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The parabasisphenoid complex in Mesozoic
turtles and the evolution of the testudinate
basicranium

Juliana Sterli, Johannes Miiller, Jérémy Anquetin, and André Hilger

Abstract: During the early development of turtles and other amniotes, the parabasisphenoid, or basisphenoid s.1., is formed
by at least two centers of ossification: the endochondral basisphenoid s.s. and the dermal parasphenoid. This fusion is usu-
ally so dramatic that the two elements cannot be distinguished from each other in the adult stage. Here, we describe the
basicranium of two species of Mesozoic turtles from Europe, Plesiochelys etalloni and Pleurosternon bullockii, partly us-
ing micro-CT (computer tomography) scans, and show that in both taxa para- and basisphenoid remain distinguishable
throughout life. We also identify the extent that each of the two elements has contributed to the formation of the braincase
floor. Because the structure of the parabasisphenoid determines the course of the internal carotid artery into the skull, our
findings allow us to discuss the early evolution of the carotid pattern and the turtle basicranium in new detail. By survey-
ing the main patterns of carotid circulation in extinct and extant turtles, we bring new evidence to the idea that it was
largely the ossification of the parasphenoid that, along with the closure of the interpterygoid vacuity and the posterior ex-
tension of the pterygoids, shaped the internal carotid patterns as seen in modern turtles.

Résumé : Au cours des premiers stades de développement, le parabasisphénoide, ou basisphénoide s.1., des tortues et au-
tres amniotes est formé par deux centres d’ossifications : le basisphénoide s.s., d’origine endochondrale, et le parasphé-
noide, d’origine dermique. La fusion entre ces deux éléments est telle qu’ils ne sont plus discernables ’un de 1’autre chez
les adultes. Nous décrivons, en partie a I’aide de la microtomographie (« micro-CT scans »), le basicrane de deux indivi-
dus appartenant a deux especes de tortues mésozoiques d’Europe, Plesiochelys etalloni et Pleurosternon bullockii, et mon-

trons que le para- et basisphénoide restent des éléments distinguables a 1’état adulte chez ces especes. Nous établissons
également 1’étendue de la contribution de chacun de ces éléments a la formation du plancher de la boite cranienne.
Puisque la structure du parabasisphénoide détermine le trajet de 1’artére carotide interne a travers le crane, ces résultats
nous permettent de discuter en détail des premicres phases de 1’évolution du systéme carotidien et du basicrane chez les
tortues. En examinant les principaux schémas de circulation carotidienne chez les tortues actuelles et fossiles, nous propo-
sons de nouvelles indications supportant I’hypothese que 1’ossification du parasphénoide, associée a la fermeture de la ca-
vité interptérygoidienne et a I’extension postérieure du ptérygoide, a largement contribué a la mise en place des

morphologies rencontrées chez les tortues actuelles.

[Traduit par la Rédaction]

Introduction

Embryological evidence suggests that, similar to other
amniotes, the parabasisphenoid (basisphenoid s.l.) of extant
turtles is composed of a synostosial fusion of an endochon-
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dral bone (basisphenoid s.s.) and a dermal bone (parasphe-
noid) (Pehrson 1945; Gaffney 1979a and literature cited
therein; Bellairs and Kamal 1981; Sheil 2003). In adult tur-
tles, both bones cannot be differentiated from each other be-
cause they fuse very early in ontogeny. Until now, no fossil
turtles have been described in which these two bones are
distinguishable from each other.

The morphology of the para- and basisphenoid also has
implications for the course of the internal carotid artery.
Generally in tetrapods, the internal carotid artery enters the
braincase posteriorly and becomes subdivided at the anterior
level of the basicranium into a palatal and cerebral branch,
with the former continuing to the snout and the latter enter-
ing the hypophyseal fossa (Shishkin 1968). In several living
taxa (e.g., squamates, crocodiles, turtles), embryological
studies show that the ossification of the parasphenoid traps
the carotid artery between this bone and the basisphenoid
s.s. (Shishkin 1968; Rieppel 1993). In modern turtles, the
carotid artery is enclosed inside the canalis caroticus inter-
nus either within the pterygoid or between the pterygoid
and the parabasisphenoid in cryptodiran turtles, or between
the prootic and parabasisphenoid or prootic-quadrate in
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pleurodiran turtles, and the separation into cerebral and pal-
atal branches occurs inside the pterygoid-braincase complex.
However, extinct turtles show that the diversity of carotid
circulation patterns is far more complex than previously
thought. In a recent study, Sterli and de la Fuente (2010) de-
scribed six different patterns of relationship between the
pterygoid, the braincase, and the carotid artery in fossil and
extant turtles, indicating that the morphological diversity as
seen in modern taxa is not representative of turtles as a
whole, and that fossil taxa can provide valuable information
about the evolution of this unique anatomical structure.

