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The search for the ancestors of mammals is historically connected with the extensive Karoo Basin of South Africa. This is because the
Karoo features some of the largest exposures of Permo-Jurassic terrestrial deposits in the world and fossil discoveries were made here
early in the history of palaeontology. Among the mammal-like lineages that are well-represented in Karoo fossil assemblages are the
cynodonts. Originally conceived as a group exclusively containing fossil taxa, Cynodontia was subsequently redefined to include living
mammals, and its Permian and early Mesozoic members are now referred to as non-mammaliaform cynodonts. Here we present a
historical account of the research programme on non-mammaliaform cynodonts in the Karoo Basin, which represent the most impor-
tant record of this group in the world. It covers a time spanning from the first named species in 1859 until the present day, which we
arbitrarily divided into three periods: the Early Period extending from 1859 until 1932, the Second Period from 1933 to 1982, and the Current
Period from 1983 until now. In the context of the global record of named species, we present quantitative analyses documenting the total
number of nominal non-mammaliaform cynodont species from the Karoo (including junior synonyms and homonyms) as well as
numerical comparison with taxa currently considered valid. Lastly, we compare the record of non-mammaliaform cynodont species
from South Africa with other places in the world, such as Argentina and Brazil, which also have a diverse record of this group.
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INTRODUCTION

The Karoo Basin of South Africa is emblematic for
having the richest record globally of the Permo-Triassic
transition in terrestrial environments, with its succession
of vertebrate-defined assemblage zones (AZs) exemplify-
ing faunal changes through this time (Kemp 1982;
Rubidge 2013; Smith et al. 2020). Therapsida, the group
that includes extant mammals and their stem lineages, is
exceptionally well represented in the Karoo faunas. The
abundance of therapsid fossil remains in the Karoo has
led to their use as index fossils, with all of the AZs of the
Beaufort Group (the main Permo-Triassic portion of the
Carboniferous-Jurassic Karoo Supergroup) being named
after characteristic therapsid taxa (Hancox & Rubidge
1997).

From the first discoveries of therapsids in the Karoo, it
was evident that some fossil forms particularly resembled
mammals, as the earliest names for these fossils clearly
indicate. Cynodontia, coined in 1861 by the famous

*Author for correspondence. E-mail: nestor.abdala@wits.ac.za

English palaeontologist Richard Owen (1804-1892),
literally translates as ‘dog teeth’ from the ancient Greek,
and the first described Triassic cynodont from South
Africa, Galesaurus Owen, 1859 (Fig. 1A), means ‘weasel
lizard’. Owen (1860) discussed the dual condition of
a mammal-like dentition and some cranial characters
interpreted to be similar to crocodilians. The connection of
these fossil forms with mammals, supported by Owen,
Osborn, and Broom (the latter two in an explicitly evolu-
tionary context), was firmly established by the beginning
of the 20th century (Gregory 1910). For nearly 70 years
after the discovery of Galesaurus, the fossil record of cyno-
donts (and therapsids generally) was mostly restricted to
the Karoo Basin. This historical primacy in the collection
of fossils, as well as the arid conditions and extensive out-
crop of the Karoo, resulted in South Africa becoming the
primary source of knowledge for this lineage, and it
remains important and relevant to cynodont palaeontol-
ogy today.

In this contribution, we present a succinct yet well-
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Figure 1. The first described non-mammaliaform cynodonts from the Karoo Basin. A, Holotype of Galesaurus planiceps in dorsal view, original
illustration of Owen (1859) above and photograph of the specimen below. B, Holotype of Cynochampsa laniarius in dorsal view, original illustration of
Owen (1859) above and photograph of the specimen below. Scale bars equal 1 cm.

sourced historical account of the development of the
knowledge of non-mammaliaform cynodonts (hence-
forth abbreviated nmc) from the South African Karoo
Basin. This study is complemented by a quantitative
analysis of the Permo-Jurassic record of nmc from the
Karoo as well as a brief comparison with the record of this
group in other parts of the world. We also highlight some
early discussions concerning the possible mammalian
identity of Triassic remains and how the meanings of the
terms Mammalia and Cynodontia shifted during the
1980s.

HISTORICAL REVIEW ON THE STUDY OF
NON-MAMMALIAFORM CYNODONTS
FROM SOUTH AFRICA

Three arbitrary periods, divided by the publications of
twoinfluential books on therapsids, are recognized in this
historical review. The Early Period (a range of 73 years)
spans from 1859, the year of the first published record of a
nmc from the Karoo Basin, to 1932, the year of the publica-
tion of Broom’s The Mammal-like Reptiles of South Africa and
the Origin of Mammals. The Second Period (a range of 49
years) spans from 1933 to 1982, the year of the publication
of Kemp’s Mammal-like Reptiles and the Origin of Mammals.
The Current Period spans from 1983 to the present day, and
at the time of writing (2023) encompasses 40 years.

The Early Period (1859-1932)
The most interesting peculiarity in the skull is the well-marked
definition from the other teeth, by a contrasted superiority of

size, of an upper and lower canine tooth on each side, having the
same position in the skull and relative position to each other as
in the carnivorous mammals. In no other Saurian are incisors
so divided from molars by a single canine; in none is such
definition of the three kinds of teeth so plain and unequivocal.
Passage referring to Galesaurus planiceps from ‘On Some
Reptilian Fossils from South Africa” by Richard Owen
(1860, p. 59).

