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TERRESTRIAL LOCOMOTION IN PTEROSAURS
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On the basis of a well-preserved pelvis of Anhanguera sp from the Lower Cretaceous (Aptian) of the
Chapada do Araripe, Brazil, the problem of terrestrial locomotion in pterosaurs is discussed A three-
dimensional reconstruction of the pelvis led to a lateral, dorsal and posterior orientation of the acetabula By
use of the preserved proximal ends of the femora of the same individual, the articulation in the hip socket
could be tested The normal articulation of the femur resulted in a horizontal position of the femur shaft,
probably during flight For constructional reasons the femur could not be brought down to a vertical
position Therefore, a parasagittal swing of the femora necessary for a bird-like stance and gait must have
been impossible It is suggested that in pterosaurs the wing membrane was attached to the upper leg, which
helped in stretching, steering and cambering.

Moreover, on the basis of comparisons of the fossil preservation of pterosaurs Compsognathus and
Archaeopterlx in the Solnhofen limestone, it is concluded that the femora of pterosaurs were splayed out
laterally, and that they had a semi-erect gait They were not bipedal animals, but had to use their fore limbs
as well on the ground Nevertheless, as vertebrates extremely adapted to flight, they could not have been able
quadrupeds, either.
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INTRODUCTION

The problem of the terrestrial locomotion of the Pterosauria is almost as old as the
discoveries of the first fossil remains of these flying reptiles Seeley ( 1870) gave a short
review of the different controversial ideas Besides noting that Soemmerring ( 1812)
regarded Pterodactylus from the Solnhofen limestone as an unknown kind of bat with
a comparable locomotion on the ground, he quoted Goldfuss ( 831 ) who argued for a
quadrupedal, bat-like locomotion, as follows: "This animal was enabled by means of
the pelvic bones and the long hind-legs to sit like the squirrels We should regard this
position as natural but for the long wing-finger hanging far down the sides If it were to
creep along it would have the same difficulties as a bat, and the length and weight of the
head, as well as the proportional weakness of the hind limb, make it improbable that
they progressed by leaping These animals made use of their claws only to hang on to
rocks and trees and to climb up steep cliffs ".

An early exponent of the opposite theory of bipedal birdlike walking, a view strongly
supported by Seeley himself, was Quenstedt ( 1855), who thought "that the animal was
able to walk upright, being probably still more upright than birds, since the great
disproportion between the neck on the one hand, and the thigh on the other, could not
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have allowed a more appropriate position " The question of terrestrial locomotion in
pterosaurs seems to have been decided when Abel ( 1925), then the foremost authority
on "palaeobiology" and reconstruction of fossil vertebrates, came to the following
conclusions: "If a pterodactyle moved on the ground, which in any case happened only
rarely, we must suppose exactly the same mode of locomotion as in a creeping bat, with
the belly resting on the ground, lifted only when the hind legs were pushed under the
body ".

Abel's concept was not challenged seriously until Padian ( 1983 a, 1983 b) discussed
the function of the pelvis and hindlimbs of pterosaurs He concluded that the hindlimbs
"articulated like those of other advanced archosaurs and birds, not like those of bats.
The gait was parasagittal and the stance digitigrade Because of limitations on the
motion of the forelimb at the shoulder pterosaurs could not have walked quad-
rupedally However, bipedal locomotion appears to have been normal and quite
sufficient in all pterosaurs " (Padian, 1983 b, p 218).

Padian's results were mainly based on reconstructions of the pelves and hindlimbs of
the Lower Liassic Dimorphodon and the Upper Liassic Campylognathoides, and
conflicted with the osteological and functional interpretations given by Wellnhofer
( 1974, 1975) The problem of stance and gait in pterosaurs has since focused on the
assessment of the orientation of the acetabulum in the pelvis, because it obviously
constrains the hypothesized functions of the hindlimb Was the acetabulum directed
laterally, or even laterodorsally, as in bats, or did it face more lateroventrally?

It is clear that an exact determination of the angles of acetabular orientation depends
on the state of preservation of the fossil material involved It has been difficult so far,
since pterosaurian pelves are three-dimensional, most fragile and delicate structures in
the skeleton, and are usually broken, compressed, crushed and often distorted as
fossils This was the case of the pelves of Dimorphodon and Campylognathoides, too.
Positive evidence of the orientation of the acetabulum is therefore dependent on
relatively uncrushed fossil material.