The main objective of the present work is to describe the
parabasisphenoid complex of two Mesozoic turtles, Ple-
siochelys etalloni and Pleurosternon bullockii, partially us-
ing micro-CT (computer tomography) scans. We also
clarify problematic and previously unknown details about
the course of the internal carotid artery in these taxa, and
show that both species largely have a distinguishable para-
and basisphenoid in adults — an unusual condition in tur-
tles. Furthermore, we will show that the presence of these
bones in the two investigated taxa has implications for the
evolution of the parabasisphenoid complex in turtles and its
involvement in the enclosure of the carotid artery as pro-
posed by Sterli and de la Fuente (2010).

Institutional abbreviations

MH: Naturhistorisches Museum, Basel, Switzerland;
PMZH, Palaeontological Museum, University of Ziirich,
Switzerland; SM, Stddtisches Museum, Solothurn, Switzer-
land; UMZC, University Museum of Zoology, Cambridge,
UK.

Anatomical abbreviations

ac, arteria cerebralis; ane, apertura narium externa; ani,
apertura narium interna; ap, arteria palatina in canalis caroti-
cus lateralis; bs, basisphenoid; bo, basioccipital; caj, cavum
acustico-jugulare; cc, cavum cranii; cci, canalis caroticus in-
ternus; ccv, canalis cavernosus; cl, cavum labyrinthicum;
cna, canalis nervi abducentis; col, columella; csa, canalis
semicircularis anterior; cst, canalis stapedio-temporalis; ct,
cavum tympani; ex, exoccipital; fccp, foramen carotici cere-
bralis posterior; fcl, foramen caroticus laterale; fn, fossa na-
salis; fnv, foramen nervi vidiani; fp, foramen prooticum;
fpcci, foramen posterius canalis caroticus internus; fpp, fora-
men palatinum posterius; fr, frontal; ju, jugal; mx, maxilla;
na, nasal; nc, notochord crest; op, opisthotic; pa, parietal;
pal, palatine; pbs, parabasisphenoid; pc, processus clinoi-
deus; pi, processus interfenestralis of opisthotic; pip, proces-
sus inferior parietalis; pmx, premaxilla; po, postorbital; ppe,
processus pterygoideus externus; prf, prefrontal; pro,
prootic; ps, parasphenoid; pt, pterygoid; qj, quadratojugal;
qu, quadrate; rst, recessus scalae tympani; so, supraoccipital;
sq, squamosal; vo, vomer.

Materials and methods

The specific description of the parabasisphenoid complex
in turtles is based on two specimens belonging to two differ-
ent species of fossil turtles, Plesiochelys etalloni from the
Upper Jurassic of Switzerland and Pleurosternon bullockii
from the Lower Cretaceous of England. Both species are
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considered stem-Cryptodira (Gaffney et al. 2007; Joyce
2007). The systematic position of the genus Plesiochelys
is somewhat problematic, but Gaffney (1975) recognized
two valid species based on cranial anatomy: P. etalloni
and P. planiceps. Based on several specimens (SM 134,
SM 135, SM 594, and MH 435), Gaffney (1976) described
in detail the skull anatomy of Plesiochelys etalloni and
pointed out that the pterygoid and the braincase have a
large sutural contact, resulting in a complete enclosure of
the internal carotid artery after the latter enters the skull
in the posteroventral part of the pterygoid. In contrast,
Rieppel (1980: 127), based on several specimens of Ple-
siochelys etalloni (SM 134 and 136) and “Thalassemys”
moseri (PMZH A/ 514), suggested that the flooring of
the canalis caroticus internus in not complete in these spe-
cies, representing a morphocline between the condition
found in baenids and crown-group cryptodires. However,
this discussion is mostly irrelevant for the present study
and simply suggests that there may be some variability in
the extent of the flooring of the canalis caroticus internus
in stem cryptodires.

