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Cynodonts are an important component of Triassic tetrapod faunas and are frequently one of the dominant
groups. A summaryof their recordduring theTriassicofGondwana ispresented. Cynodonts are representedby63
species/57 genera in Gondwana with diversification peaks occurring during the Late Anisian (particularly in
Africa) and the Carnianof South America and India. Data on thenumber of faunas of each age and the duration (in
millions of years) estimated for these faunas were integrated with cynodont generic diversity values. One of the
most important turnovers in cynodonts occurred at the Late Olenekian–Anisian, involving changes in two
directions: a) the record of complex bucco-lingually expanded (gomphodont) postcanines, with traversodontid
cynodonts already representing an important group at the end of the Anisian; b) the record, particularly during
the Anisian, of significantly large-sized cynodonts (e.g. Cynognathus and Diademodon with basal skull length
between 30 to 40 cm). Considering that the global maximum peak of cynodont diversity is during the Norian–
Rhaetian, the diversity of Gondwanan cynodonts for that time, eight taxa, is remarkably low.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The early Mesozoic is one of the most significant periods in the
history of life because represents the recovery of the Permo/Triassic
(P/T) extinction event, the largest of its kind and one that brought all life
on the Earth dangerously close to an end (Erwin, 1994; Benton, 1995). It
is also in early Mesozoic times when several important amniote groups
appear, among others turtles (Li et al., 2008), dinosaurs (Sereno et al.,
1993; Langer et al., 1999), proto-crocodiles (Clark et al., 2004) and
mammaliaforms (Luo, 2007).

Also represented in this age are mammal-like therapsids, a group of
fossil forms that includes the ancestor of livingmammals (Rubidge and
Sidor, 2001; Luo, 2007). Therapsids were particularly successful in the
Permian, butwere severely affected by the P/T extinction (Kemp, 2005).
Amongst the six main therapsids lineages, dinocephalians became
extinct at the end of the Middle Permian, whereas biarmosuchians and
the large carnivorous gorgonopsians were victims of the P/T extinction.
The three remaining therapsid lineages survived the end-Permian
extinction in different ways. Anomodonts (including dicynodonts), the
most abundant and diverse therapsid lineage in the Permian (Kemp,
2005), were severely decimated by the extinction event, but recovered
in diversity towards the Middle Triassic (Fröbisch, 2008). Representa-
tives of therocephalians, a lineagewith a disputedmonophyly (Botha et
al., 2007; Abdala, 2007;Huttenlocker, 2009), survived the P–T boundary

but with reduced diversity and they disappeared by the Middle Triassic
(Abdala et al., 2008).

Cynodonts, the youngest therapsid lineage first recorded in the early
Late Permian of South Africa (Botha et al., 2007), experienced a first
phase of diversification towards the end of the Permian. This decreased
only slightly after the P/T event, and this was followed by a remarkable
Middle Triassic diversification (Abdala, 2004). Cynodonts, or, in
particular, non-mammaliaform cynodonts, are the only therapsids
whose main taxonomic diversification occurred in the Triassic (Abdala,
2007).Herewepresent a summary of the Triassic record of cynodonts in
Gondwana and discuss the diversification pulses of this group during
that age. For this, we consider number of taxa at the level of genus,
represented in each temporal assemblage, but also integrate data on the
number of contemporaneous faunas in which the group is represented
and the temporal interval corresponding to each recorded fauna.

2. Material and methods

There are approximately 63 taxonomic entities included in the
dataset analyzed (see Appendix A): 55 nominated species, three
unpublished taxa, and five with tentative identifications at the level of
genus, family and as a non-mammaliaform cynodont. If we consider the
dataset at the level of genus (including also unpublished cases and
tentative identifications) then the number of entities is 57. Considering
the small difference between numbers of taxa at genus and specific
level, the analysis of diversity presented below was undertaken
considering genus.
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Eight terrestrial geological formations, including 10 different faunas
in South America; 10 formations with eight, or perhaps nine, faunas in
Africa and two and four faunas in Antarctica and India respectively,
document the record of cynodonts in the Triassic of Gondwana.

The Geologic Time Scale 2004 (Gradstein and Ogg, 2004; Ogg, 2004;
Fig. 1A) was used for correlation purposes and to establish temporal
intervals included in the analysis of diversity. It is important to mention
that the Triassic time scale is the subject of intense debate (Muttoni et
al., 2004, 2010; Furin et al., 2006; Lehrmann et al., 2006; Ovtcharova et
al., 2006), resulting in a proposal widely different from that of Gradstein
and Ogg (2004). Major differences in the modified time scale are a
temporal extension of the Norian up to 228 Ma (this age represents the
Carnian/Ladinian limit of Gradstein and Ogg, 2004), and of the Carnian
to 235 Ma (an age that is near the Ladinian/Anisian limit on the
Gradstein and Ogg, 2004 scale). These changes imply a much-extended
temporal range for the Late Triassic which is approximately two-thirds
(67%) of the total Triassic time (Gallet et al., 2003; Fig. 1B). As examples
of contrast between these different temporal proposals, the Ladinian
and Early Carnian South American faunas in the Gradstein and Ogg
(2004) scheme will be Early to Late Carnian, respectively in the alter-
native proposal by Muttoni et al. (2004; see also Ogg et al. 2008: 102).

Subdivision of stages (lower, upper; see Figs. 7–9) was judged the
minimum temporal units allowing the analysis of cynodont genera
occurrences without committing big errors with the data. Even though
there is a general consensus on the age of several Gondwanan Triassic
faunas, we are aware that some decisions concerning the age of par-
ticular faunas are arbitrary at this point (for example, the interpretation
of the Isalo II fauna fromMadagascar as upper Ladinian instead of upper
Ladinian–lower Carnian, Flynn et al., 2000). Another problem with the
Triassic ages portrayed in this analysis is the lack of agreement to allocate

Gondwanan faunas in subdivisions of the particularly long stages
Carnian and Norian. Differences in absolute dates on levels of the base
(227.8±0.3 Ma: Rogers et al., 1993) and top (217.0±1.7 Ma: Currie et
al., 2009) of the Ischigualasto Formation indicate a temporal range of
10.8 Ma for this unit. There is however no evidence that the fauna were
extended throughout the complete Formation. Temporal restriction of
this fauna to the Lower Carnian is based on Rogers et al. (1993) who
interpreted a rapid accumulation, 1 to 4 Ma, of the section of the
Ischigualasto Formation including fossils forms (see also Langer, 2005).

The youngest faunas from the Los Colorados and lower Elliot
formations in Argentina and South Africa have been temporally
interpreted in different ways (i.e., Upper Triassic, Norian, Late Norian
or even Rhaetian; see Lucas, 1998; Knoll, 2004), and there is a growing
consensus that they are contemporaneous. In an attempt to reduce
their temporal range, the lower Elliot, and by faunal similarity the Los
Colorados faunas are here considered Late Norian to Rhaetian
following Knoll and Battail (2001) and Knoll (2004). In addition, the
Ictidosaur AZ from the Caturrita Formation, largely interpreted as
Early Norian (Rubert and Schultz, 2004; Bonaparte and Sues, 2006), is
here also included in the Late Norian–Rhaetian age. This is based in
sister group relationship of Irajatherium to tritheledontids from the
Los Colorados, lower and upper Elliot formations, along with the
record of Riograndia which has a more basal placement among
tritheledontids (Martinelli and Rougier, 2007). Another line of
evidence for this interpretation is the sister group relationship of
brasilodontids with Early Jurassic Mammaliaformes (Martinelli and
Rougier, 2007) and the report of the sphenodontian Clevosaurus from
the Riograndia AZ (Bonaparte and Sues, 2006), a taxon known from
the Rhaetian and Lower Jurassic. Recent findings of theropod dinosaur
tracks also suggest a younger age (Rhaetian–Lower Jurassic) for this
fauna (Silva et al., 2009). It is important to mention that in this
analysis the Riograndia AZ does not include the fauna with Jachaleria
and phytosaurids which are also known from the Caturrita Formation
(see Langer et al., 2007: Fig. 3).

