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ABSTRACT
The comparative vertebral morphology of different chamaeleonid genera has been generally neglected and some aspects such as the comparative anatomy of the neck region remain poorly known. The atlas and axis
of all chamaeleonid genera (Brookesia, Rieppeleon, Archaius, Rhampholeon, Nadzikambia, Bradypodion, Chamaeleo, Calumma, Furcifer,
Kinyongia, and Trioceros) are studied here. Considerable morphological
differences are revealed. Additionally, some taxa exhibit sexual dimorphism in the atlas and axis. An extremely long, divided posterodorsal process is present in males of the Trioceros johnstoni 1 Trioceros jacksonii
clade. The solid and well-developed morphology of the posterodorsal process in males of this taxon could reflect its competitive behavior—males
fight with their horns and attempt to dislodge one another from branches
during encounters. An additional area of insertion for the cervical musculature may indicate an incremental cervical musculature mass and cross
sectional area that can add extra support and stability to the head and
assist during combat involving lateral pushing. This character is not present in females. Heterochronic processes have played a role in the evolution of chamaeleonids, as evidenced in many characters of the atlas–axis
complex. A new hypothesis of an anterior shifting of synapophyses of the
axis is erected and a new derived anatomical structure of the parietal of
Chamaeleo calyptratus is described (the processus parietalis inferior).
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The presence of the processus parietalis inferior is associated with the
evolution of the dorsally elevated parietal crest. Anat Rec, 297:369–396,
C 2014 Wiley Periodicals, Inc.
2014. V
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INTRODUCTION
Modern squamates represent a highly successful
group of reptiles occupying a large range of habitats and
showing a diversity of lifestyles. Some features of their
anatomy, especially their head and limbs, have been relatively well-studied. In the past, numerous studies have
been published on the osteology of lizards, and many of
these studies provide data on vertebral morphology,
including that of chamaeleonids (e.g. Siebenrock, 1893;
Werner, 1902; Case, 1909; Methuen and Hewitt, 1914;
Hoffstetter and Gasc, 1969; Estes et al., 1988; Nečas,
1999; Bergmann et al., 2003; Al Hassawi, 2007). However, the comparative vertebral morphology of different
chamaeleonid genera has not been explored and details
of the comparative anatomy of the neck region remain
poorly known, resulting in significant gaps in our knowledge. Chamaeleons possess five cervical vertebrae, of
which the first two are the atlas and axis (Hoffstetter
and Gasc, 1969; Estes et al., 1988; Nečas, 1999). This
vertebral series is analyzed here for the species of the
genera Brookesia, Rieppeleon, Archaius, Rhampholeon,
Nadzikambia, Bradypodion, Chamaeleo, Calumma, Furcifer, Kinyongia, and Trioceros (for a phylogenetic tree
depicting the species studied here, see Fig. 1). The atlas
and axis interface with the basicranium (occipital condyle) allows the craniocervical movements (see e.g.,
Romer, 1956; Hoffstetter and Gasc, 1969). This skeletal
bridge accommodates the origin and insertion of the
anterior cervical musculature and provides insertion
sites for tendons of the cervical muscles that help to stabilize the cranial region. It is reasonable to expect variation in this complex among chamaeleonid taxa because
of differences in cranial anatomy (see e.g., Rieppel, 1981;
Rieppel and Crumly, 1997; Measey et al., 2009;
 nansk
Cer
y, 2010, 2011).
The aims of this study are: (1) to describe in detail the
morphology of the atlas and axis in various chamaeleonid taxa; (2) to compare their individual morphologies
and study the role of heterochrony in the observed morphology; (3) to study male and female differences in
selected taxa, reflecting their different behavior; and (4)
to study the posterior region of the skull.

specimens. In total we examined 21 chamaeleonid species, representing all described genera (Table 1)—Brookesia (four species), Rieppeleon (one species), Archaius
(one species), Rhampholeon (two species), Nadzikambia
(one species), Bradypodion (one species), Chamaeleo
(three species 1 data from others), Calumma (two species), Furcifer (two species), Kinyongia (one species), and
Trioceros (three species). Additionally, several morphological characters from the following chamaeleonid specimens are examined (but not described in detail):
Chamaeleo chamaeleon (ZFMK 21608), Chamaeleo dilepis (SMF 84618; ZFMK 5238), and T. hoehnelii (CMNH
144863). Hydrosaurus amboinensis (SMF 70930) and
Shinisaurus crocodilurus (UF 71623) were also used to
evaluate the synaphophyses.
The specimens of Calumma globifer, Furcifer pardalis,
and Chamaeleo calyptratus were photographed using a

MATERIAL AND METHODS
Specimens Examined
Skeletal material was obtained from museum collections and from several captive bred specimens. Since
problems with bone resorption exist (see e.g. Mader,
2006; Hoby et al., 2010), a few structures are not wellpreserved in some specimens. However, this problem has
been easily resolved by supplementing them with other

Fig. 1. A phylogenetic metatree of chamaeleonid taxa studied here
(after Townsend and Larson, 2002; Rocha et al., 2005; Tilbury and
Tolley, 2009; Townsend et al., 2011; Crottini et al., 2012 and Glaw
et al., 2012; Tolley et al., 2013).
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TABLE 1. The list of specimens examined
Chamaeleonid taxa 1
outgroup taxa

No. specimens

Collection numbers

Uromastyx geyri
Leiolepis belliana
Brookesia minima
Brookesia tristis
Brookesia perarmata
Brookesia thieli
Rieppeleon brevicaudatus
Archaius tigris
Rhampoleon spectrum

1
2
1
1
1
1
1
1
4

Rhampoleon boulengeri
Bradypodion occidentale
Nadzikambia mlanjensis
Chamaeleo namaquensis
Chamaeleo africanus
Chamaeleo calyptratus

1
2
2
2
1
11

Furcifer pardalis

5

Furcifer oustaleti

4

Calumma globifer
Calumma nasuta
Kinyongia xenorhina
Trioceros jacksoni
Trioceros johnstoni
Trioceros cristatus

3
1
1
4
1
1

UF 44229
SMF 57471; UF 62047
MNHN1986.0876
collection of M. Vences
MNHN 1993.0165
A.H.& R.B. pers. coll.
A.H. & R.B. pers. coll.
MNHN 1989.2872
RMCA R-73016.0093; MNHN
 pers.
1996.8001; 2 spec. A.C.
coll.
RMCA R-26570
MNHN 1998.379 & 2000.2530
PEM 16294 & PEM 18445
MNHN 282 & A.H. pers. coll.
UMMZ 014181
DE 65, DE 74, DE 75, DE 76,
 SAS 02
DE 77, SAS—01 AC,
 SAS 04 AC,
 SAS 05 AC,

AC,
 SAS 09 AC

SAS 08 AC,
 SAS
DE 80 – 81, SAS 03 AC,
 SAS 07 AC

06 AC,
SMF 73684; SMF 59447; SMF
73685 and A.H. pers. coll.
DE 82–84
MNHN 6643F
RMCA R-85003.0014
 pers.coll.
SMF 90037; A.C.
RMCA R-14150
RMCA R-28176

scanning electron microscope (SEM—FEI Inspect F50)
and a Nikon D 90 camera. Other photographs were
taken with a Leica M125 binocular microscope with axially mounted DFC500 camera; software: LAS (Leica
Application Suite) version 4.1.0 (build 1264).
Institutional Abbreviations used: CMNH 5 Carnegie Museum of Natural History, Pittsburgh, USA;
DE 5 Faculty of Natural Sciences, Comenius University
in Bratislava, Slovakia; MNHN 5 Museum national
d’Histoire naturelle, Paris, France; PEM 5 Port Elizabeth
Museum,
Port
Elizabeth,
South
Africa;
RMCA 5 Royal Museum for Central Africa, Tervuren,
 5 Geological Institute of the Slovak
Belgium; SAS AC
Academy of Sciences, Slovakia; SMF 5 Senckenberg Natural
History
Museum,
Frankfurt,
Germany;
UF 5 University of Florida in Gainesville, USA;
UMMZ 5 University of Michigan in Ann Arbor, USA;
ZFMK 5 Zoologisches Forschungsmuseum Alexander
Koenig, Bonn, Germany.

Anatomical Terminology and Character
Reconstruction
The standard anatomical orientation system is used
throughout this article. The osteological terminology for
vertebrae employed in this article follows that of Hoffstetter and Gasc (1969). Out of necessity, two new anatomical terms are created, namely the inferior parietal
process and the postzygapophyseal dorsal process. The
metatree in Fig. 1 was assembled using a compilation of
trees in Mesquite (Maddison and Maddison, 2011) and is

General information
Adult
Adults
Adult male
Adult
Adult female
Adult female
Adult female
Adult female
Adults, male and female
Adult male
Adults
Adult male and female
Subadult and adult females
Adult
From early juvenils to adults,
males and females
Adults; DE males, SAS males
and females
Adult males
Adults
Adult
Adult
Adult males and female
Adult male
Adult

based on Tolley et al. (2013) for intergeneric relationships, and Townsend et al. (2011), Townsend and Larson
(2002), Rocha et al. (2005), Tilbury and Tolley (2009),
Crottini et al. (2012) and Glaw et al. (2012) for intrageneric relationships. The taxa Uromastyx geyri and Leiolepis belliana were used for the outgroup comparison.

X-ray Microtomography and Three-dimensional
Visualization
Laboratory setups. We used a Viscom (Hannover,
Germany) X8050-16 microtomograph at the Centre of
Microtomography of the University of Poitiers (France)
and an Ultratom RXsolutions (Annecy, France) at the
Laboratoire Navier at the Ecole des Ponts-ParisTech
(France) to scan a Furcifer oustaleti (male) and Nadzikambia mlanjensis (female) respectively. Parameters are
summarized in Table 2.

