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1 | INTRODUCTION

S. E. Pierce’

Abstract

Locomotor evolution in synapsids involved numerous functional shifts associ-
ated with the transition from sprawled to erect limb postures on the line to
therian mammals. Given that bone structure frequently reflects functional
requirements, this study investigated evolutionary changes in synapsid
humerus and femur proportions as a lens to evaluate functional shifts through
time. A total of 936 bones were measured, representing 330 species across the
full 320+ million years of synapsid history. This dataset was used to test
whether transformations in stylopod proportions are consistent with inferred
changes in bone loading mechanics, alignment of joint and muscle forces,
muscular control of the shoulder and hip, and differential support of body
weight by the fore- and hindlimbs. As variation in bone dimensions may also
correlate with bone or body size, this study first developed a novel approach
for calculating species-specific, size-corrected measures of bone proportions.
By disentangling the effect of body size from functional signals recorded in
bone geometry, this then enabled a node-to-node appraisal of how bone allom-
etry itself evolved through time. Ancestral state reconstruction of size-
corrected stylopod proportions reveals trends that broadly support many
hypothesized shifts in locomotor biomechanics along the therian stem lineage.
However, patterns of transformation are frequently complex, suggesting func-
tional mosaicism, and stylopod proportions that typify therians as a whole are
often not achieved until crown Theria itself. Several instances of temporary
trend reversal are also inferred, particularly within non-mammalian cyno-
donts, indicating greater functional or ecological diversification in this group.
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and function. One such transformation was a major shift
in stance and gait within their synapsid ancestors—from

The origin of mammals was a landmark series of events
in the history of vertebrate evolution. Documented by an
exceptionally rich fossil record spanning back over 320
Ma (Kemp, 1982, 2005, 2016), it involved profound trans-
formation of almost every aspect of anatomy, physiology,

a plesiomorphic “sprawled” posture with the limbs held
to the side of the body, to an “erect” (or parasagittal) pos-
ture typical of extant terrestrial therians. The sprawled-
to-erect transition has been invoked as a key event under-
pinning the subsequent diversification of mammalian
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locomotor behaviors, and more generally, their adaptive
radiation into diverse ecologies (Dial et al., 2015;
Kemp, 2005; Polly, 2007).

Unlike many other physiological systems, the evolu-
tion of locomotion is conducive to detailed scrutiny
because a central component of locomotion, skeletal anat-
omy, is directly preserved in the fossil record. Moreover,
locomotor evolution is amenable to investigation with a
high level of quantitative rigor, through well-grounded
principles and approaches in biomechanics (Bishop
et al., 2021, and references cited therein). Thus, the study
of synapsid locomotor anatomy, function, and its evolution
has a long and rich history. In addition to documenting
locomotor anatomy within and across higher taxonomic
groups, most prior research has focused on understanding
changes to musculature (see Bishop & Pierce, 2024a,
2024b and references cited therein) and joint anatomy
(Bishop et al, 2023; Gambaryan & Kielan-Jawor-
owska, 1997; Hopson, 2015; Jenkins Jr & Parrington, 1976;
Jenkins Jr., 1971b, 1973; Kemp, 1978, 1980a; Lai
et al., 2018; Sereno, 2006), as well as their implications for
posture, locomotor behavior, and its evolution
(Boonstra, 1967; Brocklehurst et al., 2022; Colbert, 1948;
De Oliveira & Schultz, 2016; Frobisch, 2006; Guignard
et al., 2019; Jenkins Jr., 1971b, 1973; Jones et al., 2021;
Kemp, 1978, 1980a, 1980b, 1982; King, 1981, 1985; Lai
et al., 2018; Ray & Chinsamy, 2003; Sullivan et al., 2013;
Watson, 1917). From this body of research, it is clear that
synapsid locomotor evolution was complex, with different
parts of the body appearing to provide different signals as
to when more typically mammalian locomotor patterns
were acquired (Bishop & Pierce, 2024c; Jenkins Jr., 1971a;
Jones et al., 2021; Kemp, 1982).

Beyond analyses focused on joint structure or mus-
culature in non-mammalian synapsids, there has been
comparatively little attention directed toward the func-
tional significance of gross bony anatomy in and of
itself. Quantitative characterization of fore- and hin-
dlimb osteology has demonstrated that non-mammalian
synapsids and early (Mesozoic) mammals had already
achieved high ecomorphological disparity prior to the
appearance of Theria (Brocklehurst et al., 2025; Chen &
Wilson, 2015; Frobisch & Reisz, 2009; Lungmus &
Angielczyk, 2019, 2021). Anatomical and functional
complexity in the synapsid vertebral column is also
becoming better understood, highlighting a protracted
and step-wise acquisition of therian-like traits over
>100 Ma (Jones et al., 2018, 2020, 2021, 2024). Yet, the
structural proportions of the limbs and their constituent
bones, insofar as they relate to the mechanics of loco-
motion, have remained seldom studied (Blob, 2001,
2006; Brocklehurst et al., 2025; Romano, 2017; Rubidge
et al.,, 1994). This stands in contrast to the well-known
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adaptability of bones and bone tissue to suit their func-
tional requirements. In addition to being co-adapted
with musculature and other soft tissues for effective
execution of whole-limb function (e.g., Fujiwara &
Hutchinson, 2012; Nakai & Fujiwara, 2023; Samuels
et al, 2013; Sargis, 2002; Van Valkenburgh, 1987;
Vogel, 2003), bone tissue is frequently tuned to the pre-
vailing mechanical environment such that its structural
arrangement can be highly reflective of the loads expe-
rienced in life (Barak, 2024; Bishop et al., 2018b; Carter
& Beaupré, 2001; Currey, 2002; Frongia et al., 2018;
Kivell, 2016; Martin et al., 1998; Pontzer et al., 2006).
Analysis of bone structure can therefore provide impor-
tant insights into locomotor biomechanics of extinct
species (Alexander, 1989; Bishop et al., 2018a; Bishop
et al, 2018b; Blob, 2001; Carrano, 1998;
Christiansen, 1999a; Georgiou et al., 2020; Kivell, 2016;
Lovejoy et al., 2002; Maidment et al., 2012; Pintore
et al., 2022; Thomason, 1985).

As with many other locomotor transformations in his-
tory, the sprawled-to-erect transition in synapsids is
expected to have entailed numerous shifts in biomechan-
ics at different anatomical scales. In addition to obvious
kinematic differences between sprawled and erect pos-
tures, experimental study of locomotion in extant tetra-
pods indicates contrasting strategies of muscular support
and propulsion, with adductors and long-axis rotators
dominating in sprawling postures, but abductors and
retractors dominating in erect postures (Ashley-Ross,-

1995; Gatesy, 1997; Goslow Jr et al., 1981; Jenkins Jr &
Goslow Jr., 1983; Jenkins Jr & Weijs, 1979; Reilly, 1995).
Hence, major changes in muscle function likely occurred
throughout synapsid history, consistent with major ana-
tomical reorganization as deduced from the fossil record
(Bishop & Pierce, 2024a, 2024b). Not surprisingly, differ-
ences in limb kinematics and muscle function engender
marked differences in bone loading mechanics between
sprawled and erect postures, as documented through
in vivo experimental studies. Whereas the bones of
sprawling taxa are loaded primarily in torsion (Blob
et al., 2014; Blob & Biewener, 1999; Butcher et al., 2008;
Sheffield et al.,, 2011; Sheffield & Blob, 2011; Young
et al., 2017), those of erect therians are mostly loaded by
bending and axial compression (Aamodt et al., 1997;
Biewener, 1991; Copploe et al., 2015; Szivek et al., 1992),
although torsional loading may still be significant in taxa
that use more crouched postures (Butcher et al., 2011;
Keller & Spengler, 1989). These comparisons suggest that
synapsids evolved from a torsion-dominant to bending-
dominant loading regime over their history (see also
Blob, 2001, 2006).

Synapsids also exhibited a progressive redistribution
of body mass across their history. Whereas basal
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members (i.e., Permo-Carboniferous “pelycosaurs”) were
typified by small heads and long tails (Romer &
Price, 1940), superficially resembling lizards or crocody-
lians in overall form, extant terrestrial therians are typi-
fied by large heads and small tails. Reflecting these
contrasts, the whole-body center of mass in extant lizards
and crocodylians is positioned closer to the pelvis (Allen
et al., 2009; Macaulay et al., 2023), whereas that of most
therian mammals lies closer to the pectoral girdle
(Alexander, 2006; Buchner et al, 1997; Coatham
et al., 2021). It is therefore reasonable to expect that an
anterior shift of the center of mass occurred along at least
some part of the therian stem lineage, although evolu-
tionary trends are yet to be explicitly quantified (but see
Wright et al., 2024). In attaining a more anteriorly posi-
tioned center of mass, the forelimb would progressively
acquire an increasing role in weight support and body
movement compared to the hindlimbs (cf. Cieri
et al.,, 2021; Demes et al., 1994; Pandy et al., 1988; Ren
et al., 2010; Willey et al., 2004; Witte et al., 2004), and this
may have impacted bone loading mechanics.

Given the multitude of mechanical factors that pre-
sumably changed throughout synapsid locomotor evolu-
tion, and considering the great adaptability of bone to
meeting its functional requirements, it stands to reason
that careful analysis of fossil osteology can provide
insights on these factors. The present study sought to
investigate evolutionary changes in synapsid locomotor
biomechanics through the lens of stylopod (humerus and
femur) gross proportions. In addition to being central to
fore- and hindlimb function, the humerus and femur are
among the most frequently preserved postcranial ele-
ments in the synapsid fossil record, and their larger size
and more robust construction mean that they tend to pre-
serve better than other postcranial elements. A very large
sample size can therefore be assembled (Brocklehurst
et al., 2025; Lungmus & Angielczyk, 2019), and in the
present study, almost 600 individual fossil bones were
able to be measured. With such a comprehensive sample
of synapsid history, the present study aimed to test the
overarching hypothesis that evolutionary transformation
in humeral and femoral proportions is consistent with:

1. A change in bone loading regime, from torsion- to
bending-dominant;

2. Realignment of the bones to function in a plane more
parallel to the body, and the attendant realignment of
joint and muscle forces;

3. Changes in the efficacy of major muscles crossing the
shoulder and hip joints; and

4. The forelimb becoming more prominent in body
weight support.
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If stylopod proportions are indeed consistent with
these presumed functional shifts, observed temporal pat-
terns in proportions can complement and enrich inter-
pretations developed at broader anatomical scales.
However, since changes in absolute size can exert a
strong influence on internal and external anatomical
dimensions, both  within and across species
(Carrier, 1983; Carrier & Leon, 1990; Christiansen, 1999b;
Doube et al., 2012, 2018; Galilei, 1638; Schmidt-Nielsen,
1985; Swartz & Biewener, 1992; Taylor & Thomas, 2014),
exploration of stylopod proportions must first be capable
of differentiating the effects of body size from those of
functional demands. To that end, this study also proposes
a new quantitative framework for disentangling these
effects on bony morphology throughout evolution, which
facilitates a fine-grained view of the evolution of allome-
try across major functional transitions. The generality of
this framework enables its potential application to a wide
range of questions involving organismal allometry across
broad taxonomic and temporal scales.

