Reprinted from

Crocodilian Biology and Evolution

A biomechanical transformation model for the evolution
of semi-spheroidal articulations between adjoining
vertebral bodies in crocodilians

S. W. Salisbury and E. Frey

Surrey Beatty & Sons

43 Rickard Road, Chipping Norton, New South Wales, 2170 Australia
Telephone: (02) 9602 3888 Facsimile: (02) 9821 1253
' Email: surreybeatty @iform.com.au




CHAPTER 9 i

FoLLowING  Huxley

A biomechanical transformation model
for the evolution of semi-spheroidal
articulations between adjoining vertebral
bodies in crocodilians

S. W. SALISBURY'"? and E. FREY?

With the exception of the bipianar articulation between the two sacral vertebrae, the adjoining vertebral bodies
of extant crocodilians and other eusuchians form synovial, semi-spheroidal articulations. On each of the cervical,
thoracic and lumbar vertebrae, the semi-spheroidal-shaped condyle is situated at the caudal end of the vertebral
body, white the socket, in which the condyle of the following vertebra articulates, is at the cranial end; a condition
that is described as procoelous. The body of the first caudal vertebra is biconvex, having a condyle at both
ends. All the other caudal verlebrae are procoglous. As is the case in ali crocodilians, both the cranial end of
the body of ihe first sacral vertebra and caudat end of that belonging to the second sacral vertebra are concave.
In contrast 1o susuchians, the non-sacral vertebrae of most othor crocodilians are amphicoelous, meaning that
the vertebral body is concave at both ends. Procoelous vertebrae are also known o occur'in a some Cretaceous
mesosuchians, namely Bernissartia fagesii, Gilchristosuchus palatinus and at least two species of atoposaurids.
Additionatly, in B. fagesii the body of the first caudal vertebra is biconvex, whereas in the atoposaurid Thericsuchus
pusillus it is convex cranially and concave terminally; a condition that is described as opisthocoelous.

Despite the systematic significance attached to these features, the reasons for the evolutionary transformation
from amphicoelous to either procoelous or opisthocoelous vertebral bodies in crocodilians have never been
addressed. A biomechanical model for the axial bracing mechanism of extant crocodilians indicates that during
locomotion, the articulations between adjeining vertebral bodies must accommodate dorsoventral and transverse
shear loads, together with rostroterminal torsion, compression and shear. In the context of this model, the main
mechanical role played by procoelous vertebral bodies is stabilization of these articulations against dorsoventral
and transverse shear foads. In the majority of fossil crocoditians with amphicoelous vertebrae, similar models
suggest that the influence of dorsoventral and transverse shear loads on the articulations between adjoining
vertebral bodies is minimal. This is due primarily to the stabilizing effect of peg-and-groove articulations between
adjoining osteoderms of the paravertebral shield. A consequence of this type of bracing mechanism, however, is
that lateral flexion of the trunk is considerably restricted. In those crocoditians with amphicoelous vertebrae and
a paravertebral shield in which the lateral margins are open, the capacity for lateral flexion is increased, but
stabilization of the articulaticns between adjoining vertebral bodies is problematic unless the animal is of a low
mass or fully aquatic. Both procoely and opisthocoely, which most likely involve a more extensive ossification of
either the caudal/terminal or cranial end of the vertebral body respeclively, represent a mechanical solution to
this problem. Similar to many other posicranial features considered characteristic of eusuchians, in the context
of a biomechanical model for the axial bracing mechanism, the transformation to semi-sphercidal articulations
between adjoining veriebral bodies from an initially biconcave condition can be reconsiructed from a number of
different fossil crocoditians. This suggests that the current preference for regarding the evolutionary crigin of extant
crecoditians and other eusuchians as being the result of a single, step-wise transformation process is problematic.

INTRODUCTION
(1875), extant

vertebrae), between which the contact is
biplanar in all crocodilians (Cuvier 1824;
"Owen 1849-84), adjoining corpora verte-

crocodilians are referred to the suborder
Eusuchia. Taxonomically, eusuchians are
distinguished from other crocodilians based
primarily on the possession of a palatum
osseum secundare (bony secondary palate), in
which the choanae secundares (secondary
choanae) are enclosed completely by the ossa
pterygoidea (pterygoids), and nature of the
articulationes intercorporales (articulations
between adjoining vertebral bodies). With
the exception of the vertebrae sacrales (sacral

brarum (vertebral bodies) in eusuchians form
what are here termed articulationes semi-
sphaeroidae (semi-spheroidal articulations).
Articulationes semisphaeroidae result from
a convex condylus at one end of the corpus,
and at the other end a concave fossa within
which the condylus of the adjoining vertebra
articulates. Unlike an articulatio sphaeroidea
{(spheroidal or “ball-and-socket” articulation),
for example the articulatio humeri (shoulder
joint} in humans, a constriction of the fossa
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around the condylus is not present (see Platzer
1991, P 29, Abb. E), On all the vertebrae
cervicales, thoracicae et lumbicales, the fossa
is at the cranial end of the corpus — a
condition described as proceelous {Owen
1849--84; Fig. I). This is also the case with all
the vertebrae caudales, except for vertebra
caudalis I (1st caudal vertebra), which has a
condylus on both ends of the corpus and is
therefore described as biconvex (Fig. 1C, D)
(Owen 1849-84). Like all crocedilians, both
the cranial end of the corpus of vertebra
sacralis T and caudal end of that belonging
to vertebra sacralis II are concave {Owen
1849-84; Mook 1921, 1932, Miller 1924;
Troxell 1925a; Hoffstetter and Gasc 1969).

In contrast to eusuchians, the non-sacral
vertebrae of most other crocodilians are
amphicoelous, meaning that both ends of
the corpus vertebrae are concave (Fig. 2).
Amphicoelous vertebrae in fossil crocodilians
were first described by Cuvier (1824)
Procoelous vertebrae are now known to also
occur in a number of mesosuchians, notably
the Glen Rose crocodilian (Joffe 1967,
Langston 1974; Norell and Clark 1990;
Clark and Norell 1992; Brochu 1997ab,
1999), some Lower Cretaceous atoposaurids
(Joffe 1967; Buffetaut 1982; Clark 1986;
Buscalioni and Sanz 1988; Michard e al.
1990; Brinkmann 1992), Bernissartia fagesti
(Buscalioni and Sanz 1990; Norell and Clark
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1990) and Gilchristosuchus palatinus (Wu and
Brinkman 1993). A biconvex vertebra caudalis
I is known to occur in Bernissartia fagesii
(Norell and Clark 1990}, whereas in the
atoposaurid Theriosuchus pusillus, the corpus
of this vertebra is convex cranially and
concave terminally — a condition described as
opisthocoelous (Owen 1849-84).

Along with a palatum osseum secundare,
the acquisition of procoelous vertebrae in
cusuchians is considered to represent one of
the major evolutionary developments to
have occurred during the 240 million year
history of the Crocodilia {Langston 1973;
Buffetaut 1982; Steel 1989). However, despite
their classificatory utility, it is still unclear
how or why such vertebrae evolved. To date,
one of the only studies to have focused on the
significance of procoely in crocodilians is that
of Troxell (1925a). Although his diagrams
portray prococly as resulting in an articulatio
semisphaeroidea, Troxell (1925a) considered
the articulation between procoelous corpora
vertebrarum to be an articulatio sphaeroidea.
Based on this observation, he proposed that
procoely could be linked to an increase in
the flexibility of the cauda (tail} and truncus
{trunk). The reason for this is that, considered
in isolation, an articulatio sphaeroidea
guarantees intimate contact over the entire
joint surface through a wider angle of move-
ment than an articulatio plana (biplanar
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Fig, 1. Alligator mississippiensis; vertebra thoracica 111 in
cranial (A} and left lateral (B) aspect; vertebra
caudalis I in cranial (C} and left lateral (D) aspect;
vertebra caudalis XIX in left lateral aspect
(E); vertebra caudalis XXVII in left lateral aspect
{F). The combination of a fossa cranially and
condylus caudally/terminally on the corpus, as seen
on the vertebrae thoracicae et caudalis (A, B, E
and F), represents a condition that is referred
to as procoelous. On the terminal-most vertebrae
caudales (F}, the concavitas around the fovea
condyli (see C) is more extensive than on other
vertebrae, considerably reducing the proceelous

F nature of the corpus. Vertebra caudalis I has a

condylus on both ends of the corpus and is hence

described as biconvex. Anatomical abbreviations
are listed in the Appendix. Redrawn from Frey

(1988a, Abbn. 6, 11, and 13).
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Fig. 2. Goniopholis “simus”, a goniopholidid mesosuchian; reconstruction of vertebra
lumbicalis II in eranial {A) and left ateral (B) aspect, based on IRSNB R1537
and IRSNB Ri535, two specimens from Early Cretaccous (Hauterivian-Lower
Aptian} of Bernissart. Belgium. Unlike the nen-sacral vertebrae of cusuchians
(Figs 1; 4A, B), this vertebra lacks a condylus on the corpus, which is instead
gently concave at both ends. Such a condition is referred o as amphicoelous.
Also of note in comparison to the vertebrae of cusuchians is the syntnetrical
rature of the sutura ncurocentralis in laleral aspect. Anatomical abbreviations

are listed in the Appendix.

articulation}. Troxell (1925a) also suggested
that procoely resulted in a more uniform
terminal to rostral transmission of force
through the columna vertebralis (Fig. 3).
Troxell (1925a) did not give any causative
factors to explain the dertvation of prococly

B
Troxell {1825a)

Fig. 3. Force transmission through an articulatio semi-
sphaeroidea following Troxell (1925a, Fig. 1). Cranial
is to the left. With procoelous corpora vertebrarum
(A}, a force {¢) transmitted cramiaily through the
axis rostroterminalis is directed at the same axis
of the proceeding corpus, passing through the
centre of the fossa vertebralis. With opisthococlous
corpora (B}, however, an equivalent force (a) will
pass through the margin of the fossa vertebralis
apd miss the axis rostroterminalis of the proceed-
ing corpus,

from an initially amphicoelous condition,
suggesting it was a result of either “natural
selection” or “orthogenesis”.

Following Werner’s (1961, 1967) work on
Gekkonidae, in which prococlous corpora
vertebrarum are also known to occur,
Hoffstetter and Gasc (1969) proposed that
procoely in crocodilians probably developed
from a platycoelous (doubly flat) condition.
They did not, however, explain how or why
they believed this to be the case.

The link between procoely and increased
flexibility in extant crocodilians

Although articulationes semisphaeroidae
provide greater action per unit of angular
movement than articulationes planae (Troxell
1925a; Kummer 1959), their significance
in terms of overall mobility can only be
evaluated when the anatomy of an organism
is considered in entirety. According the
hypothesis of Troxell (1925a), the extent to
which procoely is developed in crocodilians
should be correlated with regions of increased
flexibility. Anatomical and behavioural
investigations, however, appear to contradict
this hypothesis.

Flextbility of the cervix, truncus and cauda

The flexibility of the cervix (neck) of all
extant crocodilians is restricted primarily to
the articulatio atlantooccipitalis (articulation
between the occipital condyle and atlas) and
regio cervicoprothoracica {cervicoprothoracic
region}). In freshly dead or anaesthetized
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crocodilians, the cervix is relatively stiff, and
can only be moved as a whole against the
truncus laterally and dorsocaudally. In living
animals, however, the cervix can be flexed
laterally through an angle of approximately
120°. Elevation of the caput (head) by means
of dorsocaudal flexion of the cervix as a
whole against the truncus beyond 45-60° to
the planum dorsale has not be observed (pers.
obs.).

Although it has not been determined
experimentally, observations of swimming
crocodilians (Frey 1982a; Frey and Salisbury
2000) indicate that the truncus can be {lexed
laterally through an angle of approximately
90°. The greatest amount of ventral flexion of
the truncus is observed during galloping (Cott
1961; Guggisberg 1972; Zug 1974; Webb and
Gans 1982), when the membra pelvica (hind
limbs) are gathered next to or just in front
of the membra thoracica {forelimbs), at which
point the dorsum forms a dorsally convex arch
{(Webb and Gans 1982, fig. 2; Frey 1988b,
Abb. 2A). A small amount of dorsal flexion
of the truncus is seen during the extension
phase of the gallop in C. johnston: (Webb and
Gans 1982, fig. 2; Frey 1988b, Abb. 2B).
Extensive dorsal flexion of the truncus, that
is, to the extent where it forms a gentle
concave curve, 1s only obseved in those species
where the size of the dermostea dorsalia
(dorsal osteoderms) is reduced, for example
C. porosus {pers. obs.).

The cauda of extant crocodilians is stiffest
between segmenta squamarum (scale segments)
111 et IV, becoming gradually more flexible
towards the end of the regio crista cauda
pars duplicata (region of the tail that includes
the double scale crest). The regio basis caudae
{base of the tail) and terminal half of the regio
crista caudae pars singularis (region of the tail
that includes the single scale crest) are the
most flexible parts of the cauda (Frey 1982a).
In freshly dead or anaesthetized crocodilians,
the cauda can be flexed as a whole against
the truncus through an angle of 60° laterally,
45° dorsally and 20° ventrally. In the planum
horizontale (horizontal plane), the entire cauda
can be rolled into a tight spiral, doubling
back on itself in the terminal half of the regio
crista caudae pars singularis (Frey 1982a). The
cauda can be flexed dorsally through an angle
of approximately 100°, and ventrally through
an angle of approximately 90°. During both
dorsal and ventral flexion, the axis of flexion
is located at the transition between the
regiones crista caudae pars duplicate et crista
caudae pars singularis (Frey 1982a, Abb. 38).
Torsion of the caudae is possible in the regio
crista caudae pars singularis (Virchow 1914).
The angle of torsion between the regio basis

caudae and terminus caudae reaches 180°
when twisted by hand, and 90° as a result
of intrinsic stability (Virchow 1914; Frey
1982a, Abb. 38).

Anatomical restrictions on the flexibility of the
cervix, truncus and cauda

The flexibility of the cervix of extant
crocodilians is restricted primarily by the
articulationes intercostales (intercostal articula-
tions). The extensive overlap that occurs
between costae cervicales (cervical ribs) I-IV
means that the atlas, axis and vertebra
cervicalis III are almost immobile (Virchow
1914). During dorsiflexion of a demuscular-
ized cervix, the axis of flexion at each
junctura columna vertebralis is situated
between adjacent articulationes zygapophysiales
(Virchow 1914). When considered as working
in conjunction with the ligamenta intercostalia
(intercostal ligaments), however, only a small
amount of dorsal and lateral flexion of
the cervix is possible, and ventral flexion is
almost totally restricted due to bene-lock
between the costae cervicales (Virchow 1914;
Frey 1988b, Abbn. 11 and 12). The cervix can
only be moved as a whole against the truncus
because costae cervicales VIII et IX do not
articulate with each other directly, as is
the case with the other costae cervicales.
Elevation of the caput by means of
dorsocaudal flexion of the cervix as a whole
against the truncus beyond 45-60° to the
planum dorsale is most likely restricted by
virtue of the overlap that occurs between
dermostea of the scutum nuchae (nuchal
shield). Bone- and ligament-lock between
costae cervicales I-III may also restrict
this movement (Virchow 1914, fig. 2), and
where they are continuous, the caudal-most
dermostea nuchalia may overlap and lock
against the cranial-most dermostea para-
vertebralia (paravertebral osteoderms).

Within the truncus, the main restriction
on overall flexibility is the elasticity of the
dermis (Frey 1988b), which is additionally
reinforced by the scutum dorsi (dorsal shield),
and, in some species, the scutum gastralis
(gastral shield). The amount of flexion that
can be acheived is dependant on the extent
to which the ligamenta indermosteales
(interosteodermal ligaments) can be stretched,
as well as the amount of overlap that can be
achieved between sagittally aligned dermostea.
Stretching of the ligmenta interdermosteales
occurs during ventral and lateral flexion of
the truncus. During lateral flexion, stretching
of the ligmenta interdermosteales occurs
on the extended side of the truncus when
transverse rows of dermostea are pulled
apart, and on the flexed side of the truncus
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when they overlap each other. Because they
are contiguous with the lateral sagittal row
of dermostea paravertebralia, the greater
the number of sagittal rows of dermostea
accessoria (accessory osteoderms), the more
lateral flexion is restricted. Lateral flexion is
further countered by tensing of the ligamenta
cingulata {cingular ligament) on the extended
side of the truncus.

The flexibility of cauda is dependant on
the elasticity of the dermis and the configura-
tion of the segmenta squamarum. The high
flexibility of the regio basis caudae is
facilitated by a reduction in the width of the
scutum dorsi. In many species, the dermostea
paravertebralia from C, ; are also considerably
smaller than those from C,. In addition, the
dermis of the latus caudae (lateral surface of
the tail) in the regio basis caudae comprises
smaller squamae than does the dermis from
the remainder of the regio crista caudae pars
duplicata. These squamae can be easily moved
against each other, allowing shortening of the
dermis during lateral flexion.

The extent to which the cauda can be flexed
laterally, dorsally and ventrally is not only
dependant on the width of the dorsum caudae,
but also the extent to which it is domed
dorsally (Frey 1982a; Frey 1988b). Doming of
the dorsum caudae is greatest in the terminal
half of the regio crista caudae pars duplicata.
The dermis beneath the squamae of the
dorsum caudae is often additionally reinforced
by dermostea. Consequently, although the
width of the regio crista caudae pars duplicata
decreases terminally, it remains relatively
stiff throughout its length compared with the
regio crista caudae pars singularis. A further
restriction on flexibility in the cranial half of
the regio crista caudae pars duplicata is the
non-alignment of the plana articulationes
(planes of articulation) between transverse
rows of dermostea dorsalia and juncturae
columna vertebralis. As in the truncus, the
former are situated between the latter, and
it is only in the terminal half of the regio
crista caudae pars duplicata that they
become congruent (Frey 1982a; 1988b) — a
point at which lateral flexibility increases
considerably. The flexibility of the regio
crista caudae pars duplicata is further
restricted by the angled construction of
the dermostea that often form the internal
carinae of the squamae of the crista caudae
pars duplicata. The squamae of the crista
caudae pars duplicata are also extremely
stiff. Additional stiffening elements in the
regio crista caudae pars duplicata include
the keeled dermostea on the latus caudae, and
in some species, the dermostea of the venter
caudae.

&

Lateral flexion of the regio crista cauda
pars singularis is restricted primarily by the
transverse segmentation of the squamae.
During lateral flexion, adjoining segmenta
squamarum overlap each other slightly and
lock. The l[atter locking mechanism is aided by
the presence of underlying dermostea. Where
dermostea are not present, the squama can be
compressed slightly.

In light of these observations, Troxell’s
(1925a) hypothesis for the link between
procoely and increased  flexibility in
crocodilians seems problematic.

Aim

The aim of this study was to examine the
evolution of procoelous vertebrae in croco-
dilians within the context of a model for the
axial bracing mechanism. This approach
involved two steps. Firstly, the significance
of procoely for the operation of the axial
bracing mechanism of ektant crocodilians was
determined. Following this, comparisons with
similar models for fossil crocodilians were
used in order to devise possible trans-
formation models.

Institutional abbreviations

Abbreviations used for institutions and
collections are as follows: AM, Australian
Museum, Sydney, Australia; BMNH, Natural
History Museum, London (formerly the British
Museum of Natural History); IPFUR, Institut
fur Paldontologie der Freien Universitit
Berlin, Berlin, Germany; IPMNHNP, Institut
de Paléontologie, Muséum national d’Histoire
naturelle, Paris; IRSNB, Institut Royal des
Sciences Naturelles de Belgique, Brussels,
Belgium; QM, Queensland Museum, Brisbane,
Australia; SMNEK, Staatliches Museum fiir
Naturkunde Karlsruhe, Karlsruhe, Germany;
UAM, Universidad Auténoma Cantoblanco,
Madrid, Spain; UNSW, University of New
South Wales, Sydney, Australia.

MATERIAL AND METHODS
Material
Anatomical tnvestigations

The majority of dissection work that con-
tributed to the results of this study was carried
out on a 124 c¢m (SVL 68cm) specimen
of Paleosuchus trigonatus, obtained from the
Vivarium at the SMNK where it died as a
result of gastrointestinal irritation in 1990.
Dried, demuscularized skeletal material of
all species of extant crocodilians, housed in
the SMNK, BMNH, AM, UNSW and QM was
also examined. Fossil specimens examined
during this study are listed in the text.
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Method of fixation

The specimen of P trigonatus was fixed with
a 3:1 mix of alcohol and glycerine, diluted to
70%, using subdermal and intramuscular serial
injection. Following fixation, the specimen was
stored in a bath of 70% alcohol.

