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Riassunto. Tradizionalmente gli prerosauri venivano considerati
come appartenenti agli Archosaurifomes e molti specialisti contempo-
ranei considerano gli prerosauri quali sister groups di Lagosuchus,
Schleromochius e dei Dinosauria. La nuova analisi filogenetica qui pro-
posta mette in discussione queste affiniti in quanto tutte le presunte
sinapomorfie che collegherebbero gli Prerosauria con gli Archosauri-
formes o con gli Ornithodira mancano in realta negli Prerosauria,
oppure sono condivise anche da alcuni raxa di prolacertiformi. II
recente riesame degli olotipi di Cosesanrus aviceps, Longisquama insig-
nis e di Sharovipteryx mirabilis suggeriscono che molti caratteri potreb-
bero venire interpretati in maniera diversa rispetto alle precedenti
descrizioni. I risultati di molteplici analisi cladistiche suggeriscono che
questi tre prolacertiformi enigmatici, unitamente a Langobardisanrus,
recentemente descritto, costituirebbero i sister taxa degli prerosauri, in
base ad un insieme di sinapomorfic di nuova identificazione.

Abstract. Traditionally. prerosaurs have been included within
the Archosauriformes and many contemporary workers consider the
Prerosauria the sister group to Lagosuchus, Scleromochlus and the
Dinosauria. New analyses cast doubts on those relationships because
nearly all presumed archosauriform or ornithodire “synapomorphies”
are either not present within the Pterosauria or are also present with-
in certain prolacertiform taxa. Recent examinations of the holotypes
of Cosesanrus aviceps, Longisquama insignis and Sharovipteryx mirabilis
suggest that many characters may be interpreted differently than pre-
viously reported. Results of several subsequent cladistic analyses sug-
gest that these three "enigmatic” prolacertiforms, along with the newly
described Langobardisaurus, are sister taxa to the Prerosauria based on
a suite of newly identificd synapomorphies,

Introduction.

Pterosaurs have been known since Collini (1784)
published a description of a small strange fossil he ten-
tatively regarded as a marine amphibian preserved in
Solnhofen limestone. Cuvier (1801, 1809) classified the
creature among the reptiles and coined the term "Ptero-
dactyle" from the Greek "wing finger." Workers today
agree that pterosaurs are archosauromorph reptiles. The
question posed by this study is: where within the
Archosauromorpha cladogram do pterosaurs belong?

Traditionally the answer has been that prerosaurs
are archosaurs (Romer 1956); the sister group of the
Dinosauria, Scleromochlus and Lagosuchus/ Marasuchus
(Benton 1985, 1990, 1999; Padian 1984; Gauthier 1984,
1986; Sereno 1991, 1994; Kellner 1996); or perhaps
archosauriformes close to proterosuchids and erythro-
suchids (Bennett 1996a), chiefly because pterosaurs
have a prominent antorbital fenestra and a suite of other
archosaur-like characters almost entirely confined to the
hind limb (Bennett 1996a). Although Benton (1982,
1984) initially indicated that the Pterosauria are
archosauromorphs and the sister-group to all other
archosauromorphs, later work (Benton 1985, 1990,
1999) supported the traditional view. Previous to the
present work, the hypothesis that pterosaurs are
archosauriformes has been challenged only by Wild
(1978, 1984a) and Peters (1997).

Here a phylogenetic framework for determining
the position of the Pterosauria within the Archosauro-
morpha is provided by analyzing a broad range of char-
acter data across an extended range of taxa including the
following key prolacertiforms: Langobardisaurus pan-
dolfii (Renesto 1994), L. tonelloi (Muscio 1996, Fig.
1C), Cosesaurus aviceps (Ellenberger and de Villalta
1974, Fig. 3-6), Longisquama insignis (Sharov 1970, Fig.
7) and Sharovipteryx mirabilis (Sharov 1971, Cowen
1981, Fig. 8-10). As a group these four genera have not
been compared to each other or 1o pterosaurs in cladis-
tic analyses, although Jalil (1997) did include Cosesasurus
and Langobardisaurus in his -ladistic analysis of
Jesairosaurus. Renesto (1994) regarded Langobardis-
aurus pandolfii as a prolacertiform close to Cosesauris
and the Tanystropheidae but did not provide an analysis.
Ellenberger and de Villalta (1974) and Ellenberger
(1977, 1978, 1993) regarded Cosesaurus as a proto-bird,
but Sanz and Lépez-Martinez (1984) and others (Olsen
1979, Evans 1988) considered it a prolacertiform close
to Macrocnemus (Fig. 1A) or Tanystropheus. Sharov
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(1971) left the affinities of Sharovipteryx in question.
Gans, et al. (1987) tentatively identified it as a “small
primitive diapsid, perhaps a lepidosaur or close to the
Archosauriformes...or perhaps adjacent to the ‘Pro-
torosauria’.” Tatarinov (1989) and Benton (1999)
regarded it as a derived prolacertiform and analysis of
the holotype confirms this placement. Sharov (1970)
and Haubold and Buffetaut (1987) regarded Longisqua-
ma as a pseudosuchian, Benton (1999) could not assign
it more precisely than within the Archosauria and Jones,
et al. (2000) considered it a distant relative of birds. The
present analysis of the holotype places it within the Pro-
li]certiforﬂlcs CIOSC to COS(_’S&EHT&IS.

Cosesaurus, Longisquama and Sharovipteryx are
difficult taxa to study and interpret. Fortunately, all
three holotypes are well articulated, but each one is rep-
resented by a single specimen. Each one has strange
and/or unexpected anatomical features. All three are
crushed or compressed. Often only the impressions of
bone are observable. All three must be viewed under
magnification from multiple angles employing a variety
of illumination to gather sufficient observational data to
make positive identifications. A few identifications are
inferred from vague impressions of the bone in the
matrix and by anatomical placement. Inference may be
influenced by personal bias: whether “seeing” what one
has been told to see, “seeing” what one is hoping to see,
or “seeing” something altogether different. To counter
the influence of bias, I had the advantage of access to the
observations of previous workers and to recent finds of
importance not available to earlier paleontologists. In
my opinion all three taxa appear to be incompletely or
improperly described and figured in the literature
(Ellenberger and de Villalta 1974, Ellenberger 1977,
1978, 1993, Sharov 1970, Haubold and Bufferaut 1987,
Sharov 1971, Gans, et al. 1987, Tatarinov 1989 and Ben-
ton 1999) which is one reason they have remained the
“enigmatic” reptiles of the Triassic. Although each is
worthy of a separate paper in which its description and
classification should be given with some confidence
before attempting a cladistic analysis, the key to under-
standing them is to consider them as a group. I do this
for three reasons: 1) All three display characters also
seen in higher archosaurs, which might be confusing if
one were not able to readily argue that these characters
are better considered synapomorphies of this small
clade; 2) Many characters are difficult to observe due to
preservational problems, so having more than one taxa
displaying a controversial character enables one to have
a higher level of confidence on duplicated interpreta-
tions and to reject unduplicated interpretations; 3) some
characters are only known inside this small clade. For
these reasons I would argue that sufficient evidence is
currently available in each specimen to make the prelim-
inary cladistic analyses and hypotheses advanced here. It

is hoped that by proposing a phylogenetic framework at
this time a new forum for discussion will emerge to
enable more concentrated anatomical and phylogenetic
studies in the future.

Historical background.

Bassani (1886) and Nopcsa (1922) both consid-
ered the jumbled remains of a long-necked, juvenile pro-
lacertiform, Tanystropheus, to be those of a primitive Tri-
assic pterosaur, Tribelesodon. Although the elongate cer-
vicals were mistaken for wing phalanges, other aspects
of the anatomy were sufficiently pterosaurian to validate
the identification, especially considering the disunctive
elongate fifth pedal digit. The error was not recognized
until 1929 when a superior Tanystropheus fossil was dis-
covered and Peyer (1931a) was able to make a positive
comparison to the holotype of Tiibelesodon. No other
published research into the relationship of Tanystro-
pheus, or other prolacertiforms, to pterosaurs is known.

Traditional (Pre-Cladistic) Classification

Romer (1956) expressed the generally accepted
hypothesis that pterosaurs were of “thecodont” descent
with no known transitional forms. Thus they were
archosaurs in the traditional sense (Bennett 1996a). Wild
(1978, 1984a) reviewed the various sorts of animals that
had been proposed as ancestors and argued that it would
be “very unlikely that the Thecodontia are the ancestors
of prerosaurs” (translated from German). Instead he
argued that the Prerosauria are “rooted separately in the
Eosuchia or went through intermediate forms between
Eosuchia and Prolacertilia.” He argued that the antor-
bital fenestra could have arisen separately in pterosaurs
and traditional archosaurs. Wild (1978) illustrated a
hypothetical ancestral form based on Heleosaurus (Car-
roll 1976) provided with an elongate tight digit.

Recent Studies

The following cladistic studies focused on the
interrelationships of archosauriforms. Benton (1982,
1984) indicated that the Pterosauria are archosauro-
morphs, but the sister-group to all other archosauro-
morphs. Later Benton (1985, Fig. 11A) suggested that
“Pterosaurs are archosaurs and a close sister-group of
the Dinosauria.” Benton (1990) presented a cladogram
of the Archosauromorpha (Fig. 11B) that included the
Pterosauria as the sister-group of Lagosuchus [now
Marasuchus (Sereno and Arcucci 1994)] and the
Dinosauria. Most recently, however, Benton (1999)
placed the Pterosauria, the Dinosauromorpha and a
small dinosaur-like biped, Scleromochlus, within a new
clade, Avemetatarsalia, but stated that Scleromochlus was
not the sister group to either taxa. Padian (1984) resur-
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ments on Ellenberger’s characters, identified by (* ),
are interpreted differently than in either previous work.

The ratios of “skull to pre-sacral length,” “orbit to
skull length and height” and “snout to skull length” may
simply point to a juvenile diapsid interpretation, as Sanz
& Lépez-Martinez (1984) note, but Jesairosaurus (Jalil
1997), Langobardisaurus (Fig. 1C), Longisquama (Fig. 7)
and Preondactylus (Fig. 12 reconstructed) all have simi-
lar snout-to-skull and orbit-to-skull ratios; but note that
these ratios are within the range of many diapsids, espe-
cially juveniles, and out of the range of most other pro-
lacertiforms and pterosaurs which have longer snouts.
Contra Ellenberger (1978), the naris is a narrow elon-
gate fenestra between the extended premaxilla and max-
illa (Fig. 4), as in derived prolacertiforms and Preon-
dactylus (Wild 1984). Another anterior depression or
fenestra appears close to the tip of the snout, but it is

Fig. 4 - Cosesaurus aviceps (Ellen-
berger and de Villalta 1974)
skull. A. Photograph of a
cast of the holotype. B.
Interpretation of same. Gray
arcas represent the internal
septum and depressed por-
tions of the antorbital area.
Small black circle above
snout is a fossil bubble.
Three antorbital fenestrac are
visible separated by slender
struts. Quadratojugal spur
and rewoarticular apophysis
as in pterosaurs.

Figure abbreviations as fol-
lows: AoF - antorbital fenes-
tra(c). An - angular. Ar -
articular. Bo - basiocciput.
BPt - basiptervgoid. Cb -

ceratobranchial. Cr - coro-

I-\;"T."'%j . )
-‘\‘;“a;n‘._ﬁ noid. D - dentary. Ec

cctoptervgoid. Fr - trontal,
Hy - hyoid. ToS - interorbital
septum. ] - jugal. L - lacrimal.
Ls - laterosphenoid. Mx -
maxilla. N - nasal. Op -
opisthotic. Pa — parietal, Pl -
palatine. Pm - pseudome-
sethmoid. Pmx - premaxilla.
PO - postorbital. Pokr -

postfrontal,  PrFr - pre-
PMx frontal. Pt - prervgoid. Q -
/ Premaxilla quadrate. QJ - quadratojugal.
/' depression S - surangular. Sp - splenial.

Sq - squamosal. V - vomer.

completely surrounded by the premaxilla, so it cannot
be the naris. Three antorbital fenestrae (Fig. 4) appear to
be present in Cosesaurus. Similar depressions often
appear in the crushed and disarticulated skulls of other
prolacertiforms, so one must be cautious in asserting the
presence of this key character. The skull of Cosesaurus is
not crushed but compressed and completely articulated,
therefore the apparent fenestrae may be real and bor-
dered dorsally by an inflated lacrimal, as in Longisquama
(Sharov 1970, Haubold and Buffetaut 1987, Benton
1999, Fig. 7), and in Sharovipteryx (Fig. 10 reconstruct-
ed). Whether present or not, the initial appearance of
the antorbital fenestra could have occurred at any point
preceding the appearance of pterosaurs without affect-
ing the cladistic results obtained in the present study.
Sanz & Lépez-Martinez (1984) reject the “structure of
the temporal region” and the “morphology of the
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- Cosesaurus aviceps (Ellenberger and de Villalta 1974) reconstruction in lateral view, configuration based on living lizards capable of

bipedal configuration (see text, Fig. 2, Snvder 1954). Left femur foreshortened due to lateral orientation and left pes in digitigrade con-

figuration (Peters 2000). Right pes as preserved. Note the large orbir, the short cervicals, the interclavicle keel, the comparatively large

forelimb and elongate digits, the elongate ilium and fused puboischiadic plate, all as in pterosaurs. Abbreviations as in figure 3.

quadrate-jugal [sic]” without commenting on how they
would reinterpret the specimen. The posterior squamos-
al and anterior postorbital are clearly seen, but the con-
necting arch is not. Rather it appears melted or com-
pressed into the underlying braincase, so I reconstruct
this portion of the temporal arch as in Macrocnemus
(Kuhn-Schnyder 1962) and Tanystrophens (Wild 1973),
the two closest sister taxa. Contra Ellenberger (1978),
the quadratojugal is a clearly observable spur posterior
to the posterior process of the jugal (Fig. 4), as in Eudi-
morphodon (Wild 1978). The “advanced position of the
quadrate in relation to the occipital outline” is similar to
that in Longisquama (Fig. 3) and Langobardisaurus
tonelloi (Fig. 1C). The “retroarticular apophysis” is
shared with Langobardisaurus, Longisquama (Fig. 7),
Sharovipteryx (Fig. 10C) and Preondactylus (Fig. 12) and
no other pterosaur. Sanz & Lépez-Martinez (1984)
reject the “ventral position of the foramen magnum.”
Judging by the emergence of the first few cervicals, the
obscured occiput in Cosesaurus is probably angled 130°
to the jaw line, approximately parallel to the posterior
border of the quadrate. The “skull to neck ratio” is near-
ly 1.0 in Cosesaurus. It is less than 1.0 in other prolacer-
tiforms and more than 1.0 in Longisquama and Preon-
dactylus (as reconstructed here) and most pterosaurs,
apparently making this ratio transitional from long-
necked prolacertiforms to large-headed pterosaurs.

Cosesaurus, Longisquama and basal pterosaurs have a rel-
atively shorter neck supporting a larger head than do
Macrocnemus and tanystropheids. Whether one consid-
ers Cosesaurus a juvenile or not, it appears that neoteny
influenced this aspect of morphology.

The “cervical to dorsal centra length ratio” is sim-
ilar to that in Longisguama and Preondactylus but short-
er than in other well-known prolacertiforms except
Jesarrosaurus (Jalil 1997). The “neck to trunk length
ratio” is similar to that in Preondactylus, but shorter than
in other prolacertiforms except Jesairosaurus (Jalil
1997). The transverse processes of the dorsal vertebrae
are long. Four sacral vertebrae are present (Fig. 6), each
with broad, distal articulations suggesting capture by the
anterior and posterior extensions of the ilium. Sanz &
Lépez-Martinez (1984) reject the “presence of a furcu-
la.” However, paired clavicles are present and they over-
lap medially, as in Eudimorphodon (Wild 1983). A keeled
interclavicle anterior to the clavicles is present, also as in
Eudimorphodon (Wild 1983). Other pectoral elements
are similar to those of sister taxa prolacertiforms. Ellen-
berger (1977, 1993) noted posteriorly elongate scapulae.
Here those impressions are identified as anterior dicho-
cephalus ribs. Ellenberger noted an acrocoracoid. Here
that impression is identified as the low crescentic scapu-
la. Ellenberger (1993: figure 39) noted broad sternae.
Here those impressions are identified as large coracoids.
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Fig. 2
taxa under consideration in this study.

lated and crushed adult specimen, L. tonelloi, 1921 MFSN (Muscio
1996, Renesto and Dalla Vecchia 2000), reveals details of the skull, cer-
vical vertebrae and other elements (Fig 2C).

Horizon. Late Triassic (Norian), Bergamo Prealps and Friuli.
Northern Tralv.

Autapomorphies. Premaxilla with procumbent teeth matching
a scoop-like anterior dentary; posterior teeth are elongate with multi-
ple cusps: large coronoid process; relatively the longest neck among
prolacertiforms having only eight cervical vertebrae.

. Comments and Abbreviated Description. Judging
from photographs, the diagnosis and description of
Renesto is essentially correct, although the cervical
count is eight rather than nine (Fig. lc) with the poste-
rior cervical marked by a shorter centrum, as in other
prolacertiforms. The snout is short and the cranium is
high and dominated by a large orbit, rather than elongate
as Renesto described it. Unusual for prolacertiforms,
the presacral vertebrae are procoelous, as in pterosaurs.
A small preacetabular process is present, a character
common to living lizards (Fig. 2) capable of bipedal
locomotion (Snyder 1954). Pedal digit V has a metapo-
dial proximal phalanx and an elongate penultimate pha-
lanx with a tiny ungual. In L. tonelloi pedal digits IIT and
IV are subequal in length.

Cosesaurus aviceps - Ellenberger & de Villalta 1974

- A living lizard capable of bipedal standing and walking, Chlamydosanrus kingti (Shine and Lambeck 1989), 35mm transparency provid-
ed by the authors and used here as a basis for hypothetical reconstructions of prolacertiforms and prerosaurs in the bipedal configura-
tion. Characters common to extant lizards capable of bipedal locomotion (Snyder 1954) are found in the prolacertiform and pterosaur

Materials, The holotype is a single slab containing the natural
mold of an articulated and complete specimen, MGB-V1 (formerly IPB
553), in ventrolateral view, together with an adhering medusa (Fig. 3).

Horizon. Middle Triassic, upper Muschelkalk, Alcover, Spain.

Autapomorphies. Posterior teeth are broad-based triangles
(Fig. 4); four sacrals are present (Fig. 6); the essentially straight clavi-
cles overlap: the interclavicle has a pronounced keel that extends ven-
trally anterior to the clavicles (Fig. 5); the ilium has an anterior process
on the anterior process; the puboischiadic plate appears fused and
withourt a fenestra (Fig. 6), unlike related prolacertiforms.

Comments and Description. Based on its overall
size (14 cm), the brevity of its snout, the large size of its
orbit, and the disarticulation of ribs near and between
the pelves, Cosesaurus is considered a juvenile. Note,
however, that a much larger Langobardisaurus (Renesto
and Dalla Vecchia 2000) has a relatively shorter rostrum
and larger orbits while Jesairosanrus (Jalil 1997) has a
similarly proportioned skull. Well-ossified tarsal ele-
ments suggest at least a sub-adult age in Cosesanrus.
Poorly ossified carpal elements are typical of many pro-
lacertiforms, such as Macrocnemus (Rieppel 1989) and
thus are not good age indicators.

Many of Ellenberger’s (1977, 1978, 1993) bird-
homology interpretations were challenged by Sanz &
Lépez-Martinez (1984) who considered Cosesaurus
close to Macrocnemus. Neither employed a cladistic
analysis. Here many of Sanz & Lépez-Martinez’s com-
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Fig. 3 - Cosesaurus aviceps (Ellenberger and de Villalta 1974) in sitn. A. Latex peel of the holotype, MGB-V1, a natural cast of the articulated
skeleton adhering to a medusa. B. Interpretation of the holotype, including dorsal frill and controversial uropatagium. Scale bar = 1
cm. Arrows point to disarticulations in the tail. Small black circles (e.g. on right metatarsal I11) are bubbles. The right pelvis has been
foreshortened during compression. Sternum and interclavicle keel impressions permit observation of underlying vertebrae impressions.
Gastralia are illustrated only distally for clarity. See figures 4, 6 and 13C for skull, sacral and pedal details. Elongate manual digits, nar-
row fibula, overlapping clavicles, interclavicle keel, relatively short cervicals and other characters (see text) are all synapomorphies
shared with pterosaurs.

Abbreviations in Figures as follows: CaV - caudal vertebrae. Ch - chevron (hemal arch). Co - coracoid. CV - cervical vertebrae. Cl -
clavicle(s). DV - dorsal vertebrae. F - femur. Fi - fibula. H - humerus. Ic - interclavicle. Il - ilium. Is - ischium. Mt - metatarsal. Pp -
prepubis. Pu - pubis. R - radius. Sc - scapula. St - sternum. SV - sacral vertebrae. Ti - tibia. U - ulna. Roman numerals refer to digits.
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rected the view of Huene (1914) by homologizing many
of the characteristics of Scleromochlus and the
Pterosauria. Padian argued that both are sister-groups of
Lagosuchus and the Dinosauria. Gauthier (1984) argued
that the Pterosauria are the major sister-group of the
Dinosauria (together termed the Ornithotarsi) with
Lagosuchus as an outgroup. All three taxa comprise the
Ornithodira. Gauthier’s (1986) analysis presented Lago-
suchus, the Dinosauria and the Pterosauria as a polytomy
(Fig 11C). Sereno (1991) argued that the Dinosauria and
Lagosuchus constituted the Dinosauromorpha with the
Pterosauria as the first major sister-group (Fig. 11D).
Bennett (1996a) presented a cladistic analysis that con-
tirmed previous studies placing the Pterosauria close to
the Dinosauria, but a second analysis excluding hind
limb characters indicated that pterosaurs are the sister-
group of the Erythrosuchidae + Proterochampsidae +
Euparkeria + Archosauria, in that order (Fig. 11E).

Kellner (1996) presented a cladistic analysis that
followed those of earlier workers in placing pterosaurs
close to the Dinosauria and argued that Batrachognathus
(Rjabinin 1948) was the most primitive known
pterosaur. Batrachognathus cannot be the most primitive
prerosaur because: 1) the dentary is plesiomorphically
shorter in Preondactylus; 2) the rostral profile of Batra-
chognathus is highly convex, whereas in Preondactylus it
remains plesiomorphically straight; 3) the proximal pha-
langes on both manus and pes are reduced to disks in
Batrachognathus and are plesiomorphically unreduced in
Preondactylus; 4) Batrachognathus has only a few widely
spaced teeth set in wide jaws, whereas in Preondactylus
the dental arcade is plesiomorphically packed with teeth
set in narrow jaws; 5) The metacarpals are subequal in
Batrachognathus, but in Preondactylus metacarpal 1 is
plesiomorphically short; 6) Batrachognathus is a Late
Jurassic pterosaur and Preondactylus precedes it by 80
million years.

The following studies focused on prolacertiform
and lower diapsid relationships. None included the
Pterosauria, Cosesaurus, Longisquama, Langobardisaurus
or Sharovipteryx, except as noted. Chatterjee (1986)
examined Malerisaurus langstoni and analyzed relation-
ships among the Prolacertiformes. Evans (1988, Fig.
11F) analyzed the lower Diapsida (employing the
Archosauria as a single taxon) and proposed that
Cosesaurus is the sister-taxa of the Tanystropheidae with
Macrocnemus, Boreopricea, Prolacerta and Protorosaurus
as successively more distant taxa. Jalil (1997, Fig. 11G)
proposed that Boreopricea is a sister-taxon to Cosesaurits
+ Tanystropheidae while Malerisaurus + Jesairosaurus is
a sister-taxon to Macrocnemus. Benton and Allen (1997)
proposed that Tanystropheus is the sister group to
Cosesaurus, Macrocnemus, Langobardisaurus, Maleri-
saurus, Protorosaurus, Boreopricea and Prolacerta in that
order. Dilkes (1998, Fig. 11H) proposed that Tanystro-

pheus is a sister taxon to Langobardisanrus and Macroc-
nemus and supported the monophyly of the Prolacerti-
formes.

Materials and methods.

Fossil archosauromorph materials were examined or reside in
several collections, which are abbreviated as follows: IPB = Institut de
Paléobiologie C.S.I. C., Barcelona; MCSN(B) = Museo Civico di
Scienze Naturali “E. Caffi." Bergamo, Lombardy, Italy; MFSN =
Museo Friulano di Storia Naturale, Udine, Iraly; MGB = Museu
Geologia de Barcelona; PIN = Paleontological Institute, Moscow.
UCB = University of California at Berkeley; UCMP = University of
California (at Berkeley) Museum of Paleontology. Two taxa,
Sharovipteryx (PIN 2384/8 lower plate) and Langobardisaurus pan-
dolfii (MCSN(B) 2883 and 4860) were examined using 8x10 black and
white photographic enlargements. The following holotypes were
examined under the microscope.

Shavovipteryx mivabilis - (upper plate) preserving most of a
crushed articulated skeleton with clearlv discernable soft tissues - PIN
2584/8

Cosesaurus aviceps - natural cast of the virtually complete and
articulated skeleton on matrix and a latex peel of the same - MGB-V 1,

Longisquama insignis - plate preserving the anterior half of a
crushed articulated skeleton with elongate dorsal plumes - PIN 2584/4

Langobardisaurus tonellot - plate preserving a virtually com-
plete and articulated skeleton - 1921 MFSN

Preondactylus buffarinii - natural cast of an articulated skeleton
with a few remaining bones and a latex peel of the same - 1770 MFSN

Each of the above fossils requires low-level lighting under a
16x microscope to observe subtle impressions in shadow and high-
light. Overhead lighting was used to observe the extent of preserved
bone. Drawings were created using a camera lucida and tracings were
generared over a light table from scanned enlargements of 8x10 color
transparencies, 8x10 black and white prints and 35 mm photographs.