2 | MATERIALS AND METHODS

2.1 | Taxon and specimen sampling
Humeri and femora were sampled from across the
entire history of Synapsida, in addition to a selection of
stem amniotes serving as an outgroup (Figure 1; see
also Figures S1-S3). A further three well-preserved and
historically important fossil synapsid specimens—two
gorgonopsians (Boonstra, 1934; von Huene, 1950) and a
dicynodont (Govender, 2008)—were also included; their
precise alpha taxonomy remains unresolved, but
their relationships with respect to the other taxa investi-
gated here are generally understood. To help infer the
ancestral therian condition as a point of reference, a
large sample of extant therians and one stem marsupial
were measured. Two extant monotreme species were
also included to help refine inferences for the crown
mammal node. In total, 330 species-level operational
taxonomic units (OTUs) were sampled: seven stem
amniotes, 33 non-therapsid synapsids (“pelycosaurs”),
72 non-cynodont therapsids (“therapsids”), 36 non-
mammalian cynodonts (“cynodonts”), 11 non-therian
mammals, and 171 therians. Wherever possible, sam-
pling focused on large, well-preserved specimens that
(for fossils) appeared to have undergone minimal tapho-
nomic deformation. Additionally, data were preferen-
tially collected from specimens in which both humerus
and femur could be confidently ascribed to a single
individual.

ASULOI'T SUOWIOY) dA1Ea1)) d]qesrjdde ay) Aq pauIdA0T a1k SA[ANIE () (asn JO SI[NI 10} AIRIQIT UI[UQ) AJ[IA\ UO (SUONIPUOI-PUB-SULIA)/ WO Ao[IM ATeIqI[aur[uo//:sdny) suonipuo)) pue sua I, ) 998 [S70/01/20] uo Areiqi auruQ Aa[ip ‘KisIoAtun) preatef Aq 9000L ¥e/Z001 0 1/10p/wod kafim Areiqiaurjuo-sqndAwojeue,/:sdny woiy papeo[umod ‘0 ‘v6+87E61



4_|_W] LEY AR The Anatomical Record [VANGEEY

Seymouria bayle

Diadectomorpha

Captorhinidae

ia

Varanopidae

SYNAPSIDA

— O phiacodontidae

Edaphosauridae

Cutleria wilmarthi

Sphenacodontidae

SPHEN.

Hi us boonstrai

Dinocephalia

i_— Gorgonopsia
Therocephalia *

THERAPSIDA
EUTHERAPSIDA
NEOTHERAPSIDA
THERIODONTIA

Anomodontia

Charassognathus gracilis
Procynosuchus delaharpeae
CYNODONTIA Galesaurus planiceps
Thrinaxodon liorhinus
Cynognathia

Lumkuia fuzzi

EUCYNODONTIA
PROBAINOGNATHIA

Trucidocynodon riograndensis
Chiniquodon theotonicus
Aleodon cromptoni
Probainognathus jenseni
Prozostrodon brasiliensis
Therioherpeton cargnini
PROZOSTRODONTIA Tritheledontidae
Tritylodontidae
MAMMALIAMORPHA Botucaraitherium belarminoi
Brasilodon quadrangularis

Morganucodontidae

BISHOP and PIERCE

stem amniotes

-

“pelycosaurs”

&

“therapsids”

.

“cynodonts”

a2

MAMMALIAFORMES

‘arboniferous

:» Monotremata
Repenomamus robustus
MAMMALIA Gobiconodon ostromi mammals
Allotheria
Henkelotherium guimarotae /ﬁ
THERIIFORMES Vincelestes neuquenianus

A liadelphys maasae

j Marsupialia

THERIA tﬁ Placentalia

Jurassic | Cretaceous [ Paleogene! ] Neogene [}-Quaternary

1 1T 1T 1T 17 17 1T 1T 1T 1T 1T 1T T T T 1 T 1

320 310 300 290 280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
time (Ma)

FIGURE 1

Simplified representation of the phylogenetic and temporal relationships of the taxa studied, with major nodes and

paraphyletic grades of organization indicated. See Figures S1-S3 for fully resolved, time-calibrated phylogenies for each taxon. The temporal

range of taxa sampled for each clade is indicated by black bars. “Sphen.”
be paraphyletic with respect to Cynodontia (see Figure S3).

Owing to specimen incompleteness or inaccessibility,
many more fossil specimens were measured than species
(936 bones belonging to 647 specimens; Supporting Infor-
mation S2); rarely was a single specimen able to provide
all the desired measurements for a given species. Thus, to
maximize the utility of the data collected, each species
was represented in the analyses by a single “focal speci-
men” for which missing data was composited from mea-
surements made for other available specimens pertaining
to the same taxon. As some analyses involved diaphyseal
metrics from both humerus and femur (see below), the
largest available individual comprising both humerus

denotes Sphenacodontia; asterisk indicates that Therocephalia may

and femur was prioritized in determining the focal speci-
men for a given species. Hence, the focal individual may
not necessarily be the largest individual that was able to
be measured. If no individual with both humerus and
femur was sampled, then the largest individual measured
was generally selected to serve as the focal specimen,
unless another was particularly well measured
(i.e., almost all measurements for a given bone could be
derived from a single specimen). Which specimen served
as the focal specimen in each species is indicated in Sup-
porting Information S2, and the final dataset is presented
in Supporting Information S3.
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In attempting to fill in missing data, if only one other
specimen of a given species was available to estimate
missing measurements, then its measurement was line-
arly scaled to the focal individual by virtue of bone
length. However, if two or more specimens were avail-
able, then their measurements were regressed against
bone length (using a linear relationship on logarithmic
coordinates), which was used to estimate the required
measurement of the focal individual by virtue of bone
length. Lastly, although multiple species of Lystrosaurus
were sampled over the course of the study, due to various
constraints exceedingly few specimens assignable to the
genus were assignable at the species level, and those
specimens that could be designated at the species level
comprised only a humerus or femur. Thus, a composite
“Lystrosaurus spp.” OTU was created instead. After filling
in missing data for focal specimens as much as possible,

FIGURE 2
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overall completeness of the humerus dataset was 85.6%,
and that of the femur dataset was 84.5%.

2.2 | Raw measurements

Thirteen linear measurements were made for the
humerus, while 11 linear measurements were made for
the femur, in addition to one angular measurement
(Figure 2). All measurements characterize external mor-
phology only. As this study fundamentally sought to inves-
tigate how mechanics, rather than anatomy itself, changed
on the line to mammals, measurements focused on aspects
that have clear mechanical relevance to bone loading and
locomotor function. Anatomical and functional terminol-
ogy employed here follows that outlined previously
(Bishop & Pierce, 2024a, 2024b; Brocklehurst et al., 2022).

@ g

1

N o s e e

INlustration of the measurements made on the humerus (a-d) and femur (e-h), shown for representative morphologies of

“pelycosaurs” (a, e), non-cynodont therapsids (b, f), non-mammalian cynodonts (c, g) and mammals (d, h). Humeri are illustrated in

proximal, dorsal, anterior and distal views; femora are illustrated in ventral and medial views. Note that measurements F4a and F4b could
not be measured for many dicynodonts, as the internal trochanter is typically not expressed in these taxa (Bishop and Pierce, 2024b).
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2.2.1 | HI1 (humerus) and F1 (femur)
Proximodistal length, taken as the maximal distance from
the proximal to distal articular surfaces, measured paral-
lel to the long-axis of the bone, which is typically indi-
cated by the diaphysis. Overall bone length dictates the
relative sizes of muscle and joint force in- or out-levers,
and also influences the magnitude of bending or torsional
stresses  experienced during use (Blob, 2001;
Currey, 2002). Additionally, bone length is used here as
the basis for accounting for differences in absolute bone
size, as described below.

2.2.2 | H2a-d (humerus) and F2a-d (femur)
Diameters of the diaphysis, measured in a single cross-
sectional plane through the narrowest point of the shaft,
which is not necessarily mid-way along the length of the
bone. Measure (a) is taken in the dorsoventral (humerus)
or anteroposterior (femur) direction, and measure (b) is
taken in the anteroposterior (humerus) or mediolateral
(femur) direction, perpendicular to (a). More precisely, in
the humerus, H2a is measured perpendicular to the axis
in which the distal end of the bone is most expanded,
which does not necessarily correspond to the axis joining
radial and ulnar condyles. In the femur, F2a is measured
perpendicular to the plane containing the bone long-axis
and the axis of the femoral condyles. Two additional
measurements were made for both the humerus and
femur, capturing the maximum (H2c, F2¢) and minimum
(H2d, F2d) diameters, irrespective of their orientation
with respect to the diaphysis. Diaphyseal diameter is
strongly tied to cross-sectional area and second and polar
moments of area, which collectively contribute to a
bone's efficacy at resisting compression, bending, and tor-
sional loading (Biewener, 1992; Currey, 2002;
Wainwright et al., 1976). For example, bones subject to
torsion-dominant loading may have a greater polar
moment of area compared to those not subject to strong
torsional loads, for a given cross-sectional area (Doube
et al., 2012), which is what would be expected from first
principles (Beer et al., 2012; Main et al., 2021). The pre-
sent study targets the narrowest point in the diaphysis as
this will likely correspond to where compression, bend-
ing, and torsional resistance of the bone are lowest, and
thus perhaps the region most relevant to tissue-imposed
limits of locomotor loading. Such a presumption must be
made cautiously, however, as it is seldom verified in
empirical studies, and indeed maximal limb bone strain
may occur elsewhere due to variation in cortical bone
thickness and local muscle-induced loading (Biewener
et al., 1986; Brassey et al., 2013).
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2.2.3 | H3a-b (humerus) and F3a-b (femur)
Maximum width of proximal (a) and distal (b) articular
surfaces. Proximally, this is measured parallel to the long
axis of the articular surface, excluding any adjacent
tuberosities or trochanters. In the distal humerus, H3b is
measured parallel to the “distal bone axis” outlined
above. In the distal femur, F3b is measured parallel to
the axis of the femoral condyles, approximated by an
imaginary cylinder fit to the articular surfaces, thus
describing the width of the bone approximately perpen-
dicular to the primary axis of movement at the knee. The
width of an articular surface contributes to the capacity
for withstanding large external joint moments, either by
active or passive soft tissue forces, and hence can contrib-
ute to joint stability (Currey, 2002). This is especially per-
tinent for off-axis moments that the muscular system is
poorly suited to controlling, such as abduction-adduction
of the knee. Excessively broad articular surfaces may also
involve a compromise of restricted joint mobility in cer-
tain directions (e.g., Brocklehurst et al, 2022;
Currey, 2002; Regnault et al., 2021), or suboptimal lubri-
cation and loading of articular cartilage, especially in fast
motions (Marquez-Florez et al., 2024).