Method of preparation

In order to maintain the coherence of the
myosepta and arthology, the “Zupfmethode”
of dissection was employed. A pair of fine
surgical tweezers were used to remove the
muscle fibres between the myosepta and
serial ligaments of the epaxial musculature.
This meant that the configuration of the
musculature and its relation to bone and
dermis could be investigated with little or no
damage to the primary connective tissue.

Perception of taxonomic terms

Huxley’s (1875) classification of Crocodilia
sensu Owen (1842) comprised three suborders:
Eusuchia, in which he placed all extant
taxa as well as many Tertiary and Upper
Cretaceous forms; Mesosuchia, which included
a diverse assemblage of Jurassic and Cretaceous
forms; and Parasuchia, in which he placed
Stagonolepis  robertsoni and Beledon spp.
Although the latter two taxa are no longer
considered members of Crocodilia, the former
two groupings are still widely recognized
{Mook 19384, Kalin 1955b; Huene 1956;
Romer 1956, 1966; Konjukova 1964; Kuhn
1968; Steel 1973, 1989; Langston 1973;
Ruffetaut 1982). In addition to Eusuchia and
Mesosuchia, several other suborders have been
proposed to encompass fossil crocodilians
discovered subsequent to the advent Huxley’s
(1875) classification. These suborders include
Protosuchia Mook, 1934, Sphenosuchia
Huene, 1922, Thalattosuchia Frass, 1902 and
Sebecosuchia Simpson, 1937. The ranking
of Thalattosuchia and Sebecosuchia as either
suborders or families varies with each classi-
fication (for a comprehensive listing see Steel
1973; Buffetaut 1982).

In the classification of crocodilians adopted
by cladists, the traditional term Crocodilia has
been replaced by Crocodylomorpha Walker,
1970 (Clark 1986; Benton and Clark 1988).
Usage of the term Crocodylia (with a “y”
instead of an “i”) is restricted to extant taxa
and those fossil taxa to which they are
considered to he most closely related (Clark
1986; Benton and Clark 1988; Norell ¢ al
1994; Salisbury and Willis 1996; Brochu
1997a,b; 1998). Since Crocodili was based
entirely on extant taxa, one of the arguments
for introducing this “phylogenetic” taxonomy
is that it can be defended from a historical

=

standpoint (Brochu 1999). However, when
Gmelin introduced the term Crocodili in
1788, the study of crocodilian palacontology
was in its infancy, with only a single fossil
having been documented (Chapman 1759;
Wooller 1759}, The emendment of Crocodili
by Owen in 1842 to additionally encompass
fossil taxa reflects the rapid expansion that
occurred within the field of palaeontology
in England, as well as France and to some
extent Germany, during the first half of the
nineteenth century. Not only was there an
increase in the number of fossil crocedilians
being collected, but also — and perhaps more
importantly — immense changes were taking
place in the social foundation of science.
Between 1850 and 1875, palacontology went
through a golden age (Desmond 1982). When
Huxley presented his paper on crocodilians
to the Geological Society in 1875, Owen’s
(1842) concept of the Dinosauria had taken
hold and Darwin’s Origin of species (1859) had
been published and widely acclaimed by
the scientific community. Five years earlier,
Huxley (1870) had put forward the theory for
the origin of birds from dinosaurs following
the discovery of the London specimen of
Archaeopteryx lithographica in 1861, Most groups
of animals were considercd to have fossil
representatives, and their classifications had
been expanded accordingly. In Huxley’s
(I8785) classification, extant crocodilians were
no longer considered the only members of
their group, but representative of a distinct
suborder within it — Eusuchia. Arguing that
Benton and Clark’s (1988) Crocodylia can
therefore be defended from a “historical
standpoint” would mean that many of the
developments that have taken place in the
history of crocodilian classification must be
ignored.

The second argument put forward for
abandoning Crocodilia in favour of Crocodylo-
morpha is the view that there has never been
a single “traditional usage” to which the
former can be applied (Brochu 1999, P 130).
However, prior to the advent of Benton and
Clark’s (1988) cladistically defined Crocodylia,
a survey of the palaecontological and neonto-
logical literature indicates that usage of either
Crocodilia or Crocodylia as an ordinal
taxonomic category seems to have been rather
unproblematic. Although the spelling has
varied from author to author, the intended
taxonomic (as opposed to phylogenetic)
meaning is always the same. For fossil taxa,
one of the only points of contention has
been whether or not sphenosuchians and
parasuchians (phytosaurs) should be included
in Crocodilia or Thecodontia. In addition,
contrary to the Clark (1986, 1997), Benton
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and Clark (1988) and Brochu (1999), Owen
{1842) did not use the term Crocodylia (with
a "y” instead of an “i"). The latter spelling was
introduced by Steel {1973), who considered it
to be in accord with the correct spelling of
Crocodylus. But, according to the International
Code of Zoological Nomenclature (1985),
usage of the term Crocodilia between 1842
and 1973 qualifies it as the senior synonym,
regardless of whether it is correctly spelt
or not.

In this chapter, taxonomic categories are
scen as one of the many possible sets of
pragmatic classes among which organisms,
both fossil and extant, can be distributed.
The main purpose of any classification is to
aid the process of distinguishing between
perceived, systematic categorizations. At a
primary level, phylogenetic presuppositions
do not need to form part of the abstraction
process associated with  distinguishing
taxonomic categories (M. Gutmann 1995). For
this reason, the traditional term Crocodilia is
considered more appropriate than Crocodylo-
morpha in a strictly taxonomic sense, even
though the composition of each is essentially
the same. No concept of relationship or
phylogeny is therefore implied in this chapter
where taxonomic names are used. A detailed
overview of the taxonomy followed in this
chapter is provided by Kilin (1955b), Steel
{1873) and Bufferaur (1982).

With regard to evohitionary transformations,
it 15 often more meaningful to speak in terms
of biomechanical models rather than systematic
categorizations like taxa (Weingarten 1988;
M. Gutmann and Herkner 1992; M. Gutmann
1993, 1995, Herkner 1999; Salisbury and
Frey, in review). In this context, the term
“crocodilian-type Konstruktion” sensu Frey
(1988b) and Salisbury and Frey (in review) is
therefore used in preference to crocodilian.
An explanation of the term Konstruktion is
provided below.

Anatomical nomenciature

Throughout this chapter a formal Latin
anatomical nomenclature has been used. The
terms correspond to those that have been
codified in the Nominag anatomica (NA 1989;
Feneis 1988), Nomine anatomice velerinaria
(NAV 1983) and Nomina anatomica avium {NAA
Baumel ¢ al. 1993), as well as those used in
Frey (1988), Rauhe (1993), Witmer (19954},
Rossmann (1996) and Salisbury et al. (1999).
This terminology is used purely in a topo-
graphic sense, and we do not imply any
homology in a way that it relates to common
ancestry. Contrary to the NAA, all anatomical
terms are written as common as opposed
to proper noeuns. This is because they are
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intended to refer to topographically defined
parts or regions, rather than denote specific
structures. In accordance with English
grammar, when used as singular nouns all
anatomical terms are proceeded by a definite
article. The Latin conjunction “et” (and) is
used when more than one Latin adjective is
used in reference to a single noun. For
example, rather that writing “costae cervicales
and costae thoracicae”, “costae cervicales et
thoracicae” is used. This translates to “the
cervical and thoracic ribs”. Cranial and caudal
are used throughout in preference to anterior
and posterior, except in the cranium (skull)
and cauda where rostral replaces cranial and
terminal replaces caudal respectively.

Upon their first appearance in the text, ali
anatomical terms are followed by an English
translation in parentheses, An appendix of
all anatomical terms that have been used in
the text, their acronyms used on figurcs and
English translations is also provided.

Anatomical position of a crocodilian

When discussing topographical anatomy it is
necessary to define a standard anatomical
position. In this way, the adjectives that
designate the relative positions of body parts,
their locations or relationships, planes, axes
or surfaces can be accurately applied. For a
crocodilian, this position is here arbitrarily
defined as one in which: 1) the animal stands
crect with the venter (belly) off the ground,
and with both the articulatio cubiti (elbow
joint) and articulatio genus ({(knee joint)
slightly flexed; 2} the cervix is held out
straight.

Theoretical framework and method

Bracing of the columna vertebralis against
the mechanical loads encountered during
different types of locomotion is a prerequisite
for all tetrapods (Herkner 1999), in particular
those that are capable of walking with their
venter off the ground. The way in which this
bracing mechanism operates will govern an
animal's capacity for different locomotor
styles. Additionally, due to the influence
of gravitation, the greater the mass of an
animal the more likely the operation of its
bracing mechanism will impose restrictions
on certain terrestrial locomotor styles (Gray
1944, 1968; Slijper 1946; Kummer 1959,
1975; Hildebrand 1960, 1995; Thompson
1961; Gambaryan 1974; Carrier 1987; Frey
1988b; Herkner 1993, 1999).

Devising models for the axial bracing

mechanisms of both extant and fossil
organisms, and subsequent hypothesis of
evolutionary transformations wusing these
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models, requires the application of methods
inherent to the field of Kenstruktionsmorphologie.
Konstruktion (plural: Konstruktionen) is a
German term that is used to refer to the
process of interpreting the operation of any
mechanical system in relation to, and as a
consequence of, its structural properties (such
as its material composition and configuration),
as well as the way in which it has been
assembled (cf. Sperlich 1993). Because the
interpretive basis of how organisms are
perceived is, in many respects, equivalent to
the paradigm of a machine — i.e., an object
comprising interdependent parts that, when it
is operating, is capable of converting and
using energy - it has been proposed that the
concept of a Konstruktion can be used as
a methodological analogue with which to
interpret certain aspects of organismic form
and operation (W. F. Gutmann 1971, 1972;
Peters and W. F. Gutmann 1973; W. F
Gutmann and Bonik [981; Weingarten 1988;
W. F. Gutmann and Weingarten 1988, 1991,
1992; M. Gutmann 1992, 1993, 1995; M.
Gutmann and Herkner 1992; Herkner 1999;
Janich and Weingarten 1999). Using the
concept of a working machine as an
“operationalization” semsu Janich (1989), the
focus of a biomechanical analysis shifts to the
interpretation of how an organism operates
when perceived as a mechanically coherent,
energy-converting system. A model resulting
from this type of interpretation is referred
to as an organismic Konstrukiion. Blological
functions per se are therefore not implicated
a priory, but arise as options depending on
the mechanical properties of the working
system, all of which are determined under
specified operating regimes (M. Gutmann
1992, 1995; M. Gutmann and Herkner 1992;
Frey et al. 1993). In the context of an
organismic Konstruktion, muscular activity
and the maintenance of body form are
interpreted using the principles that govern
the mechanics of hydraulic bodies (W. FE
Gutmann 1972; Owo 1977, 1979; Bonik
et al. 1978, Bereiter-Hahn 1985; Strohmeier
1985, Herkner 1993, 1999). Models for
organisms that incorporate these method-
ological analogues as a basis for interpretation
are referred to as bracing systems (cf. Herkner
1999). A more detailed account of the
theoretical and philosophical framework
associated with this method and its application
is provided in the PhD of SWS.

Soft tissue reconstructions

In order to devise a model for the bracing
system of a fossil organism it is first necessary
to reconstruct aspects of its soft tissue
anatomy. Failing the fossilization of soft
tissues, this is usually achieved through
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inference based on osteological correlates that
are determined through comparisons with
extant organisms (sce Bryant and Russell
1992, Weishampel 1995, Witmer 1995b,
1997). An alternative method for soft tissue
reconstruction has been proposed by Salisbury
and Frey (in review). Rather than assigning
correlative primacy to either bones or
soft tissues, this approach involves the use
of an established model for an organismic
Konstruktion as an analogous operationaliza-
tion. The linguistic link between what is
being investigated (living organisms) and the
means by which interpretations are devised
is presented in the form of non-biological
models and their associated descriptive
terminologies, standardizing the process of
perception. Soft tissues are inferred following
the recognition of other structural correlates
— namely, fossilized elements such as bones
and minecralized cartilage — within the
context of thre mechanical and anatomical
characteristics of the chosen model. The
reconstruction of any additional soft tissue
structures must also be concordant with the
mechanical and anatomical coherence of the
organismic Konstruktion that is proposed
for the fossil organism in question. In this
respect, it is therefore useful to understand
the role played by bones in a model for the
bracing system of an extant organism, where
their relationship with soft tissues can be
more easily ascertained. In order to devise
such a model, abstractions between the
physical and mechanical characteristics of
various anatomical structures (perceived as
part of an organismic Konstruktion) need to
be carried out: bones, cartilage, keratin and
other “hard parts” are modelled as having
all the mechanical characteristics of homo-
geneously compressive components; tendons
and ligaments those of tensile components;
muscles and their respective connective tissue
lattice those of contractile hydraulic bodies;
and adipose bodies those of non-contractile
hydraulic bodies. The mechanical coherence of
the system, and therefore the way in which the
model is actuated in an operating regime, can
only be considered in the abstract if the
anatomical coherence resulting from connec-
tive tissue is incorporated (W, F. Gutmann
1972; Bonik et al. 1978; Frey 1988b; Herkner
1993, 1999; Frey ef al. 1993; Salisbury and Frey,
in review). The influence of shape-enforcing
structures such as bones and tendons for
example, can therefore only be evaluated when
they are modelled as working in co-operation
with their mechanical counterpart, the hydraulic
filling. In this respect, when considering
the remains of fossil tetrapods, bones and
mineralized cartilage, the two most commonly
fossilized parts of the body, are interpreted as



SALISBURY and FREY: EVOLUTION OF PROCOELOUS VERTEBRAE IN CROCODILIANS . 93

the remnants of a bracing system (Herkner
1999; Salisbury and Frey, in review).

Evolutionary transformations

The way in which irreversible structural
changes guide developmental processes can
be likened to evolution (Bonik ef al. 1977;
Weingarten 1988; W. F. Gutmann and
Weingarten 1988; Herkner 1999). This is
not to imply that, for example, ontogenetic
transformations recapitulate evolutionary ones,
as has been put forward by numerous authors,
including von Baer (1828), Milne-Edwards
(1844), Haeckel {1866, 1876), Garstang
(1922}, Goodrich (1958), Gould (1977),
Alberch et al. (1979), Atcheley (1987) and
Larson (1998), but that the way in which
structural changes occur can be used as
an analogous process. Ontogenectic trans-
formations can be regarded as a consequence
of mechanistic developmental processes
genecrating irreversible structural changes that
affect the way in which the entire organism
operates {Weingarten 1988; W, ¥. Gutmann
and Weingarten 1988; Herkner 1999). Follow-
ing Herkner (1999), evolution is perceived as
the process of gradual transition from one
type of organismic Konstruktion to another.
Similar to ontogeny, this process can only be
reconstructed when the consequence of a
structural transformation alters the operation
of the model. Determining which trans-
formations are possible will depend on the
coherence, and thus continual operation of
the organismic Konstruktion that has been
devised. Transformations that contradict this
coherence are considered unlikely to occur,

THE ARTICULATIONES
INTERCORPORALES OF EXTANT
CROCODILIANS

The articulations between adjoining corpora
vertebrarum in extant crocodilians (Figs 4 and
B) are synovial, comprising an outer capsula
articularis (articular capsule) and inner cavitas
articularis (articular cavity), within which is a
viscous articular fluid (synovia). The capsula
articularis consists of a decussating meshwork
of rostroterminally aligned collagen fibre
bundles that integrate with the rugositates
anulares (annular rugosities) of each corpus
(Frey 1988a). Attached to the inner surface
of the capsula articularis and flattened
circumference of each corpora is an anulus
fibrosus {fibrous ring), consisting of thickened,
transversally aligned rings of fibrous cartilage
{(Hoffmann 1884; Goette 1897; Boschma 1920;
Higgins 1922; Wetistein 1937-54). Hoffmann
{1884) and Wettstein (1937-44) refer to this
structure as a “ligamentosen Faserring”
[ligamentous fibre-ring]. This anulus is slightly
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thicker ventrally than dorsally, and its width
can be determined on dried, demuscularized
specimens by the extent of the rough,
flattened area around the condylus vertebralis
on the caudal end of the corpus vertebrae
(Fig. 1). A similar, though slightly less evident
surface is also present around the circum-
ference of the fossa vertebralis (Fig. 13A).

The cavitas articularis is incompletely
divided by a thin septum, which is here
termed the septum intercorporale {inter-
corporal septum}. Hoffmann (1884) and
Wettstein (1937-44) refer to this structure as
a “Zwischenwirbelscheibe” [intervertebral
plate], whereas Higgins (1922) terms it the
“inner layer of the primary intercentrum”,
Like the anulus fibrosus, this septum also
consists of fibrous cartilage. However, as
has been documented by Hoffmann (1884),
Higgins (1922) and Wettstein (1937-44), the
cells comprising it are spindle-shaped and
aligned parallel to the surfaces of the condylus
vertebralis and fossa vertebralis respectively
(Fig. 5). The periphery of the septum inter-
corporale is continuous with the inner aspect
of the anulus fibrosus, whereas towards
its centre it is attached to the condylus
vertebralis. With the vertebrae separated, the
point of attachment is invariably marked
cither by a depressio {depression), rugose
indentations or both. In the centre of this
attachment area there is often a small fovea
{pit), extending several millimetres into
substantia compacta (compact bone) of the
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Fig, 4. Palessuchus trigonafus; the junctura columna
vertebralis between vertebrae thoracicae VIII et 1X
in left lateral aspect. Anatomical abbreviations are
listed in the Appendix.
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condylus (Fig. 1C; Fig. 5). In the terminal-
most vertebrae caudales, the diameter of the
depressio, which, in these vertebrae, is better
described as a concavitas (concavity), is
equivalent to half that of the condyle, such
that the procoelous nature of the corpus
is considerably reduced (Frey 1988a; Fig.
IF). Based on the examination of dried,
demuscularized columnae vertebrales it is
clear that a septum intercorporale is also
present between these vertebrae. However, we
have not yet been able to determine to what
parts of the corpus it is attached, nor its
relation to the concavitas and fovea condyli.

Referral to the combined anulus fibrosus
and septum intercorporale as a discus inter-
vertebralis (intervertebral disc; e.g., Frey
1688a. Abb. 1, 1988b, Abb. 5) is problematic.
A true discus intervertebralis connects the

Fig. 5. Paleosuchus trigonatus, the articulatio inter-
corporalis between vertebrae thoracicae VIII et IX.
A, overview of the junctura columna vertebralis
showing the area that has been enlarged in B and
C. B, schematic representation of the articulatio
intercorporalis in a slightly oblique, left caudo-
lateral aspect. The portions of periosteum and
capsula articularis covering the left side of
the corpus of vertebra thoracica VIII have been
remaved, as has a segment of the left half of the
anulus fibrosus and septum intercorporale. As a
result, part of the condylus of vertebra thoracica
VIIT is visible. The corpus of vertebra thoracica 1X
has been sectioned along the planum medianum
(median plane). C, schematic representation of the
same articulation in ventral aspect, sectioned along
the planum horizontale. Unlike the condition
seen in mammals, this articulatio intercorporalis is
synovial, comprising a cartilaginous anulus fibrosus
and cavitas articularis that is incompletely divided
by a thin septum intercorporale. The central
portion of this septum is attached to the condylus
vertebralis at a point surrounding a shallow fovea
condyli. Because it incorperates a semi-spheroidal
condylus and concave fossa, this type of joint
is described as an articulatio semisphaercidea.
Anatomical abbreviations are listed in the Appendix.

corpora of adjoining vertebra, precluding
the presence of a cavitas articularis. For
this reason, joints that contain a discus
intervertebralis are referred to as symphyses
intervertebrales (intervertebral symphyses;
Barkow 1856; Platzer 1991),

Embryonic development

In his account of the embryonic develop-
ment of the columna vertebralis of Alligator
mississippiensis, Higgins  (1922) describes
the composition of the anulus fibrosus and
septum intercorporale, as well as the early
chondrification of the corpus vertebrae. In
contrast to the condition seen in fishes,
Higgins notes that during the early stages of
development, the corpora vertebrarum of
crocodilians lie external to the membrane
surrounding the notochord, a structure he
refers to as the “notochordal sheath”. He
therefore considers the early development
of the corpus to be a product of the sclero-
blastic cells external to the chorda. Following
further differentiation, Higgins describes the
inner portion of the embryonic corpus that
surrounds the notochord as consisting of
clongated spindle-shaped cells, as opposed
to the outer portion, which is made up
of spherical scleroblastic cells. Higgins also
notes that the cells comprising the anulus
fibrosus appear to arise from sclerotomes that
have migrated cranially and terminally along
the notochord into the intervals between
adjotning corpora vertebrarum. Unlike the
corpora, however, he describes the anulus
fibrosus as consisting almost entirely of
large scleroblastic cells. Similar to the inner
portion of the corpus, he describes the septum
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intervertebrale, or the portion of his “primary
intercentrum” surrounding the notochord,
as consisting of spindles-shaped cells.
Although not commented on by either
Higgins (1922) or Boschma (1920), who
studied the embryological development of the
articulatio atlantooccipitalis in  Crocodylus
ntloticus, it is possible that the fovea seen
in the centre of the condylus vertebralis in
more mature individuals represents the
external apertura of a canalis that housed
the notochord. In fishes and amphioxus, an
analogous structure, the “axial strand”, passes
through a small canal in the centre of each
corpus, forming a continual link along the
entire length of the columna vertebralis
(Francois 1966; Symmons 1979). In these
animals, this strand represents the point
around which the first vertebral ring forms.

