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Abstract

The anatomy and functions of muscle—tendon complexes and their bony attachments in birds and their outgroups
show how the major pelvic limb muscle groups evolved. Fossils reveal that most changes evolved after the divergence
of archosaurs in the Triassic, particularly in the dinosaurian precursors to birds. Three-dimensional limb control became
concentrated at the hip joint; more distal joints and muscles were restricted to flexion or extension early in dinosaur
evolution. Hip extensors expanded even though the primary femoral retractor M. caudofemoralis longus was reduced.
Hip flexors and two-joint ‘hamstring’ muscles were simplified to a few large heads. Knee extensors increased their sizes
and moment arms early in bipedal dinosaurs, but the patella and cranial cnemial crest evolved later in birds. Lower limb
muscles expanded as ossifications such as the hypotarsus increased their moment arms. The ossification of lower limb
tendons, particularly in extensors, is a recent novelty of birds. Muscles and tendons that develop large forces, stresses,
and moments to stabilize or move the limbs became increasingly prominent on the line to birds. Locomotion evolved in
a stepwise pattern that only recently produced the derived limb control mechanisms of crown-group birds, such as the

strongly flexed hip and knee joints.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The pectoral limb of crown-group birddNeor-
nithes is obviously specialized for aerial loco-
motion, but the role of the pelvic limb in terrestrial
locomotion also has changed dramatically from
the ancestral reptilian condition. As in the wing,
in the leg these changes of function are reflected
by numerous morphological changes that evolved
on the line to Neornithe§Gatesy, in pregs Ten-
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dons and their associated bones and muscles con-
stitute most of these specializationdRaikow,
1985, many of which involve osteological chang-
es that alter muscle moment ar@slexander and
Dimery, 1985.

For example, unlike in most other reptiles, the
massive neornithine knee extensors have a well-
ossified patella and two cnemial crests that main-
tain large moment arms about the knee for the
common ‘triceps’ extensor tendon. Likewise, the
ankle extensors of Neornithes are proportionately
larger than in other reptiles, and the hypotarsus
helps the ‘Achilles tendon’ preserve a large
moment arm about the ankle. Additionally, the
tendons of the digital flexor(and other lower
limb) muscles frequently have ossified portions,
and the muscles themselves are divided into more
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heads. In contrast, some other groups such as hip
adductors and abductors are reduced or greatly
modified (Hutchinson and Gatesy, 2001

Evolutionary morphologists and biomechanists
are interested in questions such as, when did these
and other specializations present in the hindlimbs
of extant birds evolve? Are they mostly unique to
crown clade birds, or do they characterize a more
inclusive cladés)? If some specializations were
present in ancestral theropods, how similarly to
extant birds did these animals move? Unfortunate-
ly, because of the abundance and complexity of
neornithine specializations, and the extinction of
most potentially informative outgroups to birds,
such questions have been difficult to answer. Yet
the recognition that birds are descendants of the-
ropod dinosaurs has helped uncover new insights
into such questionéPrum, 2002.

Tendons help evolutionary biologists and bio-
mechanists to bridge the gap between paleontolog-
ical and neontological data because they have
concentrated attachment sites on bones that are
rich in Sharpey’s fibres, which themselves are
ossified collagen fiber¢Hoyte and Enlow, 1966;
Haines and Mohuiddin, 1968; Jones and Boyde,
1974; Reid, 1984; Benjamin et al., 1986; Hurov,
1986), in addition to fibrocartilage. These obvious
‘muscle scars’(actually formed by tendons, not
muscle fiber$, tubercles, sesamoids, and trochan-
ters are often fossilized. Furthermore, fibrocarti-
lages may form not only within tendon attachment
sites on bone, where scars are preserved, but also
within ‘wrap-around tendons’ passing over smooth
bone surfaces where tendons experience compres-
sion (Alexander and Dimery, 1985; Benjamin and
Ralphs, 1998 Thus smooth bone surfacé€such
as canals or sulci for tendonsare also often
indicative of the course of muscle—tendon com-
plexes. The evolution of tendons and their associ-
ated muscles across a wide phylogenetic spectrum
can consequently be trackéBryant and Russell,
1992; Witmer, 1995, 1997 If reliable form-func-
tion relationships exist for a given muscle-tendon
complex, anatomical changes can be used to recon-
struct locomotor evolution. In contrast, the attach-
ments of muscles and thin aponeuroses are more
diffuse and subtle(Bryant and Seymour, 1990
and thus harder to distinguish in fossils, although
recent discoveries of soft tissue fossils are prom-
ising (Kellner, 1996; Sasso and Signore, 1998;
Martill et al., 2000.
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Application of explicit, outgroup-based phylo-
genetic methodology and study of more extant and
fossil specimens has recently brought exciting new
clarity to the study of avian locomotor evolution
(Gatesy, 1990, 1995; Gatesy et al., 1999; Gatesy,
in press, Gatesy and Dial, 1996; Carrano, 1998,
2000; Farlow et al., 2000; Hutchinson, 2001a,b;
Hutchinson and Gatesy, 2001; Carrano and Hutch-
inson, 2002. Herein, | review and synthesize
available information on the evolution of hindlimb
muscle—tendon complexes from basal reptiles to
Neornithes. | then discuss how these anatomical
changes relate to the origins of the novel locomotor
mechanics of extant birds. This constitutes the first
intensive study of the evolution of all major
muscle—tendon complexes of bird pelvic limbs,
integrating neontological and paleontological
information in a phylogenetic context with a char-
acter-taxon data matrix to see how bird legs
evolved.

2. Materials and methods

As in my previous studies(Hutchinson,
2001a,b, | gathered data on soft tissue attachments
and their osteological correlates to divide charac-
ters into character staté&ppendix A), construct-
ing a character-taxon data mati&ppendix B) in
MacClade 4.03Maddison and Maddison, 2001
| then mapped these states onto a phylogenetic
framework(Fig. 1). This procedure allowed me to
reconstruct the evolution of muscle—tendon com-
plexes(Appendix O, following the procedure of
Witmer (1995 and others. To simplify the analy-
sis, some paraphyletic taxa were scored for ances-
tral states (basal diapsids, archosauromorphs,
crocodylomorphs, and tetanurans in Fig. 1 and
Appendices A, B and €

| examined extant and fossil skeletal material
from a broad range of archosauromorph taxa in
order to collect osteological data, cited by speci-
men number in the text as necessary. | dissected
the hindlimb musculature of specimens of extant
Reptilia, including(numbers of specimens are in
bracket3: Chelonia(Cheldyra sp. [2], Terrapene
sp. [2]), Sphenodon punctatum [1], Squamata
(Amphibolurus [1], Anolis sp. [3], Heloderma
suspectum [1], Iguana iguana [5], Phrynosoma sp.

[2], Tupinambis sp. [1], and Varanus spp. [6]),
and Crocodylia (Alligator mississipiensis [10]),
PaleognathaéCasuarius casuarius [2], Eudromia
elegans [1], Struthio camelus [5]), and Neognathae
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Ornithurae
Ornithothoraces
Pygostylia
Aves

umaniraptora
Metornithes
Maniraptora
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Neotheropoda
Theropoda

Dinosauria

Dinosauriformes
Dinosauromorpha

Archosauria

Archosauromorpha
Diapsida
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Fig. 1. Phylogenetic framework used to map anatomical characters in this study. Based on a ‘consensus’ of Gautlile388}, al.
Sereno(1991), Novas(1996), Chiappe(1996), Chiappe(2001), Norell et al.(2001), Norell and Clarkg(2001), and references therein;

see Hutchinsor{2001a for explanation of this consensus framework. The phylogenetic positions of Chelonia, Herrerasauridae, and
Alvarezsauridae remain contentious, but other proposed positions do not greatly change my results. The relationships of all other taxa

included are relatively stable in recent cladistic analyses. Clades not labeled include Lepid@suriadon + Squamaty Crocody-
lomorpha(‘basal crocodylomorphs*Crocodylia, and Neornithe§Paleognathae Neognathag

(Anas platyrhynchos [3], Cariama cristata [1],
Chen sp. [1], Columba livia [6], Cygnus olor [1],
Fulica sp. [1], Gallus gallus [100+], Lophura
ignita [1], Gavia sp.[1], Meleagris gallipavo [12],
Numida numida [5], Oceanodroma sp. [1], Pavo
pavo [1], Phalacrocorax sp. [1], and Phasianus
spp.[8]). | obtained specimens from the California
Academy of Science$San Francisco, CA East
Bay Vivarium (Berkeley, CA, Ruth Ellsey(Rock-
efeller Wildlife Refuge, LA, licensed breeders,
biological supply companies, and other legitimate
sources.

These anatomical data supplemented my review
of the literature on reptilian myology. | used
general references on non-avian reptilian myology
(Gadow, 1882; Perrin, 1892; Gregory and Camp,
1918; Romer, 1922; Haines, 1935; Ribbing, 1938;
Kriegler, 1961 as well as references for specific
taxa. Literature used for Chelonia included Zug
(197D and Walker (1973, and for Sphenodon
includes Osawd1898), Byerly (1929, and Rus-
sell (1989). | consulted squamate myology refer-

ences including Mivart(1867), Mivart (1870,
Sanders (18702, Sanders (1870b, Sanders
(1874, De Vis (1884, Rabl (1916, Davis
(19349, Snyder(1954, 1962, Romer(1942), Har-
ris (1963, Russell (1988, Surahya (1989,
Landsmeer(1990), and Zaaf et al(1999. Croc-
odilian myological literature included Haughton
(18653, Haughton (1868, Hair (1868, Reese
(1915, Romer(1923a,h, Tarsitano(1981), Gate-
sy (1990, 1997, and Cong et al(1999.
Neornithine myology is reviewed in Gadow and
Selenka(1891), Beddard(1898), Hudson(1937),
Howell (1938, George and Bergef1966), Rai-
kow (1985, McKitrick (1991, and Vanden Berge
and Zweerd(1993. The myology of paleognaths
was covered by Haughtor§1865b, Haughton
(186732, Haughton(1867h, Garrod and Darwin
(1872, Firbas and Zweymullef1971), Hudson et
al. (1972, McGowan (1979, Vanden Berge
(1982, Mellett (1994, and Patak and Baldwin
(19989. Neognath myology was detailed, for
example, by Miller(1937), Fisher(1946), Hudson
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Table 1
Muscle homologies for Reptilia

Muscles Chelonia Sphenodon Squamata Crocodylia Neornithes

Dorsal thigh
(1) Triceps femoris

(a) M. iliotibialis IT IT IT IT IT
(b) M. ambiens AMB AMB AMB AMB1+2 AMB
(2) M. iliofibularis ILFB ILFB ILFB ILFB ILFB
(3) Deep dorsals
(a) M. iliofemoralis IF IF IF IF IFE
* * * * ITC
(b) M. puboischiofemoralis internus PIF12 PIFI1+2 PIFI1 PIFI1 IFI
* * PIFI2 * *
PIFI3 PIFI3 PIFI3 PIFI2 ITCR
* * * * ITM
(c) M. femorotibialis FMT FMT FMT FMTE FMTL
* * * FMTI FMTIM
* * * * FMTM

Ventral thigh
(4) Flexor cruris

(@) M. pubo-ischio-tibialis PIT PIT PIT1 - -
* * PIT2 PIT -
* * PIT3 FTI2 —
(b) M. flexor tibialis internus FTI1 FTI1 FTI1 FTI1 -
FTI2 FTI2 FTI2 FTI3 FCM
* * * FTi4 -
(c) M. flexor tibialis externus FTE FTE FTE FTE FCLP
- - - - FCLA
(5) M. pubotibialis PUT PUT PUT - -
(6) M. adductor femoris ADD ADD ADD ADD1 PIFM
* * * ADD2 PIFL
(7) M. puboischiofemoralis externus PIFE PIFE PIFE PIFE1 oL
* * * PIFE2 OM
* * * PIFE3 -
(8) M. ischiotrochantericus ISTR ISTR ISTR ISTR ISF
(9) Mm. caudofemorales CFB CFB CFB CFB CFP
CFL CFL CFL CFL CFC
Lower leg
(10) Mm. gastrocnemii GM GM GM GM GM
* * * * GIM
GL GL (2) GL (2) GL GL
(11) Digital flexors FDL FDL FDL FDL FDL and 5 others
FHL FHL FHL FHL FHL
FDB FDB FDB FDB FDB
(12) Digital extensors EDL EDL EDL EDL EDL
EHL EHL EHL EHL EHL
EDB EDB EDB EDB -
TA TA TA TA TC (2)
(13) Other lower leg muscles
(a) M. pronator profundus PP PP PP PP -
(b) M. popliteus POP POP POP POP POP
(c) M. interosseus cruris IC IC IC IC -
(d) M. fibularis longus FL FL FL FL FL
(e) M. fibularis brevis FB FB FB FB FB

These follow RomeK1922), Romer(1923b, Romer(1927), Romer(1942), Rowe (1986), Hutchinson(20013, and Carrano and
Hutchinson(2002), with abbreviations used in this study. See text and Appendix A for details. * indicates that the muscle is not
divided; ‘~’ indicates that the muscle is abser{®)’ indicates that two parts are present.
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Fig. 2. Morphology of the knee joint region. Right tibia and fibula in proximal viéa. Alligator (Crocodylia; UCMP 71672 (b)
Herrerasaurus (Herrerasauridae; PVSJ 373; reversed left side) Coelophysis (Coelophysoidea; UCMP 129618; reversed left ide

(d) Dromiceiomimus (Ornithomimosauria; ROM 852, reversed left sigdée) JuvenileRhea (Paleognathae; UMCP 129668f) Adult
Meleagris (Neognathae; personal collectiombbreviations: CC, cranial cnemial crest; FF, fossa flexoria; IN, incisura tibialis; LC,
(latera) cnemial crest; Sl, sulcus intercnemialis; ST, proximal tibial sesamoid incompletely fused as a ‘tibial epiphysis.” Not to scale.

et al. (1959, Harvey et al. (1969, Raikow
(1970, Cracraft (1971, Gatesy (19993, and
Verstappen et al.(1998). | used McKitrick’s
(1991 data matrix for neornithine muscles and
my own observations to map characters onto a
phylogeny based on Cracraft and Clark&001)
to code ancestral states for Paleognathae and
Neognathae.

| adopted Romer's(1922, Romer’s (1923h),
Romer's(1942 muscle homologies, with Rowe’s
(1986) revision of deep dorsal thigh muscle
homologies(Table 1. Nomenclature used is for

simplicity, not a revision of official nomenclature.
Additional discussion and details are in Hutchinson
(20019, Hutchinson (2001b, Hutchinson and
Gatesy (200D, and Carrano and Hutchinson
(2002. Anatomical nomenclature for Aves gener-
ally follows Baumel et al.(1993), but English
names for some structures are used because many
non-ornithologists will be more familiar with these
terms. Non-avian reptilian anatomical nhomencla-
ture follows Romer(1922, Romer (19230 and
similar traditional nomenclature. Directional ref-
erencedcranial, medial, etg.refer to a hindlimb
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oriented in a fully adducted, digitigrade, and
extended (vertical) position with the condyles
facing caudally.

