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Abstract Ornithischian dinosaurs were primitively bipe-
dal, but reverted to quadrupedality on at least three (and
potentially several more) occasions: in Ceratopsia, Thyr-
eophora and Hadrosauriformes. Each of these reversals was
accompanied by anatomical changes to the whole skeleton
that enabled the forelimb to function in weight bearing and
that also resulted in numerous changes to the hip and hind
limb musculature. Each quadrupedal clade acquired a suite
of similar biomechanical characters, although they varied
in terms of function and in how these character complexes
were assembled. Some similar changes occurred in parallel
among sauropodomorph dinosaurs as they transitioned
from bipedality to quadrupedality. It is unclear why bipedal
ornithischians reverted to quadrupedalism, but neither
increases in body size nor the acquisition of dermal armour
seem to have played a significant role. Increased head size
might have influenced the position of the centre of mass
and stance in ceratopsians and it is plausible that the evo-
lution of herbivory played an important role in both
ornithischians and sauropods, but the latter hypothesis is
difficult to test.
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Resumen Los dinosaurios Ornitisquios, bipedos en origen,
revertieron a la condicion cuadripeda en al menos tres
(y potencialmente mads) ocasiones: en Ceratopsia,
Thyreophora y Hadrosauriformes. Cada una de estas
reversiones vino acomparfiada de cambios anatomicos en el
resto de esqueleto que permitieron a la extremidad anterior
funcionar para soportar su peso y llevaron a cambios en la
cadera y la musculatura dela extremidad posterior. Cada
clado cuadripedo adquiri6 una serie de caracteres
biomecanicos parecidos, aunque variaron en su funcion y
en la manera en la que estos conjuntos de caracteres enca-
jaban. Cambios parecidos aparecieron paralelamente entre
los dinosaurios sauropodomorfos durante su transicion de
bipedos a cuadripedos. Aunque no queda claro por qué los
ornitisquios revertieron al cuadrupedismo, ni el aumento de
masa corporal ni la adquisicion de armadura parecen haber
jugado un papel significativo. Un mayor tamafio de la
cabeza pudo haber repercutido en el cambio de posicion del
centro de masas y cambio en la postura en los ceratopsios,
y es posible que la evolucion de la fitofagia jugara un papel
importante, tanto en ornitisquios como saurépodos, aunque
sea una hipdtesis dificilmente contrastable.

Palabras clave Ornithischia - Dinosauria - Locomocién -
Cuadrupedismo - Biomecénica - Morfologia funcional -
Evolucion

1 Introduction

The majority of tetrapods, both living and extinct, are
quadrupedal and this locomotor mode represents the
primitive condition for fully terrestrial members of the
clade. Bipedalism has evolved from quadrupedal ancestors
in several tetrapod lineages independently, but transitions
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to bipedality are relatively rare although phylogenetically
widespread, with examples among marsupials, rodents (in
saltators in both of the latter cases), afrotherians (pan-
golins), hominids, squamates (though on a facultative
basis) and pseudosuchian archosaurs (e.g. poposauroids).
However, in terms of abundance and taxic-richness, the
most successful clade of bipeds is Dinosauria (inclusive of
birds), which encompasses c¢. 11,000 living species as well
as their extinct relatives. The earliest-known members of
all main dinosaur lineages (Ornithischia, Sauropodomor-
pha and Theropoda) are bipedal, as are the majority of
dinosaur outgroups (including lagosuchids and pterosaurs),
indicating that this stance is primitive for the clade (e.g.
Sereno 1997). The advent of dinosaur bipedality could be
viewed as one of the adaptations underpinning dinosaur
success, as it enabled dinosaurs to attain greater stride
lengths and speeds than quadrupedal reptiles (e.g.
Alexander 1976). Moreover, the anatomical modifications
associated with bipedalism and an upright stance also
permitted more efficient body support, facilitating the later
evolution of gigantism in some lineages (e.g. Sander et al.
2011).

Paradoxically, although bipedalism characterises all
theropods, many extinct, non-avian dinosaur lineages
abandoned this stance, reverting to quadrupedality. This
occurred independently on at least four (and potentially
more) occasions, at least once in Sauropodomorpha and a
minimum of three times in Ornithischia (in Thyreophora,
Ceratopsia and Hadrosauriformes) (Sereno 1997; Maid-
ment and Barrett 2012). In two cases (Sauropodomorpha
and Thyreophora), these reversions occurred early in
dinosaur history only ~ 15-20 Ma after the origin of
Dinosauria, sauropodomorphs being the first to adopt sec-
ondary quadrupedalism, in the Late Triassic to Early
Jurassic (e.g. Yates and Kitching 2003; Bonnan and Yates
2007; Yates et al. 2010), while the first quadrupedal thyr-
eophoran is known from the basal Jurassic (Owen 1861).
The other two reversions, in Ceratopsia and Hadrosauri-
formes, happened much later in time, during the late Early
to early Late Cretaceous (Sereno 1999; Weishampel et al.
2004). Another possible independent reversion also
occurred in rhabdodontid ornithopods, although the time
that this occurred is unclear due to the extensive ghost
lineage separating this clade from other ornithopods
(Weishampel et al. 2003; Maidment and Barrett 2014). It is
also possible that the nearest outgroup to Dinosauria,
Silesauridae, reverted to quadrupedalism from a bipedal
ancestry sometime during the Middle Triassic, but a lack of
articulated material makes this claim harder to assess
(Langer et al. 2013). It is potentially noteworthy that
reversions from bipedality to quadrupedality are known
only in dinosauriformes, although the macroevolutionary
significance of this observation is currently unknown: by
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contrast, members of all other tetrapod groups that attained
a bipedal stance retained this ability.

