individuals).
Video sequences were analysed with a custom motion tracking

program (designed by C. Beisser and P. Lemell; programmed by
C. Beisser) developed in MATLAB R2015b (MathWorks, Inc.,
Natick, MA, USA), which uses predictive algorithms based on a
digitising software that was implemented in MATLAB by Hedrick
(2008). Further analyses were performed with custom MATLAB
scripts built in MATLAB R2015b. All analyses were done for three
different feeding phases: (i) food uptake, defined as the initial
process of grabbing a food item, followed by (ii) processing/
manipulation cycles, defined as feeding cycles where the food item
is manipulated by biting and lingual movements and not yet
completely inside the oral cavity, and finally (iii) intraoral transport,
which is defined as transport cycles inside the oral cavity, starting
when the food item is completely inside the oral cavity and ending
directly prior to pharyngeal packing (note that late intraoral
transport cycles and pharnyngeal packing may blend in some
cases). Regarding food uptake, one gape cycle per specimen was
analysed; for processing/manipulation and intraoral transport,
two to three gape cycles per individual were analysed. The
x–y coordinates of the rostral tip of upper and lower jaw were
tracked frame-by-frame to obtain information about the gape cycle.
Based on the displacements, following kinematic variables were
determined: (i) duration of gape cycle, (ii) duration of slow opening,
fast opening, fast closing and slow closing power stroke phases, and
(iii) mean and maximum velocities of opening and closing jaw
movements. Furthermore, gape angle and mesokinetic angle were
measured from still frames at the start of mouth opening, maximum
gape and at the end of the gape cycle, in order to evaluate the
maximum gape angle and the presence of mesokinesis. Two
independent observers conducted analysis of mesokinetic angles.
Although data presented in the paper are from observer 1,
measurements conducted by observer 2 were highly comparable,
and showed only minor deviations not affecting the general
interpretation of mesokinetic movements.

Bite force measurements
Bite forces were measured for 11 adult specimens using an isometric
Kistler force transducer (type 9203, range ±500 N; Kistler, Zurich,
Switzerland) mounted on a purpose-built holder and connected to a
Kistler charge amplifier (type 5995A, Kistler; see Herrel et al., 1999

for a more detailed description of the setup). As animals were
reluctant to bite initially, the jaws were opened gently using
flat-tipped tweezers. A thin layer of cloth tape was wrapped around
the bite plates to provide better grip. Once the bite plates were placed
between the jaws of the animal, however, prolonged and repeated
biting resulted. The place of application of bite forces was
standardised for all animals and gape angle was also standardised
at 50 deg. Although bite force experiments on lizards are often
performed at smaller gape angles, the large gape angle in A. kitaibelii
was necessary because of the minute size of the animals compared
with the testing device. Measurements were repeated five times for
each animal and the maximal value obtained was considered to be the
maximal bite force for that individual. In addition to measuring bite
forces, we also measured snout–vent length, tail length, head length,
head width, head depth and lower jaw length for each individual
using digital callipers (Mitutoyo). Body mass was measured using
an electronic balance (MyWeight DuraScale D2 300).Morphometric
and bite force data were log10 transformed before analysis. We ran
a MANOVA to test for overall differences in head and body
dimensions coupled to subsequent univariate ANOVAs. Differences
between sexes in bite force were tested using a univariate ANOVA.
To explore which variables best predicted variation in bite force, we
ran a stepwise multiple regression with the morphometric data as
predictors and bite force as our dependent variable. Finally, bivariate
correlations were run between head dimensions and bite force.
Bite forces in A. kitaibelii were compared with bite forces for other
scincid lizards biting at a 30 deg gape angle. Species used for
comparison included Acontias percevali, Eumeces laticeps,
Sphenops sepsoides, Chalcides ocellatus, Scincus scincus, Ctenotes
uber, Cyclodomorphus michaeli, Eulamprus heathwoli, Lerista
edwardsi, Morethia butleri, Tiliqua multifasciata, Tiliqua
occipitalis, Tiliqua rugosa and Tiliqua scincoides (data from
previous studies provided by A.H.).

Skull manipulations
Four A. kitaibelii specimens (two adult males, two adult females)
were euthanised with diethyl ether for 10–15 min. One male
specimen was immediately fixed in 4% formaldehyde with closed
mouth. For the three remaining specimens, the mouth was carefully
opened by depressing the mandible with one hand while the other
hand stabilized the neck of the specimen. Mouth opening was
conducted until the person that carried out manipulations perceived
a mechanical resistance, which was at a gape angle of approximately
60 deg. Subsequently, the opened mouth was filled with cotton to
fix the mouth position for subsequent preparation steps. The three
‘open mouth’ specimens were then fixed in 4% formaldehyde for
preservation. After fixation, specimens were stored in 70% ethanol.

Micro computed tomography image acquisition
Four specimenswere subject tomicro computed tomography (microCT)
analysis: one specimen with closed mouth (male) and three specimens
with opened mouth (one male, two females). Specimens were mounted
in plastic tubes and scanned using a Scanco µCT35 (SCANCOMedical
AG,Brüttisellen, CH) at 70 kVp (peak kilovoltage) and 114 µA current.
The specimen with closed mouth was scanned at an isotropic voxel
resolution of 3.5 µm [field of view (FOV)=7.2 mm]. The specimens
with opened mouth were scanned with isotropic voxel resolutions of
either 6 or 12 µm (FOV=12.3 mm). For reconstruction of cranial
muscles, the specimen with the closed mouth (male) and one open
mouth specimen (male) were dehydrated to absolute ethanol, stained
with 1% elemental iodine in ethanol for 7 days, washed in absolute
ethanol, and scanned with an isotropic voxel resolution of 7 µm.
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Image segmentation, measurement of muscle volumes and
3D visualisation of microCT scans
MicroCT image volumes were imported into the 3D software
package Amira [FEI SAS, Mérignac, France (part of Thermo Fisher
Scientific™)]. First, osteoderms (Fig. S1) were segmented and
removed from image volumes using the Arithmetic tool to allow an
undisturbed view on skull bones. For the iodine-stained specimen
(closed mouth specimen), the two scans before and after staining
were registered based on normalised mutual information.
Subsequently, muscles involved in mouth opening and closing
were segmented. Based on image segmentation, muscle volumes
were measured. All image volumes (bones with osteoderms, bones
without osteoderms, single muscles) were exported as separate
volumes and visualised using Amira 6.4. and Drishti (Limaye, 2012).

