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Abstract

This paper is the second in a two-part series that charts the evolution of

appendicular musculature along the mammalian stem lineage, drawing upon

the exceptional fossil record of extinct synapsids. Here, attention is focused on

muscles of the hindlimb. Although the hindlimb skeleton did not undergo as

marked a transformation on the line to mammals as did the forelimb skeleton,

the anatomy of extant tetrapods indicates that major changes to musculature

have nonetheless occurred. To better understand these changes, this study sur-

veyed the osteological evidence for muscular attachments in extinct mamma-

lian and nonmammalian synapsids, two extinct amniote outgroups, and a

large selection of extant mammals, saurians, and salamanders. Observations

were integrated into an explicit phylogenetic framework, comprising 80 charac-

ter–state complexes covering all muscles crossing the hip, knee, and ankle

joints. These were coded for 33 operational taxonomic units spanning

>330 Ma of tetrapod evolution, and ancestral state reconstruction was used to

evaluate the sequence of muscular evolution along the stem lineage from

Amniota to Theria. The evolutionary history of mammalian hindlimb muscu-

lature was complex, nonlinear, and protracted, with several instances of con-

vergence and pulses of anatomical transformation that continued well into the

crown group. Numerous traits typically regarded as characteristically

“mammalian” have much greater antiquity than previously recognized, and

for some traits, most synapsids are probably more reflective of the ancestral

amniote condition than are extant saurians. More broadly, this study high-

lights the utility of the fossil record in interpreting the evolutionary appearance

of distinctive anatomies.
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1 | INTRODUCTION

Among extant tetrapods, mammals are distinctive for the
breadth of locomotor strategies that they employ in
almost every environment (Biewener & Patek, 2018).
Underpinning this functional diversity was a shift in

stance and gait within Synapsida, away from the
“sprawled” posture inferred as ancestral for all amniotes
to the “erect” posture characteristic of terrestrial therians.
Changes in locomotor function involved substantial ana-
tomical transformation in the limbs and vertebral column
of synapsids, and much of this is documented by an
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exceptionally rich fossil record spanning >320 Ma
(Kemp, 1982, 2005, 2016). Study of the synapsid fossil
record indicates that, on the line with mammals, the fore-
limb skeleton underwent a more profound set of changes
compared to that of the hindlimb, including reduction or
loss of most bones of the pectoral girdle, alteration of the
glenoid to become a ventrally oriented cup, and develop-
ment of a novel sternal complex (e.g., Bendel et al., 2022;
Guignard et al., 2019a; Jenkins & Parrington, 1976;
Jenkins, 1971; Kemp, 1980b; Lai et al., 2018; Romer,
1922). This is paralleled by a greater diversity in musculo-
skeletal adaptations and functions in the forelimb of
extant mammals compared to the hindlimb (Polly, 2007).

Despite its less dramatic history of skeletal evolution,
the mammalian hindlimb is nevertheless highly distinc-
tive among extant tetrapods in terms of its muscular
anatomy. This is especially true in the proximal limb,
such that hypotheses of muscle and bone surface homol-
ogy have had a long history of flux (Diogo et al., 2016;
Jenkins, 1971; Jones, 1979; Parrington, 1961; Romer,
1922, 1924). Moreover, the hindlimb is crucial as the pri-
mary propulsive organ during terrestrial locomotion in
most species (Alexander, 2006; Biewener & Patek, 2018).
How this critical role was maintained during substantial
postural evolution on the line to mammals, and through-
out their subsequent ecological radiation, is a key ques-
tion remaining to be answered. With rare exceptions,
decades of prior studies of hindlimb functional evolution
in nonmammalian synapsids have featured mostly
qualitative and correlative (rather than causative and
mechanistic) appraisals of the relationship between mus-
culoskeletal anatomy and function (Bakker, 1971; Blob,
2001; Boonstra, 1955b, 1967; Colbert, 1948; Fröbisch,
2006; Gregory, 1926; Guignard et al., 2018; Jenkins, 1971;
Kemp, 1978, 1980a, 1980b, 1982, 1985; King, 1981a,
1981b, 1985; Preuschoft et al., 2022; Ray, 2006; Ray &
Chinsamy, 2003; Sullivan et al., 2013). This has ham-
pered attempts to understand how anatomy and mechan-
ics facilitated or constrained locomotor evolution on the
line to mammals, and indeed at times has contributed to
paradoxical interpretations of “erect” hindlimb posture
but “sprawled” forelimb posture in various species
(Abbott, 2019; Guignard et al., 2018; Jenkins, 1970, 1971;
Kemp, 1980a, 1982; King, 1981a; Ray, 2006).

Understanding the deep evolutionary history of the
musculature of the mammalian hindlimb can provide
key context for investigating the origins of its distinctive
musculoskeletal anatomy, and how this influenced loco-
motor biomechanics across profound functional and eco-
logical change. In a similar fashion to the companion
study on the forelimb (Bishop & Pierce, 2023), the pre-
sent study draws upon the fossil record of nonmamma-
lian synapsids, integrating osteological data with the

anatomy of extant tetrapods in an explicit phylogenetic
framework (Burch, 2014; Hutchinson, 2001a, 2001b,
2002; Molnar et al., 2018, 2020; Witmer, 1995) to infer
the evolution of hindlimb musculature through time,
focusing on muscles crossing the hip, knee, and ankle.
Adopting a fossil-rich approach can help overcome obsta-
cles imposed by stark disparities between the anatomies
of extant taxa, a problem that is particularly prevalent in
studies of nonmammalian synapsids. In addition to chart-
ing the evolution of hindlimb musculature on the line to
mammals, the present study lays the foundation for the
rigorous, phylogenetically informed reconstruction of
hindlimb anatomy and function in extinct species, paving
the way toward a more comprehensive understanding of
locomotor evolution within Synapsida.

2 | MATERIALS AND METHODS

The present study follows the same approach as outlined
in the companion study on the synapsid forelimb
(Bishop & Pierce, 2023). The scope of taxa considered
here, their assumed phylogenetic relationships, and their
representation as operational taxonomic units (OTUs) for
the purpose of phylogenetic analysis is illustrated in
Figure 1.

2.1 | Source of data

For extant taxa, information on the anatomy of
salamanders (Caudata, representing lissamphibians as
an amniote outgroup) was derived from published litera-
ture accounts including Mivart (1869), Perrin (1893),
Davison (1895), Wilder (1912), Francis (1934), Schaeffer
(1941a), Ashley-Ross (1992), Walthall and Ashley-Ross
(2006), and Diogo and Molnar (2014). Three principal
saurian groups were included: Rhynchocephalia (i.e.,
Sphenodon), Squamata, and Crocodylia. Studies of
Sphenodon that were consulted include Perrin (1895),
Osawa (1897), Gregory and Camp (1918), and Byerly
(1925), with additional details sourced from Schaeffer
(1941a), Hutchinson (2001a, 2001b, 2002), and Russell
and Bauer (2008). Studies of squamates that were con-
sulted include De Vis (1884), Perrin (1893), Romer
(1922), Schaeffer (1941a), Snyder (1954), Brinkman
(1980b), Landsmeer (1990), Russell (1993), Dilkes (1999),
Zaaf et al. (1999), Russell and Bauer (2008), Anzai et al.
(2014), and Dick and Clemente (2016), with additional
details sourced from Hutchinson (2001a, 2001b, 2002).
Crocodylians were used to represent Archosauria; avian
hindlimb anatomy is highly derived, whereas the anat-
omy of extant crocodylians is inferred to closely reflect
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FIGURE 1 Phylogenetic interrelationships of operational taxonomic units used for character state mapping in the study, following

Bishop and Pierce (2023). Key clades are labeled, and major groups referred to in subsequent figures are indicated by different colors. Note

that “Sphenacodontia” as coded here is a paraphyletic taxon comprising all nontherapsid sphenacodontians, and that “basal
Probainognathia” is a paraphyetic taxon comprising all probainognathian cynodonts more basal than Prozostrodon. The term “pelycosaur”
refers to any nontherapsid synapsid. For the purposes of this study, “Scylacosauridae” includes both lycosuchid and scylacosaurid

therocephalians. Note that Sauropsida is a far more inclusive clade than Sauria, although in the present study, both are represented by

extant saurian lineages only. The dashed line indicates an alternative topology that was considered here, where eutherocephalians are more

closely related to cynodonts than other therocephalians.

1828 BISHOP and PIERCE
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the condition plesiomorphic for Archosauria in most
respects (Gatesy, 1999; Hutchinson, 2001a, 2001b, 2002;
Hutchinson & Gatesy, 2000). Consulted literature included
Romer (1923), Brinkman (1980a), Cong et al. (1998),
Hutchinson (2001a, 2001b, 2002), Otero et al. (2010),
Suzuki et al. (2011), Allen et al. (2015), and Hattori and
Tsuihiji (2021). In some instances, the anatomy of testu-
dines, although derived in many respects, provided addi-
tional perspective on Archelosauria as a whole (Walker,
1973; Zug, 1971). Within mammals, studies on mono-
tremes that were consulted include Coues (1871), Westling
(1889), Gregory and Camp (1918), Walter (1988a), and
Gambaryan et al. (2002). Information on therian anatomy
was drawn from studies of basal marsupials and placentals
with a “generalized” quadrupedal anatomy, including
Murie and Mivart (1865), Coues and Wyman (1872), Mac-
Cormick (1887), Romer (1922), Le Gros Clark (1924), Le
Gros Clark (1926), Elftman (1929), Greene (1935), Rinker
(1954), Barbour (1963), Brannen (1979), George (1977),
Stein (1981), Stein (1986), Diogo and Molnar (2014), War-
burton et al. (2015), and Charles et al. (2016).

The osteology of extinct taxa was investigated through
extensive first-hand observation and/or photography of fos-
sil material; abbreviations used herein for institutional col-
lections are as follows: AMNH: American Museum of
Natural History, New York, USA; BP: Evolutionary Studies
Institute, University of the Witwatersrand, Johannesburg,
South Africa; BSPG: Bayerische Staatssammlung für
Paläontologie und Geologie, Munich, Germany; CGS:
Council for Geosciences, Pretoria, South Africa; FMNH:
Field Museum of Natural History, Chicago, USA; GPIT:
Paläontologische Sammlung, Eberhard Karls Universität,
Tübingen, Germany; MACN: Museo Argentino de
Ciencias Naturales “Bernardino Rivadavia,” Buenos Aires,
Argentina; MCZ: Museum of Comparative Zoology, Har-
vard University, Cambridge, USA; MNC, Museum für Nat-
urkunde, Chemnitz, Germany; NHCC: National Heritage
Conservation Commission, Lusaka, Zambia; NHMUK:
Natural History Museum, London, UK; NMQR: National
Museum, Bloemfontein, South Africa; NMT: National
Museum of Tanzania, Dar es Salaam, Tanzania; PVL: Insti-
tuto Miguel Lillo (Paleovertebrados), Universidad Nacional
de Tucum�an, Tucum�an, Argentina; RC: Rubidge Collec-
tion, Wellwood, Graaf-Reinet, South Africa; SAM: Iziko
South African Museum, Cape Town, South Africa; TM:
Ditsong National Museum of Natural History, Pretoria,
South Africa; UCMP: Museum of Paleontology, University
of California, Berkeley, USA; UFRGS: Departamento de
Paleontologia e Estratigrafia, Instituto de Geociências, Uni-
versidade Federal do Rio Grande do Sul, Porto Alegre,
Brazil; UMZC: University Museum of Zoology, Cambridge,
UK; USNM: National Museum of Natural History,
Smithsonian Institution, Washington, DC, USA.

Study of fossil material was supplemented with refer-
ence to the published literature including Williston
(1911), Simpson and Elftman (1928), Haughton (1929),
Watson (1931), Boonstra (1934), Broili and Schröder
(1935), Romer and Price (1940), Schaeffer (1941b), Broom
(1947), Young (1947), Colbert (1948), Brink and Kitching
(1951), Boonstra (1955a), Attridge (1956), Kühne (1956),
Cox (1959), Watson (1960), Parrington (1961), Bonaparte
(1963), Boonstra (1964), Boonstra (1965), Fox and Bow-
man (1966), Cruickshank (1967), Cys (1967), Jenkins
(1971), Sigogneau and Tchudinov (1972), Jenkins and
Parrington (1976), Cluver (1978), Kemp (1978, 1980a,
1980b), Brinkman (1981b), King (1981a, 1981b), Krause
and Jenkins (1983), Tchudinov (1983), King (1985), Sun
and Li (1985), DeFauw (1986), Kemp (1986), Jenkins and
Schaff (1988), Sigogneau-Russell (1989), Sumida (1989),
Rougier (1993), Kielan-Jaworowska and Gambaryan
(1994), Rubidge et al. (1994), King (1996), Rubidge and
Hopson (1996), Bonaparte and Barberena (2001), Holmes
(2003), Berman et al. (2004), Maisch et al. (2004), Martin
(2005), Martinelli et al. (2005), Sues and Jenkins (2006),
Fourie and Rubidge (2007), Hurum and Kielan-Jawor-
owska (2008), Fourie and Rubidge (2009), Liu and Powell
(2009), Campione and Reisz (2010), De Oliveira et al.
(2010), Fröbisch and Reisz (2011), Kammerer et al. (2013),
Sullivan et al. (2013), Yuan et al. (2013), Sumida et al.
(2014), Spindler (2016), Gaetano et al. (2017), Sidor and
Hopson (2017), Liu et al. (2017), Wynd et al. (2017),
Guignard et al. (2018), Butler et al. (2019), Guignard et al.
(2019a), Guignard et al. (2019b), Berman et al. (2020),
Mocke et al. (2020), and Werneburg et al. (2022).

Inferred homologies of muscles across crown tetra-
pods, particularly within amniotes, follow those outlined
by previous studies (Table 1; Diogo & Molnar, 2014;
Diogo et al., 2016; Romer, 1922). These hypotheses are
based on topographic similarities of origin, insertion, and
spatial relationships with respect to adjacent musculature
and other soft tissues; patterns of embryological develop-
ment; and innervation.

2.2 | Phylogenetic analysis of muscle
evolution

An explicit phylogenetic approach was used to document
osteological evidence of muscle attachment, and to rigor-
ously analyze the pattern of muscle evolution along the
mammalian stem lineage. A full description of the method-
ology used is outlined in the companion paper (Bishop &
Pierce, 2023; see also Supporting Information Appendix 3 of
that paper), and is briefly summarized here.

To formalize variation in muscle attachments across
the taxa considered, character–state complexes were

BISHOP and PIERCE 1829
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created and codified for a dense sample of (mostly supra-
generic) OTUs spanning from basal synapsids to extant
mammals, in addition to several outgroups; a total of
33 OTUs were coded. The construction of character–state
complexes considered both taxic and transformational
perspectives to homology (Patterson, 1982), allowing for
transformational hypotheses to be incorporated and
tested. For practical reasons, the broad phylogenetic scope
of this study typically necessitated the adoption of a broad
taxonomic resolution in defining the OTUs, and the adop-
tion of a broad anatomical resolution in the construction
and coding of character–state complexes. For example,
the highly diverse nonmammalian synapsid clade Anom-
odontia was represented as a single unit, and coding
emphasized the states observed in more basal (especially
nondicynodont) members. See Supporting Information
Appendix S1 for a list of taxa that contributed to the cod-
ing of suprageneric OTUs and Supporting Information
Appendix S2 for the taxon–character matrix developed.

Following the coding of character states, these were
used to explore trait evolution via ancestral state recon-
struction (ASR). A single primary “consensus” tree topol-
ogy was used (Figure 1), although as in the companion
study, two variants were considered, one with a monophy-
letic Therocephalia and one with Eutherocephalia more
closely related to Cynodontia than Scylacosauridae (see
Bishop & Pierce, 2023). ASRs were computed using both
maximum parsimony and maximum likelihood methods
(Maddison & Maddison, 2021; Paradis et al., 2004). Branch
lengths used in maximum likelihood were derived from
the results of a Bayesian phylogenetic analysis (Ronquist
et al., 2012) considering both forelimb (Bishop & Pierce,
2023) and hindlimb characters together. The results of
maximum likelihood ASR were used to quantitatively
examine character evolution along the stem lineage, by rec-
ognizing a change in state when the likelihood of an alter-
nate state equaled or exceeded a predefined threshold of
0.75. Applying this approach in both the root-up and tip-
down directions can bracket the latest and earliest nodes
(respectively) at which a state transition likely occurred,
and the average of both was used to compute the number
of node-specific state changes along the stem lineage. As
per the companion study, the effect of missing data on the
detection of state changes was evaluated by comparing
the number of inferred state changes for each node against
the proportion of missing data in the immediate vicinity of
that node (for details, see Bishop & Pierce, 2023).

3 | RESULTS

A total of 80 character complexes were devised for all the
muscles crossing the hip, knee, and ankle (see also

Supporting Information Appendix S2). In a similar fash-
ion to Hutchinson (2002), the characters and states for
each muscle or muscle group are presented below,
sequentially addressing the number of muscle heads, the
origin(s), and the insertion(s). The states for each charac-
ter are outlined, and pertinent notes of discussion or
justification are presented in a “Remarks” section imme-
diately following. Square brackets are used to denote
osteological correlates of muscle attachment. Only if such
osteological correlates were observed in fossils was a
given extinct OTU coded numerically in the phylogenetic
analysis, otherwise, it was coded as unknown (“?”).

For clarity, a consistent set of anatomical terms are
employed to describe the spatial positioning of attach-
ments on the bones (Figure 2). For the femur, four
homologous bone surfaces (Hutchinson, 2001a) are rec-
ognized across the sample of taxa, defined with respect to
the femoral condyles, avoiding issues due to differences
in femoral head orientation (i.e., medial inclination, ante-
version) and limb posture. These surfaces are recognized
such that the femur is oriented vertically and with the
axis of the distal femoral condyles running left-to-right,
thus presenting anterior, posterior, medial, and lateral
aspects (Figure 2b). Terms describing attachments on the
tibia and fibula are used as if the two bones were articu-
lated naturally, and with the crus oriented vertically and
its extensor surface pointing forwards; this gives anterior,
posterior, medial (tibial-ward) and lateral (fibular-ward)
aspects. Lastly, terms describing attachments on the pes
assume that the entire pes is straightened out and ori-
ented horizontally with the digits pointing forward; this
gives dorsal, ventral (plantar-ward), medial (digit
I-ward), and lateral (digit V-ward) aspects. Note that
these terms of reference do not necessarily correspond to
an in-life relative positioning of the femur, crus, or pes.

On another terminological note, the muscles involved
have typically received different names in the herpetologi-
cal versus mammalian literature, even if there is no doubt
as to homology (abbreviations outlined in Table 1). Given
this historical precedent, and the profound anatomical
transformation that occurred along the mammalian stem
lineage, use of a single name for a given muscle will ham-
per communication. No one name will work well for all
purposes; using a herpetological name for a cynodont
may be confusing for mammal specialists, and likewise
using a mammalian name for a “pelycosaur” may be con-
fusing for early amniote specialists. As a compromise, the
muscle is initially referred to using its herpetological
name, but when it exhibits a more “mammalian” mani-
festation, the mammalian name is used instead. So, for
example, when the ambiens shifts its origin to the anterior
ilium, it “becomes” the sartorius. This approach does not
distinguish between plesiomorphic and apomorphic

BISHOP and PIERCE 1833
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states, providing a neutral means to communicate charac-
ter evolution.

Schematic summaries of changes in gross osteology
from basal synapsids through to crown mammals are pre-
sented for the pelvis (Figure 3), femur (Figure 4), crus
(Figure 5), and pes (Figure 6). These provide a broader
skeletal context for the subsequent figures that focus on

the evidence for specific muscles, and also illustrate
major trends in skeletal transformation on the line to
mammals. Abbreviations used for key anatomical land-
marks in the text and figures are as follows: 3Tr = third
trochanter, 4Tr = fourth trochanter, Ast = astragalus,
AvTr = “anteroventral trochanter” of Jenkins (1971),
Cal = calcaneum, CnCr = cnemial crest, Epi = epipubis,

FIGURE 2 Convention of terms used in this study to describe anatomical positioning of each bone, shown with a cynodont pelvis (a),

femur (b), crus (c), and pes (d) as an example. In this and all subsequent figures, bones are illustrated from the right side of the body.

1834 BISHOP and PIERCE
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FibFac = fibular facet on calcaneum; FiTu = fibular
tubercle, GrTr = greater trochanter, I–V = digits I–V,
IlPec = iliopectineal process, IncTub = incipient tuber
on the heel of the calcaneum, InTr = internal trochanter,
IsTu = ischiadic tuberosity, LeTr = lesser trochanter,
ObFe = obturator fenestra, ObFo = obturator foramen,
Pat = patella, PerSh = peroneal shelf, PopFos = popliteal
fossa, PosRid = posterolateral ridge of femur, PuTub =

pubic tubercle; SusTal = sustentaculum tali; Tub =

proper tuber on the heel of the calcaneum. In all figures,
bones are illustrated as from the right side of the body.

3.1 | Iliotibialis (IT, Figure 7):
Characters 1–5

1. Number of heads

0. Two; degree of subdivision variable
1. Three [three separate regions of scarring on dorsal

ilium]
2. Three, posterior head subdivided to give gluteus maxi-

mus (GMAX) anteriorly and femorococcygeus
(FCOC) posteriorly

FIGURE 3 Summary of the evolution of pelvic morphology within Synapsida. (a) Basal synapsid (amniote). (b) Sphenacodontian

“pelycosaur”. (c) Therapsid. (d) Permian bidentalian dicynodont. (E) Eucynodont. (f) Crown mammal. (g) Therian. Pelves are shown in

lateral view (not to scale); dark gray = ilium, medium gray = ischium, light gray = pubis. Individual pelves are not necessarily based on a

single taxon, but rather are indicative of the stage in synapsid evolution that they represent, and as such are based on numerous literature

sources and first-hand observation of numerous specimens. In this and subsequent figures, features corresponding to muscle character–state
combinations with explicit osteological correlates are indicated, with the font and line color used indicative of the major taxonomic group

(cf. Figure 1).
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FIGURE 4 Summary of the evolution of femoral morphology within Synapsida. (a) “Pelycosaur”. (b) Therapsid. (c) Eucynodont. (d) Crown
mammal. (e) Therian. Individual femora (not to scale) are not necessarily based on a single taxon, but rather are indicative of the stage in synapsid

evolution that they represent, and as such are based on numerous literature sources and first-hand observation of numerous specimens.
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Remarks—The homology of the three heads of Crocody-
lia (Archosauria) with the two heads of nonarchosaur
amniotes remains unclear, but is not immediately rele-
vant to the present study. Although salamanders pos-
sess two IT heads, they lack femorotibiales or an AMB;
the homology between the salamander IT and at least
parts of the latter muscles in amniotes is uncertain and
in need of further scrutiny (Diogo & Molnar, 2014).