The history of discoveries leading to the recognition of
pre-Tertiary mammal-like forms started in 1764, when
Christopher Sykes (1749-1801) obtained a lower jaw from
the Jurassic Stonesfield Slate in Oxfordshire, England
(Simpson 1928; Kermack & Kermack 1984). A few decades
later, this and other specimens were identified as
‘mammals’ by William Buckland (1784-1856) when
describing Megalosaurus (Buckland, 1824), and later
referred to the triconodont mammaliaform taxa Amphi-
lestes and Phascolotherium (Owen 1838, 1871; Osborn 1888).
The report of ‘mammals” in the Mesozoic Era gener-
ated heated debate (for summary, see Owen 1846, 1871;
Goodrich 1894; Gregory 1910; Simpson 1928). The first
report of a ‘mammal’ fossil now considered to be a
non-mammaliaform cynodont was that of the tritylo-
dontid Stereognathus ooliticus, also from the Stonesfield
Slate (Charlesworth 1855; Panciroli et al. 2017). Only four
years later, Owen (1859, 1860; Fig. 2) published the first
Karoo cynodonts: Galesaurus planiceps (which is still
considered valid) and Cynochampsa laniarius (a suppressed
name synonymous with Diademodon tetragonus; ICZN
1985) (Fig. 1A,B). These specimens, housed in the Natural
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Figure 2. Researchers who have worked on Karoo non-mammaliaform cynodonts. In all cases they are named from left to right. First row: Richard
Owen; Harry Govier Seeley; Robert Broom; Ferdinand Broili; Joachim Schroder; Sidney Henry Haughton; second row: David Meredith Seares
Watson; Francis Rex Parrington; Thomas Stainforth Kemp and Alfred Walter Crompton (students of ER. Parrington); D.M.S. Watson and Alfred
Sherwood Romer; James William Kitching in Antarctica; third row: Adrian Smuts Brink (student of D.M.S. Watson); Christiane Hélene
Mendrez-Carroll; Frederick Edward Grine; Chris E. Gow; Bernard Battail; Steve Fourie; Roger Malcom Harris Smith; fourth row: Jun Liu, TS. Kemp
and James Allen Hopson; field trip photograph in the farm Renostervallei, Fraserburg, South Africa in February 2015 (researchers who work more
intensively with non-mammaliaform cynodonts are indicated in bold): Sifelani Jirah, William Frederick de Klerk, Leandro Carlos Gaetano,
Pia Viglietti, Michael Oliver Day, Nestor Fernando Abdala, Marc van den Brandt, Frank Schie, Armstrong Koso and Julien Benoit; Christian Alfred
Sidor; Christian Farrell Kammerer, Adam Keith Huttenlocker and Bruce Sidney Rubidge; fifth row: Jennifer Botha and Johan Neveling; Vincent
Fernandez; Luke Allan Norton; Sandra Christine Jasinoski, Anusuya Chinsamy-Turan; Christophe Hendrickx.
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History Museum in London, were donated by the
then-Governor of the Cape Colony, George Grey
(1812-1898), together with most of the Karoo material
collected by the Scottish geologist and road engineer
Andrew Geddes Bain (1797-1864), a foundational fossil
hunter in the history of South African palaeontology
(Broom 1932; Dubow 2004). These Karoo records repre-
sented the only fossils of their kind known from southern
Pangaea at the time, and established the paramount
importance of South Africa in the search for ‘mammal-
like” vertebrate remains.

Another early nmc described by Owen, Tritylodon
longaevus, generated heated debate lasting for decades.
The type specimen of Tritylodon consists of a partial snout
with a clear differentiation of incisors separated by a long
diastema from multituberculated postcanines, resem-
bling the dentitions of some rodents and marsupials
(Owen 1884). This South African record and that
of Microlestes (currently the haramiyid Thomasia) in
Germany (Plieninger 1847) were interpreted as Triassic
mammals by Owen (1884), although a post-Triassic age
was also considered possible by William Thomas Blanford
(1832-1905) in the discussion following Owen’s presenta-
tion (p. 152), which has since proven to be the case for the
levels of the upper Elliot Formation where Tritylodon is
found (Bordy et al. 2020). Seeley (1894a) argued that
T. longaevus was intermediate between theriodont
‘reptiles’” (i.e. therapsids) and mammals. Broom (1905,
1910) refuted Seeley’s arguments, strongly affirming the
mammalian nature of Tritylodon, a stance also held by
Petronievics (1917) and Simpson (1928), who considered
it to be the earliest representative of the extinct mammal
lineage Multituberculata. However, the discovery of
the new Chinese tritylodontid Bienotherium Young, 1940,
documented by more complete remains, demonstrated
the presence of postdentary bones in the lower jaw,
establishing the current taxonomic status of tritylodontids
as advanced nmc (Watson 1942).

Early discoveries such as Galesaurus and Tritylodon
clearly stimulated a strong interest in the palaeontological
circles of the United Kingdom, resulting in the immediate
incursion by palaeontologists of that country in search of
Karoo fossils (Dubow 2004). Although Owen described
some other Karoo cynodont species (Owen 1876), he
relied on material shipped to London and never visited
South Africa himself. Instead, it was the contributions by
English palaeontologist Harry Govier Seeley (1839-1909)
(Fig. 2) in 1894-1895 that produced the first real glimpse of
the enormous diversity of cynodonts in the Karoo (e.g.
Seeley 1894b, 1895a,b). During these two years, Seeley
described no fewer than 13 new cynodont species result-
ing from an 1889 expedition sponsored by the Royal
Society of London (Lydekker 1909). Following his arrival
in Cape Town in July of 1889, Seeley did fieldwork in the
Karoo from early August to mid-September, visiting an
array of important Permian and Triassic localities includ-
ing Prince Albert, Beaufort West, Burgersdorp, and Aliwal
North. The success of the trip was enhanced by the fossil
hunting skills of Seeley’s guide, the South African road
engineer Thomas Charles John Bain (1830-1893), son of

A.G. Bain (Broom 1932), which included discovering the
holotype of the large carnivorous cynodont Cynognathus
crateronotus, represented by a beautifully-preserved
partial skeleton (Seeley 1895b). Seeley also benefitted
from meeting with and examining the findings of
other local collectors such as Alfred Brown (1834-1920),
William Bisset Berry (1839-1922), and Daniel Rossouw
Kannemeyer (1843-1925), which included the first speci-
mens of Trirachodon (Seeley 1895a).