3. Results

Appendix C outlines the series of character state
changes that evolved in Reptilia on the line to
Neornithes. | focus on the key transitions that my
analysis and previous studies have elucidated, with
an emphasis on tendons and associated structures,
especially those of considerable biomechanical
importance. This focus requires me to make sweep-
ing generalizations about the details of reptilian
anatomy, but my point is to cover general patterns
rather than minute details and variation, which are
important but beyond the scope of this study.

For each muscle group considered, | outline the
sequence of changes in the number of muscle
heads, the origifs), and the insertiofs). | move
from more to less-inclusive clades on the line to
Neornithes: from basal Reptilia to archosaurs,
dinosaurs, theropods, tetanuran theropods, basal
birds (Aves/Avialae), and Ornithurag(Fig. 1). |
divide the results into a section on the thigh
muscles, whose evolution previous authors covered
in some detail(e.g. Gregory and Camp, 1918;
Romer, 1922, 1923a,b,c; Charig, 1972; Walker,
1977; Rowe, 1986; Novas, 1996and then a
section on the lower leg muscles, which few
authors have considerddarsitano, 1981; Dilkes,
2000; Carrano and Hutchinson, 2002Some
smaller, less well-understood muscle groups such
as the intrinsic muscles of the pedes and other
highly variable distal muscles are not covered in
this analysis.

4. Thigh muscles
4.1. ‘Triceps’ group

The three major divisions of this complex have
separate origins, but most fibers and aponeuroses
converge through and around the intercondylar
sulcus (and patellar sulcus in Neornithesf the
femur and then insert as one or more common
tendons onto a tibial tuberosity on the cranial
surface of the proximal tibia. In lepidosaurs this
tuberosity is a separate intratendinous ossification
that is distinct from the secondary ossification
centres of the epiphyseéHaines, 1940, 1942,
1969, but so far there is no evidence of this in
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basal archosauromorphs. In basal dinosaurs the
tuberosity expanded into a cnemial créblovas,
1996), which became especially large in theropod
dinosaurs on the line to bird&ig. 2). In birds,

this crest constitutes the lateral cnemial crest
(Chiappe, 1995

A second crest, the cranial cnemial crest, is a
neomorph of Ornithurae and related td&hiappe,
1996, 2001; Hutchinson, 2001blt appears to be
a ‘traction epiphysis,’ often referred to as the ‘tibial
epiphysis’(Fig. 2; sesamoid fused to a long bone;
Parsons, 1904; Barnett and Lewis, 1395that
forms from a separate ossification centre early in
neornithine developmentParsons, 1905; Hogg,
1980. Presumably an unossified sesamoid-like or
intratendinous precursor of the cranial cnemial
crest was present ancestrally in reptiles as a distal
part of the triceps extensor tendon.

A fibrocartilaginous or fibrous ‘patelloid’ is
associated with the knee extensor tendon in some
extant turtles and crocodilians, whereas an ossified
patella evolved convergently in mammals, lepido-
saurs, and birdéParsons, 1908; Pearson and Dav-
in, 1921; Haines, 1940, 1942, 1969; Carter et al.,
1999). Patella-like sesamoids have been found in
some basal reptileée.g. Rieppel, 1980 yet their
absence in all known non-avian archosaurs dem-
onstrates that a bony patella is ancestrally absent
for Archosauria. Fossils show that Ornithurae is
the most inclusive archosaurian clade that has an
ossified patellar sesamoid. The patella even fuses
onto the cranial cnemial crest in some bikdteil-
man, 1926; Barnett and Lewis, 196&reating a
double traction epiphysis for the insertion of the
triceps tendon. Its ancestral state for Neornithes is
most parsimoniously interpreted as a free
sesamoid.

Pearson and Davi1921) suggested that the
patella was ancestrally part of the cnemial crest
but became an independent sesamoid later. Avail-
able fossil and ontogenetic data do not support
this idea(Barnett and Lewis, 1958; Hogg, 1980;
Chiappe, 1996, 200i-the patella and cranial
cnemial crest evolved concurrently as separate
ossifications in Ornithurae.

4.1.1. M. iliotibialis (IT)

The single weakly subdivided head of basal
reptiles was split into three separate heads in
archosaurs. These heads originate from the dorso-
lateral iliac surface in all taxa, superficial to other
thigh muscles. Fossils show how the expansion of
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Sphenodon

' AMB

Tyrannosaurus

Archaeopteryx
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Carnotaurus

Marasuchus

Patagopteryx

Meleagris

Fig. 3. Evolution of pelvic muscle origins on the line to crown-group birds. Modified from Hutchif20681a, showing the relative
positions of some thigh muscle origins and their approximate changes during reptilian evéftgimnright to left, top to bottom is
toward Neornithes Note that some originémarked with asterisksare medial and some musclé3, CFL/CFC, OL) are not shown;

see text for details and Table 1 for muscle abbreviations. Not to scale.

the ilium (Fig. 3) relates to the expansion of these
and other dorsal thigh muscles on the line to birds
(Romer, 1923a; Walker, 1977; Carrano, 2000;
Hutchinson, 2001a

4.1.2. M. femorotibialis (FMT)

The small single(or slightly subdivided head
of basal reptiles was enlarged and split in archo-
saurs, presumably having two headateral and
media) as in crocodilians. The surface of the
femoral shaft is richly textured with Sharpey’s
fibers that indicate the expansive origitiReid,
1984). Intermuscular lines on the femoral shaft
suggest that a third head is a recent novelty of
birds, but how recent remains ambigudiBilkes,
2000; Hutchinson, 2002bMuscle scarring on the
craniomedial surface of the distal femur in thero-
pod dinosaurs indicates the presence of a distal
subdivision of the lateral head of M. femorotibialis

that is ancestrally present in NeornithéMc-
Kitrick, 1991).

4.1.3. M. ambiens (AMB)

Reptilia ancestrally had this muscle as a single
head(two heads convergently in a few squamates,
crocodilians, and birgsoriginating from the cran-
iolateral surface of the proximal pubes on a pubic
tubercle near the acetabuluiHutchinson, 2001a
In Neornithes this configuration has changed little
except in some birds which have a more iliac
origin (e.g. Mellett, 1994, in some cases related
to a reduced contribution of the pubis to the
acetabular rim and pubic tubercle. In archosaurs,
M. ambiens not only contributes to the extensor
tendon, but also has a secondary tendon that
perforates the extensor tendon, or even perforates
the patella as an apomorphic condition in some
birds (Heilman, 1926; McKitrick, 1991 The sec-
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Fig. 4. Morphology of the proximal tibia and fibula. Right proximal tibia and fibula in cadalo) and lateral(c, d) views. (a, 0
Tyrannosaurus (Tyrannosauroidea; AMNH 5027; reversed left 9idéb, d) Adult Meleagris (Neognathae; personal collectlobbre-
viations: CF, crista fibularis; FT, tuberositas M. iliofibularis; LQatera) cnemial crest; MF, medial fibular fossa. Not to scale.

ondary tendon then inserts laterally onto the apo-
neurosis of origin of one or more digital flexors
and sometimes the lateral head of M. gastrocne-
mius (Haughton, 1865a,b; Gadow, 1882; Gadow
and Selenka, 1891; Romer, 1923a

4.2. M. iliofibularis (ILFB)

This muscle originated caudodorsal to the ace-
tabulum (between M. iliofemoralis and M. flexor
tibialis externug on the lateral iliac surface and
inserted on the craniolateral surface of the proxi-
mal fibular shaft in basal Reptilia. Its origin did
not change markedly on the line to crown-group
birds, although it expanded with the iliac surface

in dinosaurs(Fig. 3). In extant archosaurs the
tendon has a secondary tendon of attachment to
the lateral head of M. gastrocnemius, which may
be the ancestral condition for Archosauria although
it is variable in birds (Beddard, 1898; Romer,
1923b; McKitrick, 1992. In theropod dinosaurs,
the insertion for the tendon became well marked
by a tubercle that shifted caudally on the line to
birds, possibly as the origin of M. fibularis longus
(see below moved proximally.

The tendon of M. iliofibularis influences the
morphology of the proximal tibiotarsus in birds
and other theropod&Fig. 4). Mller and Streicher

(1989; also see Muller, 1986; 1989; Streicher and
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Miller, 1992; Fuss, 1996showed that a cartilag-
inous sesamoid-like ‘c-element’ is ephemerally
present early in bird development as a connection
between the M. iliofibularis tendon of insertion
and the tibia. This c-element develops in a syn-
desmosis joining the medial surface of the fibula
to an ossified fibular crest on the lateral surface of
the tibia, functionally connecting the M. iliofibu-
laris tendon from the lateral fibula through the
fibula itself to the lateral tibia.

Consequently, the fibula and tibia are bound
more tightly together in birds and extinct thero-
pods, limiting fibular motion to slight pronation
and supination(mediolateral rotation about the
tibia; Fuss, 199k Additionally, the syndesmosis
prevents luxation of the fibula during the contrac-
tion of muscles attached to the fibula, or when
joint contact forces are applied at the fibular—
femoral articulation. This is important because the
distal fibula is not braced by a connection with
the tarsal joint(Mdiller and Streicher, 1989; Strei-
cher and Muller, 1992 The presence of the M.
iliofibularis tubercle, fibrous scarring on the medial
fibula, and the fibular crest on the tibia in theropod
dinosaurdFig. 4) shows that this functional com-
plex was assembled early on the line to Neornithes
(Muller and Streicher, 1989; Farlow et al., 2000

Another specialization of birds relating to the
tendon of M. iliofibularis is a ligamentous ansa
that forms a pulley on the caudal side of the knee
joint to constrain the line of action of the M.
iliofibularis tendon. In extant and fossil Ornithurae,
there are several tubercles on the caudolateral edge
of the lateral femoral condyle that indicate the
attachments of this ansa. Hence the ansa for the
M. iliofibularis tendon may have been present in
Ornithurae (Hutchinson, 2001b However, this
osteological correlation is somewhat tentative
because some lower limb musclés.g. M. gas-
trocnemius lateraljsalso originate nearby on the
femur and could produce similar tubercles.

4.3. Deep dorsal group

Although the homologies of these muscles
remain perplexingRomer, 1923a,b; Walker, 1977,
Rowe, 1986; Carrano and Hutchinson, 2D0gen-
eral aspects of the evolution of these muscles are
clear.

4.3.1. M. iliofemoralis (IF)
Reptilia had one head of this muscle originating
from the lateral surface of the ilium, dorsal to the
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acetabulum and cranial to M. iliofibularigig. 3).
It inserted on the caudolateral side of the femoral
shaft, initially on an internal trochanter and then
in basal archosaurs shifting laterally onto the fem-
oral shaft (Hutchinson, 2001bh On the line to
Neornithes, this muscle became fragmented into at
least two head$§M. iliotrochantericus caudalis and
M. iliofemoralis externus; ITG IFE). This change
is revealed in the fossil record by the divergence
of two insertions(Fig. 5): one (for the tendon of
M. iliotrochantericus caudalison the lesser tro-
chanter of the femur, and another on the trochan-
teric shelf of the femur(for the tendon of M.
iliofemoralis externus These insertions moved
laterally as the proximal femur was twisted medi-
ally to form an offset femoral headCarrano,
2000; Hutchinson, 2002b

If the insertions of these muscles are any guide
to their relative sizes, in basal dinosaurs the two
muscles were subequal in size. In theropod dino-
saurs, the M. iliotrochantericus caudalis portion
became larger as the preacetabular ilium and lesser
trochanter expande@Carrano, 2000} whereas the
M. iliofemoralis externus portion reduced to a
small origin from a process above the acetabulum
in basal bird4Fig. 3; Hutchinson, 2001a)bFinal-
ly, in basal birds the lesser trochanter fused to the
greater trochanter to form a trochanteric crgsy.
5; Chiappe, 2001 and the trochanteric shelf
became only a slight muscle scar in Ornithurae
(Hutchinson, 2001b

The insertion of M. iliofemoralis is more fleshy
in non-avian Reptilia, and more tendinous in Neor-
nithes, so the evolution of the lesser trochanter
probably signals transformation into a more ten-
dinous insertion(Fig. 5). This inference is corrob-
orated by rugose striations that are rich in
Sharpey’s fiber{see below and became increas-
ingly prominent on the lesser trochanter as it
expanded in theropods. Additional fibrocartilage
was presumably present where the tendon wraps
around the sharp edge of the lesser trochanter. In
contrast, the trochanteric shelf was initially rugose
but was reduced to a pit or tubercle in tetanuran
theropods, especially Ornithurae.

4.3.2. M. puboischiofemoralis internus 1 (PIFII)
The single head in basal reptiles originated
craniomedially from the pelvis. The origin shifted
dorsolaterally on the line to birdig. 3) as the
ventral pelvis was reducetHutchinson, 2001
occupying a ventrolateral preacetabulacuppe-
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Herrerasaurus (a)

TC

QFE

TS

(d)

(e)

Deinonychus Sinornithoides

Santana coelurosaur  (b)
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Microvenator (C)

Fig. 5. Evolution of femoral trochanters on the line to crown-group birds. Right proximal femur in lateral view with approximate
orientation of surface fibers indicatddtriations. (a) Herrerasaurus (Herrerasauridae; PVSJ 3)73b) Santana coelurosa(Martill et

al., 2000; reversed left sifle(c) Microvenator (Oviraptorosauria; AMNH 304% (d) Deinonychus (Deinonychosauria; MCZ 4371;
reversed left side (e) Sinornithoides (Deinonychosauri@roodontidae; IVPP V9612 (f) Meleagris (Neognathae; personal collectjon
Abbreviations: 4T, fourth trochanter; AT, accessory trochanter; GT, greater trochanter; LT, lesseriod trochanter; PT, posterior
trochanter; TC, trochanteric crest; TS, trochanteric shelf. See Table 1 and text for muscle abbrefiEipISTR/ISF, ITC, PIFEOM,

PIFI2/ITM +ITCR). Not to scale.

dicus’) iliac fossa in tetanuran theropods, then
moved further laterally in basal birds as the fossa
was reduced onto the lateral surface of the ilium
(Norell et al.,, 2001, becoming M. iliofemoralis
internus (IF1) of Neornithes. Muscle scars on a
variety of fossil and recent femora show that the
tendon of insertion changed little, remaining on
the medial (or slightly craniomedial surface of
the proximal femur(Dilkes, 2000; Hutchinson,
2001b.

