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Abstract: The dicynodonts Oudenodon bainii and Tropido-

reliably differentiate tuskless specimens from those with
tusks and ⁄ or postcanine teeth. We examine several scenarios
(e.g. anagenesis, sexual dimorphism) that could explain the
observed distinction, but multiple lines of evidence, including stratigraphic range data, suggest that the two morphotypes are regarded best as distinct species. Because O. bainii
specimens have been collected at Tropidostoma Assemblage
Zone localities in the Karoo Basin of South Africa, the first
appearance of O. bainii can no longer be used to define the
base of the Cistecephalus Assemblage Zone and Oudenodonbased correlations with other basins should be made with
caution.

stoma microtrema are remarkably similar in most aspects of
their morphology. The most obvious distinguishing feature
is the presence of tusks and ⁄ or postcanine teeth in T.
microtrema and their absence in O. bainii. However, some
specimens of T. microtrema lack tusks or postcanine teeth.
This variability raises the possibility that O. bainii and
T. microtrema are not distinct species, but rather endpoints
on a morphological continuum. Resolution of this uncertainty is necessary because both species play important roles
in Upper Permian terrestrial biostratigraphy. Here we
address this issue using several types of data. Our results
show that the bone histology of T. microtrema is comparable
with that of O. bainii, emphasizing their similarity. However,
a geometric morphometric analysis of snout shape and a
traditional morphometric analysis of skull dimensions can

Key words: biostratigraphy, bone histology, Karoo Basin,
morphometrics, Oudenodon bainii, Permian, Tropidostoma
microtrema.

The Anomodontia and their subclade, the Dicynodontia,
were a particularly diverse and abundant therapsid group
that arose during the Middle Permian and became dominant terrestrial herbivores by the end of that period.
They were also among the most successful non-mammalian therapsids in terms of temporal longevity, abundance
and continental distribution. Owing to their wide distribution, dicynodonts have been used in biostratigraphic
correlations between basins in Africa, North America,
South America, India, China, Russia, Antarctica and Europe (e.g. Anderson and Cruickshank 1978; Cruickshank
1986; Hancox and Rubidge 1996, 2001; Lucas 1998, 2002,
2004; Ray 2001; Golubev 2005; Rubidge 2005), and are
particularly important in the biostratigraphy of the Karoo
Basin of South Africa. Several dicynodonts are used as
indicators for the assemblage zones of the South African
Beaufort Group (Rubidge 1995); thus, it is essential that
their taxonomy is correct.

Tropidostoma microtrema is a medium-sized dicynodont
(150–270 mm skull length) found in the Upper Permian
Teekloof Formation (Tropidostoma Assemblage Zone),
Beaufort Group of the Karoo Basin (Text-fig. 1). It was
first described by Seeley (1889) in a study in which he described, among other fossils, two specimens he named Dicynodon microtrema (based on an occiput and posterior
part of a skull) and Tropidostoma dunni (based on the posterior part of a skull). Broom (1915) later suggested that
the two species were synonymous and indicated that they
should both be assigned the name Tropidostoma microtrema. The cranium of T. microtrema traditionally has been
characterized by: the variable presence of tusks; the presence of postcanine teeth on the alveolar border behind the
tusks (or caniniform process in the absence of tusks); palatal premaxillary ridges; large palatines with a bulbous
anterior region containing bony irregularities; a vomer
bearing a sometimes short trough along the ventral edge; a
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long interpterygoid vacuity; bosses on the nasals; a pinched
intertemporal region where the rounded postorbitals overlie the parietals; a furrow between the raised upper edges
of the postorbitals and the parietals behind the pineal
opening; a dentary table with a shallow trough and teeth; a
posterior dentary sulcus, and a deep median symphysial
trough (Seeley 1889; Broom 1932; Watson 1948; Cluver
and King 1983; King 1988). There is a striking resemblance
between T. microtrema and the similar-sized Late Permian
dicynodont Oudenodon bainii Owen, 1860 (100–300 mm
skull length), which has caused numerous difficulties in
reliably distinguishing these taxa using traditional characters. Although previous comparisons between the two taxa
noted that O. bainii lacks maxillary tusks and postcanine
teeth, has a more blade-like ventral edge on the vomer and
a flatter intertemporal region with straighter postorbitals
than T. microtrema (Keyser 1975; Cluver and Hotton 1981;
Cluver and King 1983), these differences are inconsistent
and subject to individual variation and preservational
effects. Moreover, several features that characterize T. microtrema may change through ontogeny, further complicating the problem. For example, Seeley (1889) indicated
that the postcanines in T. microtrema were lost with age,
and in some cases the tooth socket itself also disappeared,
leaving no evidence that postcanine teeth had been present
at any stage.
The biostratigraphical ranges of the species also overlap
(Text-fig. 1), further compounding the problem. Oudenodon bainii is commonly reported from the Cistecephalus
and Dicynodon assemblage zones of South Africa (Rubidge 1995), but has also been recovered from the underlying
Tropidostoma Assemblage Zone (see Appendix). Thus, it
would be difficult to distinguish between a completely
edentulous T. microtrema specimen and an O. bainii specimen from the Tropidostoma Assemblage Zone. Given
this state of affairs, it is not surprising that authors have
expressed frustration: ‘Although Tropidostoma … and
Oudenodon are clearly related, it is not possible at this
stage to determine the exact relationships of the … genera’ (Cluver and King 1983, p. 218).
The true distributions of characters purported to distinguish T. microtrema from O. bainii must be clarified if
their taxonomy is to be clearly understood. This problem is
especially significant because both species play important
roles in the biostratigraphy of the Karoo Basin (e.g. Rubidge 1995; Keyser and Smith 1977–78), and are often used for
making correlations between the Karoo and other basins
(e.g. Jacobs et al. 2005). Because traditional morphological
methods have been unsuccessful in solving the problem,
we use several new approaches in this study, including
bone histological analysis, examination of discrete-state
morphological characters, and ‘traditional’ and geometric
morphometric analyses to clarify whether O. bainii and
T. microtrema can be consistently differentiated.

T E X T - F I G . 1 . Biostratigraphy of the Karoo Basin showing the
relevant assemblage zones (biozones) pertaining to this study
and the ranges of O. bainii and T. microtrema (indicated by
solid lines). Abbreviations: Csn, Changhsingian; Fm, Formation;
Wn, Wordian.

Institutional abbreviations. AMNH, American Museum of
Natural History, New York, USA; BMNH, Natural History
Museum, London, UK; BP, Bernard Price Institute for Palaeontological Research, Johannesburg, South Africa; CGP, Council
for Geosciences, Pretoria, South Africa; MAL, Malawi Department of Antiquities, Lilongwe, Malawi; PIN, Paleontological
Institute, Moscow, Russia; RC, Rubidge Collection, Wellwood,
Graaff-Reinet, South Africa; SAM, Iziko: South African Museum,
Cape Town, South Africa; TM, Transvaal Museum, Pretoria,
South Africa; UCMP, University of California Museum of
Paleontology, Berkeley, USA; UMZC, University Museum of
Zoology, Cambridge, UK.

TAXONOMIC NOTE
In his original description of Oudenodon, Owen (1860)
used the spelling bainii for the epithet of the type species.
Since that time, however, both the original spelling and
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the spelling baini have appeared frequently in the literature, and both refer to the same entity. For example, the
spelling baini was used in the important contributions of
Broom (1932), Toerien (1953), Keyser (1975), Cluver and
Hotton (1981) and Cluver and King (1983), but King
(1988) used bainii in the most recent monographic treatment of dicynodonts. We have found no compelling reason to use the spelling baini instead of bainii; indeed the
latter spelling is correct under Article 33.4 of the International Code of Zoological Nomenclature. Therefore we
use Owen’s spelling throughout this work.

MATERIAL AND METHODS
Taxon sampling. A total of 100 specimens were included
in this analysis, of which four were used in the histological study and 81 were used in the morphometric analyses
(Appendix). We assigned specimens to T. microtrema if
they possessed tusks and ⁄ or postcanine teeth because
these features were the most obvious diagnostic characters
for the species, and other purported diagnostic characters
proved problematic or difficult to assess consistently (see
below). Edentulous specimens were assigned to O. bainii.
Our assignments for all specimens were based on our personal observations, and did not take into account previous identifications. Based on our criteria, 66 specimens
represent O. bainii and 32 represent T. microtrema. The
remaining two specimens in the dataset, PIN 4678 ⁄ 2 and
PIN 4678 ⁄ 3, are the holotypes of Australobarbarus kotelnitschi and A. platycephalus, respectively. Australobarbarus
is known from the Upper Permian of European Russia
(Kurkin 2000), and has been identified as the sister taxon
of Tropidostoma in recent phylogenetic analyses (Angielczyk and Kurkin 2003a, b). Given that Australobarbarus
and Tropidostoma are very similar in many respects, we
included these specimens in our analysis to provide a
preliminary assessment of whether Australobarbarus
represents a distinct taxon. Other holotypes included in
the dataset are BMNH 36232 (O. bainii), BMNH R866
(T. dunni), BMNH R868 (Dicynodon microtrema; now the
holotype of T. microtrema), SAM-PK-747 (D. cavifrons),
SAM-PK-1886 (O. kolbei), SAM-PK-2356 (D. rogersi),
SAM-PK-7850 (D. curtus), SAM-PK-11319 (D. parabreviceps), TM 249 (Cteniosaurus platyceps), TM 250 (D. acutirostris) and TM 252 (D. validus). Most of these species
are thought of as potential synonyms of O. bainii or
T. microtrema (Lydekker 1890; Broom 1915; Keyser
1973a, 1975; Maisch 1999; Angielczyk and Kurkin 2003a)
and our analyses can provide insight into whether these
hypotheses are valid.
The majority of the specimens examined are from
South Africa. In contrast to T. microtrema, which is
known mainly from the Karoo Basin [King’s (1988) speci-
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mens from Zambia referred to D. acutirostris in Drysdall
and Kitching (1963) and Kitching (1963) may represent
an occurrence outside of South Africa; Bond (1973) also
reported the presence of Tropidostoma in Zimbabwe],
Oudenodon or Oudenodon-like specimens have been
recovered from several other southern African basins (e.g.
Haughton 1926; Boonstra 1938; Drysdall and Kitching
1963; Mazin and King 1991; King 1992; Gay and Cruickshank 1999; Jacobs et al. 2005). Our dataset includes
Oudenodon exemplars from Malawi (MAL-108), Tanzania
(UMZC T1281) and Zambia (SAM-PK-11319, SAM-PKK7941), and although the sample of non-South African
specimens is too small to assess quantitatively whether
Oudenodon consists of one broadly distributed species or
several geographically separated species, we can address
whether these specimens fall within the range of variation
observed in South African O. bainii.
Bone histology. The histology of a well-preserved fossil
bone provides important information regarding the
growth, lifestyle and, indirectly, the physiology of an
extinct animal (Enlow and Brown 1956; Enlow 1957;
Chinsamy 1991; Ricqlès et al. 1991). The growth patterns
of numerous non-avian dinosaurs and non-mammalian
synapsids have been described using bone histology (e.g.
Ricqlès 1972, 1974, 1976, 1980, Chinsamy 1990, 1993,
1995; Chinsamy and Rubidge 1993; Reid 1996; Chinsamy
et al. 1998; Horner et al. 1999; Horner 2000; Botha and
Chinsamy 2000, 2004, 2005; Botha 2003; Ray et al. 2004,
2005), and in some cases histological data have allowed
morphologically similar genera to be distinguished from
one another (Botha and Chinsamy 2000).
The bone histology of T. microtrema and O. bainii
was compared in order to highlight potential similarities
and differences in their biology. The bone histology of
O. bainii was examined in a previous multi-element
study (Botha 2003), and a detailed description of this
material will not be repeated here. Instead, the detailed
bone histological descriptions of T. microtrema given in
this study will be compared with the findings from the
earlier study. The T. microtrema material used in the
current analysis includes four limb bones (humerus,
femur, fibula, tibia) belonging to specimen SAM-PKK9960 from the Tropidostoma Assemblage Zone of the
Karoo Basin (Appendix). The limb bones were positively
identified as T. microtrema by their association with two
large, well-preserved, almost complete skulls. Limb bones
were preferentially selected for analysis because they
exhibit the least secondary remodelling in the midshaft
regions and thus, provide the best record of an animal’s
growth (Francillon-Viellot et al. 1990). The thin-sectioning procedure follows that of Botha (2003), and a
detailed description of the methodology is presented
there.
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Qualitative morphological comparison. The cranial morphologies of T. microtrema and O. bainii were described
in detail by Keyser (1973a, 1975), and this work was
supplemented by Cluver and Hotton (1981) and Cluver
and King (1983). Other noteworthy older descriptions of
the skulls of these taxa include Broom (1901, 1912),
Broili and Schröder (1936) and Watson (1948). Because
of these works, a detailed morphological description of
the crania of each genus will not be repeated here.
Instead, we concentrate on the specific morphological differences between T. microtrema and O. bainii that were
noted in earlier studies. Most of the cranial differences
that have been documented between the two taxa concern
the maxillary, prefrontal, frontal, intertemporal, postorbital and dentary regions of the skull, and our comparative
work focused on these areas.
The postcranial morphology of O. bainii has been described in some detail by various authors at different times
(Broom 1901; Watson 1917, 1960; DeFauw 1986), but
that of T. microtrema has received less attention (Watson
1960). Watson (1960) included some comparisons
between the two taxa, and additional similarities and differences can be distilled from character state codings in
recent phylogenetic analyses that included both species

(Angielczyk 2001; Angielczyk and Kurkin 2003a, b; Surkov et al. 2005). In our experience, the postcranial material of the two species is generally very similar, and our
comparisons focused on differences documented by ourselves or others.
‘Traditional’ morphometric analysis. In addition to examining variation in discrete-state morphological features,
we also used two morphometric analyses to investigate
whether O. bainii and T. microtrema can be distinguished
consistently. The first of these analyses was a ‘traditional’
morphometric analysis based on linear measurements.
We took a series of 30 linear measurements (Textfig. 2; Appendix) on 50 of the South African skulls in our
dataset. Thirty-seven of the specimens were identified as
O. bainii; the remaining 13 specimens were identified as
T. microtrema. We focused on South African specimens
in this stage of the study because all of our T. microtrema
material was collected in the Karoo Basin, and this is the
only basin in which both species are positively known to
occur. A number of South African specimens used in
other stages of the study were not included here because
their incompleteness precluded most measurements from
being made. Of the 30 measurements, ten were bilaterally

Measurements used in the ‘traditional’ morphometric analysis shown on a generalized Tropidostoma microtrema skull
in A, dorsal, B, ventral, C, occipital, and D, lateral views. Drawings modified from Keyser (1973a).

TEXT-FIG. 2.
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symmetrical; in these cases, measurements were made on
both sides of the skull and the average was used in subsequent statistical analyses. Measurements were made with
digital calipers to an accuracy of 0Æ5 mm, and for consistency all of the measurements were made by one of us
(JB). All measurements were log transformed before
analysis.
Despite focusing on relatively complete specimens, the
resulting dataset included missing data. For example,
some non-symmetric measurements could not be made
on all specimens because of damage, and in other cases a
bilaterally symmetric measurement could be made on
only one side of the skull, or neither side. When only one
bilaterally symmetric measurement was available for a
specimen, we simply used that measurement in the final
dataset instead of an average. To fill in the rest of the
missing data, we used the multiple imputation procedure
described by King et al. (2001).
Multiple imputation is based on creating a series of
complete datasets in which the observed values are the
same, but each missing value is filled in with different
imputations that reflect uncertainty levels for that particular datum. A maximum likelihood model is used to generate the estimated (imputed) values. The model used
here is based on the Expectation-Maximization model
(EM; Dempster et al. 1977), which estimates missing values based on the covariance matrix of all characters, but
includes importance re-sampling to account for estimation uncertainty (King et al. 2001). Statistical analyses are
then performed on all of the datasets, and the estimate of
the quantity of interest (e.g. a regression coefficient) is
the average of all of the individual estimates (King et al.
2001). We generated 100 multiple imputation datasets
using the program Amelia 2.1 (Honaker et al. 2003).
Pooled measurement data from all 50 specimens under
consideration were used in this process, which is conservative because it will tend to increase the similarity of the
two groups of specimens. Approximately 3Æ3 per cent of
the measurements in the completed data matrices were
bilaterally symmetric measurements that could be taken
on only one side of the specimen in question; 9Æ7 per cent
of the measurements were estimated using multiple imputation.
Once the multiple imputation datasets were in hand,
we used three statistical analyses to investigate the differences between the specimens we identified as O. bainii
and T. microtrema. Principal components analysis (PCA)
was used to examine how our variables (measurements)
contributed to patterns of variation among the specimens,
and whether these patterns seemed to correspond to differences between the presumed species. We ran the PCA
on the covariance matrices of our imputed datasets using
SYSTAT 7.0. However, at best the PCA can only provide
a qualitative assessment of potential differences between
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the species. To determine whether a statistically significant difference in skull shape (as quantified by the linear
measurements) existed between the two species, we
ran linear discriminant function analyses and one-way
MANOVAS on our imputed datasets using SYSTAT 7.0.
Geometric morphometric analysis. The first principal
component of the PC analysis of the linear measurement
data accounted for an average of 60 per cent of the variance in the dataset, and all of the measurements had positive loadings on this axis. Furthermore, some of the
loadings varied significantly from others. Together, these
results suggest that this axis represents shape differences
associated with size, and that shape does not change isometrically as size increases. Given that our sample
includes a range of differently sized individuals, it would
be useful to account for possible size-related differences
when comparing the species. However, because all of the
linear measurements are influenced by size, it is difficult
to pick one or a subset to use as covariates in the
MANOVAS. To deal with the potential scaling issues, we
undertook a landmark-based geometric morphometric
analysis (e.g. Bookstein 1991, 1996, 1998; Rohlf and Marcus 1993; Rohlf 1998; Zelditch et al. 2004), which allows
size and shape to be treated independently. We focused
on the shape of the snout in lateral view in this analysis
because landmarks in the snout region tended to be
among the easiest to digitize across a range of preservational styles, and the shape of the snout in O. bainii and
T. microtrema appeared to be qualitatively different (compare Keyser 1973a, fig. 2 with Keyser 1975, fig. 9).
We digitized two-dimensional landmarks on digital
images of a total of 68 specimens using TpsDig 1.39
(Rohlf 2003a). Each specimen was photographed in lateral view, with the specimen orientated so that the plane
formed by the external surface of the snout was parallel
to the lens of the camera. The specimens were positioned
so that the antorbital region of each occupied a consistent
area within the camera’s viewfinder, and a ruler was
included in each photograph to record the sizes of the
specimens. Forty-six specimens represented O. bainii, 20
represented T. microtrema and two represented Australobarbarus. A series of eight landmarks could be digitized
on all 68 specimens, and one additional landmark could
be digitized on a subset of 63 specimens (45 O. bainii, 17
T. microtrema, one Australobarbarus). Landmark positions
are shown in Text-figure 3, and all are Type 1 or Type 2
landmarks in Bookstein’s (1991) classification. Both the
eight landmark and the nine landmark datasets included
the Oudenodon specimens from Malawi, Tanzania and
Zambia. All of the landmarks are bilaterally symmetrical,
and when possible we digitized landmarks on both the
left side of the skull and a reversed image of the right side
of the skull. The coordinates for each pair of landmarks
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T E X T - F I G . 3 . Landmarks used in the geometric morphometric
analysis shown on a generalized snout of Tropidostoma
microtrema. Landmarks 1–8 were digitized on all 68 specimens
included in the geometric morphometric analysis, whereas
landmark 9 was digitized on a subset of 63 specimens. See text
for details. Drawing modified from Keyser (1973a).