We have not used the Land Vertebrate Faunachrons (LVF; Lucas,
1998; Lucas et al., 2007) in this study as they remain a contested topic.
Problems in the use of Nonesian and Perovkan LVFs for Gondwanan
faunas were mentioned in Abdala et al. (2005a). Langer (2005)
extensively discussed problems with Carnian LVFs (Otischalkian and
Adamanian) for global correlation, whereas Rayfield et al. (2005; see
also Rayfield et al., 2009) presented serious objections to the use of the
LVFs for the establishment of a biochronological scheme between
Triassic faunas from North America and Western Europe. For us, the
most problematic issue with the LVFs, simply stems from an extremely
liberal use of index taxa, with several cases in which the material
representing the index taxon in the faunas has a disputed taxonomy. In
summary, the idea of a terrestrial vertebrate biozonation as originally
proposed by Lucas (1998) is indeed an important step for Triassic
continental correlation, but the alpha taxonomy of several index taxa
(or perhaps the use of alternative index taxa) needs to be clarified to
improve the reliability of a global terrestrial biozonation scheme.

Considering that the sample units are not independent (as different
temporal intervals may record the same cynodont genus, and taxa of
different ages are linkedbyphylogeny)Mantel randomization testswere
used to analyze correlations between cynodont genera, faunas with
cynodonts, and time intervals (Manly, 2007). Afinal andobviouspoint to
bear in mind is the provisional state of this proposal as improved
knowledge of the fossil record, dating of fossil host rocks and temporal
scale fine-tuning (as is currently the case of the Triassic temporal scale,
see Ogg et al., 2008) will certainly modify the results presented here.

3. Palaeogeography and climate of faunas from Gondwana
including cynodonts

The majority of Triassic vertebrate faunas including cynodonts from
Gondwana are located between the 40°to 60° South palaeolatitude,

Fig. 1. Triassic time scales. (A) Geologic Time Scale 2004 (Gradstein and Ogg, 2004);
(B) time scale afterMuttoni et al. (2004 and reference cited therein), except for the Anisian
lower age, after Lehrmann et al. (2006). Abbreviations: Ans, Anisian; Crn, Carnian; E, Early;
Ind, Induan; Lad, Ladinian; L, Late; M, Middle; Nor, Norian; Ol, Olenekian; Rht, Rhaetian.
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being the only exception the Fremouw faunas from Antarctica which
have been positioned around 68° or 85° South (Sidor et al., 2008a). Five
geographic areas with faunas having cynodonts are known in Africa,
four in South America, three in India and one in Antarctica. The South
African Karoo was located approximately 60°S in the Early Triassic,
between50° and the 60° S in theMiddle Triassic (Fig. 2), and around50°
S in the Late Triassic. This northward migration also happened with all
the other Gondwanan localities. During theMiddle Triassic, themajority
of Gondwanan faunas with cynodonts were located between 45° and
50° S (Fig. 2), whereas in the Late Triassic most of them were placed
between 40°and 45° S.

The Paleozoic–Mesozoic transition represented one of the most
intense Hothouse intervals without evidence of polar ice in Gondwana
from the Middle Permian to the Jurassic (Scotese et al., 1999). The
Triassic was one of the hottest periods in the Earth's history, in which
there is no record of glacial activity (Frakes et al., 1992). The biome of
higher latitudes in the Early Triassic, that includes all the deposits
having cynodonts, is interpreted as cool temperate (cool winters and
warm summers; Sellwood and Valdes, 2006). This biome also
included the far south fauna from Antarctica, which indicate that
this was a very hot period (Scotese, 2000) with high levels of CO2 in
the atmosphere that led to the expansion of deciduous forests in the
polar regions of the southern Hemisphere (Woods, 2005). During the
Middle Triassic (see Fig. 2) the Karoo Basin and the upper Fremouw
Formation faunas continued to have a temperate regime, whereas the
remaining Middle Triassic African terrestrial localities were arid
(Scotese, 2000). An arid regime is also interpreted for the South
American Ischigualasto–Villa Union and Paraná Basins and for the
Pranhita–Godavari Basin in India. In contrast, Middle Triassic localities
at the Cuyo Basin and, particularly, at the San Rafael Basin in
Argentina, were in the area separating arid from warm temperate
regimes (Scotese, 2000). During the Late Triassic the regime for the
areas of Gondwana where cynodonts are represented (South Africa,
South America and India) is interpreted as warm temperate by
Scotese (2000), and as a mixture of warm temperate humid and cool
temperate by Sellwood and Valdes (2006: Fig. 2B). Climatic conditions
in Norian localities of South America, usually interpreted as arid and
dry (e.g., the Los Colorados Formation in the Ischigualasto–Villa Unión
Valley), were more recently reinterpreted as humid-temperate to
subhumid, with a probable alternating dry station, based in
sedimentological and faunal analyses (Caselli et al., 2001). Holz and
Scherer (2000; see also Pires et al., 2005) also proposed an increase of
humidity towards the Upper Triassic of Gondwana with the Brazilian

Norian Caturrita Formation being considered far more humid than in
previous studies.

4. Palaeoecology and palaeobiology of cynodonts from Gondwana

Earliest Triassic cynodonts manifest the same skull size variation as
those of the Late Permian (skull length between 6–14 cm), and all of
them are sectorial toothed insectivores to carnivores (Abdala et al.,
2006a). However, the most common Late Permian form, Procynosuchus
delaharpeae shows a skull length above 10 cm (until 14 cm), whereas
Thrinaxodon liorhinus, the most common Early Triassic cynodont
(Fig. 3A), shows a skull length below 10 cm (maximum skull length
around 9 cm,with themajority of individuals presenting between 6 and
7 cm). The latter taxon grewrapidly in early ontogenyand sloweddown
at an older age, apparently unaffected by the seasonal environment
(Botha and Chinsamy, 2005). There is strong evidence that some species
(and considering their relatively small body size, perhaps all of them)
lived in burrows (Damiani et al., 2003; Abdala et al., 2006a). Vertebrate
burrows have also been recognized in the lower Fremouw Formation
(Sidor et al., 2008b), suggesting a similar behaviour for Early Triassic
amniotes from South Africa and Antarctica. This behaviour, known in
other small tomedium-sized Early Triassic vertebrates, is interpreted as
a possible advantage for survival of the end-Permian crisis (Smith and
Botha-Brink, 2009). Burrowing is also represented in small late Early
Triassic trirachodontid gomphodonts from the base of the Burgersdorp
Formation (Groenewald et al., 2001; Botha and Chinsamy, 2004).

One of the most important faunal turnovers in Gondwanan
cynodonts occurred between the end of the Early Triassic and the
beginning of the Middle Triassic, and resulted in two directions of
change. One innovation was the first record of large individuals with
both carnivorous andherbivorous formshavinga skull length of up to30
to 40 cm (Fig. 3B), being among the largest Triassic cynodonts. The
second innovation was the development of complex dentition with
bucco-lingually expanded postcanines (gomphodont), the earliest
record of which is known at the end of the Olenekian (Subzone A of
the Cynognathus AZ). The large herbivorous Diademodon tetragonus
showeda cyclical bonegrowthpattern,whereas in the large carnivorous
Cynognathus crateronotus it was sustained and rapid (Botha and
Chinsamy, 2000). Omnivorous/herbivorous traversodontid cynodonts
appeared suddenly in the Late Anisian of Gondwana. This group
presented gomphodont postcanines with transverse crests and deep
occlusal basins (Fig. 4A, B), and were able to process food orally. The
Anisian traversodontid Pascualgnathus present hypertrophied canines

Fig. 2. Palaeogeography of Triassic deposits in Gondwana. Map is based on paleocoastline map of the Middle Triassic (Smith et al., 1994). 1. Karoo Basin, South Africa; 2. Otiwarongo
Basin, Namibia; 3. Luangwa Basin, Zambia; 4. Ruhuhu Basin, Tanzania; 5. Isalo II, Madagascar; 6. Triassic deposits of the Parana Basin, Brazil; 7. Ischigualasto–Villa Union Basin,
Argentina; 8. Uspallata Group of the Cuyo Basin and Puesto Viejo Group from the San Rafael Basin, Argentina; 9. Pranhita–Godavary Basin, India; 10. Son–Mahanadi Basin, India; 11.
Damodar Basin, India; 12. Fremouw faunas, Antarctica.