Outgroup relationships and terminal taxa.

Along with traditional archosauriform/ornitho-
dire taxa (see below) the following prolacertiforms were
employed as outgroups to the Pterosauria in the present
cladistic analyses: Macrocnemus (Rieppel 1989 and refer-
ences therein, Fig. 1A), Tanystropheus (Wild 1973 and
references therein), Tanytrachelos (Olsen 1979, Fig. 1B),
Langobardisaurus pandolfii (Renesto 1994), Langob-
ardisawrus tonelloi (Muscio 1996, Renesto & Dalla Vec-
chia 2000, Fig. 1C), Cosesaunrus (Ellenberger & de Villal-
ta 1974, Fig. 3-6), Longisquama (Sharov 1970, Fig. 7)
and Sharovipteryx (Sharov 1971, Figs. 8-10). Synapo-
morphies uniting these raxa with each other, the basal
pterosaur Preondactylus (Wild 1984b, Fig. 12), and other
basal members of the Pterosauria are listed within analy-
ses that follow.

Four separate cladistic analyses based upon previ-
ous work were performed for this study. The first ana-
lyzed a study of primitive diapsids (Evans 1988), but
here adds Langobardisaurus, Sharovipteryx and basal
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Fig. 1 - Selected Tapinoplatia (see text) in lateral view. A. Macrocnemus bassanit, reconstruction based on Peyer (1931), Kuhn-Schnyder (1962)
and Rieppel (1989). The long, robust neck posteriorly oriented to the skull, a primitive pedal morphology and a small ilium are char-
acters common to primitive prolacertiforms, The attenuated tail (length estimated), a low scapula; short, straight “lumbar” ribs and a
thvroid fenestra between the pubis and ischium are svnapomorphies of the Tapinoplatia. B. In Tanytrachelos alynis (Olsen 1979) the
skull is elevated on a flexible neck configured in a simple gradual curve, but here much less so than is preserved in the death pose of the
type specimen (Olsen 1979 figure 2) and others. The reduction of digit IV in both manus and pes, the elongation of the proximal pha-
lanx of pedal digit V and the presence of post-cloacal bones are derived characters also seen in pterosaurs. C. Langobardisaurus tonel-
loi (Muscio 1996, Renesto and Dalla Vecchia 2000) with left femur foreshortened. Right hind limb displayed as 2 sitr. Stance and pedal
configuration suggested by greatly reduced distal phalanges, Note the relatively large skull, short rostrum, large orbit, reduced scapu-

la and the reduction of phalanges in pedal digit V as in Cosesanrus (Fig, 3.).

Pterosauria (= Eudimorphodon + Preondactylus). The
second analvzed a smaller subset of Evans’ work focus-
ing on the Prolacertiformes and in addition to those
named before, adds Longisquama. The third analyzed a
more recent study focusing on the Prolacertiformes
(Jalil 1997), but here adds Longisquama, Sharovipteryx
and Eudimorpbodon. The fourth analyzed a study of the
Archosauromorpha (Bennett 1996a), but here adds
Cosesaurus, Longisquama, Sharovipteryx and Lango-
bardisanrus.

The purpose of doing four analyses, rather than
one, was to simplify comparison. The inclusion of key
prolacertiforms and pterosaurs into well-established
cladograms allows quick comparisons of similarly num-
bered characters and character states in previous works.

Inevitably some characters had to be rescored or other-
wise modified and these are readily identified. Certain
characters of Langobardisaurus, Cosesaurus, Longisqua-
ma and Sharovipteryx may have been incompletely or
inaccurately described by previous workers. Here I
attempt to reevaluate and redescribe these key raxa,
drawing particular attention to possible pterosaur
synapomorphies.

Langobardisaurus pandolfii - Renesto 1994

Langobardisaurus tonelloi - Muscio 1996

Materials. Three nearly complete and articulated specimens,
crushed on slabs: the holotype, MCSN(B) 2883, and the paratype,
MCSN(B) 4860, Fig. 1A), differing only in size. A third fully articu-
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Tendon(?)

Puboischial Plate

Preacetabular Process

Acetabulum

Fig. 6 - Cosesaurus aviceps (Ellenberger and de Villalta 1974) pelvis in ventral view. A. Photograph of the latex peel. B, Same with sacral verte-
brae (SV1-4) and their associated ribs (SR1-4) isolated. C. Interpretation of the specimen. Black circles are fossil bubbles. D. Sym-
metrical reconstruction in ventral view. Thin rods may be tendons. Note the disarticulation of all the ribs in the area except for two
pairs, the primitive central sacrals. Unlike the other caudal and dorsal ribs, the sacralized ribs have an anterolateral orientation and two
points of attachment. Abbreviations as in figure 3.
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The sternum is not present but the paired coracoids are
embayed medially providing a site for it. The “humerus
to femur length ratio” of 0.62 is greater than that of
other prolacertiforms. The length ratio of the manus to
the ulna is 1.3/1, or 50% greater than in Langobardi-
saurus and more than twice that in Macrocnemus. The
length ratio of manual digit IV to the humerus is at least
twice that of Langobardisaurus and Macrocnemus. Thus
Cosesaurus has the largest manus among traditional pro-
lacertiforms, except Longisquama (Fig. 7). Metacarpals
II-IV are subequal in length, as in Preondactylus (Dalla
Vecchia 1998).

The narrow, elongate impression Ellenberger
(1977: figure 6) identified as the “prepubis” is the preac-
etabular process of the ilium. The long rod Ellenberger
identified as the “postpubis” is tentatively identified
here as an ossified(?) tendon connecting the caudal mus-
cle complex to the anterior ilium. I know of no other
structure like it. The “Index of Galton” (Galton 1976) is
defined as the ratio of the femur + tbia + longest
metatarsal length to the trunk length and is reported be
related to bipedalism. Cosesaurus has an index ratio of
1.21, well within the range of other bipeds listed by Sanz
& Loépez-Martinez. The index number is higher still for
Langobardisaurus (1.35), Preondactylus (1.41) and
Sharovipteryx (2.1), which is one reason why they are
illustrated here (Figs. 1C, 5, 8 and 12) in the bipedal
configuration. Unlike Langobardisanrus and other simi-
lar prolacertiforms, the pubis and ischium in Cosesaurus
(Fig. 6) is not separated by a thyroid fenestra. The two
elements form a single fused plate that is smaller than
the ilium. The fibula of Cosesaurus is much narrower
than the tibia, which is unusual for prolacertiforms and
typical for pterosaurs. Digit V has one less phalanx than
most prolacertiforms. Sanz & Lépez-Martinez (1984)
reject the “interdigital web of the foot.” The metatarsus
of Cosesaurus (Figs. 3 and 13C) is appressed with non-
radiating distal ends so the digits would not have spread
for a web but were essentially parallel, as in Rotodactylus
tracks (Peters 2000). Contra Ellenberger (1977), indis-
putable dermal appendages are not visible on either side
of the tail, posterior to the fore limbs, or posterior to the
hind limbs. Any possible indications (Fig. 3B) appear at
the limit of resolution imposed by the grain of the
matrix. Dorsal to the cranium are a series of short, bris-
tle-like structures. Short rectangular frill segments
appear dorsal to the anterior dorsal vertebrae, as noted
by Ellenberger (1977). Ellenberger also observed a nasal
crest. This was not confirmed, but tentative borders are
shown in Figure 4b.

Longisquama insignis - Sharov 1970

Materials. Plate and counterplate (PIN No. 2584/4) preserving
the anterior half of a crushed articulated skeleton lacking only the tip

of the snout and manual digits II and IIL Plume-like dermal
appendages extend from the dorsal area. Disassociated plumes are also
kl'lU\Vl'l.

Horizon. Late Triassic (Norian), Fergana Valley, Kirghizia.

Autapomorphies. The upper temporal fenestra rim is greatly
expanded posteriorly; the clavicles are robust, strongly arced and
coosified with a robust, anteriorly expanded, interclavicle and a deeply
embayed sternum; hyper-elongate plume-like appendages extend from
the dorsal area.

Comments and Description. The anterior premaxil-
la is missing and the posterodorsal process (if present) is
indistinguishable from the dorsally expanded nasal (Fig.
7); the skull profile is low anteriorly then rises to a small
premaxilla/nasal crest, then rises again to a frontal/pari-
etal crest; the two small recurved antorbital fenestrae
within the anterior maxilla are separated by slender
struts; a third and larger fenestra is dorsally rimmed by
an inflated lacrimal/prefrontal; the orbit is very large
and a robust sclerotic ring fills it; the maxilla is narrow
and extends posteriorly to mid orbit; anteriorly the max-
illa bears large, sharp, anteriorly-oriented fangs, ventral
to the orbit are at least six tiny sharp teeth; the jugal
extends ventral to the antorbital fenestra, a dorsal
process meets the lacrimal, a postorbital process meets
the postorbital and a posterior spur extends to the
quadrate; a quadratojugal is not distinct from this spur;
the prefrontal rims the orbit dorsally; the postfrontal is
a l;ll'ge [riangu]al‘ elell]ﬂnt ffan]ing th(‘.‘ 3]'”:(:‘!';01' l‘;ITl 01: the
upper temporal fenestra; the squamosal frames a large
upper temporal fenestra expanded posterodorsally by
the large parietal; the inclined quadrate is broad; the
mandible is narrow anteriorly and deep posteriorly; the
anterior third(?) of the dentary is missing, but bears 11
large posteriorly-oriented fangs which decrease sharply
ventral to the orbit; a retroarticular apophysis is present;
the eight cervicals and their associated ribs are vague,
but the vertebrae are not elongate; the anterior dorsal
vertebrae are barely visible, however, eight increasingly
elongate and relatively straight dorsal ribs are anteriorly
displaced on the right side, all provided with expanded
proximal ends, probable anchors for the dorsal plumes.

The clavicles are robust, have small regular toothy
decorations, form a strong U shape, overlap each other
and the interclavicle; the robust interclavicle is segment-
ed; it has a greatly reduced stem and a tapered anterior
process; a keel may be present; the posteriorly embayed
sternum fills the bowl of the clavicles to which it may be
fused; concentric or layered rims are visible in low light
(Fig. 7C); considering the pattern of tusion in the pec-
toral elements, the in vivo position of the clavicle/inter-
clavicle/sternal complex is probably ventral, in many
respects matching a juvenile Eudimorphodon (Wild
1993); the narrow scapula is nearly as long as a dorsal rib
and twice as wide with a narrow waist; the dorsal end
extends to the dorsal vertebrae and the ventral end
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Sternal complex

Fig. 7 - Longisquama insignis (Sharov 1970), the holotype (PIN 2584/4) A. Tracing of the specimen in situ, Forelimb bone remnants in black
and impressions outlined. Skull fenestrae in black. The “plumes” are excluded. Scale bar = 1 em. B. Reconstruction with the snout tip
hypothetically reconstructed and displaced parts returned to their in vivo positions. Missing digits reconstructed according to Peters
(2000). Jugal extends anterior to orbit, strernal complex, strap-like scapula and tall coracoid, all as in prerosaurs. Abbreviations as in
Figures 3 and 4,
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expands and curves to meet the coracoid; the coracoid is
tall with radiating ridges anteriorly, a glenoid notch pos-
teriorly and an articular knob at the anteroventral cor-
ner; the humerus is robust with a narrow waist; the
straight radius and ulna are of equal width and display
little to no spatium interosseum; the carpal elements are
small, round and widely separated as in other similar
prolacertiforms; manual digit I, plus the associated
metacarpal, is only as long as metacarpal IV; manual digit
IV is three times the length of metacarpal IV; the penul-
timate phalanges of IV and V are the longest in each
series; the manus-to-ulna length ratio is 1.5/1, or 15%
greater than in Cosesaurus; elongate dermal impressions
appear in the throat region; the hyper-elongate plume-
like dermal appendages (Haubold and Buffetaut 1987;
Jones, et al. 2000) are autopomorphic characters of little
use to this investigation.

Sharovipteryx mivabilis - Cowen 1981

Materials. Originally Podopreryx (Sharov 1971), but the name
was preoccupied (Cowen 1981); part and counterpart slabs (PIN No.
2584/8) together preserving most of an articulated skeleton with clear-
ly discernable soft tissues preserved in dorsal aspect on the plate. The
present description refers chiefly to the counterplate.

Horizon. Late Triassic (Norian), Fergana Valley, Kirghizia.

Autapomorphies {with regard to rterrestrial prolacertiforms).
The premaxilla comprises nearly a quarter of the skull’s exposed palate
(Fig. 10); the external naris is large; the maxilla has a medial process
which divides the internal naris in two; long and robust hvoids extend
to the third cervical vertebra; the dorsal ribs are broad and flat distally
(Fig. 8C); six sacral vertebrae are present berween the extended ilia
(Fig. 9C) with branching at the lateral articulations; large chevrons
Pﬂrﬂ”e] e;\c]'l C:I.l.'ldﬂl centra, Eq'l.lﬂi t}'lcm il"l Ifﬂgth :{nd ﬂl'ticl'll.llf i|1 Sf]'{t}s
at expanded joints; the fore limbs are weakly developed except for
digit IV(?) which is unreduced or enlarged (Fig. 8¢) and nearly reach-
es the ilium; the tiny curved humerus has a large crescentic deltopec-
toral crest: the ilium is greatly extended anteriorly and posteriorly; the
femur and tibia are each equivalent to the intergirdle distance: the
femur has a enemial projection; the fibula is less than 20% as wide as
the tibia and s closely appressed without fusion; pedal digit V is the
longest; metatarsal Tis only slightly shorter than TI-TV which are sube-
qual and spreading; extensive and fiber-supporred uropatagial mem-
branes trail each hind limb and attach to the tail; other membranes
appear anterior to the distal tibia and anterior to the femur; a dermal
membrane, or web, between the pedal digits extends to the first inter-
phalangeal joints.

Note. Many bones in the specimen are split berween the plate
and counterplate with some bone shredded or impressed on both
plates. The skull appears to be split chiefly at the level of the exposed
palate and lower skull elements, as Sharov (1971) noted, but in dorsal

Fig. 8

aspect (Fig. 10A, D). Gans, et al. (1987) and Tatarinov (1989) consid-
ered the exposed bones dermal roofing elements with the orbits posi-
tioned in the anterior half of the skull. Four considerations argue
against that reconstruction: 1) the proposed “roofing” elements
should meet medially throughout the series, but they do not; matrix in
the shape of soft tissue, here identified as the pyriform recess, sepa-
rates the posterior exposed elements; 2) in all similar prolacertiforms
(Figs. 1, 3, 7, Wild 1973) the orbit is not in the anterior half of the skull
but an antorbiral fenestra might cause confusion; 3) the observed ele-
ments correspond to elements of the palate in Macrocenins (Kuhn-
Schnvder 1962, Fig. 10B), Tanystropheus (Wild 1973 figure 6) and
Rbamphorbynchis (Wellnhofer 1975a, Fig. 10C); 4) most exposed
bones appear to be from the same horizon in the skull (Fig. 10E), a
layer with break points weakened by multiple fenestrae and floored by
the plate-like palate.

Comments and Description. The low premaxilla s
covered by scalation; ossified portions are not visible,
but the anterior extent of the vomers indicates that the
premaxilla invaded, or extended, 1/5 to 1/4 the length of
the palate; part of the large narrow external naris impres-
sion is seen through the internal naris, which is the
largest vacuity in the palate; partial nasals are preserved
on both sides, both are convex anteromedially suggest-
ing that a dorsal extension of the premaxilla invaded
them; the frontals and parietals are missing (probably
embedded); a Y-shaped dorsal process of the maxilla
frames the anterior antorbital fenestra and borders the
external naris ventrally: the narrow maxilla rim has
breaks at the base of each of three hypothetical fenestrae
divider struts; posteroventrally the maxilla extends to
mid orbit; a narrow medial palatal process of the maxil-
la divides the internal naris almost in two; at least 15
teeth per side appear in the upper jaw and each tooth 1s
narrow, sharp and gently recurved (Unwin, et al. In
press): a probable lacrimal has a long narrow ventral
stem; the jugal is narrow with a triangular postorbital
portion and a tiny quadratojugal spur posteriorly; the
anterior halves of the broad, flat, vomers are conjoined
medially forming a Y shape, the posterior halves diverge
laterally and are sutured to the pterygoids; the anterior
process of the palatine is missing but the transverse
process extends anterolaterally to form a narrow contact
with the maxilla; posteriorly the palatine is sutured to
the pterygoid; the anterior process of the pterygoid
invades the vomer; a long posterior process makes per-
pendicular contact with the quadrate; a medial articula-
tion for the basipterygoid is apparent on the pterygoid,
but the basipterygoid is not exposed; laterally the prery-

- Sharovipteryx mirabilis (Sharov 1971) A. The counterplate with bone in black and impressions outlined. Stippled area represents lost

material. Scale bar = 1 em. Scales obscure proximal caudals. See Figure 9 for derails of the caudal vertebrae, pes and pelvis and Figure
10 for details of the skull. B. Two reconstructions in the bipedal configuration with femora not foreshortened. Vertical line above pes
is the hypothetical center of balance. C. Lower plate, dorsal view of the dorsal area traced from photograph. Forelimb and scapula (S¢)
outlined. Stippled area represents lost material. Dashed line represents hypothetical extent of carpus, metacarpus and proximal pha-
langes between ulna and the distal phalanges of digit IV(?). Abbreviations as in figure 3.
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goid makes broad contact with the ectopterygoid, the
two elements are fused together and the resulting
process makes broad contact with the jugal; the basioc-
cipital and opisthotic form a half ring; the mandible is
shallow (Unwin, et al. In press); a long retroarticular
process is present; and a very long pair of hyoids and
multiple branchial cornua project caudally.

The cervicals are narrow and elongate with low
neural spines; each centra is attended by long and
extremely thin parasagittal ribs with anterior heads; the
torso 1s considerably reduced compared to other prolac-
ertiforms; the dorsal ribs are broad and flat distally; the
sacral series includes six vertebrae between the anterior
and posterior processes of the ilium; the anterior short,
robust caudal vertebrae are nearly covered by scalation
and have robust ribs (transverse processes); many of the
mid to posterior caudal vertebrae have centra five times
longer than their width; Gans, et al. (1987) noted, “The
[caudal] vertebral bone often seems to be expressed in
two longitudinal ridges, with a deep groove between
them,” but the present study indicates that the dorsal
“ridge” is the centra series and the ventral “ridge” is the
parallel chevron series.

The pectoral girdle and forelimb are preserved in
the lower plate and will be described here only briefly
based on examination of photographs (Fig. 8C). The
scapula is a long element distinguished from the ribs 1)
by its parasagittal placement dorsal to the ribs, 2) by the
glenoid articulation in conjunction with the humerus,
and 3) by the posterior tip which narrows to a point.
The articulated elements of the forelimb lie in a broad
curved line; the proximal end of the humerus appears to
have a crescentic deltopectoral crest; the radius and ulna
are only half the length of the humerus; only a single
long digit, probably the fourth, appears anterolateral to
the ilium; mirror-image portions of these forelimb ele-
ments appear on the opposite side, as noted by Sharov
(1971).

The ilium has greatly elongated pre- and post-
acetabular processes (Fig. 9C), each with a knife-like
shape; only the anterior and posterior of the pubis and
ischium are visible and together they are much smaller
than the ilium; a thyroid fenestra, whether present or
absent, is hidden by the femur; a femoral head is not
developed; the distal femur terminates in a cnemial crest;
the tibia is longer than the femur; the fibula is less than
20% the width of the tibia; the tarsus is disarticulated
but includes one large oval element; the metatarsals
diverge with I-IV subequal (Fig. 9D); the phalangeal
formula is 2-3-4-5-4 with no penultimate phalanx the
longest in a series; the metapodial bone previously iden-
tified (Gans, et al. 1987) as metatarsal V, is the proximal
phalanx of digit V.

Dermal membranes are clearly preserved through-
out the specimen, often as a latticework of intersecting

lines; the snout is covered in small pebbly scales; ridged
scales cover the anterior caudals; the unscaled, wrinkled
neck skin is five times wider than the cervicals; large
membranes appear posterior to the hind limbs originat-
ing at the ninth caudal vertebra and terminating at the
distal end of the second phalanx; each membrane is stiff-
ened and supported by long parallel fibers similar to
those found in the wings of pterosaurs but would be
homologous to less organized fibers appearing in
pterosaur uropatagia (Unwin and Bakhurina 1994);
other fiber-stiffened membranes appear anterior to each
femur and anterior to each distal tibia.

Taxa traditionally Allied With the Pterosauria.

Scleromochlus, Marasuchus/Lagosuchus, Lagerpeton
and the Dinosauria have traditionally been allied with
the Pterosauria (Benton 1999 and references therein).
Previous workers may have presumed this relationship
because many characters appear to be homologous.
These include: “antorbital fenestra” “procoelous verte-
brae,” “large head/short torso,” “preacetabular ilial
process,” “strap-like scapula,” “tibia/femur length ratio
greater than one,” “simple-hinge ankle joint,” and “a
compact metatarsus.” However, these characters also
appear in certain Prolacertiformes and distinct differ-
ences provide clues as to their independent acquisition.
As will be shown below, the Ornithodira (sans
Pterosauria) share only one character with Pterosauria
not also present within Prolacertiformes: femur bowed
(but it is unknown in Longisquama).

Cladistic analyses.

Characters used here are listed and grouped as
they were in previous works (Evans 1988, Jalil 1997,
Bennett 1996a), according to their presence or absence
in the outgroup or ingroup. A number have been
rescored due to new interpretations. A few new charac-
ters have also been added as noted.

Analysis based on Evans (1988)

Evans cladistically analyzed primitive diapsids, considered the
Archosauria as a single taxon and did not include the Prerosauria, Lan-
gobardisanrus, Longisquama or Sharovipteryx. For this paper I dupli-
cated Evans’s data matrix (Appendix I, Table 1) relating to early diap-
sids and archosauromorphs (97 characters, 31 taxa, Evans’s Nodes A-
H). Other characters relating to lepidosauromorphs were examined
but not included because prerosaurs do not exhibit any lepidosauro-
morph synapomorphies (Bennett 1996a). Benton (1985) noted two
lepidosauromorph characters: 1) single ossified sternum and 2) spe-
cialized sternal awtachments for the ribs. However, the sternum in
pterosaurs is a fusion of other pectoral elements (Wild 1993), includ-
ing a homologous sternum that is plesiomorphic. The “specialized
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.9 = Sharovipteryx mirabilis (Sharov 1971) tail, pelvis and pes. A. Mid-caudal vertebrae in lateral view, Note faint strand-like impressions
dorsal to vertebrae that appear similar to extended pre- and postzygopophyses in pterosaurs and similar to caudal tendons in living
lizards (Hamley 1990). B. Tracing of same with tendon strands, centra and extended chevrons identified. C. Pelvic area in dorsal view.
Both ossified 1'!1.‘[IL‘|'§.I| and impressions indicated as black. Posterior right ilium is broken but left ilium demonstrates its posterior
extent. Small rod posterior to ischium, tentatively identified as a caudal tendon, may be homologous with those observed in Cosesaurus
(Figs. 3-5). D. Left pes in dorsal view reconstructed from slightly displaced elements. Proximal phalanx of digit T is unknown and hypo-
thetically restored. Preserved bone in black. Impressions stippled and outlined. Note uropatagium stiffened by parallel fibers and the

dermal web spanning the proximal phalanges. Large disk-like tarsal element is restored edge-on here.

sternal attachments”

are simply ossified sternal ribs which are ple-
siomorphic (Bennett 1996a). To Evans’s taxon list [ add Sharovipteryx,
Longisquama, Langobardisanrus, the prerosaurs Exdimnorphodon (Wild
1978, 1993) and Preondactylus (Wild 1984b, Dalla Vecchia 1998), and
the ornithodires, Scleromochlus (Benton 1999) and Lagosuchus/Mara

suchus (Sereno and Arcucct 1994), for a total of 38 taxa. 1 use two

pterosaurs because certain characters in each are unclear or not pre-
served. I add seven characrers for a total of 104, A second analvsis
reduced to 21 taxa, chiefly prolacertiforms, is shown here (see Appen-
dix I - Table 2 for details).

