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Abstract

Ornithischia (the ‘bird-hipped’ dinosaurs) encompasses bipedal, facultative quadrupedal and quadrupedal taxa.

Primitive ornithischians were small bipeds, but large body size and obligate quadrupedality evolved indepen-

dently in all major ornithischian lineages. Numerous pelvic and hind limb features distinguish ornithischians from

the majority of other non-avian dinosaurs. However, some of these features, notably a retroverted pubis and

elongate iliac preacetabular process, appeared convergently in maniraptoran theropods, and were inherited by

their avian descendants. During maniraptoran ⁄ avian evolution these pelvic modifications led to significant

changes in the functions of associated muscles, involving alterations to the moment arms and the activation pat-

terns of pelvic musculature. However, the functions of these features in ornithischians and their influence on

locomotion have not been tested and remain poorly understood. Here, we provide quantitative tests of bipedal

ornithischian muscle function using computational modelling to estimate 3D hind limb moment arms for the

most complete basal ornithischian, Lesothosaurus diagnosticus. This approach enables sensitivity analyses to be

carried out to explore the effects of uncertainties in muscle reconstructions of extinct taxa, and allows direct

comparisons to be made with similarly constructed models of other bipedal dinosaurs. This analysis supports

some previously proposed qualitative inferences of muscle function in basal ornithischians. However, more

importantly, this work highlights ambiguities in the roles of certain muscles, notably those inserting close to the

hip joint. Comparative analysis reveals that moment arm polarities and magnitudes in Lesothosaurus, basal

tetanuran theropods and the extant ostrich are generally similar. However, several key differences are identified,

most significantly in comparisons between the moment arms of muscles associated with convergent osteological

features in ornithischians and birds. Craniad migration of the iliofemoralis group muscles in birds correlates with

increased leverage and use of medial femoral rotation to counter stance phase adduction moments at the hip.

In Lesothosaurus the iliofemoralis group maintains significantly higher moment arms for abduction, consistent

with the hip abduction mode of lateral limb support hypothesized for basal dinosaurs. Sensitivity analysis high-

lights ambiguity in the role of musculature associated with the retroverted pubis (puboischiofemoralis externus

group) in ornithischians. However, it seems likely that this musculature may have predominantly functioned simi-

larly to homologous muscles in extant birds, activating during the swing phase to adduct the lower limb through

lateral rotation of the femur. Overall the results suggest that locomotor muscle leverage in Lesothosaurus (and

by inference basal ornithischians in general) was more similar to that of other non-avian dinosaurs than the

ostrich, representing what was probably the basal dinosaur condition. This work thereby contradicts previous

hypotheses of ornithischian–bird functional convergence.
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Introduction

Ornithischia is a diverse clade of non-avian dinosaurs that

first appeared in the Late Triassic Period and became the

dominant terrestrial vertebrate herbivores of the late Meso-

zoic Era (Butler et al. 2008). The most primitive ornithis-

chians, such as Lesothosaurus diagnosticus from the Lower

Jurassic of southern Africa (Thulborn, 1970, 1972; Sereno,

1991), were small (� 1 m long), bipedal animals with fore-

limbs displaying non-locomotor adaptations (e.g. grasping).

However, during the 170 million years of their evolutionary

history ornithischians diversified into a disparate range of

body plans, shapes and sizes, and quadrupedality evolved

in the clade on at least three independent occasions (Fig. 1;

Sereno, 1999).

The pelvic anatomy of ornithischians exhibits several

osteological characters that are considered to be synapo-

morphic for the clade: these features were established

early in ornithischian evolutionary history and clearly dis-

tinguish them from the majority of saurischian dinosaurs

and non-dinosaurian dinosauromorphs (Fig. 1). The most

obvious of these is the possession of a retroverted, or

opisthopubic, pubis (Seeley, 1887; Sereno, 1986; Butler

et al. 2008). Among tetrapods, the primitive condition is

for the pubis to project cranioventrally, and this anatomy

is conserved in the majority of saurischian dinosaurs and

dinosaur outgroups, and represents the primitive condition

for Dinosauria (e.g. Romer, 1956). However, in ornithis-

chians the pubis is rotated caudally, to lie parallel to the

ischium (Sereno, 1986, 1999; Butler, 2010). A similar condi-

tion was acquired in non-avian maniraptoran theropod

dinosaurs (therizinosauroids, dromaeosaurids, troodontids

and their close relatives), and was inherited by their avian

descendants (Fig. 1a,b: e.g. Gauthier, 1986). Another

ornithischian synapomorphy, the possession of an elongate

preacetabular process of the ilium (Sereno, 1986, 1999;

Butler, 2010), also appeared convergently in birds

(Hutchinson, 2001a,b; Fig. 1a,b). Extensive work on the

maniraptoran to bird transition, involving work on both

extinct non-avian theropod dinosaurs and extant birds, has

demonstrated that these modifications in pelvic osteology

led to significant changes in the function of associated

muscles, involving the alteration of muscle moment arms

and changing activation patterns of hip musculature along

the avian stem-lineage (e.g. Gatesy, 1999; Hutchinson &

Gatesy, 2000). Caudal expansion of the retroverted ischium

and pubis and elongation of the preacetabular process are

cited as key musculoskeletal adaptations underpinning the

flexed femoral postures and rotation-based mode of

lateral limb support that are characteristic of extant birds

(Hutchinson & Gatesy, 2000).

In contrast, the effects of these pelvic modifications on

ornithischian muscle function and locomotor behaviour

have not been studied in detail. Although previous authors

have proposed various functional hypotheses, all of these

are based on qualitative comparisons with birds and crocod-

ilians and were largely theoretical (e.g. Charig, 1972). None

of these hypotheses has been subjected to rigorous biome-

chanical analysis or tested within a modern phylogenetic

framework. As bipedal ornithischians retain many elements

of the basal dinosauriform body plan (e.g. a large muscular

tail and laterally compressed postacetabular pelvis), and

a b

Fig. 1 Dinosaurian relationships, showing major clades discussed in the text and the phylogenetic position of Lesothosaurus diagnosticus.

Although Lesothosaurus has been recovered in a number of different positions in recent cladistic analyses (Sereno, 1999; Butler et al. 2008, 2010),

this is to be expected from a taxon that displays few autapomorphies but shares numerous features with basal members of all ornithischian

lineages, representing the ‘ancestral’ condition. We follow Sereno (1999) herein, in line with Maidment & Barrett (2011). a, avian pelvis in right

lateral view; b, basal ornithischian pelvis in right lateral view; both after Maidment & Barrett (2011) and not to scale. 1, elongate preacetabular

process of the ilium; 2, retroversion of the pubis; 3, habitual quadrupedal stance.
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also have derived features (e.g. retroverted pubis), they

possessed a combination of musculoskeletal features that is

not present in any extant tetrapod. Consequently, it is unli-

kely that simple comparisons with extant birds and reptiles

will be adequate to fully understand the locomotion and

patterns of neuromuscular control of the hip and hind limb

musculature that would have occurred in these animals.

Correct interpretation of the structure–function relation-

ships in basal bipedal ornithischians is important not only

for understanding the disparity among, and convergence

between, bipedal tetrapods, but is also critical for unravel-

ling the evolution of ornithischian locomotion. All three

major ornithischian lineages, Thyreophora, Ornithopoda

and Marginocephalia, include clades characterized by the

evolution of facultative or obligate quadrupedality (Fig. 1),

a series of reversions to the primitive tetrapod condition

that resulted in further profound changes in fore- and hind

limb osteology and musculature (SCRM and PMB, unpub-

lished data). Remarkably, this imposition of secondary

quadrupedality on to a primitively bipedal bauplan has

received very little attention, and as a consequence

ornithischian dinosaur stance and locomotion remains

poorly understood.

Reconstruction of soft-tissue features and behaviour in

extinct animals (particularly those with no extant descen-

dants) must be grounded in an explicit phylogenetic con-

text, especially in those cases where osteological

characteristics have become dramatically altered from the

condition present in the basalmost taxa. Lesothosaurus di-

agnosticus represents the most completely known basal

bipedal ornithischian taxon and offers the opportunity to

determine the basal conditions for the pelvic and hind limb

muscle architecture and muscle function in the clade (Maid-

ment & Barrett, 2011). In his diagnosis of Lesothosaurus, Se-

reno (1991) considered that there was one autapomorphic

feature in the pelvic region: a groove on the proximal

ischium. However, this feature may actually be a symplesio-

morphy with a wide distribution in archosaurs (see Maid-

ment & Barrett, 2011). We currently recognize no

autapomorphies in the pelvis of Lesothosaurus that are

likely to affect interpretations of hind limb muscle function

or limit the utility of this taxon as a model for basal bipedal

ornithischians in general. Information on muscle function in

Lesothosaurus will therefore provide a foundation upon

which biomechanical studies of locomotion in derived bipe-

dal and quadrupedal ornithischians can be based. However,

we acknowledge that in the future, aspects of the pelvic

anatomy of Lesothosaurus may be found to be autapomor-

phic and this may affect our understanding of the ‘basal

condition’ for ornithischians.

Maidment & Barrett (2011; Fig. 2A) reconstructed the

locomotor musculature of Lesothosaurus using the Extant

Phylogenetic Bracket method (EPB: Bryant & Russell, 1992;

Witmer, 1995), and proposed a series of hypotheses regard-

ing the function of specific locomotor muscles based on

osteology (constraints on degree of relative motion, posi-

tions of muscle scars), geometry (lines of action of limb mus-

cles, ranges of motion) and the concepts of limb bone

loading developed by Hutchinson & Gatesy (2000). Here, we

explicitly and quantitatively test these hypotheses of muscle

function and those of other authors (Romer, 1927; Galton,

1969; Charig, 1972; Coombs, 1979; Hutchinson et al. 2008)

using computational modelling to estimate moment arms,

and provide quantitative definitions of limb function in

terms of joint rotation direction for specific muscles and

muscle groups (Fig. 2B).