The large contribution of Seeley, however, paled in com-
parison to that of Robert Broom (1866-1951) (Fig. 2). This
Scottish-born medical physician, who moved to South
Africa in 1897 (Broom 1913; Wyllie 2003; Rubidge 2013),
documented and named many taxa of early therapsids
and other Permo-Triassic vertebrates from the Karoo, as
well as South African Cenozoic mammals (notably includ-
ing fossil hominids). Between 1903 and 1950, Broom
described 38 new species of nmc, leading to a phenomenal
increase in the documentation and knowledge of the
group. The first named nmc from the Karoo by Robert
Broom is Karoomys browni Broom, 1903, represented by the
tiny partial mandible of a cynodont with a sectorial
dentition, whereas his last named nmcis the gomphodont
Sysphinctostoma gracilis Broom, 1950, now considered to be
a junior synonym of Diademodon tetragonus (Hopson &
Kitching 1972). Thus, Broom worked for almost fifty years
describing and erecting new species of nmc, making him
by far the most prolific researcher at this task.

Another fundamental figure researching Karoo fossils at
this time was the English geologist Sidney Henry
Haughton (1888-1982), who moved to work at the South
African Museum in Cape Town (now the Iziko South
African Museum) in 1911 and worked at several of the
country’s main palaeontological institutions over the
course of his long career (Dunham 1983). Haughton
described few new species of nmc (e.g. Haughton 1918,
1924), but made a major contribution to subsequent
systematic work as co-author of ‘A bibliographic list of
Reptilia from the Karroo beds of Africa’ in the second
volume of Palaeontologia africana (Haughton & Brink 1954),
which remains one of the main taxonomic compilations of
Karoo fossils.

The English vertebrate palaeontologist David Meredith
Seares Watson (1886-1973) travelled to South Africa in
1911, visiting fossil collections, meeting with Robert
Broom, and spending ten months travelling throughout
the Karoo collecting fossils (Parrington & Westoll 1974).
Watson only named a few new cynodonts, but his contri-
butions included great advancements in the knowledge
of nmc anatomy (e.g. Watson 1920, 1921, 1953) and a major
taxonomic review of the group with Alfred Sherwood
Romer (1894-1973) (Fig. 2), ‘A classification of therapsid
reptiles’ (Watson & Romer 1956). Watson's field work was
followed, in the 1920s and early ‘30s, by field parties of
scientists from the United Kingdom, Germany, and the
United States who did extensive collecting in the Karoo
(Broom 1935), although they were much more modest
than Broom in coining new taxa.

The fossil collections of the Bayerische Staatssammlung
fiir Paldontologie und Geologie in Munich, Germany
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include a large number of Karoo specimens discovered by
Joachim Schroder (1891-1976) (Fig. 2) in 1927-1928 and
Georg Grossarth (1869-1953) in successive trips in 1931
and 1933 (Reich & Worheide 2018). These findings were
presented in a string of publications by Ferdinand Broili
(1874-1946) (Fig. 2) in collaboration with Schroder, with
some of them providing detailed descriptions of superbly
preserved and well-prepared specimens of nmc (e.g.
Broili & Schroder 1934a,b, 1935a,b,¢).

In 1930, the English vertebrate palaeontologist Francis
Rex Parrington (1905-1981) (Fig. 2) from the Museum of
Zoology at Cambridge participated in a field trip led by
personnel from the British Museum of Natural History
(now the Natural History Museum, London), to the
Tendaguru Beds (famous for their fossil-rich Jurassic—
Cretaceous outcrops) of Tanganyika Territory (now
Tanzania). Following this expedition, Parrington collected
fossils in the Karoo for six months (Charig 1990). Three
years later, Parrington undertook a six-month expedi-
tion to the Ruhuhu Valley in Tanzania, discovering an
amazing number of Permian fossils, some of them very
similar to those from the Karoo basin, but also Middle
Triassic fossils not represented in the South African record
(Charig 1990). Afterwards, Parrington went back to South
Africa to continue collecting, but he became ill and had to
cut the trip short. Like Watson, Parrington named very
few new species of nmc, but made important contribu-
tions to the literature on cynodont anatomy and evolution
(e.g. Parrington 1934, 1936, 1961). Notable among them is
Parrington’s very first publication (1933), which provided
the first detailed description of the abundant South Afri-
can nmc Thrinaxodon.

At the end of the Early Period, 65 nmc species had been
named worldwide, of which 50 (77%) came from the
Karoo. During this period, nmc were also known from a
few specimens from the United Kingdom, Germany, the
United States, and, towards the end of this period, Russia
and Brazil. It took 69 years after the description of the first
Karoo fossils before a nmc was published from a second
southern Pangaean region, Brazil. Brazil is thus the only
place in Gondwana other than South Africa with a species
of nmc (Gomphodontosuchus brasiliensis Huene, 1928)
named during the Early Period.

The Second Period (1933-1982)

The mammal-like reptiles of South Africa may be safely
regarded at the most important fossil animals ever discovered,
and their importance lies chiefly in the fact that there is little
or no doubt that among them we have the ancestors of the
mammals, and the remote ancestors of man.

Opening passage of The Mammal-like Reptiles of South
Africaand the Origin of Mammals by Robert Broom (1932).