were then averaged, and these averages were used in subsequent analyses. However, taphonomic problems such as
incomplete exposure of the bone surface or post-mortem
damage to the snout prevented us from digitizing both
sides of the skull in some specimens. For consistency, all
specimens were digitized by one of us (KDA).
After the landmark coordinates were archived, the configurations of landmarks for all specimens were superimposed using a generalized least squares, or Procrustes,
superimposition (Rohlf 1990; Bookstein 1991) in the program CoordGen 6d (Sheets 2002). Following superimposition, shape differences among the specimens can be
described as distances between their corresponding landmark configurations in the multidimensional space
known as Kendall shape space (e.g. Bookstein 1991, 1996,
1998; Rohlf 1998; Zelditch et al. 2004). However, because
Kendall shape space is non-Euclidean, traditional statistics
cannot be carried out on shapes in this space. To deal
with this problem, the positions of the shapes are projected into a multidimensional Euclidean plane tangent to
the curved shape space. This projection allows standard
statistics to be applied in analyses of the differences
between the shapes, but these can introduce distortion if
the distances between the specimens in the curved shape
space are very large. We used the program TpsSmall 1.20
(Rohlf 2003b) to calculate the correlation between the distances from each specimen’s configuration to the mean
configuration of all specimens in shape space and the
equivalent distances in the tangent plane (with higher
correlations implying less distortion).
Procrustes superimposition produces 2K shape variables (where K is the number of landmarks) for twodimensional data such as ours (e.g. Bookstein 1998;
Zelditch et al. 2004). However, the superimposition process removes four degrees of freedom from the data,
resulting in a mismatch between the number of degrees

of freedom and the number of variables. To avoid this
redundancy among shape variables and to preserve the
correct number of degrees of freedom for the statistical
tests, we carried out all of the following analyses using
partial warp and uniform component scores except where
otherwise noted. Partial warp and uniform component
scores describe shape differences between specimens in a
dataset and a reference shape, in this case the shape of
the mean specimen in the dataset. The two uniform components describe variation that represents uniform (or affine) transformations of shape. Partial warp scores (10 for
the eight-landmark dataset, 12 for the nine-landmark dataset) are shape variables that describe progressively more
localized, non-uniform shape variation. Together the partial warp and uniform component scores can be thought
of as geometrically orthogonal coordinate axes for the
region of the tangent plane inhabited by the specimens in
question (e.g. Bookstein 1989, 1996, 1998; Rohlf 1998).
They are convenient in the current context because they
are based on distances in the plane tangent to shape
space, but also consist of the proper number of variables
for the available degrees of freedom (e.g. Bookstein 1998;
Rohlf 1998; Zelditch et al. 2004).
Once the geometric morphometric data were compiled,
we assessed the relationship between snout shape and size
in two ways. First, we performed a multivariate regression
of the partial warp and uniform component scores of the
specimens on centroid size, a measure of scale calculated
as the square root of the summed squared distances from
each landmark to the centre (centroid) of the landmark
configuration. However, the regression model assumes
that size and shape are linearly related. To check this
assumption, we conducted a principal components analysis of the covariance matrix of the partial warps and uniform components of our datasets, and then plotted the
scores of specimens on the PC axes against centroid size.
If a strong non-linear relationship between size and shape
exists, the scores should show a roughly parabolic relationship with centroid size on one or more of the axes
that account for a relatively large amount of the variance
in the dataset. The regressions were run in Regress 6k
(Sheets 2003a) and TpsRegr 1.28 (Rohlf 2004), and the
principal component analyses were run in PCAGen 6n
(Sheets 2003b).
Because the regression statistics and the PC analysis
suggested that the relationship between size and shape
was significant and approximately linear except at the
smallest sizes (see ‘Results’), we removed size-dependent
shape differences from the data for one set of our statistical analyses. The Procrustes superimposed landmark
coordinates were regressed against centroid size, and the
residuals for each specimen were obtained. The residuals
for the specimens were then added to the shape predicted
by the regression at a standard size, essentially modelling
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the shape of each specimen in the dataset at that size
(Zelditch et al. 2004). We size-standardized the specimens
at two centroid size values, the mean centroid size for all
the specimens in the dataset and the largest centroid size
in the dataset. We did not size-standardize on the smallest centroid size in the dataset because the linear relationship between size and shape appeared to break down at
that point, leading to potential inaccuracies in the modelled shapes predicted by the regression model. All of the
specimens were standardized using a single regression
model because a MANOVA run on the partial warp and
uniform component scores showed that a significant
interaction between size and species did not exist, implying that the regression slopes for the two species were
the same. Size-standardization was carried out using the
program Standard 6 beta (Sheets 2001).
After generating the size-standardized datasets, we used
three statistical analyses to investigate the differences in
snout shape between the specimens we identified as
T. microtrema and O. bainii. PCA was used to examine
the main patterns of variation in the data, and canonical
variates analyses (CVA) and one-way MANOVAS were
used to determine whether T. microtrema and O. bainii
had significantly different snout shapes. When conducting
the MANOVAS, we ran two analyses, the first based on
partial warp and uniform component scores, and the second based on partial Procrustes distances between specimens using Goodall’s F-test (Goodall 1991). The other
tests used only the partial warp and uniform component
scores. Finally, we generated 900 bootstrapped datasets
and calculated Goodall’s F for these data to gain insight
into whether our observed MANOVA results were likely
to be obtained by chance.
All statistical analyses were run on both the size-standardized and the size-non-standardized data from the
eight-landmark and nine-landmark datasets. Furthermore,
two permutations were examined for each dataset, one
with the Australobarbarus specimen(s) included in the
Tropidostoma group and one with the Australobarbarus
specimen(s) excluded from the analysis. The PCAs were
carried out in PCAGen 6n (Sheets 2003b). CVAGen 6j
(Sheets 2003c) was used for the CVAs and the MANOVAS based on the partial warp and uniform component
scores, and the MANOVAS based on the partial Procrustes distances were run in TwoGroup 6h (Sheets 2003d).
As noted above, the main criteria used in identifying
specimens as T. microtrema or O. bainii for the morphometric analyses were the presence or absence of teeth and
tusks, and the analyses described so far have the potential
to elucidate whether the tusked and ⁄ or toothed specimens
have snout shapes that differ from those of the edentulous specimens. However, both toothed and edentulous
specimens co-occur in the Tropidostoma Assemblage
Zone, raising the possibility that some of the specimens
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assigned to O. bainii might actually represent T. microtrema (if, for example, the presence of tusks or postcanine
teeth was a sexually dimorphic feature in T. microtrema).
To address this issue, we made a series of additional
comparisons between the presumed species using specimens that had been binned according to their stratigraphic occurrence. For these analyses, we focused on the
subset of South African specimens in the geometric
morphometric datasets that had reliable locality information (54 specimens in the eight-landmark dataset, 51 specimens in the nine-landmark dataset). Three main
comparisons were made. First, we compared all of the
O. bainii specimens from the Tropidostoma Assemblage
Zone with all from overlying zones. If these represent the
same species, the two groups of specimens should have
statistically indistinguishable snout shapes. Second, we
compared all of the T. microtrema specimens with all of
the O. bainii specimens from the Tropidostoma Assemblage Zone. If the specimens belong to two distinct species, they should have significantly different snout shapes.
Finally, we compared all of the T. microtrema specimens
with all of the O. bainii specimens from the postTropidostoma Assemblage Zone. We expected these groups
of specimens to be statistically distinct, but this test provides a useful standard to which the first two tests can be
compared. In each case, the groups of specimens were
evaluated using CVA and one-way MANOVAS on the
partial warp and uniform component scores, as well as
one-way MANOVAS on the partial Procrustes distances
between specimens. We also generated 900 bootstrapped
datasets and calculated Goodall’s F for these data to gain
insight into whether our observed MANOVA results were
likely to be obtained by chance. All of the tests were run
using size-non-standardized data, as well as data taken
from each of the two size-standardized datasets.

RESULTS
Bone histology
Based on the large size of both skulls (SAM-PK-K9960),
the clear muscle scars and the well-finished bone surfaces,
the limb bones used for the histological analysis most
likely represent adult individuals.
Humerus. In transverse section the humerus (SAM-PKK9960A) consists of a thick cortex and distinctly small
medullary cavity. The bone tissue consists of moderately
vascularized fibro-lamellar bone with abundant longitudinally to radially orientated primary osteons (Text-fig. 4A).
The osteocyte lacunae are globular in shape. The bone tissue becomes poorly vascularized parallel-fibred bone at the
periphery, with fewer osteocyte lacunae in this region.
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Transverse sections of various limb bones showing the bone histology of Tropidostoma microtrema (SAM-PK-K9960).
The overall bone tissue pattern consists of moderately vascularized fibro-lamellar bone interrupted by annuli and lines of arrested
growth (LAGs), which becomes parallel-fibred towards the subperiosteal surface. A, humerus, showing two LAGs (arrowheads)
towards the periphery. B, femur, containing an LAG (arrowhead) and two annuli (arrows) in the mid-cortical region, and multiple
LAGs in the peripheral parallel-fibred region (bracket). C, tibia, showing a similar bone tissue pattern to the femur in which the fibrolamellar bone becomes parallel-fibred (bracket); arrows indicate annuli and arrowheads, LAGs. D, fibula, showing large resorption
cavities and two LAGs (arrowheads) towards the periphery of the bone. Scale bars represent 250 lm.

TEXT-FIG. 4.

Two lines of arrested growth (LAGs) are observed towards
the periphery, the outer one within the parallel-fibred
bone tissue (Text-fig. 4A). Compacted coarse cancellous
bone surrounds the medullary cavity and a thin layer of
endosteal circumferential lamellae (external to the coarse
cancellous bone) partially surrounds the medullary cavity.
Femur. Loose trabeculae are observed within the medullary cavity of the femur (SAM-PK-K9960B). The bone tissue in the peri-medullary and midcortical regions consists
of moderately vascularized longitudinally orientated primary osteons, whereas the more external tissue is parallelfibred bone (Text-fig. 4B). This parallel-fibred bone
region is poorly vascularized and contains either radially
or longitudinally orientated simple canals, and few
primary osteons are observed here. The LAGs become
multiple (i.e. many close together) in the parallel-fibred
bone. The parallel-fibred region is more extensive than
that of the humerus. Secondary osteons are absent.
Tibia. A thin region of compact tissue surrounds the medullary cavity of the tibia (SAM-PK-K9960C), which is filled

with many small trabeculae. Numerous resorption cavities
are observed in the perimedullary region. Longitudinally
orientated primary osteons in the fibro-lamellar bone tissue
become simple canals towards the periphery where the
tissue becomes poorly vascularized parallel-fibred bone.
The parallel-fibred region contains annuli and LAGs, which
become multiple in places (Text-fig. 4C).
Fibula. There is very little compact tissue in the fibula
(SAM-PK-K9960D). Most of the bone consists of trabeculae, and resorption cavities extend to the periphery of the
bone. Primary and secondary osteons are randomly distributed throughout the tissue and two LAGs are observed
at the periphery in a narrow parallel-fibred region (Textfig. 4D).
Interpretation. The overall bone histology pattern of
T. microtrema consists of rapidly deposited fibro-lamellar
bone, interrupted by annuli or LAGs indicating cyclical
growth. However, the bone tissue changes to slowly
deposited parallel-fibred bone towards the periphery of
each element. The appearance of parallel-fibred bone may
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represent the onset of sexual maturity, as has been
observed in extant animals (Castanet and Baez 1991) and
previously suggested for therapsids such as Procynosuchus
(Ray et al. 2004), Thrinaxodon (Botha and Chinsamy
2004) and O. bainii (Botha 2003). The overall bone tissue
of Oudenodon consists of rapidly deposited fibro-lamellar
bone, with laminar to longitudinally orientated primary
osteons, interrupted by annuli and LAGs. Parallel-fibred
bone is also present in older individuals, as mentioned
above. Sharpey’s fibres were also prominent in several
femora and fibulae (Botha 2003). Although there are
slight differences in the bone tissue patterns of T. microtrema and O. bainii (such as the presence of a laminar
organization in O. bainii and its absence in T. microtrema, and the prominence of Sharpey’s fibres in Oudenodon), their bone tissue organization is remarkably similar,
indicating a distinct similarity in their growth patterns,
and possibly their responses to the environment. For
example, the presence of cyclical growth suggests sensitivity to seasonal fluctuations (Hutton 1986). As both taxa
exhibit rapidly forming fibro-lamellar bone interrupted by
annuli and ⁄ or LAGs, with parallel-fibred bone at the periphery, their bone tissue patterns are virtually indistinguishable from one another and thus bone histology
cannot be used for their differentiation.

Qualitative morphological comparison
The clearest and most cited difference between T. microtrema and O. bainii is the presence of maxillary tusks in
the former species and their absence in the latter. Broom
(1915) was the first to note the presence of maxillary
tusks in T. microtrema in an examination of several
incomplete skulls housed in the BMNH. However, he also
observed that tusks were not always present and suggested
that this was a sexually dimorphic feature, with the
tusked individuals representing males and the tuskless
individuals, females. We found the presence of maxillary
tusks in T. microtrema to be highly variable and not a
reliable diagnostic feature, particularly because some individuals possess only one erupted tusk (Text-fig. 5A).
Broom (1915) was also the first to note the presence of
what he termed postcanine ‘molars’ on the alveolar border posterior to the maxillary tusks or caniniform processes (Text-fig. 5B). He speculated that these teeth became
reduced with age from four teeth to three, two or one,
and were sometimes lost completely with even the sockets
themselves completely disappearing in older individuals.
The loss of the postcanine teeth in older T. microtrema
individuals has since been documented by several authors
(Broom 1932; Keyser 1973a; Cluver and King 1983) and
poses a potential difficulty in distinguishing an adult
O. bainii individual from an old, tuskless T. microtrema
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specimen on the basis of this characteristic. A more practical problem with using the presence or absence of postcanines as a diagnostic feature is the fact that it can be
difficult to ascertain whether teeth are present in poorly
preserved or prepared specimens.
Cluver and King (1983) and King (1988) noted the
presence of a trough on the ventral surface of the vomerine septum in T. microtrema, which contrasts with the
more blade-like septum of O. bainii. Based on our observations, this feature generally seems to be reliable. However, the vomerine septum was frequently not exposed or
poorly preserved in a large proportion of the specimens
we examined, raising the possibility that more variability
may exist in this character than we have noted. For example, SAM-PK-10681 is a tusked specimen that possesses a
relatively narrow septum, but damage to the ventral edge
of the septum makes it difficult to determine whether this
faithfully represents its original morphology.
Keyser (1973a) indicated that the prefrontals in
T. microtrema were slightly thickened, but not to the same
extent as those in O. bainii, which form bosses. However,
the thickening of the prefrontals is in fact highly variable,
as O. bainii specimens have also been found to exhibit flat
prefrontals, with no bosses (Text-fig. 5C). Keyser (1973a)
also indicated that the frontals are more raised in O. bainii
than in T. microtrema. However, similar to the thickened
prefrontals, the condition of the frontals is variable and
depends largely on the extent of distortion or flattening of
the dorsal region of the skull.
The intertemporal region of T. microtrema has been
described as pinched, with the postorbitals overlying the
parietals and forming the sides of a deep groove that
courses posteriorly from the pineal foramen (Cluver and
King 1983). In contrast, the intertemporal region of
O. bainii is often thought to be flatter than that of
T. microtrema (Cluver, pers. comm. 2004), and the postorbitals are described as being well separated from each
other by the parietals (Cluver and King 1983). However,
Keyser (1975) noted that the postorbitals in O. bainii also
overlap the parietals (e.g. Keyser 1975, fig. 12). Moreover,
the presence and length of a trough in the intertemporal
region is variable, as is the flatness or narrowness of the
region, and depends largely on the extent of lateral compression and distortion of the postorbitals. For example,
the intertemporal region of the holotype of T. dunni
(BMNH R866, Text-fig. 5D) is narrower than the holotype of T. microtrema (BMNH R868, Text-fig. 5E), but
the former specimen is also clearly laterally compressed
(Angielczyk 2001). Likewise, lateral compression will
make the postorbitals seem to be closer together, with a
narrower exposure of the parietals, than in an undistorted
specimen.
A second difference between the skulls of O. bainii and
T. microtrema that seems consistent is the presence of
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T E X T - F I G . 5 . Morphological comparison of Oudenodon bainii and Tropidostoma microtrema crania. A, T. microtrema (SAM-PKK6742) in palatal view, showing a single maxillary tusk. B, T. microtrema (SAM-PK-K8633) in palatal view, showing unbroken, sharp
postcanines. C, O. bainii (SAM-PK-11141) in dorsal view, showing weakly developed nasal and prefrontal bosses. D, holotype of
T. dunni (BMNH R866) in dorsal view. E, holotype of T. microtrema (BMNH R868) in dorsal view. Scale bars represent 20 mm.