Computational modelling is a powerful tool partly

because it is possible to undertake sensitivity analyses in

order to determine, and explicitly define, the effects of

uncertainties in musculature reconstructions: understanding

and quantitatively defining these uncertainties is of key

importance when attempting to comprehend the biology

of an extinct animal. Direct comparisons with other taxa

can be made because the technique is quantitative and

repeatable, and it has previously been used in a number of

studies to investigate muscle evolution in other bipedal

archosaurs (e.g. Hutchinson et al. 2005, 2008; Bates et al. in

press). Muscle dynamics are dictated primarily by their mass,

architecture and contractile properties (Alexander, 2003),

and moment arms may only provide an incomplete picture

of muscle performance, joint forces and habitual gait.

However, muscle masses and physiology are not directly

measurable in extinct taxa, and these properties can only

be broadly estimated (Hutchinson, 2004; Hutchinson et al.

2007; Allen et al. 2009; Bates et al. 2009a,b, 2010). An

understanding of muscle force orientations, and the level

of uncertainty in their reconstruction, represents an impor-

tant methodological step prior to more challenging

mechanical assessments (Hutchinson et al. 2005). This

approach provides a robust foundation upon which more

complex, mathematical models of ornithischian locomotion

can be based (Hutchinson, 2004; Hutchinson et al. 2007;

Sellers & Manning, 2007; Sellers et al. 2009; Bates et al.

2010).

This study addresses three questions crucial to under-

standing the basic muscular control of locomotion in basal

ornithischians.
d Do moment arms for specific muscles support the

qualitative hypotheses of muscle function proposed by

previous workers (Romer, 1927; Galton, 1969; Charig,

1972; Coombs, 1979; Hutchinson et al. 2008; Maidment

& Barrett, 2011)?
d Basal ornithischians and birds convergently acquired

similar pelvic osteology, suggesting that basal ornithis-

chians might have had a bird-like locomotor style. Do

moment arms suggest that muscle function in Lesotho-

saurus was more similar to birds or to basal non-avian

dinosaurs?
d What are the effects of using alternative myological

reconstructions on muscle function?
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Materials and methods

Model construction

Pelvic and hind limb bones of the most complete specimen of

Lesothosaurus [NHMUK (Natural History Museum, London, UK)

RUB 17] were digitized using a high-resolution Polhemus laser

scanner. The computer-aided design package Maya (http://

www.autodesk.com) was used to digitally rearticulate hind limb

bones in a standard neutral posture (see Hutchinson et al. 2005,

2008; Bates et al. in press) and to rig 3D muscle–tendon units

and joint centre positions (Fig. 2B). The hip joint was modelled

as a 3� of freedom ball-and-socket joint, with the flexion–exten-

sion axis perpendicular to the craniocaudal axis of the body (the

x-axis in the global co-ordinate system of the model). Axes for

the remaining degrees of freedom were defined as mutually

orthogonal, so that adduction–abduction was aligned to the

global z-axis, and long axis rotation to the global y-axis. Pelvic

and femoral muscle attachments were based on Maidment &

Barrett (2011; Fig. 2A; see Table 1 for muscle abbreviations used

throughout), who reconstructed 14 muscles on the basis of oste-

ological correlates of homologous origins and insertions in

extant birds and crocodiles (the EPB approach; Bryant & Russell,

1992; Witmer, 1995). Numerous dissections of extant archosaurs

and lepidosaurs carried out by the authors were used to con-

strain the reconstructions (described in Allen et al. 2009, 2010;

Maidment & Barrett, 2011; Bates et al. in press). Intermediate or

‘via points’ (see Sellers et al. 2003) were used to guide 3D mus-

cle paths from origin to insertion, and the location of via points

was guided by information from homologous muscles in extant

taxa (see discussion in Hutchinson et al. 2005; Bates et al. in

press). Analysis of the model was carried out in GaitSym (http://

www.animalsimulation.org; Sellers & Manning, 2007). The

moment arm of each hip muscle for joint flexion ⁄ extension,

abduction ⁄ adduction and long axis rotation was calculated

across a wide spectrum of limb postures, varying both hip

flexion–extension and abduction–adduction separately and

simultaneously. Data in the graphs throughout the paper show

moment arms across different flexion–extension angles, with

the hip abducted 10�. Data from other postures are available

from KTB.

Sensitivity analysis

Reconstructing 3D muscle moment arms in extinct taxa inevita-

bly involves a degree of subjectivity; while many muscles have

well-constrained origins and insertions in extinct taxa and fairly

conservative paths among living archosaurs, others are poorly

constrained by osteology (see Hutchinson et al. 2005 for discus-

sion). Maidment & Barrett (2011) used the EPB and information

from direct observation of a wide range of basal archosaur and

ornithischian taxa to build the least speculative (most parsimoni-

ous) reconstruction of the gross hind limb musculature of Leso-

thosaurus, as previous workers have done for other extinct

archosaur taxa (e.g. Dilkes, 2000; Carrano & Hutchinson, 2002;

Otero & Vizcaı́no, 2008; Schachner et al. 2011; Bates et al. in

press). However, questions surrounding the origins, insertions

and even the presence ⁄ absence of some muscle groups remain.

An alternative myological reconstruction of Lesothosaurus was

built independently by one of us (VA). This reconstruction relied

upon the same methodological principles, but was based more

heavily on direct observation of theropod osteology and previ-

ous reconstructions of theropod myology (e.g. Hutchinson,

2001a,b; Carrano & Hutchinson, 2002; Hutchinson et al. 2005). In

a sense, the model of Maidment & Barrett (2011) is

‘ornithischian-biased’, while the alternative model of VA is ‘the-

ropod-biased’.

As might be expected given that they are based on the same

extant comparative data, the two reconstructions are similar in

many respects (Figs 2 and 3). However, differences were

observed between the two reconstructions: (i) the origins of

ADD1&2 on the ischium were both located more proximally in

A

C D E F

B G

Fig. 2 Myological reconstruction of the pelvis and hind limb of Lesothosaurus diagnosticus based on Maidment & Barrett (2011). (A,B) Pelvis in:

(A) lateral; and (B) medial views. (C–F) Femur in: (C) cranial; (D) medial; (E) caudal; and (F) lateral views. (G) The 3D musculoskeletal model of

Lesothosaurus in right lateral view. See Table 1 for muscle abbreviations. Scale bar equal to 0.05 m (a–f modified from Maidment & Barrett,

2011).
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the ‘theropod-biased’ model (Fig. 3A,B); (ii) ISTR inserted more

proximally on the lateral femur in the ‘theropod-biased’ model

(Fig. 3C); (iii) the via points for ITB were located further laterally

in the ‘theropod-biased’ model, suggesting a greater thigh mus-

cle bulk (Fig. 3D); (iv) the origin of PIFE on the ischium was

located more proximally in the ‘theropod-biased’ model

(Fig. 3E); (v) the insertion of PIFI2 was located more cranially

and more proximally on the femur in the ‘theropod-biased’

model (Fig. 3F); and (vi) the origin of PIFI2 was located on the

dorsal vertebrae rather than on the medial side of the preace-

tabular process of the ilium in the ‘theropod-biased’ model

(Fig. 3F). Five of these highlighted differences (1, 2, 4–6) relate

specifically to difficulties reconstructing and ⁄ or defining the

centroids of muscle attachments in extinct archosaurs, and par-

ticularly ornithischian dinosaurs, which lack any living descen-

dants. Although approximate skeletal landmarks exist for these

muscles, our analysis indicates they are sufficiently ambiguous

that extra caution must be exercised when attempting quantita-

tive reconstructions such as that presented here. The third dif-

ference (the lateral path of ITB) represents a purely subjective

representation of the thigh muscle bulk, and thereby relates to

a source of uncertainty common to reconstructions of all extinct

animals.

In order to examine the effects of this uncertainty on muscle

moment arms, we produced two versions of the six contentious

muscles in the GaitSym model of Lesothosaurus, thereby allow-

ing direct comparisons between the ‘ornithischian-biased’ and

Table 1 Abbreviations used for musculature throughout the text.

Muscle Abbreviation

Adductor femoris 1 & 2 ADD1&2

Ambiens AMB

Caudofemoralis brevis CFB

Caudofemoralis longus CFL

Flexor tibialis externus FTE

Flexor tibialis internus 1 FTI1

Flexor tibialis internus 3 FTI3

Iliofibularis IFB

Iliofemoralis externus IFE

Iliofemoralis IFM

Iliofemoralis, cranial part IFMa

Iliofemoralis, caudal part IFMp

Ischiotrochantericus ISTR

Iliotibialis ITB

Iliotibialis, cranial part ITBa

Iliotibialis, caudal part ITBp

Iliotrochantericus caudalis ITC

Puboischiofemoralis externus 1 PIFE1

Puboischiofemoralis externus 2 PIFE2

Puboischiofemoralis internus 1 PIFI1

Puboischiofemoralis internus 2 PIFI2

A B C

D E F

Fig. 3 Sensitivity analysis for key muscles with poorly constrained origins, insertions and ⁄ or 3D paths in Lesothosaurus and other basal

ornithischians. The sensitivity analysis investigated the differences between ‘ornithischian-biased’ and ‘theropod-biased’ reconstructions of the

pelvic musculature of Lesothosaurus (see text). Specifically, relative to the original ‘ornithischian-biased’ model, the analysis tested the effect of a

more proximal origin for (A) ADD1 and (B) ADD2, (C) a more proximal insertion for ISTR, (D) more lateral via points for ITBa and ITBp, (E) a more

proximal origin for PIFE, and (F) a craniolateral insertion and also an origin from the dorsal vertebrae for PIFI2.
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‘theropod-biased’ reconstructions. A comparison of estimated

moment arm magnitudes between these two iterations is pre-

sented below.