Measures H4a-H6b collectively describe the extent to
which certain key forelimb muscles have leverage at the
shoulder and elbow joints, and thus capture aspects
related to joint movement and stability.

224 | H4a-b

Maximum width of the proximal (a) and distal
(b) epiphyses of the humerus. Proximally, this is mea-
sured parallel to the long-axis of the humeral head as a
whole, including any adjacent tuberosities; this includes
the hypothesized insertion of the supracoracoideus,
denoted by an angle if not an explicit scar of attachment
(Bishop & Pierce, 2024a). Distally, this is measured paral-
lel to the distal bone axis and includes the entepicondyle
and ectepicondyle (but not the supinator process in the
case of “pelycosaurs”). As with the articular surfaces,
broader epiphyses can contribute to a greater capacity for
joint moment control.

2.2.5 | H5a-b

Maximum width of the (a) entepicondyle and
(b) ectepicondyle of the humerus. H5a is measured from
the apex of the entepicondyle to the posterior edge of the
ulnar condyle articular surface, and H5b is measured
from the apex of the ectepicondyle to the anterior edge of
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the radial capitulum articular surface. Both measure-
ments are made parallel to the distal bone axis, and
hence H3b + H5a + H5b = H4b. By describing the “over-
hang” of the epicondyles, H5a and H5b capture the lever-
age of the forearm flexor (H5a) and extensor (HS5b)
muscles with respect to the elbow, particularly in terms
of abduction-adduction. A well-developed entepicondyle
has previously been correlated with adaptation for
sprawled forelimb postures (Fujiwara & Hutchinson,
2012; Romer, 1922), as such poses are expected to incur
large off-axis adduction (radial deviation) joint moments
at the elbow that can be partially countered by forearm
flexor muscles.

2.2.6 | He6a-b

Distal extent (a) and depth (b) of the deltopectoral crest
of the humerus. H6a is measured from the proximal
end of the humerus to the distal apex of the crest, par-
allel to the bone's long axis. H6b is measured from the
distal apex of the crest to an imaginary inter-articular
axis running between the centers of the articular sur-
faces (Figure 2a-d, dashed line); it is measured perpen-
dicular to this axis, irrespective of the anatomical
orientation of this perpendicular. These measurements
primarily capture the positioning of the insertion of the
pectoralis musculature and its capacity for effecting
shoulder depression, which is relevant to the stance
phase in both sprawled and erect forelimb postures
(although for differing reasons; see Brocklehurst
et al., 2022).

22.7 | F4a-b

Distal positioning (a) and depth (b) of the “anteroven-
tral trochanter” of the femur, corresponding to the
internal trochanter of herpetology and the lesser tro-
chanter of mammalogy (Bishop & Pierce, 2024b). F4a
is measured from the proximal end of the femur to
the apex of the trochanter, parallel to the bone's long
axis. F4b is measured from the apex of the crest to an
imaginary axis running parallel to the femoral long-
axis and passing through (projecting from) the center
of the femoral head, which may therefore not pass
through the middle of the distal condyles
(Figure 2e-h, dashed line); it is measured perpendicu-
lar to this axis, irrespective of the anatomical orienta-
tion of this perpendicular. These measurements
capture the positioning of the puboischiofemoralis
externus (PIFE) and, subsequently in more derived
synapsids, the puboischiofemoralis internus (PIFI)
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musculature, which have different origins and func-
tions in extant tetrapods (Bishop & Pierce, 2024b).

228 | F5a-b

Distal positioning (a) and depth (b) of the insertion of the
iliofemoralis (IF) musculature or its derivative, the mam-
malian gluteals, on the femur. In therapsids the IF inser-
tion is demarcated by the greater trochanter, whereas no
bony prominence is present in “pelycosaurs” or stem amni-
otes. Nevertheless, faint scarring in some specimens indi-
cates that the muscle's general locus of attachment was
centered at the point of inflection of the lateral margin of
the femur in these animals (Figure 2e; Bishop &
Pierce, 2024b). Both measurements are made in the same
fashion as H4a-b, with the lateralmost part of the insertion
being the point of reference. In some taxa, especially pla-
centals, this does not necessarily correspond to the “apex”
of the muscle attachment, wherein the greater trochanter
develops a marked proximal projection. In describing the
positioning of the IF, these measurements capture the effi-
cacy of this key hip muscle in hip abduction.

229 | F6

The angle between the axis of the femoral condyles and
the long axis of the bone, measured in posterior view on
the medial side of the long axis. Distinctly beveled femo-
ral condyles, with the lateral condyle more distally posi-
tioned than the medial (acute F6 in the convention used
here), are characteristic of extant sprawling tetrapods,
wherein skewed joint axes help maintain the pes in a
more anteriorly facing orientation during locomotion
(Rewcastle, 1980, 1983). Such beveling is prominent in
stem amniotes and “pelycosaurs,” consistent with their
interpretation as habitual sprawlers (Romer &
Price, 1940; Sumida, 1997), but in extant therians is mini-
mally developed or even slightly reversed (as in humans).

Wherever possible, measurements were made directly
on physical specimens accessioned in publicly accessible
museum collections (Supporting Information S2), using
digital calipers (0.1 mm resolution) for measurements
150 mm or less, or flexible tape (1 mm resolution) for
measurements greater than 150 mm. Measurement F6
was made with a transparent plastic protractor, rounded
to the nearest 5°. In a very small number of specimens,
measurements were made on digital models of the bones
(using Rhinoceros 4.0; McNeel, USA) that had been gen-
erated via laser surface scanning, photogrammetry, or
x-ray computed tomographic scanning; see Supporting
Information S2 for full details.
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2.3 | Derived metrics

Several additional metrics were derived from the above
raw measurements to gain additional insight into various
biomechanical aspects related to locomotion.

2.3.1 | Diaphyseal asymmetry

Basic beam theory would indicate that diaphyses with
a more circular cross-section are more resistant to tor-
sional loads than less circular diaphyses with the same
cross-sectional area. Conversely, more elliptical diaphy-
ses are better resistant to bending moments in the
plane containing the major axis of the ellipse (Beer
et al., 2012; Wainwright et al., 1976). If limb bone
loading shifted from torsion-dominant to bending- or
compression-dominant across the course of synapsid
history, the null expectation would be that humerus
and femur diaphyseal asymmetry (HDA and FDA,
respectively) increased on the line to mammals.
Indeed, in a previous survey of non-mammalian synap-
sid femora, Blob (2001) observed a progressive increase
in FDA from basal synapsids to theriodont therapsids,
providing some support for this expectation (although
FDA was reduced in non-mammalian cynodonts).
However, comparison between a large sample of extant
sprawling saurians (Blob, 2000) and erect carnivorans
(Bertram & Biewener, 1990) reveals little difference in
femoral diaphyseal asymmetry (Figure S4). The rela-
tionship between diaphyseal asymmetry and bone load-
ing or locomotor posture, or how it evolved over time,
is therefore more complex than first principles may
suggest. To provide a comprehensive assessment of this
issue, diaphyseal asymmetry in both the humerus and
femur was computed here as the ratio of maximal to
minimal diameters,

H2c

HDA =—— 1
H2d’ (12)
F2c
FDA= . (1b)

2.3.2 | Relative diaphyseal robustness

Tail reduction and head enlargement would probably be
associated with an anterior shift in the whole-body center
of mass in synapsids on the line to therian mammals. It
would therefore be expected that the forelimbs would
acquire a progressively greater role in weight support
compared to the hindlimbs, irrespective of changes in
limb posture. Bearing relatively increased loads, the
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humerus in turn ought to become progressively more
robust compared to the femur in progressively
more crownward synapsid taxa. One approach to evaluat-
ing relative diaphyseal robustness (RDR) is to compute
the ratio of the diaphyseal circumferences of the humerus
and femur. Given that the diaphyses may have markedly
different maximum and minimum diameters, circumfer-
ences are better estimated by assuming an elliptical
cross-section to the diaphysis, rather than a circular one.
Thus, RDR is computed as

w (3 (58-I ) (B3
w (3 (B ) 313 (F 431
(2)

RDR =

>

following Ramanujan (1914). Trends in RDR can provide
a first approximation of how whole-body center of mass
location may have shifted throughout synapsid evolution,
in lieu of an explicit quantitative assessment (e.g., Bates
et al.,, 2016; Macaulay et al., 2023; Wright et al., 2024).
For maximum rigor, RDR was only computed for taxa
where both humerus and femur were available for the
focal specimen.

2.3.3 | Humeral tuberosities

One of the more conspicuous aspects of forelimb muscle
evolution in synapsids was the dorsal migration and dif-
ferentiation of the supracoracoideus mass to form the
infra- and supraspinatus, in addition to the clavicular del-
toid and part of the pectoralis major (Smith-Paredes
et al., 2022). Abundant osteological evidence of this trans-
formation is recorded in non-mammalian synapsid fossils
(Bishop & Pierce, 2024a). Among other things, this
includes the appearance of a greater tuberosity in cyno-
donts (insertion of the infra- and supraspinatus), in addi-
tion to a lesser tuberosity (insertion of the subscapularis,
and subcoracoideus if it existed) that has persisted since
stem amniotes. Potentially, the degree of development of
these tuberosities may be indicative of the relative impor-
tance or function of their attaching muscles to actuating
or stabilizing the shoulder joint. To assess whether any
major trends exist, tuberosity development was quanti-
fied as

H4a
HT=——. 3
H3a (3)

By expressing how much beyond the dimensions of
the shoulder joint these tuberosities project, HT gives
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some measure of the leverage of the muscles that
attach(ed) here.