The beginning of the Second Period nearly coincided with
an important development: the creation of the Rubidge
Collection at Wellwood, Graaff-Reinet in 1934, following
the deep interest in fossils developed by the local farmer
Sidney Henry Rubidge (1887-1970) (Haughton 1965;
Appendix 1). Since 1965, this collection was reorganized,
catalogued, and maintained by the efforts of his son
Richard Stephen Rubidge (1929-2018) and daughter-
in-law Pamela Kate Rubidge (nee Nash) (1930-1984).

Numerous Karoo fossils, including late Permian cyno-
donts, were also collected at this time by another local
farmer, Cornelius John Mathew Kitching (1898-1943), and
both Rubidge and Kitching's finds were eagerly studied
by Robert Broom. This productive association initiated a
new burstin the discovery and naming of nmc (e.g. Broom
1938a, 1940), including pivotal specimens for understand-
ing the ancestral cynodont condition, such as cranial
and postcranial material of the key late Permian nmc
Procynosuchus delaharpeae (Broom 1937, 1948). This associa-
tion had another important outcome: the arrival of the
Kitching family on the palaeontological scene. C.J.
Kitching was helped in the endeavour by his four sons
(Haughton 1965), one of whom, James William Kitching
(1922-2003) (Fig. 2) was to become perhaps the most
important figure in the history of Karoo fossil collection.
Due to his great skill (being known as ‘the man with X-ray
eyes’), he was also recruited to collect fossils in the initial
vertebrate palaeontological expeditions to Antarctica in
which he discovered the first nmc from that continent
(Rubidge 1997; Raath & Rubidge 2005). ].W. Kitching was
additionally the inception nucleus of the Bernard Price
Institute (BPI) for Palaeontological Research (now known
as the Evolutionary Studies Institute), founded in 1945
at the University of the Witwatersrand, Johannesburg
(Dunham 1983; Rubidge 1997; Raath & Rubidge 2005). An
intensive research collection programme overseen by him
at the BPI resulted in one of the richest collections of
Permo-Jurassic fossils from the southern hemisphere
(Rubidge 1997; Rubidge & Raath 2003).

Broom remained active during part of the Second Period,
coining no less than 19 new species of nmc, a few of them
in collaboration with John Talbot Robinson (1923-2001).
Broom was followed by Adrian Smuts Brink (1924-1991)
(Fig. 2) as the next major source of new nmc species
names. From 1950 to 1965, Brink contributed to erecting
ten new Karoo nmc species, some of them in co-author-
ship with J.W. Kitching. Brink also co-authored an impor-
tant, aforementioned taxonomic compilation of Karoo
fossils (Haughton & Brink 1954). Near the beginning of
the Current Period he published two extensive volumes of
the Illustrated Bibliographical Catalogue of the Synapsida,
which included information and illustrations of nmc of
the world (Brink 1986).

Another influential South African palaeontologist,
Lieuwe Dirk Boonstra (1905-1975), did intensive research
on Karoo fossils at the South African Museum (Haughton
1974), but only had a single contribution focused on nmc
(Boonstra 1935).

Following decades of proliferation in the nominal species
of Karoo nmc (considered by some to be excessive
‘splitting”), a counter-current ‘lumping’ movement
started in the last years of this second period, particularly
during the seventies. At this time, extensive work was
done in synonymizing taxa that were represented by
either fragmentary material, poorly described specimens,
and/or taxa lacking diagnoses, most of which emanated
from Broom's research. The contribution ‘A revised classi-
fication of cynodonts (Reptilia; Therapsida)’ by James
Allen Hopson (Fig. 2) and ].W. Kitching remains as a classic
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work of this period. Prior to this work, Hopson and
Kitching (1972, p. 71) counted the existence of approxi-
mately 125 named nmc species worldwide, a number that
they reduced to ~49. These included particularly intense
synonymies of the Karoo nmc fauna, such as recognizing
26 nominal cynodont species to be synonymous with
Procynosuchus delaharpeae and 21 with Diademodon
tetragonus. This contribution, as well as the work led by the
palaeoanthropologist Frederick Edward Grine (Fig. 2)
(e.g. Grine et al. 1978; Grine & Gow 1978), can be high-
lighted as major steps in the reduction of nmc species.
Other works on nmc taxonomy of the era included a
paper on Procynosuchus by John Malcolm Anderson
(Anderson 1968), before starting his career as a noted
South African palaeobotanist, and a few contributions
by South African zoologist Jacques Van Heerden on the
earliest cynodonts with complete secondary palates,
Thrinaxodon and Nanictosaurus (e.g. Van Heerden 1972,
1976).

Concurrently, there was a strong research programme
interested in understanding the biomechanics of mastica-
tion and the auditory system, dental replacement, evolu-
tion of the braincase, and postcranial functional anatomy.
Notable in this programme were both the eldest and
youngest students of ER. Parrington: Alfred Walter
Crompton and Thomas Stainforth Kemp (Fig. 2), with
additional researchers of importance being Edgar E Allin,
Chris E. Gow (Fig. 2), and Farish Alston Jenkins Jr
(1940-2012) (e.g. Allin 1975, 1986; Crompton 1963, 1972;
Gow 1986; Jenkins 1971, Kemp 1969, 1980). Christiane
Hélene Mendrez-Carroll (1937-1978) (Fig. 2) was the first
woman palaeontologist to research nmc from the Karoo
Basin. Although most actively involved in the study of
therocephalians, this French researcher also contributed
to the knowledge of basal South African nmc, with at least
four papers on the group (e.g. Mendrez 1972a,b) before
her tragic early death (Berta & Turner 2020).