Synchrotron setups. Several museum specimens
were scanned at the ID19 and BM5 beam lines at ESRF
(European Synchrotron Radiation Facility). Synchrotron
microtomographies were performed on both beam lines
using similar parameters: a double crystal Si (111) was
used to generate a monochromatic X-ray beam (adjusted
to the specimen to achieve an optimal transmission of
10%). The images were recorded over 180 for classical
tomography, or 360 for Br. occidentale and Ch. namaquensis scanned using a half acquisition protocol (Carlson et al., 2011). We used a FReLoN (ESRF, Grenoble,
France) camera (2,048 3 2,048 pixel chip, 14-bit

Collection

AH

PE Museum

Furcifer oustaleti

Nadzikambia
mlanjensis

MNHN
MNHN
MNHN
Miguel Vences
MNHN
RB/AH
MNHN
MNHN
Musee afrique
centrale
Musee afrique
centrale
Musee afrique
centrale
RB/AH
Musee afrique
centrale
Musee afrique
centrale

Collection

Scanned taxa

Trioceros johnstoni

Rieppeleon brevicaudatus
Trioceros cristatus

Rhampholeon spectrum

Rhampholeon boulengeri

Archaius tigris
Bradypodion occidentale
Brookesia minima
Brookesia tristis
Brookesia ebenaui
Brookesia thieli
Calumma nasuta
Chamaeleo namaquensis
Kinyongia xenorhina

Scanned taxa

80

100

Energy
(keV)

30.0

20.5
30.0

30.0

20.0

20.0
28.7
20.0
17.6
20.0
20.0
20.0
28.7
20.0

Energy
(keV)

300

250

Intensity
(mA)

862

600
862

862

862

300
1100
30
500
30
899
970
1100
862

Sampledetector
distance
(mm)

1200
1200
1500
1500
900

180
180


180

Number of
projections
900
1440

Scan
range
360
360

Laboratory
setups

180
180

180
360
180
180
180
180
180
360
180

1500
3000
1500
1500
1500
1500
1500
3000
1500

Number of
projections



Scan
range

Synchrotron setups

1

5

Exposure (s)

0.10

0.50
0.70

0.60

0.60

0.15
0.05
0.15
0.50
0.15
0.50
0.15
0.05
0.70

Exposure (s)

25.90

25.00

Pixel size
on projection
(mm)

39.90

7.43
19.90

19.90

19.90

7.45
14.80
7.46
5.04
7.46
7.34
7.41
14.80
19.90

Pixel
size on
projection
(mm)

TABLE 2. List of setting used to perform microtomographies

step
by step
step
by step

Scan type

step by step

step by step
step by step

step by step

step by step

step by step
continuous
step by step
step by step
step by step
step by step
step by step
continuous
step by step

Scan type

Viscom
X8050-16
Ultratom
RXsolutions

microto-mograph

2

2

2

Binning
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dynamic CCD) associated with various magnification
lenses to obtain the desired voxel size in the reconstructed data. The reconstruction was performed using
the filtered back-projection algorithm (PYHST software,
ESRF, Grenoble, France). Parameters are summarized
in Table 2.

Three-dimensional visualization. Three-dimensional processing and rendering was accomplished after
semi-automatic segmentation of the skeleton (Boistel
et al., 2011) using “generate surface” and “volume renR
7.01 (VSG, Visualization Sciences
dering” in AvizoV
Group, Burlington, MA).
RESULTS
The Atlas-Axis Complex
Brookesia minima. Like in other lepidosaurs, the
atlas is composed of three parts that are united: the two
halves of the atlantal neural arch and the ventrally
located first intercentrum (Fig. 2A). These structures
form the connection of the vertebral column with the
skull through the articulation of the atlas with the occipital condyle. The neural arch consists of paired pedicles
and paired laminae. In dorsal view the atlas is as wide
as the axis. The atlas intercentrum is small and has
only narrow contacts with the neural arch. The intercentrum is oriented anteroventrally. In lateral view, the
pedicles appear wider dorsally and the laminae are anteroposteriorly wide and triangular in shape (the posterior
margins running nearly to the zygapophyseal area). The
laminae have no mutual dorsal contact. The neural arch
is anteroposteriorly widest at the level of the anteroposteriorly short and blunt posterodorsal process (for the
longissimus cervicus, see Al Hassawi, 2007). The neural
arch projects nearly directly dorsally and is lower than
the neural spine of the axis. The rectus capitis originates
here, and inserts on the dorsolateral edge of the supraoccipital (Herrel and De Vree, 1999; Al Hassawi, 2007).
The ventral region, located below the pedicle, presents a
triangular transverse process (where the iliocostalis cervicus and levator scapula dorsalis and ventralis attach,
see Al Hassawi, 2007). This process is anteroposteriorly
short and ventrolaterally oriented. At the level of the
posterodorsal process, the connection with the axis is
formed by the prezygapophyseal articulation area of the
axis. The contact area is located on the ventromedial
side of the posterodorsal process, which does not project
posteriorly beyond this area.
The anteroposterior length of the axis is markedly
short, forming only one-third of its height (this character
state is present in all Brookesia species examined; for
other taxa, see Table 5). The irregular dorsal margin of
the neural spine is slightly convex. The neural spine is
wide in mediolateral direction. In dorsal view it is narrowest at about its mid-point. The anterior and posterior
regions of the neural spine form tubercles. The obliquus
capitis originates from the neural spine (and from the
neural spine of the third vertebra), and inserts on the
dorsal surface of the paroccipital process (see Al Hassawi, 2007). The axis is not as distinctly constricted
between the pre-and postzygapophyses as it is, for
instance, in Furcifer pardalis (see below). For this reason, the entire element is relatively wide in dorsal view.
The rounded prezygapophyses are medium-sized (see
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Tables 4 and 5), the ventral inclination of prezygapophyses is extremely pronounced (as it is in all Brookesia
taxa studied here). The postzygapophyses are nearly triangular in shape and tapered laterally. The neural canal
is extremely large (as it is in other species of Brookesia),
rounded, and almost pentagonal in shape. Its height is
about 46% of the height of the whole vertebra (for other
taxa, see Table 5). The centrum is small. In ventral
view, its lateral margins are convex, rendering the body
rhomboidal in shape. The thin synapophyses are well
developed and long. The small condyle is slightly
depressed, generating an ellipsoidal shape. The contact
area with the atlas is convex. The dorsal portion of this
area forms a short, anteriorly oriented odontoid process.
The odontoid process is formed by an atlantal pleurocentrum, incompletely fused in this specimen, and fits into
the atlantal ring anteriorly. The ventrally oriented
second intercentrum forms a short ventral keel in the
anterior region of the axis centrum. It is distinctly bigger
than the intercentrum of the atlas, and is completely
fused with the centrum with no trace of suture. The axis
intercentrum has a short contact zone with the atlas
intercentrum in their dorsal region. There is no contact
between intercentra 2 and 3.

Brookesia tristis. The atlas is comparatively
smaller than in other Brookesia species (Fig. 2B). Its
intercentrum is small and drop-shaped in lateral view.
The laminae are narrow and boomerang-shaped.
Whereas their upper portions are oriented posterodorsally, the lower portions of the laminae are oriented
anterodorsally. The posterodorsal process is anteroposteriorly short and blunt. The tapered transverse process
is small and oriented ventrolaterally.
The neural spine of the axis is thick, becoming gradually wider posteriorly. It is only slightly expanded dorsally. The axis is not markedly constricted between the
pre-and postzygapophyses. The weakly defined and
rounded prezygapophyses are large, and their ventral
inclination is extremely pronounced (this character is
most strongly developed here, in comparison to the other
taxa studied). The large postzygapophyses are elliptical.
The long synapophyses are robust. The small condyle is
slightly depressed. Intercentrum 2 is distinctly bigger
than the intercentrum of the atlas, and oriented
anteroventrally.
Brookesia thieli. The intercentrum of the atlas
forms an anteroventrally oriented keel (Fig. 3A). In lateral view, the pedicles are low and trapezoidal in shape.
The laminae are robust and tall and triangular in shape.
The neural arch is oriented slightly anterodorsally and
reaches nearly the level of the anterior dorsal end of the
neural spine of the axis. The triangular posterodorsal
process is robust and tapered. The transverse process is
robust, having a blunt and slightly tubercular ending.
The neural spine of the axis is slightly concave, elevated (the tallest among the Brookesia species studied
here), and is triangular in posterior view. The lateral
surface carries a distinct ridge, which turns ventrally
prior to the posterior end and continues nearly to the
level of the postzygapophysis. The axis is constricted
between the pre-and postzygapophyses. The prezygapophyses are large and rounded. The neural canal is tall
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Fig. 2. The atlas-axis complex of (A) Brookesia minima; and (B) B. tristis: 1. lateral; 2. dorsal; and 3.
ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale bars 5 1 mm.
ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns, neural spine;
odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; syn,
synapophysis; trp, transverse process.

but is narrower than that of the other species of Brookesia examined. The postzygapophyses are elliptical and
expanded laterally. Well-developed synapopophyses are
present. The ventrally-oriented second intercentrum is
distinctly larger than that of the atlas.