4.3.3. M. puboischiofemoralis internus 2 (PIFI2)
Depending on the homology assumed, this mus-
cle was either lost on the line to birds or split into
two heads(Mm. iliotrochanterici cranialis et med-
ius [ITCR+ITM] in Neornithes; Carrano and
Hutchinson, 2002 In either case, it originated
craniomedially from the ventral pelvis as a single
head in basal reptiles, shifted its origin dorsally in
basal archosaurs as the ventral pelvis was reduced
(Romer, 1923b; Hutchinson, 200laand had a
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lateral iliac origin in Ornithurae if not earlidiFig.

3; Carrano and Hutchinson, 2002The insertion
of the tendon is commonly identifiable as muscle
scarring on the craniolateral surface of the proxi-
mal femur. It developed into a large accessory
trochanter in some tetanuran theropddsg. 5;
Norell et al., 200}, but was reduced to smaller
muscle scars in basal birdslutchinson, 2001p

Rowe (1989, Novas(1996), and Dilkes(2000)
reconstructed the insertion of the M. puboischio-
femoralis internus 2 tendon, not M. iliofemoralis,
on the lesser trochanter. This inference does not
concur with available fossil and neontological data.
First, the Sharpey’s fibers on the lesser trochanter
in fossil archosaurs are oriented mostly proximo-
distally (Fig. 5; Walker, 1977. Presumably these
striations indicate the normal orientations of col-
lagen fibers within the tendon of insertion and any
surrounding fibrocartilage. The origin of M.
puboischiofemoralis internus 2 is cranial to that of
M. iliofemoralis in extant ReptiliaFig. 3). Thus
in order to connect the M. puboischiofemoralis
internus 2 origin and insertion in a non-avian
theropod, the femur would need to be oriented in
a bizarre retracted position. The femur would be
oriented in a more reasonable protracted position
if part of M. iliofemoralis inserted on the lesser
trochanter, because the origin of M. iliofemoralis
is comparatively caudal; ancestrally above the
acetabulum rather than far cranial to it.

Second, a lesser trochanter-like structua
muscle scarringin basal archosaurs such as phy-
tosaurs and aetosaufdutchinson, 2001pis locat-
ed where M. iliofemoralis inserts in crocodilians,
distal to the insertion of M. puboischiofemoralis
internus 2. These osteological correlates shifted
proximally and cranially on the line to birds,
matching the path of the shift of the M. iliofemor-
alis insertion. In contrast, the insertion of M.
puboischiofemoralis internus 2 only shifted slightly
cranially, demonstrated by the accessory trochanter
and other muscle scatsiutchinson, 2001

Third, the lesser trochanter expanded and shifted
proximally in theropods, ultimatel¢in basal bird$
reaching the proximal position where a part of M.
iliofemoralis (M. iliotrochantericus caudalis
inserts in Neornithes. Reconstructing the insertion
of the M. puboischiofemoralis internus 2 tendon
on the lesser trochanter would require either a
swapping of tendon insertions on the line to birds
(not evidenced by fossils an unusual orientation
of the femur(contradicted by fossil articular sur-
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faces; e.g. Charig, 1972; Farlow et al., 2006r

a different interpretation of deep dorsal muscle
homologiedfor discussion see Carrano and Hutch-
inson, 2002.

4.4. Flexor cruris group

Because the homologies of these musdlibe
long flexorssensu Romer, 1923b are even more
poorly resolved than the deep dorsal grdimm-
er, 1923b, 1942; Ribbing, 1938; Russell, 1988;
Hutchinson, 2001a my description will be brief.
One slightly subdivided superficial headM.
puboischiotibialis; PIT and three deeper muscle
heads(Mm. flexores tibiales interni 1, 2, et exter-
nus; FTI1+2 and FTB were present ancestrally
in reptiles (Russell, 1988 These heads mainly
originated from an arch of ligaments, aponeuroses,
and proximal tendons that extended caudoventrally
from the pubic tubercle onto the ischial tuberosity
and then onto the caudoventral corner of the ilium
(Romer, 1922.

As these ligaments were reduced in basal archo-
sauromorphgHutchinson, 2001g the flexor crur-
is group likewise was reduced, becoming
fragmented into five smaller heads in crocodilians.
Ultimately, birds lost all but two heads of the
flexor cruris (Mm. flexores crures lateralis et
medialis; FCLP-FCM of Neornithe$, corre-
sponding to two deeper muscles: M. flexor tibialis
internus 2 (FTI3 of Crocodylia and M. flexor
tibialis externus. These heads originated from the
caudolateral border of the ischium and ilium
respectively. Birds also evolved an accessory head
(M. flexor cruris lateralis pars accessoria; FCLA
of unresolved homology; Rome&i 923, Romer
(1942 considered the accessory head to possibly
be a novel slip of M. gastrocnemius lateralis.

Unfortunately, the fossil record reveals few
details about the evolution of this muscle—tendon
complex (Fig. 3; Dilkes, 2000, Hutchinson,
20013. Two processes on the dorsal edge of the
ischia might represent the origins of two ancestral
parts of M. flexor tibialis internus, one of which
was lost eventuallfHutchinson, 2001a The ori-
gin of M. flexor tibialis externus is mainly from
the lateral side of the ilium in archosaurs, relating
to the reduction of the ilio-ischiadic ligament.

The ancestral insertions of the flexor cruris
tendons were in an oblique mediolateral line across
the caudal side of the proximal tibia, with connec-
tions to the heads of Mm. gastrocnemii and parts
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of the origins of some digital flexor muscles.
Ancestrally in Neornithes, the tendons form a
common insertion(McKitrick, 1991) that is only
medial, with the accessory head inserting on the
popliteal region of the femur after originating from
a raphe on the main lateral head. Data from fossil
muscle scars are equivocal, so is not clear when
the tendons of insertion became more concentrated
medially, but apparently this condition evolved by
the loss of the lateral tendon of insertion of Mm.
flexores tibiales internus -84 et externus. None-
theless, the homologues of M. puboischiotibialis,
M. pubotibialis, and M. flexor tibialis internus4

4 were eliminated on the line to birds.

4.5. M. pubotibialis (PUT)

This muscle—assigned by Romét923b to
the flexor cruris, but Rome¢1942) considered it
more similar to the adductors—originated in basal
reptiles from near the pubic tubercle and pubo-
ischiadic ligament(Fig. 3), inserting on the cau-
dolateral surface of the proximal tibia. However,
as Rome(1923b), Dilkes (2000), and others have
noted, M. pubotibialis was lost in archosaurs,
probably relating to reduction of the pubic tubercle
and associated ligamengbslutchinson, 2001a

4.6. M. adductor femoris (ADD)

The adductor group was a single head originat-
ing from the pelvic ligaments and ventral pelvic
symphyses in basal Reptilia. Muscle scars signal
that the two heads present in extant archosaurs
(Mm. adductores femoris 1 et 2 of Crocodylia;
Mm. puboischiofemorales medialis et lateralis
[PIEM+ PIFL] of Neornithes had evolved in their
common ancestor with reduction of the pelvic
ligaments (Romer, 1923b; Hutchinson, 2001a
These two heads originated from the lateral surface
of the ischium(Fig. 3) and were moved more
laterally by the elimination of the ischial symphy-
sis in basal bird€Hutchinson and Gatesy, 2001
Their ancestral insertions on the caudal surface of
the distal femur shaft did not change markedly
(Dilkes, 2000; Hutchinson, 2001b

4.7. M. puboischiofemoralis externus (PIFE)
This appears to be another muscle that was

weakly subdivided in ancestral Reptilia but sub-
sequently split into multiple heads in archosaurs

J.R. Hutchinson / Comparative Biochemistry and Physiology Part A 133 (2002) 1051-1086

(Fig. 3). Changes of the surface area on the ventral
pelvis for the origin of this muscle show how it
was divided into three head$Im. puboischiofe-
morales externi 1-Bin basal archosaurs, originat-
ing from much of the lateral and craniomedial
surfaces of the pubes and ischia. The origin was
moved caudally by the retroversion of the pubes
in maniraptorans, especially basal birdsg. 3).
An ‘obturator tuberosity’ on the ischium in some
maniraptorans and basal birds marks the attach-
ment of a ligament that forms the ventral boundary
for the passage of the tendon of the medial head
through the obturator foramen(Hutchinson,
20013. This muscle group was reduced to two
heads(Mm. obturatorii lateralis et medialis; Ok
OM) when the third head was lost with the
obturator process of the ischium in basal birds
(Fig. 3; Hutchinson, 2000aThe lateral head was
reduced on the pubis, whereas the medial head
shifted its origin caudally onto a pubo-ischiadic
membrane with the elimination of the pubic sym-
physis in basal birds, especially Ornithukatutch-
inson and Gatesy, 2001

The common tendon of insertion for M. pubois-
chiofemoralis externus shifted its position on the
line to birds (Fig. 5). The posterior ridge of the
proximal femur was the insertion in ancestral
Reptilia(Romer, 1958, but this ridge was reduced
into what is termed the greater trochanter in basal
archosaurs. The greater trochanter rotated laterally
as the femoral head gained a more medial orien-
tation in tetanuran theropod§Hutchinson and
Gatesy, 2001 In some birds, the proximal femur
has a shelf distal to the insertion of the tendon of
M. obturatorius medialis that prevents the tendon
from slipping distally(Hutchinson, 2001b

4.8. M. ischiotrochantericus

This muscle originated from the medial surface
of the ischium in ancestral Reptilia, but it shifted
onto the lateral surface of the ischium and ilio-
ischiadic membranébecoming M. ischiofemoralis
[ISF of Neornithe3 as the ischial symphyses
disappeared in basal birdd=ig. 3; Hutchinson,
20013. lts insertion remained fairly conservative
on the line to birds, positioned on the caudolateral
side of the proximal femur. Similar to the previous
muscle group, a shelf-like prominenteochanter-
ic shelf, or posterior trochanteor groove guides
the line of action of the tendon in some theropod
taxa, including bird€Fig. 5; Hutchinson, 2001b
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Fig. 6. Morphology of the ankle joint region and péa, b) Velociraptor (DeinonychosauridDromaeosauridae, modified from Norell

and Makovicky, 1997 right (a) or reversed leftb) pes in cauda(a) and craniakb) views; (c) Apsaravis (IGM 100/1017; right distal
tibiotarsus and proximal tarsometatarsus in oblique caudolatera) viewf) Meleagris (Neognathae; personal collectoright distal
tibiotarsus and proximal tarsometatarsus in caddplcranial(e), and lateralf) views.Abbreviations: AS, astragalus; CA, calcaneum;

CT, tibial cartilage; DT, distal tarsdlAS, CA, and DT are fused to the tibiotarsus in the birds pictur&®, Tuberculum m. fibularis

brevis; FL, Sulcus m. fibularis longus; GS, M. gastrocnemius insertion scar; HY, hypotarsus; M1, metatarsal I; M5, metatarsal V; OT,
ossified tendons; PS, Pons supratendinesupratendinal bridge SE, ankle sesamoid; TT, Tuberositas m. tibialis cranialis. Not to scale.

4.9. Mm. caudofemorales birds, becoming restricted to the pygostyle in basal
birds and referred to as M. caudofemoralis pars
As Gatesy(1990, Gatesy (1995 and others caudalis(CFC).
have shown, the main head of this muscle group, LikEWise, the insertion of M. caudofemoralis
M. caudofemoralis longuéCFL), was a relatively longus was a large tendon attaching to the caudal

large muscle in basal Reptilia, originating from surface of the femur in ancestral Reptilia, with a
much of the ventrolateral surfaces of the caudal secondary tendon leading from the distal end of
vertebrae. It remained large in basal theropods but the muscle to the caudal side of the knee joint,
was reduced in a stepwise sequence on the line to contributing to the origin of M. gastrocnemius



1064

Riojasuchus

Marasuchus

Archosauria
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Neotheropoda

Dinosauriformes

Fig. 7. Evolution of the tarsu&) and associated lower limb tendons and muste<). (a) Metatarsals and tarsaler tarsometatarsiis

in caudal view:Riojasuchus (basal archosaur, modified from Sereno, 19arasuchus (basal dinosauriform, modified from Sereno,

1999); Oviraptor (Oviraptorosauria, modified from Barsbold et al., 1998nd Avisaurus (Enantiornithes, modified from Brett-Surman

and Paul, 198§ (b) Right lower limb of Alligator (Crocodylia; modified from Cong et al., 1998 caudal view with superficial
muscles shown(c) Right lower limb ofMeleagris (Neognathae; modified from Harvey et al., 1968 lateral view with deeper muscles
shown(Mm. gastrocnemii, etc. removedAbbreviations as in Fig. 6 plus: AT, ‘Achilles tendon’ of Mm. gastrocnert@ut); LC, lateral

cnemial crest; PA, plantar aponeurosis; PFT, tendons of perforated digital flexors; TU, calcaneal tuber. Muscle abbreviations in Table
1 and the text; TCT and TCF are the tibial and femoral heads of M. tibialis cranialis; FP2—4 are the perforated digital flexor muscles.

Not to scale.

lateralis. In basal archosaurs the attachment is even
more robust, developing a fourth trochant&ig.

5; Dollo, 1883, 1888 that is marked with dense
Sharpey’s fibergReid, 1984. The trochanter and
both tendons of insertion were reduced on the line
to birds with the rest of the muscle—tendon com-
plex. Hutchinsorn(2001b and Carrano and Hutch-
inson (2002 suggested that the secondary tendon
was lost when the fourth trochanter became less
pendant(Dollo, 1883, 1888 in basal theropods.

Gatesy (1990, Gatesy(1995 elegantly showed
how the main tendon then underwent stepwise
reduction with the fourth trochanter in tetanuran
theropods. The fourth trochanter was reduced to a
small pit or scar in basal birds.

The second head of this muscle group, M.
caudofemoralis breviCFB), has received less
attention. Hutchinsof2001a; intimated by Romer,
1923b and othepsproposed the homology of this
muscle with M. caudofemoralis pars pelvigarFP)
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in Neornithes. M. caudofemoralis brevis did not
change much on the line to Neornithésig. 3).

My analysis shows that it is not a neornithine
autapomorphy as other authors have presumed
(e.g. Vanden Berge, 1982; Vanden Berge and
Zweers, 1993; Novas, 1996; Dilkes, 200dts
origin was more medial from the postacetabular
iliac region and caudosacral vertebrae in basal
Reptilia, but became fully lateral on the line to
birds. This shift is signalled by the evolution of a
medial ridge on the ilium in basal archosaurs,
becoming a ‘brevis fossa’ in basal dinosaurs. The
fossa reduced onto the lateral surface of the ilium
in basal birds and their closest non-avian relatives
(Hutchinson, 2001a but the muscle remained
fairly large as M. caudofemoralis longus was
reduced. The tendon of insertion remained on the
caudal surface of the femoral shaft, lateral to the
tendon of M. caudofemoralis longus, on the lateral
side of the fourth trochantdwhen present

5. Lower leg muscles

Some of these inferences were detailed further
by Dilkes (2000 and Carrano and Hutchinson
(2002. Muller (1986), Miiller (1989 hypothe-
sized that some of these muscle groups atavisti-
cally returned to a putative ancestral state when
the relative size of the fibula was experimentally
increased in chicks; | will compare the results of
my phylogenetic analysis to his developmental
analysis when appropriate. Fig. 6 and Fig. 7 show
most relevant anatomical features mentioned here.

