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Abstract

Therapsids covered the entire spectrum of terrestrial locomotion from sprawling to parasagittal. Switching between sprawling and 
more erect locomotion may have been possible in earlier taxa. First, the axial skeleton shows little regionalization and allows lateral 
undulation, evolving then increasingly towards regionalization enabling dorsoventral swinging. During terrestrial locomotion, every 
step invokes a ground reaction force and functional loadings which the musculoskeletal system needs to accomodate. First insights 
into the functional loading regime of the fore- and hindlimb skeleton and the body stem of therapsids presented herein are based on 
the assessment and preliminary measurements of the historical collection of therapsids exhibited in the Paleontological Collection of 
Eberhard Karls Universität Tübingen, Germany. The specimens included are the archosaur Hyperodapedeon sanjuanensis, the early 
synapsid Dimetrodon limbatus for comparison, and the therapsids Keratocephalus moloch, Sauroctonus parringtoni, Tetragonias 
njalilus, and Belesodon magnificus. The vertebral columns and ribs of the mounts were carefully assessed for original fossil material 
and, when preserved, ribs, sacral, and anterior caudal vertebrae were measured. The body of a tetrapod is exposed to forces as well 
as bending and torsional moments. To resist these functional stresses, certain musculoskeletal specializations evolved. These include: 
1) compression resistant plate-like pectoral and pelvic girdle bones, 2) a vertebral column combined with tendinous and muscular 
structures to withstand compressive and tensile forces and moments, and 3) ribs and intercostal muscles to resist the transverse forces 
and torsional moments. The legs are compressive stress-resistant, carry the body weight, and support the body against gravity. Tail 
reduction leads to restructuring of the musculoskeletal system of the pelvic girdle.
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Introduction

Remarks on the chosen methodological 
framework

Therapsid locomotion and its evolution has been subject 
of various studies (e.g., Kemp 1978; King 1985; Walter 
1986; Ray 2006 Kemp 1980 Ray 2006; see summary in 
Fröbisch 2006). Those studies often focussed on very 
specific taxa (e.g., Fröbisch 2006) or rather on isolated 
parts of the body, e.g., the vertebral column (Jones et al. 
2021) or the hindlimbs (Fröbisch 2006). Very general re-
occurring patterns of biomechanical adaptations found 
across Tetrapoda are rarely regarded. 

We intend to establish a first overview on certain mor-
phological and myological patterns of the body stem 
across Tetrapoda. The functional loading regimes of these 
locomotory systems will be discussed with the intend to 
improve our understanding of the sprawling to parasag-
ittal locomotion in Tetrapoda in general and Therapsida 
in particular. Our approach is not a phylogenetic one 
because we first tried to establish a basic biomechanical 
understanding of certain locomotory systems. Neverthe-
less, in the future, studies on how these, often conver-
gent, biomechanical patterns evolved in specific tetrapod 
and therapsid lineages will require a strict evolutionary 
framework to evaluate shifts in locomotory styles and 
posture in detail for specific taxa.

Evolutionary overview on quadrupedal 
locomotion

Fish

In contrast to terrestrial vertebrates (Fig. 1), the domi-
nating external force acting on the external surface of an 
aquatic animal (Fig. 2A, B) is the water resistance. Fish 
fins, especially the fluke, act against the water resistance, 
and transmit the evoked force onto the body. If the paired 
pectoral fins are attached at the midline of the body (e.g., 
as in a tuna), they inhibit rolling along the longitudinal 
body axis (Fig. 2A, B) (Norman and Frazer 1963). Sar-
copterygians have usually lobe-fins with smaller surface 
areas when compared to the ray-fins of ray-finned fish. 
Instead, lobe-finned fish have longer peduncles and, 
therefore, higher peripheral speeds, so that they can cre-
ate the same water-resistance as the ray-finned fish. The 
attachment of the pectoral fins ventral to the body-midline 
(Fig. 2C, D) leads to rolling about the longitudinal axis, 
which must be counteracted by the dorsal fin, for exam-
ple. However, the attachment of the pectoral fins ventral 
to the body midline is of advantage for lifting the body 
off the ground. If the anterior part of the body is lifted 
up by the pectoral fins, a transmission of forces near the 
belly is more effective than one closer to the body midline 
(Fig. 2C, D). This can be observed in ray-finned teleosts 
like mud-skippers. The pectoral fins of lobe-finned fish 
are divided into three segments which evolved into the 

stylo-, zeugo-, and autopodium of Tetrapoda (Romer and 
Frick 1966).

Terrestrial Tetrapoda in general

Terrestrial tetrapods (Fig. 1) are continuously exposed to 
gravity, which acts primarily on those parts of the body 
with the largest mass, namely the body stem (from hu-
man anatomy, meaning the head, neck, trunk, and the tail, 
without the limbs). Gravity times mass results in a force, 
which is directed towards the ground, which means that 
the body weight has to be carried by the limbs (Fig. 2E–
H). At the distal limb segments (hands and feet), ground 
resistance results in the ground reaction force directed 
away from the ground opposing the body weight. In or-
der to sustain the body against gravity, tetrapods evolved 
various musculoskeletal structures to effectively trans-
mit forces between ground and animal (Romer and Frick 
1966). As tetrapod trace fossils show, toes can be pointing 
laterally, medially, or foreward. The zeugopodia do not 
need to be oriented vertically in an erect posture, but any 
deviation towards a more horizontal position and a more 
sprawling posture requires muscle activity of the elbow 
and knee joint flexors. This results in a force component 
in medial direction of the ground reaction force, which 
reduces the moments acting at the joints. An increase of 
muscle mass of the upper arm or thigh is limited, because 
the muscle belly diameters cannot exceed the length of 
the muscle bellies (Christian and Garland 1996). An ab-
ducted position of the upper arm and upper leg (Fig. 2E, 
F) leads to considerable torsional moments of the trunk 
and requires widely spread oblique muscles covering 
the rib cage to counter them. The elbows point slightly 
backwards and the knees forward (Fig. 2F). According 
to Preuschoft (2022), the forelimbs exert a braking, the 
hindlimbs show a re-accelerating function in each limb 
cycle, and the moderate backward and forward swinging 
of the knee and elbow joint reduces the moments in these 
joints (Loitsch 1991; Witte et al. 1991; Witte 1996). The 
glenoid and acetabulum are positioned ventral to the body 
midline. This way, the body can be lifted higher off the 
ground by muscle activity than if the glenoid or acetabu-
lum were placed closer to the body midline (Fig. 2G, H).

Recent reptiles and salamanders keep their upper arms 
and thighs held laterally in an approximately horizontal 
position (=abducted or sprawling) (Fig. 2I) (e.g., Ash-
ley-Ross 1995; Jenkins and Goslow 1983; Reilly and 
Elias 1998; Reilly and Delancy 1997). This sprawling 
posture of the limbs is generally considered to be the 
phylogenetically oldest, and indeed it can be derived 
convincingly from the limb position used in the earli-
est land-living animals. Lever arms of upright directed 
ground reaction force follow the cosine of the angle be-
tween the horizontal plane and the limb segment under 
consideration. Therefore, the maximum length of the le-
ver arm equals the length of the respective limb segment. 
Because the angle of the knee or elbow in a sprawling 
extremity does not deviate much from 90° (Fig. 2E, F, I, 
L), and the ground reaction force acts at the distal end of 
the zeugopodium, the lever arms of the functional loads 



Vertebrate Zoology 72, 2022, 907–936 909

acting on the upper arm and thigh are as long as the sty-
lopodium. It follows that high moments occur constantly 
in the joints that are the closest to the body. These mo-
ments are countered, irrespective of whether the tetrapod 
is walking or standing, by muscle activity.

In each stance phase of a lepidosaur or crocodilian (Fig. 
2L, E–F), the horizontal position of the stylopodia and the 
approximately vertical position of the zeugopodia require 
that the trunk bends around the foot placed on the ground 
to avoid falling, because the center of mass is shifting. This 
lateral undulation of the body (Fig. 2L) is called a standing 
wave (Reilly and Delancey 1997; Reilly and Elias 1998). 
The lateral bending of the body is accompanied by lateral-
ly directed components of the ground reaction force with 
17.7 % of the impulse created by the vertical component 
(Christian 1995; Fig. 2L, M, O). If the limbs are moving 
parasagittally, the laterally directed component of the 
ground reaction force becomes significantly smaller than 
those in reptiles (Fig. 2O) and may become zero.

Mammalia

The scapular blade of mammals swings (Jenkins 1974) 
and has therefore been functionally transformed into an 
additional limb segment (Fig. 2H; Schmidt 2001; Schmidt 

et al. 2002; Fischer and Lilje 2011). This results in a limb 
attachment to the body above the body midline (Fig. 2H). 
Yet, we would like to add that in kinematic studies, most-
ly in recent years of non-mammalian taxa, have shown 
that pectoral and even pelvic girdle movement is more 
common in Tetrapoda as have been acknowledged so 
far (Walker 1971; English 1977; Baier and Gatesy 2013; 
Mayerl et al. 2016; Schmidt et al. 2016). So far, this in-
dicates that pectoral and pelvic swinging or oscillations 
during locomotion have been understudied in reptiles and 
inspire refinements of our understanding of tetrapod loco-
motion in general. The proximal point of rotation of the 
mammalian scapula is close to the vertebral border of the 
scapula. The musculature that is required for balancing 
the shoulder and the hip joint is integrated into the body 
contour (e.g., Nickel et al. 1968). 

Larger qadrupedal mammals walk on adducted ex-
tremities and their limbs are moved in a parasagittal 
plane (Fig. 2G, H, N) (e.g., Bakker 1971). Limb segment 
length can be increased and therefore stride length can 
be increased as well. The metapodials have been elon-
gated and, consequently, forearm and lower leg lengths 
are increased. The elbow points backward and the knee 
forward (Fig. 2P–Q). During the stance phase, the limbs 
of a large mammal function like an inverse pendulum: 

Figure 1. Phylogenetic overview. Diapsida, represented by the archosaur Hyperodapedon sanjuanensis in our study, are the sis-
ter-group to Synapsida. Synapids include the pelycosaur-grade Dimetrodon limbatus and Therapsida. From Therapsida, the dino-
cephalian Keratocephalus moloch, the anomodonts Stahleckeria potens and Tetragonias njalilus, the gorgonopsian Sauroctonus 
parringtoni, and the cynodont Belesodon magnificus were included in this study.
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Parts of the body mass are lifted up on a circular pathway 
around the joint closest to the ground (lifted onto a higher 
level of potential energy) and then down again. The gain 
of kinetic energy compensates the internal friction within 
the system. During the swing phase, the limbs behave like 

suspended pendula. The length of the pendulum cord is 
the distance between the pivot and the limb’s centre of 
mass. The time needed for swinging the limb forward de-
termines the limb cycle frequency. By flexing the elbow/
knee and carpal/tarsal joints, the length of the pendulum 
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cord can be modulated (Fig. 2P, Q). Extended joints make 
the limb pendulum long and increase the stride length.

Speed of walking is v = stride length (l) * frequency 
(F), whereby the frequency depends on the pendulum pe-
riod (T): F = T = 2 * π * square root from l/G (Preuschoft 
and Demes 1984; Witte et al. 1991; Witte 1995).