Brookesia perarmata. In dorsal view, the atlas is
the same width as the axis (Fig. 3B). The intercentrum
of the atlas is short, but well-developed. The pedicles are
low and wide in lateral view. The laminae are tall and
solidly built. They become narrower dorsally, although

they have no mutual dorsal contact. The neural arch,
however, is lower than the neural spine of the axis. The
posterodorsal process is anteroposteriorly short and
tapered.
The
transverse
process
is
oriented
posterolaterally.
The neural spine of the axis is very wide laterally and
only slightly elevated dorsally. Its nearly straight dorsal
margin forms a slightly tubercular posterior ending. In
dorsal view the neural spine becomes wider posteriorly.
The axis is distinctly constricted between the pre- and
postzygapophyses. The rounded prezygapophyses are
small and the ventral inclination of the prezygapophyses

THE ATLANTO-AXIAL MORPHOLOGY OF CHAMAELEONIDS
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Fig. 3. The atlas-axis complex of (A) Brookesia thieli; and (B) B. perarmata: 1. lateral; 2. dorsal; and 3.
ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale bars 5 1 mm.
ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns, neural spine;
odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; syn,
synapophysis; trp, transverse process.

is pronounced (but less so than that observed for other
species of Brookesia). The elliptical postzygapophyses
are distinctly expanded laterally. The condyle is small.
The intercentrum 3 is located ventrally to this structure,
but pertains to the third vertebra. Intercentrum 2 is distinctly larger than the intercentrum of the atlas.

Rieppeleon brevicaudatus. In lateral view, intercentrum 1 is oriented anteroventrally and has a tubercular terminus (Fig. 4A). The laminae are very short,
reduced, and only weakly developed forming just small
projections. They have no dorsal mutual contact. The
neural arch is distinctly lower than the neural spine of
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Fig. 4. The atlas–axis complex of (A) Rieppeleon brevicaudatus; and (B) Archaius tigris: 1. lateral; 2.
dorsal; and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale
bars 5 1 mm. ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns,
neural spine; odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; trp, transverse process.

THE ATLANTO-AXIAL MORPHOLOGY OF CHAMAELEONIDS

the axis and is oriented posterodorsally. The posterodorsal process does not project posteriorly beyond the prezygapophysis of the axis, and is in fact shorter than this
articulation area. The transverse process is short, but
robust. Its lateral end is blunt.
The axis is an anteroposteriorly short element. The
neural spine is narrow and strongly elevated. Its dorsal
projection is anteroposteriorly extended and oriented
posterodorsally. In dorsal view, its narrowest portion is
approximately in its middle region. It is saddle-shaped.
The neural spine is highest anteriorly. The vertebra is
relatively wide in dorsal view. The elliptical postzygapophyses are small and moderately expanded posterolaterally. The neural canal is middle sized and almost
pentagonal in shape. In ventral view, the body of the
vertebra has short, slightly concave lateral margins.
These are diverged anteriorly. The intercentrum of the
axis is small. It is oriented posteroventrally. In ventral
view, a pair of subcentral foramina is located in the middle region of the axis centrum.

Archaius tigris. The atlas is a robust element. In
dorsal view, it is almost as wide as the posterior region
of the axis (Fig. 4B). The pedicles are robustly built and
longer than the laminae. The laminae are very short,
reduced and anterodorsally oriented. The atlantal neural
arch is distinctly lower than the neural spine of the axis.
The blunt posterodorsal process is anteroposteriorly
short. It slightly projects posteriorly beyond the zygapophyseal area. The robust transverse process is triangular in shape and oriented posteriorly.
The robust neural spine of the axis has a fan-shaped
extension dorsally, forming a concave dorsal crest. In
dorsal view, it is much more robust in its anterior
region. The neural spine is highest in the posterior
region. The rounded prezygapophyses are of medium
size. The postzygapophyses are elliptical in shape. The
neural canal is medium-sized and almost pentagonal in
shape. In ventral view, the body of the element has concave lateral margins. These are diverged anteriorly. The
small condyle is depressed. The odontoid process is
markedly large, having only a poorly developed anterior
projection. Intercentrum 2 is more rubust than intercentrum 1. Intercentrum 2 is clearly sutured and well separated from the centrum by grooves. It is oriented
ventrally. In ventral view, several foramina are located
in the middle region of the axis centrum. A pair of
foramina is also located in the lateral walls of intercentrum 2.
Rhampholeon spectrum. The atlas is a robust element (Fig. 5A). In dorsal view, the atlas is only slightly
wider than the axis. The intercentrum of the atlas is dorsoventrally short, but mediolaterally wide. The pedicles
are low and wide in lateral view, as are the long laminae
which are connected dorsally. However, the anterodorsally
oriented neural arch is lower than the neural spine of the
axis, reaches only the level of the anterior end of the
spine. The posterodorsal process is short. The blunt transverse process is well expanded laterally.
The neural spine of the axis has a fan-shaped extension dorsally, forming a distinctly rounded (convex) dorsal crest. It is narrow and elevated in posterior view. In
dorsal view, it is thin along the entire length, with the
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posterior end only slightly laterally expanded. The prezygapophyses are mediolaterally compressed and
inclined ventrolaterally. The almost oval postzygapophyses are large and expanded laterally. The neural canal is
medium-sized, almost oval in shape. In ventral view, the
lateral margins of the body are almost straight. These
are gradually diverged anteriorly. The synapophyses are
short but visible. The condyle is laterally compressed,
slightly expanded ventrally so that it becomes roughly
triangular in shape. The odontoid process forms only a
weak anterior projection. The intercentrum is distinctly
bigger than the intercentrum of the atlas and is fused to
the centrum with traces of this fusion still visible. The
intercentrum is oriented ventrally. A pair of foramina is
located in its posterior region.

Rhampholeon boulengeri. The atlas is weakly
developed (Fig. 5B). Its intercentrum is projected nearly
ventrally. The pedicles are long. However, the laminae
are extremely short and reduced. The neural arch is
very low. The posterodorsal process is anteroposteriorly
short and does not project posteriorly beyond the articulation area. The blunt transverse process is robust in
comparison to other structures and laterally expanded.
The neural spine of the axis forms a rounded dorsal
crest (but less so than observed in Rh. spectrum). It is
highly elevated dorsally. In dorsal view, it is thin along
the entire length, with the posterior end slightly laterally expanded. The neural canal is high, but narrow and
almost triangular in shape. The synapophyses are well
developed and long in comparison to Rh. spectrum, but
the condyle is smaller. The odontoid process forms a distinct anteriorly directed projection. The ventrally oriented intercentrum is nearly the same size as the
intercentrum of the atlas.
Bradypodion occidentale. The atlas forms a very
robust element (Fig. 6A). The intercentrum of the atlas
is large and oriented anteroventrally. The pedicles are
robust and wide in lateral view. However, the laminae
are reduced and extremely short. The neural arch is low
and anterodorsally oriented. The irregular posterodorsal
process is anteroposteriorly short and bears a large
articulation area. The blunt transverse process is short
and posterolaterally oriented.
The neural spine of the axis forms a distinctly
rounded dorsal crest (ping-pong racket shape). It is elevated dorsally and thick. In dorsal view, it becomes
gradually wider posteriorly. However, before its posterior
end it is suddenly constricted. In dorsal view, the vertebra has a narrow constriction between the pre-and postzygapophyses, with the latter extended more laterally
than the former. The rounded prezygapophyses are
extremely large. The postzygapophyses are smaller and
nearly rhomboidal in shape. The neural canal is large,
rounded, and somewhat pentagonal in shape. In ventral
view, the lateral margins of the body expand in the anterior region. The intercentrum is distinctly smaller than
the intercentrum of the atlas. It is oriented posteroventrally. Several foramina are located at the ventral region
of the centrum.
Nadzikambia mlanjensis. In dorsal view, the
atlas is slightly wider than the axis (Fig. 6B). The
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Fig. 5. The atlas–axis complex of (A) Rhampholeon spectrum; and (B) Rh. boulengeri: 1. lateral; 2. dorsal; and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. Lateral views. Scale
bars 5 1 mm. ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns,
neural spine; odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; syn, synapophysis; trp, transverse process.
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Fig. 6. The atlas–axis complex of (A) Bradypodion occidentale; and (B) Nadzikambia mlanjensis: 1. lateral; 2. dorsal; and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral
views. Scale bars 5 1 mm. ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural
canal; ns, neural spine; odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz,
prezygapophysis; trp, transverse process.

intercentrum of the atlas is large. The pedicles are relatively tall. However, the laminae are short and thin.
They have no mutual dorsal contact. The neural arch is
low and anterodorsally oriented. The posterodorsal pro-

cess is anteroposteriorly short, but it projects posteriorly
beyond the zygapophyseal articulation area. The blunt
transverse process is robust, with a rounded ventral
margin. It is expanded laterally.
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The neural spine of the axis is elevated but only
moderately wide. In dorsal view, it becomes gradually
wider posteriorly. Moreover, in dorsal view, the vertebra
does not have a significantly developed constriction
between the pre-and postzygapophyses. The rounded
prezygapophyses are noticeably inclined ventrally. The
postzygapophyses are smaller, and anteroposteriorly
shortened. They are inclined posterolaterally. The round
neural canal is medium-sized. In ventral view, the lateral margins of the centrum are concave. The small condyle is depressed. The odontoid process is small in
anterior view, but projects strongly anteriorly. The intercentrum is distinctly inclined posteriorly. It is completely
fused with the centrum.