Comparative analysis

To place our results from Lesothosaurus in a broader context, we

compared them with those from similarly constructed models of

other bipedal dinosaurs (Hutchinson et al. 2005, 2008; Bates &

Schachner, in press; Bates et al. in press). These studies include

three models constructed by the authors (Bates et al. in press)

using the same procedures employed here for Lesothosaurus:

two on non-avian theropod dinosaurs (Allosaurus fragilis, Struth-

iomimus sedens); and one on the extant ostrich (Struthio came-

lus). Data gleaned from these taxa include hip flexion–extension,

adduction–abduction and long axis rotation moment arms across

a wide spectrum of limb postures (Bates & Schachner, in press;

Bates et al. in press). Additionally, estimates of hip flexion–

extension moment arms for the non-avian theropods Tyrannno-

saurus rex and Velociraptor mongoliensis are included for com-

parison, taken from Hutchinson et al. (2005, 2008). Although

subjective worker-bias cannot ultimately be discounted (see

Sensitivity analysis, above), the dataset and methodology used

by Hutchinson and colleagues are essentially similar to those

used here, and so the results should be comparable.

Rather than discuss the relationship between posture and 3D

moment arms in every homologous muscle in these models

(which would require comparison of over 250 muscles in total),

we concentrate instead on gross comparisons and on those

aspects that we consider to have the most significant implica-

tions for muscular control of the pelvis and hind limb in bipedal

archosaurs. Note that summed moment arms were calculated by

simply adding together individual muscle moment arms for a

given moment polarity at each joint angle, meaning that this

sum is unweighted. A sum weighted according to the sizes of

the muscles would more accurately reflect the total torque pos-

sible about the hip joint, but muscle size is unavailable for fossil

taxa (see treatment of limitations in the Discussion below). Also,

note that in most graphs, flexion–extension moment arm data

are presented at higher density than abduction–adduction and

long axis rotation data, as the modelling software used in this

study was only capable of sampling a single axis (in this case

flexion ⁄ extension) at high density without multiple re-runs of

the analysis.

Results

Lesothosaurus moment arms

Flexion–extension moment arms

Moment arms for hip flexion and extension varied consider-

ably with joint angle for all 14 muscles in the model (Figs 4

and 5). In general, extensor moment arm magnitudes

decreased with increasing hip flexion (e.g. Fig. 4b–d,h),

with only ISTR and PIFE experiencing an increase in extensor

moment arm magnitude with increasing femoral protrac-

tion (Fig. 5c,f). ADD1&2 have the highest extensor moment

arms (0.03–0.05 m: Fig. 5a,b) in the model, slightly higher

than the muscles of the caudofemorales (CFB, CFL: Fig. 4b,c)

and flexor cruris (FTE, FTI3: Fig. 4d,e) groups. The joint

angle at which individual muscles experienced their peak

extensor moment arm showed substantial variation (Figs 4

and 5). In general extensor muscles originating caudodorsal

to the hip joint (e.g. CFB, CFL, FTE, IFB, ITBp) had their peak

moment arm at more extended hip angles (Figs 4b–d,f and

5e), while muscles originating caudoventrally (e.g. ADD1&2,

FTI3, ISTR, PIFE) peaked at more flexed postures (Figs 4e

and 5a–c,f), but peaks covered the full continuum of limb

postures tested. Two muscles switched function at different

joint angles; IFMp switched from hip flexion to hip exten-

sion at )10� hip flexion angle (Fig. 4h), while the moment

arm of PIFE showed significant angular variation, having a

relatively high extensor moment arm at flexed femoral pos-

tures, but an increasingly large flexion moment arm at

angles more extended than )23� hip flexion (Fig. 5f, but

see below). Most hip flexors had their peak moment arms

at flexed joint angles, with the exception of AMB and PIFE

(Figs 4a,i and 5d,f). Muscles with the most cranially posi-

tioned origins had the largest flexor moment arm magni-

tudes, notably AMB, ITBa and PIFI2 (Figs 4a and 5d,g).

Abduction–adduction moment arms

Muscles with origins and paths that are dorsal and lateral

to the hip joint centre (CFB, FTE, IFB, IFMa, IFMp, ITBa, ITBp,

PIFI1&2) consistently had abduction moment arms

(Figs 4b,d,f–i and 5d–e,g), while muscles originating ventral

and medial to the hip (ADD1&2, CFL, FTI3, ISTR, PIFE) pro-

vided leverage for adduction (Figs 4c,e and 5a–c,f). The

adductor femores muscles (ADD1&2) had the largest adduc-

tion moment arms (Fig. 5a,b), while abductor muscle

moment arms were more uniform (e.g. 0.008–0.017 m) for

CFB, FTE, IFMa, IFMp, ITBa, ITBp and PIFI1&2 (Figs 4b,d,g–i

and 5d,e,g). Abduction–adduction moment arm magni-

tudes varied with hip flexion–extension and abduction–

adduction joint angles (Figs 4 and 5; Fig. S1 in Supporting

Information). Adduction moment arms tended to increase

with hip extension and adduction (e.g. ADD1&2 and ISTR;

Fig. 5a–c), while abduction moment arms also tended to

increase with hip abduction but showed more varied pat-

terns with flexion–extension angle (Figs 4 and 5; moment

arms at more abducted and adducted postures not shown,

but available on request from KTB). For example, leverage

for abduction in IFMa increased with increasing hip flexion

(Fig. 4g), while the abduction moment arm of IFMp

decreased with increasing hip flexion (Fig. 4h). All muscles

retained the same function across the continuum of hip

flexion–extension angles tested, but two adductors (ADD1,

FTI3) did switch their moment polarity to become weak

abductors at adducted (> 10�) and extended femoral

postures (moment arms at more abducted and adducted

postures not shown, but available on request from KTB).

Femoral long axis rotation moment arms

Three muscles (AMB, IFMa, PIFI2) had predominately medial

femoral rotation moment arms, owing to their cranial paths
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around the hip joint centre (Figs 4a,g and 5d). Lateral rota-

tors (ADD1&2, CFB, CFL, FTE, FTI3, IFB, IFMp, ISTR, ITBp, PIFE;

Figs 4b–f,h and 5a–c,e,f) originated caudal to the hip joint

and inserted lateral to the hip joint centre. ITBa and PIFI1

were medial rotators at extended hip joint angles, but

switched to being lateral rotators at angles more flexed

than )15 to 30� (Figs 4i and 5d). Moment arm magnitudes

varied with joint angle in seven of the modelled muscles

(ADD1&2, CFL, IFMp ISTR, ITBa, PIFI1; Figs 4 and 5). Muscles

with origins caudal to the hip joint and lines of action at

high angles to the femur in neutral pose (ADD1&2, CFL,

ISTR) experienced peak lateral rotation moment arms when

the hip was extended, and moments decreased rapidly as

the hip was flexed (Figs 4c and 5a–c). This is because the

line of action of these muscles is highly oblique to the

femur when it is retracted; however, as protraction occurs,

the line of action becomes increasingly parallel to the

femur, resulting in little leverage for long axis rotation

when the hip is flexed and these muscles are lying almost

parallel to the femur. PIFI1, ITBa and IFMp (Figs 4h,i and 5d)

experienced peak lateral rotation moments when the hip

was flexed. Moment arms decreased significantly during

hip extension and switched function to medial rotation in

ITBa and PIFI1 (Figs 4i and 5d). This results from the line of

action of these muscles passing caudal to the centre of rota-

tion for femoral long axis rotation during hip flexion, but

a b c
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Fig. 4 Hip muscle moment arm predictions for (a) AMB, (b) CFB, (c) CFL, (d) FTE, (e) FTI3, (f) IFB, (g) IFMa, (h) IFMp and (i) PIFI1 for a range of hip

flexion ⁄ extension angles in Lesothosaurus. A positive hip joint angle (x-axis) indicates hip extension (femoral retraction), while a negative hip joint

angle indicates hip flexion (femoral protraction), as shown by the small images of the pelvis of Lesothosaurus in the left lateral view along the x-

axis of each graph. A negative moment arm (y-axis) for flexion ⁄ extension is a moment arm for flexion; a negative moment arm for

abduction ⁄ adduction is a moment arm for abduction; a negative moment arm for long axis rotation is a moment arm for medial rotation. FlexExt,

flexion ⁄ extension; ABDADD, abduction ⁄ adduction; LAR, long axis rotation.

ªª 2012 The Authors
Journal of Anatomy ªª 2012 Anatomical Society

Muscle moment arms in Lesothosaurus, K. T. Bates et al.218



as the hip is extended the line of action closely approaches

the centre of rotation and, for ITBa and PIFI1, passes cranial

to it when the femur is retracted, resulting in a change to

medial rotation.