204 F. Abdala, A.M. Ribeiro / Palaeogeography, Palaeoclimatology, Palaeoecology 286 (2010) 202–217



Author's personal copy

(Bonaparte, 1967) probably used for intraspecific display and as defence
against predators. The presence of a thickened bonewall in the femur of
the Middle Triassic traversodont Andescynodonwas interpreted as sug-
gestive of a fossorial lifestyle (Chinsamy andAbdala, 2008), even though
this taxon was not found in association with burrows. Traversodontids
were themost successful Triassic cynodonts, and survived in Gondwana
for around 40 Ma. They were frequently the dominant taxon of their
faunas, especially in the Middle Triassic (Abdala et al., 2009).

In Late Triassic cynodonts there was a predominance of small to
medium-sized animals, except for some large traversodontids
(Fig. 4B). The earliest record of Tritheledontidae was in Norian faunas
dominated by large herbivorous dinosaurs, where this small insec-
tivorous/carnivorous cynodonts (skull length from 4–6 cm) were
poorly represented. Tritheledontids however, were abundant in
Norian Brazilian faunas mostly characterized by small-sized animals
(Fig. 5A). Important members of these faunas were also the tiny
insectivorous/faunivorous brasilodontids (Bonaparte et al., 2005;
Fig. 5B). Another group of small to medium-sized carnivores were
the enigmatic dromatherids from the Late Triassic Tiki Formation of
India (Datta et al., 2004), which are only known elsewhere in Laurasia.
This is one of the few Triassic Gondwanan faunas in which the record
of cynodonts is restricted to isolated teeth.

5. Cynodonts from the Triassic of Gondwana

Cynodonts have different representation in the subcontinents of
Gondwana. They are well documented in Triassic faunas from South

America and Africa, with 29 and 26 genera respectively, which provide
most of the information on the evolution of this group in Triassic time in
Gondwana. The record of cynodonts is remarkably sparse in India
(seven taxa), whereas the group has a fair representation in the restric-
ted outcrops of Antarctica (four taxa). Australia is the only Gondwanan
subcontinent without any evidence of Triassic cynodonts.

Wepresent belowasummaryof the recordofGondwanancynodonts
during the Triassic (see also Appendix A).

5.1. South American cynodonts

In western Argentina and southern Brazil, non-mammaliaform
cynodonts are found only in Triassic rocks. The oldest record of this
group from the south of the Parana Basin in Rio Grande do Sul State,
Brazil, comprises of fragmentary postcranial material of uncertain
taxonomic affinity from the Lower Triassic Sanga de Cabral Formation
(Abdala et al., 2002b; Fig. 6).

The Middle and Late Triassic record of non-mammaliaform cyno-
donts in Brazil is richer and four different faunas (or assemblage zones;
AZ) are recognized in the Santa Maria and Caturrita formations (Fig. 6).

The traversodontid cynodont Luangwa sudamericana is from an
unknown locality in the Santa Maria Formation (Abdala and Teixeira,
2004). As this taxon is closely related to the congeneric taxa from the
Anisian of Zambia and Namibia (Kemp, 1980; Abdala and Smith, 2009),
Abdala and Teixeira (2004) suggested an Anisian age for some levels of
the Santa Maria Formation. However, additional material from this

Fig. 3. Sectorial toothed cynodonts. A, lateral view of skull and lower jaw of one of the larger specimens of Thrinaxodon liorhinus known from the Lower Triassic of the Karoo Basin.
B, dorsal view of the skull of Cynognathus crateronotus from the Middle Triassic of the Karoo Basin. Scale bar represent 1 cm.
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taxon was found more recently in a locality of the Dinodontosaurus AZ,
which is considered as Ladinian (Da Silva and Cabreira, 2009).

Six cynodonts are known from the Dinodontosaurus AZ of the
Santa Maria Formation; four traversodontids, Luangwa sudamericana,
Massetognathus ochagaviae, Traversodon stahleckeri and Protuberum
cabralensis (von Huene, 1936; Barberena, 1974, 1981; Liu et al., 2008;
Reichel et al., 2009); the chiniquodontid Chiniquodon theotonicus (von
Huene, 1936; Teixeira, 1982; Abdala and Giannini, 2002), and the
recently described Protheriodon estudianti (Bonaparte et al., 2006),
represented only by the holotype, a juvenile specimen.

The recently discovered fauna from Santa Cruz do Sul, also known as
‘Santuario Schoenstatt’, in outcrops of the Santa Maria Formation, has a
remarkable abundance of cynodonts (Abdala et al., 2001). Among these,
there are three different traversodontids: Santacruzodon hopsoni
(Abdala and Ribeiro, 2003); Menadon sp. (Melo et al., 2009); and Mas-
setognathus (Schultz and Langer, 2007). Carnivorous cynodonts are
represented by three specimens of Chiniquodon sp. (Abdala et al., 2001)
and a tinymandibular fragmentwith a tooth preliminary assigned to cf.
Probainognathus (Soares and Abdala, 2008; Soares, pers. comm., 2009).
This fauna is usually considered as transitional between the Early
Ladinian and Carnian Brazilian faunas (Abdala et al., 2001; Abdala and
Ribeiro, 2003; Langer et al., 2007), but Lucas (2002) considers it as part
of the Dinodontosaurus AZ.

The Hyperodapedon AZ is considered Carnian (Langer et al., 2007)
and includes traversodontid cynodonts. These are the rare Gompho-
dontosuchus brasiliensis (von Huene, 1928; Hopson, 1985), and the
common Exaeretodon riograndensis (Abdala et al., 2002a; Oliveira et al.,
2007a; Fig. 4B). Sectorial toothed cynodonts from this fauna are Ther-
ioherpeton cargnini, Prozostrodon brasiliensis and Charruodon tetracuspi-
datus (Bonaparte and Barberena, 1975; Barberena et al., 1987; Abdala
andRibeiro, 2000; Bonaparte andBarberena, 2001;Oliveira, 2006), all of
them represented by a single specimen. There is also a new, as yet
undescribed, carnivorous cynodont from this assemblage zone (Langer
et al., 2007; Oliveira et al., 2007b).

The most recently discovered Norian faunas from the Caturrita
Formation (Bonaparte et al., 2001) present a differentiated fauna of
small cynodonts including the tritheledontids (=ictidosaurs) Riogran-
dia guaibensis (Fig. 5A) and Irajatherium hernandezi (Bonaparte et al.,
2001; Martinelli et al., 2005) and the brasilodontids Brasilodon
quadrangularis and Brasilitherium riograndensis (Bonaparte et al., 2003,
2005; Fig. 5B). These faunas were referred to as Ictidosaur Cenozone/AZ
(Rubert and Schultz, 2004; Langer et al., 2007) and Mammaliamorpha
Cenozone (Schultz and Soares, 2006; Schultz and Langer, 2007).

In Argentina the two older faunas with cynodonts are considered
to be Anisian (Fig. 6). The traversodontid Pascualgnathus polanskii, the
carnivorous Cynognathus crateronotus and the recently discovered

Fig. 4. Traversodontid cynodonts. A, ventral view of Massetognathus pascuali from the Middle Triassic of Argentina; B, ventral view of Exaeretodon riograndensis from the Upper
Triassic of Brazil. Note the remarkable differences in morphology of the bucco-lingually expanded postcanines. Scale bar represent 1 cm.
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Fig. 6. Biostratigraphic chart of terrestrial Triassic faunas from Gondwana including cynodonts. Faunal correlations based on Hancox (2000); Knoll and Battail (2001); Stipanicic and
Marsicano (2002); Abdala and Ribeiro (2003); Abdala and Teixeira (2004); Knoll (2004); Abdala et al. (2005a); Rubidge (2005), Langer et al. (2007), Bandyopadhyay and Sengupta
(2006), Sidor et al. (2008a), Abdala and Smith (2009); Martinelli et al. (2009); and references cited therein. Geological Time Scale based on Gradstein and Ogg (2004). Abbreviations:
Ans, Anisian; Antarct, Antarctica; Assem, Assemblage; Crn, Carnian; Ind, Induan; Lad, Ladinian; Low, lower; Mad, Madagascar; Nor, Norian; Ol, Olenekian; Rht, Rhaetian; SZ, Subzone;
Tanz, Tanzania; Up, upper; Zam, Zambia.