Three-dimensional analysis of skull manipulations
MicroCT scans from four specimens (one with closed mouth, three
with open mouth) were registered into the same coordinate system.
First, the braincase was segmented for each scan. The occipital
segment of the closed mouth specimen was aligned to the three
anatomical planes. Next, the occipital segment of each of the three
open mouth specimens was registered to the closed mouth specimen
based on normalised mutual information, including an isometric
scaling factor to correct for inter-subject size variation. Finally, the
transformation matrix of the occipital segment was applied to the
whole skull volume. The registered image volumeswere used to set 13
anatomical landmarks in order to quantify skull kinetics (Fig. S2A).
Kinetic angles were directly measured from landmark coordinates.
In order to make the angle measurements comparable to studies based
on high-speed video cinematography, angle measurements were
projected to the sagittal plane (Fig. S2B). All angles measured relative
to the vertical axis (quadrate rotation, epipterygoid rotation) have to be
interpreted in relation to a stable occipital segment.

Histology
One A. kitaibelii specimen was fixed in Bouin’s fixative for
5 months to ensure complete decalcification. It was embedded in
paraffin wax, and sagittal sections were taken with a section
thickness of 5 µm using a HM355S microtome (Thermo Fisher
Scientific™, Waltham, MA, USA). Sections were stained with
Haematoxylin & Eosin and imaged using a Zeiss Axio Imager Z1
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany).

RESULTS
Cranial morphology
Description of skull bones based on microCT data
A detailed description of A. kitaibelii skull osteology based on
cleared and stained specimens was published recently (Yildirim
et al., 2017), thus we only quickly review the general characteristics
of skull design relevant for cranial kinesis.
The head is covered by an armouring of bony osteoderms, except

for parts of the frontal and parietal bones and parts of the snout region
(Fig. S1). The occipital segment is formed by the basioccipital, the
paired exoccipitals, the supraoccipital, the basisphenoid, the
parasphenoid, and the paired prootics and opisthotics. The elements
of the occipital segment are fused to a solid braincase (Fig. 1). The
paroccipital processes are comparatively short. The basisphenoid
shows two well-developed basipterygoid processes (Fig. 1C). The
parietal unit consists of the unpaired parietal bone and the paired
supratemporal, squamosal and postorbitofrontal bones. The parietal is
a thin plate, showing two anterolateral shelfs that are overlapped by
the frontal bone (Fig. 1F). The frontal–parietal suture (mesokinetic

joint) is linear, lacking any kind of interdigitations (Fig. 1B). A
complete upper temporal arcade is present. The supratemporal and
squamosal bones are slender elements lying closely adjacent to the
parietal. Thus, the upper temporal window is extremely narrowed and
functionally absent (Fig. 1A,B). A comparatively large post-temporal
fossa separates the parietal and supraoccipital bones (Fig. 1B). The
quadrate bones dorsally articulate with the occipital segment and the
supratemporal (Fig. 1A). The basal units are formed by paired
pterygoids, ectopterygoids, palatines and jugals. The pterygoids bear
no teeth and lack a medial process at the anterior end of the pterygoid
notch (Fig. 1C). The jugals show a loose connection to the
postorbitofrontal bones (Fig. 1A). The muzzle unit is formed by the
unpaired frontal and the paired nasals, premaxillae, maxillae,
septomaxillae, vomers, prefrontals and lacrimals (Fig. 1). The strut-
like epipterygoid bones ventrally articulate with the pterygoids and
dorsally do not contact the prootics (Fig. 1A). The paired mandibles
are formed by the dentary, coronoid, splenial, angular, surangular,
prearticular and articular. The retroarticular process is long and
slender (Fig. 1A). The two rami of the mandibles show no bony
fusion (Fig. 1D). Other ossifications of the skull include the
columellae, orbitosphenoid bones, superciliary bones, hyoid
apparatus and scleral rings.

The processus ascendens tecti synotici
The PATS is part of the chondrocranium, and it was entirely
cartilaginous in all analysed specimens (N=5). It is a thin rod in the
midsagittal plane, its origin is the anterior margin of the
supraoccipital and it inserts in a ventral groove of the parietal.
Thus, the PATS lies directly at the level of the presumed metakinetic
joint, connecting the occipital segment with the parietal unit of the
maxillary segment (Fig. 1B,E,F). In the closed mouth condition, the
anterior tip of the PATS is in close contact with the parietal bone, to
which it is connected by connective tissue (Fig. 2A).

Description of skull joints based on histology
Both the presumed mesokinetic joint between the frontal and
parietal (Fig. 2C) and the putative metakinetic joint between the
parietal and supraoccipital (Fig. 2B) are syndesmotic. The frontal
and parietal are thin, plate-shaped bones and the frontal–parietal
joint shows no interdigitations. Each of the quadrate bones has three
joints. First, it forms the synovial jaw joint with the articular bone of
the mandible (Fig. 2E). Second, it is connected to the quadrate
ramus of the pterygoid by the quadratopterygoid ligament (Fig. 2E).
Last, it is attached to the paroccipital process of the exoccipital and
the supratemporal by a synchondrosis (Fig. 2D). The paired
pterygoid bones possess five joints. Next to the quadratopterygoid
ligament connection to the quadrate, they form the synovial
basipterygoid–pterygoid joint with the basisphenoid (Fig. 2F), a
synovial joint with the epipterygoid (Fig. 2G), and a syndesmotic
joint with the palatine (Fig. 2H) and the ectopterygoid.