Although dinosaur locomotion has been the topic of
extensive research, with osteological, myological, biome-
chanical and ichnological lines of evidence being used to
reconstruct speed, stance and gait (e.g. Coombs 1978;
Thulborn 1982, 1989; Alexander 1985; Gatesy 1990;
Carrano 1998, 2001, 2005; Gatesy et al. 1999; Hutchinson
and Garcia 2002; Sellars and Manning 2007; Sellars et al.
2009; and many others), relatively few authors have
speculated on why bipedal dinosaurs, having acquired
numerous specialisations to enable this ability, should
revert to quadrupedalism. Previous suggestions have
included increased body size, the development of elaborate
dermal armour, the acquisition of an elongate gut and
changes in relative head size (e.g. Colbert 1981; Norman
and Weishampel 1991; Sereno 1997; Lockley 2007; Sereno
et al. 2007), but few of these studies considered the prob-
lem within a phylogenetic context, nor did they attempt to
test these suggestions biomechanically.

Here, we summarise recent work on ornithischian
quadrupedality, outlining the anatomical and functional
changes involved in the transition from bipedality, placing
these changes within a comparative evolutionary context
and reviewing biomechanical modelling approaches that
have been applied to test both biomechanical and evolu-
tionary hypotheses. This involves positing two separate
questions: how did ornithischians revert to quadrupedality?
and why did they do so?

2 Determining stance in ornithischians

Historically, ornithischian stance (and that in other non-
avian dinosaurs) has been extrapolated from a variety of
qualitative and quantitative observations that include
overall build, orientation of the vertebral column, pre-
sumed locomotor capabilities, body size, differences in the
proportions of the neck, trunk, tail and limbs, and consid-
erations over hand function (e.g. Galton 1970; Coombs
1978; Norman 1980; Dilkes 2001; and many others). Based
on comparisons with extant taxa (primarily mammals),
quadrupedal non-avian dinosaurs were generally thought to
have the following features, which are usually the converse
of those found in bipeds: forelimbs that are relatively long
in comparison to hind limb length (so that all four limbs
function in weight support); trunks that are elongate rela-
tive to hind limb length (implying an anteriorly positioned
centre of mass); tails that are relatively short in comparison
with trunk length (as they are not required as a counter-
balance); a vertebral column that is oriented horizontally,
rather than tilted upwards (again, implying an anterior shift
in the centre of mass); zeugopodia and metapodia that are
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short with respect to the stylopodia in both fore- and hind
limbs; and hands that are broad and adapted for weight-
bearing, ending in hoof-shaped rather than claw-like
unguals (e.g. Colbert 1964; Galton 1970; Thulborn 1977;
Coombs 1978; Norman 1980; Carrano 2005). Application
of these generalised rules led to a consensus that anky-
losaurs, ceratopsids and stegosaurs were obligate quad-
rupeds, while heterodontosaurids, some other -early
diverging taxa (e.g. Lesothosaurus, Scutellosaurus),
pachycephalosaurs, non-neoceratopsian ceratopsians (e.g.
Psittacosaurus) and non-iguanodontian ornithopods were
bipedal (e.g. Sereno 1997, 1999; Weishampel et al. 2004).
However, mosaic distributions of these features in other
taxa has led to controversy over stance in several groups,
primarily in hadrosaurids and other iguanodontian orni-
thopods (e.g. Galton 1970; Norman 1980; Dilkes 2001;
Carpenter and Wilson 2008), but also in Scelidosaurus
(Thulborn 1977) and some ceratopsians (Senter 2007;
Maidment and Barrett 2014). Moreover, ontogenetic shifts
in stance have been posited for some ornithopod taxa (e.g.
Iguanodon, Maiasaura) and Scelidosaurus, with juveniles
interpreted as bipeds and adults as quadrupeds (Norman
1980; Dilkes 2001; Maidment and Barrett 2014); a con-
verse quadrupedal to bipedal shift has been proposed for
the ceratopsian Psittacosaurus (Zhao et al. 2013).
Re-assessment of osteological indicators traditionally
associated with quadrupedality, conducted by comparing
the phylogenetic distributions of these characters among
taxa that are considered to be uncontroversially quad-
rupedal or bipedal (e.g. ankylosaurs and basal ornithopods,
respectively), has revealed that many of these features are
of limited use in determining stance (Maidment and Barrett
2014). For example, tail to trunk length ratios (Galton
1970) cannot be assessed in many controversial taxa due to
the relative rarity of complete dinosaur tails (see Hone
2012) and a proposed link between scapulocoracoid co-
ossification and quadrupedality (Norman 1986) is probably
the result of ontogeny rather than function (Maidment and
Barrett 2014). The proposal that quadrupeds have relatively
shorter hands compared to bipeds (Colbert 1964; Galton
1970) is undermined by the observation that quadrupedal
ankylosaurs and ceratopsians have metacarpal 3 length/
radius 4+ humerus lengths similar to those of undoubted
bipeds (Maidment and Barrett 2014). Similarly, it has been
proposed that radius/humerus length ratios were lower in
quadrupeds (Galton 1970), but these differences are mar-
ginal with extensive overlap in this ratio between quad-
rupedal and bipedal taxa (Maidment and Barrett 2014).
Some features that have been proposed to characterise
quadrupedality in sauropodomorphs, such as the presence
of a facet on the distal radius for reception of the ulna
(Yates and Kitching 2003), are present in a wide range of
both quadrupedal and bipedal ornithischians and may not

be of help in outside of
Sauropodomorpha.