Fig. 5. Late Triassic sectorial cynodonts. A, lateral view of the lower jaw of Riograndia guaibensis; B, lateral view of the skull of Brasilitherium riograndensis. Scale bar represent 1 cm.

207F. Abdala, A.M. Ribeiro / Palaeogeography, Palaeoclimatology, Palaeoecology 286 (2010) 202–217



Author's personal copy

gomphodont Diademodon tetragonus (Bonaparte 1967, 1969a, 1982;
Abdala, 1996; Martinelli et al., 2009) are from the Rio Seco de la
Quebrada Formation (Puesto Viejo Local Fauna, Bonaparte, 1982;
Stipanicic et al., 2007; Fig. 6) of the San Rafael Basin, Mendoza
Province. The second Anisian fauna is that from the Cerro de Las
Cabras Formation, Cuyo Basin, north of the Mendoza Province (Fig. 6).
Here cynodonts are represented by the traversodontids Andescynodon
mendozensis and Rusconiodon mignonei, and the sectorial toothed
Cromptodon mamiferoides represented by only a tiny lower jaw
(Bonaparte, 1969b, 1972, 1982). The presence of traversodontid
cynodont in these two Argentinean faunas was considered as sugges-
tive of a Late Anisian age (Martinelli et al., 2009).

Faunas from the Ladinian to the Norian are known from the
Ischigualasto–Villa Union Basin between La Rioja and San Juan
Provinces, central-western Argentina. The Ladinian fauna is from
concretions at the base of the volcaniclastic Chañares Formation (Rogers
et al., 2001; Fig. 6) and includes the traversodontid cynodont Masse-
tognathus pascuali (themost abundant taxon; Fig. 4A), and the sectorial
toothed Probainognathus jenseni, and Chiniquodon theotonicus (Romer,
1969, 1970, 1972; Abdala and Giannini, 2000, 2002).

In the Carnian Ischigualasto Formation (Fig. 6) traversodontid
cynodonts are represented by Exaeretodon argentinus and Ischignathus
sudamericanus (Bonaparte 1962, 1963; Abdala 2000; Liu, 2007 consider
the latter taxon a junior synonym of E. argentinus, a proposal which is
not agreed to by FA). Carnivorous forms are represented byChiniquodon
sanjuanensis andEcteninion lunensis (Martinez et al., 1996;Martinez and
Forster, 1996) and a tiny skull identified as cf. Probainognathus
(Bonaparte and Crompton, 1994).

The youngest non-mammaliaform cynodont from Argentina is the
tritheledontid Chaliminia musteloides (Bonaparte, 1980; Martinelli
and Rougier, 2007) from the Upper Norian Los Colorados Formation
(Fig. 6). Fragmentary postcranial remains assigned to tritylodontids
are known from the same unit (Bonaparte, 1971), but which we
consider here as taxonomically indeterminate.

5.2. African cynodonts

The most extensive African cynodont record is from the main
Karoo Basin of South Africa (Fig. 6). This is one of the few places in the
world in which it is possible to follow a succession of terrestrial faunas
from the Permian to the Triassic (Rubidge, 2005).

The earliest Permian cynodonts from the Karoo are from the Tro-
pidostoma AZ and three different genera are present in the Dicynodon
AZ at the end of the Permian, with Procynosuchus delaharpeae being
the most abundant (Botha et al., 2007). The oldest fauna of the Ly-
strosaurus AZ is represented in levels of the Palingkloof Member of the
Balfour Formation and encompasses the P/T boundary (Groenewald
and Kitching, 1995; Botha and Smith, 2006). Three cynodonts are
present in these beds: the abundant Thrinaxodon liorhinus (Fig. 3A),
Galesaurus planiceps, and the rare Progalesaurus lootsbergensis (van
Heerden, 1988; Abdala, 2003, 2007; Sidor and Smith, 2004). The only
record of the fourth cynodont, Platycraniellus elegans, is from the
Harrismith Member of the Normandien Formation (Haughton, 1924;
Abdala, 2007), in the north of the Basin, which is considered coeval to
the Palingkloof Member (see Rubidge et al., 1995: Fig. 3). These units
are overlain by the Katberg Formation, from which only T. liorhinus
and G. planiceps are known. The first species occurs throughout the
entire stratigraphic range of the Katberg Formation, whereas
G. planiceps is restricted to the lower portion of the unit (Botha and
Smith, 2006).

The Cynognathus AZ fauna (Upper Olenekian–Anisian; Fig. 6) is
represented in levels of the Burgersdorp Formation (Kitching, 1977,
1995). This AZ is informally divided into three subzones (Hancox et al.,
1995;Hancox, 2000;Neveling et al., 2005; Fig. 2); in SubzoneA, there are
remains of the carnivorous Cynognathus crateronotus an unpublished
sectorial toothed cynodont (Abdala et al., 2005b), the gomphodont

cynodont Langbergia modisei (Abdala et al., 2006b) and a taxon
represented by isolated teeth with haramiyid-like crowns (Abdala et
al., 2007b). Subzone B has remains of the abundant Diademodon
tetragonus and Cynognathus crateronotus (Fig. 3B), whereas Trirachodon
berryi is also well represented (Kitching, 1995). More rare are the
sectorial toothed Bolotridon kannemeyerii, Cistecynodon parvus and
Lumkuia fuzzi (the last two represented only by their holotypes; Brink
and Kitching, 1953; Hopson and Kitching, 2001), and there is a possible
record of Cricodon metabolus (Abdala et al., 2006b). Hopson (2005)
described a juvenile trirachodontid apparently from levels of the
Subzone B, with a crown morphology well differentiated from that of
othermember of thegroup. In theyounger SubzoneC,C.metabolus is the
most abundant cynodont, and there are also remains of C. crateronotus
and D. tetragonus (Abdala et al., 2005a).

There is a gap in the record of amniote body fossils in the Karoo Basin
for the Ladinian–Carnian interval. However, this stratigraphic interval
has an outstanding record of fossil plants in the Carnian Molteno
Formation, where some insects are also known (Anderson and
Anderson, 1984; Anderson et al., 1998). The next record of amniote
fossils is from theUpper Norian–Rhaetian lower Elliot Formation (Lucas
and Hancox, 2001; Knoll and Battail, 2001; Knoll, 2004; Fig. 6).
Cynodonts from this stratigraphic interval include at least eight
specimens of the last Gondwanan traversodontid Scalenodontoides
macrodontes (Crompton and Ellenberger, 1957; Battail, 2005), the
recently described tritheledontid Elliotherium kersteni (Sidor and
Hancox, 2006), and a fragmentary lower jaw that was tentatively
assigned to Diademodontidae (Abdala et al., 2007a).