In these analvses, as well as subsequent ones, a data matrix was
(Maddison and Maddison 1992) and

generated using MacClade 3.05
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LI 22222 33333 33333 44444 44444
Taxon/Node 4 018 13456 01234 56789 (1234 56789
Petrolacosanrus 1 110 00000 0©O0000 00000 0C000 00000
Choristodera 0 001 0O0OOC 10100 10100 00100 10110
Rbynchosauridac 0 000 11111 01100 10100 11001 00110
Thalattosauria 0 000 Il111 0C110 00110 00101 Q0011
Trilophosanrus I 001 Q1111 320000 20200 0QO0CO 00210
Megalancosanric 1 001 0O112¢ 20121 10223 00070 00100
Drepanosauyus 001 02272 22¥01 #2213 22020 00222
Protorosanrus 1 001 11111 00001 11000 00000 00?00
Prolacerta 1 011 11111 000C1 1102C 000OC 00000
Borveopricea 1 001 11111 00101 11111 2?7100 ?11:0
Macrocnentus I o1t 11111 goltt 1t 02110 Q11zl
Cosesauris I 001 11111 Q0111 G111l 11121 111zl
Tanystropheus 1 001 11111 Q01O 11111 11110 111
Tanytrachelos 1 001 11121 00121 1R121 12112 11111
Proterosuchus I 001 11111 11010 Q1100 Q7000 COOZ0
Langobardisawrnus 1 001 11122 000111 21111 10110 11111
Longisguama 1 022 11121 00211 02122 322272: ?2312:
Sharovipreryx 1 011 1112z 20121 oO1112 22221 11111
Preondactylus 1211 11122 00111 01112 13121 11114
Eudimorphodon 1 211 11111 00111 O1112 13121 11111
Scleromochlus 0O 111 11117 12111 22110 22072 21270
Lagosuchus 0 011 01121 21111 22110 22071 00771
Tab. 1 - Reanalvsis of Evans 1988.

analyzed using Phylogenetic Analysis Using Parsimony (PAUP 4.0,
Swofford, 1999). Characters were given equal weight and all multistate
characters were treated as unordered. The general heuristic search
option of PAUP was used to produce minimum-length trees using the
accelerated (ACCTRAN) optimization oprion. Scoring and rescoring
of characters proceeded as follows.,

Evans (1988) assigned three characters (91-93, see Appendix [
for character descriptions) to the clade Thalattosauria -+
Trilophosaurus + Megalancosamwrus + Prolacertiformes + Archosauria
(Node H). Basal pterosaurs and Sharovipteryx share all three charac-
ters unambiguously. Evans assigned one character (94) to the clade
Trilophosawrus + Megalancosaurus + Prolacertiformes + Archosauria
(Node H). This character is difficult to determine in Triassic
prerosaurs and the key prolacertiforms due to preservational prob-
lems. Evans assigned one character (95) to the clade Megalancosanrus
+ Prolacertiformes + Archosauria (Node H). This character is also
visible in the Prerosauria and Langobardisanrus, but difficult to ascer-
tain in other key taxa, Evans assigned two characters (96, 97) to the
clade Prolacertiformes + Archosauria (Node H). Both characters are
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1111
5333 553535 66666 66 777 88888 8888 99999 99999 00000
0124 56789 01234 67 012 01234 5689 01234 56789 01234
0000 00000 00OOC OC QOO 0COOC 0OOD 00000 QOOOC 00000
0100 12020 00000 11 111 11111 0Q0C1 01011 01000 00000
G100 01000 0QCCCO 11 11l 11111 1111 1CC10 QCOCO 00000
00?0 01000 0©IC0C 00 100 C1101 1100 01110 10000 00000
0000 00000 0CO0C €0 210 1111* 1011 10111 00000 00000
#10? 00000 12020 00 112 1100* 1120 01227 12202 20200
2207 10000 12020 20 2?77z 10007 2200 02227 22202 20200
7000 00000 000CC QO 212 11011 1000 11111 11100 00000
0000 0O0OO 00000 0O 100 11011 1000 11111 11100 00000
00z0 11000 00020 20 120 11011 1211 1G111 11100 2?2000
1010 00000 000CO 0O 110 01012 1111 11111 11100 10000
0C01 10110 20220 00 010 01013 1111 0O111 21103 1121%
111t 11111 10111 €0 100 01012 1111 01111 11100 10000
1¥11 11111 10111 ©O 1?0 01012 1111 0111 11100 10001
0020 00000 o©OCCO 00 111 11111 1011 11111 11100 00100
2212 10110 10220 00 ?10 01012 1111 0O11? 2110% 10001
0020 12220 20222 0F 010 22223 112% 20211 11102 21282
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2222 21000 QCO11 QO 017 11212 10?1 0122 :1301 00110

present in the Prerosauria, Sharovipteryx, Cosesawrus and Langobardi-
saurns. Evans assigned seven characters (27-33) to the clade
Archosauria (Node D). Of these only characters 27, 32 and 33 are
present in the Pterosauria. Antorbital fenestrae (27) also appear in
Cosesaurns (Fig. 4), Sharovipteryx (Fig. 10) and Longisquama (Fig. 7),
bur without a fossa. Trunk intercentra loss (32) is a plesiomorphic
character present in the outgroup (Evans’s Node E). An ectepicondy-
lar groove or foramen (33) cannot be detected in Cosesaurus or Lan-
gobardisaurus, but the groove without the foramen is present in other
prolacertiforms, so it may also be a plesiomorphic character. Evans
assigned three characters (34-36) to the clade Protorosamrus + Prolac-
erta + Boreopricea + Macrocnemus + Cosesanrus + Tanystrophens +
Tanytrachelos (Node E) and all are present in the Prerosauria. Charac-
ters 34 and 36 are present in Langobardisanrus, Cosesaurus and
Sharovipteryx, Character 35 is difficult to determine in prolacerti-
forms. Evans assigned thirteen characters (37-49) to the clade Boreo-
pricea + Macrocnemus + Cosesanrus + Tanystrophens + Tamytrachelos
(Node E). Eleven of these characters are also present in the Prerosauria
and Cosesasrus. One exception, the traditional quadratojugal (43), is

Fig. 10 - Sharovipteryx mirabilis (Cowen 1971), the skull. A. Tracing made from the counterplate. The palate and a few rostral elements (nasal
and lacrimal) in dorsal view. Black areas are ossified materials. Outlined areas are impressions. The premaxilla is covered in simple scales.
B. The palate of the primitive prolacertiform, Macrocnemus, in ventral view (from Kuhn-Schnyder 1962). The palatal shelf of the max-
illa slightly invades the internal naris. C. The palate of the prerosaur, Rhamphorbynchus (Wellnhofer 1975a), with some elements rela-
beled from the original (see text for details). The internal naris is divided by the anterior process of the palatine and the medial process
of the palatal shelf of the maxilla which conjoins its opposite medially. D. The palate of Sharovipteryx in dorsal view, reconstructed with
symmetry. E. Hypothetical restoration of the lateral view based upon preserved bone, bone impressions and comparisons with
Cosesanrus (Fig. 3-5), Longisquama (Fig. 7) and Eudimorphodon (Wild 1978). Three antorbital fenestrae may be reconstructed from
strut bases ventral 1o the plane of plate separation. Certainly more work must be done and better specimens must be found to improve
upon this first attempt at reconstruction. Abbreviations as in figure 3 and 4.
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11111 11111 22222 22222 33333 33333 44444 44444 55555 55555 66666 66666 77
Taxon/Node 1234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01
Petrolacosanrys 0000 00000 00000 00000 00000 QO00QO 0OOOO Q0000 00000 ©QOO00 Q0000 00000 00000 00002 20
Ya:mgimz 0000 00000 00000 00221 0:000 00000 00000 OOODO 00000 00000 Q0000 (C0C?0 00101 20000 OF
Spbeuoa’omida 1111 11111 11111 11111 11111 0QOQ10 Q0000 Q0000 Q0001 00000 CO0QIC 10011 00000 OO0C11 10
Igumm 1111 11111 11111 11111 11111 QO0QO1 O0QOQO QOQ002 Q0011 00100 QCO11 10011 10000 01101 10
Choristodera 110 072101 11101 10000 QOOOO 10111 10100 10100 00000 OCO0O Q0110 00010 01001 20120 20
RIJ_}'HC]JOSMH‘HS 1111 12111 21111 10000 0O0QCO 10111 11121 OQO0QO1 O0OQO1 02200 12001 20000 00QCO 01010 €O
Trifopbos;mms 111 11111 21111 20200 00000 10201 11111 11102 000?21 0C0Q*> 20011 O0CI1C0 02000 00C11 10
Proterosuchus 1111 12111 11101 0OQCCC 00200 11111 11101 11100 00001 00?00 0COCO QOQOC Q1111 11121 10
Protorosanrus 1111 12211 21111 10000 Q2000 22111 1112t 11110 11001 OQOOQ? 10000 ©OCCO OQI111 2102% 20
Boreopricea 111 11201 11112 10002 00200 21111 11171 12210 12001 00070 11101 10010 ©2111 21tz? 10
Prolacerta (111 11111 11111 10000 00000 11101 11121 11111 11101 02200 01000 QOODCO O1111 11111 10
Macrocnenuss 1111 11211 11111 12020 00100 11001 11111 01132 11010 10011 17101 0QOO1C 01111 20122 *0
I;m_)'srropbem 1111 11111 11111 10000 0QQ100 11001 11111 O1132 11110 11111 11101 11110 11211 O0O122 11
Cosesaurus 1221 12211 11111 10002 20000 11007 1111 O1132 11127 21110 01101 00211 Q1211 20122 21
ﬁ?n_)lfmdx’fr)s 2271 13211 11117 2?2000 22100 21001 (11111 21132 11010 11221 11101 11110 11111 20122 721
Malerisaurus PPPPOPI2P1 22212 22077 00077 21001 11127 12232 17001 02207 11721 20021 27211 20127 27
L;mgobm'dimmws???? 12211 11112 2?2?20 00100 11001 11111 O1132 11?10 01117 21101 00111 02111 *:01:* 7?1
Jesairosaurus 2111 11011 22211 22022 Q0r22 21001 21122 21232 12111 02202 12220 20222 22211 ?P01%2 22
Eua’imnrpbodou 0111 11111 11111 10000 ©OQOO 11001 11117 O1132 11122 01200 01101 QO111 11111 2012 2?1
Sfmrovip:‘ery,\‘ 2222 7I0Z R11172 10027 22200 22001 11117 O1132 11122 01207 27122 20111 2?1711 20127 7?1
Longisquama 1271 12211 12211 10002 202z2 21007 12117 21132 12122 Q1220 02221 00222 21211 201272 22
Scleromochlus 0122 27711 11101 12000 00200 O1211 21127 12222 1?2021 Q1200 Q2017 Q0007 01711 2012 20
Lagost-xcf):fs 112 12121 21101 20220 00200 22221 11120 12212 12221 Q2202 22112 0©OO11 Q2711 20127 20
Tab. 2 - Reanalysis of Jalil 1997.

lost and replaced by a new ossification (described later) in prerosaurs
and their sister taxa. “Lacrimal restricted to orbit rim” (47) is present in
Eudimorphodon but was previously misidentified (Wild 1978) as the
prefrontal. The bone in question has a small lacrimal opening. A low
scapula (39) is not present in Boreopricea. A perforated ankle (44) is
present in Macrocnemus, Langobardisanrus, and Tanystropheus. Evans
(1988) assigned four characters (50-53) to the clade Macrocnemus +
Cosesanrus + Tanystropheus + Tanytrachelos (Node E). Three of these
characters are reversed in basal adult prerosaurs and Cosesamrus, and
one is an error, A “thyroid foramen” (52) appears in a clade of Late
Jurassic and Early Cretaceous pterosaurs but not in basal forms or in
Cosesanrus. The pes centrale (53) does not disappear in any prolacerti-
form or prerosaur (Fig. 13D), only in archosaurs. Evans assigned five
characters (54-58) to the clade Cosesanrus + Tanystrophens + Tanytra-
chelos (Node E). Four are present in pterosaurs and the exception,
“fourth metacarpal shorter than third” (55) is only present in Tanys-
tropheidae. In Cosesaurus and Preondactylus meracarpals 111 and IV
(55) are equal in length. “Reduction in length of foot” (56) is perhaps
poorly worded, but a proportional reduction in the length of pedal digit
IV is apparent in Langobardisaurus tonelloi, Sharovipteryx, tanystro-
pheids and prerosaurs. Such a reduction is frequently exhibited within
the Amniota (e.g. turtles and dinosaurs) so this character should be
considered homoplastic. Evans assigned six characters (59-64) to the
clade Tanystrophens + Tanytrachelos (Node E). “Fused dorsal ribs” (60)
are also present in Langobardisaurus. The last few dorsal ribs are short
and unfused in Cosesanrus, but it may be a juvenile. The disappearance
of posterior dorsal ribs in pterosaurs is probably a subsequent deriva-
tion of the same character state. “The longest cervical is at the end of
the series” (61) is absent in this clade (contra Evans 1988). “Postcloa-
cal bones” (62) are also present in Exdimorphodon (Wild 1978). Here

characters 55, 59, 63 and 64 are considered synapomorphies of the
Tanystropheidae.

Analysis based on Jalil (1997)

I duplicated the second stage of Jalil's (1997) analysis (Appen-
dix II, Table 2) in which Jesairosaurus and Langobardisaurus were
added, the poorly known prolacertiforms were deleted, and the inter-
relationships of the Prolacertiformes became completely resolved. I
then included Preondactylus + Eudimorphodon, Longisquama,
Sharovipteryx. Scleromochlus and Lagosuchus for a total of 23 terminal
taxa. Many of the characters Jalil used were duplicated from Evans
(1988). About 11% of the 71 characters were rescored (see Appendix
IT - Table 2) due to new data on Langobardisaurus, Cosesanrus and
Boreopricea (Benton and Allen 1997). Jalil diagnosed the Prolacerti-
formes using five characters - 1) Skull low and narrow with short and
narrow post-orbital region; 2) Low and elongated cervical spine (Ben-
ton 1985, Chatterjee 1986, Evans 1988); 3) Long slender cervical ribs
(Evans 1988): 4) Lacrimal does not meet the nasal (Evans 1988); and
5) Loss of trunk intercentrum. Prerosaurs exhibit four of these char-
acters, The exception (4) is a reversal also found in Cosesaurus and
Longisquama,

Analysis based on Bennett (1996a)

I duplicated Bennett’s (1996a) analysis (Appendix I1I, Table 3)
in which he included Prolacertiformes as a taxon. I substituted Tanys-
tropheus to be specific. I also included Langobardisarrus, Cosesanrus,
Sharovipteryx and Longisquama. A few characters were rescored and
five new ones were added (Appendix I1I). Bennett (1996a) presented
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Fig. 11 - Phylogenetic trees illustrating previously proposed relationships of the Pterosauria and/or Prolacertiformes. A. From Benton (1985).
B. From Benton (1990}, C. From Gauthier (1986). D. From Sereno (1991). E. From Bennett (1996b). F. From Evans (1988). G. From
Jalil (1997). H. From Dilkes (1998). See text for details.
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Lepidosauronmorha 0000 00002 COOCQC 0QCQO 0COOC 0OOOO
Rhbynchosawuria 1101 11010 10111 000C1 11011 12011
ﬂtn}dﬂ‘upf?eus 1010 41111 02110 ©11C1 13111 11011
Pterosauria 1010 31211 Ot111 21111 13111 11011
Proterosuchidae 1111 11011 11111 11111 11111 12011
Erythrosuchidae 1111 11011 22211 21111 11111 1#%11
Proterochampsida 1111 11017 11211 11111 12111 17311
E::p;.n‘km‘:'a 1111 21011 11211 11111 12111 11111
Parasuchia 1011 11010 12211 11111 12111 11111
Suchia 1111 11010 12211 11111 12111 11111
Ornithosuchidae 1111 21011 12211 11111 12111 11112
L.xgomdms 1111 21011 12211 11111 12111 11112
Dinosauria 1111 21011 12211 11111 12111 11112
Sclevomochlus 1112 21211 12211 21122 22211 21111
Cosesanrus 1020 41211 21001 21111 13111 11011
Sharovipteryx 1010 22211 01117 2112F 13132 2711
Longisquama 010 41211 22211 2113F 17211 11237
L»t}!gt:f);r:‘cﬂ'ﬁ;m?‘m‘ 1001 2?2211 2321% 21112 13111 11011
11111

77777 BB888 BB888 99999 99999 000CO

Taxon/Node 56789 01234 56789 01234 56789 01234
Lepidosanromorpha 020-0 20000 20032 0020 0OO00 00020
Rbynchosauria 020-0 20000 20072 00?00 CQCO0 00020
Tanystropheus 020-0 00000 00C#? 00200 00020 20000
Pterosauria 020-2 00000 0r0?7 12220 11120 22022
Proterosuchidae 000-0 20000 70022 00200 00100 10020
Erythrosuchidae 000-0 2?1000 ?00%2 00201 10100 10020
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Euparkeria 100-1 01000 00100 10001 1110C 10001
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Scleromochlus 112-2 20100 0r02F 22222 11112 00022
Cosesanrs 020-0 00000 Q00?7 102:0 00120 22022
Sharovipteryx 000-C 00000 ?:0:7 1227 11027 22027
Longisquama PRI-7 0 RIRD BRI OREIRR PERr: 20222
Langobardisaurus 020-0 00000 000%7 10?220 00020 22020

Tab.3 - Reanalysis of Bennerr 1996a.

cladistic analyses of the Archosauromorpha in order to test competing
theories of pterosaur relationships established previously (Benton
1982, 1984, 1985, 1990; Padian 1984; Gauthier 1984, 1986; Sereno
1991). He divided his analysis into five parts: Characters supporting:
1) the Lepidosauromorpha; 2) the Archosauromorpha; 3) the
Archosauriformes; 4) the Ornithodira, sensi Gauthier (1986); and 5)
unused characters. Bennett observed that prerosaurs do not exhibit
any lepidosauromorph synapomorphies, as noted earlier. He also chal-
lenged most of the inconsistencies and errors made by earlier workers.
With additional data supplied by key prolacertiform taxa, plus some
rescoring, a reanalysis of Bennett (1996a) casted doubts on many of
his proposed synapomorphies.

The vast majority of characters supporting Archosauromorpha
(see Appendix IIT) are present in pterosaurs. The exceptions include
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the following. A prominent subnarial premaxilla process (2) is not
present in Cosesanrus (Fig. 3) and prerosaurs, a reversal from the prim-
itive state; the pedal centrale (27) is not laterally displaced or fused to
the astragalus but persists in pterosaurs (Fig. 13D) and this appears to
be an error in identification; the ectoptervgoid (10) appears to be
fused to the pterygoid in Cosesarrus and pterosaurs and this too, is a
previous error in identification (details follow); the transverse process-
es of the trunk vertebrae (21) are extended in pterosaurs, but the mid-
dle and posterior ribs are not two-headed, as in archosauriforms.
Nearly half of the characters supporting the Archosauriformes
(34, 43-47, 49-51, 54-57, 60-62, 64-66, 69, 70, 72, 74, 75, 77, 80-83, 88,
89, 92-94, 97, 98) are absent in pterosaurs; 23 others (31-33, 35-42, 48,
53, 58, 67, 68, 76, 78, 84, 87, 90, 95, 96) are also present in the out-
group, the Prolacertiformes; four other characters are treated as major



Pterosaur pby;’ogenes:'s 311

3 &
= ] na
& &£ & o 2P 55?
> g & £
> 0\ -J‘ adﬂs e‘@ U*\' \t“
&'
&\‘ .\'z- QS\ 4{,\'9 F
Benton 1985
o ]
Q a‘. o = &
gt > & & & F
& & & & F . s o Sy o
& o 2 & & & 3 * & 4 & Fo P, P & #
\ J o ) R 2 & o P F - “ S e & o &
& \éﬁ @0" &“ s*t gfa & \‘o gé ey @i{ﬁ SESSS e S ,,3‘(&0":&\‘@@}(@‘?3\* e ‘::;6“\&\?:. S
S & i A e g S S 2T E S E
& & & o 5 & 4F o) @\ o S S & o
e“vé“\-q°\v‘5i°°o\?’b°'\@\°%‘°\o“°+“és 1»69;&%“‘«‘“"’ Qi Q‘“«‘“Q‘°¢-‘%‘”Q‘°@°‘$‘* OO
* &
o 2 s 2 s &
& ,\V\“& Kl o“‘.\\ = 0\*& & i~ - " 0‘0‘, s & @
& P o & & ¥ Er, & R
@ cfp m‘b\ Cid @"’ \Q°" \a" & r,\“:) s & c@’ F oeég %) & o“'& & 65 3
Q~ ¥ il r;“'f Q}’ & dﬁ aﬁ\t‘c‘“ & Qaa’ > “"b "\\ “b 3 \\0
f,
<@ o & (}p «*‘\ & T °‘ 5 «"Q

\
Gauthler 1986 Jalll 1997

Cl

& ¢
C’v‘\ v“ S

5
\‘ .@‘ 0 ‘h é\
SW Dukes 1998

Fig. 11 - Phvlogenetic trees illustrating previously proposed relationships of the Prerosauria and/or Prolacertiformes. A. From Benton (1985).
B. From Benton {1990). C. From Gauthier (1986). D. From Sereno (1991). E. From Bennett (1996b). F. From Evans (1988). G. From
Jalil (1997). H. From Dilkes (1998). See text for details.
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LITLL 11111 22222 22222 33333 33333 44444 44444 55555 55555 66666 66666 77777
Taxon/Node 1234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01234 56789 01234
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It:r)rsra‘opbeus 101C 41111 02110 011C1 13111 11011 11110 20100 00220 00000 00110 10000 02300 00000 10000
Prerosanria 1010 31211 Of111 21111 13111 11011 11110 21111 11100 00010 QO110 12013 02200 00110 00020
Proterosuchidae (111 11011 11111 11111 11111 12011 00110 10001 11001 10010 1000C 00000 02000 20010 00100
Erythrosuchidae 1111 11011 22211 21111 11111 12711 01110 11112 11011 10311 10011 00000 02100 21110 10210
P?'Dr{’roc‘f)‘mlps:}!"z 1111 11012 11211 11111 12111 12211 11120 11111 ?1C11 10011 11010 10007 10101 01111 11210
Euparkeria 1111 21011 11211 11111 12111 11111 11110 11011 01011 11011 11110 00111 20101 01111 11110
Parasuchia 1011 11010 12211 11111 12111 131111 10211 11111 11011 11111 11111 10111 20101 10111 11110
Suchia 1111 11010 12211 11111 12111 11110 10211 21111 11001 14111 11111 10111 20101 10111 11111
Ornithosuchidae 1Ll 21011 12211 11001 12111 11012 11110 210010 110110 10110 11111 11111 20111 11111 12212
Lagosuchus 1T 21011 12211 11111 121110 11012 11121 22111 11011 11011 10111 10212 02211 Q1111 12212
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.ngmra‘n-L‘f'pfe!jr.t 1010 22211 Q1112 21122 13123 32211 12230 22200 22100 #0230 0017 12012 02230 00110 0002
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77777 88888 88888 99999 99999 00000 00000 11111 11111 22222 22222 3
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Lepidosanronorpha $20-0 Q000 20022 00220 00000 0CC?0 00020 00000 Q00?7 10-00 30000 O
Rhynchosanria 020-0 70000 2002! 00200 000CO 0000 00020 00000 COQ2? 00-00 21000 O
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Proterosuchidae 000-0 20000 20077 00?00 00100 1000 00020 000OO 02000 00-00 C1000 O
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Proterochampsida 0C0-1 01000 01100 0OOO! 11100 10020 00000 00OCO 03000 00-00 01000 0
Euparkerta 100-1 01000 00100 10001 11100 10001 00031 00000 0CO10 00-00 01000 O
Parasuchia 120-1 ©o1011 11121 11111 11100 10001 10020 QCQOO 0O00CC 00-00 01000 O
Suchia 121-1 01011 11121 11111 11110 1000C 20000 01000 00000 00-00 01000 ©
Ornithosuchidae 121-2 12111 11117 11111 11110 10000 10031 00000 00010 00-00 01000 O
Lagosuchus 120-2 12100 01022 10171 11111 11121 11111 (111t 11110 11-11 11010 ©
Dinosauria [10-2 12100 01022 10121 110011 2101011 11111 1111t 11111 11-11 11010 ©
Scleromochlus 112-2 20100 02022 22222 11117 Q00?7 11131 20011 12212 11-01 11010 ©
Cosesaurus 020-0 00000 00022 10220 00120 22022 20020 00101 00011 10-01 2212F |
Sharovipteryx 000-0 00000 ?2072 12222 11022 22027 20100 00112 23011 ?0-00 02121 1
Longisquama BR2-3 0 2EPRRORPRRRORRERR O2FRER O2OPP2 20020 233y 233r 3r-3d 33 P 2
L;mgbbam’is:mms 020-0 0Q0C00 000?? 10?220 00020 22020 00020 00101 00011 10-01 0202: O

Tab.3 - Reanalysis of Bennett 1996a.

cladistic analyses of the Archosauromorpha in order to test competing
theories of pterosaur relationships established previously (Benton
1982, 1984, 1985, 1990; Padian 1984; Gauthier 1984, 1986: Sereno
1991). He divided his analysis into five parts: Characters supporting:
1) the Lepidosauromorpha; 2) the Archosauromorpha; 3) the
Archosauriformes; 4) the Ornithodira, sensi Gauthier (1986); and 5)
unused characters. Bennett abserved that prerosaurs do not exhibit
any lepidosauromorph synapomorphies, as noted earlier. He also chal-
lenged most of the inconsistencies and errors made by earlier workers.
With additional data supplied by key prolacertiform taxa, plus some
rescoring, a reanalvsis of Bennett (1996a) casted doubts on many of
his proposed synapomorphies.

The vast majority of characters supporting Archosauromorpha
(see Appendix IIT) are present in pterosaurs. The exceptions include

the following. A prominent subnarial premaxilla process (2) is not
present in Cosesaurus (Fig. 3) and prerosaurs, a reversal from the prim-
itive state; the pedal centrale (27) is not laterally displaced or fused to
the astragalus but persists in pterosaurs (Fig. 13D) and this appears to
be an error in identification; the ectopterygoid (10) appears to be
fused to the prerygoid in Cosesanrus and prerosaurs and this too, is a
previous error in identification (details follow); the transverse process-
es of the trunk vertebrae (21) are extended in prerosaurs, but the mid-
dle and posterior ribs are not two-headed, as in archosauriforms.
Nearly half of the characters supporting the Archosauriformes
(34, 43-47, 49-51, 54-57, 60-62, 64-66, 69, 70, 72, 74, 75, 77, 80-83, 88,
89, 92-94, 97, 98) are absent in pterosaurs; 23 others (31-33, 35-42, 48,
53, 58, 67, 68, 76, 78, 84, 87, 90, 95, 96) are also present in the out-
group, the Prolacertiformes; four other characters are treated as major
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Fig. 12

- Preondactylus buffarinii (Wild 1984b), a basal prerosaur, reconstructed in lateral view. Restored areas are hatched. Vertical line is the

hypothetical center of balance. Left femur removed to show prepubis. Full extent of tail is unknown. Sternum is unknown and recon-
structed here similar to that of Cosesasrus (Fig. 3) and the most primitive pterosaurs that preserve sterna, Batrachognathus volans

(Rjabinin 1948) and Nesodactylus besperius (Colbert 1969). Left pedal digit V is shown rerracted (fully flexed). Note proximal pedal

phalanges of left pes are more or less aligned with the metatarsals, in agreement with Clark. et al. (1998) and yer contra Clark, et al.,

this is a digitigrade configuration. Right pes traced from the in situ specimen. Presumed extent of uropatagium is shown by dashed line.

