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Abstract

The musculoskeletal configuration of the mammalian pectoral limb has been heralded as a key anatomical

feature leading to the adaptive radiation of mammals, but limb function in the non-mammaliaform cynodont

outgroup remains unresolved. Conflicting reconstructions of abducted and adducted posture are based on

mutually incompatible interpretations of ambiguous osteology. We reconstruct the pectoral limb of the Triassic

non-mammaliaform cynodont Massetognathus pascuali in three dimensions, by combining skeletal morphology

from micro-computed tomography with muscle anatomy from an extended extant phylogenetic bracket.

Conservative tests of maximum range of motion suggest a degree of girdle mobility, as well as substantial

freedom at the shoulder and the elbow joints. The glenoid fossa supports a neutral pose in which the distal

end of the humerus points 45° posterolaterally from the body wall, intermediate between classically ‘sprawling’

and ‘parasagittal’ limb postures. Massetognathus pascuali is reconstructed as having a near-mammalian

complement of shoulder muscles, including an incipient rotator cuff (m. subscapularis, m. infraspinatus,

m. supraspinatus, and m. teres minor). Based on close inspection of the morphology of the glenoid fossa, we

hypothesize a posture-driven scenario for the evolution of the therian ball-and-socket shoulder joint. The

musculoskeletal reconstruction presented here provides the anatomical scaffolding for more detailed

examination of locomotor evolution in the precursors to mammals.

Key words: forelimb; mammals; musculoskeletal function; postural evolution; range of motion; shoulder girdle;

synapsids.

Introduction

Today’s mammals show disparate locomotor modes, com-

prising cursorial, fossorial, aquatic, and even volant forms

(Hildebrand, 1989; Fischer et al. 2002; Vaughan et al. 2013).

These varied lifestyles are supported by modifications of

the pectoral limb into anatomical structures as diverse as

wings and flippers. The evolution of the therian-style shoul-

der girdle and forelimb – mobile scapula, ball-and-socket

gleno-humeral joint, ‘parasagittal’ limb posture – has been

suggested as a key innovation leading to the adaptive radi-

ation of the clade (Polly, 2007). Morphological diversifica-

tion of this anatomical module began early on in

mammalian evolution (Ji et al. 2006; Luo et al. 2017; Meng

et al. 2017), predating the emergence of the crown group

(Luo, 2007). Accordingly, interpreting morphological and

functional transformation of the pectoral limb in the sister

group to mammals is key to understanding their remark-

able success.

The non-mammaliaform cynodonts (henceforth referred

to simply as ‘cynodonts’) offer a glimpse of an ancestral

condition from which mammalian locomotion evolved. The

osteology of the cynodont pectoral girdle and forelimb is

well known from the fossil record, and does not appear to

have been particularly disparate; in a series of papers, Jenk-

ins (1970a, 1971a) synthesized a number of descriptions and

posited that most cynodonts shared a common appendicu-

lar morphology, and presumably similar locomotor behav-

iors. In contrast to the hip articulation, where a socket-like

acetabulum clearly circumscribed the range of motion

(Jenkins, 1971a), the cynodont gleno-humeral joint pos-

sessed the relatively unconstrained, hemisellar architecture

on which late Permian archosaurs, lepidosaurs, and
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synapsids converged (Jenkins, 1993) – the typical mam-

malian ball-and-socket articulation did not appear until the

Jurassic theriimorphs (Ji et al. 1999; Luo, 2015). Multiple

reconstructions of the cynodont pectoral limb have been

advanced, drawing on skeletal morphology (Watson, 1917;

K€uhne, 1956; Bonaparte, 1963; Jenkins, 1970b, 1971a;

Kemp, 1980a,b; Oliveira & Schultz, 2016) as well as muscle

anatomy as inferred from osteology and homology to

extant taxa (Gregory & Camp, 1918; Romer, 1922).

Two competing hypotheses of cynodont posture and

locomotion have emerged, with discrepancies centered on

divergent interpretations of shoulder mobility, and the

position occupied along the classic sprawling-to-upright

continuum of tetrapod posture (Gatesy, 1991; Reilly & Elias,

1998). A cornerstone of the upright, or adducted, postural

view, is Jenkins’ work on Massetognathus pascuali, a traver-

sodontid cynodont from the Triassic Cha~nares Formation of

Argentina (Romer, 1967; Jenkins, 1970b). As a member of

Cynognathia, the sister group to the anatomically compara-

ble probainognathians that gave rise to mammals (Ruta

et al. 2013), M. pascuali is a reasonable exemplar of early

Mesozoic cynodont organization (Liu & Olsen, 2010) and

represents one of the last major transformational steps

towards the mammalian condition. Based on the postcra-

nial skeleton ofM. pascuali, Jenkins advanced a two-dimen-

sional reconstruction in a crouched, adducted pose with

posteriorly directed elbows, reminiscent of a small,

short-limbed therian (Jenkins, 1970b). Working from cynog-

nathian (Cynognathus) and probainognathian (Trucidocyn-

odon) material, Watson (1917) and Oliveira & Schultz (2016)

arrived at similarly therian-like interpretations of posture

and locomotion across eucynodonts.

On the other hand, Kemp’s (1980a, b) reconstructions of

the basal Late Permian cynodont Procynosuchus and the

Middle Triassic traversodont Luangwa depicted the sprawl-

ing, abducted posture thought to be plesiomorphic for

amniotes. The humerus is held perpendicular to the ani-

mal’s sagittal plane, and the main stride component is fur-

nished by protraction and retraction of the humerus

around a dorsoventral axis. Kemp posited that the basic

structure and function of the forelimb remained

unchanged between the Permian and Triassic cynodonts,

and that the limb and girdle transformations leading to

adducted posture were restricted to later, more crownward

taxa. The close phylogenetic relationship between Masse-

tognathus and Luangwa (Liu & Abdala, 2014) means we

currently have a reconstruction with abducted posture in

one traversodont and adducted posture in another. The

equivocal osteology of the cynodont pectoral girdle has so

far precluded consensus on forelimb function, hindering a

deeper understanding of locomotor evolution in this impor-

tant clade.

Here we revisit cynodont forelimb morphology and func-

tion using modern computational methods to add a third

dimension (3D) to this classic problem. Using digital models

of fossil material derived from micro-computed tomogra-

phy (lCT), we interactively assess articular function at the

shoulder and elbow joints (e.g. Pierce et al. 2012; Nyakatura

et al. 2015). Further, we reconstruct the origins and inser-

tions of the shoulder musculature using an updated,

extended extant phylogenetic bracket, and map them onto

the 3D pectoral limb skeleton of Massetognathus pascuali.

The result is a robust, three-dimensional reconstruction that

will form the basis of future biomechanical analyses using

musculoskeletal modeling techniques (e.g. Hutchinson et al.

2005, 2015; Bates & Schachner, 2012) to probe the link

between skeletal motion and muscle function.

Materials and methods

lCT scanning and segmentation

A nodule containing the nearly complete, articulated remains of M.

pascuali (MCZVP 3691) from the Museum of Comparative Zoology

(Harvard University, USA) was scanned using a Nikon Metrology (X-

Tek) HMXST225 MicroCT unit located at Harvard University Center

for Nanoscale Systems. Scanning parameters were 175 kV 46 lA,

with a 0.01-mm copper filter and a final voxel size of 127.22 lm.

The lCT data were imported into MIMICS v18 (Materialise NV, Leuven,

Belgium) for segmentation. Pectoral girdle (interclavicle, clavicles,

scapulocoracoids) and forelimb (humeri, radii, ulnae) skeletal ele-

ments were identified and assigned individual masks, from which

high-resolution 3D meshes were computed and exported for

smoothing and repair (Fig. 1).

Bone repair

The pectoral limb exhibited no overall distortion, but certain bones

had suffered taphonomic fracture, necessitating repairs to their dig-

ital models. Fragments were manually aligned, using contralateral

elements as reference. In the case of the humerus, radius, and clavi-

cle, damage to opposing ends of the left- and right-side elements

was remedied by taking the intact end of one element, mirroring it,

and grafting it onto the opposing end of its counterpart. Small gaps

were filled using the ‘Wrap’ and ‘Surface Reconstruction’ algo-

rithms in 3-MATIC v10 (Materialise NV, Leuven, Belgium), and larger

breaks were bridged and smoothed over using digital sculpting

tools in Autodesk MUDBOX (Autodesk, Inc., San Rafael, CA, USA). As

we were unable to locate all of the fragments of the interclavicle,

we modeled missing segments based on the preserved cranial por-

tion, other eucynodont interclavicles in the MCZ collections, and

Jenkins’ (1970b, 1971a) description of the same element in other

cynodonts.