The other species discussed in this paper is Pleurosternon
bullockii. The skull restudied here, UMZC T1041, was orig-
inally described as a new genus and species, Mesochelys
durlstonensis, by Evans and Kemp (1975). Later, Gaffney
(1985) and then Gaffney and Meylan (1988) synonymized
Mesochelys durlstonensis with Pleurosternon bullockii.
Most subsequent authors (e.g., Milner 2004), including our-
selves, follow this proposal.

High-resolution X-ray micro-computed tomography was
applied to obtain detailed information on the braincase of
Plesiochelys etalloni (MH 435). The scan was performed at
the Helmholtz-Zentrum Berlin fiir Materialien und Energie,
with 1000 projections over 360°, an exposure time of 0.6 s,
a voltage of 100.0 kV, and a current of 100 pA.

Description

Although in recent years many new fossil turtles have
been found and new patterns of carotid circulation have
been described (summarized in Sterli and de la Fuente
2010), some confusion remains regarding the nomenclature
of the foramina serving as the passage of the carotid artery
and its branches. Therefore, we would like to standardize the
nomenclature regarding the foramina involved in carotid cir-
culation in turtles to be precise and to avoid misinterpreta-
tion about the primary homology statements regarding these
structures.

Foramen posterius canalis caroticus internus (fpcci): The
posterior entrance into the braincase of the internal carotid
artery (Gaffney 1979a). The internal carotid artery anteriorly
bifurcates into the cerebral and palatine arteries (or
branches). This bifurcation may be closed ventrally by bone
or not (see Discussion and conclusion).

Foramen carotici cerebralis posterior (fccp): The posterior
entrance into the braincase of the cerebral branch of the in-
ternal carotid artery (modified from Rieppel 1980). When
the bifurcation of the internal carotid artery is not covered
ventrally by bone this foramen is clearly seen on the ventral
surface of the basisphenoid. We claim for the usage of this
name to avoid the confusion with the commonly used term
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Fig. 1. Photographs of the skull of Plesiochelys etalloni (MH 435): (a) ventral view; (b) posterior view; and (c) right lateroposterodorsal
view. See “Anatomical abbreviations” section in text.

foramen caroticum basisphenoidale. This foramen was first
defined by Gaffney (1983: p. 448) in his description of the
cranial anatomy of Meiolania platyceps as “a large opening
of the canalis [caroticus internus] that communicates with
the space formed by the intrapterygoid slit. The homologue
of this opening is not obvious [...]. [...] it is most likely that
the foramen caroticum basisphenoidale contained the pala-
tine artery [...]”. Hence, following the reasonable interpreta-
tion of Gaffney (1983), the palatine branch of the internal
carotid exits the canalis caroticus internus through the fora-
men caroticum basisphenoidale and continues forward ven-
tral to the parabasisphenoid and through the intrapterygoid
slit in M. platyceps. For the moment, this pattern is known
only in meiolaniids (see Discussion and conclusion). After
Gaffney (1983), the name foramen caroticum basisphenoi-
dale has been mistakenly applied by most authors to the
foramen through which the cerebral branch of the internal
carotid enters the skull (foramen carotici cerebralis poste-
rior).

Foramen carotici cerebralis anterior (fcca): The anterior
opening of the cerebral artery after its path through the basi-
sphenoid (redefinition of the foramen anterior canalis caroti-
cus internus of Gaffney 1979a). This foramen is usually

located in the posterior wall of the sella turcica (Gaffney
1979a).

Foramen caroticus laterale (fcl): The posterior opening for
the entrance of the palatine artery (lateral branch of the in-
ternal carotid artery after bifurcation) into the skull (Gaffney
1979a). In basal turtles, where the interpterygoid vacuity is
still open, the palatine artery would have entered the skull
through this open space; in more derived turtles, it usually
pierces the pterygoid.