Nevertheless, several features do appear to be strongly
correlated with quadrupedal stance, including: the presence
of an anterolateral process on the ulna (Bonnan 2003;
Yates and Kitching 2003; Yates et al. 2010); hoof-like
manual ungual phalanges (e.g. Galton 1970; Norman
1980); a femur that is longer than the tibia (Colbert 1964;
Galton 1970); a femur that is straight in lateral view (Yates
and Kitching 2003; Chinnery 2004); a pes that is relatively
shorter relative to tibia + femur length (Colbert 1964;
Galton 1970; Yates and Kitching 2003) [although both of
the latter features could be related to increased body size
(Maidment and Barrett 2014)]; reduction of the fourth
trochanter (Galton 1970; Yates and Kitching 2003); a
transversely expanded iliac blade (Carrano 2005; Maid-
ment and Barrett 2014); and higher forelimb/hind limb
length ratios than those in bipeds (Galton 1970), although
the utility of this feature is somewhat equivocal (Maidment
and Barrett 2014). The biomechanical significance of some
of these characters remains untested: for example, it is
unclear what functional changes result from reduction of
the fourth trochanter. However, in other cases a clearer link
is present: for example, the anterolateral process of the ulna
is related to medial migration of the radius and pronation of
the manus, enabling a weight-bearing function for the
forelimb (Bonnan 2003). Similarly, hoof-like manual
unguals are also involved in weight bearing (e.g. Norman
1980) and the lateral expansion of the ilium is associated
with reorganisation of the hip musculature, which enables
increased abduction moment arms that are required for
limb stabilisation (Maidment et al. 2014a; see below).

Using these osteological indicators of quadrupedality
allows the stance of other controversial taxa to be assessed
more rigorously. Hadrosaurids and many other
hadrosauriforms have all of the proposed correlates of
quadrupedality, strongly supporting the idea that they were
habitually quadrupedal. Some of these features are also
present in the non-hadrosauriform ornithopods Tenon-
tosaurus, Uteosaurus and Zalmoxes, suggesting that these
taxa might have been quadrupeds, or at least facultatively
quadrupedal, and that this ability might have evolved on
several occasions in Ornithopoda (Maidment and Barrett
2014). Scelidosaurus also possesses some features indica-
tive of quadrupedality (e.g. a transversely expanded ilium);
conversely, some non-ceratopsid ceratopsians, such as
Leptoceratops, lack many of these features and are more
similar to bipedal taxa in most respects (Maidment and
Barrett 2014). Indeed, the only ‘definitive’ quadrupedal
character present in Leptoceratops is the presence of hoof-
shaped manual unguals. Optimising the distribution of
these characters on to ornithischian phylogeny reveals that
each major lineage acquired ‘quadrupedal’ features in

determining  stance
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different orders, indicating a lack of tight functional link-
ages between them. It also emphasizes the distinct con-
vergent pathways that each quadrupedal clade followed to
reach this condition, especially among ornithopods, among
which a pattern of mosaic character evolution occurs
indicating numerous experiments seeking solutions to the
problems posed by quadrupedality (Maidment and Barrett
2012, 2014).

Ontogenetic shifts in posture have been proposed on the
basis of intraspecific changes in some of the aforemen-
tioned functional characters. The quadrupedal to bipedal
shift inferred for Psittacosaurus is predicated upon the
differential allometry of the fore- and hind limbs, which
results in forelimbs that are relatively longer in young
juveniles and shorter in older juveniles and adults (Zhao
et al. 2013). A similar phenomenon has also been docu-
mented in a growth series of the sauropodomorph Mas-
sospondylus (Reisz et al. 2005). However, although there is
evidence to link differing fore- and hind limb proportions
to stance (Galton 1970: Maidment and Barrett 2014),
Psittacosaurus possesses no unambiguous osteological
indictors of quadrupedality at any age—for example, the
manus lacks hoof-like unguals and is held in a supinated
pose, so it appears to have been unsuitable for weight-
bearing at any age (Senter 2007). Additional evidence is
required to test this ontogenetic shift. Conversely, bipedal
to quadrupedal changes in ornithopod stance are also based
on differential allometry, with increases in relative fore-
limb length, robustness and the size of humeral muscle
attachments occurring through ontogeny (Norman 1980;
Dilkes 2001). In these cases unambiguous correlates of (at
least facultative) quadrupedality, which do not exclude
juvenile bipedality, are present throughout life (e.g. hoof-
shaped unguals).

Trackways provide direct data on stance, but differences
in their preservation and formation can provide conflicting
information. Historically, numerous trackways composed
of large-sized, three-toed, blunt-hooved footprints, lacking
associated handprints, were assigned to Ornithopoda and
provided a major source of evidence favouring bipedal
locomotion in iguanodontians (e.g. Lockley 1991). How-
ever, other trackways showing clear manus impressions
and documenting quadrupedal locomotion are also known,
for both non-hadrosaurid iguanodontians and hadrosaurids
(Lockley and Wright 2001). Conversely, trackways attrib-
uted to small ornithopods (e.g. Dinehichnus) consistently
lack manus impressions (Lockley and Wright 2001).
Computer modelling of trackmaker/substrate interactions
suggests that the absence of manus impressions from large
‘bipedal’ ornithopod trackways might result from differ-
ential loading, whereby the forelimb supports a smaller
proportion of the total body mass than the hind limb:
consequently, the manus indents the sediment less
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frequently and/or less conspicuously than the pes (Falk-
ingham et al. 2011). This suggestion is supported by
tracksites preserving both pes-only and manus-pes orni-
thopod trackways, with this differential preservation
reflecting the mechanical properties of the sediment, rather
than representing genuine locomotor differences (Castan-
era et al. 2013). As a result, trackway evidence now
complements the osteological evidence in suggesting that
large-bodied ornithopods were quadrupedal, while small-
bodied taxa were bipeds. A variety of other quadrupedal
ornithischian trackways are also known, whose combina-
tion of manus and pes morphology indicate referral to
either thyreophorans or ceratopsids (e.g. Lockley and Hunt
1995; McCrea et al. 2001).