Fortunately, there have been recent discoveries of well-preserved pterosaurian
pelves One from the Upper Lias of north-west Germany was described by Wellnhofer
and Vahldiek ( 1986) and assigned to Campylognathoides A second, more fragmentary,
pelvis with most of the acetabulum from the Lower Cretaceous of Australia was
described by Molnar ( 1987) and tentatively assigned to Pteranodon In these two
specimens the acetabula appeared to face outwards and upwards, inconsistent with the
idea of a parasagittal, bird-like gait Therefore, the discussion about whether
pterosaurs were "joggers or waddlers" was opened again by Unwin ( 1987).

In this situation, a third pterosaur pelvis as part of a fairly complete skeleton of
Anhanguera sp from the Aptian Santana Formation of north-eastern Brazil comes as a
welcome addition to this debate It is the best preserved pelvis of a pterosaur hitherto
known, thus providing a most valuable contribution to the solution of the problem of
terrestrial locomotion in pterosaurs.

Apart from the description of the rest of the skeleton (skull, vertebral column,
shoulder girdles, fragments of humeri, forearms, carpus and metacarpus), which will
be published elsewhere (Wellnhofer, in prep ), an analysis of the pelvis is presented here
as a basis for investigations on functional morphology with special emphasis on
terrestrial locomotion in pterosaurs.

DESCRIPTION OF THE PELVIS OF Anhanguera sp.

The pelvis described here is part of a more complete skeleton of a fairly large pterosaur
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of the genus Anhanguera (Campos and Kellner, 1985), one of the crested forms with
premaxillary and mandibular crests (Wellnhofer, 1987 b) The specimen (AMNH
22555) has a calculated wing span of about 4 5 m and was enclosed in a big limestone
concretion (Maisey, 1986 a, Figure 1, p 32) It is part of a large collection of Santana
fossils, mostly fishes, donated to the American Museum of Natural History in New
York by Dr Herbert R Axelrod (Maisey, 1986 b) Together with an almost complete
pterosaur wing skeleton (AMNH 22552) the material was offered to the author for
study in 1985 Meanwhile, the skeletal material has been prepared in Munich and is the
subject of a separate investigation (Wellnhofer, in prep ) Reference to non-pelvic
elements of specimen No 22555 will be given here only as far as the problem of
terrestrial locomotion is concerned.

Locality Data
Romualdo Member of the Santana Formation, Aptian, Barra do Jardim, Ceari,
Brazil; north slope of the Chapada do Araripe.

Preservation
The pelvic region, including five presacral and two postsacral (= caudal) vertebrae,
was preserved in a partial limestone concretion, originally connected with the anterior
portions of the vertebral column (see Figures 1-3) The dorsal and sacral vertebrae as
well as both ilia have been exposed dorsally The sacrum is still in natural contact with
the left ilium, although not fused, a fact important for evaluating the orientation of the
acetabula However, displacement took place with the right ilium, which has slightly
moved upward, thus losing the original contact with the sacrals and with the ventral
elements of the elvis, both ischia, and pubes They were separated from the ilia and
from each other along their sutures, without breaking or crushing The sutural facets
could be exposed, and it has been possible to reassemble ilium, ischium and pubis of the
left side by these facets around the acetabulum after removing ischium and pubis from
a plaster cast.

The left pubis and ischium were folded underneath the pelvis The same elements of
the right side were together dislocated into a horizontal plane, and still in contact with
the ilium The ventral portions of the right pubis and ischium, and the posterior end of
the left ischium are broken off.

Sacrum
The five sacrals are firmly fused, although sutures are visible at the zygapophyses and
between the centra They are stronger than the preceding dorsals with high, almost
rectangular neural spines The transverse processes fused with the sacral ribs are
flattened and expanded towards their contacts with the ilium, leaving oval fontanellae
between them The neural spine of the fifth sacral is hidden and overlain by three digits
of a foot: four claws, three long and very slender penultimate phalanges, and four
shorter and stouter phalanges of the same foot They belong probably to the first four
digits.