Plesiochelys etalloni (MH 435)

External view

As this species was described in detail by Gaffney (1976),
we describe only the parabasisphenoid complex and associ-
ated structures of specimen MH 435. Because the posterior
part of the skull is missing in specimen MH 435, the cavum
cranii and associated structures are easily visible. Whereas
in ventral view, it seems that the parabasisphenoid is formed
by only one bone (Fig. 1a), the perception changes when the
specimen is seen in dorsal and posterior view (Figs. lc, 1d)
and it becomes evident that the parabasisphenoid complex is
actually formed by two fused bones that are distinguishable
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Fig. 2. Micro CT scan of the skull of Plesiochelys etalloni (MH 435): (a) yz slide (number 895 of 1650) near the sagital plane; (b) xy slide
(number 1313 of 1991); (¢) xy slide (number 1517 of 1991); and. (d) xy slide (number 1573 of 1991). (e) xy slide (number 1587 of 1991).

See “Anatomical abbreviations” section in text.

cc + rst

. n
cci bs NC ps

from each other in shape and structure. The dorsal element
is the thicker of the two and quadrangular in shape, while
the ventral element is notably thinner, narrower, and extends
more posteriorly than the dorsal one. We interpret the dorsal
element to be the endochondral basisphenoid, and consider
the ventral element to be the dermal parasphenoid. The basi-
sphenoid also contacts the pterygoid and the prootic later-
ally. The parasphenoid extends posteriorly together with
both pterygoids. Posterodorsally, the parasphenoid has a
roughened area that is the contact surface with the basiocci-

~cna (V)
cCi

cc + rst

pital. Furthermore, in the midline of the dorsal surface of the
parasphenoid there is a distinct crest that can be considered
the imprint of a groove in the basisphenoid (Figs. lc, 2d,
2e). It is well known that in the early ontogeny of extant tur-
tles the notochord inscribes a narrow notochordal canal that
extends into the ventral surface of the basal plate where the
basisphenoid ossifies (Sheil 2005; Sheil and Greenbaum
2005). At stage 24 in Apalone spinifera, Sheil (2003) de-
scribes that the “basisphenoid is incised by a prominent no-
tochordal groove that extends anteriorly to the midbody of
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Fig. 3. Photographs of the skull of Pleurosternon bullockii (UMZC 1041): (a) ventral view; (b) posterior view; and (c¢) right lateropostero-

ventral view. See “Anatomical abbreviations” section in text.

fnv (VII)

the element””. We, therefore, interpret the groove in the basi-
sphenoid and the corresponding crest in the parasphenoid to
represent the remainder of the notochordal canal that was
trapped between both bones during development.

Internal view

Specimen MH 435 was scanned using micro-CT technol-
ogy (Figs. 2a-2e). Based on the anteroposterior slices a
clear distinction between para- and basisphenoid can be ob-
served in the posteriormost area (Figs. 2d—2e). As was no-
ticed by Gaffney (1976), the posterior opening of the
canalis caroticus internus is located far posterior in the pter-
ygoid-parabasisphenoid suture (Figs. 2a—2¢), and further an-
teriorly the canalis caroticus internus runs between the
parasphenoid and the pterygoid (Figs. 2c-2¢). More anteri-
orly, where the arteria carotica interna splits into its cerebra-
lis and palatina portions, the canalis caroticus internus is
located deeply in the undifferentiated parabasisphenoid
(Fig. 2b). As described below, the parasphenoid traps the in-
ternal carotid artery between the parasphenoid and basisphe-
noid anteriorly (Figs. 2a—2e).

Pleurosternon bullockii (UMZC T1041)

In ventral and dorsal view, the endochondral basisphenoid
and the dermal parasphenoid can be clearly distinguished
from each other (Figs. 3a—3c). The basisphenoid is a thick
quadrangular element, but not as thick as in Proganochelys
quenstedti or Palaeochersis talampayensis (personal obser-
vation J. Sterli, 2004 and 2007). The parasphenoid lies ven-
tral to the basisphenoid. It is narrower and longer than the

basisphenoid, contacting the basioccipital posterodorsally
and the pterygoid laterally. The anterior contact of the para-
sphenoid with the palatal bones cannot be described because
the palatines and the posterior part of the vomer are missing.
Similarly to MH 435 (see previous section), there are differ-
ences in the texture of both bones, so it seems that the para-
sphenoid is a denser bone than the basisphenoid.