3 Functional anatomy and biomechanics

A suite of convergent osteological changes that occurred
during the evolution of the three ornithischian clades that
evolved quadrupedality can be correlated with concurrent
changes in the arrangement of limb musculature in both the
fore- and hind limbs (Maidment and Barrett 2012). These
changes can be related to muscle function and stance, and
provide information on the modifications required to the
musculoskeletal system that were essential for
quadrupedality to evolve (Maidment et al. 2014a).

3.1 Forelimb

A high degree of convergence is present in the forelimb
osteology of quadrupedal ornithischians. In all groups, the
humeral head is restricted to the posterior surface of the
humerus, so that the humerus was habitually retracted and
could not have been protracted past the vertical (Maidment
and Barrett 2012; Fig. 1). Stride length in quadrupedal
ornithischians was probably strongly dictated by this con-
straint and, presumably, would have limited these animals
to relatively slow locomotion. The deltopectoral crest of
the humerus is enlarged and lengthened relative to its
condition in bipedal groups, while the acromial process of
the scapula moved posteriorly relative to the glenoid and
was enlarged in ceratopsids and stegosaurs, and laterally
everted in hadrosaurs and ankylosaurs (Maidment and
Barrett 2012; Fig. 1). The M. deltoideus clavicularis (DCL)
and the M. deltoideus scapularis (DSC) originated on the
acromial process and scapula blade and inserted on the
lateral surface of the deltopectoral crest, and these muscles
retracted and abducted the humerus in basal ornithischians
(Maidment and Barrett 2011). Movement of DSC cranially
and DCL caudally in stegosaurs and ceratopsids resulted in
a decrease in moment arms for retraction and abduction,
and these muscles may have functioned primarily to
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Fig. 1 Forelimb osteology in quadrupedal ornithischian dinosaurs.
a Left humerus of the ankylosaurid ankylosaur Euoplocephalus in
posterior view; b left humerus of the chasmosaurine ceratopsid
Chasmosaurus in posterior view; ¢ left humerus of the saurolophine
hadrosaur Edmontosaurus in lateral view; d left scapulocoracoid of
the chasmosaurine ceratopsid Chasmosaurus in lateral view; e left

laterally rotate the humerus in stegosaurs and ceratopsids.
In contrast, in hadrosaurs and ankylosaurs, DCL and DSC
retained moment arms for humeral abduction (Maidment
and Barrett 2012).

Trackway data (Thompson and Holmes 2007) and evi-
dence from manual pathologies (Rega et al. 2010) indicates
that, during stance, the ceratopsid elbow was abducted
from the parasagittal plane (but see Fujiwara and
Hutchinson 2012 for an alternative view), and the simi-
larity in both osteology and reconstructed myology
between ceratopsids and stegosaurs makes this stance
reasonable for stegosaurs also. Such a stance position
would load weight on the medial side of the manus, and is
supported by the observation that both stegosaurs and
ceratopsids only possess hoof-like, weight-bearing ungual
phalanges on the medial digits (Maidment and Barrett

g

scapulocoracoid of the saurolophine hadrosaur Edmontosaurus in
lateral view; f left scapulocoracoid of the ankylosaurid ankylosaur
Euoplocephalus in lateral view; g left scapulocoracoid of the
stegosaur Kentrosaurus in lateral view. acp acromial process, dpc
deltopectoral crest, g glenoid, Ak humeral head. Scale bar equal to
10 cm

2012). An analogous situation is observed in the hind limb
during the evolution of sauropodomorph quadrupedalism:
the first metatarsal of the basal sauropodomorph Aardonyx
is hyper-robust, indicating weight-bearing was focused on
the medial digits (Yates et al. 2010), and this is thought to
be related to the evolution of a wide-gauged stance (Car-
rano 2005). Lateral rotation of the humerus by DCL and
DSC in ceratopsids and stegosaurs would function to rotate
the elbow towards the body, controlling abductive forces
on the humerus by the ground reaction force (GRF) during
stance and locomotion (Maidment and Barrett 2012).

In ankylosaurs, the limited available evidence suggests
that all digits possessed weight-bearing, hoof-like manual
ungual phalanges, and this observation and the differences
in the osteology of the scapula and myology of DCL and
DSC indicates a different stance for ankylosaurs from that
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of ceratopsids and stegosaurs (Maidment and Barrett
2012). Trackway data (McCrea et al. 2001) suggests that
ankylosaurs placed their feet slightly lateral to the glenoid
during locomotion. If the elbow of ankylosaurs was
adducted during stance, and the long axis of the humerus
held parallel to the parasagittal plane, the GRF would
generate adductive forces at the glenoid during stance and
locomotion, requiring the abductive control by DCL and
DSC (Maidment and Barrett 2012). Hadrosaurs possessed
narrower bodies than ankylosaurs, and they placed their
feet on the midline during locomotion (Lockley and Wright
2001) meaning that the elbow would have been located
medial to the glenoid during stance and locomotion. The
GRF would have generated adductive forces around the
glenoid, requiring abductive control by DCL and DSC
(Maidment and Barrett 2012) in these taxa as well.