According to e.g., Witte et al. (2002) and Ren et al. 
(2008), the lever arms of the ground reaction force fol-
low the cosine of the angles between the vertical and the 
mentioned segments and therefore are short in the first 
part and long in the second part of the limb cycle. Le-
ver arm length can reach the length of the upper arm or 
the lower leg. Christian (1995) has pointed out that the 
position chosen by small mammals permits most rapid 
acceleration, because the pathway of the animal’s center 
of mass follows the sine of the angle between vertical and 
segment axis. So, small mammals trade profiting from 
part of the possible energetic advantage of parasagittal 

locomotion for gaining the ability for rapid acceleration, 
by maintaining a flexed posture of the joints. Further, 
small mammals evolved to be digitigrade, so only the 
distal metatarsals/-carpals and phalanges are in contact 
with the ground. This way, an additional limb segment (in 
addition to the glenoid/acetabulum and elbow/knee joint) 
has evolved. The additional limb segment adds to an in-
creased stride length (e.g., Witte et al. 2002; Ren et al. 
2008; Fig. 2C). The proximal segments, scapula and fe-
mur, contribute the most to stride length. If elbows and 
knees are fully adducted and are moved in a parasagittal 
plane, flexion and extension of the elbow and knee joints 
allow larger stride lengths than in limbs held in a sprawl-
ing posture. This again refers to a more general biome-
chanical pattern. Although small mammals and birds do 
not move their extremities fully parasagittal (Bonnan et 
al. 2016; Jenkins 1971) their essential characteristics al-
low such an approximation.

Figure 2. A–H Sprawling and parasagittal position of limbs. On the left side: anterior view; on the right side: lateral view. A, B 
Ray-fins, attached to the middle of the body have no lever arm in relation to the body midline and therefore generate no moment. C, 
D Lobe-fins attached to the ventral half of the body. Note the lever arm h multiplied with the force exerted by the lobe-fin, it leads to 
the moment h*F which rotates the animal about its long body axis. E, F For terrestrial sprawling locomotion, two additional joints 
(elbow/knee, wrist/ankle) are advantageous. If the shoulder and pelvic joints are near the ventral margin of the trunk, the latter is 
lifted higher off the ground than if the joints were more dorsally. The autopodia can be directed medially (as in frog-like anurans) 
or laterally (as often in crocodiles and lizards). The elbows are directed posteriorly and the knee anteriorly. For both, the lever arms 
(h) of the ground reaction forces are relatively long. This leads to great torques about the proximal joints, which must be counterbal-
anced by contractions of the m. pectoralis in the fore- and the m. caudofemoralis in the hindlimb (Gatesy, 1999). G, H In parasagittal 
digitigrade limbs two further additional limb segments have been added by a mobile scapula and elongated metacarpals and -tarsals. 
On the right side, the limb segments are above each other, so that no or only small moments occur in anterior view. On the left side, 
a common position is illustrated: a joint in the middle of the freely moving limb is approaching the midline, like in the famous val-
gus-position of the human knee, and the typical, though less observed carpal joints of cattle, other bovids, cervids. In the hindlimb, 
the hock joints are in many forms approached, while the fetlocks are directed laterally. In side view (H), the upper arm as well as 
the lower leg pass in each step from vertical (lever arm being zero) to horizontal (lever arm reaching cosine of joint angle, that is the 
length of the segment. Note in E, F the centre of mass is above the supporting limbs, while in G, H it is at the level and between the 
scapulae/iliac blades. I, J As long as segment lengths and angles between segments are not changed, stride length does not change 
with either a sprawling or parasagittal posture of the limbs, and the joint moments are not bigger in sprawling limbs. sin α, excursion 
angle of the forelimb; sin β, excursion angle of the hindlimb; sin γ, excursion angle of the forelimb; sin δ, excursion angle of the 
hindlimb. Progress made is proportional to the sine of the angles. I The excursion range of the fore and hindlimb depend on rotation 
of the humerus and femur. J Flexion and extension of elbow and knee joint permit greater excursion angles. Fa, inertial force against 
being accelerated; Fi, inertial force against being retarded/braking; Fw, weight force. K In many small mammals, the upper arms and 
lower legs are nearly held vertically during early phases of the limb cycle, while during later phases they are swung into a nearly 
horizontal position (Witte et al. 1999). The lever arms (h) of the vertical ground reaction forces (GRFs) are parallel to the horizontal 
and their length follows the cosine of the angle between the horizontal and the upper arm/leg or the lower arm/leg. The phases in 
which the lever arms have their shortest or greatest lengths, and in which the moments are the smallest and biggest are shown. These 
moments are opposed by muscle activity. L–O Wave-like trunk movements. L An early tetrapod seen from dorsally while walking. 
The stylopodia are swung laterally and forward during sprawling locomotion. During the stance phase, the stylopodia compel the 
trunk to give way laterally and the body moves approximately in a standing wave. l, length of the stance phase. M The schematic 
cross section at the level of the shoulder and hip joint show the lateral displacement of the trunk. N Extension of the limb joints lift 
the body up and down again in a wave-like curve because parasagittal locomotion can be described by inverse pendulum mechanics 
(Preuschoft 2022). O GRFs acting on a lizard foot. Fx, horizontal in the direction of walking; Fy, vertical; Fz, horizontal in transverse 
direction (changed and redrawn after Christian, 1995). P, Q Cursorial mammals exemplified by a medium-sized antilope. l, length 
of the stance phase. P Fore limb (left, white) and hindlimb (right, grey) in stance phase. The lower end of the inverted pendulum is 
the joint closest to the ground, the upper end is the hip joint, or the pivot about which the scapula rotates. Q A fore- (left, white) and 
a hindlimb (right, grey) in the swing phase. Pendulum length is defined by the distance between pivot and the respective leg’s centre 
of mass. R Two people carrying a ladder. If both establish a firm, not mobile connection between their pelves and a ladder rung, 
they have to have an equal stride length and step frequency, i.e., walk in lock-step, to avoid disturbing each other. A free choice of 
stride length is only possible, if one of the two people loosens the connection between pelvis and rung. The plane in which the mass 
is moved forward is not essential, but the distance covered in the direction of locomotion.
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Evolution “towards” the origin of 
mammals

Synapsids show a variety of limb postures and associated 
changes of the locomotor system. Therapsids such as the 
dicynodont Stahleckeria potens (Fig. 1), span a continu-

um between sprawling and almost fully erect, adducted 
limb postures almost as partially attained by mammals 
(Jenkins 1971). Kemp (1978) inferred that some more 
advanced therapsids, i.e., members of Theriodontia, may 
have been able to use sprawling as well as more erect 
locomotory styles facultatively, convergent to modern 
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crocodilians that sprawl and shift to a semi-erect “high 
walk” (Reilly and Elias 1998). Further, within later di-
cynodonts, a more adducted hindlimb posture may have 
been achieved (King 1985; Walter 1986; Ray 2006) and 
their capability to change between a sprawling and a more 
erect gait could have been lost (Kemp 1980). Several ex-
aminations especially of hindlimb posture in therapsids 
were conducted in recent years (e.g., Ray 2006; see sum-
mary in Fröbisch 2006).

The humeral heads of the here studied therapsids 
seem to have been expanded in dorsoventral direction 
and strongly compressed anteroposteriorly. The proximal 
articulation surfaces are relatively rough and the joint 
congruency in the glenoid is relatively low, suggesting 
elaborate cartilaginous caps. There is little doubt that ex-
tensive humeral abduction and adduction were possible. 
The flattened shape of the humeral head inhibits long axis 
rotation, which is necessary for excursions of the anterior 
zeugopodium. In all synapsids, radius and ulna are well 
developed. The humerus is held in a sprawling position, 
the zeugopodium can be pronated so that the digits point 
forward (e.g., Romer and Frick 1966).

The femoral heads of the studied therapsids have a 
somewhat oval shape with a longer diameter in approx-
imately anteroposterior direction than in dorsoventral 
direction. A moderate abduction of the thigh is possible, 
similar but to a lesser extend than the humerus. Femur ab-
ductors (e.g., m. iliofemoralis) are muscles, which insert 
into the proximal femur, while the femoral head is angled 
from the shaft. This means that the femoral head is prox-
imal and medial to the trochanter major. The knee joint 
of synapsids is directed forward. Therefore, the zeugop-
odium of the hindlimb does not need to be pronated, the 
bony elements maintain their position during the entire 
walking cycle (e.g., Romer and Frick 1966).

Yet, studies on functional loading of skeletal elements 
are rare for Therapsida: Blob (2001) found that in terres-
trial therapsids the change from a sprawling to a more 
adducted limb posture is accompanied by a change of the 
main functional loading regime in femora, from torsion 
to bending. Blob (2001) corroborated biomechanically 
Kemp’s (1978) hypothesis that earlier therapsids were 
able to change locomotion, from sprawling to more erect 
postures.

Figure 3. A–C Body-stem simplified as a beam, resting on two pairs of supports at equal distances. Sketches based on finite element 
structure analysis-models. The trunk is assumed to have two times the weight of the head and neck and the tail. If the beam consists 
of soft material, gravity deforms it as shown in A. A Head and tail bend downwards and the trunk sags in the middle imposing tensile 
and compressive stresses onto the model. Compressive stress, vertically hatched; tensile stress, hatched horizontally. B The tail is 
reduced like in some therapsids. Only the compressive stresses are shown because the compression-resistant skeleton is the only 
preserved material we have. The highest values are indicated by darker hatching. The highest forces occur along an arch reaching 
from the anterior support along the back to the posterior support. That means the shoulder blade should be inclined posterodorsally 
and the ilium should be inclined anterodorsally. C Head and neck are elongated (which has the same effect as a heavier head in 
combination with a shorter neck) and the tail is completely reduced. The posterior support is connected to the trunk by a joint, 
which must be balanced by a muscular tie (double line). The pulling force causes very high stress in the beam behind the joint. 
D–F Transverse forces of the same beam. D Shows an equal amount of functional loading distributed onto the fore- and hindlimbs, 
and the long tail. E The combination of a short tail and a heavy head results in high loads on the fore limbs like in many therapsids. 
F A high load on the hindlimbs results from a forward inclination of the latter, like in the majority of mammals. The inclined limb 
is kept in balance by a muscular tie which connects the limb with the trunk. This leads to high transverse forces in the posterior 
cantilever. G–I Bending moments in the beam shown above in A, B, C The bending moments are the products of the transverse 
force at a certain length multiplied by distance to the nearest support. Therefore, their arrangement along the length of a body shows 
curvilinear outlines. Above the supports, positive values are high, between the supports, the sign changes, and reaches its lowest 
point where the transverse forces cross the zero line. G Long tail, stress peaks are about equally high, the highest negative values 
reached a maximum near the middle of the trunk. H Short tail and heavy skull result in a higher stress peak above the fore limb than 
in the hindlimb. I The hindlimb is inclined and balanced in the joint by a muscular tie. This results in very high transverse forces 
caudally to the joint, which create a very marked stress peak and reduce the negative values between the supports. J, K Torsional 
moments. J During locomotion between anterior and posterior extremities in the trunks of quadrupedal tetrapods. Torsional stresses 
concentrate near the external body wall and create a space free of functional loadings, i.e., the body cavity. K Torsion also occurs in 
the neck of therapsids, e.g., during feeding. The weight of the head combines with the horizontal force component to a resultant, in 
line with the sprawling legs, which reaches the ground within the area of support, otherwise the animal would fall over. L–O Differ-
ent patterns of loading the extremity girdles. In M reptiles, N birds, O mammals, and L Therapsida. Skeletal elements black, active 
muscles red. Ground reaction force (GRFs) indicated by upward directed arrows, the length of which is roughly proportional to the 
size of the respective force. In M crocodilians and lepidosaurs, the retraction of the femur is performed by m. caudofemoralis. In N 
Aves, O Mammalia, and L Therapsida, femoral retraction is performed mostly by pelvi-femoral muscles originating from the pelvis 
caudally to the acetabular joint (ilium in Therapsida, ischium in Mammalia, synsacrum in Aves). Reptiles, synapsids, and birds 
have in common that the shoulder joint is balanced mainly by a very strong m. pectoralis. In mammals, the scapula is suspended by 
e.g., the m. supraspinatus. P, Q Suspension of the body stem from the pectoral girdle in cross section. P In reptiles, Q in cursorial 
mammals. P Please note that the most anterior ribs of reptiles primarily provide the insertion area for the m. serratus (which carries 
the body stem). Q In mammals the anterior ribs close the circle of forces via their rigid connection to the sternum. The m. pectoralis 
of mammals suspends the body and aids in keeping the glenoid joint in balance (changed after Hohn, 2011). Abbreviations: GRF, 
ground reaction force.
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During therapsid evolution, their tails became lighter 
and shortened (Bakker 1971). The vertebral column of 
therapsids shows regions of intervertebral flexibility and 
stiffness corroborating that lateral undulation played an 
important role in locomotion (e.g., Cruickshank 1967; 
Hotton 1991; King 1981). Changes in vertebral morphol-
ogy lead to increased stiffness of the vertebral column in 
lateral direction and increased flexibility in dorsoventral 
direction (Ray 2006), but also lead to increased long axis 
twisting especially in the more anterior vertebral column. 
This indicates very complex patterns of (in-)flexibility 

