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9.1. Phylogenetic relation-
ships, stratigraphic ranges,
and generic diversity of
nonmammaliaform cynodonts.
The phylogeny only includes
cynodonts that have been
examined histologically.
Generic diversity is shown

in (A) Africa and (B) South
America. Abbreviations:

Chsn. = Changhsingian;
Cisteceph. = Cistecephalus
AZ, Dino. = Dinodontosaurus
AZ. Hyper. = Hyperodapedon
AZ; Mol = Molteno Forma-
tion; PTB = Permo-Triassic
boundary; Rhaet. = Rhaetian;
S. Afr. = South African AZs;

S. Am. = South American AZs.
Numbers indicate millions of
years ago. Shaded areas rep-
resent a hiatus. Stratigraphic
chart follows Botha-Brink and
Abdala (2008) and Abdala and
Ribeiro (2010).

S. Afr
S.Am

Jurassic
i o
mmm Sicnotherium

mmmm (igokyphus
T ritylodon

[
WO
WO

Elliot Formation

Rhaet.

Ietidosauria
s Scalenodontoides

s | 1icidocynodon

e (/1iniquodon

MNorian

Exaeretodon

@ Gomphodontosuchus

Triassic
Protuberum

Chsn. Induanl()lenekiﬂn‘ﬁnisianLadinianl Carnian
Massetognathus

Traversodon

descynodon

Dino|Tr.| Hyper.

A NEW traversodontid

o )i demodon

— e |7 rachodon

Probainognathia

s ()y110oNALHUS

'—mm [ angberaia
‘—- An

Lystrosaurus)Cynognathus|Mol,

— s |1 rinaxodon

rocynosuchus

|
+
1
|
1
1
1
1
1
|
|
1
|
|
1
1
4
1
1
1
1
1
1
1
1
|
|
1
|
|
1
|
|
1
|
|
1
|
|
1
1
1
1
|
|
1
|
|
1
|
1
1
|
1
1
|
1
|

G

252

Gomphodontia
Cynognathia

EUCYNODONTIA
EPICYNODONTIA

Dicvnodon

Cisteceph,

[Late Permian

Wuchiapingian

Tropidostoma




The Radiation and Osteohistology
of Nonmammaliaform Cynodonts

Jennifer Botha-Brink, Fernando Abdala, and
Anusuya Chinsamy-Turan

Cynodontia is the last major therapsid lineage to appear in the fossil
record (Rubidge and Sidor 2001) and includes mammals as living repre-
sentatives. The extensive documentation of the acquisition of mamma-
ian features in Paleozoic-Mesozoic nonmammaliaform cynodonts has
prompted intense research into the origin and evolution of the Mamma-

ia and the development of mammalian biology. The earliest nonmam-
maliaform cvnodonts (herein referred to as cynodonts) are known from
Upper Permian deposits in the Beaufort Group, Karoo Supergroup of
South Africa (Botha, Abdala, and Smith 2007; Botha-Brink and Abdala
2008) (Fig. 9.1) and their record extends into the Lower Cretaceous of
Russia (Tatarinov and Matchenko 199g). The oldest cynodonts are rep-
resented by only two small specimens (SAM-PK-Ki1036¢, the holotype
of Charassognathus gracilis, and SAM-PK-Ki10138, a referred specimen
of Procynosuchus delaharpeae) recovered from the middle Late Permian
Tropidostoma Assemblage Zone (AZ) of South Africa (Botha, Abdala,
and Smith 2007; Botha-Brink and Abdala 2008) (see Plate 1B). However,
they became more common toward the close ot the Permian, where
thev are best represented by Procynosuchus (Kemp 1979, 198o0a; Abdala
and Allinson 2005; Botha-Brink and Abdala 2008; Weide et al. in press).
This taxon is the only cynodont known to have crossed two assemblage
zones in the Karoo Basin (from the middle Late Permian to the end of
the Permian) and is consequently one of the longest-ranging cvnodonts
known (Botha-Brink and Abdala 2008) (Fig. g.1).

Cynodonts more derived than Charassognathus, Procynosuchus, and
the Late Permian Russian Dvinia comprise the epicynodonts (includ-
ing Cynosaurus, Nanictosaurus, Progalesaurus, Galesaurus (see Plate M,
top), Thrinaxodon (see Plate M, bottom), Platycraniellus, and possibly
Bolotridon [placement debatable| as basal members), as well as the more
derived eucvnodonts. Cynosaurus and Nanictosaurus are restricted to
the uppermost Permian strata of South Africa, whereas Progalesaurus,
Galesaurus, Thrinaxodon, and Platycraniellus are all trom the Lower
Triassic of South Africa, and in the case of Thrinaxodon, from equivalent
strata in Antarctica and India as well (Brink 1954, Colbert and Kitching
1977; Hammer 199o; Rubidge 1995a; Abdala and Ribeiro 2010). As these
basal epicvnodonts (apart from the Late Permian Cynosaurus and Nan-
ictosaurus) hirst appear above the Permo-Triassic boundary, they play a

Introduction

223



Table 9.1. Localities and measurements (mm) of the new material examined in this study

