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ABSTRACT

We surveyed the stapedial anatomy of Zhrinaxodon liorhinus Seeley, 1894 and Galesaurus planiceps

Owen, 1859, two iconic Early Triassic basal cynodonts. The complete characterization of this bone

and the analysis of its morphological variability along the ontogeny within each taxon were possible

through the study of eleven elements of 7hrinaxodon Seeley, 1894 and nine of Galesaurus Owen, 1859.
KEY WORDs  OQur results highlight notable qualitative and quantitative differences among specimens of the same

Stapes,  species. Stapes growth model in Galesaurus shows a positive allometry on the lateromedial length and on
ep%c I}Odozﬂ& the anteroposterior width, whereas in 7hrinaxodon there is a negative allometry in the anteroposterior
rinaxodon, . . . . ) A . .
Galesaurus width but the lateromedial length is isometric. This study offers a counterintuitive result of inordi-
)
Early Triassic.  nate high intraspecific morphological variation of the stapes of basal non-mammaliaform cynodonts.
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RESUME

L¥étrier de Thrinaxodon Seeley, 1894 et Galesaurus Owen, 1859 : une étude de cas de la variation intras-
pécifique dans les cynodontes basausx.

Nous analysons I'anatomie de I'étrier de 7hrinaxodon liorhinus Seeley, 1894 et Galesaurus planiceps
Owen, 1859, deux cynodontes emblématiques du Trias Inférieur. La caractérisation intégrale de cet
os et I'analyse de sa variabilité morphologique au long de 'ontogenése dans chaque taxon ont été
rendues possibles par 'étude de onze éléments de 7hrinaxodon Seeley, 1894 et de neuf éléments de
Galesaurus Owen, 1859. Nos résultats mettent en évidence des différences qualitatives et quantitatives
notables entre les spécimens d’'une méme espéce. Le modele de croissance de I'étrier de Galesaurus
montre une allométrie positive dans sa longueur latéromédiale et sa largeur antéropostérieure, alors
que chez Thrinaxodon il y a une allométrie négative dans la largeur antéropostérieure de I'étrier tan-
dis que sa longueur est isométrique. Cette étude fournit un résultat contre-intuitif, montrant une
variation morphologique intraspécifique de I'étrier excessivement élevée parmi les cynodontes non

Trias Inférieur. mammaliaformes basaux.

INTRODUCTION

Thrinaxodon liorhinus Seeley, 1894 and Galesaurus planiceps
Owen, 1959 are well-represented basal epicynodonts from
the Early Triassic of Gondwana. 7hrinaxodon Seeley, 1894 has
been found in Antarctica, India, and South Africa whereas
the Galesarurus Owen, 1859 record is up to now restricted
to South Africa (see Abdala 2003; Butler 2009; Abdala &
Ribeiro 2010; Butler ez 2. 2019). Since the original descrip-
tion by Owen (1887) and the final re-classification by Seeley
(1894), Thrinaxodon has been the prime subject of numerous
studies since the early twentieth century (see historical accounts
by Fourie 1974; Abdala ez a/. 2013; Jasinoski ez al. 2015) as it
has been considered a key source for understanding the early
evolution of mammalian characteristics. Several papers on the
cranial (Owen 1887; Parrington 1936, 1946; Broom 1938;
Olson 1944; Brink 1955; Estes 1961; Crompton 1963; Hop-
son 1966; Van Herden 1972; Osborn & Crompton 1973;
Fourie 1974; Gow 1985; Rowe ez al. 1993; Abdala ez 2l 2013)
and postcranial (e.g. Jenkins 1971) anatomy of this taxon
have been published. Galesarurus was initially recognized
by Owen (1859, 1860) and has also been subject of several
studies. Most of them have focussed on its cranial anatomy
(Owen 1876; Watson 1920; Broom 1932; Parrington 1934;
Rigney 1938; Brink 1965; Van Heerden 1972; Abdala 2003;
Pusch ez al. 2019) whereas the postcranium has been partially
studied (e.g. Parrington 1934; Kemp 1969; Jenkins 1971;
Panko 2001; Kiimmell 2009) although a thorough descrip-
tion based in several specimens has been recently presented
(Butler 2009; Butler ez a/. 2019). Additionally, the histology,
ontogeny and palacobiology of these taxa have been sur-
veyed (e.g. Haughton 1924; Damiani ez a/. 2003; Botha &
Chinsamy 2005; Abdala et a/. 2006, 2013; Botha-Brink
et al. 2012; Fernandez et al. 2013; Jasinoski et al. 2015;
Jasinoski & Abdala 2017b; Butler ez 2/. 2019). Consider-
ing their palacoecology, both Thrinaxodon and Galesaurus
are frequently found as complete skeletons (Jasinoski &
Abdala 2017a), preserving delicate bones such as stapes and
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hyoids, which clearly indicates they have been fossilized in
a protected environment. 7hrinaxodon was considered as an
active digger (Damiani ez a/. 2003; Kiimmell & Frey 2012;
Fernandez et /. 2013) but anterior limb traits as well as pal-
aeohistological features are not in agreement on this proposed
behaviour and suggest it may have used excavations made
by other animals. On the other hand, the robust forelimb
bones of Galesaurus with thick cortices suggest that it was
more likely an active digger (Butler ez a/. 2019). Thrinaxodon
is the representative of basal cynodonts in most papers deal-
ing with the audition in non-mammaliaform cynodonts and
the evolution of the hearing-related structures in synapsids
(Parrington 1946, 1979; Watson 1953; Estes 1961; Hop-
son 1966; Fourie 1974; Allin 1975; Allin & Hopson 1992;
Luo & Crompton 1994; Maier & Ruf 2016). On the other
hand, Galesaurus has usually not been considered when
discussing such topics. This situation is also echoed in the
knowledge on the stapedial anatomy of these taxa. The stape-
dial anatomy of Galesaurus remained obscure apart from the
short descriptions provided by Watson (1920), Parrington
(1934), and most recently Pusch ez 2/. (2019).The stapes of
juvenile and adult individuals of 7hrinaxodon has been ana-
lysed in relatively more detail (Parrington 1946; Watson 1953;
Estes 1961; Hopson 1966; Fourie 1974; Allin 1975; Allin &
Hopson 1992). However, these eatlier studies centred on
the general features of the stapes, its contacts with adjacent
bones, and the characteristics of purported links with the
hypothesized tympanic membrane. A detailed account of the
stapedial anatomy as well as the analysis of its intraspecific
variation in Thrinaxodon and Galesaurus is long overdue.
Several specimens of 7hrinaxodon and Galesaurus with associ-
ated stapes were available to us for the present study (Figs 1; 2).
These specimens are a good sample of the size variation in these
taxa (Tables 1; 2), representing different ontogenetic stages (Jasi-
noski et al. 2015; Jasinoski & Abdala 2017b). The availability
of such a large sample of 7hrinaxodon and Galesaurus stapes
constitutes an unparalleled opportunity to fully characterize
this bone and analyse its variations in an ontogenetic context.
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ABBREVIATIONS

Institutions

AMNH American Museum of Natural History, New York;

BP Evolutionary Studies Institute (formerly Bernard Price
Institute for Palacontological Research), University of
the Witwatersrand, Johannesburg;

SAM-PK-K  Karoo collection, Iziko South African Museum, Cape
Town;

NMP KwaZulu-Natal Museum, Pietermaritzburg;

NMQR National Museum, Bloemfontein;

RC Rubidge Collection, Wellwood, Graaff Reinet;

™ Ditsong National Museum of Natural History (for-
merly Transvaal Museum), Pretoria;

UCMP Museum of Paleontology, University of California,
Berkeley;

UMCZ University Museum of Zoology, Cambridge.