of the vertebral column throughout therapsid evolution 
(Jones et al. 2021).

To our knowledge, studies focussing on the functional 
loading of the fore- and hindlimbs in combination with 
the axial skeleton, combining functional morphology with 
more technical observations, have not been conducted on 
therapsids. For our review, here we present first insights 
into the available data based on the historical collection 
of Friedrich von Huene (1875–1969) at the Paleonto-
logical Collection, Eberhard Karls Universität Tübingen 
(GPIT), Germany. It is one of the largest collections with 
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therapsid material in the world (Werneburg and Böhme 
2018), but is still largely understudied regarding postcra-
nial material. Thoroughly, the historical records on the 
recoveries of the specimens, the assembly of the skeletal 
mounts, as well as the vertebral columns including the 
ribs of the skeletal mountings themselves were studied 
and checked carefully for original fossil material (see Ap-
pendix 1; Fig. 1). Sacral and proximal tail vertebrae as 
well as ribs were measured where possible (Tables 1–11). 
Our starting point was the presumption that all skeletal 
elements of tetrapods must be strong enough to sustain 
the loads that gravity and locomotion impose on the ske-
leton (compressive forces, bending, and torsion). Chang-
es in neck or tail length as well as increase in skull size 
are evaluated and show that minor local restructuring of 
the musculoskeletal system took place in order to adjust 
to the changing functional loading conditions. We do not 
follow a phylogenetic approach to interpret locomotory 
adaptations in our study, but focus on the basic physical 
conditions acting on any land vertebrate. In the future, 
the phylogenetic context will help interpreting specific 
adaptations and constrains through a taxon’s specific evo-
lutionary history.

Results

Statics of the fore- and hindlimbs and 
the axial skeletons in vertebrates

Functional loading conditions in Tetrapoda 
in general

Fore- and hindlimb. In all tetrapods, the connection 
between the extremities and the trunk varies between 
the anterior and the posterior girdles (e.g., Brocklehurst 

et al. 2022). Preuschoft (2022) has proposed to explain 
why one girdle is mobile and the other rigid by an exper-
iment: If two persons carry a ladder and press one ladder 
rung firmly against their hips, they have to adjust their 
stride length and frequency and walk in lock-step, oth-
erwise they would interfere with each other. If one per-
son loosens the ladder rung from the hip, both people can 
freely choose their stride lengths and frequencies. The 
model is based on parasagittal walking and a trunk with 
unvariable length, and therefore open to doubt. Howev-
er, the disturbing interference comes from the shifting/
pushing forward of the body stem (Fig. 2R). Exactly the 
same shifting/pushing forward does occur, if the limbs 
are held in a sprawling posture (Fig. 2L). In quadrupe-
dal mammals, as well as in crocodiles, the decoupling 
of fore- and hind- limbs is given by a mobile shoulder 
girdle (e.g., Walker 1971; Jenkins 1974; English 1977; 
Baier and Gatesy 2013; Mayerl et al. 2016; Schmidt and 
Fischer 2000; Schmidt et al. 2002; Schmidt et al. 2016). 
If however, the trunk is very flexible (as for example in 
the Tambach reptiliomorphs), a curvature of the vertebral 
column can also change the distance between fore- and 
hindlimbs. The forces acting on the pectoral limb and gir-
dle can be significantly higher than those acting on the 
pelvic limb and girdle in some behaviors, e.g., during de-
celeration of climbing. This is particularly relevant, if the 
centre of mass is closer to the shoulder than the hip (as in 
e.g., most mammals).

An acceleration (in e.g., rapid flight, jumping etc.) im-
poses a higher functional loading onto the hindlimbs than 
onto the forelimbs. Therefore, a direct force transmission 
from the hindlimb onto the axial skeleton via a rather rig-
id sacral region is advantageous over a hypothetical rigid 
connection between the pectoral girdle and the axial skel-
eton. In slowing down or stopping, a tetrapod can afford 
minor delays in the transmission of force between the 
trunk and the anterior extremity. The reasons for this are 
a physical principle (illustrated in Fig. 2I), and hold true 

Figure 4. A–D Sternum and rib angle in ventral view. Sternum, curvature of cartilaginous ribs, and rib angle in ventral view. D Mor-
phology of the region in a crocodile as example. The black arrows indicate the direction of acting forces, not their sizes (changed and 
redrawn after Preuschoft 2022). A finite element structure analysis of a (weightless) plate, pushed by an external force (equivalent 
to the m. rectus abdominis) downward. Although the entire lower margin is available for transmission of this force, stresses tend to 
concentrate at both corners. B If the bearings along the lower margin are eliminated, this concentration becomes more pronounced, 
while the middle remains completely stress-free. C Following the yellow and green areas in (C), a new plate is created, and its most 
stressed parts are reinforced: Now the stressed parts deviate to both sides (forming the rib angle), and stresses become smaller down-
ward (thinner ribs, longer cartilaginous parts). E–G Loading regime of the body stem in cross sections. E and F show the pectoral 
girdle, but in the pelvic girdle the same stress patterns occur. Loading depends upon the state of postural behavior: E If an animal is 
resting on both, fore- or hindlimbs, the lower part of the trunk is loaded by tensile stress and on its dorsal side by compressive stress 
(changed and redrawn after Hohn et al. 2013). F If one foot is lifted off the ground, the dorsal trunk is loaded by tensile stress and 
the ventral trunk as well as the remaining three legs by compressive stress (changed and redrawn after Hohn et al. 2013). G Left 
side pelvic girdle, right side pectoral girdle. The pelvic girdle as well as the pectoral girdle of reptiles and mammals are designed as 
ring-like structures (changed and redrawn after Preuschoft 2022). H Sketched frontal view of a tetrapod. Body cavity is suspended 
by muscles (red lines) from the most dorsal part of the shoulder girdle. Both limbs are sprawled but in a different way: on the left 
side with adducted, on the right side with a vertical zeugopodium. Accordingly, the ground reaction force (GRF) (upward directed 
black arrows) exerts different joint moments balanced by muscles. If the head moves to the left, the movement is opposed by the 
mass inertia, so the black arrow points to the right. In combination with the weight of the head (vertical black arrow) to a resultant, 
which reaches the ground within the field covered by the sprawled feet. A position is shown, in which the resultant just reaches the 
external margin of the left foot (changed and redrawn after Preuschoft 2022).
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for all animals including quadrupedal mammals. Further, 
the forces that result from slowing down and stopping are 
much greater than those occuring during the beginning to 
move. Longer braking distances, which are permitted by 
the extension of muscles, inhibit growth of negative ac-
celerations to a certain degree (e.g., Preuschoft and Fritz 
1977; Denoth et al. 1985; Preuschoft et al. 1991). Studies 
concerning these issues have been rarely based on post-
cranial morphology and metrics.

The morphology of the girdles and the associated my-
ology differ between crocodilians, lepidosaurs, birds, 
and mammals (Fig. 3L–O), among others. The locomo-
tory musculoskeletal system of mammals and birds has 
evolved from a state presumably similar to the one found 
in reptiles (Gatesy 1990). The ventral part of the pectoral 
girdle (interclavicle, clavicle, sternum, coracoid/procora-
coid) form a massive bony plate in most tetrapods, except 
for mammals. These ventral bony elements usually serve 

as origin surface for e.g., the m. pectoralis and act as a 
brace to stabilize the glenoid and keep the glenoid from 
being pulled medially. In birds, the same static situation 
is maintained during flight: The body weight is carried by 
the long laterally spread wings, which have a long lever 
arm, and are balanced by the huge m. pectoralis muscle. 
In contrast, mammals that have evolved to use parasag-
ittal locomotion show a rearrangement of the locomoto-
ry musculoskeletal system. So, mammals do not need a 
strong humeral adductor like the m. pectoralis as spraw-
ling tetrapods do, but instead the m. pectoralis aids the 
m. serratus in suspending and carrying the body. Lai et 
al. (2018) have described the shoulder girdle of Masse-
tognathus pascuali, which actually shows the transition 
between the reptile-like and the mammalian (therian) 
condition (Fig. 3P). The scapula is inclined posteriorly in 
mammals (Fig. 2H). This is because the ground reaction 
force is lead through the articulation at its ventral end and 
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the scapula itself. The inclined scapula is connected to 
the humerus by strong muscles of which the largest one, 
m. supraspinam, takes its origin from the enlarged fossa 
supraspinam. The scapula is kept in equilibrium which 
is accomplished by the caudal part of the m. trapezius, 
which retracts, and by the m. rhomboideus and the cranial 
part of the m. trapezius (=m. cucullaris) which protracts. 
This equilibrium of the scapula has been investigated in 
detail by Preuschoft et al. (2003) (Fig. 3Q).

In the pelvic girdle of reptiles, associated with a pos-
terodorsally expanding ilium (Fig. 3L, M), the sprawling 
posture of the hindlimb is maintained to a large extend by 
the m. caudofemoralis. M. caudofemoralis is a femoral 
retractor which originates from the transverse process-
es of the more cranial tail vertebrae in lepidosaurs and 
crocodilians (e.g., Russell and Bauer 2008; Snyder 1954; 
Romer 1923; Gatesy 1990; Gatesy 1997; Otero et al. 
2010; Suzuki et al. 2011). Movements of the tail instead 
of the femur are excluded – without expenditure of ener-
gy – by the distribution of the insertion on the tail over 
several segments, and by the great mass moment of iner-
tia of the tail (mass times square of lever arm, and lever 
arm being the distance between root of tail and its centre 
of mass). In contrast to reptiles, birds have the pygostyle 
(e.g., Romer 1923), and mammals and therapsids (Fig. 
3N, O) have a slender and/or short tail (Bakker 1971; 
Kemp 1978; Romer and Frick 1966; Nickel et al. 1968). 
None of these skeletal structures possesses the mass mo-
ment of inertia to balance the body against movements of 
the hindlimbs, nor do they offer an adequate origin area 
for the m. caudofemoralis. Hence, the muscles that re-
tract the femur originate from the post-coxal part of the 
pelvis. In birds these are the synsacrum and ischium and 
in mammals this is the complex formed by ischium and 
pubis (Romer and Frick 1966; Nickel et al. 1968). In sev-
eral of the more advanced (Triassic) therapsids, the ilium 
as well as the ischium have posterior processes, which 
may well have served as origins of the femur retracting 
muscles (Fröbisch 2006). The exact differentiation of the 

muscles is of minor importance in this context, because, 
from a biomechanical point of view, it is important that 
they muscularly connect the pelvis and the femur.

