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Abstract

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

ular musculature along the mammalian stem lineage, drawing upon the

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

muscles of the forelimb. Understanding forelimb muscular anatomy in extinct

synapsids, and how this changed on the line to mammals, can provide impor-

tant perspective for interpreting skeletal and functional evolution in this line-

age, and how the diversity of forelimb functions in extant mammals arose.

This study surveyed the osteological evidence for muscular attachments in

extinct mammalian and nonmammalian synapsids, two extinct amniote out-

groups, and a large selection of extant mammals, saurians, and salamanders.

Observations were integrated into an explicit phylogenetic framework, com-

prising 73 character–state complexes covering all muscles crossing the shoul-

der, elbow, and wrist joints. These were coded for 33 operational taxonomic

units spanning >330 Ma of tetrapod evolution, and ancestral state reconstruc-

tion was used to evaluate the sequence of muscular evolution along the stem

lineage from Amniota to Theria. In addition to producing a comprehensive

documentation of osteological evidence for muscle attachments in extinct

synapsids, this work has clarified homology hypotheses across disparate taxa

and helped resolve competing hypotheses of muscular anatomy in extinct

species. The evolutionary history of mammalian forelimb musculature was a

complex and nonlinear narrative, punctuated by multiple instances of conver-

gence and concentrated phases of anatomical transformation. More broadly, this

study highlights the great insight that a fossil-based perspective can provide for

understanding the assembly of novel body plans.
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1 | INTRODUCTION

Mammals are one of the most diverse and ecologically
versatile groups of extant vertebrate, and they owe much
of their evolutionary success to a profound reorganization
of the ancestral amniote body plan over the course of

>320 Ma. The origin and evolution of mammals from
nonmammalian synapsid ancestors is documented by an
exceptionally rich fossil record (Kemp, 1982, 2005, 2016),
permitting detailed investigation into the history of many
facets of organismal biology. Key aspects that have
received extensive attention include the evolution of
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dentition and feeding mechanics (Bhullar et al., 2019;
Lautenschlager et al., 2018; Ungar, 2010), hearing and
other senses (Allin & Hopson, 1992; Benoit et al., 2022a;
Luo, 2011), growth and physiology (Araújo et al., 2022;
Benton, 2020; Chinsamy-Turan, 2011), vertebral regionali-
zation and mobility (Jones et al., 2018; Jones et al., 2021),
parental care (Hoffman & Rowe, 2018), and breathing
(Carrier, 1987; Crompton et al., 2015). Collectively, these
studies have painted a rich, complex history of transforma-
tion in many anatomical, physiological, and behavioral
systems on the line to mammals.

Another key trait underpinning the success of modern
mammals is their diverse locomotor strategies. This funda-
mentally stems from a major shift in stance and gait
within Synapsida, from a “sprawled” posture plesio-
morphic for amniotes (and tetrapods generally), to an
“erect” (or parasagittal) posture in terrestrial therians.
Mammals also evolved the capacity for novel high-speed
gaits, such as galloping and bounding. Not surprisingly,
the evolution of erect limb posture and mammalian loco-
motion has a long history of study, with attention princi-
pally focused on the documentation and analysis of skeletal
structure and its transformation along the mammalian stem
lineage (e.g., Blob, 2001; Boonstra, 1967; Colbert, 1948;
Guignard et al., 2019a; Jenkins & Parrington, 1976;
Jenkins, 1970a, 1971, 1973; Jones et al., 2021; Kemp, 1978,
1980a, 1980b; King, 1981a; Lai et al., 2018; Lungmus &
Angielczyk, 2019; Lungmus & Angielczyk, 2021;
Romer, 1922; Watson, 1917). In addition to the skeleton,
understanding transformations in muscular anatomy is cru-
cial to achieving a comprehensive assessment of functional
changes, such as biomechanics, behavior, and performance
(Bishop, Cuff, & Hutchinson, 2021, and references cited
therein). Reconstructing muscular anatomy is hence a key
prerequisite for investigating the evolution of locomotor sys-
tems, and for providing context for interpreting skeletal evo-
lution itself (e.g., bone–muscle co-evolution). More broadly,
deciphering the evolutionary history of synapsid muscula-
ture can provide an enriched understanding of evolution of
the synapsid lineage as a whole, and how the distinctive
body plan of extant mammals arose.

Although nonmammalian synapsids were the focus
of some of the earliest detailed attempts at muscle re-
construction in extinct species (Gregory & Camp, 1918;
Romer, 1922; Watson, 1917), analyses of synapsid appen-
dicular musculature have historically tended to be scant
and superficial, particularly in comparison to other prom-
inent amniote lineages such as nonavian dinosaurs. After
the seminal works of Gregory and Camp (1918) and espe-
cially Romer (1922), subsequent studies largely followed
their lead, often with little novel interpretation or critical
evaluation of additional evidence (Angielczyk et al., 2009;
Cluver, 1978; Colbert, 1948; Cox, 1959; Cox, 1972;

De Oliveira et al., 2010; de Oliveira & Schultz, 2016;
DeFauw, 1986; Guignard et al., 2018; Guignard
et al., 2019a, 2019b; Jenkins & Parrington, 1976;
Jenkins, 1970a, 1971; Kemp, 1978, 1980a, 1980b, 1982,
1986; King, 1981a, 1981b, 1985; Parrington, 1961;
Ray, 2006; Ray & Chinsamy, 2003; Romer, 1924; Sulej &
Niedźwiedzki, 2018; Walter, 1988b). Such studies almost
exclusively considered only those muscles crossing the
shoulder or hip, neglecting more distal limb musculature,
although Haines (1939) independently reconstructed
some muscles in the distal forelimb of the “pelycosaur”
Ophiacodon. Problematically, many of the aforemen-
tioned studies'' interpretations provided little (if any) justi-
fication, and sometimes were framed without
consideration of the anatomy of extant species, relying
more on geometric arguments. Most prior studies were
also founded upon now-outdated hypotheses of homology
(Diogo et al., 2016; Smith-Paredes et al., 2022). Collec-
tively, this has repeatedly resulted in conflicting assess-
ments of muscular anatomy, and, in turn, locomotor
function and its evolution.

Only recently has a more rigorous approach to non-
mammalian synapsid muscular anatomy been taken, by
evaluating fossilized osteology in an explicit phylogenetic
framework (Lai et al., 2018). Generally referred to as
the “extant phylogenetic bracket” approach (Bryant &
Russell, 1993; Carrano & Hutchinson, 2002; Witmer, 1995),
the musculoskeletal anatomy of multiple extant outgroup
taxa is used to infer the configuration of a muscle (including
its presence or absence) in an extinct taxon of interest, and
gauge the relative plausibility of a given inference. The suc-
cess of this approach is predicated on the recognition of
homologous and unambiguous osteological correlates of
muscle attachment (e.g., muscle scars) common to extant
and extinct species. However, overreliance on just extant
taxa to inform inferences of a single extinct taxon encoun-
ters difficulty the further back in time one goes. The older
(more stemward) an extinct focal taxon is, the more that
extant outgroups become phylogenetically distant and mor-
phologically disparate from both each other and the extinct
taxon, hindering the recognition of homologous osteological
correlates and reducing the precision with which inferences
can be made (Bishop, 2014). This problem can be addressed
by incorporating data from additional extinct taxa into the
analysis, also framed within an explicit phylogenetic context
(Burch, 2014; Hutchinson, 2001a, 2001b, 2002; Molnar
et al., 2018, 2020). By harnessing a greater diversity of skele-
tal morphologies, including transitional forms, this facili-
tates the recognition (and testing) of homology between
anatomically disparate extant or extinct taxa, and enables
the incorporation of transformational hypotheses in pro-
ducing inferences (Bishop, Cuff, & Hutchinson, 2021).
Adopting a fossil-rich, explicit phylogenetic approach will
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in turn more precisely constrain inferences of musculature
in a given extinct species, especially when unambiguous
osteological correlates are absent. More broadly, the incor-
poration of fossil evidence creates a rich dataset through
which to explore how and when the body plan of a particu-
lar extant group was assembled (Hutchinson, 2001a, 2001b,
2002; Molnar et al., 2018, 2020).

This study conducts a comprehensive assessment of the
osteological evidence for appendicular musculature and its
evolution on the line to mammals, exploring taxa that span
>300 Ma. Drawing upon the exceptional synapsid fossil
record, the study seeks to establish the extent to which the
distinctive musculoskeletal anatomy of extant mammals is
unique to crown Mammalia, as opposed to a suite of traits
with greater antiquity, inherited from their distant ances-
tors. Here, focus is directed toward the forelimb, document-
ing muscles crossing the shoulder, elbow, and wrist
(i.e., muscles that originate proximal to the manus); see the
companion study for an investigation of the hindlimb
(Bishop & Pierce, 2023). The forelimb of extant mammals
exhibits a wide diversity of uses in locomotor and nonloco-
motor behaviors, in almost every environment, and conse-
quently exhibits a wide diversity of musculoskeletal
adaptations (Polly, 2007). Irrespective of specific ecological
adaptations, the musculoskeletal anatomy of the mamma-
lian forelimb is, in general, highly distinctive among extant
tetrapods, including the reduction or total loss of most pec-
toral girdle bones, well-developed processes for muscle
attachment (e.g., olecranon of the ulna), dorsal transloca-
tion of ventral muscle masses proximally, and extensive
muscular differentiation distally (Diogo et al., 2016;
Gregory & Camp, 1918; Romer, 1922, 1962). At least therian
mammals also exhibit a unique sequence of embryonic
development (Cheng, 1955; Smith-Paredes et al., 2022).
Understanding the deep evolutionary history of mamma-
lian forelimb musculature can provide important con-
text for exploring how and why these distinctive traits
evolved, and how this may have shaped the diversifica-
tion of forelimb functions. In addition to charting the
evolution of musculature on the line to mammals, the
present study lays the foundation for the rigorous, phy-
logenetically informed inference of forelimb anatomy
and function in extinct species, paving the way toward
a more complete synthesis of locomotor evolution
within Synapsida.

2 | MATERIALS AND METHODS

2.1 | Source of data—Extant taxa

Data for the musculoskeletal anatomy of extant tetra-
pods was principally drawn from previously published

descriptions, supplemented by first-hand observation
of in situ anatomy in two additional species (Bishop,
Wright, & Pierce, 2021; Fahn-Lai et al., 2020), as well
as first-hand examination of osteological material. In
addition to the ingroups of monotremes and therians,
two successive synapsid outgroups were considered:
saurian amniotes and lissamphibians. Salamanders
(Caudata) were used to represent lissamphibians, since
they retain a generalized quadrupedal tetrapod body
form and other extant lissamphibians are highly apo-
morphic; the literature consulted include Mivart (1869),
Davison (1895), Wilder (1912), Miner (1925), Francis
(1934), Haines (1939), Walthall and Ashley-Ross (2006)
and Diogo and Tanaka (2012). The vast majority of prior
synapsid studies have neglected the anatomy of salaman-
ders (but see Lai et al., 2018), yet their incorporation as a
second outgroup here helps to better estimate character
polarity, especially given the large phylogenetic and mor-
phological gulf separating extant mammals from other
amniotes. Three principal saurian groups were included to
represent Sauropsida: Rhynchocephalia (i.e., Sphenodon),
Squamata, and Crocodylia, the latter used to exclusively
represent Archosauria on account of the highly derived
forelimb anatomy of Aves (Burch, 2014). Studies of Sphen-
odon that were consulted include Osawa (1897), Fürbrin-
ger (1900), Gregory and Camp (1918), Byerly (1925),
Miner (1925), and Haines (1939). Studies of squamates
that were consulted include De Vis (1884), Fürbringer
(1900), Romer (1922), Haines (1939), Haines (1950),
Lécuru (1968), Jenkins and Goslow (1983), Landsmeer
(1984), Dilkes (1999), Zaaf et al. (1999), Abdala and Moro
(2006), Russell and Bauer (2008), Anzai et al. (2014),
Burch (2014) and Fahn-Lai et al. (2020). Studies of croco-
dylians that were consulted include Haines (1939), Cong
et al. (1998), Meers (2003), Brinkman (2000), and Allen
et al. (2015). Testudines were not considered, again due to
their derived forelimb anatomy.

Within mammals, studies on monotremes that were
consulted include Westling (1889), McKay (1894), Gregory
and Camp (1918), Howell (1937), Haines (1939), Walter
(1988a), Gambaryan et al. (2015), and Regnault et al.
(2020). For therians, focus was directed toward basal taxa
with a “generalized” quadrupedal anatomy for both marsu-
pials (ameridelphians, peramelemorphians, dasyuromor-
phians, phalangeriids, and vombatiforms) and placentals
(tupaiids, myrmecophagids, dasypodids, procaviids, and
rodents), in an attempt to limit the potential for apomor-
phies to exert spurious influence on the results. The litera-
ture consulted include Murie and Mivart (1865), Coues and
Wyman (1872), MacCormick (1887), Romer (1922), Le Gros
Clark (1924), Le Gros Clark (1926), Greene (1935), Haines
(1939), Rinker (1954), Barbour (1963), George (1977), Taylor
(1978), Jenkins and Weijs (1979), Stein (1981), Stein (1986),
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Carry et al. (1993), Warburton et al. (2013), Olson et al.
(2016), Warburton and Marchal (2017), Fahn-Lai et al.
(2020), and Richards et al. (2023).

2.2 | Source of data—Extinct taxa

The osteology of extinct taxa was investigated through
extensive first-hand observation and photography of fossil
material; abbreviations used herein for institutional collec-
tions are as follows: AMNH: American Museum of Natu-
ral 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 Cien-
cias Naturales “Bernardino Rivadavia,” Buenos Aires,
Argentina; MCZ: Museum of Comparative Zoology,
Harvard University, Cambridge, USA; NHMUK: Natural
History Museum, London, UK; NMQR: National Museum,
Bloemfontein, South Africa; PVL: Instituto Miguel Lillo
(Paleovertebrados), Universidad Nacional de Tucum�an,
Tucum�an, Argentina; RC: Rubidge Collection, 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, Universidade Fed-
eral do Rio Grande do Sul, Porto Alegre, Brazil; UMZC:
University Museum of Zoology, Cambridge, UK; USNM:
National Museum of Natural History, Smithsonian Institu-
tion, Washington, DC, USA.

Study of fossil material was supplemented with refer-
ence to the published literature including Williston
(1911), Pravoslavev (1927), Watson (1931), Boonstra
(1934), Romer and Price (1940), Broom (1947), Young
(1947), Brink and Kitching (1951), Brink and Kitching
(1953), Boonstra (1955), Brink (1955), Attridge (1956),
Boonstra (1964), Kühne (1956), Orlov (1958), Cox (1959),
Bonaparte (1963), Boonstra (1965), Brink (1965), Fox and
Bowman (1966), Cruickshank (1967), Cys (1967), Jenkins
(1971), Cox (1972), Sigogneau and Tchudinov (1972), Jen-
kins and Parrington (1976), Holmes (1977), Cluver
(1978), Kielan-Jaworowska and Dashzeveg (1978), Kemp
(1980a), Kemp (1980b), Brinkman (1981), King (1981a),
King (1981b), Krause and Jenkins (1983), Tchudinov
(1983), Sun and Li (1985), DeFauw (1986), Kemp (1986),
Sigogneau-Russell (1989), Rougier (1993), Kielan-
Jaworowska and Gambaryan (1994), Rubidge et al. (1994),

Sereno and McKenna (1995), King (1996), Gambaryan and
Kielan-Jaworowska (1997), Gow (2001), Berman et al.
(2004), Maisch et al. (2004), Martin (2005), Martinelli et al.
(2005), Sereno (2006), Sues and Jenkins (2006), Fourie and
Rubidge (2007), Govender (2008), Govender et al. (2008),
Hurum and Kielan-Jaworowska (2008), Fourie and
Rubidge (2009), Liu and Powell (2009), Campione and
Reisz (2010), De Oliveira et al. (2010), Botha-Brink and
Modesto (2011), Fröbisch and Reisz (2011), Sumida et al.
(2014), Cisneros et al. (2015), Luo (2015), De Oliveira
and Schultz (2016), Gaetano et al. (2017), Liu et al.
(2017), Sidor and Hopson (2017), Wynd et al. (2017),
Butler et al. (2019), Guignard et al. (2018), Guignard
et al. (2019a), Guignard et al. (2019b), Berman et al.
(2020), Mocke et al. (2020), Benoit et al. (2022b) and
Kerber et al. (2022).

In a study such as this that involves the assessment of
fine-scale surface features, the taphonomic, diagenetic, or
tectonic alteration of fossil material may complicate or
confound interpretations. Distinguishing between such
instances of alteration and genuine biological structures
associated with soft tissue attachment was made possible
in three ways. First, distinctive signatures of taphonomy
or diagenesis are recognized, such as sharp, broken edges
indicative of brittle deformation or recrystallization
(e.g., Fern�andez-Jalvo & Andrews, 2016). Second, com-
parison of a given specimen to other specimens of the
same or related taxon (where available), or between left
and right elements of the same specimen, aids in the
identification of features that are consistently present,
and those which may be anomalous (due to taphonomy,
diagenesis, tectonics or other sources, such as pathology).
Lastly, the overall quality of specimen preservation, such
as completeness, degree of articulation, and retention of
bilateral symmetry can provide further evidence of poten-
tial damage or alteration of the bones (e.g., extent of post-
mortem transport).

2.3 | Homology framework

Inferred homologies of muscles across crown tetrapods,
and particularly within amniotes, follow those outlined by
previous studies (Table 1; Burch, 2014; Cheng, 1955; Diogo
et al., 2016; Romer, 1922, 1944; Russell & Bauer, 2008).
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 development; and innervation. Based on an
extensive embryological dataset, Smith-Paredes et al.
(2022) recently revised some homology correspondences
across amniotes, and for the most part, these are accepted
here. However, the fossil evidence surveyed during the
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course of the present study suggests an alternative
hypothesis for the homology of the mammalian deltoids
and teres minor, different from that of both Smith-Paredes
et al. (2022) and previous studies (Table 1). This will be
discussed below as appropriate.

2.4 | Character formulation and
codification

An explicit phylogenetic approach was used to document
and analyze osteological evidence of muscle attachment,
through the construction of character–state complexes and
codification of a dense sample of operational taxonomic
units (OTUs). Fundamentally, characters are discrete, heri-
table traits that comprise a set of varying states that are
hypothesized to be homologous. In the context of investi-
gating soft-tissue evolution, the rationale for how charac-
ters and their states are constructed has been outlined by
Hutchinson (2001b) and Hutchinson (2002); see also de
Pinna (1991) for a broader discussion of the issue. Both
taxic and transformational perspectives to homology
(Patterson, 1982) were considered in the construction of
states, when it was deemed appropriate (see Results). A
transformational hypothesis of homology across disparate
anatomical features was articulated as a single multistate
character; conversely, possession of multiple osteological
features in a single species or specimen necessitated the
creation of multiple characters (principle of conjunction).
Across a disparate sample such as crown Tetrapoda, the
undertaking of this process is frequently only made possi-
ble through recognition of transitional (intermediary) mor-
phologies, preserved only in the fossil record. In some
cases, subsequent analysis of character evolution (see
below) revealed the distribution of states to be consistent
with the phylogenetic interrelationships of the OTUs con-
sidered, retrospectively supporting the inference of homol-
ogy (i.e., principle of congruence; Patterson, 1982).