Taxon Accession  Locality Assemblage Total Midshaft Proximal Distal
number zone length width width  width
(mm) (mm) (mm) (mm)
Protuberum
Rib PV-1009T Rincao do Pinhal, Rio Dinodontosaurus - 15.9 68.7 —
Grande do Sul
Traversodontid
Humerus — Arroio Cancela, Santa Hyperodapedon - 16.6 — 47.5
Maria, Rio Grande do Sul
Femur — Arroio Cancela, Santa Hyperodapedon 107.9 14.8 40.5 39
Maria, Rio Grande do Sul
Scalenodontoides
Limb bone NMQR3053 Patriotsklip, Jamestown Euskelosaurus — 19.5 — —
Truciodocynodon
Radi ia, Ri
adibs PV-1053T z‘i}nstilma“a' Rio Grande o rodapedon ~ 123.2 13.1 23.6 155
Tritylodon
Femur BP/1/5516 Mequatling 278, Clocolan  Massospondylus — 8.7 — 22.3
Tibia BP/1/5167a Bramleyshoek 52, Massospondylus — — — 19.5
Bethlehem
Rib BP/1/5167b  Bramleyshoek 52, Massospondylus — — — —
Bethlehem
Fibula BP/1/5167e  Bramleyshoek 52, Massospondylus - 8 — 11.1
Bethlehem
Humerus BP/1/4785d  Fouriesburg Massospondylus — — — 28.7
Ulna BP/1/4785e  Fouriesburg Massospondyilus — — — 15.4
Fibula BP/1/4785f  Fouriesburg Massospondylus — 6.1 7.2 —

Note: The traversodontids Protuberum, the new unnamed traversodontid and Trucidocynodon are from Brazil, whereas the traversodontid
Scalenodontoides and the tritylodontid Tritylodon are from South Africa. The Euskelosaurus and Massospondylus zones of the Elliot
Formation are informal range zones and not formal assemblage zones.
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fundamental role in the Early Triassic recovery after the end-Permian

extinction event and consequently, are important for understanding the
dynamics of the recovery phase (Botha and Smith 2006) and the effect of

the extinction on cynodont biology.

All the remaining epicynodonts form a monophvyletic group known

as the Eucynodontia. The earliest representatives of this clade are known
from the late Early Triassic, but they exhibit an important radiation

during the Middle Triassic. Several modifications toward the mamma-

lian condition appeared in members of this group at this time (Kemp

2005; chapter 1 of this book). The eucvnodonts comprise two major

divisions—the Cynognathia and the Probainognathia (Fig. 9.1). The

Cynognathia include t
and O) and the Gomp
latter group comprises t

Botha-Brink et al.

1e large carnivorous Cynognathus (see Plates N
10dontia (sensu Abdala and Ribeiro 2003). This
1e families Diademodontidae, Trirachodontidae,



and Traversodontidae and is characterized by specialized bucco-lingually
expanded postcanines known as gomphodont teeth, indicative of an her-
bivorous/omnivorous diet (Kemp 2005; Abdala, Neveling, and Welman
2000). The second major division comprises the primarily carnivorous
Probainognathia, which includes among others, the diverse and highly
specialized herbivorous Tritvlodontidae (Sues and Jenkins 2006), the
small carnivorous Tritheledontidae (Sidor and Hancox 2006), and Mam-
maliaformes (Kemp 2005). Although the monophyly of Mammaliaformes
(= Mammalia of Hopson 1994; Luo 1994) is well established, there is still

a lack of consensus as to which eucynodont group is its sister taxon (Kemp
2005; Liu and Olsen 2010; chapter 1 of this book).

In this chapter, we provide an overview ot the diversity and radia-
tion of the nonmammaliaform cynodonts, and we provide information
pertaining to aspects of their paleobiology. We then focus on the paleo-
histologyv of cynodonts considering previously published research (e.g.,
de Ricgles 1909; Botha and Chinsamy 2000, 2004, 2005; Rayv, Botha, and

Chinsamy 2004; Chinsamy and Abdala 2008), as well as, novel material
representative of hive nonmammaliatorm cynodont taxa (Table g.1).

Institutional Abbreviations

This chapter abbreviates the names of the following institutions: Ber-
nard Price Institute for Palacontological Research, University of the
Witwatersrand, Johannesburg (BP/1/); National Museum, Bloemtfontein
(NMOR); Iziko South African Museum, Cape Town (SAM); Tom S.

Kemp collection, Oxford Universitv ('TSK); Universidade Federal do Rio
Grande do Sul, Brazil (UFRGS PV).