The epigenesis of the condylus vertebrae was
not described by Higgins (1922). However,
in hatchling animals, such as the 150 mm
animal with which he concluded his study,
this feature is clearly present on the vertebrae
cervicales and cranial-most vertebrae pro-
thoracicae (Higgins 1922, Pr. 6, figs 35 and
36). Based on Higgins’ other diagrams,
the caudal-most vertebrae thoracicae and
vertebrae lumbicales et sacrales of this animal
appear amphicoelous (Higgins 1922, Pt. 5,
figs 32 and 34; Pr 6, fig. 33), whereas the
vertebrae caudale are platycoelous (Higgins
1922, Pt. 6, fig. 31). Brochu (1992}, however,
notes that, while not as well-developed in
more mature individuals, a distinct condylus
and fossa are present on all the corpora
vertebrarum destined to become procoelous in
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hatchlings of A, mississippiensis, C. acubus, C.
stamensis and Camman crocodilus crocodilus {see
Brochu 1996, fig. 5A). In young, but slightly
more mature individuals of A. mussissippiensis
(see DBrochu 1996, fig. 5B), the condylus
vertebrales on the vertebrae thoracicae are
of a simialr size to those on the vertebrae
from the middie of the cauda in more marture
individuals (see Fig. 1E). Despite these
contradictory accounts, it is still possible to
conclude that the formation of a condylus
vertebralis occurs rapidly sometime during
either the latter stages of embryonic or ecarly
post-hatchling development.

THE EUSUCHIAN-TYPE BRACING
SYSTEM

Devising biomechanical models for the
bracing systems of crocedilians, both extant
and fossil, has been investigated extensively
by Frey (1988b) and Salisbury and Frey
(in review). Following Salisbury and Frey (in
review}, the model for the bracing system
of extant crocodilians is referred to as
the eusuchian-type bracing system. This
model incorporates three different types
of bracing mechanisms, situated in the
cervix, truncus and regio basis caudae, and
cauda. The osteological features that can
be correlated with this moedel are discussed
in Salisbury and Frey (in review) and will
not be mentioned here.

Cervix {Fig. 6)

The columna vertebralis of the cervix and
regio prothoracica is suspended by means of
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Fig. 6. Schematic representation in right lateral aspect of one aspect of the bracing
systern that can be devised for the cervix of extant crocodilians. The columna
vertebralis of the cervix and regio prothoracica is suspended by means of the
m, serratus, while support for the cranium is provided by the m.
transversospinalis capitis and mm. rhomboidei. The paired chain of costae
cervicales additionaliy stabilize the cervix and cervical epaxial musculature
against ventral flexion. In technical terms, this bracing system can be
considered to operate in manner that is analogous to a ventrally self-braced,
segmented strut-carrier. Anatomical abbreviations are listed in the Appendix.

Redrawn from Frey (1988b, Abb. 6).
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the m. serratus. Along with the m. iliocostalis,
the m. serratus acts as a tensile, hydraulic
brace. The paired chain of costae cervicales
stabilize the vertebrae cervicales, m. longus
capitis profundus and m. transversospinalis
group against ventral flexion, while the
cranium is supported by the m. transverso-
spinalis capitis and mm. rhomboidea. Except
for the tensile support provided by the
ligamenta supraspinosum ct elasticum, dorsal
reinforcement of the vertebrae cervicales is
therefore not necessary. In technical terms,
this bracing mechanism can be considered to
operate in a manner that is analogous to a
ventrally self-braced, segmented strut-carrier
{cf. Kummer 1959; Frey 1%88b; Frey and
Martin 1997; Martin et al. 1998). Hydraulic
stabilization, resulting from isometric con-
traction of the mm. longus colli et sphincter
colli, as well as that associated with the
coherent dermal encasement of the entire
cervical muscle mass, may also contribute to
this bracing mechanism.

Truncus and regio basis caudae (Figs 7 and 8)

The bracing system of the truncus and regio
basis caudae of extant crocodilians can be
considered to operate in a manner that, in
technical terms, is analogous to a hydraulic-
ally stabilized, longitudinally cross-braced,
segmented [-beam carrier (cf. Frey 1988b; Frey
and Salisbury, in review). Fach transverse row
of dermostea paravertebralia, together with
the processus transversi et spinosi (transverse
processes and neural spines) of the vertebrae
can be considered to form the compressive
component of cach segment (Fig. 8B). Trans-
verse rows of dermostea paravertebralia are
braced against each other and the columna
vertebralis through isometric contraction
of the epaxial musculature. This bracing
mechanism only works because the processus
spinosi of the vertebrae thoracicae and
cranjal-most vertebrae caudales are of a height
that, during contraction, guarantees the angle
of attack of the tendons of the epaxial muscle
segments is always less than 10° (Fig. 8A; Frey
1988b). During bracing, the length of this
system is maintalned by the corpora verte-
brarum. Whereas the scutum paravertebrale
(paravertebral shield) is buttressed medially by
the processus spinosi — to which it is attached
by means of cartilaginous articulations —
laterally it is stabilized by the hydraulic
pressure caused by the bulging of the
isometrically contracted epaxial musculature
(Frey 1988b, Abb. 7). The segmenta verte-
brocostalia (vertebral segments) of the costae
thoracicae are suspended from the lateral
margins of the scutum paravertebrale by the
myosepta of the m. iliocostalis (Fig. 7). The
caudal part of the latter muscle system inserts

m artspin 1

proc Irans

corp vert—-

y

on the tuberculum craniodorsale (craniodorsal
tubercle) of the ilium (Bornhauser and Ziswiler
1983; Frey 1988b). The os pubis (pubic bone)
is attached to the ilium by means of a flexible,
cartilaginous symphysis. The cranial extension
of the os pubis, the cartilago ossis pubis,
integrates with the m. rectus abdominalis,
which contains ossified gastralia (gastral ribs).
Cranially, the m. rectus abdominalis integrates
with the cartilaginous sternum and segmenta
sternocostalia {sternal segments) of the costae
thoracicae. The articulations between the
sternum and segmenta siernccostalia et latero-
costalia {lateral segments of the thoracic ribs)
are also mobile and elastic. Forces acting
on the musculature of the latus truncus (side
of trunk) and venter are transmitted to the
scutum paravertebrale by means of the fascia
lumbodorsalis (lumbodorsal fascia).

The truncus can only be extended when the
left and right suhsystems of the epaxial
musculature are contracted synchronously.
Isotonic contraction of ipsilateral segments
of the mm. longissimus dorsi et iliocostalis
pulls the transverse rows of dermostea para-
vertebralia from the corresponding side of
the truncus towards each other, resulting in
lateral flexion. Due to its origin on the lateral-
most dermostea of the scutum paravertebrale,
the m. longissimus dorsi operates the longest
lever and 15 thus the most effective lateral
flexor of all the epaxial muscle subsystems,
Ventral flexion is most likely brought about
by the synchronous isotonic contraction of the
m. iliocostalis. This 1s only possible if the
costosternal apparatus is stabilized by the mm.
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Fg, 7. Alligator mississippiensis; schematic block diagram
of the left half of the regio lumbosacralis, showing
the cross-sectional topography of the main
anatomical portions of the bracing system. Cranial
is indicated by the arrow. Anatomical abbreviations
are listed in the Appendix,
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Fig. 8. Aspects of the bracing system that can be devised for the truncus and regio basis caudae of extant ¢rocodilians.

A, schematic representation of the forces generated when the columna vertebralis is braced during a high-walk;
twelve vertebrae thoracicae and eleven dermostea paravertebralia in left lateral aspect. The dorsally arched,
vaulted columna vertebralis is loaded as a result of gravitation (G), being wedged between the ossa membri cinguli
thoracici et pelvici (bones of the pectoral and pelvic girdles). Combined with isometric contraction of the epaxial
musculature, which inserts on the facies internae of the dermostea paravertebralia, this results in rostroterminal
compression of corpora vertebrarum and anuli fibrosi (8), as well as rostroterminal bending of the dermostea
paravertebralia {9). Additional forces acting on the illustrated skeletal clements can be determined by wracing
the direction of muscle fibres associated with tendons belonging to the three main sub-system of the epaxial
musculature (3 and 4). At any point during bracing, the dorsoventral and rostroterminal components of forces
resulting from muscular contraction can be ilustrated using vector paralielograms {1-4). Both the processus
transversi and dermostea paravertebralia are placed under rostroterminal bending stress. The rostroterminal
components of the forces acting on the processus transversi are transmitted through the pedunculi arcus neurales
into the serrated suturae neurocentrales. Because these forces act perpendicular to those associated with
gravitation (G), the resultant toads each the hour glass-shaped corpus vertebrae approximately halfway between
the rugositas anularis and midpoint of the sutura neurocentralis {vector parallelograms 5 and 6). This force is
countered by the arched construction of corpus {arrows opposing the resultants of vector paraliclograms 5 and
6). If the entire system is ioaded simultaneously, the forces acting on dermostea paravertebralia are transmitted
into the processus spinosi. Countering these are the dorsally directed components of the forces caused by the
above mentioned arched construction of the corpora. This results in dorsoventral compression of the suturae
neurocentrales (7). Redrawn from Frey (1988h, Abb. 5). B, technical representation of the bracing system that
can be devised for the columna vertebralis in the truncus and regio basis caudae of extant crocodilians. This
model is equivalent to a hydraulically stabilized, longitudinally crossed-braced, segmented I-beam carrier. Bones,
cartilage and other "hard parts” have been modelled as having all the mechanical characteristics of
homeogeneousty compressive components, ligaments as teusile components; and muscles and their respective
connective tissue lattice as contractile hydraulic bodies. The mechanical coherence of the system can only be
considered in the abstract if the anatomical coherence resulting from connective tissue is incorporated. See Text
for a further explanation of the operation of this model. Anatemical abbreviations are listed in the Appendix.
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capiti-sternales, and ossa pubis by the m.
ilioischiocaudalis. Pre-tensioning of these
muscles is brought about by dorsal flexion of
the cervix and cauda (Frey 1988b).

Ventral flexion of the t(runcus is only
possible because the dermostea of the scutum
dorsi are arranged in transverse rows, and the
articulationes plana of adjacent transverse rows
are situated between each junctura columna
vertebralis. Additionally, lateral flexion of the
truncus is facilitated by the sagittal segment-
ation of each transverse row of dermostea
dorsalia. All flexion of the scutum dorsi results
in an elastic readjustment of the ligamenta
interdermosteales (interosteodermal ligaments).
During ventral flexion, the distance between
the transverse rows of dermostea is increased,
such that the ligamenta interdermosteales et
cingulata are tensed; the margo mediana of
the medial-most dermostea being attached to
the cartilago apicalis (apical cartilage)} of the
preceding processus spinosus. A termination
of ventral flexion results in an elastic recoil of
this tendon back to a relaxed state. The same
mechanism occurs during lateral flexion, but
in the planum horizontale. The greatest
amount of tensioning of the ligamentum
interdermosteuwin occurs towards the lateral
margin of the scutum dorsi, both on the
flexed and extended side of the truncus.
Sutures between the dermostea of each
transverse row also act as bending zones in
response to the weight of the body wall
musculature pulling on the lateral margins of
the scutum paravertebrale.

Cauda

Operation of the caudal musculature in
extant crocodilians is tightly coupled with
the mechanical properties of the dermis
that encases it. With the exception of those
comprising the dorsum caudae (dorsal surface
of the tail) and terminal extension of the
scutum dorsi, squamae of the cauda are
arranged in girdle-like segments, all of which
are of an equivalent rostroterminal length
to each other. The anatomical coherence
that exists between these segments and
the underlying musculature means that the
cauda can be considered to operate in a
manner that is analogous to a hydraulically
stabilized, segmented hose, with the joints
between segments acting as bending zones
(cf. Frey 1982a). During a high-walk, the
cranial half of the columna vertebralis of the
cauda is braced by the m. multifidus and m.
spinalis. Depending on the degree of ventral
flexibility resulting from the presence of
dermostea caudae, the terminal part of the
cauda is usually supported by the ground (Frey
1988b).

&

Lateral flexion of the cauda durin
swimming is most likely brought about by
asymmetrical isotonic contraction of either
the ipsilateral hypaxial and epaxial muscu-
lature, the m. caudofemoralis fongus or all
three (Frey 1982a,b; Frey ef al. 1989). The
recovery movement appears to occur passively
as a result an elastic recoil of the ligamenta
cingulata et interdermosteales. The accelerated
mass of the laterally flexed cauda may
additionally be slowed down by the elasticity
of the tensed dermis. This would result in a
pre-tensioning of the antagonist musculature.
Muscular forces originating in the regio basis
caudae are transmitted terminally by the
semi-stiff squamae of the crista caudae pars
duplicata. The terminally decreasing width
of the scutum paravertebrale is compensated
for by a gradual increase in convexity of the
dorsum caudae (Frey 1982a).

The most efficient part of the cauda for
thrust production -during axial swimming is
the terminal half of the regio crista caudae
pars duplicata and cranial half of the regio
crista caudae pars singularis. This is because
this part of the cauda has the largest lateral
surface area. It is additionally characterized
by a reiatively small undulatory mass. During
fast lateral undulations, the terminal half
of the regio crista cauda pars singularis is
oriented approximately perpendicular to the
direction of acceleration. As a result of fast
lateral undulations, torque occurs on that side
of the truncus contralatal to the direction of
the cauda stroke. This torque would normally
result in a the crocodilian swimming in a
curve. However, it is obviously compensated
for because, during burst swimming for
example, the crocodilian dashes off in a
straight line (Frey and Salisbury 2000). Frey
(1982a) has therefore proposed that the
terminal half of the regio crista caudae pars
singularis provides a passive countersteering
mechanism. The simultanecus act of paddling
and steering a canoe with a single-bladed
paddle provides an appropriate model. As the
paddle moves along one side of the canoe it
produces asymmetric thrust. This results in
a short-termed change in the direction of
movement towards the other side of the canoe.
This torque can be compensated for by the
canoeist through a slight outward turn of the
paddle blade at the end of the stroke.

Mechanical loads acting on the juncturae
columna vertebralis

In the context of the eusuchian-type bracing
system, observations of the locomotor
capabilities of extant crocodilians can be used
to determine the different types of mechanical
loads that act on the juncturae columna
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vertebralis (Figs 9 and 10). During all types
of terrestrial locomotion, gravitation results in
the generation of downward directed loads
(Gray 1944; Kummer 1975b). The magnitude
of this loading will be dependant on the mass
of the animal. As has been proposed for the
Green iguana, lguana iguanae (Carrier 1990),
and the Giant Pacific salamander, Dicamptodon
ensatus (Carrier 1993), the symmetrical step
cycle sensy Gambaryan (1974) observed during
high-walking in crocodilians (see Schaecffer
1941; Reineck and Howard 1978; Bornhouser
and Ziswiler 1983) results in both rostro-
terminal torsion and transverse shear loads
being generated in the truncus. These loads
represent the vertical components of the
propulsive force (Carrier 1993). The direction
of rotation of rostroterminal torsion changes
with each step, alternating from the left to
right side of the body as the membra make
contact with the ground. The axis of rotation
is centred at the highest point of the vaulted
columna vertebralis. Unlike iguanas and
salamanders, in crocodilians this point is
located cranial to the ossa cinguli membri
pelvici (bones of the pelvic girdle), within
the regio lumbicalis (lumbar region) (Frey
1988b). Opposing the vertical component of
the propulsive force are the above mentioned
ventrally directed loads associated with
gravitation. This opposition results in dorso-
ventral shear. Rostroterminal, crosswise bracing
of the columna vertebralis of the truncus and
regio basis caudae through isometric
contraction of the epaxial musculature, which
is necessary in order to counter dorsal flexion,
also results in a rostroterminal compression of
the articulaticnes intercorporales {Fig. 10}
Additionally, asynchronous isotonic contraction
of ipsilateral segments of the epaxial muscu-
lature, particularly in the regio lumbosacralis,

Dorsoventral shear
Rostroterminal torsion

Transverse shear

DBEam

Rostreterminal comprassion

results in the generation of rostroterminal
shear forces (Fig. 12).

Accommodation of mechanical loads acting
on the articulationes intercorporales

Rostroterminal torsion (Fig. 11)

Rostroterminal torsional loads generated in
the cervix and truncus are countered to some
extent by the articulationes zygapophysiales
(Virchow 1914). However, the primary means
through which rostroterminal torsional loads
are accommodated is the coherent musculo-
skeletal reinforcement associated with bracing
of the scutum dorsi against the processus
transversi during isometric contraction of the
epaxial musculature. In the cervix, the articu-
lationes intercostales (intercostal articulations)
also counter rostroterminal torsion.

Rostroterminal compression and tension (Figs 5
and 10) ’

Rostroterminal compressional and tensional
loads acting on the columna vertebralis are
accommodated at the articulationes inter-
corporales directly by means of the elastic
anuli fibrost and capsula articularis. The
elastic fixation of the septum intercorporale
to the anulus fibrosus means that during
compression, synovia is forced towards the
outer circumference of the cavitates articulares
cranialis et caudalis/terminalis. Consisting
of fibrous cartilage, the anulus fibrosus has
the capacity to expand outwards against the
collagen fibre bundles of the elastic capsula
articularis, allowing the cavitates articulares
cranialis et caudalis/terminalis to bulge in
response to the pressure increase associated
with the above movement of synovia. A
termination of compression results in a

Fig. 9. Alligator mississippiensis; schematic representation showing the mechanical loads acting on the columna vertebralis
during a high-walk. The symmetrical step cycle means that the truncus is alternatively suspended between
contralateral membra thoracica et pelvica. As a result, the vertical component of each propulsive force
(P} generates rostroterminal torsional and transverse shear loads. Opposing the propulsive forces are the
downward directed loads associated with gravitation (G), resulting in dorsoventral shear. Bracing against ventral
flexion through isometric contraction of the epaxial musculature additionally causes rostroterminal compression
of the articulationes intercorporales and dermostea paravertebralia,
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Fig. 10. Osteolaemus teiraspis. Schematic representation of the rostroterminally directed
mechanical loads (amrows) acting on the articulationes intercorporales; five vertebrae
thoracica in left lateral aspect. A, during maximum extension of the celumna vertebralis,
isometric contraction of the epaxial musculature resulis in a uniform rostroterminal
compression of the articulationes intercorporalis. B, maximum ventral flexion; the
combination of flexion and the above mentioned rostroterminal compressive loading
means that each articujatio imtercorporalis is tensed dorsally and compressed ventrally.
Anatomical abbreviations are listed in the Appendix. Adapted from Frey (1988b, Abb.
4).
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Fig. 11, Alligator mississippiensis; schematic block diagrara
of the left half of the regio lumbosacralis, showing
the mechanical loads that, in part, are opposed
by the articulationes semisphaerotdae between
adjoining procoeious corpora vertebrarum. Dis-
location of the juncturae columna vertebralis as
a result of dorsoventral and transverse shear
toads is prevented by the blacking mechanism
that occurs between each articulating condyhus
vertebralis and fossa vertebralis, These loads
are additionally accommodated by the coherent
musciloskeletal reinforcement assoctated with
isomeltric contraction of the epaxial musculature,
as well as the bone-lock that oceurs at the articu-
lationes zygapophysiales. Anatomical structures
correspond to those labelled on Figure 7.

articulationes |
semisphaercidae J

dorsgventral
shear
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relaxation of the capsula articularis and anuli
fibrosi, forcing synovia back towards the centre
of the cavitates articulares cranialis et caudalis/
terminalis.

Additional bracing against rostroterminal
compressional and tensional leading is pro-
vided by the ligamenta interzygapophysiales,
clastica, interlaminaria et supraspinosa
(interzygapophysial, elastic, interlaminar and
supraspinosal ligaments; Fig. 4), and in
the cervix, the ligamenta anulocapitularia
(annulocapitular ligaments).