Abbreviations as in figure 3,

transformations or new character states (59, 63, 71, 73, 86); and three
are difficult to determine (52, 85, 91), Only one character (79 -
femoral curvature) is shared by prerosaurs and Archosauriformes to
the exclusion of any known prolacertiformes. Semierect posture (78]
is a functional consideration not considered in the present matrix.
Bennett (1996a) reports the following 8 characters cannort be

scored due to transformation or other factors. Many are related to

flight (pectoral characters) or bipedalism (tarsal characters). *Coracoid
(= biceps) tubercle lies close to glenoid fossa and coracoid foramen™
(63) - this 1s a flight musele anchor according to Bennert (1996a) and is
difficult to observe in Longisquama. The coracoid foramen is lost in
Cosesaunrus, Longisquama and pterosaurs, but not in dinosauromorphs;
“Manus length less than half that of tarsus and pes”™ (70) - discounting
the length of digit IV, the manus of Preondactylus (Fig. 12) is propor-
tional to that of Cosesanrus (Fig. 3) and Longisquama (Fig. 7). In addi-
tion, the manus of Cosesawrus and Sharovipteryx is more than half that
of its tarsus and pes (unknown in Longisquama). In characters 86, 91
and 92 the fibula does not reach the tarsus in pterosaurs so the charac-
ter states cannot be determined. Character 88 pertains only to crocody-
loid tarsi. In character 89 pterosaurs do not exhibit separate dorsal and

ventral astragalocacaneal facets. No calcaneal tubercle (93) has been

observed in pterosaurs (Bennett 1996a) or derived prolacertiforms.

In Triassic pterosaurs the laterosphenoid (40) has not been
noted, but Cosesaurus (Fig. 4) apparently has a completely ossified
interorbital septum with divisions that appear to be homologous to the
laterosphenoid and pseudomesethmoid noted by Kellner (1996).

The following 3 character states offered by Bennett (1996a)
may be modified: (39) - the interclavicle of Cosesarrus and Longisqua-
ma has an anterior keel or process, as in pterosaurs, meriting a third
derived state: “interclavicle with anterior process or keel™; (73) - in
pterosaurs and some prolacertiforms a long, narrow, knife-like iliac
spine is present, unlike the short, broad, ax-like process in archosauri-
formes; (97) - the vestigial digit V in archosauriformes should not be
homologized with the same robust elongate digit in certain prolacerti-
forms and basal pterosaurs.

Among the 30 characters Bennett (1996a) cites in support of
the Ornithodira, 14 are absent in pterosaurs (99, 101, 102, 104, 106,
108-111, 116, 117, 121, 123, 125), 9 others are present in prolacerti-
forms (100, 112-114, 118-120, 122, 124), and 7 others I dispute (103,
105, 107, 115, 122, 124, 126).

I disagree that the following three characters cannot be scored
due to transformation (Bennett 1996a). In this study they appear to be
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A-D. Reconstructions of pedes from three terrestrial prolacertiforms and one prerosaur demonstrating the persistence of the centrale,
the diminution of the calcaneum and the disappearance of distal tarsals | and 3. Note the trend toward elongation of the phalanges in
digit V and the reduction of metatarsal asymmetry. A. Macrocnemus (Peyer 1937, Rieppel 1989). B. Langobardisawrus pandolfii (Re-
nesto 1994). C. Cosesanrus (Ellenberger and de Villalta 1978). D. Peternosanrus (Wild 1978).

E-H. Reconstructions of pectoral girdles from three terrestrial prolacertiforms and one prerosaur demonstrating the radical reorgani-
zation of the elements. E. Macrocnemus (Peyer 1937, Rieppel 1989) in ventral view. This configuration is essentially primitive for
amniotes with the exception of a short scapula, a synapomorphy of the Tapinoplatia (see text). The sternum is notched. F. Cosesauries
(Ellenberger and de Villalta 1978) in ventral view. The sternum is absent but would likely fill the posterior embavement of the cora-
coids. The coracoids are large and meetr medially posteriorly. The clavicles are essentially straight and overlap medially. The interclavi-
cle has a reduced stem and an anterior process expanded into a narrow ventral keel (Fig. 3), viewed here on edge. The scapulae are short
and posteriorly notched, as in Macrocnemus. G. Longisquama (Sharov 1970), the sternal complex in ventral view, the coracoids in lat-
eral view with right scapula omitted. The clavicles are robust, U-shaped, posteriorly oriented and their articulation to the anterior
process of the interclavicle appears immobile. The sternum forms the embayed posterior edge of the sternal complex, filling the bowl
and fusing to the clavicles, displacing the coracoids anteriorly. The interclavicle stem is much reduced. The anterior process is expand-
ed to form a large spine. The coracoids are tall with knob-like ventral articulations. Positioning of the coracoids relative to the sternal
complex is conjectural, but here follows the pattern in pterosaurs. H, The prerosaur, Endimorphodon (Wild 1993), in dorsal view with
elongate scapulae omitted. The clavicles are robust, overlap medially and are fused to the sternum and interclavicle. The sternum is
expanded to fill the “bowl” of the clavicles and has pointed lateral processes. The interclavicle forms an anterior spine with a small keel.

The coracoids articulate with the interclavicle anterior to the clavicles and reduce to struts ventrally.
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imminently present in prolacertiforms close to pterosaurs. “Caudal
zygapophyseal facets nearly vertically disposed in all but proximal part
of the tail” (103) - in prerosaurs the zygapophyses are hyper-extended
and intertwine. In Sharovipteryx the facets are not visible, but unossi-
fied, intertwined, elongate impressions following the pterosaur pattern
are visible, so a third character state is warranted. “Coracoid small,
with subcircular profile, and lying in nearly same plane as the scapula”
(105) - in Cosesaurus and Longisqueama (unknown in Sharovipteryx)
the coracoid is large and does not lie in the same plane as the scapula.
Fore limb length less than half that of hind limb” (107) - Bennett finds
that the “great length and profound modifications of the fore limb are
clearly adaptations to flight,” however, the fore limb length of
Cosesanrus is also greater than half the hind limb and the morpholog-
ical pattern of the fore limb in Sharovipteryx, albeit reduced as if ves-
tigial, is otherwise morphologically similar to that in basal prerosaurs.

The following four characters 1 dispute. “Advanced mesotarsal
ankle” (115) - is convergent because a centrale is present in prerosaurs
bur not in dinosaurs and their sister taxa. “Pedal stance digitigrade”
(122) - is a funcrional consideration that will not be addressed here
(but see Peters 2000). “Meratarsus configuration compact” (124) - as
in Langobardisaurus and Cosesaurus (Fig. 13) - the metatarsus remains
compact in basal prerosaurs but spreads in Sharovipteryx and certain
derived pterosaurs. “Pedal digit V reduced, does not exceed length of
metatarsal IV and composed of no more than two phalanges” (126) - [
disagree with Bennett’s scoring of this character as reduced because
digit V has no more than two phalanges. Pedal digit V is not reduced
in basal prerosaurs but enlarged. Bennett also suggested that digit V is
transformed in pterosaurs because it controlled a flight membrane
(Unwin and Bakhurina 1994), but four terrestrial prolacertiforms
share a homologous metapodial phalanx.

One character used in earlier analyses but not used by Bennert
(1996a) deserves comment. Padian (1984) used “large head” and
Sereno (1991) used “skull length more than 50 percent presacral col-
umn length.” Both were attempts to support Scleromochlus +
Prerosauria. Prerosaurs do have a larger head than do other prolacerti-
forms, except Longisquama (Fig. 7). However, an equally appropriate
character would be “short torso.” From Cosesanrus to Preondactylus a
trend toward a shorter torso suggests reduced lateral undulation dur-
ing the step-cvele, an important locomotory (Snyder 1954) and respi-
ratory adaptation (Carrier 1987).

The following characters were not used by Bennett (1996a) or
previous workers and have not been included in the present analyses.
Nevertheless, they are probably important enough to place into future
analyses. (1) Bird-like skull {nares displaced posteriorly, rostrum low
and elongate, orbits large, cranium high, antorbital fenestra present;
(2) Premaxilla extended to 20% of skull length; (3) Maxilla sends
process medially dividing internal naris; (4) Dorsal vertebrae shorter
than skull plus cervical vertebrae; (5) Hemal arches reduced cranially
and elongate caudally, parallel to centra and contributing to caudal
stiffening; (6) Reduced caudal transverse processes; (7) Single ossified
sternal complex (conjoined overlapping posteriorly-oriented clavicles,
keeled interclavicle with anterior process, enlarged sternum in contact
with clavicles): (8) Manual digit IV greater than three times length of
metacarpal 1V; (9) Coracoid tall with sternal complex articulation; (10)
Scapula elongate and posteriorly oriented; (11) Knife-like preacetabu-
lar process on ilium; (12} Fibula width less than .70 tibia width with
little to no spatium interosseum; (13) Uropatagia extending from
proximal caudals to pedal digit V.

Comments Regarding Benton (1999).

Benton (1999) proposed the clade “Avesuchia” for crown
group archosaurs (including Euparkeria and the Prerosauria). The
clade has three postulated synapomorphies [* = not present in basal

Pterosauria. 7 = also present in certain prolacertiformes.]: (1) absence
of palatal teeth®; (2) calcaneal tuber orientated more than 45 pos-
terolaterally™ and (3) continuous articular surfaces for fibula and dis-

tal tarsal IV on the calcaneum®. Benton also proposed the clade
“Avemetatarsalia” for Seleromochlus + Ornithodira (including the
Pterosauria). This clade has seven postulated synapomorphies: (1) fore
limb/hind limb ratio less than .554; (2) pubis longer than ischium®; (3)
tibia-femur ratio more than 1.0%; (4) distal tarsal IV subequal in trans-
verse width to distal rarsal IIT*; (5) compact metatarsus with
metatarsals -1V tightly appressedt; (6) metatarsals II-IV more than
50% tibial length®; (7) absence of body osteodermst. Benton pro-
posed five synapomorphies uniting the Ornithodira (including the
Prerosauria): (1) presacrn] centrum #8 Inmger than presacr:ll centrum
#187: (2) deltopectoral crest on humerus subrectangular®; (3) fibula
tapering and calcaneum reduced in sizet; (4) astragalar posterior
groove present™; (5) calcaneal tuber rudimentary or absentt. In con-
sideration of these characters, there is no reason to include prerosaurs
with crown group archosaurs (including Exparkeria).

Phylogenetic results.

Robustness Tests

In the first analysis of Evans (1988), not including
Longisquama, the data generated 557 trees of 244 steps
with a consistency index (CI) of .434, a homoplasy
index (HI) of .595 and a retention index (RI) of .694. A
strict consensus of the 557 trees resulted in a large poly-
tomy of all but the 4 most primitive taxa with Langob-
ardisaurus, Sharovipteryx, Eudimorphodon and Preon-
dactylus forming a stepped clade within the polytomy. A
number of poorly known taxa contributed to the confu-
sion of the polytomy.

The second analysis of Evans (1988, see Table 1)
using fewer (22) but better known taxa, including
Longisquama, generated 6 trees of 186 steps with a CI of
49, an HI of .51 and an RI of .69. The program exclud-
ed 32 characters. The strict consensus tree (Fig. 15) gen-
erated a polytomy of Cosesaurus, Longisquama,
Sharovipteryx and the Pterosauria nested within the Pro-
lacertiformes. Otherwise a stepped branch consisting of
Proterosuchus, Scleromochlus and Lagosuchus formed a
polytomy with the higher prolacertiformes and a clade
consisting of Protorosaurus and Prolacerta.

In the new analysis of Jalil (1997) the data matrix
of 23 taxa and 71 characters generated 120 trees with a
shortest tree length of 151 steps, a CI of .51, an HI of
49, and an RI of .73. A strict consensus cladogram (Fig.
15) produced polytomies of the primitive diapsids; the
primitive lepidosauromorphs; the primitive archosauro-
morphs together with the archosauriformes; and a
stepped cladogram of the higher prolacertiforms which
grouped Macrocnemus, Langobardisaurus and the Tanys-
tropheidae separate from Jesairosaurus and a polytomy
of Cosesaurus, Sharovipteryx, Longisquama and the
Prerosauria.

In the new analysis of Bennett (1996a) a data
matrix of 18 taxa and 130 characters generated a single
minimum-length fully resolved tree of 268 steps, with a
CI of .65 and HI of .35 and an RI of .79. 11 characters
were parsimony-uninformative. In contrast to Bennett’s
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Fig. 14 - New phyvlogenetic tree based on reinterpretation of Evans

(1988) including the taxa Langobardisaurus,
Sharovipteryx. Longtsquama, Preondactylus and Eudimor-
phodon. The Pterosauria (= Preondactylus + Eudinor-
phodon) is nested within the Prolacertiformes with
Cosesaurus, Sharovipteryx and Longisquania as the closest

COSESANTUS,

sister-raxa.

study, pterosaurs were found to be nested within the
Prolacertiformes with Sharovipteryx, Longisquama,
Cosesanrus, Langobardisanrus and Tanystropheus as suc-
cessively more distant sister-taxa (see Appendix - Table
3). Adding 5 steps generated 37 trees. A strict consensus
tree produced an unresolved polytomy of Cosesaurus,
Sharovipteryx, Longisquama and the Pterosauria within a
stepped cladogram of prolacertiforms. By adding 5 more
steps 320 trees were generated and a strict consensus
analysis produced a stepped cladogram of the
Archosauriformes and a polytomy of all other taxa.
Deleting Cosesanrus, Longisquama and Sharovipteryx
from the original analysis resulted in a single minimum-
length tree of 260 steps with Langobardisaurus as the
closest sister-taxon. Deletion of Langobardisaurus and
Tanystropheus resulted in a minimum-length tree of 240
steps with the Pterosauria as the sister group to the
Archosauriformes. This final result nearly duplicates
Bennett (1996a), affirming his work and demonstrating
the importance of using higher prolacertiforms in
pterosaur phylogenetic analyses.

Petrolacosaurus
‘Youngina
Sphenodontida
Iguana
Chaonstodera
Rhynchosaurus
Trilophosaurus
Proterosuchus
Protorosaurus
Boreopricea
Prolacerta
Macrocnemus

Tanystropheus

Tanytrachelos
Cosesaurus
Langobardisaurus
Jesairosaurus
Eudimorphodon
Sharovipteryx
Longisquama
Malerisaurus
Scleromochlus

Lagosuchus

- New phylogenetic tree based on reinterpretation of Jalil
(1997). Preondactylus + Endimorphodon is nested within
the Prolacertiformes within an unresolved clade including
Cosesaurus, Sharovipteryx and Longisquama.

Fig. 15

Diagnosis of the Pterosauria.

Romer (1956) and Wellnhofer (1978) presented
diagnoses of the Pterosauria, but these were precladistic
and included many plesiomorphic characters. The most
recently published diagnoses (Sereno 1991, Bennett
1996a, Kellner 1996) also include many plesiomorphic
characters but make good platforms from which to pro-
ceed with the present diagnosis.

The Ornithodira - Sereno (1991)

According to Sereno, the monophyly of the
Ornithodira (including the Pterosauria) is supported by
the following ten synapomorphies (22-32), most of
which were disputed by Bennett (1996a). Here nine
have problems. “Absence of dorsal body osteoderms”
(22) - plesiomorphic for amniotes; “Absence of inter-
clavicle” (23) and “Clavicle rudimentary or absent” (24)
- both incorporated into the pterosaur sternal complex
(Wild 1993); “Femoral shaft bowed anteriorly along
over 80% of the shaft” (26) - probably convergent due
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Fig. 16 - New phylogenetic tree based on a reinterpretation of Ben-
nett (1996a), The Prerosauria (= Preondactylus + Endi-
morphodon) 1s nested within the Prolacertiformes with
Shavouipteryx., Longisquama and Cosesaurus as successively
more distant sister taxa,

to bipedalism (Bennett 1996a); “Tibia subequal or
longer than femur” (27) - as in Sharovipteryx; “Astra-
galar posterior groove absent” (28) and “Calcaneal tuber
rudimentary or absent” (29) - both as in prolacerti-
forms; “Distal (lateral) tarsal 4 transverse width sube-
qual to distal (medial) tarsal 3" (30) - the medial distal
tarsal is the centrale and distal tarsal 3 is a tiny ossifica-
tion proximal to metatarsal ITI primarily found in imma-
ture individuals; “Metatarsal 1-4 shaft configuration
compact” (31) - as in Langobardisaurus; “Metatarsals 2-
4 length more than 50% tibial length™ (32) - as in
Cosesaurus, but not present in most pterosaurs, except
Rhbamphorbynchus.

Scleromochlus + Pterosauria — Sereno (1991)

According to Sereno, the monophyly of Sclero-
mochlus + Pterosauria is supported by the following
four synapomorphies (33-36): “Skull length more than
50 percent presacral column length” (33) - despite the
presence of a large skull, the proportions of the skull,

neck and torso of pterosaurs and Scleromochlus are not
similar; “Scapula length less than 75 percent of that of
humerus” (34) - plesiomorphic in amniotes and in Trias-
sic pterosaurs the scapula length can be 88 percent of the
humerus (Wild 1978, 1984b, 1993); “Fourth trochanter
absent” (35) - plesiomorphic for the Archosauromor-
pha; “Metatarsal 1 length 85 percent or more of
metatarsal IT1” (36) - as in Sharovipteryx.

The Pterosauria — Sereno (1991)

Sereno (1991 appendix) lists two proposed
synapomorphies of the Pterosauria with equivocal dis-
tribution. “Cervical 3-5 centrum length longer than
mid-dorsal” (21) - plesiomorphic for the Archosauro-
morpha; “Deltopectoral crest subrectangular™ (25) -
Preondactylus has a crescentic crest (Bennett 1996a).
Sereno (1991 text) lists 40 proposed synapomorphies of
the Prerosauria. There are problems with at least 26 of
these. Proposed skull synapomorphies include: “Propor-
tionately large skull (at least half of presacral vertebral
column length)” (1) - probably present in Longisquama
(as reconstructed here and if it has only 24 presacral ver-
tebrae as in other prolacertiforms); “Piscivorous snout”
(2) - not present in Triassic pterosaurs (Bennett 1996a);
“External naris displaced posterior to the premaxillary
tooth row” (3) - as in Cosesaurus and other tanystro-
pheids; “Elongate premaxillary posterodorsal process
that extends posterior to the naris and contacts the
frontal” (4) - not present in Triassic pterosaurs (Bennett
1996a); “Maxilla that forms approximately one-third of
the border of the external naris” (5) - also in Macrocne-
mus and Cosesaurus; “Maxilla that lacks an antorbital
fossa” (6) - plesiomorphic in archosauromorphs when
an antorbital fenestra is not present (Bennert 1996a),
otherwise as in Longisquama and Cosesanrus; “Quadra-
tojugal-squamosal contact absent (7) - as in most pro-
lacertiforms; “Absence of an otic notch” (8) - ple-
siomorphic in archosauromorphs (Bennett 1996a);
“Internal naris displaced posteriorly relative to the
palate bones” (9) - unknown in Triassic pterosaurs, oth-
erwise as in Sharovipteryx: “Premaxilla-palatine contact
that excludes the maxilla from the border of the internal
naris” (10) - contra Wellnhofer (1974, 1975a) and Ben-
nett (1991), a medial maxilla (not palatine) shelf borders
the internal naris laterally and a medial process of the
maxilla divides it in two; “Absence of an external
mandibular  fenestra”™ (11) - plesiomorphic in
archosauromorphs (Bennett 1996a).

Sereno’s proposed postcranial synapomorphies
directly related to tlight include the following. “Extreme
hollowing and pneumatization of the skeleton™ (12) -
also present in Sharovipteryx, but Bennett (1996a) sug-
gests this character needs clarification because no Trias-
sic pterosaurs have been described with pneumatopores;
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“Strut-shaped coracoid with coracosternal joint” (13) —
imminently present in Longisquama (Fig. 7); “Glenoid
socket facing laterally” (14) - plesiomorphic for
archosauromorphs (Bennett 1996a); “Broadly arched
median sternal plate with hatchet-shaped spine roward
anterior end” (15) - this is a complex fusion of bones
present in Longisquama; “Elongate fore limb” (16) -
present in Cosesaurus and Longisquama; “Elongate fore-
arm and metacarpus” (17) - the former is a valid charac-
ter, but the metacarpus is not elongate in Preondactylus;
“Pteroid bone” (18) - valid; “[Unspecified] modifica-
tions of the fourth digit associated with wing support”
(19) - valid.

Other Sereno proposed postcranial synapomor-
phies include the following. “Procoelous cervicals™ (20)
- present in Tanytrachelos (Olsen 1979) and Lango-
bardisaurus (Renesto 1994); “Elongate posterior cervi-
cals (6th-9th) relative to mid-dorsal length” (21) -
pterosaurs have only eight cervicals and all postaxial cer-
vicals are longer than the dorsals (Bennett 1996a);
“Addition of two sacral vertebrae - totaling four or
more” (22) - as in Cosesaurus and Sharovipteryx; “Elon-
gate middle and distal caudal centra that are more than
five times longer than high” (23) - as in Sharovipteryx;
“Middle and distal caudal zygopophyses and hemal arch-
es extended as narrow intertwining rods” (24) - immi-
nently present in Sharovipteryx; “Absence of the cora-
coid foramen” (25) - as in Cosesanrus; “Humerus with
saddle-shaped proximal articular surface” (26) - valid;
“Bowed humeral shaft” (27) and “Anteroposteriorly
broad deltopectoral crest with concave dorsal margin”
28) - both as in Sharovipteryx; “Only two proximal
carpals (often fused) with cup-shaped proximal articular
surfaces for the radius and ulna” (29) - there are three
distinct articular surfaces for the ulna, not a simple cup
shape (Bennett 1996a); “Metacarpal 1 subequal in length
to metacarpals 2 and 3" (30) - not in Preondactylus (Ben-
nett 1996a); “Elongate penultimate manual and pedal
phalanges” (31) - the former as in Longisquama, the lat-
ter as in Sharovipteryx; “Absence of manual digit V* (32)
- probably as in Sharovipteryx; “Slender preacetabular
process equaling or exceeding the length of the postac-
etabular process” (33) - as in Cosesaurus and
Sharovipteryx; “Pubis and ischium fused along adjacent
margins” (34) - Bennett (1996a) considered this ple-
siomorphic for the Pterosauria, otherwise as in
Cosesanrus and perhaps Sharovipteryx; “Paired prepubic
element with median symphysis” (35) - valid; “Femoral
articular head hemispherical and offset by constriction
of the shaft distal to the head” (36) - no Triassic
pterosaur exhibits a constricted femoral neck; “Splint-
like dorsal fibula coossified with tibia® (37) - as in
Sharovipteryx, but without coossification; “Tibia and
proximal tarsals usually coossified as a tibiotarsus [in
subadults]” (38) - valid; “Elongate metatarsal I only

slightly shorter than metatarsals 2-4" (39) - as in
Sharovipteryx; “Elongate phalanges on pedal digit V that
exceed the length of metacarpal [sic - metatarsal] 5” (40)
- as in Langobardisaurus, Cosesaurus and Sharovipteryx.

The Pterosauria — Bennett 1996a

Bennett (1996a) referenced Sereno’s (1991) diag-
nosis of the Prerosauria as the most recent and com-
mented on problems with 11 of the 40 characters (see
citations above). However, a revised diagnosis (Bennett
1996a: 304) with 32 characters also contains several
problems, many repeated from Sereno. Only novel char-
acters are listed here: “Elongate median dorsal process
of the premaxilla that extends posterior to the external
naris and laps over the nasals” (3) - as in Cosesaurus and
perhaps Sharovipteryx; “Broad sternum formed of paired
clavicles and sternal plates and with a cristospine formed
of the interclavicle” (13 ) - as in Longisquama; “Two
proximal carpals fused in adults to form a proximal syn-
carpal” (18) - valid; “Three of four distal carpals fused in
adults to form a distal syncarpal, the other (= preaxial)
carpal acting as a strut to keep an extensor tendon ante-
rior to the axis of the limb” (19) - valid; “Manual digit
IV consisting of four extremely elongate phalanges and
lacking an ungual, supporting a patagium, and with
interphalangeal joints permitting little movement” (22)
- valid; “No pubic symphysis™ (26) - valid; “Pedal digit
V with two elongate phalanges and ungual absent” (32)
- the former present in Cosesaurus while the later is an
autapomorphy.

The Pterosauria - Kellner (1996)

Kellner (1996) proposed 33 synapomorphies to
diagnose the Pterosauria, many repeated from Romer
(1956) and Sereno (1991). Only novel characters are
listed here: “Presence of a pseudomesethmoid” (6) -
unknown in basal pterosaurs due to preservation prob-
lems, but appears to be present in Cosesaurius;
“Metacarpal IV long stronger than
metacarpals I-III” (20) - metacarpal IV is not long, but

and much

it is more robust in basal pterosaurs; “Digit IV with dis-
tal articulation of phalanges I to III expanded, boot-
shaped and proximal articulation of phalanges II to IV
expanded forming a concave anteroposteriorly oriented
surface” (23) - valid; “Where observable, calcaneum
extremely reduced compared to astragalus” (31); - the
proximal tarsals are subequal according to Wild (1978)
and Wellnhofer (1975).

New Taxonomic Definitions and Diagnoses

The presence of numerous characters, once
thought to be synapomorphies of the Pterosauria and
now shown to be shared with certain prolacertiforms,
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prompts the present new definitions and diagnoses of
clades within the Prolacertiformes. New taxa are diag-
nosed and defined below.