All therapsid lineages (i.e., Dinocephalia, Anomodontia, Gorgonopsia,
Therocephalia) first appear in Middle Permian deposits apart from the
Cynodontia, which is first recorded at the base of the Upper Permian (Bo-
tha-Brink and Abdala 2008). Two cynodont taxa, Charassognathus and
Procynosuchus, are represented at this time in the Tropidostoma AZ of the
Karoo Basin (Botha-Brink and Abdala 2008) (Fig. 9.1; see Plate 1B), im-
plving an even older origin of the lineage. The Cvnodontia are the least
represented therapsid group in the Permian and their most significant
radiations only occurred during the Triassic and Jurassic periods (Abdala
and Ribeiro 2010), with an important contribution of stem mammalia-
forms during the Jurassic. Apart from the first records of Charassognathus
and Procynosuchus from the Tropidostoma AZ, only Procynosuchus is
known from the overlving Cistecephalus AZ (represented by two individu-
als [Botha, Abdala, and Smith 2007]). The first cyvnodont radiation only
becomes apparent in the overlving Upper Permian Dicynodon AZ (see
Plate 1B) and is represented by three taxa, with Procynosuchus again be-
ing well represented by several specimens. Procynosuchus is also known
from Tanzania, Zambia, Germany, and Russia, and thus represents the
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Phylogenetic
Context: Diversity
and Radiation of the
Nonmammaliaform
Cynodonts
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Paleobiological
Context
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The Cynodontia have an extensive fossil record, which has provided the
opportunity for numerous morphological studies to be conducted (e.g.,
Brink 1955; Barghusen 1908; Jenkins 1971; Kemp 1982; Bennett and Ru-
ben 19806; Hillenius 1992; Hopson 1994; Sidor 2003, Abdala 2007). These
studies have shown that the cynodonts acquired increasingly mammal-
like morphological characteristics during their evolution, including an
enlarged dentary, reduced postdentary bones, a bony secondary palate,
complex occluding multicuspid postcanines, a supplementary contact
between the surangular and squamosal lateral to the quadrate-articular
craniomandibular joint, an acromion process on the scapula, a mamma-
lian phalangeal tormula, and an increasingly parasagittal gait (Brink 1955;
Jenkins 1971; Kemp 1982; Hopson 1994; Rubidge and Sidor 2001). This
research has increased our knowledge on the phylogeny, neurosensory
system, food acquisition and processing, locomotion, biomechanical
adaptations, and various other aspects of cynodont biology.

Based on studies of three-dimensional reconstructions ot the cranial
endocast (Macrini, Rowe, and van de Berg 2007) and investigations of the
nasal cavity ot cvnodonts, researchers have been able to deduce informa-
tion pertaining to the neurosensory system ot these animals (Kemp 2005,
20009a). Although reptile brains do not completely fill the cranial cavity
and thus do not reflect the actual size or shape of the brain (Edinger
1951), the brains of mammals largely fill the endocranial space (8o to 100
percent [Hopson 1980]; 75 to 100 percent [Quiroga 1980]) and may even
leave impressions of gross structures on the internal surtace of the skull
(de Beer 1937). Earlier studies on paleoneurology (i.e., the study of the
nervous system of extinct animals [Jerison 1973]) relied on the preserva-
tion of natural endocasts of the cranial cavity or fragmentary braincases
that exposed the internal region to investigate cynodont brains (see, e.g.,
Hopson 1979; Kemp 1979; Quiroga 1979, 1980, 1984; Kielan-Jaworowska
1986). However, recent advances in computed tomography have facili-
tated the study of cynodont cranial endocasts of relatively complete,
intact individuals (e.g., Kemp 2009a), and has provided considerably
more detailed information about the evolution of the cynodont brain.
Although it is not possible to determine the absolute shape and size of
cvnodont brains, the various regions, that is, the olfactory bulbs, cerebral
hemispheres, and hindbrain, can be distinguished to varving degrees
(Kemp 2005). This information reveals that cynodonts had an enlarged
cerebellum (hindbrain), whereas the cerebral hemispheres remained
small, forming a long, narrow tubular structure in dorsal view (Kemp
2000a). This development of the cerebellum in cynodonts (hypothetic
stage 1in mammalian brain evolution of Kemp [2009a]) has been tenta-
tivelv interpreted as an indication of enhanced neuromuscular control
of the movement of the lower jaw, head, and bodv (Kemp 2009a). The
enlargement of the olfactory bulbs also indicates a well-developed olfac-
tory capability (Jerison 1973; Quiroga 1980; Kemp 2009a). The combined
information from cranial endocasts, nasal cavities, and features associated
with a process of miniaturization such as a reduced density of the lower
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jaw bone, which increased sensitivitv to high frequency sound (Kemp
2000a), suggests that olfaction and hearing became more important in
the derived nonmammaliaform cvnodonts and mammaliaforms. Con-
sequently, the development of these features has been used to infer
nocturnality in the small derived cynodonts and earliest mammaliaforms
(Kielan-Jaworowska, Cifelli, and Luo 2004; Kemp 2005).

The postcranial skeleton of cynodonts has been studied in less
detail than the skull. Studies such as those of Kiithne (1956), Jenkins
(1971), Kemp (1980a, 1980b, 1982), and more recently, Oliveira (2010)
and Oliveira, Soares, and Schultz (2010) suggest a progressive increase
in locomotor agility during the evolution of the cynodonts. The pelvic
girdle and hind limb developed the mammalian parasagittal form of
locomotion earlier than the pectoral girdle and forelimb. This is clearly
seen in the more basal eucynodonts, where although the musculature
had increased in size relative to more basal therapsids, the forelimb
retained a fairly sprawling orientation. However, changes in bone mor-
phology in the later cynodonts such as the tritvlodontids resulted in an
almost entirely mammalian appendicular skeleton, facilitating a virtually
mammalian-grade of agility (Jenkins and Parrington 1976; Kemp 2005).