Outside South Africa, Late Permian cynodonts are represented by
Procynosuchus in the Ruhuhu Basin in Tanzania and the Madumabisa
Mudstones of the Luangwa Valley in Zambia (Abdala and Allinson,
2005; Weide et al., 2009). The record is resumed in the Late Anisian
Lifua Member of the Ruhuhu Basin, Tanzania (Wopfner, 2002; Fig. 6),
where the traversodontids Scalenodon angustifrons, S. hirschsoni,
S. attridgei and S. charigi (Parrington, 1946; Crompton, 1955, 1972)
are represented. Phylogenetic analyses found that S. angustifrons and
S. hirschsoni were not part of the same monophyletic group (Hopson
and Kitching, 2001; Abdala et al., 2006b; Kammerer et al., 2008),
suggesting that the genus Scalenodon is polyphyletic. In addition,
Abdala and Ribeiro (2003) pointed out that the traversodontids
S. attridgei and S. charigimay prove to be the same taxon. Also present
in the Lifua Member are Aleodon brachyrhamphus, the trirachodontid
Cricodon metabolus and Diademodon tetragonus, represented by an
isolated postcanine (Crompton, 1955). Cynodonts from the Anisian
are also represented in the Luangwa Basin of Zambia (Drysdall and
Kitching, 1963; Kitching, 1963; Fig. 6) with the gomphodont Diade-
modon tetragonus from the lower Ntawere Formation (Brink, 1963),
and the traversodontid Luangwa drysdalli from the upper Ntawere
Formation (Brink, 1963; Kemp, 1980).

Middle Triassic Anisian and even possibly Ladinian age rocks are
represented in the upper Omingonde Formation of the Otiwarongo
Basin in Namibia (Keyser, 1973a,b; Smith and Swart, 2002; Fig. 6). This
unit present one of the most diverse cynodont faunas from Gondwana
and includes the large carnivorous Cynognathus crateronotus, the
gomphodonts Diademodon tetragonus, Titanogomphodon crassus and
Trirachodon berryi (Keyser, 1973a,b) and the recently described
Luangwa sp., an undetermined traversodontid, Aleodon sp. and Chini-
quodon sp. Abdala and Smith (2009) suggested that faunas of two
different agesmight be represented in theupperOmingonde Formation.
The older fauna included Diademodon, Cynognathus and Tirachodon,
whereas the putative younger one included the two traversodontids,
Aleodon, Chiniquodon and perhaps also Titanogomphodon.

The fauna from the Isalo II beds in the south of Madagascar is
considered as Late Ladinian–Early Carnian in age (Flynn et al., 1999,
2000). The cynodonts in the Isalo II fauna include two traversodontids
Menadon besairei and Dadadon isaloi and also chiniquodontids (Flynn
et al., 2000; Flynn and Wyss, 2002; Kammerer et al., 2008). Based on
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similarities of these cynodonts with those from the Brazilian
Traversodontid Biozone (Fig. 6) we consider this fauna to be Late
Ladinian.

5.3. Antarctic cynodonts

Continental rocks of the Early and Middle Triassic are represented
in this portion of Gondwana and include cynodonts (Fig. 6). From the
lower Fremouw Formation, considered as coeval with the Lystro-
saurus AZ of the South African Karoo, are known several specimens of
Thrinaxodon liorhinus and a couple of individual considered cyno-
dontia incertae sedis (Colbert and Kitching, 1977). Carnivorous Cy-
nognathus and a large diademodontid tentatively identified as
Titanogomphodon (Hammer, 1995) were recovered from the upper
Fremouw Formation, a unit correlated with the Cynognathus AZ of
South Africa and of an age interpreted as being Late Olenekian or
Anisian (Sidor et al., 2008a).

5.4. Indian cynodonts

Even though Triassic deposits containing vertebrates are known
throughout the India, cynodonts have a remarkably poor record in this
portion of Gondwana. The only Lower Triassic cynodont known from
India is Thrinaxodon bengalensis from the Lower Triassic Panchet
Formation, Damodar Basin (Satsangi, 1987; Bandyopadhyay et al.,
2002; Fig. 6). In the Anisian Yerrapalli Formation of the Pranhita–
Godavari Basin there are records of undescribed isolated teeth of
trirachodontids (Bandyopadhyay and Sengupta, 1999, 2006), the only
out-of-Africa record of this group in Gondwana. An isolated and
fragmentary record of the traversodontid Exaeretodon statisticae is
known from the Carnian beds of the lower Maleri Formation
(Chatterjee, 1982; Bandyopadhyay and Sengupta, 2006; Fig. 6).
More recently, Nath and Yadagiri (2007) reported five tiny (approx-
imately 1 mm in mesio-distal length) isolated sectorial teeth in the
Maleri Formation, interpreted as of non-mammaliaform cynodonts
and one of them was assigned to the new species Deccanodon
maleriensis. Finally, the isolated tooth of Gondwanadon tapani (Datta
and Das, 2001), considered, with some doubts, as the oldest
morganucodontid mammaliaform (Kielan-Jaworowska et al., 2004),
several teeth of the dromatherid Rewaconodon tikiensis (Datta et al.,
2004), and the transversely expanded upper molar of Tikitherium
copei (Datta, 2005) were recorded from the Carnian Tiki Formation of
the Son–Mahanadi Basin.

6. Shared cynodonts between Triassic faunas from Gondwana

Several similar cynodonts are shared by faunas from nowadays the
same continent, but there are also several cynodont genera which
occur in assemblages on different Gondwana subcontinents.

In South America the traversodontid Massetognathus and the
chiniquodontid Chiniquodon are known in the Argentinean Chañares
Formation and the Brazilian Dinodontosaurus AZ, and the Traverso-
dontid Biozone. Chiniquodon is also represented in the Carnian
Ischigualasto Formation of Argentina, whereas the presence of Ex-
aeretodon is a similarity between the later and the Brazilian Hypero-
dapedon AZ (the record of Exaeretodon major in the Dinodontosaurus
AZ should be considered with caution, Abdala et al., 2002a). In
addition, a new, unnamed, sectorial toothed cynodont from the Hy-
perodapedon AZ is similar to Ecteninion from the Ischigualasto fauna
(Oliveira et al., 2007b). Probainognathus is known from the Chañares
fauna whereas forms having some similarities in the dentition
identified as Cf. Probainognathus are known from the Argentinean
Ischigualasto Formation and from the Brazilian Traversodontid
Biozone (Bonaparte and Crompton, 1994; Soares and Abdala, 2008;
Soares, comm. pers. 2009).

In Africa, Diademodon, Cynognathus and Trirachodon are present in
the Cynognathus AZ of the Karoo Basin and at the base of the upper
Omingonde Formation in Namibia. Diademodon is also represented in
the lower Ntawere Formation of Zambia and, through an isolated
postcanine, in the Lifua Member of the Manda beds of Tanzania
(Crompton, 1955). The trirachodontid Cricodon is known from the
Subzone C of the Cynognathus AZ in South Africa and theManda beds of
Tanzania (Abdala et al., 2005a). Amongst the recently described fauna
from the top of the upperOmingonde Formation, are the traversodontid
Luangwa, alsoknown from theupperNtawere Formationof Zambia, and
the probainognathian Aleodon, which is also recorded in the Lifua
Member of the Manda beds (Crompton, 1955).

Cynodonts also show evidence of association between terrestrial
faunas from different continents during the Triassic. In the Early
Triassic, Thrinaxodon, the commonest cynodont from the Lystrosaurus
AZ of the Karoo Basin, is also represented in the lower Fremouw fauna
from Antarctica and the Panchet fauna from India, indicating a
widespread distribution of the taxa across Gondwana. At the end of
the Early Triassic and in the Anisian, the typical southern African
cynodonts Cynognathus and Diademodon are also known in the
Argentinean Rio Seco de la Quebrada Formation (=Puesto Viejo
Formation; Bonaparte, 1969a; Martinelli et al., 2009) and Cynog-
nathus is also represented in the upper Fremouw fauna in Antarctica
(Hammer, 1995; Sidor et al., 2008a). From outcrops of the SantaMaria
Formation in Brazil were described Luangwa, a traversodontid
cynodont previously represented in the upper Ntawere Formation of
Zambia (Brink, 1963; Kemp, 1980) and most recently discovered at
the top levels of the upper Omingonde Formation (Abdala and Smith,
2009). The carnivorous cynodont Chiniquodon, which is known from
Ladinian and Carnian faunas from Brazil and Argentina, was also
present in the fauna from the top of the upper Omingonde Formation
which is considered upper Anisian. Because of the presence of Chini-
quodon in the last unit, Abdala and Smith (2009) suggested that
Ladinian rocks may be present in Namibia. If the fauna from the top of
the upper Omingonde is indeed Anisian, then Chiniquodonwill be one
of the longest-living cynodonts, first represented in the Late Anisian
and last in the Early Carnian, spanning around of 9 Ma. Recent findings
confirmed the presence of Menadon, a traversodontid cynodont
typical fromMadagascar, in the Late Ladinian Traversodontid Biozone
of the Santa Maria Formation, Brazil (Melo et al., 2009). Finally, the
traversodontid Exaeretodon, known from Argentinean and Brazilian
Carnian faunas is also represented in the lower Maleri fauna from
India (Chatterjee, 1982).