Others

BSL basal skull length;

LS least square;

RMA reduced major axis.

MATERIAL AND METHODS

The stapes of Thrinaxodon and Galesaurus has been recorded in
several specimens. Eleven 7hrinaxodon specimens (BP/1/1375,
BP/1/4280, BP/1/5208, BP/1/5372, BP/1/7199, TM 80a,
TM 80b, TM 81, TM 377, TM 782 and NMQR 811)
and nine Galesaurus specimens (AMNH 2223, BP/1/4597,
NMP581, NMQR 860, NMQR 1451, RC 845, SAM-PK-
K1119, SAM-PK-K9956 and UMCZ T819) were accessible
for our study. Other stapes that were accessed but not meas-
ured are UCMP 40466, UCMP 42877 and UCMP 42878.
The stapes studied are mainly preserved in natural position
in the skull or only slightly displaced; hence, they are usually
observed in ventral aspect and occasionally the posterior view
is available. Only in a few cases, the stapes were completely
prepared and separated from the skull. There are no signs that
suggest that mechanical or chemical preparation altered the
original morphology of the stapes. Available micro-CT-scans
allowed for the three dimensional observation of the stapes
in two 7hrinaxodon specimens (BP/1/5372, BP/1/7199).
The taxonomic identification of the stapes is based on the
well-known cranial anatomy of the specimens analysed.
Measurements were taken directly from the specimens using
a digital calliper (Black Jack, model D056) or from digital
photographs using the software Image-J 1.50i. Our basal skull
length measurements agreed with those of Abdala ez 2/. (2013),
Jasinoski er al. (2015) and Jasinoski & Abdala (2017b). For
clarity of expression, we will use “length” to refer to the longest
dimension of a structure whereas “width” will be employed
to describe its shortest dimension (Fig. 3).

‘The entire sample studied is from the South African Karoo
Basin. Finding localities and stratigraphic levels of the studied
specimens are presented in Table 3. The surveyed 7hrinaxodon
specimens come from the South African localities of Harri-
smith (six specimens) and Bethulie (one specimen) in the Free
State Province and Bergville (two specimens) in Kwa-Zulu
Natal Province; specimens of Galesaurus were recovered from
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Harrismith (four specimens) and Bethulie (three specimens).
In Bethulie, it is represented the lower and middle part of
the Katberg Formation. In Harrismith, the discoveries are
from the Harrismith Member of the Normandien Forma-
tion, correlated with the Palingkloof Member of the Balfour
Formation. In Bergyille, the specimens also come from the
Harrismith Member (Fernandez ez /. 2013). All these records
are circumscribed to the Induan (Smith & Botha-Brink 2014)
corresponding to lower levels of the Lystrosaurus AZ. Hence,
there are no major temporal differences represented in the
sample analysed here.

The basal skull length (BSL; as measured from the anterior-
most tip of the snout to the posterior margin of the occipital
condyles) was used as an estimative of the ontogenetic stage
of the individuals of each species, with larger specimens repre-
senting older, mature, individuals. This allowed classifying the
available specimens into ontogenetic categories as proposed by
Jasinoski et al. (2015) and Jasinoski & Abdala (2017b). The
stapedial anatomy will be described in the following section
from the smaller to the larger specimens available of each taxa.

The software PAST v.3.25 (Hammer ez a/. 2001) was
employed to evaluate the allometry of the lateromedial sta-
pedial length and the anteroposterior stapedial width, with
the basal skull length selected as independent variable. The
measurements were log-transformed for the analysis and the
slope of the equation interpreted as the coeflicient of allometry.
Values of this coefficient are presented under Reduced Major
Axis (RMA) and Least Square (LS) methods that differ in the
way they deal with error of the variables (Hammer 2019).

STAPEDIAL ANATOMY
AND INTRASPECIFIC VARIATION

As in other non-mammaliaform cynodonts, the stapes of 7hri-
naxodon and Galesaurus can be described as bicrurated with
a dorsoventrally oriented stapedial foramen (see Gaetano &
Abdala 2015). The crura are fused together medially and
laterally into platforms to a varying degree in different speci-
mens. In some specimens, despite fused, the individuality of
the crura can still be recognized on the platforms whereas
in others they are indistinguishable. The term “platform” is
employed here without implying a supporting role of any sort
(Gactano & Abdala 2015). The medial portion of the stapes
is the stapedial footplate, which contacted with the fenestra
ovalis. Laterally, the stapes articulated with the quadrate. A
dorsal process rising from the posterior crus is recognized in
some of the specimens analysed.

THRINAXODON

The stapes of Thrinaxodon is a gracile bone constituted by two
crura that fuse medially and laterally delimiting a relatively
large ovoid stapedial foramen (Fig. 1). The anterior crus is large
and more robust than the delicate, thin posterior crus. The
fused portions of the crura are usually extended as lateral and
medial platforms. In ventral view, the margin of the stapedial
footplate at the bone’s medial end is almost invariable projected
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TaBLE 1. — Measurements (in millimetres) of the basal skull length and stapes of the analysed specimens of Thrinaxodon Seeley, 1894. Ontogenetic stage after
Jasinoski et al. (2015). Asterisk indicates that the measurement is approximated. Skull width measured at the level of the quadrate.

Laterome- Antero- Stape-
Basal Laterome- Anteropos- dial stape- posterior Anteroposte- Anteroposte- dial foot-
skull Skull dial stapes terior dial foramen stapedial rior anterior  rior posterior plate area Ontogenetic
Specimen length width length stapes width length foramen width crus width crus width (mm2) stage
BP/1/5372 37 28.3 2.37 1.74 1.47 0.99 0.52 0.23 3.43  early juvenile
non-juvenile
TM 80a 56 36.24 4.67 2.32 1.40 1.42 0.72 0.21 - or subadult
non-juvenile
BP/1/4280 61 42.28* 5.28 2.45 2.44 0.92 1.12 0.41 - or subadult
TM 80b 69 44.08* 5.58 2.25 2.68 1.12 0.66 0.47 - adult
T™M 782 70 54.06* 6.24 2.60 3.46 1.55 0.72 0.28 - adult
BP/1/5208 73 53.23 5.27 2.73 2.70 1.58 0.76 0.44 - adult
BP/1/7199 75 41.57 4.55 2.66 2.23 1.65 0.80 0.25 6.52  adult
T™ 377 77 56.50" 5.63 2.84 1.72 1.46 0.84 0.51 - adult
NMQR811 80 - 5.08 214 1.77 1.23 0.61 0.32 5.86 adult
T™ 81 80 36.58* 6.32 2.69 3.45 1.55 0.85 0.24 - adult
BP/1/1375 81 57.74 6.67 2.86 3.51 1.55 0.91 0.43* - adult