The repaired bone meshes were smoothed and re-wrapped in

MESHLAB (ISTI-CNR, Pisa, Italy) to eliminate artifacts introduced in

scanning and segmentation while preserving potentially informa-

tive surface texture. To reduce noise, we performed a Poisson sur-

face reconstruction (Hoppe, 2008), which takes the vertex

coordinates of the original mesh and outputs an optimized, re-tri-

angulated mesh. We then applied a single Laplacian smoothing

step (Field, 1988) to correct any remaining polygonal irregularities,

and exported the finished meshes in WAVEFRONT.OBJ format (Wave-

front Technologies, Santa Barbara, CA, USA) for examination and

assembly.
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Re-articulation and rigging

Using 3DS MAX (Autodesk, Inc., San Rafael, CA, USA), centers of

rotation for the acromio-clavicular, humero-radial, and humero-

ulnar joints were determined by fitting spherical primitives to their

opposing articular surfaces and then superimposing the spheres’

centroids in 3D space (Fig. 2). A cylinder was used to model the pla-

nar clavo-interclavicular joint, and an ellipsoid of aspect ratio

24 : 13 was used to model the gleno-humeral joint. Thus articu-

lated, the pectoral girdle and forelimb skeleton were organized as

a kinematic hierarchy, wherein each bone was subordinated to the

reference frame of its proximal neighbor, and inherited all rotations

and translations applied to the latter.

A local joint coordinate system (JCS; Grood & Suntay, 1983)

was defined for each articulation, with joint axes positioned to

reflect anatomically informative rotations. Axes were oriented

following the XYZ rotation order convention, with Z capturing

the axis of greatest expected mobility and X the least (Brainerd

et al. 2010).

Range of motion testing

Limb joint range of motion has been shown to be sensitive to

assumptions of intra-joint spacing (Pierce et al. 2012; Arnold et al.

2014; Nyakatura et al. 2015). To circumvent this, we established an

articular cartilage thickness of 0.25 mm based on relationships for

Fig. 1 Nodule containing the articulated remains of Massetognathus pascuali (MCZVP 3691) (A), with lateral (B) and medial (C) views of pectoral

limb 3D surface models, prior to mesh refinement and repair. MCZVP, Museum of Comparative Zoology, Department of Vertebrate Paleontology,

Harvard.

Fig. 2 Cranial (A), lateral (B), and dorsal (C) views of the articulated left-side pectoral limb of Massetognathus pascuali, showing rotational axes

and primitives used to determine centers of rotation. X, Y, and Z axes as labeled in Table 1. Axis colors: X – Red, Y – Green, Z – Blue.
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mammalian articular cartilage (Simon, 1970). Assuming equal carti-

lage thickness on opposing articular surfaces, we modeled every

joint with a total joint space of 0.50 mm. This value is supported by

the in situ spacing between limb elements in the fossil specimen,

and yielded good agreement between the curvature of opposing

articular surfaces.

Osteological limits to joint motion were assessed by rotating the

distal element of each joint until it collided with another bony sur-

face, and repeating in the opposite direction to give total osteologi-

cal range of motion around each axis. The clavo-interclavicular,

acromio-clavicular, humero-radial, and humero-ulnar joints were

tested only in rotation, but the unusual morphology of the gleno-

humeral joint has been suggested to support coordinated transla-

tion and rotation, in the form of sliding (Jenkins, 1971a) or rolling

(Kemp, 1980b) kinematics. Accordingly, we opted to compare

purely rotational range of motion at this joint against combined

translation-rotation. To do so, we imported the M. pascuali model

into SIMM (Software for Interactive Musculoskeletal Modeling: Delp

& Loan, 1995) and defined kinematic functions linking rotations

around X, Y, and Z (Fig. 2) with translations along those same axes.

The functions were tuned to maintain a constant 0.5-mm offset

between the humeral head and the glenoid fossa. Due to the

unconstrained morphology of the glenoid fossa, we found that

extremes of gleno-humeral rotation could result in disarticulation

of the joint well before a collisional limit was reached. To establish

reasonable physiological limits for this joint, we defined a sec-

ondary constraint criterion of 50% humeral head contact with the

glenoid fossa. Results of range of motion testing are given in

Table 1.

A neutral reference pose was defined, allowing joint rotations

to be repeatedly measured and compared (Brainerd et al. 2010;

Gatesy et al. 2010). The gleno-humeral joint was rotated to the

center of its measured ranges of motion (Fig. 3). Doing so placed

the approximate centroids of the glenoid fossa and the humeral

head in apposition, as has been hypothesized to best approximate

in vivo utilization of joint surfaces during locomotion (Fischer,

1994). The humero-radial and humero-ulnar joints were then

rotated to orient the antebrachium normal to the ‘substrate’.

Notably, MCZVP 3801 preserves the articulated left-side pectoral

limb of a different M. pascuali individual with the shoulder and

elbow similarly flexed, lending support to the viability of this

pose.

Shoulder muscle reconstruction

Prior reconstructions of cynodont musculature have used mono-

tremes (Gregory & Camp, 1918) as well as saurians and therians

(Romer, 1922; Jenkins, 1971b) as bookends to examine conserva-

tion and transformation in muscle anatomy through mammal

Table 1 Pectoral limb joint range of motion in the cynodont Massetognathus pascuali.

Clavo-interclavicular

Z

+/medial rotation (°) �/lateral rotation (°)

35 35

Acromio-clavicular

Z Y X

+/medial roll (°) �/lateral roll (°) +/lateral yaw (°) �/medial yaw (°) +/cranial pitch (°) �/caudal pitch (°)

35 5 20 20 Unrestricted 5

Gleno-humeral

Z Y X

+/abduction (°) �/adduction (°) +/retraction (°) �/protraction (°) +/pronation (°) �/supination (°)

w/o translation 20 20 15 15 15 25

w/ translation 75 45 45 45 35 35

Humero-radial

Z Y X

+/extension (°) �/flexion (°) +/lateral

rotation (°)

�/medial

rotation (°)

+/adduction (°) �/abduction (°)

90 45 Unrestricted Unrestricted 40 40

Humero-ulnar

Z Y X

+/extension (°) �/flexion (°) +/lateral

rotation (°)

�/medial

rotation (°)

+/adduction (°) �/abduction (°)

80 60 Unrestricted Unrestricted 30 30

All measurements are made using 0.5 mm joint space (see text for details).
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evolution. Following this practice, we defined an extended extant

phylogenetic bracket (Witmer, 1995) encompassing a range of

amniotes, and using salamanders as an outgroup (see Table 2 for

the full list of taxa). Due to the paucity of well-delineated attach-

ment sites on the radius and ulna, past studies have largely

focused on muscles crossing the shoulder joint. In the interest of

parsimony and repeatability, we follow suit in limiting our set of

muscles under consideration to only those that span the gleno-

humeral joint. This metric excludes the extrinsic scapular muscles

(such as m. serratus anterior, m. trapezius, and mm. rhomboidei)

that originate on the axial skeleton and insert on the shoulder

girdle, as well as the various flexors, extensors, pronators, and

supinators that originate on the distal humerus and actuate the

distal forelimb. M. latissimus dorsi and mm. pectorales have inser-

tions on the humerus and were included in the analysis despite

their origins on the axial skeleton, due to their presumed first-

order action on the brachium.

Muscle origins and insertions were taken from the primary litera-

ture (see Table 2 for list of references) and reconstructed as likely

present in M. pascuali (level I inference sensu Witmer, 1995) or pos-

sibly present (level II inference). None of the muscles under consid-

eration were determined to be likely absent (level III inference).

Bryant and Seymour’s (1990) study of carnivorans was used as a ref-

erence for muscle attachment type (direct/fleshy, aponeurotic or

tendinous). Osteological correlates such as rugose ridges and fossae

were identified on MCZVP 3691, and compared against other pre-

pared M. pascuali postcranial material (e.g. other individuals in

MCZVP 3691, 3801, 4000, 4001, 4018, and 4037) to confirm observa-

tions; all were found to be consistently present across individuals.

Absence of clear osteological correlates was not considered grounds

for elimination, as muscles inserting directly into periosteum may

not leave a mineralized scar (Bryant & Seymour, 1990). In the

absence of bony scars, we placed attachments on homologous

regions of the bone (Holliday, 2009). Muscles were homologized

with reference to Abdala & Diogo (2010) and Diogo et al. (2009).

Reconstructed muscle attachment areas were then digitally painted

onto the 3D bone meshes using Autodesk MUDBOX, for visualization

and comparison.