2.3.4 | Femoral trochanters

In the hindlimb, substantial reorganization of the hip
musculature occurred on the line to mammals, including
the expansion and differentiation of the IF mass dorsally,
reduction and posterior migration of the PIFE mass ven-
trally, and progressive dorsal migration of the (initially
ventral) PIFI mass. The complex history of these transfor-
mations is also recorded by abundant osteological evi-
dence, involving two eminences, the greater and
anteroventral trochanters (Bishop & Pierce, 2024b; Jen-
kins Jr., 1971b). Whereas the greater trochanter consis-
tently remained the site of insertion of the IF mass, the
anteroventral trochanter initially served as the attach-
ment for the PIFE (“internal trochanter”), which was
subsequently replaced by the PIFI in early eucynodonts
(“lesser trochanter”). All three muscle groups play impor-
tant roles during locomotion in extant sprawling and
erect tetrapods as key hip abductors, adductors, protrac-
tors, or retractors (e.g., Dick & Clemente, 2016; Goslow Jr
et al., 1981; Nicolopoulos-Stournaras & Iles, 1984; Pierce
et al., 2020; Reilly, 1995), and so tracking the positioning
of the two trochanters may provide insight into the mus-
cles' functional evolution on the line to mammals. This
was assessed by comparing the proximodistal positioning
of the trochanters' apices:

F5a
FT=—. 4)
F4a
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skull (Brocklehurst, 2019; Huttenlocker, 2014), lower
jaw  (Hellert et al, 2023), vertebral centra
(Brocklehurst & Brink, 2017; Romer & Price, 1940),
and femur (Huttenlocker et al, 2021; Singh
et al., 2024), as well as a combination of measures
from the cranium and postcranium (Filippini
et al., 2022; Kaiuca et al., 2024). The generality of
these approaches to interpreting body size evolution
across Synapsida as a whole remains to be established,
as individual skeletal dimensions may vary substan-
tially across phylogenetically and ecologically diverse
groups. Among extant terrestrial amniotes, body mass
has been shown to correlate with stylopod diaphyseal
dimensions, such as circumferences (Campione &
Evans, 2012, and references cited therein), reflecting
these bones' direct involvement in body weight sup-
port. The data collected in the present study therefore
offer the opportunity for an updated evaluation of
body mass evolution across synapsids. However, a
growing body of evidence suggests that empirical equa-
tions derived from extant taxa may give poor estimates
for anatomically or posturally dissimilar extinct taxa,
including non-mammalian synapsids (Bates
et al., 2015; Brassey et al., 2015; Richards et al., 2019;
Romano et al.,, 2021; Romano & Manucci, 2021;
Romano & Rubidge, 2021; Wright et al., 2024). To that
end, this study uses diaphyseal dimensions as a proxy
for body mass, but stops short of estimating body mass
itself. Again assuming an approximately elliptical
cross-section of the diaphyses, maximum and mini-
mum diameters can be used to estimate the sum of
humeral and femoral diaphyseal circumferences as a
proxy for body size, as

<(H2 H2d
—\3\ 7 —

BS~

)T (5 )

F2c F2d F2c F2d F2c F2d
”'(3 ( W ) (7+3~7)>

2.3.,5 | Body size

Although it is clear that body size varied considerably
throughout synapsid history (Kemp, 1982, 2016), rigor-
ous assessments of body size evolution remain in their
infancy. Prior analyses have used both direct and indi-
rect estimates of body size in non-mammalian synap-
sids or select subgroups, based on dimensions of the

Although this metric cannot be uniformly related to
body mass, it is reasonable to suspect that higher values
in one taxon relative to closely related (i.e., anatomically
and posturally similar) taxa genuinely indicate higher
body masses. This comparative framework can also be
applied to adjacent internal nodes in the synapsid phylog-
eny, thus enabling a semi-quantitative evaluation of phy-
letic increases or decreases in body size. To reduce the
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effects of very large body size having a skewing effect on
downstream results (Benson et al., 2022), the base-10 log-
arithm of this metric was first taken prior to subsequent
analysis. Hence, results for body size should be viewed as
a proxy for logarithmically transformed body mass, not
body mass itself.

24 | Size-independent quantification of
bone proportions

At the level of the organism—the level at which selection
acts—biomechanical function is most strongly dictated
by gross bone dimensions, since these determine muscle-
joint mechanical advantage, the magnitude of applied
bending and torsional moments, and the ability of the
bone to withstand applied loads. These dimensions will
typically increase with increases in absolute size of the
bone. The standard approach to making sense of varia-
tion in any continuously varying trait (such as bone
dimension) across a sample of different-sized species is to
regress the trait of interest against a measure of size, such
as bone length. This well-established exercise in interspe-
cific scaling (Schmidt-Nielsen, 1985; Swartz &
Biewener, 1992; Taylor & Thomas, 2014) clarifies the
covariation between a given trait and size across a static
sample of species, and how this relationship compares to
that in a separate, static sample. However, such an
approach has three important limitations that reduce its
utility for drawing evolutionary inferences.

Firstly, a scaling relationship is a fictitious abstraction
that only exists as an emergent property of multiple spe-
cies considered together (Koztowski & Wiener, 1997); the
phenotype of a given species is only interpretable in rela-
tion to some external point of reference (even though
traits will evolve in each species independent of other
species). As a consequence, the recovered scaling rela-
tionship can markedly differ depending on the scope of
the included species, such as the taxonomic resolution
of the group to which the regression is fit (Bertram &
Biewener, 1990; Chan, 2016; Christiansen, 1999b;
Labonte et al., 2016; Spence, 2009; Venditti et al., 2024).
Secondly, deriving scaling relationships in multiple
groups precludes assessment of how a trait changes from
one species to another, that is, how it evolves. Despite
describing continuously varying traits, the creation of
group-level scaling relationships renders the only possi-
ble evolutionary pattern as one of a discrete step change.
Furthermore, the taxa within each group are variously
related to taxa in the other group(s) to differing degrees,
rendering any evolutionary interpretation nonsensical, as
trait evolution proceeds from one species to another, not
one group to another. Characterizing scaling
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(a)

(b)

d'ef 1

FIGURE 3
robusticity. (a) Hypothetical bones of two different species, with

Deriving a size-independent measure of bone

different absolute and relative dimensions that satisfy a common
allometric scaling relationship described by k and f. (b) Graphical
manifestation of the meaning of different values of j, calculated
with respect to a reference bone of length I..s and other dimension
dyer. Species w and x plot on the same allometric curve and are thus
equally robust for their size; the same is true for species y and z. At
lengths less than I, the magnitude of § needs to be interpreted
differently to maintain consistency with respect to greater or lesser
robusticity; this complexity can be avoided by choosing a suitably
small reference bone (i.e., small I,.f).

relationships across groups therefore cannot elucidate
how the scaling relationship itself has changed in an evo-
lutionary sense (cf. Venditti et al., 2024), even if one
group is paraphyletic with respect to another
(Chan, 2016; Gatesy, 1991; Maidment et al., 2012;
McPhee et al., 2018). Lastly, it has long been known that
covariation between traits and size can be non-isometric
(Galilei, 1638). While differences in bone proportions
from one species to another may be indicative of
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differences in function, they may also be linked to differ-
ences in absolute size. The problem is thus posed of how
functionally relevant evolutionary changes in bone pro-
portions can be disentangled from evolutionary changes
in body size (Pintore et al., 2024; Romano, 2017). This
problem is compounded if the groups under consider-
ation comprise samples of species occupying successively
different ranges of body sizes, as occurred for a large part
of synapsid history (Hellert et al., 2023; Kemp, 1982).

To address the aforementioned limitations, this study
proposes a novel approach for calculating a size-
independent measure of bone proportions (herein collec-
tively referred to as “robusticity”) for each taxon. This
offers a means of quantifying the relationship between a
trait and size on a per-species basis, facilitating assessment
of evolutionary changes at every node in a phylogeny.
Consider the bones of two different species i and j, with
different absolute and relative dimensions, where size is
measured by length ! and a second dimension of interest is
measured by d (Figure 3a). Together these two bones sat-
isfy the common allometric scaling relationship of

d=kl’, (6)

where k is a constant of proportionality and f is the scal-
ing exponent. The latter is uniquely defined by the
dimensions of the two bones as

_ log (%)
) )

or setting one of the species j as a point of reference
(“ref”), the exponent for the other species i is

B log,, (%)

h= log, (1&) .

Exponent f; thus expresses the proportions for species
i in relation to those of a reference; it is a geometric
descriptor of the transformation required to go from one
(reference) bone to another. This formulation has three
important properties. Firstly, it does not carry any
assumption or null hypothesis of how differently sized
bones ought to scale with one another; departure from
isometry is permissible as a pure consequence of changes
in absolute size. In contrast, comparing absolute ratios
implicitly forces the assumption of isometry on the data-
set, wherein any departure from isometry must be inter-
preted as due to causes other than size. The second

(8)
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property is that the greater the value of f;, the more
robust bone i is, corrected for size in relation to the refer-
ence (Figure 3b). If f;>1, robusticity is greater than
expected for the bone's length; if f; =1, robusticity is as
expected for the bone's length (i.e., isometry); if f; <1,
robusticity is less than expected for the bone's length; and
if B; <0, the absolute dimension of d is less than that of
the reference. There are also two trivial cases, namely

di = dret —>ﬂi =0, (93)
=l — = (9)
dref

The third important property is that if two species
i and j of differing absolute sizes (;[?1;) have equal expo-
nents (B; = f;), they share the same allometric relation-
ship with respect to the reference, and so are deemed
equally robust for their size. Thus, in Figure 3b, the pair
of species w and x fall on the same allometric curve and
are equally robust, as are the pair of species y and z.

Calculation of p; effectively permits the partitioning
of a given bone's geometry into a size-related signal and a
signal not related to size, such as functional, developmen-
tal, or phylogenetic effects. However, given that size may
actually influence bone geometry at multiple levels of
organization (e.g., changes in posture with increasing
size; Biewener, 1989), this partitioning is most clearly
made at the lowest level of organization, a “first order”
assessment. By using an exponent-based measure of
robusticity for each species, and evaluating how this
changes from one species to the next, the evolution of
allometry itself now comes under the spotlight of investi-
gation. This is not to be confused with the study of “evo-
lutionary allometry,” which is simply interspecific scaling
analyzed over evolutionary timescales.

In the present study, the reference used to compute f;
for each OTU was set with [, =1 mm (i.e., all specimens
have a greater length), and d,¢ as the arithmetic mean of
the ratio d;/I; across all OTUs. (Note that this does not
take phylogenetic relatedness of the OTUs into account;
it is simply a reference value used to compute a geometric
transformation.) The value of g; therefore still depends
on the sample at hand, but unlike regression analyses, it
is computed only with respect to the average proportions
of the sample. Hence, in contrast to deriving species
residuals from a sample-wide regression (Labonte
et al., 2016; Romano, 2017), it is not influenced by trends
within the dataset itself or how such trends may vary
with size (i.e., differential scaling). As logarithms are
involved in calculating f;, in the subsequent analysis
steps, any measurement recorded as zero (or negative, in
rare cases where the greater trochanter projected
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proximal to the femoral head) was arbitrarily set to 0.1%
of [; before proceeding. Size-corrected values for each raw
trait H2a-H6b and F2a-F5b are reported for each OTU
(where measurable) in Supporting Information S4.