Chamaeleo calyptratus. The laminae of the atlas
are medium-sized, but thick and robust (Fig. 7A). The
dorsal margin of the neural arch is more rubust in the
first anterior half of the region. Here, there is a clearly
visible rounded tubercle for the attachment of the cervical muscles (rectus capitis, see Al Hassawi, 2007). The
robust transverse process, which is blunt, has a wellrounded posterior end running laterally. The narrow
posterodorsal process is long and tapered, projecting distinctly posterodorsally beyond the zygapophyseal articulation area. On the ventromedial side, the contact area
with the prezygapophysis of the axis is located approxi The
mately in the middle of the process in SAS—02 AC.
process runs further and reaches deeply posteriorly to a
level of about half the length of the axis neural spine.
This characteristic, however, is preserved only in SAS—
 (male; in other specimens—all female, the poste02 AC
rior tip is shorter).
The axis is a long element. It is narrow in dorsal view
and is not markedly laterally expanded. The robust neural spine has an irregular extension dorsally. In anterior
view, it becomes slightly wider dorsally. In dorsal view,
it is much more robust in its anterior region, forming a
distinct tubercle located in the first third of its anterior
end. The neural spine is tallest in this region. From this
tubercle to the posterior end, it forms a slightly concave
dorsal crest which is more clearly visible in specimen
 This dorsal crest can vary in juveniles; it
SAS—04 AC.
 straight (SAS—03 AC);

may be concave (SAS—08 AC);
 Anterior to the
or even slightly convex (SAS—05 AC).
tubercle, the dorsal margin of the neural spine is
inclined anteroventrally. The odontoid process is large in
anterior view, but short in lateral view. As mentioned
above, it is formed by a fused atlantal pleurocentrum. In
 the odonearly juvenile specimens (SAS—05, 08, 09 AC),
toid process is not fused with the axis and in this case
the connection is formed by a ligament only. The distinctly small prezygapophyses are rounded with a ventrolaterally inclined articulation area. In early juvenile
 the ventral inclination of prespecimens (SAS—08 AC),
zygapophyses is more pronounced than in adult forms
(see Discussion). The postzygapophyses are slightly
larger and are elongated and slightly mediolaterally constricted. They are oriented posterolaterally, but not distinctly expanded laterally. The neural canal is the
smallest within the Chamaeleo species studied here. In
ventral view, the body of the element has almost parallel
lateral margins, becoming concave and wider in the
anterior region. Posteriorly, the prominent condyle is

slightly depressed (the depression is more pronounced in
 However, the condyle is
early juvenile SAS—08 AC).
very slightly expanded ventrally in some specimens
 so that it becomes roughly triangular in
(SAS—02 AC)
shape. The intercentrum of the axis is fused with the
centrum with traces of this fusion still visible. In juve the intercentrum is not
nile forms (SAS—08, 09 AC),
fused with the centrum. Intercentrum 2 as well as intercentrum 3 are oriented anteroventrally. In ventral view,
several subcentral foramina are located in the middle
region of the axis centrum.

Chamaeleo africanus. The neural arch of the
atlas is distinctly lower than the neural spine of the axis
(Fig. 7B). The medium-sized laminae are oriented anteriorly, but slightly curved, thus forming the concave posterior margins. The robust transverse process, which is
blunt, has a well-rounded posterior end. The posterodorsal process is anteroposteriorly short, projecting only
very slightly beyond the zygapophyseal articulation
area.
The axis is narrow in dorsal (or ventral) view and is
not markedly laterally expanded (but more so than in
Ch. calyptratus). In anterior view, the robust neural
spine becomes slightly wider dorsally. In dorsal view, a
distinct tubercle is present. The neural spine is tallest in
the posterior region and more inclined anteriorly than it
is in Ch. calyptratus. The odontoid process is large but
anteroposteriorly short. The rounded prezygapophyses
are medium-sized. The postzygapophyses are slightly
larger, but mediolaterally constricted. On the lateral
walls, vestiges of synapophyses are visible in studied
specimen. The intercentrum is almost ventrally oriented.
Chamaeleo namaquensis. This atlas is a relatively large element in this species (Fig. 8). In lateral
view, intercentrum 1 is short and trapezoidal in shape.
In its ventral region, a pair of larger foramina is located
laterally from the projection and several minute foramina are located more posteriorly. The neural arch is distinctly lower than the neural spine of the axis, but well
built. It is oriented directly dorsally. The laminae are
formed by thin plates. In lateral view, they are wide and
medium-sized. The robust transverse process is blunt
and has a well-rounded posterior end. It is oriented
posterolaterally. However, it is not expanded laterally to
the same degree as in Ch. calyptratus. The posterodorsal
process is anteroposteriorly short and robust. Its dorsal
region is tapered, projecting only slightly posteriorly. It
reaches the level of the posterior end of the zygapophyseal area and does not project posteriorly beyond it.
The neural spine of the axis is anteroposteriorly short
and oriented anterodorsally. In dorsal view, it appears
distinctly wider posteriorly. The neural spine is convex,
highest in the posterior region. The odontoid process is
massive, but short. The mid-sized prezygapophyses are
rounded with a ventrolaterally inclined articulation
area. The oval postzygapophyses are large and expanded
laterally. The neural canal is medium-sized. In ventral
view, the body has straight lateral margins, which are
gradually diverged anteriorly. The condyle is slightly laterally compressed. The intercentrum of the axis is
very large, clearly sutured and well separated from the
centrum by grooves. It is oriented anteroventrally.

THE ATLANTO-AXIAL MORPHOLOGY OF CHAMAELEONIDS

381

Fig. 7. The atlas–axis complex of (A) Chamaeleo calyptratus; and (B) Ch. africanus: 1. lateral; 2. dorsal;
and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale
bars 5 1 mm. ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns,
neural spine; odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; trp, transverse process.

In ventral view, several subcentral foramina are located
in the middle region of the axis centrum. A pair of
foramina is also located in the lateral wall of the
intercentrum.

Calumma globifer. In dorsal view, the atlas is
slightly wider than the axis (Fig. 9A). The intercentrum
of the atlas is distintly bigger and more elongated than
the intercentrum of the axis. In lateral view, it forms an
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Fig. 8. The atlas–axis complex of Chamaeleo namaquensis: 1. lateral; 2. dorsal; and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale bars 5 1 mm.

anteroventrally oriented, deeply keeled blunt process.
The thin laminae are narrow, but very tall. Dorsally,
they reach the same level as the neural spine of the
axis. The pedicles of the neural arch have a trapezoidal
shape and are wider ventrally than dorsally. In contrast
to the laminae, they are oriented dorsoposteriorly. The
triangular transverse process is short, but distinctly
tapered. The posterodorsal process is long. It projects
posterodorsally, so that it reaches far posteriorly to
about half the length of the neural spine of the axis.
The neural spine of the axis is weakly built—anteroposteriorly relatively short, but tall—and forms a slightly
convex dorsal crest. In lateral view, the dorsal margin of
the neural spine is slightly extended and projects posteriorly. In dorsal view, this vertebra is slightly constricted
between the pre-and postzygapophyses, with the prezygapophyses being wider than the postzygapophyses. The
large prezygapophyses are rounded. The large articulation area is distinctly slanted ventrolaterally. The round
postzygapophyses are small and their articulation area
slopes only slightly dorsolaterally. The neural canal is
huge and oval. In ventral view, the body of the axis has
slightly concave lateral margins. These margins are
diverged anteriorly. The condyle is slightly compressed
laterally. It is slightly expanded ventrally, where it
becomes narrower and roughly triangular in shape. The
small odontoid process is short. The intercentrum 2 is distinctly smaller than the intercentrum of the atlas, and it
is completely fused with the centrum without trace of a
suture. The axis intercentrum has a small contact zone
with the atlas intercentrum in their dorsal region. In contrast to the atlas intercentrum, it is posteroventrally oriented. Right behind the second intercentrum, a small
foramen is located on the left side of the ventral surface of
the axis.

Calumma nasuta. The neural arch is slender but
tall (Fig. 9B). However, it is somewhat lower than the
neural spine. The triangular transverse process is short,
but distinctly tapered. The posterodorsal process is
robust, but slightly shorter relative to Ca. globifer.
The neural spine of the axis is only slightly elevated
dorsally. In lateral view, the dorsal margin of the neural
spine is slightly extended and projects more anteriorly.
The postzygapophyses are smaller, slightly anterodorsally elongated and mediolaterally constricted. The small
condyle is only slightly compressed laterally. The intercentrum is short. In contrast to the atlas intercentrum,
it is slightly posteroventrally oriented.
Furcifer pardalis. In dorsal view, the atlas is
almost as wide as the posterior region of the axis (Fig.
10A). The atlantal neural arch is distinctly lower than
the neural spine of the axis. The laminae are mediumsized and wide in lateral view; however, this varies
 the neural arch is
slightly. In specimen SAS—03 AC,
relatively tall, although it is still lower than the neural spine of the axis, and the laminae are thinner.
The short transverse process is wide and blunt. The
posterodorsal process is anteroposteriorly short. The
process does not project posteriorly beyond the
zygapophysis.
The neural spine of the axis has a fan-shaped extension dorsally, forming a slightly rounded long dorsal
crest. It is slightly more robust in the anterior third of
the spine. In dorsal view, the vertebra is constricted
between the pre- and postzygapophyses, with the prezygapophyses being wider than the postzygapophyses. The
rounded prezygapophyses are medium in size. Postzygapophyses are small, slightly anterodorsally elongated
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Fig. 9. The atlas–axis complex of (A) Calumma globifer; and (B) Ca. nasuta: 1. lateral; 2. dorsal; and 3.
ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale bars 5 1 mm.
ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns, neural spine;
odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; trp,
transverse process.

and
row
has
The

mediolaterally constricted. The neural canal is narand triangular in shape. In ventral view, the body
distinctly concave lateral margins wider anteriorly.
prominent condyle is depressed. The odontoid pro-

cess forms a distinct projection directed anteriorly. The
intercentrum is very large, clearly sutured and well separated from the centrum by grooves in DE—80. This

characteristic varies slightly. In specimens SAS—03 AC

384



 ET AL.
CER
NANSK
Y

Fig. 10. The atlas–axis complex of (A) Furcifer pardalis; and (B) F. oustaleti: 1. lateral; 2. dorsal; and 3.
ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale bars 5 1 mm.
ara, articulation area; con, condyle; ic, intercentrum; na, neural arch; nc, neural canal; ns, neural spine;
odp, odontoid process; pdp, posterodorsal process; poz, postzygapophysis; prz, prezygapophysis; trp,
transverse process.

 the intercentrum is fused with the
and SAS 04—AC,
centrum. In ventral view, the intercentrum is triangular
in shape, forming a short ventral keel. It is oriented ventrally. Both intercentra have blunt, slightly tubercular
endings. A pair of foramina is located at the base of
intercentrum 2, laterally from the ventral keel. In ventral view, the subcentral foramina are positioned in the
middle of the axis centrum.