The present study sought to trace the evolution of fore-
limb musculature within the synapsid lineage, leveraging
information from a broad suite of taxa spanning 330+ Ma
of evolution. Striking a balance between this overarching
goal, and what is practical, guided the construction of
character–state complexes, the codification of OTUs, and
subsequent phylogenetic analysis. Firstly, a broad taxo-
nomic resolution was adopted, by which most OTUs were
monophyletic, suprageneric taxa (“groundplan approach”;
Prendini, 2001; Figure 1). The comprising genera contrib-
uted to a “consensus” codification, and multiple states
(polymorphisms) were recognized in cases of significant
disparity within the clade; see Supporting Information
Appendix S1 for a list of taxa that contributed to the cod-
ing of suprageneric OTUs, and Supporting InformationT

A
B
L
E

1
(C
on

ti
n
ue

d)

M
u
sc
le

C
au

d
at
a

Sp
h
en

od
on

Sq
u
am

at
a

C
ro
co

d
yl
ia

M
on

ot
re
m
at
a

T
h
er
ia

A
bd

u
ct
or

po
lli
ci
s
lo
n
gu

s
A
PL

A
P
L

A
PL

(“
su
pi
n
at
or

m
an

us
”
of

R
us
se
ll
&

B
au

er
,2
00
8)

A
PL

,t
w
o
h
ea
ds

(“
ex
te
n
so
r

ca
rp
ir
ad

ia
lis

br
ev
is
”
of

M
ee
rs
,2

00
3)

A
PL

A
PL

Pr
on

at
or

qu
ad

ra
tu
s

PR
Q
U

PR
Q
U

PR
Q
U

PR
Q
U

PR
Q
U

N
ot
e:
T
h
is
ta
bl
e
om

it
s
th
e
“c
on

tr
ah

en
ti
um

ca
pu

t
lo
n
gu

m
”
fo
un

d
in

th
e
sa
la
m
an

de
r
fo
re
li
m
b
(s
ee

D
io
go

et
al
.,
20
16
;D

io
go

&
T
an

ak
a,
20
12
;M

in
er
,1

92
5)
,w

h
ic
h
h
as

n
o
cl
ea
r
eq
u
iv
al
en

t
in

am
n
io
te
s.
F
u
rt
h
er

w
or
k
is

n
ee
de
d
to

cl
ar
if
y
th
is
m
us
cl
e'
s
h
om

ol
og
y
w
it
h
re
sp
ec
t
to

am
n
io
te
s;
in

th
e
pr
es
en

t
st
ud

y
it
w
il
lb

e
te
n
ta
ti
ve
ly

tr
ea
te
d
as

a
sa
la
m
an

de
r
ap

om
or
ph

y
an

d
n
ot

co
n
si
de
re
d
fu
rt
h
er
.T

h
e
“h

u
m
er
or
ad

ia
li
s”

of
Sp

he
n
od

on
is
n
ot

in
cl
ud

ed
h
er
e,
as

it
m
ay

be
ap

om
or
ph

ic
fo
r
th
at

ta
xo
n
(S
m
it
h
-P
ar
ed
es

et
al
.,
20
22
).
T
h
e
“t
er
es

m
aj
or
”
of

cr
oc
od

yl
ia
n
s
is
n
ot

h
om

ol
og
ou

s
to

th
e
(t
ru
e)

te
re
s
m
aj
or

of
m
am

m
al
s
(S
m
it
h
-P
ar
ed
es

et
al
.,
20
22
).
G
ra
y
ce
ll
s

de
n
ot
e
th
e
ab
se
n
ce

of
a
m
us
cl
e.

a P
re
se
n
t
in

A
ve
s
(B
ur
ch

,2
01
4)
.

1770 BISHOP and PIERCE

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25312 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



FIGURE 1 Phylogenetic interrelationships of operational taxonomic units used for character state mapping in the study. A single

consensus tree is drawn from the results of prior analyses, including those of Kerber et al. (2022), Simões et al. (2022), and Hellert et al. (in

press). 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 (see text).
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Appendix S2 for the taxon–character matrix developed.
Only a few genera were coded individually in their own
right. Two paraphyletic OTUs were also included:
“Sphenacodontia,” denoting all nontherapsid sphenaco-
dontians, and “basal Probainognathia,” denoting all pro-
bainognathian cynodonts more basal than Prozostrodon.
The entirety of Anomodontia was represented by a single
OTU, and multiple states were possible due to character
evolution within dicynodonts (Supporting Information
Appendix S2); when this occurred, the state observed in
more basal members (especially nondicynodonts) was
used for the purpose of analyzing character evolution along
the mammalian stem lineage. Extant taxa were codified into
six OTUs: Caudata, Sphenodon, Squamata, Crocodylia,
Monotremata, and Theria. Following a consensus app-
roach to OTU coding, this allowed for traits related to
ostensibly derived ecologies in individual extinct taxa
(e.g., Cluver, 1978; Cox, 1959, 1972; Fröbisch & Reisz, 2011;
King, 1985; Sues & Jenkins, 2006) to be more readily
recognized and excluded from consideration. Further-
more, inference of ancestral character states is based
upon identification of clade-level synplesiomorphies
(i.e., commonalities across many taxa), further avoid-
ing potential problems posed by apomorphic individual
genera or species.

A relatively broad anatomical resolution was also
taken. In a study such as this, the construction of
character–state complexes must sometimes gloss over
fine-scale nuances to capture broad-scale patterns, if phy-
logenetic analysis is to be tractable (i.e., limited number
of states per character) and provide meaningful results
(i.e., the sequence and timing of changes along the stem
lineage can be resolved with precision). This was particu-
larly the case for muscles inserting on the manus, due to
the numerous carpals and more evolutionary labile
nature of manual construction across crown tetrapods as
a whole. In addition to the coarse taxonomic treatment of
saurians, in some instances less emphasis was placed on
the anatomical nuances observed within Sauria, consid-
ering that this work was designed to focus on Synapsida.
The present set of character–state complexes may there-
fore not be entirely appropriate for addressing evolution
within amniotes as a whole. Nevertheless, they provide a
first foundation that can be refined in subsequent studies.

2.5 | Analysis of muscle evolution

To explore the evolution of forelimb musculature along
the mammalian stem lineage, the character–state com-
plexes were subjected to a formal phylogenetic analysis
and ancestral state reconstruction (ASR; Supporting
Information Appendix S3). Phylogenetic relationships of

OTUs were expressed with a single “consensus” tree
drawn from the results of prior studies (Figure 1; Kerber
et al., 2022; Simões et al., 2022; Hellert et al., in press).
The relationships within Anomodontia, used to deter-
mine the plesiomorphic states entered into the analysis,
followed Kammerer et al. (2013). Prior studies of phyloge-
netic interrelationships among the taxa considered here
have been based principally on craniodental characters;
when information from the postcrania has been taken
into account, such characters are almost invariably dis-
tinct from those created in the present study. Indeed, the
vast majority of features that are codified here have never
been used in cladistic analysis. There is hence no concern
of circularity in the inference of forelimb muscle
evolution.

Although a single primary tree topology was used,
cranial-focused studies have occasionally recovered a para-
phyletic Therocephalia, with cynodonts nested within
them (Abdala, 2007; Abdala et al., 2019; Botha
et al., 2007). This result is consilient with the notable strat-
igraphic gap (ghost lineage) between the earliest-known
members of Therocephalia and Cynodontia; in the Karoo
Basin of South Africa, the Eodicynodon Assemblage Zone
and Endothiodon Assemblage Zone (Tropidostoma–Gorgo-
nops Subzone), respectively (Abdala et al., 2008; Botha
et al., 2007). Therocephalian paraphyly is also consistent
with several differences between the postcrania of scylaco-
saurids and eutherocephalians. Such differences include
an anteroposteriorly abbreviated interclavicle, an enlarged
obturator fenestra between pubis and ischium, and a
markedly reduced body size in eutherocephalians (see also
Bishop & Pierce, 2023). Each of these features is also
observed in cynodonts, but not scylacosaurids. To evaluate
if this affected inferences of muscle evolution, Therocepha-
lia was here treated as two OTUs, Scylacosauridae (includ-
ing, for the purposes of this study, Lycosuchidae) and
Eutherocephalia, and two tree topologies were considered:
a monophyletic Therocephalia, and a paraphyletic one
with Eutherocephalia as the sister taxon to Cynodontia
(Figure 1).

To document character state distributions and obtain
branch lengths for ASR, a Bayesian phylogenetic analysis
was undertaken in MrBayes 3.2.7 (Ronquist et al., 2012).
Calculating branch lengths in terms of accrued character
state changes (i.e., a phylogram) has been shown to pro-
duce more accurate ASRs, when the characters of interest
in an ASR are used to determine branch lengths (Wilson
et al., 2022). This approach was indeed necessitated by the
anatomically and temporally uneven sample of fossil spec-
imens that contributed information for the coding of
extinct OTUs, wherein rigorously estimating branch
lengths in terms of time (i.e., a chronogram) is problem-
atic. For each tree topology, phylogenetic analysis was
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performed using a single taxon–character matrix combin-
ing the forelimb (this study, 73 characters) and the hin-
dlimb (Bishop & Pierce, 2023; 80 characters) datasets
together. All characters were left unordered. Analysis used
a Markov (Mkv) model for morphological evolution with
ascertainment bias corrected for the absence of invariable
sites, as described by Lewis (2001). Among-character rate
variation followed a gamma distribution, with alpha sam-
pled from an exponential distribution with mean of 1.0.
The Markov-chain-Monte-Carlo sampler used was set to
5 million generations, using four independent runs with
four chains each (sampling every 1000 generations), with
temperature at 0.05 and relative burn-in of 25%. Conver-
gence of independent runs was assessed using the average
standard deviation of split frequencies (ASDSF � 0.01),
potential scale reduction factors (PSRF � 1.0 for all
parameters), and effective sample size for each parameter
greater than 200.

ASRs were undertaken using median branch length
values, employing a maximum likelihood and joint estima-
tion procedure with the “ape” (v.5.6-2; Paradis et al., 2004)
and “phytools” (v.1.2-0; Revell, 2012) packages in R v.4.1.0
(R Core Team, 2021). This assumed a Brownian motion
model of character evolution, with an equal-rates model of
state transition; again, all characters were left unordered,
to provide a more objective evaluation of anatomical evo-
lution and homology hypotheses. To quantitatively exam-
ine character evolution along the mammalian stem
lineage, a change in state was recognized when the likeli-
hood of an alternate state equaled or exceeded a prede-
fined threshold, conservatively set to 0.75 (i.e., a high level
of confidence is required to infer a transition). Under such
a criterion, sequential comparisons of node likelihoods
will tend to delay the recognition of a state change in the
direction that the comparison is made, whenever the req-
uisite threshold >0.5. Moving up the tree from root to tip,
and down the tree from tip to root, is therefore somewhat
analogous to the “DELTRAN” and “ACCTRAN” algo-
rithms of maximum parsimony methods (Swofford &
Maddison, 1987), respectively. Considering root-up and
tip-down approaches together can hence bracket the earli-
est and latest nodes at which a state transition likely
occurred, and both were used to estimate the number of
node-specific state changes along the stem lineage, as a
way of gauging the “pace” of muscular evolution.

Given the incomplete nature of the fossil record, and
the fact that not all muscles have recognizable osteologi-
cal correlates (which are indicative of a specific charac-
ter state), the taxon–character matrix produced here
lacks data for many characters, for all extinct OTUs con-
cerned. The extent of missing data, and which parts of
synapsid phylogeny this issue is more acute, could affect
how precisely the timing of a given state change can be

detected. Considered across all characters, this may in
turn weaken inferences of the pattern or pace of charac-
ter evolution. To explore this, the number of state
changes inferred for each node on the stem lineage was
compared against the amount of missing data in the
immediate vicinity of that node. Here, node-specific
missing data was computed as the proportion of
uncoded characters (i.e., scored as “?”) collectively
across the immediate bracket of a given node. This
bracket spanned OTUs branching one node down and
one node up from the focal node. For instance, the node
Mammalia is bracketed by Morganucodontidae and
Gobiconodon (Figure 1), and hence there are three OTUs
across which the proportion of missing data is computed
(Morganucodontidae, Monotremata, and Gobiconodon).
In contrast, five OTUs are involved in computing
the proportion of missing data for the node Thera-
psida (“Sphenacodontia,” Biarmosuchia, Anteosauridae,
Titanosuchidae, and Tapinocephalidae; Figure 1). It
would be expected that all else being equal, if missing data
did negatively impact the detection of when character state
changes occurred, fewer state changes would be resolved
at nodes with a greater proportion of missing data.

On a final note, it should be recognized that, while
maximum likelihood offers a means for quantifying infer-
ences of ancestral character states (i.e., confidence levels),
the reliance on an arbitrary threshold for detecting a
change in state can limit its utility. Even if the relative
likelihoods of two alternate states shift markedly from
one node to another (e.g., from 70:30 to 30:70), if neither
exceeds the threshold then a state change will not be
detected. Moreover, reaching a given threshold may
be more difficult for characters with more available
states, or when observations for OTUs are scarce (as is
often the case for extinct taxa) and/or disparate. In addi-
tion, inferences based on likelihoods alone may be incon-
gruent with evidence afforded by the fossil record, when
explicit osteological correlates for a muscle's attachment
(or even presence) have been recognized (e.g., see charac-
ters 4 and 24 below). To that end, the additional use of
maximum parsimony, in tandem with observation of
character state associations in fossil taxa, can contribute
to a more holistic evaluation of ancestral states (Bishop,
Cuff, & Hutchinson, 2021). In the present study, calcula-
tion of maximum parsimony was undertaken using Mes-
quite v.3.6.1 (Maddison & Maddison, 2021).

3 | RESULTS

A total of 73 character complexes were devised for all the
muscles crossing the shoulder, elbow, and wrist (see also
Supporting Information Appendix S2). In a similar fashion
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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 character are outlined,
and pertinent notes of discussion or justification are pre-
sented in a “Remarks” section immediately 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 is
employed to describe the spatial positioning of

attachments on the bones (Figure 2). While the amniote
femur has four homologous bone surfaces that can be
easily recognized and defined with respect to the femoral
condyles (Hutchinson, 2001a), this is less straightforward
for the humerus, due to this bone's extreme longitudinal
twisting (torsion) in basal amniotes, including “pelyco-
saurs.” Previously, Romer (1922) identified four surfaces
of the basal amniote humerus which corresponded to the
four faces of a tetrahedron; tracing the “untwisting” of
the humerus from “pelycosaurs” through to cynodonts,
his “proximal dorsal” and “distal dorsal” surfaces evi-
dently become part of a single “dorsal” surface, and like-
wise “proximal ventral” and “distal ventral” become part

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

girdle (a), humerus (b), antebrachium (c), and manus (d) as an example. In this and all subsequent figures, bones are illustrated from the

right side of the body.
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of a single “ventral” surface. These surfaces are recog-
nized such that the humerus is horizontally oriented,
directed laterally away from the body, and with the axis
of elbow flexion–extension being horizontal (see also
Brocklehurst et al., 2022). In such a disposition, two addi-
tional surfaces are recognized to complete the “anatomi-
cal compass”—anterior and posterior, corresponding to
“lateral” and “medial” in the mammalian literature. In
the twisted humeri of basal amniotes, anterior and poste-
rior surfaces curve about the surface of the bone proxi-
modistally. Terms describing attachments on the radius
and ulna are used as if the two bones were articulated
naturally, and with the antebrachium oriented vertically
and its extensor surface pointing forwards; this gives
anterior, posterior, medial (radial-ward) and lateral
(ulnar-ward) aspects. Lastly, terms describing attach-
ments on the manus assume that the entire manus is
straightened out and oriented 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 neces-
sarily correspond to an in-life relative positioning of the
humerus, antebrachium, or manus. Nomenclature of the
individual elements of the scapulocoracoid follows Vick-
aryous and Hall (2006).

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 confusing for
early amniote specialists. As a compromise, the muscle is
initially referred to using its herpetological name, but

FIGURE 3 Summary of the evolution of pectoral girdle morphology within Synapsida. (a) “Pelycosaur”. (b) Therapsid. (c) Bidentalian
dicynodont. (d) Eucynodont. (e) Tritylodontid mammaliamorph. (f) Mammaliaform. (g) Therian. Pectoral girdles shown in lateral view (not

to scale); dark gray = metacoracoid, medium gray = procoracoid, light gray = scapula. Light pink bones are dermal elements, light purple

bones are sternal elements. Individual girdles 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 humeral morphology within Synapsida. (a) “Pelycosaur”. (b) Therapsid. (c) Bidentalian
dicynodont. (d) Eucynodont. (e) Therian. Individual humeri (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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when it exhibits a more “mammalian” manifestation, the
mammalian name is used instead. So, for example, when
the triceps coracoideus shifts its origin onto the latissimus
dorsi, it “becomes” the dorsoepitrochlearis. This approach
does not distinguish between plesiomorphic and apo-
morphic states, providing a neutral means to communi-
cate character evolution.

Schematic summaries of changes in gross osteology
from basal synapsids through to crown mammals are pre-
sented for the pectoral girdle (Figure 3), humerus
(Figure 4), antebrachium (Figure 5), and manus
(Figure 6). These provide a broader skeletal context for
the subsequent figures that focus on the evidence for spe-
cific muscles, and also illustrate major trends in skeletal
transformation on the line to mammals. Abbreviations
used for key anatomical landmarks in the text and figures
are as follows: Acr = acromion, BicFos = bicipital fossa,
Clav = clavicle, Clei = cleithrum, DePr = deltoid pro-
cess, DPC = deltopectoral crest, Ect = ectepicondyle,

EctFo = ectepicondylar foramen, Ent = entepicondyle,
EntFo = entepicondylar foramen, Ext = scarring of
digital extensor origins, Flex = scarring of digital flexor
origins, GrTu = greater tuberosity, Hum = humerus,
I–V = digits I–V, IC = interclavicle, LeTu = lesser
tuberosity, Olec = olecranon, PePr = pectoral process,
Pis = pisiform, “SP” = “supinator” (brachioradialis)
process, Spin = scapular spine, TeTu = teres tuberos-
ity. In all figures, bones are illustrated from the right
side of the body.

3.1 | Latissimus dorsi (LD, Figures 4 and
7): Characters 1 and 2

1. Origin

0. Dorsal fascia and/or neural spines of thoracic/dorsal
vertebrae posterior to scapula

FIGURE 4 (Continued)
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1. As (0), with second discrete attachment to lateral sur-
face of ribs

2. As (0), with subdivision from lateral aspect of postero-
dorsal scapula

2. Insertion

0. Dorsal aspect of proximal humerus, posterior to inser-
tions of deltoids, and supracoracoideus [tubercle,
rugosity, or sulcus]

1. Dorsal aspect of proximal humerus, posterior to inser-
tions of deltoids, and supracoracoideus [transverse
line of scarring]

2. Proximal tendon of origin of triceps scapularis
3. Posterior aspect of humeral entepicondyle or adjacent

shaft [linear tubercle]

Remarks—Romer (1922) interpreted a roughened trans-
verse line on the humerus of various “pelycosaurs”
(e.g., Figure 7b) as demarcating the boundary between

the insertion of the LD (proximally) and the origins of
the humeral triceps heads (distally), corresponding to
state 1. Later (Romer & Price, 1940), he re-interpreted the
locus of LD insertion to be a pronounced tubercle posi-
tioned more proximally on the humerus, which he previ-
ously interpreted as for the subscapularis (SSc, see
character 18 below); the SSc now was deemed to insert
on the posteroproximal apex of the humerus instead.
However, extensive first-hand observations provide
greater support for his original interpretation. First, while
the transverse line may terminate posteriorly near the
large tubercle in “pelycosaurs,” they are well separated in
captorhinids (and some diadectomorphs), and indeed the
transverse line terminates posteriorly in its own tubercle
(Figure 7a; Holmes, 1977). This argues for the insertion
of two separate muscles in early amniotes, away from the
corner of the bone. Second, well-preserved “pelycosaur”
humeri show that the articular surface of the caput
extends right to the posterior corner of the bone, such
that any scarring textures here are more likely for joint
capsule attachment. Thus, the transverse line is

FIGURE 5 Summary of the evolution of antebrachial morphology within Synapsida. (a) “Pelycosaur”. (b) Therapsid. (c) Eucynodont.
(d) Therian. Each panel shows the ulna (upper row) and radius (lower 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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considered as denoting the insertion of the LD, with the
SSc inserting on the pronounced tubercle; this tubercle is
hence homologous to the lesser tuberosity (LeTu) of
mammals and may be referred to as such.