Ilium
Both ilia have remained in their natural positions The pre-acetabular iliac blades are
long and converging medially Their flat dorsal surfaces are inclined medioventrally.
The postacetabular portions of the ilia rapidly approach the vertebrae, to become
parallel to the neural spines of the fourth and the fifth sacrals, and the first two caudals.
The upper half of the acetabulum is formed by the ilium with a relatively sharp dorsal
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Figure I Anhanguera sp , AM Nn L 2253 santana Formation, Aptian, Lnapada do Ararlpe, Leara, Brazil,
pelvis as preserved in (a) left lateral, (b) dorsal, and (c) ventral views For details, see Figures 2 and 3 Scale
bar equals 5 cm.
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Figure 2 Anhanguero sp , pelvis as preserved in (a) dorsal and (b) left lateral views The postacetabular parts
of the ilia are overlain by phalanges (ph 1, II, Ill) ofa foot: natural size See Figures la and b Abbreviations
used in figures: ac = acetabulum; caf = caput femoris: cof = collum femoris: cv = caudal vertebrae; e =
femur: fo = foramen obturatum: il dex = right ilium: il sin = left ilium: is dex = right ischium: is sin = left
ischium: pap = postacetabular process of ilium: pb dex = right pubis: pb sin = left pubis: ppbf = facet for
articulation of the prepubes: S = sacrum: sv = sacral vertebrae: tre = external trochanter of femur.
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Figure 3 Anghanguera sp , ventral pelvic elements as preserved showing the left pubis and ischium separated
from the ilium See Figure Ic (For abbreviations, see caption to Figure 2 )

rim, which in the middle is 2 5 mm closer to the sagittal plane than the centre of the
acetabulum.

Pubis
The left pubis is complete It is disarticulated, lying underneath the pelvis and in loose
contact with the ischium There is no ischiopubic plate as in most other pterosaurs, but
the pelvis is composed of the ilium, the pubis and the ischium separated by well-
developed sutural facets Linked in its natural articulation with the ilium, the pubis
extends posteroventrally and is slightly bent medially Proximally the pubis bears the
anterioventral section of the acetabulum Its anterior margin is rounded and thickened,
and deflected laterally Therefore, the lateral face of the pubis is concave, and
correspondingly the medial face is convex The distal anterior corner of the pubis bears
a small oval contact facet for the prepubis, which is not preserved, however The hind
margin of the pubis is straight Below the acetabulum, near the contact with the
ischium, is a circular obturator foramen.
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Ischium
Neither the right nor the left ischium is complete The left ischium is still in loose
contact with the pubis, although slightly displaced It has an interfingering contact
surface with the pubis but only proximally Distally the two elements are separated,
leaving a wide gap in between The ischium is directed more posteriorly than the pubis
and contributes to the acetabulum only a small triangular concave facet closing the
acetabulum posteriorly Distally the ischium is a thin sheet of bone with a sharp
concave anterior margin Unfortunately, the posterior distal portion is broken so that
the original outline can be indicated only tentatively The ventral parts of the right
pubis and ischium are missing and only the acetabular sections are preserved.

RESTORATION OF THE PELVIS

As mentioned above, the left pubis and ischium could be removed from a plaster cast
and put back in place The sutural facets between the three pelvic elements provided
perfectly fitting connections resulting in a three-dimensional restoration of the left half
of the pelvis The mirror image of this part leads to a full restoration of the pelvis
(Figure 4) It was important that the restoration could be based on the left side, since
there the ilium and sacrum seem to be in their original positions, whereas the right
ilium, together with the pubis and ischium, has moved slightly upward so that the
natural contact with the sacral ribs was lost.

Ventrally the pelvis is wide open Even if we presume that the missing posterior part
of the ischium was larger than is known in other pterodactyloids, it could not have been
large enough to meet the opposite ischium in the midline to form a pelvic symphysis.

No remains ofthe prepubic bones have been discovered, and they have to be omitted
in the restoration Whether the prepubes were long enough to come into contact with
each other is uncertain, since their articular facets on the pubes are situated on the
lateral deflection of the pubes and thus far apart from the sagittal plane.

The acetabulum is almost spherical, fairly deep, and not perforated The upper rim
of the acetabulum does not overhang the socket, but the lower rim, formed exclusively
by the pubis, is very pronounced and lies well lateral to the projection of the upper rim.
This can best be seen in a transverse cross-section through the centre of the acetabula,
as I actually did with a plaster cast (see Figure 6).

The plane of the acetabular rim faces laterally, dorsally and posteriorly It is at 35
degrees to the sagittal plane, about 75 degrees to the frontal plane and 55 degrees to the
horizontal plane This orientation corresponds more or less to the condition found by
Molnar ( 1987) in a pterosaur pelvis from the Albian of Queensland, Australia.
Although this specimen is incomplete, it preserves most of the acetabulum in its
original orientation Molnar found the plane of the acetabular rim at 30 degrees to the
sagittal plane, and 60 degrees to the frontal and horizontal planes.

DISCUSSION

The orientation of the acetabula is of crucial importance to the problem of terrestrial
locomotion It is clear that in a dorsally oriented acetabulum no femur could find an
articulation for a parasagittal, bird-like swing, no matter how great the offset of the
head of the femur to the shaft was.