Remarks. Most specimens have characteristic features similar to DE—80 (Fig. 10). From this point of
 most likely represents an
view, specimen SAS—03 AC
extreme form of the same taxon. Its atlas-axis complex
is also rather long, relative to its height.
Furcifer oustaleti. The laminae are mediumsized and wide in lateral view; however, this state can
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vary slightly (Fig. 10B). In specimen SMF 73684, the
neural arch is relatively high, although it is still lower
than the neural spine of the axis. In this specimen, the
laminae are inclined slightly anteriorly. Yet, their dorsal portions are decurved posteriorly. In the scanned
specimen, they are straight. The short triangular
transverse process is wide and blunt. The posterodorsal process is short, does not project posteriorly beyond
the zygapophysis, or only very slightly in scanned
specimens.
The axis is a long element. The dorsal region of the
neural spine is longer than in F. pardalis, but slightly
thinner. Its dorsal margin is straight or even concave. It
is slightly more robust in its anterior third. In dorsal
view, the vertebra is constricted between the pre- and
postzygapophyses. In specimen SMF 59447, very small
vestiges of synapophyses are present close to the contact
area with the transverse process of atlas. In the scanned
specimen, these structures are present only as weakly
visible tubercles, and in SMF 73685 these structures are
fully absent (see Discussion). The odontoid process is
large. The intercentrum is large, the traces of fusion
with the body are still visible in the scanned specimen
(and in SMF 59447 and 73685), however, lacking in
SMF 73684. The intercentrum forms a short keel oriented ventrally. A pair of foramina is located at the central region of the centrum.
Remarks. Among examined species, Furcifer oustaleti is the species sharing the greatest number of characters with Chamaeleo.

Kinyongia xenorhina. The atlas is a robust element (Fig. 11A). The intercentrum of the atlas is large
and oriented anteroventrally. The pedicles are robust
and low. The laminae are narrow in lateral view, without
dorsal contact. They are oriented distinctly anterodorsally. In dorsal view, the laminae are wider. The neural
arch is lower than the neural spine of the axis. The
anteroposteriorly short posterodorsal process is robust
and blunt. The distinctly tapered transverse process is
triangular in shape and posterolaterally oriented.
The anteroposteriorly short neural spine of the axis is
axe–shaped and is oriented anterodorsally. It is thick
and elevated dorsally. In dorsal view, it becomes slightly
gradually wider posteriorly. The vertebra is constricted
between the pre- and postzygapophyses, with the postzygapophyses extended more laterally than the prezygapophyses. In ventral view, the body of the axis has
concave lateral margins. These are diverged anteriorly.
The small condyle is slightly depressed. The odontoid
process is noticeably large but only weakly projected
anteriorly. The intercentrum is smaller than the intercentrum of the atlas. It is oriented slightly posteroventrally. Several foramina are located at the ventral region
of the centrum.
Trioceros cristatus. The intercentrum of the atlas
forms a large element that projects anteroventrally (Fig.
11B). It is not connected with pedicles of the atlas which
are robust and low. The laminae are of medium size and
tapered dorsally. The atlantal neural arch reaches the
level of the anterior end of the neural spine of the axis.
However in general, it remains lower than the neural
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spine of the axis. The posterodorsal process is short. The
transverse process is weakly developed and blunt.
In dorsal view, the axis is not distinctly constricted
between the pre- and postzygapophyses. The rounded
postzygapophyses are small, but bigger than the prezygapophyses. The neural canal is large. In ventral view,
the element has concave lateral margins of the body
expanding towards the anterior region. The prominent
condyle is depressed. The odontoid process is large, with
a short anterior projection. Several foramina are located
in the middle region of the axis centrum.

Trioceros johnstoni. The atlas is a very robust
element in this taxon (Fig. 12A). The intercentrum of
the atlas is short, wedge-shaped, and oriented anteroventrally. In anterior view, the intercentrum forms the
lower portion of the well-defined anterior articulation
area. The atlantal neural arch is lower than the neural
spine of the axis. The laminae are medium size and wide
and their dorsal contact consists of a clear suture. The
posterodorsal process is extremely long and tapered in
males, projecting posteriorly. In lateral view, the posterior region of the process is narrow. In dorsal view, the
process is wide and can be divided into the external and
the internal portion. On the ventromedial side, the contact area with the prezygapophysis of the axis is located
approximately at one-third to one-half of the length of
the process. The process runs further and its internal
portion reaches deeply posteriorly, behind the level of
posterior margin of the axis neural spine. The robust
transverse process is triangular in shape.
The neural spine of the axis is anteroposteriorly short,
almost without an extension. Its dorsal margin is irregular, more or less convex in shape. Its posterior side bears
a wedge-shaped depression. The rounded prezygapophyses are medium-sized. The narrow postzygapophyses are
markedly elongated posterolaterally. Their dorsal
regions form short, well tapered postzygapophyseal dorsal processes, oriented posterodorsally. The neural canal
is small and triangular in shape. In ventral view, the
body of axis has almost straight lateral margins. These
are gradually diverged anteriorly, making the body
almost triangular in shape. The condyle is rounded and
extends slightly ventrally. The odontoid process is small
and short anteriorly. The intercentrum is only slightly
expanded ventrally. It is completely fused with the centrum without any trace of a suture. It is oriented anteroventrally. A pair of subcentral foramina is located in the
middle region of the axis centrum.
Trioceros jacksonii. The posterodorsal process of
the atlas is extremely long and tapered in males, projecting posteriorly (Fig. 12B). In lateral view, the posterior
region of the process is narrow. In dorsal view, the process is wide and can be divided into the external and the
internal portion. However, this process is not such a
robustly built relative to other elements of atlas as it is
in T. johnstoni. The robust transverse process is blunt,
triangular in shape.
The dorsal margin of the neural spine of the axis is
irregular, more or less concave in shape. The postzygapophyseal dorsal processes are present. The triangular
neural canal is very small (smallest in the Trioceros species studied here). In ventral view, the body of the

386



 ET AL.
CER
NANSK
Y

Fig. 11. The atlas–axis complex of (A) Kinyongia xenorhina; and (B) Trioceros cristatus: 1. lateral; 2. dorsal; and 3. ventral; 4. anterior; 5. posterior views; isolated axis in 6. anterior; and 7. lateral views. Scale
bars 5 1 mm.

element has almost concave lateral margins. The intercentrum is only slightly expanded ventrally. It is completely fused with the centrum. It is oriented
anteroventrally.

Remarks. In dorsal view, the whole atlas–axis complex is somewhat narrower than that it is in T. johnstoni. The long posterodorsal process of axis of male
specimens was not observed in the female specimen
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Fig. 12. The atlas–axis complex of (A) Trioceros johnstoni; and (B) T.
jacksonii: 1. lateral; 2. dorsal; and 3. ventral; 4. anterior; 5. posterior
views; isolated axis in 6. anterior; and 7. lateral views. Scale bars in
A 5 1 mm, in B 5 2 mm. ara, articulation area; con, condyle; ic, inter-
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centrum; na, neural arch; nc, neural canal; ns, neural spine; odp,
odontoid process; pdp, posterodorsal process; pop, postzygapophyseal dorsal process; poz, postzygapophysis; prz, prezygapophysis;
trp, transverse process.
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Fig. 13. The connection between the parietal and the supraoccipital; the parietal and the squamosal.
(A) Chamaeleo calyptratus (DE—74), presence of the processus parietalis inferior; and (B) Furcifer pardalis
(DE—80): presence of the lateral lamina. 1. anterodorsolateral views, 2. ventral views. Scale bars 5 10
mm.

studied here. The posterodorsal processes of the female
specimen are well developed, but markedly shorter in
comparison with that in males (see Discussion). This
character is sexually dimorphic. The postzygapophyses
are long, laterally expanded, but the postzygapopgyseal
dorsal processes are also only weakly developed.

The Processus Parietalis Inferior
A newly identified anatomical structure of the parietal
is described in Ch. calyptratus—the processus parietalis
inferior. Ventrally, the parietal contacts the supraoccipital by the crista parietalis inferior (5midsagittal ridge
 nansk
sensu Cer
y, 2010). In Ch. calyptratus, the ventral
region of the crista parietalis inferior forms a long, posteriorly oriented sagittal process (processus parietalis
inferior). The process is oblong, or trapezoidal in some
cases, and it is slightly wider posteriorly than anteriorly.
The deep wide notch is located between the crest and
the process. This process forms a contact with the supra-

occipital, not only ventrally but also posteroventrally
(Fig. 13; A1). This contact is formed by a strongly digitate sutural margin in adults (DE 74, anteroposterior
length of the skull: 37.6 mm, parietal casque height:
20.3 mm). In smaller specimens (e.g DE 65, anteroposterior length of the skull: 30.8 mm, parietal casque height:
15.9 mm), the process is small and a little shorter, and it
does not reach as far posteriorly as in bigger specimens.
Here, only the initial digitiform suture at its dorsal end
is developed. In Calumma globifer and Furcifer pardalis,
where the parietal casque is much lower, the contact
with supraoccipital lacks this process (Fig. 13; B1; see
Discussion).