Whereas the paleobiology of cynodonts has undergone intense scru-
tiny, their paleoecology is less well studied. As Permian cynodonts are
relatively rare and are primarily known from skull material, their lifestvle
habits remain poorly understood. Kemp (1980a) studied the postcrania
ot a Procynosuchus specimen (TSK 34), and on the basis of horizontally
oriented zvgapophyses on the lumbar vertebrae, particularly flat limb
bones and teet and elongated hemal arches on the caudal vertebrae, he
suggested that Procynosuchus was semi-aquatic (Kemp 1980a). Nothing
is known regarding the lifestvle habits of other Permian cynodonts. Iti-
assic and Farly Jurassic cynodonts, however, are known from numerous
postcranial skeletons and at times their exceptional taphonomic preserva-
tion has facilitated deductions regarding their lifestvle preferences. For
example, fossilized burrows containing cynodont remains have been
recorded for the basal epicynodont Thrinaxodon and the trirachodontid
Langbergia (Groenewald, Welman, and MacFachern 2001; Damiani et
al. 2003). More recently, a complete skeleton of the basal epicynodont
Galesaurus was recovered associated with an owenettid procolophonoid
(Abdala, Cisneros, and Smith 2006). The degree of articulation and
preservation of delicate structures in both skeletons led to the suggestion
that these animals were most likely entombed within a burrow. Several
fully articulated, well-preserved Galesaurus skeletons, preserved as aggre-
gations, have also recently been recovered, supporting the possibility of
burrowing behavior (J. Botha-Brink, pers. observation 2008). Others, such
as the tritvlodontids Tritylodon and Kayentatherium exhibit morphologi-
cal features typical of active burrowers (e.g., long, robust olecranon pro-
cess on the ulna [Sues 1985; Sues and Jenkins 2000]), although a recent
studyv of Kayentatherium postcrania suggests that these morphological
adaptations reflect a semi-aquatic lifestvle (Egberts et al. 2009).

Radliation and Osteohistology of Nonmammaliaform Cynodonts
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however, is noteworthy because the environment in which it lived was

particularly unstable (Roopnarine et al. 2007). A dramatic change in
climate occurred during the end-Permian extinction and, consequently,
the Early Triassic environment became increasingly hot and arid with
highly seasonal, unreliable rainfall (Retallack, Smith, and Ward 2003).
Thrinaxodon forms part ot the Early Triassic recovery phase following
the end-Permian extinction and is the most abundant cynodont known
from the Lystrosaurus AZ. Its rapid, sustained early growth may have been
advantageous during this time of environmental instability, allowing it to
reach sexual maturity relativelv quickly. This strategy has been observed
in extant animals that often reach sexual maturity at smaller body sizes
in warmer environments or environments that retard growth (Berrigan
and Charnov 1994; Angilletta, Steury, and Sears 2004) and has also been
attributed to the success of the multituberculates during the Mesozoic
Era (Chinsamy and Hurum 2006).

The limb bones of Cynognathus, which was a large (400 mm skull
length), carnivorous Middle Triassic eucynodont (see Plate O), revealed
highly vascularized (13.5 percent average channel density) uninterrupted
fibrolamellar bone in a plexiform arrangement (Plate 10B, Fig. 9.4A).
This bone tissue structure indicates a rapid, sustained growth strategy
and suggests that Cynognathus grew independently of environmental

Radliation and Osteohistology of Nonmammaliaform Cynodonts

9.2, The bone histology of the
Late Permian basal cynodont,
Procynosuchus. (A) Adult
radius BP/1/3747 showing
fibrolamellar bone in the
inner and midcortex. (B) High
magnification of the bone
periphery of radius BP/1/3747
showing poorly vascularized
lamellar-zonal bone with
multiple LAGs. (C) Adult
clavicle SAM-PK-K8511
showing poorly vascularized
lamellar-zonal bone. (D) High
magnification of the bone
periphery of clavicle SAM-PK-
K8511 showing sparse simple
vascular canals. Black arrows
indicate single annuli or LAGs
and white arrows Indicate
multiple LAGs. Abbreviations:
flb = fibrolamellar bone; Izb =
lamellar-zonal bone.
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9.3. Bone histology of the
Early Triassic basal epicyn-
odont, Thrinaxodon. (A) Sub-
adult femur SAM-PK-K1395,
white arrow indicates single
annulus in midcortex. (B) Sub-
adult humerus BP/1/5208.

(C) Adult radius BP/1/5208. All
elements reveal moderately
vascularized fibrolamellar bone
that becomes poorly vascular-
ized parallel-fibered bone
toward the subperiosteal sur-
face in ontogenetically older
individuals. Abbreviations:

el = endosteal lamellar tissue;
mc = medullary cavity; pfb =
parallel-fibered bone.
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conditions (Botha and Chinsamy 2000). It is noteworthy that the phalanx
of an adult individual (NMOR 3019) reveals possible peripheral rest lines
(Fig. 9.4B) on one side of the bone and suggests that the growth in this
element had begun to slow down.