Padian's ( 1983 b) arguments for the bipedal bird-like gait in pterosaurs were based
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Figure 4 Anghanguera sp , restoration of the pelvis based on specimen AMNH 22555, in (a) dorsal and (b)
left lateral views; natural size (For abbreviations, see caption to Figure 2 )
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on the assumption that at least in Campylognathoides, Dimorphodon, Nyctosaurus and
Pteranodon the pelvis was closed ventrally in a symphysis In the fossil material of these
genera the pelves are crushed and disarticulated so that the acetabula have not
preserved their original orientation, and are facing usually more dorsally and laterally
due to compression If the puboischiadic plates were reconstructed to meet in a median
symphysis, then, according to Padian ( 1983 b), the acetabula must move to face
downward in order to provide support for vertically oriented femora.

It may well have been that Campylognathoides had a ventral puboischiadic
symphysis, as was shown by Padian ( 1983 b) in the Pittsburgh specimen, originally
described by Wellnhofer ( 1974) However, this could not be confirmed in a well-
preserved pelvis of Campylognathoides sp from the Upper Lias of north-west
Germany (Wellnhofer and Vahldiek, 1986) Although it was not possible to determine
the acetabular rim of that specimen exactly, it definitely shows a lateral and dorsal
orientation.

Also, in the Upper Jurassic Rhamphorhynchus the acetabula are oriented laterally
and dorsally (Wellnhofer, 1975), and a puboischiadic symphysis could not be observed.
There is a prepubic median symphysis, however But this has nothing to do with the
orientation of the-acetabula In addition to the pterosaur pelvis from Queensland
(Molnar, 1987), and to the pelvis from the Santana Formation of Brazil described here,
it seems reasonable to suggest that in the Rhamphorhynchoidea as well as in the
Pterodactyloidea, i e in all pterosaurs, the acetabula of the pelvis are oriented laterally
and dorsally.

For a full evaluation of the consequences of this orientation for the problem of
terrestrial locomotion in pterosaurs, knowledge of the hind limb would be necessary.
Unfortunately, no complete hind leg of a Santana pterosaur has been described,
although one has been mentioned by Campos, Ligabue and Taquet ( 1984) t

With the pelvis described here, the proximal ends of both femora were preserved Of
the right femur only the head is left, and of the left femur the proximal 26 mm are
preserved, including the head, the collum and part of the external trochanter (Figure 5).
The shafts are missing Comparisons with the Upper Jurassic Pterodactylus suggest a
femur length of 105 mm The head was offset at approximately 145 degrees to the shaft,
certainly not less This agrees with the conditions in most other pterosaurs, where this
figure ranges between 130 and 160 degrees (Unwin, 1987).

Putting the femur in its proper place and allowing some space for cartilage in the
acetabulum, the most comfortable setting for the head would result in a horizontal
position of the shaft (Figure 6, left) Then, the axis of the collum femoris coincides with
the axis of the plane of the acetabular rim directed 35 degrees upward A higher lifting
of the femur was certainly possible In the opposite direction, the femur could not be
adducted too much (Figure 6, right) A maximal angle of the shaft 150 degrees
downward would have been achieved at best, because the ventral rim of the acetabulum
formed by the pubis was a natural stop On the other hand, the head could no longer
find support in the hip socket without being in danger of luxation Therefore, the
orientation of the femora during terrestrial locomotion was probably less extreme than
shown here In any case, a parasagittal swing of the hind legs was absolutely

t The specimens described by Wellnhofer ( 1985, p 167, Figures 42-45) as the distal ends of both femora
and the proximal parts of both tibiae and fibulae of one individual of Araripesaurus sp are in fact the humeri,
radii, and ulnae I am indebted to Kevin Padian and Christopher Bennett who independently pointed out
this mistake A reinterpretation of the bone morphology will be given elsewhere (Wellnhofer, in prep ).
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Figure 5 Anghanguera sp , AMNH 22555, proximal end of left femur as preserved, and restored in outline, in
(a) posterior, (b) medial and proximal, (c) anterior and (d) lateral views; natural size (For abbreviations, see
caption to Figure 2 )

impossible The femora of pterosaurs were splayed out, their stance and gait was semi-
erect Consequently they could not have been bipedal animals Furthermore, the
morphology of the foot skeleton suggests that they were not digitigrade.