ventrally, anteriorly and posteriorly. A posterior projection of
the lateral margin is often present. A robust dorsal process
emerges from the posterior area of the lateral platform, and
the base of this process is expanded and further extends onto
the lateralmost part of the posterior crus, in some specimens.
In ventral view, the lateral margin of the stapes is convex and
two portions can be distinguished: a posterior sector, which
contacted the quadrate, and an anterior sector, facing antero-
laterally and free from the quadrate. The stapedial footplate
is larger than the lateral surface of the stapes and, in most of
the specimens, circular in medial view. This generalized sta-
pedial structure presents many variations, particularly in the
relative development of the different structures that are not
always correlated with differences in the size of the specimens.

The stapes of BP/1/5372 was analysed through CT-scan
images as direct observation was precluded by other bones.
The perfectly preserved right stapes is displaced and rotated so
that the stapedial footplate is lateral and the area for the quad-
rate contact medial. The left stapes is out of place and lacking
the posterior crus. The stapes is the less elongated among the
studied specimens (Figs 1A; 4A, B) with its antero-posterior
width representing about 73% of the length (Tables 1; 4). In
addition, BP/1/5372 has the proportionally largest stapedial
foramen (foramen/stapes length aspect ratio is approximately
0.62). The medial platform is poorly developed and restricted
to the fusion of the crura. The lateral platform is only slightly
wider than the medial one. The footplate is concave and cir-
cular and the lateral contact with the quadrate seems to be
anteroposteriorly elongated (Fig. 4A, B). It is not possible to
ascertain the presence of a dorsal process in the CT-images
available to us.

TM 80a preserves both stapes but not in original posi-
tions. The right stapes is better exposed but flipped so the
dorsal aspect is visible (Fig. 1B). As in most of the stapes
analysed, the length of the stapes is twice the width of the
bone (Tables 1; 4). The width difference between the anterior
and posterior crura of TM 80a (29%) is the largest in the
sample. The second largest posterior/anterior crural width
aspect ratio is 28% in the large adult specimen TM 81. The
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stapedial foramen is small and circular, the only specimen in
which the width to length foramen aspect ratio is ¢. 1. The
medial platform is narrower than the lateral one. In TM 80a,
the laterally exposed left stapes shows a faint crest dividing the
facet for the quadrate contact from the anterolaterally-facing
free portion. A dorsal process is not present.

BP/1/4280 left stapes is better exposed in ventral view
(Fig. 1C) than the right one. The medium-sized foramen
has a length approximately at 46% of the stapedial length.
This is the most elongated foramen among specimens avail-
able, being its width 38% of its length. Medial and lateral
platforms are narrow and of similar lateromedial extension.
The stapedial footplate seems to be more oval than circular.
Unlike other specimens, except the largest of the sample
(BP/1/1375), there is a well-developed robust projection of
the anterolateral corner of the stapes. The presence of a dorsal
process cannot be asserted.

TM 80b right stapes is nearly complete, with only the
central portion of the posterior crus missing (Fig. 1D). The
difference in width between the crura in ventral view appears
as remarkably less pronounced than in the other specimens
(posterior/anterior crus width aspect ratio: 0.71; Tables 1; 4).
The medial and lateral platforms are of similar width; how-
ever, the medial is slightly wider than the lateral one. A dorsal
process is present on the posterolateral region of the stapes,
but an informative description is precluded.

The slightly displaced left stapes of TM 782 is almost
completely preserved except for its damaged lateral portion
(Fig. 1E). The stapedial foramen is slightly longer regarding the
length of the stapes when compared to other adult (except the
two largest ones, TM 81 and BP/1/1375) and even subadult
specimens (Tables 1; 4; Fig. 1D-E). The medial platform is
slightly wider than the lateral one. It is not possible to ascer-
tain the presence of a dorsal process.

In BP/1/5208, both stapes are preserved out of place. The
right stapes is represented by the flipped anterior portion
(observable in dorsal aspect) whereas the posterior crus is
missing. A more complete left stapes is available in ventral
view, although the posterior crus is poorly preserved (Fig. 1F).

COMPTES RENDUS PALEVOL - 2020 - 20 (5)
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BP/1/5372 TM80a

BP/1/5208

ac
- -
stfp @ qc
pc

ac BP/1/7199 dp ac T™377

qc

BP/1/1375

Fic. 1. — Stapes of Thrinaxodon Seeley, 1894: A, right stapes of BP/1/5372 in ventral view; B, right stapes of TM 80a in dorsal view; C, left stapes of BP/1/4280
in ventral view; D, right stapes of TM 80b in ventral view; E, left stapes of TM 782 in ventral view; F, left stapes of BP/1/5208 in ventral view; G,H, left stapes of
BP/1/7199; G, ventral; H, posteroventral views; |, left stapes of TM 377 in ventral view; J, left stapes of NMQR811 in ventral view; K, right stapes of TM 81 in ven-
tral view; L, right stapes of BP/1/1375 in ventral view. Abbreviations: ac, anterior crus; dp, dorsal process; pc, posterior crus; q, quadrate; qc, quadrate contact
area; stf, stapedial foramen; stfp, stapedial footplate. Dashed lines indicate fractures or incomplete margins. Scale bar: 5 mm.
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TaBLE 2. — Measurements (in millimetres) of the basal skull length and stapes of the analysed specimens of Galesaurus Owen, 1859. Ontogenetic stage after
Jasinoski & Abdala 2017b. Asterisk indicates that the measurement is approximated. Skull width measured at the level of the quadrate.

Laterome-  Anteropos-

Basal Laterome- Anteropos- dial stape- terior stape- Anteroposte- Anteroposte- Stapedial Ontoge-

skull Skull dial stapes terior stapes dial foramen dial foramen rior anterior rior posterior footplate netic
Specimen length width length width length width crus width crus width area (mm2) stage
BP/1/4597  68.5 53.68 7.68 3.26 4.24 2.31 0.65* 0.35 - subadult
NMP581 68.6 45.28 6.30 2.85 3.12 1.60 0.80 0.50 - subadult
RC845 69 61.36 6.32 2.35 3.11 1.27 0.53 0.35 - subadult
SAM-
PK-K1119 72 47.95 5.83 3.07 2.45 1.60 0.82 0.41 10.16  subadult
SAM
PK-K9956 73 48.59 7.50 3.01 3.56 1.60 0.86 0.55 - subadult
UMCZT819 85 - 8.25 3.77 2.40 1.10 1.56 1.10 - subadult
NMQR1451 90 68.66 10.69 3.12 4.49 1.82 0.77 0.45 - adult
AMNH2223 100 74.38 14.40 4.70 3.34 1.81 1.24 1.40 - adult
NMQR860 114 90.60 14.74 6.71 7.07 4.33 1.04 1.49 - adult

TaBLE 3. — Geographical and stratigraphical provenance of Thrinaxodon liorhinus Seeley, 1894 and Galesaurus planiceps Owen, 1859 specimens analyzed. All

the specimens are from the Karoo Basin in South Africa.