The pectoral and pelvic girdles are very similar-
ly functionally loaded: On a transverse section, weight 
is approximately evenly distributed on all four limbs 
while standing (Fig. 4G). The ventral part of the girdles 
is stretched (tension), the dorsal part is compressed (Fig. 
4E). During locomotion, at least one limb must be lift-
ed off the ground. Then, the body weight is distributed 
onto the supporting limbs. This leads to compression of 
the ventral side of the girdle and stretching of the dorsal 
side of the pectoral girdle (Fig. 4F). The tensile forces are 
sustained by the muscles and ligaments and the compres-
sive forces by the bony skeleton. On the dorsal side, these 
tensile forces are absorbed by the m. serratus (which also 
possesses a transverse component), the m. trapezius, 
and the m. rhomboideus. The same muscles also carry 
the weight of the limb in the swing phase. On the ventral 
body side lies a continuum of skeletal elements and the 
associated m. transverses thoracis.

In the skull, mass inertia and weight combine to form 
a resultant running in latero-ventral direction, which is in 
line with the sprawled position of the forelimbs (Fig. 4H). 
This can occur in combination with a vertical (as most 
frequent in reptiles) or with an adducted zeugopodium 
(like in frogs). 

Axial skeleton. All tetrapods need to maintain their body 
off the ground against gravity. A theoretical model, a 
beam on two supportive structures, shows that the skull 
and neck and the tail bend downward, as well as the back 
sags between the two supportive structures (Fig. 3A). This 
means, compression resistant material is needed on the 
beam’s lower margin above the anterior and the posterior 
supports and near the dorsal margin in the middle of the 
trunk, too, to avoid sagging. In contrast, tension-resistant 
structures are needed at the dorsal margins above the sup-
ports and along the ventral margin to maintain posture. 

Figure 5. A–C Functional loading of ribs on cross sections. Skeletal elements drawn thicker than musculature. A The weight of the 
intestines pushes downward and is represented by six arrows. On the right side, the parts of weight combine with the pulling force of 
the muscles to resultants, which agree with the local direction of the muscles. The ventral tips of the ribs are pulled downward, and 
can be sustained because of the long, bifurcated collum and tuberculum. B Torsional moments compress the ribs on one side, while 
extending them on the other. In the first case, ribs tend to vault laterally, in the second, the curvature becomes flatter. C In contrast 
to the trunk carried freely above the ground (left side, also in A), a belly-dragging posture (right side) leads to compression of the 
ribs, not to tension. Ribs in side view. D, E Sketch of a synapsid, with sprawling forelimbs and parasagittally moving hindlimbs. 
D Lateral, E top view. Segment length is the same in both sketches, the excursion of the hip and shoulder joint are identical, as well 
as the step length sl. The excursion range of the zeugopodium is enabled by a rotation about the long axis of the stylopodium. F Di-
rect transfer of body weight on the ground (bold arrows) leads to a more inclined position of the rib (after Preuschoft et al. 2007 a 
and b). This arrangement is suited to withstand the torsional stresses. It changes to its opposite at each step. G M. serratus pulls the 
anterior ribs cranially and hereby reduces their optimal angle of 45° as shown in F. H The muscles of the body wall pull the middle 
and posterior ribs downward and readjust their angle towards 90°. I Black arrows indicate compressed ribs, white arrows indicate 
tension of the intercostal muscles. J Rib measurements. We measured where possible due to preservation, the vertebrae and ribs 
(with calipers and a measureing tape) of Sauroctonus parringtoni (GPIT-PV-31579), Stahleckeria potens (GPIT-PV-30792), Ker-
atocephalus moloch (GPIT-PV-31461), Belesodon magnificus (GPIT-PV-31575), Hyperodapedon sanjuanensis (GPIT-PV-31578), 
Dimetrodon limbatus (GPIT-PV-31373). We measured the vertebrae as follows: centrum hight (cranial side), width (cranial side), 
and length of the second last presacral vertebra to approximately half the tail length, if the respective vertebrae were preserved and 
if the state of preservation allowed it. Rib measurements included: measurements 1–10.
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The vertebral column acts along the entire body length 
as a compression-resistant rod. The vertebral column is 
shifted slightly below the midline in the tail, and curves to 
the ventral side in the anterior thoracal region and at the 
neck’s basis (Fig. 3A). As additonal stress-resistant ele-
ments, the pectoral and pelvic girdle and the gastralia ex-
pand along the ventral contour in many tetrapods. In con-
trast, the tension-resistant muscles are found in the nuchal 
region, along the ventral body wall between sternum and 
pelvis, and more on the dorsal than on the ventral side of 
the tail often enforced or replaced by tendinous structures. 
Shortening of the tail (Fig. 3B), or elongation of the neck 
(Fig. 3C), lead to several musculoskeletal changes, but do 
not fundamentally change the general tetrapod ‘bauplan’ 
(see below). If the beam would be cut into slices from 
head to tail, all sections in front of the anterior support 
structure would bend towards the ground. This is due to 
the often-missed transverse forces (Fig. 3D–F). The trans-
verse forces increase either when the skull is relatively 
large or when the neck is relatively elongated. To illus-
trate the transverse forces, we call them positive at this 
stage. Behind the anterior support, the anterior section 
will remain high and the posterior will sink downward. 
The transverse forces turn negative and become smaller. 
Then, a point will be reached in which the anterior and the 
posterior parts of body mass are in balance. At this point, 
the transverse forces cross the midline of the body. Further 
caudally, towards the pelvis, transverse forces turn posi-
tive again. This means the more anterior section is bend 
ventrally to the ground and the more caudal section is 
bend relatively higher dorsally. Behind the posterior sup-
port structure, the transverse forces are negative and the 
tail is bend ventrally towards the ground. The longer and 
heavier the tail is, the greater the transverse forces, and 
the closer to the tip of the tail, the smaller the transverse 
forces are. The ribs and the intercostal muscles evolved 
to resist the transverse forces. In engineering strurctures, 
e.g., concrete beams, short tension-resistant wires are 
added at right angles to the long axis of the beam. Along 
the neck and the tail, the oblique structures, i.e., ribs and 
muscles, are means to sustain transverse forces. The long 
dorsal muscles, in contrast to those of the neck and tail, do 
not possess considerable non-axial components. An exep-
tion poses the m. iliocostalis, which acts in reptiles as an 
oblique muscle at the lateral sides of the body wall, while 
it is seen in mammals as part of the longitudinal trunk 
extensors because of its innervation.

Multiplication of a transverse force at a given place 
by its lever arm results in the bending moment, which, if 
plotted along the trunk, unites to form a curvilinear func-
tion (Fig. 3G–I). If the trunk section between the two sup-
port structures has a higher weight than assumed in the 
drawings, the negative values increase. These curves rep-
resenting the bending moment show how much the trunk 
tends to bend under the influence of gravity (see also Fig. 
3A). If the supporting vertical force at the forelimbs is 
distributed over a broad region, as by e.g., the m. serratus 
of large mammals, functional loading peaks in a lowered 
and flattened curve.
During walking and trotting, body weight is support-
ed in phases by only one limb of a pair, while the other 
swings foreward. In addition to the transverse forces and 
the bending moment, the trunk has to resist a torsional 
moment as well (Fig. 3J, K). To maintain stability, com-
pression-resisting (ribs) and tension-resisting (oblique 
muscles) elements are necessary. The ribs follow a path 
intermediate between the path of the transverse forces 
and the compression induced by the torsional moment 
(from cranial-dorsal to caudal-ventral). Additionally, the 
ribs serve as origins of muscles, e.g., for the large m. ser-
ratus. Sprawled limbs induce a high torsional moment in 
the trunk region due to their long lever arms and high 
torsional moments. In the often narrow-shaped cursori-
al mammals, torsion plays a minor role in the trunk re-
gion because the lever arms are short and therefore the 
moments are minimized. Torsion resistance grows with 
the square of the diameters of the body. Therefore, the 
external layers of the body wall, that is ribs and trunk 
musculature, contribute most to its stability which leads 
to a generally relatively uniform arrangement of the trunk 
region in Tetrapoda. The body cavity is stress free. Nev-
ertheless, there are minor differences in the arrangement 
of the trunk region in sprawling and parasagittaly moving 
tetrapods. In reptiles, nearly all trunk vertebrae carry ribs, 
and the m. iliocostalis covers the sides of the trunk as 
an oblique muscle. In mammals, ribs are confined to the 
anterior vertebrae and leave a longer (small mammals) 
or less long (large mammals) lumbar section free from 
ribs. The m. iliocostalis is confined to the dorsum, where 
it functions as a part of the “erector spinae-system” in 
extension or dorsiflexion. Additionally, ribs are also asso-
ciated to ventilation, but the related forces are lower than 
those imposed by locomotion, therefore our discussion 
focusses on only the latter.

Figure 6. Belesodon magnificus (GPIT-PV-31575) and Dimetrodon limbatus (GPIT-PV-31373). A Overview over the mounted 
skeleton on display of Belesodon magnificus. B Cervical and anterior dorsal vertebral column. C Posterior dorsal, sacral, and caudal 
vertebral column. D The two first sacral vertebrae have been preserved, the third one was not preserved. Yellow arrows mark fossil 
vertebrae and ribs. The flattened ribs in the posterior part of the dorsal vertebral column were amended based on Traversodon and 
Cynognathus according to von Huene (1935–42). E Overview over the mounted skeleton of Dimetrodon limbatus on display. F 
Overview over the vertebrae and ribs of the cervical and cranial dorsal vertebral column. G Vertebrae and ribs of the caudal dorsal 
vertebral column. H Sacrum and caudal vertebral column. Yellow arrows mark fossil vertebrae and ribs; orange arrows mark exem-
plaric for one caudal vertebra the added parts made of plaster. Most vertebral centra, as well as the long dorsal spines of the dorsals 
are fossil material. Most ribs, and in the caudals also the dorsal spines are amended by plaster.
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Functional loading conditions in Therapsida

Fore- and hindlimb. In contrast to most diapsids, the ra-
psids have a less long and heavy, in many cases a mark-
edly reduced tail. However, at least anomodont heads 
were relatively large and heavy because of their large 
chewing apparatus and its associated muscles (e.g., An-
gielczyk 2004). This change of body proportions leads 
to high bending moments of the neck and lower bend-
ing moments in the tail region (Fig. 3H, I). Consider-
able compressive stresses in craniocaudal direction can 
be observed at the level of the two support structures. 
This requires a concentration of compression-resistant 
bony material in the respective areas, as indeed is pres-
ent by the shoulder and pelvic girdles in early synapsids. 
The position of the limbs influences the structure of the 
trunk once the femoral retractors have shifted onto the 
postcoxal part of the pelvis. Then, high bending occurs 
above the posterior support and requires a massive de-
velopment of the pubis-ischium-complex at the ventral 
side of the pelvic girdle (Fig. 3L–O). Already in the ear-
liest known synapsids, the ventral part of the shoulder 
girdle, that is the coracoid, procoracoid, interclavicle, 
and clavicle, is well developed and either cartilaginous 
or bony (and a cartilaginous sternum that, although it 
often is not preserved, was likely present as well) (Buch-
holtz et al. 2021). The whole skeletal (or partially car-
tilagenous) plate is suited to sustain compressive stress-
es which result from bending which takes place above 
the anterior support. The large ventrally expanded gir-
dles additionally provide origin surface area for the m. 
pectoralis (humeral adductor) and a bracing structure 
in phases of unilateral loading during walking. Corre-
sponding to the pattern of compressive forces (Fig. 6), 
the scapular blade is inclined posterodorsally, like in 
nearly all quadrupeds. The arrangement of compressive 
stresses also explains the anterodorsal inclination of the 
ilium in contrast to e.g., reptiles that have a posterodor-
sally inclined ilium.