During this period, a total of 99 new species of nmc were
erected worldwide, 37 of them (37%) from the Karoo
Basin. It is also during this period that nmc were first
described from Tanzania, China, Argentina, Zambia,
Namibia, and India. The most remarkable were the
findings made in Argentina, especially in the 1960s and
‘70s (Abdala et al. 2020, 2022), which brought a completely
new outlook to knowledge of nmc from southern
Pangaea. Between 1943 and 1980, 21 new species of nmc
from Argentina were named, most of them being
represented by multiple specimens (Abdala et al. 2020). In
northern Pangaea, the record of nmc from China started
in 1940 with the publication on Bienotherium, which is
represented by several specimens and was initially
reported as a Triassic mammal (Young 1940). By the end of
this period, ten species of nmc from China had been
named.

The Current Period (1983-2023)
Due to a series of fortunate geological coincidences the fossil
record of the mammal-like reptiles is more complete than that of
any other group of terrestrial vertebrates, with the exception of
Tertiary mammals. Moreover, their evolution spanned a huge
morphological progression, from early forms of a very primitive

reptilian grade through to others which are technically to be
regarded as mammals. Therefore this is the one example known
where the evolution of one class of vertebrates from another
class is well documented by the fossil record.

Passage from the introduction of Mammal-like Reptiles and
the Origin of Mammals of Thomas Stainforth Kemp (1982).

The Current Period is characterized by an absolute plateau
in taxonomic naming up until 2001. Only nine new
species have been coined from the South African Karoo
during the Current Period, all of them after 2000 (Fig. 3).
The recent history of species naming in the Karoo has
been much more modest than during Broom’s heyday,
with publications by J.A. Hopson, Christian Alfred Sidor
and Nestor Fernando Abdala (Fig. 2) and colleagues who
erected two species each, plus the recognition of a couple
of new species from previously described material and the
revival of others by Christian Farrell Kammerer (e.g.
Kammerer 2016, Tolchard et al. 2021; Pusch et al. 2023)
(Fig. 2). In this period there is a marked increase in the
participation of women in the research programme of
nmc, with notable work on cynodont palaeobiology by
Jennifer Botha, Anusuya Chinsamy-Turan (Fig. 2), Sandra
Christine Jasinoski, and Sanghamitra Ray (e.g. Botha &
Chinsamy 2000; Ray et al. 2004; Botha-Brink et al. 2012;
Jasinoski & Chinsamy 2012; Abdala ef al. 2013; Jasinoski
et al. 2015; Jasinoski & Abdala 2017a,b). Contributions by
women to nmc research have continued to steadily
increase, recently including works by Elize Butler and
Safiyyah Igbal focusing on descriptive (Butler ef al. 2019)
and functional (Igbal 2019) studies of the postcranium of
basal nmc, respectively. At the time of this writing, the
most recently published projects regarding the anatomy
and taxonomy of Karoo nmc were both led by women: the
naming of a new species (Guttigomphus avilionis) at the end
of 2022 by Romy Rayner (Rayner et al. 2022) and the
revival of Nythosaurus larvatus, a nmc originally described
by Owen (1876), by Luisa Christina Pusch (Pusch et al. 2023).

The chronostratigraphically oldest nmc from the Karoo,
and probably from the world (but see Ivakhnenkho 2012),
were also found during the Current Period. A general tenet
during previous work on the Karoo was that the oldest
nmc came from the Daptocephalus AZ (Kitching 1977),
representing the fauna at the end of the late Permian.
However, small cynodonts characterized by marked
differences in the skull and dentition from the upper
Endothiodon AZ (former Tropidostoma AZ), at the base of the
late Permian, were discovered in the 2000s and published
by a team led by J. Botha (Botha ef al. 2007; Botha-Brink &
Abdala 2008; Kammerer 2016), indicating an even older,
not yet known, origin of the lineage (Lukic-Walther et al.
2018; Abdala 2021).

This period could also be characterized as the age of
cladistics, as the first manual cladistic analyses on nmc
cynodonts were introduced (Kemp 1983; Hopson &
Barghusen 1986; Battail 1991), followed by numerical
cladistic (parsimony) analyses (Martinez et al. 1996;
Hopson & Kitching 2001; Liu & Olsen 2010; see Abdala
et al. 2020 for details on cladistic studies in this period),
which continue to be the most common way of exploring
relationships between nmc (e.g. Gaetano et al. 2022; Benoit
et al. 2022; Kerber et al. 2022). It is also during the Current

218 A FESTSCHRIFT IN HONOUR OF BRUCE SIDNEY RUBIDGE — ISSN 2410-4418 Palaeont. afr. (2023) 56: 213-227



120 T

=

o

o
|

\

D
o
|

Total number of species named

10

m ;
~ LA . AN A

P LA A X Lol G- I N RN S Y s B G BN G O o SR o I\, LI oo O i LI\ R N N
NN N AN AN NN N MR M M AN SN BN SR RN SRS RN BN BN AN A AN O i i

N ey
o (@]
(Va]
)
(l |

[p)

<
x

o

(©)

@]

3

o
JeaA Asans pasweu
sa199ds Jo JaqWINN

Year

Figure 3. Non-mammaliaform cynodonts named from South Africa. Green line indicates number of nmc per year; blue line indicates the total number
of nmc. Scale on the left indicates total number of species named and scale on the right is the number of species named every year to spot bursts of
activity. Asterisks represent arbitrary points of division of the research history of non-mammaliaform cynodonts (1932 and 1982). The main research-

ers who named new cynodont species and their periods of peak activity are also indicated. Note the great plateau from 1966 to 2001.