teeth on the dentaries of T. microtrema and their absence
in O. bainii. However, we have only observed eight
T. microtrema lower jaws [BMNH R4048, R6963, SAMPK-2356, K1638, K8633, K9960 (· 2), UMZC T386], and
the dorsal surfaces of the dentaries are not exposed in all
of these specimens. Therefore, it is possible that dentary
teeth were only sometimes present in T. microtrema, similar to the maxillary postcanines, and their apparently
consistent appearance is simply an artefact of sampling.
Previous authors who have compared the postcranial
skeletons of T. microtrema and O. bainii have generally
found them to be quite similar. For example, Watson
(1960) did not note any major differences in his limited
comparisons, and even emphasized similarities in the pectoral girdles of the two taxa. Likewise, Angielczyk (2001)
and Angielczyk and Kurkin (2003a, b) coded the operational taxonomic units (OTUs) Tropidostoma and Oudenodon identically for all of the postcranial characters in their

analyses. In contrast, Surkov et al. (2005) coded the two
taxa differently for seven of their 18 postcranial characters.
Their analysis is additionally interesting in that they mistook a specimen of Oudenodon for Pelanomodon [BMNH
R4067 is the holotype of Dicynodon halli Watson, 1914,
which Keyser (1975) synonymized with O. bainii, not
Pelanomodon halli Broom, 1950; the holotype of the latter
species is RC 98]. In so doing, they inadvertently provided
two sets of codings for O. bainii, providing some insight
into intraspecific variation in that species.
The differences between O. bainii and T. microtrema
noted by Surkov et al. include (1) shallower angle
between the odontoid and the longitudinal axis of the
axis centrum in Tropidostoma; (2) three sacral vertebrae
in Tropidostoma, compared with 4–5 in Oudenodon; (3)
narrower upper two-thirds of the scapula in Tropidostoma; (4) higher degree of ossification of the posterodorsal corner of the scapula in Oudenodon; (5) stronger
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development of the supracetabular buttress in Oudenodon;
(6) more strongly developed femoral head in Oudenodon;
and (7) more expanded greater trochanter in Oudenodon.
However, their coding of characters 3, 5 and 7 varies
between the two Oudenodon OTUs in their analysis. Our
first-hand observations allow us to comment on differences 2, 3, 6 and 7.
Differing counts of sacral vertebrae exist in the literature for O. bainii and T. microtrema. Broom (1901),
DeFauw (1986), Angielczyk (2001) and Angielczyk and
Kurkin (2003a, b) all stated that five sacrals are present
in Oudenodon (although Broom’s 1901 description is
probably based on a specimen of Kingoria; Cluver and
Hotton 1981; King 1988). By contrast, Watson (1960)
stated that four are present, and the coding of Surkov
et al. (2005) suggests that either four or five sacrals may
be present. Surkov et al. (2005) suggested that three sacrals are present in Tropidostoma, whereas Watson (1960)
stated that there were four, and Angielczyk (2001) and
Angielczyk and Kurkin (2003a, b) coded this taxon as
having five sacrals. All of the Oudenodon pelves we have
observed (e.g. AMNH 5300, 5313, 5635, BMNH R4067,
BP ⁄ 1 ⁄ 749) are imperfectly preserved or exposed, but
they show the definite presence of at least four sacral
vertebrae. However, there is evidence of a fifth sacral in
BP ⁄ 1 ⁄ 749, which has smaller, anteriorly directed sacral
ribs and could easily be mistaken for a caudal vertebra if
the ribs were damaged or missing. A similar condition is
present in Kingoria (see, e.g. Cox 1959, fig. 14). Breaks
on the first ‘caudal’ vertebra of BMNH R4067 are suggestive of it once having had a similar morphology, and
the four sacral rib facets in this specimen do not entirely
cover the medial side of the ilium. Instead, a small space
is left at the rear of the ilium, which potentially could
have been contacted by a small, fifth sacral rib. Based on
these specimens, we suggest that Oudenodon probably
had five sacral ribs, although we acknowledge that none
of the material we have examined is completely decisive.
Alternatively, Oudenodon individuals may have varied in
the number of sacral vertebrae they possessed, although
similar variation has not been noted in other dicynodonts.
We have only studied one informative Tropidostoma
ilium, BMNH R1699. This specimen preserves the lateral
portions of four large sacral ribs in articulation with the
medial side of the ilium. Posterior and slightly dorsal to
the last sacral rib, a small depression is present on the
medial side of the ilium. Angielczyk and Kurkin (2003a,
b) interpreted this as a potential facet for a small fifth
sacral rib, and coded Tropidostoma accordingly. We follow this interpretation here as well, although the specimen is somewhat equivocal. Regardless of how the
difficulties noted here and above are resolved (i.e. four
large sacrals only, or four large sacrals and one small
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sacral), it appears likely that O. bainii and T. microtrema
probably shared the same number of sacral vertebrae.
The coding of Surkov et al. (2005) suggests that the
scapula of Oudenodon is sometimes wider than that of
Tropidostoma, but that some overlap exists between the
taxa. This agrees well with our observations of the scapulae of the two taxa (Text-fig. 6A–B). Moreover, in comparing the width of the dorsal end of the scapula with its
width just above the acromion process, we found that the
scapulae of T. microtrema tended to be proportionally
slightly narrower at the base compared with those of
O. bainii. These may represent real, but subtle, differences
between the species, but a more confident assessment of
variation is impossible without a larger sample of scapulae for both species.
Surkov et al. (2005) also stated that the femoral head
and greater trochanter are more weakly developed in
T. microtrema than in O. bainii. We have only observed
one T. microtrema femur (SAM-PK-K9960), and the head
and greater trochanter are slightly less developed than in
some O. bainii specimens. However, both of these features show some degree of variation in O. bainii, and can
also be affected by preservation (Text-fig. 6G–J). With
this in mind, we suggest that if the two species differed in
these characters, the differences were minor, and both
O. bainii and T. microtrema were more similar to each
other than either was to basal dicynodonts such as
Robertia broomiana (King 1981) or specialized forms such
as Kingoria (Cox 1959; King 1985; DeFauw 1986).
In addition to these features, we found three other
minor differences between the postcranial skeletons of
O. bainii and T. microtrema. First, on average, the deltopectoral crest is slightly longer relative to the length of
the humerus (as measured from the head to the depression between the trochlea and capitellum) in O. bainii
than in T. microtrema (Text-fig. 6C–D; also see Surkov
et al. 2005). Second, the anterior iliac process is slightly
longer on average relative to the total length of the ilium
in T. microtrema (Text-fig. 6E–F). Finally, the posterior
iliac process is slightly shorter on average relative to
the total length of the ilium in T. microtrema than in
O. bainii (Text-fig. 6E–F). However, some variation exists
among O. bainii specimens for each of the features, and it
is possible that the two species would form more of a
continuum of variation if a greater amount of postcranial
material were known for T. microtrema.

‘Traditional’ morphometric analysis
The results of the ‘traditional’ morphometric analysis are
summarized in Table 1. When all of the multiple imputation datasets were considered together, the first three
principal component axes explained approximately 72 per
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Comparison of postcranial skeletons of Tropidostoma microtrema and Oudenodon bainii. A, right scapula and
coracoids of T. microtrema (SAM-PK-K9960) in lateral view. This specimen lacks an acromion process but a broken surface on the
anterior edge of the scapula indicates that it was originally present. B, right scapula and coracoids of O. bainii (BMNH R4067) in
lateral view. C, right humerus of T. microtrema (SAM-PK-K9960) in dorsal view. D, left humerus of O. bainii (BMNH R4067) in
dorsal view. E, right ilium of T. microtrema (BMNH R1699) in lateral view. F, left ilium of O. bainii (AMNH 5300) in lateral view. G,
right femur of T. microtrema in anterior view. H, right femur of O. bainii (BMNH R4067) in anterior view. I, left femur of O. bainii
(BMNH R4067) in anterior view. J, left femur of O. bainii (AMNH 5300). Note how preservation can affect the morphology of the
femoral head and greater trochanter in O. bainii. It is slightly better defined in the right femur on BMNH R4067 than in the left, but
the greater trochanter is similar in both. AMNH 5300 is more poorly preserved, and both the femoral head and the greater trochanter
appear smaller and more weakly defined. See text for details. Scale bars in each panel represent 20 mm.
TEXT-FIG. 6.

cent of the variance in the datasets on average. The majority of this variance (c. 60 per cent on average) was
explained by PC 1. As noted above, this axis appears to
represent variation related to size, which is not surprising
given that our dataset included specimens with a wide

range of skull sizes. Typically the mean specimens of
O. bainii and T. microtrema showed some separation
on this axis (Text-fig. 7), reflecting the fact that the
T. microtrema specimens tended to be slightly smaller (e.g. average snout-occiput length for T. microtrema ¼
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sets, respectively. The variables that showed high loadings
on these components varied slightly from dataset to dataset, as did the amount of separation between the mean
O. bainii and T. microtrema specimens (Text-fig. 7).
Measurements 16 (maximum length of interpterygoid
vacuity, slightly longer in Oudenodon), 20 (minimum
occipital width, slightly wider in Oudenodon) and 26
(maximum vertical diameter of the external naris, larger
in Oudenodon) tended to have high loadings on PC 2 or
3 when relatively good separation between the species was
observed on these axes. Measurements 6 (maximum temporal fenestra height, measured between the ventral edge
of the quadrate ramus of the pterygoid and the dorsal
edge of the squamosal), 24 (minimum vertical distance
between ventral edge of external nares and alveolar margin), 27 (maximum horizontal diameter of the external
naris), 29 (height of foramen magnum) and 30 (postcaniniform crest length) also frequently had high loadings
on these components, but were not as consistently associated with strong differentiation of the two species. As was
the case with PC 1, the two species showed considerable
overlap on these axes when their entire ranges of variation were taken into account.
The results of the one-way MANOVAS and linear discriminant function analyses indicate that specimens identified as O. bainii and T. microtrema can be distinguished
reliably using linear measurements. The skull shapes
of the two species were significantly different in the
MANOVAS (average Wilk’s k P ¼ 0Æ012; Table 1). Likewise, the discriminant function analysis correctly classified
an average of 98Æ7 per cent of the O. bainii specimens
and 98Æ3 per cent of the T. microtrema specimens (corresponding to an average of 36Æ5 correctly classified O. bainii
specimens and 12Æ8 correctly classified T. microtrema
specimens; Table 1). Examination of the standardized discriminant coefficients showed that measurements 1
(snout-occipital condyle length, longer in Oudenodon), 8
(interorbital width, slightly narrower in Oudenodon), 12
(snout width at the level of the contact between the premaxilla and maxilla on the alveolar margin, wider in
Oudenodon), 13 (secondary palate length, longer in
Oudenodon), 19 (occipital height, taller in Oudenodon)
and 26 (maximum vertical diameter of the external naris,

A

B

T E X T - F I G . 7 . Representative results from the principal
components analyses of linear measurements, from one of the
multiple imputation datasets. A, plot showing principal
component axes 1 and 2. B, plot showing principal components
1 and 3. Filled symbols represent specimens assigned to
Tropidostoma microtrema; open symbols represent those assigned
to Oudenodon bainii. Stars indicate positions of the mean
O. bainii and T. microtrema specimens on the PC axes.
Specimen 1 in A is BP ⁄ 1 ⁄ 788; exclusion of this specimen from
the datasets does not significantly alter the results.

160Æ8 mm, for O. bainii ¼ 174Æ2 mm). Nevertheless, there
was extensive overlap between the species when their entire
ranges of variation were taken into account.
PCs 2 and 3 explained an average of 7 per cent and 5Æ4
per cent of the variance in the multiple imputation data-

Results of ‘traditional’ morphometric analyses using linear measurement data. Percentage of variance explained by the first
three principal components, one-way MANOVA results, and number and percentage of correctly classified specimens in the linear discriminant function analysis are shown. All values are averages from the 100 multiple imputation datasets. Principal components 4 and
higher typically explained less than 5 per cent of the variance in the data. MANOVAS were run using the 30 linear measurements as
dependent variables, and with the categories ‘Oudenodon bainii’ and ‘Tropidostoma microtrema’.

TABLE 1.

Principal components analysis

MANOVA

Discriminant function analysis

PC 1

PC 2

PC 3

Wilk’s k

F

d.f.

P

O. bainii correct

T microtrema correct

59Æ65%

6Æ96%

5Æ36%

0Æ175

3Æ167

30, 19

0Æ012

36Æ49 (98Æ7 %)

12Æ78 (98Æ3%)
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larger in Oudenodon) typically were most important in
discriminating the species.

model to the data. Plots of the specimens’ scores on PCs
1–3 against centroid size (Text-fig. 8) confirmed the adequacy of a linear model of the relationship between size
and shape. A linear relationship between size and shape
existed for PC axis 1, although the smallest specimens
deviated from their predicted shapes, whereas a clear relationship between size and shape was not evident for axes
2 or 3.

Geometric morphometric analysis
Relationship between size and shape. The results of the
geometric morphometric analysis are summarized in
Tables 2–6. The correlation between distances in Kendall
shape space and in the tangent plane varied slightly
depending on the permutation of the dataset considered
(e.g. eight or nine landmarks, Australobarbarus specimens
included or excluded). However, in all cases the correlation coefficient was > 0Æ99999, indicating that the tangent
plane is an accurate approximation of Kendall shape
space. The statistics for the regressions of the shape data
on centroid size also varied from dataset to dataset, but
in all cases showed that the regression model fits our size
and shape data well (Goodall’s F P < 0Æ0001 in all cases,
Wilk’s k P ranged from 0Æ003 to 0Æ019; Table 2). Regressing the shape data against the natural logarithm of centroid size did not greatly improve the fit of the regression

Comparison of species. Typically, the specimens identified
as O. bainii showed some separation from specimens
identified as T. microtrema along PC 1, and to a lesser
degree PC 2, for both the size-non-standardized and sizestandardized datasets (Text-fig. 9). The species were most
clearly differentiated in the datasets that were size-standardized at the largest centroid size, and the main shape
differences in all datasets corresponded to an antero-posterior shortening and slight deepening of the snout in
O. bainii relative to T. microtrema. All of the included
holotype specimens fell within the combined range of
variation of the two species in each of the datasets,
suggesting that referral to O. bainii or T. microtrema is

Statistics for multivariate regression of partial warp and uniform component scores against centroid size for four permutations of the geometric morphometric dataset. All applicable specimens were included in each regression (i.e. individual regressions for
each species were not run)

TABLE 2.

Goodall’s
Dataset
8
8
9
9

landmarks,
landmarks,
landmarks,
landmarks,

A

Australobarbarus
Australobarbarus
Australobarbarus
Australobarbarus

included
excluded
included
excluded

F

d.f.

5Æ142
5Æ463
6Æ110
6Æ083

12,
12,
14,
14,

B

P
792
768
845
840

<
<
<
<

0Æ001
0Æ001
0Æ001
0Æ001

Wilk’s

Rao’s

k

F

d.f.