The manus of bipedal dinosaurs was supinated to allow
for grasping (the primitive condition: Sereno 1997), but
became pronated during the evolution of quadrupedality to
allow weight-bearing. The development of an anterolateral
process on the proximal ulna is indicative of this change in
both ornithischians and sauropodomorphs (Yates et al.
2010; Maidment and Barrett 2014a). In taxa with an
anterolateral process, the radius lies medial to the ulna, and
the manus is pronated. Significant changes in lower-limb
musculature presumably accompanied the change from
supination to pronation, but lower-limb muscles are diffi-
cult to reconstruct due to lack of consistent osteological
correlates in the extant phylogenetic bracket (Maidment

stf

10 cm

pp —

stf
Fig. 2 Iliac osteology in quadrupedal ornithischian dinosaurs. Left

ilia in lateral view; a the chasmosaurine ceratopsid Chasmosaurus;
b the saurolophine hadrosaur Edmontosaurus; ¢ the stegosaur
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by femoral length, are plotted against a range of hip joint flexion—
extension angles for the M. puboischiofemoralis internus, part 1. Note
that the highest (most negative) flexion moment arms occur in
quadrupedal ornithischians. Figure modified from Maidment et al.
(2014a)

stf

Kentrosaurus. pp preacetabular process, stf supratrochanteric flange.
Scale bar equal to 10 cm



J Iber Geol (2017) 43:363-377

369

60
w
5
Q
(8]
(o) R
S
©
< 40
Q c
£ 3 ]
E §
g
5 [ ADD1
5 20 Il ADD2
£ [] CFB
~ [ CFL
g W FTE
S OFTI3
< 0 - M IFB
w OISTR
) M TBp
2
[
g c
W s
3 % -20 -
T fr
oy
I

-40 )

Bipedal mean

Fig. 4 Differences in the hip flexion—extension angle at which peak
extensor (femoral retractor) muscle leverage occurs in quadrupedal
and bipedal ornithischian dinosaurs. A negative hip angle indicates
flexion (femoral protraction) while a positive angle indicates
extension (femoral retraction). Peak extensor leverage occurs in the
quadrupeds at hip angles closer to 0 degrees than in the bipeds. ADD

and Barrett 2011) and myological changes associated with
this transition remain unstudied.

Changes to humerus morphology seem to occur before
major morphological changes to the pectoral and pelvic
girdles in all of the ornithischian groups in which
quadrupedality occurred (Maidment and Barrett 2012). It
may be that some steps in the order of morphological and
accompanying myological change were constrained by the
bipedal nature of the primitive ornithischian bauplan, but
other characters appeared in different orders when com-
pared across clades.

3.2 Hind limb

Elongation and ventral broadening of the preacetabular
process of the ilium in thyreophorans and ceratopsids
permitted an increase in surface area for attachment of the
M. puboischiofemoralis internus (PIFI) and, presumably,
an increase in the size of this muscle (Maidment and
Barrett 2011, 2012; Fig. 2). PIFI functioned to protract and
abduct the femur (Bates et al. 2012), and elongation of the
preacetabular process in all groups of quadrupedal
ornithischian increased the moment arm of this muscle for
femoral protraction (Maidment et al. 2014a; Fig. 3).
Maidment et al. (2014a) also found that the peak in femoral
retractor moment arms occurred at more extended hip

Quadrupedal mean

M. adductor, CFB M. caudofemoralis brevis, CFL M. caudofemor-
alis longus, FTE M. femorotibialis externus, F7I13 M. femorotibialis
internus, part 3, /FB M. iliofibularis, ISTR M. ischiotrochantericus,
ITBp M. iliotibialis, posterior part. Figure modified from Maidment
et al. (2014a)

angles in quadrupedal ornithischians than in bipedal
ornithischians (Fig. 4).

In quadrupedal thyreophorans and ceratopsids, the dor-
sal margin of the ilium is laterally everted to form the
supratrochanteric flange (Maidment and Barrett 2012;
Fig. 2). The dorsal margin of the ilium of hadrosaurs is also
laterally everted, although not to the same degree as that of
the other quadrupedal ornithischian groups (Maidment and
Barrett 2012) and this also occurs in sauropods (Carrano
2005). This lateral eversion results in broadening of the
trunk in quadrupedal thyreophorans and ceratopsids, and
lateral movement of the origin of muscles that originate on
the dorsal and lateral ilium, increasing moment arms for
femoral abduction (Maidment et al. 2014a). Consequently,
total abduction moment arms are higher for quadrupeds
than they are for bipeds (Maidment et al. 2014a; Bates
et al. 2015). Conversely, bipeds have higher total moment
arms for adduction around the hip (Maidment et al. 2014a;
Bates et al. 2015). Bates et al. (2015) found higher total
lateral rotation moment arms in quadrupedal ornithischians
than in bipedal ornithischians, and conversely higher
medial rotation moment arms in bipedal ornithischians than
in quadrupedal ornithischians. An osteological reason for
this difference is not immediately obvious when muscle
origins and insertions are compared, however.
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In summary, osteological changes that appear to be
associated with the evolution of quadrupedality in
ornithischians include elongation of the preacetabular
process of the ilium and lateral eversion of its dorsal
margin. Myological changes associated with the evolution
of quadrupedality include an increase in the moment arm of
PIFI for femoral protraction, a peak in femoral retractor
moment arms at more extended hip angles than observed in
bipedal taxa, increases in total abduction moment arms and
concurrent decreases in adduction moment arms, and
increases in total lateral rotation moment arms with
decreases in total medial rotation moment arms.

Muscle function is dependent on a variety of physical
assets such as muscle mass, architecture and contractile
properties (Alexander 2003). The fossil record does not
commonly preserve such data, and palaeontologists are
limited to examining muscle force orientation to provide a
foundation for understanding stance and locomotion in
extinct animals. Such data will never allow a full picture of
locomotor ability in extinct taxa to be elucidated. That
being said, it is possible to speculate on how the changes
identified above may have resulted in changes in function
as quadrupedality evolved.