The skeleton of the pelvic girdle is expanded at its 
ventral side in anteroposterior direction as well as in lat-
eromedial direction. This corresponds with the pattern of 
compressive forces in lateral (Fig. 3A–C) and anterior 
(Fig. 4G) view. The ilium expands behind the hip joint 
caudally which provides attachment surface for the hind-
limb retractors while the tail is much reduced (see also 
Gebauer, 2007, Gebauer 2014). This expansion of the il-
ium in posterior direction does not alter the basic antero-
dorsal inclination of the ilium as shown in Fig. 3B.

Axial skeleton. Since the m. pectoralis profundus origi-
nates from the sternum in mammals, the connection be-
tween this element and the anterior often straight ribs is 
strong. In crocodiles and in lizards, the m. serratus acts 
on the short, very strong ribs which do not reach the 
sternum. In early synapsids, this muscle may have ex-
tended cranially onto the cervical vertebrae, e.g., in the 
sphenacodontid Dimetrodon limbatus five and in the gor-
gonopsian Sauroctonus parringtoni two cervical ribs are 
found. In line with this observation is that the innervation 
of the forelimb through the plexus brachialis comes from 
the lower neck segments and only one root comes from 
the first thoracic (e.g., Nickel et al. 1968).

The ribs of early therapsids differ from those of mam-
mals and are similar to those of diapsid reptiles: proxi-
mally, they have two articular surfaces, the head and the 
tuberculum. This v-like shape provides stability and in-
hibits that the ribs are bend outward or inward. The force 
that induces outward or inward bending of the ribs is giv-
en in sprawling tetrapods when the stylopodia are abduct-
ed. In contrast, cranial or caudal bending of the ribs about 
an axis which connects both joints is easily taking place. 
Torsional moments are greater in reptiles than in mam-
mals, because their ground reaction forces have longer 
lever arms. As a consequence, the trunk in extant reptiles 
is more rounded, or tube-like than in mammals that have 
a more laterally compressed trunk at the level of the pec-
toral and the pelvic girdles. Double-headed ribs are suited 
to sustain various loads (Fig. 5A–C, F–I): 

1. The compressive components of torsion, which lead 
to bending of the rib outward (Fig. 5B, F): Compres-
sive stress in walking alternates regularly with tensile 
stress, which leads to inward bending (Fig. 5C). In lat-
eral view, the anterior ribs are approximately vertically 
arranged, more posterior ribs are inclined, and poste-
rior ribs are less inclined again. Inclinations of 45° in 
lateral view are optimal for resisting torsional stress.

2. The force of the pulling and weight-carrying m. serra-
tus (Fig. 4G): The resulting force acts against gravi-
ty, that is vertically upwards, and leads in the anterior 
ribs, that are aligned in the same direction, to function-
al loading by compressive stress.

3. Downward directed pull of the ventral body wall by 
gravity: The tension of the body wall leads to more 
vertically oriented ribs in the most posterior part of the 
dorsal vertebral column again. 

Figure 7. Keratocephalus moloch (GPIT-PV-31461) and Sauroctonus parringtoni (GPIT-PV-31579). A Overview over the mounted 
skeleton of Keratocephalus moloch on display. C Left side, cervical and cranial dorsal vertebral column. E Sacrum from lateroven-
tral. Yellow arrows mark fossil vertebrae and ribs; curly bracket marks preserved dorsal vertebrae; orange arrows mark exemplaric 
for one rib and vertebra the added parts made of plaster. G Right side, cervical and cranial dorsal vertebral column. I Caudal dorsal 
vertebral column and sacrum. B Overview over the mounted skeleton of Sauroctonus parringtoni on display. D Caudal dorsal and 
caudal vertebral column. F Sacrum. Curly bracket marks the added vertebra of the tail. yellow and orange arrow mark exemplaric 
the original fossil material and the added plaster. Overall more caudal ribs consist of less fossil and more artificial material. H Cer-
vical and cranial dorsal vertebral column. K Close-up of the sacral region and the cranial caudal vertebrae.
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4. Carrying the body weight in resting or sprawling belly- 
dragging (sensu Nyakatura et al., 2013): The body 
weight leads to compression of the most ventral bony 
body parts perpendicular to the body long axis (Fig. 
5A, C)

It can be expected that the ribs are inclined to average 
angles mediating between the various functional load-
ings, which may vary dependending on the life-style. 
The independance from the most ventral part of the ribs, 
close to the sternum is secured by the not ossified and 
therefore mobile (see above) cartilaginous parts (Fig. 
4A–D). Early therapsids have ribs on the cervical and 
the dorsal vertebral column. The small cervical ribs sus-
tain high transverse forces at the pectoral region. The 
transverse forces extend far caudally and thus the ribs 
extend just as far caudally (Fig. 3E). On average, the 
more caudal ribs of the trunk are more slender than the 
more cranial ones. The tail in all therapsids is reduced, 
either quite short, or long but slender. For the respective 
taxa, we do not know how long the actual tails were. We 
presume, based on the preserved vertebrae of Sauroc-
tonus parringtoni (gorgonopsian), Stahleckeria potens 
(anomodont), Dimetrodon limbatus (early synapsid), and 
Hyperodapedon sanjuanensis (archosaur) that their tails 
were still relatively long (see Appendix 1). In contrast, 
in Belesodon magnificus and Keratocephalus moloch, 
no tail vertebrae are preserved. For Tetragonias njalilus, 
we do not know, because Cruickshank (1967) merely 
stated that there are several caudal vertebrae, but he was 
unsure how many, and Fröbisch and Reisz (2011) gave 
a rough approximation of 12–15 caudal vertebrae for di-
cynodonts in general. So, it seems likely that a modern 
redescription of the postcranial material might shed light 
on this issue. This is because von Huene (1943) concen-
trated on the description of the skull and the skull frag-
ments of the two specimens found (see Appendix 1) and 
Fröbisch (2006) concentrated on the hindlimb of Tetrag-
onias njalilus. Complete caudal vertebral columns are 
only known for a few therapsids (Kemp 1986). Overall, 
Therapsida experienced a reduction of the tail length 
(Bakker 1971, but see also Fröbisch and Reisz 2011). 
The proximal tail vertebrae are not reinforced as in the 
taxa listed above (Tables 3, 5, 7, 9, 11), and the tail does 
not posses a markedly great mass moment of inertia.

Discussion

Observations on therapsids in 
comparison to fossil and living 
analogues

Fore- and hindlimbs

Therapsida evolved a relatively heavy head with a short 
neck and a short, or at least not heavy tail. These charac-
teristics shifted the center of mass of the body forward, 
towards the forelimbs (Bakker 1971). As a consequence, 
the forelimbs are more massive and stronger than the 
hindlimbs. Although the neck was short and downward- 
directed bending moments were likely high. If a heavy 
head is moved, it offers a high moment of mass inertia. 
Further, depending on the feeding mode, external forc-
es in e.g. lateral direction may have been acting on the 
skull as well. If so, body weight and external force com-
bine to a laterally inclined resultant (Figs 3K, 4H). Only 
if this resultant meets the ground between the forefeet, 
the animal is able to keep itself balanced. In this case, 
the sprawling posture is advantageous as has been sug-
gested by Kielan-Jaworowska and Gambaryan (1994) 
for multituberculate mammals. The lateral placement of 
the forelimb requires an extended origin of the adducting 
and very strong m. pectoralis as well as a compressive 
stress-resistant brace from the glenoid joint to the body 
midline via the sternum. Such a bracing structure, com-
posed of varying bony and cartilaginous elements can be 
found in modern reptiles, amphibians, monotremes, and 
juvenile marsupials for example (Klima 1987; Preuschoft 
2022). Careful reconstructions of the skeleton show that 
Triceratops had laterally abducted fore- and parasagit-
tally adducted hindlimbs (Preuschoft and Gudo 2006). 
Our interpretation is in contrast to the erect posture of 
the species as reconstructed by Fujiwara (2009) and Fu-
jiwara and Hutchinson (2012). Additionally, Triceratops 
had a large head with strong jaw muscles, a neck shield, 
and horns, which were used for defense and maybe also 
for intraspecific fights (Farke et al. 2004), imposing high 
external loadings on the skull. The ceratopsian hindlimbs 
experienced, like those of synapsids, lower functional 
loading than the forelimbs. This is due to their shorter 
and lighter tails and heavier heads (Kemp 1978, 2005; 

Figure 8. Stahleckeria potens (GPIT-PV-30792). A Overview over the mounted skeleton on display. B Left side, cervical and cranial 
dorsal vertebral column. C Left side, caudal dorsal vertebral column. D Dorsal view of the sacral region. E Left side, caudal verte-
brae. F Right side, cervical vertebral column. G Right side, cranial dorsals. H Right side, caudal dorsal. I Right side, ribs. Yellow 
arrows mark fossil vertebrae and ribs; curly bracket marks preserved dorsal vertebrae; orange arrows mark exemplaric for one rib 
and vertebra the added parts made of plaster.
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Gebauer 2007; Gebauer 2014). The hindlimbs do not 
need to be held in a sprawling position because of the 
tail’s low mass moment of inertia. Ceratopsians deviate 
in their morphology markedly from their closest rela-
tives among ornithischians and are instead similar to the 
synapsids. Similar morphological adaptations seem to be 
present in recent monotremes, i.e., sprawling forelimbs 
and erect hindlimbs. This is not well supported by Jenkins 
(1970). Other adaptations, e.g., the aquatic adaptation of 
the platypus (Ornithorhynchus) and the specialized diet 
(ants) of echidnas (Tachyglossus + Zaglossus) riddle 
these other characters.