Results

An interactive 3D PDF of the left-side pectoral limb of

M. pascuali is included for visualization purposes as Sup-

porting Information Fig. S1, and shows reconstructed mus-

cle attachments in detail.

Neutral reference pose

Digitally reassembling the pectoral limb into a neutral ref-

erence pose (Fig. 3) places the diaphysis of the humerus at

approximately 45° to the animal’s body wall, with the prox-

imal and distal articular surfaces in roughly the same hori-

zontal plane. The anteriorly oriented scapulocoracoid,

posterolateral placement of the glenoid fossa, and caudally

pointing elbows of this pose are broadly consistent with

Watson’s (1917), Jenkins’ (1971a), and Kemp’s (1980a)

reconstructions of traversodont pectoral girdles/limbs.

Jenkins (1971a) contested Watson’s (1917) reconstruc-

tion of the cynodont pectoral girdle, arguing that

angling the scapulocoracoids medially and cranially

would force the humerus into a mechanically untenable

posture while compromising the weight-bearing suspen-

sory function of the extrinsic scapular musculature.

Fig. 3 Orthographic views of the pectoral limb of Massetognathus pascuali in an anatomically neutral reference pose (not in vivo posture), with all

joints rotated to the centers of their measured ranges of motion. The bones depicted comprise the bilateral scapulocoracoids, humeri, ulnae, and

radii, as well as the median interclavicle. Line drawing of M. pascuali adapted from Fig. 9 in Jenkins (1970b).
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Jenkins’ reconstruction orients the scapulocoracoids more

vertically and tilts them outward from the midline; as a

result, the glenoid fossae are directed more ventrally

than in Watson’s reconstruction. Based on our 3D recon-

struction, the geometry of the clavicles and interclavicle

constrains the scapulocoracoids such that the glenoid

fossae must be oriented posterolaterally and slightly ven-

trally, as in Jenkins’ reconstruction.

Joint range of motion

As reconstructed here, the pectoral limb of Massetognathus

pascuali has one possible degree of rotational freedom

(DOF) at the clavo-interclavicular joint, up to three at the

acromio-clavicular joint, and three each at the gleno-hum-

eral, humero-radial, and humero-ulnar joints, for a total of

13 DOF. Table 1 presents measured ranges of motion at

each joint.

The clavo-interclavicular articulation lacks the extensive,

rigid transverse overlap seen in monotremes and trity-

lodonts (Sun & Li, 1985; Sues & Jenkins, 2006; Luo, 2015),

and there are no known instances of synostosis between

these elements in M. pascuali. The planar geometry of the

articular facets constrains mobility at this joint to medial

and lateral rotation of the clavicle around an axis normal to

the interclavicle (Fig. 2; Kemp, 1980b). Clavicular elevation-

depression and long-axis rotation are improbable, as such

movements would require compressive deformation of a

substantial thickness of soft tissue around the joint.

Some degree of mobility at the acromio-clavicular articu-

lation has been hypothesized (Kemp, 1980b), but the extent

of this is difficult to assess in our 3D model ofM. pascuali, as

the acromion is small and likely incomplete. Although the

minimally projecting acromion observed in MCZVP 3691 is

consistent with Jenkins’ (1971a) and Kemp’s (1980a) descrip-

tions of eucynodont scapulocoracoids, MCZVP 4018 contains

a right-side M. pascuali scapulocoracoid with a larger acro-

mion projecting 3 mm cranially in the same plane. Liu

(2007) also documented several traversodont scapulocora-

coids with more prominent acromions, including a juvenile

M. pascuali. We opted not to reconstruct a larger acromion

onto MCZVP 3691; simply extending the existing acromial

surface in a cranial direction is unlikely significantly to

impact collisional range of motion at this simple, convex-

concave articulation, and reconstruction would require

extensive further CT scanning of M. pascuali material. The

distal tip of the clavicle likely presents a shallowly, concave

articular surface that is somewhat congruent with the med-

ial surface of the presumptive acromion. We cautiously pro-

pose that some sliding or translational motion may have

been possible between the clavicle and the acromion, allow-

ing pitch, roll, and yaw rotations around the acromio-clavi-

cular joint, subject to soft-tissue constraints.

The glenoid fossa is dorsoventrally concave and antero-

posteriorly convex, resembling one half of a sellar joint. The

humeral head has an approximately ellipsoidal morphol-

ogy, with the major axis running between the greater and

lesser tubercles. Rotation appears to be somewhat restricted

in the absence of translation, totaling 40° in abduction-

adduction, 30° in retraction-protraction, and 40° in prona-

tion-supination. By contrast, we found greatly increased

mobility around all three rotational axes when allowing for

translation, suggesting – in line with Jenkins (1971a) and

Kemp (1980b) – that the gleno-humeral articulation is a 6

DOF joint.

Moving distally to the elbow, we measured comparable

amounts of total flexion-extension for the humero-radial

and humero-ulnar joints (135° for the former, 140° for the

latter). Both the radius and the ulna are capable of some

amount of abduction-adduction (80° for the radius, 60° for

the ulna), and long-axis rotation of each of these bones is

unrestricted with reference to the neutral pose. In life,

interosseous ligaments and pronator muscles running

between the radius and ulna would likely have constrained

independent movement of these two bones, while permit-

ting coordinated pronation and supination within the maxi-

mum osteological ranges established here.

Muscle reconstruction

The full set of muscles and taxa considered is given in

Table 2, along with primary literature references. A total of

12 muscles were reconstructed for M. pascuali. Individual

muscles and their attachments are discussed in the text

below.

M. latissimus dorsi (Fig. 4)

M. latissimus dorsi appears to be plesiomorphic for tetra-

pods (Romer, 1924) and is present across the phylogenetic

bracket (Table 2). This muscle originates aponeurotically

from the dorsal and thoracodorsal fascia, and sometimes

has multiple costal origins as well (Diogo et al. 2009). It

inserts on the proximodorsal surface of the humeral del-

topectoral crest in all cases except for monotremes, where

the insertion follows the deltopectoral crest distally to ter-

minate on the entepicondyle (Gambaryan et al. 2015).

M. latissimus dorsi in cynodonts is a level I inference, given

its presence on both sides of the bracket. This muscle inserts

adjacent to m. teres major on a linear area running parallel

to the long axis of the humerus (Fig. 4). Based on Cynog-

nathus, Jenkins (1971a) situated the insertion of the cyn-

odont m. latissimus dorsi on a ridge running obliquely

across the dorsal surface of the humerus. He did not iden-

tify a corresponding ridge in Thrinaxodon or Massetog-

nathus, and we are unable to locate this feature on close

examination of the latter. Instead, we follow Watson

(1917), Romer (1922) and Kemp (1980a) in reconstructing a

linear insertion for m. latissimus dorsi running proximodis-

tally along the dorsomedial surface of the humerus,
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terminating on a tuberosity just proximal to the midpoint

of the diaphysis.

M. pectoralis (Figs. 4 and 5)

M. pectoralis is present in all extant tetrapods (Table 2).

Whereas non-mammals may have multiple m. pectoralis

heads (Jenkins & Goslow, 1983), the mammalian pectoralis

complex comprises a cranial, superficial pectoralis major

and a caudal, deeper pectoralis minor (Jenkins & Weijs,

1979). In most mammals, these muscles insert together

along the length of the humeral deltopectoral crest, but in

some taxa (including humans) the pectoralis minor inserts

separately on the coracoid process of the scapula. This is cer-

tainly a derived condition, and for the purposes of this study

we will consider m. pectoralis a single functional unit, with-

out major or minor divisions. Originating from the ventral

midline of all tetrapods on (where present) the interclavicle,

sternal series, and sometimes the medial ends of the costal

cartilages, m. pectoralis inserts on the posteroventral sur-

face or apex of the deltopectoral crest in all cases. Masse-

tognathus pascuali possesses a prominent deltopectoral

crest running slightly more than halfway along the humeral

diaphysis. A ‘cruciate’ interclavicle is plesiomorphic for

synapsids (Jenkins, 1971a) and was considered by Romer &

Price (1940) to give origin to a pectoralis complex via the

paired fossae on the posterior ramus. Relative to its length,

the interclavicle of M. pascuali is considerably broader

mediolaterally than that of pelycosaurs, with a well-marked

posterior ramus and ridge that may represent an expanded

attachment for m. pectoralis (Romer & Price, 1940; Jenkins,

1971a). We reconstruct m. pectoralis as a level I inference,

originating all over the lateral surfaces of the posterior pro-

cess, across the fossae on the posterior ramus, and possibly

also on the caudally facing surfaces of the lateral ridge

(Fig. 5). M. pectoralis inserts as an aponeurosis on the pos-

teroventral surface of the deltopectoral crest of the

humerus, spanning its proximodistal length (Fig. 4).