7. Cynodont diversity changes in South America

The lowest diversity of cynodonts in South America is in the
Induan–Early Olenekian, represented by the Brazilian Sanga do Cabral
Formation. In this case the evidence is limited to fragmentary
postcranial remains of a small-sized cynodont (Abdala et al., 2002b)
which are conservatively interpreted as being one taxon. Taxonomic
diversity increases progressively from the Early Triassic to the
Carnian, the latter age including ten genera, the highest diversity of
South American cynodonts (Fig. 7). Diversity decreases during the
Norian, where the number of cynodont genera is the same as that in
the Late Ladinian. In South America most of the temporal units having
cynodonts are represented by two faunal associations: two Anisian
faunas from Argentina, whereas the Early Ladinian, Carnian and
Middle–Late Norian are documented by one Brazilian and one
Argentinean fauna. The Induan–Early Olenekian (Sanga do Cabral
Formation) and the Late Ladinian (Traversodontid Biozone, Santa
Maria Formation) intervals are represented only by one faunal
assemblage each (Fig. 7A).

In the Brazilian SantaMaria Formation, where 15 cynodont genera,
are known, there are three faunal associations, whose proposed ages
are based in correlations with Argentinean and Madagascan faunas
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(Schultz et al., 2000; Schultz and Langer, 2007). The oldest of these is
the Dinodontosaurus AZ, dated as Early Ladinian, which has six taxa;
the Traversodontid Biozone, considered Late Ladinian, has five, and
the Carnian Hyperodapedon AZ also has six cynodonts. The diversity of
cynodont genera therefore, remains relatively constant in the three
faunas from the SantaMaria Formation. It is important to note that the
Traversodontid Biozone is known from a single outcrop, whereas the
other two assemblage zones are represented by several localities
(Langer et al., 2007).

Traversodontids, the most diverse group of Triassic cynodonts, first
appear in the Anisian of South America and remain as an important
group until the Carnian. Their diversity remains constant during
different ages: three taxa during the Anisian, the Late Ladinian and the
Carnian and four in the Early Ladinian. Traversodontids are the
dominant taxa in several faunal associations:Andescynodonmendozensis
in the AnisianCerro de Las Cabras Formation,Massetognathus pascuali in
the Early Ladinian Chañares Formation and Santacruzodon hopsoni in
the Late Ladinian Traversodontid Biozone (Abdala et al., 2009).

Trends between the temporal range in millions of years and
cynodont genera (Fig. 7B, solid line linked by diamonds and dashed
line linked by squares) do not exhibit a statistically significant
correlation. However, a significant correlation (r: 0.96, p: 0.002) exists
between number of cynodont genera and the ratio between number
of cynodont genera and temporal range (Fig. 7B, solid line linked by
diamonds and dashed line linked by triangles).

8. Cynodont diversity changes in Africa

In the African faunas, the cynodont generic diversity increases
steadily from the Early Triassic to the Early Anisian and doubles

during the Late Anisian (Fig. 8). The lowest cynodont Triassic diversity
is during the Late Norian–Rhaetian, where only three genera are
known. The remarkable increase in diversity of African cynodonts in
the Late Anisian is probably related to the fact that four of the five
African geographical localities (i.e., countries) or four of the nine
Triassic faunal assemblages which include cynodonts are represented
in this interval (Fig. 8A). A Mantel correlation test shows significant
correlation between the number of cynodont genera and the number
of faunas in Africa (r: 0.77; p: 0.02).

In the South African Burgersdorp Formation ten cynodont genera
are present, the greatest diversity in a single stratigraphic unit.
However, if this is broken up into the three subzones recently
proposed for the Cynognathus AZ, five cynodonts are known from the
Late Olenekian Subzone A (=Kestrosaurus AZ of Neveling, 2004),
seven from the Early Anisian Subzone B and only three from the Late
Anisian Subzone C.

Traversodontids are first represented in the Late Anisian of Africa
and are responsible for the diversity explosion at that time (Fig. 8),
with five different taxa. Interestingly, this group is documented in
Namibia, Tanzania and Zambia, but there is not a single record in the
supposedly contemporaneous levels of the highly fossiliferous
Burgersdorp Formation of the Karoo Basin. Abdala and Smith (2009)
point out the southerly location of the Karoo Basin in relation to the
other African faunas (Fig. 2) and suggested that the recorded
sparseness of this group in the Karoo Basin can be an indication of
less tolerance to cold environments in the earliest traversodontids.
The youngest Gondwanan record of this group is present in the Upper
Triassic lower Elliot Formation of the Karoo Basin. Traversodontids are
also represented by two taxa in the Upper Ladinian–Lower Carnian
Makay Formation from Madagascar (Kammerer et al., 2008). It is

Fig. 7. Diversity of South American cynodonts during the Triassic in relation to number of faunas (A) and temporal range in millions of years (B). Diamonds linked by a continuous
line (in black) represent the number of cynodont genera in each interval; squares linked by dashed line (in red) represent the number of faunas having cynodonts in A, and temporal
range of stages in millions of years with cynodonts in B; triangles linked by dashed line (in green) represent the ratio between number of cynodont genera and number of fauna
having cynodonts in A, and between number of cynodont genera and temporal range in B. Abbreviations: ECrn, Early Carnian; ELad, Early Ladinian; In–EOl, Induan–Early Olenekian;
LAns, Late Anisian; LLad, Late Ladinian; LNor–Rht, Late Norian–Rhaetian. Mantel correlation tests indicate significant correlation between the number of cynodont genera (cg) and
the ratio cg/temporal range (r: 0.96; p: 0.002) and cg and the ratio cg/number of faunas having cynodonts (r: 0.78; p: 0.04). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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important to note that the last traversodontids in the Carnian of South
America (i.e., Exaeretodon and Ischignathus) and the Norian of Africa
(Scalenodontoides) are the largest representatives of the group,
suggesting a trend to increasing size in Upper Triassic Gondwanan
members of the family.

There is no correlation between cynodont genera diversity and
interval range with cynodonts in Africa (Fig. 8B, solid line linked by
diamonds and dashed line linked by squares). However, as in the case
of South American faunas, a significant correlation (r: 0.89; p: 0.001)
exists between cynodont genera and the ratio between number of
cynodont genera and temporal range (Fig. 8B, solid line linked by
diamonds and dashed line linked by triangles).

9. Discussion

The cynodonts from the earliest Triassic faunas are similar in size,
dentition and occlusal system to those of the Latest Permian, thus
suggesting that the Permo-Triassic transition did not have a great
effect on Gondwanan cynodonts. This similarity between Late
Permian and Early Triassic faunas also appears to characterize other
therapsids. A recent study on anomodont-bearing faunas using cluster
analysis showed that Early Triassic (Lystrosaurus-dominated) dicyn-
odont faunas grouped with those from the Late Permian, and were
independent of the remaining Triassic faunas (Fröbisch, 2009). The
lowest generic diversity of Gondwanan cynodonts represented in the
Early Triassic (four genera) is one genus more than the record from
the Late Permian (Fig. 9). Considering that Early Triassic cynodonts
are documented in vertebrate faunas from Africa, South America,
Antarctica and India, the record of only four genera appears
remarkably low. All are represented in the South African Karoo,
with Thrinaxodon having a ‘Gondwanopolitan’ distribution, also
known in Antarctica and India.