Dorsoventral shear (Fig. 11)

Dorsoventral shear loads acting on the
columna  vertebralis are accommodated
primarily by the coherent musculoskeletal
reinforcement associated with bracing of the
scutum dorsi against the processus transversi
during isometric contraction of the epaxial
musculature. Additional reinforcement against
dorsoventral shear is likely to come from
the bone-lock that occurs between adjeining
vertebrae at the articulationes zygapophysiales.
In the truncus, where these loads are greatest
due to the weight of the coelomata (body
cavities) and, if it is {ull, ventriculus (stomach),
the facies articulares of the pre- and post-
zygapophyses are angled at approximately
20-30° to the processus transversi, which are
parailel to the planum dorsale. In the cervix
and cauda, this angle approaches 45°.

The results of Virchow (1914} indicate that
dorsoventral shear is additignally opposed by
the articulationes semisphaeroidae between
adjoining procoelous corpora vertebrarum
(Fig. 5). The fact that the condylus vertebralis
sits within the fossa vertebralis of the
following vertebra means that dislocation due
to shear is not possible, even if the columna
vertebralis is considered in isolation from the
rest of the bracing system.

Transverse shear (Fig. 11)

Transverse shear loads acting on the columna
vertebralis are accommodated primarily by
the coherent musculoskeletal reinforcement
associated with bracing of the scutum dorsi
against the processus transversi during
isometric contraction of the epaxial muscu-
lature. Similar to dorsoventral shear [oads,
transverse shear is additionally opposed by
the articulationes semisphaeroidae between
adjoining procoelous corpora vertebrarum
(Virchow 1914).

Rostroterminal shear (Fig. 12)

In all extant crocodilians except G. gangeticus,
an increase in the width of the scutum dorsi

in the truncus, resulting from the presence of
multiple sagittal rows of dermostea accessoria,
can be interpreted as a means by which
rostroterminal shear loads are accommodated.
Extensive lateral flexion of the truncus during
high-walking is restricted by the bone-lock that
accurs between sagittally aligned dermostea
accessoria, and tensing of the ligamenta
interdermosteales. Because they are contiguous
with the lateral sagittai row of dermostea
paravertebralia, the greater the number of
sagittal rows of dermostea accessoria, the
more efficient this blocking mechanism will
be. Lateral flexion of the truncus is further
countered by tensing of the ligamenta
interdermosteales et cingulata on its extended
side.

Gawvialis gangeticus is unique among extant
crocodilian taxa in that its lacks any dermostea
accessoria  (Ross and Mayer 1983). Although
the narrow, uniform width of the scutum
paravertebrale resulting from this configura-
tion results in a greater capacity for lateral
flexion during axial swimming than in other
extant crocodilians, it may not be sufficient
to counter the rostroterminal shear loads
associated with lateral flexion during high-
walking. An increase in the magnitude of
rostroterminal shear loads would most likely
have the effect of inducing localized rostro-
terminal buckling of the scutum on the flexed
side of the truncus. This may be one of the
main reasons as to why adule individuals of
G. gangeticus are unable to high-walk (Singh
and Bustard 1977; Bustard and Singh 1978;
Basu 1979}

Another factor contributing to stabilization
of the truncus against excessive lateral flexion
during high-walking, and hence rostrotermianl
shear loads, is the length of the m. logissimus
in the cranial half of the regio crista caudae
pars duplicata. In crocodylids and alligatorids,
the myosepta of the m. logissimus belonging
to segmenta squamarum III-VI have a length
that is 1.7 times that of those in the truncus
(Frey et al. 1989). The increase in length
means that the lever arm of these muscle
segments is also greater than that which
occurs in the truncus. Antagonistic, isotonic
contraction of the terminally directed m.
logissimus caudae on the extended side of the
truncus would create additional tension,
particularly in the regiones sacralis et
lumbicalis, countering lateral flexion. A similar
increase in the length of the myosepta of the
m. longissimus caudae does not occur in
G. gangeticus (Frey et al. 1989). The capacity
to stabilize the truncus against rostroterminal
shear during high-walking in G. gavialis is
therefore likely to be less than in crocodylids
and alligatorids.
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Conclusions

In the context of the eusuchian-type bracing
system, it can be concluded that the primary
mechanical role played by procoelous vertebrae
is the stabilization of the articulationes inter-
corporales against dorsoventral and transverse
shear loads. Determining how these loads

these crocodilians has always been contro-
versial, and in the case of T pusillus has been
described as being either amphicoelous,
procoelous, “semi-procoelous”, opisthocoelous,
“semi-biconvex” or a combination of all these
conditions. In addition, Brinkmann (1992)
has referred procoelous vertebrae cervicales,
thoracicae et caudales, as well as a biconvex

are accommodated in crocodilians with
amphicoelous vertebrae may therefore provide
a clue as to why and how the transformation
to proceely occurred.

vertebra caudalis I to a second species, T
thericus, from the upper Barremian of Uha,
Cuenca province, Spain. Brinkmann also
refers a “semi-procoelous” vertebra from the
same locality to Bernissartia. In light of the
implications this material could have for the
results of this study, a review was considered
appropriate.

REMARKS ON THE VERTEBRAL
MORPHOLOGY OF THERIOSUCHUS SPP.
AND BERNISSARTIA FAGESII

Two of the most often referred to
mesosuchians in discussions on the evolution
of procoely are Theriosuchus pusillus and
Bernissartia fagessi. Theriosuchus pusillus is a
circa 500 mm long atoposaurid from the Lower
Cretaceous (Berriasian) Purbeck Limestone
Group of Dorset, southern England, whereas
B. fagessi is an “advanced neosuchian” from
the Early Cretaceous (Hauterivian-Lower
Aptian; Norman 1980) of Bernissart, Belgium
{Fig. 27). The vertebral morphology of both
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Fig. 12, Alligator misstssippiensis; schematic representation in
dorsal aspect during a high-walking, illustrating the
stabilizing influence of the dermostea accessoria. A,
configuration of the scuta nucha et dorsi; B, assoctated
rostroterminal compressing (left) and tensing (right) of
dermis of the dorsum. The combination of brachia
{upper arms} moving through a ventrolaterally aligned
plane and the symmetrical step cycle results in a slight
lateral bending of the truncus. Accompanying this
bending is asynchronous, isotonic contraction of
ipsilateral segments of the m, longissimus dorsi and m.
iliocostalis on the flexed side of the truncus, particularly
in the regio lumbosacralis. The amount of flexion that
can be achieved is restricted, however, due to bone-lock
that occurs between sagitually aligned dermostea
accessoria, and ligament-lock between articulating
transverse rows of dermostea paravertebralia (see
enlargement). Additionally, the ligamenta interdermostea
et cingulata on the extended side of the truncus are
tensed. The greater the width of the scutum dorsi, which
can be achieved through an increase in the number of
sagittal rows of dermostea accessoria, the more effective
this mechanisms is, preventing any tendency of the above
mentioned muscles to bend the truncus beyond a point
at which axial bracing is difficult to maintain. The animal
represented in this diagram is based on kinematic images
taken from Reilly and Elias (1998).
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Theriosuchus pusillus

Two specimens play a central role in the
arguments that have been put forward
concerning the vertebral morphology of
T. pusillus. These are BMNH 48216, an almost
complete, partially articulated skeleton, and
BMNIFH 48273, a slab preserving numerous,
fragmentary disarticulated elements, including
the rostral half of a mandibula (mandible},
ossa cranii (bones of the cranium), vertebrae
and dermostea. During the course of this
study, both of these specimens were examined
in detail by SWS.

BMNH 48216
PREVIOUS ACCOUNTS

In the original description of BMNH 48216,
Owen (1879, P. 13) describes the vertebrae as
being gently amphicoelous. Some years later,
Joffe {1967) described what she believed to be
vertebra caudalis I of this specimen as being
procoelous, but with a shallow, concavitas in
the middle of the condylus vertebralis. Joffe's
interpretation was corroborated by Buffetaut
(1982), who described this condition as “semi-
procoelous”. Clark (1986) and Norell and
Clark (1990} also considered the latter
vertebra to be vertebra caudalis 1, but based
on the identification of prezygapophyses
and terminally deflected processus transversi,
point out that the condylus is in fact on the
cranial end of the corpus. Although this would
make it opisthocoelous, Clark (1986, P. 346)
suggests that the condylus, on which he
also notes a concavitas, is most likely the result
of damage sustained during either preserva-
tion or preparation. Brinkmann (1992) agrees
with Clark’s (1986} interpretation of this
vertebra as vertebra caudalis I, as well as
his proposed orientation of the corpus, but
supposes that it is the terminal and not
cranial end that has sustained some kind of
damage. Based on comparisons with an
isolated vertebra caudalis I (IPFUB 102/69.5),
which he refers to T ihericus (see below),
Brinkmann (1992, P 61) suggests that vertebra
caudalis T of T pusillus was in fact “semi-
biconvex”., This means that the facies
terminalis of the corpus is convex, and the
facies cranialis, while also convex, had a
rounded, shallow concavitas in its centre,

REMARKS

X-rays of BMNH 48216 revealed that all
the corpora of the nine articulated vertebrae
thoracicae and cranial-most vertebrae lumbicales
are gently amphicoelous. The isolated vertebra
preserved next to the ossa carpi sinistrum
(bones of the left wrist) is interpreted as
either vertebra thoracica III or IV. This

i

interpretation is based on the fact that it is
knob-like, horizontally oriented processus
transversi, lacks diapophyses, well-develeped
hypapophysis, and a spine-like processus
spinosus. Only the caudal half of the corpus
is exposed, and its facies caudalis is flat. It
can therefore not be described as procoelous.
The isolated vertebra preserved next to
the ossa digitorum manus sinistrum (bones
of the left fingers) is interpreted as either
vertebra thoracica IV or V. The most obvious
difference between this vertebra and the
one described above is that it lacks a
hypapophysis. Knob-like, horizontally oriented
processus transversi are still evident. This
vertebra is also preserved in caudal aspect,
with only the caudal third of the corpus
exposed above the matrix. This shows a
gently concave fossa vertebralis, indicating
it is not procoelous.

The isolated vertebra caudalis I on BMNH
48216 does indeed appear to be opistho-
coelous, with a shaflow, rugose concavitas in
the centre of the condylus vertebralis, similar
to that seen on the condylus of the terminal-
most vertebrae caudales in extant crocodilians.
Based on the fact that no other element
on this specimen shows any preservational
or preparational damage, it is unlikely that
this condition is an artefact. The rugose
surfaces around the circumference of the facies
cranialis et terminalis of the corpus are
interpreted as rugositates anulares.

BMNH 48273
PREVIQUS ACCOUNTS

Clark (1986, P. 345) states that “at least
some [but not alf] of the cervical vertebrae
are procoelous”. His supposition that these
are cervical vertebrae is based on the presence
of hypapophyses and spine-like processus
spinosi. He also describes one of the vertebra
thoracicae as opisthocoelous, but the remainder
as amphicoelous.

REMARKS

All the vertebrae associated with BMNH
48273 are very poorly preserved, and
comments on their morphology should be
regarded as tentative at best. There is a
vertebra sacralis, at least one or two vertebra
cervicales, and two or three vertebrae
thoracicae. The caudal half of the corpus of
two of the latter are exposed, showing what
could be interpreted as a gently convex
condylus vertebralis. One of the mediolaterally
flattened, cranial vertebrae cervicales can be
described as procoelous, while the corpus
of the vertebra sacralis has a flat facies
cranialis and gently concave facies caudalis
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(= a fossa caudalis). This morphology would
be consistent with this vertebra being
interpreted as vertebra sacralis I1. None of the
vertebrae associated with this specimen could
be described as opisthocoelous.

Conclusions

Based on the above observations, the
following conclusions can be made with regard
to the morphology of the vertebrae in T.
pustllus: 1) some of the cranial vertebrae
cervicales are procoelous; 2) the facies caudalis
of the corpus on each of the cranial-most
vertebrae thoracicae is gently concave; 3)
the remaining vertebrae thoracicae and
cranial-most vertebrae lumbicales are gently
amphicoelous; 4) vertebra sacralis II has
a flat facies cranialis and gently concave
facies caudalis; 5) vertebra caudalis I 1s
opisthocoelous, with a shallow, rugose
concavitas in the centre of the condylus
vertebralis,

Theriosuchus ibercus and Bernissartia fagesii

Brinkmann (1992) describes an isolated
“semi-procoelous” vertebra ?thoracica (IPFUB
102/59.1; Abb. 38), isolated procoelous
vertebrae cervicales, thoracicae et caudales
(IPFUB 102.69.1, 102.69.3 and 102/69.4;
Abb. 39) and a biconvex vertebra caudalis I
(IPFUB 102/21.44; Abb. 39) from the upper
Barremian of Una, Cuenca province, Spain.
Based on cranial material, Brinkmann
recognizes three crocodilian taxa from this
locality: Unasuchus regenae, Thertosuchus ibercus
and an indeterminate spccies of Bernissaréia.
The biconvex vertebra caudalis I was found in
association with the holotype material of
T. ibercus, which comprises fragmentary ossa
cranii (cranial bones). Based on its size and
superficial similarity to vertebra caudalis 1
of T pusillus (described above), Brinkmann
assigns this specimen to the same individual
to which the ossa cranii are believed to belong.
Brinkmann assigns the “semi-procoeious”
vertebra ?thoracica to Bernissartia sp. At Una,
Bernissartia sp. 1s known only from the rostral
half of a right os dentale (dentary; IPFUB
102/49.1) and isolated coronae dentes (tooth
crowns). Brinkmann's referral of the vertebra
is based primarily on comparison with the
lectotype of B. fagesii (IRSNB R1538). Based
on their size, Brinkmann refers the isolated
procoelous vertebrae to 7. ibericus. This would
mean that all the vertebrae of this crocodilian
with the exception of the vertebra caudalis 1,
which is biconvex, were procoelous.

Although at first glance, Brinkmann's
grounds for referring these vertebrae to each
of the above taxa seem reasonable enough,
there are a number of reasons why they could
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be considered problematic. The most signifi-
cant is the lack of any taphonomic evidence.
All of the specimens described by Brinkmann
are disarticulated, often fragmentary elements,
all of which come from individuals of a
similar size class (circa 300-900 mm). As a
result, even if there is no duplication, the
referral of even closely associated remains to
the same individual, let alone the same taxon,
is questionable. A similar problem occurs
with crocodilian material from the Berriasian
Purbeck Limestone Group of Dorset, southern
England (Salisbury 1999). In addition,
Brinkmann’s  taxonomic arguments for
referring the biconvex vertebra caudalis I to
T ibercus based on comparisons with 77 pusillus
are circular. His assumption that T, pusillus had
a biconvex vertebra caudalis I is based on
the fact that this condition is also present
in 7. ibercus, but the referral of a biconvex
vertebra caudalis 1 to 77 ibercus is based on the
assumption that this feature was shared with
T pusillus.

The Bernissart Bernissartia material
PREVIOUS ACCOUNTS

The first two specimens of B. fagesit were
found in 1879 in the Sainte-Barbe coal mine
at Bernissart, a small Belgian village in the
province of Hainaut (Dollo 1883). The most
complete of these two specimens, IRScNB
R46, was given a preliminary description by
Dollo (1883). A more detailed description
of the Bernissart B. fagesii material was
published some time later by Buffetaut (1975),
who designated IRScNB R46 as lectotype
and IRS¢NB R1540 as paralectotype. Based on
an examination of the former specimen,
Norell and Clark (1990) presented a revised
diagnosis of the taxon.

The morphology of the vertebrae in Bernissart
B. fagesit 15 controversial, due mainly to the
fact that on all known specimens the articular
ends of most of the corpora are not visible,
Dollo (1883), Lydekker (1887), Buffetaut
{1975) and Clark (1986} considered the
veriebrae to be amphicoelous. Kilin (1955a,
b), however, interpreted them as procoelous.
As was menticned above, Brinkmann (1992)
described them as “semi-procoelous”. Norell
and Clark (1990) noted that of the exposed
vertebrae, examples of the vertebrae cervicales,
thoracicae et caudales were amphicoelous.
Benton and Clark {1988), Norell and Clark
(1990) and Buscalioni and Sanz (1990)
additionally considered vertebra caudalis I
to be biconvex. Vertebra caudalis II on
IRScNB R46 was described as procoelous by
Norell and Clark (1990). However, in their
character matrix, Norell and Clark (1990)
listed all the vertebrae caudales, except
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vertebra caudalis I, as being amphicoelous, as
did Clark (1994). More recently, Brochu
{1997b, 1999) scored the presacral vertebrae
of the Bernissart B. fagesii specimens as
amphicoelous. Buscalioni and Sanz (1990)
interpreted the vertebrae cervicales et thoracicae
of the Spanish Bernussartia as procoelous, but
noted that the extent to which the condylus
vertebralis was developed varied throughout
the columna vertebralis. On the vertebrae
thoracicae, they considered the morphology
of the condylus vertebralis to range from a
“convex condyle to a low {sometimes flattened)
articular surface” (Buscalioni and Sanz 1990,
P 139).

REMARKS

During the course of this study, the lectotype
(IRScNB R46) and paratype (IRScNB R1540)
of B. fagesii were examined by SWS. On both
spccimens, the morphology of the corpora on
the vertebrae cervicales cannot be determined.
Furthermore, as was pointed out by Norell
and Clark (1990, P. 119-120), the morphology
of the vertebrae thoracicae et lumbicales on
IRScNB R46 is difficult to interpret because
many of them are preserved in articulation.
As a result, the articular ends of most of
the corpora vertebrarum are not visible. The
only vertebrae in the truncus on which the
articular end of the corpus is clearly exposed
are vertebrae thoracicae VII, IX et X (see
Buffetaut 1975, Pl. III; we have interpreted
Buffetaut’s “vertebrae 4”7 as vertebra thoracica
V) and vertebra sacralis I. The caudal end of
the corpus on vertebrae thoracicae VII et IX
and vertebra sacralis I is gently concave, as is
the cranial end of the corpus on vertebra
thoracica X. It therefore seems reasonable
to assume that vertebrae thoracicae on this
specimen are amphicoelous. The corpora of
the vertebrae sacrales are not exposed. None
of the articular ends on the corpora of the
vertebrae thoracicae, lumbicales et sacrales
on IRScNB R1540 are clearly exposed. On
the latter specimen and IRScNB R46, all
the preserved corpora are hourglass-shaped in
ventral aspect, with gently concave facies
laterales. Each corpus is of a similar length to
those in the cervix, being approximately one
and half times longer than it is deep.

As occurs in the truncus, the articular ends
of most of the corpora on the vertebrae
caudales are not exposed on IRScNB R46
because they are preserved in articulation. The
only vertebrae in the cauda on which the
articular end of the corpus is clearly exposed
are vertebrae caudales I et II. We agree
with Benton and Clark (1988), Norell and
Clark (1990} and Buscalioni and Sanz (1990)
in considering the corpus of vertebra caudalis

I to be biconvex. Vertebra caudalis II has
a gently procoelous corpus (Norell and
Clark 1990). The remainder of the vertebrae
caudalis on IRScNB R46 appear to have
amphicoelous vertebrae. On IRScNB R1540,
only the articular ends of the corpora on the
terminal-most vertebrae caudales (XIV-XX)
are clearly exposed. The latter corpora are
gently amphicoelous.

In light of the above observations, none of
the vertebrae from the Bernissart B. fagesii
specimens could be described as “semi-
procoeious”. However, Buscalioni and Sanz
{19940, P. 136) describe one of the caudal-most
vertebrae cervicales of Spanish specimen of
B. fagesit from Galve, Cerrada Royal (UAM
CR-82001} as “incipiently procoelous”.
Although neither of us have not been able
to examine the latter specimen firsthand,
based on the Bernissart material, we consider
Brinkmann’s referral of the “semi-procoelous”
vertebra from Ufia (6 Bernissartia to be
problematic. If anything, the only vertebra
from Ufa that could be referred to Bernissartia
is the biconvex vertebra caudalis 1 (IPFUB
102/69.5), which Brinkmann refers to T
thercus.

Conclusions

Although it is clear that some of the croco-
dilians present in the Ufia assemblage
possessed procoelous vertebrae cervicales,
thoracicae et caudales, the taxon or taxa to
which these elements belong cannot be proven
conclusively. The same is also true for the
biconvex vertebra caudalis I and “semi-
procoelous” vertebra thoracica. Combined with
the lack of detailed information on other
aspects of the postcranial morphology,
comments on the axial bracing mechanism of
T. ibercus are therefore best avoided until
additional material is collected.