0Æ655
0Æ658
0Æ543
0Æ546

2Æ417
2Æ296
2Æ885
2Æ788

12,
12,
14,
14,

55
53
48
47

P

Variance
explained

0Æ014
0Æ019
0Æ003
0Æ004

34Æ53%
34Æ20%
45Æ70%
45Æ37%

C

T E X T - F I G . 8 . Plots showing the relationship between centroid size and scores on principal components 1, 2 and 3 in the size-nonstandardized eight-landmark geometric morphometric dataset. A, scores on principal component 1 plotted vs. centroid size. B, scores
on principal component 2 plotted vs. centroid size. C, scores on principal component 3 plotted vs. centroid size. Filled symbols
represent specimens assigned to Tropidostoma microtrema, open symbols represent specimens assigned to Oudenodon bainii; lines are
linear regression lines. Note that although the variance described by principal component 1 does show a linear relationship with size,
the variance described by principal components 2 and 3 shows only a weak relationship (linear or otherwise) with size. Together, these
three principal components explain 62 per cent of the variance in the dataset. Plots of higher principal components against centroid
size are generally similar to B and C.
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A

B

T E X T - F I G . 9 . Representative results from the principal
components analyses of partial warp and uniform component
scores from the eight-landmark geometric morphometric
dataset. A, size-non-standardized data. B, data that were sizestandardized at the largest centroid size. Filled symbols represent
specimens assigned to Tropidostoma microtrema; open symbols
represent those assigned to Oudenodon bainii. Stars represent
positions of the mean O. bainii and T. microtrema specimens on
the PC axes. Numbered specimens are holotypes, geographically
significant specimens, or specimens discussed in the text. 1,
holotype of Australobarbarus platycephalus (Russia); 2, holotype
of A. kotelnitschi (Russia); 3, holotype of O. bainii; 4, holotype
of Dicynodon cavifrons; 5, holotype of O. kolbei; 6, holotype of
D. rogersi; 7, holotype of D. curtus; 8, holotype of
D. parabreviceps (Zambia); 9, holotype of C. platycephalus; 10,
holotype of D. acutirostris; 11, holotype of D. validus; 12, MAL108 (Malawi); 13, UMZC T1281 (Tanzania); 14, SAM-PK-K7941
(Zambia).

probably accurate (i.e. none is likely to belong to other
taxa such as Dicynodon). The Malawian, Tanzanian and
Zambian specimens also fell within the range of variation
observed for O. bainii in each of the datasets, giving a
preliminary indication that Oudenodon specimens from
these regions were not highly dissimilar from South African specimens. Importantly, the two Australobarbarus
specimens were exceptions to this pattern in both the
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eight- and nine-landmark datasets. Usually they were outliers that fell at the margins of or outside the range of
variation for O. bainii and T. microtrema, with PIN
4678 ⁄ 2 (the holotype of A. kotelnitschi) being the more
disparate of the two. The Australobarbarus specimens in
the eight-landmark dataset that was size-standardized at
the largest centroid size fell within the range of variation
of O. bainii, but well away from most of the T. microtrema specimens. The main shape differences between the
two Australobarbarus specimens and the mean specimens
of the other two taxa in the size-non-standardized dataset
are shown in Text-figures 10–11.
When examined using the size-non-standardized eightlandmark dataset, the snout shapes of specimens identified
as O. bainii and T. microtrema are significantly different
(Tables 3–4), although the misclassification rate of the
canonical variates analysis was relatively high for both species (26Æ1 per cent and 21Æ3 per cent of O. bainii and
T. microtrema specimens misclassified, respectively). None
of the 900 bootstrapped datasets had Goodall’s F values
as high as or higher than the observed dataset. Exclusion
of Australobarbarus from the analyses did not strongly
affect the results other than making the MANOVA on the
partial warp and uniform component scores marginally
insignificant. The results for the data that were size-standardized on the mean centroid size were closely comparable with those from the non-standardized dataset. The

A

B

C

D

T E X T - F I G . 1 0 . Stylized left lateral views of dicynodont snouts
showing differences in snout shape quantified by the size-nonstandardized eight-landmark geometric morphometric dataset.
A, mean snout shape of all included specimens assigned to
Oudenodon bainii. B, mean snout shape of all included
specimens assigned to Tropidostoma microtrema except PIN
4678 ⁄ 2 and 4678 ⁄ 3. C, snout shape of PIN 4678 ⁄ 2 (holotype of
Australobarbarus kotelnitschi). D, snout shape of PIN 4678 ⁄ 3
(holotype of A. platycephalus). Shaded area shows the position
of the external naris.
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only noteworthy difference was that 54 of the 900 bootsrapped datasets (6 per cent) possessed Goodall’s F values
as high as or higher than the observed dataset when Australobarbarus was included. Twenty-five of the 900 bootstrapped datasets (2Æ8 per cent) possessed Goodall’s F
values as high as or higher than the observed dataset when
Australobarbarus was excluded. By contrast, size-standardizing on the largest centroid size in the dataset provided
substantially better discrimination between the two species.
The misclassification rate of the CVA was greatly
improved, with only 4–5 per cent of specimens in each
species misclassified depending on whether the Australobarbarus specimens were included or excluded. None of
the 900 bootstrapped datasets had Goodall’s F values as
high as or higher than the observed dataset, regardless of
whether Australobarbarus was included. This improved
performance suggests that the ontogenetic trajectories of
the species may deviate slightly, but non-significantly, at
large size, making them easier to distinguish. Text-figure 10 shows the shape difference between the mean
O. bainii and T. microtrema specimens in the size-nonstandardized eight-landmark dataset.
The addition of the extra landmark in the nine-landmark datasets seemed to capture shape data that were
useful in distinguishing the specimens identified as
O. bainii and T. microtrema (Tables 3–4). When sizenon-standardized data were considered, the snout shapes
of the two species remained significantly different, and
the misclassification rate of the canonical variates analysis
fell (17Æ8 per cent and 11Æ1 per cent of O. bainii and
T. microtrema specimens misclassified, respectively). The
results remained essentially unchanged if the Australobar-

barus specimens were excluded from the analysis. Sizestandardization had a similar effect on the nine-landmark
datasets as it did for the eight-landmark datasets. In general, the two species seemed slightly less distinct when
size-standardized on the mean centroid size, although
only the misclassification rate for T. microtrema increased
in the CVAs. Size-standardizing on the largest centroid
size increased the disparity of the species, and improved
the misclassification rates of the CVAs even further (up
to 2Æ2 per cent of specimens misclassified depending on
whether Australobarbarus was included or excluded).
None of the bootstrapped nine-landmark datasets had
Goodall’s F values as high as or higher than the observed
dataset. Text-figure 11 shows the shape difference between
the mean O. bainii and T. microtrema specimens in the
size-non-standardized nine-landmark dataset.
Comparison of stratigraphically binned specimens. When
the known-locality O. bainii specimens from South Africa
were grouped according to their occurrence in the Tropidostoma Assemblage Zone or an overlying zone, a significant difference in snout shape was not apparent
regardless of whether or not the data were size standardized and whether eight or nine landmarks were used
(Tables 5–6). Between 15Æ6 and 45Æ7 per cent (mean 31Æ2
per cent) of the bootstrapped datasets for these parameter
combinations had Goodall’s F values as high as or higher
than the observed dataset. Somewhat more complicated
results were obtained when the stratigraphically divided
O. bainii specimens were compared with the T. microtrema specimens. In general, the snout shapes of O. bainii
specimens from the post-Tropidostoma Assemblage Zone

Results of one-way MANOVAS based on partial Procrustes distances carried out on different permutations of the geometric morphometric data. Partial Procrustes distance is the distance between the mean Oudenodon bainii specimen and the mean Tropidostoma microtrema specimen in the multidimensional plane tangent to Kendall shape space, with larger distances corresponding to
larger differences between the shapes of the specimens. MANOVAS were run with the categories ‘Oudenodon bainii’ and ‘Tropidostoma
microtrema’. CS ¼ centroid size.

TABLE 3.

Goodall’s

Dataset
8
8
8
8
8
8
9
9
9
9
9
9

landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,

non-standardized, Australobarbarus included
standardized on mean CS, Australobarbarus included
standardized on largest CS, Australobarbarus included
non-standardized, Australobarbarus excluded
standardized on mean CS, Australobarbarus excluded
standardized on largest CS, Australobarbarus excluded
non-standardized, Australobarbarus included
standardized on mean CS, Australobarbarus included
standardized on largest CS, Australobarbarus included
non-standardized, Australobarbarus excluded
standardized on mean CS, Australobarbarus excluded
standardized on largest CS, Australobarbarus excluded

Partial

F

d.f.

4Æ05
2Æ02
11Æ11
5Æ22
2Æ47
20Æ95
8Æ69
6Æ09
13Æ38
9Æ02
5Æ69
13Æ38

12,
12,
12,
12,
12,
12,
14,
14,
14,
14,
14,
14,

792
792
792
768
768
768
854
854
854
840
840
480

P

Procrustes d
distance

> 0Æ001
0Æ020
> 0Æ001
> 0Æ001
0Æ004
> 0Æ001
> 0Æ001
> 0Æ001
> 0Æ001
> 0Æ001
> 0Æ001
> 0Æ001

0Æ078
0Æ054
0Æ125
0Æ089
0Æ060
0Æ249
0Æ111
0Æ090
0Æ133
0Æ113
0Æ087
0Æ134
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Results of one-way MANOVAS and canonical variates analyses based on partial warp and uniform component scores carried out on different permutations of the geometric morphometric data. MANOVAS were run with the categories ‘Oudenodon bainii’
and ‘Tropidostoma microtrema’. CS ¼ centroid size.

TABLE 4.

MANOVA

Canonical variates analysis

Wilk’s

O. bainii
correct

T. microtrema
correct

0Æ024

34 (73Æ9%)

16 (72Æ7%)

12, 55

0Æ067

33 (71Æ2%)

17 (77Æ3%)

15Æ122

12, 55

>0Æ001

44 (95Æ7%)

21 (95Æ5%)

0Æ670

1Æ895

12, 53

0Æ056

34 (73Æ9%)

14 (70Æ0%)

0Æ732

1Æ618

12, 53

0Æ115

34 (73Æ9%)

9 (45Æ0%)

0Æ216

16Æ082

12, 53

> 0Æ001

44 (95Æ7%)

18 (90Æ0%)

0Æ506

3Æ345

14, 48

< 0Æ001

37 (82Æ2%)

16 (88Æ9%)

0Æ541

2Æ914

14, 48

0Æ003

38 (84Æ4%)

15 (83Æ3%)

0Æ193

14Æ372

14, 48

> 0Æ001

44 (97Æ8%)

18 (100%)

0Æ522

3Æ076

14, 47

0Æ002

37 (82Æ2%)

15 (88Æ2%)

0Æ547

2Æ781

14, 47

0Æ004

39 (86Æ7%)

13 (76Æ5%)

0Æ167

16Æ697

14, 47

> 0Æ001

45 (100%)

17 (100%)

Dataset

k

8 landmarks, non-standardized,
Australobarbarus included
8 landmarks, standardized on mean CS,
Australobarbarus included
8 landmarks, standardized on largest CS,
Australobarbarus included
8 landmarks, non-standardized,
Australobarbarus excluded
8 landmarks, standardized on mean CS,
Australobarbarus excluded
8 landmarks, standardized on largest CS,
Australobarbarus excluded
9 landmarks, non-standardized,
Australobarbarus included
9 landmarks, standardized on mean CS,
Australobarbarus included
9 landmarks, standardized on largest CS,
Australobarbarus included
9 landmarks, non-standardized,
Australobarbarus excluded
9 landmarks, standardized on mean CS,
Australobarbarus excluded
9 landmarks, standardized on largest CS,
Australobarbarus excluded

0Æ675

2Æ212

12, 55

0Æ715

1Æ826

0Æ233

F

were significantly different from those of T. microtrema
specimens when compared using MANOVAS based on
partial Procrustes distances and Goodall’s F-test, but frequently were not significantly different when compared
using MANOVAS based on the partial warp and uniform
component scores (Tables 5–6). Misclassification rates in
the canonical variates analysis ranged from 0 to 29 per
cent, and were perfect when the two groups could be discriminated by the MANOVAS. Between 0 and 3Æ3 per
cent (mean 0Æ56 per cent) of the bootstrapped datasets
for these parameter combinations had Goodall’s F values
as high as or higher than the observed dataset. The results
for comparisons between O. bainii specimens from the
Tropidostoma Assemblage Zone and T. microtrema
showed similar patterns. For both sets of comparisons,
the groups could be distinguished more reliably using the
nine-landmark dataset than the eight-landmark dataset,
and the best discrimination was achieved when the data
were size-standardized at the largest centroid size.
Between 0 and 52Æ4 per cent (mean 15 per cent) of the
bootstrapped datasets for these parameter combinations
had Goodall’s F values as high as or higher than the
observed dataset. Text-figure 12 shows the shape differ-

d.f.

P

ence between the mean specimens from each stratigraphic
bin from the size-non-standardized nine landmark
dataset.

DISCUSSION
In general, our results highlight a mixture of similarities
and differences between O. bainii and T. microtrema. For
example, there is little that distinguishes the two species
in terms of their bone histology. Likewise, our series of
specimens seems to form more of a morphological continuum than two distinct groups when compared using
discrete characters. The presence of postcanine teeth on
the dentary, the presence or absence of a trough on the
vomerine septum, and minor differences in postcranial
morphology may differentiate the species, but larger samples of material for T. microtrema are needed to confirm
these observations. However, the two species can be differentiated fairly effectively using ‘traditional’ and geometric morphometrics. Among linear measurements,
snout-occipital condyle length, interorbital width, snout
width at the level of the contact between the premaxilla
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A

B

C

T E X T - F I G . 1 1 . Stylized left lateral views of dicynodont snouts
showing differences in snout shape quantified by the size-nonstandardized nine-landmark geometric morphometric dataset. A,
mean snout shape of all included specimens assigned to
Oudenodon bainii. B, mean snout shape of all included
specimens assigned to Tropidostoma microtrema except PIN
4678 ⁄ 2. C, snout shape of PIN 4678 ⁄ 2 (holotype of
Australobarbarus kotelnitschi). Shaded area shows the position of
the external naris. The ninth landmark could not be digitized on
PIN 4678 ⁄ 3 and four other specimens (see text for details).

and maxilla on the alveolar margin, secondary palate
length, occipital height and maximum vertical diameter
of the external naris were most important in discriminating the species. The geometric morphometric analysis
demonstrated that T. microretrema has a lower, longer
snout and smaller external naris than O. bainii.
Given these findings, four different hypotheses could
potentially explain the relationship between the morphologically defined species O. bainii and T. microtrema and
the underlying biological entities they represent: (1) they
are members of a single biological species that displays a
relatively high degree of unstructured morphological variation; (2) they are members of a single biological species
that displays sexual dimorphism; (3) they are members of
a single lineage that underwent anagenetic change during
its history; (4) they are members of two distinct but closely related species lineages. Although the available data
are not completely conclusive, we do think that they
make some of the hypotheses more likely than others.
Our results also have implications for the taxonomy of
the species, as well as their use in biostratigraphy.
A single species with unstructured variation? Dicynodonts
are notorious for displaying high degrees of both real and
taphonomically induced variation. A number of studies
have examined metric and ⁄ or discrete variation in dicyno-

Results of one-way MANOVAS based on partial Procrustes distances carried out on known-locality Oudenodon bainii and
Tropidostoma microtrema specimens grouped according to stratigraphic occurrence, using different permutations of the geometric
morphometric data. Partial Procrustes distance is the distance between the mean specimens of the two groups in the multidimensional
plane tangent to Kendall shape space, with larger distances corresponding to larger differences between the shapes of the specimens.
Group 1, T. microtrema specimens (Tropidostoma Assemblage Zone); Group 2, Tropidostoma Assemblage Zone O. bainii specimens;
Group 3, post-Tropidostoma Assemblage Zone O. bainii specimens; CS, centroid size. Bonferroni-adjusted a ¼ 0Æ013.
TABLE 5.

Goodall’s

Comparison
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.

2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,

8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9

landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,

non-standardized
non-standardized
non-standardized
standardized on mean CS
standardized on mean CS
standardized on mean CS
standardized on largest CS
standardized on largest CS
standardized on largest CS
non-standardized
non-standardized
non-standardized
standardized on mean CS
standardized on mean CS
standardized on mean CS
standardized on largest CS
standardized on largest CS
standardized on largest CS

Partial

F

d.f.

1Æ32
4Æ57
1Æ70
0Æ83
2Æ53
1Æ12
7Æ08
9Æ81
1Æ13
2Æ65
7Æ99
1Æ55
2Æ04
5Æ47
0Æ95
7Æ26
12Æ13
0Æ96

12,
12,
12,
12,
12,
12,
12,
12,
12,
14,
14,
14,
14,
14,
14,
14,
14,
14,

420
420
384
420
420
384
420
420
384
448
448
448
448
448
448
448
448
448

P

Procrustes
distance

0Æ206
> 0Æ001
0Æ064
0Æ340
0Æ003
0Æ340
> 0Æ001
> 0Æ001
0Æ336
< 0Æ001
> 0Æ001
0Æ089
0Æ014
> 0Æ001
0Æ502
> 0Æ001
> 0Æ001
0Æ496

0Æ060
0Æ102
0Æ065
0Æ051
0Æ072
0Æ051
0Æ131
0Æ140
0Æ051
0Æ080
0Æ124
0Æ056
0Æ068
0Æ098
0Æ043
0Æ127
0Æ145
0Æ043
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Results of one-way MANOVAS and canonical variates analyses based on partial warp and uniform component scores carried out on known-locality Oudenodon bainii and Tropidostoma microtrema specimens grouped according to stratigraphic occurrence,
using different permutations of the geometric morphometric data. Group 1, T. microtrema specimens (Tropidostoma Assemblage
Zone); Group 2, Tropidostoma Assemblage Zone O. bainii specimens; Group 3, post-Tropidostoma Assemblage Zone O. bainii specimens; CS, centroid size. Bonferroni-adjusted a ¼ 0Æ013.

TABLE 6.

MANOVA

Canonical variates analysis

Wilk’s
Comparison
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2
1
1
2

vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.
vs.

2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,
2,
3,
3,

8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9

landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,
landmarks,

non-standardized
non-standardized
non-standardized
standardized on mean CS
standardized on mean CS
standardized on mean CS
standardized on largest CS
standardized on largest CS
standardized on largest CS
non-standardized
non-standardized
non-standardized
standardized on mean CS
standardized on mean CS
standardized on mean CS
standardized on largest CS
standardized on largest CS
standardized on largest CS

k

F

d.f.