5.1. Mm. gastrocnemii

Two heads, one lateral and one med{&L,
GM), were present in basal Reptilia, usually sep-
arated by the tendon of insertion of M. flexor
tibialis externus(Fig. 7B), although lepidosaurs
evolved a third head as a subdivision of the lateral
head. At some point on the line to Neornithes a
third head (M. gastrocnemius pars intermedia;
GIM) evolved, probably as a subdivision of the
medial head. Yet muscle scars do not clarify when
this happened, because a large portion of the
intermediate head originates from nearby soft
tissues.

Ancestrally in Reptilia, the lateral head of M.
gastrocnemius originated from an area proximal to
the lateral femoral condyle on the caudal surface
of the femur, with a contribution from the second-
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ary tendon of M. caudofemoralis longus. The
medial head originated from the medial side of the
proximal tibia, with connections to the medial
tendons of insertion of the deeper flexor cruris
muscles. McMurric(1905 contended that a fem-
oral origin was ancestral for Reptilia, but my
analysis shows that the femoral origin of the
medial head is apomorphic for lepidosaurs. These
origins changed little on the line to birds, although
M. iliofibularis and M. ambiens(see abovk had
secondary tendinous attachments to the proximal
aponeuroses of the these heads in ancestral archo-
saurs(Fig. 7B), and the medial head expanded
with the cnemial crest in basal dinosaurs, becom-
ing larger than the lateral head.

The tendons of the gastrocnemius muscle group
follow a similar route along the caudal surface of
the knee joint and crus in extant Reptilia until they
approach their insertions near the ankle joint; then
many differences among taxa are evid€rigs. 6
and 7. In ancestral Reptilia no distinct ‘Achilles
tendon’ was present. The tendons not only inserted
onto the tarsals and metatarsééspecially meta-
tarsal V), but also extended distally to form a
thick plantar aponeurosis covering the bottom of
digits 2—4. In basal archosaurs this insertion was
concentrated proximally onto the calcaneal tuber
and fifth metatarsal as the plantar aponeurosis was
reduced slightly.

Within dinosaurs the plantar aponeurosis was
reduced with the calcaneal tuber, fifth metatarsal,
and distal tarsal¢Fig. 7A). However, the inser-
tions of Mm. gastrocnemii remained robust. More
discrete tendinous attachments were formed, indi-
cated by scars on the caudal surfaces of the
metatarsal shaftéFig. 6A; Dilkes, 2000. In basal
birds the insertions were focused onto the mid-
caudal surface of the proximal tarsometatarsus
when the fifth metatarsal was lost. Finally, in
Ornithurae the tendons passed over a tibial carti-
lage (Section 5.2 and were united as an ‘Achilles
tendon’ inserting onto a hypotarsiEig. 6D and
F Fig. 7C; Chiappe, 1996, 2001; Cracraft and
Clarke, 200). The plantar aponeurosis remains,
however, in extant birds as a vestigial fibrous
connection to the caudal surface of the tarsometa-
tarsus and the origins of the short flexors of the
toes.

5.2. Digital flexor group

On the line to crown-group birds, this muscle
group evolved the most subdivisions of any hin-
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dlimb muscles, although some rudimentary subdi-
vision was ancestrally presetitriegler, 1961. In
extant Reptilia, only two major heads are present:
M. flexor digitorum longus(FDL) and M. flexor
hallucis longus (FHL), with other short distal
heads such as M. flexor digitorum breWiEDB)
variably presen€Fig. 7B; Carrano and Hutchinson,
2002. However, in birds not only are the former
two heads present as the deepest parts of this
muscle group, but at least five other more super-
ficial heads are homologues of this muscle group:
Mm. flexores perforati digiti Il, Ill, et IV and Mm.
flexores perforantes et perforati digiti Il et lfFig.

7C; Gadow and Selenka, 1891; George and Berger,
1966). Wortham (1948 showed that M. plantaris
in chick embryos is intimately associated with
other digital flexors that develop from a deep tibial
mass, rather than with the more superficial Mm.
gastrocnemii, so M. plantaris is likely another part
of the digital flexors in birds. Regardless, on the
line to crown-group birds this group was divided
from two into seven or more heads. Unfortunately,
muscle scarring gives few hints as to how or when
this subdivision proceeded.

In basal Reptilia, the main heads of the digital
flexors originated close to the lateral head of M.
gastrocnemius on the caudal surface of the distal
femoral shaft, with additional attachments to the
proximal tibia and fibula. M. flexor digitorum
brevis originated mainly from the plantar aponeu-
rosis of the pes and adacent metatarsal bone
surfaces(Fig. 7B), and thus its origin was partly
from the tendons of insertion of Mm. gastrocnemii
as well as the digital flexors. As mentioned above,
M. ambiens and parts of the flexor cruris evolved
secondary tendons that contribute to aponeurotic
origins of the digital flexors in archosauk§ig.
7B). The five or more extra heads that evolved on
the line to birds expanded some of their origins
from the distal femur onto the proximal tibia and
fibula. In basal dinosaurs, the fossa flexotRg.

2) on the caudal margin of the proximal tibia
deepened and probably served as an origin for part
of this muscle group. Additionally, basal theropod
dinosaurs evolved a peculiar sulcus or fossa on
the medial surface of the proximal fibuldig. 4)
that presumably corresponds to the fibular origin
of at least one of these muscle head@owe,
1989, perhaps along with the insertion of M.
popliteus(Farlow et al., 2000; Carrano and Hutch-
inson, 2002; see below M. flexor digitorum
brevis shifted its origin from the plantar aponeu-
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rosis to the caudal surface of the metatarsus as the
plantar aponeurosis was reduced on the line to
birds.

Muller (1986), Muller (1989 suggested that an
accessory femoral origin of part of M. flexor
perforatus in 55% of experimentally operated chick
limbs was an atavistic condition, representing the
reappearance of an ancestral origin of this muscle
from the femur. The evolutionary pattern is more
complex: ancestral Reptilia had a partial femoral
origin of M. flexor digitorum longus, which split
into many digital flexor heads on the line to
Neornithes. However, other parts of the origin
came from the tibia and fibula in basal reptiles
anyway, so the origin for this muscle group did
not change dramatically. Thus there is not strong
phylogenetic support for the hypothesis that the
experimental chicks had atavistic muscles.

The tendons of the digital flexoréexcept M.
flexor digitorum brevi all cross the ankle joint,
passing through a series of ligaments en route to
their insertions on the ventréblantap surfaces of
the distal ends of the digitéFig. 7B and Q. In
ancestral Reptilia the tendons also contributed to
the complex plantar aponeurodisee above and
Russell, 1993 but this connection was eliminated
in theropod dinosaurs as the insertions became
concentrated onto the flexor tubercles of the distal
phalanges. As the digits were reduced from five
to three main digits in theropods, the tendons were
likewise restricted to digits 2—4. Nonetheless, the
arrangement of these tendons before they reach
the phalanges in extant birds is highly variable
(George and Berger, 1956

In basal birds the insertion of the medial M.
flexor hallucis longus tendon changed as the first
metatarsal shifted its articulation onto the caudal
rather than the medial surface of the tarsometatar-
sus(Middleton, 200). Furthermore, in basal birds
(especially Ornithurgethe existence of a well-
developed trochlea on the caudal surface of the
distal tibiotarsus (Chiappe, 2001; Norell and
Clarke, 200) signals the presence of a tibial
cartilage(Fig. 6D and B, which is a(sometimes
ossified sesamoid-like structure developing under-
neath the tendon of M. gastrocnemii and perforated
by the digital flexor tendons.

Another striking feature of the digital flexor
tendons is that they are frequently ossified in
Neornithes(Fig. 6; Ranvier, 1875 albeit seldom
fossilized. Vanden Berge and Stor@995, p. 73
gueried whether intratendinous ossification in birds
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is “phylogenetically ‘old’.” Mapping known
occurrences of the ossified distal tendon of M.
flexor digitorum longus onto a phylogerZracraft
and Clarke, 200} suggests a plausible scenario.
Ossification of the tendon of M. flexor digitorum
longus is reconstructed as ancestral for Neornithes,
secondarily lost in some groups such as Ratitae.
The ornithurine birddpsaravis (Norell and Clarke,
200D has a fossilized tendon near the caudal
surface of the tarsometatars(@Big. 6C), in the
expected position for an ossified tendon of M.
flexor digitorum longus. Thus fossils show that
this ossification is likely ancestral for Ornithurae,
not just the crown-group, and it would not be
surprising if more ossified tendons have been
overlooked or unpreserved in fossils. Furthermore,
the presence of ossified tendons and other soft
tissues in a variety of dinosaurs suggests that there
was some latent molecular capacity for tendon
mineralization in most or all dinosaurs that was
only expressed in some taxa under special biome-
chanical conditions. Ossification of the tendon of
M. flexor hallucis longus may be ancestral for a
subclade of extant birds, but like all other ossified
pelvic limb tendons it does not presently optimize
as ancestral for Neornithes.

5.3. Digital extensor group

This muscle group has been a source of some
confusion in the literature, discussed by Dilkes
(2000 and Carrano and Hutchinsd2002. The
least speculative inference based on the homolo-
gies accepted in the previous studies is that ances-
trally Reptilia had three main muscle heads: M.
extensor digitorum longus, M. tibialis anterior, and
M. extensor hallucis longus, and a fourth, more
variable distal head, M. extensor digitorum brevis,
as well as intrinsic pedal heads of unresolved
homology and evolution.

Unlike the digital flexors, the distal tendons of
this group did not ancestrally contribute to a thick
superficial aponeurosis in ancestral Reptilia, lacked
tendons extending to the toes, and are less fre-
guently ossified in Neornithe/anden Berge and
Storer, 199%. However, like the digital flexors,
the tendons passed longitudinally along the crus
(but on the cranial sidethrough a series of
constraining ligaments and varied with the number,
form, and position of the digits.
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5.3.1. M. extensor digitorum longus (EDL)

This head originated cranially from the base of
the lateral femoral condyle, lateral to the sulcus
for the triceps extensor tendon and distal to the
origin of the lateral head of M. femorotibialis. The
origin shifted its attachment onto the craniomedial
surface of the tibia, becoming distal to the origin
of M. tibialis anterior as the cnemial crest expand-
ed in dinosaurs. Intermuscular lines define its
longitudinal boundaries in many fossi(€arrano
and Hutchinson, 2002 In Ornithurae, an interc-
nemial sulcus between the lateral and cranial
cnemial crests(Fig. 2) was the proximal-most
origin of this muscle—tendon complex.

Ancestrally, the tendon passed through retinac-
ula on the cranial side of the distal tibia and
proximal metatarsus, and then divided into multi-
ple tendons that inserted on the cranial surfaces of
the proximal metatarsaléespecially 1l and II),
often fusing with M. tibialis anterior. These inser-
tions shifted distally onto the phalanges and
unguals in basal dinosaurs, as demonstrated by
large extensor pits and rugosities on the dorsal
surfaces of the unguals of basal dinosaurs. With
this distal shift their ancestral connection with M.
tibialis anterior was reduced. Carrano and Hutch-
inson (2002 suggested that these changes were
accomplished by fusion of M. extensor digitorum
brevis to the distal end of M. extensor digitorum
longus (see below. In Neornithes, the tibial reti-
naculum became ossified as a supratendinal bridge
(Pons supratendineus; Fig. BBver an extensor
canal, containing the tendon before it splits into
multiple tendons near the ankle. The groove cov-
ered by the bridge evolved earlier, in Ornithurae
(Chiappe, 1996, 2001; Cracraft and Clarke, 2001;
Norell and Clarke, 2001

5.3.2. M. tibialis anterior (TA)

Reptilia ancestrally had a single head of this
muscle, whereas extant birds have two he@tes
femoral and tibial heads of M. tibialis cranialis;
TC). A scarred fossa in the same location as the
M. tibialis cranialis femoral origin in Neornithes
suggests that the secorftemora) head evolved
in Ornithurae and more basal bird<hiappe,
200D).

The origin of M. tibialis anterior was from the
craniomedial surface of the proximal tibia in ances-
tral Reptilia, distal to the insertion of the triceps
extensor tendon and deep, distal, and medial to M.
extensor digitorum longus. It expanded with the
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cnemial crest in basal dinosaurs, becoming restrict-
ed proximally on the tibia. Once the femoral head
of M. tibialis cranialis evolved, its origin was from
the cranial surface of the lateral femoral condyle.
The femoral head then passed through the incisura
tibialis enclosed by the lateral cnemial crébig.
2) down the cranial face of the crus to join the
tendon of the tibial headFig. 70). The origins of
both heads became superficial, proximal, and lat-
eral—not deep, distal, and medial—to M. extensor
digitorum longus(not shown in Fig. 7C but deep
to the muscles pictured

The tendon maintained its insertion on the line
to birds, passing through a retinaculum at the distal
end of the crus to insert on the craniolateral
surfaces of the proximal metatarsals, especially
metatarsal | in basal reptiles. The insertion region
is marked by several tubercléBig. 6B and B in
many dinosaurs and other archosa(Bsett-Sur-
man and Paul, 1985; Norell and Makovicky, 1997;
Dilkes, 2000; Carrano and Hutchinson, 200@n
the line to birds, the tendon maintained its insertion
on the medial border of the metatarsias tuber-
cles and other scars demonstpataut the insertion
shifted off metatarsal | as the hallux reduced and
moved distally in theropod dinosaurs, especially
when the hallux became retroverted in basal birds
(Middleton, 2002. The increased size of the tuber-
cle (Tuberositas m. tibialis cranialin the cranial
surface of metatarsal I(and Ill) in basal birds
(Chiappe, 2001 may relate to this concentration
of the insertion of M. tibialis cranialis onto meta-
tarsal Il as the hallux became retroverted. In extant
birds, the two heads fuse at their distal bellies,
proximal to the ankle, to form a common tendon
of insertion rather than inserting separately. This
common tendon passes deep to the Retinaculum
extensorium tibiotars{‘ligamentum transversun’
but superficial to the supratendinal bridge.