2. Origin of “anterior head”

0. Anterolateral dorsal ilium, superficial to iliofemoralis
[rugose transverse line or ridge on lateral surface]

1. Anterolateral dorsal ilium, superficial to iliofemoralis
[rugose/thickened dorsal rim]

2. Base of ilium immediately anterior to acetabulum
[scar or tubercle = rectus femoris (RF)]

Remarks—In crocodylians, this character is coded simply
for the anterior part of the heads' collective area of origin,
ignoring the precise origins of each separate head.

Romer (1922, pp. 559–560) first espoused a hypothesis
of iliac evolution in early amniotes, involving the dorsal
shift of a “transverse line” and concomitant repositioning
of dorsal hip and axial musculature. Plesiomorphically,
this transverse line was a long ridge situated on the lat-
eral surface and below the dorsal margin of the bone
(Figure 7a, arrows; also Figure 3a); the line itself demar-
cated the dorsal limit of the thigh muscles' origin, above
which the ilium served as attachment for epaxial muscu-
lature. Over time, this ridge shifted dorsally to form the
dorsal margin of the bone, and the dorsalmost ilium
“folded over” to face medially (lying above the sacral
attachments), such that the entire lateral surface of the
ilium dorsal to the acetabulum now served as the origin
for thigh muscles, and the attachment of epaxial

FIGURE 4 (Continued)

BISHOP and PIERCE 1837
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musculature was restricted to the medial surface only.
Romer (1922) contended that this transformation was
completed in forms such as the sphenacodont Dimetro-
don, and thus in the present scheme, these ought to be
coded as state 1. However, examination of abundant
material of edaphosaurids and (nontherapsid) sphenaco-
dontians shows that a transverse line of fibrous scarring
persists on the lateral iliac surface, below the dorsal mar-
gin of the bone (Figure 7b,c, arrows, also Figure 3b), even
though a raised ridge is no longer present. Hence, even in
these forms, dorsal migration of the thigh musculature is
inferred to not have been fully completed, thus being
coded as state 0; dorsal migration was likely completed
around the base of Therapsida (Figure 7d; Supporting
Information Appendix S3).

3. Origin of “posterior head”

0. Posterolateral dorsal ilium, superficial to iliofemoralis
[rugose transverse line or ridge on lateral surface]

1. Posterolateral dorsal ilium, superficial to iliofemoralis
[rugose/thickened dorsal rim]

2. Anterolateral dorsal ilium, partly anterior and superfi-
cial to iliofemoralis

3. Posterolateral dorsal ilium and adjacent sacral or cau-
dal vertebrae [postacetabular iliac blade reduced]

4. Sacral and/or proximal caudal and/or posterior-
most lumbar vertebrae [postacetabular iliac
blade lost]

Remarks—It is hypothesized that as the postacetabular
iliac blade became reduced in cynodonts and ultimately
lost entirely in mammaliaforms, the origin of the posterior
IT head shifted onto the neural spines and/or transverse
processes of neighboring vertebrae to become the mam-
malian GMAX (i.e., states 1 ! 3 ! 4; Supporting Infor-
mation Appendix S3). Whether this was also coincident
with the subdivision into separate GMAX and FCOC is
uncertain at present. State 2 captures the apomorphic
condition observed in extant Sphenodon (Osawa, 1897).

4. Insertion of “anterior head”

0. Anteroproximal tibia via common “triceps” tendon
[tuberosity on proximal cnemial crest]

1. Anteroproximal tibia via common “triceps” tendon,
patella, and patellar ligament [tuberosity and ossified
patellar sesamoid]

FIGURE 5 Summary of the evolution of crural morphology within Synapsida. (a) “Pelycosaur”. (b) Therapsid. (c) Eucynodont. (d)
Therian. Each panel shows the tibia (lower row) and fibula (upper row). Individual bones (not to scale) are not necessarily based on a single

taxon, but rather are indicative of the stage in synapsid evolution that they represent, and as such are based on numerous literature sources

and first-hand observation of numerous specimens.
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Remarks—The insertion of the “triceps” musculature (ilio-
tibiales, femorotibiales, and ambiens, or their homologues)
onto the cnemial crest of the anteroproximal tibia is almost
ubiquitous across tetrapods. Its inference in fossil species

(for both characters 4 and 5) is thus well supported even
when the proximal tibia is poorly ossified and scarring per
se is absent—a level I0 inference in the scheme of Wit-
mer (1995).

5. Insertion of “posterior head(s)”

0. Anteroproximal tibia via common “triceps” tendon
[tuberosity on proximal cnemial crest]

1. Lateral aspect of femoral shaft [tuberosity or crest]
2. Lateral aspect of femoral shaft [large process, “third

trochanter”]
3. Lateral aspect of femoral shaft, from base of greater

trochanter to more distal parts

Remarks—Uniquely among amniotes, on the line to
mammals, the posterior head shifted away from the knee
to insert on the lateral femoral shaft. This coincides with
the appearance of a crest (state 1, such as in monotremes
and multituberculates) or trochanter (state 2, typical of
crown therians; Figure 4e), although such processes have
also been lost numerous times, including in stem therians
(e.g., Jäger et al., 2019; Jenkins & Schaff, 1988; Rougier,
1993), most marsupials and some derived placental clades
(state 3; Sargis, 2002). Complicating the picture, in some
rodents (Greene, 1935; Rinker, 1954; Stein, 1986),
tupaiids (Le Gros Clark, 1924, 1926), and didelphids
(Coues & Wyman, 1872), the FCOC inserts on the lateral
patella and surrounding soft tissues of the knee, despite a
third trochanter often being present. Hence, the existence
of the third trochanter in fossil species does not unequiv-
ocally indicate a complete shift in insertion (from knee to
femur), only that such a shift has commenced.

In large dicynodonts, especially kannemeyeriiforms,
the greater trochanter (see below) is often expanded dis-
tally along the lateral aspect of the femur, which Parring-
ton (1961) suggested may represent an incipient third
trochanter. However, there is no phyletic continuity
between the dicynodont structure and the condition
observed in extant taxa, with the earliest recognizable
third trochanter occurring in Mammaliaformes (Martin,

FIGURE 6 Summary of the evolution of pedal morphology

within Synapsida. (a) “Pelycosaur”; (b) Therapsid; (c) Cynodont; (d)
Therian. Each panel shows the pes in dorsal (left) and ventral

(right) views; dark gray tarsal = astragalus, light gray

tarsal = calcaneum. Individual pedes (not to scale) are not

necessarily based on a single taxon, but rather are indicative of the

stage in synapsid evolution that they represent, and as such are

based on numerous literature sources and first-hand observation of

numerous specimens. Among other things, note the increasing

symmetry of the pes in more crownward taxa.
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FIGURE 7 Osteological evidence of iliotibialis musculature attachment in synapsids. (a) MCZ VPRA-4857 Ophiacodon mirus

(Ophiacodontidae) ilium in lateral view. (b) AMNH FARB 4006 Lupeosaurus kayi (Edaphosauridae) pelvis in lateral view, with focus on

ilium. (c) UCMP 83524 Sphenacodon ferox (Sphenacodontia) pelvis in lateral view, with inset focused on ilium. (d) UMZC T.884

Gorgonopsia indet. pelvis in lateral view, with insets focused on anterior and posterior ilium. (e) UFRGS-PV-1051-T Trucidocynodon

riograndensis (basal probainognathian) ilium in lateral view. (f) MCZ VPRA-4324 Edaphosaurus boanerges (Edaphosauridae) tibia in

anterior view. (g) MCZ VPRA-1112 Dimetrodon sp. (Sphenacodontia) proximal tibia in proximal (above) and anterior (below) views.

(h) AMNH FARB 5322 Moschops capensis (Tapinocephalidae) proximal tibia in anterior view. (i) SAM-PK-2348 cf. Dicynodon

sp. (Dicynodontia) tibia in anterior view, with inset focused on cnemial crest. (j) UFRGS-PV-0248-T Prozostrodon brasiliensis tibia in anterior

view, with inset focused on cnemial crest. Unless otherwise indicated, all scale bars in this and the following figures are in increments of

centimeters.
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2005). Failing the test of congruence (Patterson, 1982),
these structures must be regarded as nonhomologous. To
that end, the structure in dicynodonts should not be
referred to as a third trochanter, and moreover, it is
unlikely to have represented a similar muscular anatomy
to that observed in extant mammals.

3.2 | Ambiens (AMB): Characters 6 and 7

6. Origin

0. Absent
1. Lateral aspect of anterior pubis, anteroventral to

acetabulum
2. Anterior iliopubic symphysis and medial proximal pubis
3. Anterolateral apex of ilium and/or immediately adja-

cent iliopubic ligament (sartorius, SART)

Remarks—It is unclear whether the pubic tubercle of
sauropsids is homologous with the iliopectineal process
of mammals. Basal amniotes, including “pelycosaurs,”
possess a distinct rugosity anteroventral to the acetabu-
lum, in a similar position to the tubercle of sauropsids,
and the two have been previously considered as homolo-
gous (Romer, 1922; PuTub, Figure 3a,b). Some therap-
sids (dicynodonts, therocephalians, and cynodonts) also
typically possess a tubercle or swelling on the pubis
anteroventral to the acetabulum, at the apex of the later-
ally everted (but anteroposteriorly foreshortened) pubic
apron (Figure 3d–f). Topologically, this places it closer
to the distal extremity of the pubis, but the iliopectineal
process of crown mammals is more proximally sited on
the pubis, near the iliac peduncle (e.g., Elftman, 1929;
Gambaryan et al., 2002; Figure 3g, IlPec). Indeed, at
least one tritylodontid cynodont appears to possess both
a pubic tubercle distally and an iliopectineal process
proximally (Sullivan et al., 2013), implying nonhomol-
ogy by conjunction (Patterson, 1982). Further complicat-
ing matters, in addition to the AMB, other muscles
attach to this region of the pubis in extant tetrapods
(pubotibialis and quadratus lumborum in nonmammals,
pectineus, psoas minor, and potentially others in mam-
mals), but the topological relationships of these other
muscles' attachments with respect to the pubic tubercle
or iliopectineal process, with each other, and with the
AMB origin are labile.

In light of this unresolved complexity, rugosities or
processes on the anteroventral pubis are here recognized
principally as osteological correlates for attachment of
the iliopubic ligament and abdominal musculature,
rather than any particular appendicular muscle, since
the former relationship appears highly stable across

amniotes. The presence of a pubic tubercle in a fossil spe-
cies (regardless of its location) should not be taken as an
unambiguous indicator of the presence of the AMB, only
its general location, and as such all extinct OTUs are
presently coded as unknown (“?”).

7. Insertion

0. Absent
1. Anteroproximal tibia via common “triceps” tendon

[tuberosity on proximal cnemial crest]
2. Medioproximal tibia and surrounding tissues

3.3 | Femorotibialis (FMT, Figure 8):
Characters 8–10

8. Number of heads

0. Absent
1. One
2. Two, one medial (internus/FMTI or vastus medialis/

VM) and one lateral (externus/FMTE or vastus latera-
lis/VL)

3. Three, vasti medialis, lateralis, and intermedia (VI)

9. Origin

0. Absent
1. Much of lateral, anterior, and medial femoral shaft;

proximally it is always more lateral to insertion of
puboischiofemoralis internus (or homologue)

Remarks—The topological relationships of the FMT origin
(s) with respect to the attachments of other muscles on the
femur is somewhat labile, especially the iliofemoralis (or
homologue). Consistently, however, the FMT originates
laterally to the insertion of puboischiofemoralis internus
(or homologue). Unlike archosaurs (Hutchinson, 2001a),
the femora of synapsids mostly lack intermuscular lines
that demarcate the boundaries of individual FMT attach-
ment areas; two probable exceptions to this generality have
been observed in a dinocephalian and cynodont, and are
illustrated in Figure 8 (arrows).

10. Insertion

0. Absent
1. Anteroproximal tibia via common “triceps” tendon

[tuberosity on proximal cnemial crest]
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3.4 | Patella: Character 11

11. Ossified patellar sesamoid in “triceps”
tendon

0. Absent
1. Present, with more deeply developed “patellar sulcus”

on anterodistal femur

Remarks—Occasionally the depression between the
medial and lateral condyles on the anterodistal femur of
nonmammalian synapsids has been referred to as a
“patellar sulcus” or “patellar groove.” Yet, an ossified
patella is only known among crown mammals, and its
patchy phylogenetic distribution implies multiple inde-
pendent origins within Mammalia (Samuels et al., 2017).
It is possible that some nonmammalian synapsids may
have possessed a fibrocartilaginous patelloid, but the pre-
sent character explicitly codes for an ossified sesamoid.
Recognizing whether an ossified sesamoid was present is
complicated by the possibility that a small bone such as
this could be lost during preservation, even in otherwise
well-preserved specimens. As a counterpoint, it is worth
noting that the pisiform, a small sesamoid in the wrist of
amniotes, is very frequently preserved in various

nonmammalian synapsid fossils (see Bishop & Pierce,
2023). In the present study, if sufficient numbers of artic-
ulated specimens were known for a given extinct OTU,
and all lacked ossified patellae, it was felt justifiable to
view absence in the fossils as indicative of true absence
in life, permitting an explicit coding of state 0.

3.5 | Iliofemoralis (IF, Figures 9 and 10):
Characters 12–14

12. Number of heads

0. One
1. Two, gluteus medius (GMED) and minimus (GMIN)
2. At least three, gluteus medius, gluteus minimus and

piriformis (PIR); or more

Remarks—Monotremes exhibit a simple bipartite subdivi-
sion (state 1), whereas therians exhibit a wide diversity in
subdivision; in addition to those listed in state 2 above,
there may also be the gluteus profundus or quartus, ten-
sor fascia lata or scansorius. Ostensibly, the more complex
pattern of subdivisions captured by state 2 was derived
from the simpler arrangement of state 1. However, since

FIGURE 8 Osteological evidence of femorotibialis musculature attachment in synapsids. (a) SAM-PK-5006 Struthiocephalus whaitsi

(Tapinocephalidae) femur in anterolateral view, inset illustrating diffuse longitudinal band of mottled surface texture that may indicate an

intermuscular division within the femorotibiales. (b) NMQR 1206 Diademodon tetragonus (Cynognathia) femur (whole bone in posterior

view, inset in medial view), illustrating possible femorotibial intermuscular line.
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only monotremes exhibit state 1, and only therians exhibit
state 2, this is of little relevance for charting iliofemoralis
evolution on the line to crown mammals. No osteological
evidence has yet been recognized as indicating how or
when iliofemoral subdivision first occurred in nonmam-
malian synapsids, although it is possibly linked with the
progressive expansion in the muscle's origin in association
with preacetabular iliac expansion.

13. Origin

0. Lateral or posterolateral ilium, immediately dorsal to
acetabulum [ilium swept posteriorly, lacking anterior
expansion]

1. Lateral surface of ilium, dorsal and anterodorsal to
acetabulum [ilium expanded anteriorly and dorsally
to form modest blade]

FIGURE 9 Changes in iliac proportions in Synapsida on the line to mammals, illustrated with key representative taxa. (a) The

ophiacodontid Ophiacodon retroversus (based primarily on FMNH UC 458). (b) The sphenacodontid Dimetrodon spp. (based on numerous

specimens). (c) The aberrant varanopid Mycterosaurus smithae (after Romer & Price, 1940). (d) The basal therapsid Biarmosuchus tener (after

Tchudinov, 1983). (e) The dinocephalian Titanosuchus sp. (based primarily on SAM-PK-K249, with added detail from Boonstra, 1955). (f) A

typical gorgonopsian (based on numerous specimens, and Kemp, 1982). (g) The eutherocephalian Regisaurus jacobi (based on BP/1/5394 and

Kemp, 1978). (h) The basal anomodont Patronomodon nyaphulii (based on NMQR 3000). (i) The basal dicynodont Eodicynodon oosthuizeni

(based on NMQR 3155, with added detail from Rubidge et al., 1994). (j) The bidentalian dicynodont Oudenodon bainii (based primarily on

NHMUK PV R.4607). (k) The kannemeyeriiform dicynodont Kannemeyeria simocephalus (based on numerous specimens). (l) The

cynognathian eucynodont Massetognathus pascuali (based primarily on MCZ VPRA-3691). (m) The probainognathian eucynodont

Trucidocynodon riograndensis (based on UFRGS-PV-1051-T). (n) The derived probainognathian Prozostrodon brasiliensis (based on UFRGS-

PV-0248-T; specimen is incomplete, dotted lines show inferred complete extent of bone). (o) The tritylodont Oligokyphus sp. (after Kuhne,

1956). (p) Extant opossum Didelphis sp. Bones are not to scale. Changes in the proportions of the ilium, both anterior and posterior to the

acetabulum, indicate changes in the size and location of attachments of the iliofemoralis and iliofibularis musculature.
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FIGURE 10 Osteological evidence of iliofemoralis musculature insertion on the femur in synapsids. (a) USNM PAL 768796

cf. Captorhinus (Captorhinidae), in lateral and anterior views, showing faint ridge of attachment (arrows). (b) MCZ VPRA-4856 Ophiacodon

mirus (Ophiacodontidae), in posterior view (enlarged inset in posterolateral view). (c) MCZ VPRA-2863 Dimetrodon limbatus

(Sphenacodontia), in lateral view. (d) GPIT-PV-30792 Stahleckeria potens (Dicynodontia) in lateral view. (e) SAM-PK-2348 cf. Dicynodon

sp. in anterior view. (f) UMZC T.987 Oudenodon sp. (Dicynodontia) in anterior view. (g) TM 4821 Gorgonopsia indet. in anterior view.

(h) SAM-PK-K8077 Gorgonopsia indet. in anterior view. (i) SAM-PK-K353 Lycosuchidae indet. in anterior view. (j) FMNH UR 2474

Cynodontia indet. (?cynognathid) in lateral and anterior views. (k) UMZC T.976 Cynodontia indet. in lateral view. (l) UFRGS-PV-1043-T

Brasilodon quadrangularis in anterior view. Note the pendant distal projection of the greater trochanter in (k) and (j) (arrows).
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2. Most of lateral surface of preacetabular ilium [greatly
expanded preacetabular blade]

3. Most of iliac blade dorsal to iliac spine [longitudinal
ridge on lateral surface], and possibly also adjacent
sacral and caudal vertebrae

Remarks—The anterior expansion of the ilium has histor-
ically been recognized as one of the hallmarks of therap-
sids. Further development into a massive blade-like
structure (state 2) occurs independently in at least two
other lineages in addition to cynodonts (Figure 9; Sup-
porting Information Appendix S3). Among dinocepha-
lians, anteosaurids possess a modest expansion (state 1;
e.g., Orlov, 1958), but pronounced iliac expansion is
widespread in tapinocephalians (Figure 9e; Boonstra,
1955a). Among anomodonts, modest iliac development is
observed in Eodicynodon and more basal forms
(Figure 9h,i; Fröbisch & Reisz, 2011; Rubidge & Hopson,
1996; Rubidge et al., 1994), but more derived taxa exhibit
progressively enlarged preacetabular iliac blades, espe-
cially prominent in kannemeyeriiforms (Figure 9k; Ray,
2006). Importantly, modest anterior expansion (state 1) is
also seen in edaphosaurids and nontherapsid sphenaco-
dontians (Figure 9b; Romer & Price, 1940; Spindler,
2016), indicating that transformation of the iliofemoralis
commenced prior to the appearance of Therapsida. There
are also instances of convergence in iliac evolution
among other early amniotes, both within and beyond
Synapsida; preacetabular iliac expansion is observed in
caseid caseasaurs (state 1; Berman et al., 2020; Romer &
Price, 1940), the varanopid Mycterosaurus (state 2,
Figure 9c; Romer & Price, 1940), the araeoscelidian Petro-
lacosaurus (state 1; Peabody, 1952) and pareiasaurs
(states 1 or 2; Turner et al., 2015; Van den Brandt et al.,
2021). In a similar fashion to the posterior head of the IT
(character 3), it is hypothesized that an expansion of the
origin of the IF onto neighboring vertebrae was associ-
ated with the diminishment and eventual loss of the post-
acetabular ilium, in tandem with the preacetabular iliac
blade becoming more rod-like on the line to mammals.

14. Insertion

0. Posterolateral aspect of nonapical part of internal tro-
chanter (InTr), base of posterolateral ridge (PosRid) and
fossa, or adjacent femoral shaft [trochanter with drawn-
out base, posterolateral ridge, and intervening fossa]

1. Lateral to craniolateral aspect of femoral shaft [inter-
nal trochanter absent, flat surface]

2. Lateral to anterolateral proximal femur on the greater
trochanter (GrTr) [trochanter, rugosities, or fibrous
scarring]

Remarks—In some large, well-preserved “pelycosaur”
femora, the posterolateral aspect of the PosRid exhibits
fine scarring texture which can creep up onto the lateral
surface (Figure 10b,c). Due to the oblique orientation of
the proximal femur when articulated in the acetabulum
(the InTr directed essentially ventrally in global space),
the posterolateral ridge would have faced as much poste-
riorly as ventrally, and possibly even somewhat dorsally.
This is suggestive of an IF insertion around the “waist” of
the femoral head, comparable to the location observed in
extant lepidosaurs and salamanders, rather than an
extended insertion of the puboischiofemoralis externus,
as interpreted for archosauriforms (Hutchinson, 2001a).

The generally conservative nature of proximal femo-
ral structure across “pelycosaurs” implies a relatively
consistent pattern of insertion throughout these taxa.
However, the basalmost therapsids known from postcra-
nial material (e.g., Boonstra, 1965; Orlov, 1958; Seeley,
1894; Sigogneau & Tchudinov, 1972; Tchudinov, 1983)
already display a marked transformation of the proximal
femoral structure compared to sphenacodontian “pely-
cosaurs.” In addition to a more medially inclined head,
the GrTr is developed laterally (Figures 4b,c and 10d–l)
and the posterior surface topography simplified, involv-
ing a reduction in depth and distal extent of the InTr,
and subduing or loss of the PosRid and fossa structure
(see also character 20 below). The InTr has also shifted
laterally to occupy a more central position on the poste-
rior face of the bone (cf. Romer, 1924). These structural
transformations are consistent with the IF shifting its
insertion laterally onto the GrTr, in association with
other muscular changes, as outlined below. The role of
the IF evidently gained increased importance in eucyno-
donts, where the GrTr is laterally and proximally
expanded (Figure 4c), even gaining a distally pendant
form (Figure 10j,k).