Most recent mammals walk with both limb pairs 
moved in a parasagittal plane. The swinging scapula pro-
vides an additional leg segment that adds to stride length. 
The necessity for strong leg adductors to maintain the 
sprawling posture becomes superfluous. Instead, recent 
mammals have a slender sternum which is craniocaudal-
ly oriented (Fig. 4A–D). The most anterior ribs attach to 
the sternum by a short cartilaginous portion which allows 
movements. While the coracoid, and in most cases also 
the clavicle, are absent in mammals, the m. pectoralis 
(profundus) takes its origin from the sternum and inserts 
above and below the glenoid joint without moving it. 
Because of this inclined direction, it helps carrying the 
heavy trunk (Fig. 2G, H, more information in Preuschoft 
2022). The angle between humerus and scapula leads to 
considerable flexing moments. These are compensated 
by strong extensors: the m. supraspinam and m. deltoi-
deus. The oldest known mammals from the Jurassic (e.g., 
Haldanodon, Henkelotherium, Juramaia) already had a 
comparable scapula-musculature configuration and their 
anterior ribs were strong enough to establish a compres-
sion-resistent connection between sternum and vertebral 
column. For parasagittal locomotion in mammals, a ro-
tation along the long axis of the zeugopodium is unnec-
essary. This results in fusion of radius and ulna in highly 
evolved hoofed animals. The ulna contacts the elbow and 
forms part of the elbow joint, while the radius contributes 
to the carpal joint (e.g., Romer and Frick 1966; Nickel et 
al. 1968).

If the tail is reduced, it cannot provide a sufficiently 
stable insertion for the retractors of the femur. Instead 
postcoxal processes of the pelvis (synsacrum and is-
chium in birds, ischia and pubis in mammals) offer ar-
eas into which the retractors may insert (Fig. 3L–O). In 
birds, the muscles connect the distal femur or the knee 
area with the exceptionally strong synsacrum formed by 
fusion of ilium, ischium, and pubis. The synsacrum of 
birds is a strong box-beam. It sustains bending in side 
view, but also, together with the rigid transverse process-
es of the vertebrae, the bending in anterior view if only 

one hindlimb contacts the ground during a limb cycle. 
In contrast to early mammals, neither in dinosaurs nor 
in crocodiles the pelvic girdle has a postcoxal process, 
which can serve as an origin for strong femur retracting 
muscles (e.g., Romer and Frick 1966; Nickel et al. 1968; 
Mickoleit 2005). In contrast, non-avian archosaurs have 
strong transverse processes of the proximal caudal verte-
brae, from which the m. caudofemoralis originates. This 
muscle aids e.g., in undulatory swimming and compress-
es the proximal caudals, which as a consequence have 
large diameters (Preuschoft 1976). A shortened tail as in 
therapsids (Bakker 1971) is neither efficient for undu-
latory swimming, nor is its mass moment of inertia big 
enough to act as a counterforce against the contraction of 
a large m. caudofemoralis. All tetrapods with short tails 
will exhibit smaller diameters in their proximal caudal 
vertebrae. This expectation is confirmed by a comparison 
between Hyperodapedon sanjuanensis, Dimetrodon lim-
batus, Sauroctonus parringtoni, and Stahleckeria potens 
(Tables 3, 5, 9, 11; see Appendix 1). In most recent mam-
mals, the tail has only a moderate mass, except for e.g., 
aquatic animals (whales and dolphins, otters, beavers) 
(Kuschel 1994; Preuschoft 2022), jumping animals (kan-
garoos, leaping prosimians, and Catarrhini), and climbing 
Platyrrhini with prehensile tails (e.g., Ankel 1962; Peters 
and Preuschoft 1974; Preuschoft 2022).

Skeleton of the body stem

An array of ribs, in especially the anterior part of the 
trunk is a characteristic of all Tetrapoda. In land-living 
vertebrates, ribs are part of the respiratory system (e.g., 
Perry 2010). Recent attempts for functional analyses of 
ribs were undertaken by e.g., Preuschoft et al. (2005) and 
Fujiwara et al. (2009). Following the principles of Pau-
wels (1965, 1980), the development of ribs is influenced 
by three mechanical factors: transverse forces, the mus-
cular arrangement, and torsional moments. Ribs hamper 
flexing and extending the trunk dorsoventrally.

In the most cranial ribs the m. serratus pulls  dorsally 
and in the more posterior ribs the muscular body wall (m. 
rectus abdominis, m. obliquus abdominis externus, m. 
obliquus abdominis internus, m. transversus abdominis) 
pulls ventrally. The m. serratus suspends the ribs and car-
ries the body (Preuschoft 1976). It compresses the ribs 
and scapula. In contrast, the lateral posterior body wall 
imposes tensile forces onto the ribs. Carrying the weight 
of a large head results in large transverse forces. Like in 
many diapsid reptiles, all trunk segments bear ribs in ear-
ly synapsids. This can partially be explained by negative 
transverse forces reaching far caudally (Fig. 3E). Simi-
larly, the whole trunk region is subdued to high torsional 

Figure 9. Tetragonias njalilus (GPIT-PV-31574) and Hyperodapedon sanjuanensis (GPIT-PV-31578). A Overview over the mount-
ed skeleton. None of the mounted vertebrae and ribs are original fossil material, they are all made of plaster. B, C, D Drawers 
containing the mostly undescribed postcranial material of Tetragonias njalilus. E Overview over the mounted skeleton of Hypero-
dapedon sanjuanensis. F Left side, ribs. G Right side, ribs. H Sacrum and cranial caudal vertebrae. The vertebral column is mostly 
complete, the posterior part of the tail is artificial. I Sacral region. Orange arrows mark added material made of plaster. Yellow 
arrows mark fossil ribs.
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loading. Torsional loadings are imposed onto the neck 
region by different feeding styles (Fig. 3H) (e.g., by tear-
ing off bites from prey or plants). The torsional moments 
have the same magnitude from head to thorax. The in-
sertion of the m. serratus of reptiles at the distal ends of 
the most anterior dorsal ribs may have been extended in 
therapsids onto the cervical ribs. The compressive stress 
the m. serratus exerts may have induced the development 
and ossification of the cervical ribs (see e.g., in Saurocto-
nus parringtoni, Fig. 7; and Dimetrodon limbatus, Fig. 6). 
This is confirmed by the innervation of the arm muscles 
via the brachial plexus, and the roots of this plexus mainly 
comes from the cervical segments. Only the first thoracal 
segment (Th1) is involved in forming the brachial plexus 
(e.g., Romer and Frick 1966; Nickel et al. 1968).

Conclusions

Evolution of parasagittal locomotion

Parasagittal locomotion evolved convergently in Aves, 
Meta-, and Eutheria. In therapsids, this posture was at-
tained in the hindlimbs earlier than in the forelimbs 
(Fröbisch 2006). Some sprawling taxa are able to change 
to a semi-erect locomotion at higher speeds, e.g., the 
“high walk” of todays crocodiles (Reilly and Elias 1998) 
and big lizards (monitor lizards, iguanids) (Christian 
1995; Preuschoft et al. 2007). The lack of endurance may 
be because the muscle fibres do not work at their opti-
mal fibre length in this semi-erect stance (Christian 1995; 
Preuschoft et al. 2007). Extended joints save energy be-
cause they imply short lever arms. This option is used 
by the gigantic sauropods and by elephants as the largest 
among extant terrestrial mammals. Size, or a large body 
mass, may imply that a more erect way of walking would 
be more energetically efficient. Nevertheless, Clemente 
et al. (2011) showed that there is no correlation between 
body mass and the adduction angle between the femur 
and the sagittal plane.

Limb segments of the more extended parasagittal po-
sition can become longer without an increase of energy 
consumption. Many synapsids were of medium size [(e.g., 
Dimetrodon limbatus (Fig. 6)], Sauroctonus parringtoni 
(Fig. 7), Tetragonias njalilus (Fig. 9), Belesodon magnifi-
cus (Fig. 6)), especially those considered to be ancestral 
to early mammals but some gained considerable body 
sizes (e.g., Stahleckeria potens, Fig. 8, Kera to ce pha lus 
moloch, Fig. 7) and it seems that these also have not made 
use of extending the joints. Like early non-mammalian 
Therapsida, the earliest known mammals were small. 
Small animals can excert proportionally more muscle 
force (F) in relation to body mass (m; F = m2/3) than large 
ones (Preuschoft 2022).

Possible evolutionary scenarios for the development of 
parasagittal locomotion are: 

1. Small mammals hold their legs horizontally only 
during part of the locomotory cycle (roughly during 

one third) and save some energy this way (e.g., Witte 
et al. 2002; Ren et al. 2008).

2. The horizontal components of the ground reaction 
forces perpendicular to locomotion (Fy in Fig. 2O), 
which induce lateral undulation in sprawling tetrapods, 
are completely nullified when the limbs are moved in 
a parasagittal plane (Christian 1995; McElroy et al. 
2014). By changing from horizontal (in reptiles and 
early tetrapods) to vertical movements using the in-
verted pendulum mechanics (stilt-like extremities of 
mammals), energy is saved and a possibility to utilize 
elastic rebounding is offered (Christian 1995; Witte et 
al. 1995, 2002) (Fig. 2P, Q).

3. For a digitigrade limb posture, an additional limb seg-
ment is formed by the tarsus and metapodium. This 
additional limb segment elongates the free limb and 
therefore step length (e.g., Witte et al. 2002; Ren et al. 
2008).

4. During sprawling locomotion of synapsids, humeral 
long axis rotation may be limited, based on the oval 
humeral head surface observable in limbs (Dimetro-
don limbatus, Stahleckeria potens, Sauroctonus par-
ringtoni, Tetragonias njalilus, Belesodon magnificus). 
The digits are continuously pointing forward and the 
forearms are crossed during the entire limb cycle. This 
leads in many forms to a division of labor in which 
the ulna is loaded more in the proximal and the radi-
us more in the distal part. In parasagittal locomotion, 
the manus is placed forward and extension and flexion 
of the elbow and knee joint increase the stride length 
(Romer and Frick 1966; Nickel et al. 1968).

5. A swinging scapula and an accordingly restructured 
thorax add to stride length by basically adding another 
additional limb segment to the leg (Fischer 1994a, b).

Therapsid heads have been rather large and presumably 
heavy. Lateral movements of the heavy head require a 
broad support from the forelimbs, especially when per-
formed rapidly. Hindlimbs are not subject to this con-
dition, especially, if the tail is never exposed to statical 
loading or lateral accelerations. A reason for a more 
parasagittal posture of the hindlimb in therapsids ear-
lier in evolution than in the forelimbs may be that the 
reduced, lighter, and/or shortened tail did not constrain 
the hindlimb to a sprawling position earlier in locomotion 
than the forelimb was subjected to.
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Table 1. Belesodon magnificus (GPIT-PV-31575) rib measurements. Abbreviations: n. m., not measurable.
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rib 9 (left) n.m. n.m. 0.6 1.0 0.3 1.1 2.6 1.7 1.5 n.m.
rib 11 (left and 
right)

n.m. n.m. 0.6 and 0.6 1.0 and 1.1 0.4 and 0.5 1.0 and 1.0 Broken 
and 3.7

1.6 and 2.7 Broken 
and 2.1

n.m.

rib 16 (left) n.m. n.m. 0.7 1.1 0.7 1.0 2.3 1.6 1.8 n.m.
rib 19 (left) n.m. n.m. 0.5 0.8 2.3 1.4 1.8 n.m.