Sensitivity analysis

Altering muscle origins, insertions or 3D paths according to

specifically targeted uncertainties in the Lesothosaurus

model (see ‘Sensitivity analyses’ in Materials and methods)

had at least a modest effect on mechanical leverage in

almost every muscle tested (Fig. 5). The smallest effects

were observed in ITBa, ITBp and ISTR (Fig. 5c–e), in which

relatively minor changes in magnitude occurred. Moving

the via points of ITBa and ITBp laterally had no effect on

flexion–extension moment arms, but did increase abduc-

tion–adduction and long axis rotation leverage at most

joint angles (Fig. 5d,e). A more proximal insertion on the

femur for ISTR had relatively little effect on adduction and

lateral rotation moment arms of this muscle, but did cause

a b c
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Fig. 5 Hip muscle moment arm predictions for (a) ADD1, (b) ADD2, (c) ISTR, (d) ITBa, (e) ITBp, (f) PIFE, (g) PIFI2, the muscles for which the

sensitivity analysis was performed, for a range of hip flexion ⁄ extension angles in Lesothosaurus. A positive hip joint angle (x-axis) indicates hip

extension (femoral retraction), while a negative hip joint angle indicates hip flexion (femoral protraction), as shown by the small images of the

pelvis of Lesothosaurus in the left lateral view along the x-axis of each graph. A negative moment arm (y-axis) for flexion ⁄ extension is a moment

arm for flexion; a negative moment arm for abduction ⁄ adduction is a moment arm for abduction; a negative moment arm for long axis rotation is

a moment arm for medial rotation. FlexExt, flexion ⁄ extension; ABDADD, abduction ⁄ adduction; LAR, long axis rotation. SA indicates the results of

the sensitivity analysis in a–f; CLI indicates the results using the alternative insertion for PIFI2; VO indicates the results using the alternative origin

for PIFI2 in g (see text for details).
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a noticeably greater decline in extensor moment at

extended postures, such that the muscle switched to exert-

ing a flexor moment at 5� hip flexion (Fig. 5c). More proxi-

mal origins for the ADD1&2 had little effect on the lateral

rotation moment arms of these muscles, but did consider-

ably decrease leverage for hip extension and femoral

adduction (Fig. 5a,b). However, a similar proximal shift in

origin for PIFE had no effect on the adduction or lateral

rotation leverage of this muscle, but did have a consider-

able impact on its flexion–extension moment arm (Fig. 5f).

The original distal origin chosen for this muscle produced a

large change in moment arm with hip joint angle, such that

it had a relatively high extensor moment arm at flexed fem-

oral postures (0.002 m at )75�), but an increasingly large

flexion moment arm as the hip extended ()0.0022 m at 45�;
Fig. 5f). A more proximal origin, which gives PIFE a more

horizontal line of action, reduced the change in moment

arm magnitude with change in joint angle (hereafter

termed the ‘angular dependency’ of the moment arm). This

increased angular dependency is demonstrated quantita-

tively by the greater range in magnitude when PIFE is

reconstructed with a more distal origin (0.0042 m with a

distal origin, vs. 0.0036 m with more proximal origin). PIFE

still switched function from hip extension to flexion at

around the same joint angle, and its peak magnitudes

occurred at the postural extremes tested, but these magni-

tudes (peak extensor moment arm 0.0015 m; peak flexor

moment arm )0.0019 m) were reduced by 19% and 11%,

respectively (Fig. 5f).

Two alternative reconstructions of PIFI2 were tested; a

craniolateral insertion (CLI) on the femur and a more

craniomedial origin (VO) on the dorsal vertebrae. Both

alternative reconstructions resulted in an abrupt and rapid

decline in the flexor moment arm at postures more flexed

than about )30� (Fig. 5g). This abrupt decline did not occur

in the original reconstruction of PIFI2, which has its peak

flexor moment arm magnitude at highly flexed joint angles

()0.02 m at )75�; Fig. 5g). Both alternative reconstructions

yielded a decrease in the magnitude of the abduction

moment arm (e.g. a decrease in the maximum and average

values of 18% and 33% in CLI, 43% and 58% in VO). Origi-

nation from the dorsal vertebrae caused a slight increase in

the medial rotation moment at flexed postures, whereas a

craniolateral insertion resulted in a substantial increase in

rotational leverage at all joint angles tested (e.g. an

increase in the maximum and average values of 217% and

119% in CLI, 67% and 12% in VO; Fig. 5g).

Comparative analysis

Summed hip extensor moment arms in all of the bipedal

non-avian dinosaurs modelled varied considerably with

joint angle, but tended to decrease when the hip was

strongly flexed and extended (Fig. 6a). The summed hip

extensor moment arms peaked at a similar hip joint angle

in the tetanurans Allosaurus, Tyrannosaurus and Struthiomi-

mus ()15� to )19�), at )25� in the maniraptoran theropod

Velociraptor, and at )20� in the ostrich Struthio. Lesotho-

saurus was the only taxon to peak with the hip slightly

extended (6� extension; Fig. 6a). Lesothosaurus consistently

had the lowest total hip flexor moment arms (normalized

by femoral length) across the full range of postures tested

(Fig. 6b). Non-avian theropods consistently had the highest

summed flexor moment arms, while the ostrich showed sig-

nificant angular dependency in moment arm magnitude

(Fig. 6b). Again this is evidenced by the greater average

change in moment arm per degree of joint flexion–

extension (Lesothosaurus 0.003, Allosaurus 0.003, Struthi-

omimus 0.004, Tyrannosaurus 0.004, Velociraptor 0.006,

ostrich 0.008).

Total summed adductor moment arms decreased slightly

with hip flexion (Fig. 6c) and hip adduction (data not

shown; available on request from KTB) in all non-avian

dinosaurs, while summed abductor moment arms increased

slightly with hip extension (Fig. 6d) and hip adduction (data

not shown). In the ostrich, summed moment arms for both

adduction and abduction decreased slightly with hip flexion

(Fig. 6c,d) and hip adduction (data not shown). Lesothosau-

rus and the ostrich had low summed moment arms for

adduction, while those of Struthiomimus and Allosaurus

were higher (Fig. 6c). Lesothosaurus had the lowest

summed abductor moment arms, the non-avian theropods

had intermediate summed abductor moment arms, while

the ostrich had the highest values (Fig. 6d).

Summed long axis rotator moment arms varied little with

long axis rotation of the femur (data not shown), and dis-

played a taxonomic signal with hip flexion and extension

(Fig. 6e,f). Lesothosaurus had an extremely weak summed

medial rotator moment arm (Fig. 6f) compared with those

of theropods, while its summed moment arm for lateral

rotation (Fig. 6e) was similar to the non-avian theropods in

magnitude. The ostrich had significantly higher summed

medial and lateral rotator moment arms than any other

dinosaur modelled (Fig. 6e,f).

In general, homologous muscles are similar between

Lesothosaurus and the other taxa modelled (see Fig. S1 in

Supporting Information for graphic comparisons), so we do

not explicitly discuss every single muscle-by-muscle compari-

son. However, Lesothosaurus did differ from the other taxa

in the following ways: (i) CFB has an adduction moment

arm in the theropods examined, while it has an abduction

moment in Lesothosaurus (Fig. 7b); (ii) IFMp (ITC in birds)

has a considerably larger moment arm for medial long axis

rotation in the ostrich than in non-avian dinosaurs (Fig. 8c);

(iii) PIFE has a lateral rotator moment in the ostrich and

Lesothosaurus, while it has a medial rotator moment arm in

the non-avian theropods (Fig. 9c,f); (iv) PIFE has an extensor

moment arm in the ostrich and Lesothosaurus, but a flexor

moment arm in other taxa (Fig. 9a,d). The implications of

these differences will be discussed below.
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Discussion

Muscle moment arms in Lesothosaurus

During locomotion, muscle activation patterns routinely

coincide or overlap to produce the desired 3D control of

the limb (e.g. Gatesy & Dial, 1993, 1996; Gatesy, 1997,

1999). Individual muscle function therefore varies during

the step cycle, and examination of the moment arm of a

single muscle, independent of other variables and the mus-

cles with which it may interact, does not provide full details

of its function. Muscle moment arm magnitude also inter-

acts with other muscle properties in ways not accounted for

in this study. While a relatively large moment arm allows a

relatively small muscle to exert a relatively large joint

moment, it also reduces the ability of the muscle to

a b
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Fig. 6 Sum of (a) hip extensor, (b) hip flexor, (c) adduction, (d) abduction, (e) lateral femoral rotation and (f) medial femoral rotation muscle

moment arms normalized by segment length for Lesothosaurus and other dinosaurian bipeds (for further comparisons, see Fig. S1 in Supporting

Information).
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accelerate the joint (and hence to move the limbs quickly).

Similarly, relatively smaller moment arms are not always a

signature of reduced muscle size or functional importance,

as there is good evidence for muscles with small moment

arms playing important roles in limb movement, particularly

those responsible for producing higher joint velocities

(Sacks & Roy, 1982; Alexander & Ker, 1990; Payne et al.

2006a,b; Smith et al. 2006, 2007; Allen et al. 2010). The

dramatically larger moment arm of ADD1 vs. that of CFL

(the latter likely to be much more massive muscle; e.g. Gate-

sy, 1990, 1995; Bates et al. in press; Hutchinson et al. in

press) for hip extension is a good example of this (see

Fig. 5).

Thus, the 3D moment arm estimates produced herein

should not be interpreted as a direct indicator of specific

muscle function during locomotion. However, they can indi-

cate whether a specific muscle had the ability to actuate a

joint motion (e.g. to effect joint extension, adduction, etc.),

and so can be used to directly test general hypotheses of

muscle function (e.g. ‘muscle X acts to extend the hip’).

Also, because our moment arm estimates can indicate the

ease with which a muscle may apply moments about a par-

ticular joint by comparing relative moment arm magnitude,

they also have a bearing on hypotheses of the relative func-

tion of different muscles in the same broad functional cate-

gory (e.g. ‘muscle X is a more important extensor of the hip

than muscle Y’), with the same caveats as above. As such,

our estimates provide the first quantitative, repeatable

dataset against which the hypotheses of muscle function

suggested by workers such as Romer (1927) and Maidment

& Barrett (2011) may be tested.