Prolacertiformes
* Protorosaurus (Evans and King 1993 and references
therein)
* Prolacerta (Gow 1975 and references therein)
* Boreopricea (Benton and Allen 1997 and references
therein)
* Malerisaurus (Chatterjee 1980, 1986)
* Jesatrosanrus (Jalil 1997)
* The poorly known forms: Kadimakara, Trache-
losaurus, Prolacertoides and Malutinisuchus
* Tapinoplatia = Macrocnemus + Characiopoda

* Macrocnemus (Rieppel 1989 and references
therein)

* Characiopoda = Tanystropheidae + Langob-
ardisanrus + Fenestrasauria

* Tanystropheidae =

(Wild 1973 and references therein) +
(Olsen 1979)

Tanystropheus
Tanytrachelos

* Langobardisaurus (Renesto and Dalla
Vecchia 2000 and references therein)
¢ Fenestrasauria =
Longisquama + Sharovipteryx + Pterosauria
* Cosesaurus (Sanz and Lopez
1984 and references therein)
* Longisquama (Unwin, et al.

Cosesaurus +

In press and references therein)

* Sharovipteryx (Unwin, et al.
In press and references therein)

*  DPterosauria
1991 and references therein)

(Wellnhofer

Tapinoplatia (new taxon)

Macrocnemus + Characiopoda

" Definition. Macrocnemus, Prepndactylus, their common ances-
tor, and all its descendants, including by definition, Macrocnemidae
and Characiopoda (see below).

Etymology. “Low-bladed ones” alludes to the low to elongate
scapula shared by members of this clade.

Recorded Temporal Range. Middle Triassic (Anisian) to Late
Cretaceous (Maastrichtian).

Diagnosis. Prolacertiformes (sensu Evans 1988) without a
primitive quadratojugal; maxilla with marginal palate shelf; median
palatal elements primitively gracile and roothy; scapula low grading to
parasagittally elongate; chevrons short and ventrally-oriented proxi-
mally, grading to long and parasagittally-oriented distally, producing an
attenuated tail; bump-like anterior process on ilium grading to elon-
gate; radius and ulna straight and closely appressed; tibia and fibula
straight and closely appressed; metatarsals appressed.

Comments. The low scapula is “paper-thin” anteri-
orly (Rieppel 1989) with a robust posterior portion.
Apparently in derived taxa the anterior portion disap-

pears and the posterior portion extends resulting in a
narrow, posteriorly-oriented, strap-like scapula. The
straightening of the distal limb elements probably
reflected a change in locomotion (Rieppel 1989).

Characiopoda (new taxon)

Tanystropheidae + Langobardisaurus + Fenestrasauria

Definition. Tanystropheus, Preondactylus, their common ances-
tor, and all its descendants, including by definition, Tanystropheidae
and Fenestrasauria (see below).

Etymology. “prop-footed ones” alludes to the elongation of
the proximal phalanx of pedal digit V.

Recorded Temporal Range. Middle Triassic (Ladinien) to Late
Cretaceous (Maastrichtian).

Diagnosis. Tapinoplatia (see above) with posterior teeth differ-
entiated from anterior teeth (reduced, elongated or multi-cusped), at
least in juveniles; occiput at obtuse angle 1o jaw line; pterygoids con-
tact vomers; palatines reduced; cervical vertebrae descend from back of
skull in simple curve; procoelous presacral vertebrae (except Tanystro-
pheus); posterior dorsal ribs straight and fused to transverse processes
in adults; distal warsal I absent; distal tarsal 11 very small; proximal
phalanx on pedal digit V metapodial: postcloacal bones present on
males,

Comments. The straightening and fusion of the
posterior ribs, the reduction in the number of tarsals and
the lengthening of the proximal phalanx of pedal digit V
suggest a change in the primitive undulatory locomotive
pattern.

Fenestrasauria (new taxon)
Cosesaurus + Sharovipteryx + Longisquama +

Pterosauria)

Definition. Cosesaurus, Preondactylus, their common ancestor
and all its descendants, including, by definition, Cosesanrus and
Prerosauria.

Etymology. “hole-lizards™ alludes to the antorbital fenestrae
shared by members of this clade.

Recorded Temporal Range. Late Triassic (Norian) to Late
Cretaceous (Maastrichtian).

Diagnosis. Characiopoda (see above) with three antorbital
fenestrae grading to one without a fossa; expanded lacrimal overhangs
posterior fenestra; rostrum and palate extended by elongation of the
premaxilla; new quadratojugal spur appears medioposterior to the pos-
terior jugal spur; ectoptervgoid and prervgoid fuse; retroarticular
apophysis present; cervical vertebrae shorter than in other prolacerti-
farms (reversed in Sharovipteryx); dorsal vertebrae transverse process-
es enlarged: at least four sacral vertebrae present: caudal ribs (trans-
verse processes) reduced to 7 proximal pairs; clavicles overlap and
grade to posteriorly oriented; interclavicle with reduced stem and
expanded anterior keel or process; sternum expands anteriorly to fuse
with the clavicles (in Longisquama and prerosaurs only); coracoid dis-
placed anteriorly, grading to a strut shape with a sternal complex joint;
scapula narrow, elongate and posteriorly oriented (not in Cosesaurius);
manual digit IV at least three times as long as metacarpal IV; extended
pre- and postacetabular processes; pubis and ischium fused along com-
mon edges; fibula much narrower than tibia grading to splint-like.
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Comments. Three small antorbital fenestrae appear
in Cosesawrus. In Sharovipteryx, as reconstructed here
(Fig. 10), all three enlarge. In Longisquama the anterior
two fenestrae are reduced. In pterosaurs (Fig. 12) the
fenestrae appear to telescope posteriorly as they merge
into one. Members of the Fenestrasauria have characters
Snyder (1954) observed in extant lizards capable of
bipedal locomotion (Fig. 2d). They also exceed the Index
of Galton (Galton 1976) for bipedality. The pectoral and
pelvic girdles experienced radical changes in this clade
probably to reflect changes in locomotory patterns.

The following characters appear to be shared by
Sharovipteryx + Pterosauria: naris enlarged; anterior
teeth enlarged to fangs, medial process from maxilla
divides internal naris; reduced torso equal to or shorter
than skull plus cervicals; mid and distal caudal vertebrae
more than five times longer than tall; humerus with cres-
centic deltopectoral crest; digit IV longer than humerus
+ ulna; tibia longer than femur; fibula less than 20% as
wide as tibia; elongate metatarsal I only slightly shorter
than metatarsals I1-1V; dermal membranes posterior to
hind limbs, spanning pedal digit V to tail and embedded
with fibers. The following characters are shared by
Longisquama + Prerosauria: jugal extends anterodorsal-
ly along orbit rim plus a new anteroventral process
extends ventrally to mid-antorbital fenestra; mid maxil-
la. teeth enlarged below dorsal process; broad sternal
complex formed of fused clavicles, keeled interclavicle
and sternum, penultimate phalanges of clawed manual
digits are the longest in each series.

Pterosauria - Kaup 1834

Definition. Preondactylis, Quetzalcoathes, their common ances-
tor and all its descendants.

Recorded Temporal Range. Late Triassic (Norian) to Late
Cretaceous (Maastrichtian)

Diagnosis. Fenestrasauria (sce above) with the following
derived characters (* = known onlv from post-Triassic forms; single
antorbital fenestra (tentatively with “adlacrimal® displaced posterior-
Iy} mid-maxilla teeth enlarged below dorsal process F; medial maxilla
process contacts palatine®; vomers greatly reduced®; anterior three
pairs of dorsal ribs are robust, especially second pair which articulates
with anterior sternal complex; other ribs are gracile; caudal ribs and
transverse processes absent; ossified zygapophyses of middle and dis-
tal caudals and chevrons extended as narrow rods overlapping adjacent
vertebrae; humerus with saddle-shaped head; humerus subequal in
length to femurs radius and ulna longer than humerus and incapable of
pronation; two proximal carpals fused in adults to form a proximal
syncarpal; three of four distal carpals fused in adults to form a distal
syncarpal, the other (= lateral, medial, preaxial) carpal acting as a strut
to keep an extensor tendon anterior to the axis of the limb; pteroid
present along leading edge of distal radius partially framing a proparag-
ium and oriented medially: manual unguals T-I1T are more than twice
as deep as associated phalanges; metacarpal IV much more robust than
metacarpal 11T and provided with a pulley joint twisted into the plane
of the manus capable of flexing 180 degrees for wing folding; manual
digit IV consisting of four extremely elongate and robust phalanges

(ungual absent) with interphalangeal joints permitting little move-
ment; extensor tendon process on the proximal articulation of the first
phalanx of digit IV; manual digit V absent; paired prepubes articulat-
ing with pubis; no pubic symphysis; femur with rounded head offset
from axis of shaft by 20° or more; femur bowed anteriorly along 80%
of its length; fibula lacking a distal epiphysis, the head and distal end
fused to tibial shaft in subadults: subequal proximal tarsals fused to
tibia in adults to form a tibiotarsus; penultimate pedal phalanges are
the longest in each series; elongate terminal phalanx of pedal digit vV
capable of 180 degrees of flexion and often preserved tightly flexed;
pedal ungual V absent; brachiopatagium stretching berween wing tip
and proximal ulna or just posterior to it, and medioposteriorly contin-
uing to the torso and/or to the distal femur (unclear which s basal)
and strengthened with actinofibrils distally; uroparagia united medial-
Iy with internal fibers not well organized; vertical metameric vane
present at tail tip*; bristles present on neck and torso® (Bakhurina and
Unwin 1995, Frey and Marrill 1998).

Comments. The “adlacrimal” (Wild 1978 figure 1,
Wellnhofer 1974 figure 2) may be a dorsal process of the
maxilla with the connection unexposed beneath the
anteroventral process of the jugal which laterally over-
laps the maxilla primitively. If so, it would be homolo-
gous to the posterior pillar separating antorbital fenes-
trae in Cosesaurits, Longisquama and S/Jm‘ompzerj-'x (as
reconstructed here). Due to the strong flex in pedal digit
V, the dorsal surface of the terminal phalanx was proba-
bly in contact with the substrate (Peters 2000), inverting
the ungual and making it useless. Similarly the rotation
of manual digit IV into the plane of the wing removed
that ungual from use and allowed it disappear.

Discussion,

The present cladistic studies present strong evi-
dence that certain Prolacertiformes are the sister taxa to
the Pterosauria. In three previous cladistic analyses
including pterosaurs (Gauthier 1984, Padian 1984,
Sereno 1991), prolacertiforms were not included. In the
analysis of Bennett (1996a), the critical taxa, Lango-
bardisaurus, Cosesaurus, Longisquama and Sharovipteryx
were not included. This may be so because none showed
forelimb modifications leading toward
pterosaurian flight, as Wild (1978) proposed. Rather
pterosaur phylogenesis appears to parallel that of birds
(Altangerel, et al. 1994 and references therein) in which
the development of wings came later, rather than earlier,
in morphogenesis. Many characters, such as “elongation
of the fifth pedal digit,” “attenuation of the caudal ver-
tebrae” and “enlargement of the forelimb” were once
considered adaptations to flight (Bennett 1996a), but
antecedents can be found within certain terrestrial pro-
lacertiformes,

obvious

Evolutionary Trends

Antorbital Fenestra(e) - The controversial pres-
ence of three antorbital fenestrae in Cosesaurus (Fig. 4b)
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appears to be confirmed by their homologous presence
in Sharovipteryx (as reconstructed here) and Longisgua-
ma. The posterior one is the largest and is framed dor-
sally by the overhanging lacrimal. The anterior one is
ventral to the naris. If this skull morphology is
antecedent to that observed in basal Pterosauria, the
narrow anterior strut separating the anterior two fenes-
trae in Sharovipteryx may have narrowed further until it
disappeared. The broad central strut appears to have
migrated posteriorly to become the “adlacrimal” of Eudi-
morphodon (Wild 1978). From Macrocnemus to Eudi-
morphodon the lacrimal and prefrontal migrate dorsally
and shrink as the jugal advances. In Longisquama (Fig.
7) and Preondactylus (Fig. 12) the jugal extends to the
anterior of the orbit and sends a separate process to rein-
force the narrow ventral rim of the antorbital fenestra.

Quadratojugal - In Youngina (Gow 1975) the
quadratojugal is a dorsally arcing bone connecting the
posterior process of the jugal to the descending ramus of
the squamosal. In Prolacerta (Gow 1975) the jugal con-
nection is lost and a posterior vestige remains adjacent
to the quadrate and the dorsally retreating squamosal. In
Macrocnemus and Tanystropheus the quadratojugal is
absent. In Cosesaurus a small new ossification appears
posterior to the posterior jugal spur. In Exdimorphodon
(Wild 1978) a similar quadratojugal spur bridges the
lower temporal fenestra at the jaw line. Thus the quadra-
tojugal in pterosaurs appears to be a neomorph and is
not homologous to the quadratojugal in other diapsids.

Squamosal - The squamosal of basal archosauro-
morphs bears a descending process anterolateral to the
quadrate. In most archosauriforms it retains this shape
and position. In most prolacertiforms the descending
ramus of the squamosal retreats (Wild 1973, Fig. 4A). In
pterosaurs the ramus once again extends ventrally, but
posterior to the quadrate, probably to frame an eardrum
(Bennett 1991).

Palate - The palate in prolacertiforms is well
known in Macrocnemus (Kuhn-Schnyder 1962, Fig.
10B), Tanystropheus (Wild 1973), Sharovipteryx (Fig.
10A, C) and among early pterosaurs, Rhamphorhynchus
(Wellnhofer 1975a, Fig. 10C). In Campylognathoides
(1974) and Scaphognathus (Wellnhofer 1975a figure 2)
the palate is partially revealed through the antorbital
fenestra and orbit. In Cosesaurus (Fig. 4) the posterior
elements are exposed ventrally. In Macrocnemus and
Tanystropheus, the palatal extent of the premaxilla is
small and the vomers extend nearly to the anterior teeth.
In Sharovipteryx and pterosaurs the premaxilla invades
one-fifth of the palate and the vomers are posteriorly
displaced. The maxilla in Macrocnemus produces a wide
medial margin that narrows the internal naris. The max-
illa in Sharovipteryx produces a narrow medial process
that appears to split the large internal naris into anterior
(primary) and posterior (secondary) parts. In Rbam-

phorbynchus the medial maxilla process contacts the
anterior process of the palatine and the maxillae expand
medially, conjoining to form a broad palate shelf. Tradi-
tionally (eg. Wellnhofer 1975a, Bennett 1991) this shelf
has been mislabeled the “palatine.” Both Macrocnemus
and Tanystropheus have vomer teeth, The vomers of
Macrocnemus are narrow and separate except anteriorly.
Those of Tanystropheus are broad and mostly conjoined,
as in Sharovipteryx. Pterosaur vomers are extremely nar-
row, toothless and conjoined. The narrow, curved
toothed palatine of Macrocnemus has an anterior vomer
process, a lateral maxilla process and a pterygoid process
lapping posteriorly. In Tanystropheus and Sharovipteryx
the palatine is small and displaced laterally as the
enlarged pterygoid contacts the vomers. In Rbam-
phorhynchus the former vomer process of the toothless
palatine contacts a medial process of the maxilla shelf,
dividing the internal naris in half while the lateral
process contacts the maxilla posterior to the shelf. Tra-
ditionally (eg. Wellnhofer 1975, figure 3d) this bone has
been mislabeled the “ectopterygoid,” probably because
of its small size. The actual ectopterygoid appears to be
fused laterally to the pterygoid in Cosesaurus,
Sharovipteryx and pterosaurs. The pterygoid in Macroc-
nemus is a broad, sinuous toothy plate with an anterior
process lapping the palatine, a long posterolateral
process contacting the quadrate and a lateral contact
with the ectopterygoid. In Tanystropheus (Wild 1973)
the broad pterygoids dominate the palate, conjoin medi-
ally in a long anterior suture and separate posteriorly to
form a narrow pyriform recess. In Sharovipteryx (Fig.
10A, B) the pterygoids do not quite meet anteriorly and
are separated by a broader pyriform recess. Posteriorly
the pterygoid makes broad contact with the quadrate.
The ectopterygoid makes broad contact with the ptery-
goid laterally and narrow contact with the jugal. In
Rhamphorbynchus (Fig. 10C) and Cosesaurus (Fig. 4) the
pterygoids are slender, sinuous and widely separated
struts. In Eudimorphodon (Wild 1978) and Dendrorbyn-
choides (unpublished data) the pterygoids are broad and
have toothy bumps. A lateral process (the fused
ectopterygoid) contacts the jugal. The basispterygoid
changes little from Macrocnemus to Rbamphorhynchus,
but with pterosaurs the increased inclination of the
occiput requires an anterior extension of the basiptery-
goids to maintain contact with the anteriorly migrating
pterygoids.

Teeth - Macrocnemus has a full arcade of small,
simple, conical, marginal teeth, plus tiny palate teeth
(Kuhn-Schnyder 1962). Derived prolacertiforms display
a wide variety of tooth shapes and a dimunition of
palatal teeth. In Cosesanrus (Fig. 4) three posterior max-
illa teeth are broad base triangles. In Langobardisaurus
(Fig. 1C) many of the posterior teeth have multiple
cusps while the anterior ones form an arcade of
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appressed pegs. In Longisquama (Fig. 7), Sharovipteryx
(Fig. 10E) and pterosaurs (Fig. 12) the anterior teeth are
large and sharp while the posterior teeth tend to be tiny
and/or multi-cusped (Wild 1978).

The Curvature of the neck - In Macrocnemus (Peyer
1931b, 1937), as in basal amniotes, the cervicals articu-
late with the skull posteriorly resulting in a horizontal
neck. In archosauriforms the neck maintains a slight to
strong S-curve (Sereno 1991). By contrast, in derived
prolacertiforms and pterosaurs the neck articulations
permit a simple curve that is often preserved (Wild 1973,
Olsen 1979, Bennett 1991) with the atlas/axis articulat-
ing perpendicular to the occiput which is typically ori-
ented at an obtuse angle to the jaw line. Only the axis
appears capable of ventroflexion in opposition to the
other vertebrae. A braincase cast of the mid-Jurassic
pterosaur Parapsicephalus (Newton 1888, Wellnhofer
1991) shows that the brain stem is directed posteroven-
trally in pterosaurs, rather than posteriorly as in
archosauriforms. Note that in Longisquama, Sharo-
vipteryx, Preondactylus and Eudimorphodon no cervical
curve is preserved in the fossil.

Caudal Vertebrae - The mid and posterior caudal
vertebrae of pterosaurs are highly specialized with cen-
tra five times longer than deep. Pre- and postzy-
gopophyses are hyperextended parasagittally the lengths
of one to five vertebrae, with chevrons of subequal
length. Together these extensions stiffen the tail into a
solid yet lightweight unit. Precursors to this condition
can be found in Sharovipteryx in which the hemal arches
equal the length of each centra and parallel them (Fig.
9a, b) and impressions of interweaving strands of unos-
sified material are visible dorsally. In the prolacertiform
sister taxa leading to pterosaurs, the caudal ribs and
transverse processes display a morphological reduction
sequence to a state of absence in Preondactylus (Wild
1984b). This reduction reflected important locomotory
changes including a reduced influence of the large caud-
ofemoralis muscle complex anchored on these processes
(Snyder 1954, Hamley 1990, Russell and Baur 1992,
Gatesy 1995).

Pectoral Girdle - In Macrocnemus (Fig. 13E) the
shapes and placement of the pectoral elements are simi-
lar to those in primitive lepidosaurs (Carroll 1987 figure
11-7). The sternum has a posterior notch, the interclav-
icle is T-shaped, the clavicles curve dorsally to the ante-
rior of the scapula, the coracoid is disk-like and the
scapula is low with a supraglenoid notch and a robust
posterodorsal process. In Cosesanrus (Fig. 13F) the ster-
num is absent; the coracoids are larger than the low
scapulae; the interclavicle is deeply keeled; the clavicles
are straighter, overlap medially and extend beyond the
scapulae. In Longisquama (Fig. 13G) the embayed ster-
num is fused to and surrounded by the posteriorly curv-
ing clavicles; the interclavicle is robust anterior to the

clavicles and may carry the coracoid articulation anteri-
or to the clavicles; the clavicles overlap the interclavicle
medially; the coracoid is tall with a deep glenoid and a
ventral knob-like sternal complex articulation; the
scapula is narrow, elongate and dorsoposteriorly orient-
ed. In Sharovipteryx (Fig. 8C) only an elongate,
parasagittal scapula is exposed. In a juvenile Eudimor-
phodon (Wild 1993, Fig. 13H) the sternal complex is
composed of a conjoined sternum, large posteriorly-ori-
ented, overlapping clavicles and a keeled, anteriorly pro-
jecting interclavicle. The coracoids are reduced to struts
with a narrow ventral stem and a biceps tubercle near the
glenoid. They articulate at the anterior of the
clavicle/sternal complex. The strap-like scapulae extends
dorsoposteriorly. This morphological sequence demon-
strates the migration of the interclavicle and coracoids
to a position anterior to the clavicles, the anterior expan-
sion of the sternum to fuse with the clavicles, the
anteroventral expansion of the interclavicle to form a
keel; the posterior curving, overlapping and enlargement
of the clavicles, and the elongation of the coracoids and
scapulae - all prior to the elongation of the flight digit.

Fore limb - The fore limb of most prolacertiforms
(e.g. Fig. 1) is less than one half the length of the hind
limb, the carpals are poorly ossified and the digits are
slightly longer than the corresponding metacarpals. In
Cosesaurus the fore limb is larger than one half the hind
limb and the digits are three times the length of the
metacarpals. Longisquama has similarly elongate digits.
In Sharovipteryx (Fig. 8C) the small humerus appears to
have a crescentic deltopectoral crest. Otherwise the fore
limb appears vestigial with the exception of a single long
digit (presumably IV) extending nearly to the pelvis.
Thus Sharovipteryx has a pterosaur-like humerus/ digit
IV ratio. Only in pterosaurs are the carpals strongly
ossified, a pteroid is present and digit V is absent.
Pterosaurs retain the primitive pattern of laterally
increasing digits (I-IV) but archosauriforms, like
dinosaurs, reduce digit IV.

Pelvic Girdle - In primitive prolacertiforms, like
Macrocnemus (Fig. 1A), only two sacral vertebrae are
present, the ilium has a small preacetbular process and
the ventral elements (pubis and ischium) are unfused. In
Cosesaurus four sacral vertebrae are present (Fig. 6), the
ilium has a substantial preacetabular process and the
ventral elements are fused. In Sharovipteryx the hypere-
longate pre- and post-acetabular processes incorporate
six vertebrae in the sacral series (Fig. 9C) and the ventral
elements may be fused. In pterosaurs at least four sacral
vertebrae are present. In derived forms (eg. Williston
1903), additional dorsal and caudal vertebrae are incor-
porated into the sacral series and ribless dorsal vertebrae
may reside between the extended ilia. The ilium has a
knife-like preacetabular process, non-articulating pubes,
articulating prepubes and fused puboischiadic plates.
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The incorporation of additional vertebrae into the pro-
lacertiform sacral series probably has important locomo-
tory implications.

Hind Limb - The hind limb in most prolaceru-
forms remains conservative in proportion and structure.
The femoral head only appears within pterosaurs. The
tibia is longer than the femur in Sharovipteryx and
pterosaurs. The fibula is reduced in Cosesaurus and more
so in Sharovipteryx and pterosaurs. The morphogenesis
of the tarsus in prolacertiforms leading to pterosaurs is
characterized by a reduction of the distal elements to
two and a reduction of the calcaneum to match the astra-
galus (Fig. 13A-D). Previous work (Wellnhofer 1978,
1991 and references therein) identified the distal tarsals
simply as “distal tarsals 3 and 4,” as in archosauriforms.
However, identification of the centrale as the medial ele-
ment becomes clear when comparing homologous ele-
ments in prolacertiforms (Fig. 13A-D). This configura-
tion provides a simple-hinge type ankle, convergent with
that of higher archosauriforms, culminating with the
fusion of the proximal tarsals with the tibia in
pterosaurs. In most prolacertiforms, metatarsals I-IV
increase in length laterally, but in Sharovipteryx and
pterosaurs all four are subequal. Primitively digits I-IV
increase in length laterally. In Sharovipteryx and
pterosaurs digits II-IV are subequal. The proximal pha-
lanx of digit V is metapodial in derived prolacertiforms.
This phalanx appears to be bound to the metatarsals in
terrestrial forms, but in pterosaurs it is clearly separated
and may be extended anterior to the others with the
elongate terminal phalanx (ungual absent) flexed ven-
trally up to 180 degrees. Precursors to this condition can
be found in Cosesaurus where the number of phalanges
is reduced to three, including the ungual. Sharovipteryx
displays a rare reversal with four phalanges present on
digit V. Only in pterosaurs is digit V preserved flexed.
The elongation of the tibia, the reduction of the lateral
digits, the simplification of the tarsus and the specializa-
tion of digit V have important locomotory implications
(Peters 2000).

Dermal Membranes - No fore limb wing mem-
branes are preserved in terrestrial prolacertiforms. Wing
membranes are rarely preserved in pterosaurs, but their
presence is assumed in all. Proximal attachments appear
to differ relative to genus. In Rbamphorbynchus (Padian
and Rayner 1993 and references therein), the detached
“Zittel” wing added to another complete specimen
appears to stretch between the wing finger and elbow,
then from the elbow medially to the ribs without con-
necting to the hind limb. In Sordes (Sharov 1971, Unwin
and Bakhurina 1994) the wing is reported to extend to
pedal digit V. In Pterodactylus (Wellnhofer 1987, Padian
and Rayner 1993) the wing appears to stretch between
the wing finger and elbow, then from the elbow to the
femur.