THE ARTICULATIONES
INTERCORPORALES OF CROCODILIANS
WITH AMPHICOELOUS VERTEBRAE

On all amphicoelous crocodilian vertebrae,
a rugositas anularis is present around the
circumference of the facies cranialis et
caudalis/terminalis of the corpus vertebrae
(Figs 2 and 13C,D). In extant crocodilians,
this rugositas forms the attachment of the
capusula articularis (Fig. 5). In addition, the
inner part of this rugositas is flattened. This
flattened area is of an equivalent relative
width to that seen around the condylus and
fossa on the corpus of extant crocodilian
vertebrae. In the latter, these flattened areas
represent the surfaces to which the anulus
fibrosus is attached.
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Fig. I3, Comparison between the articular end of the corpus on a procoelous (A; Caiman crocodilus crocodilus; SMNK
1183; corpus of vertebra caudalis II in cranial aspect) and amphicoelous (B, indeterminate mesosuchian
crocodilian from the Cretaccous of Morocco, Africa; SMNK 3801 pal; corpus of a vertebra lumbicalis in caudal
aspect) crocodilian veriebra. Of note on the procoelous vertebra is the presence of a rugositas anularis arcund
the circumference of the fossa vertebralis. This surface forms the attachment of the capsula articularis and anulus
fibrosus (sec Fig. 4). The substantia compacta forming the latter surface is much thinner in comparison to that
of the fossa, the surface of which is smooth. The surface of the fossa on the amphicoelous vertebra is also smooth,
indicating that the articulatio intercorporalis was synovial. Similarly, the exposed substantia spongiosa around
the circumference of the fossa suggests that the substantia compacta covering this surface was thin; a condition
that can be confirmed in other amphicoelous crocodilian vertebrae, in which it forms a rugositas anularis {see
Fig. 2). Using the eusuchian-type bracing system as analogous operationalization, these features can be correlated
with the presence of an anulus fibrosus and capsula articularis between adjoining corpora vertebrarum (see Fig.
15). Anatomical abbreviations are listed in the Appendix.

Using the eusuchian-type bracing system
as an analogous operationalization, these
osteological features can be correlated with the
presence of 1) a capsula articularis and 2)
an anulus fibrosus (Fig. 16}. The fact that a
condylus vertebralis is absent means that,
unlike extant crocodilians, there would have
been a spherical cavity within each articulatio
intercorporalis. This unusual kind of articu-
lation is here termed an articulatio cava
(biconcave articulation). As is the case in the
majority of extant amniotes with amphicoelous
vertebrae, it is possible that this cavity
accommodated a discus intervertebralis,
consisting of hyaline cartilage (Barkow 1856;
Goette 1897), with the anulus fibrosus forming
the entire outer periphery. In mammals, the
centre of each discus intervertebralis consists
of a gelatinous nucleus pulposus, which is

made up primarily of proteoglycan macro-
molecules (Hargens 1992); the discit inter-
vertebrales of birds consist entirely of hyaline
cartilage (Baumel and Raikow 1993). Because
the anulus fibrosus of the mammalian discus
intervertebralis is attached to the epiphyses
anulares of adjoining corpora, the substantia
spongiosa (spongious bone) of the corpus is
often apparent on these surfaces when the
vertebrae are separated and the discus is
removed (Fig. 14). The facies articulares of
such corpora are therefore often rugose in
appearance. The fossae vertebrales craniales et
caudales/terminales on amphicoelous crocodilian
vertebrae are always smooth, and, as is the
case in extant crocodilians, it is only the outer
circumference that is rugose (Figs 2 and
13B). For these reasons, the presence of a
mammalian-like discus intervertebralis within
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the articulatio intercorporalis of crocodilians
with amphicoelous vertebrae seems unlikely,
and an articulatio synovialis is assumed (Fig.

16).

In order for a synovial articulatio cava to
accommodate rostroterminal compressive and
tensional loading, a bursa intercorporalis
(intercorporal bursa) would be necessary (Fig.
16). During this type of loading, such a
structure would facilitate the movement of
synovia towards the margins of the cavitas
articularis (Fig. 16). Because it consists of
fibrous cartilage, the anulus fibrosus has the
capacity to accommodate this bulging by
expanding outwards against the collagen fibre
bundles of the elastic capsula articularis. The
attachment of a bursa intercorporalis to the
inner periphery of the anulus fibrosus would
not only be consistent with the condition seen
in extant crocodilians, but also the mechanics
of the cavitas articularis considered as part

A

25 mm

of a hydraulically stabilized articulation. An
elastic fixation of the bursa would mean that
following deformation of the cavitas articularis,
passive recoil to a central position would be
guaranteed, maintairing the hydraulic and
possibly osmoregulatory integrity of the
articulation. As is the case with the septum
intercorporale seen in extant crocodilians,
the embryonic derivation of a bursa inter-
corporalis from cells surrounding the
notochord would most likely also include
attachment to a continuous “axial strand”.

“Semi-procoelous’ articulationes
intercorporales

The vertebral condition referred to as “semi-
procoelous” (e.g., Buffetaut 1982, fig. 11B;
Brinkmann 1992, Abb. 38), in which there
is a rugose depressio in the centre of the
condylus vertebralis, is equivalent to that seen
in the terminal-mos$t vertebrae caudales of

epip anul
{sub comp)

sub spong

Fig. 14. Taurolragus euryceros (SMNK BONG0), the Central African spiral-horned antelope, or Bongo; close-up of the
caudal end of the corpus of a vertebra lumbicalis in caudal aspect, Unlike the corpora of crocodilian vertebrae,
the substantia compacta covering the central surface of the flat facies articularis is extremely thin, and small
regions of substantia spongiosa are apparent. This condition is associated with the presence of a discus
intervertebralis, the surface of which is continuous with that of the epiphysis anularis. Joints such as this are
therefore referred to as symphyses intervertebrales, Anatomical abbreviations are listed in the Appendix.

Fig. 15 (right). Goniaphelis “simus”, a goniopholidid mesosuchian;

lig sspin lig elast

reconstruction of the junctura columna vertebralis between
two vertebrae lumbicales in left lateral aspect. Based on
IRSNB R1537 and IRSNB R1539 (see Figs 2 and 16).
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extant crocodilians (Fig. 1F). Although it
has not yet been confirmed by dissection, in
the latter, the central depressio most likely
represents part of the area of attachment for
the septum intercorporale, as occurs on the
other vertebrae. The only difference is the
extent to which the condylus has developed.
Therefore, rather than representing a distinct
type of vertebral morphology, a “semi-
procoelous” corpus is more appropriately
described as part of the transition between
an articulatio cava and articulatio semi-
sphaeroidea. The development of a condylus,
which is most parsimoniously explained as
the result of a more extensive ossification of
the facies caudalis of the corpus within the
confines of the cavitas articularis cranialis, is
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Fig. 16 (left). Goniopholis “simus”, a goniopholidid
mesosuchian; reconstruction of the articulatio
intercorporalis  between two  veriebrae
Iumbicales. A, overview of the junctura
cotumna vertebralis showing the area that has
been enlarged in B and C; based on IRSNB
R1537 and IRSNB R1539 (see Fig. 15}). Soft
tissues have been reconstructed using the
eusuchian-type bracing system as an analogous
operationalization, B, schematic reconstruction
of the articulatio intercorporaiis in a slightly
oblique, Ieft caudolateral aspect, The portions
of periosteumn and capsula articularis covering
the left side of the corpus of cranial vertebra
have been removed, as has a segment of the
feft half of the anulus fibrosus and caudal
portion of the bursa intercorporalis. As a
result, the internal surface of the latter is
visible. A smatler segment of the right half of
the cranial portion of the bursa intercorporalis
has be removed to expose part of the right
surface of the fossa of the cranial vertebra. In
addition, the corpus of the caudal vertebra has
been sectioned aleng the planum medianum
(median plane}. €, schematic representation
of the same aiticulation in ventral aspect,
sectioned along the planum horizontale,
Like the articulatio intercorporalis of extant
crocodilians {see Fig. 4}, this joint is synovial,
However, the fact that it incorporates two
opposing concave fossae means that it is
described as an articulatio cava. The cavitas
articularis has been reconstructed as housing
a fluid-filled bursa intercorperale, which is
continuos with the internal periphery of the
anulus fibrosus. If the articulation was placed
under rostroterminal eompressive loading,
such a structure would have facilitated the
movement of synovia towards the margins of
the cavitas articularis, Consisting of fibrous
cartilage, the anulus fibrosus would of have
the capacity to accommodate this bulging
by expanding outwards against the collagen
fibre bundles of the elastic capsula articularis.
Anatomical abbreviations are listed in the
Appendix,

cav art caud

most likely dependant on the presence of the
above described bursa intercorporalis. The
presence of a bursa would decrease the size
of the cavitas articularis, allowing osteoblasts
and osteoclasts to become concentrated on
the periosteal surface of the fossa articularis.
Osteogenesis of the condylus is therefore likely
to occur from the periphery of the cavitas
articularis towards the centre, starting near the
attachment of the anulus fibrosus and bursa
intercorporalis and continuing towards the
centre of the fossa articularis. Attachment of
the centre of the septum intercorporale to the
condylus is probably the result of osteogenesis
around the “axial strand”. An opisthocoelous
corpus, like that seen on vertebra caudalis I
in Theriosuchus pusillus (see above)}, would
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involve the same transformation, but on the
cranial end of the corpus within the confines
of the cavitas articularis caudalis.

The transformation described above cor-
roborates the hypothesis of Hoffstetter and
Gasc (1969), who suggested that the condylus
on the corpora vertebrarum of crocodilians
was of a different developmental origin to
that seen in most procoelous squamates.
Following Werner (1961, 1967), Hoffstetter
and Gasc (1969) proposed that its develop-
ment was equivalent to that seen in procoelous
Gekkonidae, where the condylus is formed
entirely by the corpus.

THE BRACING SYSTEMS OF FOSSIL
CROCODILIANS

In order to determine the most likely bio-
mechanical scenario under which proceelous
vertebrae could evolve from an initially
amphicoelous condition, it is necessary to
examine the different types of bracing systems
present in fossil crocodilians, and in particu-
lar, the degree to which dorsoventral and
transverse shear loads can be accommeodated
at the articulationes intercorporales. Of
significance is that, unlike an articulatio
semisphaeroidea, considered in isolation, an
articulatio cava is casily dislocated when
placed te any type of shear Ioad.

There are three main types of bracing systems
that can be identified among crocodilians that
have amphicoelous vertebrae. These include
forms with no scutum paravertebrale, such as
metriorhynchids, those with a closed scutum
paravertebrale and those with an open scutum
paravertebrale. The corpora of the vertebrae
cervicales, thoracicae, lumbicales, sacrales et
caudae of all these crocodilians are essentially
similar in form (see Fig. 2). The bracing
system of metriorhynchids, however, is highly
aberrant with regard to that seen in other
crocodilian  Konstruktionen, and will be
discussed elsewhere (Frey and Salisbury, in

prep.).
Forms with a closed scutum paravertebrale

In all crocodilians that possess a closed
scutum paravertebrale, there are only two
sagittal rows of dermostea (Fig. 17). Each
dermosteum paravertebrale is longer in a
mediolateral direction than it is wide, and
has a distinct partes medialis et lateralis
(Fig. 17B). The angle at which the latter is
inclined ventrally to the former in cranial or
caudal aspect varies throughout the scutum. In
the nucha, where the dermostea are shorter,
it is usually between 20° and 30° gradually
increasing caudally to between 50° and 60° in
the regio lumbicalis. The greatest amount of

ventral inclination is seen in the regiones
lumbosacralis, sacralis et basis caudae, where
this angle approaches 70°. Terminally, ventral
inclination of the pars lateralis to the pars
medialis of each dermosteum paravertebrale
begins to increase again. Where preserved, the
inclination of the facies sutura mediana on
those crocodilians with this kind of scutum
paravertebrale indicates that the internal angle
between contralateral dermostea from each
transverse row was between 160° and 150° As
a result, the epaxial musculature is recon-
structed as being almost entirely enclosed, and
the myosepta of the m. iliocostalis are much
more strongly cranioventrally inclined than in
the eusuchian-type bracing system (Fig. 18).

In addition to a ventrolaterally inclined pars
lateralis, all the dermostea paravertebrale
possess a spine-like processus articularis, which
sits in a shallow groove in the facies articularis
intcrna of the proceeding dermosteum (Figs
17, 18 and 19). This type of articulation is
here referred to as an articulatio stylofovealis
{(peg-and-groove articulation). Because of the
low vertical inclination of the dermostea
paravertebralia and presence of articulationes
stylofoveales, any ventral flexion between
articulating dermostea beyond about 5° would
have induced diagonal shear across the pars
medialis, running from the base of the
processus articularis to the terminal end of the
margo mediana. This is because the processus
articularis makes the margoe cranialis of the
pars articularis cranialis uneven. Nevertheless,
even if the maximum amount of ventral flexion
between articulating dermostea paravertebralia
was only 5°, multiplied 23 times {the usual
number of transverse rows) this would still
result in a substantial amount of curvature.

Taxa for which this type of Konstruktion can
be devised include protosuchians, some, but
not all sphenosuchians and atoposaurids,
goniopholidids (Fig. 17), notosuchids and other
forms such as Araripesuchus spp. The width of
the scutum paravertebrale is all these taxa is
relatively uniform throughout its length, but
often narrows cranially in the nucha. In most
cases, the dermostea paravetebralia are slightly
fonger than the processus transversi in
the corresponding portion of the columna
vertebralis. In forms such as Protosuchus
richardsoni (Frey 1988b) and Theriosuchus pusillus,
the scutum paravertebrale extends from the
base of the occiput to the tip of the cauda,
being widest in the regio lumbosacralis. In a
species of Goniopholis from the Early Cretaceous
(Hauterivian-Lower Aptian) of Bernissart,
Belgium [Salisbury et al. 1999; previously
assigned to G. simus by Dollo (1883)], however,
it extends from the middle of the nucha to the
regio basis cauda, being widest in the regio
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Fig. 17, Gonigpholis “simus”, a goniopholidid mesosuchian with a closed scutum paravertebrale from the Lower Cretaceous
(Hauterivian-Lower Aptian) of Bernissart, Belgium. A, schematic reconstruction based on TRSNB R1537 and
IRSNB R1539, showing the configuration of the scutum paravertebrale in dorsal aspect. A reconstruction of two
articulating dermostea from the right (B, D} and left (C) side of the scutum paravertebrale in the regio lumbicalis
is shown in external (B), internal (C) and caudal (D) aspect. Cranial is indicated by the arrows. Of note is the
well-developed processus articularis, which sits in a rostroterminally aligned groove on the proceeding dermosteum
that is enclosed dorsally and laterally by a steep, ventrolaterally inclined pars lateralis, This type of articulation
is termed an articulatio siylofovealis. B, C and D are based on IRSNB R1539. Anatomical abbreviations are listed
in the Appendix.
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lumbicalis. Two discontiguous sagittal rows of
dermostea caudae form a terminal extension
of the scutum dorsi, terminating halfway along
the length of the cauda (Fig. 17A).

Salisbury and Frey (in review) have shown
that in these forms, segments of the three
main sub-systems of the epaxial musculature
(the mm. articulospinalis, tendinoarticularis
et fongissimus dorsi) can be interpreted as
having been attached to the pars medialis of
a single dermosteum (Fig. 18), as opposed to
the case in extant crocodilians, where they are
attached to wwo (Fig. 7). As is the case with the
dermostea accessoria of extant crocodylids and
alligatorids, the pars lateralis and processus
articularis of each dermosteum paravertebrale
probably sat atop a thin layer of retinacula
(fluffy, loosely attached connective tissue). The
septum transversum and myosepta of the
m. iliocostalis would therefore have been

3

attached at the junction between the partes
medialis et lateralis.

Goniopholidids also have an extensive plate
like scutum gastralis, comprising interlocking,
polygonal {6—4 sided) dermostea. A scutum
gastralis is also found in many protosuchians,
but unlike goniopholids, all the dermostea
gastralis are square. Theriosuchus pusillus and
Araripesuchus spp. lack a scutum gastralis.

Accommodaiion of dovsoventral and transverse
shear loads acting on the articulationes infer-
corporales

As demonstrated by Frey (1988b) for the
bracing system of Prolosuchus richardsoni, one
of the most conspicuous mechanical character-
istics of a closed scutum paraveriebrale is that
lateral flexion of the truncus is considerably
restricted. This 1s due to the influence of articu-
lationes stylofoveales between the dermostea
paravertebralia. The.processus articularis of
cach dermosteum is enclosed dorsally and
laterally by the steep, ventrolaterally inclined
pars lateralis of the proceeding dermosteum.

Lateral flexion between articulating dermostea
is therefore restricted to a very low angle,
perhaps no more than 5-10°. Beyond this,
bone- and ligament-lock is likely to have
darm occurred on both the flexed and extended side
of the truncus. An additional consequence
of this type of articulation system is that
rostroterminal torsional loads, and dorse-
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Fig. 18. Gondophoelis "simus”, a goniopholidid mesosuchian
with a closed scutum paravertebrale from the
Early Cretaceous (Hauterivian-Lower Aptian) of
Bernissart, Belgium; schematic block diagram of
the left half of the regio lumbosacralis, showing
the reconstructed cross-sectional topography of
the main anatomical portions of the bracin
system; based on IRSNB R1337 and IRSNBE R1530.
Unlike extant crocodilians (Fig. 7), segments of the
three main sub-systems of the epaxial musculature
(the mm. articulospinalis, tendincarticularis et
longissimus dorsi), were attached to the pars
medialis of a single dermosteum. Similar to the
dermostea accessoria of extant crocodylids and
alligatorids, the pars lateralis and processus
articularis of each dermosteum paraveriebrale sat
atop a thin layer of retinacula. The m. iliocostalis
was also considerably reduced in comparison to
the condition seen in extant crocodilians, reflect-
ing this animal's restricted capacity for lateral
flexion of the truncus. Cranial is indicated by the
arrow. Anatomical abbreviations are listed in the
Appendix.

ventral and transverse shear loads generated
in the truncus are also blocked (Fig. 20).
Additional stabilization is provided by the
coherent  musculoskeletal  reinforcement
associated with isometric coniraction of the
epaxial musculature, the rigidity of the scutum
gastralis and, to some extent, bone-lock at the
articulationes zygapophysiales.

The fact that dorsoventral and transverse
shear loads generated in the truncus, regio
basis caudae and caudal half of the cervix are
countered by the articulationes interdermo-
steales in those crocodilians with a closed
scutum paravertebrale, means that the
articulationes intercorporales are exposed to
minimal mechanical loading during loco-
motion. The presence of articulationes cavae
between adjoining corpora vertebrarum is
therefore of little consequence with regard to
reconstructing the capacity for sustained high-
walking, and, to some extent, independent
of an animal’s mass. That mass appears
to have had a minimal affect on stabiliza-
tion of the articulationes intercorporales
is evidenced by the large sizes attained
by some of the crocodilians for which this
type of bracing system can be devised, for
example goniopholidids. By restricting the
amount of lateral flexion that can occur, the
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Fig. 19. Goniopholis “simus”, a goniopholidid mesosuchian with a closed scutum
paravertebrale from the Early Cretaceous (Hauterivian-Lower Aptian) of
Bernissart, Belgium, A, reconstructinn of three dermostea in right lateral aspect
from the right side of the scutum paravertebrale in the regio-lumbicalis; only
the cranial half of the caudal-most dermosieumn has been drawn. The cranial
haif of the latter and caudal half of the dermosteum proceeding it are sectioned
sagittally along the axis sagittalis of the processus articularis and carina
dermostealis. B, schematic representation of ventral flexion between the two
cranial-most dermostea shown in A, both of which have been sectioned sagittaily
along the axis sagittalis of the processus articularis and carina dermostealis.
Where preserved, the inclination of the facies suturae medianae indicates that
the internal angle between contralateral dermostea from ecach transverse row
was between 160° and 150°. Because the processus articularis makes the margo
cranialis of the pars articularis cranialis uneven, any ventral flexion between
articulating dermostea beyond about 5° would have induced diagonal shear
across the pars medialis, running from the base of the processus articularis to
the terminal end of the margo mediana. In addition, the ligamentum
interdermostealis would have been placed under greater tension medially than
Iaterally. Following ventral flexion, elastic recoil of this ligament back to a
relaxed state would have helped facilitate dorsiflexion of the truncus. Both
diagrams are based on IRSNE R1539. Anatomical abbreviations are listed in
the Appendix. Adapted from Frey (1988b, Abb. 21}

fransverse

ﬂ ] Fg. 20. Goniophelis "simus”, mesosuchian goniopholidid

‘ with a closed scutum paravertebrale from the
e Early Cretaceous (Hauterivian-Lower Aptian) of
Bernissart, Belgium; schematic block diagram of
the left half of the reconstructed regio lumbo-
sacralis, showing the mechanical loads that, in part,
are opposed by the articulationes stylofoveales
between adjoining dermostea paravertebralia.
Dislocation of the juncturae columna vertebralis
as a result of dorsoventral and transverse shear
loads is prevented by the blocking mechanism
that occurs between each articulating processus
articularis and ventrolaterally inclined pars
lateralis. This type of a scutum paravertebrale also
stabilizes the columna vertebralis against rostro-
terminal torsion. This means that, to a certain
extent, the affect of such loads on the articu-
lationes cavae between adjoining corpora
vertebrarum is minimal, and independent of an
animal's mass. Anatomical structures correspond
to those labelled on Figure 18,

rostroterminat
tarsion

dorsoveniral
shear
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articulationes interdermosteales additionally
stabilize the truncus against the rostroterminaj
shear loads generated during high-walking.
The amount of ventral flexion that can be
reconstructed for the truncus is also sufficient
to facilitate galloping. The bracing system
associated with a closed scutum paravertebrale
would therefore have permitted a suite of
terrestrial locomotor modes equally as diverse
as that of extant crocodilians.