Previous authors (Romer, 1927; Galton, 1969; Coombs,

1979; Norman, 1986; Maidment & Barrett, 2011) have sug-

gested that musculature originating on the elongate pos-

tacetabular iliac process (e.g. CFB, FTE) would have

functioned to retract the femur, extending the hip. This

assertion is strongly supported by our Lesothosaurus model,

in which the muscles of the caudofemoralis (CFB, CFL),

flexor cruris (FTE, FTI3), the iliofibularis (IFB) and the caudal

part of the triceps femoris (ITBp) have the highest leverage

for hip extension, particularly when the hip is extended.

Similarly, these authors variously hypothesized that muscu-

lature originating cranial to the centre of rotation for flex-

ion–extension, such as those on the elongate preacetabular

process of the ilium (ITBa) and the prepubis (AMB) would

have had large moment arms for hip flexion (femoral pro-

traction), and our data support this, with ITBa and AMB

having high moment arms for hip flexion, particularly when

the hip is flexed in the case of the former, and extended in

the case of the latter.

Confusion over the homology of various parts of PIFI

(Walker, 1977; Rowe, 1986) and debate over their origins

and insertions (e.g. Romer, 1927; Galton, 1969) has meant

that there has been little agreement about the likely

a b c
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Fig. 7 (a) CFB flexion–extension, (b) abduction–adduction and (c) long axis rotation moment arm predictions for Lesothosaurus and other

dinosaurian bipeds over a range of hip joint flexion–extension angles. CFB is reconstructed as passing dorsolateral to the joint centre yielding a

weak abduction moment arm in (d) Lesothosaurus, while in non-avian theropods like (e) Allosaurus and (f) ostrich it extends caudoventral to the

hip joint centre producing a weak adduction moment arm. Green cylinder in d–f shows the abduction–adduction axis running through the hip

joint centre. ABD-ADD, abduction ⁄ adduction; FL, femoral length; Flex-Ext, flexion ⁄ extension; LAR, long axis rotation; MA, moment arm.
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function of this muscle complex in ornithischians.

Maidment & Barrett (2011) proposed that it was the pre-

dominant femoral protractor (in agreement with in vivo

data on the function of PIFI and its homologues in extant

archosaurs: Gatesy, 1997, 1999), and this is supported by

our ‘ornithischian-biased’ reconstruction. However, uncer-

tainty in both the origin and insertion of PIFI2 results in a

degree of functional ambiguity about its relative moment

arms (Fig. 5g). The ‘ornithischian-biased’ model predicts

PIFI2 had highest leverage for femoral protraction (hip

flexion) except when the hip was fully flexed (Fig. 5g). In

the ‘theropod-biased’ model, an alternative origin located

on the lateral surfaces of the dorsal vertebrae also results

in the highest moment arm of PIFI2 being hip flexion.

However, the use of an alternative insertion on the cranial

femur suggests that PIFI2 had greater muscle leverage for

medial rotation, except when the femur was held rela-

tively vertically, at which point its flexion and medial rota-

tion moment arms are both reduced but approximately

equal. This iteration does not necessarily preclude a pri-

mary flexor function, but indicates that flexor moments

exerted by the PIFI during locomotion may be accompa-

nied by medial rotation moments, which would need to

be incorporated into locomotion or resisted by the action

of other muscles.

Romer (1927) and Maidment & Barrett (2011) suggested

that ADD1&2 were primarily femoral adductors and retrac-

tors, as has also been suggested for theropod dinosaurs

(Hutchinson & Gatesy, 2000; Hutchinson et al. 2005; Bates &

Schachner, in press; Bates et al. in press). Our results suggest

that ADD1&2 only had large moment arms for adduction at

extended joint angles. The largest moment arms of

ADD1&2 were for hip extension (femoral retraction) in

Lesothosaurus at all joint angles studied, except high angles

of hip extension when extension moment arms became rel-

atively small and were exceeded by those for adduction

and lateral rotation (Fig. 5a,b).

Maidment & Barrett (2011) reconstructed the iliofemoral

musculature as a ‘complex’ referred to as IFM because they

could not identify osteological correlates to distinguish

between the origin of the two distinct heads present in

extant birds (ITC and IFE). These authors suggested that IFM

would function primarily as an abductor in bipedal ornithis-

chians. Romer (1927) and Galton (1969), who reconstructed

both avian muscles, suggested IFE ‘stabilized’ the femoral

head, preventing disarticulation of the hip, while Norman
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Fig. 8 Predicted Iliofemoralis group muscle moment arms for hip (a, d) flexion–extension, (b, e) abduction–adduction and (c, f) long axis rotation

in Lesothosaurus and other dinosaurian bipeds over a range of hip joint flexion–extension angles. The cranial part of iliofemoralis approximately

corresponds to the avian iliotrochantericus caudalis; the caudal part of iliofemoralis approximately corresponds with the avian iliofemoralis

externus. Pelvis, femur and IFM in right lateral view in (g) Lesothosaurus, (h) Allosaurus and (i) Struthio (not to scale). IFMa is located much farther

cranial to the joint centre in the ostrich (i), causing higher medial rotation moment arms. ABD-ADD; abduction ⁄ adduction; FL, femoral length;

Flex-Ext, flexion ⁄ extension; LAR, long axis rotation; MA, moment arm.
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(1986) suggested that IFE was a femoral protractor in

Mantellisaurus. We modelled a cranial head of IFM, (IFMa)

and a caudal head (IFMp) to encompass the full extent of

this muscle complex on the ilium, and these roughly corre-

spond with ITC and IFE, respectively, in the theropod recon-

structions. Both IFMa and IFMp have their highest moment

arm magnitudes for femoral abduction, although IFMp also

had relatively high hip flexion leverage at flexed hip joint

angles (Fig. 4g,h).

Maidment & Barrett (2011) suggested that PIFE would

have primarily had leverage for lateral femoral rotation,

while Romer (1927) and Galton (1969) both suggested that

PIFE may have been a femoral retractor. Our results high-

lighted ambiguity in the relative moment arm magnitudes

of PIFE (Fig. 5f). The ‘ornithischian-biased’ model suggested

that PIFE was a protractor at extended hip angles and a

retractor at flexed hip angles (having a relatively high flex-

ion–extension moment arms, but high degree of angular

dependency; Fig. 5f), but maintained relatively high adduc-

tion and lateral rotation moment arms across this range of

postures. However, the ‘theropod-biased’ model suggested

that PIFE would have had a very small moment arm for flex-

ion–extension regardless of hip joint angle (hence reduced

angular dependency), and instead would have predomi-

nantly functioned to adduct and laterally rotate the femur.

Maidment & Barrett (2011) proposed that ISTR adducted

and laterally rotated the femur. Our data suggest that ISTR

primarily had leverage for lateral femoral rotation in Leso-

thosaurus, although at highly flexed joint angles it also had

a relatively high moment arm for hip extension (Fig. 5c).

Comparative analysis

Moment arm polarities and magnitudes in Lesothosaurus

and the other taxa modelled are very similar in many

respects. This is perhaps to be expected because they also

share many homologous myological and osteological fea-

tures related to their shared ancestry, as well as functional

constraints as obligate bipeds. Taxa compared in this study,

and indeed bipedal archosaurs in general, are characterized

by at least moderate post- and preacetabular expansion of

their pelvic elements relative to the plesiomorphic archo-

saurian condition, as broadly represented by extant Alliga-

tor (Hutchinson & Gatesy, 2000). Thus, many pelvic muscle

origins are shifted craniad and caudad relative to the hip

joint centre, and their highest moment arms are for hip

flexion and extension, as they are in Lesothosaurus (Figs 4

and 5; Fig. S1 in Supporting Information). In all of the taxa

modelled, the ilium is dorsoventrally deep dorsal to the ace-

tabulum, and musculature originating here (such as the
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Fig. 9 Predicted pubioischiofemoralis externus group muscle moment arms for hip (a, d) flexion–extension, (b, e) abduction–adduction and (c, f)

long axis rotation in Lesothosaurus and other dinosaurian bipeds over a range of hip joint flexion–extension angles. (a–c) PIFI1; (d–f) PIFI2. Pelvis,

femur and PIFI in right lateral view in (g) Lesothosaurus, (h) Allosaurus and (i) Struthio (not to scale). PIFI is located cranial to the joint centre in

Allosaurus, but caudal to it in Lesothosaurus and ostrich due to retroversion of the pubis. ABD-ADD, abduction ⁄ adduction; FL, femoral length;

Flex-Ext, flexion ⁄ extension; LAR, long axis rotation; MA, moment arm.
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muscles of the IFM complex) originates medial to the hip

joint centre and extends over the hip to insert ventrolateral

to it, abducting the femur. Likewise, in all taxa, the ischium

extends caudoventrally from the acetabulum, so that mus-

culature originating on it (e.g. ADD1&2; ISTR) extends crani-

ally to insertions on the femur, and therefore acts to extend

the hip.

Although the majority of comparisons between the taxa

modelled revealed few qualitative differences in moment

arms (and therefore provide no indications of differential

muscle function), several key differences were observed,

which can be related to previously observed trends in oste-

ology and hypotheses of archosaur locomotor evolution.

