PROCEEDINGS

——OF
THE ROYAL
SOCIETY

®

CrossMark

click for updates

Proc. R. Soc. B (2012) 279, 3765-3771
do0i:10.1098/rspb.2012.1040
Published online 20 June 2012

Does morphological convergence imply
functional similarity? A test using the
evolution of quadrupedalism in

ornithischian dinosaurs

Susannah C. R. Maidment* and Paul M. Barrett
Department of Palaeontology, Natural History Museum, Cromwell Road, London SW7 5BD, UK

Convergent morphologies are thought to indicate functional similarity, arising because of a limited
number of evolutionary or developmental pathways. Extant taxa displaying convergent morphologies
are used as analogues to assess function in extinct taxa with similar characteristics. However, functional
studies of extant taxa have shown that functional similarity can arise from differing morphologies, calling
into question the paradigm that form and function are closely related. We test the hypothesis that conver-
gent skeletal morphology indicates functional similarity in the fossil record using ornithischian dinosaurs.
The rare transition from bipedality to quadrupedality occurred at least three times independently in this
clade, resulting in a suite of convergent osteological characteristics. We use homology rather than analogy
to provide an independent line of evidence about function, reconstructing soft tissues using the extant
phylogenetic bracket and applying biomechanical concepts to produce qualitative assessments of
muscle leverage. We also optimize character changes to investigate the sequence of character acquisition.
Different lineages of quadrupedal ornithischian dinosaur stood and walked differently from each other,
falsifying the hypothesis that osteological convergence indicates functional similarity. The acquisition
of features correlated with quadrupedalism generally occurs in the same order in each clade, suggesting
underlying developmental mechanisms that act as evolutionary constraints.
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1. INTRODUCTION
A central tenet of palaeobiology is that function can be
inferred from the structure of hard parts that usually con-
stitute the only direct evidence of extinct organismal
morphology [1-3]. This assumption is based on compari-
sons with the anatomy of potentially analogous extant taxa
and the application of biomechanical principles that
assume physical constants and mechanical properties are
invariant through time [1]. One outcome of this concept
is that the occurrence of convergent skeletal morphology
in different taxa also implies functional similarity. In such
cases, it is frequently assumed that these skeletal features
evolved independently, with the convergence in form and
function deriving from selective pressures that channel
morphological change in response to the same mechanical
factors, or in the context of options among a limited
number of biologically viable developmental pathways [2].
By contrast, biomechanical works on extant taxa have
shown that different skeletal morphologies can produce
the same function, with the corollary that convergent skel-
etal morphology does not necessarily indicate functional
similarity [4,5]. These studies, which place greater
emphasis on the need to account for myology and
neurological control, present a major problem to those
functional morphologists working on extinct taxa, as
they imply that any functional study relying on skeletal
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morphology alone is flawed, and unlikely to lead to
reliable conclusions.

The aim of this work is to use stance in ornithischian
dinosaurs to test the hypothesis that skeletal convergence
alone cannot be used to imply functional similarity in
extinct taxa. Ornithischian dinosaurs provide an appropriate
model to test this hypothesis because their phylogenetic
relationships are well understood, allowing robust identifi-
cation of convergence, and they have character-rich
skeletons [6]. Moreover, ornithischian dinosaurs were pri-
mitively bipedal, but quadrupedality evolved at least three
times independently within the clade. Secondary quadru-
pedality is exceptionally rare among tetrapods, and this
clade provides a unique opportunity to test whether the
convergent acquisition of skeletal characters associated
with quadrupedality in closely related but distinct lineages
were associated with the same changes in locomotor
function. While it is uncontroversial that thyreophorans,
ceratopsids and hadrosaurs were quadrupedal (figure 1),
details of their stance (how they held their limbs
during standing) and gait (how fast they could move)
are debated, owing to different interpretations of their skel-
etal anatomical function [7—10]. In order to assess stance
and locomotor patterns, evidence beyond comparative
osteology is required.