Description of cranial muscles based on microCT data
The description of cranial musculature is not exhaustive and only
focuses on muscles relevant during mouth opening and closing,
which are illustrated using microCT slices (Fig. 3) and 3D
renderings (Figs S3 and S4). Concerning mouth opening, the m.
depressor mandibulae (MDM) originates mainly from a fascia and
partly also from the posterior part of the squamosal, and inserts at
the retroarticular process of the mandible (Fig. S3A). The m. levator
pterygoideus (MLPT) is a slender muscle originating via a tendon
from the ventral surface of the parietal, and runs parallel to the
epipterygoid and inserts at the pterygoid just posterior to the
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pterygoid–epipterygoid joint (Fig. 3C and Fig. S3B). The m.
protractor pterygoideus (MPPT) is a well-developed muscle that
originates from the anteroventral part of the prootic and inserts at the
medial surface of the quadrate ramus of the pterygoid (Fig. 3B–E
and Fig. S3B). The m. spinalis capitis (MSC) originates along the
vertebrae and inserts along the posterior edge of the parietal (Fig. 3B
and Fig. S3C). Concerning mouth closing, the m. adductor
mandibulae externus (MAME) is by far the most voluminous
muscle in the skull (Table S1). The largest number of MAME fibres
originates from the ventral surface of the lateral portion of the
parietal and the ventral surface of the postorbitofrontal, squamosal
and supratemporal (Fig. 3A,C and Fig. S4A). Some fibres of the
deep portions of the MAME also originate from the prootic
(Fig. 3B). The MAME inserts at a large portion of the dorsomedial
surface of the mandible between the coronoid and the
quadrate–articular joint (Fig. S4A). Posterior to the MAME lies
the m. adductor mandibulae posterior (MAMP), which originates
at the quadrate bone and inserts at the mandible just anterior of
the quadrate–articular joint (Fig. 3A and Fig. S4A). The m.
pseudotemporalis lies deep to the MAME (Fig. 3B–D and
Fig. S4B). It mainly originates from the anterior part of the

prootics (some fibres originate from the epipterygoid and maybe
also from the ventral surface of the parietal) and inserts at
the coronoid and surangular (Fig. S4B). The m. pterygoideus is
the second largest adductor muscle (Table S1) and originates mainly
from the pterygoid and attaches to the angular, surangular, articular
and retroarticular process (Fig. 3A–C,F and Fig. S4C).

Cranial kinesis during skull manipulations (depression of
lower jaw)
Results of manipulations are summarised in Table 1. During skull
manipulation, the mandible of freshly killed specimens was
depressed while the neck of the specimens was stabilised,
resulting in an average mouth gape angle increase of 58.2 deg.
The mesokinetic angle measured 162.1 deg in the closed mouth
state and on average 169.6 deg in the open mouth state. This means
that the snout was dorsally extended by 7.5 deg around the
mesokinetic axis. Mesokinetic extension was accompanied by a
mean 2.6 deg change in the hypokinetic angle of the palate. The
metakinetic angle measured 113.5 deg with closed mouth and
103.3 deg with open mouth, resulting in a difference of 10.2 deg.
This change in metakinetic angle reflects the downward rotation of
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the skull roof against the braincase about the metakinetic axis. The
angle of the quadrate to the vertical axis was 41.0 deg with a closed
mouth and 55.1 deg with an open mouth, confirming that
streptostyly is possible with a quadrate rotation of 14.1 deg in the
anterior direction. Finally, the angle of the epipterygoid was
13.9 deg with a closed mouth and 23.4 deg with an open mouth.
This not only shows rotation of the epipterygoid by 9.5 deg, it also
shows that a protraction of the pterygoid in respect of the occipital
segment occurred. This is in line with the visual observation in
microCT image volumes (Movie 1).

Feeding kinematics observed by high-speed
cinematography
Kinematic variables for the gape cycles and measurements of
mesokinesis are summarised in Table 2. Selected video frames and
mean kinematic profiles are shown in Fig. 4.

Food uptake
Ablepharus kitaibelii detected the prey visually; on some occasions,
tongue flicking with touching of the prey was observed. Feeding
started with lifting of the body and bending the head ventrally.
Afterwards, the prey was captured with the anterior teeth by pure jaw
prehension. Usually, prey prehension was immediately followed by
prey shaking (see Natchev et al., 2015). Mean gape cycle duration
during food uptake was 100.7 ms. A slow open phase (SO) was
detected in only 50% of the analysed videos. It was followed by a fast
open phase (FO) with a mean duration of 42.8 ms and a mean
opening velocity of 55.9 mm s−1. A short plateau phase (maximum
gape phase sensu Natchev et al., 2009) of 5–30 ms was followed by
the fast close phase (FC) with a mean duration of 12.9 ms and a mean
velocity of 102.9 mm s−1. After touching the prey at the end of FC, a
second closing phase was detected, which is defined as slow close–
power stroke (SC–PS). During food uptake, the meanmaximum gape
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angle was 35.1 deg, while the largest measured maximum gape angle
was 43.0 deg. Measurements of the mesokinetic angle at the frontal–
parietal joint showed that dorsal extension of the muzzle unit occurs
during mouth opening, while ventral flexion of the muzzle unit
occurs duringmouth closing. From the angle at the starting position, a
mean increase of 3.9 deg was seen during maximum gape, while the
highest measured mesokinetic extension angle during a food uptake
sequence was 7.7 deg. At the end of FC, the angle was almost
identical as at the start of the gape cycle (Table 2).