3.6 | Puboischiofemoralis internus (PIFI,
Figures 9–12): Characters 15–17

15. Number of heads

0. One
1. Two
2. Three

Remarks—The PIFI has a complex evolutionary history
on the line to mammals, involving partial fusion with the
ancestral pubotibialis, which probably renders it impossi-
ble to identify a one-to-one correspondence between its
subdivisions in extant mammals and sauropsids. The pre-
sent character's formulation is purely taxic in its
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treatment of homology, principally intended to capture
structural diversity within each lineage.

16. Origin

0. Medial (dorsal/internal) surface of much of pub-
oischiadic plate and symphysis, extending from ante-
rior pubis to anterior ischium, as well as inner surface
of obturator foramen

1. Medial surface of ilium, proximal pubis, and posterior-
most dorsal vertebrae [puboischiadic plate reduced]

2. Dorsal medial pubis and/or ventral medial ilium
[pubis reduced and rotated posteriorly, and/or depres-
sion on medial pubis/ilium]

3. Fossa on iliac blade ventral to iliac spine [iliac fossa,
ilium rod-like and trihedral], plus centra and trans-
verse processes of posteriormost dorsal (lumbar) and
anterior sacral vertebrae

Remarks—Romer (1922) suggested that the dorsal migra-
tion of the PIFI on the line to mammals is signaled, at
least in part, by the reduction of its ancestral osseous ori-
gin (pubis). A similar scenario was subsequently hypothe-
sized for archosaurs (Hutchinson, 2001a, 2001b, 2002).
Romer's transformational hypothesis is well supported by
the results of ASR (Supporting Information Appendix S3).
Under maximum likelihood, the transition to state 1 was

not formally detected on the stem lineage when theroce-
phalian monophyly was assumed (i.e., transformation of
0 ! 2 ! 3), but it was detected when assuming theroce-
phalian paraphyly (i.e., 0 ! 1 ! 2 ! 3; Supporting
Information Appendix S3). From a purely geometric per-
spective, state 1 is ostensibly the evolutionary intermedi-
ate between states 0 and 2.

Kemp (1978) suggested that the PIFI originated from
the lateral surface of the preacetabular ilium in the
eutherocephalian Regisaurus jacobi, citing a fossa in
BP/1/5394 (Figure 11a, dashed white line); a similarly
sited, shallow fossa seems to be quite common through-
out eutherocephalians (Figure 11b–e, between arrows). It
is unclear if this fossa demarcates the attachment of a
particular muscle, PIFI or otherwise, rather than being a
structural consequence of the large anterodorsal pro-
cesses (and associated ridges) characteristic of the group
(i.e., a “spandrel”; Gould & Lewontin, 1979). The signifi-
cance of the anterodorsal processes remains to be investi-
gated, but they may have been involved with attachment
of epaxial or costal musculature (e.g., iliocostalis). A dis-
crete fossa is also present on the lateral surface of the
anteroventral preacetabular iliac blade in a specimen of
the dicynodont Dicynodontoides (Figure 11f, arrows). In
the cynognathian Luangwa drysdalli, Kemp (1980a) sug-
gested that the medial surface of the (laterally flaring)
preacetabular iliac blade seen in NHMUK PV R.36995
possibly served as the origin for the PIFI in this taxon,

FIGURE 11 Putative osteological evidence of puboischiofemoralis musculature origin from the ilium in synapsids. (a) BP/1/5394

Regisaurus jacobi; (b) BP/1/3973 Olivierosuchus parringtoni (Botha-Brink et al., 2014; Eutherocephalia); (c) SAM-PK-K11543 Scaloposaurus

constrictus; (d) BP/1/4335 cf. Tetracynodon darti; (e) NMQR 3351 Moschorhinus kitchingi; (f) UMZC T.747 Dicynodontoides nowacki

(Dicynodontia) pelvis; enlarged inset shows shallow ventral fossa on ilium (between arrows). (g) UFRGS-PV-0248-T Prozostrodon

brasiliensis. All specimens are shown in lateral view. In (a), the dashed line demarcates the fossa of attachment as interpreted by Kemp

(1978), and a similar fossa is observed in many other eutherocephalian ilia between the two anterior processes (arrows in b–e).
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arguing that the very reduced and posteriorly swept pubis
offered little area for osseous attachment, necessitating
an iliac origin. First-hand examination of the specimen
shows the “fine striations” on this region of the bone to
be indistinguishable from typical growth structures
observed elsewhere on this and other elements. Although
not refuted, Kemp's interpretation nevertheless is cur-
rently weakly supported by the osteological and phyloge-
netic evidence available. Presently the earliest-diverging
synapsids that show convincing evidence of a PIFI origin
from the ilium are the probainognathian cynodonts Pro-
zostrodon (Figures 9n and 11g; Guignard et al., 2018) and
Therioherpeton (Bonaparte & Barberena, 2001). The prea-
cetabular iliac blade in both taxa is gently convex later-
ally, with a longitudinal ridge dividing incipient gluteal
and iliac fossae (dorsally and ventrally, respectively; state
3), and this structural arrangement can be continually
traced through to the “trihedral” iliac shape of crown
mammals.

17. Insertion

0. Medial to posteromedial femur, between insertions of
puboischiofemoralis externus (PIFE, on InTr) and IF,
covering much of femur

1. Medial proximal femur, medial to IF insertion
2. Anterior to anteromedial proximal femur, bounded

laterally and distally and separated from IF and FMT
[rugose line]

3. Anteromedial and anterolateral proximal femur [mul-
tiple discrete scars]

4. Anteromedial proximal femur [longitudinally ori-
ented, linear rugose area or process]

5. Anterior and anterolateral aspect of lesser trochanter
(LeTr), sited medially or posteromedially on proximal
femur [trochanter]

Remarks—The evolution of the PIFI's insertion on the
line to mammals has historically been a subject of dis-
agreement, stemming principally from debate over the
possible homology between the InTr of nonmammalian,
nonarchosaur tetrapods and the LeTr of extant mammals
(Gregory & Camp, 1918; Guignard et al., 2019a; Jenkins,
1971; Kemp, 1978, 1980b; Parrington, 1961; Romer, 1922,
1924; Sues, 1986). As the InTr is at least plesiomorphi-
cally the principal site of insertion of the PIFE muscula-
ture, the issue of PIFI evolution is intimately tied to the
evolution of the PIFE. Here the pure observations of pur-
ported PIFI scarring are documented, with the broader
significance of these observations for understanding the
evolution of PIFI and PIFE musculature explored in the
Discussion.

As previously noted (e.g., Holmes, 2003; Romer, 1922;
Romer & Price, 1940), a variety of stem and early crown
amniotes exhibit a rugose line or linear patch of scars on
the anterior to anteromedial femur, running diagonally
across the anterior femur toward the large tubercle for the
ischiotrochantericus (state 2; Figure 12a–c, between
arrows). A longitudinally oriented scar or ridge in this
region of the femur has hitherto been documented in a
handful of therapsids (state 4; Boonstra, 1964; Fourie &
Rubidge, 2007; Kemp, 1978, 1980b; Parrington, 1961;
Romer, 1924; Rubidge et al., 2019), which was interpreted
by Parrington (1961) and Kemp (1978) as denoting the
insertion of the PIFI. First-hand examination shows that
this scarring morphology is far more widespread than pre-
viously appreciated, being a consistent topographical fea-
ture on the femur of dinocephalians, gorgonopsians,
scylacosaurids, and eutherocephalians (Figures 10g,h and
12d,e,g–o). It is also evident in the basal dicynodont Eodi-
cynodon (Figure 12f) and Charassognathus, the oldest and
most primitive known cynodont (Figure 12p; see also Dis-
cussion). Kemp (1980b) recognized “scarring” in this
region of the femur in another primitive cynodont, Procy-
nosuchus delaharpeae, but examination of his material
(NHMUK PV R.37054) shows that the bone surface here
is damaged and not reliably interpretable. Examination of
RC 92 Procynosuchus delaharpeae via photographs and a
high-fidelity cast (USNM PAL 410206) also shows no evi-
dence of scarring on this region of the femur. However,
scarring is clearly evident on the femora of the large taxa
Cynognathus and Diademodon (Figure 12q–s). In all other
cynodonts examined (including mammaliaforms), the
only evidence of muscle insertion is the posteromedially
situated LeTr (state 5; Figure 12t,u).

3.7 | Puboischiofemoralis externus
(PIFE, Figures 13–15): Characters 18–20

18. Number of heads

0. One
1. Two
2. Three

Remarks—As with character 15, this character is pri-
marily intended to capture structural diversity within
each lineage. Given the generally poor (if any) differen-
tiation of the PIFE in lepidosaurs or salamanders, it is
unclear if any of the subdivisions in Crocodylia (PIFE
1, 2, and 3) can actually be equated with those of
Mammalia (obturator externus/OBEX and quadratus
femoris/QF).
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FIGURE 12 Osteological evidence of puboischiofemoralis internus musculature insertion on the femur in synapsids. (a) USNM PAL

768796 cf. Captorhinus (Captorhinidae), in anterior view. (b) MCZ VPRA-3296 Ophiacodon retroversus (Ophiacodontidae) in anterior view.

(c) MCZ VPRA-6003 Dimetrodon limbatus (Sphenacodontia) in anterior view. (d) SAM-PK-11977a Anteosaurus magnificus (Anteosauridae)

in anterior (left) and lateral (right) views. (e) NMQR 2987 Tapinocaninus pamelae (Tapinocephalidae) in anterior view. (f) NMQR 3155

Eodicynodon oosthuizeni (Dicynodontia) in anterior view. (g) GPIT-PV-31579 “Scymnognathus” parringtoni (Gorgonopsia) in anterior view.

(h) SAM-PK-K10696 Gorgonopsia indet. in anterior view. (i) UMZC T.883 Gorgonopsia indet. in anterior view, right element on the left, left

element (mirrored) on the right. (j) SAM-PK-11557 Scylacosauridae indet. in anterior view. (k) SAM-PK-K12051 Alopecognathus

sp. (Scylacosauridae) in anterior view. (l) UMZC T.994 Whaitsiidae indet. (Eutherocephalia) in anterior view. (m) UMZC T.369 Ericiolacerta

parva (Eutherocephalia) in anterior view. (n) UCMP 78396 Tetracynodon darti (Eutherocephalia) in anterior view. (o) BP/1/2468

Ictidosuchops sp. (Eutherocephalia) in anterior view. (p) SAM-PK-K10369 Charassognathus gracilis (Cynodontia) in anterior view.

(q) NMHUK R.2571 Cynognathus crateronotus (Cynognathia) in anterior view, inset in medial view. (r) BP/1/1675 cf. Cynognathus in

anterior view, inset in medial view. (s) UCMP 63529 cf. Diademodon sp. (Cynognathia) in anterior view. (t) MCZ VPRA-3801

Massetognathus pascuali (Cynognathia) in posterior view. (u) AMNH FARB 7656 Tritylodontidae indet. in posterior view. Arrows in (a)–(c)
delimit a linear band of scarring, and those in (t) and (u) indicate margin of “intertrochanteric fossa.”
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19. Origin

0. Much of ventral (lateral, outer) surface of puboischia-
dic plate and symphysis, including obturator foramen

1. Anteromedial and/or posterolateral pubis, lateral
ischium [reduction of puboischiadic plate]

2. Much of lateral surface of pubis and ischium sur-
rounding obturator foramen (anteriorly, ventrally,
and posteriorly) [reduction of pubis, obturator fora-
men enlargement]

Remarks—Broad conservatism across extant tetrapods
implies that the general locus of the PIFE's origin(s) was
stable throughout synapsid evolution, being centered on
the lateral surface of the puboischiadic plate. However, the
size and morphology of the plate itself changed markedly
on the line to mammals (Figure 3a–c,e–g). The pubis pro-
gressively reduced and rotated posteriorly, and the obtura-
tor foramen, originally piercing solely the pubis, enlarged
and moved posteriorly to form an expanded fenestra situ-
ated between the pubis and ischium. The present

FIGURE 12 (Continued)
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character formulation captures these changes, but ignores
superficially similar changes in other amniote groups,
such as the development of the thyroid fenestra in lepido-
saurs (Hutchinson, 2001b), which is not homologous to
the obturator foramen, since the latter remains enclosed
by the pubis and co-exists with the thyroid fenestra.

Superimposed upon the above general phyletic trend
were a number of clade-specific variations. Among anomo-
donts, considerable reduction of the pubis had already
occurred by the origin of dicynodonts, as evidenced by Eodi-
cynodon (Figure 13a; Rubidge et al., 1994), and this was car-
ried to an extreme in Dicynodontoides (Cox, 1959; King,
1985). In nondicynodont anomodonts, the obturator fora-
men remains contained wholly in the pubis, although its
size is variable (Brinkman, 1981b; Fröbisch & Reisz, 2011),
whereas in dicynodonts the foramen shifted posteriorly to
lie along the puboischiadic suture. Typically the foramen
remained small, although in Eodicynodon a large fenestra
exists instead (Figure 13a; Rubidge et al., 1994). In gorgo-
nopsians, exceedingly few specimens are known with a
complete or near-complete pubis (e.g., Gorgonops torvus
SAM-PK-K10585, K10591; Lycaenops ornatus AMNH FARB
2240), but it appears that the pubis was reduced in many
taxa, whereby its articulation with the ischium occurred
only around the acetabulum, creating an enlarged obtura-
tor foramen that communicated ventrally with the space
between pubis and ischium (Figure 13b; Colbert, 1948;
Tatarinov, 2004). At a gross structural level, this is similar
to the condition in crocodylians, and thus gorgonopsians
are tentatively coded as state 1 here. Notably, scylacosaurid
therocephalians possess sizeable puboischiadic plates with
small obturator foramina piercing the pubis (Boonstra,
1964; Fourie & Rubidge, 2009), whereas in eutherocepha-
lians (Figure 13c) and cynodonts (Figure 3e), the pubis is

reduced in size and the obturator foramen enlarged into a
fenestra situated between the pubis and ischium (state 2).

In extant monotremes, Gambaryan et al. (2002) iden-
tified an “adductor brevis” as originating from much of
the puboischiadic plate ventral to the obturator fenestra,
with their OBEX occupying a rather small origin. Yet, the
insertion of their adductor brevis was sited quite proxi-
mally on the posterior femur, among the insertions of the
OBEX and QF, and proximal to the insertion of the cau-
dofemoralis. Elsewhere among extant amniotes, the
insertion of the adductor brevis (or its homologue) is
always distal to that of the OBEX and QF (or their homo-
logues); see also character 38 below. A likely explanation
is that the “adductor brevis” of Gambaryan et al. is actu-
ally a subdivision of the OBEX; indeed, Gregory and
Camp (1918) interpreted the OBEX origin to include
much the same area of the puboischiadic plate as
observed by Gambaryan et al. for their “adductor brevis.”

20. Insertion

0. Apex of InTr and surrounding femoral bone surface
medially, laterally, and distally [trochanter]

1. Apex of InTr on posteromedial proximal femur and
fossa lateral to this (can include multiple discrete areas)
[trochanter, posterolateral ridge, and intervening fossa]

2. Posterolateral proximal femur, proximal to insertion
of caudofemoralis and origin of FMT, posterior to
ischiotrochantericus insertion [rugose surface; InTr
lost, fourth trochanter (4Tr) present]

3. Apex of InTr and surrounding area on posterior femo-
ral surface [trochanter reduced, no posterolateral
ridge or intervening fossa]

FIGURE 13 Modifications to the puboischiadic plate in therapsids. (a) The basal dicynodont Eodicynodon oosthuizeni (NMQR 3155) in

ventrolateral view, showing the reduced pubis (characteristic of dicynodonts) and enlarged obturator fenestra (apomorphic to Eodicynodon).

(b) The gorgonopsian Lycaenops ornatus (AMNH FARB 2240) in lateral view, showing the obturator foramen communicating ventrally to the

space between ischium and pubis; image produced from a photocomposite made of the mounted skeleton. (c) The baurioid eutherocephalian

Ictidosuchops sp. (BP/1/2468) in ventral view, showing the well-developed obturator fenestra characteristic of eutherocephalians.
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4. Posteroproximal femur, between GrTr and LeTr or
more distally [smooth surface, LeTr on posteromedial
margin of femur]

Remarks—As with the PIFI, important observations are
documented here but an examination of the broader
issues of femoral trochanter identity, homology, and evo-
lution within Synapsida is left for the Discussion. Note
that this study explicitly avoids using the term “intertro-
chanteric fossa” to describe the fossa characteristic of the
posterior proximal femur of basal amniotes (contra
Romer & Price, 1940). The fossa formed between the InTr
and PosRid is not phylogenetically continuous with the
intertrochanteric fossa of extant therians (i.e., fails the
test of congruence, and hence not homologous), which is
probably apomorphic for Theria (Romer, 1924) or a more
inclusive clade. Although archosaurs are highly apo-
morphic for this character (state 2), the condition in tes-
tudines is quite comparable to state 1 (Walker, 1973;
Zug, 1971).

A well-developed InTr is characteristic of stem and
early crown amniotes, including “pelycosaurs,” but it is
characteristically reduced in therapsids (Figures 4a,b
and 10a). A reduced InTr is retained alongside a sub-
dued ridge and fossa in several dinocephalian femora of
uncertain affinity from the middle Permian of Russia
(Efremov, 1954; Seeley, 1894). A large InTr is present
in association with a low ridge and fossa in the
basal anomodont Patranomodon (state 1, Figure 14b;
Rubidge & Hopson, 1996), but the proximal posterior
femur of dicynodonts is considerably simplified, typi-
cally presenting a flat, featureless surface (state 4). How-
ever, occasionally large or well-preserved dicynodont
femora exhibit a small rugose area or bump on the pos-
teromedial surface, distal to the head, which is here
interpreted as a vestigial InTr (state 3, Figure 14c–f).
The manifestation of the InTr in gorgonopsians is vari-
able (Figure 15). Typically it is present as a longitudinal
ridge terminating proximally in a low apex (e.g.,
Figure 15a), but in some taxa (e.g., Lycaenops ornatus
AMNH FARB 2240, Cyonosaurus longiceps SAM-PK-
K10428) it is reduced to little more than a longitudinal
patch of scarred surface texture (e.g., Figure 15d). In a
handful of specimens collected in Tanzania and Zambia
(UMZC and NHCC collections), a short ridge occurs on
the posterior face of the femoral head around the level of
the GrTr, in line with and proximal to the InTr
(Figure 15e–g), which may denote a second discrete
attachment of the PIFE. Parrington (1961) suggested that
in one such specimen that preserved two apices (UMZC
T.883), the distal of the two served as the insertion of the
caudofemoral musculature, thus being homologous to the
fourth trochanter (see character 44). While caudofemoral
musculature is presumably inserted in this general region

of the femur, the inconsistent manifestation of scarring
on the posterior surface among gorgonopsians prevents
the recognition of unambiguous, homologous osteological
correlates of any additional muscles.

3.8 | Iliofibularis (ILFB, Figures 9 and
16): Characters 21 and 22

21. Origin

0. Posterior aspect of ilium, posterior to IF
1. Lateral aspect of posterior ilium, posterior to IF origin,

and deep to IT origin [postacetabular iliac blade]
2. Posterolateral iliac blade and adjacent sacral or caudal

vertebrae [postacetabular iliac blade reduced]
3. Transverse processes of anterior caudal vertebrae,

deep to posterior IT head(s) [postacetabular iliac blade
greatly reduced or absent entirely]

4. Absent

Remarks—In a similar fashion to the posterior head of
the IT (character 3), it is hypothesized that as the postace-
tabular iliac blade became reduced in probainognathian
cynodonts, and then lost in mammaliaforms, the origin
of the iliofibularis shifted onto the neighboring caudal
vertebrae to become the tenuissimus (TEN). The muscle
has subsequently become greatly reduced in size, or even
lost, in many extant mammals. Convergent reduction in
the postacetabular iliac blade also occurred in dicyno-
donts (e.g., Cox, 1959; King, 1985; Ray, 2006; Figure 16g)
and some derived cynognathians (Figure 16n), suggesting
that at least a similar shift in origin had occurred in these
taxa, if not an actual reduction in muscle size (see also
next character). Many tapinocephalian dinocephalians
possess a strongly developed, laterally projecting ridge on
the postacetabuluar ilium, which probably signifies the
attachment of the ILFB (Figure 9e; Boonstra, 1955a). The
postacetabular iliac blade of sphenacodontids sometimes
bears a series of longitudinal striations (Romer & Price,
1940; see also Figure 16c), which may signify ILFB
attachment, but the possibility cannot be excluded that
this alternatively represents the attachment of iliocauda-
lis musculature instead.

22. Insertion

0. Posterior proximal fibula
1. Lateral to anterolateral fibula [rugosity, ridge or

tubercle]
2. Lateral distal crural fascia, deep to biceps femoris

insertion (no direct osteological attachment)
3. Absent
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FIGURE 14 Osteological evidence of puboischiofemoralis externus musculature insertion on the femur in noncynodont therapsids.

(a) NHMUK PV R.43523 Tapinocephalus atherstonei (Tapinocephalidae) in posterior view. (b) NMQR 3000 Patranomodon nyaphulii (basal

anomodont) in posterior (left) and lateral (right) views, along with interpretive illustrations of the complete morphology of the proximal

femur. (c) NMQR 1478 Aulacephalodon bainii (Dicynodontia) in posterior view. (d) NHMUK PV R.37374 Dicynodontia indet. in posterior

view. (e) TM 4557 Lystrosaurus sp. (Dicynodontia) in posterior view. (f) BP/1/4450 Kannemeyeria sp. (Dicynodontia) in posterior view.

(g) SAM-PK-K11200 Scylacosauridae indet. in posterior view. (h) SAM-PK-11557 Scylacosauridae indet. in posterior view. (i) SAM-PK-

K12051 Alopecognathus sp. (Scylacosauridae) in posterior and lateral views. (j) NMQR 3375 Theriognathus microps (Eutherocephalia) in

posterior view. (k) BP/1/5394 Regisaurus jacobi (Eutherocephalia) in posterior view. (l) UMZC T.837 Scaloposaurus constrictus

(Eutherocephalia) in posterior view. (m) UCMP 78396 Tetracynodon darti (Eutherocephalia) in posterior view.
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Remarks—The ILFB is the only crural flexor muscle that
derives from the dorsal muscle mass during embryonic
development (Diogo et al., 2016). Plesiomorphically, it is
the only such muscle to insert on the extreme lateral crus
(i.e., exclusively on the fibula), although its insertion is deep
into the bellies of the peronei. Curiously, along the line to
mammals it was topologically (and by inference, function-
ally) replaced by the ventrally derived flexor tibialis inter-
nus 2 (FTI2), which started as a medially inserting muscle
(see character 27 below) to become a laterally inserting
muscle, the biceps femoris (BICF). Unlike the TEN, the
BICF is the most superficial muscle on the lateral crus in
extant mammals, superficial even to the peronei and exten-
sor digitorum longus, gaining a primarily fascial rather than
an osseous attachment. The rearrangement of muscles
attaching to the lateral fibula is likely marked by the loss of
the fibular tubercle/ridge, signaling the transition from
direct osseous (ILFB/TEN-dominant) to indirect fascial
(BICF-dominant) insertions. This would have occurred
crownward to Mammaliaformes (Jenkins & Parrington,

1976; Kühne, 1956) but a more precise estimation of its tim-
ing is difficult to pinpoint due to the poor preservation of
delicate bones like the fibula in most Mesozoic mammal
fossils. A fibular tubercle is absent in Gobiconodon and
multituberculates.