0Æ720
0Æ513
0Æ796
0Æ683
0Æ539
0Æ796
0Æ155
0Æ167
0Æ796
0Æ425
0Æ366
0Æ704
0Æ435
0Æ391
0Æ712
0Æ106
0Æ120
0Æ711

0Æ779
1Æ898
0Æ448
0Æ928
1Æ709
0Æ449
10Æ915
9Æ996
0Æ449
1Æ838
2Æ347
0Æ571
1Æ760
2Æ110
0Æ548
11Æ459
9Æ968
0Æ551

12,
12,
12,
12,
12,
12,
12,
12,
12,
14,
14,
14,
14,
14,
14,
14,
14,
14,

dont species (e.g. Toerien 1953; Barry 1958; Cox 1964;
Keyser 1973b, 1975, 1993; Tollman et al. 1980; Rubidge
1984; King 1993; Thackeray et al. 1998; Sullivan et al. 2003;
Ray 2005; Sullivan and Reisz 2005), and most have concluded that specimens assigned to several species within the
same genus are usually better regarded as members of a
single species that have undergone deformation, or that
display random variation (in features such as sutural
patterns) or sexual dimorphism (in features such as the
presence of tusks or bosses on the skull). Considering the
many similarities between O. bainii and T. microtrema,
and the fact that some supposedly distinguishing characters, such as the morphology of the intertemporal region,
are known to be susceptible to plastic deformation (e.g.
Keyser 1975), it is tempting to conclude that we are simply
dealing with a single, variable biological species. However,
three lines of evidence suggest that this is not the case.
First, the two presumed species can be distinguished
morphometrically. Although some of our morphometric
results emphasize the similarity between the species (e.g.
Text-fig. 9A), and we were not able to distinguish them
in every permutation of our data, we did find consistent
significant differences between the specimens we classified
as O. bainii and T. microtrema. Furthermore, this result is
unlikely to be a statistical artefact given that the bootstrapped datasets usually indicated that it was implausible

P
24
24
21
24
24
21
24
24
21
19
19
19
19
19
19
19
19
19

>
>

>
>

0Æ666
0Æ088
0Æ924
0Æ536
0Æ127
0Æ923
0Æ001
0Æ001
0Æ923
0Æ108
0Æ042
0Æ856
0Æ125
0Æ065
0Æ872
0Æ001
0Æ001
0Æ871

First group
correct

Second group
correct

13
16
13
14
17
10
19
18
13
15
15
11
15
15
12
17
17
12

15
12
10
14
13
12
17
17
12
15
14
14
15
15
11
17
17
11

(65Æ0%)
(80Æ0%)
(65Æ0%)
(70Æ0%)
(85Æ0%)
(58Æ8%)
(95Æ0%)
(90Æ0%)
(65Æ0%)
(88Æ2%)
(88Æ2%)
(64Æ7%)
(88Æ2%)
(88Æ2%)
(70Æ6%)
(100%)
(100%)
(70Æ6%)

(88Æ2%)
(70Æ6%)
(58Æ8%)
(82Æ4%)
(76Æ5%)
(70Æ6%)
(100%)
(100%)
(70Æ6%)
(88Æ2%)
(82Æ4%)
(82Æ4%)
(88Æ2%)
(88Æ2%)
(64Æ7%)
(100%)
(100%)
(64Æ7%)

for chance alone to account for the magnitude of the
observed differences. This does not necessarily imply that
the specimens belong to two species, but it does suggest
that there is some biological meaning to the variation in
our dataset.
The second and third lines of evidence deal with the
presence or absence of tusks and ⁄ or postcanine teeth. Of
the discrete morphological features we examined, the
presence or absence of tusks and ⁄ or postcanine teeth
seems to be the most obvious means of differentiating
potential O. bainii specimens from potential T. microtrema specimens. It may be possible to dismiss the
observed variability in the postcanines as random variation because the number and arrangement of postcanine
teeth are known to vary in other dicynodonts that possess
them, such as Pristerodon (Toerien 1953; Keyser 1993). A
few other dicynodont taxa, such as Emydops, Kingoria,
Odontocyclops and Diictodon, also display variation in the
presence or absence of tusks. Sullivan et al. (2003; also
see Sullivan and Reisz 2005) examined this variation in
Diictodon and concluded that it was probably caused by
sexual dimorphism. This raises the possibility that tusks
were also sexually dimorphic in O. bainii ⁄ T. microtrema
(a possibility that will be considered further below), and
not randomly distributed even if T. microtrema and
O. bainii are part of a single species.
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A

B

C

T E X T - F I G . 1 2 . Stylized left lateral views of dicynodont snouts
showing differences in snout shape among known-locality
specimens quantified using the size-non-standardized ninelandmark geometric morphometric dataset. A, mean snout shape
of all known-locality Oudenodon bainii specimens collected in
the Tropidostoma Assemblage Zone that could be digitized for
nine landmarks. B, mean snout shape of all known-locality
O. bainii specimens collected in the Cistecephalus or Dicynodon
assemblage zones that could be digitized for nine landmarks. C,
mean snout shape of all known-locality Tropidostoma
microtrema specimens that could be digitized for nine
landmarks. Shaded area shows the position of the external naris.

The third line of evidence involves the apparent stratigraphic distribution of tusked ⁄ toothed specimens and
edentulous specimens. All of the specimens with tusks
and ⁄ or postcanine teeth that we have examined were collected in the Tropidostoma Assemblage Zone of South
Africa, with the exception of the two Australobarbarus
specimens, which are from Russia. None was collected
from overlying strata belonging to the Cistecephalus or
Dicynodon assemblage zones. In contrast, completely
edentulous specimens (i.e. the O. bainii morphotype) are
found in both the Tropidostoma Zone and overlying
assemblage zones. Although this pattern of stratigraphic
distribution is consistent with our specimens belonging to
two species, it does not fit well with a scenario in which
we are dealing with a single species exhibiting random
variation. This fact, when taken together with our
morphometric results and the possibility of sexual
dimorphism, implies that the situation is more complex
than a single species exhibiting random variation.
One sexually dimorphic species? The second hypothesis
resembles the first in that it suggests that our specimens
belong to a single biological species. However, it also posits that the variation in this species is structured; males

and females should occur in roughly equal proportions
and differ in some recognizable way. As noted above, the
most obvious discrete difference between the two presumed species is the presence or absence of tusks and ⁄ or
postcanine teeth, a character that appears to be a dimorphic feature in at least one dicynodont species (Sullivan
et al. 2003).
We did not explicitly test the sexual dimorphism hypothesis in our morphometric analyses. However, because
our binning scheme was based on whether the specimens
possessed tusks ⁄ teeth or were edentulous, our taxonomic
comparisons can be recast as comparisons between the
presumed sexes. Seen in this light, our morphometric
results suggest sexual dimorphism because the two groups
of specimens usually were significantly different from each
other, although the distinction broke down in a few cases
(e.g. when only specimens from the Tropidostoma Assemblage Zone were compared). Some of our other results,
such as the high degree of similarity between the groups
in terms of both discrete characters and bone histology
also make sense under this interpretation.
However, we do not think that sexual dimorphism is
an optimal explanation for the observed similarities and
differences for several reasons. First, the two presumed
species do not appear to occur in roughly equal numbers.
As shown in the Appendix (section 1), edentulous specimens are more than twice as common as toothed ⁄ tusked
specimens in the museum collections we have examined.
Considering that our sample consists entirely of previously collected museum specimens, it is possible that
taphonomic or collecting biases produced this skewed
ratio, but even localities that have produced multiple
specimens (e.g. Dunedin, Walplaas) are highly biased
towards one ‘sex’ or the other. Skewed sex ratios are well
documented among various extant terrestrial vertebrates
(e.g. Bull and Charnov 1988; Berger and Gompper 1999).
However, given that previous studies of sexual dimorphism in dicynodonts (Tollman et al. 1980; Thackeray et al.
1998; Sullivan et al. 2003; Ray 2005) have found roughly
equal numbers of males and females, O. bainii ⁄ T. microtrema would at least seem to deviate from the pattern
‘typical’ of their close relatives.
A second problem concerns body size. Some previous
studies of sexual dimorphism in dicynodonts found that
the presumed males attained larger sizes than the presumed females (Tollman et al. 1980; Sullivan et al. 2003;
Ray 2005). In contrast, our toothed ⁄ tusked specimens
were slightly smaller on average than the edentulous specimens (average snout-occiput length for T. microtrema ¼
160Æ8 mm, O. bainii ¼ 174Æ2 mm). Furthermore, of the
20 largest specimens in our linear measurement dataset,
16 are edentulous. These results imply either that the
females attained larger sizes than the males, or that males
were edentulous and females possessed tusks and ⁄ or
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teeth. Female-biased sexual size dimorphism is well
known among extant terrestrial vertebrates (e.g. Ralls
1976; Shine 1988; Fairbairn 1997), and there is a considerable degree of size overlap between our groups (e.g. the
largest T. microtrema specimen in the linear measurement
dataset is the fifth largest specimen overall). Nevertheless,
the apparent pattern would be a departure from those
previously reported for dicynodonts.
Perhaps the most damning piece of evidence against
the sexual dimorphism hypothesis concerns the stratigraphic occurrence of the edentulous and tusked ⁄ toothed
specimens. As noted above, the stratigraphic ranges of
these specimens overlap in the Tropidostoma Assemblage
Zone of South Africa, but only edentulous specimens
occur in the overlying Cistecephalus and Dicynodon
assemblage zones. Such a pattern is not easily explained if
all of the specimens are assumed to belong to a single
sexually dimorphic species. Because of these difficulties,
we do not think that sexual dimorphism is the optimal
explanation for the relationship between O. bainii and
T. microtrema.
A single lineage undergoing anagenesis? The hypothesis
that T. microtrema and O. bainii represent parts of a single lineage that underwent anagenesis (i.e. morphological
change without the branching of lineages) is intriguing
and fits some of our results quite well. Given that T. microtrema is generally thought to have appeared first in the
fossil record, this scenario posits that the lineage initially
was characterized by the presence of tusks and postcanine
teeth, a longer, lower snout, and slightly smaller body
size, and subsequently evolved the taller, anteroposteriorly
shorter snout, absence of tusks and postcanine teeth, and
slightly larger maximum size that characterize the O. bainii morphotype. It is consistent with the histological and
discrete-state morphological similarities between the species, and with the fact that the O. bainii specimens that
occur earlier (i.e. in the Tropidostoma Assemblage Zone)
have snout shapes that are more similar to those of
T. microtrema than are those of the post-Tropidostoma
Zone (see partial Procrustes distances in Table 5). However, problems relating to phylogeny and stratigraphic
occurrence prevent us from endorsing the anagenesis
hypothesis.
Cladograms cannot portray direct ancestor-descendant
relationships between OTUs. However, if two OTUs are
part of a single lineage that underwent anagenesis, we
predict that they would be reconstructed as sister taxa on
a cladogram, ideally with the stratigraphically older OTU
being plesiomorphic relative to the stratigraphically
younger OTU (e.g. Fisher 1992, 1994; Wagner and Erwin
1995). Most of the numerous phylogenetic analyses that
have included Tropidostoma, Oudenodon or likely synonyms such as Cteniosaurus (Cluver and King 1983; King
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1988, 1990; Angielczyk 2001, 2002; Maisch 2002a; Angielczyk and Kurkin 2003a, b; Surkov et al. 2005) have not
been carried out at the species level, making them somewhat difficult to use for examining low-level relationships.
Even if this problem is overlooked, only one analysis
(Angielczyk 2001) reconstructed a sister group relationship between Tropidostoma and Oudenodon (Text-fig. 13),
the only topology broadly consistent with the anagenesis
scenario, and this result is likely to be an artefact of taxon
sampling. Moreover, if characters are optimized onto the
preferred cladograms of that study, Tropidostoma is found
to possess some features that are derived relative to those
found in Oudenodon (e.g. the presence of postcanine teeth
is reconstructed as a reversal, and thus is a locally derived
state, even though the presence of postcanines is globally
basal for dicynodonts; see Angielczyk 2001). It is important to note, however, that branch support in this region
of the tree is relatively weak in Angielczyk (2001) and
many of the other analyses, implying that topologies
inconsistent with anagenesis are nearly equally well supported by the available character data as are topologies
consistent with it.
The overlapping stratigraphic ranges of the species present a more serious problem to the anagenesis scenario. A
hypothesis of anagenesis cannot be rejected if two sister
species are separated by a stratigraphic gap because the
available data do not permit us to distinguish a case in
which one species evolved into the other during the missing time from a case in which a branching event occurred,
with the stratigraphically older species subsequently
becoming extinct (e.g. Wagner and Erwin 1995; Gould
2002). In contrast, when the stratigraphic ranges of the species overlap, a branching event is the only possible explanation of the observed pattern (e.g. Eldredge 1995; Wagner
and Erwin 1995; Gould 2002). Provided the hypothesized
sister group relationship between the species is correct
and their stratigraphic ranges have been accurately delimited, the older species is still ancestral to the younger
because the branching must have occurred via ‘budding
cladogenesis’ (i.e. cladogenesis sensu Wagner and Erwin
1995). In this context, the overlapping stratigraphic ranges
of T. microtrema and O. bainii preclude them from being
endpoints of a single anagenetically changing lineage.
O. bainii might still be a descendant that budded off from
the T. microtrema lineage, but this scenario is only possible
if the phylogenetic problems noted above are ignored.
Two distinct but closely related species? The final explanation of the relationship between T. microtrema and
O. bainii is that they are distinct, but closely related
biological species. This hypothesis can account for the generally high level of similarity between the species, as well as
the fact that they can usually be distinguished morphometrically. It can also accommodate the overlapping
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T E X T - F I G . 1 3 . Simplified cladograms showing hypothesized relationships for Tropidostoma and Oudenodon. A, topology of Cluver
and King (1983). B, genus-level topology implied by the cladogram and classification of King (1988, 1990). C, topology of Angielczyk
(2001). D, topology of Maisch (2002a). The operational taxonomic unit (OTU) Platycyclops was used in the original cladogram, but
Maisch (2002b) replaced this name with Kitchinganomodon. Tropidostoma was not included in this analysis, but would probably occur
in a position similar to that of Cteniosaurus. E, topology of Angielczyk and Kurkin (2003a, b). F, topology of Surkov et al. (2005). Ten
of the original OTUs of this analysis have been replaced by the OTU Kannemeyeriiformes for simplicity. Note that only the topology
of Angielczyk (2001) is consistent with a direct ancestor-descendant relationship between Tropidostoma microtrema and Oudenodon
bainii.

stratigraphic ranges of the species, and causes the current
uncertainties surrounding the phylogenetic relationships of
Oudenodon and Tropidostoma to take on less significance.
In essence, it does not matter which of the topologies is
correct because most agree that the species shared a recent
common ancestor and are more closely related to each
other than they are to most other dicynodonts.
Given these facts, we suggest that the hypothesis that
T. microtrema and O. bainii are distinct but closely related species is the best explanation of the available data.
However, we do not consider the matter completely
resolved. For example, we must remain somewhat circumspect about whether T. microtrema is a direct ancestor of O. bainii until a consensus is reached regarding the
relationships of these species and their closest relatives.
Likewise, although we used O. bainii specimens in this
analysis that were collected at traditional Tropidostoma
Assemblage Zone localities, we have only two localities at
which we could document both species co-occurring at
this level (specimens CGP RS452 and 453 at Blauuwkrans;
and specimens SAM-PK-K6742 and K8602 at Amandelboom). Further collecting will be necessary to resolve
better the extent of the stratigraphic overlap between the
two species.

Taxonomic recommendations. A taxonomic revision of
Oudenodon and Tropidostoma is beyond the scope of this
analysis. However, our results do have implications for
dicynodont taxonomy. At the broadest level, they suggest
that T. microtrema and O. bainii should remain distinct
taxa, although several issues complicate the details of the
taxonomy. We have chosen to address these with recommendations that eventually may be followed, pending further work (Table 7).
The holotype of O. bainii (BMNH 36232) is a relatively
well-preserved skull that probably represents a juvenile
(snout-occiput length c. 139 mm), but is well within the
range of snout shape variation displayed by Oudenodon
(Text-fig. 9). The morphometric analyses also show that
the types of O. kolbei and Dicynodon curtus fall within the
range of variation exhibited by the specimens we assigned
to O. bainii, corroborating the hypothesis that they are
synonyms of O. bainii (Keyser 1975; King 1988).
Our Oudenodon specimens from Zambia (including the
type of D. parabreviceps), Tanzania and Malawi also have
snout shapes that are within the range exhibited by South
African specimens, which may indicate that only a single,
widespread species of Oudenodon was present in Africa
during the Late Permian. Keyser (1975) favoured keeping
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Table of taxonomic recommendations; See text for details.
Recommendation

Oudenodon
Oudenodon bainii Owen, 1860)
Oudenodon grandis (Haughton, 1917)
Oudenodon luangwensis (Boonstra, 1938)
Other Zambian Oudenodon
Malawian Oudenodon
Tanzanian Oudenodon
If Tropidostoma microtrema considered a nomen dubium
Tropidostoma microtrema (Seeley, 1889)
Tropidostoma dunni (Seeley, 1889)
Dicynodon cavifrons Broom and Haughton, 1917
Dicynodon rogersi Broom and Haughton, 1917
Dicynodon acutirostris Broom, 1935
Dicynodon validus Broom, 1935
Cteniosaurus platyceps Broom, 1935
Australobarbarus kotelnitschi Kurkin, 2000
Australobarbarus platycephalus Kurkin, 2000
If neotype is designated for Tropidostoma microtrema
Tropidostoma microtrema (Seeley, 1889)
Tropidostoma dunni (Seeley, 1889)
Dicynodon cavifrons Broom and Haughton, 1917
Dicynodon rogersi Broom and Haughton, 1917
Dicynodon acutirostris Broom, 1935
Dicynodon validus Broom, 1935
Cteniosaurus platyceps Broom, 1935
Australobarbarus kotelnitschi Kurkin, 2000
Australobarbarus platycephalus Kurkin, 2000

a separate species [O. luangwensis (Boonstra, 1938)] for
Zambian specimens of Oudenodon, including the type of
D. parabreviceps, based on their skulls having a more
heart-shaped outline in dorsal view. We did not use most
of Boonstra’s (1938) original material (including several
additional types) because the specimens are either very
fragmentary or embedded in plaster blocks that obscure
many morphological details and prevent the snouts from
being completely digitized. However, in the light of our
results, it would be fruitful to re-prepare and re-examine
these and other Oudenodon specimens from Zambia to
investigate whether they represent a distinct species. Additional collecting will probably be necessary to address the
question of whether Malawian and Tanzanian Oudenodon
definitely represent O. bainii, but for the time being we
regard their referral to this species as a good working
hypothesis.
We did not explicitly consider the type of O. grandis
(SAM-PK-2679), the third currently recognized species of
Oudenodon, in this analysis. The specimen is very large
(snout-occiput length c. 460 mm), but Keyser (1975)
suggested that little other than large size separated it
from more typical Oudenodon. In our observations, the