Assemblage

Specimen Locality District Province Stratigraphic unit Zone
Thrinaxodon liorhinus
BP/1/5372 Donald 207 Bethulie Free State lower Katberg Formation Lystrosaurus AZ
TM 80a Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
BP/1/4280 Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
TM 80b Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
BP/1/5208 Fairfax Bergville Kwa-Zulu Natal Harrismith Member, Normandien Formation Lystrosaurus AZ
BP/1/7199 Admiralty Estates at

the base of Oliviershoek Pass Bergville Kwa-Zulu Natal Harrismith Member, Normandien Formation Lystrosaurus AZ
NMQR 811 Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
T™ 81 Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
BP/1/1375 Harrismith Commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
Galesaurus planiceps
BP/1/4597 Donald 207 Bethulie Free State ? Lystrosaurus AZ
RC 845 Donald 207 Bethulie Free State lower Katberg Formation Lystrosaurus AZ
SAM-PK-K1119 Harrismith commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
SAM PK 9956  Donald 207 Bethulie Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
UMCZ T819 Harrismith commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
NMQR 1451 ? Bethulie Free State ? Lystrosaurus AZ
AMNH 2223 Harrismith commonage Bethulie Free State Harrismith Member, Normandien Formation Lystrosaurus AZ
NMQR 860 Harrismith commonage Harrismith  Free State Harrismith Member, Normandien Formation Lystrosaurus AZ

Similar to the early juvenile BP/1/5372 and the subadult
TM 80a, the lateral platform is wider than the medial one
in BP/1/5208. It is not possible to state if a dorsal process
was present.

BP/1/7199 is a complete skeleton not extracted from the
concretioned matrix (Fernandez er 2/ 2013). It was micro-
CT-scanned and thus both stapes were made available. The
left stapes is i7 situ and perfectly preserved (Figs 1G; 4C, D)
whereas the right one is displaced and bears some cracks. The
stapes is the less elongated among subadult and adult specimens
(width/length aspect ratio: 0.58) although still more elongated
than the early juvenile BP/1/5372. The difference in width
between the crura (aspect ratio: 0.31) is among the largest
in the sample, comparable to one of the smallest (TM 80a)
and one of the largest (TM 81) specimens (Tables 1; 4). The
stapedial foramen is not very oval but more rounded (width/
length aspect ratio: 0.74), a condition shared with the early
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juvenile BP/1/5372, the subadult TM 80a, and the adults
TM 377 and NMQR 811 and different from the elongated
foramen in other specimens. There is a small but conspicuous
projection on the anterolateral corner of the bone. The oval
foot plate is flat and slightly longer than higher, whereas the
contact with the quadrate is comparatively lower and elon-
gated (Fig. 4C, D). A large flange-like dorsal process arises
from the posterior crus and the posterior sector of the lateral
platform (Figs 1H; 4C).

TM 377 bears a left stapes not preserved in natural position.
The stapes is almost complete with only minor damage but the
glue and sediment on the fossil make it difficult to properly
examine structures of the medial and lateral portions of the
bone (Fig. 1I). The anterior crus is relatively wide, with the
posterior crus representing 61% of the width of the anterior
one (Tables 1; 4). The stapedial foramen is among the smallest
of the sample, only 31% of the length of the bone, comparable
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Fic. 2. — Stapes of Galesaurus Owen, 1859: A, left stapes of BP/1/4597 in ventral view; B, left stapes of NMP 581 in ventral view; C, left stapes of RC845 in
ventral view; D-F, Right stapes of SAM-PK-K1119; D, ventral; E, dorsal; F, posterior views; G, left stapes of SAM-PK-K9956 in ventral view; H, right stapes of
UMCZ T819 in ventral view; |, left stapes of NMQR1451-C1186 in ventral view; J, right stapes of AMNH2223 in ventral view; K, left stapes of NMQR860 in ven-
tral view. Abbreviations: ac, anterior crus; dp, dorsal process; pc, posterior crus; q, quadrate; qc, quadrate contact area; stf, stapedial foramen; stfp, stapedial
footplate. Scale bar: 5 mm.
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to the relative size of the foramen in the subadult specimen
TM 80a. In addition, the stapedial foramen is quite circular
with a width/length aspect ratio of 0.85. A dorsal process is
not clearly observed but hinted.

NMQR 811 is a fragmented skull with the well-preserved
left stapes (Figs 1]; 4C, D) close to its original position, as
it is still in contact with the fenestra ovalis medially. The
stapes of NMQR 811 is notably short when compared to
that of TM 81, which has a similar basal skull length. It is
a slender bone (the width/length aspect ratio is only 0.42)
with a small stapedial foramen, approximately at 35% of the
length of the stapes (Tables 1; 4). The stapedial foramen is
oval but not very elongated, comparable in shape with that of
the early juvenile specimen BP/1/5372. The medial platform
is slightly wider than the lateral platform. These platforms
are mostly composed by the contribution from the anterior
crus, specially the lateral one in which there is a crest repre-
senting the limit between the crura. The footplate is convex
and circular whereas the anteroposteriorly elongated lateral
contact with the quadrate is nearly rectangular (Fig. 4E, F).
The well-developed and robust dorsal process is triangular
and projected dorsally with a slight posterior orientation.

The right stapes of TM 81 is only slightly displaced and
almost non-deformed but its lateral portion is not well-preserved
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(Fig. 1K). The posterior crus is very slender, representing 28%
of the width of the anterior crus (Tables 1; 4). Opposite to
NMQR 811, the lateral platform is wider than the medial
one. The medial platform is only represented by the fussed
crura (Fig. 1K) that can be recognized due to the presence
of a crest that sets the crura apart and represents the suture
between them. A robust and triangular dorsal process pointing
dorsomedially and posteriorly, similar to thatin NMQR 811,
can be observed emerging from the lateral platform posterior
portion (Fig. 1K).

The stapes of BP/1/1375 is only slightly larger than TM 81
(Table 1). The right stapes is almost complete with only the
shaft of the posterior crus missing (Fig. 1L) whereas the left
stapes is more fragmentary. Unlike TM 81, the lateral and
medial platforms are similarly lateromedially developed, and
the anterolateral corner of the stapes is projected anteriorly.
The presence of a dorsal process cannot be asserted.