Forms with an open scutum paravertebrale

An open scutum paravertebrale is one in
which the internal angle between contralateral
dermostea from each transverse row in the
nucha, regio thoracica and cranial half of
the regio lumbicalis is just under 180° (Figs
929, 25 and 27). This means that these
dermostea are sub-parallel to the processus
transversi in cranial or caudal/terminal aspect,
as is the case in extant crocodilians (Fig. 7}.
‘T'his angle can be determined in fossil taxa
by examining the vertical inclination of each
dermosteum’s sutura mediana (Salisbury and
Frey, in review).

Of those crocodilian taxa for which an open
scutum paravertebrale can be reconstructed,
two main types of bracing systems can be
identified. These include either taxa with a
biserial scutum paravertebrale, made up of
two sagittal rows of dermostea, or those
in which the dermostea paravertebrale are
segmented sagittally. In the latter instance,
the scutum paravertebrale is then considered
to form a part of the scutum dorsi (see
Appendix).

Forms with a biserial scutum paravertebrale

In crocodilians with an open, biserial scutum
paravertebrale, the dermostea in the nucha
and regiones cervicoprothoracica et thoracica
are essentially flat, with the pars lateralis in
almost the same plane as the pars medialis.
In the regio lumbosacralis, the pars lateralis
becomes slightly inflected ventrally, in a
manner similar to those forms with a closed
scutum paravertebrale. This includes taxa
such as Steneosaurus, Pelagosaurus, Teleosaurus,
Sarcosaurus and Pholidosaurus. All these forms
have elongate, and sometimes tubular rostra,
and in the case of Telecsaurus spp., Steneosaurus
spp. and Pelagosaurus typus, are derived from
shallow marine facies, which has lead to
the assumption that they were predominantly
marine animals {Abel 1924, 1939; Kilin
1955b; Hauff 1960; Langston 1973; Buffetaut
1982; Hua 1994; Hua and Buffrenil 1996).
The width of the scutum paravertebrale varies
between taxa. In Stenessaurus bollensis, for
example, its is widest in the cranial part of the
regio thoracica (thoracic region), narrowing

di
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rapidly in a cranial direction and to a lesser
extent caudally/terminally (Frey 1988b. Abb.
24). The scutum paravertebrale of Pholidosaurus
decipiens is  the widest of any known
crocodilian, with some of the dermostea from
each sagittal row exceeding the mediolateral
width of the mesa cranii (Fig. 21A). Unlike
Steneosaurus bollensis, however, the widest
portion of the scutum occurs in the middle
of the regio thoracica. The presence of
a processus articularis on the dermostea
paravertebralia of these taxa is also variable.
A well-developed processus articularis is
present on all the dermostea paravertebralia of
Steneosaurus spp., Pelagosawrus typus, Teleosaurus
spp. and Sarcosaurus spp. In Pholidosaurus
decipiens, however, it is best developed on
those dermostea from the regio lumbosacralis.
On most of the remaining dermostea
paravertebralia the processus articularis is
reduced to a cranial convexity in dorsal aspect,
and is absent entirely-in the regio prothoracica
and nucha (Fig. 21B,C). Similar to forms
with a closed, biserial scutum paravertebrale,
segments of the three main sub-systems of the
epaxial musculature (the mm. articulospinalis,
tendinoarticularis et longissimus dorsi) are
interpreted as having been attached to the
pars medialis of a single dermostea (Salisbury
and Frey, in review; Fig. 22}

Brillanceausuchus babouriensis also possesses
an open biserial scutum paravertebrale, in
which the dermostea are of a similar form to
that seen in Pholidosaurus decipiens (Figs 24 and
25). However, unlike B decipiens and other
crocodilians with this type of scutum, the
vertebrae cervicales, thoracica et lumbicales of
B. babouriensis are procoelous. Michard & al.
(1990) described vertebra caudalis 1 of this
crocodilian as being doubly convex, but during
our examination of the relevant material we
were unable to identify such a vertebra.

Forms in which the dermostea paravertebralia are
segmented sagittally

To date, the only documented crocodilians
with amphicoelous vertebrae and sagittally
segmented dermostea paravertebralia are
Bernissartia  fagesii (Fig. 27), an as yet
undescribed form from the Lower Cretaceous
Las Hoyas Formation, near Cuenca, Spain
{Buscalioni 1991; Ortega and Buscalioni 1995)
and an indeterminate species of the dyrosaur
Rhabdognathus from the Paleocene Umm
Himar Formation of Saudi Arabia (Langston
1995).

In Bernissartia fagesii and the Las Hoyas
crocodilian, the scutum dorsi comprises two
sagittal rows of mediolaterally elongate
dermostea, and, lateral to these, additional
sagittal rows of square dermostea {one in B.
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21. Pholidosaurus decipiens, a pholidosaurid mesosuchian with an
open scutum paravertebrale from the Lower Cretaceous (Berriasian)
Purbeck Limestone Group of Dorset, southern England. A, schematic
reconstruction based on BMNH R3415, BMNH R3494, BMNH R3884
and BMNH R3956, showing the configuration of the scutum
paravertebrale in dorsal aspect. The full extent of the scutum is not
known terminal to the regio basis caudae. A reconstruction of two
articulating dermostea from the right (B, D) and left (C) side of the
scutum paravertebrale in the regio lumbicalis is shown in external (B),

internal (C) and caudal (D) aspect. Cranial is indicated by the arrows. Of note is the extreme width in a mediolateral
direction of these dermostez in comparison te that seen in other crocodilians with a biserial scutum paravertebrale
(see Figs 17 and 24). In addition, the pars [ateralis is in approximately the same plane as the pars medialis, and the
processus articularis is much shorter and flatter than in Goniepholis spp. (Fig. 17), for example. Although this permits
lateral flexion of the truncus, it has the effect of restricting ventral flexion, since the uneven nature of the margo
cranialis of each dermosteum induces shear along its mediocranial axis, B, C and D are based on BMNH R3956.

Anatomical abbreviations are listed in the Appendix.
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Fig. 22, Pholidosaurus decipiens, a pholidosaurid meso-
suchian with an open scutum paravertebrale
from the Lower Cretaceous (Berriasian) Purbeck
Limestone Group of Dorset, southern England;
schematic bleck diagram of the left haif of the
regio lumbosacralis, showing the reconstructed
cross-sectional topography of the main anatomical
portions of the bracing system; based on BMNH
R3415, BMNH R3494, BMNH R3884 and BMNH
R3956. Cranial is indicated by the arrow. Unlike
extant crocodilians (Fig. 7) but similar to other
forms with a biserial scutum paravertebrale (see
Figs 17 and 24), segments of the three main sub-
systems of the epaxial musculature (the mm.
articulospinalis, tendinoarticularis et longissimus
dorsi) were attached to the pars medialis of a
single dermosteum. Similar to the dermostea
accessoria of extant crocodylids and alligatorids,
the pars lateralis and processus articularis of each
dermosteum paravertebrale sat atop a thin layer of
retinacula. The m. iliccostalis was of an equivalent
relative diameter 1o that secen in extant
crocodilians, reflecting a capacity for lateral flexion
of the truncus. Anatomical abbreviations are listed
in the Appendix.

fagesii and two in the Las Hoyas crocodilian).
The two median-most paramedian rows of
dermostea have been considered analogous
to the scutum paravertebrale of extant croco-
dilians (Frey 1988b; Ortega and Buscalioni
1995). Additionally, Frey (1988b) and Salisbury
and Frey {in review) have hypothesized that
the lateral-most dermostea are analogous
to: 1) the pars lateralis of the dermostea
paravertebralia in forms with a biserial
scutum; and 2) the dermostea accessoria
of extant crocodylids and alligatorids. As
is the case with all extant crocodilians,
segments of the three main sub-systems of the
epaxial musculature {the mm. articulospinalis,
tendinoarticularis et longissimus dorsi) are
reconstructed as having been attached only to
the dermostea paravertebralia (Salisbury and
Frey, in review; Fig. 28).

$69m vertoost
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The configuration and extent of the scutum
dorsi in dyrosaurids is still unclear. Thevenin
(1911) believed Dyrosaurus lacked a skeleton
dermale altogether, but this was later shown
to be incorrect by Arambourg (1952). Swinton
(1950) described isolated dermostea from
Congosaurus bequaerts as being “squarish”
in outline, with a well-developed facies
articularis externa. Tantalizingly, he does
not comment on whether these dermostea
posses sutured margines medialis et lateralis.
To date, the most detailed account of the
dyrosaurid-type scutum dorsi is that of
Langston (1995). Langston’s reconstruction
(figure F32, P TF30) of a portion of the
scutum dorsi of an indeterminate species of
Rhabdognathus comes from what he considers
to be the regio thoracica. This section of
the scutum comprises transverse rows of four
dermostea, two on each side of body. The
medial-most dermostea from each transverse
row are longer in ‘a mediolateral direction
than they are wide, with a well-developed
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Fig. 23, Pholidosaurus decipiens, a pholidosaurid
mesosuchian with an open scutum paravertebrale
from the Lower Cretaceous (Berriasian) Purbeck
Limestone Group of Dorset, southern England;
schematic block diagram of the left half of the
reconstructed regio lumbosacralis. The absence of
articulationes stylofoveales between the dermostea
paravertebralia means that the articulationes cavae
between adjoining corpora vertebrarum are
exposed to dorsoventral and transverse shear loads
during locomotion, Dislocation of the articu-
lationes intercorporales is therefore possible. The
only anatomical characteristic of this bracing
system stabilizing these joints is the coherent
musculoskeletal reinforcement associated with
isometric contraction of the epaxial musculature,
as well as the bone-lock that occurs at the
articulationes zygapophysiales. As a result, an
increase in mass is likely to impede the capacity for
sustained high-walking. Anatomical structures
correspond to those labelled on Figure 22.
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Fig. 24, Brillanceausuchus babouriensis, an atoposaurid mesosuchian with an open scutum paravertebrale from the Early
Cretacecus (Berriasian} of the Babouri-Figuil Basin, northern Cameroon, Africa. A, schematic reconstruction based
on IPMNHNP BBR 201, 291 and 204, showing the configuration of the scutum paravertcbrale in dorsal aspect.
The full extent of the scutwm is not known terminal to the regio basis caudae. A reconstruction of two articulating
dermostea from the right (B, D) and left (C) side of the scutum paravertebrale in the regio lumbicalis is shown
in external (B), internal (C} and caudal (D) aspect. Cranial is indicated by the arrows. Unlike Pholidosaurus
decipiens, which has a similar scutum paravertebrale (see Fig. 21), the dermostea from the regiones prothoracica,
thoracicae et lumbicalis of B. babouriensis lack a processus articularis. Ventral as well as lateral flexion of the
truncus is therefore possible, since the planum articularis between transverse rows of dermostea is even.
Anatomical abbreviations are listed in the Appendix.
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Fig. 25, Brillanceausuchus babouriensis, an atoposaurid
mesosuchian with an open scutum paravertebrale
from the Early Cretaceous (Berriasian) of the
Babouri-Figutl Basin, nerthern Cameroon, Africa;
schematic block diagram of the left half of the
regio lumbosacralis, showing the reconstructed
cross-sectional topography of the main anatomical
portions of the bracing system; based on
IPMNHNP BBR 201, 291 and 204. Cranial is
indicated by the arrow, Unlike extant crocodilians
(Fig. 7) but similar to other forms with a biserial
scutum paravertebrale (see Figs 17 and 22},
segments of the three main sub-systems of the
epaxial muscularure (the mm. articulospinatis,
tendinoarticularis et longissimus dorsi) were
attached to the pars medialis of a single
dermosteum. Similar to the dermostea accessoria
of extant crocodylids and alligatorids, the pars
lateralis and processus articularis of each
dermosteum paravertebrale sat atop a layer of
retinacula. The m. iliocostalis was of an equivalent
relative diameter to that seen in  extant
crocodilians, reflecting a capacity for lateral flexion
of the truncus. Anatomical abbreviations are listed
in the Appendix,

facies articularis externa parallel to the margo
cranialis. Interestingly, these dermostea are
not sutured medially to the corresponding
element from the opposite side. Laterally, they
are sutured to a second sagittal row, the
dermostea of which are incomplete and
therefore of indeterminate shape. As with
the medial most dermostea, however, these
lateral elements posses a well-defined facies
articularis externa. The presence of a third
sagittal row is not known, nor is the full
extend of this scutum or the presence of
an separate scutum nuchae {(Langston 1995).
Similar dermostea to those described by
Langston have been found by one of us (SWS)
in an indeterminate species of Dyrosaurus from
the Eocene of Wurno, northern Nigeria
(BMNH R5635), Samik, Mali (BMNH R10148)
and In Farghas, Mali (BMNH RI11056).

The extreme elongation of the processus
spinosi in the regio sacralis and cauda of

dyrosaurids in comparison with the condition
seen in other crocedilians suggests that, at
least in these portions of the body, it is
unlikely that the bracing system operated
in a manner analogous to a hydraulically
stabilized, longitudinally cross-braced, seg-
mented I-beam carrier. The extent of the
scutum  dorsi may therefore have been
restricted to the regio thoracica, as implied by
Langston (1995), where the processus spinosi
are of a lower, more uniform height.

An unnamed form from the Cenomanian
Winton Formation of central Queensland,
Australia (Molnar and Willis 1996) also has
an open, sagitally segmented scutum dorsi.
Contrary to Willis and Molnar (1996), who
described the dermostea from the scutum
paravertebrale of this crocodilian as being
similar to those of Bernissartia fagesz'i, our
examination of this material (QM F36211,
QM F34642) indicates that, for the portions
preserved, the scutum dorsi is of a comparable
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Fig. 26. Brillanceausuchus babeuriensis, an atoposaurid
mesosuchian with an open scutum paravertebrale
from the Early Cretaceous (Berriasian) of the
Babouri-Figuil Basin, northern Cameroon, Africa;
schematic block diagram of the left half of the
reconstructed regio lumbosacralis, showing the
mechanical loads that, in part, are opposed by the
articulationes semisphaeroidae between adjoining
procoelous corpora vertebrarum. As is the case in
extant crocodilians (Fig. 11), dislocation of the
juncturae columna vertebralis as a result of
dorsoventral and transverse shear loads is
prevented by the blocking mechanism that occurs
between each articulating condylus vertebralis and
fossa vertebralis. These loads are additionally
accommodated by the coherent musculoskeletal
reinforcement associated with isometric contraction
of the epaxial musculature, as well as the bone-lock
that eccurs at the articulationes zygapophysiales.
Anatomical structures correspond to those labelled
on Figure 25,
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Fig. 27. Bernissartia fagesii, a mesosuchian with an open, sagittally segmented scutum dorsi from the Early Cretaceous
(Hauterivian-Lower Aptian) of Bernissart, Belgium. A, schematic reconstruction based on IRSNB R46 and IRSNB
R1538, showing the configuration of the scutum dorsi in dorsal aspect. The full extent of the scutum is not
known terminal to the regio basis caudae, A reconstruction of two articulating dermostea from the right (B, D)
and left {C) side of the scutum paravertebrale in the regio lumbicalis is shown in external (B), internal (C) and
caudal (D) aspect. Cranial is indicated by the arrows. The medial, double-keeled dermostea are interpreted as
being analogous to the two ipsilateral dermostea from each transverse row of the scutum paravertebralia of extant
crocodilians (see Figs 7 and 12), and pars medialis of forms with a biserial scutum paravertebrale (see Figs 17,
21 and 24). The lateral, single-keeled element, which is considered analogous to the pars lateralis of a
dermosteum paravertebrale in forms with a biserial scutum, is therefore termed a dermosteum accessorium.
Anatomical abbreviations are listed in the Appendix. B is redrawn from Frey (1988b, Abb. 28).
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m long d lig cing the pars medialis in the regiones thoracica et
thoracolumbicalis, means that lateral flexion
of the truncus is not as restricted as in those
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restricting ventral flexion, since the uneven
pro trans nature of the margo cranialis means this
corp vort s oot movement induces shear along the medio-

cranial axis of each dermosteum. An additional
consequence is that dorsoventral and trans-
verse shear loads are no longer blocked as
efficiently. As a result, the only anatomical
b feature stabilizing the articulationes inter-
corporales against such loading is the coherent
musculoskeletal reinforcement associated
with isometric contraction of the epaxial
musculature. The greater the width of the
scutum, the more stable the bracing system.
This is particularly true in forms where
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Fig. 28. Bernissartia fagesii, a mcsosuchian with an open,
sagittally segmented scutum dorsi from the Early
Cretaceous  (Hauterivian-Lower  Aptian)  of
Beranissart, Belgium; schematic block diagram of
the left half of the regio lumbosacralis, showing Iransverse
the reconstructed cross-sectional topography of the shear
main anatomical portions of the bracing system;
based on IRSNB R46 and IRSNB R1538. The only
difference between the anatomy of extant
crocodilians and B. fagesii is that in the laiter the
dermostea paravertebralia are not segmented
sagitally. The sutural contact between the
dermostea paravertebralia et accessoria means that —_
lateral flexion <can be achieved without A vas
compromising the width necessary for effective
dorsal stabilization. Anatomical abbreviations are
listed in the Appendix.
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configuration to that seen in extant crocodylids
and alligatorids. It comprises two sagittal
rows of single-keeled dermostea and, lateral
to these, one sagittal row of dermostea
accessoria. A second sagittal row of dermostea
accessoria may also be present. The nature
of the vertebrae in the Winton crocodilian
is not yet known. Salisbury ef al. (in review)
have also described a new crocodilian from
the Aptian Nova Olinda Member of the
Crato [formation, north-eastern Brazil with
amphicoelous vertebrae thoracicae, lumbicales
et caudales and scutum dorsi concordant with
that seen in eusuchians, However, further
details of this specimen will not be discussed
here.

Fig, 29. Bernissartia fagesii, a mesosachian with an open,
sagittally segmented scutum dorsi from the Early
Cretaceous  (Hauterivian-Lower  Aptian)  of
Bernissart, Belgium; schematic block diagram of
the left half of the reconstructed regio
lumbosacralis. The mobility that exists between the
lateral and medial portions of the scutum dorsi
means that the articulationes cavae between
adjoining corpora vertebrarum are exposed to
dorsoventral and transverse shear loads during
locomotion. Dislocation of the articulationes
intercorporales is therefore possible. As is the case

Accommodation of dorsoventral and iransverse
shear loads acting on the articulationes inter-
corporales

Although articulationes stylofoveales are
often present in forms with an open, biserial
scutum paravertebrale, the fact that the pars
lateralis of each dermosteum paravertebrale
is either close to or in the same plane as

with Pholidosaurus decipiens (Fig. 23), the only
anatomical characteristic of this bracing system
sitabilizing  these joints is the coherent
musculoskeletal reinforcement associated with
isometric contraction of the epaxial musculature,
as well as the bone-lock that occurs at the
articulationes zygapophysiales. As a result, an
increase in mass is likely to impede the capacity for
sustained high-walking, Anatomical structures
correspond to those labelled on Figure 28.
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zygapophysiales and the rigidity of the scutum
gastralis would have provided stabilization
against dorsoventral shear. In the eusuchian-
type bracing system and that which can
be devised for Brillanceausuchus babouriensis,
transverse and dorsoventral shear loads are
additionally blocked by the articulationes
semisphaeroidae between adjoining procoelous
corpora vertebrarum (Fig. 26).