In the original description of Mesochelys durlstonensis,
Evans and Kemp (1975: 30) recognized that UMZC 1041
has a basitrabecular (basipterygoid) process that fits into the
pterygoid and that the foramen that “opens into the pit for
reception of the basipterygoid process” is probably the pos-
terior opening of the canalis nervi vidiani. They also pointed
out that the “foramen posterior canalis caroticus internus is
on the ventro-lateral margin of the basisphenoid at about
mid-length, alongside the basipterygoid process”. Gaffney
(1979b) found a similar structure in Glyptops plicatulus and
noted that this structure is not the basitrabecular process.
Consequently, there is no processus basitrabecularis in Glyp-
tops plicatulus or in Pleurosternon bullockii, but a sinus
where some structures can be recognized (see the follow-
ing). We agree with Gaffney’s interpretation, because it can
be seen in Pleurosternon bullockii that there is no process
going down and fitting on the pterygoid as in Proganochelys
quenstedti, Palaeochersis talampayensis, and Kayentachelys
aprix. Besides, it is clearly seen that the parabasisphenoid
complex and the pterygoid of Pleurosternon bullockii are at
the same level, in contrast to the lower position of the pter-
ygoid in the above mentioned basal turtles. In addition, in
topological terms the basitrabecular process of basal turtles
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Fig. 4. Evolution of the internal carotid complex in turtles: (a—f) morphology of the basicranium in selected turtles (ventral view); (g—h)

evolution of character states according to Gaffney et al. (2007) and Joyce (2007), respectively. (a) Proganochelys quenstedti (redrawn from
Gaffney 1990). (b) Kayentachelys aprix (redrawn from Sterli and Joyce 2007). (c) Mongolochelys efremovi (redrawn from Sukhanov 2000).
(d) Meiolania platyceps (redrawn from Gaffney 1983; ventral part of left pterygoid reconstructed to show the intrapterygoid slit). (e¢) Noto-
emys laticentralis (redrawn from Lapparent de Broin et al. 2007). (f) Sinemys gamera (redrawn from Brinkman and Peng 1993). Dark gray:
internal carotid artery and cerebral branch. Light gray: palatine branch. Dashed line: path of the arteries covered by bone. Continuous line:

path of the arteries not surrounded by bone.

(e.g., Pr. quenstedti, K. aprix) is located anteriorly to the
posterior foramen for the cerebral artery (foramen carotici
cerebralis posterior), consequently the bifurcation between
the cerebral and palatine branches of the internal carotid
would have been far posteriorly to the basitrabecular proc-
ess. The position and the structures involved in the basitra-
becular process of basal turtles and the sinus in the
parabasisphenoid complex of Pleurosternon bullockii do not
seem to satisfy the primary homology assessment. Instead of
a basitrabecular process in Pleurosteron bullockii there is a
concavity leading to two foramina, interpreted by Evans
and Kemp (1975) as the foramen posterior canalis caroticus
internus (the medial one located in the basisphenoid) and the
posterior foramen pro ramo nervi vidiani (the lateral one in
the pterygoid) (Fig. 3a). Based on comparisons of Pleuro-
sternon bullocki with other fossil turtles such as Glyptops
plicatulus, Boremys pulchra, Dracochelys bicuspis, Kalloki-
botion bajazidi, we reinterpret the medial foramen located in
the basisphenoid as the posterior foramen for the cerebral ar-
tery (foramen carotici cerebralis posterior) through which
the arteria cerebralis enters the skull and consider the lateral
foramen located in the pterygoid as the foramen caroticus
laterale through which the arteria palatina enters the skull
(Fig. 3a). In this species the bifurcation between the palatine
and cerebral arteries is not floored by bone, resembling the
morphology found in Glyptops plicatulus as suggested by
Gaffney (1979b). We agree with Evans and Kemp (1975)
that the small foramen located in the ventral side of the pter-
ygoid “behind and lateral to the basispterygoid articulation™
could be the foramen pro ramo nervi vidiani (Fig. 3a), as in
Glyptops plicatulus (Gaffney 1979b). The foramen pro ramo
nervi vidiani is the posterior opening to a short canal con-
necting the canalis caroticus internus and the canalis caver-
nosus and transmits the palatine branch of nerve VII and a
small branch of the internal carotid artery (Gaffney 1979a).
In Pleurosternon bullockii as in Glyptops plicatulus, the ca-
nalis caroticus internus is not completely floored by bone
consequently, the foramen pro ramo nervi vidiani is seen in
the ventral view of the pterygoid.