M. deltoideus scapularis and m. deltoideus clavicu-

laris (Figs. 4, 6 and 7)

M. deltoideus is present in all tetrapods as a scapular divi-

sion (m. deltoideus scapularis) and a clavicular division

(m. deltoideus clavicularis), with mammals gaining an addi-

tional acromial division (m. deltoideus acromialis; Table 2,

Fig. 4 Orthographic views of the left humerus of Massetognathus pascuali, with reconstructed muscle origins/insertions. cp, capitulum; dc, del-

topectoral crest; ec, ectepicondyle; en, entepicondyle; f en, entepicondylar foramen; gt, greater tubercle; h, humeral head; lt, lesser tubercle; th,

trochlea. Reconstructed muscles are listed in legend.
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homology follows Diogo et al. 2009). The acromion appears

to be variably developed in M. pascuali and other cyn-

odonts, and offers no obvious site for muscle attachment

(Jenkins, 1971a; Kemp, 1978); accordingly, we have recon-

structed M. pascuali with only the scapular and clavicular

heads common to all tetrapods.

Like monotremes, the cynodont scapula has a strongly

reflected cranial border (rcb, Fig. 7), which is probably

homologous to the therian scapular spine (Romer, 1922;

Jenkins, 1971a; Kemp, 1980a; Gambaryan et al. 2015). The

caudally facing surface of this border is the likely site of

origin for m. deltoideus scapularis, in agreement with Gre-

gory & Camp (1918), Romer (1922), and Jenkins (1971a),

but contra Kemp (1980a, b), who attributed a broader ori-

gin to m. deltoideus, covering much of the lateral surface

of the scapula in addition to the reflected border. In living

lepidosaurs and crocodylians, m. deltoideus scapularis

takes origin from the cranial or craniodorsal portions of

the lateral scapular surface. The presence of a pronounced

reflected cranial border would functionally divide an

m. deltoideus scapularis spanning the entire lateral sur-

face of the scapula into a posteriorly facing portion and a

laterally facing portion, with uncertain consequences for

its resultant line of action. In the absence of any instances

across the phylogenetic bracket of such a functional divi-

sion, we consider an m. deltoideus scapularis origin

restricted to the reflected cranial border more biomechan-

ically plausible. As in all other tetrapods (Table 2), the cyn-

odont m. deltoideus scapularis inserts in conjunction with

m. deltoideus clavicularis, on the anterodorsal surface of

the humeral deltopectoral crest (Fig. 4).

M. deltoideus clavicularis (sensu Diogo et al. 2009) origi-

nates on the ventral half of the cranial border of the scapula

surrounding the acromion in crocodylians (Meers, 2003), on

the interclavicle extending onto the clavicle in lepidosaurs

(Romer, 1922; Jenkins & Goslow, 1983) and monotremes

(Howell, 1937a; Gambaryan et al. 2015), and solely along

the length of the clavicle in therians (Parsons, 1896; Jenkins

& Weijs,1979; Stein, 1981). The cranial edge of the clavicle

in M. pascuali forms a distinct ridge, which extends into a

protruding, anteriorly directed flange along the distal half

of the bone (cf. Fig. 6). This is the likely origin of m. del-

toideus clavicularis, though it may also extend ventrally

beyond the clavicle to the area of the scapula surrounding

the acromion (not reconstructed). M. deltoideus clavicularis

inserts with m. deltoideus scapularis on the anterodorsal

surface of the humeral deltopectoral crest (Fig. 4).

M. supraspinatus and m. infraspinatus (Figs. 4 and 7)

There is some question as to whether m. supraspinatus and

m. infraspinatus were present as separate, differentiated

muscles in cynodonts, though ontogeny shows that both are

likely derivatives of the m. supracoracoideus present in non-

mammals (Cheng, 1955; Romer, 1956). Some workers regard

themajority of the lateral surface of the cynodont scapula as

an infraspinous fossa for the origin of m. infraspinatus, with

M. supraspinatus occupying the area at the craniolateral

base of the scapula and the caudodorsal half of the procora-

coid, where the ancestral supracoracoideus attached (Gre-

gory & Camp, 1918; Romer, 1922; Jenkins, 1971a). On the

other hand, Kemp (1980a,b) considered the ‘infraspinous

fossa’ an attachment site for m. deltoideus scapularis and

m. teres minor. Under this hypothesis, the ventral procora-

coid area attributed to m. supraspinatus by others would

instead be occupied by an undifferentiated m. supracora-

coideus. This latter interpretationmore closely resembles the

monotreme condition, wherein m. supraspinatus and m. in-

fraspinatus are located at the cranial base of the scapula and

on the procoracoid (Howell, 1937a; Gambaryan et al. 2015).

However, despite theirmore stem-ward position in themam-

mal phylogeny, the suitability of extant monotremes as cyn-

odont analogues may be compromised by modifications for

a fossorial or aquatic lifestyle (Howell, 1937b; Jenkins, 1971a;

Kemp, 1980b). The probable cranial migration of m. del-

toideus scapularis in cynodonts (see above) likely corre-

sponded to a dorsal expansion ofm. supracoracoideus along

the large, laterally facing surface of the scapula, paralleling

its origin from the lateral scapular base and procoracoid of

lepidosaurs and archosaurs (Table 2).

Kemp (1980a) further argued that m. supraspinatus pre-

ceded m. infraspinatus in differentiating from m. supraco-

racoideus, via dorsal migration onto the anteriorly facing

surface of the reflected cranial scapular border. The ventral

border of the clavicle is closely juxtaposed with the dorsal

border of the procoracoid in the neutrally posed pectoral

girdle of M. pascuali (Fig. 3), leaving little space in between

to accommodate such a muscle or its tendon, which in any

case would have had to wrap around the acromion to reach

Kemp’s proposed insertion on the greater tubercle of the

humerus. The anteriorly facing surface of the reflected cra-

nial border was more likely occupied by various extrinsic

muscles inserting on the scapula, such as m. trapezius and

m. levator scapulae, both of which are likely plesiomorphic

for amniotes (Jouffroy et al. 1971; Diogo et al. 2009).

We follow Romer (1922), Gregory & Camp (1918), and

Jenkins (1971a) in reconstructing m. infraspinatus on most

of the lateral surface of the scapula, caudal to the origin of

m. deltoideus scapularis (Fig. 7). This muscle has a tendinous

insertion on a rugosity on the distal portion of the greater

tubercle, between the insertion of m. supraspinatus and the

proximalmost margin of the humeral deltopectoral crest

(Fig. 4). This position is intermediate between the insertion

of m. supracoracoideus in Varanus (Jenkins & Goslow, 1983)

on the proximal border of the deltopectoral crest, and the

insertion of mm. spinati in mammals on the greater tubercle

proper (Leach, 1977; Jenkins &Weijs, 1979; Warburton et al.

2014). An m. supracoracoideus/m. supraspinatus was likely

present in M. pascuali, originating on the rugose area

around the cranial scapular base and the adjoining
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procoracoid (Fig. 7). The presumptive m. supraspinatus

inserts by a tendon on a rugosity on the proximal half of the

humeral greater tubercle, just proximal to the insertion of

m. infraspinatus (Fig. 4).

M. teres minor (Figs. 4 and 7)

According to Diogo et al. (2009), the origins of the mam-

malian m. teres minor are murky, with workers proposing

homology with either m. scapulohumeralis anterior based

on development (Romer, 1944; Cheng, 1955), or m. del-

toideus scapularis based on the co-existence of m. teres

minor with m. scapulohumeralis anterior in extant mono-

tremes (Howell, 1937a; Jouffroy et al. 1971). Presuming

homology with m. scapulohumeralis anterior, Romer (1922)

reconstructed the origin of m. teres minor in cynodonts at

the caudolateral base of the scapula, just cranial to the ori-

gin of m. triceps brachii. Gregory & Camp (1918) and

Fig. 5 Repaired (A, B) and original (C, D)

interclavicle of Massetognathus pascuali in

ventral (A, C) and lateral (B, D) views, with

reconstructed muscle origins/insertions.

Reference images (E) adapted from Jenkins

(1970b) (top, M. pascuali) and Jenkins

(1971a) (bottom left Thrinaxodon, bottom

right unidentified cynodont.) Abbreviations

follow Jenkins (1971a): ap, anterior ridge; cc,

concavity for clavicle articulation; lr, lateral

ridge; pp, posterior ridge; pr, posterior ramus.