Pelvic osteology in Lesothosaurus and birds is convergent,

with independent acquisition of the retroverted pubis and

elongate preacetabular process (Fig. 1). It has been

suggested, based on observations of gross morphological

similarity, that the muscles associated with retroverted pel-

vic elements in basal ornithischians may have functioned

more similarly to those of non-avian maniraptoran thero-

pods and extant birds than those of other archosaurs

(Romer, 1927; Hutchinson et al. 2008). If this is the case,

moment arms estimated by the Lesothosaurus model would

be expected to be more similar to the Velociraptor and

ostrich models than to those of other non-avian archosaurs

with cranially orientated pubis. Alternatively, the hypothe-

sis that the pelvic elements of basal ornithischians and

extant birds functioned similarly can be rejected if our

quantitative approach suggests that the musculature of

Lesothosaurus had mechanical leverages that differed from

Velociraptor and ostrich.

Our results suggest that locomotor muscle leverage in

Lesothosaurus (and by inference basal ornithischians in

general; Maidment & Barrett, 2011) has a number of impor-

tant distinctions from the ostrich, and generally shows

greater similarity to that of other non-avian dinosaurs in

our analysis, contradicting hypotheses of ornithischian–

maniraptoran functional convergence. Below, we discuss

the reasons for differences in the leverage of specific mus-

cles in the taxa examined, as well as gross differences in the

architecture of the hip musculature.

CFB is an abductor in Lesothosaurus, but an adductor in

theropods

CFB originates on the caudoventral margin of the ilium in

all taxa examined, and a robust osteological correlate for

this muscle is present in dinosaurs (the brevis fossa: Hutchin-

son, 2001a). Although CFB has the greatest leverage for hip

extension in all of the taxa examined (Fig. 7), it has a weak

moment arm for abduction in Lesothosaurus, but a weak

moment arm for adduction in non-avian theropods and the

ostrich (Fig. 7). These differences arise from the location of

the brevis shelf relative to the acetabulum: in Lesothosaurus

the brevis shelf is dorsal to and level with the acetabulum

(Fig. 7b), so that CFB passes dorsal to the hip joint. In

contrast, in theropods (Fig. 7d), the brevis shelf and its

equivalent surface on the ostrich ilium (Fig. 7e) is located

more ventrally and more medially, so that CFB extends ven-

tral to the centre of rotation. Thus, although the brevis

shelf is present in basal ornithischians and theropods, the

musculature extending from it appears to function differ-

ently in the two groups.

IFMa (ITC) has a considerably larger moment for medial

rotation in the ostrich than non-avian dinosaurs

The posterior head of the IF group musculature (IFMp in

Lesothosaurus, IFE in other taxa) has a similar moment arm

(Fig. 8d–f), consistent with its conservative path relative to

the hip joint (Fig. 8g–i). However, in the ostrich, the anterior

head of the IF group (IFMa in Lesothosaurus, ITC in other

taxa) has much higher leverage for medial femoral rotation

relative to non-avian dinosaurs (Fig. 8c). In non-avian taxa

the abduction moment arm of IFMa (ITC) is higher than its

medial rotation moment arm, the converse of the situation

in the ostrich (Fig. 8b,c). The origin of the avian homologue

of IFMa (ITC) on the ilium is much more cranial in birds than

in non-avian dinosaurs because of the development of the

elongate preacetabular process, on which it originates

(Hutchinson, 2001a). Although basal ornithischians conver-

gently developed an elongate preacetabular process, there

is no indication of muscle scarring on the lateral surface and

no suggestion that IFM migrated onto this area, and it

appears that this muscle retained its primitive position on

the lateral surface of the ilium directly above the acetabu-

lum (Maidment & Barrett, 2011; Figs 2 and 8).

PIFE is a lateral rotator and extensor in birds and

Lesothosaurus, but a medial rotator and flexor in

non-avian theropods

PIFE1&2 originate on the pubis in theropods (Hutchinson,

2001a); in birds retroversion of the pubis, and close approxi-

mation of the pubes and ischia has resulted in their homo-

logues, the obturators, originating on the puboischiadic

membrane (Hutchinson, 2001a; Gangl et al. 2004). In

Lesothosaurus and other ornithischians, the postpubis, the

homologue of the pubis, is extremely thin and delicate and

it is unlikely that it could have supported musculature of

practical size. Maidment & Barrett (2011) suggested that, if

present and an active role in locomotion maintained, PIFE

would probably have migrated onto the much more robust

ischium following pubic rotation. The sensitivity analysis

performed here suggests that ambiguity in the precise

reconstruction of the anatomy of PIFE affects the degree to

which this muscle is estimated to have been able to flex

and extend the hip in Lesothosaurus, (Fig. 5f). However, the

differences in magnitude of the ‘ornithischian-biased’

model vs. the ‘theropod-biased’ model are extremely small

when compared with the range of magnitudes observed in

the other taxa (Fig. 9a): PIFE had a very weak moment arm

for flexion ⁄ extension in Lesothosaurus when compared
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with all other taxa, regardless of the myological reconstruc-

tion used.

Hutchinson et al. (2008) modelled the flexion ⁄ extension

moment arm in the dromaeosaurid theropod Velociraptor

(Fig. 9), and demonstrated that PIFE maintained a moment

arm for hip flexion despite retroversion of the pubis. PIFE

inserts on the greater trochanter in theropods, which pro-

jects slightly higher than the femoral head in Velociraptor

(Hutchinson et al. 2008, fig. 3.2D), meaning that it inserts

dorsal to the hip centre of rotation resulting in a weak

flexor moment about the hip. In our ostrich and Lesotho-

saurus models, we also reconstruct PIFE inserting on the

greater trochanter and its avian homologue, the trochan-

teric crest (Hutchinson, 2001b), but our insertions are

located level with or slightly ventral to the joint centre

(Fig. 9), and as a result PIFE extends the hip. This demon-

strates how very slight repositioning of musculature that

inserts close to the joint centre can result in changes in

moment arm polarity, and highlights an area where caution

is required when making functional interpretations.

Our comparisons with other taxa indicate that PIFE has a

much weaker moment arm for flexion ⁄ extension in all

three taxa with retroverted pubes, and the primary function

of the muscle likely switched to adduction and lateral rota-

tion (Fig. 9). Hutchinson & Gatesy (2000) hypothesized that

the medial inflection of the femoral head in tetanuran

theropods would have increased the lateral rotation

moment arms of PIFE1&2 by shifting their insertion on the

greater trochanter laterally. The implication of this hypoth-

esis is that PIFE1&2 had functionally attained their derived

neornithine condition in basal tetanuran theropods,

although Hutchinson & Gatesy (2000) noted that with cra-

nial origins maintained (i.e. non-retroverted pubes), some

femoral protraction would have remained. Our results con-

tradict this hypothesis and suggest that PIFE1&2 maintained

a medial rotation moment arm in tetanuran theropods,

despite medial inflection of the femoral head (Fig. 9). The

hip joint centre in our models is assumed to be at the centre

of a spheroid fitted around the most ‘ball-shaped’ (medial

most) part of the femoral head. This places the hip medially

offset from the femoral shaft and greater trochanter, result-

ing in PIFE1&2 passing lateral to the hip joint, and thereby

producing medial, rather than lateral, rotation. Given this

geometry, our models indicate that it would have been

impossible for PIFE1&2 to induce lateral rotation while their

pubic origin remained cranial to the hip joint centre. We

therefore suggest that the derived neornithine lateral rota-

tion function of PIFE1&2 did not evolve until pubic retrover-

sion had occurred in maniraptoran theropods, rather than

being present in basal tetanurans as postulated by Hutchin-

son & Gatesy (2000).

However, this hypothesis rests upon the assumption of a

geometrically discrete ball-and-socket joint at the hip. The

more open acetabulum of basal tetanurans and the

presence of accessory articulations, such as the iliac antitro-

chanter (Gauthier, 1986; Sereno, 1991; Novas, 1996; Carr-

ano, 2000; Hutchinson, 2001a,b), which are not accounted

for in our models, may have allowed the long axis of the

femur to rotate about an axis placed lateral to the geomet-

ric centre of the more spherical area of the femoral head.

This in turn could reduce or remove hip long axis rotation

moment arms from a cranially positioned PIFE1&2, leaving a

moment arm for protraction. It is also possible that acces-

sory articulations may have limited rotation, thereby negat-

ing any long axis rotation moments provided by this muscle

group, but this remains speculative and untested. However,

with a lack of comparative data from which to build robust,

quantitative reconstructions of more complex hip joints,

our hypothesis that PIFE1&2 caused medial, rather than lat-

eral, femoral long axis rotation seems less speculative.

Summed (gross) extensor moment arms

Extant birds stand and move with ‘flexed’ postures (i.e. with

a strongly cranially inclined femur; Gatesy, 1990, 1995,

1999; Rubenson et al. 2007). An increasingly well-supported

hypothesis states that this flexed posture was acquired rela-

tively gradually along the maniraptoran theropod lineage

leading to modern birds (Gatesy, 1990, Hutchinson &

Gatesy, 2000; Carrano, 1998, 2001). The available moment

arm data for non-avian dinosaurs strongly suggest that hip

extensor muscle moment arms are reduced as the hip

becomes increasingly flexed (Figs 4–9; Fig. S1; Hutchinson

et al. 2005, 2008; Bates et al. in press; Bates & Schachner, in

press), thereby decreasing muscular capacity to support the

hip in these postures. Various osteological and myological

changes occurred during avian evolution that may have

plausibly acted to alleviate this decrease in the magnitude

of hip extensor moment arm (i.e. the angular dependency

of the moment arm) in flexed postures.