Alternatively it is worth considering that avian
homologies with basal reptiles have been misinter-
preted. The muscle named ‘M. extensor digitorum
longus’ in birds could actually be the single hom-
ologue of M. tibialis anterior, whereas the two
heads of ‘M. tibialis cranialis’ in birds may be
homologues of M. extensor digitorum longus. In
this slightly more parsimonious scenario, the heads
of M. extensor digitorum longus remained super-
ficial, proximal, and lateral to M. tibialis anterior
(the tibial head shifting from the ancestral origin
on the femur onto the tip of the cnemial crgst
and had a common insertion on the cranial surface
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of the medial border of the proximal metatarsus,
passing over the supratendinal bridge. M. tibialis
anterior maintained its deeper, distal, and medial
position relative to M. extensor digitorum longus,
but it fused distally with M. extensor digitorum
brevis to become the only true digital extensor,
inserting on the distal toes. | maintain the classical
anatomical nomenclature and homologies here, but
this alternative hypothesis deserves more ontoge-
netic, anatomical, and phylogenetic examination.

5.3.3. M. extensor hallucis longus (EHL)

This small, short muscle originated from the
craniolateral surface of the distal fibular shaft and
inserted on the cranial surface of the hallucal
phalanges on basal reptiles. In basal birds its origin
shifted onto the craniomedial surface of the prox-
imal tarsometatarsus, and its insertion moved cau-
dally with hallucal retroversion.

5.3.4. M. extensor digitorum brevis (EDB)

This muscle was plesiomorphically present in
Reptilia, originating from the proximal metatarsals
and tarsals and inserting on the dorsal surfaces of
the distal pedal phalanges. In Neornithes it is
absent, and coincidentally the tendons of M. exten-
sor digitorum longus insert more distally on the
toes rather than the metatarsédee abovk These
features led Carrano and Hutchins€@002; also
Dilkes, 2000 to propose that this muscle fused
with the distal end of M. extensor digitorum longus
in dinosaurs, accomplishing both the ‘loss’ of this
muscle and the distal ‘shift’ of the M. extensor
digitorum longus insertions.

5.4. Other lower leg muscles

5.4.1. M. pronator profundus (PP)

Also known as M. tibialis posticus or posterior
(Gadow, 1882; McMurrich, 1905; Romer, 1922;
Kriegler, 1961; Tarsitano, 1981 this muscle—
tendon complex ancestrally originated as a single
fleshy head, associatd@nd often confusedwith
M. interosseus cruris, originating from the caudo-
medial side of the distal fibula, lateral tibia, and
proximal tarsals. Its main tendon wrapped around
the caudal side of the ankle joint and inserted
caudolaterally on metatarsal I, with other tendons
variably connecting to the proximal parts of nearby
metatarsals Il1-Ill and a protuberance on the caudal
side of distal tarsal 4, as well as the plantar
aponeurosis.
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Extant birds lack an identifiable homologue of
this muscle, so it was lost on the line to Neornithes,
but the timing of this loss remains uncertain. |
propose that M. pronator profundus was lost in
basal theropod dinosaurs as the distal fibular shaft
was reduced, appressed to the tibig. 4), and
then eliminated in basal birds. Its insertion on the
hallux reduced concurrently.

5.4.2. M. popliteus and M. interosseus cruris (POP,
IC)

There is some disagreement about the homology
and nomenclature of this muscle group, but |
follow many authors(e.g. Osawa, 1898; Romer,
1922; Snyder, 1954; Landsmeer, 1996 recog-
nizing these two closely associated muscles as
different parts of a tibiofibular muscle group. M.
popliteus is typically smaller, is restricted to the
proximal end of the crus, and its muscle fibers run
at different angles than the larger, more distal M.
interosseus cruris(McMurrich, 1905; Walker,
1973; Russell, 1993

In ancestral Reptilia these two divisions had
fleshy attachments spanning much of the space
between the fibular and tibial shafts deep to M.
pronator profundus. M. interosseus cruris was
reduced on the line to birds, whereas M. popliteus
was retainedCarrano and Hutchinson, 200ZThe
formation of a fibular crest on the tibiéSection
4.2, and Farlow et al., 200@estricted most of the
M. popliteus origin to a region proximal to the
crest in basal theropods. M. interosseus cruris
reduced distal to the crest. As the fibula was
reduced in basal dinosaurs, the insertion of M.
popliteus became more proximally concentrated,
perhaps partly in a large fossa in the medial surface
of the proximal fibula(Fig. 4; Section 5.2 In
basal theropods, M. interosseus cruris was reduced
to a slim muscle or membrane as the distal fibula
became appressed to the tibia, then was completely
lost in basal birds. Therefore M. popliteus remains
as the vestige of this muscle group in extant birds,
connecting the caudal side of the proximal-most
tibia, near the fossa flexoridFig. 2), to the
caudomedial proximal fibula.

Mdller (1986), Muller (1989 showed that in
some cases chicks with experimentally enlarged
fibulae atavistically regained a distal muscle
resembling M. interosseus cruris. However, in
some other cases the proximal M. popliteus was
lost, which does not reflect an ancestral condition.
Reptilia ancestrally had a proximal division cor-
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responding to M. popliteus, retained in Neornithes,
S0 again there is an inconsistent evolutionary signal
from experimental atavismsee M. flexor digito-
rum longus above

5.4.3. Mm. fibulares longus et brevis (FL, FB)

These two head$=‘Mm. peronei anterior et
posterior) are common legacies for Reptil{®il-
kes, 2000. The long head originated from the
lateral surface of the fibula, especially the region
distal to the insertion of M. iliofibularis, and the
short head originated just distal and craniolateral
to that area. M. fibularis longus shifted its origin
onto the proximal tibia and cnemial crests, becom-
ing proximal to the M. iliofibularis tubercle of
insertion in basal birds. The origin of M. fibularis
brevis moved from the lateral side of the distal
fibular to the tibial shaft in basal birds once the
distal fibula was lost. Chick embryos with experi-
mentally enlarged fibulae demonstrate that the
more distal fibular origin of M. fibularis brevis is
atavistically reacquiredMiiller, 1986, 1989.

In ancestral Reptilia, the tendon from M. fibu-
laris longus passed along the lateral border of the
crus to the caudolateral side of the ankle, inserting
on the lateral surfaces of the proximal tarsals and
metatarsals(especially the calcaneal tuber and
metatarsal V; Fig. 7A as well as part of the
plantar aponeurosis to digit 5. The tendon from
M. fibularis brevis ancestrally inserted caudal to
the long head near the proximal end of metatarsal
V. Similar to Mm. gastrocnemii, these insertions
became concentrated proximally onto the lateral
side of the tarsometatarsus on the line to birds
with the reduction of the plantar aponeurosis, digit
5, and the calcaneal tuber in theropod dinosaurs.
This change was conspicuous in basal birds and
Ornithurae, which lost metatarsal V and evolved
the tibial cartilage that M. fibularis longus inserts
on (Fig. 6). In most extant birds, a distal contin-
uation of the tendon of M. fibularis longus passes
along a groove(Fig. 6B; Sulcus m. fibularis
longus on the caudolateral side of the proximal
tarsometatarsus before it joins M. flexor perforatus
digiti Ill. To my knowledge this sulcus is unknown
in birds outside the crown clade. The tendon of
M. fibularis brevis maintained its insertion caudal
to M. fibularis longus and its sulcus, terminating
at a tubercle(Fig. 6B; Tuberculum m. fibularis
brevi9 on the caudolateral side of the proximal
tarsometatarsus.
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6. Discussion

This analysis has elucidated several general
patterns of the evolution of pelvic limb muscle—
tendon complexes on the line to crown-group birds.
Many of these changes involve modification of
the moment arm§An et al., 1984 and physiolog-
ical cross-sectional areé&ans and de Vree, 1987
of muscle—tendon complexes. For example:

(1) Thigh muscles located ventral to the hip
joint, and some located dorsally, de-emphasized
the ancestral adductigabduction-based hip con-
trol mechanism(Romer, 1923a,b,c; Charig, 1972
in favor of a mechanism employing long-axis
rotation of the femur(Hutchinson and Gatesy,
2001. Some muscles such as parts of the flexor
cruris group were lost, whereas shifts of the origins
and insertions of other ‘abductote.g. M. iliofe-
moralis or M. iliotrochantericus caudalis and M.
iliofemoralis externus of Neornithgsand ‘adduc-
tor’ muscles(e.g. M. puboischiofemoralis externus
or Mm. obturatorii of Neornithelschanged their
moment arms and hence their functions. Romer
(19233, Romer(1923h, Romer(19230, Charig
(1972, Walker (1977, and many others have
discussed the relationship of these changes to the
evolution of a more erect posture and parasagittal
gait in basal dinosaurs, but salient changes also
evolved within dinosaurs on the line to birds
(Hutchinson and Gatesy, 2001

The hip joint evolved differently from distal
limb joints. Although the importance of adduction
and abduction was reduced on the line to birds,
the ball-and-socket articulation of the femoral head
and acetabulum maintained three degrees of free-
dom at the hip. Long-axis rotation and adducfion
abduction were limited relative to the ancestral
condition, yet the morphology of the bones and
soft tissues of the hip joint preserved three-dimen-
sional limb control on the line to birddHutchinson
and Gatesy, 2001 This flexible control mecha-
nism is an integral component of the terrestrial
locomotion of extant birds, and fossils help uncov-
er the complex series of stepwise changes that
assembled and modified it.

(2) Hip extensor muscles generally expanded,
although the primary hip extensor of basal reptiles
(M. caudofemoralis longyswas reduced nonethe-
less(Gatesy, 1990, 1995The postacetabular head
of M. iliotibialis, M. iliofibularis, M. ischiofemor-
alis, and M. caudofemoralis pars caudalis all
increased in relative size with the expansion of
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postacetabular surface area for muscle origins
(Hutchinson, 2001a Additionally, the moment
arms of Mm. adductores femores were modified
from hip adduction into extensiofiHutchinson
and Gatesy, 2001 and part of the flexor cruris
group (M. flexor cruris lateralig gained an acces-
sory hip extensor head. On biomechanical grounds,
this is not surprising. The center of mass of the
trunk moved cranially on the line to bird§&atesy,
1990, 1993, incurring a larger hip flexor moment.
Therefore hip extensors remained important for
supporting the body(Roberts, 2001; Hutchinson
and Garcia, 200Rdespite the reduction of femoral
excursion.

(3) In contrast, hip flexors expanded only slight-
ly, and some were even reducde.g. cranial
divisions of the flexor cruris groupor lost their
hip flexor moment armge.g. M. puboischiofe-
morialis internus or M. iliotrochantericus medius;
M. puboischiofemoralis externus or Mm. obtura-
torii). Hip flexors were ancestrally useful for
overcoming limb inertia to protract the limb, but
on the line to Neornithes this utility was dimin-
ished along with femoral retraction. Crown-group
birds have simplified the number of hip flexors
from six to two main muscle—tendon complexes:
M. iliotibialis cranialis and M. iliotrochantericus
cranialis.

(4) The ‘triceps’ knee extensor musculature was
enormously expanded on the line to Neornithes,
including expansions of the surfaces for tendon
insertion, such as the ossified patella and enlarged
cnemial crests, which likewise magnified the knee
extensor moment arms of these muscles. Knee
extensors were critical in early bipedal dinosaurs
for countering large knee flexor moments during
locomotion (Roberts, 2001; Hutchinson and Gar-
cia, 2002, and larger moment arms of knee
extensor musclegAlexander and Dimery, 1995
could have prevented muscle stresses from becom-
ing too high. Knee extensors remained important
for birds as femoral retraction was reduced in
favor of knee flexion and extensidiGatesy, 1990,
1995; Carrano, 1998 despite the reduction of the
number of ‘hamstring’ muscles that cocontract to
produce knee flexor moments opposed by the
extensorg Roberts, 2001

(5) ‘Hamstring’ muscles originating from the
pelvis and inserting around the caudal side of the
knee joint were simplified from many heads to a
few large heads. Some parts of the flexor cruris
group were completely logte.g. M. puboischioti-
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bialis, M. pubotibialis, and 2—3 heads of M. flexor
tibialis internug. In contrast, M. iliofibularis and
the remnants of the flexor cruris grou@vim.
flexor crures lateralis et medialis of Neornithes
became proportionately large, able to simultane-
ously exert large hip extensor and knee flexor
moments that are particularly important early in
the stance phas€Roberts, 2001l These changes
match an increase of the contribution of knee
flexion and extension to stride length on the line
to birds(Gatesy, 1990, 1995; Carrano, 1998, 2000;
Hutchinson and Gatesy, 2001; Carrano and Hutch-
inson, 2002. However, current understanding of
how such muscles that span multiple joints actually
function during locomotion in archosaurs is limited
(Roberts, 200}, so it is difficult to correlate
anatomical and biomechanical evolutionary chang-
es. Likewise, the importance of secondary tendons,
so prevalent in the *hamstrings’ of archosaurs, that
merge into the aponeuroses of distal limb muscles
and might transmit forces even to the ankles or
toes needs further investigation.

Some hypotheses, however, can be ruled out or
supported by this analysis. For example, Watson
(1869 suggested that perching in birds was ena-
bled by the transfer of the origins of some digital
flexors, M. flexor hallucis longus, and M. tibialis
cranialis (‘anticus’) onto the femur ‘to procure
consentaneoufsic] flexion of all the joints from
the knee to the toes.” My analysis shows that these
muscles ancestrally had at least partial origins
from the femur in more basal, non-perching rep-
tiles, so a tight correlation of perching behavior
and femoral origins of these muscles is rejected.
However, Watson(1869 also inferred that the
ansa M. iliofibularis(‘biceps loop) had an impor-
tant role in perching, and my analysis corroborates
that this structure is unique to extant birand
perhaps some close outgrodpso this hypothesis
is not falsified by available data. Likewise, Wat-
son’s (1869 contention that M. ambiens has no
strong correlation with perching is supported by
the plesiomorphic presence of this muscle in Rep-
tilia, and its frequent absence in birdBeddard,
1898; McKitrick, 1992.

(6) Fusion or ossification of many ancestrally
separate or unossified structures was a striking
trend on the line to birds. Many elements such as
the pelvis and sacrum, tibiotarsus, and tarsometa-
tarsus were fused. Additionally, many sesamoid
bones and other moment arm-enhancing structures
evolved in basal birds, especially Ornithurae. The
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ungual flexor tubercles, cnemial crests, tibial car-
tilage, hypotarsus, ansa M. iliofibularis, patella,
supratendinal bridge, and ossified tendons each
altered limb function by limiting joint or tendon
excursion, or increasing the moment arms of ten-
dons(Alexander and Dimery, 1985In particular,
the capacity of muscles to extend joilits prevent
hyperflexion was enhanced by these innovations,
a critical specialization for the rapid terrestrial
locomotion of extant birds and their flightless
theropod ancestors.