Cynodont generic diversity steadily increases until the Early
Anisian, and by the Late Anisian there is a diversity explosion to 15
genera, reflecting changes represented particularly in African faunas.
However, it is during the Late Olenekian and Early Anisian when
cynodonts show remarkable variations in size and feeding system,
producing a clear contrast with the previous record of the group.
During this time cynodonts attained their largest body size in both
herbivorous and carnivorous forms and developed complex bucco-
lingually expanded postcanines. Traversodontids with postcanines
bearing transverse crests and deep occlussal basins (Fig. 4A, B)
appeared suddenly in the Late Anisian of Gondwana, making more
evident the Middle Triassic turnover. At that time, seven of the 15
Gondwanan cynodont genera weremembers of the Traversodontidae.
Other herbivorous tetrapods with bucco-lingually expanded post-
canines not closely related to gomphodont cynodonts, such as
bauriidae therocephalians and procolophonids are also known from
this time (Gow, 1978). The latter group is the earliest, and the only
one presenting expanded postcanines in the Lystrosaurus AZ, but
several forms of this lineage with complex bucco-lingually expanded
crowns are also known from younger faunas (Cisneros, 2008a). In
addition, terrestrial representatives of different tetrapod groups
reached greater size during the Anisian (e.g. Cynognathus AZ) than
in the Induan–Early Olenekian (e.g. Lystrosaurus AZ), reflecting
perhaps a recovery from the Lilliput effect post end-Permian
extinction (Twichett, 2007). Apart from cynodonts, this is true for
dicynodonts (e.g. Kannemeyeria; King, 1988; Fröbisch, 2009), arch-
osauriforms (e.g. Erythrosuchus; Gower, 2003) and procolophonids
(e.g. Teratophon spinigensis; Cisneros, 2008b).

The independent origin of the occlusal system in different amniote
groups, the renaissance in diversity and abundance of dicynodonts in
the Middle Triassic (Fröbisch, 2008, 2009) and the tendency to
produce large size animals in comparison with those of the earliest
Triassic, is suggestive of critical changes in the latest Olenekian to

Fig. 8. Diversity of African cynodonts during the Permo-Triassic. See Fig. 7 for abbreviations and symbols. Additional abbreviations: Cha, Changhsingian; EAns, Early Anisian; Wuch,
Wuchiapingian; LOl, Late Olenekian. A Mantel correlation test indicate significant correlation between the number of cynodont genera (cg) and number of faunas (r: 0.77; p: 0.021)
and between cg and the ratio cg/interval range (r: 0.89, p: 0.001).
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Early Anisian environment. Palynomorphs are also suggestive of this
trend, as Early Triassic pollen associations are not significantly
different from those of the latest Permian, whereas important
qualitative changes in the associations occur in the Middle Triassic
(Traverse, 2008). Changes in the vertebrate faunas of the Anisian are
perhaps related to the huge diversification of conifers in the Triassic
(Tiffney, 1997; Willis and McElwain, 2002), particularly Voltziacean
and primitive Podocarpacean (Wing and Sues, 1992).

In the Early Ladinian, represented only in South America, cynodont
genera decrease from 14 to seven, the same number as in the Early
Anisian. Diversity increases again in the Carnian, with 14 cynodont
genera represented in South America and India, and then decreases in
the Late Norian–Rhaetian where only eight taxa are known. This later
reduction of cynodont diversity in Gondwana is in notable contrast
with the Laurasian record, where Norian–Rhaetian cynodonts are
represented by at least 20 genera. In fact, is in the Norian–Rhaetian
Age where the highest diversity of cynodonts is recorded in the
Triassic.

Considering monophyletic groups, advanced cynodonts (Eucyno-
dontia) are represented in the Gondwanan Triassic faunas by 26
genera included in Cynognathia (sensu Abdala and Ribeiro, 2003), and
17 in Probainognathia (sensu Martinelli and Rougier, 2007, also
including Aleodon following Hopson and Kitching, 2001, and by
similarity with the latter, Cromptodon). Cynognathus, the oldest
representative of Cynognathia is known from the Late Olenekian,
whereas Lumkuia, the oldest Probainognathia, is recorded from the
early Anisian, and the two lineages are represented in Ladinian,
Carnian and Norian faunas from Gondwana. The herbivorous/
omnivorous traversodontids, which are members of Cynognathia,
are the most diverse group of Gondwanan cynodonts, being re-
presented by 19 genera (see Appendix A) from the Late Anisian to the
Late Norian. There is a demise of traversodontids, represented by only

one genus in the Late Norian–Rhaetian. In contrast, there are six
members of the Probainognathia at this time: four included in
Tritheledonta and two successive sister-groups of Mammaliaformes
(see Martinelli and Rougier, 2007: Fig. 4).

The explosion of cynodont diversity in the Late Anisian seems to
reflect the fact that seven faunas from Gondwana have cynodont
representatives. A Mantel correlation test between cynodont genera
and faunas indicate significant correlation between these variables
(r: 0.70; p: 0.022; Fig. 9A, solid line linked by diamonds and dashed
line linked by squares). Number of cynodont genera (cg) is also
strongly correlated with the ratio between cg/interval range (r: 0.90,
p: 0.001; Fig. 9B, solid line linked by diamonds and dashed line linked
by triangles). These correlations are suggestive of a taphonomic bias
in the record of cynodont diversity. Correlations between fossil-
bearing units and global taxic diversity were also found amongst
anomodonts and dinosaurs (Fröbisch, 2008; Barret et al., 2009), and
interpreted in the latter, as a probable reflection of the amount of
fossil-bearing rock preserved through time. Close inspection of the
generic diversity and the number of faunas with cynodonts (Fig. 9A)
highlights some differences between these trends. Cynodonts from
the Late Olenekian, represented by only one fauna (Cynognathus AZ,
Subzone A) show more diversity than the Induan–Early Olenekian, in
which at least four different faunas are known. Induan to Late
Olenekian is the only time range in which faunal and cynodont trends
are opposing (Fig. 9A). This is also evident in the trend reflecting the
ratio of the number of cynodont genera/number of fauna with
cynodonts (Fig. 9A, dashed line linked by triangles) in which the
largest diversity is represented in the Late Olenekian instead. A
remarkably low diversity is also recognized in the global record of
Induan anomodonts, which are known from several geological
formations (Fröbisch, 2008). Low diversity in the well represented
Induan record, when compared with the single Late Olenekian fauna

Fig. 9.Diversity of Gondwana cynodonts during the Permo-Triassic. See Figs. 7 and 8 for abbreviations and symbols. A Mantel correlation test indicate significant correlation between
the number of cynodont genera (cg) and number of faunas (r: 0.70, p: 0.026) and between cg and the ratio cg/interval range (r: 0.90, p: 0.001).
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having several cynodonts, represents a landmark event when
analyzing diversity changes in the group. In addition to this, the
recovery from the Lilliput effect during the Anisian is also an
important factor characterizing the post-Permian extinction in some
therapsid lineages that survived that event.

10. Conclusion

Most therapsid lineages evolved predominantly during the Permian.
Cynodontia, however, the last therapsid to appear in the fossil record,
show the most important morphological changes during their early
evolution in the Triassic. Gondwanan cynodont generic diversity in the
post-extinction earliest Triassic was only slightly greater than that of the
Latest Permian, without major ecological and size differences between
cynodonts of these ages. In contrast, a very different morphotype
appeared at the end of the Early Triassic in the form of gomphodont
cynodonts (i.e., with bucco-lingually expanded postcanines), and in the
Anisian both carnivorous and herbivorous forms reach their greatest
size. This turnover is reaffirmed with the explosive appearance of
traversodontid cynodonts in the faunas of both SouthAmerica andAfrica
at the end of the Anisian. This group remained as an important and
usually dominant component of Ladinian and Carnian faunas of
Gondwana. In theNorian–Rhaetian is the last recordof largeGondwanan
traversodontids, together with the first record of the small-sized
insectivorous tritheledontids, a lineage that is also represented in the
Early Jurassic. The diversity of Gondwanan cynodonts during the
Norian–Rhaetian is remarkably low considering that the maximum
Triassic global diversity of this group occurs precisely at this time.
Cynodonts remain an important component of Early Jurassic faunas, in
the form of mammaliaforms and the remarkably diverse herbivorous
tritylodontids, but are best represented in Laurasia at this time.
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Appendix A

List of cynodont taxa represented in Gondwanan faunas. The
numbers following each continent represent the number of genera/
species in each of them. Abbreviations: It, isolated teeth; M, mandible;
pSk, isolated postcranial remains; S, skull; SF, skull fragment; Sk,
skeleton; Tr, Traversodontidae. Number in Arabic indicates known
specimens. *Recent new discovery (Oliveira et al., 2009) not
considered in the analysis.