Period that the exclusive use of the term Cynodontia was
robbed from palaeontology. When originally coined by
Owen (1861), cynodonts referred to a group of solely
Triassic fossils. With the advent of cladistic analyses, the
definition of Cynodontia expanded to include living
mammals as well as their fossil ancestors (Rowe 1988;
Wible 1991), and the original ‘cynodonts” of Owen now
corresponds to non-mammalian or non-mammaliaform
cynodonts (i.e. identified by naming the group of which
they are not members). The 1980s and ‘90s were also a
period of enhancing the study of cranial anatomy
and ontogeny in different Karoo nmc (e.g. Gow 1985,
1986; Allin & Hopson 1991; Luo & Crompton 1994),
with a continuation in the functional studies already
started in the previous period (e.g. Thomason & Russell
1986; Crompton & Hylander 1986). Thrinaxodon
liorhinus, the iconic nmc first found in the Karoo and
quite likely the most common taxon, became the first nmc
to have a digital atlas of its skull published (Rowe et al.
1993).

The research programme of Karoo nmc in the 21st
century, as is the case in most palaeontological research, is
dominated by the advent of micro-computed tomo-
graphic (uCT) scanning techniques. This has allowed for
important advancements in the knowledge of internal
morphology, whereas in previous times this was only
possible in species that were abundantly represented,
because such studies were destructive (e.g. Broom 1938b;
Fourie 1974; Benoit & Jasinoski 2016). Several pivotal
studies using X-ray and neutron uCT data have now been
published by S.C. Jasinoski (Jasinoski et al. 2015; Jasinoski
& Abdala 2017a), Luke Allan Norton (Fig. 2) (e.g. Norton
et al. 2020, 2021), and Julien Benoit (Fig. 2) (e.g. Benoit
et al. 2017, 2020) on the cranial ontogeny, dental replace-
ment, and the central nervous systems and sensory
organs, respectively. CT-based investigations also led to
the remarkable discovery of a complete skeleton of the

nmc Thrinaxodon lying beside the temnospondyl amphib-
ian Broomistega, without any mechanical preparation of
the material (Fernandez et al. 2013), and have contributed
to cranial studies of many Karoo species in great detail
(e.g. Pusch et al. 2019). There has also been a marked
advance in the knowledge of the postcranial anatomy of
nmc in recent contributions (Gaetano et al. 2017; Butler
et al. 2019; Benoit et al. 2022).

The accumulation of vast amounts of data on nmc,
clarification of nmc alpha taxonomy and a relatively
stable phylogeny have permitted a variety of broad-scale
analyses of the group (e.g. Abdala & Ribeiro 2010; Ruta
et al. 2013; Lukic-Walther et al. 2018), including studies on
the impact of taxonomic practices on nmc diversity
(Lukic-Walther et al. 2018) and the quality (completeness)
of their fossil record (Varnham et al. 2021).

So far, during the Current Period, 93 species of nmc have
been coined worldwide, and only nine of them (10%) are
from South Africa. Non-mammaliaform cynodonts were
reported in Luxembourg, Canada, Mexico, Belgium,
France, Madagascar, Greenland, Italy, Japan, Mongolia
and Poland for the first time.

QUANTITATIVE ASSESSMENT OF SOUTH
AFRICAN NON-MAMMALIAFORM CYNODONTS
The first two species of Karoo nmc were reported in
1859, with Richard Owen, who established the first five
species of nmc from the Karoo, being the sole scientist to
provide a description of these new taxa (Fig. 3). This first
burst of description was then followed by the contribu-
tions of Seeley, who described 13 new species in just two
years (1894-1895). The period ranging from 1903 to 1950
saw the predominance of Broom in the description of new
nmc, with 19 species erected up to 1932 (represented by an
asterisk in Fig. 3). Besides Broom, only four other research-
ers with sporadic contributions coined new species of
nmc, namely Watson (two species), Van Hoepen (four
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species), Haughton (three species), and Schmidt (one
taxon). A small peak of new species erected by Broili &
Schroder occurred in 1935 (the first peak in the green line
after the asterisk in Fig. 3) and until 1950, all the subse-
quent peaks of published species by year (green line in
Fig. 3) represent the contributions of Broom. During the
following year, Brink, who is the fourth most influential
researcher in this history, became active (Fig. 3), coining
eleven species up through 1965, with an important peak
of new species in 1951. During that time there were also
contributions by Crompton (two species), Ginsburg (one
species from Lesotho), and Fourie (two species). Only
nine species were named in South Africa during the
Current Period, all after 2000. Indeed, no new species from
South Africa were coined between 1966 and 2001, here
referred to as ‘the great plateau’ (Fig. 3).

Thus, at the end of this history a total of 97 nmc species
from the Karoo Basin have been named, among which 28
were from the late Permian (29%), 62 from the Triassic
(64%), and seven from the Jurassic (7%) (Appendix 2).

KAROO NON-MAMMALIAFORM CYNODONTS
AND THE GLOBAL RECORD

There are currently 259 species of nominated nmc,
among which 120 (46%) are currently considered as valid
(Appendix 2). Of the 259 ever named species, 97 (37%) are
from the Karoo Basin of South Africa and 25 are still valid
(26% of the current valid species), the same number as in
Brazil. However, the total number of named species from
South Africa (97) hugely outnumbers that from Brazil (31).

South African nmc provided most of the known species
globally for approximately 77 years, from 1855 to 1932
(Fig. 4). Since then, the records of named nmc from the
Karoo and other parts of the world start to diverge. The
peak of new species in 1936 (orange line, Fig. 4) results

from the new species described from Brazil and Tanzania,
whereas the strong peak differences between new species
from the Karoo and those from the rest of the world
during the 1960s and the beginning of the ‘70s is linked to
the sustained discovery of new species in Argentina. In
1983, which marks the beginning of the Current Period,
new species of nmc are recorded in China, India, and the
United States, but none from the Karoo Basin (Appen-
dix 2). Since then, the influence of ‘the great plateau’ in
the Karoo produced important differences between the
record of new species from the Karoo and the world at
large, with a marked increase of new species described
from Brazil in the last 20 years.