Heterotopic elements such as sesamoids and
ossified tendons vary considerably in living ani-
mals (Urist, 1980; Sarin, 2000 because their
expression is modulated in response to their
mechanical environmerfCarter et al., 1998; Sarin
et al., 1999; Olson, 2000; Sarin, 2000The
prevalence of heterotopic elements in Ornithurae
(Bledsoe et al., 1993; Vanden Berge and Storer,
1995; Norell and Clarke, 2001lincluding early in
development(Hudson et al., 1965; Hogg, 1980
is consistent with the inference that these elements
evolved in response to altered mechanical loading,
such as increased hip and knee flexion and ankle
extension, or at least relative increases of forces
and moments experienced by the muscles that
cross these joints. Sarit000) and Sarin et al.
(1999 used biomechanical theory to show how
sesamoid evolution matches the evolution of load-
ing patterns in other animals.

Curiously, ossified tendons are absent proximal
to the knee joint(except M. iliofibularis in owls;
Vanden Berge and Storer, 19935t is tempting to
think that this pattern relates to different biome-
chanical roles of the hip and knee joirifsroducing
power for accelerationscompared to the ankle
and toe joints(acting like stiff spring$, but Rob-
erts (200D has shown that the ankle joints of
birds can still have high power output. Regardless,
the observation that mineralization increases ten-
don tensile strength, stiffness, and elastic energy
storage capacity in bird§¢Landis et al., 1995;
Silver et al., 2001 lends credence to the hypoth-
esis that ossified lower limb tendons in birds
enhance their spring-like functions. This anatomi-
cal and biomechanical correlation may relate to
the evolution of ossified tendons, but caution is
warranted because alternative explanations and
data have been proffereBennett and Stafford,
1988; Olmos et al., 1993 such as preventing
tendon fatigue caused by repetitive stresses during
intense activitiefBuchanan and Marsh, 20D1
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Overall, available anatomical and biomechanical
evidence concurs that ‘modern neornithine’ loco-
motor function was first present in Ornithurae,
although many stepwise specializations evolved
earlier in archosauréGatesy, 1990, 1995; Gatesy,
in press, Sereno, 1991; Gatesy, 1999a,b; Chiappe,
1996; Carrano, 1998, 2000; Farlow et al., 2000;
Hutchinson and Gatesy, 2001; Carrano and Hutch-
inson, 2002.

(7) It is well known that the articular surfaces
of limb joints distal to the hip changed to restrict
joint rotation to flexion and extension in dinosaurs
(e.g. Charig, 1972; Sereno, 1991; Novas, 1996
For example, osteological features almost com-
pletely eliminated the ancestral ‘crural mechanism’
involving pronation'supination of the fibuldRew-
castle, 1983; Landsmeer, 1990; Muller and Strei-
cher, 1989; Muller and Streicher, 1992; Fuss,
1996), and the ankle joint was restricted to a hinge
very early in archosaur evolutiotCharig, 1972;
Sereno, 1991; Novas, 1986t is less well known
that changes of the muscles and tendons crossing
these joints enhanced this restriction of joint func-
tion. My analysis shows when the capacity of
many muscles to plantar-flexand to a lesser
degree, dorsi-flex the ankle and toes was
enhanced by mechanisms such as division of the
digital flexors into multiple large heads, or reduc-
tion of the plantar aponeurosis and expansion of
Mm. gastrocnemii (Carrano and Hutchinson,
2002. Many of these changes first appeared in
basal dinosaurs with the origin of bipedalism, erect
posture, and digitigrade stance, but others evolved
sequentially on the line to Neornithes.

Walker (1972 surmised that the bird ankle joint,
in which he included the tibial cartilage, as part of
a ‘tendon-sling tarsus,” was derived from a croco-
dilian ‘calcaneal heel,’ maintaining similar rela-
tionships to the tendons of Mm. gastrocnemii and
M. fibularis (=peroneu$ longus. The origin of
birds from crocodilians has since been rejected on
other grounds(e.g. Gauthier et al., 1988; Prum,
2002, and there is no convincing developmental
or phylogenetic evidence that the tibial cartilage is
a vestige of the calcaneal tuber. Yet my analysis
supports Walker's hypothesis that a mechanism of
ankle joint control based on a calcaneal tuber that
provided leverage for Mm. gastrocnemii and other
ankle extensors was plesiomorphic for archosaurs.
Birds (and dinosaurs in genepasubsequently lost
this mechanism with the calcaneal tuber, which is
curious because this change should have reduced
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the relative length of the ankle extensor moment
arm. Consequently, dinosaurs lacking a calcaneal
tuber probably experienced relatively higher mus-
cle and tendon forces, perhaps facilitating spring-
like behavior of muscle—tendon complexes.
However, if dinosaurs had proportionately larger
muscles as in birds, peak muscle stresses might
have remained low(Roberts, 2001 Regardless,
the evolution of a large hypotarsus and tibial
cartilage in Ornithurae is significant because it
would have secondarily increased the ankle exten-
sor moment arm relative to the ancestral dinosau-
rian condition.

(8 Overall, the number of musculoskeletal
changes on the line to crown-group birds was
considerable. Roweg(1986) suggested that few
myological transformations accompanied the evo-
lution of ‘avian’ bipedalism despite dramatic skel-
etal transformations. My analysis shows quite the
opposite, although conservatism in some muscles
is surprising. A sequence of approximately 151
changes of myological character states evolved on
the line to Neornithes(Appendix O. Roughly
three traits changed from basal reptiles to Sauria,
with lepidosaurs evolving about six unique traits
in their lineage, whereas 28 transformations
evolved on the line to Archosauria, with crocody-
lomorphs evolving at least five apomorphigkese
numbers are probably slight underestimates, given
my emphasis on neornithine apomorphiesn
contrast, 18 more modifications had evolved by
the origin of Dinosauria. Theropod dinosaurs
evolved 39 novel features in a stepwise pattern
from basal theropods up to the origin of Aves.
Birds themselves evolved some 41 more apomor-
phies before the origin of Neornithes, and Neor-
nithes may have as many as 22 of its own unique
musculotendinous traitéalthough many of these
are ambiguous in fossils Thus, roughly 120
character state transformations evolved on the line
to Neornithes after its divergence from its sister
clade, the line to Crocodylia. The evolution of the
pelvic limb was a long stepwise sequence of
assembly and modification of muscular, tendinous,
and osteological traits.

This synthesis of the stepwise series of muscu-
loskeletal changes in the pelvic limb on the line
to crown-group birds reveals several areas for
productive future research that can reveal more
about the history of birdéPrum, 2002. Certainly
the hypotheses of muscle homology and character
state transformation assumed or proposed here
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deserve more examination with additional devel-
opmental, histological, anatomical, and paleonto-
logical data. Musculoskeletal reconstruction can
illuminate the functional significance of systematic
characters and unusual anatomical specializations
in birds and other sauropsidBryant and Russell,
1992; Witmer, 1995, especially when coordinated
with biomechanical informatiorf{Hutchinson and
Gatesy, 200)1. Testing hypotheses of the link
between form and function in muscle—tendon com-
plexes requires more reliable quantifications of
their moment armgAn et al., 1984; Alexander
and Dimery, 1985 and physiological cross-sec-
tional areas(Gans and de Vree, 1987Recent
biomechanical researdielp et al., 1994; Delp et
al. 1999; Full and Ahn, 1995o0ffers promising
tools for reconstructing these and other details of
musculoskeletal function that would raise the bar
for biomechanical research in paleobiology and
reveal more about the evolution of archosaur
locomotion.

Because tendon attachments to bone are often
evident and readily circumscribed in fossils, syn-
thesis of research on tendéand sesamojdmicro-
structure, development, and biomechaniesg.
Benjamin and Ralphs, 1998; Carter et al., 1998;
Sarin, 2000; Silver et al., 2001will uncover clues
about locomotor mechanics in extinct animals,
reciprocally illuminating how the extant tissues
evolved. Furthermore, an emerging understanding
of locomotor kinematics, kinetics, and neuromus-
cular control in extant archosaut§&atesy, 1991,
1997, 1999a,b; Reilly and Elias, 1998; Reilly,
2000; Roberts, 2001needs more integration into
an evolutionary perspective in order to unravel
how behavioral mechanisms such as erect posture,
bipedalism, rapid runningHutchinson and Garcia,
2002, ‘Groucho running(McMahon et al., 198,
and perching evolved. For together, fossils, phy-
logeny, anatomy, and biomechanics are more
potent tools for testing hypotheses in evolutionary
biomechanics than any of them is alone. All of
these lines of evidence are crucial for discovering
more about the biology of birds and other bizarre
archosaurs.
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Appendix A: Character list

The following characters were scored into the
data matrix in Appendix B. Abbreviations for
muscle names used here are also listed in Table 1
and some of the figures. Notes in brackdis
correspond to osteological correlates that were
observed or assumed, if not otherwise stated in the
character description. Ordered characters are noted.

1. M. iliotibialis (IT): number of heads
0: One or two; weakly subdivided
1: Three [three separate regions of muscle
scarring
2. IT: origin
0: Dorsolateral ilium, superficial to other iliac
muscles[rugose dorsal rim of iliurh
3. IT: insertion (common ‘triceps’ extensor ten-
don); Ordered
0: Tibial tuberosity
1: Cnemial crest
2: Cranial and lateral cnemial crests
4. Patella as ossified sesamoid in extensor
tendon
0: Absent
1: Presenfpatellar sulcus present on femur as
proximal extension of intercondylar suldus
5. M. femorotibialis (FMT): number of heads;
Ordered
0: One; weak subdivision
1: Two [anterior and posterior intermuscular
lineg
2: Three[medial intermuscular line
6. FMT: origin
0: Proximal half of femoral shaft
1: Bulk of femoral shaft[strong intermuscular
lineg
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7. FMT: distal subdivision of lateral head
0: Absent
1: Present{craniomedial muscle scar on distal
femoral shafi

8. FMT: insertion
0: With IT, AMB extensor tendon

9. M. ambiens(AMB): number of heads
0: One
1. Two

10. AMB: origin(s)
0: Pubic tubercle; proximally adjacent to PUT
(if presen)
1: Cranial preacetabular cartilage and medial
proximal pubis

11. AMB: insertion
0: with IT, FMT extensor tendon
1. additional secondary tendon perforating
extensor tendon, to origins of digital flexors
(and G

12. M. iliofibularis (ILFB): origin
0: Dorsal postacetabular ilium, between IF and
FTE [scarred regioh

13. ILFB: insertion; Ordered
0: Craniolateral proximal fibuldrugosity]
1: Craniolateral proximal fibuldtubercld
2: Lateral proximal fibula[tuberclg
3: Caudal proximal fibuldtubercld

14. ILFB: secondary tendon
0: Absent
1: Present, to GL aponeurosis

15. IFLB: insertion induces fibular crest on tibia
0: Absent
1: Present

16. ILFB: Ansa
0: Absent
1: Presenftubercles on lateral femoral condyle
near GL origid

17. M. iliofemoralis (IF): number of heads
0: One: IF
1: Two: M. iliofemoralis externugIFE) and M.
iliotrochantericus caudali§TC) of Neornithes
[separate insertions evidént

18. IF: origin
0: Small, above acetabulum
1: Large, expanded preacetabularly with ilium
2: Divided into IFE and ITC portions

19. IF (or IFE): insertion
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0: Caudolateralinternal trochantédr
1: Craniolateraltrochanter majdr
2. Caudolateral femoral shaft between FMT
origins [flat shelf; proximal knob
3: IFE on prominent trochanteric shelf or lateral
ridge; ITC separate
4: IFE on reduced scar-like trochanteric shelf;
ITC separate

20. IF (or ITC+IFE): insertion type
0: Fleshy[flat surface or internal trochanier
1: Tendinous[bladelike trochanters or fibrous
scar$

21. IFE: origin
0: Absent; not divided from ITC
1: Above acetabulum on lateral surface of ilium
2: Reduced to dorsolateral tuberdigrocessus
supratrochantericlis

22. ITC: origin; Ordered
0: Absent; not divided from IFE
1: Cranial to IFE on lateral iliac surface
2. Expanded into preacetabular concavity

23. ITC: insertion; Ordered
0: Absent; not divided from IFE
1: Small distal knob-like lesser trochanter
2. Large blade-like lesser trochanter
3: Robust lesser trochanter; proximally posi-
tioned and closely appressed to greater
trochanter
4. Scar on cranial rim of proximal trochanteric
crest[greater and lesser trochanters fused

24. M. puboischiofemoralis internus-42: num-

ber of heads

0: One: PIFIH2 (PIFI1 of Crocodylia or M.
iliofemoralis internus, IFI of Neornithes
1: Two: PIFI1 and PIFI2; weakly subdivided
(Squamata

25. PIFI1+2: origin
0: Craniomedial pubo-ischiadic plate and epi-
pubic cartilage
1: Medial ilium and proximal ischiun{pubo-
ischiadic plate reducéd
2: Ventrolateral ilium[preacetabular ‘cuppedi-
cus’ fossa
3: Lateral ilium [preacetabular fossa redu¢ed
4: Lateral pubic peduncle of iliunfpreacetabu-
lar fossa ‘lost]

26. PIFII+2: insertion
0: Craniomedial femoral shafscat
1: Craniomedial proximal femur; with PIFI3
[trochanter mindr
2: Medial proximal femoral shaffscat
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27. 27. PIFI3: number of heads
0: One: PIFI3 or PIFIZCrocodylig [one inser-
tion scat
1: Two: Mm. iliotrochanterici craniali€ITCR)
et medius(ITM) of Neornithes[two insertion
scar$
28. PIFI3 (PIFI2 of Crocodylia or ITCR-ITM
of Neornitheg: origin
0: Craniomedial pubes and part of medial ilium
[pubo-ischiadic plate
1: Lumbar vertebrae [pubo-ischiadic plate
reduced
2: llium [no lumbar vertebrae; preacetabular
‘cuppedicus’ fossh
3: Lateral preacetabular iliunjpreacetabular
fossa losk
29. PIFI3 (PIFI2 or ITCR+ITM): insertion
0: Craniolateral proximal femulscar$
1: Accessory trochanter
2: Cranial and lateral trochanteric cregwo
scar$
30. Trochanter minor, with PIFI32
31. M. puboischiotibialisSPIT): number of heads;
most superficial of flexor cruris
0: One: PIT13; weakly subdivided
1: Two: PIT1+2 and PIT3(PIT and FTI2 of
Crocodylig
2: None; absent
32. PIT1+2: origin
0: Cranioventral pubo-ischiadic ligament and
pubic tubercle; near PUT
1: Cranial proximal ischiun(PIT of Crocody-
lia) [reduced ligament; scar; PUT Ipst
2: None; absent
33. PIT3: origin
0: Caudal end of pubo-ischiadic ligament and
pelvic symphyses
1: Caudolateral ilium(FTI2 of Crocodylia;
caudoventral to FTE, dorsal to CFiigament
reduced
2: None; absent or not separate from PHZ
(same origin
34. PIT1-3: insertion
0: Medial proximal tibia; with or proximal to
FTI1
1: None; absent
35. M. flexor tibialis internus(FTI): number of
heads