Among noncynodont therapsids, gorgonopsians are
remarkable for the large size and distal positioning of the
fibular tubercle, which is consistently present on the dis-
tal half of the bone (Figure 16i–l; Tatarinov, 2004). A sim-
ilar, although not quite as distal, insertion also appears to
be present in tapinocephalian dinocephalians and some
dicynodonts, although in these forms the scarring is
frequently less reduced and often only visible in large,
well-preserved specimens (Figure 16e,f,h). One notable
exception is Dicynodontoides, in which multiple speci-
mens possess a large process on the distal third of the
bone (Figure 16g; Angielczyk et al., 2009; King, 1985).
This would suggest the retention of a well-developed
ILFB, despite the pelvis all but lacking any postacetabu-
lar iliac process, implying that a shift in muscle

FIGURE 15 Variation in the manifestation of puboischiofemoralis externus musculature insertion on the femur of gorgonopsians.

(a) TM 4821 indeterminate taxon. (b) SAM-PK-K8077 indeterminate taxon. (c) SAM-PK-K11207 indeterminate taxon. (d) SAM-PK-K10428

Cyonosaurus longiceps. (e) UMZC T.862 indeterminate taxon. (f) UMZC T.883 indeterminate taxon. (g) UMZC T.884 indeterminate taxon.

Panels (a)–(d) illustrate a continuum of variation from a well-developed apex on the internal trochanter (a) through to none at all (d). Panels

(e)–(g) illustrate the two-apices condition (arrows). All specimens are shown in posterior view.
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FIGURE 16 Osteological evidence of iliofibularis musculature attachment in synapsids. (a) MCZ VPRA-1035 Diadectes tenuitectus

(Diadectomorpha) fibula in anterior view. (b) MCZ VPRA-5876 Ophiacodon retroversus (Ophiacodontidae) fibula in anterior view. (c) AMNH

FARB 24600 Eupelycosauria indet. pelvis in lateral view. (d) MCZ VPRA-1283 Dimetrodon giganhomogenes fibula in anterior view.

(e) NMQR 2987 Tapinocaninus pamelae (Tapinocephalidae) fibula in anterolateral view. (f) AMNH FARB 5551 Moschops capensis

(Tapinocephalidae) fibula in anterolateral view. (g) NMQR 479 Dicynodontoides recurvidens (Dicynodontia) pelvis in lateral view and fibula

in medial view. (h) BP/1/4450 Kannemeyeria sp. (Dicynodontia) fibula in posterior view. (i) AMNH FARB 5607 cf. Aelurosaurus felinus

(Gorgonopsia) fibula in lateral view. (j) CGS FI17 Lycaenops ornatus (Gorgonopsia) fibula in lateral view. (k) BSPG 1934-VIII-28 Gorgonops

sp. (Gorgonopsia) fibula in posterior view. (l) SAM-PK-K10585 cf. Gorgonops torvus (Gorgonopsia) fibula in posterolateral view.

(m) BP/1/1675 cf. Cynognathus (Cynognathia) fibula in lateral (left) and anterior (right) view. (n) PVL 2554 Exaeretodon argentinus

(Cynognathia) ilium and fibula in lateral view. (o) UFGRS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) fibula in

medial view (inset in posterolateral view).
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origination need not have coincided with its reduction.
Remarkably, a highly reduced postacetabular ilium and
large, distally positioned fibular tubercle is also observed
in the derived cynognathian Exaeretodon (Figure 16n);
elsewhere among cynodonts, scarring for the ILFB
remains proximally sited on the fibula (Figure 16m,o).

3.9 | Flexor tibialis internus (FTI,
Figure 17): Characters 23–27

23. Number of heads

0. Absent
1. At least two

Remarks—The FTI of salamanders is absent as a discrete
muscle and, along with the flexor tibialis externus, is proba-
bly part of the apomorphic “ischioflexorius” complex
(Table 1; Diogo & Molnar, 2014); thus, salamanders are
coded as state 0 for characters 23–27. Although sauropsids
and some extant mammals have three or more heads, it
appears that these can be grouped into two general masses
that are homologous across amniotes (Jones, 1979): the
ancestral amniote probably had two internal flexors, a ven-
tral (FTI1) and a dorsal (FTI2) one, which ultimately
evolved (at least in part) into the semimembranosus
(SMEM) and biceps femoris (BICF) of mammals, respec-
tively. A more precise relationship of homology between the
different heads and their various subdivisions across saurop-
sids and mammals is currently unclear, and may

FIGURE 17 Osteological evidence of crural flexor musculature attachment to the tibia in synapsids, in addition to that of the

puboischiotibialis (see Figure 18). (a) MCZ VPRA-2045 Archeria crassidisca (Embolomeri, stem amniote) in medial view. (b) MCZ VPRA-2930

Ophiacodon retroversus (Ophiacodontidae) in posterior view. (c) MCZ VPRA-5669 Ophiacodon retroversus in posterior view. (d) MCZ VPRA-

1737 Dimetrodon sp. (Sphenacodontia) in posterior view E, AMNH FARB 5322 Moschops capensis (Tapinocephalidae) in lateral view). (f)

UCMP 32447 Placerias gigas (Dicynodontia) in posterior view. (g) UMZC T.883 Gorgonopsia indet. in posterolateral view. Arrows signify

likely attachment sites for at least one crural flexor muscle, although which one(s) in particular is difficult to resolve.

BISHOP and PIERCE 1855

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25310 by H
arvard U

niversity, W
iley O

nline Library on [06/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



additionally be entangled with part of the flexor tibialis
externus (Diogo & Molnar, 2014; Jones, 1979). Further
investigation is needed before a more refined (better split)
set of characters and states can be constructed.

24. FTI1 origin

0. Absent as a discrete muscle
1. Posterolateral ischial surface, near ischiocaudalis ori-

gin and ilioischiadic ligament attachment [ischiadic
tuberosity], possibly also from ilioischiadic ligament

Remarks—Although salamanders are coded as state 0
here, it is worth noting that the “ischioflexorius” origi-
nates from the posterolateral corner of ischium, compara-
ble to the situation in amniotes.

25. FTI2 origin

0. Absent as a discrete muscle
1. Apex of posterodorsal ischium [tuberosity] and possibly

also transverse processes of posteriormost sacral verte-
brae and/or anteriormost caudal vertebrae (BICF)

Remarks—The “short head” of the BICF is apomorphic for
a select group of derived placentals, and may in fact be
derived from the TEN observed in other therians, including
marsupials (Diogo et al., 2016; Green, 1931); it is not consid-
ered further here. The posterodorsal corner of the ischium
becomes mediolaterally thickened in eucynodonts (and con-
vergently in derived dicynodonts) to form a clearly defined
tuberosity (IsTu, see Figure 20d–k). The development of an
ischiadic tuberosity on the line to mammals possibly reflects
a change in the loading regime (mechanobiological stimu-
lus) experienced by the bone, with a shift from caudal (pos-
terior-pulling) to appendicular (laterally pulling) muscles
dominating local bone loading. This may have occurred in
association with reduction of tail musculature and increased
emphasis on crural flexors for powering femoral retraction.

26. FTI1 insertion

0. Absent as a discrete muscle
1. Posterior proximal tibia [scarring]

27. FTI2 insertion

0. Absent as a discrete muscle

1. Posterior proximal tibia, distal to pubotibialis
insertion [scarring], medial to lateral extent variable

2. Superficial aspect of lateral crus; direct osseous attach-
ment either absent or on lateral aspect of proximal fib-
ula and/or tibia and/or patella (BICF)

Remarks—As noted above, the mammalian BICF exhibits
a stark topological change compared to its precursor
muscle in the ancestral amniote. Uniquely among the
crural flexors of all amniotes, this muscle passes laterally
behind the thigh to become the most superficial muscle
attaching to the lateral crus (including the TEN, when
present). Proximally, its origin may also shift somewhat
laterally as it gains an attachment to the vertebral col-
umn. In placentals, the BICF is the most superficial mus-
cle of the back of the thigh, but laterally it remains deep
to the GMAX and FCOC.

Large, well-preserved tibiae of some stem amniotes and
nonmammalian synapsids occasionally possess scarring on
the posterior to posteromedial aspect of the proximal end,
either as a discrete patch of striations or as a rugose bump
(Figure 17, arrows). This probably marks the insertion of at
least one crural flexor, although which one precisely
(FTI1,2 or FTE, or homologues) is difficult to discern.

3.10 | Flexor tibialis externus (FTE):
Characters 28–31

28. Number of heads

0. Absent
1. One
2. Two (both forming the semitendinosus, STEN)

Remarks—The FTE of salamanders is absent as a discrete
muscle, probably forming part of the “ischioflexorius”
(Table 1; Diogo & Molnar, 2014); salamanders are coded
as state 0 for characters 28–31.

29. Origin

0. Absent as a discrete muscle
1. Ilioischiadic ligament and fascia covering proximal

tail muscles
2. Lateral surface of postacetabular iliac process (deep to

posterior IT origin)
3. Lateral aspect of ischiadic tuberosity in close associa-

tion with BICF origin (ventral head), transverse pro-
cesses of sacral and/or anteriormost caudal vertebrae
(dorsal head)

1856 BISHOP and PIERCE
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Remarks—Although salamanders are coded as state 0
here, it is worth noting that the “ischioflexorius” origi-
nates from the posterolateral corner of ischium, in the
same general location as the FTE of most amniotes. In
monotremes, the origin of the dorsal head is expanded
anteriorly to include all sacral vertebrae (and in Ornithor-
hynchus it extends even further to the posteriormost lum-
bar vertebrae), such that this muscle becomes the most
superficial of the lateral aspect of the thigh. Although the
STEN of mammals is not tightly associated with
the ischiadic tuberosity (i.e., has no unambiguous osteo-
logical correlate), the topographic shift of the FTE origin
on the line to mammals, from a plesiomorphic position
dorsal to the ischium to being more directly attached to
the ischium itself, may have nonetheless contributed to
the development of the tuberosity.

30. Primary insertion

0. Absent as a discrete muscle
1. Posteromedial to medial proximal tibia (extent vari-

able), and possibly surrounding fascia

31. Secondary insertion

0. No, FTE absent as a discrete muscle
1. Yes, via additional tendon to gastrocnemius externus
2. No, FTE only has one insertion

3.11 | Puboischiotibialis (PIT, Figure 18):
Characters 32 and 33

32. Origin

0. Much of puboischiadic symphysis, and possibly also
posterior aspect of pubic tubercle

1. Proximal lateral ischium (PIT [small scar]) and posta-
cetabular iliac process (FTI2)

Remarks—The general arrangement of the PIT across tet-
rapods is conservative, as the most superficial of the ventral
thigh muscles, covering much of the ventral surface of the
thigh. It is generally broad and sheet-like proximally, espe-
cially in salamanders and lepidosaurs that retain a long
puboischiadic plate, and tends to be undivided. Although
mammals have an abbreviated pubis, the PIT (gracilis,
GRA) can sometimes extend anteriorly onto the base of the
epipubis (where present) or iliopubic ligament. Whereas
the PIT also originates from a puboischiadic ligament in
extant saurians (Hutchinson, 2001a), both salamanders

and mammals apparently lack such a ligament, with the
muscle directly attaching to the pelvic midline; the liga-
ment may hence be apomorphic for Sauria or a more inclu-
sive clade. Irrespective of these differences, it is fairly
certain that the PIT of nonmammalian synapsids took ori-
gin on or near a substantial portion of the ventral pubis
and ischium. Crocodylians present a highly modified,
bipartite, and fusiform configuration of the PIT, possibly
associated with the opening up of the puboischiadic plate
in archosaurs (state 1; Hutchinson, 2001b).

33. Insertion

0. Posteromedial to medial tibia, typically in close associ-
ation with FTI/SMEM and FTE/STEN insertions but
medial/superficial to them [scarring or groove]

Remarks—As with its origin, the insertion of the PIT is
highly conservative across tetrapods. It is demarcated by
scarring that can be traced continuously from stem amni-
otes through to extant synapsids and sauropsids
(Figures 5 and 18). Scarring is plesiomorphically
manifested as a longitudinal groove on the anteromedial
to posteromedial tibia that “faces” posteromedially
(i.e., anterior border more pronounced than posterior),
and this basic pattern persists with little modification
through to extant mammals. In sauropsids, however, it
typically acquires positive relief, forming a tuberosity.
Quite remarkably, the PIT insertion is distally extensive
in stem amniotes and most nonmammalian synapsids,
where scarring typically extends down at least two thirds
of the length of the tibia. Many extant quadrupedal mam-
mals retain an extensive insertion of the PIT (GRA) and
other crural flexors on the tibia, whereas the crural
flexors of sauropsids are generally more proximally
restricted in their insertions.

Although many previous studies of nonmammalian
synapsid postcrania have described or illustrated this
structure in passing (Bonaparte, 1963; Fourie & Rubidge,
2007; Jenkins, 1970, 1971; Kemp, 1978; King, 1985;
Orlov, 1958; Romer & Price, 1940; Sues & Jenkins, 2006),
little interpretation has been offered by way of soft tissue
attachment. Holmes (1984) and Pawley and Warren
(2006) interpreted this scar as denoting insertion of the
PIT in embolomere stem amniotes and temnospondyl
amphibians, respectively, but Sumida (1989) and Holmes
(2003) suggested that the scar in captorhinids denoted
the origin of the tibialis anterior. However, considering
the muscle arrangements observed in extant synapsids
and saurians, and the wealth of fossil evidence arguing
for strong phylogenetic continuity of both this scar and
the origin of the tibialis anterior (see character 68 below),
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FIGURE 18 Legend on next page.
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the interpretation of a PIT insertion is strongly supported.
It cannot be ruled out that other crural flexors may have
additionally inserted somewhere on this scar.

3.12 | Pubotibialis (PUT): Characters 34
and 35

34. Origin

0. Anterolateral aspect of pubis, on or near pubic tubercle
1. Absent
2. Two origins—anterolateral aspect of pubis, on or near

pubic tubercle including epipubis (pectineus, PECN);
and anteroventral pubis and possibly epipubis, ventral
to first origin (adductor longus, ADDL)

Remarks—The evolutionary history of this muscle on the
line to mammals is complex, starting in the ancestral
amniote as a singular crural flexor and ending up as at
least two hip adductors. Moreover, it involves one of the
few well-supported instances of the “recombination” of
disparate muscles to form new muscles (Diogo et al.,
2016). Based on topology and innervation patterns,
Romer (1922) first suggested that as the ancestral PIFI
mass migrated dorsally on the line to mammals (charac-
ter 16), part of it was “left behind” to form the mamma-
lian PECN, but he assumed that the ancestral PUT was
wholly lost. Through embryological study, Jones (1979)
found evidence supporting the derivation of the PECN in
part from the PIFI, but also recognized a partial deriva-
tion from the PUT; moreover, the ADDL of mammals

was also homologous with the PUT mass. The dual origin
of the PECN is perhaps also evidenced by its bipartite
structure in some marsupials (MacCormick, 1887; Reilly
et al., 2010; Stein, 1981). Apparently, on the line to mam-
mals, as the PIFI migrated dorsally, part of it fused with
part of the PUT to form the PECN (the remaining PIFI
mass continued dorsally to form the ILC and PSO), and
the remaining PUT retracted its insertion from the proxi-
mal tibia to distal femur to become the ADDL (see next
character). The PUT was therefore never “lost” on the
line to mammals, just recombined.

Examining the PUT's history in the fossil record can-
not be undertaken directly, as there are no unambiguous
osteological correlates of its origin or insertion. (Similar
to the AMB, the pubic tubercle is not taken as an unam-
biguous indicator of the presence of the PUT, only the
general location of the muscle's origin, if it were indeed
present.) However, if it is assumed that the above trans-
formational hypothesis is correct, then observation of
osteological correlates for the PIFI can help indirectly
constrain some aspects of the PUT's history. Dorsal
migration of the PIFI is signaled, at least in part, by the
reduction of the pubis [character 16(1/2)] and appearance
of a discrete surface or fossa on the ventral preacetabular
ilium [character 16(3)]. The pubis is evidently reduced in
therapsids before the appearance of a surface or fossa on
the ilium in advanced cynodonts (Figure 3; Supporting
Information Appendix S3), consistent with the aforemen-
tioned transformational hypothesis. As noted above, the
probainognathians Prozostrodon and Therioherpeton are
the earliest-diverging taxa to exhibit an incipient iliac
fossa, suggesting that the reorganization of the PIFI—and

FIGURE 18 Osteological evidence of puboischiotibialis musculature attachment to the tibia from stem amniotes to extant mammals

[character 33(0)]. (a) MCZ VPRA-2045 Archeria crassidisca (stem amniote). (b) MCZ 1948 Limnoscelis paludis (Diadectomorpha). (c) MCZ

VPRA-1035 Diadectes tenuitectus (Diadectomorpha). (d) USNM PAL 768797 cf. Captorhinus (Captorhinidae). (e) AMNH FARB 4394

Labidosaurus hamatus (Captorhinidae). (f) MCZ VPRA-1443 Ophiacodon retroversus (Ophiacodontidae). (g) MCZ VPRA-1926 Varanops

sp. (Varanopidae). (h) MCZ VPRA-4324 Edaphosaurus boanerges (Edaphosauridae). (i) MCZ VPRA-2944 Secodontoaurus

sp. (Sphenacodontia). (j) AMNH FARB 5322 Moschops capensis (Tapinocephalidae). (k) NMQR 2987 Tapinocaninus pamelae

(Tapinocephalidae). (l) UFRGS-PV-1051-T Tiarajudens eccentricus (basal anomodont). (m) NMQR 479 Dicynodontoides recurvidens

(Dicynodontia). M, SAM-PK-2348 cf. Dicynodon sp. (Dicynodontia). (o) NMQR 3940 Lystrosaurus mccaigi (Dicynodontia). (p) UMZC T.883

Gorgonopsia indet. (q) SAM-PK-K11200 Scylacosauridae indet. (r) NMQR 3351 Moschorhinus kitchingi (Eutherocephalia). (s), BP/1/5394

Regisaurus jacobi (Eutherocephalia). (t) UMZC T.837 Scaloposaurus constrictus (Eutherocephalia). (u) NHMUK PV R.37054 Procynosuchus

delaharpeae (Cynodontia). (v) BP/1/2752 Thrinaxodon liorhinus (Cynodontia). (w) BP/1/1675 cf. Cynognathus (Cynognathia). (x) NMQR

1208 cf. Cynognathus crateronotus. (y) NHMUK PV R.3581 Diademodon tetragonus (Cynognathia). (z) PVL 2162 Exaeretodon

sp. (Cynognathia). (aa) MCZ VPRA-3691 Massetognathus pascuali (Cynognathia). (ab) UFRGS-PV-1051-T Trucidocynodon riograndensis

(basal probainognathian). (ac) MCZ VPRA-8838 cf. Kayentatherium wellesi (Tritylodontidae). (ad) MCZ VPM-19956 Eozostrodon parvus

(Mammaliaformes). (ae) MCZ VPM-19965 Gobiconodon ostromi (Theriiformes). (af) MCZ 25461 Tachyglossus aculeatus (Monotremata).

(ag) MCZ 104 Didelphis marsupialis (Theria). All panels are shown in medial view, except for (e) which is shown in both anterior (left) and

medial (right) views, and (f) which is shown in medial (left) and posterior (right) views. These illustrate a highly conserved manifestation of

the muscle's attachment (longitudinal groove or scar, between arrows), which can be traced continuously from stem amniotes through to

extant therians. Note the great distal extent of the scar in many instances.
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by extension the PUT—was more or less complete by that
stage in synapsid evolution.

35. Insertion

0. Posteromedial to posterolateral proximal tibia, gener-
ally more proximal to FTI, FTE, and PIT insertions

1. Absent
2. Two insertions—medial to posteromedial aspect of

middle of femoral shaft (PECN); and anteromedial to
posterior aspect of distal femur (ADDL)

3.13 | Adductor femoris (ADD,
Figure 19): Characters 36–38

36. Number of heads

0. One
1. Two

Remarks—Monotremes are coded as possessing a single
head, as the “adductor brevis” of Gambaryan et al. (2002)
is reinterpreted here as a subdivision of the OBEX (see
character 19 above).

FIGURE 19 Osteological evidence of adductor musculature attachment to the femur in synapsids. (a) USNM PAL 768796

cf. Captorhinus (Captorhinidae). (b) MCZ VPRA-4856 Ophiacodon mirus (Ophiacodontidae). (c) USNM V 15563 Varanosaurus acutirostris

(Ophiacodontidae). (d) AMNH FARB 4006 Lupeosaurus kayi (Edaphosauridae). (e) NHMUK PV R.49368 Titanosuchus ferox

(Titanosuchidae). (f) UMZC T.883 Gorgonopsia indet. (g) SAM-PK-K11200 Scylacosauridae indet. (h) SAM-PK-K7809 Glanosuchus macrops

(Scylacosauridae). (i) NMQR 3375 Theriognathus microps (Eutherocephalia). (j) NHMUK PV R.37054 Procynosuchus delaharpeae

(Cynodontia). (k) TM 83 Galesaurus planiceps (Cyodontia). (l) UMZC T.975 Scalenodon sp. (Cynognathia). (m) UMZC T.863 Cynognathia

indet. (n) NMQR 1206 Diademodon tetragonus (Cynognathia). (o) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal

probainognathian). All bones are shown in posterior view.
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37. Origin

0. Ventral and anterior aspect of anterolateral pubis
1. Puboischiadic ligament and surrounding aponeurosis,

deep to PIT, and crural flexors
2. Anterior and posterior aspects of lateral ischium
3. Ventrolateral aspect of ischium and/or pubis

Remarks—Although unambiguous osteological correlates
are wanting for this character, a puboischiadic ligament
may be apomorphic for saurians (as noted above), and
the ischial origin in Crocodylia is probably apomorphic
for Archosauria due to the opening up of the ventral pel-
vis (state 2; Hutchinson, 2001b).

