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The origin and radiation of therapsids from non-therapsid
synapsid ancestors (“pelycosaurs” for brevity) was a key event
in the evolution of the mammalian lineage. Distinct from the
problem of the biogeographic and temporal circumstances sur-
rounding this event is the question of how the therapsid body
plan was assembled. The incompleteness of the fossil record
shrouds both questions in uncertainty (Angielczyk & Kammerer,
2018; Brocklehurst et al, 2017, 2022a; Kemp, 2006, 2009).
Notably, the earliest-known therapsids are already highly distinct
from their sister group, the sphenacodontid “pelycosaurs,” diag-
nosed by dozens of cranial and postcranial synapomorphies
(Kemp, 2006; Sidor & Hopson, 1998). Given the exceptionally
long ghost lineage separating the oldest known, well-supported
members of Sphenacodontidae and Therapsida (>30 Ma;
Duhamel et al,, 2021; Frobisch et al.,, 2011; Sidor & Hopson,
1998), this level of morphological disparity is not unexpected.
However, the dearth of more intermediate forms obfuscates
attempts to understand the pattern of anatomical transformation
from “pelycosaurs” to therapsids.

The pronounced morphological gap between known “pelyco-
saurs” and therapsids necessarily results in paleobiological
interpretations of therapsid origins that tend toward a
‘quantum leap’ narrative. This is particularly acute for functional
morphology related to the postcranial skeleton, such as breath-
ing and locomotion, because postcranial anatomy is poorly
known for the basalmost members of many therapsid lineages
(e.g., Kammerer, 2011; Liu et al., 2009, 2010). One exception to
this is the therapsid clade Biarmosuchia, where the basal
members Biarmosuchus and Hipposaurus are represented by
substantial postcranial material (Boonstra, 1965; Sigogneau &
Tchudinov, 1972; Tchudinov, 1983), and have frequently served
as a partial proxy for the hypothetical ancestral therapsid (e.g.,
Kemp, 2006, 2009; Rubidge & Sidor, 2001). These taxa already
possess a suite of ‘typical therapsid’ postcranial traits, including
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a simplified shoulder and knee joint anatomy, less ossified
humeral head and modified femoral muscle insertions;
however, they also exhibit remarkable autapomorphies, includ-
ing long, gracile limbs and a tuber-bearing calcaneum (see afore-
mentioned references). Their utility for inferring the basal
therapsid condition is therefore questionable. Postcranial
material is also known for some basal anomodonts, but as with
biarmosuchians, they too are already typically therapsid in struc-
ture, with simplified and less well ossified joints (Brinkman, 1981;
Cisneros et al., 2015) or are ostensibly autapomorphic (Frébisch
& Reisz, 2011). Given this, the wide anatomical gap between
“pelycosaurs” and therapsids persists.

This paper describes a peculiar partial humerus from the mid-
Permian (Capitanian) of the Main Karoo Basin, South Africa,
that helps close the void between “pelycosaurs” and therapsids.
Although demonstrably of synapsid affinity, it cannot be assigned
to any currently known clade, blurring the distinction between
“pelycosaur” and therapsid, and raising the question of where
the boundary is drawn between the two groups. Irrespective of
whether it belongs to a derived “pelycosaur™ or primitive therap-
sid, this specimen can provide important insight into the origin of
the therapsid body plan.

Institutional Abbreviations—BP, Evolutionary Studies Insti-
tute, University of the Witwatersrand, Johannesburg, South
Africa; MCZ VPRA, Vertebrate Paleontology (Reptiles and
Amphibians) collection, Museum of Comparative Zoology,
Harvard University, Cambridge, MA, U.S.A.; UMZC, University
Museum of Zoology, Cambridge, UK.