Discussion and conclusion

Among extant amniotes, the presence of at least two sep-
arate ossification centers in the anteroventral region of the
basicranium (basisphenoid and parasphenoid) has been
documented during the embryological development of tur-
tles, birds, crocodiles, and squamates (de Beer 1937; Pehr-
son 1945; Jollie 1957; Bellairs and Kamal 1981; Klembara
1993; Rieppel 1993 and references therein). Later in ontog-
eny, both bones fuse and become undistinguishable in the
adults. However, there are a few cases in the fossil record
where the parasphenoid and basisphenoid can be distin-
guished from each other. The best-studied clade where the

parasphenoid and basisphenoid are well differentiated is the
Sauropterygia. In this group, the morphology and relation-
ship between these bones and the interpterygoid vacuity, the
pterygoids, and the basioccipital are phylogenetically infor-
mative characters (O’Keefe 2001). Among archosauro-
morphs, a separate parasphenoid and basisphenoid were
recognized in the crocodylomorph Stratiosuchus maxhechti
from the Upper Cretaceous of Brazil (Gongalves 2003).
Among Parareptilia, a clear suture between the parasphenoid
and basisphenoid was described in the procolophonid Eume-
tabolodon bathycephalus from the Lower Triassic of China
(Ling 1983). The remaining fossil taxa in which the two
bones can be identified are the two fossil turtles described
in this study.

The close relationship between the parasphenoid, basi-
sphenoid, and the entrance and circulation of the carotid ar-
tery provide important insights into the evolution of the
carotid circulation in turtles. Moreover, the description of a
distinguishable parasphenoid and basisphenoid in two spe-
cies of fossil turtles enables us to discuss the evolution of
the internal carotid complex in turtles within a phylogenetic
context. As pointed out by Sterli and de la Fuente (2010),
the evolution of the carotid circulation in turtles is far more
complex than previously thought, and the authors described
six different patterns of carotid circulation. In the following
paragraphs we expand on the ideas presented by Sterli and
de la Fuente (2010) about the correlation between the more
extensive ossification of the parasphenoid and the enclosure
of the internal carotid in bone in turtles.

In Proganochelys quenstedti, the most basal turtle for
which this anatomical area is known, the interpterygoid va-
cuity is open and the parabasisphenoid is pierced by paired
foramina (foramen carotici cerebralis posterior; Fig. 4a).
These foramina are located relatively close to the midline
and serve as the entrance for the arteria cerebralis (Gaffney
1983, 1990). The arteria palatina is interpreted to continue
anteriorly through the interpterygoid vacuity (Gaffney and
Meylan 1992). This condition is also known in Kayen-
tachelys aprix (Fig. 4b), Heckerochelys romani, and Con-
dorchelys antiqua and is recognized as pattern VI by Sterli
and de la Fuente (2010). In this configuration, the bifurca-
tion of the internal carotid artery into its palatine and cere-
bral branches is not enclosed by bone. Gaffney and Meylan
(1992: 17) suggested that an intermediate morphology be-
tween the aforementioned arrangement and the patterns
seen in more derived turtles may be present in Kallokibotion
bajazidi. In Kallokibotion bajazidi, as well as in Mongol-
ochelys efremovi, the interpterygoid vacuity is closed and
the arteria palatina penetrates the basicranium through
paired foramina caroticus laterale, located anteriorly close
to the parabasisphenoid-pterygoid suture (Fig. 4c¢). In these
species, two pairs of foramina are visible in ventral view:
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the foramen caroticus laterale anteriorly and the foramen
carotici cerebralis posterior posteriorly (pattern V of Sterli
and de la Fuente (2010)). The bifurcation of the internal car-
otid into the palatine and cerebral branches occurs outside
and ventral to the bone. In all of the aforementioned species,
the internal carotid (or its branches) is not trapped between
the basisphenoid and parasphenoid by a posteroventral ex-
pansion of the latter. However, the more expanded ossifica-
tion of the parasphenoid and pterygoid starts to close the
interpterygoid vacuity in Kallokibotion bajazidi and Mongol-
ochelys efremovi, reducing the entrance of the palatine ar-
tery to a foramen.