Processing/manipulation
After food uptake, some processing cycles were observed. Processing
started with manipulating the prey with the lingual apparatus to orient
it inside the oral cavity. Afterwards, a series of biting cycles took place,
supported by lingual movements where the tongue moved underneath
the prey during SO. Typical processing cycles did not involve intraoral
transport. The mean gape cycle duration was approximately three
times as long as during food uptake (323.1 ms). A clear SO was
visible; FO and FC were again interrupted by a short plateau phase. In
most recorded processing/manipulation cycles, a clear SC–PS was
detected. Gape angles were similar to those during food uptake, but

differences were found in the pattern of mesokinesis. We observed a
mean mesokinetic extension of approximately 3.0 deg at maximum
gape and amean flexion of approximately 3.5 deg at the end of FC, but
during SC–PS, a further flexion of approximately 2.9 deg could be
measured, which was also clearly observable in the video sequences.

Intraoral transport
During this phase, the prey was positioned completely inside the
oral cavity and shifted backwards mainly by lingual retraction. The
tongue formed a triangular shape around the end of the prey and
pushed the prey towards the oesophagus. Gape cycle duration was
similar to processing cycles: an SO was always present, and FO and
FC were again interrupted by plateau phase. An SC–PS phase was
missing or integrated within the normal closing phase. Mean and
maximal velocities of FO and FC were slower than during
processing cycles. Mesokinetic movements were again observed
with 2.3 deg extension and 3.7 deg flexion on average.

Bite force measurements
Ablepharus kitaibelii showed slight sexual dimorphism, with head
width (F1,9=8.07, P=0.019) and body mass (F1,9=13.66; P=0.005)
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being larger in males compared with females (Table 3). Bite forces
were also significantly different between sexes, with males biting
significantly harder than females (F1,9=8.48, P=0.017; Table 3). A
stepwise multiple regression extracted head width as the best
predictor of bite force across individuals (R2=0.72, P<0.001;
Fig. 5A). Other head dimensions were also correlated with bite force
(all P<0.05) but were generally poorer predictors of the overall
variation in bite force. When compared with a broad sample of other
scincid lizards, A. kitaibelii showed lower bite forces compared with
larger scincids, with presumably less kinetic skulls and biting at
lower gape angles (Fig. 5B).

DISCUSSION
Observations on A. kitaibelii cranial morphology
Our study provides substantial morphological data concerning skull
osteology, head muscles and the histological nature of the skull
joints of the miniaturised scincid A. kitaibelii. In particular,
histological data on skull joints have so far been entirely missing
for Scincidae (Payne et al., 2011). The general osteology and
myology reveals a similar musculo-skeletal morphology compared
with previous studies on Ablepharus and other members of the
Scincidae (Caputo, 2004; Haas, 1935; Nash and Tanner, 1970;
Paluh and Bauer, 2017; Wineski and Gans, 1984; Yildirim et al.,
2017). Skull shape is similar to that of other small scincids (Caputo,
2004; Paluh and Bauer, 2017). The histological nature of joints in
the A. kitaibelii skull relevant for cranial kinesis is similar compared
with that of other highly kinetic squamates such as geckos
(Mezzasalma et al., 2014; Payne et al., 2011).
Results of our morphological analysis indicate a clear potential

for cranial kinesis in the A. kitaibelii skull. This includes numerous

features that have been previously assumed to represent
morphological correlates of cranial kinesis (Metzger, 2002).
Morphological indications for mesokinesis include: (i) a linear
syndesmotic frontal–parietal joint lacking any kind of interdigitation
(Fig. 1B), (ii) the narrowing of the upper temporal window (Fig. 1B),
(iii) a flexible connection between the jugal and postorbitofrontal
bones (Fig. 1A), (iv) a loose syndesmotic connection between the
pterygoid and palatine, allowing for hypokinesis (Fig. 2H), (v) a
synovial basipterygoid joint (Fig. 2F), (vi) absence of a medial
pterygoid process that would restrict movement at the basipterygoid
joint (Fig. 1C) and (vii) a loose connection between the epipterygoid
and parietal and prootic bones (Fig. 1A). Indications for metakinesis
include: (i) a large syndesmotic post-temporal fossa between the
parietal bone and the supraoccipital bone (Figs 1B and 2B), (ii) a
cartilaginous PATS that can be flexed ventrally duringmouth opening
(Figs 1B,E,F and 2A), (iii) the two well-pronounced anterolateral
shelves of the parietal bone that are overlapped by the frontal bone,
causing a depression of the parietal unit once the muzzle is elevated
(Fig. 1F), and (iv) the flexible synchondrotic connection between the
lateral posterior tips of the parietal unit and the occipital segment
(Fig. 2D). Indications for streptostyly include: (i) the synchondrotic
connection between the quadrate bones and the occipital segment and
supratemporal (Fig. 2D), and (ii) the connection between the quadrate
and pterygoid bones by the quadratopterygoid ligament (Fig. 2E).
Analysis of head musculature also supported the general hypothesis
of a highly kinetic skull. The m. protractor pterygoideus, which is
considered as a main driver for mesokinetic movement, is well
developed (Fig. 3D,E and Fig. S3B).

Evaluations of manipulated specimens corroborated the
hypothesis of a highly kinetic skull. Three-dimensional microCT

Table 1. Measurements of kinetic angles based on skull manipulations and microCT imaging in Ablepharus kitaibelii

Closed mouth
(N=1) (deg)

Open mouth
(N=3; mean±s.d.) (deg)

Angle difference during
jaw opening (deg)

Gape angle 4.22 62.42±3.54 +58.20
Mesokinetic angle 162.16 169.64±1.63 +7.49
Metakinetic angle 113.45 103.26±4.57 −10.19
Quadrate angle 40.98 55.13±3.40 +14.14
Epipterygoid angle 13.86 23.39±3.09 +9.53
Hypokinetic angle 173.44 176.03±4.31 +2.59

Measurements were taken from one specimen with a closed mouth (male) and three specimens with an open mouth (one male, two females). For explanation of
measured angles, see Fig. S2B.