Phylogenetic studies use homology as the primary
criterion for identifying synapomorphies. The extant
phylogenetic bracket (EPB) approach provides a phylo-
genetic framework within which homologous osteological
correlates can be used to produce well-constrained recon-
structions of soft-tissue characters [11,12]. Here, rather
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Figure 1. Dinosaurian relationships with optimized character state changes. 1, incipient enlargement of the preacetabular iliac
process; 2, full enlargement of the preacetabular iliac process; 3, incipient development of the supratrochanteric crest; 4, full
development of the supratrochanteric crest; 5, retroversion of the pubis; 6, loss of the postpubis; 7, shortening of the ischium; 8,
humeral head restricted to the caudal surface of the humerus; 9, slightly enlarged deltopectoral crest; 10, fully enlarged delto-
pectoral crest that occupies half the length of the humerus; 11, cranial movement of the origin of deltoideus scapularis on the
scapula blade; 12, origin of deltoideus clavicularis on acromial process moved caudally; 13, acromial process projects laterally.
These characters and their relevance to stance are discussed in detail in the text.

than rely on an analogous approach to appraising function,
we use features inferred from homology to provide a more
rigorous assessment. The EPB of ornithischian dinosaurs
was used to produce locomotor muscle reconstructions.
These were then coupled with biomechanical concepts
[13] to provide, to our knowledge, the first ever assess-
ments of limb posture during stance in all major clades
of ornithischians. We also optimized the acquisition of
osteological features correlated with quadrupedality
(figure 1) to address the hypothesis that the order of char-
acter acquisition was the same in each clade, to determine
whether an underlying constraint might have been involved
in the evolution of quadrupedalism.

We demonstrate that a previously unrealized diversity
of locomotor styles was employed by ornithischians,
despite some striking convergence in skeletal anatomy,
showing that morphological convergence cannot be used
as a robust predictor of functional similarity. In general,
ornithischians might have been constrained to acquire
the osteological features necessary for quadrupedalism
in the same evolutionary sequence.

2. MATERIAL AND METHODS

The osteology of approximately 200 specimens (90 taxa) of
extinct and extant archosaurs was examined (see the elec-
tronic supplementary material, table S4). A reconstruction
of the musculature of the basalmost ornithischians [14] car-
ried out using the EPB was used as a starting point for
reconstructing the stepwise changes that occurred along
each of the three ornithischian lineages in which quadruped-
ality evolved. The forelimbs, hind limbs, girdles, and
representative vertebrae from each specimen were examined,
photographed, and measured.
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It is uncontroversial that the most primitive ornithischians
were bipedal [14—16]. Ankylosaurs, stegosaurs and ceratopsids
are widely accepted as being obligate quadrupeds [17—19] and
to our knowledge quadrupedal stance in these taxa has never
been questioned seriously in the literature. Although some ear-
lier works considered hadrosaurs to be bipedal [20,21], recent
studies have concluded that they were facultative [22] or obli-
gate [23] quadrupeds. These taxa were considered herein as
quadrupeds a priori. Some non-hadrosaurian ornithopods
may also have been facultative quadrupeds [24—26] and the
stance of some neoceratopsids is debated [27,28], but we did
not determine stance in these taxa a priori.

The pectoral and pelvic osteology of many quadrupedal
ornithischians differ markedly from that of basal, bipedal
ornithischians and a key aspect of data collection was the
identification of homologous surfaces for muscle attachment,
homologous intermuscular lines and muscle scars [29,30].
Musculoskeletal changes were optimized onto recently pub-
lished phylogenies of each lineage [6,31-39] and a muscle
reconstruction for all taxa examined was produced. Changes
in musculoskeletal anatomy were then linked to changes in
muscle function inferred by plotting the lines of action
onto reconstructed fore- and hind limbs. Function was
related to stance using biomechanical concepts of limb
bone loading developed by Hutchinson & Gatesy [13].
Osteological changes were optimized onto the phylogenies
of each lineage [6,31—-39] as a series of discrete, qualitative
characters optimized in MacCLADE [40].