In contrast to “pelycosaurs,” the proximal surface of
therapsid humeri is usually devoid of unambiguous oste-
ological indicators of LD insertion. Probable exceptions
include at least one specimen of the tapinocephalid
Moschops with a broad, rugose pit near midshaft
(Figure 7c), some gorgonopsians that possess an ill-defined
pit on the posterior aspect of the humerus, just proximal to
midshaft (Figure 7e–g), and some specimens of the cynog-
nathian Diademodon (Figure 7n), which possess a ridge
superficially similar to the condition in “pelycosaurs.” The
basal probainognathian Trucidocynodon also possesses two
well-defined, ridge-like scars on the proximal dorsal
humerus (Figure 7o), topologically similar to the condition
in Diademodon, suggesting that the posterior of the two is
for insertion of the LD (De Oliveira et al., 2010). Lastly,
eutherocephalians frequently exhibit an ovoid pit on the
mid-dorsal surface of the humerus (Figure 7h–m), which is
somewhat more distally positioned compared to “pelyco-
saurs.” Previously, Kemp (1980a) and Lai et al. (2018) inter-
preted a small process on the posterior humerus of
cynognathian cynodonts as denoting the insertion of the
LD, but strong evidence argues in favor of the teres major
inserting here instead (see character 4).

3.2 | Teres major (TMA, Figures 4 and 8):
Characters 3 and 4

3. Origin

0. Absent
1. Lateral aspect of posterodorsal scapula
2. Lateral aspect of expanded posterodorsal scapula, with

postscapular fossa [posterodorsal angle expanded and
distinct fossa present]

Remarks—The homology of the TMA among amniotes
has recently been clarified through the embryological

FIGURE 6 Summary of the evolution of manual morphology

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

ventral (right) view. Individual mani (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

mediolateral symmetry of the manus in more crownward taxa.
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work of Smith-Paredes et al. (2022). Whereas the TMA of
therians (at least) develops from the same embryonic
mass as the SSc, the same-named muscle of crocodylians

and testudines develops from the same mass as the LD;
thus, the TMA of mammals and archelosaurs are not
homologous. Within lepidosaurs, a TMA-like muscle has

FIGURE 7 Legend on next page.
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only been reported in the agamid Uromastyx
(Lécuru, 1968), where it inserts separately and posteriorly
to the LD. In the context of the present synapsid-focused
study, crocodylians and squamates are coded as state 0
here (and for the following character) for they lack a
“mammalian” TMA; the archelosaur condition is only
recognized through character 1 (state 2) above. State 2 of
the present character is created to accommodate the mor-
phology observed in several fossorial extant mammals, as
well as Cynognathus and some tritylodontids
(Jenkins, 1971; Sues & Jenkins, 2006). Although a post-
scapular fossa is lacking, the scapular blade of the euther-
ocephalian Promoschorhynchus bears distinctive scarring
on the lateral aspect of much of its posterior half, termi-
nating ventrally in a shallow pit (Figure 8a). This scarring
may indicate attachment of a TMA-like muscle, or alter-
natively represent a modified origin of the deltoideus sca-
pularis (see character 5 below).

4. Insertion

0. Absent
1. Posterior aspect of proximal humerus, distal to LeTu

[linear ridge, tubercle, or tuberosity]

Remarks—A ridge or other linear scar is present on the
posteroproximal humerus of epicynodonts, distal to and
in line with the LeTu, and this basic manifestation can be
traced continuously through more derived synapsids to
therians (Figure 8b–o). In extant therians, this scar is
associated primarily with the insertion of the TMA (state
1, often being termed the “teres tubercle” or “teres
tuberosity,” TeTu), and in some Mesozoic mammals its
apomorphic enlargement coincides with an expanded
posterodorsal scapula surface or development of a post-
scapular fossa (e.g., Hu, 2006; Luo & Wible, 2005;
Martin, 2005). These observations strongly argue for the

identification of state 1 in epicynodonts and more derived
taxa. Remarkably, a virtually identical structural arrange-
ment is also observed in many dicynodonts, including the
basal form Eodicynodon, wherein the TeTu tends to be
more developed and more heavily scarred on the
humerus' ventral surface, and forms a dorsally everted lip
(Figure 8p–w; “pinna-like process” of DeFauw, 1986).
Maximum likelihood ASR posits the transition to state 1
as having occurred close to the base of Therapsida
(Supporting Information Appendix S4), but nondicyno-
dont anomodonts lack any indication of scarring on the
proximal humerus comparable to that in dicynodonts or
epicynodonts (Brinkman, 1981; Cisneros et al., 2015; Frö-
bisch & Reisz, 2011), as do all other noncynodont therap-
sids. The absence of phylogenetic continuity implies
nonhomology between the scars in epicynodonts and
dicynodonts, and in turn nonhomology between the mus-
cles that inserted on them (but see Discussion).

Given the common developmental origin of the TMA
and SSc in extant therians, it would be expected that
when the two first differentiated in synapsid evolution,
their insertions on the humerus would have been imme-
diately adjacent to each other. The humeri of some cyno-
donts and dicynodonts, although possessing a distinct
TeTu and LeTu, also possess a ridge spanning between
the two scars (Figure 8b,c,e,i–m,q,r,u,v), approximating
what might be expected as the transitional condition.
This morphology is consistent with an incomplete separa-
tion of TMA and SSc masses in these taxa, and further
supports the identification of the TeTu as the attachment
point for the TMA in cynodonts, and a TMA-like muscle
in dicynodonts. Extant monotremes also display a similar
condition, where the TeTu is connected to an expanded
LeTu by a well-developed ridge, almost to the point that
the two structures form part of a single flange of bone
(Figure 8n).

The distinction of putative TMA scarring from the
insertion of the SSc is clear in these fossils, but

FIGURE 7 Osteological evidence of latissimus dorsi musculature attachment to the humerus in synapsids. (a) USNM PAL 643598

cf. Captorhinus (Captorhinidae) in posterior (left) and dorsal (right) views. (b) MCZ VPRA-1314 Dimetrodon limbatus (Sphenacodontia) in

dorsal view. (c) AMNH FARB 5553 Moschops capensis (Tapinocephalidae) in anterodorsal view. (d) SAM-PK-9149 Jonkeria truculenta

(Titanosuchidae) in dorsal view. (e) NMQR 4000 Inostrancevia africana (Kammerer et al., 2023) in posterior view. (f) SAM-PK-K1676

Gorgonopsia indet, whole bone and left inset in ventral view, right inset in posterior view. (g) UMZC T.883 Gorgonopsia indet. in posterior

view. (h) NMQR 3351 Moschorhinus kitchingi (Eutherocephalia) in dorsal view, inset in anterodorsal view. (i) BP/1/3973 Olivierosuchus

parringtoni (Botha-Brink et al., 2014; Eutherocephalia) in dorsal view. (j) NMQR 3375 Theriognathus microps (Eutherocephalia) in dorsal

view. (k) GPIT-PV-117121 Silphoictidoides ruhuhuensis (Eutherocephalia) in dorsal view. (l) SAM-PK-K11515 Scaloposaurus constrictus

(Eutherocephalia) in dorsal view. (m) NMQR 3189 Microgomphodon oligocynus (Eutherocephalia) in posterior view. (n) NMQR 1205

Diademodon tetragonus (Cynognathia) in dorsal view; this illustration, modified from Jenkins (1971), is a composite based on multiple

specimens (hence scale is approximate only). (o) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) in dorsal view,

illuminated from different directions. Unless otherwise indicated, all scale bars in this and the following figures are in increments of

centimeters.
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FIGURE 8 Osteological evidence of teres major musculature attachment in synapsids. (a) SAM-PK-K10014 Promoschorhynchus cf. P.

platyrhinus (Eutherocephalia) scapula in lateral view, arrows delimit possible origin. (b) UMZC T.823 Galesaurus planiceps (Epicynodontia) humerus

in posterior view. (c) NHMUK PV R.3772a Cynognathus sp. (Cynognathia) in posterior view. (d) MCZ VPRA-3691Massetognathus pascuali

(Cynognathia) humerus in dorsal view. (e) MCZ VPRA-4503 Exaeretodon argentinus (Cynognathia) humerus in posterior (left) and dorsal (right)

views. (f) UMZC T.1025 Traversodontidae indet. (Cynognathia) humerus in dorsal view. (g) MCZ VPRA-4002 Chiniquodon theotonicus (basal

probainognathian) humerus in posterior (left) and dorsal (right) views. (h) UFRGS-PV-599-T Irajatherium hernandezi (Tritheledontidae) humerus in

ventral view; note that this specimen is remarkable in possessing two putative tuberosities for muscular attachment, with other specimens possessing

only a single tuberosity (Guignard et al., 2019b). (i) BP/1/5623 Pachygenelus monus (Tritheledontidae) humerus in posterior view. (j) BP/1/5671

Tritylodon longaevus (Tritylodontidae) humerus in posterior view. (k) MCZ VPRA-8812 Kayentatherium wellesi (Tritylodontidae) humerus in

posterior view. (l) UFRGS-PV-1043-T Brasilodon quadrangularis humerus in posterior (left) and dorsal (right) views. (m)MCZ VPM-19940

Eozostrodon parvus (Mammaliaformes) humerus in posterior view; render of digital model acquired via X-ray micro-computed tomographic scanning

(Skyscan 1273 [Bruker, U.S.A.] 90 kV, 300 μA, 288 ms exposure time, 1 mm aluminum filter, 23.8 μm isotropic voxel resolution). (n) MCZ 25461

Tachyglossus aculeatus (Monotremata) humerus in posterior (left) and dorsal (right) views. (o) MACN-N 09 Vincelestes neuquenianus (cladotherian,

i.e., stem therian) humerus in dorsal view. (p) NMQR 3154 Eodicynodon oosthuizeni (Dicynodontia) humerus in ventral view. (q) NHMUK PV R.4067

Oudenodon bainii (Dicynodontia) humerus in posterior (left) and dorsal (right) views. (r) GPIT-PV-60755 Rhachiocephalus magnus (Dicynodontia)

humerus in ventral (left) and posterior (right) views. (s) NHMUK PV R.37080 Kitchinganomodon crassus (Dicynodontia) humerus in ventral view.

(t) GPIT-PV-60766Daptocephalus leoniceps (Dicynodontia) humerus in posterior (left) and ventral (inset) views. (u) NHMUK PV R.37374

Dicynodontia indet. humerus in posterior view. (v) NMQR 3940 Lystrosaurus mccaigi (Dicynodontia) humerus in posterior view. (w) GPIT-PV-

117203 Lystrosaurus sp. (Dicynodontia) humerus in ventral view. See also Figures 7 and 10.
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distinguishing it from potential scarring of the LD insertion
is less straightforward. Among extant tetrapods, while the
LD can leave an indication of its attachment, it frequently
does not, in spite of its ubiquitous presence. Numerous
prior studies of dicynodonts have interpreted the posterior
margin of the proximal humerus as the site of insertion of
the LD, including on the TeTu when present
(e.g., Angielczyk et al., 2009; DeFauw, 1986; King, 1981a,
1981b; Ray, 2006; Ray & Chinsamy, 2003; Walter, 1988b;
Watson, 1917), yet as outlined above osteological and devel-
opmental evidence better supports inferring the insertion of
a TMA-like muscle instead. In the present study, a scar on
the posterior to dorsal aspect of the proximal humerus of a
given therapsid is conservatively presumed to indicate inser-
tion of the LD, which can be confidently inferred to have
existed. Only when strong evidence for a TMA exists should
this be considered the more likely candidate. Such evidence
includes phylogenetic continuity (traceability) through to
the TeTu of crown mammals, osteological association with
the LeTu, and the presence of multiple discrete scars
(e.g., De Oliveira et al., 2010; Jenkins, 1971). Currently,
compelling evidence for a TMA or TMA-like muscle only
exists within dicynodonts and epicynodonts.

3.3 | Deltoideus group (Figures 3, 4, and
9): Characters 5–9

5. Deltoideus scapularis (DSc) origin

0. Much of lateral surface of dorsal scapula and/or
suprascapula

1. Lateral anterodorsal scapula [thickened, laterally
reflected anterodorsal margin]

2. Anterior margin of scapula [most of anterior margin
is laterally reflected]

3. Posterior margin of scapular spine (= deltoideus
spinalis, DSp) [thickened scapular spine located pos-
terolateral to anterior margin of scapula]

Remarks—The traditional interpretation of DSc evolu-
tion within synapsids (e.g., Gregory & Camp, 1918;
Guignard et al., 2019b; Jenkins, 1971; Lai et al., 2018;
Romer, 1922) is that its origin tracked the anterior mar-
gin of the scapular blade: as the margin became later-
ally reflected and moved posteriorly (forming the
scapular spine), so too did the DSc, becoming the DSp
of therians. Based on developmental evidence, Smith-
Paredes et al. (2022) posited an alternative hypothesis
of more radical transformation of origin sites, involving
a spatial disassociation between muscle and bone for
multiple muscles. Abundant fossil evidence and the
anatomy of extant monotremes do not support some
aspects of this hypothesis, but are more consistent with
the traditional interpretation; this is explored in full in
the Discussion after all the fossil evidence has been
documented first.

The scapular blade of eutherocephalians lacks any
indication of a laterally reflected anterior margin, yet
many taxa exhibit a longitudinal median ridge running
along much of the blade's lateral surface (Figure 9h,i;
Attridge, 1956; Botha-Brink & Modesto, 2011; Fourie, 2013;
Fourie & Rubidge, 2007; King, 1996). This ridge may indi-
cate the boundary between the DSc (posteriorly) and the
trapezius (anteriorly) in eutherocephalians. No muscle
scarring texture has been observed on the ridge in any
specimen thus far examined, but this may be due to their
generally small size.

FIGURE 8 (Continued)
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6. Deltoideus clavicularis (DCl) origin

0. Lateral aspect of clavicle and interclavicle
1. Anterior end of procoracoid [all dermal girdle ele-

ments absent]
2. Anterolateral aspect of ventral scapula [clavicles absent]

3. Ventrolateral acromial process of scapula (= deltoi-
deus acromialis, DAc) [acromial process and infraspi-
nous fossa]

Remarks—In squamates, the origin extends around to the
dorsal and anterior surfaces of the clavicle, and can be

FIGURE 9 Osteological evidence of deltoid and pectoral musculature attachment in synapsids. (a) AMNH FARB 4380 Diadectes

sp. (Diadectomorpha) humerus in ventral view (inset in posteroventral view). (b) MCZ VPRA-4316 Edaphosaurus boanerges

(Edaphosauridae) clavicle in ventrolateral view. (c) UCMP 83489 Sphenacodon ferox (Sphenacodontia) clavicle in ventrolateral view.

(d) MCZ VPRA-1367 Dimetrodon milleri (Sphenacodontia) clavicle in ventrolateral view. (e) AMNH FARB 4082 Secodontosaurus obtusidens

(Sphenacodontia) humerus in dorsal view. (f) MCZ VPRA-1367 Dimetrodon milleri humerus in (left to right) dorsal, anterior, and ventral

views. (g) SAM-PK-K1676 Gorgonopsia indet. humerus in ventral view. (h) SAM-PK-11515 Scaloposaurus constrictus. (Eutherocephalia)

scapular blade in lateral view. (i) SAM-PK-K11522 Tetracynodon sp. (Eutherocephalia) scapular blade in anterolateral view. (j) MCZ VPRA-

4503 Exaeretodon argentinus (Cynognathia) humerus in anterodorsal view. (k) MCZ VPRA-4163 Chiniquodon theotonicus (basal

probainognathian) humerus in dorsal view. Arrows in (h) and (i) indicate longitudinal scapular ridge.
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situated more on the medial side of the bone, to produce
a complex folded morphology to the muscle (Russell &
Bauer, 2008). However, this does not manifest in a differ-
ent structure to the clavicle itself, and so at an osteologi-
cal level is indistinguishable from the condition in
Sphenodon; both are coded as state 0 here.

The clavicles of “pelycosaurs” and some stem amni-
otes bear a spatulate flange on the posterolateral margin
of the ascending process, which is directed posteriorly
(e.g., Berman & Sumida, 1990; Holmes, 1977; Romer &
Price, 1940). This flange is especially well developed in
sphenacodontids, where it is lobate and heavily scarred
on its lateral (external) surface (Figure 9b–d); it likely
served at least part of the origin of the DCl in these ani-
mals (Romer & Price, 1940).

Traditionally, the DAc of mammals has been consid-
ered intimately tied with the DCl (Diogo et al., 2016), but
Smith-Paredes et al. (2022) demonstrated that the DCl of
therians is derived from the supracoracoideus mass, not
the deltoid mass, and suggested the DAc to be a therian
apomorphy. In the revised transformational hypothesis
considered here, the DAc of extant mammals has a one-
to-one correspondence with the DCl of nonmammals
(Table 1), having undergone a dorsal shift in origin, onto
the scapula, as it was displaced by a dorsally expanding
supracoracoid mass (see Discussion). Given that an acro-
mion and infraspinous fossa are well-supported osteolog-
ical correlates of a dorsally shifted and differentiated
supracoracoideus (see character 22 below), their presence
is therefore also indicative of a dorsally shifted DCl mass
(state 3). This transformation would have occurred prior
to Procynosuchus, the basalmost cynodont with an infra-
spinous fossa and acromion (Broom, 1947), but a compa-
rable condition is also observed in the Permian
dicynodont Dicynodontoides (Cox, 1959) and in Triassic
kannemeyeriiform dicynodonts, where a shallow “infra-
spinous fossa” and posteriorly shifted acromion occur
(see below).

7. DSc insertion

0. Anterodorsal aspect of deltopectoral crest (DPC) of
humerus, on or near apex [singular DPC with local-
ized apex]

1. Anterodorsal aspect of proximal humerus, on tuber-
cle, distinct from ventral process for pectoralis attach-
ment [“deltoid process,” scarring; may continue
distally on linear ridge]

2. Anterodorsal aspect of entire length of DPC of
humerus [DPC ridge-like]

3. Anterior proximal humerus, proximal to and separate
from DPC

Remarks—Among extant tetrapods, the anteroproximal
humerus bears a single major eminence, the “deltopec-
toral crest,” to which the deltoideus and pectoralis mus-
culature attach. (Crocodylians are an exception: state 3.)
However, exactly what constitutes a “deltopectoral crest”
is somewhat nebulous when stem and early crown amni-
otes are taken into consideration, where the putative
insertions for both muscle groups form their own distinct
eminences, connected by a bridge of bone. This more
complex structure, or just the bridge itself, has previously
been referred to as the “deltopectoral crest”
(e.g., Brinkman & Eberth, 1983; Fox & Bowman, 1966;
Holmes, 1977; Romer, 1922, 1956; Romer & Price, 1940;
Sumida, 1997; White, 1939), as has a comparable structure
in temnospondyls (e.g., Pawley, 2007; Pawley &
Warren, 2006; Romer, 1922). In the context of synapsid
evolution, distinct eminences for deltoid and pectoral
attachment are recognizable throughout “pelycosaurs”
(Romer & Price, 1940), wherein they may be termed
the “deltoid process” and “pectoral process” respec-
tively (state 1). The apex of the deltoid process is typi-
cally continued distally for a short distance by a sharp
ridge that may also be scarred (Figure 9e,f). With the
transition to therapsids, this region of the humerus is
structurally simplified to form a single blade-like expan-
sion (Bishop et al., 2023; state 0); it more closely approxi-
mates the structure in extant nonmammals and may be
more reasonably termed a “deltopectoral crest.”