Table 2. Kinematic variables of A. kitaibelii feeding on mealworms during food uptake, processing/manipulation and intraoral transport

Food uptake (N=8) Processing/manipulation (N=18) Intraoral transport (N=15)

Gape cycle duration (ms) 100.7±32.1 323.1±206.1 332.0±164.6
SO duration (ms) 31.8±18.2 161.9±180.0 179.1±115.9
FO duration (ms) 42.8±11.5 42.7±51.5 51.1±20.9
FO mean velocity (mm s−1) 55.9±25.2 34.0±26.7 21.6±9.0
FO max. velocity (mm s−1) 128.4±30.4 62.3±32.3 45.4±11.8
Plateau duration (ms) 18.5±14.4 10.8±6.4 (N=15) 18.8±17.6
FC duration (ms) 12.9±6.7 43.2±31.8 93.1±77.9
FC mean velocity (mm s−1) 102.9±38.9 39.7±34.1 27.0±11.6
FC max. velocity (mm s−1) 149.6±41.3 76.3±32.3 58.2±14.6
SC–PS duration (ms) 28.2±6.0 (N=5) 44.4±30.1 (N=14) n.a.
Max. gape angle (deg) 35.1±4.1 34.6±4.2 33.2±4.5

Mesokinetic extension (deg) (start–max. gape) +3.89±2.70 +2.97±2.96 +2.31±3.21
Mesokinetic flexion (deg) (max. gape–end of FC) −3.88±2.14 −3.48±2.63 −3.74±2.83
Mesokinetic flexion power stroke (deg) (max. gape–end of SC–PS) n.a. −6.36±1.99 (N=14) n.a.

Upper part of the table shows kinematic variables of the gape cycle, lower part shows mesokinetic movements. Number of video recordings is given in header
(N; values that differ are indicated within the table); max. velocity is an average value of the five highest velocities during the respective phase. FC, fast closing;
FO, fast opening; SC–PS, slow closing–power stroke; SO, slow opening. Data are means±s.d.
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images showed average angular changes of 10.2 deg for metakinesis,
7.5 deg for mesokinesis and 14.1 deg for streptostyly (Table 1).
Previous authors noted that morphological analyses and skull
manipulations could only indicate the potential of cranial kinesis,
while experimental techniques are needed to evidence kinesis in the
living animal (Hofer, 1960; Iordansky, 2011; Metzger, 2002). We
agree with this conclusion, but we think that our new skull
manipulation approach including 3D imaging, as first described in
the present paper, adds a new dimension to the investigation of cranial
kinesis in vertebrate skulls. It allows for accurate quantification of
even small and intricate changes in angles and distances in the intact
head (including musculature, connective tissues and skin) of freshly
killed specimens. Furthermore, in our manipulation approach, some
types of kinesis such as metakinesis are revealed passively as a
consequence of mouth opening and not by active pushing or pulling

on the parietal units (as during conventional manipulations of
ligamentous specimens). It has to be noted, however, that gape angles
generated during skull manipulations were larger compared with
those observed during feeding behaviour. Thus, changes in kinetic
angles are presumably smaller in the living animal compared with
measurements from skull manipulations, as seen in mesokinetic
extension, which was 3.9 deg during mouth opening during prey
capture compared with 7.5 deg in skull manipulations. Despite
quantitative differences, we expect the general observed pattern from
skull manipulations as representative for living animals, owing to the
observed morphological links.

Experimental data from living animals
Before the present study, no scincomorphs had been experimentally
shown to exhibit any type of cranial kinesis other than streptostyly
(Metzger, 2002), and studies on Corucia zebrata and Tiliqua
scincoides showed a lack of mesokinesis and metakinesis (Herrel
et al., 1998). However, several morphological studies indicated the
potential for cranial kinesis for several members of the group, e.g. for
the genus Trachylepis (Paluh and Bauer, 2017). High-speed analysis
of A. kitaibelii gape cycles confirmed the hypothesis of a kinetic
skull. During all investigated feeding phases, mesokinesis could be
detected. Dorsal extension of the muzzle unit was seen during mouth
opening, while ventral flexion of the snout was detected during
mouth closing (Fig. 4, Table 2). In addition, the slow close–power
stroke phase during processing/manipulation showed even stronger
flexion of the snout (Table 2). Although these data unambiguously
indicate the presence of mesokinesis, the presence of metakinesis
cannot be experimentally proven using high-speed cinematography.
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Fig. 4. Feeding kinematics of food uptake,
processing/manipulation and intraoral transport in
A. kitaibelii feeding onmealworms.Still frames from
high-speed recordings show a lateral view of the three
feeding phases at three selected time points, which
are the beginning of the gape cycle, maximum gape
angle and the end of the gape cycle. Red dashed lines
indicate the head contour during maximum gape,
showing that mesokinetic extension occurs during all
three feeding phases. Bottom row shows mean gape
cycle kinematics for food uptake (n=8 analysed
sequences), processing/manipulation (n=18) and
intraoral transport (n=15). Note that the intraoral
transport phase may blend with early pharyngeal
packing. Further note that the selected sequence of
processing/manipulation shows an exceptionally long
slow open phase.