3. RESULTS

Muscle reconstructions for exemplar taxa representing
important stages in the transition from bipedality to
quadrupedality in Thyreophora, Ornithopoda and
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Figure 2. (a—c¢) Ornithischian pectoral girdles and forelimbs and (d—f) pelvic girdles and hind limbs in left lateral view.
(a,d) reconstructed generalized bipedal basal ornithischian, after [14]; (b,e) Stegosaurus armatus, quadrupedal, based on various
specimens (see the electronic supplementary material, table S4); (c,f) Lambeosaurus lamber, quadrupedal, based on ROM
(Royal Ontario Museum, Toronto, Canada) 1218. Labels in uppercase denote musculature: ADD 1 & 2, adductor 1 & 2;
DCL, deltoideus clavicularis; DSC, deltoideus scapularis; IFE, iliofemoralis externus; ITC, iliotrochantericus caudalis; PEC, pec-
toralis; PIFE, puboischiofemoralis externus 1 & 2; PIFI 1 & 2 puboischiofemoralis internus 1 & 2; SCC, supracoracoideus; those in
lowercase indicate osteology: acr, acromial process; at, anterior trochanter; dpc, deltopectoral crest; gt, greater trochanter; pap,
preacetabular process; poap, postacetabular process; stf, supratrochanteric flange. Not to scale.

Ceratopsia are provided in the electronic supplementary
material; reconstructions for other taxa are available
from S.C.R.M. Only those muscles whose function is
considered to have significantly changed relative to their
function in primitive bipedal taxa will be discussed.
Justification for muscle homologies and the levels of
inference can be found in Maidment & Barrett [14].

(a) Pelvic musculature

Thyreophorans and ceratopsians display remarkable
osteological convergence, indicating that each clade
independently underwent a series of similar myological
transformations that occurred in the same order during
the transition to quadrupedalism. The preacetabular
process of the ilium, which in basal ornithischians is
dorsoventrally deep and transversely compressed, is
elongated cranially and broadened ventrally, so that
the area of origin for the puboischiofemoralis internus
(PIFI) 1 & 2 [14] is greatly enlarged (figures 1 and 2e,
pap). This occurred incipiently in the basal thyreophoran
Scelidosaurus and the neoceratopsian Archaeoceratops and
is fully developed in ankylosaurs, stegosaurs and ceratop-
sids. The dorsal margin of the ilium is folded laterally
producing a large supratrochanteric flange (figures 1
and 2e, stf), a feature seen incipiently in the basal

Proc. R. Soc. B (2012)

thyreophoran Scelidosaurus, but developed to a much
greater degree in stegosaurs, ankylosaurs and ceratopsids.
In basal ornithischians, the iliofemoralis externus (IFE)
and the iliotrochantericus caudalis (ITC) originated
on the lateral ilium dorsal to the acetabulum [14]
(figure 2d) and lateral folding of the dorsal ilium resulted
in a great reduction or possibly loss of this muscle com-
plex (figure 2¢). The puboischiofemoralis externus
(PIFE) 1 & 2 were probably greatly reduced by the retro-
version of the pubis in the most basal ornithischians [14]
(figures 1 and 2d), and this trend continued in ankylo-
saurs and ceratopsids with the loss of the postpubis, the
area of origin of PIFE [29]. Finally, the ischium provided
the origin of the adductors (ADD 1 & 2) [29], and in thyr-
eophorans and ceratopsids, it is shortened relative to the
length of the ilium (figures 1 and 2¢; electronic supplemen-
tary material, table S2), moving the origin of these muscles
dorsally and closer to their insertion on the femur.

Hadrosaurs possess few of these adaptations for quad-
rupedality. The slender preacetabular process suggests
that PIFI was not enlarged relative to the condition in
basal ornithischians, and only a small supratrochanteric
flange was developed, so that IFE and ITC were unreduced
(figures 1 and 2f). The ischium is longer than the ilium,
resulting in caudal movement of the origin of ADD relative
to the condition in basal ornithischians (cf. figure 2d,f).
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Figure 3. Stance reconstruction and predicted trackways in quadrupedal ornithischians. (a—d) Stegosaurs and ceratopsids;
(e—h) ankylosaurs; (i—[) hadrosaurs. (a,e,t) Forelimbs in cranial view; (b,fy) hind limbs in cranial view; (c,g,k) fore- and
hind limbs in lateral view, cranial is to the left; (d,%,!) predicted trackways. Not to scale.