Caudal elongation of the pelvis (Fig. S3 in Supporting

Information), pubic retroversion and a reduction in femoral

length relative to that of the ilium (Fig. S3 in Supporting

Information) represent geometrical changes that potentially

helped extant birds to reduce the strong angular depen-

dency of hip extensor moment arms seen in more basal

archosaurs (Fig. 6a). This geometric effect is demonstrated

by our sensitivity analysis on the origins of muscles with

pubic and ⁄ or ischial origins (i.e. ADD1&2, PIFE) in Lesotho-

saurus, which indicates that a more horizontal line of action

reduces the angular dependency of hip extension moment

arms through more horizontal muscle orientations; for

example, a more proximal origin for PIFE, which produces a

more horizontal line of action, reduced the angular depen-

dency of its moment arm (Fig. 5f; note in this case by signifi-

cantly reducing its flexion–extension moment arm due to

the proximity of PIFE insertion to the hip joint). This effect

may be important in ornithischian limb evolution; the

presence of an elongate postacetabular process is a

synapomorphy of Neornithischia (Butler et al. 2008), so it

might be expected that the angular dependency of
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extensor muscles will be decreased in neornithischians

relative to Lesothosaurus.

However, our data show that the peak in summed

extensor moment arms is conservative along the theropod

lineage leading to birds (Fig. 6a), although Lesothosaurus

peaked at more extended postures. The models presented

here also produce no evidence that the gross hip extensor

moment of the ostrich is less angular dependant (i.e. no

lesser decline with increasing hip flexion) than those of

non-avian dinosaurs, with the relative average change in

moment arm per degree of joint flexion–extension support-

ing conservatism (Lesothosaurus 0.011, Allosaurus 0.008,

Struthiomimus 0.006, Tyrannosaurus 0.015, Velociraptor

0.015, ostrich 0.009). This suggests that overall gross pelvic

geometry was not modified to reduce the overall angular

dependency of hip extensor moment arms during avian

evolution. This hypothesis should be tested further with

additional models of theropod taxa, particularly those

representing portions of the avian lineage not sampled by

our analysis (e.g. basal Dinosauriformes, other non-avian

coelurosaurs).

Summed (gross) flexion moment arms

The key hip flexors (AMB and ITBa; see Fig. S1 in Support-

ing Information) experience a large increase in their

moment arm as the femur is held more vertically in all

taxa in the sample, indicating strong angular dependency

due to their almost vertical line of action from the pelvis

to the knee. These muscles have by far the highest range

in magnitudes (AMB 0.028 m and ITBa 0.022 m, vs. IFMa

0.005 m, IFMp 0.008 m, PIFE 0.004 m, PIFI1 0.013 m, PIFI2

0.008 m), confirming the relative postural trends visually

apparent in the graphs (Fig. S1). Lesothosaurus has a con-

sistently lower summed flexion moment arm than non-

avian theropods, but is broadly similar to the ostrich at

flexed hip joint angles (Fig. 6b). At more extended pos-

tures, the summed flexion moment arms in the ostrich

increase significantly, reaching magnitudes similar to the

non-avian theropods (Fig. 6b). Low summed flexion

moment arms in Lesothosaurus relative to other dinosaurs

are due to the loss of a hip flexor (PIFE) following pubic

retroversion (see discussion of PIFE function above). This is

further supported by a plot of the average summed flexor

moment arms (Fig. S2 in Supporting Information), in

which Lesothosaurus is much more similar to non-avian

theropods, suggesting its lower total summed moment

arms result from the non-avian theropods having a

greater number of flexors, and not individual flexors with

relatively greater leverage.

Summed (gross) adduction moment arms

Summed moment arms for adduction indicate further dif-

ferences between Lesothosaurus, non-avian theropods and

the ostrich (Fig. 6c,d). Lesothosaurus has low moment arms

for adduction across all joint angles relative to non-avian

dinosaurs, while the adductors of the ostrich display stron-

ger angular dependency (Fig. 6d; average change in

moment arm per degree of hip flexion–extension;

Lesothosaurus 0.0026, Allosaurus 0.0019, Struthiomimus

0.0019, ostrich 0.0031). Examination of adductor muscles

in Lesothosaurus on a muscle-by-muscle basis suggests that

the key difference between it and theropods relates to

the total number of adductor muscles in each. CFB is an

abductor in Lesothosaurus, but an adductor in theropods

(see above), while the theropods in the study are recon-

structed with three PIFE muscles (see Hutchinson, 2001a,b;

Carrano & Hutchinson, 2002; Hutchinson et al. 2005; Bates

et al. in press). Retroversion of the pubis in Lesothosaurus

coincided with reduction of PIFE (Maidment & Barrett,

2011), and only one part of PIFE is reconstructed here. This

means that Lesothosaurus has three fewer adductors than

theropods, and consequently a lower total adduction

moment arm.

The extremely low adductor moment arms observed in

the ostrich at all but the most flexed joint angles are due to

loss of the ischial symphysis and the caudolateral expansion

of the pelvis relative to other taxa in the study, which

moved muscle origins close to, and in some cases lateral to,

the hip joint, switching their function to hip abduction as

the hip is extended (e.g. IFB, ADD1&2, FTI3; see Fig. S1 in

Supporting Information).

Summed (gross) abduction moment arms

Lesothosaurus has the lowest summed moment arms for

abduction in any of the taxa sampled (Fig. 6c). Examination

of abduction moment arms on a muscle-by-muscle basis in

Lesothosaurus indicates that muscles of the IFM complex

are responsible for low abductor moment arms: IFMa is a

weaker abductor at extended joint angles than in other

dinosaurs, while IFMp is a weaker abductor at flexed joint

angles than in other dinosaurs (Fig. 8).

The dinosaur taxa modelled in this study share an

enlarged, barrel-like femoral head and neck that laterally

offsets the proximal femur and its associated muscle inser-

tions from the mediolateral plane of the hip joint and pelvic

muscle origins. The origin of IFMp on the lateral surface of

the ilium is noticeably more caudally positioned in Lesotho-

saurus than in any of non-avian theropods modelled here

or by Hutchinson et al. (2005, 2008). In Lesothosaurus the

origin of IFMp is situated some distance caudal to the ace-

tabulum, while in non-avian theropods it lies either directly

in-line with (i.e. dorsal to) or only slightly caudal to the hip

joint (Fig. 8; see also Hutchinson et al. 2005, 2008). From

the more caudally positioned origin in Lesothosaurus, the

reconstructed muscle path wraps laterally over the femur

across the greater trochanter in a more craniocaudal orien-

tation when the femur is held vertically (in contrast to a

more dorsoventral orientation over the lesser trochanter in

non-avian theropods). As a result, IFMp has a relatively

lower moment arm for abduction but slightly greater
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leverage for lateral long axis rotation than the non-avian

theropod models (Fig. 8).

While pelvic and femoral anatomy (e.g. iliac depth,

femoral head size, height of the femoral trochanters)

might have genuinely contributed to differences in IFMa

moment arm magnitudes, it is equally likely that the sub-

jectivity inherent in muscle reconstructions is also playing

some role in generating these results. In non-avian thero-

pods the cranial head of the IF group (ITC) inserted onto

the lesser trochanter, which is homologous with the ante-

rior portion of the trochanteric shelf (Hutchinson, 2001b).

The centroid of ITC insertion in the non-avian theropod

models was placed on the lateral surface, while in Leso-

thosaurus the centroid was located on the medial surface,

which would have had a small impact on the abduction

moment arm magnitude. Manipulation of these models

also leads us to believe that greater uncertainty (i.e. sub-

jectivity) exists in the path of IFE and ITC in non-avian

theropods owing to the relatively dorsoventrally deeper

ilia in these taxa than in Lesothosaurus (KTB, personal

observation). Sensitivity analysis of ITC paths in the non-

avian theropod models, combined with a shift of IFMa

insertion to the lateral surface of the lesser trochanter in

Lesothosaurus, would likely account for the relatively

higher abduction moment arm magnitude for IFMa in

non-avian theropods.

Summed (gross) long axis rotation moment arms

The summed moment arms for lateral rotation in Lesotho-

saurus are similar to those of other dinosaurs (Fig. 6f),

because they all share a barrel-like femoral head and neck

that laterally offsets the proximal femur and its associated

muscle insertions from the mediolateral plane of the hip

joint and pelvic muscle origins, providing leverage for long

axis rotation.

However, Lesothosaurus has lower summed moment

arms for medial rotation than any other taxon (Fig. 6e).

Examination of the moment arms of individual muscles for

long axis rotation shows that PIFE, a medial rotator in non-

avian theropods, functions as a lateral rotator in Lesotho-

saurus and the ostrich. PIFE originates on the cranioventral-

ly directed pubis in theropods, inserting on the greater

trochanter (Hutchinson, 2001b) lateral to the joint centre

for long axis rotation, and therefore has a moment arm for

medial long axis rotation. Retroversion of the pubis in orni-

thischians and birds (Fig. 1) results in a caudoventrally direc-

ted pubis, with PIFE originating on the ischium or

puboischiadic membrane, respectively (Maidment & Barrett,

2011). PIFE therefore has a moment arm for lateral long axis

rotation in these taxa, and is largely responsible for the

reduction in the summed moment arms for medial rotation

in Lesothosaurus.

PIFI1 is also a weaker medial rotator in Lesothosaurus

than it is in other taxa (see Fig. S1 in Supporting Informa-

tion). This difference appears to be due to the exact

location of the insertion of this muscle on the femur: it

inserts very close to the centre of rotation for long axis rota-

tion, so very small changes in insertion can result in polarity

differences in moment arms. This again emphasizes the sen-

sitivity of our models to very small changes in soft tissue

reconstruction for muscles that insert very close to centres

of rotation.