No change necessary
Possibly a distinct species, but also similar to Rhachiocephalus;
additional investigation needed
Probably a synonym of O. bainii, but additional investigation needed
Probably part of O. bainii, but additional investigation needed
Probably part of O. bainii, but additional investigation needed
Probably part of O. bainii, but additional investigation needed
Nomen dubium
Nomen dubium
Oldest valid name, recommend new combination T. cavifrons
Synonym of T. cavifrons
Synonym of T. cavifrons
Synonym of T. cavifrons
Synonym of T. cavifrons
No change necessary
No change necessary
Valid species; BMNH R868 possible choice for neotype
Synonym of T. microtrema
Synonym of T. microtrema
Synonym of T. microtrema
Synonym of T. microtrema
Synonym of T. microtrema
Synonym of T. microtrema
No change necessary
No change necessary

specimen shows some similarities to Rhachiocephalus,
especially in the intertemporal region, although it lacks
the large pineal boss which characterizes that taxon. For
now we suggest that it is most conservative to retain
O. grandis (Haughton, 1917) as a valid species that clearly
requires further scrutiny.
The holotype of T. microtrema (BMNH R868) is more
fragmentary than the type of O. bainii, consisting only of
the incomplete posterior portion of a skull (Text-fig. 5E).
The morphology of this specimen generally agrees with
that of other specimens of Oudenodon or Tropidostoma,
although the postorbitals overlap the parietals more
extensively than is the case in many specimens. However,
the specimen does not appear to possess any features that
are uniquely diagnostic of either taxon, particularly
because there is no way of determining whether the specimen originally possessed tusks or postcanine teeth. Thus,
it may be argued that T. microtrema represents a nomen
dubium, and that a replacement name should be found
for the concept represented by this name that has developed since Broom (1915) created it.
Both Keyser’s (1973a) study and the analyses presented
here suggest that several dicynodont species (D. cavifrons
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Broom and Haughton, 1917; D. rogersi Broom and
Haughton, 1917; D. acutirostris Broom, 1935; C. platyceps
Broom, 1935; D. validus Broom, 1935) are likely to be
synonyms of T. microtrema sensu lato. Of these, D. cavifrons Broom and Haughton, 1917 is the oldest species
associated with a diagnostic skull, and thus the correct
candidate for a replacement name. King (1988) listed
D. cavifrons as a valid species of Dicynodon, and in some
respects the holotype of this species (SAM-PK-747) does
resemble Dicynodon. For example, the intertemporal
region is relatively narrow, with little exposure of the
parietals between the postorbitals, and the specimen
possesses tusks, but no postcanine teeth. However, the
intertemporal region appears to be slightly dorsoventrally
flattened, which may have exaggerated the degree to
which the postorbitals overlap the parietals. Furthermore,
the specimen appears to lack labial fossae and an intertuberal ridge, and possesses palatines that have a smooth
anterior section that is flush with the premaxillary secondary palate and a raised, rugose posterior section, all features that characterize Tropidostoma but not Dicynodon.
The postcaniniform crest is relatively weakly developed,
but is comparable with that seen in SAM-PK-K6742, a
tusked, toothed Tropidostoma specimen. Finally, the specimen’s occurrence in the Tropidostoma Assemblage Zone
significantly pre-dates the generally accepted first appearance of Dicynodon sensu stricto in the upper Cistecephalus
Assemblage Zone or lower Dicynodon Assemblage Zone in
South Africa (e.g. Rubidge 1995; Angielczyk and Kurkin
2003b). Given these observations, as well as the fact that
Tropidostoma appears sometimes to lack postcanine teeth,
we are confident that SAM-PK-747 does not represent
Dicynodon. Therefore, the species D. cavifrons Broom and
Haughton, 1917 could serve as a new type for the genus
Tropidostoma.
However, it may be unnecessary to establish a new
name for T. microtrema. Because the holotype (BMNH
R868) is not diagnostic, and the name Tropidostoma microtrema is well established in the literature, it is possible
to request that the type status of BMNH R868 be set
aside so that a neotype could be designated. An obvious
choice for a neotype is BMNH R860, a relatively well-preserved snout that does show features diagnostic for
T. microtrema, including tusks and empty tooth sockets
for postcanine teeth. Moreover, this specimen was collected at the same locality as BMNH R868 and has been
described and figured in several papers discussing
T. microtrema (e.g. Broom 1915; Broili and Schröder
1935; Keyser 1973a; Cluver and King 1983).
Regardless of which of these taxonomic options is
eventually implemented, we think there is strong evidence
that the species Dicynodon cavifrons, D. rogersi, D. acutirostris, D. validus and Cteniosaurus platyceps should be
regarded as synonyms of T. microtrema. The types of all

of these species were collected in strata well below the
first appearance of Dicynodon sensu stricto in the Karoo
Basin. They also fall within the range of morphometric
variability exhibited by other specimens we assigned to
T. microtrema. Although all of the specimens are damaged
to some degree, all show combinations of multiple discrete state morphological features that do not characterize
Dicynodon (e.g. presence of a postcaniniform crest, variable presence of tusks and postcanine teeth, trough-like
ventral edge of the vomer, absence of labial fossae,
absence of an intertuberal ridge, palatines that possess a
rugose, raised posterior area and a smooth anterior area
that is flush with the premaxillary secondary palate). Cluver and King (1983; see also King 1988) favoured keeping
Cteniosaurus platyceps as a taxon distinct from T. microtrema because the intertemporal region of the former
taxon is notably wider than that of the latter. However,
the species agree in most other respects (Keyser 1973a),
and examination of a wider range of specimens shows
that the intertemporal morphologies in question are endpoints on a continuum of real and taphonomically
induced variability. Similar variability can be found in
specimens of O. bainii (e.g. compare BMNH 36232 with
UCMP V48113 ⁄ 42693), as well as among specimens of
other dicynodont taxa.
Finally, our results have implications for the status of the
Russian dicynodonts Australobarbarus platycephalus and
A. kotelnitschi, which were described by Kurkin (2000). The
specimens share many similarities with Tropidostoma, and
some were even referred to it by Ivakhnenko (1994).
Angielczyk and Kurkin (2003a) reconstructed Australobarbarus and Tropidostoma as sister taxa, and suggested
that additional work was necessary to resolve whether or
not they were truly distinct. Although we only included the
holotypes of A. platycephalus and A. kotelnitschi in this
study, the geometric morphometric analysis shows that
both types have snout shapes that are distinct from each
other and are also very different from that typical of
T. microtrema (Text-figs 9–11). Although a larger sample
of Australobarbarus material is necessary to determine
whether A. platycephalus and A. kotelnitschi are statistically
distinct from T. microtrema and each other, the snout
shape differences we have documented, as well as the
discrete state morphological differences noted by Kurkin
(2000), suggest that the genera should remain distinct for
the time being.
Implications for biostratigraphy. Because O. bainii and
T. microtrema have been used in Upper Permian terrestrial biostratigraphy, our results have biostratigraphic
implications. Most importantly, the discovery that O. bainii co-occurs with T. microtrema in strata typically
assigned to the Tropidostoma Assemblage Zone indicates
that the first appearance of O. bainii can no longer be
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used as a marker for the base of the Cistecephalus Assemblage Zone in the Karoo Basin. Although the zonal
scheme itself (see Rubidge 1995, 2005 for details) will not
need to be revised because of this finding (other taxa such
as Aulacephalodon can still be used to define the base of
the Cistecephalus zone, and T. microtrema appears to be
restricted to the currently defined Tropidostoma zone), it
does introduce some uncertainty into correlations
between the Karoo and other basins that are based largely
on Oudenodon. For example, Jacobs et al. (2005) suggested a Cistecephalus Assemblage Zone age for the Chiweta
Beds in Malawi based on the presence of O. bainii in
these strata, but a Tropidostoma Assemblage Zone age
now may be equally likely.
An additional caveat pertains to using Tropidostoma
and Australobarbarus for drawing correlations between
South Africa and Russia. The seeming similarity of these
two taxa and their close phylogenetic relationship, combined with the paucity of potential index fossils found in
both South Africa and Russia, makes it tempting to use
them for correlative purposes. Indeed, if one follows Ivakhnenko’s (1994) determination, they are the same taxon
and thus, suitable for biostratigraphic use. However, our
results suggest that, at least in terms of snout shape,
Australobarbarus does not fall within the range of variation typical of Tropidostoma. This could be an artefact of
sampling; the two Australobarbarus specimens we included might be outliers and additional specimens may show
greater overlap with T. microtrema. Nevertheless, until
better sampling is achieved we cannot guarantee that
Tropidostoma and Australobarbarus represent the same
biological entity, and correlations that make this assumption run the risk of being in error.

CONCLUSIONS
Oudenodon bainii and Tropidostoma microtrema show a
great deal of overlap in their cranial and postcranial morphology, as well as growth patterns as indicated by bone
histology. The stratigraphic ranges of the species overlap
in the Tropidostoma Assemblage Zone of South Africa,
although O. bainii persists beyond the end of this zone.
The species can be distinguished using a geometric
morphometric analysis of snout shape and a traditional
morphometric analysis of skull dimensions. The snout of
O. bainii is anterposteriorly shorter and deeper than that
of T. microtrema. Snout-occipital condyle length (longer
in Oudenodon), interorbital width (slightly narrower in
Oudenodon), snout width at the level of the contact
between the premaxilla and maxilla on the alveolar margin (wider in Oudenodon), secondary palate length (longer in Oudenodon), occipital height (taller in Oudenodon),
and maximum vertical diameter of the external naris
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(larger in Oudenodon) may also be useful for distinguishing the species.
Multiple lines of evidence, including patterns of stratigraphic occurrence, suggest that the species T. microtrema
and O. bainii are best regarded as distinct but closely related species. Oudenodon may be represented by a single,
broadly distributed species in South Africa, Zambia,
Malawi and Tanzania.
Because the holotype specimen is not diagnostic,
T. microtrema may be a nomen dubium. Tropidostoma
cavifrons could be used as a replacement name, or a neotype specimen could be designated. Regardless of which
option is pursued, the species D. cavifrons Broom and
Haughton, 1917, D. rogersi Broom and Haughton, 1917,
D. acutirostris Broom, 1935, D. platyceps Broom, 1935
and D. validus Broom, 1935 are likely to be synonyms of
T. microtrema sensu lato. Differences in discrete-state
morphology and snout shape differentiate the Russian
species Australobarbarus platycephalus and A. kotelnitschi
from T. microtrema, and we recommend their retention
as distinct species.
Oudenodon bainii specimens are known from traditional Tropidostoma Assemblage Zone localities in the
Karoo Basin of South Africa, in some cases co-occurring
with T. microtrema specimens. Owing to this fact, the first
appearance of O. bainii cannot be used as a marker for
the base of the Cistecephalus Assemblage Zone. Oudenodon-based correlations between the Karoo and basins
outside of South Africa should be made with caution.
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Geologie und Paläontologie Monatshefte, 2002, 362–372.
M A Z I N , J. M. and K I N G , G. M. 1991. The first dicynodont
from the Late Permian of Malagasy. Palaeontology, 34, 837–
842.
O W E N , R. 1860. On some reptilian fossils from South Africa.
Quarterly Journal of the Geological Society of London, 16, 49–
63.
R A L L S , K. 1976. Mammals in which females are larger than
males. Quarterly Review of Biology, 51, 245–276.
R A Y , S. 2001. Small Permian dicynodonts from India. Paleontological Research, 5, 177–191.
—— 2005. Lystrosaurus (Therapsida, Dicynodontia) from India:
taxonomy, relative growth, and cranial dimorphism. Journal of
Systematic Palaeontology, 3, 203–221.
—— B O T H A , J. and C H I N S A M Y , A. 2004. Bone histology
and growth patterns of some non-mammalian therapsids.
Journal of Vertebrate Paleontology, 24, 634–648.
—— C H I N S A M Y , A. and B A N D Y O P A D H Y A Y , S. 2005.
Lystrosaurus murrayi (Therapsida, Dicynodontia): bone histology, growth and lifestyle adaptations. Palaeontology, 48, 1169–
1186.
R E I D , R. E. H. 1996. Bone histology of the Cleveland-Lloyd
dinosaurs and of dinosaurs in general, Part I: Introduction:
Introduction to bone tissues. Geology Studies, 41, 25–71.
R I C Q L E S , A. de 1972. Recherches paléohistologiques sur les
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APPENDIX
Specimens used in this study and their localities
BMNH R866 and 868 are the holotypes of Tropidostoma dunni and Dicynodon microtrema (now the holotype of Tropidostoma microtrema), respectively. BMNH R860, 1662, 6963, 1699, 4048, 7783 and UMZC T368 are T. microtrema specimens with lower jaws. Stars
indicate the use of a specimen in a particular analysis. Question marks following a locality name or assemblage zone indicate cases
where uncertainty existed in the assignment of a specimen to the locality or zone. O. bainii specimens marked TAZ-CAZ were collected close to the boundary between the Tropidostoma and Cistecephalus assemblage zones, but were included in the Tropidostoma
Assemblage Zone bin in the geometric morphometric analyses. Abbreviations: TAZ, Tropidostoma Assemblage Zone; CAZ, Cistecephalus Assemblage Zone; DAZ, Dicynodon Assemblage Zone; SA, South Africa; TMA, ‘Traditional’ Morphometric Analysis; GMA, Geometric Morphometric Analysis; HA, Histological Analysis; PC, Postcranial Comparison. All specimens were used in the comparison of
discrete-state morphological comparisons of the skull.

Taxon

Specimen

Locality

District
(South Africa
only)

Country

Assemblage
Zone

O. bainii

AMNH 5300
AMNH 5313
AMNH 5635
BMNH 36232
BMNH R4067
BP ⁄ 1 ⁄ 111
BP ⁄ 1 ⁄ 1240

Pearston
Pearston
Nieu Bethesda
Rhenosterberg
Kuilspoort
Katbosch
Hoeksplaas,
Hoeksplaas 159
Sekretariskraal
Rooipoort
Beeldhouersfontein
Graaff-Reinet
Commonage
Towerwater
Bieskiespoort,
Nobelsfontein 248
Wellwood fossil
dump

Graaff-Reinet
Graaff-Reinet
Graaff-Reinet
Beaufort West
Graaff-Reinet
Murraysburg

SA
SA
SA
SA
SA
SA
SA

TAZ
TAZ
DAZ
?
CAZ?
?
CAZ

*
*

*
*

Murraysburg
Murraysburg
Murraysburg
Graaff-Reinet

SA
SA
SA
SA

CAZ
CAZ
C-DAZ
TAZ-CAZ

*
*
*
*

*

Murraysburg
Victoria West

SA
SA

CAZ-DAZ
TAZ-CAZ

*
*

*
*

Graaff-Reinet

SA

?

BP ⁄ 1 ⁄ 1328
BP ⁄ 1 ⁄ 1554
BP ⁄ 1 ⁄ 2621
BP ⁄ 1 ⁄ 303
BP ⁄ 1 ⁄ 3107
BP ⁄ 1 ⁄ 337
BP ⁄ 1 ⁄ 385

TMA

GMA

HA

PC

*
*
*
*
*

*
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Specimen

Locality

District
(South Africa
only)

Country

Assemblage
Zone

TMA

GMA

BP ⁄ 1 ⁄ 668
BP ⁄ 1 ⁄ 722
BP ⁄ 1 ⁄ 730
BP ⁄ 1 ⁄ 749
BP ⁄ 1 ⁄ 788
BP ⁄ 1 ⁄ 82
CGP CBT14
CGP RMS 594

Vleiplaas
Swaelkrans
Windpoort
Windpoort
St. Olives
Zeekoeigat
Tweefontein
Petrusrust, Paal
Leegte 224
Doornplaats,
Rust 126
Blaauwkrans
Bastards Poort
?
?
Chiweta Beds
Rhemontofontein?
Melton Wold,
Melton Wold 158
Oudeplaats, Oude
Plaats 103
Oudeplaats, Oude
Plaats 103
Dunedin, Quagga
Fontein 82
Matjieskloof,
Majieskloof 110
Welgevonden,
Welgevonden 231
Melton Wold,
Melton Wold 158
Sekretariskraal
Chikonta
Renosterfontein,
Matjes Valie 103
Dunedin, Quagga
Fontein 82
Dunedin, Quagga
Fontein 82
Osfontein, Matjies
Valley 105
Honingnest Krantz,
Honingnest
Krantz 277
Bieskiespoort,
Nobelsfontein 248
Doornplaats,
Rust 126
Walplaas,
Walplaas 1
Walplaas,
Walplaas 1

Murraysburg
Murraysburg
Murraysburg
Murraysburg
Graaff-Reinet
Graaff-Reinet
Graaff-Reinet
Beaufort West

SA
SA
SA
SA
SA
SA
SA
SA

CAZ
TAZ-CAZ
CAZ
CAZ
CAZ
CAZ
DAZ
TAZ

*
*
*

*
*

*
*

*

*

*

Graaff-Reinet

SA

DAZ

*

*

Beaufort West
Beaufort West

Beaufort West
Victoria West

SA
SA
SA
SA
Malawi
SA
SA

TAZ
?
?
?
CAZ?
?
TAZ

Richmond

SA

CAZ

*

Richmond

SA

CAZ

*

Beaufort West

SA

TAZ

*

Beaufort West

SA

CAZ

Fraserburg

SA

TAZ

Victoria West

SA

TAZ

Murraysburg
Beaufort West

SA
Zambia
SA

Beaufort West

CGP RS219
CGP RS452
CGP S115
CGP STH463
CGP ⁄ 1 ⁄ 389
MAL 108
SAM-PK-10220
SAM-PK-11114
SAM-PK-10016a
SAM-PK-10019
SAM-PK-10068
SAM-PK-10326
SAM-PK-10661
SAM-PK-11113
SAM-PK-11141
SAM-PK-11319
SAM-PK-1886
SAM-PK-2364
SAM-PK-2674
SAM-PK-3727
SAM-PK-4032

SAM-PK-7850
SAM-PK-8777
SAM-PK-K10113
SAM-PK-K10116

HA

PC

*

*

*

*
*
*
*
*
*
*

*

*

*
*

*

*

CAZ
CAZ
CAZ

*

*
*
*

SA

TAZ

*

Beaufort West

SA

TAZ

*

Graaff-Reinet

SA

?

*

Graaff-Reinet

SA

?