MATERIAL AND METHODS

Specimen BP/1/7395 was collected in 2013 on the farm Wolwe-
hoek, part of Hendriks Kraal 298, in the Beaufort West district
(32°19.017'S, 22°6.559'E). It was found ex situ on a small
exposed area of greenish-gray siltstone, and the locality’s geomor-
phology constrains the specimen to deriving from the lower Kar-
elskraal Member of the Abrahamskraal Formation. This places it
in the upper Diictodon—Styracocephalus Subzone of the Tapinoce-
phalus Assemblage Zone, dated to between 262-260 Ma (Day
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et al., 2022). Most matrix had already weathered off the bone
surface naturally prior to discovery. To document the three-
dimensional geometry, the specimen was digitized by photogram-
metry using RealityCapture (v1.2, Epic Games, Slovakia). Due to
logistical constraints, this was undertaken prior to the remaining
small amount of matrix being mechanically prepared away from
the ventral surface (Movie S1). For purposes of comparison and
illustration, this study also created digital models of the
humerus of MCZ VPRA-3357 Dimetrodon limbatus (Bishop
etal.,2023) and UMZCT.883, an indeterminate Tanzanian gorgo-
nopsian (Kemp, 1982). The latter was generated using a GoSCAN
20 laser surface scanner (Creaform, U.S.A.).

RESULTS

Description of anatomical features assumes the humerus is
oriented lateral to the body, parallel to the horizontal, thus pre-
senting dorsal, ventral, anterior, and posterior aspects. As pre-
served, BP/1/7395 comprises the proximal end of a left humerus
(Fig. 1), estimated to represent approximately one-third of the
entire bone. Measured along the inferred proximodistal axis it is
75 mm long, suggesting that the length of the complete bone
was between 150-200 mm. Structurally the bone is largely well
preserved, with only minor fragmentation of part of the humeral
head and deltopectoral crest (DPC). Although the anterodistal
part of the DPC is missing, it remains intact proximally, indicating
the full breadth of the bone; maximum anteroposterior width is
94 mm. Surface preservation of the bone is generally excellent.
Allbone surface is covered with finished (periosteal) bone, includ-
ing the articular surface and margin of the DPC. At least three
regions exhibit a surface texture indicative of muscle scarring.

The most distinctive feature is the articular surface of the
caput. It is remarkably well ossified and has a characteristic
strap shape that spirals across the terminal head, running diagon-
ally from anterodorsal to posteroventral ends of the bone.
Although convex across most of its extent, the surface is gently
concave (in the anteroposterior direction) at its anteriormost
limit (Fig. 1I). The articular surface is prominent relative to the
surrounding bone, such that the boundary of the surface is well
delimited, constraining the area that in life would have supported
articular cartilage. This is particularly apparent anteroventrally,
where a sharp crest is formed separating articular surface from
the base of the DPC. Discrete parts of the articular surface
extend out onto the dorsal and ventral aspects of the bone,
forming rounded lips, the dorsal more prominently everted
than the ventral. The anteroposterior length of the articular
surface, 46 mm, comprises ca. 48% of the full width of the bone.

The DPC is incomplete distally, and as such its full size or
shape is unknown. Proximally it has a broadly rounded profile
in dorsal (or ventral) view, with no indication of a greater tuber-
osity or otherwise discrete angle of bone. What is preserved of
the leading margin is fully ossified, and bears a cross-hatched
or striate surface texture, particularly on the ventral side, indica-
tive of fibrous attachment of the pectoral and deltoid muscula-
ture. Notably, the DPC forms a broad, obtuse angle with the
main body of the bone, around 140° when viewed proximally.
As a consequence, the DPC gently grades into the main body,
giving the bone an overall flattened appearance.

The dorsal surface of the bone is mostly smooth, but where the
DPC adjoins the main body there is a longitudinally oriented patch
of striate scarring texture (Fig. 1A, B, K). This scarring runs proxi-
mally almost up to the level of the articular surface. Its position,
orientation, and extent are comparable to a scar or ridge that pre-
vious authors have observed and interpreted in theriodonts as
demarcating the insertion of the homolog of the mammalian
teres minor muscle (Lai et al., 2018; Sigogneau-Russell, 1989).
The ventral surface of the bone presents a broad and shallow

‘bicipital fossa’ formed between the DPC anteriorly and the
well-developed lesser tuberosity posteriorly (described below).