Table 3. Summary table describing morphology and bite force of the
individual A. kitaibelii used for the bite force measurements

Males (N=6) Females (N=5)

Snout–vent length (mm) 41.67±2.10 41.74±1.34
Mass (g) 1.03±0.10 0.76±0.13
Tail length (mm) 43.27±8.91 37.25±25.08
Head length (mm) 6.68±0.47 6.27±0.39
Head width (mm) 3.82±0.21 3.45±0.23
Head depth (mm) 2.70±0.19 2.47±0.19
Lower jaw length (mm) 5.94±0.77 5.78±0.37
Bite force (N) 0.39±0.16 0.21±0.04

Data are means±s.d. Bold values illustrate significant differences between
sexes (P<0.05).
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Nevertheless, the presence of metakinesis seems very likely, as
frontal and parietal bones show a functional link at the mesokinetic
joint (Fig. 1F) that automatically rotates the parietal downward at a
certain point of mesokinetic extension. Generally, kinematic
measurements showed that feeding movements in A. kitaibelii are
fast. Especially during food uptake, duration of the fast opening and
fast closing phases are short, which is accomplished by high fast
opening and fast closing velocities (Table 2). Bite force relative to
head width was smaller in A. kitaibelii compared with bite forces
measured for larger scincid species. This observation is plausible
given that (i) A. kitaibelii was biting at larger gape and (ii) it has a
kinetic skull, whereas larger scincids presumably show less potential
for mesokinesis and metakinesis, and it was previously shown that
having a kinetic skull results in a reduced bite force (Herrel et al.,
2007). The comparative interpretation of presented data, however, is
somewhat limited by the fact that A. kitaibelii was biting at a larger
gape angle than larger species used for comparison, and bite forces of
A. kitaibelii will be higher when biting at 30 deg gape angle. This
could be addressed in a future study using a smaller testing device.

However, A. kitaibelii showed prolonged and reasonably hard biting
even at a gape angle of 50 deg.

An extended model for squamate amphikinesis
Based on the present data, we here formulate an extended
hypothesis for lizard amphikinesis based on the skull of A.
kitaibelii (graphically summarized in Fig. 6). Our model is
founded on the fact that, upon manual manipulation involving the
depression of the mandible, mesokinetic, metakinetic and
streptostylic movements were observed. It thus is clearly a model
of coupled kinetics, where mouth opening is causal for several other
coupled processes in the skull. Movements observed during skull
manipulations are in accordance with Frazzetta’s quadric crank
model: the parietal unit is rotated downward against the braincase
about the metakinetic axis (metakinesis), while the muzzle unit
rotates upwards (mesokinesis) and the quadrate swings forward
(streptostyly). This results in a flattened skull roof and an elevated
snout, while the palate is protracted and elevated (Movie 1).

Mouth opening (Fig. 6E) starts with depression of the mandible
(1). During our skull manipulations, this was done by hand, whereas
in the living animal depression is accomplished by action of the
MDM (Fig. S3A). (2) Quadrate rotation occurs as a direct
consequence of depression of the mandible. (3) Quadrate rotation
drives the protraction of the basal unit, owing to the connection of the
quadrate and pterygoid by the quadratopterygoid ligament (Fig. 2E).
In the living animal, protraction of the basal unit may be actively
reinforced by action of the MPPT. (4) Protraction of the basal unit
causes mesokinetic extension of the muzzle unit and rotation of the
epipterygoid bones. (5) Mesokinetic extension of the muzzle unit
initiatesmetakineticmovement. Once the frontal bone is increasingly
dorsally extended, it will push the two underlying anterolateral
shelves of the parietal bone (Fig. 1F) downward, thus depressing the
anterior part of the parietal bone. This results in a downward rotation
of the parietal unit around the metakinetic axis. With ongoing
mandible depression and larger gape angles, downward rotation of
the parietal unit is reinforced by ventral pulling of the parietal unit
via the MAME, which connects the mandible to the ventral surface
of the parietal, postorbitofrontal, squamosal and supratemporal.
Downward rotation of the parietal unit might be guided and
controlled by the PATS, which to some extent might restrict
metakinetic movements and potentially helps to protect the brain.

Mouth closing (Fig. 6F) involves the action of several muscles.
TheMAME,MPST andMPT close the mandible (7), while the basal
unit (pterygoid) is retracted (8). (9) Retraction of the pterygoid may
cause a ventral flexion at the mesokinetic joint beyond the resting
position of the muzzle unit, as observed in processing cycles during
the slow close–power stroke phase (Table 2). (10) Finally, the parietal
unit is brought to its resting position. Again we hypothesize that the
PATS fulfils an important function in guiding movements of the
parietal unit during mouth closing. It may help to stabilise the resting
position of the skull roof after mouth closure. Hypothetically, the
PATS, which is ventrally bent during mouth opening, may even
contribute to actively push back the parietal unit to its resting
position. However, based on the current data, we think that it is too
small to store sufficient elastic energy to fulfil this function.

New elements in the presented model for squamate amphikinesis
Skull manipulations showed that mesokinesis and metakinesis can be
directly driven by depression of the mandible. The presented model
must be considered as an extension of Frazzetta’s (1962)model of the
amphikinetic skull, including some new hypothesis on the involved
morphological features and functional links and expanding
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Frazzetta’s model in three critical aspects that are important for
metakinesis. (i) We hypothesize that the two anterolateral shelves of
the parietal bone are critical for parietal unit depression during snout
elevation. This functional link is appealing, as it suggests that once
the snout is elevated above a certain threshold, the posterolateral
edges of the frontal bone will push the parietal bone downward thus
causing a flattened skull roof as observed in the amphikinetic skull.
Anterolateral shelves of the parietal bone have been reported for other
squamates such as Trachylepis (Paluh and Bauer, 2017) and