The fact that the articulationes inter-
corporales are “exposed” to dorsoventral and
transverse shear loads in crocodilians with
amphicoclous vertebrae and an open scutum
paravertebrale means that the overall mass of
an animal is likely to influence its locomotor
capabilities. The lower the mass, the less
the mechanical loading on the juncturae
columna vertebralis during terrestrial loco-
motion (Gray 1944; Slijper 1946; Kummer
1959, 1975; Hildebrand 1960, 1995; Thompson
1961; 1968; Gambaryan 1974; Carrier 1987;
Frey 1988b). It is unlikely that there is any
critical mass at which loading cannot be
tolerated. The best way to quantify this is
simply to assume that the greater the mass of
an animal the more difficult sustained high-
walking is likely to become. Large (>three
metre) extant crocodilians often seem rejuctant
to carry their own weight on land, and
sustained terrestrial locomotion appears to
be a labour, only undertaken in moments of
extreme urgency or alarm, to excavate nests,
or when food supplies or water levels fall,
impelling extended overland journeys {(Cott
1961; Guggisberg 1972; Zug 1974; Pooley and
Gans 1976; Webb and Gans 1982; Sleeper
1996). Additional constraints on terrestrial
locomotion may relate to respiration (Sarre
1998). From a biomechanical point of view,
this is not to say that animals with this type
of bracing system will not exceed a certain
size, but the larger they are, the more their
terrestrial locomotor capabilities may be
impeded. Sustained high-walking, which is the
most likely operating regime under which
dorsoventral and transverse shear loads would
be encountered, would become particularly
difficult to maintain, regardless of metabolic
or respiratory constraints. This may be one of
the reasons as to why fossil crocodilians with
this type of bracing system that attain a length
in excess of two metres, such as teleosaurids,
dyrosaurids and pholidosaurids, are found
in association with what are considered to be
predominantly aquatic faunas,

The small (<circa 1 m) sizes attained by
B. fagesii and the Las Hoyas crocodilians
indicates that their terrestrial locomotor
behaviour was equivalent to that of extant
crocodylids and alligatorids. At least in
B. fagesii, the Konstruktion of the cauda

&

would have made it an effective burst swimmer
with good manoeuvrability, similar to
Paleosuchus spp., Catman crocodilus, C. lalirostris
and O. tetraspis (see Frey 1982a). The latter
crocodilians are all short-snouted opportunists,
living in creeks and rivers with dense
vegetation (Paolillo and Gorzula 1985;
Magnusson and Lima 1991). Both species of
Palegsuchus are also known to spend a
considerable amount of time out of the
water (Paolillo and Gorzula 1985; Magnusson
and Lima 1991). Generally speaking, these
crocodilians are able to utilize a wide variety
of habitat types. The bracing system and size
of B. fagesii and the Las Hoyas crocodilians
are suggestive of a similar type of life-style.
Their fossil association may therefore not
necessarily reflect any type of trophic or
locomotor habitat partitioning. Both assemb-
lages from which their fossils were collected
are assumed to have been predominantly
terrestrial faunas (Casier 1978; Norman 1980;
Fregenal-Martinez 1991; Fregenal-Martinez
and Melindez 1993), :

THE EVOLUTIONARY
TRANSFORMATION FROM
AMPHICOELY TO PROCOELY

The transformation from amphicoelous
vertebrae to procoelous ones in crocodilians
is here reconstructed in the context of a
biomechanical model for the axial bracing
mechanism. Assuming that procoely and
opisthocoely result from a more extensive
ossification of either the facies cranialis or
facies caudalis/terminalis respectively of an
amphicoelous corpus vertebrae, there are two
mechanisms through whicn their development
can be explained. The first is what is referred
to as piezoelectrical feedback, and the second
is interseptal stabilization.

Piezoelectrical feedback

In the context of a model for a tetrapod
bracing system, bones, cartilage, keratin and
other hard parts are modelled as having
all the mechanical characteristics of homo-
geneously compressive components. However,
unlike other structural materials, bone responds
to mechanical stress during formation
{osteogenesis) and growth, and is continually
modified throughout life (Wolff 1892,
Koch 1917; Murray 1936; Glucksmann 1941,
Bell 1956, Thompson 1961; Enlow 1963,
Frost 1964; Bassett 1972; Smith and Hall
1991; Thomason 1995). The osteogenesis of
dermal bone occurs directly in mesenchymal
membranes, whereas endochondral bones result
from the ossification of growing cartilage
(Thomason 1995). In both cases, mechanical
stress plays an influential role in determining
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internal architecture and form. In the case
of endochondral bone, however, the general
shape will always be predetermined by that
of the cartilage precursor. Postosteogenic
modification of bone structure primarily
involves the deposition and resorption of bone
matrix through the action of osteoclasts and
osteoblasts respectively (Martin and Burr
1989). Both types of cells are embedded in
either lacunae in the bone matrix or endosteal
and periosteal surfaces.

Warburton (1955), Frost (1967) and Bassett
(1972) have suggested that the process of
osteogenesis is analogous to a feedback
mechanism. The activation of undifferentiated
mesenchymal progenitor cells, osteoblasts
and osteoclasts is thought to be due to
an electrophysical response of tissue to
mechanical loading (Laerm 1976). The plastic
deformation of a loaded bone or bone
forming ftissue appears to function as a
transducer for piezoelectrical signals. These
signals influence the site and orientation
of osteoclastic and osteoblastic activity.
The osteogenesis of bone in response to
mechanical loading is believed to occur during
the early ontogeny of fishes (Weisel 1967),
and Laerm (1976) has proposed that it is
the primary mechanism responsible for
the structure and shape of their corpora
vertebrarum, which are amphicoelous.

In the context of the crocodilian-type
bracing system, the exposure of the articu-
lationes cavae between adjoining amphicoelous
corpora vertebrarum to dorsoventral and
transverse shear loads, resulting from an
opening of the margins of the scutum
paravertebrale and loss of articulationes
stylofoveales, may induce the development
of a condylus vertebralis in response to
the piezoelectrical feedback mechanism
described above. The development of the
condylus from the inner periphery of the
anulus fibrosus, adjacent to its connection with
the reconstructed bursa intercorporalis, would
be consistent with an increased shear loading
of this articulation. As part of a gradual
transformation, the first indication that this
has occurred would be the “semi-procoelous”
condition seen in some fossils and the
terminal-most vertebra caudales of extant
crocodilians. Bracing system types from which
this transformation can be reconstructed
include all those in which the scutum
paravertebrale is open, but in particular those
forms that were capable of sustained high-
walking, which is the primary operating
regime during which this type of loading
would occur. This includes small forms such
as Bernissartia fagesii (Fig. 27) and the Las
Hoyas crocodilian. The presence of procoelous

23

vertebrae in Brillanceausuchus babouriensis
(Fig. 24), which is of an equivalent size (circa
800 mm) and has an open scutum para-
vertebrale, could be interpreted as a result
of this type of transformation. Animals that
were capable of attaining greater masses,
such as Steneosaurus spp., dyrosaurids and
pholidosaurids (Fig. 21} were probably not
capable of sustaining a high-walk. As a result,
the determining factor for the transformation
to procoely, incessant exposure of the
articulationes intercorporales 10 dorsoventral
and transverse shear, cannot be reconstructed
with certainty. The fact that procoelous vertebrae
are not yet know to occur in crocodilians with
a closed scutum paravertebrale, where the
articulationes intercorporales are not exposed
to these mechanical loads, is consistent with
this transformation model. The one exception
is possibly Theriosuchus pusillus. However,
as will be discussed below, the isolated
development of articulationes semisphaeroidae
in forms such as T pusillus and Bernissartia
fagesii may relate to localized reduction in the
rigidity of the scutum paravertebrale.

The development of a biconvex vertebra
caudalis I can also be explained as a response
to incessant exposure of the first postsacral
articulatio intercorporalis to dersoventral and
transverse shear loads, resulting from an
increase in the mobility of the regio basis
caudae. In extant crocodilians, the regio basis
caudac represents the main point of flexion for
the cauda during axial locomotion (frey 1982a;
Frey and Salisbury 2000). This flexibility is
achieved primarily through a reduction in
the width of the scutum paravertebrale (Fig.
[2}. The fact that the vertebrae sacrales are
additionally stabilized through consolidation
with the other ossa pelvici (the costae sacrales
and ossa coxae), means that together they
represent an immobile unit. Flexion of the
cauda against the pelvis therefore relies on
the articulation of vertebra caudalis 1 against
vertebra sacralis 1. A reduction in the width
of the scutum paravertebrale dorsal to this
articulation would therefore result in an
increase in its exposure to dorseventral and
transverse shear loads. The development of a
condylus cranialis on the corpus of vertebra
caudalis I would aid in stabilizing the
articulatio intercorporalis against such loads.
The result would initially be an opisthocoelous
corpus, as is the case in Theriosuchus pusillus.
Further reduction in the width of the scutum
paravertebrale terminal to the regio basis
cauda or through an opening of its lateral
margins could therefore be correlated with the
development of a condylus terminalis, and
additionally, as is seen in Bernissartia fagesii, a
procoelous vertebra caudalis II,
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Interseptal stabilization

Herkner (1993, 1999) has postulated that
because all structures in a closed hydraulic
system are under tension, where hydraulic
bodies meet each other a gap will occur. In
these immobilized spaces, that, in an
organismic Konstruktion, can exist between
two or more muscles, muscles and coelomata,
or tensile clements and bone, turgescent cells
(cartilage) can be deposited or ostcogenesis
can take place. In this scenario, endoskeletal
structures can be derived within an evolution-
ary continuum as a consequence of spaces
occurring within the bracing system.

Although the formation of a condylus on the
corpus vertebrae is likely to follow the same
developmental sequence described above in
the piezoelecirical feedback hypothesis, the
determining factors for the mechanism to
occur within an eveolutionary continuum are
the opposite. The option [or the development
of a condylus can only be reconstructed from
those bracing systems where the articulationes
intercorporales are sufficiently stabilized
against dorsoventral and transverse shear
Ioads. The option for this transformation can
be reconstructed for all crocodilians with a
closed scutum paravertebrale, regardless of
their overall mass. As yet, however, there are
no fossil taxa supporting this supposition.
Among forms with an open scutum para-
vertebrale, a transformation from amphiceely
to procoely can only be reconstructed where
the influence of dorsoventral and transverse
shear loads on the articulationes intercorporales
is negligible due to a low body mass. The
bracing systems for Bernissartia fagesii (Fig.
27) and the Las Hoyas crocodilian fit this
criterion. Based on a comparison with
equivalent snout-vent lengths for Crocodylus
poresus (Webb and Messel 1978), the mass of
these crocodilians would not have exceeded
1 000 grams. Such a mass is unlikely to
have resulted in the generation of excessive
dorsoventral and transverse shear loads
during sustained terrestrial locomotion. The
fact that procoelous vertebrae are present
in Brillanceausuchus babouriensis confirms this
idea. Reconstructing the option for a trans-
formation from amphicoeely to procoely for
crocodilians with a greater mass and open
scutum paravertebrale, such as Steneosaurus
bollensis and Pholidosaurus decipiens, means that
operating regimes where excessive dorso-
ventral and transverse shear loads are likely to
be generated would need to be ignored.

Reconstructing a transformation to procoely
from a Dyrosaurus-type bracing system under
this scenario is more problematic, primarily
because its anatomical topography and therefore

precise mechanical characteristics are not yet
clear due to a lack of well-preserved material,
Nevertheless, the combination of large mass
and an open, sagittally segmented scutum
dorsi would mean that the capacity of these
animals to sustain terrestrial locomotor modes
such as high-walking, cannot be reconstructed
with certainty.

The consequences of procoely

The consequence of procoelous vertebrae for
the operation of a bracing system in which
the scutum paravertebrale is closed would be
that its margins could be opened — thereby
increasing the capacity for lateral flexion
and subsequently axial swimming — without
compromising terrestrial locomotor capabilities
in relation to overall mass. In forms with an
open scutum paravertebraie, a transformation
to procoely would have immediate conse-
quences for the operation of the bracing
systcms and ity influence on locomotor
capabilities. Most Significant is that it would
liberate the scutum paravertebrale from its
triple role of accommodating torsional and
dorsoventral and transverse shear loads (Fig.
21). An incrcase in overall mass would there-
fore not impose the same kind of mechanical
restrictions on the capacity for sustained
terrestrial locomotion as it did when the
vertebrae were amphicoelous. This may be one
of the main reasons as to why eusuchians tend
to show an tendency to attain relatively larger
sizes than do the majority of Mesozoic
crocodilians, and at the same time retain a
capacity for both several terrestrial and
aquatic locomotor styles.

Procoely and sagittal segmentation of the
dermostea paravertebralia

Sagittal segmentation of the dermostea
paravertebralia in  forms that possess
amphicoelous vertebrae means that the
options for stabilization against dorsoventral
and transverse shear loads are reduced. This
is because the mobility of the lateral part of
the scutum against the medial part means
that the presence of articulationes stylofoveales
is of little consequence concerning lateral
stabilization. The acquisition and retainment
of sagittally segmented dermostea para-
vertebralia prior to development of procoely
can therefore be regarded as a transforma-
tional step from which directional evolutionary
change can be implied. With the exception of
articulationes semisphaeroidae between the
corpora, the options for alternate trans-
formations that stabilize the articulationes
intercorporales against dorsoventral and
transverse shear loads are constrained by the
mechanical invariance characterizing the
operation of the bracing system.
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DISCUSSION
Procoely versus opisthocoely

If the evolution of procoelous vertebrae in
crocodilians is a result of the bracing system
responding to the accommodation of dorso-
ventral and transverse shear loads acting on
the articulationes intercorporales, then one of
the most interesting questions is why not
opisthocoely insteadr In the context of the
bracing system models presented herein, the
reasons for this are unclear. Because they
also result in articulationes semisphaeroidae,
the development of opisthocoelous vertebrae
would presumably have similar mechanical
consequences to procoelous ones. Additionally,
in the case of the articulatio intercorporalis
between vertebra sacralis II and vertebra
caudalis I, stabilization against dorsoventral
and transverse shear loads could also be
achieved through the development of a
condylus on the former as opposed to
the latter. One clue as to why opisthocoelous
vertebrae do not occur might relate to the
stabilizing affect of the articulationes zyga-
pophysiales, in which the postzygapophyses sit
cithcr dorsal or medial to the prezyga-
pophyses. However, this does not explain the
development of a condylus cranialis on
vertebra caudalis I. The existing stabilization
of vertebra sacralis Il as a result of s
consolidation to the other ossa pelvici may
have something to do with this, but in the
context of the current model the consequences
of this stabilization are difficult to interpret.

Procoely as a character

Understanding how and why procoelous
vertebrae could have evolved in crocodilians
has numerous consequences for evaluating
evolutionary scenarios derived from systematic
studies. The fact that procoely can be shown
to evolve from the bracing systems that
can be devised for Bernmissartia fagesit and
the Las Hoyas crocodilian, and that it is
already present in Brillanceausuchus babouriensis
— from which sagittal segmentation of
the dermostea paravertebralia can also be
reconstructed (Salisbury et al., in review) —
means that multiple transformation processes
can be reconstructed to explain the emergence
of those crocodilians for which a eusuchian-
type bracing system can be devised. This
challenges the current preference for regarding
the evolutionary origin of these crocodilians,
which include all extant forms, as being the
result of a single, step-wise transformation
process (e.g., Clark 1986, 1994; Buscalioni
and Sanz 1990; Norell and Clark 1990;
Clark and Norell 1992; Ortega and Buscalioni
1995; Wu et al. 1996a,b; Brochu 1997b). As
a result, it is impossible to ascertain whether

the members of Eusuchia are genealogically
related by descent, as is implied through
cladistic analysis. Procoelous vertebrae and
many of the other postcranial osteological
features that help distinguish eusuchians
from other crocodilians taxonomically can
be regarded as a ubiquitous consequence of
the transformation options that can be recon-
structed for the bracing system-types of several
Early Cretaceous crocodilians, The options for
aiternate transformations are constrained by
the mechanical invariance that characterizes
the operation of crocodilian-type bracing
system. The evolution and origin of those
crocodilians with a eusuchian-type bracing
system is therefore best described as a gradual,
and perhaps even inevitable transition
hetween a minimum of at least two different
types of organismic Konstruktionen. Since it
forms an integral part of the axial bracing
mechanism, procoely should not be regarded
as an isolated anatomical characteristic that
can evolve independent from other postcranial
transformations.

Future work

Future work on the significance of procoelous
vertebrae in crocodilians should include
further anatomical investigations, in particular
on  the embryonic development of the
condylus vertebralis and septum inter-
corporale. Documenting the expression of
the latter two anatomical structures throughout
the entire columna vertebralis (we were only
able to examine them between the vertebrae
lumbicales et thoracicae), as well as among
different crocodilian taxa, would be highly
beneficial in this respect.
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APPENDIX OF ANATOMICAL TERMS

Key to symbols and abbreviations

*

{pl)

new term
plural

Format

Terms are listed in alphabetical order in the following format:
term (pl: plural, where applicable); English equivalent (where -applicable). Annotation (where

acronym
appropriate).
A art styfov articulatio stylofovealis*
anul anulus (pl: anuli); ring. {pl: articulationes stylofoveales);
anul fib anutlus fibrosus {pl: anuli fibrosi); peg-and-groove articulation.
fibrous ring. art syn articulatio synovialis
antbrach antebrachium; forearm. (pk: afucuia'tlones_ synoviales);
apertura (pl: aperturae); aperture synovial articulation.
ap P ) ’ ’p ) P ap ’ art zyg articulatio zygapophysialis
area area (pl: arae); area. . (pl: articulationes zygapophysiales);
area Intpostzyg  area interpostzygapophysalis* zygapophysial articulation.
(pl: arae interpostzygapophysales); at atias.
interpostzygapophysial area. i axis

area intprezyg

area interprezygapophysalis*
(pl: arae interprezygapophysales);
interprezygapophysial area.

arc arcus (pl: arcus); arch.

arc haem arcus haemalis {pl: arcus haemales};
chevron bone or haemal arch/
process.

arc neur arcus neuralis {pl: arcus neurales),
neural arch,

art articulatio {pl: articulationes};
articulation.

art at occ articulatio atlanto occipitalis;
articulation between the occipital
condyle and atlas.

art cub articulatio cubiti {pl: articulationes
cubiti); clbow joint.

art gen articulatio genus (pl: articulationes

art intcorp

genus); knee joint.

articulatio intercorporalis
(pl: articulationes intercorporales};
intercorporal articulation.

art cav articulatio cava* (pl: articulationes
cavae); biconcave articulation,
art plan articulatio plana (pl: articulationes

art semsph

art sph

planae); biplanar articulation.
articulatio semisphaeroidea*

(pl: articulationes semisphaeroidae);

semi-spheroidal articulation.
articutatio sphaeroidea

{pl: articulationes sphaeroidae);

ball-and-socket articulation.

ax rostlerm

bas
brach
bursa

bursa intcorp

bw

C
can
capm

capm cost

caps art

car
car dermost

car dermost lat

axis rostroterminalis*; rostroterminal
axis. The longitudinal axis of the
entire body from the tip of the
rostrum to the end of the cauda.

basis {pl: basis); base.

brachium (pl: brachia); upper arm,

bursa (bursae), fluid filled sac or
sac-like cavity.

bursa intercorporalis* (pl: bursae
intercorporales); intercorporal
bursa.

body wall musculature.

canalis {pl: canales); canal.

capitulum (pl: capitula). A small
articular head.

capitulum costae (pl: capitula
costarum}; capitulum of the rib.
Ventral articular head of the rib.

capsula articularis (pl: capsulae
articulares); articular capsule.

carina (pl: carinae); keel,

carina dermostealis* (pl: carinae
dermosteales); ostecdermal keel.

carina dermostealis lateralis*
(pl: carinae dermosteales laterales);
lateral osteodermal keel.
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Appendix of anatomical terms — continued

car dermost
med

cart apic
cart ¢pip

caud
cauda
cav
cav art

cav art
cran/caud/term

cerx
cerv
choan sec

cing mem pelv
cing mem thor

coel

colm vert
conc

conc cond

conc lat
cond vert

cond vert
cran/caud/term

cor
coro dent
corp

corp cost
corp vert

cost
cost caud

cost cerv
cost sac
cost thor

cost prothor

carina dermostealls medialis*
{pl: carinae dermosteales mediales);
medial osteodermal keel.

cartilago apicalis {pl: cartilagines
apicales); apical cartilage.

cartilago epiphysialis; epiphysial
cartilage.

caudalis; caudal.

canda; tail.

cavitas {pl: cavitates); cavity.

cavitas articularis (pl: cavitates
articulares); articular cavity.