In Meiolaniidae, the pattern of internal carotid circulation
is difficult to interpret. Because the pterygoid forms a ca-
nalis caroticus internus posterolaterally and the foramen pos-
terius canalis caroticus internus opens well posteriorly in the
pterygoid, Gaffney (1983, 1996) proposed that the morphol-
ogy of meiolaniids was similar to that of eucrytodires. How-
ever, anterior to the parabasisphenoid-pterygoid suture, the
canalis caroticus internus is not floored by bone (foramen
caroticum basisphenoidale sensu Gaffney 1983) and the pa-
latine branch of the internal carotid is interpreted to branch
off there, continue forward ventral to the bone, and enter the
skull through the intrapterygoid slit (Fig. 4d). The cerebral
artery enters the skull in the basisphenoid through the fora-
men carotici cerebralis posterior. The intrapterygoid slit, a
structure unique to meiolaniids, is formed by expansions of
the pterygoids that form a horizontal sheet of bone ventral to
the basisphenoid (Gaffney 1983). Primary homology assess-
ment is particularly difficult concerning this structure. Ac-
tually, in the current state of knowledge, this morphology
could be argued to derive from the eucryptodire condition,
as suggested by Gaffney (1996), or from the pattern seen in
the most basal turtles, in which case the intrapterygoid slit
would be a modified interpterygoid vacuity. Hence, it is un-
clear whether or not the parasphenoid expands ventrally to
the basisphenoid in meiolaniids. As for eucryptodires (see
the following discussion), this issue should be further inves-
tigated.

In Notoemys laticentralis, the most basal stem pleurodire
in which this area is known, the split between the cerebral
and palatine branches and the part of the internal carotid ar-
tery posterior to that split are floored by bone (Fig. 4e). The
foramen posterius canalis caroticus internus (fpcci) is
formed by the parabasisphenoid and located close to the ba-
sisphenoid—prootic suture (Lapparent de Broin et al. 2007).
In more derived pleurodires, the fpcci is formed by the
prootic and (or) the parabasisphenoid (Gaffney 1979a; pat-
tern III of Sterli and de la Fuente 2010). Given the results
presented herein, it can be proposed that the parasphenoid
expands ventral to the basisphenoid and traps the internal
carotid and its bifurcation into the cerebral and palatine
branches in these turtles. The result is the formation of a
proper fpcci that is located more laterally and posteriorly
than the foramen carotici cerebralis posterior of more basal
taxa. A similar process can be proposed for Paracryptodira:
the parasphenoid expands and traps the internal carotid ven-
tral to the basisphenoid up to a point situated midway along
the basisphenoid—pterygoid suture (pattern II of Sterli and de
la Fuente 2010). As is illustrated herein by UMZC T1041,
the bifurcation of the internal carotid into its cerebral and
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palatine branches is not covered ventrally by bone in Pleu-
rosternon bullockii but rather is contained in a shallow cav-
ity along the basisphenoid—pterygoid suture, as in Glyptops
plicatulus (Gaftney 1979b). This could be interpreted as a
slightly less developed expansion of the parasphenoid in
these forms in comparison to Baenidae, but until the mor-
phology of this area in the latter clade is further investigated
no definitive interpretation can be proposed.