Several gomphodont cynodonts, contemporaneous with Cynogna-
thus, have also been examined in recent years. These genera include the
large (300 mm skull length) herbivorous/omnivorous Diademodon (Botha
and Chinsamy 2000) and smaller (100 mm skull length), herbivorous tri-
rachodontids, Trirachodon and Langbergia (Botha and Chinsamy 2004).
Although Diademodon and Cynognathus occupied different niches and
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exhibit distinctive cranial characteristics, these genera have remarkably
similar postcranial skeletons. As they are of similar bodyv size and are

often found together in the same strata, it is difficult to positively identify
their postcrania in the absence of associated cranial material. However,
a potential solution to this problem is in the analysis of their bone micro-
structure as the bone tissue patterns of these two taxa ditter, allowing the
positive identification of fossil material when associated skulls are absent
(Botha and Chinsamy 2000). The tissue organization of Diademodon is
zonal, consisting of alternating fibrolamellar bone and annuli of lamel-
lar bone and/or LAGs (4 percent average channel density) (Plate 10C,
Fig. 9.4C). Thus, the growth of this genus is cyclical and mav have been
influenced by the seasonal rainfall proposed for the Burgersdorp Forma-
tion (Smith, Eriksson, and Botha 1993; Smith 1995; Rubidge 1995). Rapid
growth would have taken place during the favorable growing season and
slow growth, or perhaps a pause in growth would have occurred during
the unfavorable season (Botha and Chinsamy 2000). Peripheral rest lines
have also been observed in several tibiae (Fig. 9.4D) and fibulae, indicat-
ing that these individuals had virtually stopped growing.

Botha and Chinsamy (2004) studied the bone histology ot the gom-
phodont trirachodontid Trirachodon and reported a moderately vascular-
ized, periodically interrupted, fibrolamellar bone tissue (Figs. 9.5A to

Radliation and Osteohistology of Nonmammaliaform Cynodonts

9.4. Bone histology of the
contemporaneous cynog-
nathid Cynognathus and
gomphodont Diademodon.

(A) Cynognathus subadult
humerus NMQR1208a, show-
Ing highly vascularized unin-
terrupted fibrolamellar bone in
a plexiform network. (B) Cyno-
gnathus phalanx NMQR3019,
from a large adult individual,
showing peripheral rest lines
at the bone periphery (arrow).
(C) Diademodon subadult
humerus BP/1/3772, showing
fibrolamellar bone interspersed
with annuli and/or LAGs.

(D) High magnification of the
bone periphery of tibia UCMZ
T447 showing peripheral rest
lines. Black arrows indicate
annuli or LAGs. Abbreviations:
mc = medullary cavity; prl =
peripheral rest lines.
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9.5E), similar to that of Diademodon. Two limb bones in that study, origi-
nally identified as Trirachodon (a temur and tibia trom a single individual
NMOR3282 from Kestell District, Cynognathus Subzone A) may more
likelv belong to the recently described closely related trirachodontid
Langbergia (based on its recovery from the same locality, Eerste Geluk 131
[Abdala, Neveling, and Welman 2006]). The bone histology of Langber-
gia also consists of fibrolamellar bone alternating with annuli of lamellar
bone. However, Botha and Chinsamy (2004) did note that the bones now
identihied as Langbergia (11 percent channel densitv) were considerably
more vascularized than the similar sized Trirachodon (5 percent channel
density). Originally, the ditterence in vascularization was attributed to
individual, gender, or taxonomic variation (Botha and Chinsamy 2004),
but now it appears to be more likely because of generic differences. The
bone tissue patterns of both taxa indicate rapid growth during the favor-
able season, which decreased or ceased during the unfavorable season.
Skeletons of trirachodontids originally identified as Trirachodon were
found in terminal chambers associated with burrow complexes trom the
Early Triassic Driekoppen Formation ot South Atrica (Groenewald, Wel-
man, and MacEachern 2001). As these specimens were collected from
Subzone A of the Cynognathus AZ, they are most likely representatives
of Langbergia (Abdala, Neveling, and Welman 2006) and may have been
obligate burrowers.

The bone histology of the South American traversodontids Traver-
sodon and Gomphodontosuchus was examined by de Ricqles (1969) and
Andescynodon, Massetognathus, and Exaeretodon were studied by Chin-
samy and Abdala (2008). The bone microstructure of Andescynodon,
characterized by simple, radiating vascular canals in a lamellar matrix,
suggests a relatively slow growth rate. A LAG was also observed at the
bone periphery indicating interrupted growth (Chinsamy and Abdala
2008) (Fig. 9.6A). Traversodon reveals uninterrupted, highly vascular-
ized hibrolamellar bone, with abundant, longitudinally oriented primary
osteons, all features that indicate rapid, sustained growth (de Ricqles,
1909, Ricqles, Castanet, Francillon-Vieillot 2004; Chinsamy-Turan 20053).
[n contrast, Chinsamy and Abdala (2008) found that the bone tissue of
Massetognathus (Fig. 9.6B) comprised parallel-fibered bone with longi-
tudinally oriented simple vascular canals, indicating a slower growth rate
compared with that of Traversodon, but faster growth than Andescynodon.
Gomphodontosuchus, which is known only from the holotype housed in
Tiibingen (Hopson 1985; Abdala and Ribeiro 2003), contains a relatively
thick cortex of poorly vascularized fibrolamellar bone. The medullary
cavity contains many convoluted trabeculae, and secondary remodeling
is extensive in the perimedullary region. The vascular canals are gener-
ally longitudinally oriented and growth rings, including both annuli