Sphaerodactylus (Daza et al., 2008), but so far they have not been
discussed as a possible functional link in the kinetic skull mechanism.
We hypothesise that they could be an indication of amphikinesis,
which requires investigation of this trait across different lizard taxa.
(ii) We hypothesise that metakinesis in the A. kitaibelii skull is not
exclusively accomplished by mesokinetic extension of the muzzle
unit and the above-described mechanism, but for large gape angles it
is also reinforced by the MAME. We argue that despite a certain
elasticity of the MAME and its aponeurosis, it passively transmits a
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Fig. 6. A functional model for cranial kinesis of A. kitaibelii based on artificial skull manipulations and microCT imaging. (A) Volume rendering of a
microCT scan of a specimen with opened mouth. Skull manipulation, i.e. depression of the lower jaw, was performed right after the animal was euthanized.
(B) Sagittal microCT section, showing the mandible adductors. Note that at approximately 60 deg gape, the course of the MAME fibres is almost vertical.
(C) Schematic drawing of the A. kitaibelii skull with closed mouth. (D) Schematic drawing of the A. kitaibelii skull with artificially opened mouth. Note that the jugal
and palatine bones show distinct movability with respect to the basal, parietal and muzzle unit, and thus should be seen as separate entities in the kinetic
mechanism. (E) Our hypothetical functional model for A. kitaibelii amphikinesis and streptostyly during mouth opening. Depression of the mandible (1) causes
rotation of the quadrate, i.e. streptostyly (2). Quadrate rotation protracts the basal units (3). This protraction causes both a lifting of the muzzle unit (mesokinetic
extension) and rotation of the epipterygoid (4). Lifting of the muzzle unit initiates depression of the anterior margin of the parietal bone, as the posterior edge
of the frontal pushes the paired anterolateral shelfs of the parietal bone (Fig. 3C) downward, resulting in metakinesis (5). In addition, ongoing depression of the
mandible at large gape angles might create a ventral pull on the MAME, resulting in a reinforced ventral depression of the parietal unit (reinforced metakinesis).
(F) Our hypothetical model for A. kitaibelii amphikinesis and streptostyly during mouth closing. Action of the jaw adductor muscles causes an elevation of the
mandible (7) and retraction of the basal unit (8). Ventral flexion of the muzzle unit happens as consequence of basal unit retraction (9). Finally, the parietal unit
is brought back into its dorsal resting position, which may involve action of the m. spinalis capitis (not shown). The cartilaginous PATS helps to stabilize the
resting position of the parietal bone (10). For abbreviations, see Figs 1 and 4. *Coronoid aponeurosis.
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ventral pull from the mandible to the parietal unit during mouth
opening. Based on the highly movable connections between the
parietal unit and occipital segment, this pull may contribute to ventral
depression of the parietal unit. (iii) We consider that the PATS plays
an important role in the metakinetic mechanism. During mouth
opening, the parietal is depressed ventrally, which means that the
PATS becomes deformed as its anterior end sitting firmly in the
parietal bone is also bent ventrally. In this phase, it helps to guide
downward rotation of the skull roof. Duringmouth closure, the PATS
aids in stabilising the parietal unit in its dorsal resting position.

Limitations of the presented model
The presented model for squamate amphikinesis follows the
tradition of Versluys, Frazzetta and later authors by using planar
hypotheses to discuss different types of cranial kinesis. This means
that streptostyly, mesokinesis and metakinesis are interpreted and
modelled as rotational movements in the parasagittal plane over an
axis running transversely through the skull. Skull manipulations
presented in the present study basically followed planar rotational
movements as suggested by the quadric-crank model. However,
movements in other planes might occur during feeding as well,
meaning that presented types of kinesis are presumably not as
planar as suggested by the quadric-crank model. This aspect was
beyond the scope of the present study and would require utilisation
of experimental 3D data from modalities such as XROMM.
This kind of data could provide multiplanar information on cranial

mobility or even asymmetric movements during biting, for
example, which may in future contribute to deepen our
understanding of the lizard skull.

A functional hypothesis for the presented model of
A. kitaibelii amphikinesis: metakinesis improves MAME
function by reducing fibre strain
After formulating our extended model on lizard amphikinesis, we
discuss its functional implications. Unlike the majority of past
studies concerning lizard cranial kinesis, which focused mainly on
streptostyly and mesokinesis, our considerations explicitly focus
on metakinesis.