Stretched between the tail and each hind limb of
certain exceptionally preserved pterosaurs and
Sharovipteryx are dermal membranes known as uropata-
gia (Sharov 1971, Wild 1993, Unwin and Bakhurina
1994, Frey and Martill 1998). In Sharovipteryx each
uropatagium extends to the second phalanx of pedal
digit V and is supported by long, straight, closely
spaced, virtually parallel fibers (Fig. 9D). In Eudimor-
phodon (Wild 1993) and Pterodactylus (Frey and Martill
1998) the uropatagium extends only to metatarsal V and
is sparsely embedded with unorganized fibers. In Sordes
the uropatagia are seamed together medially and are
reported (Unwin and Bakhurina 1994) to extend to the
tips of digit V. Ellenberger (1993) reported uropatagia in
Cosesaurus, but the impression may be a depositional
illusion (Fig. 3). I was able to observe a short dorsal frill
composed of squarish segments on Cosesaurus.
Longisquama (Sharov 1970) has hyper-elongate dermal
plumes. The two may be homologous dermal structures.

Conclusions.

Pterosaur fossils have been studied for over 200
years but ancestral forms have not been recognized. Tra-
ditionally pterosaurs were considered archosaurs and
previous workers placed them close to the Dinosauro-
morpha, Scleromochlus or lower archosauriforms. How-
ever, no suite of synapomorphies unites these taxa with
the Pterosauria exclusive of certain prolacertiforms. The
present cladistic studies present strong evidence that
certain Prolacertiformes are sister taxa to the Ptero-
sauria with a suite of synapomorphies uniting them. Pre-
viously, the critical taxa, Langobardisaurus, Cosesaurus,
Longisquama and Sharovipteryx, were not used as the
outgroup. This may be so because none showed fore
limb modifications leading toward pterosaurian flight, a
traditional hypothesis presently without supporting evi-
dence in the fossil record. By the evidence presented
here, the wings came last, paralleling the development of
wings in birds. Many characters formerly considered
autapomorphies of the Pterosauria or adaptations to
flight, such as elongation of the fifth pedal digit, attenu-
ation of the caudal vertebrae, reorganization of the pec-
toral region and enlargement of the fore limb are shown
to be synapomorphies of the outgroup, the higher ter-
restrial prolacertiforms. Phylogenetic results from four
cladistic analyses support a monophyletic Pterosauria
within the Prolacertiformes. The topology was shown to
be robust by the addition of extra steps and the removal
of sister-taxa. Removal of all five key prolacertiforms
resulted in a cladogram that duplicated earlier work in
which the Pterosauria were considered basal archosauri-
formes. This experiment demonstrates the need to
include the sister-taxa prolacertiforms in any future
cladistic analysis of the Pterosauria.



324 D. Peters

Acknowledgements.

This paper could not have been written without the generous
assistance and cooperation of many important individuals and institu-
tions. I am indebred to R. Lopez of Galig Realitzactions for molds of
Cosesaurus, and to J. Gallemi, . Gémez-Alba and the staff of the
Museu de Geologia, Barcelona, for access to the holotype. Likewise I
am indebted to Dean Pruitt of The City Museum, St. Louis, and to V,
Alifanov and A. Karhu of the Paleontological Institute, Moscow, for
permitting access to the holotypes of Sharovipteryx and Longisquama.
I am also very grateful to C. Gans and the Paleontological Institute,
Moscow, for providing a study mold and photographs of
Sharovipteryx. G. Muscio, R. Wild, P. Wellnhofer, and E. Frey all pro-
vided access to specimens in their care for which I am very grateful. M,
Benton provided an “In press” manuscript and T. Ford provided much
needed access to the literature. I profited greatly from discussions with
P Ellenberger, R. Wild, P Wellnhofer, E. Frey, K. Padian, P Sereno, C.
Bennett, G. Muscio, F. Dalla Vecchia, N. Fraser, P Sereno, A. Kellner
and S. Renesto. I am indebred ta the following individuals for provid-
ing valuable comments on earlier versions of this paper: K. Padian, A.
Kellner, E. Frey, S. Renesto, M. Gaetani and N. Fraser. I thank D.
Casper and D, Ellenberger for their excellent photography. The illus-
trations, along with any inadvertent errors and omissions, are my own.

REFERENCES

Alrangerel P, Chiappe L. M., Rinchen B., Clark J. M. & Norell
M. A. (1994) - Skeletal Morphology of Mononykus ole-
cranus (Theropoda; Avialae) from the Late Cretaceous
of Mongolia. Novitates 3105: 1-29, New York.

Bakhurina N. N. & Unwin D. M. (1995) - The evidence for
“hair” in Sordes and other prerosaurs. Jour Vert. Pale-
ont., 12: 18A, Lawrence.

Bassani F. (1886) - Sui fossili e sull’eta degli schisti biuminosi
triasici di Besamo in Lombardia. Asti Soe. It. Sci. Nat.
29: 1-72; Milan.

Bennett S. C. (1991) - Morphology of the Late Cretaceous
prerosaur Pteranodon and systematics of the Prero-
dactyloidea. Unpublished Ph.D. dissertation, Universi-
ty of Kansas, 680 pp.

Bennett S. C. (1996) - The phylogenetic position of the
Prerosauria within the Archosauromorpha. Zoological
Journal of the Linnean Society 118: 261-308, London.

Benton M. (1982) - The Diapsida: revolution in reptile rela-
tionships. Nature 296: 306-307, London.

Benton M. (1984) - The relationships and early evolution of
the Diapsida, Symp. Zool. Soc. London, 52: 575-596,
London.

Benton M. J. (1985) - Classification and phylogeny of the
diapsid repuiles. Zool. Journ. Linn. Soc., 84: 97-164,
London.

Benton M. J. (1990) - Origin and interrelationships of
dinosaurs. /n: Weishampel, D. B., Dobson, P, Osmols-
ka, H., eds. The Dinosauria. University of California
Press, Berkeley: 11-30.

Benton M. J. & Allen J. L. (1997) - Boreopricea from the
Lower Triassic of Russia, and the relationships of the
prolacertiform reptiles. Palaeontology 40: 931-953, Lon-
don.

Benton M. |. (1999) - Scleromochlus taylori and the origin of
dinosaurs and prerosaurs. Phil. Trans. Roy. Soc. London,
B. 354, 1423-1446, London,

Carrier D. R. (1987) - The Evolution of Locomotor Stamina in
Tetrapods: Circumventing a Mechanical Constraint.
Paleobiology, 13: 326-341.

Carroll R. L. (1976) - Eosuchians and the origin of archosaurs.
In: Churcher, C. S., ed. ATHLON Essays on Paleontol-
ogy in Honour of Loris Shano Russell: Royal Ontario
Museum Life Sciences Miscellaneous Publications, 58-
79, Toronto.

Carroll R. L. (1987) - Vertebrate Paleontology and Evolution.
W. H. Freeman and Company, New York: xiv. + 698 pp.

Chatterjee S. (1980) - Malerisaurus, a new eosuchian reptile
from the Late Triassic of India. Phil. Trans. Roy. Soc.
London B 291: 163-200, London.

Chatterjee S. (1986) - Malerisaurus langstoni, a new diapsid
reptile from the Triassic of Texas. Journal of Vertebrate
Paleontology, 6(4): 297-312, London.

Clark J. M., Hopson ]. A., Hernindez R., Fastovsky D. &
Montellano M. (1998) - Foot posture in a primitive
prerosaur. Nature, 391: 886-889, London.

Colbert E. H. (1969) - A Jurassic Prerosaur from Cuba. Am.
Mus. Novitates, 2370, 26 pp.; New York.

Collini C. A. (1784) - Sur quelques Zoolithes du Cabinet
d’Histoire naturelle de S.A.S.E. Palatine et de Baviére, i
Mannheim, Acta Acad. Theodoro-Palatinae Mannheim,
5, pars physica: 58-103, Mannheim.

Cowen R. (1981) - Homonyms of Podopteryx. Journ. Paleont.,
55: 483.

Cuvier G. (1801) - (An 9), [Reptile volant.] /» Extrait d’un
ouvrage sur les especes de quadrupedes dont on a trou-
vé les ossemens dans 'intérieur de la terre. (Procés de la
Classe Scientifique, Mathematique et Physique de I'In-
stitute Nationale (26 Brumaire, 'an 9)): Jowrnal de
Physigue, de Chimie et d’Histoire Naturelle, v. 52, p.253-
267. [p. 263] Also: Magazin Encyclopédique, p. 60-82,
Paris.

Cuvier G. (1809) - Sur le squellette fossile d “un reptile volant
des environs d”Aichstedr, qu quelques naturalistes ont
pris pour un oiseau, et dont nous formons un genre de
sauriens, sous le nom Prero-Dactyle. Ann. Mus. Hist.
Natur., 13: 424-437, Paris.

Dalla Vecchia F. M. (1998) - New observations on the osteol-
ogy and taxonomic status of Preondactylus buffarinii
Wild, 1984 (Reptilia, Pterosauria). Boll. Soc. Paleont. It.,
36(3): 355-366, Modena.

Dilkes D. W. (1998) - The Early Triassic rhynchosaur Meso-
suchus browni and the interrelationships of basal
archosauromorph reptiles. Philosophical Transactions
of The Royal Society, London 353: 501-541.

Ellenberger P. (1977) - Quelques precisions sur anatomie et la
place systematique tres speciale de Cosesaurus aviceps
(Ladinien supérior de Montral, Catalogne). Cuad. Geol.
Ihér., 4: 169-188, Madrid.

Ellenberger . (1978) - L'Origine des Oiseaux. Historique et
méthodes nouvelles. Les problémes des Archacornithes.
La venue au jour de Cosesaurus aviceps (Muschelkalk
supérieur) In: Aspects Modernes des Recherches sur
I’Evolution. Comp. Rend. coll. Montpellier 12-16 Sep-
tembre 1977. Vol. 1. Bons, J. ed. Mémoires et Travaux
Ecole Pratique des Hautes Etudes, De I'Institut de
Montpellier, 4: 91-117 [in French], Montpellier.



Ptevosaur phylogenesis 32

Ellenberger P. (1993) - Cosesaurus aviceps. Vertébré aviforme
du Trias Moyen de Catalogne. Etude descriptive et com-
parative. Mémoire. Avec le concours de I'Ecole Pratique
des Hautes Etudes. Laboratoire de Paléontologie des
Vertébrés. Université des Sciences et Techniques et
Languedoc, Montpellier (France). 664 pp [in French
and self-published].

Ellenberger P & de Villalta J. F. (1974) - Sur la presence d’un
ancétre probable des oiseaux dans le Muschelkalk
supérieure de Catalogne (Espagne). Note preliminaire.
Acta. Geol. Hisp., 9: 162-8, Barcelona.

Evans S. E. (1988) - The early history and relationships of the
Diapsida. /n: Benton, M. ]., (ed). The Phylogeny and
Classification of the Tetrapods, Volume 1: Amphibians,
Reptiles, Birds, The Systematics Association Special
Volume No. 35A. Clarendon Press, 221-260, Oxford.

Evans S. E. & King M. S. (1993) - A new specimen of Pro-
torosaurus (Reptilia: Diapsida) from the Marl Slate (Late
Permian) of Britain. Proceed. Yorkshire Geol. Soc., 49
229-234, Bath.

Frev E. & Martill D. M. (1998) - Soft tissue preservation in a
specimen of Pterodactylus kochi (Wagner) from the
Upper Jurassic of Germanyv. Neu. Jabrb, Geol. Paliont.
Abban., 21: 421-441, Tibingen.

Galton P M. (1976) - Prosauropod Dinosaurs (Reptilia,
Saurischia) of North America. Postilla, 169: 1-98, New
Haven.

Gans C., Darevksi I, Tatarinov L. P (1987) - Sharovipteryx. A
reptilian glider? Paleobiology 13(4): 415-426.

Gatesy S. M. (1995) - Functional evolution of the hind limb
and tail from basal theropods to birds. /n: Thomason, .
J. (ed). Functional Morphology in Vertebrate Paleontol-
ogy. Cambridge University Press, 293 pp., New York.

Gauthier J. A, (1984) - A Cladistic Analysis of the Higher Sys-
tematic Caregories of the Diapsida. Unpublished Ph.D.
Dissertation, University of California at Berkeley.

Gauthier J. A. (1986) - Saurischian monophyly and the origin
of birds. /n: Padian K., ed. The origin of birds and the
evolution of flight. Mem. Cal Acad. Sci., 8., 1-35, San
Francisco.

Gow C. E. (1975) - The morphology and relationships of
Youngina capensis Broom and Prolacerta broomi Parring-
ton. Palaeont. Afr., 18: §89-131, Cape Town.

Hamley T. (1990) - Functions of the tail in bipedal locomotion
of Lizards, Dinosaurs and Pterosaurs. Mem. Queensland
Mus., 28(1): 153-158. Brisbane.

Haubold H. & Buffetaut E. (1987) - Un nouvelle interpréta-
tion de Longisquama wnsignis, reptile énigmatique du
Trias supérieur d’Asie centrale (A new interpretation of
Longisquama insignis, an enigmatic reptile from the
Upper Triassic of central Asia) [in French, English, with
French summary]. Comp. Rend. Acad. Sci. I1, 305: 65-
70, Paris.

Huene F. von. (1914) - Beitrige zur Geschichte der
Archosaurier. Geol. palaeont. Abbandl. N.F. 13: 1-53,
Stuttgart.

Jalil N.-E. (1997) - A new prolacertiform diapsid from the Tri-
assic of North Africa and the interrelationships of the
Prolacertiformes. Jour Vert Paleont, 17(3): 506-525,
Lawrence.

wn

Jones T. D., Ruben J. A, Martin L. D., Kurochkin E. N.,
Feduccia A., Maderson B F. A, Hillenius W, J., Geist N.
R., Alifanov V. (2000) - Non-avian feathers in a Late Tri-
assic archosaur. Science, 288: 2202-2204.

Kellner A. Wi A. (1996) - Description of New Material of
Tapejaridae and Anhangueridae (Prerosauria, Prero-
dactyloidea) and Discussion of Prerosaur Phylogeny.
Ph.D. Thesis. Columbia University, New York: 347 pp.

Kuhn-Schnyder E. (1962) - Ein weiterer Schidel von Macroc-
nemis basanii Nopesa aus der anisischen Stufe der Trias
de Monte San Giorgio (Kt. Tessin, Schweiz). Paldont.
Zeitsch., 36 (Schmidt-Festband): 110-133, Basel.

Maddison W. P. & Maddison D. R. (1992) - MacClade version
3.05. Computer program distributed by Sinauer Associ-
ates, Inc, Sunderland, Massachusetts.

Muscio G. (1996) - Preliminary note on a specimen of prolac-
ertiformes (Reptilia) from the Norian (Late Triassic) of
Preone (Udine, North-Eastern Italy). Gortania Atti
Mus. Frinlano St. Nat., 18: 33-40, Udine.

Newton E. T. (1888) - On the Skull, Brain and Auditory
Organ of a new species of Prerosaurian (Scapbognathus
purdoni) from the Upper Lias near Whitby, Yorkshire.
Phil. Trans. Roy. Soc., London 179: 503, London.

Nopesa F. (1922) - Neubeschreibung des Trias-Prerosauriers
Tribelesodon. Paldont. Zeitsch., 5: 161-181, Berlin.

Olsen P E. (1979) - A new aquatic eosuchian form the Newark
Supergroup (Late Triassic, Early Jurassic) of North Car-
olina and Virginia. Postilla 176: 1-14.

Padian K. (1984) - The origin of pterosaurs. /n: Reif W-E. and
Westphal F., eds. Proceedings of the Third Symposium
on Mesozoic Terrestrial Ecosystems, Short Papers,
Tiibingen: Attempto Verlag: 163-168, Tiibingen.

Padian K. & Rayner J. M. V. (1993) - The wings of pterosaurs.
Am. Journ. Sci., 293A: 91-166, New Haven.

Peters D. (1997) - A new phylogeny for the Prerosauria. Journ.
Vert. Paleont., 17(3): 69A, Lawerence.

Peters D. (2000) - Description and Interpretation of Interpha-
langeal Lines in Tetrapods. [chnos, 7(1): 11-41.

Peyer B. (1931a) - Die Triasfauna der Tessiner Kalkalpen. II.
Tanystropheus longobardicus Bassani sp.. Abh. Schweiz,
Paldont. Gesell., 50 7-110, Basel.

Peyer B. (1931b) - Macrocnemus nicht Macrocherus. Zentralb.
Min. Geol. Paliont., B: 190-19 .

Peyer B. (1937) - Die Triasfauna der Tessiner Kalkalpen XII.
Macrocnemus  bassanti Nopcesa, Abbandl.  Schweiz,
Paldont. Gesell., Band LIX: 1-140, Zirich.

Reisz R. (1981) - A diapsid reptile I+ 'm the Pennsylvanian of
Kansas. Univ. Kansas Mus. Near. Hist., Spec. Publ., 7: 1-
74, Lawrence.

Renesto S. (1994) - A new prolacertiform reptile from the Late
Triassic of Northern Italy. Riw. Paleont. Strat., 100(2):
285-306, Milano.

Renesto S. & Dalla Vecchia F. M. (2000) - The unusual denti-
tion and feeding habits of the prolacertiform reptile
Langobardisaurus (Late Triassic, northern Italy). Journ.
Vert. Paleont., 20(3): 622-627, Lawrence.

Rieppel O. (1989) - The hind limb of Macrocnemus bassanii
(Nopesa) (Reptilia, Diapsida): development and func-
tional anatomy. Jowrn. Vert. Paleont., 9(4): 373-387,
Lawrence.



326 D. Peters

Rjabinin A. N. (1948) - Remarks on a Flying Reptile from the
Jurassic of the Kara-Tau. Akad. Nauk, Paleont. Inst.,
Trudy, 15(1): 86-93; Moscow and Leningrad (in Russ-
1an).

Romer A. S. (1956) - Osteology of the Reptiles. University of
Chicago Press, xxi + 772 pp, Chicago.

Russell A. P & Baur A. M. (1992) - The M. caudifemoralis
longus and its relationship to caudal autotomy and loco-
motion in lizards (Reptilia - Sauria). Journ. Zool.
227(1): 127-143, London.

Sanz J. L. & Lépez-Martinez N. (1984) - The prolacertd lepi-
dosaurian Cosesaurus aviceps Ellenberger & Villaha, a
claimed ‘protoavian’ from the Middle Triassic of Spain.
Géobios 17: 747-53.

Seeley K. (1888) - Researches on the structure, organization
and classification of the fossil Reprilia. 1. On Pro-
torosaurns speneri (von Mever). Phil. Trans. Roy. Soc.
London, B, 178: 178-213, London.

Sereno P C. (1991) - Basal Archosaurs: phylogenetic relation-
ships and functional implications. Soc. Vert. Paleont.,
Memoir 2, Jowrn. Vert. Paleont., 11 (Supplement to #4):
1-53, Lawrence.

Sereno P C. & Arcucci A. (1990) - The monophyly of cruro-
tarsal archosaurs and the origin of bird and crocodile
ankle joints. New. Jahrb. Geol. Paliont., Abbandl., 180:
21-52, Stuttgart,

Sereno P C. & Arcucci A, (1994) - Dinosaurian precursors
from the middle Triassic of Argentina: Marasuchus lil-
loensis, gen. nov. Jowmrn. Vert. Paleont., 14(1): 53-73,
Lawrence.

Sharov A. G. (1970) - Unusual reptile from the Lower Triassic
of Fergana. Paleont. Zhur., 1970: 127-131, Moscow (In
Russian).

Sharov A. G. (1971) - New flying reptiles from the Mesozoic
of Kazakhstan and Kirghizia. Trudy Paleont. Inst., Akad.
Nauk, USSR 130: 104-113, Moscow.

Shine R. & Lambeck R. (1989) - Ecology of frillneck lizards,
Chlamydosaurus kingii (Agamidae) in tropical Australia.
Austr. Wildlife Res., 16: 491-500.

Snyder R. (1954) - The anatomy and function of the pelvic gir-
dle and hind limb in lizard locomotion. The Am. Journ.
Anat., 95: 1-45, New York.

Stokes W. L. (1957) - Pterodactyl tracks from the Morrison
Formation. fourn. Palaeont., 31: 952-954, Lawrence.

Swofford D. L. (1993) - PAUP: Phylogenetic Analysis Using
Parsimony, Version 3.1.1 Computer software and docu-
mentation distributed by Illinois Natural History Sur-
vey, Champaign, Illinois.

Tatarinov L. P (1989) - The systematic position and way of life
of the problematical upper Triassic reptile Sharovipteryx
mivabilis. Paleont. Journ., 2: 107-110, Moscow.

Unwin D. M. & Bakhurina N. N. (1994) - Sordes pilosus and

the nature of the pterosaur flight apparatus. Nature 371:
62-64, London.

Unwin D. M., Alifanov V. R. & Benton M. J. (In press). Enig-
matic small reptiles from the Middle-Late Triassic of
Kirghizia. /n: The age of dinosaurs in Russia and Mon-
golia (eds. M. ]. Benton, E. N. Kurochkin, M. A.
Shishkin and D. M. Unwin). Cambridge University
Press.

Wellnhofer B (1974) - Campylognathoides liasicus (Quenst-
edt), an upper Liassic pterosaur from Holzmaden - the
Pittsburgh specimen. Ann. Carnegie Mus., 45: 5-34,
Pittsburgh.

Wellnhofer P (1975a) - Die Rhamphorhynchoidea
(Prerosauria) der Oberjura-Plattenkalke Stiddeutsch-
lands. Teil I. Allgemeine Skelettmorphologie. Palaeonto-
graphica, A 148: 1-33, Stuttgart.

Wellnhofer P (1975b) - Teil II: Systematische Beschreibung
Palaeontographica A 148: 132-186, Stuttgart.

Wellnhofer P (1975¢) - Teil III. Paliokolgie und Stammes-
geschichte. Palaeontographica, A 149: 1-30, Stuttgart.

Wellnhofer P (1978) - Prerosauria. Handbuch der Palioher-
petologie, Teil 19. Gustav Fischer Verlag, 82 pp,
Stuttgart.

Wellnhofer B. (1987) - Die Flughaut von Pterodactylus (Reptil-
ia, Pterosauria) am Beispel des Wiener Exemplares von
Pterodactylus kochi (Wagner). Ann. Naturbist. Mus.
Wien 88 (A): 149-162, Basel

Wellnhofer P (1991) - The Illustrated Encyclopedia of
Pterosaurs. Salamander Books, Limited, 192 pp., Lon-
don.

Wild R. (1973) - Die Triasfauna der Tessiner Kalkalpen XXIIL
Tanystropheus longobardicus (Bassani) (Neue Ergeb-
nisse). Schwetz. Paldont. Abbandl., 95: 1-162, Basel.

Wild R. (1978) - Die Flugsaurier (Reptilia, Pterosauria) aus der
Oberen Trias von Cene bei Bergamo, Ttalien. Boll. Soc.
Paleont. It., 17(2): 176-256, Bergamo.

Wild R. (1984a) - Flugsaurier aus der Obertrias von Italien.
Naturwissenschaften 71: 1-11, Stuttgart.

Wild R. (1984b) - A new pterosaur (Reptilia, Prerosauria)
from the Upper Triassic (Norian) of Friuli, Italy. Gorta-
nta, Attt Mus. Frinlano St. Nat., 5: 45-62, Modena.

Wild R. (1993) - A juvenile specimen of Eudimorphodon ranzii
Zambelli (Reptilia, Prerosauria) from the upper Triassic
(Norian) of Bergamo. Riz. Mus. Ciw. Sci. Nat. “E. Caffi”
Bergamo, 16: 95-120, Bergamo,

Williston S. W. (1903) - On the osteology of Nyctosaurus (Nyc-
todactylus) with notes on American pterosaurs. Freld
Columbian Mus. Publ., Geological Series 2: 125-163,
Chicago.

Appendix |

In the present analysis, based on Evans (1988), an abbreviated
distribution of 104 characters is shown below for the single outgroup,
Petrolacosanrns, and 21 diapsid taxa. Svnapomorphies are listed for
cach ingroup as optimized under delaved character-state transforma-
tion. Abbreviations as follows: P = a character found in basal
pterosaurs; B = a character not found in basal pterosaurs; P+ a char-
acter transformed to the next characrer state in prerosaurs: P? = ques-
tionable or unknown

PAUP Analysis
Unlisted nodes A-C, F, I-P as in Evans (1988)

(Node H) - Thalattosauria + Trilophosanrus + Megalancosaurus +
Prolacertiformes + Archosauria
H1 - 91. Long narrow snout at least half the length of skull - P
H2 - 92. Ribs run back parallel to cervical vertebral column - P
H3 - 93. Cervical ribs with anterior processes - P
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H) - Trilophosaurus + Megalancosaurus + Prolacertiformes +
Archosauria
H4 - 94, Nasals longer than fronuals - P?

H) - Megalancosaurns + Prolacertiformes + Archosauria
H5 - 95. Posterior dentary teeth lie anterior to posterior max-
illary teeth - P

H) - Prolacertiformes + Archosauria
H6 - 96. Laterally compressed, recurved teeth - P
H7 - 97. Tapering cervical ribs - P

D) - Archosauria

*1 - 27. Antorbital fenestra (with fossa) - B

D2 - 28. Marginal teeth serrated - B

D3 - 29. Postparietals retained but fused - B

D4 - 30. Postfrontal reduced - B

D5 - 31. Posterior border of lower temporal fenestra bowed - 2
D6 - 32. Loss of trunk intercentra - P (convergent with Boreo-
pricea + Tapinoplatia = E3)

D7 - 33. No ectepicondylar groove or foramen - P (convergent
with Fenestrasauria)

E20 - 53. Pes centrale absent - B

E) - Protorosaurus + Prolacerta + Boreopricea + Tapinoplatia
E1 - 34, Cervical neural spines long and low - P

E2 - 35. Lacrimal fails to meet nasal - B (reversed in Fenes-
trasauria)

E3 - 36. Long slender cervical ribs - P

E) - Boreopricea + Tapinoplatia (see below)

E4 - 37, Tall maxilla - P

E5 - 38. Loss of trunk intercentra - P (convergent with
Archosauria = D6 )

E7 - 40. First distal carpal lost or fused - P

ES - 41. Loss of intermedium in carpus - P?