Comparing the palaeogeographical context between the
north and the south of Pangaea (Fig. 5), it is clear that the
record of nmc is significantly richer in southern Pangaea,
with a rich taxonomic diversity in South Africa, Brazil,
and Argentina. The most important records from north-
ern Pangaea are those from China and the United States,
but both have a much lower number of nmc than the
countries from southern Pangaea (Fig. 5). Itis also interest-
ing to highlight the predominantly Triassic record of nmc
in southern Pangaea, whereas nmc of northern Pangaea
mainly come from the Jurassic and Cretaceous (Fig. 6;
Appendix 2). In Figures 5 and 6 only the regions where
new species of nmc were named are considered, which is
why, for example, Antarctica is not represented despite
Thrinaxodon being found there.

QUANTIFICATION OF NON-MAMMALIAFORM
CYNODONTS IN PRIMARY SOUTHERN
PANGAEAN FAUNAS

Three countries, all from southern Pangaea, include the
largest number of nmc currently recognized: South Africa,
Brazil, and Argentina. As is clear from the narrative
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Figure 4. Non-mammaliaform cynodonts named from South Africa (solid lines) and from the world (dashed lines). Orange and green lines indicate
number of nmc per year; blue lines indicate the total number of nmc. Scale on the left indicates total number of species named and scale on the right is
the number of species named every year to spot bursts of activity. Asterisks represent arbitrary points of division of the research history of
non-mammaliaform cynodonts (1932 and 1982).
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presented above, the very early palaeontological explora-
tion of the rich, fossiliferous levels of the Karoo Basin has
led to the initial marked dominance of South African nmc
(Fig. 4). During the Early Period, 50 of the total species of
nmc in the Karoo were named, whereas a peak in nmc
named occurred in the Second Period in Argentina (21
species coined), and during the Current Period, at the
beginning of the 21st century, in Brazil (23 species named;
Fig. 7A).

With the re-evaluation of the taxonomic status of the
species, there was a marked reduction in the number of
valid species, particularly in the Karoo (Fig. 7B). For the
rejection ratio (i.e. the percentage of species names
that were discarded), 74% of the nominated species of
nmc of the South African Karoo are recognized as junior

synonyms and therefore only 26% remain valid today;
whereas 48% and 77% of those named nmc taxa from
Argentina and Brazil (respectively) are still considered
valid (Appendix 2).

The rejection ratio is not constant among the considered
stages. As expected, the number of rejected species always
drops during the third and most recent period, principally
due to the intersubjectivity agreement of researchers
working at the moment. The rejection ratio is 17% in
Argentina and Brazil and 0% (i.e. no species rejected
since 1983 onwards) in South Africa (Fig. 7C). In the latter
country, the rejection ratio is very high for the first two
periods (78% and 86%, respectively), whereas the values
for the Second Period are 43% in Brazil and 62% in Argen-
tina (Fig. 7C).
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RESEARCH ON NON-MAMMALIAFORM
CYNODONTS IN THE 21ST CENTURY

We will close this contribution by highlighting the
power of research centres undertaking research on nmcin
the Karoo and in the rest of the world in what is now
nearly the close of the first quarter of the 21st century. In
South Africa, five main institutions had an important role
in the actual research programme on nmc, with ten
researchers in the Evolutionary Studies Institute in
Johannesburg, one researcher from the Iziko South Afri-
can Museum, two from the University of Cape Town,
three researchers from the National Museum in Bloem-
fontein, and one researcher from the Council for

Geoscience. In addition, several researchers from differ-
ent countries are also actively using the knowledge of
Karoo Basin cynodonts in their studies. In Appendix 3, we
include researchers that have had recent contributions on
nmc studies worldwide and in Appendix 2 a list of publi-
cations (which is not considered exhaustive) on Karoo
Basin nmc or with use of information of these nmc in a
more global context. We counted 120 research items from
2000 to 2023, which is circa 32% of the total publications
since the beginning of the nmc history, which clearly
indicates a burst of research on the lineage. Although
taxonomic issues are not the primary concern in the robust
current research programme of nmc, new findings and
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reinterpretations of the taxonomy always will have a
strong influence on our understanding of the record and
evolution of the group.

Itis a pleasure to dedicate this research on the history of the study of mammalian
ancestors in the Karoo Basin to Bruce Rubidge. Most of the authors of this contribu-
tion have been conducting research with Bruce during the first years of the current
century. We salute his deep involvement with fossils from the Karoo and his
continued efforts for at least 40 years in a programme of research that allowed a
massive increase of the knowledge of the Permo-Triassic terrestrial fauna of South
Africa. We are also glad to present this work in Palaeontologia africana, an African
journal with a strong tradition of publications devoted to Karoo palaeontology. We
are grateful to Tom Kemp, Luke Norton, Bruce Rubidge, Christian Sidor,
Hans-Dieter Sues and Jean-Sébastien Steyer for sending photographs to illustrate
Fig. 2 and to Arnaud Brignon, Jocelyn Falconet, James Hopson, Adam
Huttenlocker, Robert Reisz, Bruce Rubidge, Jean-Sébastien Steyer, and Susan
Turner for kindly providing information. Comments of an anonymous reviewer
and, especially, from Christian Kammerer are greatly appreciated. Appendix 1 was
prepared after a film by Pia Viglietti. This research is part of the PICT-2020-01498 of
the ANPCyT, Argentina to FA, CH, LCG and JL; Strategic Priority Research
Program of the Chinese Academy of Sciences (XDB26000000) and International
Partnership Program of the Chinese Academy of Sciences (132311KYSB20190010)
to JL. FA and CH were supported by the Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET) and CH by the Agencia Nacional de Promocién
Cientifica y Tecnoldgica, Argentina (Beca Pos-doctoral CONICET Legajo 181417).
This is L.C.G.’s R-469 contribution to the IDEAN.
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Appendix 1