cavitas articularis cranialis/caudalis/
terminalis (pl: cavitates articulaves
craniales/caudales/terminales);
cranialfcaudalfterminal articular
cavity.

cervix, neck.

cervicalis; cervical.

choanae secundares; secondary
choanae,

cingulum membrum pelvicum; pelvic
girdie.

cinguium membrum thoracicum;
pectoral girdle.

coelom (pl: coelomata); body cavity.

columna vertebralis; vertebral
column.

concavitas (pl: concavitaies);
concavity.

concavitas condyli* (pl: concavitales
condyli). A concavity on an articular
condyle.

concavitas lateralis (pl: concavitates
laterales); lateral concavity.

condylus vertebralis (pl: condylus
vertebrales); vertebral condyle.

condylus vertebralis cranialis/
caudalis/terminalis* (pl: condylus
vertebrales craniales/caudales/
terminales), crantal/caudal/terminal
vertebral condyle.

coracoideum (pl: coracoidea);
coracoid.

corona denzis {pl: coronae dentes);
tooth crown.

corpus {pl: corpora); body or main
shaft (diaphysis) of a bone.

corpus costae {pl: corpora costarum);
main shaft of the rib,

corpus vertebrae (pl: corpora
vertebrarum); body of the vertebra.

costa {pl: costae); rib.

costa caudalis (pl: costae caudales);
caudal rib,

costa cervicalis (pl: costae cervicales);
cervical rib.

costa sacralis (pl: costae sacrales);
sacral rib.

costa thoracica (pl: costae
thoracicae); thoracic rib.

costa prothoracica (pl: costae
prothoracicae), prothoracic rib,
Rib belonging to a vertebra
prothoracica.

cox

cran
cr
cr caud

cr caud dup

cr caud sing

cranm

cub

)]
dent

derm
dermost

dermost acc

dermost caud

dermost dors

dermost gast
dermost gul
dermost nuch

dermost paravert

ciap

disc intvert

os coxae (pl: ossa coxarumy}; hip bone.
The os coxae of extant crocedilians
is formed by the consolidation of
the ilium and ischium. The os
pubis, while attached to ischium
by a cartilaginous joint, does not
participate in the acetabulum and
is therefore not considered part of
the as coxae.

cranialis; cranial.

crista (pl: cristae); crest or ridge.

crista caudae*; tail erest. Crest of the
cauda that is formed by squamae,

crista caudae pars duplicata*; double
tail crest. Portion of the crista
caudae that is paired. Internally,
this region extends terminally to
a point level with the last caudal
vertebra possessing processus
transversi and/or costae caudales
{Frey 1988a).

crista caudae pars singularis*; single
tail crest. Portion of the crista
caudae that is unpaired. Internally,
this region extends cranially to a
point level with the fast candal
vertebra possessing processus
transversi (Frey 1988a}.

cranium; skull. Following the NAV
(1983) and NAA (1993), this term
refers to the maxilla and that part
of the head skeleton that encloses
the brain.

cubitus; elbow.

os dentale {pl: ossa dentalia);
dentary.

dermis; skin.

dermosteum™® (pl: dermostea);
osteoderm.

dermosteum accessorium* (pi:
dermostea accessoria); accessory
osteoderm. A dermosteum from the
scutum corsi that is lateral to the
scutum paravertebrale.

dermosteum caudae* (pl: dermostea
caudae); caudal osteoderm.

dermosteum dorsale* (pl: dermostea
dorsalia); dorsal ostecderm,
Dermostea dorsalia collectively
include dermostea paravertebralia
¢t accessoria,

dermosteum gastrale* (pl: dermostea
gastralia); gastral osteoderm.

dermosteum gulae* {pl: dermostea
gutae); gular osteoderm.

dermosteum nuchae* (pl: dermostea
nuchae); nuchal osteoderm.

dermosteum paravertebrale*
(pl: dermostea paravertebralia);
paravertebral osteoderm. A
dermostezm from the scutum
paravertebrale,

diapophysis (ph: diapophyses).

discus intervertebralis (pl: disci
intervertebrales); intervertebral
disc.
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Appendix of anatomical terms — continued

dors
dorsm

dorstn caud

dorstn trun

E
epip anul

ext
extr

F
fac art

fac art arc haem
cran/term

fac art ext/int

fac art cost

fac art cost
cran/caud

fac caud
fac cran
fac dors
fac ext
fac lat
fac int
fac med
fac rost

fac sut med

fac term
fac vent
fasc lumbdors
fib anul

for

for vert

dorsalis; dorsal.

dorsum; back. Dorsal surface of the
truncus, excluding the pyga.

dorsum caudae; dorsal surface of the
cauda.

dorsum trunci; dorsal surface of the
truncus, comprising the dorsum
and pyga.

epiphysis anularis (pl: epiphyses
anulares); annular epiphysis.

externus; external.

extremitas (pl: extremitates);
extremity.

facies articularis; articular surface.

facies articularis arcus haemalis
cranialis/terminalis* (pi: facies
articulares arcus haemales
craniales/terminales); cranial/
terminal articular surface for
the haemal arch.

facies articularis externa/interna* {pl:
facies articulares externaefinternae);
external/internal articular surface.

facies articularis costalis (pl: facies
articulares costales); costal articular
surface,

facies articularis costalis cranialis/
caudalis (pl: facies articulares
costales craniales/caudales);
cranial/caudal costal articular
surface.

facies caudalis (pl: facies caudales);
caudal surface.

facies cranialis (ph: facies craniales);
cranial surface.

facies dorsalis {pl: facies dorsales);
dorsal surface.

facies externa (pl: facies externae);
external surface.

facies lateralis {pl: facies laterales);
lateral surface.

facies interna (pl: facies internae);
internal surface,

facies medialis (pl: facies mediales);
medial surface.

facies rostralis (pl: facies rostrales);
rostral surface.

factes sutura mediana* (pl: facies
suturae medianae}); surface of the
median sutuare,

facies terminalis* (pl: facies
terminales); terminal surface.

facies ventralis {pl: facies ventrales);
ventral surface,

fascia lumbodorsalis (pl: fasciae
lumbodorsales); lumbodorsal fascia.

fibrilla anularis (pl: fibrillae
anulares); annular fibre,

foramen {pl: foramina). A foramen
refers to an opening through which
other structures are known to pass.

foramen vertebrale (pl: foramina
vertebralia); vertebral foramen.

fos

fos vert

fos vert
cran/caud/term

fov
fov cond

G
gasts

gast

gn
gula

in¢

int
]

junc

junc colm vert

L
fam
lam arc neur

lat
fat caud

lat trun
lig

lig anulcap

lig cing

fossa (pl: fossae). A shallow concavity
or evagination, usually elongated in
one direction.

fossa vertebralis (pl: fossae
vertebrales); vertebral fossa,

fossa vertebralis cranialis/caudalis/
terminalis* {pl: fossae vertebrales
craniales/caudales/terminales);
cranial/caudal/terminal vertebral
articular fossa.

fovea (pl: fovae). A shallow, rounded
pit.

fovea condyli* (pl: fovae condyli);
condylar pit.

gastralis*; gastral. Pertaining to the
part of the venter beneath the
gastralia (gastral ribs).

gastrale (pl: gastralia); gastral ribs,

genu {pl: genus); knee.

gula*; throat or gular region. The
ventral surface of the cervix,
including the dermis between the
rami mandibulae.

hypapophysis (pl: hypapophyses).

ilium (pl: ilia),

incisura (pl: incisurae); incision,
Concavity or incision in the margin
of a bone or part.

internus; internal, inner or inward.

junctura (pl: juncturae), The general
term used to refer to a group of
joints between two or more bones.

Junctura columna vertebralis (pl:
juncturae columpa vertebralis).
The term used to collectively
refer to the group of joints and
ligaments between adjoining
vertebrae,

lamina (pl: laminae).

lamina arcus neuralis {pl: laminae
arcus neurales). The dorsal part of
the arcus neuralis that forms the
base of the processus spinosus.

lateralis; lateral.

latus caudae; lateral surface of the
cauda.

fatus trunci; lateral surface of the
truncus.

ligamentum (ph: ligamenta);
ligament.

ligamentum anulocapitulare
(pl: ligamenta anulocapitularia);
anulocapitular ligament.

ligamentum cingulatum (pl:
ligamenta cingulata); cingular
ligament.
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lig elast

lig intcost

lig intdermost

lig intlam

lig intzyg

lig sspin

lumen synov

3

artspin
capst
caudfem long

epax
iliscaud

long col
long d

multif
rect

rhomb
ser

spin
tendart

transspin cap

mand

marg
marg caud

marg crdn

marg dors

marg ext

marg lat

marg int

ligamentum elasticam interlaminare
{pl: ligamenta elastica
interlaminaria); interlaminar
elastic ligament.

ligamentum intercostale
{pi: ligamenta intercostalia);
intercostal ligament.

ligamentum interdermostealis
{p}: ligamenta interdermosteales);
interosteadermal ligament.
ligamentum interlaminare
(pl: ligamenta interlaminaria);
interlaminar ligamentum.

ligamentum interzygapophysialis (pk

ligamenta interzygapophysiales);
interzygapophysial tigament.
ligamentum supraspinosum
(pl: ligamenta supraspinesa);
supraspinal ligament,
lumen synoviale* (pl: lJumina
synovialia); synovial lumen. The
flutd-filled cavity within a bursa
synovialis,

musculus (pl: musculi); muscle,

m. articulospinalis (pl: mm.
articulospinales).

m. capiti-sternalis {pl: mm.
capti-sternales).

m. caudefemoralis longus (pl: mm.
caudofemorales longus).

epaxial musculature.

m. ilioischiocandalis (pl: mm.
ilioischiocaudales).

m. longus ceolli (pl: mm. longa colli).

. fogissimus dorsi (pl: mm.
longissimi dorsi).
m. multifidus (pl: mm. mulifida),

m. rectus abdominis (pl: mm. rect
abdomines).

m, rhomboideus (pl: mm,
rhomboidea).

m. serratus (pl: mm. serrata).
m. spinalis (pl: mm. spinales}.

m, tendinoarticularis (pl: mm.
tendinearticulares).

m. transversospinalis capitis {pl: mm.

transversospinales capitis).

mandibula {pl: mandibulae);
mandible or lower jaw.

margo {pl: margines); margin.
margo caudalis {pl: margines
caudales); caudal margin.
margo cranialis (pl: margines
craniales); cranial margin.
margo dorsalis (pl: margines
dorsales); dorsal margin.
margo externa (pl: margines
externae); external margin.
margo lateralis (pl: margines
laterales); lateral margin.
margo interna (margines internae);
internal margin.

marg med
marg rost
marg term
marg vent

max
med
meds

mem peiv
mem thor

mes cranin
ms

ms ikcost

N
nuc

nuc pulp

O
oce
08

P
palm os sec

parap
pars
pars lat

pars med

pect
ped arc neur

pelv

peost
plan art

margo medialis (pl: margines
mediales); medial margin.

margo rostralis (pl: margines
rostrales); rostral margin.

margo terminalis* (pl: margines
terminales); terminal margin.

margo ventralis (ph: margines
ventrales); ventral margin.

maxilla (pl: maxillae); upper jaw.
medialis; medial.

medianus; median. Situated or
extending in the axial plane;
located in the middle of the body
or anatomical part.

membrum pelvicum (pl: membra
pelvica); hind limb.

membrum thoracicum (pl: membra
thoracica); forelimb.

mesa cranii*; skull table.
myoseptum (pl: myosepta).
myoseptum of the m. iliocostalis,

nucha; nape of the neck or nuchal
region. The dorsal surface of the
cervix, between the caput and
dorsal portion of the regio omalis.

nucleus pulposus (pl: nuclei pulposi).

occipitalis; oceipital.
os {pl: ossa); bone.

palatum osseum secundare; bony
secondary palate.

parapophysis (pl: parapophyses).
pars {pl: partes); part.

pars lateralis (pl. partes laterales);
laterai part.

pars medialis (pl: partes mediales);
medial part.

pectus; breast,

pedunculus arcus neuralis* {pedunculi
arcus neurales); peduncle of the
neural arch. The term “pedunculus”
is used as a substitute for the
mammalian "pediculus” and avian
“lamina”, In crocodilians, the
lateral pare of the arcus neuralis is
thick and rostroterminally efongate
rather than a constricted stalk
(pedicle) as in mammals or plate-
like sheet (lamina) as in birds.

pelvis. The pelvis of crocodilians
is formed by the censolidation of
the two ossa coxarum, four costae
sacrales and two vertebrae sacrales.
The os pubis is not considered to
form part of the pelvis because of
its mobile articulation with the
ischium,

periosteum.

planum articulatio (pl: plana
articulationes); articular plane.
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planum dorsale; dorsal plane. A
plane that is parallel to the dorsal
surface of the caput, cervix, truncus
(dorsum trunci) or cauda (dorsum
caudae), and perpendicular to the
plana mediania et transversalia.

planum horizontale; horizontal
plane. Any plane dorsal or ventral
and parallel to the planum dorsale.

planum medianum; median plane,
The middle dorsoventral plane that
bisects the caput, cervix, truncus
and cauda rostroterminally into
right and left halves.

planum sagittale (pl: plana sagittalia);
sagittal plane. Any plane lateral
and parallel to the planum
medianum.

postzygapophysis
(pl: postzygapophyses).

prezyg prezygapophysis

(pl: prezygapophyses}.
proc processus (pl: processus); process.

plan dors

plan horz

plan med

pian sag

postzyg

processus articularis (processus

proc art
articulares); articular process.

processus spinosus (pl: processus
spinosi}; neural spine or neural
process.

processus transversus (pl processus
transversi); transverse process.

prox proximalis; proximal.

pt os pterygoideum (pl: ossa

pterygoidea); pterygoid,

pub os pubis (pl: ossa pubis); pubic bone,

pye pyga; rump or caudal part of the

dorsum trunci above the pelvic

girdle. Externally it is differentiated

only by the presence of three

transverse rows of dermostea,

C,. C, and PC,.

proc spin

proc trahs

R

ram ramus {pl: rami); arm or branch of
a bone or part.

ramus mandibulae {pl: rami
mandibulae); mandibular ramus,

rec recessus (pl: recessus), recess,

reg bas caud regio basis caudae*; base of the tail.

reg cervprothor  regic cervicoprothoracica®;
cervicoprothoracic region. The area
of transition between the cervix and
truncus, delimited internally by the
caudal-most vertebrae cervicales
and vertebrae prothoracicae. The
regio cerviceprothoracica is
continuous with the regio omalis.

regio lumbicalis; tumbar region. The
portion of the truncus delimited
internally by the vertebrae
lumbicales.

regio lumbosacralis*; jlumbosacral
region, The area of transition
between the regiones lumbicalis
et sacralis, delimited internally
by the caudal-most vertebrae
lumbicales and vertebra sacrales.

regio omalis (ph: regiones omales);
shoulder region.

ram mand

reg lumb

reg lumbsac

reg om

reg prothor

reg sac

reg thor

ret
rost
rostm

rug
rug anul

sag

scap
sCtm

sctm dors

sctm gast

sctm gul

regio prothoracica*; prothoracic
region. The portion of the truncus
delimited internally by the two
vertebrae prothoracicae (vertebrae
thoracicae I et I},

regic sacralis; sacral region.
The portion of the truncus
delimited internally by the
pelvis (consolidation of the
two ossa coxarum, four costae
sacrales and two veriebrae
sacrales).

regio thoracica; thoracic region.
‘The portion of the truncus
delimited internally by the
vertebrae thoracicae, inclusive
of the vertebrae protheracicae.

reticula.
rostralis; rostral.

rostrum (pl: rostra), The snout,
comprising the symphysial
portions of both the maxilla

 and mandibula.

rugositas (pl: rugositates); rugosity.

rugositas anularis cranialis/caudalis/
terminalis* (pl: rugositates anulares
cranialis/caudalis/terminalis);
cranial/caudal/terminal annular
rugosity.

sagittalis; sagittal. Designating
a position or plane lateral and
parallel to the planum
medianum.

scapula (pl: scapulae).

scutum* (pl: scuta}; shield. A
portion of the dermis that
comprises an association of
dermostea.

scutum dorsi*; dorsal shield. That
portion of the dorsum trundi,
including the pyga, and, in some
forms, the crantal part of the
dorsum caudae, comprising
transverse and sagittal rows of
dermostea paravertebralia et
accessoria. Transverse rows are
counted from the sacrocaudal
junction in either a cranial or
terminal direction, which means
the first transverse row of
dermostea between vertebra
caudalis I and vertebra sacralis

I is termed PC, (precaudal 1).
Transverse rows of dermostea
cranial to PC, then become PG,
PC, etc, whereas those tcrminaf
to PC, become G|, C, etc. {Ross
and Mayer 1983),

scutum gastralis*; gastral shield.
The part of the pectus and venter
comprising transverse rows of
dermostea, often continuous with
the scutum gulae.

scutum gulae*; gular shield. The

part of the gula comprising
dermostea.
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scutum nuchae*; nuchal shield.
The part of the nape or neck
comprising dermostea.

sctrn nach

scutum paravertebrale*;
paraveriebral shield. In all extant
crocodilians, the median four
dermostea from each transverse row
of the scutum dorsi are attached to
the underlying epaxial musculature.
The portion of the scutum dorsi
comprising these dermostea is
termed the scutum paravertebrale
(Frey 1988a). This term is also used
1o refer to the biserial scutum of
many fossil crocodilians.

sctm paravcrt

segmentum laterocostale
{pl: segmenta laterocostalia); lateral
segment of a thoracic rib,
segmentum squamae (pl: segmenta
squamarum); girdle-like scale
segment.
segmentum sternocostale
(pl: segmenta sternocostalia);
sternal segment of a thoracic rib.
segmentum vertebrocostale
{pl: segmenta vertebrocostalia);
vertebral segment of a thoracic rib.

sept septum (pl: septa); septum,
septum intercorpoerale* (pl: septa

intercorporalia); intercotporal
septum.

septum transversum (pl: septa
transversa); transverse septum,

segm latcost

segm sqam

segIn sterncost

segm vertcost

sept intcorp

sept trans

squama (pl: squamae); scale. In
crocodilians, a squama refers to
a distinctly thickened portion of
the cutis {cuticle), The squamae of
crocodilians are often arranged in
transverse and sagittal rows, and
may correspond internally to
dermostea (osteoderms).

substantia compacta; compact bone,

squam

sub comp
sub spong substantia spongiosia; spongy bone,
also known as trabecutar or

canceilous bone.
sutura centrocostalis* (suturae

centrocostales); centrocostal suture.
Suture between the corpus

sut centrocost

sutura neurocostalis* {suturae
neurocostales); neurccostal suture.
Suture between the arcus neuralis
and costa caudalis.

sut neurcost

symphysis intervertebralis
{pl: symphyses intervertebraies);
intervertebral symphysis.

sym intvert

T
term terminalis*; terminal. Directed
towards the tip of the cauda.
Used in the cauda only.
term caud terminus caudae*; tip of the tail.
trans transversus, transverse or iransversal,
trunc truncus; trunk. The portion of the

body between the cervix and cauda,
excluding the limbs. It is defined
internally as the region that
corresponds 1o the vertebrae
thoracicae, lumbicales et sacrales.
tubc tuberculum (pl: tubercuia); tubercle.
tube cost tuberculum costae (pl: tubercula
costarum};-tuberculum, Dorsal
articular head of the rib.
tiberculum craniodorsale

(pl: tubercula craniodorsalia);
craniodorsal tubercle.

tubc crandors

v

vent ventralis; ventral.

ven venter; abdomen or belly.

vert caud vertebra caudalis {pl: vertebrae
caudales); caudal vertebra.

vert cerv vertebra cervicalis (pl: vertebrae

cervicales); cervical vertebra,

vert lumb vertebra lumbicalis (pl: vertebrae

lumbicales); lumbar vertebra.

vertebra prothoracica {pl: vertebrae
prethoracicae); prothoracic
vertebra. The first two veriebrae
thoracicae of crocodilians are
referred to as the prothoracic
vertebrae, primarily because their
corpora vertebrarum possess
diapophyses for articulation with
the tubercula of the segmenta
vertebrocostalia,

vert prothor

vertebrae and costa caudalis. vert sac vertebra sacralis {pl: vertebrae

sut med sutura mediana* (sutura medianae); sacrales); sacral vertebra.
median suture. vert thor vertebra thoracica (pl: vertebrae

sut neurcent sutura neurocentralis (pl: suturae thoracicae); thoracic vertebra,
neurocentrales); neurocentral including the vertebra prothoracica.
suture. vis visera (pl: viserae); internal organs.
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