38. Insertion

0. Posterior to posteromedial aspect of distal femoral
shaft [smooth surface]

1. Posterolateral aspect of femoral shaft [faint longitudi-
nal ridge or rugosity(ies), leading distally from InTr
and/or fourth trochanter]

2. Posterolateral aspect of femoral shaft [deep longitudi-
nal crest, leading distally from InTr and/or fourth
trochanter]

3. Posterior aspect of distal femoral shaft [two discrete
scars]

Remarks—In reality, states 0–2 are ostensibly a discreti-
zation of a continuous trait, especially since some “pely-
cosaur” clades exhibit multiple states across their history.
Whether the expression of these states correlates with
body (or femur) size, or the expression of other scars on
the femur, remains to be investigated. As a general rule
throughout the stem and early crown amniotes, the scar-
ring manifested as states 1 or 2 tracks from a more medial
side of the femur proximally, diagonally across the poste-
rior shaft toward the lateral condyle distally
(e.g., Holmes, 2003; Romer & Price, 1940; Sumida, 1997).
One notable exception is the “pelycosaur” genus Ophia-
codon, where scarring has shifted to lie entirely along the
lateral aspect of the shaft (Figure 19b); in the large spe-
cies O. retroversus, it forms a massive posterolateral
flange along the entire shaft (Romer & Price, 1940),
capped with scarring texture along its apex. This is pre-
sumably correlated with the autapomorphic condition of
the fourth trochanter in the genus (4Tr, see character
44 below).

Compared to “pelycosaurs,” putative scarring for the
ADD is less commonly observed in therapsids
(Figure 19e–i). Scarring is exceedingly rare among non-
mammalian cynodonts, but some exceptions to this

generality are illustrated in Figure 19j–o. Aside from Pro-
cynosuchus (Figure 19j), these instances are so uncom-
mon that they do not bear on the coding for their
respective OTUs in the current study.

3.14 | Ischiotrochantericus (ISTR,
Figures 20 and 21): Characters 39–41

39. Number of heads

0. One
1. Two (obturator internus [OBIN], gemellus [GEM])

or more

Remarks—Monotremes possess a single head that lacks
any origin from the medial (inner, dorsal) surface of the
ischium, which would correspond to the OBIN of ther-
ians. It is not currently possible to discern whether this
reflects the plesiomorphic single-headed condition (with
just a restricted origin), or instead is apomorphic, with
the OBIN having differentiated prior to crown Mamma-
lia, and subsequently becoming lost in extant mono-
tremes (i.e., they possess just the GEM). Study of
embryological development may clarify the matter.

40. Origin

0. Posterolateral and/or posterodorsal (internal/
medial) aspects of ischium [shallow depression facing
dorsomedially]

1. Dorsolateral ischium posterior to acetabulum [shal-
low, longitudinal depression/groove facing dorsolater-
ally], plus medial surface of ischium

2. Dorsolateral ischium posterior to acetabulum, plus
medial surface of ischium, pubis, and obturator fenes-
tra membrane

Remarks—The frequently extensive invasion of the
medial surface of the ischium and pubis by the ISTR in
extant therians is only possible because this region had
already been vacated by the PIFI, which pleisomorphi-
cally occupied much of the same area (see character 16).
If dorsal migration of the PIFI was indeed a “prerequi-
site” for an extensive medial origin of the ISTR (specifi-
cally, OBIN), then medial expansion of the ISTR could
have been well underway even within probainognathian
cynodonts (see character 34).

As the single-headed ISTR of monotremes takes
origin from the dorsolateral aspect of the ischium
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(despite no contact with the medial surface), mono-
tremes are coded as state 1 here. Elsewhere, state 1 is
only recognizable among extinct species; a subtle dor-
solateral depression or groove is occasionally observed
in some noncynodont therapsids (Figure 20a–c), but it
becomes widespread and well developed in cynodonts
and mammaliaforms (Figure 20h–j), and persists even
in some stem therians (Figure 20k). The dorsolateral
groove is separated from the medial surface of the
ischium by a sharp dorsal margin to the bone, and from

the more ventral lateral surface of the ischium by a
longitudinal ridge; collectively this gives the proximal
ischium near the acetabulum a somewhat triangular
cross-section. The groove is situated exactly where the
GEM of extant therians originates, and its presence
may indicate some level of subdivision of the ISTR
mass in many nonmammalian species. (If so, this
would suggest apomorphic loss of the OBIN in mono-
tremes.) The presence of a large obturator fenestra in
cynodonts cannot be taken as an unambiguous

FIGURE 20 Osteological evidence of ischiotrochantericus musculature origin from the pelvis in synapsids. (a) SAM-PK-5614

Anteosaurus magnificus (Anteosauridae) proximal ischium. (b) SAM-PK-2348 cf. Dicynodon sp. (Dicynodontia) ischium. (c) SAM-PK-K10591

Gorgonops torvus (Gorgonopsia) ischium. (d) MCZ VPRA-3018 Dinodontosaurus tener (Dicynodontia) pelvis. (e) GPIT-PV-30792 Stahleckeria

potens (Dicynodontia) pelvis. (f) PVL 3807 Ischigualastia jenseni (Dicynodontia) pelvis. (g) UFRGS-PV-0150-T Jachaleria candelariensis

(Dicynodontia) pelvis. (h) PVL 4442 Massetognathus pascuali (Cynognathia) ischium. (i) MCZ VPRA-3616 Chiniquodon sp. (basal

probainognathian) ischium. (j) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) ischium. (k) MACN-N

09 Vincelestes neuquenianus (cladotherian, i.e., stem therian) ischium. All specimens are shown in lateral view. Note the large medially

projecting flange of the ischium (*) in (d)–(g).
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correlate of extensive medial invasion of the ISTR. In
kannemeyeriiform dicynodonts, the ischium develops a
medially projecting plate from the dorsal margin
(Figure 20d–g, asterisk) that can be almost as large as
the main ischial body itself, forming an L-shaped cross-
section (Kammerer et al., 2013; Pearson, 1924; Ray,
2006). This medial plate ostensibly served as an
increased attachment area for the ISTR (Walter, 1988a,
1988b).

41. Insertion

0. Lateral to anterolateral proximal femur, near PIFI
insertion, and proximal to IF insertion [tuberosity]

1. Posterolateral proximal femur, posteromedial to apex of
GrTr [trochanter], proximal to insertion of PIFE/OBEX

Remarks—The transition from (known) “pelycosaurs” to
therapsids involved a marked reorganization of muscle

FIGURE 21 Osteological evidence of ischiotrochantericus musculature insertion on the femur in synapsids. (a) USNM PAL 768796

cf. Captorhinus (Captorhinidae), in anterior view. (b) MCZ VPRA-4812 Ophiacodon retroversus (Ophiacodontidae), in anterior view.

(c) FMNH UR 733 Edaphosaurus boanerges (Edaphosauridae), in anterior view; inset shows profile of muscle scar in lateral view. (d) MCZ

VPRA-2937 Dimetrodon limbatus (Sphenacodontia), in anterior view. (e) UMZC T.987 Oudenodon sp. (Dicynodontia), in posterior view. (f)

UMZC T.767 Lystrosaurus sp. (Dicynodontia), in posterior view. (g) NHMUK PV R.36995 Luangwa drysdalli (Cynognathia), in posterior

view. (h) PVL 2554 Exaeretodon argentinus (Cynognathia), in posterior view. (i) MCZ VPRA-3801 Massetognathus pascuali (Cynognathia), in

proximal view. (j) MCZ VPRA-3616 Chiniquodon sp. (basal probainognathian), in proximal view. (k) UFRGS-PV-1051-T Trucidocynodon

riograndensis (basal probainognathian), in posterior view.

BISHOP and PIERCE 1863

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25310 by H
arvard U

niversity, W
iley O

nline Library on [06/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



attachments on the proximal femur, including the loss of
a prominent anterolateral tuberosity (Figures 4 and
21a–d). It is reasonable to infer that at this point the
insertion of the ISTR acquired a more “mammalian” con-
dition and became associated with the GrTr. In cynog-
nathian and basal probainognathian cynodonts, the
posterior aspect of the GrTr frequently exhibits an
expanded longitudinal “keel,” likely demarcating the
insertion of the ISTR (Figure 20g–k, arrows). Superfi-
cially similar scarring has also been observed in a few
rare dicynodont specimens as well (Figure 21e,f).

3.15 | Caudofemoralis (CF, Figure 22)—
Characters 42–45

42. Number of heads

0. One
1. Two, one long and deep (longus/CFL), the other short

and superficial (brevis/CFB)

Remarks—This muscle is absent in several marsupial and
derived placental groups, but when it is present it com-
prises a single head only. Assuming homology between
the therian CF and the same-named muscle of nonther-
ians, it is reasonable to infer that a single-headed muscle
was the ancestral condition for Theria as a whole (state
0), and that groups lacking the muscle represent
instances of secondary loss.

43. Origin

0. Transverse processes of anteriormost caudal vertebrae
1. Centra, ventral aspect of transverse processes and hae-

mal arches of anteriormost caudal vertebrae, possibly
also posterior ilium and/or transverse processes of
sacral vertebrae

2. Anteriormost caudal vertebrae and/or sacral vertebrae
3. Fascia surrounding proximal tail

44. Insertion

0. Posterolateral proximal femur, lateral to InTr
[tuberosity]

1. Posterolateral to caudomedial proximal femur, distal
to apex of InTr

2. Posterior proximal femur, proximal end of ridge/crest
[rugosity (4Tr), distinct and separate from InTr]

3. Strong ridge and pit on posterior proximal
femur [4Tr]

4. Posterior to posterolateral femoral shaft [smooth
surface]

Remarks—Among stem amniotes, the large region of
scarring located proximal to the longitudinal “adductor
ridge” on the posterior femur (cf. character 38) and par-
tially enveloping the proximal fossa may variously mani-
fest as a single, rugose projection (e.g., Berman et al.,
2004; Holmes, 1984; White, 1939; Williston, 1911), or
alternatively as two discrete eminences (Figure 22a;
Holmes, 2003; Romer, 1922, 1956; Sumida, 1997). In the
latter case, the proximal scar consistently forms a proxi-
mally directed, flange-like projection comparable to the
InTr of salamanders, lepidosaurs, and testudines, and can
be recognized as such (see character 20 above); the distal
scar has thence been named the 4Tr (Romer, 1922). The
double-scarred morphology remains a consistent feature
throughout “pelycosaurs” (Figures 4a, 22b–d), although
in caseid caseasaurs and many varanopids, the 4Tr is sub-
sequently reduced or lost (Campione & Reisz, 2010;
Romer & Price, 1940; Sumida et al., 2014). In the genus
Ophiacodon, the 4Tr is no longer situated purely distal to
the InTr in the middle of the posterior aspect, but rather
has shifted laterally and somewhat proximally to lie on
the lateral edge of the proximal fossa, forming a rugose
eminence with a central pit (Figure 22c,d; Romer &
Price, 1940). Regardless of variations in osteological
expression, the core topology of these muscle insertions
remains conserved throughout stem and early crown
amniotes, and is consistent with the topology of insertion
observed in extant salamanders, lepidosaurs, and testu-
dines. This similarity means that the 4Tr of early amni-
otes (including “pelycosaurs”) can be confidently
reconstructed as the insertion site of the CF.

However, it remains uncertain as to whether the 4Tr
of early amniotes is strictly homologous with the 4Tr of
archosaurs (Hutchinson, 2001a; Nesbitt, 2011), even if
both served as the insertion of the CF. Notably, the fem-
ora of early sauropsids consistently possess only a single
process on the posterior face of the proximal femur, which
typically has been referred to as the InTr (Simões et al.,
2022). This may in part be due to the generally small size
of many early sauropsids, as a distinct 4Tr is sometimes
not recognizable in small or immature “pelycosaurs.” The
currently available body of evidence does not help distin-
guish whether the archosaurian 4Tr is simply a distally
displaced InTr, or whether the two are distinct, nonhomo-
logous structures as they are in “pelycosaurs.”

In contrast to its near-ubiquitous presence in
“pelycosaurs,” the 4Tr is exceedingly rare among known
therapsids. In biarmosuchians, a 4Tr has only been
reported in an indeterminate taxon (Sigogneau &
Tchudinov, 1972, fig. 20). A subtle 4Tr is present in the
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dinocephalian Anteosaurus (Figure 22e); in the closely
related Titanophoneus, Orlov (1958) did not recognize
such a scar but King (1988) claimed that it was present,
albeit poorly developed. The rarity of a 4Tr in therapsids
coincides with an apparent shortening of the tail in most
taxa (comparable to the pattern noted for nonavian the-
ropod dinosaurs and birds; Gatesy, 1990), although this
must be viewed with caution due to the current paucity
of well-preserved, complete tails of basal therapsid taxa.

45. Secondary tendon to lateral knee region

0. Absent
1. Present

3.16 | Gastrocnemius group (Figures 23
and 24): Characters 46–54

46. Gastrocnemius externus (GE), number of
heads

0. Absent
1. One
2. Two
3. Three

Remarks—The gastrocnemii and flexor digitorum longus
of salamanders are not present as discrete muscles;
rather, there is a single muscle (flexor primordialis com-
munis) that collectively replaces them in topology, which

FIGURE 22 Osteological evidence of caudofemoralis musculature attachment to the femur in synapsids. (a) USNM PAL 768796

cf. Captorhinus (Captorhinidae), in medial (left) and posterior (right) views. (b) MCZ VPRA-2937 Dimetrodon limbatus (Sphenacodontia) in

posterior view, with inset highlighting fourth trochanter. (c) MCZ VPRA-4856 Ophiacodon mirus (Ophiacodontidae) in posterior view.

(d) MCZ VPRA-3296 Ophiacodon retroversus (Ophiacodontidae) in posterior view. (e) SAM-PK-11977a Anteosaurus magnificus

(Anteosauridae) femur in posterior view. Note the pit-like appearance and lateral position of the fourth trochanter in Ophiacodon spp.
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is likely homologous with all or part of these muscles in
amniotes (Diogo & Molnar, 2014). Although lepidosaurs
may possess superficial and deep subdivisions, this often
is only partial, and for the purposes of this study are
coded as state 1. In contrast, the mass in extant mammals
is clearly divided into multiple heads, forming the gas-
trocnemius lateralis (GL), plantaris (PLA), and, in ther-
ians, the soleus (SOL), although the latter is not always
fully distinct from the GL, especially in marsupials.

47. GE origin

0. Absent; not present as a discrete muscle
1. Posterolateral distal femur, proximal to lateral condyle

[tubercle or scarring]

2. Posterolateral aspect of apex of parafibula

Remarks—Additional attachments can be gained in ther-
ians, including the posterolateral aspects of the proximal-
most tibia and fibular head, but these nuances are
secondary to the overall phyletic patterns examined here.
Among extant amniotes, monotremes are remarkable in
that the superficial lateral muscle of the posterior crus
does not take origin from the femur, but rather the apex
of the parafibula (state 2), thus not crossing the knee. In
turn, some authors have described the muscle in question
as the SOL (see character 49 below), regarding the GL as
absent. On topological grounds, Gambaryan et al. (2002)
argued that this muscle was indeed the GL, and that the
SOL is an apomorphy of therians (or a more inclusive
group); their argument is followed here.

FIGURE 23 Osteological evidence of gastrocnemii attachment to the distal femur in synapsids. (a) MCZ VPRA-3926 Ophiacodon

retroversus (Ophiacodontidae). (b) MCZ VPRA-2937 Dimetrodon limbatus (Sphenacodontia). (c) MCZ VPRA-1108 Dimetrodon

sp. (Sphenacodontia). (d) SAM-PK-12041 Moschops sp. (Tapinocephalidae). (e) UMZC T.987 Oudenodon sp. (Dicynodontia). (f) NHMUK PV

R.37374 Dicynodontia indet. (g) UMZC T.427 Lystrosaurus sp. (Dicynodontia). (h) MCZ VPRA-3455 Dinodontosaurus brevirostris

(Dicynodontia). (i), BP/1/1675 cf. Cynognathus (Cynognathia). (j) PVL 2554 Exaeretodon argentinus (Cynognathia). All images are shown in

posterior view, with the exception of insets in (h, posteromedial view) and (i, posterolateral view).

1866 BISHOP and PIERCE

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25310 by H
arvard U

niversity, W
iley O

nline Library on [06/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



48. PLA origin

0. Absent; not divided
1. Posterior aspect of [parafibula], medial to GL origin
2. Lateral aspect of fibular head and/or lateral fabellar

sesamoid and/or lateral femoral condyle (deep to GL)

Remarks—The development of a parafibula is quite
common throughout Mesozoic mammals, although it is
typically reduced or lost entirely in therians, in concert
with the reduction of the proximal fibula and appearance
of the lateral fabellar sesamoid. It is possible that the par-
afibula was a functional precursor to the lateral fabellar

FIGURE 24 Osteological evidence of gastrocnemii attachment to the pes in synapsids. (a) SAM-PK-8950 Hipposaurus boonstrai

(Biarmosuchia) astragalus and calcaneum in ventral view. (b) NMQR 479 Dicynodontoides recurvidens (Dicynodontia) calcaneum in dorsal

view. (c) BP/1/2167 Dinogorgon sp. (Gorgonopsia) calcaneum in dorsal view. (d) SAM-PK-K10585 cf. Gorgonops torvus (Gorgonopsia)

calcaneum in dorsal view. (e) BSPG 1934-VIII-28 Gorgonops sp. (Gorgonopsia) pes in ventral view. (f) SAM-PK-K4441 Gorgonopsia indet.

pes in dorsolateral (left) and dorsal (right) views. (g) SAM-PK-K12051 Alopecognathus sp. (Scylacosauridae) astragalus and calcaneum in

dorsal view. (h) SAM-PK-K7808 Glanosuchus macrops (Scylacosauridae) calcaneum in dorsal view. (i) SAM-PK-K7809 Glanosuchus macrops

(Scylacosauridae) calcaneum in dorsal view. (j) AMNH FARB 5622 Bauria cynops (Eutherocephalia) pes in dorsal view. (k) BP/1/5394

Regisaurus jacobi (Eutherocephalia) calcaneum in dorsal view. (l) BP/1/1675 cf. Cynognathus (Cynognathia) calcaneum in dorsal view. (m)

MCZ-VPRA 4018 Massetognathus pascuali (Cynognathia) calcaneum in ventral view. (n) MCZ VPRA-4021 Probainognathus jenseni (basal

probainognathian) astragalus and calcaneum in dorsal view. (o) MCZ VPM-19959 Eozostrodon parvus (Mammaliaformes) calcaneum in

dorsal view.
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sesamoid (see also Barnett & Lewis, 1958), and its pres-
ence is indicative of a more differentiated GE mass,
including a distinct PLA (state 1). Morganucodontids
(Jenkins & Parrington, 1976), at least one tritylodontid
(Kühne, 1956), and the triconodont mammal Gobicono-
don (Jenkins & Schaff, 1988) possess a small, spatulate
flange on the posteroproximal fibular head, level with or
projecting proximally above the articular surface. This is
interpreted as an incipiently developed parafibula, and
hence these taxa are coded as state 1 here.

49. SOL origin

0. Absent; not divided
1. Lateral fabellar sesamoid and/or posterior fibular

head and/or lateral femoral condyle (deep to GL)

50. Gastrocnemius internus (GI), origin

0. Absent; not present as a discrete muscle
1. Proximomedial tibia
2. Posteromedial distal femur (proximal to medial con-

dyle) and/or posteroproximal tibia and/or popliteal
fossa of femur

Remarks—In testudines, the GI originates purely from
the medial tibia (Walker, 1973; Zug, 1971), as does the GI
of Sphenodon, whereas the GI origin extends to the
medial femur in squamates. In mammals, the origin of
the muscle (as the gastrocnemius medialis, GM) also
extends to the distal femur. Maximum likelihood ASR
suggests that an origin from the femur was ancestral for
Amniota (Supporting Information Appendix S3), but cir-
cumstantial evidence from extant anatomy suggests that
an origin from the tibia may have actually been the
ancestral condition. This is because the femoral origin in
squamates has a different topology with respect to the
crural flexors compared to that observed in mammals: in
squamates, the GI divides the [FTI1, FTE, PUT] from the
[FTI2, PIT], whereas the GI is lateral to all the crural
flexors in mammals except the BICF (but this muscle has
an apomorphic insertion; see characters 22, 27). The con-
trasts between squamates and mammals could be
explained by the GI having a plesiomorphic origin from
just the tibia, which subsequently migrated proximally
over the knee via different topological pathways.

In some large, well-preserved femora of edaphosaurids
and sphenacodontids, the posterior femur immediately
distal to the medial condyle shows a fibrous surface tex-
ture indicative of soft tissue attachment (Figure 23c); yet,
as this texture is often broadly continuous across much of

the popliteal fossa, it may not signify the attachment of
just the GI, and so cannot be unambiguously interpreted
as such. In contrast, the femora of tapinocephalids
(Figure 23d) and large dicynodonts (Figure 23e–h) some-
times possess a small tubercle on the posteromedial aspect
of the distal femur, consistent with a GI origin.

51. GE insertion

0. Absent; not present as a discrete muscle
1. Plantar aponeurosis of the pes, attaching to ventral

aspect of metatarsal V and tarsals and then to distal
phalanges

2. Plantar aponeurosis attaching to metatarsal V and
process on distal tarsal V, and calcaneal tuber [tarsal
process and calcaneal tuber present]

3. Calcaneal tuber [roughened apex of tuber]

Remarks—Exactly what constitutes a “calcaneal tuber” is
not clear, and its development (and associated shift in
muscle insertions) is more likely a continuous trait. Baur-
ioid therocephalians, cynodonts, and mammaliaforms
(including extant mammals) typically have a distinct pos-
terior projection on the calcaneum, which is sufficiently
long that a definite “handle” can be recognized
(Figure 24j–o). Despite this, the morphology of the handle
is noticeably varied, with that of baurioids being more
cylindrical in construction (paralleling the morphology of
theriiform mammals) compared to that of most nonmam-
malian cynodonts. The calcaneum of nonbaurioid euther-
ocephalians is poorly known, but appears to lack a
handle-like tuber (Attridge, 1956; Huttenlocker &
Smith, 2017).