*

Victoria West

SA

TAZ-CAZ

Graaff-Reinet

SA

CAZ-DAZ

*

*

Aberdeen

SA

DAZ

*

*

Aberdeen

SA

DAZ

*

*

*

*
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Taxon

Specimen

Locality

District
(South Africa
only)

Country

Assemblage
Zone

TMA

GMA

SAM-PK-K10124
SAM-PK-K4807
SAM-PK-K5065

Walplaas, Walplaas 1
Osfontein
Dunedin, Quagga
Fontein 82
Ferndale,
Matjiesfontein 167
Dunedin, Quagga
Fontein 82
Dunedin, Quagga
Fontein 82
Paardekraal,
Grootvlei 193
Rosedene, Middel
Kraal 98
Willowdene,
Achterplaats 438
Bothashoop, Ronde
Gat 191
Doornplaats,
Rust 126
Houdconstant,
Houd
Constant 124
Karreebosch,
Karee Bosch 63
Hoeksplaas,
Hoeksplaas 159
Chikonta
Amandelboom,
Ryers Valley 401
Wilgerboskloof,
Wilgerbosch
Kloof 449
Voetpad

Aberdeen
Richmond
Beaufort West

SA
SA
SA

DAZ
CAZ
TAZ

*

*

Graaff-Reinet

SA

TAZ

*

*

Beaufort West

SA

TAZ

*

*

Beaufort West

SA

TAZ

Beaufort West

SA

CAZ

*

*

Beaufort West

SA

CAZ

*

*

Beaufort West

SA

TAZ

Graaff-Reinet

SA

?

Graaff-Reinet

SA

CAZ-DAZ

Graaff-Reinet

SA

CAZ

*

Murraysburg

SA

TAZ-CAZ

*

Murraysburg

SA

TAZ-CAZ

*

*

Fraserburg

Zambia
SA

CAZ
TAZ

*

*
*

Fraserburg

SA

TAZ

*

*

Murraysburg

SA

CAZ

*

Mpelisi
Tafelberg
Tafelberg?
Uitspansfontein
Tafelberg
Tafelberg
Tafelberg
Tafelberg?
Tafelberg
Kromkolk, Kruis
Rivier 483
Welgevonden
Grootklip,
Grootklip 238
Muggefontein,
Goliads Kraal 240
Blaaukrans, Paalhuis

Ruhuhu Basin
Beaufort West
Beaufort West
Beaufort West
Beaufort West
Beaufort West
Beaufort West
Beaufort West
Beaufort West
Fraserburg

Tanzania
SA
SA
SA
SA
SA
SA
SA
SA
SA

DAZ?
TAZ?
TAZ?
TAZ?
TAZ?
TAZ?
TAZ?
TAZ?
TAZ?
TAZ

*

*

*

Beaufort West
Victoria West

SA
SA

TAZ?
TAZ

*

*
*

Beaufort West

SA

TAZ

*

Beaufort West

SA

TAZ

SAM-PK-K5227
SAM-PK-K5881
SAM-PK-K6035
SAM-PK-K6045
SAM-PK-K6441
SAM-PK-K6800
SAM-PK-K7214
SAM-PK-K7243
SAM-PK-K7254

SAM-PK-K7293
SAM-PK-K7493
SAM-PK-K7941
SAM-PK-K8602
SAM-PK-K8639

T. microtrema

UCMP
V48113 ⁄ 42693
UMCZ T1281
BMNH R1662
BMNH R1699
BMNH R4048
BMNH R6963
BMNH R7783
BMNH R860
BMNH R866
BMNH R868
CGP C.22
CGP CM86 ⁄ 411
CGP CM86 ⁄ 573
CGP RMS 28
CGP RMS 453

HA

1205

PC

*
*

*

*
*

*
*

*

*

1206

PALAEONTOLOGY, VOLUME 50

Taxon

Specimen

Locality

District
(South Africa
only)

Country

Assemblage
Zone

TMA

GMA

CGP S.224

Reiersvlei, Ryers
Valley 401
Groot Tafel
Bergsfontein
Leeukloof,
Leeu Kloof 43
Tee Kloof,
Tee Kloof 439
Fraserburg,
Erf 2 Fraserburg
Walplaas,
Walplaats 1
Eldorado,
Leeu
Kloof 43
Amandelboom,
Ryers Valley 401
Groot Tafel
Bergsfontein
Waterval,
Brandewyns Gat 214
Reiersvlei,
Ryers Valley 401
Leeuwkloof,
Leeuw Kloof 402
Reiersvlei,
Ryers Valley 401
Leeuwkloof
Leeuwkloof
Leeuwkloof
Leeuwkloof
Leeuwkloof
Nievelt Escarpment,
Hottentotsrivier
Kotelnich, Kotelnich
Subassemblage
Kotelnich, Kotelnich
Subassemblage

Fraserburg

SA

TAZ

*

*

Beaufort West

SA

TAZ

Beaufort West

SA

TAZ

*

*

Fraserburg

SA

TAZ

*

*

Fraserburg

SA

TAZ

Aberdeen

SA

TAZ

Beaufort West

SA

TAZ

Fraserburg

SA

TAZ

Beaufort West

SA

TAZ

*

*

Beaufort West

SA

TAZ

*

*

Fraserburg

SA

TAZ

*

*

Fraserburg

SA

TAZ

*

*

Fraserburg

SA

TAZ

*

Beaufort
Beaufort
Beaufort
Beaufort
Beaufort
Beaufort

SA
SA
SA
SA
SA
SA

TAZ
TAZ
TAZ
TAZ
TAZ
TAZ?

*

Russia

?

*

Russia

?

*

GSP RMS183
SAM-PK-10681
SAM-PK-2356
SAM-PK-747
SAM-PK-K10096
SAM-PK-K1638
SAM-PK-K6742
SAM-PK-K6841
SAM-PK-K6940
SAM-PK-K8603
SAM-PK-K8633
SAM-PK-K9960
TM 249
TM 250
TM 252
TM 383
TM 387
UMZC T368
Australobarbarus

PIN 4678 ⁄ 2
PIN 4678 ⁄ 3

West
West
West
West
West
West

HA

PC

*

*

*

*
*

*
*

*
*
*
*
*

Linear measurements (in mm) used in the ‘traditional’ morphometric analysis
The letters L and R indicate whether a bilaterally symmetric measurement was taken on the left or right side of a specimen. Stars indicate cases where measurements could not be taken because of lack of preservation. Multiple imputation datasets with missing values
filled available from KDA upon request. Measurements are shown in Text-figure 2.

Taxon

O. bainii

Specimen

BP ⁄ 1 ⁄ 3107
BP ⁄ 1 ⁄ 111
BP ⁄ 1 ⁄ 1240

Measurement
1

2L

2R

3L

3R

4

5

6L

6R

7L

7R

8

9

152Æ67
194Æ80
177Æ87

60Æ43
83Æ59
65Æ53

70Æ35
80Æ24
66Æ55

40Æ71
52Æ73
48Æ97

*
48Æ06
34Æ84

119Æ06
148Æ83
123Æ76

5Æ91
12Æ37
13Æ72

*
*
*

*
*
*

52Æ94
83Æ00
75Æ02

55Æ22
82Æ66
77Æ24

24Æ36
38Æ63
27Æ62

34Æ94
53Æ03
37Æ49
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Taxon

Specimen

Measurement
1

BP ⁄ 1 ⁄ 1328
BP ⁄ 1 ⁄ 1554
BP ⁄ 1 ⁄ 2621
BP ⁄ 1 ⁄ 303
BP ⁄ 1 ⁄ 337
BP ⁄ 1 ⁄ 668
BP ⁄ 1 ⁄ 722
BP ⁄ 1 ⁄ 730
BP ⁄ 1 ⁄ 788
BP ⁄ 1 ⁄ 82
CGP RMS 594
CGP RS219
CGP ⁄ 1 ⁄ 389
SAM-PK-10326
SAM-PK-11113
SAM-PK-1886
SAM-PK-2364
SAM-PK-2674
SAM-PK-3727
SAM-PK-4032
SAM-PK-6045
SAM-PK-8777
SAM-PK-K10113
SAM-PK-K10116
SAM-PK-K10124
SAM-PK-K5227
SAM-PK-K5881
SAM-PK-K6441
SAM-PK-K7214
SAM-PK-K7254
SAM-PK-K7293
SAM-PK-K7493
SAM-PK-K8602
SAM-PK-K8639
T. microtrema CGP C.22
CGP CM86 ⁄ 573
CGP RMS 28
CGP S.224
SAM-PK-10681
SAM-PK-2356
SAM-Pk-K10096
SAM-PK-K6841
SAM-PK-K6940
SAM-PK-K8603
SAM-PK-K8633
SAM-PK-K9960
TM 249
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2L

2R

3L

3R

4

5

6L

6R

7L

7R

8

9

122Æ20 44Æ42 46Æ98 34Æ95 27Æ22 83Æ13 10Æ03 36Æ89 37Æ86 46Æ06 53Æ99 20Æ49 28Æ07
174Æ65 66Æ79 69Æ64 57Æ62 *
128Æ15 14Æ44 *
*
61Æ43
*
25Æ72 39Æ32
175Æ89 62Æ66 59Æ53 45Æ06 42Æ04 105Æ37 11Æ21 *
83Æ66 82Æ37 80Æ84 33Æ08 53Æ54
*
72Æ01 70Æ85 26Æ51 *
164Æ83
*
61Æ81 23Æ56 20Æ10 98Æ51 9Æ03 *
122Æ51 49Æ23 49Æ44 24Æ00 31Æ58 90Æ27 5Æ75 50Æ08 45Æ10 47Æ70 52Æ00 18Æ05 27Æ01
195Æ40 101Æ09 96Æ95 38Æ97 57Æ05 148Æ87 10Æ72 *
*
66Æ41 62Æ50 40Æ35 57Æ20
230Æ90 71Æ46 76Æ83 73Æ91 68Æ95 133Æ81 13Æ47 *
*
118Æ17 124Æ15 37Æ75 56Æ29
*
121Æ73 121Æ19 43Æ64 52Æ88
254Æ04 93Æ95 98Æ46 61Æ31 56Æ80 167Æ68 18Æ51 *
145Æ87 76Æ13 76Æ07 49Æ75 47Æ01 144Æ38 14Æ38 85Æ29 86Æ22 93Æ10 96Æ62 34Æ86 49Æ24
245Æ13 86Æ78 85Æ94 48Æ30 51Æ19 152Æ69 15Æ67 *
*
109Æ36 89Æ70 41Æ22 59Æ89
134Æ21 50Æ41 48Æ14 31Æ37 23Æ44 90Æ83 12Æ81 *
*
50Æ89
*
32Æ10 33Æ23
225Æ32 89Æ15 92Æ90 66Æ15 57Æ63 153Æ58 19Æ51 74Æ67 76Æ32 98Æ47 102Æ02 38Æ70 55Æ50
184Æ00 71Æ67 74Æ09 45Æ38 49Æ25 121Æ79 14Æ43 65Æ62 59Æ78
*
97Æ89 36Æ24 48Æ52
180Æ34 70Æ26 72Æ86 43Æ88 *
125Æ50 9Æ19 49Æ52 44Æ85 83Æ16 81Æ26 24Æ77 35Æ08
191Æ40 82Æ86 84Æ17 33Æ38 *
*
*
57Æ52 52Æ43 66Æ29 76Æ54 31Æ11 40Æ11
219Æ85 79Æ88 76Æ81 41Æ99 53Æ22 140Æ71 9Æ96 54Æ11 55Æ31 95Æ50 87Æ32 39Æ29 53Æ74
163Æ83 62Æ24 69Æ69 41Æ29 33Æ95 110Æ33 13Æ19 54Æ67 50Æ93 79Æ61 65Æ62 33Æ45 42Æ34
133Æ01 39Æ28 40Æ90 29Æ90 *
81Æ43 8Æ23 *
46Æ91 54Æ13 51Æ55 19Æ69 27Æ00
196Æ01 80Æ39 84Æ86 48Æ59 *
130Æ28 23Æ62 73Æ22 72Æ73
*
*
34Æ81 41Æ70
*
46Æ85 54Æ24 23Æ37 32Æ35
148Æ82 58Æ72 60Æ80 31Æ44 45Æ03 107Æ63 12Æ70 *
91Æ22 35Æ67 34Æ16 31Æ39 *
66Æ66 9Æ56 38Æ64 37Æ64 46Æ36
*
15Æ75 18Æ73
158Æ79 60Æ10 63Æ01 *
*
112Æ39 9Æ12 51Æ32 49Æ91
*
*
31Æ87 41Æ59
166Æ65 66Æ74 72Æ24 48Æ73 *
121Æ50 8Æ49 *
*
74Æ67
*
29Æ67 39Æ12
185Æ42 81Æ97 79Æ86 46Æ09 46Æ13 138Æ70 7Æ87 62Æ99 *
79Æ26 81Æ71 30Æ54 37Æ72
95Æ29 38Æ40 39Æ31 24Æ36 27Æ21 76Æ36 10Æ81 39Æ95 38Æ27 36Æ21 34Æ66 15Æ51 21Æ19
147Æ18 57Æ76 57Æ28 45Æ42 33Æ62 99Æ28 13Æ43 65Æ21 64Æ52 58Æ43 58Æ69 22Æ95 31Æ98
153Æ19 61Æ29 69Æ30 *
*
121Æ78 11Æ40 75Æ43 85Æ35
*
*
25Æ64 34Æ89
185Æ61 70Æ59 73Æ63 45Æ57 56Æ97 121Æ27 13Æ32 *
*
79Æ52 77Æ53 31Æ48 43Æ18
48Æ92 74Æ96
*
31Æ28 39Æ37
172Æ24 63Æ80 67Æ34 41Æ00 40Æ76 108Æ29 10Æ15 *
153Æ67 57Æ45 57Æ51 49Æ18 46Æ29 111Æ41 13Æ73 *
*
76Æ06 71Æ65 29Æ31 35Æ47
170Æ54 57Æ33 65Æ03 41Æ88 35Æ64 110Æ82 14Æ76 *
59Æ17 74Æ69 73Æ62 29Æ49 37Æ58
270Æ56 96Æ70 90Æ24 *
*
168Æ89 14Æ33 83Æ46 87Æ33 133Æ50 127Æ73 42Æ99 48Æ28
53Æ23 82Æ70 81Æ75 37Æ74 49Æ52
176Æ30 68Æ81 69Æ74 46Æ27 51Æ79 122Æ02 8Æ39 *
185Æ06 70Æ57 68Æ12 39Æ30 *
126Æ18 12Æ99 72Æ72 78Æ91
*
97Æ90 29Æ36 41Æ40
179Æ20 73Æ48 69Æ64 48Æ55 37Æ06 123Æ66 12Æ24 *
*
75Æ27 61Æ51 44Æ55 53Æ48
177Æ90 56Æ64 65Æ77 42Æ21 34Æ16 113Æ58 12Æ33 *
*
77Æ21 81Æ49 38Æ08 40Æ43
*
71Æ21 69Æ19 41Æ60 44Æ32
156Æ41 59Æ79 56Æ88 27Æ15 29Æ96 107Æ69 11Æ02 *
123Æ42 45Æ43 48Æ72 27Æ36 *
57Æ22 18Æ68 27Æ65 29Æ59 45Æ53 45Æ41 21Æ40 30Æ85
169Æ51 59Æ73 58Æ58 31Æ39 32Æ39 107Æ27 11Æ72 56Æ11 54Æ51 68Æ26
*
32Æ96 27Æ04
229Æ81 91Æ51 89Æ88 *
41Æ29 153Æ98 21Æ22 66Æ16 88Æ05
*
113Æ21 49Æ14 58Æ73
110Æ41 35Æ76 35Æ42 29Æ47 26Æ39 68Æ24 *
*
*
44Æ06 45Æ06 19Æ66 28Æ45
161Æ26 55Æ13 54Æ28 30Æ92 34Æ71 94Æ97 12Æ35 *
*
78Æ97 71Æ83 29Æ36 38Æ57
116Æ21 46Æ26 46Æ00 *
21Æ44 85Æ78 7Æ91 31Æ14 *
40Æ51 43Æ81 23Æ09 29Æ34
172Æ86 57Æ81 64Æ60 37Æ60 38Æ29 111Æ71 10Æ31 57Æ62 *
63Æ82 76Æ21 29Æ19 42Æ93
129Æ80 45Æ37 48Æ17 25Æ01 *
83Æ55 9Æ57 37Æ59 36Æ23 53Æ89 54Æ63 23Æ43 25Æ94
34Æ85 134Æ77 12Æ63 47Æ05 *
*
90Æ67 43Æ14 52Æ37
209Æ48 77Æ86 81Æ07 *
154Æ57 96Æ02 97Æ33 *
33Æ08 109Æ03 12Æ11 46Æ80 45Æ00
*
68Æ41 34Æ68 37Æ32
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Taxon

Specimen

BP ⁄ 1 ⁄ 3107
BP ⁄ 1 ⁄ 111
BP ⁄ 1 ⁄ 1240
BP ⁄ 1 ⁄ 1328
BP ⁄ 1 ⁄ 1554
BP ⁄ 1 ⁄ 2621
BP ⁄ 1 ⁄ 303
BP ⁄ 1 ⁄ 337
BP ⁄ 1 ⁄ 668
BP ⁄ 1 ⁄ 722
BP ⁄ 1 ⁄ 730
BP ⁄ 1 ⁄ 788
BP ⁄ 1 ⁄ 82
CGP RMS 594
CGP RS219
CGP ⁄ 1 ⁄ 389
SAM-PK-10326
SAM-PK-11113
SAM-PK-1886
SAM-PK-2364
SAM-PK-2674
SAM-PK-3727
SAM-PK-4032
SAM-PK-6045
SAM-PK-8777
SAM-PK-K10113
SAM-PK-K10116
SAM-PK-K10124
SAM-PK-K5227
SAM-PK-K5881
SAM-PK-K6441
SAM-PK-K7214
SAM-PK-K7254
SAM-PK-K7293
SAM-PK-K7493
SAM-PK-K8602
SAM-PK-K8639
T. microtrema CGP C.22
CGP CM86 ⁄ 573
CGP RMS 28
CGP S.224
SAM-PK-10681
SAM-PK-2356
SAM-PK-K10096
SAM-PK-K6841
SAM-PK-K6940
SAM-PK-K8603
SAM-PK-K8633
SAM-PK-K9960
TM 249
O. bainii