2.5 | Analysis of stylopodial evolution

All calculations and analyses were undertaken using the
“ape” (v5.7-1; Paradis & Schliep, 2019), “phytools” (v2.1-1;
Revell, 2024), “caper” (v1.0.3; Orme et al., 2018) and “paleo-
tree” (v3.4.5; Bapst, 2012) packages in the R statistical pro-
gramming environment (R Core Team, 2021; see code in
Appendix S1, Supporting Information). To examine the pat-
tern of stylopod and body size evolution throughout synap-
sid history, ancestral state reconstruction (ASR) of the
above raw and derived metrics was performed, using a
residual maximum likelihood (REML) estimation proce-
dure. To avoid basing inferences on a priori assumptions of
structural or mechanical “optima,” and in the absence of
evidence to the contrary, a Brownian motion model of trait
evolution was assumed. For body size, it should be noted
that ASR of logarithmically transformed tip values may sys-
tematically underestimate the values at internal nodes
(in the original, untransformed dimensions), although this
concern is negated in the present study by focusing on rela-
tive, rather than absolute, changes in body size between
adjacent nodes.

Phylogenetic relationships among the OTUs consid-
ered here were primarily represented by a single, fully
resolved, time calibrated tree (Figure 1; see also
Figures S1-S3). Its topology was based principally on the
metatree of Hellert et al. (2023), supplemented with
the results of Simoes et al. (2022) and Berman (2013) for
stem amniotes, Didier and Laurin (2021) for Ophiacodon-
tidae and Sphenacodontidae, Kammerer and Ordofiez
(2021) for Kannemeyeriformes, Sigogneau (1970), Kam-
merer (2016), and Bendel et al. (2018) for Gorgonopsia,
Huttenlocker and Smith (2017), Huttenlocker and Sidor
(2020), Sidor et al. (2021), and Kammerer (2023) for Ther-
ocephalia, and Kerber et al. (2022) for non-mammalian
Prozostrodontia. The relationships and divergence times
of extant mammals were generated using the TimeTree
database (Hedges et al., 2006; data extracted on
1 February 2024). To facilitate this, seven extant taxa in
the dataset were replaced by cogeneric species in the
TimeTree database, which has no effect on the resulting
phylogeny or divergence times generated: Antechinus
subtropicus was replaced with Antechinus stuartii, Canis
lycaon was replaced with Canis lupus, Eulemur fulvus
was replaced with Eulemur coronatus, Giraffa camelopar-
dalis was replaced with Giraffa reticulata, Hapalemur gri-
seus was replaced with Hapalemur aureus, Loris
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tardigradus was replaced with Loris lydekkerianus, and
Smutsia temminckii was replaced with Smutsia gigantea.
The part of the phylogeny pertaining to extinct OTUs was
temporally calibrated using first and last occurrence dates
at the level of chronostratigraphic stage, derived from the
Paleobiology Database (Alroy et al., 2012; data extracted
on 30 January 2024, see Supporting Information S5). First
and last appearance data were then used to estimate
internal node ages using the timePaleoPhy function of
the “paleotree” package (Bapst, 2012). To explore the
effect of assumed branch lengths on the results of ASR,
two different methods of temporal calibration were
employed. The first used a minimum branch length
approach, where all branches were forced to have a
length of at least 1.0 Ma. The second used an equal parti-
tioning algorithm (see also Brusatte et al., 2008), with the
added constraint that the root of the tree had the same
age as that in the minimum branch length tree, 322.6 Ma.
Recently, new observations of the postcranium (Bishop &
Pierce, 2024a) and neurocranium (Pusch et al., 2024)
have lent further support to the possibility that Theroce-
phalia is paraphyletic with respect to Cynodontia (see
also Abdala, 2007; Abdala et al., 2019; Botha et al., 2007).
Thus, a third phylogenetic tree was used in the present
study, derived from the original equal algorithm cali-
brated tree, but with eutherocephalians set as more
closely related to Cynodontia than lychosuchids or scyla-
cosaurids (Figure S3).

For all three trees, ASRs of internal nodes were extracted
for the stem lineage leading to Theria. In addition, recon-
structions were extracted for the anomodont lineage (leading
up to Stahleckeriidae); this represents the most speciose
radiation of non-mammalian synapsids and encompasses a
very wide range of body sizes (Angielczyk & Kam-
merer, 2018; Griffin & Angielczyk, 2019), which may have
had important bearing on limb bone functional evolution.

The raw data underpinning this study almost entirely
comprise manual measurements of physical specimens,
mostly fossil material. Consequently, it is likely associ-
ated with an attendant level of measurement error, in
addition to uncontrolled variation due to taphonomic
deformation (although this was avoided wherever clearly
apparent), intraspecific variation, and interspecific vari-
ability in ontogenetic stage or degree of ossification,
among other factors. To explore the effect that error in
the original dataset may have for downstream interpreta-
tions, ASR was performed in a Monte Carlo simulation
framework. In each simulation, the underlying raw mea-
surements in each taxon were perturbed by up to +10%
(multiplicative error), except for measurement F6, which
was perturbed by up to +5° (additive error) instead. Error
was randomly drawn from a uniform distribution, and
ASR was repeated for a total of 1000 simulation
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replicates. Given the active attempt at selecting large,
well-preserved specimens, the amount of potential error
ascribed here is considered to be generous, and hence the
ASR results recovered may be viewed as a conservative
assessment of the “true” evolutionary patterns.

3 | RESULTS

Taxon-specific, size-corrected measurements for a repre-
sentative selection of the metrics investigated are
reported in Figure 4, to illustrate the spread of values
obtained across time and various synapsid grades. ASRs
using the equal-algorithm time-calibrated tree are
reported in Figures 5-9. Results obtained using the other
two phylogenies are reported in Figures S5-S14. Com-
pared to the equal-algorithm tree, reconstructions using
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the minimum branch length tree differed mostly around
advanced probainognathian cynodonts and basal mam-
mals, but these differences were relatively minor and do
not affect the broad-scale patterns described herein.
Assuming a paraphyletic Therocephalia only influenced
reconstructions in the immediate vicinity of the node
Eutheriodontia, as might be expected.

3.1 | Diaphyseal dimensions

In both the humerus and femur, there is an overall trend
of decreasing bone robusticity (when size corrected) from
basal synapsids toward crown Theria (Figure 5). How-
ever, this trend is by no means monotonic or even in
the rate of change (i.e., slopes of nodal values with
respect to time) along the therian stem lineage, being
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FIGURE 4 Raw taxon-specific measurements of a representative subset of metrics examined, illustrating the spread of data obtained

across time and various synapsid grades. All data are reported as size-corrected § values, with the exception of F6, which is reported in its

original measurement unit of degrees.
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punctuated by several phases of increased robustness,
particularly throughout much of non-mammalian
Cynodontia. The most rapid decreases in robusticity
appear to occur within “pelycosaurs” and advanced
probainognathian cynodonts (Figure 5, arrows). In
some metrics, basal therapsids are reconstructed as
more robust than advanced “pelycosaurs” (Figure 5d,e,
g), and basal mammals are reconstructed as more
robust than advanced non-mammalian cynodonts
(Figure 5a,c-e,g). In contrast to reconstructions for the
therian stem lineage, the anomodont lineage exhibits
an overall trend of increased diaphyseal robusticity on
the line to Stahleckeriidae, especially in the humerus
(Figure 5a,c,e,g).

3.2 | Epiphyseal dimensions

Paralleling the diaphysis, the epiphyses of both the
humerus and femur exhibit an overall trend of decreasing
linear dimensions from basal synapsids toward crown
Theria (Figure 6). As with diaphyseal dimensions, the
pattern of change here is generally not monotonic. Fur-
ther, anomodonts again illustrate the opposite pattern,
with a trend toward increased epiphyseal robusticity in
the humerus and (distal) femur. In the proximal
humerus, both the articular surface (Figure 6a) and over-
all epiphysis (Figure 6¢) start becoming narrower within
“pelycosaurs” and approaches therian-like values
(i.e., the reconstructed state at the crown Theria node)
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around Mammaliaformes. Notably, some humeral
dimensions at Mammaliaformes are reconstructed as less
robust compared to preceding or succeeding nodes
(Figure 6, asterisks). In the distal humerus, the overall
trend of phyletic decrease in dimensions is interrupted by
a prominent reversal toward broader dimensions in basal
cynodonts (Figure 6b,d, arrow). Whereas the distal con-
dyles progressively decrease in breadth from Eucynodon-
tia onward (Figure 6b), total epiphyseal width remains
relatively high until the origin of Mammalia (Figure 6d),
indicating increased relative development of the epicon-
dyles (see also below).

In the femur, femoral head width exhibits a nearly
monotonic decrease through time (Figure 6e). In contrast
to most other dimensions, the width of the femoral head
in anomodonts does not undergo a net increase over

time. Femoral condyle width (Figure 6f) exhibits a sustai-
ned decrease from stem amniotes through to basal the-
rapsids, but thereafter it remains largely static along the
stem lineage until the appearance of crown mammals,
upon which it again decreases on the line to Theria.
Starting from a strongly angled disposition in stem amni-
otes and “pelycosaurs,” beveling of the femoral condyles
reduces in early therapsids to reach therian levels in ther-
iodonts and, independently, dicynodont anomodonts
(Figure 6g).

3.3 | Humeral muscle attachments

Starting out as a very well-developed structure in stem
amniotes and basal “pelycosaurs,” the entepicondyle
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progressively reduces in advanced “pelycosaurs” and the-
rapsids, reaching minimal development in Eutheriodon-
tia (Figure 7a). Remarkably, this trend is reversed and
entepicondylar breadth progressively increases within
cynodonts, with advanced probainognathians exhibiting
a comparable degree of development to that of stem
amniotes (Figure 7a, asterisk); it only reduces to its mod-
est size in therians within crown mammals. A similar
reversal toward progressively greater entepicondylar
development appears in parallel within dicynodont
anomodonts. In contrast to the entepicondyle, the ectepi-
condyle exhibits a less drastic history of transformation,
with a slight increase from basal therapsids to advanced
cynodonts interrupted by a transient phase of decreased
development within early eucynodonts (Figure 7b, star),
prior to a gradual decrease on the line to Theria. The
ectepicondyle of anomodonts gradually reduces in devel-
opment, reaching a minimum around Dicynodontoidea
(Figure 7b, cross), before increasing in size again on the
line to Stahleckeriidae. Of note, the pattern reconstructed
for stem amniotes, “pelycosaurs” and even basal therap-
sids is strongly influenced by the condition in the

ophiacodontid Archaeothyris (Figure 7b), which although
not the basalmost member of the family is by far the old-
est taxon in the dataset (Figure S1). The ectepicondyle of
Archaeothyris is vertically (dorsally) situated above the
radial capitellum, rather than anterior to it (see
Reisz, 1972, figure 9), which is apomorphic (measure
H5b is zero in this taxon). By contrast, the more basal
ophiacodontid Clepsydrops exhibits the typical anterior
disposition of the ectepicondyle (Romer & Price, 1940),
but appropriate specimens were unable to be measured
for this study. Excluding Archaeothyris results in a less
pronounced pattern of change reconstructed for the early
part of synapsid history (Figure 7b).