On the posteroproximal corner of the bone is an enlarged
process bearing a striate surface texture on its posterior aspect;
this is interpreted as the homolog of the mammalian lesser tuber-
osity (LT), where the subscapularis (and subcoracoideus, if it
existed) muscle inserted. In addition to its large size, occupying
the entire corner of the bone, it is notable in its proximal
extent, projecting proximally beyond the surrounding bone.
This forms a distinct, smooth-surfaced furrow between the LT
and the posterior margin of the articular surface.

DISCUSSION
Identification as a Synapsid

Three groups of medium- to large-bodied tetrapods are
recorded from the Tapinocephalus Assemblage Zone of the
Main Karoo Basin (Day & Rubidge, 2020): rhinesuchids (Temnos-
pondyli), pareiasaurs (“parareptiles”), and therapsids (Synap-
sida). A temnospondyl affinity for BP/1/7395 is rejected on the
basis of its strong degree of ossification, well-defined and strongly
convex articular surface, blade-like DPC, and terminally posi-
tioned LT (e.g., Pawley, 2007; Pawley & Warren, 2004). A pareia-
saur affinity is rejected given the well-defined and strongly convex
articular surface, and the lack of a sharp longitudinal ridge on the
dorsal aspect where the DPC meets the main body of the bone
(Van den Brandt et al., 2021). Deduction implies the owner of
BP/1/7395 to have been a synapsid. Several anatomical features
support assignment to Sphenacodontoidea (sensu Frobisch et al.,
2011), yet, as outlined below, the unique combination of these fea-
tures is highly distinctive and incongruent with the conditions
known to typify both (eu)pelycosaurs and therapsids.

The suite of traits in BP/1/7395 clearly indicates that it rep-
resents a hitherto unknown genus of synapsid. However, in
both “pelycosaurs” and therapsids, humeral anatomy is seldom
sufficiently diagnostic on its own to legitimately recognize a
taxon. Many previous instances of taxa erected on the basis of
a humerus have subsequently been deemed nomina dubia (e.g.,
‘Dimetrodon kempae’ [Reisz, 1986], ‘Eccasaurus priscus’ [Kam-
merer, 2011], ‘Cynodraco major’ [Sigogneau, 1970]). With
additional future discoveries, it would be expected that multiple
species, and possibly genera, may be found to share the same
humeral anatomy as that observed in BP/1/7395. Consequently,
this paper refrains from erecting a new taxon.

Comparison to “Pelycosaurs” and Therapsids

BP/1/7395 preserves two key traits that typify large (adult)
eupelycosaurs and are not observed in any known therapsid
humeri (Fig. 2, Movie S1):

1. The specimen is exceptionally well ossified, including both the
articular surface and the surrounding bone (margins of DPC
and LT). The boundary of the articular surface is conse-
quently clearly delineated, which is generally not the case in
non-mammalian therapsids.

2. The articular surface (Fig. 2, dotted) is unmistakably ‘screw-like’
in morphology, spiraling obliquely across the terminal end of the
bone; it is markedly convex dorsoventrally and has a gently
concave recess at the anteriormost limit (Fig. 2, gray). These fea-
tures are essentially identical to the complex structure observed
in “pelycosaurs” (Jenkins, 1971; Romer & Price, 1940) and stem
amniotes (e.g., Holmes, 1977; Romer, 1922). In contrast, the
articular surface of known therapsids is much simpler in con-
struction, being broadly saddle-shaped or ovoid in construction,
and being gently convex to gently concave dorsoventrally and
anteroposteriorly.
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FIGURE 1. Photographs and interpretive drawings of an isolated sphenacodontoid humerus BP/1/7395, in A, B, dorsal, C, D, ventral, E, F, anterior, G,
H, posterior, and I, J, proximal views. K, inset highlighting surface texture of a longitudinal patch of muscle scarring on the dorsal surface. Gray
shading denotes broken bone or abraded surface. Arrow in J illustrates spiral path the articular surface takes in wrapping around the terminal
end of the bone. Abbreviations: as, articular surface; bf, bicipital fossa; con, concavity; dpe, deltopectoral crest; fur, furrow; It, lesser tuberosity.