The calcaneum of many gorgonopsians and at least
one scylacosaurid possesses a “heel” that extends
posterior (proximal) to the facet for the fibula
(Figure 24d,f,h,i), or at least extends posterior to the
posterior margin of the astragalus when the two bones
are in natural articulation (Sidor, 2022; fig. 3) This
may be considered an incipiently developed calcaneal
tuber. Broili and Schröder (1935) described a large cal-
caneal tuber in the gorgonopsian Gorgonops sp., but
examination of their material (BSPG 1934-VIII-28;
Figure 24e) shows it to have been broken and some-
what sculpted during preparation. Restoration of the
plate-like lateral shelf, often missing in gorgonopsian
fossils due to its fragile construction, would result in
a morphology with only a small posterior heel. Out-
side theriodonts, Boonstra (1965) described a well-
developed, hook-like tuber in the biarmosuchian Hip-
posaurus (Figure 24a), and King (1985) described a
small posterior process on the calcaneum of the
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dicynodont Dicynodontoides (Figure 24b). As the asso-
ciation between soft tissues and a calcaneal tuber are
only observable in extant taxa with a distinct, handle-
like morphology, use of the term “tuber” (and associ-
ated inferences of soft tissues, i.e., state 3) is restricted
here to handle-like morphologies only; incipient heels
do not qualify. A naïve application of maximum likeli-
hood or parsimony ASR (Supporting Information
Appendix S3) leads to the implausible inference that
the tubers of Hipposaurus and cynodonts are homolo-
gous (i.e., state 3 is plesiomorphic for Therapsida as a
whole). The fossil record of therapsids overwhelmingly
indicates these structures to be nonhomologous by lack
of phyletic continuity, and hence state 3 convergently
evolved in biarmosuchians, baurioid therocephalians,
cynodonts, and at least one dicynodont.

52. PLA insertion

0. Absent; not divided
1. Plantar fascia then to base of metatarsals IV and V
2. Plantar fascia, and tuber and plantar aspect of

calcaneum

53. SOL insertion

0. Absent; not divided
1. Tuber and plantar aspect of calcaneum (typically via

common tendon with GE/GL)

54. GI insertion

0. Absent; not present as a discrete muscle
1. Common insertion with GE, involving plantar apo-

neurosis of pes
2. Plantar aponeurosis of the pes to metatarsal V, calca-

neal tuber, and metatarsals II–III
3. Calcaneal tuber and possibly plantar aspect of calca-

neum [roughened apex of tuber]

3.17 | Flexor digitorum longus (FDL,
Figure 25): Characters 55 and 56

55. Origin

0. Absent
1. Posterolateral aspect of distal femur (proximal to lat-

eral femoral condyle) and/or posterior proximal fibula
and/or posteroproximal tibia

2. Lateral aspect of parafibula and proximal fibula
3. Posteromedial aspect of head and proximal shaft of

fibula

Remarks—As noted above, the FDL of salamanders is not
present as a discrete muscle, instead replaced (with the
GE) by the flexor primordialis communis. Squamates fre-
quently possess additional slips that take origin further
distal to the knee (Russell, 1993), but these are neglected
in the present study for they have no bearing on the
broader questions examined here.

FIGURE 25 Osteological evidence of flexor digitorum longus insertion in the pes of synapsids. (a) MCZ VPRA-1365 Dimetrodon milleri

(Sphenacodontia) pes in ventral view. (b) SAM-PK-K7580 Gorgonopsia indet. pes in ventral view. (c) UCMP 40467 Mirotenthes digitipas

(Eutherocephalia) pes in dorsolateral view. Arrows denote flexor tubercles for muscle insertion.
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56. Insertion

0. Via plantar aponeurosis of pes, to proximoventral
aspect of terminal phalanges of most or all digits
[ungual flexor tubercles]

1. Via tendon deep to plantar aponeurosis, to ventral
aspect of terminal phalanges [ungual flexor tubercles;
calcaneal tuber breaks up plantar aponeurosis]

Remarks—State 0 here incorporates the condition in the
flexor primordialis communis of salamanders. It is possi-
ble that the progressive development of a calcaneal tuber
on the line to mammals was associated with a concomi-
tant breaking up of adjacent soft tissues: the plesio-
morphic singular GE mass differentiated to give rise to
the PLA, and the ancestral plantar aponeurosis differenti-
ated to give rise to a fully separate passage of the FDL. As
currently constructed (and in turn, coded for), this char-
acter assumes that the development of a calcaneal tuber
leads to a switch from state 0 to state 1. Thus, multiple
independent origins of the tuber (cf. character 51) cur-
rently would imply multiple origins of a more differenti-
ated GE mass and altered FDL passage.

3.18 | Flexor digitorum brevis (FDB):
Characters 57 and 58

57. Origin

0. Dorsal (deep) surface of plantar fascia/aponeurosis
1. Dorsal (deep) surface of plantar fascia/aponeurosis or

FDL tendon, and also plantar aspect of some proximal
tarsals (especially calcaneum) or metatarsals

2. Tendon or fascia covering posterior surface of belly of
FDL, proximal to ankle

Remarks—In some marsupials the FDB is essentially fused
with the PLA proximally (e.g., Warburton et al., 2015).

58. Insertion

0. Plantar aspect of metatarsals and/or proximal phalan-
ges (which ones specifically vary)

1. Plantar aspect of unguals [flexor tubercles]

3.19 | Flexor hallucis longus (FHL):
Characters 59 and 60

59. Origin

0. Absent, not present as discrete muscle

1. Posterolateral aspect of distal femur, proximal to lat-
eral condyle

2. Posterior to posteromedial aspect of head
and shaft of tibia, possibly also posteroproximal
fibula

Remarks—Salamanders possess additional flexor
muscles—flexores accessorius lateralis et medialis and
caput longum musculorum contrahentium—that are
apomorphic for the group, but which may be derivatives
of the ancestral digital flexor muscle mass, and therefore
somewhat equivalent to the FDL and/or FHL of amniotes
(Diogo & Molnar, 2014). Further work is required to
establish precise homologies. Hutchinson (2002) consid-
ered the FHL to be present in lepidosaurs, but neither
Russell (1993) nor Russell and Bauer (2008) mentioned it
in their detailed surveys of squamates. The condition in
Sphenodon suggests that the FHL probably never prop-
erly differentiated from the various subdivisions of the
FDL, but this is of little consequence for the present
study's focus.

60. Insertion

0. Absent, not present as discrete muscle
1. Medial plantar aspect of digit I
2. Base of metatarsal I, distal tarsal I (=entocuneiform),

plantar fascia or FDL/FDB tendons

3.20 | Extensor digitorum longus (EDL,
Figure 26): Characters 61 and 62

61. Origin

0. Anteroproximal border of both femoral condyles
1. Anterior aspect of distal femur, proximal to lateral

condyle only [scarring]
2. Anterior aspect of proximal fibula and parafibula
3. Anterior aspect of lateral femoral condyle and/or

anterolateral fibular and tibial heads

Remarks—Stem and early crown amniotes are character-
ized by a distinctly asymmetrical distal femur, wherein
the lateral condyle projects further distally than the
medial. In well-ossified individuals, a subrectangular
shelf projects distally to form an overhang above the lat-
eral condyle (e.g., Holmes, 2003; Romer & Price, 1940).
This shelf is often heavily scarred with the texture trend-
ing distally (Figure 26), indicating the attachment of the
EDL, although the peroneus longus possibly also gained
attachment from this region (Romer, 1922; see character
71 below).
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62. Insertion

0. Dorsal aspect of proximal metatarsals (which ones vary)
1. Dorsal aspect of distal phalanges (which ones vary)

3.21 | Extensor digitorum brevis (EDB):
Character 63–65

63. Number of heads

0. One
1. More than one (extra “peroneal” heads)

Remarks—Therians possess multiple additional ankle
dorsiflexor muscles in the peroneal region of the crus, in

addition to the peroneus longus and brevis, including the
peroneus tertius, digiti terti, digiti quarti, and digiti
quinti. The exact number of these additional heads is var-
iable across therians, and their homology between
marsupials and placentals is not clear. Furthermore, con-
trasting patterns of innervation suggest that, rather than
being derivatives of the topologically similar peroneal
musculature, the additional heads are actually related to
the EDB (Diogo & Molnar, 2014; Greene, 1935). On this
basis, they are included here, rather than with characters
codifying the peroneal musculature, although future
developmental studies could help further clarify
homologies.

64. Origin

0. Dorsal aspect of distal tarsals
1. Dorsal aspect of proximal tarsals (principally astraga-

lus and calcaneum)
2. Dorsal aspect of calcaneum, anterodistal fibular shaft,

and/or soft tissues surrounding ankle
3. Anterior aspect of proximal fibula, parafibula (when

present)

65. Insertion

0. Dorsal aspect of middle to terminal phalanges, which
ones vary [extensor processes]

3.22 | Extensor hallucis longus (EHL):
Characters 66 and 67

66. Origin

0. Absent, not present as discrete muscle
1. Anteromedial to anterolateral aspect of distal

fibula
2. Medial aspect of fibular shaft, proximodistal extent

variable
3. Anteromedial aspect of proximal fibula and sur-

rounding tissues (including parafibula or medial
tibia)

67. Insertion

0. Absent, not present as discrete muscle
1. Dorsomedial aspect of metatarsal I
2. Dorsal aspect of digit I ungual [extensor process]

FIGURE 26 Osteological evidence of extensor digitorum longus

origin from the anterior aspect of the lateral femoral condyle in

“pelycosaurs.” (a) MCZ VPRA-4856 Ophiacodon mirus

(Ophiacodontidae). (b) MCZ VPRA-6003 Dimetrodon limbatus

(Sphenacodontia). Specimens are shown in anterior view. It is possible

that this region also served as the origin of the peroneus longus.
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3.23 | Tibialis anterior (TA, Figure 27):
Characters 68 and 69

68. Origin

0. Anteroproximal border of medial femoral condyle
1. Anterolateral to medial surface of much of tibial shaft,

distal to tuberosity on cnemial crest
2. Anterior to anterolateral aspect of proximal third of

tibia [fossa and cnemial crest], and possibly surround-
ing tissues (including fibula) as well

Remarks—This muscle is bipartite in salamanders
(extensores cruris et tarsi tibialis), but otherwise its
topology remains unaltered. The somewhat contrasting
locations of the tibial origin observed in extant saurop-
sids (more medial) and synapsids (more lateral) would
render inference of the ancestral amniote condition

uncertain, were it not for the observation that stem
and early crown amniotes possess the characteristic
association of a cnemial crest and lateral fossa
(Figure 27a–e). Some temnospondyl amphibians also
exhibit these structures, albeit in a more subdued fash-
ion (Pawley, 2007; Pawley & Warren, 2006). These
structures can be continuously traced through the fossil
record from stem amniotes through to crown mammals
(Figures 5 and 27f–n), supporting their homology and
suggesting that a more lateral tibial origin of the TA
was the ancestral condition for amniotes (and
synapsids).

69. Insertion

0. Anterior aspect of distal tibia and dorsal aspect of
medial proximal tarsal (tibiale/astragalus)

FIGURE 27 Osteological evidence of tibialis anterior musculature attachment to the tibia in synapsids. (a) MCZ VPRA-2045 Archeria

crassidisca (Embolomeri, stem amniote) in anterior view. (b) MCZ VPRA-1035 Diadectes tenuitectus (Diadectomorpha) in anterior view.

(c) AMNH FARB 19383 Captorhinus sp. (Captorhinidae) in anterior view. (d) MCZ VPRA-1203 Ophiacodon retroversus (Ophiacodontidae) in

anterior view. (e) MCZ VPRA-1351 Edaphosaurus sp. (Edaphosauridae) in anterior view. (f) NMQR 2987 Tapinocaninus pamelae

(Tapinocephalidae) in lateral view. (g) SAM-PK-2348 cf. Dicynodon sp. (Dicynotontia) in anterior view. (h) PVL 3807 Ischigualastia jenseni

(Dicynodontia) in lateral view. (i) UMZC T.883 Gorgonopsia indet. in anterior view, image rendered from a digital model acquired via a

GoSCAN 20 laser surface scanner (Creaform, USA). (j), SAM-PK-1395 Thrinaxodon liorhinus (Cynodontia) in lateral view. (k) PVL 2162

Exaeretodon sp. (Cynognathia) in anterior view. (l) MCZ VPRA-4021 Probainognathus jenseni (basal probainognathian) in lateral view.

(m) UFGRS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) in anterior view. (n) MCZ VPM-19956 Eozostrodon parvus

(Mammaliaformes) in anterior view. See also annotations on other figures for further illustrations of muscle attachment in other taxa.
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1. Dorsomedial aspect of metatarsal I
2. Dorsolateral aspect of proximal metatarsals I–IV, prin-

cipally metatarsal I
3. Dorsomedial aspect of distal tarsal I (entocuneiform)

or metatarsal I

3.24 | Peroneus group (Figure 28):
Characters 70–74

70. Number of heads

0. One
1. Two

Remarks—Salamanders lack readily identifiable peroneal
muscles. The apomorphic “extensor cruris et tarsi fibu-
laris” has a markedly different topology from the pero-
neus group of amniotes, but Diogo and Molnar (2014)
tentatively suggested that the two are homologous, at
least in part. This correspondence is assumed here, as
there are no other appropriate muscles in this part of
the crus.

71. Peroneus longus (PL), origin

0. Anteroproximal border of femoral condyles, especially
lateral condyle

1. Anterolateral to lateral aspect of fibula, distal to ILFB
insertion

2. Anterolateral aspect of distal femur, proximal to lat-
eral condyle

3. Posterolateral proximal fibula, and possibly lateral
condyle of tibia and surrounding soft tissues

Remarks—In monotremes, the origin also extends
onto the parafibula. Scarring on the anterior aspect of
the lateral femoral condyle shelf in early amniotes,
including “pelycosaurs” may indicate attachment of
the PL here (see also character 61 above).

72. Peroneus brevis (PB), origin

0. Absent, not differentiated from PL
1. Lateral to anterolateral fibular shaft
2. Anterolateral distal fibula, distal to PL origin
3. Anterolateral proximal fibula, anterior to PL origin

when PL also originates from fibula

Remarks—The PB was not recognized explicitly for
monotremes by Gambaryan et al. (2002), but they

described a muscle ("peroneus digiti quinti")
which shows a very similar topology to that in ther-
ians, especially proximally, suggesting that this is in
fact the PB.

73. PL insertion

0. Anterolateral fibula and dorsal fibulare

FIGURE 28 Osteological evidence of peroneus musculature

attachment to the calcaneum in synapsids. (a) MCZ VPRA-5507

Ophiacodon retroversus (Ophiacodontidae) in dorsal view.

(b) USNM PAL 407938 Dimetrodon sp. (Sphenacodontia) in dorsal

view. (c) NMT RB155 Angonisaurus sp. (Dicynodontia) in ventral

(left) and lateral (right) views.
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1. Lateral aspects of calcaneum and base of metatarsal V
[process(es)]

2. Lateral aspect of distal metatarsal V
3. Plantar aspect of calcaneal [tuber] and lateral aspect

of metatarsal V
4. Plantar aspect of metatarsal I, and possibly also

entocuneiform

Remarks—The calcaneum of early amniotes forms a thin
plate of bone laterally, a basic structure that persisted
(albeit reduced in size) on the line to mammals to form
the “peroneal shelf” (Luo & Wible, 2005; Panciroli et al.,
2021). The margin of this plate in large, well-preserved
“pelycosaur” calcanei often preserve fine rugosities or a
striated surface texture indicative of soft tissue attach-
ment (Figure 28a,b), possibly at least in part the insertion
of the PL (state 1). A similar manifestation has also
been observed in a few rare dicynodont specimens
(Figure 28c). Additionally, the appearance of a calcaneal
tuber in cynodonts, in association with a well-developed
peroneal shelf (Figure 24k–o, PerSh) suggests that states
1 and/or 3 can be recognized in these taxa as well. These
interpretations remain tentative, however, since the PL of
extant mammals inserts on the medial side of the pes, the
calcaneum only serving to help guide the tendon on its
way toward insertion. Indeed, mammals are distinctive
among extant tetrapods in possessing a medial insertion
(ASR supports a lateral insertion as the plesiomorphic
state for Amniota). It is possible that transfer of the PL to
the medial side of the pes occurred alongside the ventral
superposition of the calcaneum under the astragalus
(in tandem with mediolateral narrowing of the calca-
neum), but osteological data does not provide any distin-
guishing evidence one way or the other at present.

74. PB insertion

0. Absent, not differentiated from PL
1. Lateral aspect of base of metatarsal V [process]
2. Posterolateral aspect of metatarsal V
3. Dorsal aspect of ungual of digit V
4. Base of metatarsal V, possibly also metatarsal IV

3.25 | Pronator profundus (PP)

75. Origin

0. Posterior to medial fibular shaft, superficial to
popliteus

1. Posterior fibular and tibial shafts, superficial to
popliteus

Remarks—In monotremes, the origin also extends onto
the posterior aspect of the parafibula; it is possible that
this was also the case in other extinct mammals that pos-
sessed a parafibula.

76. Insertion

0. Distolateral tibia (superficial to interosseus cruris),
tibiale/astragalus and base of metatarsal I

1. Plantar aspect of astragalus, distal tarsals, and first
phalanx of digit I

2. Plantar aspect of distal tarsals and base of metatarsals
I–III

3. Plantar aspect of tarsals, especially astragalus and/or
calcaneum and/or navicular

3.26 | Popliteus (POP, Figure 29):
Characters 77 and 78

77. Origin

0. Proximomedial fibular shaft [scarring]
1. Posterior fibular head and/or popliteal fossa of lateral

femoral condyle

Remarks—In monotremes, the origin also extends onto
the posteromedial parafibula; it is possible that this
was also the case in other extinct mammals that pos-
sessed a parafibula. Within “pelycosaurs,” scarring on
the proximomedial fibula typically manifests as a dis-
crete patch of often very rugose bone (Figure 29c,f,h),
but it is usually more diffuse in therapsids (Figure 29j)
and cynodonts (Figure 29t), forming a longitudinal
ridge instead.

78. Insertion

0. Lateral distal tibia
1. Posterolateral tibial shaft, usually distal to crural

flexor and gastrocnemius attachments [scarring]
2. Posterior aspect of medial femoral condyle

Remarks—Whereas the manifestation of scarring on the
posterolateral to lateral tibia can be variable across
“pelycosaurs,” it is more conservative across therapsids
and cynodonts (Figure 29i,k,l,o–s,u,v). Here it generally
forms an elongate, roughened depression on the proximal
half of the tibia that trends anterodistally, and which typ-
ically merges distally with a narrower, more subdued
groove that continues down toward the distal end. The
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FIGURE 29 Legend on next page.
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larger, rougher scar proximally is interpreted as demarcat-
ing the POP, whereas the narrower scar distally likely
marks the insertion of the interosseous cruris (see below).
The large, basal probainognathian Trucidocynodon
exhibits a discrete patch of rugose scarring distally instead
of a shallow groove (Figure 29w, see character 80 below),
but the small size and often sub-ideal preservation of
other known basal probainognathian fossils currently pre-
cludes assessment of whether this feature is unique to
Trucidocynodon or not.

3.27 | Interosseus cruris (IC, Figure 29):
Characters 79 and 80

79. Origin

0. Absent, not differentiated from POP
1. Medial distal fibular shaft, distal to POP origin [line of

scarring]

Remarks—In mammals, where the tibia and fibula
are fused distally, this muscle is inseparable from the
POP, or absent altogether. Well-preserved fibulae of
“pelycosaurs,” especially of larger individuals, some-
times exhibit a line of scarring along their medial or
posteromedial margin; likewise, the apposing lateral
margin of the tibia typically exhibits a similar line of
scarring or rugosities (see next character). Scarring on
the distal fibula is far less frequently observed among
therapsids or cynodonts (Figure 28n,t; Jenkins, 1971;
Kemp, 1980b).

80. Insertion

0. Absent, not differentiated from POP
1. Lateral to posterolateral distal tibia [line of scarring]

Remarks—In some specimens, the character of scarring
observed on the lateral tibia or medial fibula varies proxi-
modistally, which probably indicates that the attach-
ments of multiple muscles are recorded [i.e., IC and POP;
Figure 28d,g,s,t].

4 | DISCUSSION

Using extensive first-hand observation of fossils and an
explicit phylogenetic framework, this study sought to trace
the evolution of hindlimb musculature from early amni-
otes through to crown mammals. The identification of
homologous (and nonhomologous) structures across dispa-
rate extant and extinct taxa has helped clarify several
important aspects of how and when the mammalian
hindlimb was assembled. As explored below, several ana-
tomical traits usually regarded as characteristically “mam-
malian” actually have far greater antiquity, having a long
history prior to the origin of Mammalia. Not only do these
challenge the concept of “what makes a mammal a
mammal,” but they also challenge the paradigm of using
extant sprawling sauropsids as analogs for early amniotes,
including early synapsids. Lastly, the anatomical and phy-
logenetic framework assembled here will also provide a
new, more rigorous basis for the future reconstruction of
musculature, limb biomechanics, and organismal biology
in extinct species (Bishop et al., 2021, and references cited

FIGURE 29 Osteological evidence of popliteus and interosseus cruris musculature attachment to the tibia and fibula in synapsids.

(a) MCZ VPRA-1035 Diadectes tenuitectus (Diadectomorpha) fibula in posterior view (left inset in medial view). (b) MCZ VPRA-1203

Ophiacodon retroversus (Ophiacodontidae) tibia in posterior view, inset in lateral view. (c) MCZ VPRA-5876 Ophiacodon retroversus fibula in

posterior view. (d), MCZ VPRA-1351 Edaphosaurus sp. (Edaphosauridae) tibia in posterior view; scarring for IC inferred to be along the line

between arrows (distinct from tuberosity). (e) MCZ VPRA-4324 Edaphosaurus boanerges tibia in posterior view, inset in lateral view. (f)

MCZ VPRA-1652 Edaphosaurus pogonias fibula in posterior view (left inset in medial view). (g) MCZ VPRA-6480 Secodontosaurus

sp. (Sphenacodontia) tibia in lateral view, arrow indicates change in the form of muscle scarring between proximal and distal ends. (h) MCZ

VPRA-1737 Dimetrodon sp. (Sphenacodontia) fibular head in posterior view. (i) NMQR 2987 Tapinocaninus pamelae (Tapinocephalidae)

tibia in lateral view. (j) AMNH FARB 5552 Moschops capensis (Tapinocephaliade) fibula in posterior view. (k) NMQR 1478 Aulacephalodon

bainii (Dicynodontia) tibia in lateral view. (l) SAM-PK-2348 cf. Dicynodon sp. (Dicynodontia) tibia in lateral view. (m) AMNH FARB 5649

Dicynodon sp. (Dicynodontia) tibia in lateral view; scarring for IC between arrows. (n) NHMUK PV unnumbered Kannemeyeria

simocephalus (Dicynodontia) fibula in posteromedial view; scarring for IC between arrows. (o) SAM-PK-K1676 Gorgonopsia indet. tibia in

lateral view. (p) UMZC T.883 Gorgonopsia indet. tibiae in lateral view (right image is of left tibia mirrored). (q) SAM-PK-K10465 Galesaurus

planiceps (Cynodontia) tibia and fibula in lateral view. (r) NMQR 1208 cf. Cynognathus crateronotus (Cynognathia) tibia in lateral view.