E9 - 42. Reduced ilium contribution to acetabulum - P

E10 - 43. Loss of quadratojugal - P (a new QJ appears in Fen-
estrasauria)

E13 - 46. Fourth metatarsal longer than three times the fifth
metatarsal - P

E14 - 47. Lacrimal restricted to orbit rim - P

E15 - 48. Loss of manus centralia - P?

Tapinoplatia = Macrocnemus + Characiopoda (see below)

E6 - 39. Low scapula - P+ (transformed in Fenestrasauria)
E17 - 50. Nasals taper anteromedially - 2 (reversed in Fenes-
trasauria)

E18 - 51. Reduction of dorsomedial process of premaxilla - B
(reversed in Fenestrasauria)

E19 - 52. Thyroid foramen present - B (reversed in Fenes-
trasauria)

Characiopoda = (Tanystropheidae + Langobardisawrus + Fenes-

trasauria)

E12 - 45. Loss of first distal tarsal - P

E21 - 54. Reduction of ventral ramus of squamosal, cotyle for
quadrate head - P

E24 - 57, Fifth meratarsal short and geometrical - P

E25 - 58. Long ground (= proximal) phalanx on pedal digit V
=P

E27 - 60. Last few dorsals with fused ribs (in adults) - P+

E29 - 62. Post-cloacal bones (males only) - P

E31 - 49, Maximum of five ossified tarsals - P

* new 100. Hemal arches reduced or parallel to mid and distal
centra - P

* new 104. Procoelous vertebrae - P (except in Tanystropheus)

Tanystropheidae
E22 - 55, Fourth metacarpal shorter than third - 2
E23 - 56. Reduction in length of pedal digit IV - P (convergent
with Sharovipteryx + Prerosauria)
E26 - 59, Twelve cervical vertebrae - B
E28 - 61. Longest cervical vertebrae lies ar end of series - (not
present in any included taxa)
E30 - 63. Ilium short versus ischium - B
E31 - 64. No more than four ossified tarsals - 2

Fenestrasauria = (Cosesaurus + Longisquama + Sharovipteryx +

Pterosauria)
D7 - 33. No ectepicondylar groove or foramen - P (convergent
with Fenestrasauria)
Ell - 44, Loss of perforated foramen in ankle - P
E23 - 56. Reduction in length of pedal digit IV - P (not
Cosesaurus and convergent with Tanystropheidae)
* new 98. Uropatagia - P (confirmed only in Sharovipteryx and
SOme pterosaurs)

* new 99. Prominent anterior process of ilium - P

* new 101, Reduced transverse processes on caudals - P

* new 102. Antorbital fenestra(e) (without fossa) - P

* new 103, Attenuated fibula - P

Characters ordered by anatomical region

Character states for the analysis based on Evans (1988)

Cranial Characters
27 D1. Antorbital fenestra - (0) absent (1) present (also see char-
acter 102)

28 D2. Marginal teeth serrated - (0) absent (1) present

29 3. Postparietals retained but fused - (0) nort fused (1) fused

30 D4. Postfrontal reduced - (0) unreduced (1) reduced

31 D5. Posterior border of lower temporal fenestra bowed - (0)
absent (1) present

35 E2. Lacrimal fails to meet nasals - (0) contact (1) no contact

37 E4. Tall maxilla - (0) absent (1) present
43 E10. Loss of quadratojugal - (0) no loss (1) loss (2¥) new

appearance

17 E14. Lacrimal restricted to orbit rim - (0) absent (1) present

50 E17. Nasals taper anteromedially - (0) absent (1) present

51 E18. Reduction of dorsomedial process of premaxilla - (0)
unreduced (1) reduced

54 E21. Reduction of ventral ramus of squamosal, cotyle for
quadrate head - (0) unreduced (1) reduced

91 HI. Long narrow snout at least half the length of skull - (0)
absent (1) present

94 H4. Nasals longer than frontals - (0) absent (1) present

95 H5. Posterior dentary teeth lie anterior to posterior maxillary

teeth - (0) absent (1) present
96 Hé. Laterally compressed, recurved teeth - (0) absent (1) pres-
ent

Axtal Characters

32 Dé. Loss of trunk intercentra - (0) no loss (1) loss
34 El. Cervical neural spines long and low - (0) absent (1) pres-
ent

36 E3. Long slender cervical ribs - (0) absent (1) present

38 E5. Loss of trunk intercentra - (0) no loss (1) loss

59 E26. Twelve cervical vertebrae - (0) absent ( 1) present

58 E27. Last few dorsals with fused ribs - (0) absent (1) present
38 E28. Longest cervical vertebra lies at end of series - (0) absent

(1) present
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92 H2. Cerv 1l ribs run back parallel to cervical vertebral column
- (0) not parallel (1) parallel (2*) no ribs

93 H3. Cerv o al ribs with anterior processes - (0) absent (1) pres-
ent

97 H7. Tapering cervical ribs - (0) absent (1) present (2%) no ribs

100 “new. Hemal arches reduced or parallel to medial and distal
caudal centra - (0) absent (1) present

101 “new. Transverse processes on caudal vertebrae reduced - (0)
absent (1 present

104 *new. Procoelous vertebrae - (0) absent (1) present

Appendicular Characters

33 D7. No ectepicondylar groove or foramen - (0) groove or fora-
men present (1) absent

39 E6. Low scapula - (0} broad and wall (1) low (2%) posteriorly
oriented and strap-like (3%) rall and strap-like

40 E7. First distal carpal lost or fused - (0) not lost (1) lost or
fused

41 ES. Loss of intermedium in carpus - (0) no loss (1) loss

42 E9. Reduced ilium contribution to acetabulum - (C) not
reduced (1) reduced

44 E11. Loss of perforated foramen in ankle - (0) no loss (1) loss

45 E12. Loss of first distal tarsal - (0) no lass (1) loss

46 E13. Fourth metatarsal longer than three times the fifth
metatarsal - (0) not longer (1) longer

48 E15. Loss of manus centralia - (0) no loss (1) loss

49 E16. Maximum of five ossified tarsals - (0) six or more (1) no
more than five

32 E19. Thyroid foramen - (0) absent (1) present
E20. Loss of pes centrale - (0) no loss (1) loss

55 E22. Fourth metacarpal shorter than third - (Q) fourth longer
(1) fourth shorter

56 E23. Reduction in length of foor = 4th meracarpal not the

longest in the series - (0) fourth metacarpal longest (1) fourth
metacarpal not longest

57 E24. Fifth metatarsal short and geometrical - (0) not short (1)
short

58 E25. Long ground (proximal) phalanx on pedal digit V - (0)
absent (1) present

63 E30. Ilium short versus ischium - (0) absent (1) present

64 E31. Four ossified tarsals - (Q) five or more (1) no more than
four

99 “new. Prominent anterior process of ilium - (0) absent (1)
present

103 *new. Attenuarted fibula - (0) absent (1) present
Other Ossifications and Dermal Membranes

62 E29. Post-cloacal bones - (0) absent (1) present
98 " new Uropatagia - (0) absent (1) present

Appendix Il

In the present analysis, based on Jalil (1997), the distribution
and coding of 71 characters is shown below for the outgroup, Petrola-
COSANTHS :ll'ld 32 Dther dlﬂp‘sid faxa. SOft\\’aTE Sp(.'cificﬂtioﬂs remain [hE

same as those above. Only stem-based synapomorphies are listed.

Youngina + Sauria
19. [All] dorsal ribs holocephalus - P+
53. Pedal centrale present - P
58. First distal tarsal present - B (absent in Characiopoda)

Sauria
1. Prefrontal-nasal suture anterolaterally directed - P
2. Tabular absent - P

3. Postparietal small - P

4. Ventral flange of squamosal narrow or confined to dorsal
half of lower temporal fenestra - P

. Quadrate emarginated - I’

6. Stapedial foramen absent - P

7. Paroccipital-process-suspensorium conrtact strong - P

8. Retroarticular process well-developed - P

9. Cleithrum absent - P

10. Lateral centrale of manus small or absent - P

11. 5th distal tarsal absent - P

12. Fifth meratarsal hooked - P

13. Lower temporal arcade incomplete - B (reversed in
Archosauriformes and Prerosauria)

14, Postparietals absent - P

15. Lacrimal small or absent - P

28. Posterior process of jugal extending posteriorly nearly to
back of skull - B (reversed in Prolacertiformes)

29, Vertebrae non-notochordal in adults - P

+4. Scapula high and narrow - B (reversed in Tapinoplatia)
68. Parasphenoid-basisphenoid in the side wall of braincase - P
70. Crista prootica present - I

o

Lepidosauromorpha
16. Prominent lateral conch of the quadrate - 2
17. Lateral exposure of the angular restricted - 2
18. Retroarticular process entirely formed by articular - 2
20. Intervertebral articulation formed by zygosphene-
zygantrum - £
21. Ectepicondylar foramen present -
22. Thyroid fenestra on the pelvis - B (convergent with Tapino-
platia and derived Prerosauria)
23, Astragalus and calcaneum fused - P (convergent with
Pterosauria)
24, “Lepidosauromorph” ankle joint where fourth distal tarsal
has dorsal process fitting into recess on astragalocalcaneum - B
55. 4th metacarpal shorter than third metacarpal -  (conver-
gent with Tanystropheidae)
59. Perforating foramen in ankle absent - P (convergent with
Fenestrasauria)
69. Pila antotica present - B

Choristodera + Archosauromorpha
19. [All] dorsal ribs not holocephalus - P
25, Premaxilla with well-developed posterodorsal process - P
(reversed in some Tapinoplatia)
27. Quadratojugal L-shaped and/or sitvated behind upper tem-
poral fenestra - B (reversed in Tapinoplatia)
30. Cervical ribs dichocephalous - P
32. Entepicondylar foramen absent - P
35. Lateral wber on the calcaneum - 2 (reversed in Prolacer-
rformes)
37. Cervical ribs with anterior process - I (reversed in Rhyn-
chosauria)
61. Nasals longer than frontals - P?

Archosauromorpha = (Rhynchosauria + Proterosuchus +
" Ornithodira + Prolacertiformes)

26. External naris elongated anteroposterior and close to the
midline - P
31. Transverse processes of trunk vertebrac well-developed - P
33. Medial centrale in carpus absent - P
34. Concavo-convex astragalo-calcaneal articulation - P?
36. Tapering cervical ribs oriented posteriorly parallel to neck
axis - P
41. Long, slender cervical ribs - P
66. Occipital condvle anterior to craniomandibular joint - P
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Proterosuchus + Ornithodira + Prolacertiformes

62. Posterior dentary teeth lie anterior to posterior maxillary
teeth - P

63. Teeth recurved and laterallv compressed - IP

64, Long narrow snout - P

65. Post-temporal fenestra small or absent - P

Ornithodira (= Scleromochins + Lagosuchus)

53. Pedal centrale absent - B
67. Loss of trunk intercentra - P (convergent with prolacerti-
formes)

Prolacertiformes

38. Skull low and narrow with short and narrow postorbiral
region - I’

39. Quadratojugal, when present, much reduced and situated
behind the temporal fenestra- P+ (new quadratojugal in Fen-
estrasauria)

50. Lacrimal fails to meet the nasal - B (convergent with Rhyn-
chosauria, reversed in Fenestrasauria)

67. Loss of trunk intercentra - P (convergent with Ornithodi-
ra)

Prolacerta + Malerisaurus + Boreopricea + [esaivosaurus +

Tapinoplatia

28. Posterior process of jugal does not extend nearly to back of
skull - P

40. Low and elongate cervical neural spines - P

42. Posterior process of jugal much reduced and spur-like - P
49. Nasals tapering anteromedially - B (reversed in Fenes-
trasauria)

51. Manual centralia absent - P?

59. Perforating foramen in ankle present - B (reversed in Fen-
estrasauria)

Tapinoplatia = (Macrocnemus + Characiopoda)

22, Thyroid fenestra on the pelvis - B (reversed in Fenes-
trasauria)

27. Quadratojugal not L-shaped and/or situated behind upper
[sic - lower] temporal fenestra - P

43, Quadratojugal absent - B (new quadratojugal in Fenes-
trasauria)

44. Scapula not high and narrow - P+ (see 45)

45. Low sublunate scapula - P+ (see 44)

48. Ilium with reduced contribution in the acetabulum - P?

* 67. Loss of trunk intercentra - P

Characiopoda = (Tanystropheidae + Langobardisanrus + Fenes-

trasauria)

1. Prefrontal-nasal suture oriented anteroposteriorly parallel 1o
internasal surure - P

6. Stapedial toramen present - 7

18. Rerroarticular process entirely formed by arvieular - I

19. Dorsal ribs holocephalus (except anterior three pairs) - P
35, Lateral tuber on the calcaneum absent - P

46, First distal carpal absent - P

47. Carpal intermedium absent - P

52. Maximum of five ossified tarsals - P

54, Reduced venrral flange of squamosal - P

57. Posterior dorsal vertebrae with fused ribs (in adults) - P+
58, First distal tarsal absent - P

59. Perforating foramen in ankle absent - P (except in Tanys-
trophens)

60. Post-cloacal bones (in males) - P

71. First phalanx of the fifth toe elongated (metapodial) - P

Tanystropheidae

55. Fourth mertatarsal shorter than third - £
56. Twelve cervical vertebrae - B

Fenestrasauria (Cosesawrus + Longisquama + Sharovipteryx +

Pterosauria)

22. No thyroid fenestra on the pelvis - P
43. Quadratojugal secondarily present - P
49. Nasals do not taper anteromedially - P
50. Lacrimal meets nasal - P

Characters ordered by anatomical region

Character states for the analysis based on Jalil 1997

Crantal Characters

1. Prefrontal-nasal suture - (0) oriented anteroposteriorly par-
allel to internasal suture (1) anterolaterally direcred

2. Tabular - (0) present (1) absent

3. Postparietal - (Q) large (1) small

4. Venrral flange of squamosal narrow or confined o dorsal
half of lower temporal fenestra - (0) no (1) yes

5. Quadrate - (0) not emarginated (1) emarginated

6. Stapedial foramen - {0) present (1) absent

7. Paroccipital process-suspensorium contact - (0) weak (1)
strong

8. Retroarticular process well-developed - (0) no (1) ves

13, Lower temporal arcade - (0) complete (1) incomplete

14, Postparietals absent - (C) no (1) ves

15, Lacrimal - (Q) large (1)-small or absent

16, Prominent lateral conch on the quadrate - (0) no (1) ves
17, Lateral exposure of the angular - (0) large (1) restricted
18. Retroarticular process entirely formed by articular - (2) no
(1) ves

25, Premaxilla with well-developed posterodorsal process - (0)
no (1) ves

26. External naris elongated anteroposteriorly and close to the
midline - (0) no (1) ves

27, Quadratojugal L-shaped and/or situated behind upper [sic
- lower] temporal fenestra - (0) no (1) ves

28. Posterior process of jugal extending posteriorly nearly to
back of skull - (3) no (1) yes

38. Skull low and narrow with short and narrow postorbital
region - (0) no (1) yes [here a low and narrow snout scored a
(1) despite the presence of large orbits and a high cranium|
39. Quadratojugal, when present, much reduced and situared
behind lower temporal fenestra - (0) no (1) ves (2) quadrato-
jugal absent [refers to original qj only]

42, Posterior process of the jugal much reduced and spur-like —
(0) no (1) ves

43, Quadratojugal - (0) present (1) absent (2) reappearance
49. Nasal tapering anteromedially - (0) no (1) ves

50. Lacrimal fails to meet the nasal - (0) no (1) ves

54. Reduced venrral flange of squamosal - (0) no (1) yes

61. Nasals longer than the frontals - (0) no (1) ves

62. Posterior dentary teeth lie anterior to posterior maxillary
teeth - (0) no (1) yes

63. Teeth recurved and laterally compressed - (0) no (1) ves
64. Long and narrow snout - (0) no (1) ves

65. Post-temporal fenestra small or absent - (0) no (1) yes
66. Occipital condyle anterior to craniomandibular joint - (0)
no (1) ves
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Axial Characters Archosauromorpha = (Trilophosaurus + Rhynchosauria + Prolac-

19. [All] dorsal ribs holocephalus - (0) no (1) ves

20. Intervertebral articulation formed by zygosphene-
zygantrum - (0) no (1) yes

29, Vertebrae non-notochordal in adult - (0) no (1) yes

30. Cervical ribs dichocephalous - (0) no (1) ves

31. Transverse processes of trunk vertebrae well-developed -
(0) no (1) ves

36. Tapering cervical ribs oriented posteriorly parallel to neck
axis - (0) no (1) ves

37. Cervical ribs with anterior processes - (0) no (1) ves

40. Low and elongated cervical neural spines - (0) no (1) ves
41, Long slender cervical ribs - (0) no (1) yes

56. Twvelve cervical vertebrae - (0) no (1) ves

57. Posterior dorsal vertebrae with fused ribs — (0) no (1) ves
67. Loss of trunk intercentrum - (0) no (1) ves

68. Parasphenoid-basisphenoid in the side wall of braincase -
(0) no (1) ves

69. Pila antotica - (Q) absent (1) present

70. Crista prootica - (0) absent (1) present

Appendicular Characters

9. Cleithrum - (0) present (1) absent

10. Lateral centrale of manus - (0) present (1) small or absent
11. Fifth distal tarsal - (0) present (1) absent

12. Fifth meratarsal hooked - (0) no (1) ves

21. Ectepicondylar foramen - (0) absent (1) present

22, Thyroid fenestra on the pelvis - (0) absent (1) present
23. Astragalus and calcaneum - (0) unfused (1) fused

24, “Lepidosauromorph™ ankle joint where fourth distal rarsal
has dorsal process fitting into recess on astragalocalcaneum -
(0) no (1) yes

32. Entepicondylar foramen - (0) present (1) absent

33. Medial centrale in carpus - (0) present (1) absent

34, Concavo-convex astragalo-calcaneal articulation - (0) no
(1) yes

35. Lateral tuber on the calcaneum - (0) no (1) ves

44, Scapula high and narrow - (0) no (1) yes

45, Low sublunate scapula - (0) no (1) yes

46. First distal carpal - (0) present (1) absent

47. Carpal intermedium - (0) present (1) absent

48. Ilium with reduced contribution in the acetabulum - (0) no
(1) yes

51. Manual centralia - (0) present (1) absent

52. Maximum of five ossified tarsals - (0) no (1) yes

53. Pedal centrale - (0) present (1) absent

55. Fourth metacarpal shorter than third metacarpal - (0) no
(1) yes

58. First distal tarsal - (0) present (1) absent

59. Perforating foramen in ankle - (0) present (1) absent

71. First phalanx of the fifth toe elongated (as long as the
metacarpals [sic - metatarsals] of digits I-IV) - (C) no (1) ves

Other Ossifications and Dermal Membranes

60. Post-cloacal bones - (0) absent (1) present [absence is sus-
pect - does not appear in females]

Appendix lll

In the present analysis, based on Bennert (1996a), the distribu-

tion and coding of 126 previously established characters plus 4 new

ones is shown below for the outgroup, Lepidosauromorpha, and the 17
diapsid taxa considered in this analysis.

ertiformes + Archosauriformes)

1. Premaxilla enlarged and forming most of the tip of the snout
-P

2. Prominent subnarial process of premaxilla present so that
the maxilla is excluded from the external nares - B (reversed in
Fenestrasauria)

4. Postorbital ramus of jugal extends to the middle of the lower
temporal fenestra - P

5. Squamosal reduced to one-half or less of height of lower
temporal fenestra - P

6. Tabular absent - P

7. Tall dorsal process of the maxilla present - P

10. Ectopterygoid more or less broadly contacts jugal behind
the posterior limit of the maxilla - P+ (fused to the pterygoid
in Fenestrasauria)

12. Paroccipital process of the opisthotic contact the suspen-
sorial region of the skull with tapered distal ends - P

13. External nares elongate and close to midline (except
Trilophosaurus) - P

14. Parietal foramen absent - P (reversed in Tanystropheus)

19. Stapes slender without foramen - P

20. Vertebrae not notochordal in adults - P

21. Transverse processes of the trunk vertebra, moderate - P+
(elongate but most not two-headed)

22, Cervical rib heads plowshare-shaped and elongate shafts
extend posteriorly parallel to centra and broadly overlap one
another - P

23. Cleithrum absent - P

24, Entepicondylar foramen in humerus absent - PP

25. Foramen between ulnare and intermedium absent - P

27. Pedal centrale not displaced laterally - P

28. Distal tarsal V absent - P

29. Metatarsal V hooked medially to conract distal rarsal IV but
not gracile - P

35. Postparietals absent - P

37. Exoccipital and opisthotic fuse early in post-hatching
ontogeny - I’

44. Upper temporal fenestra large and facing dorsolaterally - P
53. Teeth on transverse process of pterygoids absent - P

55. Intercentra of postaxial presacral vertebrae present - B
(reversed in Tapinoplatia)

71. Manual asymmetry with digit IV the stoutest and longest;
more medial digits progressively diminishing in length and
robustness - P+ (plesiomorphic in amniotes; transformed in
Sharovipteryx and pterosaurs)

95. Metartarsals 11, I[1I and IV unequal in length with metatarsal
IV longest - B (reversed in Sharovipteryx and prerosaurs)

96. Pedal digit IIT shorter than IV - B (reversed in Sharovipteryx
and pterosaurs)

100. Length of centra of cervical vertebral 3-5 greater than
those of mid-dorsal vertebrae - P

120. Calcaneal wbercle present - £ (reversed in Prolaceru-
formes)

126, Pedal digit V unreduced - P+

Prolacertiformes + Archosauriformes

3. Preorbital region elongate - P

8. Ventral extent of quadrate further below braincase so that
the adductor chamber is enlarged - I

9. Metakinetic skull - P

1. Pyriform recess narrow and extends forward to separate
pterygoids and posterior end of vomers - B (reversed in
Cosesaurus + prerosaurs)

15. Posttemporal fenestra small or absent - P

16. Marginal toath shape recurved - P
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17. Marginal tooth cross-section laterally compressed with
sharply pointed crowns - P

18. Maxillary tooth row extends further posteriorly than
mandibular row - P

26. Medial centrale in carpus absent - P

31. Skull height greater than one-third skull length - P

32. Skull shape subtrapezoidal in cross-section from just ante-
rior to orbits to posterior end of skull and snout high, narrow,
and subtriangular in cross-section - P

33, Postfrontals reduced - P

67. Distal end of humerus subequal to proximal end - B
(reversed in Sharovipteryx + Prerosauria)

68. Ectepicondylar foramen or groove of humerus absent - P
90. Astragalocalcaneal canal present - B (reversed in Fenes-
trasauria)

100. Length of centra of cervical vertebra greater than mid-dor-
sal - P

Prolacertiformes (sensu Bennert 1996a)

5. Squamosal descending ramus posterior to quadrate - P
46. Otic notch not deeply arched in profile - P
52. Tooth implantation thecodont - P? (convergent with
Euparkeria + Archosauria)
55. Intercentra absent from postaxial/presacral vertebrae - P
(convergent with Proterochampsidae  +  Euparkeria
+Archosauria)
58. Parapophysis transfers to neural arch in anterior dorsal ver-
tebrae; diapophysis and parapophysis fuse in posterior dorsal
vertebrae and ribs become single-headed - P (convergent with
Euparkeria + Archosauria)
70. Manus length, less than half that of tarsus and pes - 8 (con-
vergent with Erythrosuchidae + Proterochampsidae +
Euparkeria + Archosauria; reversed in Fenestrasauria)
85, Astragalar tibial facet concave - P
86. Astragalar tibial and fibular facets adjacent - P+ (no fibula
contact)
$9. Ventral astragalocalcaneal facet much larger than the dorsal
- P? {convergent with Archosauria)
98. Pedal digit V length extended - P (only in Characiopoda)
107. Fore limb length less than half that of hind limb - B
(reversed in Fenestrasauria)
112. Bird-like distal end of femur (prominent anterior and pos-
terior intercondylar grooves with latter constricted by promi-
nent external tibial condyle) - P (only in Characiopoda)
118, Ventral flange of astragalus absent - P
119. Astragalus posterior groove absent - P
120, Calcaneal tubercle absent - P (convergent with Ornithodi-
ra)
122, Pedal stance-not considered
124. Mertatarsus configuration compact - P (reversed in
Sharavipteryx and derived prerosaurs)
125, Metatarsal 3 length more than one half tibial length - B
(reversed in Sharovipteryx + Pterosauria)
126, Pedal digit V extended - P (only in Characiopoda)
*##128, Proximal phalanx of pedal digit V elongate - P (only in
Characiopoda)
##129. Postcloacal bones (in male Characiopoda only) - P

Fenestrasauria = (Cosesanrus + Longisquama + Sharovipteryx +

Prerosauria)

1 1. Pyriform recess broad but confined to posterior margins of
pterygoids - P

30. Anteroposterior hook of metararsal V absent - P

36. Supratemporals absent - P (convergent with Archosauri-
formes)

40. Ossified laterosphenoid present - P (convergent with
Archosauriformes)

41. Antorbital fenestra(e) present - P (convergent with
Archosauriformes)

42. Antorbital fenestra position close to nares - P

48. Coronoid reduced or absent - P (convergent with
Archosauriformes)

56. Number of sacral vertebrae four or more - P

59. Interclavicle keeled or anterior process well developed and
lateral processes reduced - P

62. Anteroposterior width of scapula narrow and posteriorly
directed - P

73. Iliac spine long and knife-like - P

78. Hind limb posture semi-erect - not considered

90. Astragalocalcaneal canal absent - P (convergent with
Euparkeria + Archosauria)

97. [No more than] four phalanges on pedal digit V - P (con-
vergent with Archosauriformes)