The highest moment arms for medial rotation are

observed in the ostrich (Fig. 6e). This is due to the develop-

ment of the elongate preacetabular process of the ilium

and the migration of the IFMa (ITC) and PIFI2 homologues

onto it. These muscles, which have large abduction and

flexion moment arms in non-avian dinosaurs (see Fig. S1 in

Supporting Information) are therefore cranially offset in

birds and orientated more perpendicular with respect to

the long axis of the femur, resulting in large moments for

medial rotation (Hutchinson & Gatesy, 2000).

Functional implications

Hutchinson & Gatesy (2000) conceptualized the functional

evolution of the avian pelvis and hind limb from a quadru-

pedal archosaur common ancestor in a series of five incre-

mental functional conditions. They stated that basal,

bipedal dinosaurs, placing their standing foot medial to the

hip joint, counteracted the adduction moment generated

about the hip by the ground reaction force through an

abduction moment generated by activation of the IF group

musculature. During the subsequent evolution of theropods

(including the origin of birds), abduction by IF was

de-emphasized in favour of medial rotation, which also

counteracts adduction in extant birds by outward rotation

of the foot against the substrate when the femur is held

sub-horizontally (Gatesy, 1999; Hutchinson & Gatesy, 2000).

Medial rotation of the femora will only abduct the lower

limb at flexed postures, suggesting that changes in medio-

lateral control of the hip were synchronized with reduced

habitual motion of the hip and evolution of the knee-based

system of limb retraction (Gatesy, 1990, 1995; Hutchinson &

Gatesy, 2000). The gradual adoption of flexed femoral pos-

tures and knee-based limb retraction are hypothesized to

be reflected in the gradual changes in limb segment pro-

portions (particularly reduced femoral length; Gatesy and

Middleton, 1997; Carrano, 1998), and reduction in the size

of tail-based hip extensors like the CFL (Gatesy, 1990, 1995)

and overall tail length, the latter indicative of cranial migra-

tion of the centre of mass (Gatesy, 1995; Christiansen &

Bonde, 2002). Although these changes occurred in an incre-

mental or step-wise pattern in bird-line theropods, the most

significant changes underpinning the evolution of this rota-

tion-based system of medio-lateral support and knee-based

system of limb retraction probably occurred in manirapto-

ran theropods (e.g. pubic retroversion, elongation of the

preacetabular process; Hutchinson, 2001a,b; Hutchinson &

Gatesy, 2000).
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Our analysis of pelvic muscle moment arms in Lesothosau-

rus indicates that it has many of the features characteristic

of the basal dinosaur condition as described qualitatively by

Hutchinson & Gatesy (2000). The IF group, including its

anterior head (IFMa, corresponding functionally with ITC of

birds: Hutchinson & Gatesy, 2000) has highest leverage for

abduction (Fig. 4g), in contrast with medial rotation in the

ostrich, which resulted from cranial migration of the origins

of this muscle group on the ilia (Fig. 8). The non-avian the-

ropod models discussed herein are similar to Lesothosaurus

in this respect, supporting Hutchinson & Gatesy’s (2000)

hypothesis of an abduction-based mode of lateral limb sup-

port in more basal taxa, as well as their suggestion that the

medial rotation mechanism seen in extant birds may be

related to cranial migration of the IF group during avian

evolution (Bates & Schachner, in press).

All of these features suggest that Lesothosaurus is func-

tionally more representative of a the condition qualita-

tively inferred for basal dinosaurs by Hutchinson & Gatesy

(2000) in terms of pelvic muscle moment arms, despite the

apparent convergence in basal ornithischian and avian pel-

vic osteology. Furthermore, although retroversion of the

pubis in both birds and basal ornithischians would have

resulted in similar reorganization of PIFE musculature, this

appears to have had different effects on joint moments in

basal ornithischians and birds. In Lesothosaurus, retrover-

sion of the pubis led to lower overall flexor, adductor and

medial rotator moment arms as PIFE leverage for these

functions was reduced or lost. Instead, the PIFE of Lesotho-

saurus had leverage for adduction and lateral rotation but

not for hip extension (Figs 4 and 9). In birds, PIFE also lost

its leverage for flexion and medial rotation, and also offers

considerable leverage for hip extension, in addition to

adduction and lateral rotation (Fig. 9). The resulting reduc-

tion in summed moment arms for flexion, adduction and

medial rotation seen in Lesothosaurus is not observed in

the ostrich model because the cranial migration of ITC led

to increased flexion and medial rotation leverage in this

muscle (Hutchinson & Gatesy, 2000). Assessing PIFE function

in basal ornithischians is therefore somewhat difficult. In

Alligator, PIFE1&2 are active during swing to protract the

femur, but also adduct the whole limb in late swing,

returning the femur to a near-sagittal orientation for the

next stance phase (Gatesy, 1997; Hutchinson & Gatesy,

2000). In birds, the homologues of PIFE1&2 (OL and OM,

Table 1) are also active during swing, again adducting

the lower limb but through lateral rotation of the femur

(Gatesy, 1999; Hutchinson & Gatesy, 2000). With little or no

moment arm for hip extension, it seems most parsimonious

to infer that swing phase activation of the PIFE group was

maintained in basal bipedal ornithischians and that this

group continued to play a role in controlling swing phase

abduction–adduction.

These new data therefore provide additional quantitative

support to more qualitative anatomical traits that suggest

the habitual gaits of basal, bipedal ornithischians were

quite distinct from those of extant birds. Basal ornithis-

chians retained long muscular tails seen in other basal dino-

saur groups, housing large femoral retractor musculature

(Maidment & Barrett, 2011). Femora also remained rela-

tively long and gracile compared with the short, robustly

proportioned avian femur, thought to be adapted for the

high bending and torsional stresses incurred under a flexed

‘avian-like’ posture and a rotational-based system of muscu-

lar support (Carrano, 1998). Thus, basal, bipedal ornithis-

chians likely employed a more upright posture and

caudofemoralis-driven limb retraction quite unlike that of

extant birds.

However, the pelvic muscle moment arms of Lesotho-

saurus clearly also differ from those of tetanuran theropods

in several respects. CFB generates a weak abduction

moment in Lesothosaurus because of the dorsal location of

the brevis shelf relative to the acetabulum (Fig. 7). The peak

in summed extensor moment arms occurs at more extended

femoral postures in Lesothosaurus because modifications to

the postacetabular ilium and pelvic proportions that

occurred on the line to birds were not present (e.g. Fig. S3).

Weaker summed abduction moment arms can be related to

the primitive caudal origin of IFM. Basal dinosaurs have

been the subject of fewer quantitative functional analyses

than other clades, such as tetanuran theropods and extant

birds, but it is possible that the features observed in Leso-

thosaurus are characteristic of basal dinosaur locomotor

anatomy in general, and that Lesothosaurus represents the

basal dinosaur condition.

Conclusions

Computational modelling of moment arms in 3D offers

insights into muscle function, allows muscle leverage to be

quantified at a range of different postures, and quantita-

tive comparisons to be made between muscles in different

taxa. This provides a fundamental framework for under-

standing the evolution of muscle function through time

and across major functional transitions, as well as providing

a foundation for more complex, dynamic models of loco-

motion in extinct animals (Hutchinson et al. 2005; Sellers &

Manning, 2007). As the best preserved basal ornithischian,

Lesothosaurus offers the opportunity to examine the basal

condition for muscular control of the hip in ornithischians,

and provides a foundation upon which further work on the

quadrupedal locomotor mode of more derived ornithis-

chians can be built.

Qualitative hypotheses of muscle function in Lesothosau-

rus derived from examination of osteology and myological

reconstruction grounded in the EPB (Maidment & Barrett,

2011) are supported by our 3D models. Our sensitivity analy-

sis indicates that small changes to myological origins and

insertions can result in differing interpretations of muscle

function, particularly when they originate or insert close to
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joint rotational centres, emphasizing the importance of

studies such as this one as a stepping stone between com-

parative anatomy and biomechanical simulation.

The pelvic and hind limb anatomies of birds and

ornithischian dinosaurs are highly convergent, with features

such as the retroverted pubis and elongate preacetabular

process appearing independently in each clade. Sensitivity

analysis highlights ambiguity in the role of musculature

associated with the retroverted pubis (PIFE1&2) in ornithis-

chians. However, it seems likely that this musculature may

have predominantly functioned similarly to homologous

muscles in extant birds, activating during the swing phase

to adduct the lower limb through lateral rotation of the

femora. Craniad migration of the iliofemoralis group mus-

cles in birds correlates with increased leverage and use of

medial femoral rotation to counter stance phase adduction

moments at the hip. In Lesothosaurus the iliofemoralis

groups maintain significantly higher moment arms for

abduction, consistent with the hip abduction mode of

lateral limb support hypothesized for basal dinosaurs. Cor-

relation of lower long axis rotation moment arms with

other anatomical traits (such as limb segment proportions

and retention of a long muscular tail) suggests basal, bipe-

dal ornithischians employed a more upright posture and

caudofemoralis-driven limb retraction quite unlike that of

extant birds. We therefore find little overall support for

functional convergence between basal bipedal ornithis-

chians and birds in our analysis of muscle moment arms.
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Fig. S1. Predicted muscle moment arms for hip flexion–extension

(left), abduction–adduction (centre) and long axis rotation

(right) in Lesothosaurus and other archosaurian bipeds over a

range of hip joint flexion–extension angles.

Fig. S2. Average (a) hip extensor, (b) hip flexor, (c) hip abduc-

tion, (d) adduction, (e) lateral femoral rotation and (f) medial

femoral rotation muscle moment arms normalized by femoral

length for Lesothosaurus and other archosaurian bipeds.

Fig. S3. Bar charts illustrating relative iliac proportions in the

bipedal archosaurs modelled in this study.
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