GALESAURUS

The stapes of Galesaurus show notable variation in characters
among the available specimens. Thus it may not be accurate
to generalize several characters of its stapes. The stapes is rec-
tangular with an oval stapedial foramen and two crura that
meet laterally and medially to form platforms. The stapedial
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Fic. 4. — A-F, Stapes of Thrinaxodon Seeley, 1894; G, H, Galesaurus Owen, 1859. A, left stapes of BP/1/5372 in dorsolateral view; B, right stapes of BP/1/5372
in medial view; C, D, left stapes of BP/1/7199; C, lateral; D, medial views; E, F, left stapes of NMQR811; E, ventrolateral; F, ventromedial views; G, H, right stapes
of SAM-PK-K1119; G, lateral; H, medial views. Abbreviations: ac, anterior crus; dp, dorsal process; pc, posterior crus; q, quadrate; gc, quadrate contact area;

stf, stapedial foramen; stfp, stapedial footplate. Scale bars: 1 mm.

foramen is approximately half the length of the stapes in most
of the specimens except in one, in which it is relatively small.
In the two largest specimens the posterior crus is anteropos-
teriorly wider than the anterior one whereas the opposite is
observed in the remaining, smaller specimens. The development
of the platforms is variable among the specimens. Further-
more, there is variation in the relative width of the platforms
when comparing the lateral and the medial one of the same
specimen. The stapes bears a posterolateral and antero and
posteromedial projections whereas the anterolateral region is
well-rounded. A dorsal process is present but its morphology
is variable, being alternatively flat and delicate or cylindrical
and robust in different specimens.

Both stapes of BP/1/4597 are in situ and can be observed
in ventral view. The left element is almost complete (Fig. 2A).
Although some breakage is recognized on the posterior crus,
itappears that the crura are more slender than in other speci-
mens. The stapes is rectangular and is pierced by an elongated
stapedial foramen. The foramen occupies slightly more than
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half the length of the stapes. BP/1/4597 has the largest fora-
men relative to the whole bone, among the specimens of our
study sample (Tables 2; 4). The lateral platform is wider than
the medial one. The presence of a dorsal process cannot be
ascertained.

NMP 581 has the same skull size than BP/1/4597 (Table 2).
Stapes from both sides are well-preserved and only slightly
displaced from their original position. They are only observ-
able in ventral view (Fig. 2B). The stapes is elongated as in
BP/1/4597, being its width 45% of its length, and bears a
similarly shaped stapedial foramen (Tables 2; 4). The crura
are relatively wider as in larger specimens. Unlike what is
observed in BP/1/4597, the medial and lateral platforms are
subequal in width, both relatively narrow when compared to
other specimens. The suture line between the crura is visible
on the platforms. It is not possible to observe if the dorsal
process is present.

RC 845 skull is nearly the same size than BP/1/4597 and
NMP 581 (Table 2). In RC 845, both well-preserved stapes are
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TaBLE 4. — Selected ratios between skull and stapedial measurements of the analysed specimens of Thrinaxodon Seeley, 1894 and Galesaurus Owen, 1859.

Anteroposterior to

Anteroposterior to

lateromedial foramen

Foramen to stapes Posterior to anterior

Specimen lateromedial stapes ratio ratio lateromedial length crus ratio
Thrinaxodon

BP/1/5372 0.73 0.67 0.62 0.44
TM 80a 0.5 1.01 0.3 0.29
BP/1/4280 0.46 0.38 0.46 0.37
TM 80b 0.4 0.42 0.48 0.71
T™ 782 0.42 0.45 0.55 0.39
BP/1/5208 0.52 0.59 0.51 0.58
BP/1/7199 0.58 0.74 0.49 0.31
T™ 377 0.5 0.85 0.31 0.61
NMQR811 0.42 0.69 0.35 0.52
T™ 81 0.43 0.45 0.55 0.28
BP/1/1375 0.43 0.44 0.53 0.47*
Galesaurus

BP/1/4597 0.42 0.54 0.55 0.54*
NMP581 0.45 0.51 0.5 0.63
RC845 0.37 0.41 0.49 0.66
SAM-PK-K1119 0.53 0.65 0.42 0.5
SAM PK-K9956 0.4 0.45 0.47 0.64
UMCZ T819 0.46 0.46 0.29 0.71
NMQR1451 0.29 0.41 0.42 0.58
AMNH2223 0.33 0.54 0.23 1.13
NMQR860 0.46 0.61 0.48 1.43

only slightly rotated from their original placement. The stapes
of RC 845 (Fig. 2C) is more elongated than that of BP/1/4597
and NMP 581 as the width of the bone represents 37% of its
length (Tables 2; 4). Similar to NMP 581, the stapedial foramen
is approximately half of the total length of the stapes. Together
with the adult specimen NMQR 1451, the stapedial foramen
in RC 845 is one of the most elongated (width/length aspect
ratio is 0.41). Medially, the ventral surface of the anterior crus
is flac whereas that of the posterior one is inflated. In addition,
the medial portion of the posterior crus presents an anterior
and a posterior broad crest that define a central concave region.
Hence, the individuality of the crura is clearly recognizable.
The lateral platform is ventrally flat and there is no trace of
each individual crus. As in NMP 581, the medial and lateral
platforms are almost the same width in RC 845. The convex
lateral margin of the stapes contacts the medial region of the
quadrate (Fig. 2C). Both elements are only separated by a thin
matrix layer. A small, flat, triangular dorsal process is present
on the posterolateral region of the stapes.

The right stapes of SAM-PK-K1119 is well-preserved and
has been fully acid-prepared and separated from the skull
(Figs 2D, F; 4G, H). This is the stouter stapes of Galesaurus,
in which the width represents 53% of the length of the bone
(Tables 2; 4). The stapedial foramen of SAM-PK-K1119
is the roundest among the specimens of Galesaurus, with a
width/length aspect ratio of 0.65. Ventrally, both the lateral
and the medial platforms are concave, especially in the central
portion. The lateral platform is more than twice the width of
the medial one. There is some damage in the dorsal surface
of the lateral platform. Additionally, the lateral surface of the
stapes seems to lack periosteal surface. In medial aspect, the
stapedial footplate is concave and oval, with the long axis
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anteropostetiorly oriented (Fig. 4H). In lateral view, the stapes
is rectangular, being anteroposteriorly wider than dorsoven-
trally high (Fig. 4G). A well-developed, robust, cylindrical
dorsal process projects dorsally from the posterolateral corner
of the stapes (Figs 2E, F; 4G).

The left stapes of SAM-PK-K9956 seems undistorted and
well-preserved (Fig. 2G) whereas the right one is deformed
and damaged, especially laterally. There are well-developed
medial and lateral platforms, with the lateral one wider than
the medial one, although the width difference between the
platforms is smaller than in SAM-PK-K1119. The dorsal
process is a flat projection emerging from the posterior crus
that reminds the process of RC 845 but is notably different
from the robust process of SAM-PK-K1119.