Reconstructed muscles are listed in legend.

Fig. 6 Orthographic views of the left clavicle

of Massetognathus pascuali, with

reconstructed muscle origins/insertions. ca,

concavity for articulation with acromion; cf,

clavicular flange; st, rugose striations.

Reconstructed muscles are listed in legend.
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Jenkins (1971a) also placed m. teres minor at the caudolat-

eral base of the scapula, but ventral to the origin of m. tri-

ceps brachii rather than adjacent to it. Following the

deltoid origin hypothesis for m. teres minor, Kemp (1980b)

favored an origin high up near the vertebral border on the

lateral surface of the scapula, recalling the location of this

muscle in monotremes (Howell, 1937a; Gambaryan et al.

2015). Massetognathus pascuali presents no clear area of

origin for m. teres minor on the dorsolateral surface of the

scapula but does possess a scar at the base of the lateral

scapular surface (Fig. 7). We therefore agree with Gregory

& Camp (1918) and Romer (1922) that this was the likely site

of origin for m. teres minor. It is worth noting that this

location is compatible with both hypotheses of origin, via

either ventral differentiation of the deltoid complex or

direct homology with m. scapulohumeralis anterior. In

mammals, m. teres minor inserts via a tendon on the

greater tubercle of the humerus (Howell, 1937a; Leach,

1977; Jenkins & Weijs, 1979; Stein, 1981; Gambaryan et al.

2015). In extant lepidosaurs, m. scapulohumeralis anterior

inserts on the dorsal surface of the humerus near the inser-

tions of m. deltoideus and m. latissimus dorsi (Romer, 1922;

Fig. 7 Orthographic views of the left scapulocoracoid of Massetognathus pascuali, with reconstructed muscle origins/insertions. acr, acromion;

axb, axillary border of scapula; c, coracoid (= metacoracoid sensu Vickaryous & Hall, 2006); cda, caudal angle of scapula; prc, procoracoid fora-

men; g, glenoid fossa; prc, procoracoid; rcb, reflected cranial border of scapula; sb, scapular base; sc, scapula; vb, vertebral border of scapula.

Reconstructed muscles are listed in legend. Muscles are color-coded for visual differentiation, not homology.
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Miner, 1925; Holmes, 1977; Jenkins & Goslow, 1983). We fol-

low Jenkins (1971a) and Kemp (1980b) in placing the inser-

tion of m. teres minor on a short ridge extending parallel

to the long axis of the humerus from the junction of the

deltopectoral crest and the greater tubercle (Fig. 4).

M. subcoracoscapularis/subscapularis (Figs. 4 and 7)

All tetrapods possess either m. subcoracoscapularis or

m. subscapularis in the form of a muscle originating over

much of the medial surface of the scapulocoracoid or sca-

pula (Table 2). In lepidosaurs and monotremes, this muscle

has an additional head originating on the medial surfaces

of the coracoid and the procoracoid (Jenkins, 1971a; Jenkins

& Goslow, 1983; Gambaryan et al. 2015). Regardless of ori-

gin, m. subcoracoscapularis/subscapularis always inserts via

a tendon in the vicinity of the humeral lesser tubercle

(Table 2). M. subcoracoscapularis is found on the medial

side of the scapulocoracoid in all cases except for mono-

tremes, where the subscapular fossa has migrated around

the caudal border of the scapula to face posterolaterally,

exposing the subscapularis in lateral view. The cynodont

scapula exhibits no such torsion, and the presumptive fossa

for m. subcoracoscapularis faces primarily medially, as is the

case for all other tetrapods. We follow Gregory & Camp

(1918), Jenkins (1971a) and Kemp (1980a) in reconstructing

a two-headed subcoracoscapularis originating on the

medial surfaces of the scapula and coracoid (Fig. 7), and

inserting via a tendon on a rugose area at the apex of the

lesser tubercle on the humerus (Fig. 4).

M. teres major (Figs. 4 and 7)

M. teres major (Table 2) is present in crocodylians (Meers,

2003) and all mammals (Howell, 1937a; George, 1977;

Leach, 1977; Jenkins & Weijs, 1979; Stein, 1981, 1986;

Abdala & Diogo, 2010; Gambaryan et al. 2015) but is absent

in lepidosaurs (Romer, 1944; Diogo et al. 2009; Abdala &

Diogo, 2010). Abdala and Diogo (2010) considered m. teres

major a derivative of m. subcoracoscapularis, homologous

across crocodylians and mammals, and secondarily lost in

lepidosaurs and bird-line archosaurs. In therians and croco-

dylians, the origin of m. teres major runs dorsoventrally

along the axillary border of the scapula from the caudal

angle (Fig. 7) or on the lateral surface of the scapula adja-

cent to the axillary border (Howell, 1937a; George, 1977;

Leach, 1977; Taylor, 1978; Jenkins & Weijs, 1979; Stein,

1981; Meers, 2003; Abdala & Diogo, 2010; Harvey & War-

burton, 2010; Gambaryan et al. 2015). In monotremes, the

origin of m. teres major runs craniocaudally along the lat-

eral surface of the scapula, terminating at the caudal angle.

Depending on whether the crocodylian m. teres major is

homologous to that of mammals, m. teres major is either a

level I or a level II inference. In certain cynodonts, such as

Fig. 8 Orthographic views of the left radius (A) and ulna (B) of Massetognathus pascuali, with reconstructed muscle origins/insertions. Note that

the orientations for the radius are slightly rotated from Jenkins (1971a). pr ar f, proximal articular facet; rd nt, radial notch; rt, radial tuberosity.

Reconstructed muscles are listed in legend.
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Cynognathus, part of the axillary border of the scapula is

reflected laterally into a ridge dividing the caudalmost part

of the lateral scapular surface from the infraspinous fossa

(Romer, 1922; Jenkins, 1971a; Liu, 2007). Some workers have

interpreted this clearly demarcated fossa as the origin of

m. teres major (Gregory & Camp, 1918; Jenkins, 1971a). In

other cynodonts, including cynognathians such as Luangwa

(Kemp, 1980b) and M. pascuali, this caudal fossa is absent,

although the scapula does have a somewhat thickened area

on the laterally reflected axillary border (Fig. 7). We follow

Kemp (1980b) in reconstructing m. teres major as a straplike

muscle originating as a narrow strip along this thickened

dorsal region of the axillary border of the scapula (Fig. 7).

M. teres major likely inserted along a ridge running proxi-

modistally along the dorsal surface of the humeral diaphysis

(Fig. 4), parallel to the insertion of m. latissimus dorsi but

slightly proximal (Jenkins, 1971a).

M. coracobrachialis (Figs. 4 and 7)

M. coracobrachialis (Table 2) is present in all extant tetra-

pods as a muscle running from the posterior part of the lat-

eral coracoid surface – with a second head at the

craniolateral base of the scapula in crocodylians (Meers,

2003) – to an insertion on the ventromedial surface of the

humerus, extending onto the posteromedial surface of the

humeral deltopectoral crest (Miner, 1925; Howell, 1937a;

Holmes, 1977; Meers, 2003; Walthall & Ashley-Ross, 2006;

Diogo et al. 2009; Abdala & Diogo, 2010; Gambaryan et al.

2015). While the presence of m. coracobrachialis as a whole

is conserved among tetrapods, its subdivisions and by exten-

sion its distal attachments are not. This muscle exists as

longus, medius, and brevis divisions in most amphibians

(but not all, see Walthall & Ashley-Ross, 2006 and Abdala &

Diogo, 2010). Lepidosaurs have lost the medius division

(Jenkins & Goslow, 1983; Abdala & Diogo, 2010); crocody-

lians have lost all but the brevis division (Meers, 2003);

monotremes seem to have lost either the brevis division

(Diogo et al. 2009) or the medius (Gambaryan et al. 2015);

and therians lose the longus and sometimes also the brevis

(George, 1977; Leach, 1977; Diogo et al. 2009; Harvey &

Warburton, 2010). While the homology of the various

m. coracobrachialis divisions among extant tetrapods is

beyond the scope of this paper, it seems safe to say that

cynodonts probably had some form of m. coracobrachialis.

Here we have reconstructed two origins and two insertions,

representing possible brevis/medius and longus divisions.