In the proximal humerus, the apex of the deltopec-
toral crest progressively shifts more distally from basal
synapsids to eucynodonts (Figure 7c, star), after which it
becomes more proximally situated in more advanced
cynodonts, thereafter remaining at a similar position on
the line to Theria. The shift toward a progressively more
distal position is also observed in the anomodont lineage.
The height of the deltopectoral crest remains fairly con-
stant in development from stem amniotes through to
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crown mammals, notwithstanding minor transient fluc-
tuations (Figure 7d). It progressively expands in dicyno-
dont anomodonts, but diminishes within mammals on
the line to Theria, where its morphology is more aptly
described as a “crest” than a “blade.” The development of
attachments for the supracoracoideus (or homologs) and
subscapularis muscles progressively increases from stem
amniotes to eucynodonts (Figure 7e, star), even before
the appearance of a distinct greater tuberosity in basal
cynodonts (Bishop & Pierce, 2024a). The development of
these attachments relative to the humeral head then pro-
gressively decreases within crown mammals, and, inde-
pendently, in dicynodont anomodonts.

3.4 | Femoral muscle attachments

From basal synapsids toward crown Theria, the antero-
ventral trochanter exhibits an overall trend of becom-
ing more proximally sited (Figure 8a). Superimposed
upon this is a transient shift to a more distal location
at the origin of cynodonts, which reaches an acme
around Eucynodontia (Figure 8a, star) prior to a proxi-
mal shift toward a therian-like position in advanced

probainognathians. Paralleling changes in proximodis-
tal position, the development (height) of the trochanter
progressively decreases from stem amniotes onward,
but re-expands in early cynodonts (Figure 8b), coincid-
ing with the reconfiguration of hip muscle insertions
and the internal trochanter “becoming” the lesser tro-
chanter (Bishop & Pierce, 2024b). The trochanter is
most strongly developed in prozostrodontian cynodonts
(Figure 8b, asterisk), but thereafter gradually decreases
on the line to therians.

The insertion of the IF exhibits a nearly monotonic
trend of becoming more proximally sited on the line to
therians, save for a small transient distal shift around
Eucynodontia (Figure 8c, star); the insertion also shifts dis-

tally in dicynodont anomodonts. The lateral “height” of

the insertion increases from “pelycosaurs” to neotherap-
sids (Figure 8d, triangle) as a distinct greater trochanter
evolves, a trend continued within anomodonts. In con-
trast, the greater trochanter reduces in development in
theriodonts, but expands in early cynodonts, reaching
maximal development in prozostrodontians (Figure 8d,
asterisk) prior to a gradual reduction on the line to Theria.

In terms of the relative proximodistal positioning of

muscle insertions (Figure 8e), there is an overall phyletic
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metrics from stem amniotes to crown therians. (a) Humeral
diaphyseal asymmetry. (b) Femoral diaphyseal asymmetry. (c)
Relative diaphyseal robusticity. (d) Body size, wherein data was
logarithmically transformed prior to ancestral state reconstruction. (e)
Body size, wherein untransformed data was used for ancestral state
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in Figure 5. Symbols denote the following nodes: chevron,
Eutheriodontia; star, Eucynodontia; asterisk, Prozostrodontia.

trend of the greater trochanter (or its precursor attach-
ment area) becoming more proximally positioned com-
pared to the anteroventral trochanter in later diverging

BISHOP and PIERCE

synapsids. This trend is punctuated by a period where the
apices of the two trochanters are more closely level with
one another, in eucynodonts and basal prozostrodontians
(Figure 8e, star and asterisk). As both the lesser and
greater trochanters of cynodonts progressively shift proxi-
mally over time (Figure 8a,c), the shift is more marked in
the lesser trochanter (Figure 8a); the transient increase
in the reconstructed value for FT likely reflects a stronger
proximal shift of the lesser trochanter during this period.
In contrast to the therian stem lineage, the apex of the
internal trochanter becomes more proximally sited than
that of the greater trochanter in the anomodont lineage.

3.5 | Other derived metrics
Diaphyseal asymmetry in the humerus (Figure 9a) and
femur (Figure 9b) are largely consistent across time, with
no clear trend from basal “pelycosaurs” to crown therians.
Increases or decreases in asymmetry at one point in the
stem lineage are reversed at subsequent stages. Humeral
asymmetry is transiently high in basal prozostrodontians
(Figure 9a, asterisk), but otherwise is quite consistent
across Cynodontia. Whereas the humerus of advanced
dicynodonts is marginally more asymmetric compared to
the ancestral condition for Anomodontia as a whole, femo-
ral asymmetry exhibits a sustained increase throughout
the anomodont lineage, producing some of the most asym-
metric femoral diaphyses across the entire sample of taxa.
Elsewhere within therapsids, femoral asymmetry is high-
est around Eutherapsida, decreasing nearly monotonically
up to eucynodonts, which have nearly circular diaphyses.
Relative diaphyseal robusticity exhibits a clear trend
throughout synapsid evolution (Figure 9c), with the
humerus becoming progressively more robust than
the femur on the line to therians and, convergently, on
the line to advanced dicynodonts. Therian-like values of
RDR are reached as early as eutheriodonts (Figure 9c,
chevron), continuing into an acme in basal eucynodonts
(Figure 9c, star). The semi-quantitative assessment of
body size (or more precisely, logarithmically transformed
body size) on the therian stem lineage identifies a peak in
early therapsids that subsequently decreases toward
advanced probainognathian cynodonts, with a gradual
increase thereafter on the line to Theria (Figure 9d).
Anomodontia exhibits a monotonic increase in body size
following the appearance of dicynodonts. Notably, the
decrease in body size from early therapsids to advanced
cynodonts is punctuated by a transient increase in size
around Eucynodontia (Figure 9d, star). Re-running ASR
using the original (un-transformed) values of body size
and then logarithmically transforming the reconstructed
nodal values afterwards did not substantially alter the
qualitative pattern recovered (Figure 9e).
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4 | DISCUSSION

The transition from sprawled to erect limb postures in
synapsids entailed important shifts in numerous aspects
of locomotor biomechanics, including musculoskeletal
anatomy, joint mobility, muscle control strategies, bone
loading regimes, and the relative functions of the fore-
and hindlimbs. These might be expected to have left a
signature on skeletal structure and its evolution through
time. Drawing upon a large dataset of humeri and femora
spanning the entirety of synapsid evolution, the present
study sought to evaluate the extent to which evolutionary
transformation in biomechanically relevant measures of
bone proportions (once corrected for size) is consistent
with presumed functional shifts. Four such shifts were
examined: (1) a change in bone loading regime, from
torsion- to bending-dominant; (2) a realignment of the
bones, and joint and muscle forces, closer to the sagittal
plane; (3) changes in the efficacy of major shoulder and
hip muscles; and (4) the forelimb acquiring a greater role
in body weight support. Observed evolutionary patterns
in bone geometry can provide a lens to examine how
these shifts occurred.

41 | Overarching patterns of structural
evolution

Although this study focuses on shifts in locomotor bio-
mechanics as interpreted from bony structure, it is
important to also consider the patterns of evolutionary
change evidenced by the data, for both individual metrics
and as a collective whole. Appreciating the broader evo-
lutionary context can provide a more nuanced backdrop
for evaluating the functional implications of changes in
stylopod structure, as explored in the succeeding sections.
ASRs reveal a complex pattern of structural transforma-
tion along the stem lineage leading to therian mammals.
While the changes that took place between basal synap-
sids and crown therians are largely consistent with
hypothesized shifts in mechanics between these two evo-
lutionary endpoints (see below), these changes were
rarely straightforward. Across individual anatomical
traits, there is considerable diversity in the inferred pat-
terns of change, which are frequently nonlinear and tem-
porally asynchronous with one another. Thus, whereas
some aspects of (size-corrected) bony geometry exhibit a
nearly monotonic trend on the line to Theria
(e.g., humeral and femoral head widths, IF insertion on
the femur; Figures 6a,e and 8c), many others exhibit
reversals at some point along the stem lineage, even if
only transient (e.g., diaphyseal robustness and asymme-
try, entepicondyle breadth, deltopectoral crest extent and
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depth, puboischiofemorales insertion on the femur; Fig-
ures 5, 7a,c,d and 8a,b). In addition to the asynchronous
timing of anatomical shifts, few of the metrics examined
here appear to reach (size-corrected) therian-like propor-
tions prior to the origin of Theria itself. In some
instances, therian-like levels are reached as early as Ther-
iodontia (e.g., femoral condyle beveling, ectepicondylar
width; Figures 6g and 7b), whereas in others, they are
not reached wuntil the appearance of Theria
(e.g., epiphyseal widths, deltopectoral crest depth;
Figures 6b-d and 7d). As evidenced by the humerus and
femur, assembly of the collective suite of traits ancestral
for crown Theria was apparently piecemeal, protracted,
and relatively late in its completion (see also Bishop &
Pierce, 2024c; Brocklehurst et al., 2025; Jones
et al., 2024).

Taken at face value, these patterns imply functional
mosaicism, wherein various synapsid lineages explored
subtly different “styles” of locomotor mechanics on the
line to Theria. Such diversity in locomotor evolution is
particularly well illustrated by Anomodontia, which
exhibited a combination of trends that both paralleled
(e.g., femoral condyle beveling, deltopectoral crest extent;
Figures 6g and 7c) and strongly departed from
(e.g., humeral diaphyseal robusticity, femoral diaphyseal
asymmetry; Figures 5a,c,e,g and 9b) those reconstructed
for the therian stem lineage. As a long-lived, highly
diverse clade of non-mammalian synapsids (Angielczyk
& Kammerer, 2018; King, 1988, 1990), a relatively large
sampling of anomodonts was possible in the present
study, facilitating an assessment of how individual clades
may follow their own evolutionary trajectory once split-
ting from the main stem lineage. Future investigation is
warranted to determine how these divergent evolutionary
trajectories correspond to differences in locomotor
mechanics between anomodonts and other non-
mammalian synapsid clades.