UMCZ T819 preserves the right stapes, rotated from its
original position but showing no evident deformation (Fig. 2H).
The stapes is more robustly constructed than those of other
Galesaurus specimens analysed (Fig. 2H); however, the relative
proportions are similar to other specimens. It is a rectangular
element (the width/length aspect ratio is 0.46; Tables 2; 4).
The stapedial foramen is among the smallest of the sample,
representing 29% of the total length of the bone. As in other
specimens, the foramen is ellipsoidal, approximately twice as
long as wide. The posterior crus is comparatively wide, being
71% of the anterior one. The medial platform is relatively
narrow, representing half the width of the lateral platform
as in the smallest specimen of the sample (BP/1/4597), in
the only slightly smaller SAM-PK-K1119, and in the adult
specimen NMQR 1451. The presence of a dorsal process
cannot be ascertained.

NMQR 1451 is a poorly preserved left stapes located almost
in life-position (Fig. 2I). This is the most slender stapes of
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Galesaurus sample. The stapedial width is only 29% of its length
(Tables 2; 4). The medium-sized stapedial foramen has a length
at 42% of the length of the bone. The foramen of this speci-
men is among the most elongated of the sample. The medial
platform is relatively narrow, representing half the width of the
lateral one. The platforms are flat and there are no visible sutures
between the fused crura. A dorsal process cannot be observed.

AMNH 2223 right stapes has been separated from the skull
allowing its complete observation. The stapes of specimen
AMNH 2223 is notoriously different than those of other
Galesaurus specimens (Fig. 2]). In fact, this stapes appears as
amorphologic outlier of those of known non-mammaliaform
cynodonts and might represent a pathologic condition. The
bone is very slender, the width of the stapes being only 33%
of the length of the bone (Tables 2; 4). Strikingly, the posterior
crus is wider than the anterior one (with a 1.13 aspect ratio), a
condition only shared by the largest specimen (NMQR 860).
The oval stapedial foramen is remarkable small in comparison
with all the other specimens analysed (Fig. 2]), representing
only 23% of the length of the stapes. The lateral platform is
massive and large, approximately 2.2 times wider than the
medial one. The ventral surface of both platforms is slightly
concave. A concavity is also present on the dorsal surface
of the lateral platform. The stapedial footplate is relatively
small, longer anteroposteriorly than dorsoventrally. Never-
theless, the stapedial footplate is projected ventrally relative
to the ventral surface of the medial plate. A dorsal process is
apparently absent.

The left stapes of NMQR 860 is not well-preserved and
somewhat distorted, but close to its original position (Fig. 2K).
The stapes is remarkably wide, especially when compared to
AMNH 2223 which is similar in length but only 70% of its
width (Tables 2; 4). The width of the stapes is 46% of the
length. NMQR 860 shares with AMNH 2223 the presence
of a posterior crus wider than the anterior one. However, in
NMQR 860, the relative width difference between the crura is
more marked, being the posterior/anterior width aspect ratio
1.43. Together with SAM-PK-K1119, the stapedial foramen
of NMQR 860 is one of the less elongated, being its width
61% of its length. The medial and lateral platforms are not
well-preserved. A dorsal process is not recognized but this
could be due to incomplete preservation.

DISCUSSION

The stapes of Thrinaxodon and Galesaurus specimens analysed
share general morphological traits which are also recognized
in other non-mammaliaform cynodonts. Nevertheless, several
differences regarding the shape, proportions, and relative devel-
opment of various features are recorded between the studied
individuals (Figs 1; 2; 4; Tables 1; 2; 4). In addition, various
specimens of Thrinaxodon suggest that the stapes-quadrate
articulation is restricted to the centrum-to-posterior portion
of the lateral margin of the stapes (Fig. 1G), whereas in Gale-
saurus the contact with the quadrate is along the complete
lateral margin of the stapes (Fig. 2C).
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We explored the behaviour of some measurements in our
sample to interpret allometric trends in the stapes, using BSL
as a proxy to the overall size and an independent variable.
The lateromedial length of the stapes in Galesaurus has a
statistically significant positive allometry which is also the
case for the anteroposterior width of the stapes, although
the latter is statistically significant only under RMA method
(Table 5). In Thrinaxodon, the values of the coefficients
for the lateromedial length are also above 1 but they are
not significantly different from 1 (isometry). However,
the anteroposterior width of the stapes is strongly nega-
tive, and the growth model is therefore different to that of
Galesaurus (Fig. 5). In non-mammaliaform cynodonts the
length of the stapes is conditioned by the distance between
the quadrate and the fenestra ovalis (Wible 1991), which is
expected to increase with the size of the skulls and, conse-
quently, with ontogeny. Using the skull width at the level
of the quadrates as a proxy to the quadrate-fenestra ovalis
distance, we analysed the stapedial length to skull width
ratio. We found that these measurements are poorly cor-
related in Thrinaxodon (R2=0.5) but a good correlation was
found in Galesaurus (R2=0.8). Variation in the allometry
coeflicient between the species is more or less comparable
to that obtained using BSL being the value of the coefficient
also more pronounced for Galesaurus than Thrinaxodon
(1.52 vs 1.27 under RMA; 1.36 vs 0.96 under LS) but the
results were not statistically significant for these variables.
It is not possible to compare our results with those com-
monly proposed for the allometric ontogeny of the middle
ear system in mammals (e.g. Luo 2011; Ramirez-Chaves
et al. 2016). This is because those models are considering
variations (and detachment of the Meckelian cartilage) of
the malleus, incus, and ectotympanic bones but not ontoge-
netic changes of the stapes.

Rowe (1988) introduced the relative length of the stapes
in relation to the skull length as a phylogenetic character and
Wible (1991; see also Wible & Hopson 1993) quantitatively
defined the states for this character. He distinguished between
taxa in which the stapes was longer than 7.5% and those in
which it represented less than 5.5% of the total length of the
skull. Furthermore, Wible (1991) recovered the latter state
as an unequivocal synapomorphy of Mammaliaformes (sezsu
Rowe 1988), a clade including Sinoconodon Patterson &
Olson 1961, Morganucodontidae, their most recent com-
mon ancestor, and all its descendants (“node 3” of Wible &
Hopson 1993). Wible (1991; see also Meng 1992) also stated
a third state of character, variation from 0.05% to 4.2% of
the total length of the skull, for recent mammals, which give a
clear idea of the enormous size difference between this element
in any non-mammaliaform cynodont and living mammals.
Percentual values estimated more recently for the haramiyid
Arboroharamiya Zheng et al., 2013 is 4% (Meng ez al. 2018).
Our observations show that the stapes to skull length aspect
ratio is 6-9% in Thrinaxodon, 8-13% in Galesaurus, 13% in
the basal epicynodont Vetusodon (see Abdala er al. 2019), and
7-13% in gomphodont cynodonts (Gaetano & Abdala 2015).
Therefore, the stapes of non-mammaliaform cynodonts
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Fic. 5. — Bivariate plot under Reduced Major Axis method of log transformed values of basal skull length against the lateromedial stapedial length (above) and
the basal skull length against the anteroposterior stapes width (below). Black circles and lines indicate specimens and slopes for Thrinaxodon Seeley, 1894;
red squares and lines indicate specimens and slopes for Galesaurus Owen, 1859. Inset figures show smallest and largest representatives of the stapes of

Thrinaxodon (above) and Galesaurus (below).

appear to range between 6% and 13% of the skull length. The
present knowledge of non-mammaliaform cynodont stapes
therefore indicates that 6% should be the lower boundary
for this character state.