Romer (1922) and Jenkins (1971a) considered the cyn-

odont m. coracobrachialis to originate just caudal to m. bi-

ceps brachii within a fossa on the lateral surface of the

coracoid, whereas Gregory & Camp (1918) assigned that

fossa to m. biceps brachii and placed m. coracobrachialis on

the caudal tip of the coracoid instead. Massetognathus pas-

cuali has a well-marked fossa on the coracoid immediately

cranial and inferior to the glenoid, and a smaller, shallower

scar on the procoracoid immediately cranial to the procora-

coid-coracoid suture (Fig. 7). It seems likely that m. coraco-

brachialis originated on the former and m. biceps brachii

on the latter, echoing the arrangement of these muscles in

extant Iguana (Romer, 1922) and Alligator (Meers, 2003). A

second m. coracobrachialis head may have originated on

the lateral surface of the coracoid, caudal and inferior to

the glenoid (Fig. 7). There is no rugosity associated with

m. coracobrachialis medius on the humerus of M. pascuali,

but insertion can reasonably be assumed to have occurred

on the large fossa on the ventromedial surface, with a pos-

sible insertion for m. coracobrachialis longus occurring fur-

ther distal on a ridge near the entepicondyle (Fig. 4),

consistent with past reconstructions (Watson, 1917; Gregory

& Camp, 1918; Romer, 1922; Miner, 1925).

M. biceps brachii (Figs. 7 and 8)

M. biceps brachii is likely an amniote synapomorphy,

derived from m. coracobrachialis (Abdala & Diogo, 2010).

The two heads of this muscle generally originate on adja-

cent areas of the lateral coracoid (Romer, 1922; Miner,

1925; Howell, 1937a; Jenkins, 1971a; Holmes, 1977),

although m. biceps brachii brevis is usually absent in Alliga-

tor (Meers, 2003), and the origin of m. biceps brachii brevis

is shifted caudally to the tip of the coracoid in Ornithor-

hynchus, similar to the condition seen in Tupaia (George,

1977) and Homo (Netter et al. 1989). We follow Romer

(1922) and Jenkins (1971a) in reconstructing an origin for

m. biceps brachii in a depression on the lateral surface of

the procoracoid, cranial to the procoracoid-coracoid suture

and inferior to the procoracoid foramen (Fig. 7). A second

head (m. biceps brachii brevis) may have originated on a

scar on the lateral surface of the coracoid tip (Kemp,

1980b). The m. biceps brachii inserts via a tendon on or

near the radial tuberosity of the radius in all tetrapods

(Table 2) and is reconstructed similarly in M. pascuali

(Fig. 4).

M. triceps brachii (Figs. 4, 7 and 8)

The m. triceps brachii is present in all tetrapods (Table 2).

Despite the name, triceps divisions vary in number from

four in urodeles, lepidosaurs, and mammals (if m. dor-

soepitrochlearis is an m. triceps derivative) to five in croco-

dylians (Diogo et al. 2009; Abdala & Diogo, 2010). Holmes

(1977) and Abdala & Diogo (2010) considered a comple-

ment of four comprising a coracoid head, a scapular head,

and two humeral heads to be plesiomorphic for amniotes.

In extant Iguana, m. triceps brachii coracoideus originates

from a scar on the medial side of the coracoid, close to its

caudal tip, whereas m. triceps brachii scapularis originates

from a scar near the caudal base of the scapula (Romer,

1922). In extant monotremes, m. triceps coracoideus is

absent whereas m. triceps brachii scapularis originates
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along a ridge dividing the infraspinous fossa from the sub-

scapular fossa, a feature likely homologous with the axil-

lary border of the scapula in other tetrapods given the

relocation of m. subscapularis from the medial surface of

the scapula to the posterolateral border (Gambaryan et al.

2015). Massetognathus pascuali has a scar on the caudo-

medial surface of the scapula just superior to the supra-

glenoid buttress, and another on the medial edge of the

caudal tip of the coracoid. We follow Jenkins (1971a) in

reconstructing an m. triceps brachii scapularis on the for-

mer, and a possible m. triceps brachii coracoideus on the

latter (Fig. 7). There is reason to be skeptical about the

presence of m. triceps brachii coracoideus in cynodonts:

Romer (1922) also favored the supraglenoid scar as the

origin of the scapular head of m. triceps brachii but con-

sidered the coracoid head to have been lost, whereas

Kemp (1980a) reasoned that a coracoid head for m. triceps

brachialis is incompatible with an extended, horizontal

humerus, and placed m. biceps brachii at the tip of the

coracoid instead. There are no unambiguous sites of origin

for the two humeral heads of m. triceps brachii on the

humerus of M. pascuali, but these are likely to have origi-

nated somewhere along the medial and lateral surfaces of

the humeral diaphysis as in the case of all tetrapods pos-

sessing them (Table 2), distal to the insertions of m. teres

major and m. teres minor (Romer, 1922). All divisions of

m. triceps brachii insert via a common tendon on the ole-

cranon process of the ulna (Fig. 8).

Discussion

The present study integrates evidence from an extant phy-

logenetic bracket with direct observation of bony features,

and corroborates earlier work (Gregory & Camp, 1918; Jenk-

ins, 1971a) in recovering a near-therian complement of

shoulder-actuating muscles in cynodonts. All but five mus-

cles were reconstructed in M. pascuali as strong level I infer-

ences, with the exceptions being m. pectoralis minor,

m. deltoideus acromialis, m. teres minor, m. supraspinatus,

and m. teres major. The first four are level II inferences, and

the last is either level I or level II, depending on homology.

Of these five muscles, we opted to reconstruct those whose

attachments indicate distinct actions on motions of the

forelimb at the shoulder (m. teres minor, m. supraspinatus,

m. teres major), and omit those with similar actions at the

shoulder to muscles already reconstructed as definitely pre-

sent (m. pectoralis minor � m. pectoralis major; m. del-

toideus acromialis � m. deltoideus scapularis). Our

reconstructed attachment areas encompass both the

excluded potential muscles and their larger neighbors, so

that these muscles may be considered together as func-

tional groups in future biomechanical analyses. Studies of

extant amniotes have shown that osteological correlates to

muscle attachments differ between mammalian and non-

mammalian taxa (Holmes, 1977; McGowan, 1986), being

more likely to manifest as rugosities in the former, vs.

depressions and processes in the latter (Bryant & Seymour,

1990). Massetognathus pascuali exhibits a combination of

well-marked depressions (e.g. m. biceps brachii and m. co-

racobrachialis origins) and rugosities (e.g. rotator cuff and

m. latissimus dorsi insertions), but distinct processes seem to

be rare (coracoid origin of m. triceps brachii, if present). A

mix of mammal-like and non-mammal-like muscle scars is

consistent with the intermediate phylogenetic position of

cynodonts. Notably, several of the muscles reconstructed

(namely, m. pectoralis, m. deltoideus, m. latissimus dorsi,

m. teres major, and m. teres minor) have long, narrow

insertions extending proximodistally along the humeral dia-

physis, raising the question of whether resistance to torsion

in long, flat muscles might present constraints on humeral

movement.

Comparison with previous range of motion

measurements

The mobility of individual joints has not been extensively

documented for the cynodont forelimb, and most workers

have focused on the gleno-humeral joint over more proxi-

mal or distal articulations. Jenkins (1971a) reported 30° of

long-axis rotation and 40° of adduction at the gleno-hum-

eral joint for cynodonts in general, whereas Kemp (1980a,b)

reported 90° of long-axis rotation, nearly 90° of protrac-

tion-retraction (‘from almost transverse to fairly close to

posteriorly directed’), and a ‘reasonable degree’ of abduc-

tion-adduction at the same joint for Luangwa and Procyno-

suchus. Both Jenkins’ and Kemp’s numbers fall close to the

limits reported here, with the exception of Kemp’s long-axis

rotation measurement, which exceeds ours by 20°. The dis-

crepancy between Jenkins’ and Kemp’s measurements may

be phylogenetic, but may also reflect differing assumptions

of joint kinematics. Although both workers hypothesized a

translational component of humeral motion, Jenkins’ values

resemble our rotation-only measurements, whereas Kemp’s

estimates are closer to our combined translation-rotation

measurements (Table 1). Oliveira and Schultz (2016) mea-

sured 70° of abduction-adduction, 15–20° of retraction-pro-

traction, and an unspecified amount of long-axis rotation

at the gleno-humeral joint in Trucidocynodon. Their mea-

surements fall within our maximum ranges, although they

do not report their joint space assumptions and coordinate

systems.