High abduction moment arms in quadrupedal ornithis-
chians are related to lateral movement of the origins of
muscles that primitively attached to the dorsal and lateral
surfaces of the ilium. A consequence of lateral eversion of
the dorsal margin of the ilium is broadening of the trunk in
quadrupedal taxa. During locomotion, the force of the
limbs on the substrate is opposed by an equal and opposite
force, the GRF, the transverse component of which acts
upwards from the foot, roughly through the long-axis of the
limb (Hutchinson and Gatesy 2000). During locomotion,
animals place their feet under or slightly medial to the hip,
and the GRF thus produces a net adduction moment at the
hip during stance. In an animal with a broad body, the
adduction moment would be greater because the hip is
further from the centre of mass (Maidment et al. 2014a).
The large abduction moment arms modelled in quad-
rupedal taxa may therefore be needed to counter these
larger adduction moments at the hip.

Alternatively, however, the modelled large abduction
moments in quadrupedal ornithischians may be offset by a
reduction in the size of some of the key abductor muscles,
such as the M. iliofemoralis complex (IFM). Eversion of
the supratrochanteric flange may have greatly reduced the
available attachment surface area for these muscles
(Maidment and Barrett 2012). While the size of the muscle
attachment area is not unambiguously correlated with
muscle size, it is possible that IFM was greatly reduced in
quadrupedal thyreophorans, ceratopsids, and to a lesser
extent, hadrosaurs (Maidment and Barrett 2012), and other
muscles were required to take over as femoral abductors.
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The peaks in femoral retractor moment arms at more
highly extended hip angles in quadrupedal taxa than
bipedal taxa are difficult to interpret due to a lack of data
on correlations between retractor moment arm peaks and
function in extant taxa (Maidment et al. 2014a). However,
Hutchinson et al. (2005) have interpreted the peak in
retractor moment arms as indicating the angle of the femur
during stance phase, because high retraction moment arms
would counter high protraction moments generated at the
hip by the GRF. Based on this reasoning, a peak in femoral
retraction moment arms at highly extended hip angles in
quadrupedal taxa would indicate that the femur was held
more vertically, and that the limb was more columnar, than
in bipedal taxa.

A more columnar limb in stance phase in quadrupeds
could also be used to explain why medial rotation moment
arms might be lower in quadrupeds than in bipeds. In birds,
medial rotation of the femur is used to counteract adductive
forces generated about the hip by the GRF, because medial
rotation of the almost horizontal femur results in lateral
movements of the lower limb (Hutchinson and Gatesy
2000). If the femur is held vertically, however, medial
rotation of the femur would only result in the toes turning
medially (Maidment et al. 2014a). Quadrupedal ornithis-
chians may, therefore, have de-emphasized medial rotation
in favour of abduction as a means of controlling the
adductive forces generated about the hip by the GRF.

A functional explanation for the increase in the moment
arm of PIFI for femoral protraction is not immediately
obvious. It is possible that PIFI took over as the main
femoral protractor because the protraction moment arm of
other muscles was de-emphasized due to lateral movement
of their sites of origin, e.g. that of the anterior section of the
M. iliotibialis (ITBa), although it is not clear that the
moment arms of [TBa are significantly different in bipedal
and quadrupedal taxa (Maidment et al. 2014a, supple-
mentary online material).

4 Limb scaling

Bones are shaped by the forces that act upon them, so
examining and comparing the shapes and relative propor-
tions of limb bones should be informative about the forces
that they experienced during life. Since all quadrupeds use
their limbs predominantly for locomotion, it is not unrea-
sonable to hypothesize that scaling relationships will be
similar for all animals, and Carrano (1998, 2001) demon-
strated that scaling patterns in mammals and dinosaurs
were broadly similar. However, investigations into the limb
bone scaling of quadrupedal ornithischians reveals con-
trasting scaling patterns that can be interpreted in light of
differences in stance and locomotor style.
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Fig. 5 RMA regressions of femur length against width in major
clades of quadrupedal ornithischians and in a paraphyletic assemblage
of bipedal basal ornithischians. a Femur length regressed against the
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are given below the graph; the allometric coefficient for groups not
shown could not be distinguished from isometry at the p < 0.05 level.
b Femur length regressed against the mediolateral width of the femur

The anteroposterior width of hadrosaur femora display
positive allometry with respect to femoral length. In con-
trast, in ceratopsids the mediolateral width of the femur is
positively allometric with respect to femoral length
(Maidment et al. 2012; Fig. 5). Mediolateral eccentricity of
the femoral midshaft is known in many large dinosaurs
(Carrano 2001; 2005), and is attributed to a wide-gauged
stance. In an animal with a wide body that places its foot
lateral to the centre of mass during stance and locomotion,
the transverse vector of the ground reaction force will be
greater, and stress on the femur in a mediolateral orienta-
tion will be larger (Wilson and Carrano 1999; Carrano
2001, 2005). Positive allometry of the ceratopsid femur can
thus be explained by a wide-gauged stance in these taxa. In
contrast, hadrosaurs possessed a narrower body, and
trackway evidence (Lockley and Wright 2001) indicates
that they placed their feet on the midline during locomo-
tion. In order for the forelimbs to reach the ground,
hadrosaurs must have had a hind limb with a somewhat
flexed hip. The GRF would have acted vertically from the
foot to the centre of mass, and this would have generated
stress in the femur in an anteroposterior direction (Maid-
ment et al. 2012). The difference in scaling between
hadrosaur and ceratopsid femora can therefore be
explained by different stance and locomotor styles in these
groups.

Likewise, in the humerus, both the mediolateral and
anteroposterior width displays negative allometry with
respect to length in stegosaurs, but positive allometry with
respect to length in ceratopsids (Carrano 2005; Maidment
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at midshaft. Regression statistics are given below the graph; the
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from isometry at the p < 0.05 level. a allometric coefficient, FAPW
femur anteroposterior width, FL femoral length, FMLW femur
mediolateral width, p probability that the allometric coefficient is
equal to isometry, n sample size. Figure modified from Maidment
et al. (2012)

et al. 2012; Fig. 6). Differences in scaling could be related
to differences in the position of the centre of mass between
stegosaurs and ceratopsids: positive allometry in skull
length with respect to body length has been recorded in
ceratopsians (Sereno et al. 2007), and the centre of mass
was located further anteriorly in ceratopsids than in ste-
gosaurs, perhaps as a result of large head size (Maidment.
et al. 2014b).