Apart from direct observations of the pelvic and hind limb morphology, there is yet
another, more indirect, evidence for a non-bipedal gait in pterosaurs, and this is the
mode of fossil preservation Where we find complete and articulated skeletons (mostly
in the Solnhofen limestone), with a few exceptions most of them show a typical position
of the hind legs: the femora are splayed out to both sides, more or less symmetrical to
the sagittal plane, with varying angles at the knee and ankle joints This symmetrical
position exists not only when the wings are spread and embedded symmetrically, too,
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Figure 6 Anghanguera sp articulation of the femora in the hip sockets based on pelvis and femora of
specimen AMNH 22555 The pelvis is shown from posterior in transverse cross-section through the centres
of the acetabula The plane of the acetabular rim is oriented 35 ° to the sagittal and 55 ' to the horizontal
planes The left femur is in its normal flight position; the right femur is shown in its most ventral possible
position The ventrgaacetabular rim formed by the pubis (stop) prevented the femur from moving in a
vertical, parasagittal swing (For abbreviations, see caption to Figure 2 )

with the body lying on its belly or back, but also when the wings are folded over to one
side with the body of the pterosaur embedded laterally (see the specimens of the
Pterodactyloidea and Rhamphorhynchoidea from Solnhofen figured in Wellnhofer,
1970, 1975).

However, this is not the case in fossil skeletons of animals that we know for certain
were bipedal, i e the theropod dinosaur Compsognathus (Ostrom, 1978) and the bird
Archaeoptervx, especially the Berlin, Teyler and Eichstitt specimens (Ostrom, 1985).
In these skeletons both hind legs are still in acetabular articulation and are directed
from the pelvis ventrally to one side This is so even in the Berlin Archaeopteryx with
spread wings and embedded dorsoventrally Were the Solnhofen pterosaurs in fact
bipedal, the mode of fossil preservation would be as in Archaeopter Yv and
Compsognathus.

Pterosaurs were extremely adapted to flight, spending their active life in the air They
were probably rather helpless when they had to move on the ground Indeed, they
might have avoided landing on a flat surface at all Without assuming that they were
"condemned to a perpetually wandering Flying Dutchman existence" (Cox, 1980),
they rather found their resting and breeding places on sea cliffs and rocks where they
could hang by their sharp hook-like finger claws supported by the claws of their spread
feet For getting airborne they needed only to launch themselves into the air.

The interpretation of pterosaurian locomotion as given by Abel ( 1925) seems to have
some probability again A more intermediate version was presented by the late Basel
palaeontologist Manfred Reichel ( 1985) in a series of excellent drawings of
restorations Based on his ideas a skeletal restoration of Anhanguera is presented here
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Figure 7 Restoration of the skeleton of Anhanguera based on measurements of specimen AMNH 22555,
showing this pterosaur with a wing span of 4 5 meters in a quadrupedal "semi-erect" and plantigrade stance
and gait with the hind legs splayed out laterally After the idea of M Reichel ( 1985).

(Figure 7), showing this animal with a wing span of 4 5 m in a "semi-erect" and
plantigrade stance and gait on the ground It appears less bat-like than Abel had
suggested, and agrees well with the conditions of the pelvic construction found here.
The great disproportion between the hind legs and the fore limbs leaves some doubt,
however, as to whether a quadrupedal gait could be performed easily For example, in
the individual of which the pelvis described here is part, the length of the hind leg was
only 40 cm, compared to a calculated wing span of 4 5 m On the other hand, if the wing
was folded as shown in this restoration, only the lengths of the fore arm and of the wing
metacarpal need to be compared, and give a relevant ratio to the lengths of femur plus
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tibia Then the disproportion decreases to a ratio of two to one That means that the
corresponding sections of the fore limbs were twice as long as those of the hind legs.
This makes it unlikely that this pterosaur could walk quadrupedally very well, not to
mention run However, the ratio of the hind legs and the fore limbs varies in pterosaurs.
Because of a short wing metacarpal the rhamphorhynchoids have relatively longer
hind legs, so that the effective limb length relevant for terrestrial locomotion is almost
equal Therefore, there must have been differences in the mode of quadrupedal
locomotion among pterosaurs in general.

As shown before, the functionally best fitting orientation of the femur in the
acetabulum resulted in a horizontal position of the femur shaft, exactly in the plane of
the wing membrane This makes sense only if we suggest that the membranes were
attached at least to the upper legs, if not to proximal parts of the lower legs as well That
this was indeed the case could be demonstrated on the basis of the Vienna specimen of
Pterodactylus kochi from Solnhofen with well-preserved impressions of wing
membranes (Wellnhofer, 1987 a) During flight the legs must have been held in the
plane of the wings, stretching, steering and probably cambering the membrane.
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