(s) BP/1/1675 cf. Cynognathus tibia in lateral view. (t) BP/1/1675 cf. Cynognathus fibula in medial view. (u) MCZ VPRA-3691

Massetognathus pascuali (Cynognathia) tibia in lateral view. (v) PVL 2554 Exaeretodon argentinus (Cynognathia) tibia in lateral view.

(w) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) tibia in lateral view (see also Figure 16o for apposing aspect

of fibula).
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therein), and will help to address questions of postural and
functional evolution within Synapsida.

4.1 | Major trends along the stem
lineage

The history of hindlimb muscle evolution on the line to
mammals involved several large shifts in topology and

relative importance (i.e., size) of various muscle groups
(Figure 30a), and was altogether considerably more com-
plex compared to that inferred for the forelimb (see
Bishop & Pierce, 2023). This stands in contrast with the
evolution of the underlying skeleton wherein that of
the forelimb and especially pectoral girdle underwent
more dramatic reorganization. Overall, synapsid hin-
dlimb muscle evolution was characterized by a progres-
sive shift in emphasis from ventral to dorsal hip

FIGURE 30 Major trends in hindlimb muscle evolution along the mammalian stem lineage. (a) Phylogeny of all crown amniote groups

examined in this study, with major phases of muscular reorganization indicated. (b) the pattern of character evolution along the mammalian

stem lineage, quantified as the number of state changes inferred for each node by maximum likelihood ancestral state reconstruction. Node

numbers correspond to those indicated in (a). Values are the average across root-to-tip and tip-to-root sequential comparisons, and are

reported for both tree topologies (mono- and paraphyletic Therocephalia). (c) Comparison of the number of state changes for each node on

the stem lineage versus the amount of missing data pertinent to that node; the absence of a significant correlation implies that the patterns

in a and b are likely reflective of the true pattern of evolution. (d) Boxplot summary of the proportion of all internal nodes within the

phylogeny whose state could be reconstructed unambiguously by maximum likelihood, across all hindlimb characters, both with and

without the inclusion of monotremes.

BISHOP and PIERCE 1877

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25310 by H
arvard U

niversity, W
iley O

nline Library on [06/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



musculature, as well as by a progressive increase in the
number of muscle bellies, largely through the differentia-
tion of ancestrally singular muscle masses. Much of the
latter appears to have occurred late in synapsid evolution,
within crown Mammalia, although it is important to rec-
ognize that missing data in fossil species (especially when
unambiguous osteological correlates are absent) may bias
assessments of the timing of muscle differentiation. A
ventral-to-dorsal shift and differentiation of hindlimb
muscle groups are also inferred to have characterized
the evolution of birds, the other dominant lineage of
erect-stance tetrapods (Hutchinson, 2001a, 2001b, 2002).
However, while the evolution of avian hindlimb muscu-
lature involved numerous instances of muscle loss, few
such losses are inferred for mammals, with the two most
notable being the ILFB (TEN) and CF. Even then, these
were not total phyletic losses, as some extant groups
retain vestiges of one or both of these muscles, including
notoryctid, peramelid, dasyurid and phalangeriid marsu-
pials, tupaiids, and rodents.

In a similar fashion to the forelimb (Bishop & Pierce,
2023), the number of state changes inferred by ASR for
each node of the stem lineage reveals a fluctuating pat-
tern, with at least four pulses of character evolution
(Figure 30b). The assumption of therocephalian mono- or
paraphyly does not significantly alter the recovered pat-
tern, and there is no significant correlation between the
inferred number of state changes at a given node and the
proportion of missing data pertinent to that node
(Figure 30c; p = 0.981, determined using ordinary least
squares in PAST 3.01; Hammer et al., 2001). The recov-
ered pattern may hence be cautiously interpreted as gen-
uine. As with the forelimb, the largest shift is
concentrated at the origin of therapsids, likely amplified
by the long ghost lineage separating Therapsida from
Sphenacodontidae (Sidor & Hopson, 1998). Major
changes in hindlimb musculature associated with the ori-
gin of therapsids revolve around muscles crossing the
hip, and include dorsal migration of the IT origin to
the margin of the iliac blade (characters 2, 3; accommo-
dating a larger area of origin for the IF), development of
a GrTr and lateral shift of IF and ISTR insertions (charac-
ters 14, 41), changes to the PIFI and PIFE arrangements
(characters 17, 19, and 20), reduction in the prominence
of ADD scarring on the femoral shaft (character 38) and
a shift in ISTR origin (character 40). The next pulse of
character evolution occurred at the base of Cynodontia,
involving marked anterior expansion of the iliac blade
(character 13) and major reorganization of the PIFI and
PIFE, especially in terms of the femoral insertions (char-
acters 16, 17, and 20). A second major shift within cyno-
donts occurred around the appearance of Prozostrodon,
revolving around the transformation of the iliac blade

into a more mammalian trihedral structure, affecting the
origins of the IF and PIFI (characters 13, 16), and also
those of the IT and ILFB (characters 3, 21) as the postace-
tabular ilium was lost. This is also inferred to coincide
with the completion of PUT reorganization (characters
34, 35). The final major pulse of character evolution
occurred within Theriiformes, involving a shift in the ori-
gin of the AMB proximally (character 6), and FDL and
pronator profundus (PP) distally (characters 55, 75), as
well as the differentiation and subsequent reorganization
of several muscle masses, including the IT, IF, and GE
(characters 1, 12, 46, 48, 49, 52, and 53). To this list may
also be added the ISTR (characters 39, 40), although cau-
tion is warranted as monotremes may have instead sec-
ondarily lost the OBIN. As with the forelimb, the pattern
of character evolution inferred here documents a pro-
tracted, step-wise, and mosaic assembly of modern mam-
malian traits.

It is noteworthy that two traits typically thought of as
characteristically mammalian also evolved convergently
outside the stem lineage. A greatly expanded anterior
iliac blade (character 13, state 2) evolved in cynodonts
(eventually transforming into a trihedral shape), dicyno-
dont anomodonts, and tapinocephalian dinocephalians,
and beyond therapsids in the varanopid Mycterosaurus
(Romer & Price, 1940) and even some nonsynapsids such
as Petrolacosaurus (Peabody, 1952) and pareiasaurs
(Turner et al., 2015; Van den Brandt et al., 2021). The
homoplasy in this part of the pelvis mirrors that observed
in early archosaurs, including dinosaurs, which has in
the past been loosely correlated with the use of more
erect limb postures (Carrano, 2000; Parrish, 1986). Alter-
natively, or additionally, expansion of the anterior iliac
blade in dicynodonts and tapinocephalians may be
related to the evolution of larger body sizes in these
groups. Previously, Griffin and Angielczyk (2019) showed
that the number of sacral vertebrae is positively corre-
lated with body size in dicynodonts; given that sacraliza-
tion of vertebrae tended to occur at the anterior end of
the sacrum, this would offer an explanation for increased
length of the anterior iliac blade in this group. It remains
to be determined whether a similar correlation existed in
dinocephalians.

In the distal hindlimb, the development of a distinct
calcaneal tuber, and associated modification of the gas-
trocnemii insertions (characters 51, 54, state 3), appeared
no later than eucynodonts, but similar structures also
evolved in baurioid eutherocephalians (Kemp, 1978,
1986; Schaeffer, 1941b; Watson, 1931), at least one dicyn-
odont (King, 1985) and the biarmosuchian Hipposaurus
(Boonstra, 1965). Superficially similar, but more subdued,
“heels” are also observed in the calcanei of several gorgo-
nopsians and scylacosaurids (Figure 24c–i). It is possible
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that the gastrocnemii of the ancestral therapsid had
already attained a more direct connection to the calca-
neum, and was somewhat dissociated from the plantar
aponeurosis, predisposing further change in subsequent
lineages and culminating in the development of the
tendon-and-tuber arrangement that persisted from eucy-
nodonts to extant mammals. A third notable convergence
in hindlimb anatomy was the substantial reduction and
partial retroversion of the pubis in dicynodonts, espe-
cially more derived members, which preceded that
observed in cynodonts (King, 1981a; Ray, 2006; Watson,
1960). Presumably, this reduced the sizes of certain ven-
tral hip muscles, such as the PIFE mass. However, given
the disparate suite of anatomical features observed else-
where in the hindlimb of each of the aforementioned
groups (especially the femur), it remains uncertain if the
instances of convergence noted here resulted in conver-
gence of musculoskeletal function.

Lastly, in the companion study, the relevance of
monotremes to reconstructing forelimb muscular anat-
omy in extinct synapsids was explored by running a phy-
logenetic analysis and ASR to their exclusion. There it
was found that the proportion of internal nodes whose
state could be reconstructed unambiguously (defined as
likelihood ≥0.75) was, overall, slightly lower when mono-
tremes were taken into consideration (Bishop & Pierce,
2023, Figure 24d). However, performing the same test
with the hindlimb dataset here shows that the proportion
of unambiguous internal nodes is modestly higher when
monotremes are taken into consideration (Figure 30d).
The contrast in results between fore- and hindlimbs may
in part be a reflection of the semi-fossorial or semi-
aquatic lifestyle of extant species, in which phylogenetic
signal has been more strongly “overprinted” by a func-
tional signal associated with modified forelimb use. Irre-
spective of their various adaptations toward specialized
lifestyles, extant monotremes have demonstrable utility
for understanding anatomical evolution within Synapsida
because they possess a suite of transitional states, in both
the forelimb (Bishop & Pierce, 2023; characters 9, 21,
22, and 31) and hindlimb (this study; characters 5, 6,
12, 36, 49, 53, 59, 60, and 63, also a well-developed parafi-
bula). Considering these transitional states will improve
the precision with which inferences about character evo-
lution can be made, especially when such inferences
employ an explicit phylogenetic framework and take into
consideration data from fossils.

4.2 | Reorganization of synapsid hip
musculature

The number and arrangement of muscles surrounding
the mammalian hip are radically different from what is

observed in other extant tetrapod clades. The fossil record
documents numerous aspects of how this distinctive
anatomy was assembled along the mammal stem lineage.
Not only does it indicate that certain “mammalian” traits
are characteristic of a more inclusive group, it also collec-
tively illustrates a remarkable set of muscle migrations
and differentiations (Figure 31). This stands in contrast
to the history of synapsid shoulder musculature, where
major changes in topology were limited to the supracora-
coideus mass, from procoracoid to scapula and clavicle,
and the triceps coracoideus, from metacoracoid to latissi-
mus dorsi (see Bishop & Pierce, 2023). The contrast is all
the more noteworthy considering that it was the pectoral,
not pelvic, girdle that underwent a more radical transfor-
mation, with near total loss of dermal bones and the cor-
acoid plate, development of a novel sternal complex, and
restructuring of the scapular blade (Bendel et al., 2022;
Kemp, 1982; Luo, 2015). The consequences of these dif-
fering modes of musculoskeletal transformation for fore-
and hindlimb function and locomotor evolution remain
to be explored in quantitative detail.

4.2.1 | Iliofemoralis

The transformation of the iliofemoralis (IF) into the
mammalian gluteal musculature has featured as a key
element in studies of locomotor evolution in synapsids
(Gregory, 1926; Kemp, 1978, 1980b; King, 1981a; Ray &
Chinsamy, 2003; Romer, 1922; Sullivan et al., 2013;
Walter, 1988b). Although no radical transformation in
origin or insertion occurred, the relevance of this muscle
mass to synapsid evolution lies in its importance as the
main hip abductor in most extant mammals. Stages in
the transformation of the IF are also readily recognized
from osteological correlates in fossils, although evidence
of its progressive subdivision into various gluteal heads is
currently lacking. The expansion of the IF, in tandem
with iliac expansion and the appearance of a novel
greater trochanter (GrTr), has always been correlated
with the evolution of a “more erect” posture (how erect
though, in terms of specific joint angles, is frequently not
detailed), but very little by way of a causative relationship
between IF evolution and locomotor evolution tends to
be articulated. Iliofemoral expansion and differentiation
make for a tidy qualitative narrative, but the dearth of
more quantitative, mechanistic analyses has rendered it
difficult to evaluate the functional value of various stages
of IF evolution as it relates to locomotor biomechanics.
More recently, however, Sullivan et al. (2013) suggested a
scenario of functional transformation on the line to mam-
mals: in early sprawling synapsids (e.g., “pelycosaurs”)
the IF functioned as a hip abductor (elevator) during the
swing phase (cf. Dick & Clemente, 2016; Gatesy, 1997);
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later in therapsids with the development of the GrTr and
a more erect posture, the IF functioned as a hip abductor
during the stance phase (cf. Hutchinson & Gatesy, 2000);
and later in cynodonts with a proximally expanded GrTr,
the IF helped confer hip retraction during late stance,
while also functioning as a stance phase abductor. As a
partial alternative to this scenario, the IF may have
remained active in the swing phase in some therapsids,
aiding the elevation and protraction of a hindlimb that
had not yet acquired a fully erect configuration
(cf. Fröbisch, 2006; King, 1981a), in addition to the novel
acquisition of stance phase activity. Indeed, such a
biphasic recruitment pattern could form an evolutionarily
intermediate condition between swing-only and stance-
only functions. These mechanistic interpretations are
amenable to explicit quantitative testing in the future
(e.g., Bishop et al., 2021; Brocklehurst et al., 2022).

4.2.2 | Iliotibialis

In extant nonmammalian tetrapods, the iliotibialis (IT) is
the most superficial muscle mass of the dorsal thigh. Yet

in mammals, the disposition of its anterior head
(IT1 = RF), originating from the base of the ilium near
the acetabulum, places it as deep to the gluteal muscula-
ture (IF homologue, inserting on GrTr) but superficial to
the iliacus/psoas musculature [PIFI partial homologue,
inserting on the lesser trochanter (LeTr)]. This indicates
that the evolutionary migration of the IT1's origin took a
long course along the anterior-then-ventral perimeter of
the ilium (clockwise for the right ilium when viewed lat-
erally; Figure 31a–d), rather than a simple ventral shift.
Such a migration was complete by the appearance of tri-
tylodontids, and roughly coincides with the loss of the
postacetabular iliac blade and acquisition of a trihedral
iliac morphology, at which point the posterior head of
the iliotibialis (IT2) would have originated wholly from
the vertebral column. Moreover, migration of the IT1
must have preceded the dorsal migration of the PIFI
mass making contact with the ventrolateral iliac surface,
as signified by the appearance of an iliac fossa. It is in fact
possible that migration occurred substantially earlier in
synapsid evolution than a dorsal PIFI shift, while the pre-
acetabular iliac blade was still only modestly developed,
with a discrete osteological correlate of origin (rectus

FIGURE 31 Schematic summary of the reorganization of hip musculature on the line to mammals, shown with reconstructions of

certain hip muscles at key stages in synapsid evolution. (a) “Pelycosaur”. (b) Therapsid. (c) Eucynodont. (d) Crown mammal. (e) Therian.

Arrows show inferred paths of migration of muscle origins relative to the previous (more stemward) stage of evolution. Note that, although

illustrated here for Eucynodontia, the timing of recombination of the PUT and PIFI is not well constrained; it is only certain that it would

have been effectively complete prior to the appearance of Prozostrodon (see text).
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tubercle) appearing only later. The proximate reason(s)
driving the migration of the IT1 may be related to the
sustained dorsal and anterior expansion of the IF muscu-
lature in nonmammalian therapsids and cynodonts
(Romer, 1922). Paralleling IT1 migration, the posterior
iliotibial head differentiated (forming the GMAX and
FCOC) and retracted its insertion from the proximal tibia
to the lateral femur. Differentiation appears to be a the-
rian apomorphy (Figure 31e), whereas a proximal shift in
insertion would have at least been underway by the
appearance of crown Mammalia, as indicated by the pres-
ence of a subdued third trochanter [character 5(1)] in the
docodontan Haldanodon (Martin, 2005).

4.2.3 | Ambiens

A geometrically more straightforward solution to the
change in IT1 origin would be provided if the mamma-
lian RF were homologous to the nonmammalian AMB
(Gregory & Camp, 1918), but evidence from innervation
(Romer, 1922) and embryology (Jones, 1979) strongly
argues against this. Instead, the origin of the AMB shifted
dorsally to ultimately occupy the anterior apex of the pre-
acetabular ilium (Figure 31e), becoming the SART.
Extant monotremes retain the plesiomorphic condition of
an origin from the anteroventral pubis [near the iliopecti-
neal process; character 6(1)], indicating that the shift
occurred within crown mammals. Furthermore, since the
proximal AMB of extant nontherian tetrapods is ventral
to the PIFI mass (or its homologue; Figure 31a–d), this
implies that dorsal migration of the former's origin could
not have taken a bony route (i.e., the iliacus/psoas would
get in the way). Romer (1922) hypothesized that the
change in origin occurred via the muscle “sliding” up
along the iliopubic ligament, lateral to the iliacus/psoas,
an inference indirectly supported by the observation that
the muscle sometimes still takes origin from the ligament
in some therians (e.g., tupaiids; George, 1977; Le Gros
Clark, 1924, 1926). It is quite remarkable that, from a
functional perspective, the IT1/RF and AMB/SART
played “musical chairs” on the line to therians: plesio-
morphically the IT1 is dorsally located and the AMB ven-
trally located, with the situation switched in therians. As
exhibited by extant monotremes, for a period of time
there would have been two muscles adjacent to each
other at the anterior base of the ilium or proximal pubis,
divided by the passage of the iliacus/psoas mass
(Gambaryan et al., 2002; Walter, 1988a). Both muscles
have remained knee extensors, so why they would effec-
tively trade places over the course of synapsid evolution
defies the current explanation.

4.2.4 | Puboischiofemoralis internus

In extant nonmammalian, nonarchosaur tetrapods, the
PIFI mass originates from the medial (inner) surface of
the pubis and ischium, but its homologues in mammals,
the iliacus and psoas major, originate from the ventral
ilium and adjacent vertebrae (Figure 31d,e). A marked
contrast also occurs in these muscles' insertion on the
femur, predominantly on the anterior surface in non-
mammals compared to predominantly on the posterior
surface in mammals, but this aspect is dealt with in the
next section. Insofar as the origin is concerned, evolution
along the mammalian stem lineage involved a dorsal
migration off the (progressively shrinking) puboischiadic
plate and onto the (progressively expanding) preacetabu-
lar iliac blade. In contrast to the AMB, the dorsal shift in
origin could have tracked a bony route, along the medial
dorsal pubis and medial ventral ilium, as is observed in
the “PIFI1” of extant crocodylians. The precise timing of
this shift is not clear, but the development of an incipient
iliac fossa in Prozostrodon, Therioherpeton, and tritylo-
dontids indicates that it would have been largely com-
pleted by the time these taxa evolved. The dorsal
migration of the PIFI, and proliferation and differentia-
tion of the IF, on the line to mammals together show par-
allels with the inferred history of hip musculature in
archosaurs on the line to birds (Hutchinson, 2001a,
2001b; Hutchinson & Gatesy, 2000), and raise interesting
questions about functional convergence during the evolu-
tion of erect limb posture. Unlike archosaurs, not all the
PIFI mass moved dorsally in synapsids, with part of it
remaining behind to merge with part of the PUT to form
the PECN and ADDL (Figure 31c). Presumably, this
recombination was already completed by the time the
PIFI mass reached its terminal destination on the preace-
tabular ilium.

4.3 | Femoral trochanter evolution and
homology

Part of the reorganization of hip musculature involved
a translocation of insertions on the proximal femur.
As in the avian stem lineage (Hutchinson, 2001a;
Hutchinson & Gatesy, 2000), much of this is documented
through shifts in the location and expression of various
scars and trochanters. The GrTr of mammals first
appeared in therapsids, and its identity as the major
insertion of the iliofemoral/gluteal musculature has
never been doubted. In contrast, disagreement has per-
sisted over the homology of two other trochanters recog-
nized in nonmammalian synapsid femora, the internal
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trochanter (InTr) and lesser trochanter (LeTr). This fun-
damentally stems from the fact that the InTr serves as
the locus of insertion for the ventrally derived PIFE in sal-
amanders, lepidosaurs, and testudines, whereas the LeTr
serves as the locus of insertion for the dorsally derived
PIFI homologue (iliacus/psoas) in mammals. “Pelyco-
saurs” typically possess two trochanters, the proximally
projecting InTr and the more distally sited fourth tro-
chanter (4Tr). To date, almost all known nonmammalian
therapsids possess a single trochanter somewhere on the
posterior surface of the femur, the only exception being
rare dinocephalian and biarmosuchian specimens
(Figure 22e; King, 1988; Sigogneau & Tchudinov, 1972);
the condition in these few instances indicates that the
distally positioned 4Tr was lost within therapsids. Con-
sidering these observations, the question is therefore
raised as to whether the InTr of nonmammalian, non-
archosaur tetrapods and the LeTr of extant mammals are
homologous or not, and if not, what is their differential
history on the line to mammals.

Although recognizing the stark contrast in muscular
attachments, Gregory and Camp (1918) and Romer (1922)
accepted the homology of the InTr and LeTr due to their
similar location. However, with additional material,
Romer (1924) reversed his opinion and outlined a sce-
nario of synapsid femoral evolution involving (a) lateral
migration along the posterior surface, reduction and even-
tual loss of the InTr, and (b) posterior and subsequently
posterolateral migration of scarring from the anterome-
dial femur, simultaneously developing into a large pro-
cess, the LeTr (Figure 32a). That is, Romer suggested
progressive “rotation” of muscle attachments, where the
LeTr came to replace the InTr as the sole trochanter on
the posterior femur. Later, Parrington (1961) supported
Romer's transformational hypothesis, and posited that the
replacement of the InTr by the LeTr occurred between
Therocephalia and Cynodontia (Figure 32a). Importantly,
Parrington also presented conclusive evidence of an addi-
tional process for muscle attachment on the proximal
femur of certain therapsids (Figure 12l). This process
occurs on the anteromedial surface, just distal to the fem-
oral head, in the same general position of the PIFI inser-
tion of extant salamanders, lepidosaurs, and testudines
[and as inferred for early amniotes; character 17(2)], and
was interpreted as such by Parrington.