8. DCl insertion

0. Anterodorsal aspect of humerus, adjacent to or in
common with DSc

1. Anterodorsal aspect of humerus, well separated
from DSc

9. “Clavicular deltoid” division of
supracoracoideus

0. Absent
1. Present, originating from ventral aspect of clavicle

and interclavicle, and inserting adjacent to DSc and
DCl on DPC of humerus

2. Present, originating from ventral clavicle only (inter-
clavicle absent), and inserting adjacent to DSc and
DCl on DPC of humerus

Remarks—As noted above, developmental evidence indi-
cates that the DCl of therians is derived from the supracor-
acoideus mass, and hence not homologous with the DCl of
nonmammals (Smith-Paredes et al., 2022); although yet to
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be verified, it is presumably the same case for monotremes.
The present character accounts for this. Unambiguous oste-
ological correlates of subdivision of the “clavicular deltoid”
from the SPC mass are absent, but as noted above a dorsal
shift in the SPC mass can be reasonably correlated with the
appearance of an acromion and supraspinous fossa. In such
a scenario, the “clavicular deltoid” probably appeared
around the origin of Cynodontia, although maximum like-
lihood ASR suggests a later origin (Supporting Information
Appendix S4). The loss of a distinct interclavicle as it was
incorporated into the sternal complex in stem therians
(Bendel et al., 2022; Brent et al., 2023) probably coincided
with a restriction of the origin of the “clavicular deltoid” to
the clavicle only (state 2), as observed in extant Theria.

3.4 | Pectoralis (PECT, Figures 4 and 9):
Characters 10 and 11

10. Origin

0. Ventral surface of sternal complex (including inter-
clavicle, when present) and anterior abdominal
musculature

1. As (0), but also extends anteriorly to ventral surface of
clavicle

2. As (0), but also extends onto ventral aspect of tho-
racic ribs

Remarks—Although the PECT of most amniotes has multi-
ple subdivisions, these are apparently highly variable across
(and sometimes within) taxa, and the recognition of vari-
ous heads has in the past varied depending on the author.
This hampers attempts to equate different heads across the
broad phylogenetic groups considered here. Additionally,
recent embryological evidence indicates that part of the
pectoralis of therians (and possibly a more inclusive group)
is derived from the supracoracoideus mass, and thus not
homologous to the pectoralis of nonmammalian tetrapods
(Smith-Paredes et al., 2022). Until a comprehensive evalua-
tion of the homologies of all the PECT heads across extant
tetrapods is conducted, this study refrains from attempting
to codify variation in PECT subdivision. From a purely
functional perspective, the feature of greater importance is
where the muscle(s) originate and insert.

11. Insertion

0. Apex and/or posteroventral aspect of DPC of humerus
[singular DPC with localized apex]

1. Anteroventral aspect of proximal humerus, on large
pectoral process, distinct from dorsal process for del-
toideus attachment [scarring and/or unfinished bone]

2. Entire length of DPC of humerus, on ventral to poster-
oventral aspect [DPC ridge-like]

Remarks—Reiterating the remarks noted above for the
deltoideus musculature (character 7), a distinct process
for PECT attachment may be recognized in stem and
early crown amniotes, including “pelycosaurs” (state 1),
which is subsequently remodeled into a simpler deltopec-
toral crest in therapsids (state 0).

3.5 | Scapulohumeralis anterior (SHA,
Figures 4 and 10): Characters 12 and 13

12. Origin

0. Middle to anterior part of lateral surface of ventral
scapula and dorsal procoracoid

1. Lateral surface of posteroventral procoracoid
2. Lateral surface of ventral scapula, dorsal to glenoid

and ventrolateral to triceps scapularis origin (=teres
minor, TMI)

3. Absent

Remarks—The SHA of lepidosaurs has traditionally been
considered the homologue of the mammalian TMI
(Diogo et al., 2016; Romer, 1944). However, as part of
their alternative hypothesis of shoulder muscle homolo-
gies and evolution, Smith-Paredes et al. (2022) posited
that the DSc of nonmammals is homologous to the TMI
of therians, and that the SHA is an apomorphy for Lepi-
dosauria. Yet, a SHA-like muscle has been recognized in
the basal salamander Andrias (Miner, 1925), where it has
a comparable insertion and innervation to the SHA of
Sphenodon, and also appears to have been observed in
Necturus (Wilder, 1912, p. 392). It is possible that this
muscle also exists in other salamanders but has hitherto
been overlooked, potentially because the small size of
many taxa renders it inseparable from the overlying DCl.

By framing the location with respect to the triceps
scapularis and glenoid, state 2 tacitly accounts for both
the autapomorphic condition in monotremes and the
condition in therians.

In their study of the cynognathian cynodont Masse-
tognathus, Lai et al. (2018) recognized a scar at the base
of the lateral scapula, dorsal to the glenoid, and suggested
this to denote the origin of the TMI. The “mottled” sur-
face texture and location of this feature (Figure 10ai) is
consistent with attachment of such a muscle (state 2), but
extensive first-hand examination of available material
shows this manifestation to be exceedingly rare among
cynodonts (or indeed, therapsids) studied to date.
Guignard et al. (2019b) suggested that a tubercle at the
posterolateral base of the scapula in the tritheledontid
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FIGURE 10 Osteological evidence of scapulohumeralis anterior musculature attachment to the proximal humerus in synapsids. (a) AMNHFARB
4709Diadectes sp. (Diadectomorpha). (b) USNMV 15562 Varanosaurus sp. (Ophiacodontidae). (c) AMNHFARB 4141Ophiacodon retroversus

(Ophiacodontidae). (d) MCZ VPRA-2944 Secodontosaurus sp. (Sphenacodontia). (e) AMNHFARB 4037aDimetrodon giganhomogenes (Sphenacodontia).
(f) MCZ VPRA-1367Dimetrodonmilleri (Sphenacodontia). (g) UCMP 83544 Sphenacodon ferox (Sphenacodontia). (h) NMQR 2987 Tapinocaninus
pamelae (Tapinocephalidae). (i) AMNHFARB 5222Moschops capensis (Tapinocephalidae). (j) SAM-PK-9149 Jonkeria truculenta (Titanosuchidae).
(k) SAM-PK-K1633Diictodon feliceps (Dicynodontia). (l) USNMPAL 410241 cf. Robertia (Dicynodontia). (m) SAM-PK-K11281 Brachyprosopus
sp. (Dicynodontia). (n) UMZC T.747Dicynodontoides nowacki (Dicynodontia). (o) NHMUK PVR. R.37080Kitchinganomodon crassus (Dicynodontia).
(p) AMNHFARB 2240 Lycaenops ornatus (Gorgonopsia). (q) SAM-PK-2342Aelurognathus tigriceps (Gorgonopsia). (r) BSPG 1934-VIII-28Gorgonops
sp. (Gorgonopsia). (s) GPIT-PV-31579 “Scymnognathus” parringtoni (Gorgonopsia). (t) SAM-PK-K1676 Gorgonopsia indet. (u) UMZC T.883 Gorgonopsia
indet. (v) SAM-PK-K7809Glanosuchus macrops (Scylacosauridae). (w) SAM-PK-K12051Alopecognathus sp. (Scylacosauridae). (x) SAM-PK-K11200
Scylacosauridae indet. (y) BP/1/3973Olivierosuchus parringtoni (Eutherocephalia). (z) NHMUK PVR.5755 Theriognathus microps (Eutherocephalia).
(aa) UCMP 40467Mirotenthes digitipas (Eutherocephalia). (ab) BP/1/2294 Ictidosuchus intermedius (Eutherocephalia). (ac) NMQR 3745 Tetracynodon
sp. (Eutherocephalia). (ad) SAM-PK-1395 Thrinaxodon liorhinus (Cynodontia). (ae) NMQR 860Galesaurus planiceps (Cyndontia). (af), NMQR 1205
Diademodon tetragonus (Cynognathia). (ag) NHMUK PVR.3772a Cynognathus sp. (Cynognathia). (ah) UCMP 42749 Cynognathus sp. (Cynognathia).
(ai) MCZ VPRA-3691Massetognathus pascuali (Cynognathia), inset showsmuscle attachment to base of lateral scapula. (aj) UMZC T.905 Cricodon
metabolus (Cynognathia). (ak) NHMUK PVR.36995 Luangwa drysdalli (Cynognathia). (al) PVL 4426Andescynodonmendozensis (Cynognathia).
(am)MCZVPRA-4017 Probainognathus jenseni (basal probainognathian). (an) BP/1/5623 Pachygenelus monus (Tritheledontidae). (ao) BP/1/5671
Tritylodon longaevus (Tritylodontidae). All humeri are shown in approximately dorsal view (parallel to plane of proximal end), except (ai), which is
shown in approximately anterior view. See also Figures 7 and 8. Arrows in (a), (b), and (d)–(g) indicate the “trend” of muscle scarring on the bone.
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Riograndia was for attachment of the TMI, but this is
morphologically more consistent with the widely
observed scar for the triceps scapularis instead (see char-
acter 38 below).

13. Insertion

0. Dorsal surface of proximal humerus
1. Posterodorsal proximal humerus, adjacent and distal

to LeTu

2. Anterodorsal proximal humerus, adjacent and poster-
odistal to insertions of SPC and deltoids (=TMI) [lon-
gitudinal ridge or patch of scarring]

3. Absent

Remarks—In monotremes, the TMI is well developed
and passes deep to the triceps scapularis on the way to its
insertion, just like the SHA in squamates. In therians, the
TMI is very small; it is sometimes absent as a distinct
muscle, its fibers becoming inseparable from those of the
infraspinatus.

FIGURE 10 (Continued)
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Abundant fossil evidence indicates that, rather than
being restricted to Lepidosauria (Smith-Paredes et al., 2022),
a SHA-like muscle was extensively distributed across basal
amniotes and nonmammalian synapsids. Well-preserved
“pelycosaur” humeri characteristically bear a longitudinal
patch of scarring toward the anterior side of the proximal
dorsal surface, approximately at the level of the distal base
of the “pectoral process” (Figure 10b–g). It is always located
anterior and distal to the transverse line of scarring for the
LD, and posteriorly offset from the ridge leading proximally
toward the “deltoid tubercle.” Evidently influenced by the
superficially similar position of a scar on the humerus of
crocodylians, Romer and Price (1940) interpreted the “pely-
cosaurian” scar as denoting the origin of a brachialis, a dis-
tally directed muscle. However, microscopic examination
shows that the texture of scarring is typically directed ante-
riorly to anteroproximally (or alternatively, when the scar-
ring forms a pit, the pit “faces” anteroproximally), arguing
against such an interpretation. With the SSc, LD, deltoids,
and supracoracoideus (see character 23 below) all
“accounted for” by other consistently recognizable osteolog-
ical correlates, the scar in question indicates the presence of
an additional, anteriorly directed, dorsally positioned mus-
cle; a SHA-like muscle is the best candidate. A similarly
sited patch of scarring is also observed in various stem
amniotes, although it need not be as localized in spatial
extent (Figures 7a and 10a; see also Holmes, 1977;
Romer, 1956).

In therapsids, a longitudinal ridge or patch of scarring
is also typically present on the anterior side of the proximal
dorsal surface, also separate from the DPC (and greater
tuberosity, where present). However, it differs from the scar
of “pelycosaurs” in two aspects: it is usually more proximo-
distally elongate, and it tends to be more proximally posi-
tioned, frequently reaching up almost to the level of the
articular surface of the caput. This scar has previously been
documented in a handful of Permian dicynodonts
(Angielczyk et al., 2009; King, 1981b), gorgonopsians
(Sigogneau-Russell, 1989), a therocephalian (Fourie &
Rubidge, 2009), nonmammalian cynodonts (de Oliveira
et al., 2010; Gaetano et al., 2017; Jenkins, 1971; Lai
et al., 2018), the docodont mammaliaform Haldanodon
(Martin, 2005), and the eutriconodont theriimorph Repeno-
mamus (Hu, 2006). Previous authors have unanimously
interpreted it as demarcating the attachment of the homo-
logue of the TMI, as it is located in the same general posi-
tion as the insertion of the TMI in extant therians.
Extensive first-hand observation confirms that this scar is
widely distributed throughout therapsids and cynodonts,
occupying a consistent position on the humerus
(Figures 7n,o and 10h–ao). The straightforward transforma-
tion from a distal position in “pelycosaurs” to a proximal
position in therapsids, and the occurrence of a similar scar

in an intermediate-form humerus (Bishop et al., 2023), sup-
ports homology between the scarring in both groups. Thus,
scarring can be traced continuously from stem amniotes
through to theriimorphs, supporting the hypothesis of
homology between the SHA and TMI.

3.6 | Scapulohumeralis posterior (SHP):
Characters 14 and 15

14. Origin

0. Absent
1. Lateral to posterolateral aspect of scapula, dorsal to

origin of triceps scapularis

Remarks—This muscle only occurs in extant saurians,
and is probably a saurian (or sauropsid) apomorphy; it is
hence tangential in the context of the present synapsid-
focused work. It is nevertheless included here should
future studies seek to expand the present analysis to
include more amniote taxa. Even then, uncertainty
remains as to whether the SHP is truly homologous
across all extant saurians. Topology, development
(Romer, 1944; Smith-Paredes et al., 2022), and the vari-
able degree to which this muscle is differentiated from
the SSc (Russell & Bauer, 2008) suggests that in squa-
mates it is a derivative of the subcoracoscapularis mass.
Likewise, in archosaurs the SHP shares innervation
and developmental history with the SSc (Meers, 2003;
Smith-Paredes et al., 2022). However, innervation pat-
terns suggest that the SHP is more similar to the SHA
in Sphenodon (Miner, 1925).

15. Insertion

0. Absent
1. Posterodorsal to posterior aspect of proximal humerus,

posterior to SHA insertion.

3.7 | Subcoracoscapularis group
(Figures 4 and 11): Characters 16–19

16. Subscapularis (SSc) origin

0. Medial surface to posterior margin of ventral scapula
and posterodorsal margin of metacoracoid

1. Medial surface of much of scapula (and suprascapula,
when present)

2. Lateral surface of posterior scapula and posterior scap-
ular margin [posterior subscapular fossa]
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FIGURE 11 Legend on next page.
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Remarks—In some squamates, the origin extends around
to the posterior lateral scapula, but this is not accounted
for explicitly here, as it bears much similarity to the SHP
already codified above.

From an osteological perspective, the conditions in
monotremes and fossorial therians are indistinguishable
from one another (state 2): both possess a fossa on the lat-
eral scapula, posterior to a ridge running dorsal from the
triceps scapularis origin, but one is occupied by the SSc
(monotremes) the other by the TMA (fossorial therians).
Consequently, in the absence of other evidence, it is not
possible to unambiguously identify the muscle attached
to a posterior scapular fossa in extinct synapsids
(e.g., Cynognathus). Only with additional evidence from
the humerus—such as a TeTu separate from a putative
LD insertion—would it be possible to infer the presence
of a well-developed TMA, favoring it as the likely candi-
date that occupied the postscapular fossa (e.g., Hu, 2006).

Multituberculates often possess a distinctive linear scar
on the anteromedial aspect of the ventral scapula, running
back from the coracoid process, which was interpreted by
Kielan-Jaworowska and Gambaryan (1994) as marking
part of the origin of the subscapularis. Similarly, the dicyn-
odont Kannemeyeria possesses a comparably sited tubercle
on the medial scapula (Govender et al., 2008), as do some
specimens of the cynodont Cynognathus (Figure 11c),
whereas more diffuse scarring is apparent in some dinoce-
phalian scapulae (Figure 11d). A long ridge is also present
on the medial surface of the scapula in the basal theroce-
phalian Simorhinella (Abdala et al., 2014). Whether these
scars denote the attachment of the SSc remains ambiguous,
however; it is also possible that the sterno/costocoracoideus
equivalent (“subclavius”) may have attached here instead
(in a comparable fashion to extant monotremes:
Gambaryan et al., 2015), or may alternatively mark an
extended origin of the coracobrachialis or biceps brachii, in
the case of multituberculates.

17. Subcoracoideus (SCo) origin

0. Absent
1. Much of inner (dorsal/medial) surface of coracoid

element(s)

Remarks—It is not clear if the SCo of extant sauropsids
(lepidosaurs and birds) is indeed homologous to the same-
named muscle of monotremes, despite the similarity in
their gross topology. In the former, the muscle is innervated
by the subcoracoscapular nerve along with the SSc (Baumel
et al., 1993; Lécuru, 1968; Miner, 1925), whereas in mono-
tremes the innervation is different (McKay, 1894), quite so
according to Howell (1937), who recognized a more ventral
nerve supply in association with the coracobrachialis in
Ornithorhynchus. Due to the sparse distribution of a SCo-
like muscle across extant tetrapods, and the absence of clear
osteological correlates, character inference within nonmam-
malian synapsids is currently ambiguous using both maxi-
mum likelihood and parsimony approaches (Supporting
Information Appendix S4). Previous attempts at recon-
structing early amniote pectoral musculature have relied on
geometric, rather than phylogenetic, inference and have
reached conflicting conclusions regarding the manifestation
of the SCo (Holmes, 1977; Jenkins, 1971; Romer, 1922).
Further work, such as embryological study, could help clar-
ify the situation.

18. SSc insertion

0. Posterior aspect of proximal half of humerus
1. Posterior to posterodorsal aspect of proximal humerus,

on LeTu [tubercle or protuberance]

Remarks—A LeTu is widespread among tetrapods, and it
can be recognized in several stem tetrapod taxa as well

FIGURE 11 Osteological evidence of subcoracoscapularis musculature attachment in synapsids. Panels (a)–(d) illustrate potential
indicators of origin on the scapulocoracoid, (e)–(s) illustrate insertions on the humerus. (a) MCZ VPRA-1110 Dimetrodon booneorum

(Sphenacodontia) in medial view. (b) MCZ VPRA-1367 Dimetrodon milleri (Sphenacodontia) in medial view. (c) UCMP 42749 Cynognathus

sp. (Cynognathia) left and right scapulocoracoids in medial view; in right inset the acromion has been digitally removed to aid clarity.

(d) AMNH FARB 5553 Moschops capensis (Tapinocephalidae) in medial view. (e) MCZ VPRA-1035 Diadectes tenuitectus (Diadectomorpha)

in dorsal view. (f) AMNH FARB 4006 Lupeosaurus kayi (Edaphosauridae) in dorsal view. (g) MCZ VPRA-3417 Edaphosaurus

sp. (Edaphosauridae) in dorsal view. (h) AMNH 4037a Dimetrodon giganhomogenes (Sphenacodontia) in dorsal view. (i) SAM-PK-915

Anteosauridae indet. in proximal view (dorsal to top). (j) GPIT-PV-60755 Rhachiocephalus magnus (Dicynodontia) in proximal view (dorsal

to top). (k) SAM-PK-K1633 Diictodon feliceps (Dicynodontia) in posterior (left) and proximal (right, ventral to top) views. (l) NHMUK PV

R.37374 Dicynodontia indet. in posterodorsal view. (m) USNM PAL 407984 Oudenodon bainii (Dicynodontia) in posterior (left) and dorsal

(right) views. (n) USNM V 24645 Daptocephalus leoniceps (Dicynodontia) in posterior and dorsal views. (o) MCZ VPRA-3455

Dinodontosaurus brevirostris (Dicynodontia) in ventral view. (p) CGS MJF 21 Lycosuchidae indet. in ventral view. (q) SAM-PK-11557

Scylacosauridae indet. in ventral view. (r) BP/1/6229 Scylacosauridae indet. in ventral view. (s) NHMUK PV R.36995 Luangwa drysdalli

(Cynognathia) in ventral view. See also Figures 7, 8, 10, and 13.
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(Bishop, 2014; Coates, 1996; Otoo et al., 2021). It is espe-
cially prominent in “pelycosaurs” and other early amni-
otes, where it forms a dorsally oriented prominence set
distal to the articular surface of the caput (Figures 7a,b,
10a–g, and 11e–h; Romer & Price, 1940). Within therap-
sids, it has shifted proximally to occupy the posterodorsal
corner of the humerus, but it is usually poorly developed,
often only recognized by the presence of a localized thick-
ening of bone and muscle scarring (Figure 11i–s). The
LeTu of dicynodonts is characteristically well developed,
often forming a dorsally everted lip near its posterodorsal
apex (Figure 11j,k). As noted above, within epicynodonts
and dicynodonts the LeTu may be partially connected to a
more distally situated TeTu by a ridge of bone.