Furthermore, changes to limb bone proportions in
hadrosaurs are not limited to phylogeny, but also occur
within species during ontogeny. The hadrosaur Maiasaura
displays positively allometric increases in humerus
robustness and negatively allometric increases in femoral
robustness through ontogeny, which have been interpreted
to suggest that a greater proportion of body mass was borne
by the forelimbs in larger individuals. This suggests a shift
from bipedalism to quadrupedalism with maturity (Dilkes
2001, see above).

5 Evolutionary drivers of ornithischian
quadrupedality

The acquisition of large body size has been viewed as a
selective pressure favouring adoption of a quadrupedal
stance (e.g. Sereno 1997), as greater body mass intuitively
implies the need for greater structural support. Indeed, the
largest terrestrial animals of all time, including not only
dinosaurs but also gigantic mammals (such as pro-
boscideans and indricotheres), were all quadrupedal (e.g.
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Fig. 6 RMA regressions of humerus length against width in major
ornithischian clades and a paraphyletic assemblage of basal bipedal
ornithischians. Regression statistics for Stegosauria and Ceratopsidae
are given below the graphs. a Humerus length regressed against the
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coefficient suggests isometry for Stegosauria but positive allometry in

Fortelius and Kappelman 1993; Sander et al. 2011).
However, a brief survey of dinosaur evolutionary history
demonstrates that increased body size per se cannot have
been the primary driver for ornithischian quadrupedality in
the majority of cases. In most ornithischian clades,
including Ceratopsia, Rhabdodontidae and Thyreophora,
these transitions occurred at relatively small body sizes:
quadrupedal basal ceratopsians, such as Leptoceratops and
Protoceratops, range from around 80—400 kg in weight
(Benson et al. 2014), rhabdodontid ornithopods weigh
31-120 kg (Benson et al. 2014) and Scelidosaurus weighed
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up to 320 kg (Maidment. et al. 2014b). These body masses
are much lower than those of many bipedal dinosaurs,
including those that reached body masses > 1000 kg, as in
many allosauroids, megalosauroids, tyrannosauroids and a
variety of basal sauropodomorphs (Benson et al. 2014).
The only transition to quadrupedality associated with large
body size occurs within Iguanodontia, which, paradoxi-
cally, includes taxa that lack many of the graviportal/
weight-bearing features seen in other quadrupedal dino-
saurs (e.g. Galton 1970; Coombs 1978). If size alone were
an important driver of quadrupedality we might expect this
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feature to have arisen multiple times in Theropoda, but it
has never appeared within this clade (recent controversial
claims for quadrupedality in Spinosaurus notwithstanding:
Ibrahim et al. 2014). Large body size is correlated with
quadrupedality in sauropods (e.g. Carrano 2005; Sander
et al. 2011), but this group achieved quadrupedal stance at
similar body masses to those attained by some bipedal
basal sauropodomorphs (for example, Riojasaurus and
Antetonitrus both have femoral lengths of approximately
780-790 mm, but the former is bipedal and the latter
quadrupedal: see Bonaparte 1972; Yates and Kitching
2003). Moreover, at least one dinosaur taxon, the basal
sauropodomorph Massospondylus, exhibits the contrary
trend of abandoning quadrupedality as body mass increased
(Reisz et al. 2005). These observations imply that sim-
plistic mechanistic explanations based on body mass alone
are inadequate to explain ornithischian quadrupedality.
Nevertheless, although large body size did not drive the
initial evolution of quadrupedality, it is still possible that
quadrupedality might have facilitated the later evolution of
large body size in the clade [see Sander et al. (2011) and
Sander (2013) for discussion on the links between
quadrupedality and body size evolution in sauropods].
Two other hypotheses have been proposed to account
for the loss of bipedalism: the acquisition of extensive
dermal armour in thyreophorans (Colbert 1981) and the
development of relatively large head size in ceratopsians
(Sereno et al. 2007). In both cases, these hypotheses can be
tested by determining and comparing the position of the
centre of mass (CoM) in bipedal and quadrupedal members
of each clade. In bipeds, it would be expected that the CoM

b
@ Body CoM

@ Location of glenoid/acetabulum

Fig. 7 Dorsal (a, ¢) and lateral (b, d) views of mathematical models
of Psittacosaurus. a, b Psittacosaurus; ¢, d Psittacosaurus recon-
structed with the frill and horns of Chasmosaurus. The black cross
indicates centre of mass (CoM). CoM is located 6 mm (3% of

is positioned above the feet to enable to animal to stand in
equilibrium. This constraint should not apply to quad-
rupeds and the CoM would be free to move anteriorly in
these taxa so that body mass is more equally distributed
between the fore- and hind limbs (Maidment. et al. 2014b).
Maidment et al. (2014b) developed a series of virtual 3D
models for a variety of bipedal and quadrupedal taxa and
determined their CoMs using 3D mathematical slicing
(Henderson 1999). In addition, several theoretical models
of ‘hopeful monsters’ were also constructed, including
bipedal taxa with increased head size or additional loads of
postcranial osteoderms (Maidment. et al. 2014b). These
experiments showed that: (1) the CoM in uncontroversial
ornithischian bipeds is situated above the feet; (2) the CoM
in some undoubted quadrupeds, such as ceratopsids, is
shifted anteriorly; and (3) that adding osteoderms to a
‘standard’ bipedal ornithischian did not cause anterior
movement of the CoM. The latter observation indicates
that the development of (even extensive) dermal armour is
unlikely to have been the primary cause of thyreophoran
quadrupedality (Maidment. et al. 2014b). However,
increasing the head size of a theoretical bipedal ceratopsian
model did result in an anterior migration of the CoM
beyond the level of the feet, implying that the evolution of
large head size might result in a structural need to adopt a
quadrupedal pose (Maidment. et al. 2014b; Fig. 7), sup-
porting the proposal of Sereno et al. (2007). It is interesting
to note that the development of large head size and asso-
ciated cranial ornamentation (frills, horns) in ceratopsians
is usually associated with sexual selection or behavioural
evolution, so this could be an example of social or sexual