4.2 | Transformations related to bone
loading regime

Humeral and femoral diaphyseal dimensions generally
decrease from early synapsids to therians (Figure 5):
later-diverging taxa tend to possess less robust bones. All
else being equal, bones with more robust diaphyses have
a greater resistance to applied bending and torsional
moments (Biewener, 1992; Currey, 2002; Wainwright
et al., 1976), although resistance to axial loads remains
unaltered (assuming equal cross-sectional areas of corti-
cal bone; see below). More robust bones are therefore bet-
ter suited to postures, kinematics, and muscle control
patterns that engender forces less aligned with the long-
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axis of the bone, a scenario typifying sprawling locomo-
tion among quadrupeds (Blob, 2000, 2001; Blob &
Biewener, 2001; Butcher & Blob, 2008; Hutchinson &
Gatesy, 2000; Sheffield et al, 2011; Sheffield &
Blob, 2011). Although bending is experienced across a
diverse array of extant taxa, marked torsional loading
appears to primarily be a characteristic of sprawled loco-
motion (Blob et al., 2014; Blob & Biewener, 1999; Butcher
et al., 2008; Sheffield et al., 2011; Sheffield & Blob, 2011;
Young et al., 2017), and independently also in bipedal
birds (Biewener et al., 1986; Carrano & Biewener, 1999;
Main & Biewener, 2007). Torsion induces shear stress,
the form of stress that bone tissue tends to be weakest in
(Currey, 2002), and hence diaphyseal geometry may pref-
erentially be optimized to resist torsional loading over
bending or axial compression (Bishop et al., 2018b;
Blob, 2000; Doube et al., 2012). Given these consider-
ations, the evolutionary reduction of diaphyseal robusti-
city on the line to therians is consistent with a posture-
mediated shift in bone loading mechanics within synap-
sids, from torsion- to bending- and compression-
dominant.

In contrast to overall dimensions, observed diaphyseal
asymmetry in the humerus (HDA) and femur (FDA) is not
consistent with the expected shift from torsion- to bending-
dominant loading (Figure 9a,b). If bending loads are more
prevalent, basic beam theory would lead to the expectation
that diaphyses should be more asymmetric (less circular)
in cross-section, with the “major axis” of the section, corre-
sponding to minimal second moment of area, aligned with
the direction of bending (Beer et al., 2012; Wainwright
et al., 1976). Yet, HDA does not appreciably change across
the span from early synapsids to crown therians. Further-
more, FDA decreases from Eutherapsida to Eucynodontia
(i.e., the femoral diaphysis becomes more circular), a result
broadly mirroring the observations of Blob (2001; made on
a smaller sample of specimens and taxa), and more broadly
exhibits a small net decrease across the entire span from
basal synapsids to crown therians. This parallels the obser-
vation noted in Section 1, that extant sprawling saurians
and erect carnivorans show little difference in FDA
(Bertram & Biewener, 1990; Blob, 2000). Moreover, experi-
mental studies highlight that diaphyseal shape (asymmetry,
in this case) may not always be a reliable indicator of the
nature of in vivo bone loading or bending direction
(Bertram & Biewener, 1988; Biewener & Taylor, 1986;
Butcher et al., 2008; Demes et al., 1998, 2001; Lieberman
et al., 2004; Main & Biewener, 2004; Pearson &
Lieberman, 2004; Wallace et al., 2014). Interpretations of
the significance of stylopod external diaphyseal shape in
extinct synapsids, especially asymmetry and the axis of
maximal bending strength, should therefore be made with
great caution, or perhaps avoided altogether.
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4.3 | Transformations related to
alignment of joint and muscle forces

In a similar fashion to the diaphyses, humeral and femo-
ral epiphyseal dimensions generally decrease from early
synapsids through to therians (Figure 6a—f). The width of
the ends of a bone, especially the articular surfaces, influ-
ences the capacity for joint moment control by active and
passive forces, but can also influence the possible range
of joint mobility (Currey, 2002). The observed trends
toward more gracile stylopod epiphyses thus probably
indicate progressively increased joint mobility at the
expense of reduced efficacy of passive contributions (via
ligaments or bony stops) to joint moment balance, espe-
cially in terms of long-axis rotation (see also Bishop
et al., 2023 for a discussion of “hard” and “soft” mecha-
nisms of joint control). This likely required compensation
by a greater reliance on active forces from the muscula-
ture. The phyletic trend toward a lower efficacy of (and
reduced reliance upon) passive joint control could also be
facilitated by a reduced need for the control of off-axis
moments in the first instance, whereby the external joint
moments induced by gravity and limb motions are better
aligned with the axes about which musculature is suited
to functioning. The most straightforward way this could
be achieved is by bringing limb bones, limb motions, and
internal and external forces more into alignment with a
single common plane, the parasagittal plane.

Such a scenario appears particularly relevant to the
knee joint, where most muscles are suited principally to
controlling flexion-extension moments. In addition
to reducing epiphyseal breadth, the distal femoral con-
dyles become less beveled (skewed) over time, with a
therian-like level of minimal beveling attained as early as
eutheriodonts (Figure 6f). Although skewed joint orienta-
tions are relevant to keeping the pes facing anteriorly
during locomotion in sprawled poses (Rewcastle, 1980,
1983), they also partition external joint moments across
multiple anatomical axes; or conversely, they enable
muscular forces to contribute to moment control about
multiple axes. Reduction of beveling of the distal femur,
in tandem with a reduction in epiphyseal breadth, may
therefore be interpreted as also being linked to a greater
alignment of knee external joint moments with the direc-
tion of muscular forces, which are best suited to control-
ling flexion-extension moments. A similar argument can
also be made for the elbow joint. Again, as external joint
moments become more aligned with the flexion-
extension plane, the need for generating stabilizing
moments in abduction-adduction or long-axis rotation
reduces, in turn reducing the need for bony geometry
supporting those requirements, such as large ent- and
ectepicondyles (Fujiwara & Hutchinson, 2012; Nakai &
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Fujiwara, 2023). Nevertheless, within stem therians, the
humero-ulnar joint developed a characteristic trochlear
morphology, probably conferring a novel level of passive
stability to the elbow against motions away from the
flexion—extension plane (Jenkins Jr., 1973).

Despite these overarching trends from early synapsids
to crown therians, the distal humerus experiences a notable
increase in breadth throughout non-mammalian cynodonts
(Figure 6d). Although articular surface breadth transiently
increases in basal cynodonts (Figure 6b), the primary driver
of this pattern appears to be sustained re-expansion of the
entepicondyle, with advanced probainognathians posses-
sing some of the broadest entepicondyles across the whole
sample (Figure 7a, asterisk). As the entepicondyle broadens
far more than the adjacent radio-ulnar articular surface,
this suggests that the proximate driving factor was not sim-
ply related to passive maintenance of stability at the elbow
joint. Instead, given that the entepicondyle serves as the
origin for the forearm flexor muscles (Bishop &
Pierce, 2024a), its expansion implicates enhanced muscular
control of wrist flexion, and possibly also forearm prona-
tion, either through larger muscle volumes (strength) or
moment arms (leverage). One plausible reason for such
enhanced muscular control is increased use of the fore-
limbs in digging or other forceful behavior. Greatly
expanded entepicondyles frequently typify the humerus of
extant fossorial mammals (e.g., Edwards, 1937; Gambaryan
et al., 2015; Warburton, 2006), as well as those of some
dicynodonts widely regarded as fossorial (Cluver, 1978;
Cox, 1972). Indeed, some cynodonts are presumed to have
used, if not directly dug, burrows in the Triassic (Damiani
et al, 2003; Fernandez et al., 2013; Groenewald
et al., 2001). Accordingly, fossorial habits appear to have
left a significant overprint on the trend of humeral evolu-
tion along the therian stem.

4.4 | Transformations related to
shoulder and hip musculature

The reorganization of fore- and hindlimb musculature in
synapsids on the line to mammals has a long history of
investigation (see Bishop & Pierce, 2024a, 2024b and ref-
erences cited therein), as does the potential functional
consequences of evolutionary shifts in muscular anatomy
(e.g., Bishop & Pierce, 2024c; Boonstra, 1967;
Colbert, 1948; Gregory, 1926; Guignard et al., 2019; Jen-
kins Jr., 1971b; Kemp, 1978, 1982; King, 1981; Ray, 2006;
Sullivan et al., 2013). Yet, the direct connection between
changes in muscle function and modifications of humeral
or femoral structure itself has been little addressed
(e.g., Brocklehurst et al., 2025; Guignard et al., 2019; Jen-
kins Jr.,, 1971b; Kemp, 1982; Sullivan et al., 2013).
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Without additional information on habitual limb pos-
tures, transformation in the function of specific muscles
on the line to mammals cannot be discerned from the
results of the present study alone. Nevertheless, impor-
tant insights can be gained into the efficacy of key hip
and shoulder muscles in performing their functions,
whatever those may be. A temporary increase in the dis-
tal extent of the deltopectoral crest of the humerus in
advanced therapsids and non-prozostrodontian cyno-
donts, and independently in dicynodont anomodonts
(Figure 7c), indicates increased mechanical advantage for
the pectoralis, the primary depressor of the shoulder.
This would tend to produce more forceful, but slower,
movements, and is consilient with the inferred increased
use of the forelimbs in digging or related behaviors in
cynodonts (see above). A long-term trend of decreasing
height of the deltopectoral crest along the stem lineage
(Figure 7d) indicates that the pectoralis had reduced
capacity for effecting long-axis rotation of the humerus,
irrespective of how it contributed to controlling forelimb
elevation-depression (Brocklehurst et al., 2022). As noted
above, attachments for the supracoracoideus and subsca-
pularis muscle masses progressively expand along the
stem lineage (Figure 7e), prior to the first osteological
indicators of supracoracoideus reorganization around
Cynodontia (Bishop and Pierce, 2024a). This discord may
indicate subtle changes in supracoracoideus arrangement
or function in advanced “pelycosaurs” and non-cynodont
therapsids (e.g., increased size and importance), prior to
a more pronounced transformation within cynodonts,
but such interpretation must await quantitative testing
via mechanistic, musculoskeletal modeling approaches
(Bishop et al., 2021; Bishop & Pierce, 2024c; Brocklehurst
et al., 2022).