There is a wide variation in the stapes morphology (width/
length ratio) of 7hrinaxodon, but the smallest specimens
(BP/1/5372 and UCMP 42878; Estes 1961: Fig. 2) feature
a squarish, more robust stapes (width at 73% of the length
in BP/1/5372), suggesting that this morphology is a juve-
nile condition. In Galesaurus the smallest stapes recorded is
already rectangular (the width 42% of the length) and there
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is no record of a quadrangular pattern like that of the 7hri-
naxodon juvenile.

Other measurements show a wide range of intraspecific
variation that cannot be explained by ontogeny. For example,
there is a wide variation in the length of the stapedial foramen
in these cynodonts but more marked in Zhrinaxodon (Fig. 6)
that does not seem to be related to ontogeny. In addition,
the stapedial foramen is usually ovoid to ellipsoid as is the
case in most non-mammaliaform cynodonts (e.g. Gaetano &
Abdala 2015, 2017), but there are two 7hrinaxodon speci-

mens of different sizes with a circular to near circular foramen
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(Fig. 1B, I). Disparity in the size of the stapedial foramen has
been reported as specific variations for the mole rat Spalax
Giildenstaedt, 1770 (Mason ez a/. 2010: Fig. 2) and the golden
mole Chrysochloris Lacépede, 1799 (Mason 2003: Fig. 6A, B).
Individual variation including presence/absence of a narrow
stapedial foramen was reported in the sloths Bradypus Lin-
naeus, 1758 and Choloephus llliger, 1811 (Doran 1878: 471,
472). Itis also interesting to note ontogenetic changes in the
foramen of the colugo Cynocephalus Boddaert, 1768 with
juveniles featuring a large stapedial foramen that in adults is
filled by a lamina (Doran 1878).

Considering the development of the crura, 7hrinaxodon
invariably shows a wider anterior crus (Table 1), which is the
condition observed in other non-mammaliaform cynodonts.
The width of the crura was most similar (posterior/anterior
crus width aspect ratio is 0.71) in the middle-sized specimen
TM 80b whereas the greatest width difference (aspect ratio
is 0.28) is found in one of the largest specimens (TM 81)
(Table 4). The only cases in which the posterior crus is wider
are in the two largest specimens of Galesaurus (AMNH2223
and NMQRB860) (Tables 2; 4). Data on variation of middle ear
bones, including stapes, in recent mammals are best explored
and illustrated, in our knowledge, by Doran (1878). Next,
differences in the stapes reported for the same species and for
closely related taxa are highlighted. Variation in the size of the
crura is known in humans, where usually the anterior crus is
slender, but there are cases where it is difficult to discriminate
the anterior from the posterior crus (Doran 1878). In addition,
considering anomalies of the middle ear bones in humans, it
is clear that the stapes is frequently modified. Thus Park &
Choung (2009) reported 21 patterns of congenital ossicular
anomalies, 16 of them affecting the stapes, mostly in changes
of morphology and fixation of the plate. In different species
of Canis Linnaeus, 1758 the crura could be more curved or
straight (Doran 1878). Clear differences in the crura are also
represented in the African elephant Loxodonta africana Blu-
menbach, 1797 which shows straight divergent crura and the
Indian elephant Elephas maximus Linnaeus, 1758 showing a
curved posterior crus but a straight anterior one (Doran 1878).
Deep ontogenetic changes are also observed in the stapes of
some artiodactyls such as Ovis aries Linnaeus, 1758, Bos tau-
rus Linnaeus, 1758 and Giraffa Brisson, 1762 which show
much lighter and triangular stapes with more divergent crura
at birth and more robust, quadrangular stapes with small
or non-divergent crura in adults (Doran 1878: plate 61,
figures 14-17). Variation with zebu (Bos taurus indicus Lin-
naeus, 1758) is also reported, with this subspecies showing
more slender ear bones and the stapes “more oblong” than
in B. taurus (see Doran 1878: 427). The outline morphology
of the bone in adult Bos Linnaeus, 1758 resembles that of
non-mammaliaform cynodonts (more particularly those in
young Thrinaxodon) as the crura are subparallel and the bone
is squarish (width 68% of the length).

The stapedial footplate area-to-basal skull length aspect
ratio is close in the three specimens of 7hrinaxodon in which
this proportion can be examined (Table 1), as well as the
one specimen presented by Laaf§ (2016), varying from 7%
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Fic. 6. — Graph showing variation of log-transformed basal skull length (black),
lateromedial stapes length (red), and lateromedial stapedial foramen length
(blue), from the smallest to largest specimens for Thrinaxodon Seeley, 1894
(above) and Galesaurus Owen, 1859 (below).

to 9%, the higher percentage represented in the youngest
specimen. In the only Galesaurus specimen in which the
stapedial footplate area could be measured (Table 2), the
aspect ratio is higher than in 7hrinaxodon (0.14). We added
our new data to those provided by Laafd (2016). The cluster
of Thrinaxodon specimens are placed near Massetognathus
Romer, 1967, whereas the closest specimen regarding Gale-
saurus is the dicynodont Pristerodon Huxley, 1868 (Fig. 7).
As mentioned previously by Laaf§ (2016) there seems to be
a remarkably difference in footplate stapes areas between
small dicynodonts and cynodonts. In fact, this seems to
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TaBLE 5. — Regressions of stapes variables on basal skull length. Abbreviations: b, s, coefficient of allometry calculated via least squares; bgrma, coefficient of
allometry calculated via reduced major axis method; n, sample size; R2, adjusted coefficient of determination. P(a=1) indicates if the values obtained indicate
departure from isometry (b=1) and is only reported when there is statistically significant departure from 1.

Variable n R2 brma P(a=1) b s P(a=1) Trend
Thrinaxodon

Stapes length 11 0.78 1.21 - 1.07 - -
Stapes width 11 0.63 0.64 0.02 0.51 0.004 Negative
Galesaurus

Stapes length 9 0.89 1.87 0.008 1.76 0.01 Positive
Stapes width 9 0.8 1.66 0.05 1.49 - Positive

be a particular condition of the two smallest dicynodonts
Kawingasaurus Cox, 1972 and Cistecephalus Owen, 1876,
the only two taxa recognized as completely fossorial by
Laaf§ (2016). Similar sized cynodonts such as Brasilodon
Bonaparte et al., 2003, Yunanodon (Cui, 1976) and the
juvenile Zhrinaxodon as well as the basal anomodont Suminia
Ivakhnenko, 1994 clearly present a comparatively reduced
footplate area of the stapes. Based in the current data in
therapsids as presented in Figure 7, it is difficult to correlate
a large footplate area with fossoriality, a condition found
in golden moles and fossorial rodents (Mason 2001), as in
cynodonts assumed to be fossorial or semifossorial such as
Galesaurus and Thrinaxodon the area of the footplate is not
particularly large. Eventually a phylogenetic signal could be
represented in this trait as it seems clear that dicynodonts
tends to have comparative larger footplates (all of them are
represented above the regression line).