The MAME is a complex pennate muscle consisting of several
portions inserting mainly on the coronoid bone of the mandible by the
complex coronoid aponeurosis (Nash and Tanner, 1970; Wineski and
Gans, 1984). Considering the length of the A. kitaibeliimandible from
the anterior symphysis to the retroarticular process, the coronoid bone
lies slightly posterior to the middle of the mandible (Fig. 1A). This
means that the MAME has to be stretched considerably to achieve
large gapes, although stretching is reduced by pennation. This is
problematic, as overstretching of a muscle reduces its force production
(Oatis, 2016). Since the early studies on lizard cranial kinesis, increase
of gape was considered to be one of the adaptive advantages of a
kinetic skull. This hypothesis was later rejected, as Frazzetta (1962)
showed convincingly that, according to the quadric-crank model,
amphikinesis theoretically could not increase gape. Although the
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Fig. 7. A functional hypothesis for the amphikinetic lizard skull based on our observations on A. kitaibelii. According to our hypothesis, metakinesis
(as part of the amphikinetic mechanism) brings the skull roof closer to the mandibles and thus allows the animal to achieve a certain mouth gape while reducing
muscle strain in the external adductor muscles. This figure is based on simple 2D simulation of 45 deg mouth gape angle for different skull conditions. (A) Closed
mouth, showing the course of muscle fibres of the external mandible adductors inserting either directly on the mandible or via the coronoid aponeurosis.
(B) Distance between postorbitofrontal (POF) and coronoid (C) in resting position, roughly representing length and course of most anterior MAME fibres.
(C) Openedmouth (skull manipulation, roughly 60 deg gape), showing course of muscle fibres of the external mandible adductors. Most anterior MAME fibres are
stretched considerably. (D) Lengthening of the POF to C distance to 191% in a completely akinetic skull. (E) In a skull showing streptostyly, lengthening is reduced
to 185%. (F) In a skull showing mesokinesis and streptostyly, lengthening is further reduced to 176%. (G) In a skull showing amphikinesis and streptostyly,
lengthening is most strongly reduced to 155%. *Coronoid aponeurosis.
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theoretical background of this conclusion was correct in light of the
quadric-crank model, it did not take into account that muscle strain
could be a severe practical constraint for achieving large mouth gapes.
Thus,we here present amodified version of the gape hypothesis, which
we call the ‘MAME strain hypothesis’. Accordingly, metakinesis does
not allow larger theoretical gapes, but it achieves a certain (large) gape
with less stretching of the MAME fibres. If overstretching (muscle
strain) is an important factor for MAME function, practical gape angle
might be considerably increased by a movable parietal unit
(metakinesis). The idea that metakinesis reduces MAME fibre strain
represents a testable hypothesis, which can be addressed using
modelling approaches. In a recent study, Lautenschlager (2015) used
simulations to predict muscle strains in jaw opening in several extant
and extinct archosaurs, assuming that 130% muscle fibre length
(relative to resting length) would provide the optimal tension limit,
whereas literature data on skeletal muscle architecture suggest that the
maximum tension limit before fibres start to tear is 170% (Nigg and
Herzog, 2007; Sherwood et al., 2012). Based on this model, the
maximum gape angle for several archosaur species was estimated. A
similar simulation could be also used for the lizard skull, and we
performed a simplified and preliminary 2D simulation to test the
plausibility of our MAME strain hypothesis (Fig. 7). In the first step,
we measured fibre stretch in 3D at three different localities in the
MAME based on microCT volumes from iodine-stained specimens
(Fig. S5). Image resolution in microCT data allowed direct
measurement of muscle fibre bundle lengths and orientations
(Figs 3A and 6B). The three measured localities included muscle
origins at the postorbitofrontal, squamosal and quadrate bone,
respectively. From the three tested locations, the highest strain was
measured in the most anterior MAME fibres originating from the
postorbitofrontal (Fig. S5). These fibres are also themost vertical fibres
of the MAME (Fig. 7A) and run almost perfectly in the parasagittal
plane (Fig. 3A), and thus we considered this portion of the MAME to
be the most suitable for our preliminary simulation. In the second step,
we performed a 2D simulation for lengthening of the distance between
the postorbitofrontal and coronoid (which is roughly the position of the
most anteriorMAME fibres) for a gape angle of 45 deg, which is close
to the maximum observed gape angle during feeding cycles in
A. kitaibelii. Simulation was conducted for four different hypothetical
skull conditions: akinetic, streptostylic, streptostylic plus mesokinetic,
and streptostylic plus amphikinetic. Results of this simplified and
preliminary 2D simulation support our hypothesis that strain inMAME
fibres might restrict practical gape angle in A. kitaibelii. Although the
distance between the postorbitofrontal and coronoid is lengthened to
191% in an akinetic skull, lengthening is reduced with increasing
degree of kinetic movements. In a skull showing only streptostyly,
lengthening is still 185%, but additionally involving mesokinesis
would reduce lengthening to 176%, and involving amphikinesis would
reduce lengthening even further to 155% (Fig. 7D–G). It needs to be
highlighted that the presented preliminary 2D simulations vastly
simplify a complex anatomical problem. In order to draw a sound
conclusion of MAME strain in kinetic and akinetic skulls, it would be
necessary to analyse fibre stretch for the whole MAME in 3D. The
presented data is intended to illustrate the MAME strain hypothesis:
increasing cranial kinesis brings the skull roof closer to the mandible
during mouth opening, thus reducing strain in the MAME. Finally,
fibres experiencing the greatest stressmay not be activated at the largest
gape angles, allowing the lizard to actively modulate the use of
different fibre bundles during feeding.
Although this preliminary analysis provides some support for the

MAME strain hypothesis, future 3D simulations are needed to test
this hypothesis in more detail for A. kitaibelii and also across a

variety of kinetic and akinetic lizard taxa. Furthermore, simulations
that consider angle of insertion of all muscle fibre bundles of the
MAME would make it possible to model the stretched MAME
performance for both a metakinetic and an akinetic skull roof.
Muscle performance could then be evaluated at different gape
angles for kinetic and akinetic skulls. We expect this kind of
simulation to bring novel insights into themechanisms and possible
functional roles of cranial kinesis, as a metakinetic skull roof will
not only decrease fibre stretching in the MAME but also change
significantly the angle of MAME fibres with reference to the
coronoid aponeurosis and mandible, thus yielding also a change in
theMAME force vector. Next to computer simulations, theMAME
strain hypothesis could be tested in comparative bite force studies,
bymeasuring bite forces at different gape angles (e.g. 20, 30, 40 and
50 deg) for different kinetic and akinetic taxa. Accordingly, kinetic
species should be able to retain muscle function at large gape
angles, and thus bite force, much better than akinetic species. The
current data on A. kitaibelii showed prolonged and reasonably hard
biting at high gape (50 deg), which is in accordance with our
hypothesis and the observed cranial kinesis in A. kitaibelii.

Conclusions
Theminiaturised scincid A. kitaibelii has a kinetic skull showing both
streptostyly and amphikinesis. We observed neither skull bone
reduction nor a reduced ossification in dermal skull bones owing to
miniaturisation, and skull design is similar compared with other small
scincids such asChalcides (Caputo, 2004) andTrachylepis (Paluh and
Bauer, 2017).Our detailedmorphological investigation focuses on the
anatomical basis for metakinesis and includes morphological features
and functional links that have not been previously discussed in that
context (such as the paired anterolateral shelves of the parietal). Our
observations lead us to formulate an extended functional model for
lizard amphikinesis with a special emphasis on the functional
advantage of metakinesis. We hypothesise that metakinesis is
primarily a mechanism for improving MAME function. Metakinesis
may help to avoidMAME fibre overstretching during mouth opening
and appears to re-align fibres with reference to the coronoid
aponeurosis. This hypothesis can be addressed and tested in future
simulations and bite force studies. We conclude that new technical
tools such as high-resolution microCT imaging and computer
simulations will allow us to experimentally test the hypothesis
concerning cranial kinesis also for small and even miniaturised
species, for which data on cranial kinesis are most badly needed.
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