DISCUSSION
According to Baur (1886), the pro-atlas is present only
in the genus Chamaeleo. However, this element was not
observed by Al Hassawi (2007), or by us. In the following, two parts are discussed—the taxonomic and
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phylogenetic value of the anatomical characters of the
atlas and axis, and the new anatomical structure—the
processus parietalis inferior. We used Mesquite for optimizations and ancestral state determinations.

Evolution of the Atlas-Axis Complex
in Chamaeleonids
Heterochrony. It is beyond doubt that heterochronic processes have played a role in the evolution of
chamaeleonids (e.g. Rieppel and Crumly, 1997;
 nansk
Cer
y, 2010). However, all previous studies utilized
only skull morphology. In this viewpoint, the atlas and
axis is interesting too. For example, in Chamaeleo and
Trioceros adults, the small neural canal, tall neural
spine and less-ventral inclination of prezygapophyses
are present; however, the axis of early juveniles of Ch.
calyptratus is wide and low in anterior view. In the early
 the ventral inclination
juvenile specimen (SAS—08 AC),
of the prezygapophyses is more pronounced than it is in
adults. Moreover, the prezygapophyses are more strongly
developed relative to other structures in comparison of
the condition to adults. In anterior view, the neural
spine is low and the neural canal is large. In lateral
view, the entire axis is anteroposteriorly short, relative
to its height. In regard to some of these characters, the
early juvenile is more similar to the adult form of, for
instance, Ca. globifer. For this reason, it seems that a
peramorphic heterochronic process plays a role in the
evolution of the atlas—axis complex of Ch. calyptratus.
This contention is supported by comparison with the
basal taxon Brookesia. The genus Brookesia is regarded
as the extant sister clade to the remainder of Chamaeleonidae (Rieppel, 1987; Townsend and Larson, 2002;
Townsend et al., 2011; Tolley et al., 2013). All four species of the genus studied here exhibit an axis that is
markedly shorter relative to its height. The distinct ventral inclination of their prezygapophyses is pronounced.
We regard it as a paedomorphic character within chameleons. The neural spines are low, only slightly elevated
dorsally. The prezygapophyses of the axis are huge.
Except for B. thieli, the remainder of the species of Brookesia studied here presents an extremely large and oval
neural canal. The atlas-axis comparison of the outgroup
taxa with the Brookesia species studied here confirms
that miniaturization, and concomitant paedomorphosis,
may have played a role in the initial phases of chameleon phylogeny (see also Rieppel and Crumly, 1997). The
miniaturization process (like many others) forms a phenotype, where a complex combination of ancestral and
derived traits is present (see e.g., Hanken and Wake,
1993). The more juvenile-like characters are represented, for instance, by the extremely large neural canal,
and the very short neural spine of the axis (a large neural canal is the condition seen in juvenile squamates,
and we can regard the presence of the large neural canal
in adults as being a paedomorphic state). The nervous
system, including nerve cord, forms very early in ontogeny, and the skeleton ossifies around it. Centra and neural arches develop independently after the perichordal
tube has been formed (Winchester and Bellairs, 1977).
Thus, it is expected that neural structures (such as sensory capsules and others) will be relatively larger compared to other components of the skeleton early on. The
extremely large neural canal is present to its greatest
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extent in the B. minima 1 B. tristis clade. This is associated with inclined prezygapophyses of the axis. Both of
these characters are more significant than in the outgroup taxa Uromastyx geyri and Leiolepis belliana (see
Tables (3–5)). For these reasons, the B. minima 1 B. tristis clade represents a more paedomorphic state of these
characters in comparison to the outgroup taxa—it is not
just an autapomorphy of Brookesia but a change at the
base of Chamaeleonidae. The states of these two characters in the B. thieli and B. perarmata clade are more
similar compared to those of the outgroup than to the
remainder of Brookesia species. The ventral inclinations
of the prezygapophyses are also well pronounced in
Kinyongia, an early-branching lineage (see Tolley et al.,
2011, Fig. 3). Here, the size of the neural canal is also
similar to that of the outgroup taxa. We can regard all
these features as plesiomorphic within chameleons.

The posterodorsal process. The morphology of
the posterodorsal process can vary among individuals.
Here, the muscles which function to extend and rotate
the head (the spinalis cervicus; see Al Hassawi, 2007)
are attached. An extremely long posterodorsal process is
present in males of the T. johnstoni 1 T. jacksonii clade.
In the horizontal plane, its posterior region can almost
be divided. The solid and well-developed morphology of
the posterodorsal process in males of this taxon could be
reflective of its behavior—a ritual of side-to-side headbobbing and jerking movements upon sight of a female
(see Nečas, 1999). Males also fight with their horns and
attempt to dislodge one another from branches upon
encountering each other. Thus, the muscles attaching to
these processes may indeed be important in stabilizing
the head and in generating lateral movements. The long
posterior extension in this case gives them a relatively
long moment arm so they can effectively move the head
laterally. The posterodorsal process of females is markedly shorter. The similar character is present in males of
Ch. calyptratus (that have a highly elevated dorsal parietal crest), however in the lesser form. The relatively
long posterodorsal processes are also present in the Ca.
globifer 1 Ca. nasuta clade. In contrast this process is
short in all species of Brookesia studied here, and also in
Kinyongia. We can therefore regard the presence of a
long posterodorsal process, projecting significantly posterior to the zygapophyseal area, as a derived feature
within chameleons.
The neural arch and the transverse process
of the atlas. The taxon B. minima exhibits wide, leafshaped laminae and long pedicels on the atlantal neural
arch. This character state is most similar to that of the
outgroup taxa studied here. This state also appears in
Rh. spectrum, and a similar state is observed in B. thieli,
but the pedicels are short. In the A. tigris 1 R. brevicaudatus clade, a strong reduction of the laminae of the
neural arch of the atlas is observed. The same character
state appears, apparently independently, in Rh. boulengeri, the N. mlanjensis 1 Br. occidentale clade, and
T. hoehnelii (personal observation). This state is most
likely connected with a decreased use of the rectus capitis. All these taxa have strongly developed transverse
processes, the structures to which the iliocostalis cervicus, levator scapula dorsalis, and ventralis attach. Such

Uromastyx geyri
Leiolepis belliana
Brookesia minima
Brookesia tristis
Brookesia perarmata
Brookesia thieli
Rieppeleon brevicaudatus
Archaius tigris
Rhampoleon spectrum
Rhampoleon boulengeri
Bradypodion occidentale
Nadzikambia mlanjensis
Chamaeleo namaquensis
Chamaeleo africanus
Chamaeleo calyptratus
Furcifer pardalis
Furcifer oustaleti
Calumma globifer
Calumma nasuta
Kinyongia xenorhina
Trioceros johnstoni
Trioceros jacksoni
Trioceros cristatus

Taxon

Width of
laminae

Laminae
inaclination
Pedicels

Posterodorsal
process

Transverse
process

1
11
1
11
2
1
1
11
1
11
2
2
1
11
1
11
2
2
1
2
2
11
2
2
11
1
1
2
2
1
11
11
1
2
2
1
2
2
2
1
2
1
2
2
11
1
2
1
1
11
1
2
2
1
2
2
11
11
2
1
2
2
11
2
2
1
2
2
1
1
12
1
1
1
1
2
2
1
1
1
1
2
2
1
1
1
1
2
1
1
1
1
1
2
2
2
1
1
1
2
2
12
11
2
1
2
1
2
11
2
1
2
1
1
11
2
11
11
2
1
1
1
1
2
11
1
1
1
1
2
11
1
11
1
1
1
2
2
(2) Short;
(2) Small;
(2) Reduced;
(2) Thin;
(2) Posterior;
(2) Short;
(1) long;
(1) significant
(1)long;
(1) medium
(1) robust;
(1) slightly
(11) markedly (11) extremely
size; (11) high (11) markedly
anterior;
long
long
broad
(11) markedly
anterior

Height of
laminae
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1
2
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
(2) Absent;
(1) present

Reduction of
ventral keel

2
–
1
1
1
1
1
1
1
1
11
11
11
11
11
11
11
11
1
1
1
1
11
(–) Posteroventral;
(2) ventral;
(1) anteroventral;
(11) more anterior

Inclination
of ic 1
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Uromastyx geyri
Leiolepis belliana
Brookesia minima
Brookesia tristis
Brookesia
perarmata
Brookesia thieli
Rieppeleon
brevicaudatus
Archaius tigris
Rhampoleon
spectrum
Rhampoleon
boulengeri
Bradypodion
occidentale
Nadzikambia
mlanjensis
Chamaeleo
namaquensis
Chamaeleo
africanus
Chamaeleo
calyptratus
Furcifer pardalis
Furcifer oustaleti
Calumma globifer
Calumma nasuta
Kinyongia
xenorhina
Trioceros johnstoni
Trioceros jacksoni
Trioceros cristatus

Taxon

1
11

54
36
36
45
39
53
45
37
41
32
37
30
42
49
50
41
30
39
Inclination
from
horizontal
plane
in degrees

1
–

–
–

–

11

–

–

–

–

–
–
1
1
–

–
–
2
(11) Extremely
large; (1) large;
(–) medium size;
(–) small

1
1
1
1
11

1

1

1

1

1

1

1
1

1
–

1
1
1
–
–

Inclination of
neural spine

1
1
–
1
1
1
(–) Slightly
(–) Posteriorly;
concave; (1)
(1) slightly
convex; (11) anteriorly; (11)
markedly
strongly
anteriorly
convex