Extant mammals show a number of features of the audi-
tory system that distinguish them from other vertebrates
(see Puria & Steele 2010), including: three middle-ear bones
(Masterton ez al. 1969; Colbert & Morales 1991), the pres-
ence of distinct radial and circunferential collagen fiber
layers of the tympanic membrane (Linn 1968; Funnell &
Laszlo 1982; Rabbitt & Holmes 1986; Fay ez al. 20006),
the elongation of the basilar membrane (Manley 1971),
and the mobility of the organ of Corti outer hair cells
(Brownell ez al. 1985). Among others, these characteristics
contribute to the unique capability of mammals to perceive
high-frequency sounds. Strikingly, only little attention has
been paid to the role of middle-ear bones in the hearing of
high-frequency sounds (Taylor 1969; Puria & Steele 2010).
Historically, the tri-ossicular condition of the mammalian
middle ear has been considered as an amplification system
more efficient than that of other tetrapods, which only have a
single middle ear bone (Taylor 1969; Masterton ez al. 1969).
However, the three impedance matching mechanisms in the
tri-ossicular middle ear (i.e., ratio between the area of the
tympanic membrane and the stapedial footplate; ratio between
the lever arms of incus and malleus; the curved tympanic
membrane lever system) are also present in mono-ossicular
middle ears (Manley 1972; Manley & Sienknecht 2013).
In fact, the only difference between tri-ossicular and mono-
ossicular middle ears is the primary lever system present in
mammals compared to the secondary lever system along the
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extracolumella-columella complex present in other tetrapods
(Manley & Sienknecht 2013).

The lower jaw, the quadrate, and the stapes are interpreted to
have been involved in the transmission of sound waves to the
internal ear in synapsids (Tumarkin 1955, 1968; Allin 1975;
Kermack & Mussett 1983; Kermack & Kermack 1984;
Allin & Hopson 1992; Luo & Crompton 1994; Laaf§ 2014).
In the most basal forms, the stapes is a robust element that
participates in the structural support of the braincase. The
stapes of these basal synapsids would have acted as an iner-
tial system (Manley 1973; Laaf$ 2014). The skull vibration
due to low frequency substrate vibrations would have been
accompanied by a delay in the stapes movement. The differ-
ence in vibration timing between the stapes and the rest of
the skull would have stimulated the inner ear (Laaf§ 2014).
Along the synapsid lineage, the stapes shows a stepwise reduc-
tion of its structural function, gradually becoming a more
gracile, horizontally oriented element that would eventu-
ally have been capable of vibrating and transmitting those
vibrations to the inner ear (Lombard & Bolt 1979; Allin &
Hopson 1992; Clack 2002; Maier & van den Heever 2002;
Laaf§ 2016). However, it is not clear in which moment of
synapsid evolution the stapes became sensitive to air transmit-
ted sounds, particularly because the soft tissues associated to
the hearing capabilities do not fossilize and it is difficult to
determine the acoustic properties of the involved elements
in fossils (Laaf§ 2014). Kemp (2007) analyzed several non-
mammalian cynodonts and concluded that the postdentary
elements and the quadrate would have been able to conduct
airborne sound waves only if certain conditions regarding
acoustic isolation and links were fulfilled. In addition, the
mass and flexibility of the bones involved in sound trans-
mitting must be in certain range and a sound impedance
matching system between the tympanic membrane and the
oval window must be present. At this stage it is important to
borne in mind the fact that there is not a single living tetrapod
with an analogue hearing system in fossil synapsids, a line-
age where all the putative elements interpreted as involved
in sound transmission, stapes, quadrate and postdentary
bones, are an order of magnitude larger and probably denser
than in living forms. According to Kemp (2007), the physi-
cal properties of the elements involved in the audition of
non-mammaliaform cynodonts (i.e., tympanic membrane,
postdentary bones, quadrate, stapes) would have only allowed
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these forms to perceive low frequency sounds. A conclusion
consistent with the characteristics of the cochlear recess in
these taxa (Luo ez al. 1995). Independently of the auditory
capabilities of non-mammaliaform cynodonts, they do not
possess any lever system in the middle ear as observed in
extant tetrapods with mono- or tri-ossicular tympanic ears
(see also Gaetano & Abdala 2015). The configuration of the
articular-quadrate-stapes complex in non-mammaliaform
cynodonts precluded a primary or secondary lever system as
observed in extant tetrapods (see Manley & Sienknecht 2013:
figure 2.1). In the synapsid lineage, a middle ear lever system
only appeared among mammaliaforms, when the incus and
malleus were included in the middle ear, after losing their
participation in the suspensorium. In mammaliaforms, the
middle ear bones show a remarkable reduction in size and,
concomitantly, in mass, which had a key significance in the
mobility of the bones. This scenario is consistent with the
high intraspecific variability in the stapes of Galesaurus and
Thrinaxodon that suggests that this element might not have
great influence on the hearing capabilities. It appears to us
that whereas the stapes of non-mammaliaform cynodonts,
in particular 7hrinaxodon and Galesaurus, show features that
could be interpreted as for tympanic hearing (i.e., it is grac-
ile when compared to more basal synapsids, is horizontally
oriented, and has a relatively small stapedial footplate), the
articular-quadrate-stapes complex configuration precluded
a functional lever system able to amplify the sound waves
received from a hypothetical large tympanic membrane.
Perhaps, cynodonts are showing an intermediate condition
between inertial and tympanic hearing.
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CONCLUSIONS

The present study represents the first comprehensive analysis
of the stapedial anatomy variation in an ontogenetic frame-
work considering a large sample of individuals of two species
of extinct cynodonts: 7hrinaxodon liorhinus and Galesaurus
planiceps. Stapes growth models are different in the two spe-
cies. Galesaurus shows a positive allometry on the lateromedial
length and also on the anteroposterior width, although in this
latter case only under RMA method. In 7hrinaxodon there is
a negative allometry in the anteroposterior width of the sta-
pes but the lateromedial length is not statistically significant
different from one (isometry). Two Thrinaxodon specimens
(of different sizes) show a circular to near-circular stapedial
foramen departing from the ellipsoid to ovoid morphologies
represented in the remaining of the sample and also observed
in the majority of non-mammaliaform cynodonts in which
the stapes is known. There is a huge variation in the morphol-
ogy of the stapes of the two largest specimens of Galesaurus
concerning the anteroposterior width of the bone and devel-
opment of stapedial foramen among others. These two large
Galesaurus specimens are also remarkable because they are the
only in which the posterior crus is wider than the anterior, in
opposition to the condition in remaining specimens of the
sample. Values on the stapedial footplates of 7hrinaxodon and
Galesaurus (generally interpreted as fossorials to semifossorials)
are much smaller than those of small fossorial dicynodonts
(with skull size values closer to that of 7hrinaxodon and
Galesaurus), indicating that this variable is not a clear cut to
identify fossorialism across therapsids.
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