(b) Pectoral musculature

Changes in pectoral girdle and forelimb osteology are
strongly convergent in quadrupedal ornithischians. The
humeral head of all quadrupeds is restricted to the
caudal shaft (figure 1), suggesting that the humerus was
habitually retracted and could not be extended to produce
a straight forelimb [7]. In all taxa, the deltopectoral crest,
the insertion area for the deltoideus clavicularis (DCL),
the deltoideus scapularis (DSC), the pectoralis (PEC)
and the supracoracoideus (SCC), increased greatly in
size to occupy at least half the humeral shaft (figure 1).
Muscle scars indicate that DSC moved cranially on the
scapula blade in all quadrupedal ornithischians (figures
1 and 2a-c). In ceratopsids and stegosaurs, the origin
of DCL, the acromial process, [7,14] moved caudally
relative to the glenoid (figures 1 and 25), although the
morphologies that achieved this in stegosaurs and cera-
topsids were rather different (figure 2). In ankylosaurs
and hadrosaurs (figures 1 and 2c¢), the area of origin
was increased in size relative to that of basal taxa and
the acromial process projected laterally in both groups.

4. DISCUSSION

(a) Hind limb function

Myological changes along the ceratopsian and thyreo-
phoran lineages allow important functional inferences to
be made. (i) PIFI was a femoral protractor in basal
ornithischians [14]. The enlargement of the preacetabular
process would have increased the moment arm for protrac-
tion and the greatly increased surface area available for
attachment suggests that this muscle also exhibited a sub-
stantial size increase. (ii) IFE and ITC abducted the femur
in basal ornithischians [14]. The development of the supra-
trochanteric flange reduced the area of origin of IFE and
ITC, suggesting that these muscles were reduced or lost.
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(iii) PIFE was probably greatly reduced and its moment
arm for femoral protraction had already been lost in
basal ornithischians [14]. Loss of this muscle group rep-
resents the culmination of a trend of reduction that
started with retroversion of the pubis. (iv) In basal
ornithischians, ADD retracted and adducted the femur
[14]. The movement of the origin of ADD cranially and
dorsally resulted in a reduced moment arm for femoral
retraction, and an increased moment arm for adduction.

During stance, a biped must place the standing foot
underneath the centre of mass (CoM). The ground reac-
tion force (GRF) acts vertically from the foot on the
upwards to the CoM. Since the femur is angled obliquely
so that the distal end is more medially placed than the
proximal end, it is loaded by an adduction moment
around the hip by the GRF. Abductor muscles are
needed to control this adduction during locomotion
[13]. In quadrupedal taxa, the forelimbs are able to con-
tribute to balance, so that the standing hind foot can be
placed lateral to the CoM without toppling. The distal
end of the femur is placed slightly lateral to the proximal
end, resulting in loading of the femur by an abduction
moment around the hip by the GRF. Adductor muscles
are therefore needed to control the outward collapse of
the femur during locomotion [13]. The reduction or
loss of abductor musculature in quadrupedal thyreophor-
ans and ceratopsids suggests that they were placing their
feet lateral to CoM during locomotion (figure 3b,f);
abductive collapse of the femur was resisted by the
increased moment arm for adduction by ADD.

PIFI was larger and had a larger moment arm in cera-
topsids and thyreophorans than in hadrosaurs. The causes
for this increase are difficult to elucidate: active during
swing phase, the muscle may have been used for adduction
and femoral long axis rotation as well as protraction. PIFI is
the major femoral protractor in alligators [26] but its
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homologues are less important for protraction in birds,
which greatly decrease the femoral excursion during the
step cycle. The large size of PIFI in ceratopsids and thyreo-
phorans could be explained by larger femoral excursions in
these taxa than in hadrosaurs. However, since the exact
configuration and degree of movement of the hip remain
unknown [41], this hypothesis is difficult to test, and it is
inappropriate to draw conclusions.

Hadrosaurs exhibit few of the quadrupedal adaptations
present in ceratopsids and thyreophorans and appear to
have retained many of the features of bipedality despite
their quadrupedal stance, such as placing the feet on
the midline during locomotion (figure 37,k).

(b) Forelimb function

In basal ornithischians, DCL functioned as a humeral
abductor, while DSC retracted the humerus [14]. In stego-
saurs and ceratopsids, insertion of DCL and DSC on the
lateral deltopectoral crest would have been caudal to the
centre of rotation (CoR) for protraction/retraction, even
when the humerus was maximally protracted (figure 2b).
Cranial migration of DSC and caudal migration of DCL
resulted in a weak moment arm for humeral retraction in
both muscles. The positioning of the origin of DCL
caudal to the CoR for abduction/adduction resulted in a
weaker moment arm for abduction than in basal
ornithischians (figure 25). Both DCL and DSC originate
medial to the CoR for medial/lateral rotation and insert lat-
eral to it, so the main function of the deltoids was probably
lateral rotation of the humerus.