19. SCo insertion

0. Absent
1. Immediately adjacent to or with insertion of SSc on

proximal humerus.

3.8 | Supracoracoideus (SPC, Figures 3,
4, 12, and 13): Characters 20–25

20. Origin of “head 1”

0. Ventral to anteroventral margin of coracoid
1. Lateral surface of much of coracoid (pro- and/or meta-

coracoid) anterior to glenoid
2. Dorsal (inner) through to anteroventral aspect of

procoracoid
3. Absent [pro-/metacoracoid lost, only coracoid process

remains]

Remarks—One of the more profound changes to the mus-
culoskeletal system during synapsid evolution was the dor-
sal migration, expansion, and differentiation of the
ancestral SPC, to form the infra- (ISP) and supraspinatus
(SSP) muscles of mammals (Cheng, 1955; Gregory &
Camp, 1918; Jenkins, 1971; Kemp, 1982; Romer, 1922,
1962; Smith-Paredes et al., 2022; Watson, 1917). In the con-
text of the current study, delineating the differences in ori-
gins, insertions, and muscular divisions in a tractable
framework is not straightforward. The present character
encompasses the variation in SPC origin among extant non-
mammals, and simultaneously accounts for the three-
headed condition observed in extant monotremes; it is
important to note that this character takes a taxic approach
to homology only. Some studies have hypothesized that the
condition in monotremes represents a transitional mor-
phology (state 2; e.g., Diogo et al., 2016; Fahn-Lai
et al., 2020), implying that SPC evolution was one of

trifurcation, not bifurcation (see also Smith-Paredes
et al., 2022), and that the third head was subsequently lost
on the line to therians. Here, characters 20–25 are inten-
tionally agnostic with respect to this particular transforma-
tional hypothesis: by effectively treating the SPC mass as
three discrete units, this permits “head 1” to be both (a) the
original precursor mass that gave rise to the SSP and ISP
and (b) a distinct entity that persisted for much of synapsid
evolution, lost only in Theria. Thus, recognition of osteolog-
ical correlates and ASR can provide an objective assessment
of the likely scenario of SPC evolution. As state 2 is only
observed in extant monotremes, maximum likelihood ASR
not surprisingly suggests that evolution toward the condi-
tion in therians probably did not involve a tripartite config-
uration (i.e., 1 ! 3; Supporting Information Appendix S4).

In this synapsid-focused study, the present character
focuses on the principal locus of origin only, ignoring
minor variations within specific taxa. It also ignores the
tripartite condition in crocodylians (Meers, 2003) or
the bipartite condition in some squamates (Russell &
Bauer, 2008); Fahn-Lai et al. (2020) recognized a third
“acromial” head of the deltoideus mass in the teiid Salva-
tor, but further observations and comparison to the litera-
ture suggest that this was actually the dorsal division of a
bipartite SPC.

21. Infraspinatus (ISP) origin

0. Absent, not divided
1. Lateral surface of scapula [laterally reflected anterior

margin, fossa between anterior margin and triceps
scapularis origin]

2. Posterior half of lateral surface of scapula, bounded
anteriorly by scapular spine and posteriorly by triceps
scapularis origin [scapular spine shifted posteriorly,
and infraspinous fossa]

Remarks—This study follows the conventional presump-
tion that the scapular spine of theriimorphs is homologous
to the anterior scapular margin of nontheriimorphs
(Jenkins, 1971; Luo, 2015; Romer, 1922), although see
S�anchez-Villagra and Maier (2003) for an alternative inter-
pretation. State 1 tacitly accommodates the autapomorphic
condition in monotremes; state 2 tacitly accounts for the
autapomorphic condition in fossorial therians.

22. Supraspinatus (SSP) origin

0. Absent, not divided
1. Anterior procoracoid and anteroventral scapula [acro-

mion process on anterior to anterolateral scapula, with
distinct recess on scapula anteroventral to acromion]
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FIGURE 12 Osteological evidence of infra- and supraspinatus musculature attachment to the pectoral girdle in synapsids. (a) NMQR

2911 Eodicynodon oosthuizeni (Dicynodontia) in lateral view; humerus (Hum), clavicle (Clav), and interclavicle (IC) lightened to aid clarity.

(b) SAM-PK-K1633 Diictodon feliceps (Dicynodontia) in lateral (left) and anterior (right) views. (c) UMZC T.747 Dicynodontoides nowacki

(Dicynodontia) in (left to right) posterior, lateral, and anterior views; note the strongly laterally reflected acromion and anterior margin.

(d) GPIT-PV-117035 Kawingasaurus fossilis (Dicynodontia) in lateral view; acromion not preserved in this specimen. (e) NHMUK PV R.3762

Kannemeyeria simocephalus (Dicynodontia) scapula in lateral (left) and anterior (right) views. (f) MCZ VPRA-1688 Stahleckeria potens

(Dicynodontia) scapula in lateral view. (g) SAM-PK-2342 Aelurognathus tigriceps (Gorgonopsia) in lateral view. (h) UMZC T.883

Gorgonopsia indet. in lateral view. Arrows in (g) and (h) denote broad ridge bounding a fossa on the anteroventral scapula and anterior

coracoid. (i) MCZ VPRA-4016 Massetognathus pascuali (Cynognathia) in lateral view. (j) PVL 4423 Andescynodon mendozensis

(Cynognathia) scapula in anterior view. Distinctively among cynognathians, the acromion is greatly reduced in size and there exists a faint

ridge (between arrows) dividing the anterior scapular surface into a medial (for trapezius?) and lateral (for SSP?) region. (k) MCZ VPRA-

3616 Chiniquodon sp. (basal probainognathian) scapula in lateral view. (l) BP1/5167 Tritylodon longaevus (Tritylodontidae) in lateral and

anterior views; arrows demarcate faint ridge dividing the anterior scapular surface into a medial (for trapezius?) and lateral (for SSP?) region.
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FIGURE 13 Legend on next page.
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2. Anterior to anteromedial procoracoid, anterior to
acromion process [small acromion process on antero-
ventral scapula, approximately in line with plane of
anterior margin of coracoid, small recess centered on
procoracoid]

3. Anteromedial aspect of scapula [procoracoid reduced
or absent, large acromion process forming ventral
archway; may also present recess on anteromedial
scapula, medial to laterally reflected anterior margin]

4. Lateral aspect of anterior scapula [acromion process
and laterally reflected margin more posteriorly posi-
tioned, forming scapular spine and supraspinous fossa]

Remarks—States 2–4 encapsulate a transformational
hypothesis (see also Sun & Li, 1985) whereby the presence
of an acromion—here taken to mean a localized, raised
process of bone—implies that the clavicle no longer articu-
lated with the scapulocoracoid along its full length, open-
ing up a mediolateral passage between the clavicle and
scapula. The appearance of an acromion (state 2) signifies
the differentiation of the SSP (and shifting of the DCl ori-
gin; see character 8); the reduction of the procoracoid and
widening of the passage into a ventral archway (state 3)
signifies the enlargement of the SSP and migration onto
the anteromedial scapula, as observed in extant mono-
tremes; the posterior shift of the laterally reflected margin
to form a scapular spine and supraspinous fossa marks the
final stage in the transformation (state 4). These states
were left unordered in the phylogenetic analyses, but ASR
nevertheless suggests the likely sequence of evolution
along the stem lineage was 0 ! 2 ! 3 ! 4 (Supporting
Information Appendix S4), supporting the transforma-
tional hypothesis.

State 1 accounts for the condition observed in dicyn-
odonts, which also possess an acromion on the antero-
ventral scapula (Figure 12a–f). Although superficially
similar to state 2, it exists as a separate state to account
for the lateral displacement of the acromion and ante-
rior margin in more derived taxa, particularly kanne-
meyeriiforms. Some forms indeed present a modestly

reflected anterior scapular margin, paralleling the condi-
tion observed in cynodonts (Figure 12c,d,f), yet the acro-
mion remains relatively small and the procoracoid is well
developed. More basal anomodonts lack any indication of
an acromion or anteroventral recess (Brinkman, 1981;
Fröbisch & Reisz, 2011). Interestingly, large gorgonopsians
can also exhibit a distinct fossa on the anteroventral scapula
and anterior procoracoid, bounded posteriorly by a broad
ridge running from the anterior margin of the base of the
scapular blade toward the glenoid (Figure 12g,h;
Boonstra, 1934; Pravoslavev, 1927). A near-identical mor-
phology also exists in some scylacosaurid therocephalians
(Boonstra, 1964). Unlike cynodonts and dicynodonts, how-
ever, gorgonopsians and scylacosaurids lack an acromion
process, and the clavicle remained appressed to the scapulo-
coracoid for its entire length (as observed in articulated
specimens, for example, SAM-PK-9344 Aelurognathus
microdon, AMNH FARB 2240 Lycaenops ornatus). Consid-
ering the condition in basal anomodonts and noncynodont
therapsids more broadly (lacking any osteological indicators
of states 1–4), dicynodonts and cynodonts are superficially
convergent with one another, so it remains uncertain
whether the SPC of dicynodonts underwent structural sub-
division [producing infraspinatus (ISP)- and SSP-like mus-
cles], or simply a topographic expansion.

23. Insertion of “head 1”

0. Proximal DPC of humerus, from anteroventral to pos-
teroventral aspect

1. Proximoventral aspect of bony bridge running
between deltoid and pectoral processes [discrete scar-
ring, separate from both processes]

2. Apex of deltopectoral crest
3. Absent

Remarks—Among various stem and early crown amni-
otes, there is frequently an irregularly shaped scar situ-
ated between the otherwise discrete processes for deltoid

FIGURE 13 Osteological evidence of supracoracoideus (including infra- and supraspinatus) musculature attachment to the humerus in

synapsids. (a) MCZ VPRA-1926 Varanops sp. (Varanopidae) in ventral and proximal view. (b) USNM V 15562 Varanosaurus

sp. (Ophiacodontidae) in ventral view. (c) MCZ VPRA-6289 Ophiacodon mirus (Ophiacodontidae) in ventral and proximal views. (d) MCZ

VPRA-5958 Ophiacodon retroversus (Ophiacodontidae) in ventral and proximal views. (e) AMNH FARB 4796 Nitosaurus jacksonorum (?

Edaphosauridae) in dorsal and proximal views. (f) MCZ VPRA-4906 Sphenacodon ferocior (Sphenacodontia) in ventral and proximal views.

(g) AMNH FARB 4037a Dimetrodon giganhomogenes (Sphenacodontia) in ventral view. (h) MCZ VPRA-7044 Dimetrodon natalis

(Sphenacodontia) in ventral and proximal views. (i) NMQR 3153 Eodicynodon oosthuizeni (Dicynodontia) in dorsal view (see also

Figure 10k,l). (j) USNM V 24645 Daptocephalus leoniceps (Dicynodontia) in anterodorsal view. (k) RC 92 Procynosuchus delaharpeae

(Cynodontia) in proximal view; render of digital model acquired via a GoSCAN 20 laser surface scanner (Creaform, USA). (l) MCZ VPRA-

3691 Massetognathus pascuali (Cynognathia) in proximal view. (m) MCZ VPRA-4017 Probainognathus jenseni (basal probainognathian) in

proximal view. (n) MCZ VPRA-8812 Kayentatherium wellesi (Tritylodontidae) in proximal view. (o) UFRGS-PV-1043-T Brasilodon

quadrangularis in proximal view. All proximal views are shown with dorsal to the top, except (e), where ventral is to the top.
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and pectoral muscle attachment (state 1). This scar is
always on the proximoventral aspect of the humerus
(i.e., never purely terminal in location), and was previ-
ously interpreted as denoting the insertion of the SPC
(Fox & Bowman, 1966; Holmes, 1977; Romer, 1922;
Romer & Price, 1940). A similar topological relationship,
somewhat between but proximal to deltoid and pectoral
insertions, is also generally observed among extant sala-
manders and lepidosaurs, as well as monotremes
(Gambaryan et al., 2015; Regnault et al., 2020). The mani-
festation of this scar within “pelycosaurs” is variable. In
some specimens, it may be little more than a local thick-
ening of the bone, but in well-ossified specimens (even of
small species) it typically forms a broad, rugose tubercle
(Figure 13c,d,f,g,h). However, in varanopids, the ophiaco-
dontid Varanosaurus, some caseids (e.g., Casea), and the
putative edaphosaurid Nitosaurus, the scar occurs as a hol-
low instead (Figure 13a,b,e), which may be well-excavated
to create two ridges running between the deltoid and pec-
toral processes (Brinkman & Eberth, 1983). The somewhat
ventral disposition of the scarring suggests that the

attaching SPC had a more plesiomorphic configuration in
these animals, originating from more ventral parts of the
pectoral girdle (cf. character 20). Paralleling the evolution
of deltoid and pectoral attachments, the transition to the-
rapsids involved the loss of a discrete site of scarring as a
simplified and singular deltopectoral crest was formed.

24. ISP insertion

0. Absent
1. Proximal aspect of greater tuberosity (GrTu) on

humerus [tuberosity distinct from DPC and caput]

Remarks—The GrTu is an unambiguous osteological cor-
relate of the insertions of the ISP and SSP in extant mam-
mals, but elsewhere among extant tetrapods a distinct
process for the SPC mass is absent. Considering the mor-
phology and phyletic distribution of scars on the antero-
proximal humerus of stem and early crown amniotes (see
characters 7, 11, and 23), scarring for the SPC is

FIGURE 14 Osteological evidence of coracobrachialis musculature attachment in synapsids. (a) MCZ VPRA-4830 Ophiacodon retroversus

(Ophiacodontidae) coracoid in lateral view. (b) MCZ VPRA-1946 Sphenacodon ferocior (Sphenacodontia) scapulocoracoid in lateral view.

(c) MCZ VPRA-1367 Dimetrodon milleri (Sphenacodontia) scapulocoracoid in lateral view. (d) UMZC T.878 Sycosaurus nowaki (Gorgonopsia)

scapulocoracoid in lateral view. (e) UMZC T.883 Gorgonopsia indet. scapulocoracoid in lateral view. (f) UMZC T.1278 Gorgonopsia indet.

humerus in ventral view, showing scarring texture potentially indicative of attachment of the CBB on the posteroventral aspect.
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recognizable in “pelycosaurs” on the ventral proximal
humerus, but it is invariably absent (or at least, cannot
be unambiguously recognized) in noncynodont therap-
sids. A tuberosity or bump is observed on the terminal
humerus in cynodonts, distinct from the articular surface
of the caput (Figure 13k–o), and this can be easily traced
through to the GrTu of crown mammals. From a
mechanobiological perspective, the appearance of a ter-
minally positioned GrTu in cynodonts, coincident with a
restructuring of the scapular blade, is consistent with the
appearance of more dorsally pulling musculature that
would have changed the direction of forces on the
humerus, altering the local bone loading regime. Maxi-
mum likelihood ASR suggests that the transition to state
1 occurred toward the base of therapsids (Supporting
Information Appendix S4), but the consistent absence of
a GrTu in noncynodont therapsids does not support this.

25. SSP insertion

0. Absent
1. Anterior aspect of GrTu on humerus [tuberosity dis-

tinct from DPC and caput]

3.9 | Coracobrachiales (Figures 3, 4, and
14): Characters 26–29

26. Coracobrachialis longus (CBL) origin

0. Lateral to ventrolateral aspect of posteriormost meta-
coracoid, near apex

1. Medial aspect of coracoid process of scapula [coracoid
process present, coracoids absent]

2. Absent

Remarks—Well-preserved metacoracoids of “pelyco-
saurs” and gorgonopsians occasionally bear an elevated
region of rugose bone texture, on the lateral surface of
the apex, where individual striations face laterally
(Figure 14a–e). This likely demarcates the primary
attachment of at least the CBL in these taxa.

27. Coracobrachialis brevis (CBB) origin

0. Lateral aspect of posterior coracoid, anterior to CBL
origin

1. Lateral aspect of middle to anterior coracoid
2. Medial aspect of coracoid process of scapula [coracoid

process present, coracoids absent]

28. CBL insertion

0. Caudal (medial) aspect of distal humerus, proximal to
entepicondyle

1. Absent

29. CBB insertion

0. Ventral aspect of proximal humerus, in fossa between
DPC anteriorly and posterior margin

1. Posterior aspect of proximal humerus, distal to lesser
tuberosity

Remarks—The proximal humerus of most synapsids typi-
cally possesses a broad “bicipital fossa” on its ventral
aspect (Figure 11p–s; see also Figure 14f), which likely
served as the locus of insertion of the CBB. However, this
fossa sometimes only exists by virtue of the DPC (anteri-
orly) and a thickened LeTu, and is better considered a
“spandrel” (Gould & Lewontin, 1979), rather than an
unambiguous osteological correlate of muscle attach-
ment in its own right.

3.10 | Biceps brachii (BICB, Figures 5, 15,
and 16): Characters 30–33

30. Number of heads

0. One
1. Two

Remarks—In salamanders, a BICB does not exist per se, but
is topologically and functionally replaced by the single-
headed “coracoradialis proprius.” The exact homology of
this muscle with respect to the BICB of extant amniotes
remains to be fully resolved, although the proximal muscle
mass at least appears to be homologous to part of the amni-
ote BICB (Diogo et al., 2016; Diogo & Tanaka, 2012;
Miner, 1925). For the purposes of the present study, the
coracoradialis proprius will be treated as the homologue of
the BICB of amniotes. Embryological evidence suggests
that what has historically been termed the brachialis in
crocodylians is actually the short head of the BICB (Smith-
Paredes et al., 2022).

31. Origin

0. Lateral aspect of posteroventral coracoid, ventral
(superficial) to CBB origin
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1. Lateral to ventrolateral aspect of coracoid (pro- and/or
meta-), anterior to CBB origin [tubercle sometimes
present]

2. Lateral aspect of (meta)coracoid, anterior to CBB ori-
gin [tubercle], and anteroventral humeral shaft

3. Lateral aspect of coracoid process of scapula and ante-
rodorsal lip of glenoid [coracoid process present, cora-
coids absent, supraglenoid tubercle]

Remarks—The condition in the monotreme Ornithor-
hynchus, whereby the long head encroaches onto the inter-
clavicle and its short head originates posteriorly to the
CBB, is evidently autapomorphic for this taxon and not
accounted for in the above codification. The coracoids of
one specimen of cf. Cynognathus bear a dorsoventrally
oriented ridge between two fossae, the posterior one
of which also bears a low, broad scar ventral to the
glenoid (Figure 15b; Jenkins, 1971). Additionally,
the eutherocephalian Regisaurus and the tritylodontid
Kayentatherium both possess a distinct tubercle straddling
the metacoracoid–procoracoid suture (Figure 15a,c). These
features may denote the attachment of the BICB. Lai et al.
(2018) interpreted a smooth-surfaced depression on the lat-
eral procoracoid as denoting the origin of the BICB in one
specimen of the cynognathian cynodont Massetognathus.
Yet the coracoids of most cynodonts, which are small and
delicate, are liable to taphonomic deformation, complicat-
ing interpretations of subtle topographic features.

32. Insertion on radius

0. Medial aspect of proximal shaft [scar]
1. Lateral to posterolateral aspect of proximal shaft
2. Posterior aspect of proximal to middle shaft [tubercle,

pit or scar]

Remarks—The radius of stem and early crown amniotes,
including “pelycosaurs,” is characterized by a well-
developed, longitudinally oriented scar on the medial mar-
gin of the proximal third of the bone (state 0; Figure 16a,c,
e,f), likely demarcating the insertion of the BICB. Remark-
ably, this scar is continued distally by a fine, rugose ridge
down most of the remaining length of the bone's medial
aspect, suggesting a distally extensive insertion of the BICB
(or brachialis, see below). It is also worth noting that the
scar for insertion of the BICB is located distal to midshaft in
the anteosaurid dinocephalian Titanophoneus (Orlov, 1958).
In concert with the generally short proportions of the ante-
brachium, large pectoral process, and large entepicondyle of
“pelycosaurs,” this paints a picture of a stocky forelimb in
these animals, where the “crook” to the elbow was only
modestly developed. This was probably the case in other
early crown and stem amniotes as well, given the generally
conservative forelimb osteology across all groups.