SOUTH AMERICA (30/36)
Brazil
Induan Faunas
Sanga do Cabral Formation, Paraná Basin
Cynodont of small size, pSk, ?2
Ladinian Faunas
Dinodontosaurus Assemblage Zone, Santa Maria Formation, Paraná

Basin
Luangwa sudamericana, S-M, 3, Tr
Massetognathus ochagaviae, S-M, 20, Tr

Protuberum cabralensis, S-Sk, ?2, Tr
Traversodon stahleckeri, S-pSk, 4, Tr
Chiniquodon theotonicus, S-Sk, 10
Protheriodon estudianti, S-M, 1
*New unnamed taxon, M, 1
Santacruzodon Assemblage Zone, Santa Maria Formation, Paraná

Basin
Santacruzodon hopsoni, S-Sk, 6, Tr
Menadon sp., S-Sk, 6, Tr
Massetognathus sp., S-M, ?, Tr
Chiniquodon sp., S-M, 3
Cf. Probainognathus sp., M, 1
Carnian Faunas
Hyperodapedon Assemblage Zone, Santa Maria Formation, Paraná

Basin
Exaeretodon riograndensis, S-Sk, 7, Tr
Gomphodontosuchus brasiliensis, S-M, 1, Tr
Therioherpeton cargnini, S-Sk, 1
Prozostrodon brasiliensis, S-Sk, 1
Charruodon tetracuspidatus, M, 1
Ecteninion-like, S-Sk, 1
Norian Faunas
Riograndia Assemblage Zone, Caturrita Formation, Paraná Basin
Riograndia guaibensis, S-M, more than 20
Irajatherium hernandezi, S-pSk, 1
Brasilodon quadrangularis, S-pSk, 4
Brasilitherium riograndensis, S-M, 8
Argentina
Anisian Faunas
Cerro de Las Cabras Formation, Cuyo Basin
Cromptodon mamiferoides, M, 1
Andescynodon mendozensis, S-Sk, more than 10, Tr
Rusconiodon mignonei, S-Sk, 7, Tr
Rio Seco de la Quebrada Formation, San Rafael Basin
Cynognathus crateronotus, S-pSk, 1
Diademodon tetragonus, SF-M, 1
Pascualgnathus polanskii, S-Sk, 3, Tr
Ladinian Faunas
Chañares Formation, Ischigualasto–Villa Unión Basin
Massetognathus pascuali, S-Sk, more than 40, Tr
Chiniquodon theotonicus, S-Sk, more than 20
Probainognathus jenseni, S-Sk, more than 20
Carnian Faunas
Ischigualasto Formation, Ischigualasto–Villa Unión Basin
Exaeretodon argentinus, S-Sk, more than 30, Tr
Ischignathus sudamericanus, S-M, 2, Tr
Chiniquodon sanjuanensis, S-M, 4
Ecteninion lunensis, S-M, 4
Cf. Probainognathus, S-M, 1
Norian Faunas
Los Colorados Formation, Ischigualasto–Villa Unión Basin
Chaliminia musteloides, S-M, 2

AFRICA (31/33)
South Africa
Induan Faunas
Lystrosaurus Assemblage Zone, Palingkloof Member of the Balfour

Formation, Harrismith Member of the Normandien Formation, base of
the Katberg Formation, Karoo Basin

Progalesaurus lotbergensis, S-pSk, 1
Galesaurus planiceps, S-Sk, 20
Platycraniellus elegans, S-M, 2
Thrinaxodon liorhinus, S-Sk, more than 40
Olenekian Faunas
Lystrosaurus Assemblage Zone, top of the Katberg Formation,

Karoo Basin
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Thrinaxodon liorhinus, S-Sk, common
Cynognathus Assemblage Zone, SubZone A, Burgersdorp Forma-

tion, Karoo Basin
Cynognathus sp., It, 2
Langbergia modisei, S-Sk, 14
Trirachodon berryi, S-M It, 2
Allotheria-like teeth, It, ?1
Unnamed sectorial toothed cynodont, S-M, 4
Anisian Faunas
Cynognathus Assemblage Zone, SubZone B, Burgersdorp Forma-

tion, Karoo Basin
Diademodon tetragonus, S-Sk, more than 50
Trirachodon berryi, S-Sk, more than 20
Trirachodontidae, S-M, 1
Cynognathus crateronotus, S-Sk, more than 20
Lumkuia fuzzi, S-Sk, 1
Cistecynodon parvus, S-M, 1
Bolotridon frerensis, S-M, 3–4
Cynognathus Assemblage Zone, SubZone C, Burgersdorp Forma-

tion, Karoo Basin
Diademodon sp. M, 2
Cynognathus sp., S-M, 1
Cricodon metabolus, S-M, 5
Norian Faunas
Lower Elliot Formation, Karoo Basin (also in Lesotho)
Scalenodontoides macrodontes, S-pSk, 6, Tr
Elliotherium kersteni, S, 1
?Diademodontidae, M, 1
Namibia
Anisian Faunas
Upper Omingonde Formation, Otiwarongo Basin
Diademodon, S-Sk, 5
Titanogomphodon crassus, S, 1
Cynognathus, S-M, 3
Trirachodon berryi, S-Sk, 1
Luangwa sp., S-Sk, 7, Tr
Traversodontidae, S-M, 1, Tr
Aleodon sp., S, 1
Chiniquodon sp, S-Sk, 1
Tanzania
Anisian Faunas
Lifua Member of the Manda beds, Ruhuhu Basin
Aleodon brachyrhamphus, S-M, 7
Scalenodon angustifrons, S-M, 12, Tr
‘Scalenodon’ hirschsoni, S, 1, Tr
‘Scalenodon’ attridgei (= ?S. charigi), S, ?2, Tr
Cricodon metabolus, S-pSk, 1
Diademodon sp., It, 1
Zambia
Anisian Faunas, Luangwa Basin
Lower Ntawere Formation, Luangwa Basin
Diademodon tetragonus, S-M, 1
Upper Ntawere Formation, Luangwa Basin
Luangwa drysdalli, S-M, 3, Tr
Madagascar
?Ladinian Faunas
Makay Formation, Morondava Basin
Dadadon isaloi, S, 2, Tr
Menadon besairiei, S-Sk, 4, Tr
Chiniquodontid cynodont, S-Sk, ?

ANTARCTICA (4/4)
Induan Faunas
Lower Fremouw Formation
Thrinaxodon liorhinus, S-Sk, 15
Cynodontia incertae sedis, S-M, 1

Anisian Faunas
Upper Fremouw Formation
Cynognathus sp., M, 3
Diademodontidae, ?Titanogomphodon, SF, 1

INDIA (7/7)
Induan Faunas
Panchet Formation, Damodar Basin
Thrinaxodon bengalensis, S-M, 1
Anisian Faunas
Yerrapalli, Formation, Pranhita–Godavari Basin
Trirachodontidae teeth, It, ?1
Carnian Faunas
Maleri Formation, Pranhita–Godavari Basin
Exaeretodon statisticae, SF, 1
Deccanodon maleriensis, It, 1
Tiki Formation, Son–Mahanadi Basin
Rewaconodon tikiensis, It, ?1
Gondwanadon tapani, It, 1
Tikitherium copei, It, 1
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