Video recording (MP4) — Rubidge collection — by Bruce Rubidge

Click here Dto view attachment, then double-click on attachment

Appendix 2

Historical information/data (Excel spreadsheets)

Click here[_Jto view attachment, then double-click on attachment

Appendix 3
Current research power in non-mammaliaform cynodonts in the world

The Evolutionary Studies Institute (ESI) in Johannesburg had the involvement of several researchers: E Abdala (now
at the Unidad Ejecutora Lillo, Argentina), ]. Benoit, Kristian ]. Carlson (now at the University of Southern California),
Jonah Nathaniel Choiniere, Vincent Fernandez (now at the European Synchrotron Radiation Facility, France),
John Philip Hancox, Christophe Hendrickx (now at the Unidad Ejecutora Lillo, Argentina), S.C. Jasinoski, S. Igbal,
L.A. Norton, Bruce Sidney Rubidge, Frederick Tolchard and Marc van den Brandt; the Iziko, South African Museum
and the University of Cape Town in Cape Town: Emese Marie Bordy, A. Chinsamy-Turan and Roger Malcom Harris
Smith (now at the ESI); the National Museum in Bloemfontein: J. Botha (now at the ESI), E. Butler and Johann Welman
(now at University of Limpopo); and the Council for Geosciences in Tshwane with Johann Neveling. Contributions on
nmc from the Karoo Basin by researchers based outside South Africa include the works of Bernard Battail, Richard
James Butler, Jorg Frobisch, J.A. Hopson, Leandro Carlos Gaetano, C.E Kammerer, Jun Liu, L.C. Pusch, R. Rayner and
C.A. Sidor. As can be grasped by the number of actors, the nmc research programme in South Africa is very active.

Sustained collective efforts were also developed in Zambia and Tanzania and most recent contributions on nmc are
from J.A. Hopson, Adam Keith Huttenlocker, C.A. Sidor and Brenen Wynd. In Namibia, new contributions in nmc
were developed by E Abdala, L.C. Gaetano, C. Hendrickx, Helke Brigitte Mocke and R.M.H. Smith. Starting with the
discovery of Triassic nmc in Madagascar in the 21st century, contributions by John Joseph Flynn, C.E Kammerer,
Lovasoa Ranivoharimanana and André R. Wyss. Continuing in southern Pangaea, India shows a few contributions
from Mohd Shafi Bhat, Pradipendra Mohan Datta and Sanghamitra Ray. In Argentina, the research panorama on nmc
was quite active in general but relatively quiet in relation to taxonomic changes with contributions by E Abdala,
Jose Fernando Bonaparte (1928-2019), Guillermo Cassini, Eliana Fernandez, Florencia Soledad Filippini, L.C. Gaetano,
TS. Kemp, J. Liu, Agustin Guillermo Martinelli, Ricardo Nestor Martinez, Jaime Eduardo Powell (1953-2016),
Timothy Rowe, Rachel Veronica Simon Wallace and B. Wynd. In Brazil, research on nmc is excelling, which is
demonstrated by the dominance of new species proposed over the first 20 years of the 21st century. Several researchers
have been and are doing intensive research on nmc of southern Brazil such as E Abdala, Mario Costa Barberena
(1934-2013), J.E Bonaparte, J. Botha, Sergio Furtado Cabreira, lan Corfe, Sergio Dias-da-Silva, José Eduardo Figueiredo
Dornelles, Jorge Ferigolo, Pamela G. Gill, Morgan Lionel Guignard, C.E Kammerer, Leonardo Kerber, J. Liu,
A.G. Martinelli, Tomas Panceri Melo, Ane Elise Branco Pavanatto, Emily Jane Rayfield, Miriam Reichel, Téo Veiga de
Oliveira, Ana Maria Ribeiro, Martha Richter, Pablo Gusmao Rodrigues, Arymathéia Santos Franco, Mauricio R. Schmitt,
Cesar Leandro Schultz, Marina Bento Soares and Micheli Stefanello.

Taxonomic research on nmc has been relatively quiet in northern Pangaea at the beginning of the 21st century. In
Canada, contributions by Tim Fedak, Paul E. Olsen and Hans-Dieter Sues; in the United States ]J.A. Hopson,
Ben T. Kligman, J. Liu, Adam Douglas Marsh, C.A. Sidor and H-D. Sues; in Greenland, EA. Jenkins Jr and Michael D.
Shapiro; in Germany, J.A. Hopson and H-D. Sues; in Poland Tomasz Sulej; in United Kingdom, Elsa Panciroli and
LJ. Corfe; in China, Richard Carr Fox, Ke-Qin Gao, J. Liu, Lu Liu, Michael W. Maisch, Fang-Yuan Mao, Jin Meng and
Corwin Sullivan; in Russia, Alexander Averianov, Mikhail Feodosievich Ivakhnenko (1947-2015), Alexey Vladimirovich
Lopatin, Thomas Martin and Leonid Petrovich Tatarinov (1926-2011); in Mongolia, Paul M. Velazco, Mahito Watabe
and Michael J. Novacek; in Japan, I.]. Corfe and Hiroshige Matsuoka.
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