Citing a scarcity of supporting fossil evidence, particu-
larly within cynodonts, Jenkins (1971) critiqued Romer's
and Parrington's studies, questioning the generality of
Romer's observations and suggesting that the therocepha-
lians studied by Parrington may be apomorphic and not
related to the line leading to mammals. Although Jenkins
remarked (p. 183) that “the internal trochanter of reptiles
is not the homologue of the mammalian lesser

trochanter,” he nevertheless inferred that an “anteroven-
tral trochanter” (AvTr) has always existed. Furthermore,
the differing muscular relations observed between extant
salamanders, lepidosaurs, and testudines on the one
hand, and mammals on the other, were hypothesized to
have arisen through the PIFE shifting off the AvTr and
the PIFI shifting onto it on the line to mammals
(Figure 32b). That is, whereas Romer (1924) hypothesized
shifting (and differential expansion or reduction) of tro-
chanters, carrying the muscle attachments with them,
Jenkins (1971) hypothesized shifting of the attachments
only, with a single AvTr remaining effectively static in its
location. In the subsequent decades, Jenkins' claim of
scarce fossil evidence has been rectified, with the recogni-
tion of Parrington's additional process in a wider diversity
of noncynodont therapsids (Boonstra, 1964; Fourie &
Rubidge, 2007; Kemp, 1978; Rubidge et al., 2019). First-
hand examination in the present study indicates that it is
in fact a near-ubiquitous feature on the anteromedial
femur of dinocephalians, gorgonopsians, scylacosaurids,
and eutherocephalians [character 17(4); Figure 12d–o],
present alongside the GrTr on the lateral aspect and an
AvTr on the middle posterior surface.

An important piece of the puzzle derives from early-
diverging cynodonts. The first line of evidence concerns
Charassognathus, the oldest and most primitive known
cynodont (Botha et al., 2007), the holotype of which
includes an articulated femur and crus (Figures 12p and
33a). Aside from a small fragment missing from the GrTr
and some minor cracking proximally, the femur is other-
wise well preserved. On its anteromedial aspect is a dis-
tinct longitudinal ridge just distal to the head, in the
same position as observed in noncynodont therapsids
[Figure 33a, arrow; character 17(4)]; even though minor
brittle deformation has occurred in the proximal femur,
the pronounced topographic high on the anteromedial
aspect is clearly genuine. The femur is not fully exposed
ventrally, with a layer of matrix remaining on the speci-
men. Superimposing a high-resolution surface scan of the
specimen with digital models of the femur of other basal
cynodonts (Figure 33b; see Supporting Information
Appendix S4 for details) shows that were a large,
cynodont-like LeTr present, it should be poking clear
through the matrix by a few millimeters, but nothing is
visible. On the other hand, a smaller InTr positioned in
the middle of the posterior surface, in the manner typical
of therocephalians [character 20(3); Figure 14j–m], could
still be concealed by the matrix. (Of course, this interpre-
tation assumes that the posterior femoral surface is unda-
maged, but the quality of preservation elsewhere in the
specimen suggests significant damage to be unlikely.)
These observations are taken to indicate that the femur
of Charassognathus was more like that of (eu)
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FIGURE 32 Hypotheses of femoral trochanter homology and the evolution of PIFI and PIFE muscle attachments to the proximal femur in

synapsids. (a) The scenario outlined by Romer (1922) and Parrington (1961), involving trochanter rotation; specific differences between the two

authors' hypotheses are indicated. (b) The scenario outlined by Jenkins (1971), involving shifting of muscle attachments. (c) The scenario of

Jenkins (1971) as refined here with new observations of fossil evidence, with greater detail as to the precise sequence and timing of changes: the

InTr, LeTr, and AvTr are one and the same entity. Asterisk at the third stage in (c) signifies loss of the 4Tr within therapsids. Each stage is

illustrated with the femur shown in two oblique proximal views, anteromedial and posteromedial; see schematic illustration in the legend

(“A” = anterior, “M” = medial, “P” = posterior). Bones are not shown to scale. For each scenario, the interpreted areas of PIFI and PIFE

musculature attachment are indicated (shading), as are structures interpreted to be homologous (bold lines). Note that this figure does not

account for variation in femoral head anteversion, which increases in therapsids and cynodonts prior to the evolution of a distinct neck; instead,

for purposes of illustration, femora are oriented with a similar disposition to the imaginary plane passing through the head and GrTr.
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therocephalians than other cynodonts: the primary locus
of insertion of the PIFI was on the anteromedial ridge,
whereas that of the PIFE was on a small AvTr on the pos-
terior surface. Tomographic scanning could confirm this
interpretation in the future, as could further physical
preparation, although the former approach poses less risk
of damage to the specimen.

Another line of evidence is given by the femora of the
large, basal cynognathians Cynognathus and Diademo-
don. Numerous specimens show clear evidence of muscle
attachment on the anteromedial femur in the form of fine
scarring (Figure 12q–s), but a discrete trochanter or ridge
is absent. (A femur of ?Diademodon was one of the
specimens cited by Romer (1924), but the location of this
specimen is now unknown.) The trochanter on the poste-
rior surface of the femur in Cynognathus and Diademo-
don is positioned toward the medial side, and while the
degree of development of the trochanter is variable
(Wynd et al., 2017), its positioning is typical of cynodonts
(Jenkins, 1971).

The collective body of evidence currently available
from fossil data, extant tetrapod anatomy, and phylogeny
provides strong support for the transformational hypothe-
sis of Jenkins (1971): a single AvTr has continually per-
sisted on the femur of synapsids; the PIFI ancestrally
inserted on the anteromedial femur, but subsequently
shifted posteriorly to occupy the AvTr; and the PIFE
ancestrally inserted on the AvTr but subsequently shifted
laterally to avail the trochanter for the PIFI (Figure 32c).
Charassognathus, Cynognathus, and Diademodon are the
only cynodonts thus far known to present clear evidence
of muscle attachment on the anteromedial proximal
femur. Although Cynognathus and Diademodon are not
on the direct line to mammals, they do suggest that the
reorganization of PIFI and PIFE insertions was well
underway in the common ancestor of eucynodonts, but
with some shred of PIFI still inserting anteromedially
(accounting for the attenuated scarring in Cynognathus
and Diademodon). It is predicted that a pattern of muscle
scarring similar to that in Cynognathus and Diademodon
should also be observed in early-diverging probainog-
nathians, although the small size of the latter may mean
that scarring is less easily recognized compared to the
large-bodied Cynognathus and Diademodon. A reorgani-
zation of insertions in early cynodonts also offers an
explanation for the re-expansion of the anteroventral tro-
chanter (InTr) into a prominent structure (i.e., the LeTr),
which had previously been on a phyletic trajectory of
reduction within therapsids (Figure 32c), in association
with a reduction in the puboischiadic plate, the origin of
the PIFE. The reorganization of the PIFI insertion may
have been associated with the recombination of the PIFI
and PUT, but definite evidence for this is wanting.

FIGURE 33 Development of trochanters on the femur of the

basalmost cynodont Charassognathus gracilis. (a) Photogrammetric

model of the articulated femur and crus of SAM-PK-K10369

(holotype), rendered with Lambertian radiance scaling to

emphasize the topographic features of the specimen. Despite slight

damage to the proximal femur, there is clearly a well-developed

longitudinal ridge on the anteromedial corner just distal to the

femoral head [arrow, character 17(4)]. (b) Comparison of the femur

of Charassognathus with three-dimensional digital models of well-

preserved femora of other basal cynodonts, Thrinaxodon liorhinus

(BPI/1/7199; Fernandez et al., 2013), Massetognathus pascuali

(MCZ VPRA-3691) and Probainognathus jenseni (MCZ VPRA-

4019). In each comparison, the femora have been scaled and

superimposed with one another, and each shows the lesser

trochanter of the other cynodonts to clearly stand proud of the

matrix encasing the posterior surface of SAM-PK-K10369 (arrows).

This indicates that whatever trochanter or process was present in

Charassognathus (currently occluded by matrix), it would have

been proportionately poorly developed.
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If the InTr of “pelycosaurs” (and sauropsids) and the
LeTr of mammals are equivalent entities as hypothesized
here, what does this mean for their homology? At a
purely structural level, they pass the test of congruence,
and also the test of similarity (although the latter is not a
true test of homology; Patterson, 1982). Yet, their con-
trasting muscular attachments beg the question of
whether the homology of bone surfaces (i.e., the interface
between bone and muscle) can be altered while preserv-
ing the underlying developmental mechanisms that
result in their formation. In other words, can these
structures be homologous at one level of organization but
not another; can osteological “correlates” of muscle
attachment be interchanged among muscles? The issue
of “sliding homology” bears certain resemblances to the
frame-shift hypothesis of theropod hand evolution
(Wagner & Gauthier, 1999; Xu et al., 2009), and a similar
scenario has previously been suggested for the early evo-
lution of the tetrapod humerus (Bishop, 2014; Molnar
et al., 2018). Here, the ectepicondyle originally served as
the origin of the triceps humeralis musculature, but on
the line to crown tetrapods, it shifted anteriorly (preaxi-
ally), picking up the origins of the forearm extensors and
leaving the triceps behind. (In this case, it is the bony
process that moved and the muscular attachments
remained static.) A third potential example is the origin
of the archosaurian fourth trochanter (Hutchinson,
2001a; Nesbitt, 2011), but this requires further investiga-
tion as taxa spanning the crucial interval from nonarcho-
saur archosauriforms to archosaurs are currently
uninformative. It is possible that the evolutionary re-
association of muscle attachments and osteological pro-
cesses may be more common than currently appreciated,
and that multiple “levels of homology” may need to be
more routinely considered in the analysis of fossil mor-
phology. This is of critical importance to palaeobiological
studies that rely on the recognition of homologous
osteological correlates to constrain inferences (e.g., recon-
structing muscle anatomy), but identifying such instances
in the fossil record is difficult. Both of the aforemen-
tioned cases were identified through the evaluation of
phylogenetic (in)congruence of bony structures and mus-
cle attachments within an explicit framework. Even then,
a densely sampled dataset may be required to narrow
down the timing of bone–muscle re-association along a
stem lineage.

4.4 | Crural flexor musculature

Plesiomorphically, the crural flexors comprise the FTIs,
FTE, PIT, and PUT medially (ventrally), and the ILFB
laterally (dorsally). Tracing their evolutionary history in

Synapsida is overall relatively straightforward, the most
radical transformations involving the FTI2 (=BICF, lat-
eral relocation of insertion), PUT (=PECN and ADDL,
via recombination with PIFI), and the ILFB (=TEN,
reduction or loss). More remarkably, the results of the
present study indicate that at least some of the crural
flexors had very distally extensive insertions throughout
much of synapsid history. On the medial side of the tibia,
a longitudinal groove-like scar is near-ubiquitous feature
of all nonmammalian synapsids, and can be traced to
both stem amniotes and through to crown mammals
(Figure 18). This scar can be confidently recognized as
the insertion of at least the PIT, and potentially other
muscles as well, and in stem amniotes and nonmamma-
lian synapsids it typically extends down at least two
thirds of the tibia's length. On the lateral side of the fib-
ula, the tubercle for insertion of the ILFB is quite proxi-
mally located in “pelycosaurs,” but in some noncynodont
therapsids, it acquires a much more distal insertion
(Figure 16e–l). A position on the proximal third of the
bone is typical of cynodonts (Figure 16m,o), prior to the
tubercle's loss crownward of Mammaliaformes.

The abundant osteological evidence for distally exten-
sive crural flexor insertions appears to have hitherto
escaped notice, and it warrants a re-evaluation of the life
appearance of stem amniotes and many nonmammalian
synapsids. In these taxa, the thighs would have appeared
very deep and the “crook” of the back of the knee mark-
edly less developed (Figure 34). Independent supporting
evidence for this comes from a rare instance of fossilized
integument in the varanopid Ascendonanus, which
clearly shows the posterior margin of the thigh extending
down almost to the level of the ankle (Figure 34b;
Spindler et al., 2018). The crural flexor muscles were
likely also relatively strong, simply by virtue of being
more extensive (i.e., greater volume), and in turn, were
probably more important to effecting limb retraction. The
deep thighs of these animals echo the condition of sar-
copterygian fish fins (e.g., Cloutier et al., 2020; Shubin
et al., 2006): while functional joints are present within
the appendage, the bones are so musclebound that stylo-
podial and zeugopodial segments are less distinct. A com-
parable situation appears to have existed in the forelimb
of “pelycosaurs” as well (see Bishop & Pierce, 2023, char-
acter 32). Given that many extant salamanders also pos-
sess distally extensive crural flexor insertions
(e.g., Ashley-Ross, 1992; Mivart, 1869), and fossil evi-
dence for this is also observed in stem amniotes
(Figure 18a–e), deep thighs are likely ancestral for
Amniota, and possibly even Tetrapoda. Early amniotes
and nonmammalian synapsids did not possess skinny,
“lizard-esque” hindlimbs, which should be regarded as
an apomorphic trait. Furthermore, many extant
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mammals, particularly small or primitive taxa, are notable
for their deep thighs and relatively short calves
(e.g., monotremes, most marsupials, tupaiids, rodents,
lagomorphs, eulipotyphlans), due to distally inserting cru-
ral flexors (especially the BICF). This is possibly a retained
plesiomorphy, inherited from their very distant ancestors.

4.5 | Evolution of caudofemoral
musculature

In addition to transformation of the hip musculature,
another key element in the narrative of synapsid

locomotor evolution was the reduction of the tail and its
consequences for limb mechanics. After all, most extant
terrestrial mammals are notable for their diminutive tails,
notwithstanding those that have been exapted for novel
functions. The relevance of the tail insofar as locomotion
is concerned revolves around the CF musculature, and
most of what is known about its function during locomo-
tion (e.g., femoral retraction) is based on anatomical and
experimental study of extant squamates and crocodylians
(Gatesy, 1990; Reilly, 1995; Rewcastle, 1981; Romer,
1922; Snyder, 1954), although some studies have also
examined salamanders (Ashley-Ross, 1994; Peters &
Goslow, 1983; Pierce et al., 2020). For this and other

FIGURE 34 Distally extensive crural musculature and deep thighs are plesiomorphic for Synapsida and are retained in crown

mammals. (a) Reconstructed life appearance of a “pelycosaur,” showing inferred extent of ILFB and PIT musculature and general soft tissue

outline with respect to the underlying bones. (b) Specimen of the varanopid Ascendonanus nestleri with remarkable soft tissue preservation

(MNC-TA1045). This clearly shows the body outline and indicates that the back of the thigh ran down to near the distal end of the crus.

(c) Reconstruction of a generic therapsid. (d) Reconstruction of a eucynodont. Reconstructions in (a), (c), and (d) are shown in oblique

posterodorsal view; not to scale.
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reasons, squamates or crocodylians have typically served
as analogues in attempts to understand hindlimb func-
tion in early amniotes, including “pelycosaurs” (Blob,
2001; Blob & Biewener, 2001; Brinkman, 1981a; Holmes,
1977; Kemp, 1982). The observations and analyses of the
present study, however, question the merits of this prac-
tice, and suggest that extant-tailed saurians may not nec-
essarily reflect the ancestral amniote condition.

Although almost ubiquitous among extant quadrupe-
dal tetrapods, the CF is a single muscle in salamanders
and mammals, but bipartite in lepidosaurs and crocody-
lians. In testudines, it is singular and apomorphically
originates primarily from the sacrum instead of the
caudal vertebrae (Walker, 1973). Whereas maximum
likelihood ASR is equivocal (Supporting Information
Appendix S3), maximum parsimony suggests that the
bipartite condition is apomorphic for Sauria or a more
inclusive group, and that the CF was singular in early
amniotes. Similarly, the existence of a secondary tendon
of insertion (to the knee region) is also probably a saurian
apomorphy. Only a single head and single insertion prob-
ably existed throughout the history of synapsid evolution.
The geometry of the CF also appears to have been nota-
bly different in early amniotes, in terms of its extent
along the tail. Among squamates and archosaurs, the dis-
tal extent of caudal vertebrae with transverse processes
has traditionally been used as an indicator of the extent
of the origin of the CF's long head (Gatesy, 1990). On this
basis, a first-order comparison of its extent in different
taxa may be made by calculating the ratio of the length of
that portion of the tail with transverse processes to the
length of the femur. Computing this ratio across a suite
of stem amniotes, early synapsids and extant saurians
show that it is significantly greater in the latter group
(Figure 35; see Supporting Information Appendix S5 for
measurements), as determined by a Mann–Whitney two-
tailed test (saurians vs. nonsaurians, U = 1, z = �3.0913,
p < 0.01; calculated in PAST 3.01). While the distal extent
of transverse processes need not fully reflect the extent of
origin of the CF (Persons & Currie, 2011), let alone the
muscle's actual volume or strength, the pattern observed
here is noteworthy, and tentatively suggests that amni-
otes plesiomorphically had an abbreviated CF compared
to extant saurians. Consistent with this inference, the CF
of extant salamanders is quite short, its origin extending
back only to the fourth or fifth caudal vertebra. More-
over, the “anthracosaurs” Proterogyrinus and Archeria
possess longitudinal ridges for intermuscular septa of the
axial musculature starting on the fifth (Proterogyrinus) or
fourth (Archeria) chevrons (Holmes, 1984, 1989). This
would imply quite a short CF in these stem amniotes
as well.

The above considerations further paint a picture of
divergent evolutionary trajectories between Synapsida
and Sauropsida (Figure 30a), in terms of the mechanics
of hindlimb retraction. It is proposed here that amniotes
ancestrally had a relatively small, single-bellied CF and
well-developed crural flexors (see previous section,
Figure 34), and the large size of the latter muscles

FIGURE 35 The relative extent of caudal vertebrae with ribs

or transverse processes, computed for a variety of extant saurians

and extinct species where the length and construction of the tail are

well preserved and/or adequately documented. (a) The skeleton of

Dimetrodon milleri (MCZ VPRA-1365) in oblique dorsolateral view,

showing the measurements made. The length of the tail with

transverse processes was computed from the anterior end of the

centrum of the first caudal vertebra to the posterior end of the last

caudal vertebra with transverse processes, measured parallel to the

axis of the neural canal (rather than measuring along the tips of the

neural spines). (b) Plot of the ratio of the two lengths measured,

both for individual taxa, as well as the mean ± SD for each main

group. Although there is variation, which is expected, the data

indicates that extant saurians tend to have a larger ratio (sometimes

considerably so) than early synapsids or stem amniotes. This

suggests that the caudofemoralis musculature of extant saurians

may be apomorphically enlarged. See Supporting Information

Appendix S5 for a list of the raw measurements and the sources

used to compile the data.
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possibly meant that they were equally, if not more, impor-
tant for effecting hip retraction during the stance phase. In
Synapsida, this remained the situation for “pelycosaurs,”
but within therapsids the tail became progressively reduced,
sometimes massively so, concurrently reducing the CF's size
and firmly shifting emphasis toward the crural flexors. The
importance of large, distally extensive crural flexors for loco-
motion then persisted through to extant mammals. In con-
trast to synapsids, sauropsids (or a more deeply nested
clade, e.g., Sauria) shifted emphasis toward the CF muscu-
lature in effecting hip retraction, evolving a hypertrophied,
bipartite CF with two insertions. Sizeable crural flexors
were retained, but their insertions shifted proximally
toward the knee, implying functional specialization for
quicker limb movements.

This account of differential emphasis on muscle
groups between Synapsida and Sauropsida contrasts with
previous narratives. First, it suggests that the magnitude
of the shift in CF importance within the former clade
was less drastic than previously assumed; indeed, starting
with a smaller CF ancestrally may have helped facilitate
the shift away from reliance on the CF in synapsids.
More importantly, however, the scenario outlined here
posits that extant mammals and saurians are both apo-
morphic with respect to the ancestral amniote condition,
and in different ways. Mammals' emphasis on crural
flexors is suggested to be an exaggeration of a retained
plesiomorphy, rather than a wholesale functional shift
away from a “reptilian” condition of CF dominance.
Likewise, a large, bipartite CF musculature playing a cen-
tral role in hip retraction is apomorphic for Sauria. That
extant saurians are more apomorphic than previously
realized further challenges their appropriateness as
analogues for early amniotes. Based on vertebral form–
function relationships, Jones et al. (2021) recently ques-
tioned the paradigm of the “lateral-to-sagittal” transition
in synapsids, arguing that extant sauropsids (e.g., squa-
mates) were poor analogues of “pelycosaurs.” Also
recently, Bishop et al. (2023) showed that shoulder joint
function in the sphenacodont Dimetrodon, and probably
many other early amniotes, was quite unlike that in
extant sauropsids, and hence the latter are again poor
analogues for “pelycosaurs.” The present study raises a
similar issue, in a different part of the body, challenging
the historical overreliance on certain extant analogues in
palaeobiological studies of early amniotes.

5 | CONCLUSION

Analysis of the exceptional fossil record of synapsids,
framed within an explicit phylogenetic context, has pro-
vided much new insight into hindlimb muscular

evolution on the line to mammals. More than the fore-
limb (Bishop & Pierce, 2023), numerous anatomical traits
often considered as characteristic of mammals (especially
therians) among extant tetrapods are inferred to be fea-
tures of a more inclusive group, having been accrued over
a protracted period of time prior to the origin of Mamma-
lia. Indeed, certain aspects of the ancestral amniote hin-
dlimb arrangement appear to have been retained in some
extant mammals in largely unaltered form. Despite this,
changes in hindlimb muscular anatomy in synapsids
were overall more numerous and more profound com-
pared to those occurring in the forelimb. This contrast is
all the more notable considering that the bones of the
synapsid pelvic girdle underwent less marked transfor-
mation compared to those of the pectoral girdle, and that
it is the forelimb of extant mammals which shows greater
anatomical and functional diversity.

The evolution of hindlimb musculature on the line to
mammals was, like the forelimb, a complex and non-
linear narrative that involved several pulses of anatomi-
cal change and instances of marked convergence; it was
also quite protracted, with several important changes not
occurring until very late, within crown mammals. In
addition to refining the timing and sequence of this trans-
formation, the present study has resolved the homology
of trochanters on the proximal femur across Synapsida,
and identified a case of dissociation between muscles and
their supposed “correlates” of bony attachment. The
results of this study also indicate that certain anatomi-
cal traits in nonmammalian synapsids (and to a degree,
even some extant mammals) are probably a better
reflection of the ancestral amniote condition than what
is observed among extant saurians, such as a lateral ori-
gin of the tibialis anterior, distally inserting crural
flexor muscles and deep thighs. Consequently, this sug-
gests a more nuanced scenario of evolutionary diver-
gence (in anatomy and locomotor function) between
Synapsida and Sauropsida than has been previously rec-
ognized. Not only does this warrant a re-appraisal of
the life appearance of many early amniotes and non-
mammalian synapsids, but it also questions the prevail-
ing reliance on extant saurians for understanding early
amniotes, including basal synapsids (e.g., “pelyco-
saurs”). The present study did not intend to address all
amniotes, but some of the results outlined here can pro-
vide a novel perspective to future investigations on this
subject, in turn laying the foundation for functional
studies addressing contrasting locomotor strategies and
how these have evolved through time.
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