Table 2. Dimetrodon limbatus (GPIT-PV31373) rib measurements. Right side, left side is inaccessible.
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rib 1 n.m. n.m. 0.6 1.1 0.5 0.6 1.9 1.7 1.0 0.3
rib 2 n.m. n.m. 0.7 1.2 n.m. n.m. n.m. 2.1 n.m. n.m.
rib 3 n.m. n.m. 0.9 1.1 0.7 0.8 n.m. n.m. n.m. n.m.
rib 8 n.m. n.m. 1.2 1.8 0.8 0.7 n.m. n.m. n.m. n.m.
rib 9 n.m. n.m. 1.2 1.8 0.9 0.7 n.m. n.m. n.m. n.m.
rib 12 n.m. n.m. n.m. n.m. 0.8 0.9 3.5 2.5 2.8 2.3
rib 13 n.m. n.m. 0.9 0.8 0.9 0.8 2.9 3.3 2.8 2.2
rib 16 n.m. n.m. 0.8 1.3 n.m. n.m. n.m. n.m. n.m. n.m.

Table 3. Dimetrodon limbatus (GPIT-PV31373) vertebrae measurements (vertebrae measured until approximately half the tail 
length was reached).

centrum width (cm) centrum height (cm) centrum length (cm)
second last presacral 3.6 3.0 3.8
last presacral 3.5 3.2 3.7
1. sacral 3.5 3.2 2.8
2. sacral 3.2 3.2 2.9
3. sacral 2.6 2.5 2.8
1. caudal 3.0 2.5 3.0
2. caudal 2.4 2.7 3.0
3. caudal 2.7 3.0 2.5
4. caudal 2.6 2.7 2.6
5. caudal 2.8 2.4 2.6
6. caudal 2.7 2.7 2.4
7. caudal 2.5 2.7 2.6
8. caudal 2.7 3.0 2.2
9. caudal 2.1 1.8 2.4
10. caudal 2.0 1.8 2.0
11. caudal 1.6 1.6 2.1
12. caudal 1.6 1.4 1.8
13. caudal 1.4 1.3 1.8
14. caudal 1.4 1.4 1.8
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Table 4. Hyperodapedon sanjuanensis (GPIT-PV-31578) rib measurements. Ribs 22 and 23 on the left and rib 15 on the right side 
are not measurable because too incompletely preserved. Abbreviations: n.m., not measurable due to incomplete preservation or 
deformation.
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rib 1 (left) n.m. 5.5 0.4 1.2 0.4 0.9 2.0 n.m. n.m. n.m.
rib 2 (right) n.m. 5.5 0.5 0.6 0.4 0.5 2.0 1.5 1.6 0.9
rib 3 (right) n.m. n.m. n.m. n.m. n.m. n.m. 2.4 2.1 1.2 1.0
rib 4 (left) n.m. n.m. n.m. n.m. n.m. n.m. 3.1 2.5 1.6 1.1
rib 7 (right) 15.0 15.5 0.5 1.3 0.5 1.0 3.2 2.5 3.4 0.4
rib 9 (right) 20.0 16.0 0.8 1.6 0.7 1.3 3.2 2.9 2.4 0.5
rib 10 (right) 20.6 17.0 0.7 1.1 0.8 1.1 2.9 2.4 1.7 n.m.
rib 11 (right) 20.9 16.0 1.0 1.5 1.0 1.0 n.m. n.m. n.m. n.m.
rib 12 (left) 17.0 16.6 0.6 1.2 0.7 1.2 2.9 n.m. n.m. n.m.
rib 13 (right) 20.7 18.3 0.8 0.9 0.6 1.3 n.m. n.m. n.m. n.m.
rib 14 (left) n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m.
rib 18 (right) 21.5 20.4 0.7 0.8 0.5 0.9 n.m. n.m. n.m. n.m.
rib 19 (right) 17.7 15.8 0.5 0.8 0.5 1.1 n.m. n.m. n.m. n.m.
rib 20 (left) 23.0 16.4 0.6 0.8 0.4 0.8 n.m. n.m. n.m. n.m.

Table 5. Hyperodapedon sanjuanensis (GPIT-PV-31578) vertebrae measurements (vertebrae measured until approximately half the 
tail length was reached).

centrum width (cm) centrum height (cm) centrum length (cm)
second last presacral 3.0 2.4 3.3
last presacral 2.5 2.8 2.5
1. sacral 2.8 2.3 3.5
2. sacral 2.9 2.5 3.4
1. caudal 2.0 2.4 2.6
2. caudal 2.3 2.3 2.4
3. caudal 2.0 2.2 2.3
4. caudal 1.8 2.4 2.1
5. caudal 2.0 2.2 2.0
6. caudal 1.5 2.0 1.8
7. caudal 1.2 1.8 1.8
8. caudal 1.0 1.6 2.0
9. caudal 1.1 2.0 1.7

Table 6. Keratocephalus moloch (GPIT-PV-31461) rib measurements. Abbreviations: n.m., not measureable.
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rib 12 (left and right) n.m. n.m. n.m. n.m. n.m. n.m. 13 and 16 7 and 7 12 and 13 n.m.

rib 13 (left and right) n.m. n.m. n.m. n.m. n.m. n.m. 15 and 15 6 and 7 12 and 13 n.m.

rib 14 (right) n.m. n.m. n.m. n.m. n.m. n.m. 15 7 12 n.m.

rib 15 (right) n.m. n.m. n.m. n.m. n.m. n.m. 13 5.5 12 n.m.
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Table 7. Keratocephalus moloch (GPIT-PV-31461) vertebrae measurements (vertebrae measured until approximately half the tail 
length was reached).

centrum width (cm) centrum height (cm) centrum length (cm)
second last presacral 9.0 7.2 4.5
last presacral 10.0 8.7 4.6
1. sacral 10.0 10.2 5.5
2. sacral 7.5 11.5 5.5
3. sacral 8.3 9.3 6.0
1. caudal 8.5 8.8 5.5

Table 8. Sauroctonus parringtoni (GPIT-PV-31579) rib measurements. All measured ribs are from the left side. Abbreviations: n.m., 
not measureable.
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rib 1 65 cm 65 6.82 9.75 5.8 7.61 21.27 14.8 11.4 3.1
rib 2 85 85 6.9 7.68 5.3 6.15 24.85 12.96 17.87 3.55
rib 3 115 110 7.07 8.67 7.2 7.38 23,2 15.28 11.54 3.34
rib 4 135 130 5.8 8.4 4.66 7.5 27.2 13.7 22.1 3.18
rib 5 150 135 7.32 11 7.3 8.45 32.12 13,5 18.3 3.55
rib 6 140 130 5.33 9 4.45 6.87 n.m. n.m. n.m. n.m.
rib 7 155 135 6.3 9.6 7.36 7.76 n.m. n.m. n.m. 3
rib 8 180 135 6.84 7 5.75 7.09 21.7 14.3 17.34 2.8
rib 9 170 145 5.67 8.81 5,97 7.48 n.m. n.m. n.m. n.m.
rib 10 190 165 4.22 10.4 5.42 5.5 n.m. n.m. n.m. n.m.
rib 11 210 185 6.2 7.58 6.25 6.35 21.89 16.22 16.2
rib 12 190 170 7.12 7.52 6.82 6.41 33.41 14.56 26 3.5
rib 13 180 145 5.87 8.54 6.01 7.61 34 17.5 25 1.2
rib 14 175 140 7.47 7.95 6.91 6.14 36.02 15.61 25.11 2.9
rib 15 170 135 9.42 7.64 7.63 4.55 32.53 14.34 25.11 4.3
rib 16 160 130 5.69 6.68 4.94 7.1 28.6 13.73 22.9 3.43
rib 17 130 110 8.33 9.12 6.43 8.48 n.m. 12.7 n.m. 4
rib 18 110 100 5.43 8.56 5.69 6.26 29.8 12.23 28.05 6
rib 19 100 80 5.73 7.2 4.42 4.75 20.4 13.43 19.7 1.85
rib 20 85 65 5.68 9.84 5.21 7.55 19.92 11 14.3 1
rib 21 90 70 5.86 8.25 5.62 9.11 18.2 10.2 17.4 1
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Table 9. Sauroctonus parringtoni (GPIT-PV-31579) vertebrae measurements (if possible, vertebrae measured until approximately 
half the tail length was reached).

centrum width(cm) centrum height(cm) centrum length (cm)
second last presacral 20.4 19 25
last presacral 18.7 18 15
1. sacral 36 20 18
2. sacral 23.7 18 19
3. sacral 21.4 16 17
1. caudal 25,4 22 22
2. caudal 23.3 12 19
3. caudal 24.2 14 22
4. caudal 22 12 14
5. caudal 16.2 14 14
6. caudal 19.20 12 10
7. caudal 18.2 14 16

Table 10. Stahleckeria potens (GPIT-PV-30792) rib measurements. Abbreviations: n.m., not measureable.
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rib 8 (left complete) 55 47.5 2.7 2.6 1.8 2.4 13.6 10.9 5.6 1.3
rib 9 (left) n.m. n.m. n.m. n.m. n.m. n.m.- 14.0 10.7 6.6 1.4
rib 12 (right) n.m. n.m. n.m. n.m. n.m. n.m. 10.6 7.6 7.0 n. m.
rib 14 (left) n.m. n.m. n.m. n.m. n.m. n.m. 8.1 4.8 5.4 n. m.
rib 15 (left and right) n.m. n.m. n.m. n.m. n.m. n.m. 6.5 and 6.6 3.9 and 4.8 5.1 and 5.2 n. m. 

and 0.3
rib 16 (left and right complete) 110.5 76.5 3.8 4.5 3.7 4.4 7.5 and 7.2 4.7 and 4.3 4.4 and 4.6 n. m. 

and 0.2
rib 17 (right) n.m. n.m. n.m. n.m. n.m. n.m. 6.2 4.2 3.7 n. m.
rib 18 (right) n.m. n.m. n.m. n.m. n.m. n.m. 6.7 4.5 5.3 n. m.
rib 19 (right) n.m. n.m. n.m. n.m. n.m. n.m. 5.8 4.1 3.6 n. m.
rib 20 (left and right) n.m. n.m. n.m. n.m. n.m. n.m. 6.1 and 6.2 4.0 and 4.2 3.7 and 4.6 n. m.
rib 23 (left) n.m. n.m. n.m. n.m. n.m. n.m. 8.7 5.1 3.9 n. m.
rib 24 (left) n.m. n.m. n.m. n.m. n.m. n.m. 8.5 6.0 4.5 n. m.
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Table 11. Stahleckeria potens (GPIT-PV-30792) vertebrae measurements (vertebrae measured until approximately half the tail length 
was reached). Abbreviations: /, not measurable because fused; —, not measurable because not preserved; n.m., not measurable.

centrum width(cm) centrum height(cm) centrum length (cm)
second last presacral — — -
last presacral 9.2 8.9 5.4
1. sacral 9.4 11.6 42.4
2. sacral n.m. n.m. n.m.
3. sacral n.m. n.m. n.m.
4. sacral n.m. n.m. n.m.
5. sacral n.m. n.m. n.m.
6. sacral n.m. n.m. n.m.
7. sacral n.m. n.m. n.m.
8. sacral 6.2 5.6 n.m.
1. caudal n.m. n.m. n.m.
2. caudal 7.5 8.6 4.0
3. caudal 8.4 8.0 4.1
4. caudal 7.8 6.5 4.5
5. caudal 7.0 6.4 4.8
6. caudal 7.1 8.2 4.2
7. caudal 7.3 4 3.4

Table 12. Segments of body stem. The remains of the vertebral columns of Stahleckeria potens, Belesodon magnificus, Keratoceph-
alus moloch, and Tetragonias njalilus are too fragmentary to determine the number of vertebrae, their regionalization, and which 
are rib-bearing or carrying wide transverse processes.