Kemp (1980b) reported over 90° of flexion-extension for

the radius and the ulna at their respective articulations with

the humerus. Oliveira and Schultz (2016) considered the

radius and ulna as a functional unit, and measured over

100° of flexion-extension at the elbow. Oliveira and Schultz

additionally reported 25° of mediolateral rotation at the

clavo-interclavicular joint, and 15° of roll, 25° of yaw, and

30° of pitch at the acromio-clavicular joint. Again, these val-

ues all fall well within our measured ranges (Table 1).
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It should be stressed that the angular ranges reported in

Table 1 represent maximum estimates of joint mobility. It is

well established that extrinsic soft tissues such as ligaments,

joint capsules, labra, muscles, and integument restrict range

of motion in an intact animal to a subset of the mobility

assessed from manipulation of dry bones (Hutson & Hutson,

2012, 2014; Pierce et al. 2012; Arnold et al. 2014); although

the shoulder appears to be less constrained than the hip,

and long-axis rotation seems to be the most affected (Pierce

et al. 2012). The aim of this analysis was to establish reason-

able maximum ranges as a basis for future validation and

refinement, and we fully expect the maximum range of

motion at all joints modeled here to decrease substantially

with the imposition of soft tissue constraints. Radiographic

studies of in vivo joint utilization (e.g. Fischer, 1994; Kambic

et al. 2014) suggest that an even smaller fraction of that

mobility is actually employed during normal locomotion,

with the remaining available joint surface reserved for non-

locomotor behaviors.

Comparison with previous muscle reconstructions

Using mammalian muscle anatomy as reference, Oliveira &

Schultz (2016) reconstructed the pectoral girdle and fore-

limb musculature of Trucidocynodon riograndensis, a Brazil-

ian Triassic eucynodont. The present reconstruction agrees

with theirs in the location of the scapular and humeral

heads of m. triceps brachii, and differs in the relative

arrangement of m. latissimus dorsi and m. teres major

insertions (m. latissimus dorsi inserts distal and medial to

m. teres major in our reconstruction, whereas m. latissimus

dorsi is proximal and lateral in Oliveira & Schultz, 2016),

and the presence of a humeral origin for m. biceps brachii

(absent in ours, present in theirs). We attribute these dis-

crepancies to our use of extant phylogenetic bracketing for

determining muscle attachments, in contrast to their adher-

ence to mammalian anatomy. Unlike Oliveira & Schultz, we

stopped short of recreating the morphology of the muscles

themselves. Although Lautenschlager (2013) and others

(Holliday, 2009; Cuff & Rayfield, 2015) have shown the feasi-

bility of using topography and spatial exclusion to establish

the morphology of tightly juxtaposed cranial muscles with

direct attachments, limb muscles tend to be more widely

spaced, and Bryant & Seymour (1990) caution that architec-

ture and non-uniform cross-sections can confound three-

dimensional reconstructions of muscles with tendinous

attachments.

Gregory and Camp (1918) recovered a similar muscle

reconstruction to ours for the cynodont Cynognathus, but

their skeletal reconstruction differed in one important

respect. Cynognathus was reconstructed with the scapulo-

coracoids much closer to the animal’s sagittal plane, such

that the coracoids appear to contact the interclavicle along

the ventral midline. This arrangement resembles that seen

in extant monotremes, wherein the coracoids articulate

with the interclavicle and the procoracoids are closely

apposed, occasionally overlapping asymmetrically (Cave,

1970). This has been suggested to be a derived condition

allowing better resistance to compressive forces, and possi-

bly related to fossorial or swimming behaviors (Luo, 2015).

In M. pascuali, the length and curvature of the clavicles

necessitate substantial separation between the scapulocora-

coids, regardless of clavicular mobility. The lateral separa-

tion between the scapulocoracoids and the interclavicle

tends to get understated in two-dimensional reconstruc-

tions, many of which depict a lateral view showing only the

smaller vertical component of the gap (e.g. Jenkins, 1971a;

Kemp, 1980a,b; Sun & Li, 1985).

Gregory and Camp (1918) noted that the suprascapular

cartilages in their reconstruction are probably too small, as

the dorsalmost extent of these structures is still far ventral

to the tops of the neural spines in the vertebral column,

possibly compromising the ability of m. rhomboideus and

m. trapezius to suspend the thorax. Greater separation

between the scapulocoracoids would ameliorate this by

placing the scapulae higher up on the animal’s body wall.

Curiously, Gregory & Camp go on to hypothesize a thin epi-

coracoid element in the Permian therapsid Moschops, span-

ning the gap between the clavicles, procoracoids, and the

interclavicle. It is unclear why they did not propose a similar

structure in Cynognathus, but the irregular ventromedial

margins of the procoracoid and coracoid (Fig. 7) in M. pas-

cuali are consistent with having possibly articulated with

unossified epicoracoid cartilages in life, as seen in extant

lepidosaurs (F€urbringer, 1900). The wide separation

between the scapulocoracoids and the midventral interclav-

icle in M. pascuali is suggestive of a functional transforma-

tion away from the massive, heavily ossified, ‘U’-shaped

girdles seen at the base of the synapsid tree, possibly

reflecting a shift in the loading regime experienced by the

forelimb and pectoral girdle from mediolateral compression

towards more vertically oriented reaction forces (Jenkins,

1971a). Continued reduction of the endochondral primary

girdle (scapulocoracoid) and dermal secondary girdle (clavi-

cle, interclavicle) throughout cynodont evolution may have

resulted in progressively greater separation between the

scapulocoracoids, presaging the fully independent therian

pectoral girdle, dominated by a large scapula and a

reduced, strutlike clavicle (Jenkins & Weijs, 1979; Luo, 2015).

Mobility of the pectoral girdle

Kemp (1980b) hypothesized that some degree of mobility

in the cynodont pectoral girdle would have been necessary

in order to increase the functional length of the forelimb to

match that of the hindlimb. Hopson (2015) also considered

the issue of stride length in his analysis of the pelycosaur

Dimetrodon, attributing it to mediolateral rotation of the

pectoral girdle from increased bending of the trunk. Lateral

bending was suggested to have been lost or greatly
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reduced in therapsids (Jenkins, 1971a; Kemp, 2005) and it

seems unlikely that the cynodont pectoral girdle could have

rotated as a single unit with respect to the axial skeleton. It

is worth noting that multiple derived amniote lineages

seem to have converged on some degree of pectoral girdle

mobility – substantial translational coracosternal mobility

has been reported in several extant non-mammals, includ-

ing lepidosaurs (Peterson, 1973; Jenkins & Goslow, 1983),

ornithodirans (Baier et al. 2013), and pseudosuchians (Baier

& Gatesy, 2013). Little is yet known about the soft-tissue

constraints acting on the joints of the non-mammaliaform

synapsid pectoral girdle. Based on osteology, there is no a

priori reason to reject the possibility that rotation at the

clavo-interclavicular and acromio-clavicular joints may have

furnished a degree of independent scapulocoracoid mobil-

ity in M. pascuali. Experimenting with hypothetical, non-

physiological poses reveals that scapulocoracoid mobility

allows a significant increase in maximum forelimb excur-

sion, as well as slightly more medial placement of the wrist

(Fig. 9). The ability to unilaterally move one side of the pec-

toral girdle may have helped functionally separate limb

pairs, possibly laying the groundwork for the evolution of

asymmetrical gaits. Among derived probainognathian cyn-

odonts, tritylodonts (though not tritheledonts), basal mam-

maliaforms, and monotremes exhibit expanded lateral

processes on their interclavicles that overlap substantially

with the proximal ends of their clavicles, precluding clavo-

interclavicular mobility (Sues & Jenkins, 2006; Luo, 2015). If

clavo-interclavicular mobility was indeed present in more

stemward cynodonts, the robust, immobile pectoral girdle

of monotremes would represent an interesting atavistic

reversal (Ji et al. 1999).

Epiphyses and range of motion

Among amniotes, ossified epiphyses with well-defined

articular surfaces arose convergently in mammals and lepi-

dosaurs (Haines, 1942); unossified epiphyses lacking

growth plates are plesiomorphic for cynodonts (Luo et al.

2007b), and the articular surfaces of long bones are

thought to have been extended and elaborated by carti-

laginous structures in life (Jenkins, 1971a; Jenkins & Par-

rington, 1976). Progressive removal of connective tissues in

archosaurs has shown that cartilage may increase the

range of motion available at a joint (Hutson & Hutson,

2012), and that the surface morphology of cartilage caps

may differ sufficiently from that of the underlying bone

to meaningfully alter joint action (Holliday et al. 2010).