0: Two: FTI1 and FTI2
1: Three: FTI1 and FTI2& (FTI2a/b=super-
ficial /deep=FTI4/3 of Crocodylia
2: One: M. flexor cruris medialiStFCM of
Neornithes; equivalent to FTI2b or FTI3 of
Crocodylig; FTI1 and FTI4 absent
36. FTIL1: origin; caudodorsal to FTI2 and ISTR,
near M. ischiocaudalis origin
0: llio-ischiadic ligament or fascia on caudola-
teral side of distal ischium
1: Last sacral and proximal caudal vertebrae,
fascia
2: None; absent
37. FTIL1: insertion
0: Caudomedial proximal tibia; with or distal
to PIT
1: Unites distally with FTI2, to GM origin at
caudomedial proximal tibia
2: None; absent
38. FTI2: origin
0: Cranial end of ilio-ischiadic ligamefiascia,
near or on ischial tuberosity and distal ischium
1: Scar on ischial tuberosity, and ilio-ischiadic
fascia(FTI3+4 of Crocodylia
2: Proximal dorsal process of ischium, and ilio-
ischiadic fascidlischial tuberosity expanded as
proces$
3: Caudolateral distal ischium, and ilio-ischiadic
membrang FCM of Neornithe$ [proximal dor-
sal process loft
39. FTI2: insertion of tendon of superficial part
(FTI2a or FTI9
0: Splits distally into two tendons, inserting on
medial and lateral proximal tibia around GM
origin
1. Unites distally with FTE and deeper part
(FTI2b; FTI3 of Crocodylia
2: None; muscle absent or not separate
40. FTI: insertion of deep partFTI2b or FTI3
or FCM)
0: Caudal proximal tibia; distal to PUT
1: Not distinct from superficial partFTI2a);
unites distally with FTI1
2: Unites distally with FTE(=FCLP) tendon
(and FTI4, if present
41. FTI2 (FTI3+4 of Crocodylia: secondary
tendon to GL
0: Absent
1: Present
42. M. flexor tibialis externugM. flexor cruris
lateralis pars pelvica; FCLP of Neornithes
origin; most caudodorsal of flexor cruris
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0: llio-ischiadic ligamentfascia around caudov-
entral ilium and caudodorsal ischium
1: Caudolateral surface of iliunhmuscle scdr
43. FTE: insertion; shared tendon inserts between
heads of Mm. gastrocnemii
0: Tendon splits distally; medial tendon to
caudomedial proximal tibia near GM; lateral
tendon to caudolateral proximal tibia near GL
and digital flexors, contributing to plantar
aponeurosis
1: Medial proximal tibia(FCLP of Neornithek
with FCM, between GM-GIM
44. FCL pars accessoria he&BCLA)
0: Absent
1: Present, originating from FCLP raphe and
inserting in popliteal fossa of femur
45. M. pubotibialis (PUT)
0: Present
1: Absent
46. PUT: origin; most cranial of flexor cruris and
distally adjacent to AMB
0: Pubes, proximal to or onto pubic tubercle
and pubo-ischiadic ligament
1: None; absent
47. PUT: insertion
0: Caudolateral proximal tibia; between GM
and GL; proximal to other flexor cruris parts
1: None; absent
48. M. adductor femoris (ADD): number of
heads
0: One
1. Two: ADD1 and ADD2 of Crocodylia, or
Mm. puboischiofemorales medialidPIFM) et
lateralis (PIFL) of Neornithes[two insertion
scar$
49. ADD: origin
0: Pubo-ischiadic ligament, cranial and deep to
flexor cruris
1: Cranial and caudal edges of ischium, sepa-
rated by PIFEJscars; PIFE3 presdnt
2: Craniolateral edge of ischium, pubo-ischiadic
membrane, and caudolateral pubi®IFE3
absenkt
50. ADD: insertion
0: Caudal distal femoral shaft, one scar on
adductor ridge
1: Caudal distal femoral shaft, medial and lateral
scars
2. Adductor ridge or crista supracondylaris
medialis connecting to medial condyle
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51. M. puboischiofemoralis externugPIFE):
number of heads
0: One: PIFEL3; weakly subdividednearly
continuous pubo-ischiadic pldte
1. Three: PIFE%+ 3 [expanded and separated
pubic and ischial aprons; obturator prodess
2: Two: Mm. obturatorii laterali€OL) et medi-
alis (OM) of Neornithes, equivalent to PIFE1
and PIFE2; PIFES lostobturator process lgjst
52. PIFE1L: origin
0: Thyroid fenestra and pubo-ischiadic plate
1: Craniomedial surface of pubic apron and
epipubic cartilage
2. Proximal lateral pubis; OL of Neornithes
[pubic apron lodt
53. PIFEZ2: origin
0: Caudal to PIFEL; not separated
1: Caudal surface of pubic apron
2. Medial pubo-ischiadic membrane; OM of
Neornithes[pubic apron logt
54. PIFE3: origin
0: Caudal to PIFE%* 2; not separated
1: Lateral ischium, remnant of pubo-ischiadic
plate [or obturator procegs
2: Absent[obturator process lgst
55. PIFEL-2: pubic retroversion; Ordered
: Pubic shaft oriented cranially
: Pubic shaft near vertical
: Pubic shaft oriented caudally
. llia, pubes, and ischial lie nearly parallel
56. PIFE: insertion
0: Caudolateral internal trochanter, posterior
ridge, and intertrochanteric fossa
1: Tip of trochanter minor and intertrochanteric
fossa
2. Caudolateral
trochante}
3: Lateral proximal femur[greater trochanter
rotated laterally
4. Groove and pit on caudolateral side of
trochanteric creskgreater and lesser trochanters
fused
57. PIFE2(OM of Neornithes: obturator tuber-
osity on ischium for tendon
0: Absent
1: Present
58. M. ischiotrochantericuéM. ischiofemoralis;
ISF of Neornitheg origin
0: Medial surface of caudal ischiurfischial
symphysi$
1: Lateral surface of caudal ischium and ilio-
ischiadic membrangischial symphysis lo$t

WNEFO

proximal femur [greater
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59. ISTR: insertion
0: Caudolateral proximal femUscat
1: Groove proximal to trochanteric shelf
2. Lateral proximal femur near trochanteric
shelf [reduced trochanteric shglf
3: Proximal to large posterior trochanter
4: Caudolateral trochanteric crestar; reduced
posterior trochantér
60. M. caudofemoralis breviéM. caudofemoralis
pars pelvica; CFP of Neornithgesorigin
0: Proximal caudal vertebrae and fascia
1: Proximal caudals, last sacrals, and mediov-
entral ilium [small shelf
2: Caudoventral iliunfbrevis fossa
3: Ventrolateral ilium[brevis fossa reduced onto
lateral ilium]
4: Caudolateral iliumbrevis fossa logt
61. CFB: insertion
0: Weakly differentiated from CFL; near inter-
nal trochanter
1. Proximal and lateral to CFL, if separate
[fourth trochanter or scar presént
2: Caudolateral proximal femurtrochanter
major]
62. M. caudofemoralis longugM. caudofemor-
alis pars caudalis; CFC of Neornithesri-
gin; Ordered

0: Ventral centra and transverse processes of

caudal vertebragno transition zone in caudals
1: Restricted to proximal half of ta[ftransition
zone]
2: Restricted to proximalmost caudalgail
shortened to 15—30 vertebtae
3: Cranioventral pygostyle
4: None; absent

63. CFL: insertion
0: Caudal femoral shaft and internal trochanter
1: Prominent fourth trochanter and medial pit
2: Small fourth trochanter
3: Fourth trochanter reduced to a scar
4: None; absent

64. CFL: secondary tendon to lateral knee region

(and GD

0: Absent[loss of pendant trochanter or CFL
absent
1. From distal CFL belly2: From crest-like
fourth trochanter
3: From tip of pendant fourth trochanter

65. Mm. gastrocnemii: number of heads

0: Two: Mm. gastrocnemii laterali§GL) et
medialis (GM; ‘femorotibial gastrocnemius’ of
Lepidosauria; Russell, 1993

1: Three: GM divided into GM and M. gastroc-
nemius pars intermediéGIM; Neornithes or
GL divideded into superficial and deep heads
of ‘femoral gastrocnemiug’Lepidosauria; Rus-
sell, 1993

66. GL: origin

0: Caudolateral distal femur near lateral condyle
[tubercle or scdr

67. GL: insertion

0: Plantar aponeurosis to metatarsal V and
tarsals, then to digits 2—4

1: Plantar aponeurosis to metatarsal V, process
on distal tarsal 4, and calcaneal tuber, then to
digits 2—4[calcaneal tuber presédnt

2: Reduced plantar aponeurosis to caudal sur-
faces of metatarsals Il-Y&cars; calcaneal tuber
and distal tarsal 4 process lbst

3: Forms lateral part of ‘Achilles tendon’ onto
small flat hypotarsus, then vestigial plantar apo-
neurosis to caudal surface of tarsometatarsus
4: Forms lateral part of ‘Achilles tendon’ onto
large grooved hypotarsus, then vestigial plantar
aponeurosis to caudal surface of tarsometatarsus

68. GM: origin; medial to TA

0: Medial proximal tibia
1: Medial side of(latera) cnemial crest

69. GM: insertion

0: Plantar aponeurosis to metatarsal V, calca-
neum, then to digit 5

1: Plantar aponeurosis to metatarsal V, calcaneal
tuber, then to digit §calcaneal tuber presént

2: Plantar aponeurosis to metatarsal V and
calcaneal tubefdigit 5 phalanges lot

3: Plantar aponeurosis to metatarsal[éAlca-
neal tuber lodt

4: Forms medial part of ‘Achilles tendon’ onto
small flat hypotarsus, then vestigial plantar apo-
neurosis to caudal surface of tarsometatarsus
[metatarsal V logt

5: Forms medial part of ‘Achilles tendon’ onto
large grooved hypotarsus, then vestigial plantar
aponeurosis to caudal surface of tarsometatarsus

70. GIM: origin

0: Absent; not divided

1. Caudal side of distal femur, near medial
femoral condyle; at distal end of PIFM, PIFL,
and FCLA insertions
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71. GIM: insertion
0: Absent; not divided
1: Joins GM, then forms caudal part of ‘Achilles
tendon’ onto hypotarsus and caudal
tarsometatarsus

72. GM and GL: relative size
0: GL larger than GM[no large cnemial crekt
1: GM larger than GL (including GIM, if
present [expanded cnemial crdst

73. Digital flexors: number of major heads
0: Two: M. flexor hallucis longus(FHL) and
weakly subdivided M. flexor digitorum longus
(FDL); plus third, weakly subdivided, M. flexor
digitorum brevis(FDB)
1: Seven or mordsee text

74. Digital flexors: general origins
0: Caudolateral distal femur, near lateral con-
dyle and GL, and adjacent proximal tibia and
fibula; FDB has plantar aponeurosis origin
(reduced with plantar aponeurosis insertion of
other digital flexors
1: Expanded onto cnemial crest of tibia, fossa
flexoria, and proximal fibula
2. Expanded onto medial fibular fossa or sulcus
3: Expanded onto much of caudal side of knee
region

75. Digital flexors: insertions
0: Plantar aponeurosis to digits 1-5
1: Distal phalanges, digits 1-{plantar aponeu-
rosis reducefd
2: Distal phalanges, digits 1-ligit 5 phalan-
ges lost
3: Flexor tubercles of pedal unguals, digits 1—
4

76. Tibial cartilage around digital flexor tendons;

Ordered

0: Absent
1: Present, small; caudal extension of trochlear
surface
2. Present, large; medially and laterally bordered
by sharp crests

77. FDL: tendon of insertion
0: Not ossified
1: Ossified

78. FHL: insertion
0: Caudal side of digit 1; digit remains proximal
1: Caudal side of digit 1; hallux shifted distally,
losing contact with tarsus
2: Cranial side of digit 1; hallux retroverted
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onto caudal side of tarsometatarsus and posi-
tioned distally

79. M. extensor digitorum longu§EDL): origin
0: Cranial surface of distal lateral femoral con-
dyle; superficial to TA origin
1: Cranial proximal tibia; distal, medial and
deep to TA origin

80. EDL.: insertion
0: Cranial surfaces of proximal metatarsals 11—
Y
1: Dorsal surfaces of phalanges, digits 2t#u
extensor sulci to scars and gits

81. EDL: extensor canal on cranial side of distal

tibiotarsus; Ordered

0: Absent
1. Present; shallow groove
2. Present; deep groove enclosed cranially by
an ossified supratendinal bridge

82. M. tibialis anterior(TA): number of heads
0: One
1: Two (femoral and tibial heads of M. tibialis
cranialis of Neornithes; TC[fossa on craniola-
teral distal femur for femoral origin

83. TA: origin
0: Craniomedial proximal tibia; distal to tibial
tuberosity and deep to EDL origin
1: Femoral fossa and cranial surfaces of cremial
crests; proximal and superficial to EDL origin
[fossa on femur and two cnemial crests prekent

84. TA: insertion
0: Craniolateral proximal metatarsals -1V,
especially metatarsal |
1: Tubercles on cranial proximal metatarsals 11—
IV [metatarsal | shifted distally
2. Tuberositas m. tibialis cranialis, on cranial
proximal metatarsal Il

85. M. extensor hallucis longu€EHL): origin
0: Craniolateral distal-most fibula
1: Craniomedial proximal tarsometatardaks-
tal fibular shaft losk

86. EHL.: insertion
0: Cranial surfaces of digit 1 phalangfsallux
not retrovertefl
1: Caudal surfaces of digit 1 phalangésllux
retroverted

87. M. extensor digitorum brevi§$EDB)
0: Present
1: Absent; presumably fused to distal EDL

88. EDB: origin
0: Cranial surfaces of proximal tarsals
1: Absent
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89. EDB: insertion
0: Dorsal surfaces of distal phalanges
1: Absent
90. M. pronator profundusPP)
0: Present
1: Absent[distal fibular shaft lost or appressed
to tibial
91. PP: origin
0: Caudomedial fibular shaft; associated with
IC
1: Absent
92. PP: insertion
0: Caudolateral side of proximal metatarsal |
(and 1I-lIl) and tarsald(especially process of
distal tarsal 4
1: Absent
93. M. popliteus(POP): origin
0: Caudolateral proximal tibial shaft
1: Distal end of flexor fossa; caudolateral prox-
imal tibia [tubercld
94. POP: insertion
: Caudomedial proximal fibula
: Medial proximal fibula[fossa, if preseit
95. M. interosseus cruridC); Ordered
0: Present, weakly subdivided from POP
1: Reduced with fibular shaft
2: Absent [distal fibula lost or appressed to
tibia]
96. IC: origin; distal to POP; Ordered
0: Caudolateral distal tibial shaft
1: Lateral distal tibial shaft; restricted distal to
fibular crest
2: Absent
97. IC: insertion; Ordered
0: Medial fibular shaft, distal to head
1: Medial distal fibular shaft; distal to ILFB