Scarring denoting the insertion of the BICB also occurs
on the radius of most therapsids and cynodonts, but
importantly, it is located on the bone's posterior surface
instead, and lacks any distal continuation (Figure 16h–k,
m,o,q–t,v). This change in the locus of insertion potentially
affected forearm mobility or force/moment-producing
capacity, but what these effects might be must await quan-
titative mechanistic testing.

FIGURE 15 Rare osteological evidence of biceps

brachii attachment to the pectoral girdle in theriodonts.

(a) BP/1/5394 Regisaurus jacobi (Eutherocephalia)

scapulocoracoid in lateral view. (b) BP/1/1675 cf. Cynognathus

(Cynognathia) coracoid plate in lateral view. (c) MCZ

VPRA-8812 Kayentatherium wellesi (Tritylodontidae) coracoid

plate in lateral view.

1798 BISHOP and PIERCE

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25312 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



FIGURE 16 Legend on next page.
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33. Insertion on ulna

0. Absent
1. Medial to posterior aspect of proximal shaft [tubercle,

scar, or depression/pit]

Remarks—The ulna of “pelycosaurs” typically bears a small
longitudinal scar on the bone's medial margin, immediately
distal to the articular surface (state 1; Figure 16b,d,g); unlike
the radius, it is not continued distally by additional scarring.
A similarly sited scar is also observed in some therapsid and
cynodont ulnae (Figure 16l,n,p,t).

3.11 | Brachialis (BRA): Characters 34–36

34. Origin

0. Anterior aspect of humeral shaft; variable proximo-
distal extent, and possible encroachment onto more
dorsal or ventral aspects

1. Anterodorsal surface of proximal humerus, separating
deltoid insertions anteriorly from triceps humeralis
origins posteriorly

Remarks—Romer (1922) considered that the plesiomorphic
condition for tetrapods was for the BRA to originate from
the ventral humerus only, ventral to the “anterior dorsoven-
tral line”; in turn, the occupation of a more dorsal aspect of
the humerus would be a more mammalian trait
(Gambaryan et al., 2015; Regnault et al., 2020). While the
origin of the ventral humerus was indeed probably plesio-
morphic for tetrapods as a whole (Bishop, 2014; Molnar
et al., 2018), the development of a waisted humeral diaphysis
in crown tetrapods would have removed the bony “wall”
precluding its dorsal encroachment, so there is no reason to

expect a ventrally restricted origin in early amniotes. Indeed,
in Sphenodon, the muscle has encroached onto the dorsal
surface of the DPC (Miner, 1925; Osawa, 1897). Considering
the robust and twisted structure of stem and early crown
amniote humeri, especially larger taxa where the ventral
space between the pectoral process and distal condyles was
limited, encroachment of the BRA onto a more dorsal aspect
of the proximal humerus may have been inescapable.

Recent embryological work has demonstrated that
what has historically been termed the “humeroradialis”
of crocodylians is homologous to the BRA of other amni-
otes (Smith-Paredes et al., 2022), casting doubt on its
homology with the same-named muscle of Sphenodon
(which also possesses a BRA). It is possible that the
doubly-innervated “humeroradialis” of Sphenodon is neo-
morphic or otherwise not homologous to any muscle in
other tetrapods (Russell & Bauer, 2008).

35. Insertion on radius

0. Medial aspect of proximal shaft
1. Lateral to posterolateral aspect of proximal shaft
2. Posterior aspect of proximal shaft [sometimes a

tuberosity]
3. Absent

36. Insertion on ulna

0. Posterior aspect of proximal shaft
1. Medial aspect of proximal shaft

Remarks—Often the BRA shares its insertion with the BICB
among extant taxa, but when the two are separate in their
attachments, the BRA is typically proximal to the BICB.

FIGURE 16 Osteological evidence of biceps brachii attachment to the antebrachium in synapsids. (a) MCZ VPRA-2045 Archeria

crassidisca (Embolomeri, stem amniote) radius in medial view. (b) MCZ VPRA-1366 Ophiacodon uniformis (Ophiacodontidae) ulna in

proximal view. (c) MCZ VPRA-1203 Ophiacodon retroversus (Ophiacodontidae) radius in anterior (left) and medial (right) views.

(d) MCZ VPRA-4319 Edaphosaurus boanerges (Edaphosauridae) ulna in posterior view. (e) MCZ VPRA-5063 Dimetrodon booneorum

(Sphenacodontia) radius in anterior (left) and medial (right) views. (f ) UCMP 83566 Sphenacodon ferox (Sphenacodontia) radius in

anterior view. (g) MCZ VPRA-5421 Dimetrodon limbatus (Sphenacodontia) ulna in medial (left) and posterior (right) views. (h) AMNH

FARB 5222 Moschops capensis (Tapinocephalidae) radius in posterior (left, partially occluded by ulna) and medial views. (i) AMNH

FARB 5611 Jonkeria truculenta (Titanosuchidae) radius in posterior view. (j) USNM PAL 299746 Daptocephalus leoniceps

(Dicynodontia) radius in posterior view. (k) PVL 3465 Acratophorus argentinensis (Dicynodontia) radius in posterior view. (l) MCZ

VPRA-3455 Dinodontosaurus brevirostris (Dicynodontia) ulna in anterior view. (m) UFRGS-PV-0509-T Jachaleria candelariensis

(Dicynodontia) radius in posterior view. (n) NMQR 3939 Moschorhinus kitchingi (Eutherocephalia) ulna in medial (left) and posterior

(right) views. (o) NMQR 1207 Cynognathus crateronotus (Cynognathia) radius in posterior view. (p) BP/1/1675 cf. Cynognathus ulna in

anterior view (inset in anteromedial view). (q) PVL 2461 Exaeretodon sp. (Cynognathia) radius in posterior view. (r) PVL 4677

Probainognathus jenseni (basal probainognathian) radius in posterior view. (s) MCZ VPRA-3616 Chiniquodon sp. (basal

probainognathian) radius in posterior view. (t) MCZ VPRA-8812 Kayentatherium wellesi (Tritylodontidae) ulna (left, medial view) and

radius (right, posterior view). (u) MCZ 25461 Tachyglossus aculeatus (Monotremata) radius and ulna in posterior view. (v) MACN-N

01 Vincelestes neuquenianus (cladotherian) radius in posterior view.
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3.12 | Triceps group (Figures 3, 5, and
17–19): Characters 37–41

37. Triceps coracoideus (TRIC) origin

0. Posterodorsal margin of (meta)coracoid, at the level of
the glenoid [angle, tubercle, or tuberosity]

1. Via ligamentous band on inner (medial) surface
girdle, running from coracoid/sternum ventrally [scar,
well below level of glenoid] to scapula dorsally

2. Lateral aspect of distal LD prior to the latter's inser-
tion into humerus (=dorsoepitrochlearis, DEP)

Remarks—Romer (1922) and Diogo et al. (2016) homolo-
gized the TRIC of nonmammalian tetrapods with the DEP
of mammals, a hypothesis recently supported by the
embryological data of Smith-Paredes et al. (2022). Whereas
the muscle in Sphenodon has a direct connection to the
metacoracoid (state 0), in squamates it typically originates
indirectly, via the sternoscapular ligament (state 1;
Romer, 1922; Russell & Bauer, 2008), and crocodylians
exhibit a comparable arrangement as well. Early amniotes,
including “pelycosaurs,” characteristically bear a well-
developed process posterodorsal to the glenoid, which has
long been interpreted as the site of TRIC attachment
(Romer, 1922). Surface striations on the apex of this pro-
cess are directed laterally, not posteriorly, supporting this
inference (Figure 17a). This process is lost in therapsids, in
tandem with the progressive reduction of the coracoid
plate as a whole, but the posterior apex of the metacora-
coid remains locally thickened to form a subtle tuberosity,
suggesting that it served as the attachment for the TRIC
(Figure 17b–g).

From an osteological perspective, states 0 and 1 are
indistinguishable, as both are manifested by scarring on
the posterior end of the (meta)coracoid. Yet they form
part of a probable transformation scenario within synap-
sids (0 ! 1 ! 2), supported by the results of ASR
(Supporting Information Appendix S4). As the (meta)cor-
acoid progressively reduced in size and moved anteroven-
trally, the TRIC shifted its origin from a direct
connection to the coracoid to an indirect ligamentous
one, and then finally to the LD, presumably to maintain
an appropriate line of action with respect to the shoulder,
upper arm and elbow joint. In this scenario, the presence
of a scar on the posterior coracoid of a given fossil taxon
only argues against state 2. The direct connection to the
coracoid in Sphenodon demonstrates that modest reduc-
tion and migration of the coracoid does not guarantee a
shift in TRIC origin onto soft tissues; a more dramatic
change to coracoid morphology, such as seen in croco-
dylians, is required. Following this reasoning, it is likely
that the condition in “pelycosaurs” is indicative of a

direct attachment. Moreover, it might not have been
until the posterior extent of the coracoid was consider-
ably reduced at around crown Mammalia that the shift
to state 2 occurred, as even basal mammaliaforms pos-
sess a long posterior coracoid process (Jenkins &
Parrington, 1976). Maximum parsimony would dictate
that the DEP of therians and monotremes are homolo-
gous, implying that the shift to state 2 was indeed
around crown Mammalia; in contrast, maximum likeli-
hood ASR does not detect a shift until later, around
Theriiformes (Supporting Information Appendix S4).

38. Triceps scapularis (TRIS) origin

0. Posterior margin of scapula, just dorsal to the glenoid
[scarring]

1. Dorsoventrally oriented ridge along lower half of lat-
eral surface of scapula, dorsal to glenoid but anterior
to the posterior margin

Remarks—The condition in monotremes (state 1) can
easily be reconciled with the uniformity observed else-
where among crown tetrapods by a “pronation” twist or
shearing of the scapula, which also brings the SSc origin
partly onto the lateral surface. The origin of the TRIS in
nonmammalian synapsids is easy to recognize, due to its
consistent topology and well-developed scarring textures
varying from positive to negative relief (Figure 18). At
least one specimen of the therocephalian Lycosuchus
exhibits a massively developed projection for TRIS
attachment (Figure 18o), similar to the enlarged process
in the dinocephalian Anteosaurus (Figure 18e;
Boonstra, 1955).

39. Triceps humeralis medialis (TRIM) and
lateralis (TRIL) origin

0. Much of dorsal surface of humerus, as well as the
anterior and posterior aspects of the shaft; posterior to
BRA origin and anterior to CBL insertion; TRIL gen-
erally anterior to TRIM

Remarks—There is a broad diversity in the topological
relationships between these two muscles' origins and
those of neighboring muscles. Compounded by the divi-
sion of the humeralis mass into three heads in crocody-
lians and monotremes (which obfuscates homologization
across taxa), this precludes a succinct, tractable codifica-
tion for all of crown tetrapods. The description for the
above lone state captures the essential commonalities
across tetrapod groups, which may be supplemented with
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osteological evidence on a case-by-case basis should it
present itself.

40. TRIC insertion

0. Via common insertion with other triceps heads on
olecranon process of ulna

1. Proximal ulna and/or fascia of forearm flexor mus-
cles (=DEP)

41. Insertion of other triceps heads

0. Via common tendon on olecranon process of ulna
[olecranon process, scarring]

FIGURE 17 Osteological evidence of triceps coracoideus attachment to the pectoral girdle in synapsids. (a) MCZ-VPRA 2951

Dimetrodon limbatus (Sphenacodontia) scapulocoracoid; whole bone shown in lateral view, with enlarged insets shown in (left to right)

medial, posterior, and lateral views. (b) SAM-PK-K252 Hipposaurus boonstrai (Biarmosuchia) metacoracoid in lateral view. (c) MCZ VPRA-

3455 Dinodontosaurus brevirostris (Dicynodontia) metacoracoid in lateral (top) and dorsal (bottom) views. (d) SAM-PK-K10704

Ictidosuchoides sp. (Eutherocephalia) scapulocoracoid in medial view. (e) FMNH PR 2444 Menadon besairei (Cynognathia) scapulocoracoid

in lateral view. (f) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) coracoid plate in lateral (top) and dorsolateral

(bottom) views. (g) MCZ VPRA-8812 Kayentatherium wellesi (Tritylodontidae) coracoid plate in lateral (top) and dorsal (bottom) views. See

also Figures 12, 14, and 15.
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FIGURE 18 Legend on next page.
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1. Via separate, but immediately adjacent, insertions
onto olecranon process of ulna [anteroposteriorly
expanded olecranon process]

Remarks—The olecranon process (Figure 19) is a highly
consistent, unambiguous osteological correlate for the tri-
ceps group as a whole, but it often is not preserved due to
poor skeletal ossification, particularly among noncynodont
therapsids. Nevertheless, even in those taxa where an ossi-
fied process is absent, the proximal ulna is capped with
unfinished bone, indicating that it would have continued
proximally into a fibrocartilaginous process. In addition, the
lateral margin of the proximal ulna is frequently scarred
with longitudinal striations (Figure 19a–d,g,h), indicative of
the extension of connective tissue from the olecranon down
onto the main body of the bone. Mammals generally have a
better-developed process relative to their nonmammalian
ancestors, although two notable exceptions are aberrant fos-
sorial taxa (Cluver, 1978; Cox, 1972) and derived kanne-
meyeriiform dicynodonts (Camp & Welles, 1956; Ray, 2006;
Sulej & Niedźwiedzki, 2018). In the latter, the olecranon
typically manifests as a separate and robust ossification,
which in mature individuals becomes fused to the main
body of the ulna (Figure 19e). Such “traction epiphyses”
(Barnett & Lewis, 1958) and the functional or evolutionary
implications of their development have remained little stud-
ied in nonmammalian synapsids.

3.13 | Pronator teres (PRTE): Characters
42–44

42. Number of heads

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

Remarks—This character accommodates the pronator
accessorius (PRAC), a probable apomorphy of lepido-
saurs (but see Burch, 2014). Although the PRAC origi-
nates more deeply than the PRTE, including from the
ulna when a third head exists (state 3), its consistent
insertion immediately proximal to the PRTE suggests
that they are probably developmentally related. The
PRTE is absent in salamanders, but a PRTE-like mus-
cle is usually present in anurans (Abdala &
Diogo, 2010), suggesting that the PRTE may in fact be
synapomorphic to crown tetrapods, rather than just
amniotes.

43. Origin

0. Absent
1. Posteroventral aspect of entepicondyle on humerus,

proximal to the origins of all other flexor muscles
2. Ventral aspect of entepicondyle on humerus, deep to

the origins of all other flexor muscles
3. Posterior aspect of entepicondyle on humerus, and

ventral apex of entepicondyle (deep to other muscle
origins)

4. Posterior aspect of entepicondyle on humerus, ventral
apex of entepicondyle (deep to other muscle origins),
and posterolateral aspect of proximal ulna

44. Insertion

0. Absent
1. Much of medial and posterior aspects of radial shaft,

distal to insertion of BRA and/or BICB and/or humer-
oradialis (when present)

Remarks—In lepidosaurs, the PRAC tends to insert more
proximally and laterally to the PRTE.

FIGURE 18 Osteological evidence of triceps scapularis attachment to the pectoral girdle in synapsids. (a) MCZ VPRA-4895 Ophiacodon

mirus (Ophiacodontia) scapula in lateral view (inset in posterior view). (b) AMNH FARB 4046 Secodontosaurus obtusidens (Sphenacodontia)

scapula in posterolateral view. (c) MCZ VPRA-1110 Dimetrodon booneorum (Sphenacodontia) scapulocoracoid in lateral view (inset in

posterior view). (d) SAM-PK-8950 Hipposaurus boonstrai (Biarmosuchia) scapula in posterolateral view. (e) SAM-PK-5614 Anteosaurus

magnificus (Anteosauridae) scapula in lateral view. (f) SAM-PK-5014 Jonkeria truculenta (Titanosuchidae) scapula in posterior view.

(g) AMNH FARB 5551 Moschops capensis (Tapinocephalidae) scapulocoracoid in lateral view. (h) USNM V 22981 Emydops

sp. (Dicynodontia) scapula in posterolateral view. (i) NHMUK PV R.37005 Euptychognathus sp. (Dicynodontia) scapula in lateral view (inset

in posterior view). (j) NHMUK PV R.3762 Kannemeyeria simocephalus (Dicynodontia) scapula in lateral view). (k) MCZ VPRA-3455

Dinodontosaurus brevirostris (Dicynodontia) scapula in lateral view (inset in posterior view). (l) UFRGS-PV-0287-T Jachaleria candelariensis

(Dicynodontia) scapula in lateral view (inset in posterior view). (m) UMZC T.883 Gorgonopsia indet. scapulocoracoid in lateral view (inset in

posterior view). (n) GPIT-PV-31579 “Scymnognathus” parringtoni (Gorgonopsia) scapulocoracoid in posterolateral view. (o) SAM-PK-12185

Lycosuchus sp. (Lycosuchidae) scapulocoracoid in lateral view. (p) TM 4025 Thrinaxodon liorhinus (Cynodontia) scapula in posterior view.

(q) NHMUK PV R.36995 Luangwa drysdalli (Cynognathia) scapulocoracoid in posterior view. (r) UFRGS-PV-1379-T Riograndia guaibensis

(Tritheledontidae) scapula in lateral view (inset in posterior view). (s) MCZ VPRA-8812 Kayentatherium wellesi (Tritylodontidae) scapula in

posterior view. (t) MCZ 104 Didelphis marsupialis (Theria) scapula in lateral view.

1804 BISHOP and PIERCE

 19328494, 2024, 5, D
ow

nloaded from
 https://anatom

ypubs.onlinelibrary.w
iley.com

/doi/10.1002/ar.25312 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



3.14 | Flexor carpi radialis (FCR):
Characters 45 and 46

45. Origin

0. Posterior aspect of entepicondyle on humerus, proxi-
mal to origin of flexor digitorum longus

1. Posteroventral aspect of entepicondyle on humerus,
deep to origin of flexor digitorum longus

2. Absent

46. Insertion

0. Medial and posterior aspect of radius, and medial and
ventral aspect of radiale

1. Ventral aspect of radiale
2. Ventromedial aspect of base of metacarpal I
3. Ventral aspect of base of metacarpal II, and possibly

also III
4. Absent

Remarks—The above codification reflects the main locus
of muscle attachment on the carpus, and ignores a cer-
tain level of clade-specific nuance.

In their embryological study, Smith-Paredes et al.
(2022) interpreted the therian FCR as deriving from the
“central superficial lobe,” rather than the “radial lobe” as
observed in nonmammals; this would indicate nonhomol-
ogy across the two groups. However, they also recognized
two PRTE muscles (or at least two subdivisions to that
muscle), both deriving from the radial lobe. Yet the PRTE

FIGURE 19 Osteological evidence of triceps insertion in synapsids. (a) MCZ VPRA-4319 Edaphosaurus boanerges (Edaphosauridae)

ulna in posterior (left) and lateral (right) views. (b) MCZ VPRA-1318 Dimetrodon booneorum (Sphenacodontia) ulna in lateral (left) and

anterior (right) views. (c) AMNH FARB 5322 Moschops capensis (Tapinocephalidae) ulna in posterior view (inset in lateral view).