and LAGs, are present; the latter becoming multiple at the periphery in
some cases (de Ricqles 19069, Plate 7, Fig. 6). The prominence of annuli
and LAGs indicates that growth was intermittently interrupted and that
Gomphodontosuchus may have been sensitive to the arid and highly
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seasonal Middle Triassic climate (Tucker and Benton 1982; Abdala and
Ribeiro 2010). Exaeretodon, a particularly large traversodontid with a
skull length of 400 mm, contains rapidly forming fibrolamellar bone,
followed by slowly forming parallel-fibered bone tissue with further pe-
riodic decreases in growth in the form of one to two faint LAGs at the

subperiosteal surtace. However, these growth rings cannot be traced
around the entire circumference of the bone, thus the presence of LAGs
requires confirmation with more material (Chinsamy and Abdala 2008)

(Fig. 9.6C).

Radliation and Osteohistology of Nonmammaliaform Cynodonts

9.5. Bone histology of the
Middle Triassic gomphodont
trirachodontids, Trirachodon
and Langbergia. (A) Lang-
bergia subadult femur
NMQR3282a. (B) Trirachodon
subadult radius CGP1/79a.
(C) Trirachodon subadult ulna
CGP1/79b. (D) Trirachodon
subadult femur SAM-PK-
K5881a. (E) Trirachodon sub-
adult tibia SAM-PK-K5881c.
Both taxa exhibit fibrolamellar
bone interrupted by annuli
and/or LAGs, similar to the
gomphodont Diademodon.
Arrows indicate annuli and/
or LAGs. Peripheral parallel-
fibered bone Is observed in
some of the limb bones of
Trirachodon. Abbreviations:
mc = medullary cavity; ptb =
parallel-fibered bone.
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but because of poor preservation in the perimedullary area, their absence
cannot be confirmed. There is no peripheral decrease in vascularization
indicating that this individual was actively growing at the time of death.
The femoral length of this individual is 108 mm (Table g.1). The size of
the femur is remarkably smaller than that of other contemporaneous,
closely related traversodontids (i.e., Exaeretodon; skull length ~350 mm).
This evidence in conjunction with the observation that all-known Late
Iriassic Gondwanan traversodontids are relatively large animals suggests
that the unnamed taxon may also be a large animal at maximum size.
The absence of growth rings and relatively high vascular density suggests
sustained growth and that this animal was not particularly susceptible to
environmental fluctuations.

A 11ib of the Brazilian Middle Triassic traversodontid Protuberum
(UFRGS PV-1009T) was sectioned for the purposes of this study. Protu-
berum is a large, robust traversodontid that is characterized by peculiar
processes on the dorsal surface of the presacral ribs that progressively
decrease in size distally and the presence of rugosities on the dorsal
border of the iliac blade (Reichel, Schultz, and Soares 2009). The 11b
comprises a particularly thick cortex (cortical thickness 55 percent) and
a small free medullary cavity. The cortex exhibits fibrolamellar bone
with mostly longitudinally oriented primary osteons (Fig. 9.6F). The
osteocyte lacunae are abundant and globular. Growth rings are absent.
Secondary remodeling, with large resorption cavities, is extensive in the
perimedullary region and secondary osteons extend into the midcortex.
The osteocvte lacunae are large, globular, and abundant. There is a very
slight decrease in vascularization at the subperiosteal surtace, and a nar-
row region of parallel-fibered bone is observed in one region at the bone
periphery, indicating an overall decrease in growth rate. The absence
of growth rings indicates sustained growth, but the overall growth rate
decreased later during ontogeny, as seen by the presence of peripheral
slowly forming parallel-fibered bone. Reichel, Schultz, and Soares (2009)
noted that Protuberum had particularly strong robust limbs that may have
been used for burrowing or digging, and this suggestion is supported by
the particularly high rib cortical thickness observed in this study. Studies
on extant vertebrates have noted a correlation between thick bone walls
(cortices) and an aquatic or fossorial lifestyle (Wall 1983; Magwene 1993;
Germain and Laurin 2005; Kriloff et al. 2008; Canoville and Laurin 2010).
As there are no morphological characteristics indicative of an aquatic
lifestyle, we agree with Reichel, Schultz, and Soares (2009) in inferring
a possible fossorial lifestvle for Protuberum.