While it is unclear how cynodont cartilage caps compared

to those of either extant crocodylians or extant avians in

thickness, both Jenkins and Kemp mentioned them in

their reconstructions of cynodont limb function. Jenkins

(1971a) noted the discrepancy in curvature between the

‘notch-shaped’ hemisellar glenoid and the convex, ovoid

Fig. 9 Potential pectoral limb excursion of Massetognathus pascuali with fixed (A) and mobile (B) clavo-interclavicular and acromio-clavicular artic-

ulations. Neutral pose in white. Joint angles (protracted): [clavicle rotated medially 15°; scapulocoracoid yawed laterally 15°, rolled laterally 5°,

pitched caudally 5°]; humerus adducted 20°, supinated 15°, protracted 15°; radius and ulna flexed 45°. Joint angles (retracted): [clavicle rotated

laterally 15°; scapulocoracoid rolled medially 5°, pitched cranially 30°]; humerus pronated 10°, retracted 15°; radius and ulna extended 45°.
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humeral head, and posited that a substantial thickness of

cartilage must have been present in life to increase con-

gruence between the articular surfaces, much like in

extant archosaurs (Holliday et al. 2010). Kemp (1980b), on

the other hand, argued that any cartilaginous intermedi-

ary would have had to be ‘absurdly thick’ to match the

curvature of the humeral head to that of the glenoid

fossa, and interpreted the incongruity in articular mor-

phology as representing a ‘rolling’ rather than sliding

articulation at the gleno-humeral joint.

The 0.25 mm of epiphyseal cartilage modeled here (both

proximal and distal) is based on mammalian measurements

from the literature. An articular cap measuring 0.25 mm on

each epiphysis adds up to 0.5 mm per long bone, and repre-

sents an approximate 1% contribution to humeral length in

M. pascuali. This is comparable with measurements taken

by Holliday et al. (2010) from extant avians (0.07–3.72%),

but falls below the 7.99% measured in Alligator. However,

it is unclear whether archosaurs, and Alligator in particular,

represent good models for reconstructing non-mammalia-

form synapsids. We were unable to locate cartilage mea-

surements for lepidosaurs or amphibians in the literature,

but epiphyseal cartilage is likely to be thin in the former

clade given the presence of extensive secondary ossification

centers (Haines, 1942), and extensive in the latter due to

their aquatic tendencies.

Greater cartilage thickness – and consequently greater

joint space – may indeed further increase range of

motion. An informal sensitivity test on this model revealed

that a threefold increase in joint space (from 0.50 to

1.50 mm) increased rotation-only range of motion to

ranges comparable to combined translation-rotation levels

measured with the original 0.50-mm joint space. However,

thicker cartilage may significantly alter functional articular

morphology from that of the underlying bone (Holliday

et al. 2010). Since the superficial cartilage morphology is

unpreserved, we are unable to satisfactorily bound this

into a testable problem, and instead present measure-

ments based on a joint space of 0.5 mm (Table 1), a con-

servative estimate.

Evolution toward the therian glenoid fossa

The separate scapular and coracoid facets that together

constitute the glenoid fossa deserve closer examination.

The basal cynodont glenoid is commonly described as

laterally or posterolaterally facing and either ‘hemisellar’

(Jenkins, 1971a) or ‘notch’-shaped (Kemp, 2005), a mor-

phology retained through progressively more derived

eucynodonts and mammaliaforms before finally evolving

into the familiar, ventrally directed, mammalian ball-and-

socket joint in the Jurassic theriimorphs (Luo, 2015). In

M. pascuali, the scapular and coracoid facets of the gle-

noid are dissimilar in morphology (Fig. 10). Viewed

together, the two create the impression of a unified

notch, but close examination reveals that the coracoid

facet is mediolaterally convex, with a small, laterally pro-

jecting lip at its ventral apex creating a small degree of

dorsoventral concavity. The scapular facet is set at an

obtuse angle (approximately 130°) to the coracoid facet,

and is slightly concave at the center (contra Jenkins,

1970b, where it is described as slightly convex in the

same specimen). A procoracoid contribution to the gle-

noid seems somewhat variable among eucynodonts.

Fig. 10 Close-up caudal (A), caudolateral (B) and ventrocaudolateral (C) views of the glenoid fossa of Massetognathus pascuali, showing the con-

vex coracoid facet and the concave scapular facet.
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Within the cynognathian clade, it is present ancestrally

in Cynognathus, in which it makes up a small, cranial

portion of the glenoid articulation (Jenkins, 1971a); this

condition is also retained in diademodonts (Hopson &

Kitching, 2001). However, the procoracoid is completely

excluded from the glenoid in M. pascuali (as seen in our

specimens) and other traversodonts (Rowe, 1988). A pro-

coracoid contribution to the glenoid is slightly present in

basal probainognathians (Hopson & Kitching, 2001) but

completely absent from Mammaliamorpha onwards

(Rowe, 1988).

Jenkins (1971a) interpreted the separate scapular and

coracoid facets as representing a functional division within

the glenoid, with a possibly ventrally facing scapular facet

serving to transmit the vertical component of ground reac-

tion force during locomotion. The full-girdle reconstruc-

tion of M. pascuali presented here confirms a ventral

orientation for the scapular facet (Fig. 3). Taking Jenkins’

logic a step further, one could hypothesize that the later-

ally facing coracoid and procoracoid may have initially

functioned to accommodate a substantial lateral compo-

nent of ground reaction force. Increasingly parasagittal

limb kinematics and increasingly vertically oriented ground

reaction forces in more crownward taxa might have

accompanied progressively reduced coracoid and procora-

coid contributions to the glenoid, until all that remained

was a broadened, deepened scapular facet forming a ven-

trally facing, socket-shaped glenoid. In this scenario, the

characteristic therian ball-and-socket joint was achieved

not through reorientation of an ancestrally laterally facing

composite glenoid as a whole, but by rather progressive

reduction, ventral reorientation, and possibly partial assim-

ilation (Vickaryous & Hall, 2006) of the plesiomorphic cora-

coid facet into a preexisting, ventrally facing, concave

scapular facet. This hypothesis of glenoid transformation is

wholly compatible with macroevolutionary trends in cora-

coid reduction and scapular expansion among derived cyn-

odonts, as reported by Luo (2015) as well as Jenkins &

Weijs (1979).

Differences between monotreme and cynodont

pectoral girdles

As the sister group to crown therians, extant mono-

tremes have long been used as models for understand-

ing cynodont biology (Gregory & Camp, 1918; Kemp,

1980a; Luo, 2007). In addition to the foregoing discrep-

ancy in scapulocoracoid position, our reconstruction of

M. pascuali differs from monotremes in a number of

important musculoskeletal respects, namely the length of

the clavicles and the extent of their overlap with the

interclavicle; the significant mediolateral torsion present

in the monotreme scapula but absent in M. pascuali; the

higher aspect ratio and weaker long-axis torsion of the

humerus in M. pascuali; the insertion of m. latissimus

dorsi (much more distal in monotremes); the origin of

m. teres minor (far dorsal in monotremes); and the ori-

entation of the fossa for m. subcoracoscapularis (medially

facing in M. pascuali and all other amniotes, posterolat-

erally-facing in monotremes). In reconstructing M. pas-

cuali, we found that monotreme muscle attachments

were frequently the exception in the extant phylogenetic

bracket, with the monotreme m. subcoracoscapularis in

particular differing in its location and attachments from

therians and saurians alike. These discrepancies raise the

question of whether ecological specializations may have

left a confounding signature on the musculoskeletal

organization of the monotreme pectoral girdle and fore-

limb. It seems reasonable to entertain the possibility that

niche adaptation and low ecological diversity in extant

monotremes may render them compromised locomotor

analogues for cynodonts (Howell, 1936; Jenkins, 1971a,

1989). If this is the case, it may be prudent to situate

interpretations of postcranial function in cynodonts

within a wide, comparative context spanning mammalian

and non-mammalian forms.

Conclusion

The musculoskeletal reconstruction of Massetognathus pas-

cuali presented here recovers maximum ranges of motion

and muscle origins and insertions comparable to those

found in previous studies, and reveals features of the pec-

toral girdle not previously described for this genus, such as

a wide separation between the scapulocoracoids and the

interclavicle, possible mobility at the clavo-interclavicular

and acromio-clavicular joints, and a ventrally facing, con-

cave scapular facet of the glenoid fossa. Extensive func-

tional interpretation of our 3D reconstruction awaits

further comparison with extant mammalian and non-mam-

malian taxa. Having already mapped well-defined muscle

attachment areas onto a digital skeleton, we have laid the

groundwork for constructing interactive musculoskeletal

models. Future experiments that combine detailed muscu-

loskeletal modeling with ex vivo and in vivo data from

extant taxa will provide the opportunity to investigate the

relationship between skeletal posture and muscle function,

and shed further light on the cynodont pectoral limb and

its significance to the rise of mammals.
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