- O

tubercle[fibular crest on tibik
2: Absent

98. M. fibularis longus(FL): origin
0: Lateral fibular shaft; distal to IFLB; between
FB and FDL
1: Lateral side of lateral femoral condyle
2. Lateral proximal fibular shaft and nearby
cnemial crestddistal fibular shaft lodt proxi-
mal to ILFB

99. FL: insertion
0: Lateral side of metatarsal V; distal to FB;
and slight tendon to dorsal surfaces of digit V
phalanges
1. Lateral side of metatarsal V; distal to FB;
and calcaneal tuber and slight tendon to dorsal
surfaces of digit 5 phalangelgalcaneal tuber
present
2: Lateral side of metatarsal V, calcaneal tuber,
and flexor tendor{digit 5 phalanges loft
3: Lateral side of metatarsal V and flexor tendon
[calcaneal tuber lokt
4: Tibial cartilage and through Sulcus m. fibu-
laris longi on tarsometatarsus to tendon of M.
flexor perforatus digitorum Ill[metatarsal V
lost]

100. M. fibularis brevis(FB): origin
0: Craniolateral distal fibuldand tibig; crani-
olateral and distal to FL
1: Craniolateral distal tibial shafdistal fibular
shaft lost

101. FB: insertion
0: Caudolateral side of metatarsal (dnd 1V);
proximal to FL
1: Caudolateral proximal metatarsal Ivheta-
tarsal V lost; Tuberculum m. fibularis brevis
presenk



1080 J.R. Hutchinson / Comparative Biochemistry and Physiology Part A 133 (2002) 1051-1086

Appendix B: Data matrix

Data matrix: characters 1-50

00000 00001 11111 11112 22222 22223 33333 33334 44444 44445

Taxon 12345 67890 12345 67890 12345 67890 12345 67890 12345 67890
Chelonia 00000 00000 00000 00010 00000 10030 02001 10210 00000 00000
‘Basal diapsids’ ?0000 00??0 72?070 00000 000?70 0?7?22 222?27 72?2772 ?2727?? 7207?00
Squamata 00010 00000 00000 00000 00010 00001 00010 00001 00000 00000
Sphenodon 00010 00000 00000 00000 00000 00000 00010 00001 00000 00000
‘Basal archosauromorphs’ ?0000 00??0 2?0?20 00000 000?70 2?72?72 2?7?27 2722727 72772727 7?7?2720
1
Erythrosuchidae 2?0000 00?20 2?0?20 00000 000?70 2?7277 2?2277 22?2? °?2?27277? 277270
1
Proterochampsidae 20001 10??0 2?0?20 00020 000?20 2?7?77 ?2?7?? 21777 °?7277? 7?1111
Parasuchia ?0001 10?70 2?0?20 00020 000?? 0??0? 2?2?77 21?7?27 2727?77 71111
Aetosauria 10001 10?70 2?1?20 00020 000?? 0Q??0? 2?72?72 21?7?77 2?27?77 71111
‘Basal crocodylomorphs’ 10001 10?70 ??0?0 00120 000?71 0?10? 2?2?72 21?7?27 2727?77 7?1111
Crocodylia 10001 10011 10010 00020 00001 00101 11110 01121 10011 11111
Lagerpeton ?0001 10?70 ?2?1?0 0012? 1007?? 2?2?07 2?27?7277 217?27 2?7777 27771
1
Marasuchus 20101 10?70 72?0?20 01231 111?27 2?2?07 2?27?77 27777 77777 27771
Lewisuchus ?0101 10??0 2?0?70 01231 111?? 2?2?77 2?2777 °?17?? ??77? 7?1111
Ornithischia 10101 10?70 7200?0 01231 11172 2?2?07 2?7277 2?22?77 27777 71111
Sauropodomorpha 10101 10?70 2?0?20 01231 111?? 2??20? 2?2?77 2?17?77 2?2777 7?1111
Herrerasauridae 20101 11?20 2?0?20 01231 111?? 2?72?02 2?2?2777 ?1?7? 2?7777 7?1111
Coelophysoidea 10101 11?20 2?1?21 01231 111?? 2?7?07 ?2?77? ?17?2? 77777 7?1111
Ceratosauria 10101 11?20 2?1?21 01231 112?? 2?7?02 2?7777 ?1?77 77777 7?1111
‘Basal tetanurans’ 10101 11?70 7201?71 01241 112?72 2?7212 2?2?77 ?217??? 7?2?2777 7?1111
Carnosauria 10101 11?70 72?1?21 01241 112722 ??21? 2?7777 ?1777 7?7777 7?1111
Tyrannosauroidea 10101 11?20 7201?71 01241 112?72 27212 2?2?7277 2?1?77 1?2?77 71111
Ornithomimosauria 10101 11?70 7201?71 01241 11272 2?2212 ?22?7?? 2172?? ??277?7 7?1111
Oviraptorosauria 2?0101 1?2?20 ?71?1 01241 11373 2?7212 2?27?77 217?77 ??77?7? 71111
Alvarezsauridae 20101 1?2?20 ?72?1 01241 113?4 2?7?3127 2?2772 2?2777 27777 7?7171
Deinonychosauria 10101 1?2?70 ??2?1 01231 223?73 2?7217 272?77 22777 7?7777 7?1111
Archaeopteryx 20107 1?7?70 ??2?1 01231 22373 2?7277 ??77° 92777 7?7777 7?7171
Confuciusornithidae 20107 17?2?20 7?72?71 01231 22473 2?7277 ?077?° 0277° 7777 20272
Enantiornithes 10101 1?2?70 ??2?1 11231 224?3 21227 2?77?2777 7777 21222
2
Patagopteryx ?0101 1?7?20 2?7271 11241 224?74 21327 ??777? 2?77 ?7°°77? 2?1222
2
Apsaravis ???12 7?7?20  ??7°? 141 70474 2937?07 20?77 W07 20?°7°
Hesperornithiformes 10211 1?2?70 ??3?1 11241 224?4 21327 2?7?77 2?3777 7?7777 71222
2
Ichthyornis 20217 17?2?20 ??3?1 ?1241 ?24?4 7?73?77 77?7 23777 707 20272
Paleognathae 10212 11000 720311 11241 22404 21322 22122 23220 11111 11222
Neognathae 10212 11000 10301 11241 22404 21322 22122 23220 11111 11222

1
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(Continued)
Data matrix: characters 1-50

00000 00001 11111 11112 22222 22223 33333 33334 44444 44445

Taxon

12345 67890 12345 67890

12345 67890 12345 67890 12345 67890

Data matrix: characters 51-100

55555 55556 66666 66667

1

77777 77778 88888 88889 99999 99990

Taxon 12345 67890 12345 67890 12345 67890 12345 67890 12345 67890
Chelonia 00001 00002 44000 00000 00000 00000 00000 00000 00000 00000
‘Basal diapsids’ 00000 00?700 00??? 0???? 0?2000 00?70 °??0?? 2?72?27 2?2727 2727277
Squamata 00000 00000 00110 00000 00000 00000 00000 00000 00000 01000
Sphenodon 00000 00000 00110 00000 00000 00000 00000 00000 00000 00000
‘Basal archosauromorphs ???00 00?00 00??? 1?1?? 07?010 00?7?20 ??20?? 7?2?77 279277 2?2?2177
2
Erythrosuchidae ???00 00?70 00?7?? 1?1?? 0?7010 00?2?20 ?2?0?? 2?2?77 22772 °27177?
Proterochampsida 11102 00?11 012?? 122?? 07020 00??0 ??0?? 2?7?2772 2729?27 7?7177
Parasuchia 11102 00011 012?? 1?1?? 07?010 00?7?20 ??207?? 72?2?2727 2?2977 290277
Aetosauria 11102 00011 012?? 1?1?? 07?010 00?70 ??0?? 272?727 ?2?2727? 27177
‘Basal crocodylomorphs’ 11102 00011 012?? 1?2?? 07?020 00?7?20 ?207?? 2?2?27 2?9277 29277
Crocodylia 11102 00011 01200 10200 00020 00000 00000 00000 00000 00200
Lagerpeton 11102 00?11 ?12?? 1?2?? 2?2020 00?2?70 ??0?? 2?27?27 °?72?1? 27277
3
Marasuchus 11102 00111 112?? 111?71 721100 0?10? ?0??? 2?22?27 2?1?77 1?1777
23
Lewisuchus 11102 00111 ?212?? 11?7?21 °?1?0?? 2?70?27 2?7?27 227772 2?1777 17777
3
Ornithischia 11102 22?121 013?20 111?? 1?7110 00710 °?2?0?? 2?7?77 °?72?1? 7?7177
222 2
Sauropodomorpha 11102 00121 013?? 111?? 17?110 00?10 7??0?? 2?2?27 2?72?17 °?717?7?
2
Herrerasauridae 11122 00121 113?? 111?? 17?110 00?10 7??0?? 2?2?27 2?72?17 °?717?7?
Coelophysoidea 11102 00121 010?? 11277 12?230 01?10 7??1?? 2?7?27 2?7117 7273?77
Ceratosauria 11102 00221 010?? 213?? 12?230 01?10 ??1?? 2?7?11 17?122 273?72
‘Basal tetanurans’ 11102 00221 110?? 213?? 12?230 01?10 ??1?? 2?2?11 17?122 273?72
Carnosauria 11103 00221 110?0 213?? 17?230 01?10 °??71?? °???11 17?122 27?3?77
Tyrannosauroidea 11103 00221 110?20 213?? 17?230 01?10 °?71?? 2?7?11 17?122 27?377
Ornithomimosauria 11103 00221 110?0 213?? 17230 01?10 °?71?? °???11 17?122 27?37?77
Oviraptorosauria 11113 00221 120?0 213?? 17?230 01?10 °?71?? 2?7?11 17?122 27?377
Alvarezsauridae 11113 2?2221 220?20 213?? 1?7?30 01?10 7??1?? 7?7?11 17?22 272377
Deinonychosauria 11123 10331 220?0 213?? 17?230 01?10 °?71?? 2?7?11 17?122 27?377
Archaeopteryx 11123 2?1331 230?? 213?? 1?7?30 01?10 ??1?? 2?72?11 177222 2723??
2
Confuciusornithidae 11224 7?1341 330?? 213?? 1?7?31 01?10 ??11? 2?7?11 17?72? 27?31?
2
Enantiornithes 11224 7?1341 330?70 214?? 1?7?31 01?10 27?217 27?11 17?22 22411
2
Patagopteryx 22234 11431 330?? 31477 17?32 2?1?10 1?7217 2?7711 1?2722 22411
4 2
Apsaravis 22234 11441 330?70 37477 77?32 11?10 7?7217 2?7711 172722 22411
2
Hesperornithiformes 22234 1?1441 330?70 31477 1?7?32 22?11 ?1211 7?77?11 17?22 22411
Ichthyornis 22234 11441 330?? 47?5?7 1?732 72?71 ?1?11 7?7?11 17722 22411
Paleognathae 22234 11441 33010 41511 11332 12112 11211 11111 11122 22411
Neognathae 22234 11441 33010 41511 11332 12112 11211 11111 11122 22411
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Appendix C: Character mapping

I mapped characters 1-100 for all 35 taxa onto
the phylogenetic framework in Fig. 1, using
MacClade 4.03(Maddison and Maddison, 2001
with default optiongno ACCTRAN or DELTRAN
assumptions to trace character evolution from
Reptilia to Neornithegsee Hutchinson, 2001a for
more detail}. Tree length is 201 steps; consistency
index 0.87; retention index 0.96. Format for each
node is character number with state in parentheses;
* marks changes that are equivocal at one or more
nodes below.

Reptilia: All characters 1-100 ancestrally were
state 0 except X9*), 26(0*), 29(0*), 30(?),
32(2), 34—367), 38(2), 3%?), 40(?), 550*), 60—
62(0*), 63(?), 64(0*). Considering that many of
these exceptions result from the derived morphol-
ogy of Chelonia, states marked 0* were presumed
to be ancestrally O for Reptilia.

Sauria: 341)*, 35(0)*, 36(0)*

Lepidosauria: 41), 32(1), 38(0), 3%(0)*, 40(1)*,
64(1)

Archosauromorpha: &a), 68(1), 74(1), 98(1)
ProterochampsidaeArchosauria:  §1), 6(1),
19(2), 37(1), 47-531)*, 55(2), 5%1)*, 60(1),
62(1), 63(2)*
Archosauria: (1),
41(1D)*, 44-461)*
Crocodylomorpha: 28)*, 28(1)*, 68(2), 74(2),
98(2)*

Dinosauromorpha: 21), 94(1), 98(1)*
Dinosauriformes: @GL)*, 17(1), 18(2)*, 19(3),
22(1), 23(1), 58(1)*, 67(1)*, 71(1)*, 73(1)*
79(1)*

Dinosauria: 201)*, 26(2)*, 59(2), 63(3)*
Theropoda: 71)

Coelophysoidea Neotheropoda: 1@), 15(1),
63(0), 73(2), 743), 77(1), 83(1), 93(1)*, 98(3)
Neotheropoda: 22), 58(2), 66(2), 68(3)*, 89—
91(1)*, 94(2), 95(2)*, 96(2)*

Tetanurae: 161, 25(2)*, 28(2), 291), 61(1)
Avetheropoda: 568)

Maniraptora: 283), 25(3), 54(1), 62(2)
Metornithes: 182), 61(2)
Eumaniraptora: 1),
56(1)*, 58(3), 5A3)
Aves: 511), 62(3)
Pygostylia: 284), 48(2), 50(2), 53(2), 554),
59(4), 61(3), 75(1), 84(1)*, 99(1)*
Ornithothoraces: 1@), 27(1)*, 29(2)*, 49(2)*,
68(4), 83(2), 97(2)*, 98(4), 100(1)*

11(D)*, 14(D)*, 39(2)*,

222), 37(2)*, 54(2),

J.R. Hutchinson / Comparative Biochemistry and Physiology Part A 133 (2002) 1051-1086

Patagopteryx + Apsaravis + Ornithurae: 194),
25(4), 28(3), 51(2), 53(2), 54(3), 58(4), 66(3),
75(2)

Apsaravis + Ornithurae: 41), 76(1)*

Ornithurae: 82)*, 13(3)*, 37(3)*, 77(2)*, 80(1),
82(1)*, 85(1)*

Ichthyornis + Neornithes: 664), 68(5)
Neornithes: §2)*, 30(2)*, 31(2)*, 33(1)*, 34—
36(2)*, 40(0)*, 42(1)*, 43(1)*, 64(1), 69A1)*,
70(D)*, 72(D)*, 73(1)*, 78(1)*, 80(2), 81(1)*,
86—-881)*, 92(1)*
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