The histological analysis of the undetermined limb bone of the large
(skull length 400 mm) traversodontid, Scalenodontoides (NMOR 3503),
from the Late Triassic of South Africa reveals a large free medullary
cavity and a relatively thin cortex (cortical thickness 15 percent) con-
taining highly vascularized (15 percent channel density, similar to that
of Cynognathus) uninterrupted fibrolamellar bone (Fig. 9.6G). Large
longitudinally oriented vascular canals with radial anastomoses surround
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the medullary cavity, but they gradually decrease in size and finally form
a subplexiform network in the outer cortex. The osteocyte lacunae are
large, globular, and abundant. A thin laver of circumferential endosteal
bone surrounds most of the medullary cavity and secondary remodeling
is absent in this region. However, the circumferential endosteal laver is
destroved by some secondary remodeling on one side of the bone and
a reversal line separates this tissue from the primarv bone. The skull of
this individual 1s fragmentary; the largest preserved tragment consists
ot the snout. Thus, by comparing the distance between the upper ca-
nines of this specimen, which is ~135 mm, with that ot a more complete
skull (BP/1/5395a), which is ~70 mm, we interpret the specimen NMOR
3503 to be at least a late subadult as it is double the size of specimen
BP/1/5395a. Yet, growth rings are absent, suggesting that this animal grew
in a rapid, sustained manner and was not susceptible to environmental
variation. If any overall decrease in growth did occur in this taxon, it
occurred particularly late in ontogeny.

The radius ot the Brazilian Trucidocynodon, which is a Middle Tri-
assic carnivorous basal probainognathian (Oliveira, Soares, and Schultz
2010), comprises a thick cortex (cortical thickness 32 percent) and an
essentially free medullary cavity. The bone tissue is poorly preserved and
it is difficult to see the vascular canal orientation (Fig. 9.7A). However,
there are a few well-preserved regions that reveal abundant longitudinally
oriented primary osteons in a woven matrix. Many radial anastomoses
are also present. Areas of the preserved osteocvte lacunae reveal them
to be abundant and globular. Growth rings were not observed, but their
absence cannot be confirmed because of poor preservation. Secondary re-
modeling is apparent in the perimedullary area and a few small secondary
osteons are observed in this region.

The Brazilian Chiniguodon (previously referred to as Belesodon
|Abdala and Giannini 2002b]) is the only chiniquodontid to have been
examined histologically (de Ricqles 196g). The bone tissue of this genus
consists of moderate to highly vascularized fibrolamellar bone. Although
de Ricqles (1969) did not comment on the presence or absence of growth
rings, from the published images they appear to be absent (see de Ricqgles
1969, Plate 5, Fig. 9) and, combined with the presence of fibrolamellar

bone and numerous vascular canals, these characteristics suggest that
Chiniguodon grew in a rapid, sustained manner.

De Ricgles (1969) reported that the bone microstructure of the trity-
lodontid Tritylodon consists of uninterrupted fibrolamellar bone tissue
with abundant longitudinally oriented primary osteons. Ray, Botha, and
Chinsamy (2004) later confirmed these observations (Plate 10D). Al-
though most of the bones in the latter study contained azonal bone, a
radius revealed a distinct, wide annulus of lamellar bone, terminating in
a LAG in the outer cortex (Fig. 9.7B). After this annulus, growth resumed
at a relatively rapid pace on the anterolateral side of the bone. As growth
rings are absent from all the other elements studied, this single LAG prob-
ably represents an unusually stresstul period or local environmental stress
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for this individual, and thus, interrupted growth is probably not represen-
tative of the genus. This proposal is supported by the analysis of the new
material (six limb bones and a rib) in this study that confirms the presence
of rapidly forming bone tissue. All these elements have a notably thick
cortex, the average being 34 percent (including elements from Ray, Bo-
tha, and Chinsamy 2004). The bones also all contain fibrolamellar bone
with a channel density varying from 3.2 percent in a radius (BP/1/4785¢
[Botha 200z]) to 6.5 percent in the humerus (BP/1/4785d). Vascular ca-
nals either extend radially trom the medullary cavity or are arranged as
longitudinally oriented primarv osteons or in some places, simple canals.
Growth rings are absent in all the elements studied. However, a fibula
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9.7. Bone histology of the
Middle Triassic probainog-
nathian Trucidocynodon and
Early Jurassic tritylodontid,
Tritylodon. (A) Trucidocynodon
radius PV-1053T, showing
poorly preserved fibrolamel-
lar bone with longitudinally
oriented primary osteons

with short anastomoses.

(B) Tritylodon subadult radius
BP/1/5167. (C) Tritylodon sub-
adult fibula BP/1/5167b. All
Tritylodon elements exhibit un-
interrupted fibrolamellar bone
apart from radius BP/5167d,
which exhibits a single annulus
(arrow) near the subperiosteal
surface and may represent a
particularly stressful period for
this individual. Abbreviations:
mc = medullary cavity.
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(BP//5167¢) reveals several closely spaced LAGs at the subperiosteal
surface that may represent peripheral rest lines (Fig. ¢.7C; Plate 10D),
which is similar to the gomphodont Diademodon and suggests asvmp-
totic growth in Tritylodon. All fourteen elements studied to date (Ray,
Botha, and Chinsamy 2004; this study) exhibit sustained growth apart
from a single radius, which displays an interruption in growth. Thus, we
deduce that Tritylodon had a sustained, uninterrupted growth strategy.
Bienotherium, a tritvlodontid from China, contains a large, completely
free medullary cavity and a relatively thick cortex. The bone tissue con-
sists of fibrolamellar bone and the vascular density appears to be similar
to that ot Tritylodon. Vascular canals include radial simple canals and
longitudinally oriented primary osteons (de Ricqles 1969). De Ricqles
(1969) also examined the bone histology of the tritvlodontid Oligokyphus
from the United Kingdom and reported a large, free medullary cavitv and
relatively thin cortex. The cortical bone tissue comprises fibrolamellar
bone with small longitudinally oriented simple vascular canals and pri-
mary osteons. Secondary remodeling appears to be negligible. Annuli and
LAGs are absent (de Ricqles 1909), indicating sustained growth; however,
the relatively lower vascular densitv and prevalence of simple vascular
canals suggest a slower growth rate compared with that for Tritylodon.