In eucryptodires, the pterygoid also forms part of the ca-
nalis caroticus internus and the fpcci opens posteriorly in
this bone (pattern I of Sterli and de la Fuente 2010). Some
kind of variability seems to exist in the extent to which the
pterygoid floors the canalis caroticus internus in stem cryp-
todires (Rieppel 1980). Similarly, many stem cryptodires
(“sinemyds” and ‘“macrobaenids,” pattern IV of Sterli and
de la Fuente 2010) show variably developed openings on
the ventral surface of the parabasisphenoid that reveal the
split of the internal carotid into its cerebral and palatine
branches (e.g., Brinkman and Nicholls 1993; Jamniczky et
al. 2006; Fig. 4f). According to the results presented herein,
this can be interpreted as a variable extent of the ossification
of the parasphenoid ventral to the basisphenoid. The re-
cently described Basilochelys macrobios (Tong et al. 2009)
shows that this variability still exists in early crown-group
cryptodires. The evolution of the internal carotid system in
fossil eucryptodires is still poorly understood and requires
more detailed investigation.

It appears from the previous discussion that three factors
can explain the different patterns of internal carotid circula-
tion in turtles: (1) the closure of the interpterygoid vacuity;
(2) the expansion of the parasphenoid ventral to the basi-
sphenoid; and (3) the posterior extension of the pterygoid
alongside the basisphenoid. We have mapped these transi-
tions onto two recently proposed turtle phylogenies
(Figs. 4g, 4h): that of Gaffney et al. (2007), which repre-
sents the continuing work of E.S. Gaffney and collaborators
since the late 1970s; and that of Joyce (2007), which sup-
ports a partly divergent pattern where some key taxa, previ-
ously considered to belong to the crown group, are placed
along the phylogenetic stem of turtles. In the context of the
phylogeny of Gaffney et al. (2007), the posterior extension
of the pterygoid alongside the basisphenoid is the only one
of the three aforementioned features that would appear one
time (Fig. 4g). Actually, since Gaffney and Meylan (1988),
the posterior extension of the pterygoid is considered an im-
portant synapomorphy of Selmacryptodira (i.e., all crypto-
dires to the exception of Kayentachelys aprix, in that
context). The closure of the interpterygoid vacuity would
occur two times: along the branch that leads to total group
Pleurodira (condition unknown in Proterochersis robusta)
and as a synapomorphy of the clade uniting all cryptodires
more derived than Kayentachelys aprix. The expansion of
the parasphenoid ventral to the basisphenoid would occur
three times: as synapomorphies of total group Pleurodira
(condition unknown in Proterochersis robusta), Paracrypto-
dira and eucryptodires, respectively (the condition in meio-
laniids is considered to be unknown for the purpose of this
study). The repartition of this character state could also be
explained by an acquisition along the branch that leads to
the clade uniting Kallokibotion bajazidi, Paracryptodira and
eucryptodires with a subsequent reversal in K. bajazidi. Ei-
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ther way, it involves a three step process. In the context of
the phylogeny proposed by Joyce (2007), the closure of the
interpterygoid vacuity and the posterior expansion of the
parasphenoid ventral to the basisphenoid would occur only
one time (Fig. 4h): as synapomorphies of the clade uniting
all turtles more derived than Kayentachelys aprix and of
Testudines (i.e., the crown-group turtles), respectively. The
posterior extension of the pterygoid would be acquired once
as a synapomorphy of all turtles more derived than Kayen-
tachelys aprix, and subsequently would have become lost
along the branch that leads to total group Pleurodira.

This comparison suggests that the repartition of character
states gives stronger support to the phylogeny of Joyce
(2007): four changes are required to explain this repartition,
whereas six changes are necessary in the context of the phy-
logeny of Gaffney et al. (2007). Although the difference is not
major, it could be additionally argued that the multiple clo-
sures of the interpterygoid vacuity (two times) and expansions
of the parasphenoid ventral to the basisphenoid (three times or
two with one reversal) necessary in Gaffney et al.’s (2007)
scheme are less probable in theory because they involve con-
vergent evolution of anatomically complex structures.

In conclusion, the results presented in this study and the
previous discussion indicate that the peculiar pattern of ossi-
fication of the parasphenoid in turtles can explain at least
the early stages of the evolution of the internal carotid com-
plex in this group. However, further investigations are re-
quired to achieve a better understanding of the evolution of
this complex, especially in meiolaniids and eucryptodires.
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