1
–
1
1
1

–

–

1

1–

–
11

–
–

–

–
–

Dorsal
margin
of neural
spine

45
45
59
62
50

Inclination
of prezygapophysis

–
–
–
–
–

Articulation
area of
prezygapophysis

–
1–
–
–
–

1

1

–

–

–

–

–
–

–
–

–
–
–
–
–

1
1
1
–
1

11

11

1

11

1

11

1
1

1
11

1
11
–
–
–

Height
of neural
spine

1
1
1
–
1

1

1

11

1

11

–

1
–

11
–

11
1
11
1
1

–
11
–
–
11

1

11

1

–

–

–

11
–

1
–

11
11
11
11
1

76
85
73
71
82

94

94

84

88

76

86

82
92

94
79

61
59
115
130
79

Odontoid
Articulation
Width of
process in
surface
neural spine anterior view with atlas

–
–
11
11
–
86
–
–
11
11
–
82
1
2
1
2
1
85
(–) More extended (–) Absent;
(–) Low,
(–) Thin; (1) (–) Markedly The height
posteriorly; (1)
(1) present forming < 1/4 broad; (11)
small
and width
more extended
of entire height markedly
(< 40%);
ratio in %
anteriorly
of axis; (1)
broad
(–) small
medium
(< 50%);
size (cca. 1/4);
(1) large (cca
(11) high
50%); (11)
(cca. 1/3)
markedly
large
(> 50%)

1
1
–
1
1

1

1

1

1

1

–

1
–

–
–

–
–
–
–
1

Extension of
neural spine

Tubercle
in 1/3
of neural
spine
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Uromastyx geyri
Leiolepis belliana
Brookesia minima
Brookesia tristis
Brookesia perarmata
Brookesia thieli
Rieppeleon brevicaudatus
Archaius tigris
Rhampoleon spectrum
Rhampoleon boulengeri
Bradypodion occidentale
Nadzikambia mlanjensis
Chamaeleo namaquensis
Chamaeleo africanus
Chamaeleo calyptratus
Furcifer pardalis
Furcifer oustaleti
Calumma globifer
Calumma nasuta
Kinyongia xenorhina
Trioceros johnstoni
Trioceros jacksoni
Trioceros cristatus

Taxon

91
74
33
50
42
45
39
55
50
50
58
52
66
75
75
66
80
57
62
57
40
50
66
The length
and heigth
ratio in %

Length
of body
2
2
11
11
–
–
2
2
2
2
1
–
11
11
11
11
1
1
2
2
2
1
(–) Nearly
laterally; (2)
more laterally
than posteriorly;
(1) cca. 45 ; (11)
more posteriorly
than laterally

11
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
(2) Rather
laterally; (1)
dorsolaterally;
(11) more
dorsally than
laterally

Orientation of
postzygapophyses
in dorsal view

2
2
2
1
1
2

Lateral
margins of Well laterally
Inclination of
body in
expanded
postzyga-pohyses
ventral view synapo-physes in posterior view

29
2
11
26
2
2
46
11
11
40
11
11
36
2
2
30
11
11
27
28
2
2
27
1
11
25
11
11
33
2
2
26
2
2
27
1
2
20
2
1
15
2
2
21
2
2
20
2
2
25
2
2
33
2
2
25
2
2
18
1
2
15
2
2
33
2
2
Its ratio
(2) Concave; (2) Absent;
to the
(1) straight;
(1) present
whole
(11) an
as reminiscent
element in %
almoust
structure;
rhomboidal (11) present

Size of
neural
canal
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2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
2
(2) Absent;
(1) present

2
2
2
2
2
2

2
2
1
11
11
1

Orientation
of ic 2

1
1
2
1
2
2
1
1
1
2
o
11
1
11
1
11
1
1
1
11
2
2
2
2
1
1
2
11
2
1
1
(2) Lateral; (2) Posteroventral;
(o) oval; (1)
(1) ventral;
depressed
(11)
anteroventral

1
1
1
1
o
o

Postzygapophyseal Compression
dorsal process
of condyle
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muscles could assume the role of the stabilization of the
skull. The robust and laterally expanded transverse process (together with the long posterodorsal process) is
present in Ch. calyptratus and could reflect its large
head, with its large, dorsally extensive parietal crest.
The function of the muscle running from the transverse
process of the atlas to the paroccipital process is extension and lateral rotation of the head (Wahba et al.,
1992); however, these muscles are also important in stabilizing the head on the neck. The moment arm is too
short to be very effective in rotation or extension. It is
important in this case to have well-developed muscles
that allow bracing of the atlanto-occipital joint to stabilize the head relative to the neck. The robust transverse
process is also present in the T. johnstoni 1 T. jacksonii
clade. In conclusion, our data suggest that for protruding elements where the muscles attach there are two
possible systems for stabilization of skull (both can be
present, depending on specific function): one owing to
elongation of the posterodorsal process of atlas and,
another one, owing to strong development of transverse
processes.

The intercentrum of the atlas. The orientation
of the intercentrum of the atlas is ventral in the outgroup taxon U. geyri, and even posteroventral in L. belliana. All the chamaeleonid taxa studied have an
anteroventral orientation of the intercentrum. This feature forms a strong ventral connection with the occipital
condyle of the skull—it is drawn out into a short process
anteroventrally that contacts the occipital condyle over a
wider surface area than that of the lateral contact areas.
In Brookesia and Rhampholeon, but also in R. brevicaudatus, the orientation is still more ventral than anterior.
A more anterior inclination is present in Chamaeleo and
Furcifer, and also in T. cristatus. We consider more anteriorly inclined intercentrum of the atlas to be the
derived state.
The synapophyses of the axis. Miniaturized tetrapods are often characterized by reduced and simplified
adult morphologies (Hanken and Wake, 1993). This is
quite different from the features observed in the atlasaxis complex in the species of Brookesia studied here.
Three of the four studied species—B. minima, B. tristis
and B. thieli—have long synapophyses, well separated
from the body of the axis. B. perarmata lacks this feature. Although smaller than most chameleons, this species is the largest among the species of Brookesia
(Nečas, 1999). Character optimization in Mesquite supports the presence of synapophyses on the axis as the
condition at the basal node in Chamaeleonidae. The
same character is also observed in Agama agama (see
Hoffstetter and Gasc, 1969; p 256, Fig. 44) and in Uromastyx geyri (personal observation). This feature is also
present in both of the Rhampholeon species studied
here. The presence of long synapophyses could be a consequence of a paedomorphic heterochronic process
within chamaeleons, related to miniaturization in this
case. This is supported by the presence of synapophyses
on the axis of the sister taxon of squamates, Sphenodon
punctatus (see Hoffstetter and Gasc, 1969; p 235, Fig.
28; personal observation). It should be noted that despite
the fact that the rib is usually absent, we use the term
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synapophysis. These lateral structures represent topological serial homologs of synapophyses located on the
more posterior vertebrae. They are present in many
other lizards, for instance, in Shinisaurus (see e.g.,
Hecht and Costelli, 1969; Conrad, 2006). The ancestral
character state is represented by the presence of ribs
throughout the cervical region. Primitively amniotes
possess well ossified atlantal ribs (see deBraga and Rieppel, 1997). In some taxa, the rudimentary synapophyses
are still visible as short lateral processes. According to
Conrad (2006), the axis and third cervical vertebra of
Shinisaurus bear tiny lateral ossifications that probably
represent rudimentary ribs (p 762, Fig. 2B,C). On the
other hand, a distinct synapophysis is not observable in
the axis of many other taxa, as this structure has moved
more anteriorly and is no longer distinct from the
anterolateral corner of the axis. Here, it forms part of
the anterolateral contact with the transverse process of
the axis. The evidence of this is observable on the atlas–
axis complex of the specimen SMF 57471, belonging to
L. belliana. Here, on the right side, two tiny ossifications
are present: one on the transverse process of the atlas,
and one immediately posterior to it. These two elements
most likely represent vestiges of ribs of the atlas and
axis. These elements are in close contact (see Fig. 14A).
This anterior shifting of the synapophyses close to the
transverse process of the atlas, together with a gradual
reduction of their lateral extent, is visible in, for example, Hydrosaurus amboinensis (Agamidae), in which the
character represents an intermediate condition of this
structure among lizards (personal observation, specimen
SMF 70930). In some cases, the weak structures, representing vestiges of synapophyses, may also persist in
some individuals on one or both sides of the body of the
axis. In the specimen SMF 59447 of F. oustaleti, vestiges
of synapophyses are also observable close to the contact
area with the tranverse process of atlas (Fig. 14B). The
occurrence of this structure supports the hypothesis
stated above. These vestiges have been also observed in
some specimens of the genus Chamaeleo—a small tubercle is preserved on the left side of the specimen ZFMK
21608 of Ch. chamaeleon and on both sides of the Ch.
africanus studied here.

The postzygapophyseal dorsal process. In the
T. johnstoni 1 T. jacksonii clade, short, tapered,
posterodorsally-oriented processes (the postzygapophyseal dorsal processes) are located on the dorsal surfaces
of postzygapophyses. This derived feature is a synapomorphy of this clade, because these processes are absent
in all of the other chameleon taxa studied here.
The neural spine of the axis. The presence of a
tubercle (or bulge) along the dorsal margin of the neural
spine represents an apomorphy for the Ch. calyptratus 1 Ch. chamaeleon (see Hoffstetter and Gasc, 1969; p
256; Fig. 44; personal observation) 1 Ch. africanus
clade, but it is not present in Ch. namaquensis. The latter taxon differs from the previously-mentioned clade in
several other features, such as the convex shape of the
dorsal margin of the neural spine. Yet, this species is
known to be on a long branch relative to other Chamaeleo species (see Townsend and Larson, 2002). A similar
feature is sometimes present in some individuals of
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Fig. 14. (A) The detail of the lateral side of the atlas-axis complex in Leiolepis belliana; the tiny ossification representing most likely the vestiges of ribs of atlas and axis; Scale bar 5 2 mm. (B) The presence of
the vestiges of synapophyses of the axis in Furcifer oustaleti. Scale bar 5 1 mm. boc, basioccipital; r, rib;
syn, synapophysis, trp, transverse process.