In the hindlimb, the apices of the anteroventral and
greater trochanters (or their homologous areas of muscle
attachment) show a common long-term trend, becoming
progressively more proximally positioned on the femur
on the line to Theria (Figure 8a,c). This does not clarify
shifts in differential muscle control strategies, but does
indicate a collective trend toward the execution of faster,
but less forceful, movements in stance and swing phase,
particularly in the dorsoventral and anteroposterior
directions. Changes in the height of the anteroventral tro-
chanter can be reconciled with reconfiguration of the hip
musculature in cynodonts (Figure 8b; Bishop &
Pierce, 2024b). In the anomodont lineage, recovered
trends for the anteroventral trochanter (“internal tro-
chanter”) should be viewed with some caution, as the
trochanter is typically poorly expressed, if at all, in most
dicynodonts (Bishop & Pierce, 2024b). Changes in the
height of the greater trochanter (Figure 8d) are difficult
to interpret in isolation, since this may affect the efficacy
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of the IF mass in generating movement about multiple
axes, including long-axis rotation. Again, a quantitative
assessment via musculoskeletal modeling can clarify the
situation. Lastly, it is worth noting that an additional
femoral trochanter evolved within Mammaliaformes, the
third trochanter, which persists in many extant mammal
groups (Bishop & Pierce, 2024b). The third trochanter
was not measured in the present study, but in many
extant placentals (e.g., rodents, lagomorphs, tupaiids, and
perissodactyls), it is more laterally positioned with
respect to the femoral head compared to the greater tro-
chanter. This may mean that in these taxa the attaching
muscle (gluteus maximus) plays a greater role in effecting
hip abduction (elevation) or long-axis rotation in relation
to those muscles inserting on the greater trochanter (glu-
teus medius and minimum, and potentially others).

4.5 | Transformations related to body
mass and its distribution

While only semi-quantitative, the reconstructed pattern of
(logarithmically transformed) body size along the therian
stem lineage obtained here is in general agreement with
prior assessments (Brocklehurst & Brink, 2017; Hellert
et al., 2023; Kaiuca et al,, 2024), illustrating a long-term
decrease from a peak around early therapsids toward crown
Theria. Perhaps the most noteworthy aspect is a small, tran-
sient increase around Eucynodontia (Figure 9d.e, star),
interrupting an otherwise sustained trend of miniaturiza-
tion from Neotherapsida to Mammaliamorpha, a pattern
that was also recovered by Kaiuca et al. (2024) in an assess-
ment of cranial, mandibular, and postcranial dimensions
across cynodonts. This transient increase reflects the fact
that many basal eucynodonts (including Cynognathus, Dia-
demodon, Trucidocynodon, Aleodon, and Chiniquodon) are
among the largest known of all non-mammalian cynodonts
(Kaiuca et al., 2024). On current evidence, the origin of
Eucynodontia is inferred to approximately coincide with
the Permian-Triassic mass extinction (Figures S1-S3),
which saw a temporary reduction in eutheriodont body
sizes via selective extinction of medium- and large-bodied
carnivorous taxa (Huttenlocker, 2014). This invites specula-
tion as to whether the associated ecological upheaval tem-
porarily paused, or even reversed, selection pressures acting
on the stem lineage, leading to a minor radiation of larger-
bodied taxa. Additional fossil material of basal eucynodonts,
especially from the earliest Triassic, would prove highly use-
ful in testing this scenario. Just as importantly, increased
efforts to derive reliable estimations of absolute body mass
in non-mammalian synapsids, which work well across a
diversity of body forms, will increase the quantitative rigor
of such analyses (Wright et al., 2024).
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The overall trend reconstructed for RDR (Figure 9c) is
consistent with an inferred anterior shift in the whole-
body center of mass on the line to therians: the humerus
becomes more robust as it supports a progressively greater
portion of body weight. Therian-like values of RDR appear
as early as theriodonts, consistent with the strongly
reduced tails and very large heads of many of these ani-
mals (Broili & Schroder, 1935; Colbert, 1948; Fourie &
Rubidge, 2007, 2009; Kemp, 1986; Pravoslavev, 1927;
Tatarinov, 2004; von Huene, 1950; Watson, 1931). While
the present results suggest that RDR is a faithful proxy of
body mass distribution, its accuracy or precision as a pre-
dictor remains to be demonstrated. Such an exercise would
first require the creation of volumetric models for quanti-
tative estimation of whole-body center of mass position in
a diverse array of taxa (Bishop et al, 2020; Morato
et al.,, 2008; Romano & Manucci, 2021; Romano &
Rubidge, 2021; Wright et al., 2024). Until such a demon-
stration is made, minor phyletic increases or decreases in
RDR, such as those occurring in non-mammalian cyno-
donts (Figure 9c), should be interpreted tentatively. Small
node-to-node differences may indicate subtle shifts in
whole-body center of mass location or alternatively indi-
cate variable locomotor behavior or diverse, ecologically
relevant functions of the limbs (e.g., digging; see above).

4.6 | Caveats
Two important sets of limitations should be borne in
mind when considering the results of the present study.

4.6.1 | Measurements
The primary data underpinning this study are measure-
ments of external bone dimensions. In less well ossified
specimens, the measurements made may be significant
underestimates of the true dimensions of the bone. For
example, humeral tuberosities or ent- or ectepicondyles
may be furnished with fibrocartilage, and proximodistal
bone length (used here to normalize the majority of mea-
surements) will be greater in vivo due to extensions of
hyaline cartilage (Holliday et al., 2010; Molnar, 2021;
Tsai & Holliday, 2015). Systematic errors may thus exist
in comparisons involving taxa of markedly varying levels
of ossification (consider dicynodonts v. sphenacodontids).
Although Monte Carlo simulations suggest that the broad
phyletic trends identified here would be robust to such
error, interpreting finer-scale changes may be more sub-
ject to uncertainty.

Irrespective of ossification status, the measurements
of bone geometry examined here only concern the
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external dimensions of the humerus and femur.
Although these can provide insight on various biome-
chanically relevant aspects of locomotor behavior, inter-
nal geometry will also contain functionally relevant
information. For instance, the amount and distribution
of cortical bone in the diaphyses is intimately related to a
bone's resistance to loading (e.g., cross-sectional area, sec-
ond moments of area; Biewener, 1992; Currey, 2002;
Wainwright et al., 1976), and the three-dimensional
architecture of cancellous bone in the epiphyses is
strongly linked to the pattern of joint loading experienced
in vivo (Bishop et al., 2018; Kivell, 2016; Pontzer
et al., 2006). These aspects could vary significantly and
not be detectable from external dimensions alone. Inclu-
sion of internal geometry data could lead to an enriched,
more nuanced assessment, yet obtaining a comprehen-
sive dataset across the broad suite of taxa considered here
would be a very large and expensive undertaking, requir-
ing x-ray computed tomographic scanning or destructive
physical sectioning. This is clearly not practical for many
of the taxa studied here, and indeed, first-hand experi-
ence with the former method indicates that insufficient
contrast between bone and matrix infill (necessary for
the resolution of internal geometry) may sometimes not
be attainable in many Permian-aged fossil specimens,
without advanced scanning techniques such as phase-
contrast  synchrotron tomography (e.g., Benoit
et al., 2024; Sanchez et al., 2013).

4.6.2 | Sampling

Although the present study provides the most comprehen-
sive survey of stylopod evolution in non-therian synapsids
to date, it is nevertheless limited by the practicalities of
sampling an incomplete fossil record. In several parts of
synapsid phylogeny, it was not possible to measure the
earlier-diverging members of a given clade, which
becomes critical when said taxa are smaller than their
later-diverging relatives. For example, smaller, earlier-
diverging anteosaurids (Dinocephalia), gorgonopsians, and
non-dicynodont anomodonts are veritably absent from the
study, as they are thus far inadequately represented by
postcranial remains (e.g., Kammerer, 2011; Kammerer &
Masyutin, 2018; Liu et al., 2010; Rubidge & Hopson, 1996).
This may have important consequences for interpretations
of the evolution of body size, wherein the true pattern is
more subdued compared to the pattern recovered here
(Figure 9d), at least for certain nodes on the therian stem
lineage. Furthermore, analysis of most of the metrics
examined here involves accounting for body size, and
inadequate sampling of smaller, earlier-diverging taxa may
bias ASRs of these metrics. This may explain the current
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results for certain diaphyseal dimensions, wherein basal
therapsids are reconstructed as more robust than advanced
“pelycosaurs” (Figure 5d,e,g). A similar scenario possibly
explains basal mammals being reconstructed as more
robust than advanced non-mammalian cynodonts
(Figure 5c,e,g), with the fossorial monotremes (extant) and
Haldanodon (extinct mammaliaform) biasing reconstruc-
tions for the Mammalia node. Sampling limitation may
also produce the opposite effect, as in the case of less
robust humeral dimensions at Mammaliaformes compared
to preceding or succeeding nodes on the stem lineage
(Figure 6). Rather than indicative of a transient trend
reversal, this may be a symptom of limited sampling,
wherein morganucodontids are anomalously gracile and
most other early mammaliaform postcranial remains are
presently too poorly preserved for reliable three-
dimensional measurement.

A second sampling-related issue pertains to the pre-
ponderance of nodes in the cynodont part of the stem lin-
eage which are subtended by individual species, rather
than multi-species clades (Figure 1). ASRs at these partic-
ular nodes will be more influenced by variation in the
traits exhibited by the adjoining species, since variation
among the members of larger clades tends to be
smoothed out. Reconstructed patterns of evolution will
hence be more sensitive to variation among individual
taxa, resulting from, for instance, ecological diversifica-
tion. The node-to-node jitter often observed in recon-
structions for the cynodont part of the stem lineage
(cf. Figures 5-9) is likely attributable, at least in part, to
this “singleton taxon” effect.

5 | CONCLUSION

An extensive survey of external dimensions of synapsid
humeri and femora has provided the opportunity to
address several important changes in locomotor biome-
chanics inferred to have taken place on the line to the-
rian mammals. Exploring the evolution of bone
proportions along the therian stem lineage has necessi-
tated the development of a new method that accounts for
the effect of size at the level of individual species. The
underlying logic of this approach can be extended to a
wide range of traits beyond bone proportions, including
those expected to scale with length at exponents very dif-
ferent from one (e.g., areas, volumes, moments of inertia,
etc.). The approach employed by the present study there-
fore provides a novel framework for investigating other
major functional transitions in vertebrate evolution
through the lens of individual bone morphology.
Evolutionary transformation of humeral and femoral
proportions is broadly consistent with many functional
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changes inferred to have taken place between basal syn-
apsids and crown therians. Nevertheless, the pattern of
transformation between these two endpoints can scarcely
be regarded as linear. Broad patterns of change from
basal synapsids to crown therians are frequently over-
printed by nuances or trend reversals in various parts of
synapsid phylogeny, especially within non-mammalian
cynodonts and dicynodont anomodonts (cf. Bishop &
Pierce, 2024c; Brocklehurst et al., 2025; Lungmus &
Angielczyk, 2021), potentially indicating greater ecologi-
cal specialization and diversification within these groups.
In addition, stylopod proportions that typify therians as a
whole are frequently not achieved until crown Theria
itself. These results further paint a complex history of
functional evolution in the synapsid fore- and hindlimb,
with different clades or grades exploring different “styles”
of locomotor function on the line to mammals, and with
a therian “style” of locomotor function appearing rela-
tively late in synapsid evolution (Bishop & Pierce, 2024c;
Brocklehurst et al., 2025; Jones et al., 2024; Lungmus &
Angielczyk, 2021).
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