There are also four features that are unknown in “pelyco- 5. The DPC (Fig. 2, diagonal hatching), although incomplete,

saurs,” and which bear greater resemblance to the condition
observed in therapsids:

3. The LT (Fig. 2, vertical hatching) is proximally sited to form
the posteroproximal corner of the bone. “Pelycosaurs”

possess a well-defined tubercle in this region of the humerus 6.

(inferred as homologous to the LT; Romer, 1922), but it is
always distal to the terminal end, since the articular surface
extends to the posteroproximal corner instead. In contrast,
the LT of therapsids occupies the posteroproximal corner of
the humerus; sometimes not recognizable as a discrete
process (due to generally lower ossification of the proximal
end of the bone as a whole), its existence is nonetheless indi-
cated by a local thickening of the bone and muscle scarring.
Remarkably, the LT in BP/1/7395 projects proximally
beyond the articular surface, a feature atypical of non-mam-
malian therapsids; indeed, it is only known in a select group

clearly adjoins the main part of the bone at an obtuse angle,
and gently grades into the main body, a trait typical of therap-
sids. By contrast, in “pelycosaurs” the DPC adjoins the shaft
more abruptly, tending to form a distinct angle in many
sphenacodontids.

A longitudinal patch of muscle scarring occurs on the dorsal
surface, level with the DPC and extending proximally to
approach the articular surface (Fig. 2, horizontal hatching).
A scar with this disposition is widely observed in theriodonts
and some dicynodonts and dinocephalians (e.g., Lai et al.,
2018; Sigogneau-Russell, 1989). The humeri of large “pelyco-
saurs” also bear a longitudinal patch of scarring (inferred to
be homologous), but it is consistently more distally located,
at around the level of the distal base of the DPC (Romer &
Price, 1940).

These observations collectively support the assignment of BP/

of derived, fossorial dicynodonts (e.g., Cluver, 1978; Ray & 1/7395 to Sphenacodontoidea, but also indicate that the speci-
Chinsamy, 2003). men does not belong to any known “pelycosaur” or therapsid
4. The articular surface is anteroposteriorly constricted, forming group. The mix of traits typical to both groups (as currently
<50% of the full width of the bone, due to its posterior part understood) suggests that it either represents (a) a highly
being displaced by the proximal migration of the LT. In “pely-  derived sphenacodontian “pelycosaur,” more crownward than

cosaurs,” the articular surface occupies effectively the entire

Sphenacodontidae, or (b) a primitive therapsid, more stemward

width of the terminal end of the bone. than Biarmosuchia.
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‘pelycosaur” BP/1/7395 therapsid

i+« articular surface
B concavity

||| lesser tuberosity
§ deltopectoral crest
— longitudinal scar

~120°
~140°

FIGURE 2. Comparison of key points of similarity and difference between BP/1/7395 and the proximal humeral morphology typically observed in
“pelycosaurs” and non-cynodont therapsids. A, anterior view; B, dorsal view; C, posterior view; D, proximal view. Representing “pelycosaurs” is the
sphenacodontid Dimetrodon limbatus (MCZ VPRA-3357), and representing therapsids is an indeterminate gorgonopsian (UMZC T.883).