(d) UFRGS-PV-0393-P Tiarajudens eccentricus (basal anomodont) ulna in anterior view (inset in lateral view). (e) PVL 3807 Ischigualastia

jenseni (Dicynodontia) ulna in anterior view; arrows indicate boundary between the main body of the bone and the fused “traction
epiphysis” of the olecranon. (f) UMZC T.883 Gorgonopsia indet. ulna in anterior view. (g) PVL 2467 Exaeretodon sp. (Cynognathia) ulna in

lateral view. (h) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) ulna in anterolateral view. (i) SAM-PK-K359

Erythrotherium parringtoni (Mammaliaformes) ulna and radius in anterior view. See also Figure 16.
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is ubiquitously singular in extant mammals, and the dispo-
sition of the two lobes, as illustrated (their extended data
figs 9 and 10), compares favorably with the disposition of
the PRTE and FCR as illustrated in previous myological
studies (Stein, 1981, fig. 6; Carry et al., 1993, fig. 1). Fur-
thermore, Smith-Paredes et al. did not account for all the-
rian forearm flexor muscles in their revised homology
scheme (extended data Figure 2), most notably lacking the
flexor digitorum superficialis; the superficial digital flexor
of nonmammals was observed to originate from the cen-
tral lobe. These incongruences probably stem from a case
of mistaken identity, and a revised interpretation of the
results of Smith-Paredes et al. (2022) is proposed: (a) the
therian FCR does indeed develop from the radial lobe, lat-
eral to the PRTE, as it does in nonmammals, and (b) the
flexor digitorum superficialis of therians is homologous
with the superficial digital flexor of nonmammals, devel-
oping from the central superficial lobe.

3.15 | Flexor digitorum longus (FDL,
Figures 6 and 20): Characters 47–51

47. Number of heads in superficial layer

0. One
1. Two

Remarks—Burch (2014) recognized two principal divisions
of this muscle across saurians (superficial and deep), which
can be reasonably recognized in all crown tetrapods. The
superficial layer primarily gains origin from the humerus,
whereas in the deep layer, it is primarily from the ulna. For
the most part, the former corresponds to the “central super-
ficial lobe” observed in development by Smith-Paredes
et al. (2022). The exact homology between the various
heads of the FDL across amniotes (and salamanders), and
even within mammals, still remains to be clarified, due to
variation in the number of heads and attachment topolo-
gies, as well as limited understanding of monotreme devel-
opment. It is also probable that part of the FDL mass in
mammals is actually homologous with part of the flexor
carpi ulnaris (FCU) mass in sauropsids, in particular, the
palmaris longus (Diogo et al., 2016; Smith-Paredes
et al., 2022). Notwithstanding these uncertainties, it seems
likely that at least the division between superficial and deep
portions of the FDL (topographically central) mass is con-
sistent across all groups.

48. Number of heads in deep layer

0. One
1. Two

2. Three
3. Four

Remarks—This character ignores additional deep heads
in squamates and crocodylians that originate from the
carpals, distal to the wrist joint.

49. Origin of superficial layer

0. Posterior to posteroventral aspect of entepicondyle of
humerus, proximal to flexor carpi ulnaris origin

1. Distoventral aspect of entepicondyle of humerus, dis-
tal and deep to flexor carpi ulnaris origin

Remarks—The entepicondyle serves as the principal site
of origin of all forearm flexor muscles, including the
FDL. Although it may bear scarring (particularly promi-
nent in “pelycosaurs”; Figure 20a–d), such scars do not
clearly or consistently delimit the attachments of separate
muscles, rendering it practically impossible to reconstruct
attachment sites and areas precisely.

50. Origin of deep layer

0. Posterior surface of ulnar shaft
1. Distoventral aspect of entepicondyle on humerus, and

posterior aspect of olecranon and proximal ulna
[medial and lateral ridges]

2. Posteroventral aspect of entepicondyle on humerus,
and posterior aspect of radius and proximal ulna

Remarks—This character ignores additional deep heads
in squamates and crocodylians that originate from the
carpals, distal to the wrist joint.

A longitudinal depression on the posterior aspect of
the proximal ulna is widespread among cynodonts and
therocephalians at least (Figure 16h,j–l), echoing the
manifestation observed in monotremes (state 1;
Figure 16u). The monotreme condition may hence be
characteristic for a more inclusive group.

51. Insertion

0. Superficial and deep heads unite into common plantar
aponeurosis, which sends tendons to the ventral base
of the terminal phalanges [flexor tubercles]

1. Superficial and deep heads unite into common flexor
tendon, which inserts on ventral aspect of penultimate
phalanges of digits I–III

2. Superficial heads insert on palmar fascia and middle
phalanges of digits II–IV, while deep heads unite into
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common palmar aponeurosis (deep to and separate
from palmar fascia) that sends tendons to base of ter-
minal phalanges [flexor tubercles]

Remarks—Similar to character 46, the above codification
reflects the main locus of muscle attachment and topology,
glossing over some of the finer nuances or variations observed
in extant taxa. For example, sometimes the FDL does not
insert on the phalanges of all digits, or possesses additional
insertions elsewhere; these are ignored for the sake of creat-
ing a tractable scheme, useable at the broad phyletic scale
considered here. Flexor tubercles are commonly observed
throughout nonmammalian synapsids (Figure 20e,f,i), but
they alone do not inform which state is present.

3.16 | Flexor carpi ulnaris (FCU,
Figures 6 and 21): Characters 52–54

52. Number of heads

0. One
1. Two

Remarks—Smith-Paredes et al. (2022) reported that the
palmaris longus of therians, a superficial digital flexor,
actually develops from the “ulnar lobe,” and hence is
at least partly homologous with the FCU of nonmam-
mals. The situation in monotremes remains to be clari-
fied. Rather than attempting to account for this result
in the current character, the palmaris longus is consid-
ered above under the superficial layer of the FDL,
where it is functionally more similar (reaching to the
central manus, well distal to the wrist).

53. Origin

0. Posterodistal aspect of humeral entepicondyle, distal
to FDL origin

1. As (0), also extends to lateral aspect of proximal poste-
rior surface of ulna

2. Distal aspect of humeral entepicondyle, superficial to
FDL origin, and lateral aspect of proximal posterior
surface of ulna

54. Insertion

0. Ventrolateral aspect of ulnare and intermedium
1. Ventral aspect of pisiform [pisiform]

Remarks—The pisiform is the unambiguous osteological cor-
relate of FCU insertion, and its association with the muscle

is strongly conserved across extant amniotes. Indeed, it is
perhaps the oldest recognizable sesamoid to have evolved in
tetrapods, being recorded in various early crown amniotes,
as well as some stem taxa such as captorhinids and diadecto-
morphs (Berman et al., 2004; Holmes, 1977; Williston, 1911).
A pisiform is widespread throughout nonmammalian synap-
sids (Figure 21; Kümmel et al., 2020; Romer & Price, 1940).

3.17 | Epitrochleoanconaeus (EPI,
Figure 20): Characters 55 and 56

55. Origin

0. Distal aspect of entepicondyle on humerus, distal to
origin of FCU

1. Posterodorsal aspect of entepicondyle on humerus,
proximal and dorsal to origin of FCU

2. Absent

Remarks—Although no unambiguous osteological corre-
late can be identified for this muscle among synapsids,
well-ossified “pelycosaur” humeri possess a discrete, dis-
tally directed eminence on the distal edge of the entepi-
condyle, bearing rugose texture (Figure 20b–d, asterisks).
Given its distal position and proximity to the ulnar facet,
this may well have marked the attachment for the EPI in
these taxa.

56. Insertion

0. Posterolateral border of proximal ulna, distal to olec-
ranon process

1. Posterolateral border of distal ulna
2. Posterior aspect of olecranon process of ulna
3. Absent

Remarks—The shift to inserting on the olecranon process
on the line to mammals was possibly correlated with the
development of a larger, better-ossified process. Expan-
sion of the process would have shifted the triceps inser-
tion (on its apex and lateral border) more proximally,
providing room for a more proximal insertion of the EPI.

3.18 | Brachioradialis (BRR, Figures 4
and 22): Characters 57 and 58

57. Origin

0. Anterior aspect of proximal reach of ectepicondyle on
humerus, proximal to the origins of all other extensor
muscles [crest, process, or scarring]
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FIGURE 20 Legend on next page.
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1. Ventral aspect of ectepicondyle of humerus, deep to
origin of (superficial head of) extensor carpi radialis

Remarks—The humerus of stem and early crown amniotes
is characterized by a stout process proximal to the ectepicon-
dyle, typically heavily scarred, which has long been referred
to as the “supinator process” or “supinator crest” (Figures 4a,
9a, 20b, and 22a–c; Romer, 1922, 1956; Sumida, 1997). As
previously remarked, however, this is an unhelpful misno-
mer, since the BRR is a much more likely candidate to have
attached here (Bishop, 2014); indeed, a true supinator muscle
is probably a mammalian apomorphy (see character 59). The
process of stem and early crown amniotes is more properly
termed the “brachioradialis process.”

This process subsequently merged with the ectepicon-
dyle on the line to therapsids, enclosing neurovasculature
to form the ectepicondylar foramen, which was then lost
prior to the origin of mammals (Guignard et al., 2019a).
The foramen was also independently formed within Eda-
phosaurus spp. (Figure 22a; Romer & Price, 1940). Since
the development of this foramen occurred independent
of the development of a similar structure in sauropsids
(which persists in extant taxa), it remains uncertain what
neurovasculature passed through this foramen, although
the radial nerve (as in sauropsids) is a possible candidate.

58. Insertion

0. Medial aspect of radius, especially distal end
1. Medial aspect of radius and metacarpal I
2. Dorsal to medial aspect of radiale (=mammalian

scaphoid)

3.19 | Extensor carpi radialis (ECR,
Figures 20m and 22): Characters 59–61

59. Number of heads

0. Two
1. Three

Remarks—The ECR musculature of all tetrapods can be
divided into superficial and deep head(s). This character
incorporates the mammalian supinator (SUP), which is
distinct from the “supinator” or “supinator longus” of non-
mammalian tetrapods (e.g., Burch, 2014; Meers, 2003;
Miner, 1925; Russell & Bauer, 2008), the latter being
homologous to the BRR of mammals. Although the group-
ing of the SUP with the ECR musculature is fairly uncon-
troversial (Haines, 1939), it remains uncertain as to which
head (or heads) in nonmammalian tetrapods is homolo-
gous to the SUP. Gross topological relationships suggest
that one of the deeper heads may be equivalent to the SUP
of mammals, but this requires further investigation.

60. Origin

0. Anterior aspect of ectepicondyle on humerus, immedi-
ately distal to BRR origin

1. Antero- and proximoventral aspect of ectepicondyle
on humerus, deep to other forearm extensor origins
(except BRR)

61. Insertion

0. Anterior aspect of radius, lateral to BRR in-
sertion (deep head/s), and dorsal to medial aspect of
proximal carpals, especially the radiale (superfi-
cial head)

1. Anteromedial aspect of radial shaft, lateral to BRR
insertion (deep head, SUP), and dorsal aspect of base
of metacarpals II–III/IV (superficial head/s).

3.20 | Extensor digtorum longus (EDL,
Figures 20m and 22): Characters 62–64

62. Number of heads

0. One
1. Three or more

FIGURE 20 Osteological evidence of digital flexor musculature attachment in synapsids. (a) MCZ VPRA-4318 Edaphosaurus boanerges

(Edaphosauridae) humerus in dorsal view. (b) MCZ VPRA-3357 Dimetrodon limbatus (Sphenacodontia) humerus in dorsal view. (c) AMNH

FARB 4037a Dimetrodon giganhomogenes (Sphenacodontia) humerus in ventral view. (d) MCZ VPRA-6905 Dimetrodon limbatus humerus in

dorsal view, inset in dorsal (top) and distal (bottom) views. (e) MCZ VP 101776a–e cf. Dimetrodon unguals (side unknown). (f) SAM-PK-

K1633 Diictodon feliceps (Dicynodontia) phalanges and unguals in lateral (left), ventral (middle), and medial (right) views. (g) SAM-PK-

K1676 Gorgonopsia indet. humerus in dorsal view. (h) BP/1/6229 Scylacosauridae indet. ulna in posterior view. (i) CGS RS 424 Glanosuchus

macrops (Scylacosauridae) manus in ventral (left) and ventromedial (right) views. (j) BP/1/2294 Ictidosuchoides longiceps (Eutherocephalia)

radius and ulna in posterior views. (k) NMQR 2700 cf. Cynognathus (Cynognathia) ulna in posterior view. (l) MCZ VPRA-3801

Massetognathus pascuali (Cynognathia) radius and ulna in posterior view. (m) MCZ VPRA-3616 Chiniquodon sp. (basal probainognathian)

humerus in dorsal view. (n) Prozostrodon brasiliensis humerus in dorsal view. Arrows indicate flexor tubercles for attachment of the flexor

digitorum longus (character 51, state uncertain); asterisks indicate potential site of origin of the epitrochleoanconaeus.
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63. Origin

0. Anterior aspect of ectepicondyle on humerus, between
ECR and ECU origins

1. Anterior aspect of ectepicondyle on humerus [exten-
sor digitorum communis/EDC, extensor digitorum
lateralis/extensor digtorum longus (EDLa)] and lateral
aspect of anterior proximal ulna (extensor digitorum
profundus I/EDP1)

Remarks—Although the extensor digitorum profundus has
an ulnar origin, suggesting a possible association with the
ECU mass instead, its consistent tendency for insertions on
the radial side of the manus leads to its grouping here (see
also Haines, 1939). The ectepicondyle serves as the

principal site of origin of most forearm extensor muscles,
including the EDL, and it often exhibits a scarred surface
texture in extinct synapsids (Figures 20m and 22), particu-
larly well developed in “pelycosaurs.” This texture is typi-
cally broad and diffuse, and lacks discrete regions that may
unambiguously correlate to specific muscles.

64. Insertion

0. Dorsal aspect of base of metacarpals II–IV
1. Dorsal aspect of base of metacarpal II only
2. Extensor processes of unguals of each digit

Remarks—State 0 captures the fundamental locus of
attachment in salamanders and lepidosaurs, ignoring finer
nuances of additional attachment to adjacent bones. Inter-
estingly, recent embryological data suggest that the entire
set of dorsal hand musculature plesiomorphic to amniotes
was lost on the line to therians, being replaced by a translo-
cated part of the ventral hand musculature (Smith-Paredes
et al., 2022). It remains to be determined whether this also
applies to monotremes, although their therian-like pattern
of insertion (state 2) suggests that it may indeed be the case.
Irrespective of the origins of this apomorphic condition, the
codification outlined here captures the stark contrast in
topology between mammals and nonmammals, which is
sufficient from a functional perspective at least.

3.21 | Extensor carpi ulnaris (ECU,
Figures 20m and 22): Characters 65–67

65. Number of heads

0. One
1. Two

66. Origin

0. Distal aspect of ectepicondyle on humerus
1. Distal aspect of ectepicondyle on humerus, and ante-

rolateral aspect of proximal ulna

67. Insertion

0. Anterolateral aspect of distal ulna, plus lateral carpus
and/or metacarpal V

1. Lateral aspect of carpus and proximal metacarpal V
2. Lateral aspect of digit V
3. Anterior aspect of almost entire ulnar shaft

FIGURE 21 The pisiform is an unambiguous correlate of the

insertion of the flexor carpi ulnaris, and is widespread throughout

synapsids. Some representative therapsid examples are illustrated

here (see Romer & Price, 1940 for “pelycosaur” examples).

(a) SAM-PK-K252 Hipposaurus boonstrai (Biarmosuchia)

antebrachium in anterior view; remainder of manus is folded over

on the underside of the specimen. (b) CGS T72 Diictodon feliceps

antebrachium and manus, in posterior/ventral view. (c) SAM-PK-

K4441 Gorgonopsia indet. manus in dorsal view. (d) BP/1/3973

Olivierosuchus parringtoni (Eutherocephalia) antebrachium and

manus in anterior/dorsal view. (e) SAM-PK-K10465 Galesaurus

planiceps (Cynodontia) antebrachium and manus in anterior/

dorsal view.
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Remarks—The above codification reflects the main locus
of muscle insertion, ignoring some finer nuances of varia-
tion within and across groups. In state 0, “carpus” pri-
marily refers to the ulnare and pisiform (when present),
whereas in state 1 it refers to the hamate (= distal carpals
IV + V; Kümmel et al., 2020). The key point of the codifi-
cation as constructed here is to capture a distal shift in
the insertion within mammals (states 1 and 2).

3.22 | Anconaeus (ANC): Characters 68
and 69

68. Origin

0. Absent
1. Dorsodistal aspect of ectepicondyle of humerus

Remarks—In monotremes, the origin is much more
extensive, covering almost the entire dorsal surface of
the ectepicondyle. Sphenodon possesses an ANC-like
muscle that has been named as such by previous
workers (Haines, 1939; Miner, 1925; Russell &
Bauer, 2008). Yet, it appears closely associated with the
ECU in both topology and innervation (Haines, 1939;
Osawa, 1897), whereas the ANC of therians is appar-
ently a derivative of the triceps mass (Smith-Paredes
et al., 2022, extended data fig. 1), suggesting nonhomol-
ogy between the two. Study of development in Sphen-
odon would help clarify the matter.

69. Insertion

0. Absent

FIGURE 22 Osteological evidence of digital extensor musculature attachment to the humerus in synapsids. (a) MCZ VPRA-3417

Edaphosaurus sp. (Edaphosauridae); note how the “supinator” process (SP) is merged with the ectepicondyle (Ect) to form an ectepicondylar

foramen (EctFo). (b) MCZ VPRA-4906 Sphenacodon ferocior (Sphenacodontia). (c) MCZ VPRA-3357 Dimetrodon limbatus (Sphenacodontia).

(d) PVL 2554 Exaeretodon argentines (Cynognathia). (e) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian). All

humeri are shown in dorsal view.
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1. Anterior aspect of proximal ulna, including much of
olecranon process

3.23 | Abductor pollicis longus (APL,
Figure 23): Characters 70 and 71

70. Origin

0. Dorsal aspect of proximal carpals
1. Anterior aspect of distal ulna
2. Medial aspect of ulnar shaft and anterior aspect of dis-

tal radius
3. Medial aspect of proximal anterior ulna and lateral

aspect of proximal anterior radius

Remarks—The gorgonopsians Cyonosaurus longiceps
(e.g., BP/1/4269, SAM-PK-K10428) and Lycaenops orna-
tus (AMNH FARB 2240) bear a broad, elevated scar on
the anterolateral aspect of the distal radius
(Figure 23b,c). Similarly, the radius of basal eucynodonts
(i.e., cynognathians and basal probainognathians) often
bears a laterally to anterolaterally projecting crest or
flange on its distal half, which opposes a medially pro-
jecting flange extending along much of the ulnar shaft
(Benoit et al., 2022b; de Oliveira et al., 2010;
Jenkins, 1970a, 1971; Liu et al., 2017) (Figure 23d–g).
These structures may indicate the attachment of the APL,
or alternatively other muscles such as the pronator quad-
ratus (especially for the ulna), but it is not currently pos-
sible to recognize discrete, unambiguous osteological
correlates for any muscle.

71. Insertion

0. Dorsomedial aspect of base of metacarpal I
1. Dorsal aspect of base of radiale

Remarks—This character captures the principal locus of
insertions, ignoring minor variation in possible addi-
tional attachments to surrounding bones (e.g., radiale or
trapezium) or soft tissues.

3.24 | Pronator quadratus (PRQU,
Figure 23): Characters 72 and 73

72. Origin

0. Medial aspect of much of ulnar shaft
1. Posterior aspect of proximal ulna through to medial

aspect of distal ulna
2. Absent

73. Insertion

0. Lateral aspect of much of radius
1. As (0), but extending to ventral aspect of medial

carpals
2. Absent

Remarks—State 1 focuses on the main locus of in-
sertion, ignoring minor nuances in variable insertions
across taxa.

4 | DISCUSSION

Using extensive first-hand observation of fossils and an
explicit phylogenetic framework, this study sought to
trace the evolution of forelimb musculature from early
amniotes through to crown mammals. The identifica-
tion of homologous (and nonhomologous) structures
across disparate extant and extinct taxa has helped clar-
ify several important aspects of how and when the
mammalian forelimb was assembled. Frustratingly,
interpreting the evolution of musculature distal to the
elbow remains hampered by the scarcity of unambigu-
ous and homologous osteological correlates of muscle
attachment in the antebrachium and manus of tetra-
pods. Use of an explicit phylogenetic framework can
ease the challenge by providing constraints on the range
of inferences, and a means of evaluating the relative
support (plausibility) of competing alternative infer-
ences. The anatomical and phylogenetic framework
assembled here will also provide a new, more rigorous
basis for the future reconstruction of musculature, limb
biomechanics, and organismal biology in extinct synap-
sids (Bishop, Cuff, & Hutchinson, 2021, and references
cited therein). In turn, this will help to address ques-
tions of postural and functional evolution within
Synapsida.