To date, the bone microstructure of nineteen cynodont genera have been
studied. These genera represent a diverse range of basal to more derived
taxa comprising approximately 45 My of cynodont evolution, facilitating
an assessment of changes in bone tissue patterns through the lineage. Fi-
brolamellar bone, indicative of rapid growth, is present in varving degrees
in all cynodonts studied apart from the traversodontids Andescynodon
and Massetognathus. Considerable variation in vascular density and ori-
entation, as well as the presence/absence of cvclical growth among the
cvnodont taxa is evident, the cause of which is not immediately obvious
as several factors, including phvlogeny, biomechanics, ontogeny, body
size, lifestvle preferences, and environment influence the microstructure
of bones (see, e.g., Cubo et al. 2005; Kriloft et al. 2008).

When considering the observed bone tissue patterns within a phylo-
genetic context, there appears to be an overall increase in bone deposition
rate, as indicated by the increasing prevalence of highly vascularized rap-
idly forming fibrolamellar bone tissue in the later cvnodonts. Although
fibrolamellar bone is present in the Permian basal cynodont Procyno-
suchus, slowly forming lamellar-zonal bone dominates once adulthood
is reached. Fibrolamellar bone is more prevalent in the Early Trias-
sic epicynodont, Thrinaxodon, but as in Procynosuchus, upon maturity,
slowly forming parallel-fibered bone predominates. Fibrolamellar bone
becomes increasingly prevalent in the eucvnodont lineage in that it is
the dominant bone tissue type until fairly late in ontogeny. The basal
cynognathian, Cynognathus, exhibits highly vascularized uninterrupted
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fibrolamellar bone tissue in a plexiform arrangement, a condition only
represented in other cynodonts by Scalenodontoides and the unnamed
Brazilian traversodontid. The similarities in bone tissue structure (unin-
terrupted fibrolamellar bone with a plexiform arrangement) in this case
may be related to similar body size. Both Scalenodontoides and Cynog-
nathus were large and may have grown rapidly in an attempt to attain
reproductive maturity as quickly as possible. This condition has been
observed in extant vertebrates (Singh, Tonna, and Gandel 1974) as well as
dinosaurs and pterosaurs (Padian, Horner, and de Ricqles 2004). Based on
the bone microstructure, the elements of the Brazilian traversodontid de-
scribed here appear to be from a juvenile individual (femoral length 108
mm) and may thus also represent a large animal (although confirmation
of maximum size is still required for this genus).

In contrast, although the Gomphodontia, which comprise the di-
ademodontids, trirachodontids, and traversodontids, reveal a diverse ar-
ray of bone tissue patterns, many of them are characterized by cvclical
srowth to some degree. Diademodon, Trirachodon, Langbergia, and the
traversodontid Gomphodontosuchus exhibit a similar growth pattern ot
alternating rapidly forming fibrolamellar bone and annuli of slowly form-
ing lamellar-zonal bone and/or LAGs. Although Exaeretodon experi-
enced sustained growth early in ontogeny, its growth rate also decreased
and may have become cyclical later in ontogeny. Andescynodon and
Massetognathus grew more slowly than their traversodontid relatives as
hibrolamellar bone is absent in both these genera. Instead, Andescynodon
exhibits slowly forming lamellar-zonal bone, and Massetognathus exhib-
its parallel-hibered bone tissue, which 1s still formed more slowly than
fibrolamellar bone. Several traversodontid cynodonts, including Traver-
sodon, Protuberum, the new Brazilian taxon, and Scalenodontoides, do
not appear to have experienced cyclical growth at any time during their
ontogeny. Traversodon and Protuberum exhibit similar growth patterns in
the form of uninterrupted fibrolamellar bone with small, longitudinally
oriented primary osteons. In contrast, the new traversodontid and Scalen-
odontoides exhibit similar bone tissue patterns of relatively highly vascu-
larized uninterrupted fibrolamellar bone in a plexiform arrangement and,
in the case of the new traversodontid, enlarged longitudinally oriented
vascular canals as well. This is worth noting as these taxa appear to be
closely related to one another (Fig. g.1). However, it should also be noted
that the consistently high vascular densitv throughout the cortices of both
individuals indicates that these animals were still actively growing at the
time of death and an overall decrease or change in growth rate may have
occurred later in ontogeny. More material is required to obtain a better
arasp of the growth patterns of this newly discovered traversodontid and
Scalenodontoides and to confirm the differences observed in Exaeretodon.

Trucidocynodon, Chiniguodon, and the tritvlodontids all exhibit un-
interrupted fibrolamellar bone and thus experienced sustained rapid
orowth to adult size. Additionally, Tritylodon exhibits peripheral rest
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