TS SR morphological gap currently separating the two groups. Indeed,

Regardless of whether it represents an advanced “pelycosaur”  the intermediary nature of the specimen raises the question of
or a primitive therapsid, BP/1/7395 helps bridge the pronounced where the phylogenetic line should be drawn between
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“pelycosaurs” and therapsids. It is therefore remarkable that the
transitional anatomy observed in BP/1/7395 occurs in the upper-
most stratigraphic member of the Abrahamskraal Formation, so
late in the Guadalupian. Such a late occurrence could be explained
by a more recent and rapid evolution of therapsids from a paraphy-
letic Sphenacodontidae in the early Permian (short ghost lineage;
Kemp, 2006, 2009), as opposed to a gradual and protracted evol-
utionary history extending back into the Carboniferous (long
ghost lineage; Frobisch et al., 2011; Sidor & Hopson, 1998). Alter-
natively, BP/1/7395 may be a highly derived, late-surviving
member of a monophyletic Sphenacodontidae which is partially
convergent with therapsids. Irrespective of the length of the ther-
apsid ghost lineage, high-precision geochronology constrains the
Karelskraal Member to 260.8-260.23 Ma (Day et al.,2022), indicat-
ing that the form of primitive synapsid represented by BP/1/7395
persisted ~10 Ma after Raranimus dashankouensis, the oldest-
known probable therapsid (Duhamel et al, 2021; Liu et al.,
2009). Raranimus is thus far represented by a single partial
snout, rendering it difficult to evaluate whether cranial characters
evolved at similar or different rates to postcranial characters
during the transition to therapsids.

Within the context of the forelimb, however, the combination
of primitive and derived features observed in BP/1/7395 provides
insight into the sequence of anatomical and functional transform-
ation that took place between “pelycosaurs” and therapsids. The
insertions of key shoulder muscles, namely the sub(coraco)sca-
pularis and teres minor homolog, evidently shifted proximally
prior to the re-organization of joint structure. This suggests
that important changes to muscle leverage occurred first, whilst
still relying on a fundamentally screw-like articular morphology
to help guide and constrain joint motion (Bishop et al., 2022).
It is predicted that, were the scapulocoracoid of this animal to
be found, the glenoid would retain a decidedly screw-like struc-
ture, rather than the simple hemi-sellar morphology that typifies
known therapsid groups (Brocklehurst et al., 2022b; Kemp,
1982). Intriguingly, an isolated scapulocoracoid of ‘Brithopus
priscus, from the mid-Permian of Russia, appears to possess a
somewhat screw-like glenoid (Efremov, 1954:fig. 36); it was
referred by Kammerer (2011) to Dinocephalia incertae sedis,
but it may belong to a more primitive animal altogether. One
aspect of BP/1/7395 that may not be relevant to understanding
therapsid origins is the proximally projecting LT; this may
instead be an autapomorphy related to digging or other forceful
use of the forelimbs, since it is also observed in fossorial dicyno-
donts (e.g., Cluver, 1978; Ray & Chinsamy, 2003) and mono-
tremes (Pridmore et al., 2005).

Stratigraphic Implications

The Abrahamskraal Formation, which comprises the lower
Eodicynodon Assemblage Zone and the overlying Tapinocepha-
lus Assemblage Zone, has produced a rich late Guadalupian
fauna characterized by a diversity of primitive representatives
of most therapsid clades (Day & Rubidge, 2020; Rubidge &
Day, 2020). Many taxa compare closely with the most primitive
therapsid faunas known from Russia, Brazil, and China. The For-
mation notably also records the youngest-known “pelycosaur,”
the varanopid Heleosaurus scholtzi. The primitive anatomy of
BP/1/7395 adds another vestige of the early Permian to the Abra-
hamskraal fauna and provides further evidence that the taxic
diversity of the Tapinocephalus Assemblage Zone was greater
than that represented by named taxa. If BP/1/7395 represents a
highly derived “pelycosaur,” this would signify the presence of
a considerably larger “pelycosaur” in the Main Karoo Basin
than yet known. Currently, the only known “pelycosaurs” here
are small varanopids of estimated snout—vent lengths <40 cm
(Botha-Brink & Modesto, 2009). Yet, comparison to sphenaco-
dontids (Romer & Price, 1940) and basal therapsids (e.g.,

Boonstra, 1965; Cisneros et al., 2015; Orlov, 1958) suggests that
the owner of BP/1/7395 likely had a snout-vent length >1 m.
BP/1/7395 demonstrates that the Abrahamskraal Formation
may in time provide even further illumination of the transition
between “pelycosaurs” and therapsids, and highlights the value
of continued collecting efforts and of a better understanding of
the postcranial anatomy of basal synapsids for biogeographic,
stratigraphic, and morphological studies.
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