4.1 | Major trends along the stem
lineage

The evolution of forelimb musculature on the line to
mammals was a complex narrative (Figure 24a,b). The
number of state changes at each node of the stem lineage,
as inferred from ASR, shows that the pattern of character
evolution fluctuated along the stem, with a large concen-
tration of changes at the origin of Therapsida, a more
subdued but protracted set of change throughout non-
mammalian cynodonts, and a third pulse within Therii-
formes (Figure 24b). Assumption of the mono- or
paraphyly of Therocephalia does not significantly alter
the pattern recovered. Furthermore, there is no
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significant correlation between the inferred number of
state changes at a given node and the proportion of miss-
ing data pertinent to that node (Figure 24c; p = 0.402,
determined using ordinary least squares in PAST 3.01;
Hammer et al., 2001), lending credence to the recovered
pattern of change. The large anatomical shift associated
with the origin of therapsids is not unexpected, given the
>30 Ma ghost lineage separating the oldest known well-
supported members of Therapsida and their immediate
sister group, the sphenacodontid “pelycosaurs”
(Angielczyk & Kammerer, 2018; Bishop et al., 2023;
Sidor & Hopson, 1998). This reiterates that a critical
chapter of synapsid anatomical evolution remains to be
understood.

As inferred by the current analyses, major changes in
forelimb musculature associated with the origin of the-
rapsids included a shift in the insertion of key shoulder
muscles on the proximal humerus, concomitant with a
reorganization of proximal humeral structure more gen-
erally (characters 2, 7, 11, 18; see also Bishop et al., 2023),
a shift in the insertion of the BICB on the radius (charac-
ter 32), a less direct connection of the TRIC to the meta-
coracoid (character 37), and a stronger relationship
between the FDL origin and ulnar shaft (character 50).
Major changes occurring within nonmammalian cyno-
donts principally revolve around the transformation of
deltoid and supracoracoid musculature, affecting the
structure of the scapula (characters 5, 6, 21, 22) and

FIGURE 23 Osteological evidence of attachment of deep antebrachial musculature to the radius and ulna in synapsids. (a) UCMP

83566 Sphenacodon ferox (Sphenacodontia) radius in lateral (left) and anterior (right) views. (b) SAM-PK-K10428 Cyonosaurus longiceps

(Gorgonopsia) left and right radii in anterior view (left element mirrored to appear as from right side); note small bulge on distolateral

aspect. (c) AMNH FARB 2240 Lycaenops ornatus (Gorgonopsia) radius in anterior (left) and anterolateral (right) views; note bulge on

distolateral aspect. (d) MCZ VPRA-3812 Massetognathus pascuali (Cynognathia) ulna in anterior (left) and medial (right) views. (e) PVL

2467 Exaeretodon sp. (Cynognathia) radius in anterior (left) and lateral (right) views. (f) MCZ VPRA-4002 Chiniquodon theotonicus (basal

probainognathian) radius and ulna in (left to right) anterior, medial, posterior, and lateral views, illustrating opposing flanges of bone.

(g) UFRGS-PV-1051-T Trucidocynodon riograndensis (basal probainognathian) radius in anterior (left), lateral (right), and anterolateral

(inset) views. See also Figure 16p. While these structures possibly served as attachment for the abductor pollucis longus or pronator

quadratus (arrows), they cannot at present be unambiguously recognized as osteological correlates for a specific muscle.
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humerus (characters 7, 23–25), in addition to the appear-
ance of a novel muscle, the TMA (character 4). Changes
occurring within Theriiformes are related to the reduc-
tion or loss of the interclavicle (at least as a large, discrete
element; Bendel et al., 2022; Brent et al., 2023) and clavi-
cle, and diminishment of the coracoid plate to form the
coracoid process of the glenoid, which modified the ori-
gins of the DCl, PECT, BICB, CBB and CBL (characters
9, 10, 31, 26, 27). Other changes possibly include modifi-
cation of forearm musculature (characters 50, 51, 59, 73),
but the scarcity of osteological correlates distal to the
elbow warrants caution in this assessment. These results
collectively provide partial support for each of the prior
macroevolutionary interpretations of Romer (1922; major
change occurred in therapsids), Jenkins (1970b, 1971;
major change occurred in therapsids and theriiformes),
and Kemp (1982; major change occurred in therapsids
and advanced cynodonts). More generally, they highlight
the nonlinear, mosaic pattern by which modern mamma-
lian traits were accrued, with the reorganization of shoul-
der anatomy, in particular, occurring in a protracted,
step-wise fashion. The functional significance of each
of these changes, and of the collective order in which
they occurred along the stem lineage, awaits future
investigation.

Of note, extant monotremes have frequently featured
in considerations of anatomical or functional evolution
of synapsid limbs (Brocklehurst et al., 2022; Gregory &
Camp, 1918; Haines, 1952; Jenkins, 1970b, 1971;
Regnault & Pierce, 2018; Walter, 1988a), due to their
phylogenetic position and use of a nonerect limb posture
and gait. Notwithstanding these facts, monotremes also
possess a suite of musculoskeletal apomorphies, presum-
ably related to their semi-fossorial or semi-aquatic life-
styles (or prior evolutionary histories; Phillips
et al., 2009), which may conspire to obfuscate evolution-
ary interpretation (Haines, 1952; Howell, 1936). To
explore this, the phylogenetic analysis and ASR were
re-run to the exclusion of monotremes; the proportion
of all internal nodes whose state could be reconstructed
unambiguously (i.e., likelihood ≥0.75; assessed over all
characters) increased slightly (Figure 24d). This may
suggest that monotremes might contribute more confu-
sion than clarity in interpretations of forelimb anatomi-
cal evolution, if not considered with due care.
Promisingly, however, the application of an explicit
phylogenetic framework, in tandem with a holistic
assessment of available fossil data, can help navigate
potential pitfalls in this endeavor. Through identifying
character polarities, and which states in a given taxon
are likely plesiomorphic, apomorphic, or transitional,
this can better resolve the likely sequence of character
evolution.

4.2 | Evolution of deltoid and
scapulohumeral musculature

Through investigation of embryological development
among diverse extant species, Smith-Paredes et al. (2022)
posited several new hypotheses of homology across the
forelimb muscles of crown amniotes. Most hypotheses
were accepted and incorporated into the creation of char-
acter complexes in the current study, but some aspects
were found to be inconsistent with the evidence presented
by the fossil record. These concern the homology and his-
tory of the deltoideus and scapulohumeral musculature.
For the sake of fluency, discussion of the discrepancies
was postponed while the evidence itself was documented
above; now the issue will be addressed here in full.

Traditionally, the evolution of musculature anterior
and dorsal to the shoulder joint of synapsids has been a
narrative dominated by the dorsal migration, expansion,
and differentiation of the SPC to form the ISP and SSP of
therians (Figure 25a) (Cheng, 1955; Diogo et al., 2016;
Gregory & Camp, 1918; Jenkins, 1971; Kemp, 1982;
Romer, 1922, 1962). In contrast with this major reorgani-
zation, the deltoid and SHA musculature were inferred to
have undergone minor topological changes only: the DSc
origin shifted posteriorly as the anterior scapular blade
became laterally reflected to form the scapular spine
(DSp); the DCl bifurcated to produce the DCl and DAc;
and the SHA reduced and shifted its origin somewhat
posteriorly to become the TMI. However, Smith-Paredes
et al. (2022) observed the therian DCl to be derived from
the SPC mass, implying nonhomology with the homony-
mous muscle of nonmammals, and suggested that the
nonmammal DCl instead is homologous to the DSp of
mammals (Figure 25b). In turn, they hypothesized that
the DSc of nonmammals is homologous to the TMI of
mammals and (crucially) the SHA is apomorphic to lepi-
dosaurs. (Note: both the lepidosaurian SHA and mamma-
lian TMI are derived from the same deltoid division.)
Smith-Paredes et al. did not recognize a homologue for
the DAc among nonmammalian amniotes, implying that
it may be a mammalian neomorph. Under this scenario,
the evolution of therian shoulder musculature would
have involved the radical transformation of origin sites
for multiple muscles, in addition to the SPC, involving
considerable spatial disassociation between muscle
and bone.

As documented above, abundant fossil evidence
records the attachment of a muscle to the proximodorsal
humerus of stem and early crown amniotes (including
“pelycosaurs”; Figures 7a,b and 10a–g), whose scarring
cannot be accounted for by the LD, deltoids, SSc or SPC,
which each are evidenced by their own discrete, well-
supported osteological correlates. An additional muscle
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must therefore have existed. The texture of scarring indi-
cates that this additional muscle is pulled anteriorly,
toward the main body of the pectoral girdle. A
lepidosaur-like SHA would explain these observations,
suggesting that the SHA is a feature of a much more
inclusive group. A subtle proximal shift is all that is
required to transform this “early amniote” scar into the

longitudinal scar that typifies the proximal humerus of
therapsids, which can in turn be traced through cyno-
donts into at least theriimorph mammals (Figures 7n,o
and 10h–ao). This proximally shifted scar lies in the same
position as the insertion of the TMI in therians, and the
simplest explanation is that the scar is for the TMI. Col-
lectively, fossil evidence spanning from stem amniotes to

FIGURE 24 Major trends in forelimb 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). Although the specific numbers should be

regarded with some caution, due to the limitations of likelihood-based detection of state change (see Materials and Methods), the general

pattern is nonetheless informative. (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 forelimb characters, both with and without the inclusion of monotremes.
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crown mammals supports (a) the existence of a SHA in
early amniotes (also suggested by a SHA-like muscle
in some salamanders; Wilder, 1912; Miner, 1925) and
synapsids, and (b) the homology of the lepidosaur SHA
with the mammalian TMI, contrasting with the hypothe-
sis of Smith-Paredes et al. (2022).

Further conflicting evidence is presented by the topo-
logical arrangement observed in extant mammals, where
the paths of the TMI and deltoid musculature are sepa-
rated by the passage of the ISP; this is particularly obvious
in monotremes where the TMI is well developed (Gambar-
yan et al., 2015; Regnault et al., 2020). Even though the
TMI is derived embryonically from the same mass as the
deltoids in therians (Cheng, 1955; Smith-Paredes
et al., 2022), this spatial relationship renders it difficult to
conceive how a gradual phyletic transformation in the
adult phenotype—from DSc on the dorsal scapula to TMI
on the ventral scapula—could be achieved without the ISP
creating an obstruction. Mirroring this issue, the fossil
record provides no evidence that illustrates how a shift in
origin of the DSc ventrally across the scapular surface
could occur, without the dorsally expanding ISP getting in
the way. Coincidentally, spatial separation of the DSc and
SHA also occurs in lepidosaurs, here created by the pas-
sage of the scapulohumeral ligament between the two
(Fahn-Lai et al., 2020; Fürbringer, 1900; Jenkins &
Goslow, 1983; Landsmeer, 1984).

These conflicting lines of evidence are reconciled here
with a new hypothesis (Figure 25c), which largely re-
iterates the traditional hypothesis except for the “DCl”
being derived from the SPC mass in mammals (or at least
therians). In this scenario, the “superficial” component of
the embryonic deltoid mass always differentiates into two
parts, but due to the expansion of the SPC mass in mam-
mals, both parts are confined in their origin to the scap-
ula only, forming the DSp and DAc. The DAc is not a
mammalian neomorph, just a relocated DCl, its origin
having been dorsally displaced by the SPC mass. It is also
suggested that, along the mammalian stem lineage, the
transformation of origins was coincident with the devel-
opment of an acromion, laterally reflected anterior mar-
gin and infraspinous fossa, at the base of Cynodontia.
The alternative hypothesis proposed here requires far less
drastic reorganization of muscle–bone topologies, and
presumes a failure of the SHA to differentiate from the
deltoid mass in archelosaurs.

4.3 | Convergence between dicynodonts
and cynodonts

The reorganization of the synapsid pectoral girdle and its
associated musculature, especially the SPC and deltoids, is

a textbook example of substantial structural transforma-
tion accompanying a major evolutionary transition
(Kemp, 1982; Luo, 2015; Romer, 1962). Building upon pre-
vious studies (e.g., Jenkins, 1971; Romer, 1922; Sun &
Li, 1985), the transformational hypotheses outlined here
posit that much of this reorganization can be documented
in the mammalian stem lineage from osteological corre-
lates observed in the fossil record, particularly within
Cynodontia (cf. characters 5, 6, 21, and 22; Supporting
Information Appendix S4). Yet, some of these osteological
correlates are also observed in dicynodonts, including the
basalmost form Eodicynodon (Figure 24a). These animals
develop an acromion and recess on the anterior base of
the scapular blade, the clavicle ceases to articulate with
the scapulocoracoid along its full length, and within thero-
chelonian dicynodonts the anterior scapular margin
becomes laterally reflected to form a distinct scapular
spine and lateral scapular fossa (Figure 3c). The last two
features are particularly accentuated in the aberrant Perm-
ian form Dicynodontoides, and independently in Triassic
kannemeyeriiforms (Figure 12c,f). Given that nondicyno-
dont anomodonts retain a typically therapsid pectoral gir-
dle construction (Brinkman, 1981; Cisneros et al., 2015;
Fröbisch & Reisz, 2011), the changes in dicynodont skele-
tal structure are convergent with those observed in cyno-
donts. Interestingly, incipient convergence may also have
occurred within gorgonopsians and scylacosaurid theroce-
phalians, which possess a ridge that demarcates a shallow
fossa on the anterior scapulocoracoid (Figure 12g,h). This
structure was not explicitly codified in the present study,
but it warrants further investigation.

The superficial similarity between dicynodont and
cynodont pectoral girdles, and the present formulation of
character complexes, would imply that the dicynodont
SPC also underwent topographic expansion, migration,
and differentiation, at least in more derived taxa. In real-
ity, however, the structures in dicynodonts are not strictly
homologous (failing the test of congruence), rendering it
less certain if the full suite of muscular changes occurred.
For instance, the SPC may have indeed expanded dor-
sally to take origin from the anterior surface of the
reflected scapular margin (like the mammalian SSP), but
could have remained undivided (King, 1981a). It is note-
worthy that even in the derived kannemeyeriiforms
(e.g., Sulej & Niedźwiedzki, 2018; Walter, 1988b),
although the anterior scapular margin and acromion are
strongly reflected laterally, the procoracoid remains well
developed and a discrete GrTu-like scar on the humerus
is absent. The anteroproximal region of the DPC may
form a distinct “corner” in some taxa like Eodicynodon
and Diictodon (Figures 10k and 13i), where the SPC
would be expected to insert, but a distinct scar resem-
bling the cynodont GrTu is nevertheless absent.
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A second instance of probable convergence between
dicynodonts and cynodonts, hitherto gone unrecognized,
is the development of a TeTu on the posterior humerus.
In numerous specimens of both dicynodonts and epicy-
nodonts, this tubercle is connected to the LeTu (SSc
insertion) proximally via a bridge of bone or other scar-
ring, mirroring the condition in extant monotremes
(Figure 8). The TeTu is recognized as the osteological cor-
relate of insertion of the TMA in epicynodonts, and its
strikingly similar manifestation in dicynodonts suggests
the existence of a TMA-like muscle here as well. A TeTu

is not observed in nondicynodont anomodonts, implying
that these structures in dicynodonts and epicynodonts
are not strictly homologous. Yet, the TMA is a derivative
of the subscapular muscle mass in therians (Smith-
Paredes et al., 2022), and both dicynodonts and epicyno-
donts frequently exhibit an osteological connection
between the TeTu and LeTu. This suggests that the TeTu
in both groups may have arisen via homologous develop-
mental programs (deep homology; Shubin et al., 2009).
Common developmental pathways may also have been
responsible for convergence in scapular and SPC evolu-
tion between the two groups.

Elsewhere in the body, dicynodonts and cynodonts also
exhibit instances of convergence in the gross structure of
the pelvic girdle, including anterior expansion of the iliac
blade, reduction of the postacetabular ilium, reduction and
retroversion of the pubis, and a shift of the obturator fora-
men to lie between the pubis and ischium (Bishop &
Pierce, 2023). These skeletal modifications outwardly sug-
gest convergent modifications in hindlimb musculature,
although dicynodonts and cynodonts notably departed in
femoral osteology (Bishop & Pierce, 2023; Kemp, 1982).
Being on the mammalian stem lineage, musculoskeletal
transformations within cynodonts have historically
received more research focus (as is the case here), but it is
noteworthy that each of the above instances of conver-
gence first evolved in mid- to late Permian dicynodonts.

5 | CONCLUSION

Drawing upon the exceptional fossil record of Synapsida,
this study has helped clarify the history of mammalian
forelimb muscle evolution, identifying those traits that
are characteristic of crown mammals, those that have
changed leading up to Mammalia, and those that have
remained largely unchanged for hundreds of millions of
years. Several traits are inferred to have significantly
greater antiquity than previously recognized: part of what
is traditionally considered as distinctive to mammals has
actually been inherited from their (often very) distant
ancestors. The evolution of forelimb musculature on the
line to mammals was complex, protracted, and nonlinear,
with multiple concentrated phases of anatomical trans-
formation and several instances of convergence between
disparate clades. Through the present work (and its com-
panion study, Bishop & Pierce, 2023), an understanding
of appendicular evolution in Synapsida is now more on
par with other major tetrapod groups, such as nonavian
dinosaurs (Burch, 2014; Hutchinson, 2001a, 2001b, 2002;
Maidment & Barrett, 2011; Otero, 2018).

Taking a fossil-focused approach to investigations of
anatomical evolution can better relate taxa that are

FIGURE 25 Different hypotheses of homology of the deltoid

and supracoracoideus musculature from early amniotes

(e.g., “pelycosaurs”) to extant therian mammals. (a) The traditional

hypothesis (e.g., Cheng, 1955; Diogo et al., 2016; Romer, 1922).

(b) Novel hypothesis of Smith-Paredes et al. (2022) based on

embryology, including the deltoideus acromialis (DAc) as a

mammalian neomorph (teal color). (c) Revised hypothesis proposed

here that reconciles evidence from embryology and the fossil

record. In each panel, colors are used to represent homological

correspondences. Note that in (b) and (c) part of the

supracoracoideus (SPC) also gave rise to part of the pectoralis major

(data not shown here).
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morphologically disparate and separated by large
expanses of time, especially when it enables the recogni-
tion of transitional morphologies that are only preserved
in the fossil record. Fossils provide a unique perspective
to the development and testing of macroevolutionary
hypotheses, beyond what is possible with just extant taxa
alone. Yet, previous fossil-based studies of appendicular
muscle evolution in synapsids have tended to focus on a
few exemplar taxa or specimens, limiting the depth and
precision of the inferences that have been made, and ren-
dering them more susceptible to the confounding effects
of (unrecognized) apomorphies or homoplasies. The pre-
sent work builds upon prior studies by evaluating a
greatly expanded dataset of fossil evidence, which has
facilitated a more comprehensive assessment. In tandem
with an explicit phylogenetic framework, this has
resulted in a more rigorous detection of homologies and
homoplasies, and a more detailed estimation of the
sequence of anatomical evolution on the line to mam-
mals. Additionally, this approach has refined interpreta-
tions of apomorphies versus retained plesiomorphies in
unusual taxa such as extant monotremes, and has
highlighted instances of incongruence between fossil data
and other lines of evidence (e.g., embryology) that require
future scrutiny. Lastly, the development of character–
state complexes here will provide a more objective (per-
haps even conservative) means for reconstructing anat-
omy in extinct species, forming a key foundation for
future work examining the functional consequences of
anatomical changes for posture and locomotion.
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