Taxon no. of cervical 
vertebrae

no. of dorsal 
vertebrae

no. of sacral 
vertebrae

no. of caudal 
vertebrae

cervical 
vertebrae 
with ribs

dorsal verte-
brae with-

out ribs

tail verte-
brae with 
transverse 
processes

citation

Sauroctonus 
 parringtoni 
(GPIT-PV- 31579)

7 21 3 33–34 2 0 7 Gebauer 
2007; 2014

Hyperodapedon 
sanjuanensis 
(GPIT-PV- 31578)

6 19 2 35–40 6 0 Impossible to 
determine

von Huene 
(1939–42)

Dimetrodon 
limbatus (GPIT-
PV- 31373)

unknown 27 presacrals 
(Case 1910)

3 
(Romer 1927)

> 20 in e.g. 
the specimen 
described by 

Romer (1927) 
(observed 

in the GPIT 
specimen)

all 0 Impossible to 
determine
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Appendix 1

The material we examined includes the skeletons of the archosaur Hyperodapedon sanjuanensis (GPIT-PV-31578) 
(Figs 1, 9), the early synapsid pelycosaur-grade Dimetrodon limbatus (GPIT-PV-31373) (Figs 1, 6), and the therapsids 
Sauroctonus parringtoni (GPIT-PV-31579) (Figs 1, 7), Stahleckeria potens (GPIT-PV-30792) (Figs 1, 8), Keratocepha-
lus moloch (GPIT-PV-31461) (Figs 1, 7), Belesodon magnificus (GPIT-PV-31575) (Figs 1, 6), and Tetragonias njalilus 
(GPIT-PV-31574) (Figs 1, 9), all displayed at the Paleontological Collection, Eberhard Karls Universität Tübingen 
(GPIT), Tübingen, Germany. Most of these specimens were collected in digging campaigns by Friedrich von Huene 
(1875–1969) in various parts of the world over time. So, Sauroctonus parringtoni and Tetragonias njalilus are from the 
Upper Permian of the Ruhuhu region in Tanzania. Stahleckeria potens, Belesodon magnificus, and Hyperodapedon san-
juanensis are from the Middle Triassic of Rio Grande do Sul, Brazil. Keratocephalus moloch is from the Middle Perm-
ian of the Karoo, RSA. Dimetrodon limbatus is from the Lower Permian of Texas, USA, and was bought by Sternberg.

1. Hyperodapedon sanjuanensis (Rhynchosauria, Archo-
sauromorpha, GPIT-PV-31578) (Fig. 9) has been found 
in Sao José, close to Santa Maria, Brazil, and is from 
the Santa-Maria-Formation, Middle to Upper Triassic. 
Von Huene (1935–1942) suggested that the vertebral 
column consists of six cervical, 25 presacral, and two 
sacral vertebrae. The vertebrae are amphicoelous. During 
the excavation, three specimens of Hyperodapedon san-
juanensis were recovered. Based on all three, von Huene 
(1935–42) estimated that Hyperodapedon has a total of 
about 35–40 caudal vertebrae. This is based on two rela-
tively complete specimens (specimens “19,2” and “23”) 
that had three and eight caudals preserved (Table 5). The 
third specimen (from excavation 46) had 32 articulated 
caudal vertebrae of which presumably the first two and 
some of the last vertebrae are missing. The identification 
of the cervicals is not unequivocal. The first eight verte-
brae have a different shape than the following, but the 
sixth vertebra is the first one with ribs and the seventh 
vertebra articulates with a double-headed rib. This way, 
von Huene (1935–1942) defined that the first six are cer-
vicals and that the seventh vertebra is the first dorsal or 
a transitional vertebra. Hyperodapedon had tail ribs and 
haemapophyses. The mounted skeleton is a composit 
skeleton based on specimen “19,2” and amended by the 
other specimens. Specimen “19,2” had ribs 7–10, 12, 16, 
and 20 preserved. In the mounted composit skeleton, the 
vertebrae 1–24, two sacrals, and nine caudal vertebrae are 
mounted. Further, on the right side, ribs 2, 3, 7, 9, 10, 11, 
13, 15, 18, 19, and two fused sacral ribs, ribs 1, 4, 9–15, 
18–20, 22, and 23 are mounted, as well as the two sacral 
ribs are fused to the sacral vertebrae on the left side of the 
skeleton (Table 4).

2. The mounted skeleton of Dimetrodon limbatus (GPIT-
PV-31373) (Fig. 6) is a composit skeleton and was bought 
by Sternberg in 1911. The fossil remains are recorded to 
be from the Wichita-Formation, Lower Permian, from 
the Craddocks Ranch in Texas, USA. Which parts of the 
skeleton belong to different individuals has not been doc-
umented. There are different states of preservation notice-
able though. As e.g., the first ribs on the right body side 
appear to be smoother and partially white crystallized and 
preserved in contrast to the generally more reddish state 
of preservation. The vertebral column appears to be rela-
tively complete (Table 3) including the long dorsal spines 

of the dorsal vertebral column. Many transverse process-
es of the posterior dorsals and the proximal caudals have 
been amended by colored plaster. Further, many dorsal 
spines of the caudal vertebrae have been amended by 
plaster, too. 43 caudal vertebrae were counted. The ver-
tebrae are amphicoelous. On the right side, ribs 1–3, 8, 9, 
12, 13, 16, and three sacral ribs have been partially pre-
served (Table 2). The left side of the body is inaccessible 
due to the mounting’s placement in the diorama.

3. Sauroctonus parringtoni (Gorgonopsia) (GPIT- PV- 
31579) (Fig. 7) is from the Usili-Formation, Songea 
Group, Upper Permian from the Usili-Mountain, 
Ruhuhu-region, Tanzania. The vertebral column is rela-
tively well preserved including seven cervicals, three 
sacrals, and the first seven caudal vertebrae (Table 9). The 
ribs are often broken and especially the distal ends have 
been amended by plaster as was noted by Gebauer (2007). 
The more caudal ribs, cervicals, and anterior dorsals, are 
all double-headed and more complete than the more pos-
terior ones which have been largely amended by plaster, 
so the rib length measurements have to be looked at based 
on this condition (Gebauer 2007; Table 8). In the mount-
ing, the third and second sacral vertebra have been trans-
posed we concluded after comparison to Gebauer (2007).

4. Stahleckeria potens (GPIT-PV-30792) (Fig. 8) (von 
Huene 1935–1942) is a kannemeyeriiform from Chiniquá 
close to Saõ Pedro do Sul, Rio Grande do Sul, Brazil, 
Santa Maria Formation (Middle Triassic). The vertebrae 
and ribs were sorted and assigned to their position in the 
skeleton solely by size by von Huene and are from an 
undocumented number of specimens by von Huene, so 
the mounted skeleton is a composit skeleton (von Huene 
1935–1942). At least partially preserved are the vertebrae 
1, 2, 4, 6, 8–11, 13–17, 19–22, 24–32, 34–45, 47. The 
second last presacral and the first caudal vertebra are not 
preserved and made from plaster, and therefore, could not 
be measured. In Stahleckeria potens, the sacrum consists 
of eight fused vertebrae. The vertebrae are amphicoelous 
(von Huene 1935–1942). We measured the width and 
height of the anterior side of the centrum of the first sacral 
vertebra and the posterior side of the eighth sacral ver-
tebra and measured the length of the whole fused sacral 
complex as it was not possible to measure each single 
centrum (Table 11).
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No cervical ribs have been preserved. Only two ribs, ribs 
8 (left side) and 16 (right side), are complete (von Huene 
1935–1942). Many ribs are partially preserved (right side: 
12, 14, 16–22; left side: 8, 9, 11–17, 20, 21, 23, 24), but 
only those where the proximal head was fully preserved 
were measured (measurements 12–15). All rib fragments 
have been amended by plaster and it is not possible to 
identify how correctly they have been assigned to their 
position in the vertebral column. We collected data on rib 
8, 9, 14, 15, 16, 20, 23, 24 from the left side and rib 12, 
16–20 from the right side (Table 10).

5. Belesodon magnificus (GPIT-PV-31575) (Fig. 6) was 
found in Chiniquá (São Lucas), Rio Grande do Sul, Bra-
zil, Santa-Maria-Formation (Middle to Upper Triassic). 
The vertebrae are amphicoelous. Eleven presacral verte-
brae are preserved (3, 5–11, 14) but not the second last 
and last one before the sacrum. Three diagenetically dor-
soventrally flattened sacral vertebrae are preserved. The 
fourth sacral vertebra is missing. No caudal vertebrae are 
preserved. Due to the state of preservation, only the first 
sacral vertebra can be measured (centrum height: 1.7 cm; 
centrum width: 2.4 cm; centrum length: 2.5 cm). Ribs 9, 
11, 16, and 20 from the left side and 11 from the right 
side are preserved (Table 1). All others are modelled and 
based loosely on Traversodon and Cynognathus (Huene 
1935–1942, p.112).

6. Tetragonias njalilus (GPIT-PV-31574) (Fig. 9) (Ano-
modontia, Dicynodontia) von Huene 1943a (synonym 
Dicynodon njalilus), Njalila, Ruhuhu-Gebiet, Tansania; 
Middle Triassic, Manda-Formation (235 Ma). The species 
(Dicynodon njalilus) has been based on the skull of a ju-
venile specimen. Parts of the postcranium of the juvenile 
specimen, as well as part of the skull and the postcranium 
of an ontogenetically older specimen of presumably the 
same species has been been mentioned but not been de-
scribed by von Huene (1942). Before we could measure 
the preserved vertebrae and ribs, the postcrania would 
need a redescription because otherwise it it impossible to 
know their position within the skeleton. von Huene did 
not document how the skeletal mounting was conceptual-
ized (von Huene, 1942). The skull and limb bones of the 
mounted skeleton are labelled as 292 (the number of the 
fossil digging campaign) but none of the vertebrae or ribs 
are original. Because the skull looks fairly complete, we 
presume that the juvenile specimen on which the species 
is based on, has been mounted as well as the fore- and 
hindlimb of either one of the individuals.

7. Keratocephalus moloch (tapinocephalid dinoce phal ian; 
Synapsida: Therapsida) (GPIT-PV-31461) (Fig. 7) was 
found in the Tapinocephalus-Zone of the Lower Beaufort 
Beds, Early Capitanian, Middle Permian in Abrahamsk-
raal, Karoo, RSA. Part of the presacral vertebrae of Ker-
atocephalus moloch are preserved including the last two 
presacrals, the three sacral vertebrae, and the first tail ver-
tebra (i.e., vertebrae: 1, 2, 8–17, 27–33) (Table 7). In the 
mounted skeleton, cervicals and the first dorsal/presacrals 
are added, as well as the tail and the missing ribs. The 

vertebrae are amphicoelous. Presumptions by von Huene 
were based on Moschops capensis by Gregory (1926) ac-
cording to von Huene himself (von Huene, 1931, p.20.). 
The specimen was found upside down, so with the back 
on the ground, so the more dorsal parts have been pre-
served rather than the ventral parts (von Huene, 1931). 
On the left side, part of the proximal rib 12, 13, 15, 26, 
and 28 and from the right side rib 11–14, 16, 26, and 27 
are preserved. Only the three respective left ribs and rib 
12, 13, and 14 are complete enough (Table 6) to measure 
the most proximal measurement sections (Tables 7–9).
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