Much debate has focused on the stance of ceratopsid
forelimbs [7-10], but recent studies have concluded that
the forelimbs were held flexed during stance with the maxi-
mum humeral protraction achievable being approximately
40° from a horizontal plane parallel to the ground when the
scapula blade is angled parallel to the vertebral column.
The elbow was slightly abducted, forming an angle of
around 30° with the sagittal plane [9,10]. This posture is
supported by the observation that weight-bearing, hoof-
like ungual phalanges are only found on the medial three
digits of the manus (Chasmosaurus ROM (Royal Ontario
Museum, Toronto, Canada) 843; lagaceratops, CMN
(Canadian Museum of Nature, Ottawa, Canada) 41357
[14]). If the elbow was aligned parasagittally, each of the
digits would bear weight equally and all would be expected
to have hoof-like unguals.

The stegosaurian pectoral girdle is very similar to that
of ceratopsids. The humeral head is restricted to the
caudal shaft, suggesting that protraction of the humerus
past the vertical would have been impossible, and that
the forelimb was flexed to a similar degree. Hoof-like
unguals are restricted to the medial two digits [17],
suggesting that the elbows were abducted to a similar
degree to those of ceratopsids (figure 3a,c).

Since the manus was placed ventral to the glenoid in ste-
gosaurs and ceratopsians, the GRF applies an abductor
moment at the shoulder, causing the elbow to splay out-
wards in a ‘press-up’ position. This abduction could be
controlled either by adductor muscles originating medially,
or by inward elbow rotation. Ceratopsids and stegosaurs
appear to have employed both methods to control abduc-
tion: the elongate deltopectoral crest provides a large
surface area for attachment of PEC to adduct the humerus,
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and DCL and DSC laterally rotated the humerus, causing
movement of the elbow medially [13].

The musculature of ankylosaurian scapulae implies that
their forelimbs operated differently from ceratopsians and
stegosaurs during locomotion. In basal ornithischians,
DCL originated medial to the CoR for abduction/adduc-
tion, and inserted lateral to it, so it functioned as a
humeral abductor [14]. Ankylosaurs increased the surface
area for origin of DCL by folding the acromial process
laterally (ankylosaurids) or generating a laterally projecting
process (nodosaurids), but the line of action has not
changed significantly relative to basal ornithischians.
Both ankylosaur clades independently acquire a buttress
around which DCL can act, leading to a larger moment
arm for abduction of the humerus. As in ceratopsids and
stegosaurs, the humeral head is restricted to the caudal sur-
face of the humerus, suggesting that protraction of the
bone past the vertical would have been impossible and
that the forelimb was habitually flexed (figure 3g).

Two interpretations are possible to explain the increased
moment arm of the abductor musculature in ankylosaurs.
(1) Ankylosaurs placed their feet on the midline level with
the CoM during locomotion, so that the GRF loaded the
humerus with an adductive moment around the glenoid.
Large abductors would be required to control the adduc-
tion of the humerus [13]. This is unlikely because
ankylosaurs had extremely wide bodies [42] and placing
their feet on the midline would have made them very
unstable. Trackways [43] (see the electronic supplemen-
tary material, figure S15A) suggest that ankylosaurs
placed their feet lateral to the midline during locomotion.
(i) The elbow was held in tucked in, nearly parallel to
the sagittal plane and did not abduct during locomotion
(figure 3e¢). In this scenario, the distal end of the humerus
would have been located slightly medial to the proximal
end, and the GRF would have adducted the humerus.
The feet would have splayed outwards and been placed lat-
eral to the glenoid, so that the manus would fall
craniolateral to the pes during locomotion. This stance
has been independently suggested for Euoplocephalus
[44]. Weight would be evenly distributed among all digits
of the manus, and this is supported by available data:
although the manus of ankylosaurs is poorly known, all
digits appear to bear hoof-shaped, weight-bearing ungual
phalanges (Sauropelta, AMNH 3035).