glenoacetabular distance) further anteriorly in ¢ and d, and lies just
anterior to the toes, indicating that this ‘hybrid’ animal would not
have been able to walk bipedally. Scale bar is equal to 25 cm.
Figure modified from Maidment et al. (2014b)
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selection driving a major change in overall body plan
(Sereno et al. 2007). Interestingly, the CoM also migrates
anteriorly in sauropodomorph evolution, due to the evo-
lution of heavier, more elongate necks and more robust
forelimbs and pectoral regions (Bates et al. 2016). This
anterior movement correlates with the shift from bipedality
in basal sauropodomorphs to the adoption of
quadrupedalism in sauropods (Bates et al. 2016) and this
might be a better explanation for the origin of sauropod
quadrupedality than straightforward increases in body size.

Finally, it is potentially noteworthy that all dinosaur
quadrupeds were herbivores (Barrett 2014). It is likely that
the adoption of obligate, high-fibre herbivorous diets
required the evolution of elongate and complex digestive
tracts to enable longer passage times/and or more efficient
processing of food in the gut, as occurs in living herbivo-
rous squamates, birds and mammals (Stevens and Hume
1995). Gut elongation or increase in relative gut size could
have been a factor driving the anterior position of the CoM
and is hinted at by the relatively longer and wider trunk
regions of quadrupeds relative to those of bipeds (e.g.
Galton 1970; Weishampel and Norman 1989; Norman and
Weishampel 1991; Maidment. et al. 2014b). Although
many bipedal ornithischians were also herbivorous (or
omnivorous: Barrett 2000) these taxa were also more likely
to be selective feeders on lower-fibre or higher energy
foodstuffs, as indicated by narrower snouts similar to those
of extant selective browsers and grazers (e.g. Norman and
Weishampel 1991). Consequently, the feeding strategies of
small bipedal ornithischians might have enabled them to
retain the primitive dinosaurian condition, while the more
derived condition of high-fibre herbivory led to
quadrupedality. A shift to obligate high-fibre herbivory has
also been linked to the development of sauropod
quadrupedality for similar reasons, with the need to turn
the body into an efficient fermentation chamber (e.g.
Hummel et al. 2008; Wilkinson and Ruxton 2013). All
known herbivorous non-avian theropods retain bipedality
but, as with bipedal ornithischians, many of these taxa are
narrow-snouted and might have been selective or specialist
feeders, although it should be noted that therizinosaurs do
possess deep thoraxes and laterally flared ilia suggestive of
elongate guts (Paul 1984; Barrett 2005; Zanno and
Makovicky 2011; Lautenschlager et al. 2016). Neverthe-
less, in the absence of good information on dinosaur gas-
trointestinal tracts this suggestion must remain tentative for
now. These potential interactions between posture, diet and
gastrointestinal morphology can be envisaged as forming a
series of interconnected positive feedback loops and it is
plausible that locomotion and diet might have evolved in a
correlated manner via an ‘evolutionary cascade’ or ‘cor-
related progression’” model (Kemp 2007; Barrett and
Upchurch 2007; Sander 2013; Barrett 2014).
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6 Conclusions

Although superficially similar in many aspects of their limb
and girdle anatomy, quadrupedal ornithischians acquired
these features convergently and assembled these functional
complexes in each clade in different ways at different times
(Maidment and Barrett 2012, 2014a). Moreover, despite
the many similarities between them in terms of osteology
and gross myology, there were some substantial differences
in locomotor function, such as differences in habitual fore-
and hind limb stance during the support phase and in the
functions of individual muscles. These differences were
elucidated following detailed consideration of muscle
function and biomechanical modelling, but are not neces-
sarily obvious on the basis of gross morphology alone
(Maidment and Barrett 2012; Maidment et al. 2014a).
These observations underscore the need for caution when
inferring the biomechanics of extinct taxa, as interpreting
hard tissue morphology in the absence of detailed knowl-
edge on muscle function and neurology can lead to mis-
leading conclusions: organismal form cannot always be
used as a reliable proxy for detailed functional inference
(e.g. Lauder 1995; Maidment and Barrett 2012; Lauten-
schlager et al. 2016).

Although the various morphological and functional
changes associated with secondary quadrupedality are now
beginning to be characterised, the evolutionary drivers for
this unusual phenomenon remain elusive. Some mecha-
nisms, like simple increases in body size, can be ruled out,
but others, such as increases in head, neck or gut size, seem
plausible (Sereno et al. 2007; Maidment et al. 2014a, b;
Bates et al. 2016). Comparisons between ornithischian and
sauropodomorph quadrupeds reveal striking convergences
between these clades (e.g. in the anterior migration of the
CoM, osteological changes to the fore- and hind limbs and
ilia, and concurrent changes in muscle architecture). More
detailed biomechanical work is also required on the loco-
motor transition within Sauropodomorpha in order to gain
a better understanding of dinosaur locomotor evolution as a
whole and to shed more light on the evolutionary drivers of
secondary quadrupedality.
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