101. Configuration of cervicals 3-6, simple curve to vertical - P
104. Clavicles overlapping - P

107. Fore limb length not less than half that of hind limb - P
“114. Fibula 90-30% as thin as tibia - P (convergent with
Archosauriformes)

122. Pedal stance not considered

125. Metatarsal 3 length not more than one half tibial length - P

Pterosauria (* = unknown in Longisquania)

38. Suborbital ramus of jugal extends anterior to orbit (as in
Longisquama, convergent with Archosauriformes)

39. Vomers reduced® (convergent with Archosauriformes)

52. Tooth implantation thecodont® (convergent with Exparke-
ria + Archosauria)

67. Distal humerus narrower than proximal end (as in
Sharovipteryx)

79. Femoral shaft curvature bowed anteriorly™ (convergent
with Ornithosuchidae + Ornithodira)

95. Metatarsals 11, I1I and IV subequal in length® (as mn
Sharovipteryx)

96. Pedal digit ITT not shorter than IV* (as in Sharovipteryx)
103. Caudal zvgapophyseal facets intertwined® (as in
Sharovipteryx)

105. Coracoid strut-like (imminent in Longisquama, unknown
in Sharovipteryx)

“114, Fibula less than 30% as wide as tibia® (as in
Sharovipteryx)

113. Tibial length greater than or equal to femur® (as in
Sharovipteryx)

116. Astragalus transversely widened™ (as in Sharovipteryx?)
##130. Uropatagia present™ (as in Sharovipteryx)

Archosauriformes

27. Pedal centrale displaced laterally - B

38, Suborbital ramus of jugal extends anterior to orbit - P (con-
vergent with Longisqueama and Pterosauria)

39. Vomers reduced - P (convergent with Jurassic Prerosauria)
40. Ossified laterosphenoid present - P (convergent with
Cosesanrus and Prerosauria)

41. Antorbital fenestra present - P (convergent with Fenes-
trasauria)

42. Antorbital fenestra position separated from naris by a long
stretch of premaxilla and maxilla - B

44. Upper temporal fenestra reduced in size, directed dorsally
and barely visible in lateral view - £

45. Posterior margin of the lower temporal fenestra bowed
anteriorly - B

48. Coronoid reduced or absent - P (convergent with Fenes-
trasauria)

50. Marginal teeth serrated - B
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72. Distal condyles of metacarpal I slightly offset such that the
pollex is directly medial - B

97. Four phalanges of pedal digit V - B

126. Pedal digit V reduced in size - B

Erythrosuchidae + Proterochampsidae + Fuparkeria +

Archosauria

11, Pyriform recess reduced; prervgoids meet medially in
palate - B (convergent with Tanystrophess)

12. Paroccipital process of the opisthotic contacts the suspen-
sorial region of the skull with expanded distal ends - B

27. Pedal centrale displaced laterally [or absent] - B

30. Anteroposterior hook of meratarsal V present - B

36, Supratemporals absent - P (convergent with Fenes-
trasauria)

43. Prominent antorbital fossa surrounding antorbital fenestra
- B

49. External mandibular fenestra present - B

51. Enlarged anterior dentary teeth project upward between
upper tooth rows in more or less prominent diastema and often
accompanied by more or less prominent notch between pre-
maxilla and maxilla - B

62. Anteroposterior width of scapula tall and narrow - P (con-
vergent with Longisquanta)

66. Deltopectoral crest extends at least one-quarter of way
down shaft of humerus - B

70, Manus |engl:|'| less than half thar of tarsus and pes - B (con-
vergent with basal Tapinoplartia)

#73. Iliac spine broad and ax-like - B

§1. Fourth trochanter of femur mound-like - £

94. Lateral centrale of pes fused to astragalus - 2

105. Coracoid small and subcircular -

Proterochampsidae + Euparkeria + Archosauria

14, Parietal foramen absent - P (convergent with Prolacerti-
formes, except Tanystropheus)

21. Transverse processes of the trunk vertebrae elongate result-
ing in proximal bifurcation of the trunk ribs - B

30. Anteroposterior hook of metatarsal V absent - P (as in
basal Diapsida)

55. Intercentra of postaxial presacral vertebrae absent - P (con-
vergent with Prolacertiformes)

59. Interclavicle lateral processes reduced - P (convergent with
Fenestrasauria)

60, Dorsal body osteoderms present in a single median dorsal
row - ‘;1

64, Archosaur humerus present - 8

69. Ulna much stouter than radius - 2

71. Manual digit IV not the stoutest and longest - 8

78. Hind limb posture semi-erect (not considered)

79. Femoral shaft curvature sigmoid - 8

86. Astragalar tibial and fibular facets adjacent - £

87. Crocodyloid tarsus absent - P (as in basal Diapsida)

96. Pedal digit 11T not shorter than IV - P (convergent with
Tanystropheus and Sharvovipteryx + pterosaurs)

Euparkeria + Archosauria

46, Otic notch deeply arched in profile and the squamosal has
amore or less prominent process that hooks down behind the
head of the quadrate - B (convergent only with derived
pterosaurs)

52. Tooth implantation thecodont - P# (convergent with Pro-
lacertiformes)

57, Spine tables present - £

58. Parapophysis transfers to neural arch in anterior dorsal ver-
tebrae; diapophysis and parapophysis fuse in posterior dorsal

vertebrae and ribs become single-headed - P (convergent with
Prolacertiformes)

60. Dorsal body osteoderms present in paired parasagittal rows
- R

75. Length of ischium relative to width of acetabulum, pos-
teroventrally elongate - B

90. Astragalocalcaneal canal absent - P (convergent with Fen-
estrasauria)

Archosauria

9. Metakinetic skull not present - B

I1. Pyriform recess reduced; ptervgoids meet medially in
palate - B (convergent with Tanystropheus)

34. Parietals send caudal processes onto occiput which meet
the supraoccipital - B

40. Qssified laterosphenoid present - P (convergent with Fen-
estrasauria)

47. Dentary-splenial mandibular symphysis present along one-
third of lower jaw - B

54. Palatal teeth absent -

61. One-to-one alignment berween dorsal body osteoderms
and vertebrae - B

65. Medial margin of proximal humerus strongly arched - B
83. Fibular anterior trochanter knob-shaped and robust - #
84. Fibular distal end width greater than proximal end - £

88, Astragalar ventral articular facet for calcaneum cupped - B
89. Astragalocalcaneal ventral facet much larger than the dorsal
-k

91. Hemicvlindrical calcaneal condyle present - P?

92. Calcaneal facets for fibular and distal rarsal 4 contiguous - B
93. Calcaneal tubercle orientarion more than 459 posteriorly,

shaft broader than tall, and distal end rounded - B

Suchia + Ornithosuchidae

74, Puboischiadic plate absent bur bones relatively short and
broad - B

76. Pubis length equal to ischium - B (convergent with
Cosesaurus + pterosaurs)

77. Pubic acetabular margin recess present - B

85, Astragalar tibial facet saddle-shaped - B

98, Pedal digit V reduced (shorter than I) - B

111. Acetabulum perforate - B (Suchia and Dinosauromorpha
converge)

Ornithosuchidae + Ornithodira (sans Prerosauria)

5. Squamosal reduced and descending ramus gracile - 2 (con-
vergent with derived prerosaurs)

9. Metakinertic skull - P (convergent with Fenestrasauria)

29. Metatarsal V hooked medially to contact distal warsal TV
and gracile - B

56. Number of sacral vertebrae, three - B (Ornithosuchidae
only, convergent with derived dinosaurs)

63. Coracoid (= biceps) tubercle lies close to glenoid fossa and
coracoid foramen - £

71. Manual asymmerry marked with digits IV and V very
reduced - B

72. Distal condyles of metacarpal I conspicuously offset such
that the pollex is directly medially and ungual enlarged - B

74. Pubis and ischium contact, puboischiadic plate absent and
bones elongate -

79. Femoral shaft curvature bowed anteriorly - P (convergent
with Pterosauria)

80. Lesser trochanter of femur, present early in post-hatching
ontogeny - #

81. Fourth trochanter of femur sharp (= aliform) flange - B
82. Prominent cnemial crest on tibia present - B



Pterosaur phylogenesis 333

88. Astragalar ventral articular facet for calcaneum pegged - B
118. Ventral flange of astragalus absent - P (convergent with

Diapsida)

Ornithodira (sans Prerosauria)

33. Postfrontal absent - R

47. Dentary-splenial mandibular symphysis distally positioned
- P (as in basal Diapsida)

59. Interclavicle absent - B

60. Dorsal body osteoderms absent - P (as in basal Diapsida)
65. Median margin of proximal humerus weakly arched - P (as
in Sharovipteryx)

77. Pubic acetabular margin recess absent - P (as in basal Diap-
sida)

83. Fibula anterior trochlea crest-shaped and low - B

84. Fibular distal end width subequal or less than proximal end
width - P (as in basal Diapsida)

91. Hemicylindrical calcaneal condyle absent - P? (difficult to
determine)

99. Atlantal intercentrum enlarged and surrounding odontoid
process - £

103. Caudal zygapophyseal facets nearly vertically disposed in
all but proximal part of the tail - B

104, Clavicle present, because it is present in theropods - P (as
in basal Diapsida)

106. Glenoid fossa of scapulocoracoid faces ventroposteriorly
R

107. Fore limb length less than half that of hind limb - B (oth-
erwise convergent with Prolacertiformes)

109. Apex of deltopectoral crest more distally placed on
humerus - B

110. Prominent supraacetabular crest on ilium present - R
113. Tibial length greater than or equal to femur - P (conver-
gent with Sharovipteryx and Prerosauria)

114, Fibula 90-30% as thin as tibia - P (convergent with Fenes-
trasauria)

115. Advanced mesotarsal ankle with astragalus and calcaneum
tightly appressed to tibia - P (convergent with Prerosauria)
116. Astragalus transversely widened - P (convergent with
Sharovipteryx and Prerosauria)

117. Ascending process of astragalus fitting berween tibia and
fibula - B

119. Astragalar posterior groove absent - ' (convergent with
Prolacertiformes)

120. Calcaneal tubercle absent - P (convergent with Prolacerti-
formes)

121. Distal tarsal 4 transverse width subequal to distal tarsal 3
-

122, Pedal stance (not considered)

124. Meratarsus configuration compact - P (convergent with
Prolacertiformes)

125. Metatarsal 3 more than one half tibial length - B

Dinosauromorpha (sans Pterosauria)

76. Pubis length longer than ischium -

101. Centra of cervicals 3-6 in a sigmoid curve - B

102. Division of presacral vertebral column into cervical, cervi-
co-dorsal and dorsal regions - B

108. Deltopectoral shape subrectangular - B (convergent with
derived pterosaurs)

111, Acetabulum perforate - £

112. Bird-like distal end of femur - # (convergent with Chara-
ciopoda)

123, Pes functionally tridactyl - P

Characters ordered by anatomical region

Character states for the analysis based on Bennett (1996a)
(*) indicates new character state
(**) indicates new characters added to Bennett’s list

(e.) and (>) indicates restructured character state

Skull Characters

1. Premaxilla size - (0) small (1) enlarged, forming most of the
tip of the snout

2. Prominent subnarial process of premaxilla -

() absent, so that external naris is bounded by maxilla,
lacrimal and nasal posteriorly (1) present, so that the maxilla
is excluded from the external naris

3. Preorbiral region (0) not elongate (1) elongate.

4. Postorbital ramus of jugal - (0) extends to the middle of
lower temporal fenestra or less (1) extends well posterior to
the center of lower temporal fenestra

5. Squamosal - (0) not reduced and ventral process extends to
inferior margin of lower temporal fenestra (1) reduced to one-
half or less of height of lower temporal fenestra (2) reduced
and descending ramus gracile

4. “Ventral flange of squamosal narrow or confined to dorsal
half of lower temporal fenestra - (0) no (1) yes” restriuctured
as: > 4. Squamosal - (0) not reduced (1) reduced and descend-
ing ramus anterior to quadrate (2) reduced and descending
ramus gracile (3) descending ramus posterior to quadrate (4)
no descending ramus

6. Tabular - (0) present (1) absent

# “Tall dorsal process of quadratojugal — (0) absent (1) pres-
ent” restructured as: > 7. Quadratojugal - (0) contact with
squamosal (1) absent (2) spur medioposterior to jugal

8. Ventral extent of quadrate = (0) not much below the level of
the braincase so the adductor chamber is small (1) further
below braincase so that the adductor chamber is enlarged

9. Mewakinetic skull - (0) absent (1) present

10. Ectopterygoid - (0) broadly contacts the maxilla and nar-
rowly contacts the jugal in ventral view (1) more or less broad-
ly contacts jugal behind the posterior limit of the maxilla

I1. Pyriform recess - (0) broad but confined to posterior mar-
gins of prerygoids (1) narrow and extends forward to separate
ptervgoids and posterior end of vomers (2) reduced, prery-
goids meet medially in palate

12. Paroccipital processes of the opisthotic - (0) do not contact
the suspensorial region of the skull (1) contact the suspensor-
ial region of the skull with tapered distal ends (2) contact the
suspensorial region of the skull with vertically expanded distal
ends

13. External nares - (0) rounded and well separated by process
of the premaxillae and nasals (1) elongate and close to midline
14, Parietal foramen - (0) present (1) absent

15. Posttemporal fenestra - (0) relatively large (1) small or
absent

16. Marginal tooth shape - (0) peg-like (1) recurved

17. Marginal rooth cross-section - (0) not laterally compressed
with sharply pointed crowns (1) laterally compressed with
sharply pointed crowns

I8. Posterior extent of mandibular and maxillary tooth rows —
(0) subequal (1) unequal, with maxillary tooth row extending
further posteriorly

19. Stapes - (0) with foramen for stapedial artery (1) slender
without foramen

31. Skull height - (0) less than one-third skull length (1)
greater than or equal to one-third skull length

32. Skull shape - (0) rounded in cross-section (1) subtrape-
zoidal in cross-section from just anterior to orbits to posterior
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end of skull, and snout high, narrow and subtriangular in cross-
section

33, Postfrontal - (0) large (1) reduced (2) absent

34, Parietals - (0) do not send caudal processes onto occiput
(1) send caudal processes onto occiput which meet the
supraoccipital

33, Postparietals - (0) paired (1) fused into single median ele-
ment (2) absent

36. Supratemporals absent - (0) present (1) absent

37. Exoccipital and opisthotic - (0) remain separate (1) fuse
early in post-hatchling ontogeny

38. Suborbital ramus of jugal - (0) does not extend anterior to
the orbit (1) extends anterior to the orbit

39. Vomers reduced - (0) relatively long and broad (1) reduced
40. Ossified laterosphenoid - (0) absent (1) present

41, Antorbital fenestra - (0) absent (1) present (2¥) three pres-
ent

42. Antorbital fenestra position - (0) separated from naris by a
long stretch of premaxilla and maxilla (1) close to nares (2%) no
antorbital fenestra

43, Prominent preorbital fossa surrounding antorbiral fenestra
- (0) absent (1) present (2%) no AOF

44. Upper temporal fenestra - (0) large and facing dorsolater-
ally (1) reduced in size, directed dorsally, and barely visible in
lateral view

45. Posterior margin of lower temporal fenestra - (0) vertical
(1) bowed anteriorly

46. Otic notch - (0) little modified from the primitive condi-
tion found in the Archosauromorpha (1) deeply arched in pro-
file and the squamosal has a more or less prominent process
that hooks down behind the head of the quadrate

47, Dentary-splenial mandibular symphysis length - (0) distal-
ly positioned (1) present along one-third of lower jaw

48, Coronoid - (0) unreduced (1) reduced or absent

49. External mandibular fenestra - (0) absent (1) present

50. Marginal teeth - (0) not serrated (1) serrated

51, Enlarged anterior dentary teeth project upward between
upper tooth rows in more or less prominent diastema, often
accompanied by more or less prominent notch between pre-
maxilla and maxilla - (0) absent (1) diastema notch present
52. Tooth implantation - (0) subthecodont (1) thecodont

53. Teeth on transverse processes of pterygoids - (0) present
(1) absent

54. Palatal reeth - (0) present (1) absent.

Axital Characters

20, Vertebrae - (0) with persistent notochordal canal until quite
late in ontogeny (1) not notochordal in adults, and all vestiges
of the notochordal canal disappear well before the attainment
of maximum adult size.

21. Transverse process of trunk vertebrae - (0) feebly devel-
oped (1) moderately developed (2) elongate, resulting in prox-
imal bifurcation of trunk ribs

22, Cervical rib shape and orientation - (0) heads nor plow-
share-shaped and shafts projecting posterolaterally (1) heads
plowshare-shaped and elongate shafts extend posteriorly paral-
lel to centra and broadly overlap one another

55. Intercentra of postaxial presacral vertebrae - (0) present
(1) absent

56. Number of sacral vertebrae - (0) no more than two (17)
three (2%) four or more

57. Spine tables - (0) absent (1) present

58, Diapophysis and parapophysis - (0) Parapophysis on cen-
trum in anterior dorsal vertebrae, and diapophysis and para-
pophysis separate in posterior dorsal vertebrae so ribs remain
double-headed (1) parapophysis transfers to neural arch in ante-
rior dorsal vertebrae, and diapophysis and parapophysis fuse in

posterior dorsal vertebrae and ribs become single-headed

99. Atlantal intercentrum - (0) not enlarged (1) enlarged, com-
pletely surrounding odontoid ventrally and laterally and fitting
into prominent recessed area below odontoid on axis

100. Length of centra of cervical vertebral 3 to 5 - (0) shorter
than those of mid-dorsal vertebrae (1) subequal to those of
mid-dorsal vertebrae (2) greater than those of mid-dorsal ver-
tebrae

48+ “Centra of cervical vertebrae 3 to 6 - (0) no more than
moderately inclined (1) steeply inclined” restructured as: >
101. Cervical vertebrae — (0) more or less straight alignment
(1) sigmoid curve (2) simple curve

102. Division of presacral vertebral column into cervical, cervi-
co-dorsal, and dorsal regions - (0) absent (1) present

103. Caudal zygapophyseal facets - (0) disposed at no more
than 45-60° from horizontal (1) nearly vertically disposed in
all but proximal part of the tail (27) intertwined

##127, Hemal arches and transverse processes — (0) unreduced
(1) reduced

Fore Limb Characters

23. Cleithrum - (0) present (1) absent

24. Entepicondylar foramen in humerus - (0) present (I)
absent

25. Foramen between ulnare and intermedium in carpus - (0)
present (1) absent

26. Medial centrale in carpus  (Q) present (1) absent

59. Interclavicle (0) roughly T-shaped with well developed lat-
eral processes (1) lateral processes reduced (2) absent (3%)
keeled

62. Anteroposterior width of scapula relatively narrow (0) rel-
atively broad (1) relatively narrow (length e” 2 times width)
restructured as: > 62. Scapula (0) rall and broad (1) tall and
narrow (2) narrow and posteriorly directed (3) short

63. Coracoid (= biceps) tubercle (0) not displaced dorsally
(1) lies close to glenoid fossa and coracoid foramen

64. Archosaur humerus - (0) absent (1) present

65. Median margin of proximal humerus - (0} weakly arched
(1) strongly arched

66. Deltopectoral crest - (0) extends no more than one-quarter
of way down shaft of humerus (1) extends at least one-quar-
ter of way down shaft of humerus

67. Distal end of humerus - (0) wider than proximal end (1)
narrower than proximal end (2%) subequal

68. Ectepicondylar foramen or groove of humerus - (0) fora-
men or groove present (1) absent

69. Ulna and radius - (0) subequal in size (1) ulna much
stouter than radius

70. Manus length - (0) greater than or equal to half that of rar-
sus and pes (1) less than half that of tarsus and pes

71. Manual asymmetry - (0) digit IV the stoutest and longest,
with the more medial digits progressively diminishing in length
and robustness (1) digits I and IT much stouter than digits TV
and V, which are reduced and divergent and digit IT is longest
(2) marked with digits IV and V very reduced.

72. Distal condyles of meracarpal I - (0) perpendicular to its
long axis (1) slightly offset such that the pollex is directed
medially (2) conspicuously offset such that the pollex is direct-
ed medially and ungual enlarged

104. Clavicle - (0) present (1) reduced or unossified (2%) over-
lapping

105. Coracoid - (0) large plate that curves beneath the body to
approach the interclavicle on the midline (1) small, with sub-
circular profile, and lying in nearly same plane as the scapula
(2%} strut-like

106. Glenoid fossa of scapulocoracoid - (0) faces mostly later-
ally (1) faces posteroventrally
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107. Forelimb length - (0) greater than or equal to half that of
hind limb (1) less than half that of hind limb

108. Deltopectoral crest shape - (0) crescentic (1) subrectan-
gular (2%) little to no crest (3*) low median rise

109. Apex of deltopectoral crest - (0) less distally placed on
humerus (1) more distally placed on humerus.

Hind Limb Characters

27. Pedal centrale - (0) not displaced (1) displaced laterally
28. Distal tarsal V - (0) present (1) absent

29. Mertatarsal V - (0) short and expanded proximally, but not
hooked medially (1) hooked medially to contact distal tarsal
IV but not gracile (2) hooked medially to contact distal tarsal
IV and gracile

30. Anteroposterior hook of metatarsal V - (0) present (1)
absent

73. Tliac spine - (0) absent or feebly developed (1%) broad and
ax-like (2%) long and knife-like

74. Pubis and ischium - (0) puboischiadic plate and broad con-
tact berween pubis and ischium present (1) puboischiadic plate
absent, but bones relatively short and broad (2) puboischiadic
plate absent and bones elongate

75. Length of ischium relative to width of acetabulum - (0)
short (1) posteroventrally elongate

76. Pubis length - (0) not longer than ischium (1) longer than
ischium

77, Pubic acetabular margin recess - (0) absent (1) present

78. Hind limb posture - (C) sprawling (1%) semierect (2%) erect
< not considered >

79. Femoral shaft curvature - (0) not markedly sigmoid (1) sig-
moid (2) bowed anteriorly

80. Lesser trochanter of femur - (0) absent or appearing only
in the last stage of post-hatching ontogeny (1) present early in
post-hatching ontogeny

81. Fourth trochanter of femur - (C) absent (1) mound-like (2)
sharp (= aliform) flange

82. Prominent cnemial crest on tibia - (0) absent (1) present
83. Fibular anterior trochanter - (0) crest-shaped and low (1)
knob-shaped and robust

84, Fibular distal end width - (0) subequal or less than proxi-
mal end (1) greater than proximal end

85. Astragalar tibial facet - (0) concave (1) saddle-shaped

86. Astragalar and fibular facets - (0) separated (1) adjacent
87. Crocodyloid tarsus (foramen lost, rotation between astra-
galus and calcaneum possible) - (0) absent (1) present

88. Astragalar ventral articular facet for calcaneum - (0) planar
(1) cupped or convex (i.e. crocodile-reversed) (2) convex (i.e.
crocodile-normal)

89. Dorsal and ventral astragalocalcaneal facets - (0) subequal
in size (1) ventral facet much larger than the dorsal

90. Astragalocaleaneal canal - (0) present (1) absent

91. Hemicylindrical calcaneal condyle - (0) absent (1) present
92, Calcaneal facers for fibula and distal tarsal 4 - (0) separated
(1) contiguous

93. Calcaneal tubercle oriented - (0) oriented less than 45° pos-
teriorly, shaft taller than broad. and distal end rounded (1) ori-
ented more than 45° posteriorly, shaft broader than tall, and
distal end flared

94. Lateral centrale of pes - (0) separated (1) fused to astra-
galus

95. Metatarsals II, III and IV - (0) unequal in length with
metatarsal I'V longest (1) subequal in length

96. Pedal digit ITT - (0) shorter than digit IV (1) not shorter
than digit IV

97. Phalanges of pedal digit V - (0) four (1) fewer than four
98. Pedal digit V length - (0) unreduced (1) reduced shorter
than digit I (2%) extended

110. Prominent supraacetabular crest on ilium - (0) absent (1)
present

111, Acetabulum - (0) imperforate (1) perforate

112. Bird-like distal end of femur - prominent anterior and
posterior intercondylar grooves with latter constricted by
prominent external tibial condyle - (0) absent (1) present
113. Tibial length - (0) shorter than femur (1) greater than or
equal to femur

114. “Fibula thin and strongly tapered distally - (0) absent (1)
present” restructured as: > 114, Fibula - (0) subequal to tibia in
width (1) 90-30% as thin as tibia (2) less than 30%

115. Advanced mesotarsal ankle, with astragalus and calcaneum
tightly appressed to tibia - (0) absent (1) present

116. Astragalus - (0) not transversely widened (1) transverse-
ly widened

117. Ascending process of astragalus fitting berween tibia and
fibula - (0) absent (1) present

118. Ventral flange of astragalus - (0) present (1) absent

119, Astragalar posterior groove - (0) present (1) absent

120. Calcaneal rubercle - (0) present (1) absent

121. Distal tarsal 4 transverse width - (0) broader than distal
tarsal 3 (1) subequal to distal tarsal 3

122. Pedal stance - (0) plantigrade (1) digitigrade (2%) digiti-
grade with digit V oriented posteriorly < not considered >
123, Pes - (0) functionally pentadactyl or tetradactyl (1) func-
tionally tridacuyl

124, Metatarsus configuration - (0) spreading (1) compact
125. Metatarsal 3 length - (0) not more than one-half tibial
length (1) more than one-half tibial length

126. Pedal digit V - (0) unreduced (1} reduced, does not
exceed length of metatarsal IV and composed of no more than
two phalanges (2%) extended

##128. Proximal phalanx of pedal digit V - (0) unmodified (1)
reduced (2%) elongated

Dermal Characters

60. Dorsal body osteoderms - (0) absent (1) present in a sin-
gle median dorsal row (2) present in paired parasagittal rows
61. One-to-one alignment between dorsal body osteoderms
and vertebrae - (0) absent (1) present

##129. Postcloacal bones - (0) absent (1) present

##130. Uropatagia - (0) absent (1) present