F. oustaleti and F. pardalis, but is significantly less
developed.
Character optimization in Mesquite supports the
marked anterior inclination of the neural spine of the
axis as being an apomorphy of the clade K. xenorhina,
because it is absent in all other taxa studied here.
Although a pronounced anterior inclination is also present in Ch. namaquensis and N. mlanjejsis, it is much
less developed. In most taxa, the anterior inclination of
the neural spine is only slight. Conversely, in B. tristis,
B. perarmata, and R. brevicaudatus, the neural spine is
slightly posteriorly inclined.
In the outgroup taxa and all Brookesia species studied
here except for B. perarmata, the posterior extension of
the neural spine is larger than the anterior one. This
character state is also present in R. brevicaudatus, the
Rh. spectrum 1 Rh. boulengeri clade, and appears also in
Ca. globifer and T. johnstoni. Other taxa studied here
have a larger anterior extension than a posterior one.
In the outgroup taxa, the neural spine is tall (forms
approximately one-third of the entire height of the axis)
in L. belliana and medium sized (approximately onefourth) in U. geyri. The tall neural spine is present in R.
brevicaudatus, Rh. boulengeri, T. johnstoni 1 T. jacksonii, F. oustaleti, and in the Ch. calyptrarus 1 Ch. africanus clade, but not in Ch. namaquensis. Here, the neural
spine is medium-sized, as it is in most other taxa studied
here. However, the neural arch is short (less than onefourth) in all Brookesia species studied here except for
B. thieli, and in Ca. nasuta. The short neural spine is a
paedomorphic feature (see above).

The odontoid process. In the outgroup taxa U.
geyri and L. belliana, the odontoid process is noticeably
large, forming more than one-half of the entire body
width (see Table 4). This character represents the plesiomorphic condition and is present in the B. minima 1 B.
tristis clade, in A. tigris, K. xenorhina, F. oustaleti, and
also in Ch. africanus. In Ch. calyptratus and Ch. nama-

quensis, the odontoid process is large (approximately
one-half), as it is in the B. thieli 1 B. perarmata clade.
The same state is present in T. cristatus. A markedly
small odontoid process (in anterior view, it forms less
than 40% of the entire contact area) is present in R. brevicaudatus, the clade N. mlanjensis 1 Br. occidentale, T.
johnstoni and the clade Ca. globifer 1 Ca. nasuta.

Postzygapophyses. For studying of the inclinations
of postzygapophyses, there are two options—in posterior
and in dorsal views. The greatest expression of the dorsal inclination of postzygapophyses in posterior view is
evident in A. tigris, and seems to be an autapomorphy of
this species. The plesiomorphic state is represented by
rather lateral inclination, as present in the outgroup
taxa studied here and in B. minima and B. thieli.
In dorsal view, the inclination of the postzygapophyses
of the outgroup taxa is more lateral. The same character
is present in the Rh. spectrum 1 Rh. boulengeri clade, A.
tigris, Br. occidentale, K. xenorhina, and T. johnstoni 1 T.
jacksonii. The main differences occur among Brookesia
species. The inclination is more posterior than lateral in
the clade B. minima 1 B. tristis, and nearly lateral in
the B. thieli 1 B. perarmata clade. The more posterior
inclination is observed in the clade F. pardalis 1 F. oustaleti, and Ch. calyptratus 1 Ch. africanus. However, a
nearly lateral inclination is present in Ch. namaquensis.
The condyle. In the outgroup taxa U. geyri and L.
belliana, the condyle is depressed dorsoventrally. The
same character is present in the B. minima 1 B. tristis,
R. brevicaudatus 1 A. tigris, Br. occidentale 1 N. mlanjensis, F. pardalis 1 F. oustaleti, Ch. calyptratus 1 Ch.
africanus clades, and also in the taxa K. xenorhina and
T. cristatus. Character optimization in Mesquite supports this as being the condition at the basal node in the
Chamaeleonidae. Therefore, the depressed condyle represents the plesiomorphic state among chamaeleons.
However, the condyle is laterally compressed in the Ca.
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globifer 1 Ca. nasuta, and Rh. spectrum 1 Rh. boulengeri, and T. jacksonii 1 T. johnstoni clades.

The intercentrum of the axis. The orientation of
the intercentrum 2 in the outgroup taxa U. geyri and L.
belliana is posteroventral. The same character is present
in R. brevicaudatus, Rh. boulengeri, N. mlanjensis 1 Br.
occidentale, and in the clade Ca. globifer 1 Ca. nasuta.
Character optimization in Mesquite supports this as
being the condition at the basal node in the Chamaeleonidae. We regard this character as plesiomorphic within
chameleons.
The Processus Parietalis Inferior
In many chameleons, the parietal with a dorsal sagittal crest extends posteriorly to form a skull casque (e.g.,
Rieppel, 1981, Figs. 1 and 2). The development of a casque in chameleons results in an enlargement of the
medialis and profundus layers of the external adductor.
Their site of origin becomes extended in a posterodorsal
direction (Rieppel, 1981). There are several articles on
the chameleon skull or its musculature (e.g, Rieppel
1981, 1987, 1993; Rieppel and Crumly, 1997). Rieppel
(1987) figures and discusses variation in the ventral
region of parietal crest of chameleons. In Ch. calyptratus, the ventral region of the crista parietalis inferior
forms a long, posteriorly oriented sagittal process (processus parietalis inferior). This process (or flange) was
not observed by Rieppel (1987). The origin of this
derived structure may be found in the dorsally elevated
parietal crest which forms a weak contact between parietal and squamosal in Ch. calyptratus. This extra posterior flange arises to buttress the increased parietal crest
and stabilizes it against the occipital complex. The taxa
with a lower parietal crest have a strong contact
between parietal and squamosal in the dorsal region.
There are several types of parietal-squamosal contact in
chameleons. In Bradypodion pumilus, the parietal forms
a roof, and it bears ventrolateral processes, which are
lacking in for example, Ch. melleri. The origin of this
structure corroborates the latter’s homology with the
supratemporal process of the parietal in other lizards
(see Rieppel, 1981). In two taxa studied here—Ca. globifer and F. pardalis, the posterodorsal portion of the parietal is laterally extended into the small lateral laminae
underlying the squamosal (Fig. 13; B2). In Ca. globifer,
the whole posterior region of the parietal is extended laterally in the posterior direction. This gives the entire
parietal an hourglass shape. The lateral laminae make
relatively strong parietal-squamosal contact. However, if
the parietal crest rises much more dorsally, as in Ch.
calyptratus, the angle at which the squamosal contacts
the parietal becomes very sharp and there is no longer
room for these structures (Fig. 13; A2). In Ch. calyptratus, the parietal is triangular in shape, with a long, very
narrow posterodorsal termination in both anterior and
dorsal views. The absence of the lateral laminae makes
the contact between parietal and squamosal weak, and
only lateral contact is present.
The presence of the processus parietalis inferior is
likely associated with the evolution of the highly dorsally elevated parietal crest. This could be an adaptation
allowing the loss of the lateral laminae. This may
change the stress and strain distribution at the back of
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the skull during the contraction of the jaw adductors.
Moreover, the dorsal elevation of the parietal crest
causes movement away from the supraoccipital. There
only remains a small area located in the anterior region
where contact could be formed between the sagittal ridge
of the parietal and the supraoccipital. We therefore propose that the processus parietalis inferior originated by
separating from the sagittal ridge of the parietal during
the formation of the dorsally elevated casque. This is
supported by the insertation of the musculature. The
splenius capitis originates from the neural spines of the
third cervical vertebra to the 1st dorsal vertebra (see Al
Hassawi, 2007). In Ch. calyptratus, the splenius capitis
inserts anteriorly on the supraoccipital and on the lateral wall of the inferior parietal process (personal observation). An aponeurosis originates from the posterior
projection of the parietal and inserts on the dorsal edge
of this process. In other chamaeleons such as F. pardalis, the splenius capitis inserts anteriorly on the supraoccipital and on the lateral side of the crista parietalis
inferior (see e.g. Al Hassawi, 2007; personal observation). The primary role of the inferior parietal process is
thus likely to make contact with supraoccipital and to
help to stabilize the entire region. The processus parietalis inferior is at least partially developed in Ch. chamaeleon and Ch. africanus. It is absent in for example, Ch.
dilepis, where the parietal is not greatly elevated dorsally. Although F. oustaleti has a well-developed dorsally
elevated parietal crest, the processus parietalis inferior
is absent, or only partially developed here. However, the
whole posterior region is rather wide and the parietal of
this taxon retains small lateral laminae.

CONCLUSIONS
The atlas and axis of all chamaeleonid genera (Brookesia, Rieppeleon, Archaius, Rhampholeon, Nadzikambia,
Bradypodion, Chamaeleo, Calumma, Furcifer, Kinyongia, and Trioceros) have been examined. The atlas and
axis of these reptiles show considerable differences in
their morphology (see Tables 3–5), reflecting differences
in function and thus also in behavior and ecology. It is
beyond doubt that heterochronic processes have played a
role in the evolution of the structures of the atlas–
axis complex in chamaeleonids. In addition, a new
anatomical structure of the parietal is described in
Ch. calyptratus: the processus parietalis inferior.
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