Despite the morphological changes observed on the
line to quadrupedal hadrosaurs, the moment arms of
the key pectoral muscles do not change substantially
from those of basal ornithischians. DCL wrapped
around the laterally folded acromial process, similar to
ankylosaurids. The origin of DSC moved cranially, and
the humeral head was restricted to the caudal shaft, as
in other quadrupedal taxa. As in basal taxa, the main
function of DCL was as a humeral abductor [14]. DSC
also abducted the humerus; the cranial shift of its origin
suggests an increased moment arm for abduction and a
decreased moment arm for retraction. The presence of
large abductors in hadrosaurs suggests the humerus was
loaded by the GRF to collapse in adduction in a stance
position. Hadrosaurs therefore either placed the manus
on the midline during locomotion (figure 37), or placed
their feet lateral to the manus with the elbows tucked
in, as inferred for ankylosaurs. Examination of hadrosaur
tracks [45] (see the electronic supplementary material,
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figure S15C) suggests that the former is likely to be cor-
rect; hadrosaurs had relatively narrow bodies and placed
their hind limbs on the midline during locomotion (see
above; figure 3/); tracks suggest the manus was placed
cranial to the pes on the midline also.

(c) Morphological convergence as a predictor

of function

The EPB has been used to reconstruct soft tissues, and in
combination with biomechanical approaches, to provide
an independent line of evidence regarding stance in
ornithischian dinosaurs. This methodology shows that
ornithischians display a disparate array of locomotor styles
that are only partially predicted by skeletal convergence.
The acromial process of the scapula has been modified to
project laterally in both ankylosaurs and hadrosaurs yet
the forelimbs were not used in the same way during loco-
motion. Conversely, the acromial process is rectangular
and large in stegosaurs but small and triangular, more simi-
lar to the basal ornithischian condition in ceratopsids, but
stance in these taxa is similar. All quadrupedal taxa display
a convergent increase in the size of the deltopectoral crest of
the humerus and the olecranon process of the ulna, but
forelimb stance was not the same in all groups. Iliac mor-
phological convergence is a more robust predictor of
function, with the transversely broad ilium and elongate
preacetabular process indicating a wide-gauge stance and
a columnar hind limb in all taxa in which they occur. Skel-
etal morphology alone is therefore not a particularly good
predictor of function in ornithischians.

(d) Order of character acquisition

Figure 1 summarizes the key results of osteological charac-
ter optimization. Those osteological changes that are
identified as being related to the changes in muscle
function discussed above are presented. Many characters
were acquired in a similar order in all quadrupedal
ornithischian clades; for example, characters 8 and 9,
related to morphological changes in the humerus, appear
to be prerequisites for quadrupedality, occurring early on
in each lineage, and prior to major hind limb changes.
Characters 12 and 13, related to morphological changes
in the scapula, never occur before changes to the hind
limb and humerus have taken place. This suggests that
the order of character acquisition during the evolution of
quadrupedality was constrained in ornithischians, perhaps
by the bipedal bauplan of their ancestors. Several characters
always appear together; for example, characters 8 and 9
(humerus morphology), and characters 2, 4 and 7 (pelvis
morphology). This indicates that these characters are
parts of complexes or modules that may be related devel-
opmentally [46] and has implications for their use as
independent characters in phylogenetic analyses.

5. CONCLUSIONS

Studies of extant taxa have shown that a variety of different
morphologies can produce the same functional outcome
[4,5], implicitly suggesting that convergent morphology is
not a good predictor of functional similarity. This presents
a major problem for palaeobiologists, who seek to under-
stand the life history of extinct organisms, usually based on
preserved hard-part morphology alone. Using quadrupedal
ornithischian dinosaurs as our extinct model organism and
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stance as the function that we are attempting to examine,
we find that convergent skeletal morphology alone does not
indicate functional similarity in quadrupedal ornithischians.
It is only possible to determine function using additional
information from soft tissue as reconstructed using the
EPB. We therefore advocate an approach whereby function
and functional similarity is determined by the use of both
analogy (convergent skeletal morphology) and homology
(reconstruction of soft tissue characteristics).
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(University of California, Berkeley) and an anonymous
reviewer helped to improve this manuscript.
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