Measurement
10

11

12

13

14

15

16

17

18

19

20

21

22 L

22R

24Æ69
36Æ57
32Æ58
26Æ02
28Æ90
35Æ82
25Æ59
23Æ34
48Æ49
47Æ27
41Æ42
33Æ90
38Æ82
35Æ21
41Æ56
48Æ72
33Æ43
*
31Æ86
32Æ49
23Æ85
37Æ27
24Æ43
19Æ96
31Æ08
38Æ61
35Æ21
22Æ16
25Æ48
31Æ15
34Æ20
26Æ97
37Æ53
31Æ26
40Æ74
45Æ24
39Æ94
42Æ97
38Æ23
33Æ43
27Æ36
32Æ94
47Æ02
28Æ26
26Æ71
29Æ15
33Æ93
25Æ15
28Æ28
33Æ83

*
202Æ40
149Æ87
108Æ10
*
168Æ47
*
*
199Æ01
218Æ22
248Æ60
163Æ53
222Æ84
135Æ97
208Æ40
*
*
184Æ14
*
180Æ90
90Æ01
176Æ46
141Æ79
*
138Æ61
174Æ57
164Æ65
*
140Æ03
*
182Æ15
*
144Æ18
125Æ96
262Æ00
203Æ32
125Æ36
*
180Æ83
151Æ26
121Æ96
*
*
102Æ67
152Æ37
110Æ20
172Æ08
89Æ62
*
157Æ02

29Æ69
43Æ86
36Æ45
28Æ74
36Æ31
45Æ09
36Æ40
24Æ69
50Æ42
48Æ50
53Æ03
44Æ83
49Æ16
36Æ26
52Æ83
47Æ42
33Æ50
45Æ66
47Æ71
41Æ00
25Æ91
43Æ76
39Æ16
19Æ01
35Æ73
41Æ28
43Æ83
26Æ33
34Æ80
31Æ97
48Æ33
43Æ35
47Æ05
37Æ20
*
47Æ23
36Æ13
44Æ86
31Æ00
38Æ70
25Æ37
37Æ97
42Æ58
27Æ85
33Æ04
27Æ56
34Æ07
27Æ92
37Æ63
31Æ46

65Æ76
84Æ26
80Æ65
53Æ20
79Æ06
67Æ35
54Æ64
54Æ02
87Æ14
88Æ45
111Æ09
94Æ63
110Æ54
45Æ38
107Æ35
94Æ06
80Æ74
89Æ43
96Æ49
82Æ77
*
97Æ75
70Æ60
40Æ06
70Æ36
76Æ71
86Æ33
41Æ39
64Æ00
70Æ02
87Æ16
71Æ73
70Æ11
71Æ82
114Æ58
75Æ30
85Æ16
72Æ65
72Æ20
65Æ76
51Æ59
70Æ98
94Æ00
41Æ10
67Æ32
49Æ85
65Æ09
52Æ32
88Æ62
60Æ21

32Æ17
49Æ57
41Æ86
30Æ35
36Æ29
46Æ55
35Æ08
25Æ55
45Æ23
53Æ86
44Æ35
*
53Æ47
31Æ76
54Æ53
48Æ62
32Æ48
37Æ79
46Æ54
40Æ73
*
*
34Æ07
19Æ32
34Æ59
40Æ08
*
23Æ19
30Æ67
28Æ91
45Æ02
39Æ79
35Æ84
39Æ10
57Æ96
44Æ23
28Æ68
37Æ94
37Æ54
29Æ74
27Æ58
33Æ68
*
30Æ72
34Æ35
25Æ65
34Æ50
25Æ86
37Æ33
33Æ41

*
18Æ02
16Æ55
16Æ38
16Æ19
20Æ59
*
12Æ18
23Æ01
21Æ90
21Æ35
16Æ00
17Æ80
16Æ15
18Æ47
19Æ72
17Æ29
16Æ17
19Æ41
*
*
*
13Æ78
11Æ11
19Æ84
19Æ97
17Æ80
11Æ84
13Æ80
14Æ40
16Æ40
13Æ49
16Æ71
12Æ25
21Æ75
17Æ13
14Æ66
19Æ47
17Æ03
17Æ20
13Æ75
15Æ52
17Æ16
13Æ46
13Æ90
14Æ49
18Æ69
11Æ88
19Æ00
14Æ69

*
*
22Æ63
16Æ98
*
*
28Æ61
13Æ49
*
*
28Æ94
*
*
16Æ83
61Æ23
21Æ59
*
*
22Æ90
*
*
*
15Æ04
8Æ32
*
22Æ63
*
14Æ03
22Æ04
*
22Æ85
26Æ90
*
19Æ54
*
8Æ51
*
*
30Æ78
9Æ19
13Æ67
30Æ57
21Æ66
*
24Æ06
13Æ10
25Æ48
9Æ43
23Æ35
*

21Æ27
42Æ75
41Æ67
29Æ78
38Æ06
44Æ75
46Æ01
24Æ49
39Æ95
56Æ31
52Æ35
43Æ94
49Æ55
39Æ92
28Æ90
44Æ49
39Æ04
38Æ15
46Æ07
*
*
*
25Æ88
18Æ37
30Æ57
35Æ22
40Æ82
23Æ17
32Æ82
24Æ99
44Æ61
39Æ81
30Æ12
38Æ46
72Æ71
39Æ72
35Æ73
34Æ45
43Æ88
35Æ67
30Æ00
41Æ42
59Æ63
28Æ12
39Æ95
25Æ10
39Æ25
26Æ86
48Æ90
40Æ36

181Æ91 79Æ40 67Æ27 123Æ92 98Æ53
*
264Æ71 99Æ82 83Æ99 182Æ04 130Æ30 122Æ14
220Æ15 86Æ95 76Æ32 155Æ59 110Æ76 111Æ25
141Æ55 48Æ16 66Æ25 99Æ01 74Æ73 77Æ43
212Æ60 84Æ91 83Æ28 115Æ25 107Æ20 108Æ24
199Æ00 86Æ46 86Æ36 157Æ26 108Æ00 105Æ00
185Æ00 67Æ02 100Æ88 113Æ04 95Æ63 97Æ94
131Æ50 50Æ00 54Æ96
*
79Æ88 76Æ54
256Æ51 70Æ59 98Æ35 182Æ10 143Æ57 132Æ88
277Æ51 108Æ09 120Æ58 239Æ89 106Æ42 109Æ74
228Æ85 75Æ94 102Æ26 220Æ06 145Æ33 148Æ31
253Æ35 99Æ14 13Æ69 139Æ90 117Æ43 125Æ16
303Æ03 108Æ36 125Æ21 227Æ60 135Æ39 128Æ27
167Æ84 65Æ84 66Æ64
*
83Æ43 82Æ66
288Æ53 90Æ84 110Æ48 218Æ24 140Æ94 148Æ03
283Æ35 92Æ96
*
*
115Æ24 111Æ33
120Æ55 67Æ46 66Æ90
*
108Æ40 108Æ58
256Æ20 60Æ15 93Æ08 202Æ40 89Æ32 85Æ02
290Æ63 81Æ61 105Æ87 218Æ78 130Æ22 118Æ43
218Æ36 62Æ84 78Æ14 148Æ20 103Æ40 105Æ98
148Æ86 41Æ77 56Æ85 85Æ79 71Æ44 70Æ51
254Æ75 93Æ70 97Æ16 181Æ75 121Æ39
*
191Æ91 63Æ62 82Æ01 127Æ89 98Æ40 97Æ57
*
43Æ94
*
*
60Æ99
*
201Æ90 69Æ42 74Æ51 136Æ00
*
*
211Æ80 70Æ93 88Æ82 176Æ82 102Æ57 102Æ27
234Æ49 65Æ96 112Æ55 154Æ90 116Æ54 117Æ98
105Æ32 42Æ35 52Æ07 86Æ13 65Æ12 70Æ10
176Æ32 67Æ98 76Æ98 136Æ69 91Æ77 92Æ95
200Æ83 75Æ12
*
*
85Æ29
*
237Æ03 77Æ87 91Æ21 201Æ55 121Æ69 113Æ36
203Æ04 74Æ09 72Æ90
*
97Æ72
*
209Æ52
*
*
*
101Æ10 100Æ99
210Æ65 72Æ49 69Æ56 140Æ07 106Æ26 100Æ75
328Æ08 110Æ37 116Æ04 271Æ73 136Æ32 133Æ34
130Æ40 61Æ11 99Æ24 185Æ79 108Æ38 102Æ03
235Æ73 77Æ66
*
*
108Æ70 106Æ37
*
168Æ00 119Æ06 105Æ07
227Æ03 59Æ42
215Æ41 63Æ70 81Æ16 157Æ26 99Æ89 104Æ43
197Æ24 63Æ51 86Æ69 126Æ37 92Æ96 100Æ23
151Æ80 44Æ91 64Æ28 108Æ85 72Æ11 78Æ89
204Æ40 70Æ83 87Æ09 135Æ10 92Æ92
*
280Æ67
*
*
*
*
130Æ05
129Æ07 41Æ84
*
89Æ68 66Æ24 62Æ43
190Æ52 65Æ76 87Æ30 126Æ24 89Æ28 78Æ59
144Æ70 42Æ10 51Æ39 85Æ04 72Æ59 78Æ60
211Æ20 66Æ10 72Æ25 171Æ36 95Æ78 97Æ61
148Æ58 39Æ52 52Æ12 87Æ89 75Æ69 78Æ50
260Æ78 72Æ91
*
*
*
121Æ62
198Æ34 54Æ27 75Æ54 142Æ70
*
97Æ26

BOTHA AND ANGIELCZYK: LATE PERMIAN DICYNODONT TAXA OUDENODON AND TROPIDOSTOMA

Taxon

O. bainii

T. microtrema

Specimen

BP ⁄ 1 ⁄ 3107
BP ⁄ 1 ⁄ 111
BP ⁄ 1 ⁄ 1240
BP ⁄ 1 ⁄ 1328
BP ⁄ 1 ⁄ 1554
BP ⁄ 1 ⁄ 2621
BP ⁄ 1 ⁄ 303
BP ⁄ 1 ⁄ 337
BP ⁄ 1 ⁄ 668
BP ⁄ 1 ⁄ 722
BP ⁄ 1 ⁄ 730
BP ⁄ 1 ⁄ 788
BP ⁄ 1 ⁄ 82
CGP RMS 594
CGP RS219
CGP ⁄ 1 ⁄ 389
SAM-PK-10326
SAM-PK-11113
SAM-PK-1886
SAM-PK-2364
SAM-PK-2674
SAM-PK-3727
SAM-PK-4032
SAM-PK-6045
SAM-PK-8777
SAM-PK-K10113
SAM-PK-K10116
SAM-PK-K10124
SAM-PK-K5227
SAM-PK-K5881
SAM-PK-K6441
SAM-PK-K7214
SAM-PK-K7254
SAM-PK-K7293
SAM-PK-K7493
SAM-PK-K8602
SAM-PK-K8639
CGP C.22
CGP CM86 ⁄ 573
CGP RMS 28
CGP S.224
SAM-PK-10681
SAM-PK-2356
SAM-Pk-K10096
SAM-PK-K6841
SAM-PK-K6940
SAM-PK-K8603
SAM-PK-K8633
SAM-PK-K9960
TM 249

1209

Measurement
23

24 L

24 R

25 L

25 R

26 L

26 R

27 L

27 R

28

29

30 L

30 R

18Æ82
26Æ41
24Æ79
18Æ22
26Æ06
24Æ97
36Æ85
16Æ60
30Æ42
27Æ61
31Æ62
26Æ86
38Æ17
23Æ79
33Æ40
28Æ52
21Æ38
24Æ32
25Æ62
27Æ23
18Æ28
26Æ66
19Æ59
12Æ93
23Æ82
20Æ57
25Æ19
12Æ57
21Æ38
16Æ17
21Æ37
15Æ26
23Æ71
24Æ27
37Æ12
25Æ72
19Æ60
27Æ87
20Æ24
28Æ55
13Æ00
20Æ57
27Æ57
12Æ96
17Æ92
14Æ77
23Æ33
18Æ78
23Æ31
19Æ58

14Æ64
10Æ85
15Æ68
4Æ26
11Æ33
11Æ94
17Æ90
8Æ88
28Æ84
11Æ50
18Æ60
13Æ34
16Æ41
9Æ08
20Æ15
16Æ25
10Æ12
29Æ56
14Æ43
15Æ73
7Æ44
15Æ15
11Æ69
6Æ98
13Æ54
12Æ32
16Æ87
7Æ91
13Æ79
13Æ23
11Æ15
12Æ10
*
13Æ35
17Æ82
15Æ59
11Æ53
16Æ23
5Æ57
14Æ85
9Æ04
10Æ52
18Æ80
20Æ63
11Æ21
5Æ95
14Æ37
10Æ19
10Æ95
7Æ44

17Æ88
14Æ08
15Æ72
8Æ16
13Æ41
13Æ09
18Æ15
8Æ50
29Æ32
17Æ58
19Æ63
13Æ86
11Æ26
8Æ07
17Æ22
14Æ40
10Æ50
33Æ61
13Æ90
16Æ76
8Æ52
14Æ97
8Æ26
8Æ12
12Æ19
11Æ36
14Æ48
9Æ51
11Æ31
15Æ78
13Æ46
8Æ95
*
11Æ51
*
14Æ26
16Æ48
15Æ07
7Æ09
16Æ45
5Æ51
11Æ66
15Æ89
20Æ35
8Æ76
8Æ22
13Æ51
6Æ41
13Æ50
9Æ49

55Æ62
63Æ41
50Æ82
*
61Æ09
39Æ61
55Æ37
39Æ78
41Æ60
67Æ07
61Æ88
71Æ33
69Æ14
45Æ28
56Æ71
76Æ34
60Æ76
*
63Æ58
*
36Æ67
67Æ51
51Æ57
31Æ07
48Æ01
62Æ85
*
34Æ54
56Æ77
50Æ97
61Æ41
55Æ78
*
53Æ70
83Æ93
53Æ79
63Æ29
59Æ35
43Æ47
47Æ31
37Æ27
38Æ45
63Æ00
28Æ64
51Æ05
30Æ31
49Æ69
38Æ63
56Æ90
36Æ98

50Æ36
67Æ08
48Æ33
*
58Æ42
35Æ37
58Æ80
41Æ77
44Æ00
62Æ78
61Æ50
62Æ68
74Æ47
41Æ11
68Æ03
73Æ46
52Æ74
*
61Æ47
*
35Æ77
57Æ05
55Æ90
26Æ90
49Æ23
57Æ24
54Æ17
32Æ29
52Æ10
52Æ16
64Æ45
60Æ83
*
51Æ68
81Æ93
58Æ42
60Æ47
54Æ03
46Æ38
45Æ65
35Æ30
38Æ43
70Æ42
29Æ27
54Æ80
*
51Æ15
36Æ19
62Æ06
42Æ20

24Æ95
30Æ26
19Æ27
12Æ59
20Æ34
31Æ77
22Æ65
17Æ54
*
24Æ48
24Æ96
32Æ41
29Æ66
11Æ90
24Æ50
27Æ66
20Æ58
14Æ77
25Æ08
18Æ33
7Æ80
25Æ72
15Æ20
14Æ68
22Æ33
26Æ71
13Æ33
13Æ55
19Æ87
22Æ30
23Æ14
24Æ48
*
26Æ55
24Æ96
18Æ80
24Æ91
17Æ36
16Æ47
10Æ15
10Æ79
11Æ84
19Æ17
9Æ68
13Æ49
9Æ79
12Æ48
27Æ16
16Æ74
10Æ83

20Æ52
27Æ34
18Æ21
12Æ86
25Æ51
29Æ16
27Æ37
16Æ18
*
23Æ27
23Æ39
30Æ50
26Æ55
11Æ58
24Æ67
28Æ35
20Æ85
24Æ79
26Æ13
18Æ77
6Æ15
23Æ77
18Æ20
14Æ19
19Æ72
20Æ67
17Æ92
11Æ95
20Æ56
18Æ00
25Æ06
25Æ86
*
24Æ73
25Æ49
18Æ55
21Æ19
15Æ40
17Æ62
10Æ66
11Æ14
12Æ50
26Æ99
9Æ80
14Æ66
10Æ81
18Æ63
24Æ03
18Æ28
11Æ33

17Æ98
25Æ77
21Æ19
14Æ82
21Æ25
25Æ35
21Æ24
14Æ09
40Æ02
27Æ21
34Æ79
31Æ08
37Æ25
13Æ70
32Æ73
27Æ31
22Æ81
19Æ67
30Æ89
19Æ54
7Æ28
26Æ90
15Æ26
11Æ98
23Æ84
23Æ59
*
11Æ84
16Æ43
*
25Æ76
23Æ68
*
18Æ81
43Æ77
23Æ77
27Æ62
26Æ52
19Æ28
12Æ18
12Æ54
15Æ41
27Æ42
12Æ70
20Æ04
11Æ93
16Æ84
22Æ57
28Æ55
13Æ48

16Æ33
26Æ94
18Æ54
13Æ64
21Æ81
23Æ91
22Æ88
12Æ58
39Æ69
30Æ04
30Æ26
34Æ88
37Æ04
12Æ17
28Æ84
29Æ35
22Æ27
24Æ70
18Æ04
22Æ38
6Æ22
25Æ19
17Æ83
10Æ94
26Æ24
23Æ77
23Æ22
12Æ33
19Æ80
18Æ41
26Æ61
26Æ23
*
19Æ90
35Æ52
17Æ86
21Æ71
19Æ68
22Æ66
12Æ23
12Æ90
17Æ36
30Æ32
13Æ82
23Æ59
15Æ57
19Æ24
24Æ85
31Æ95
15Æ00

*
69Æ20
*
44Æ86
54Æ84
*
51Æ57
*
*
89Æ57
69Æ71
56Æ70
*
42Æ66
79Æ88
*
49Æ07
70Æ88
76Æ30
59Æ56
38Æ77
65Æ44
48Æ78
*
51Æ18
60Æ81
63Æ29
38Æ13
44Æ58
*
63Æ33
43Æ36
*
48Æ53
88Æ12
65Æ51
*
*
55Æ40
59Æ73
47Æ96
*
*
38Æ55
42Æ32
41Æ45
60Æ28
35Æ13
44Æ25
54Æ93

13Æ30
23Æ91
18Æ91
15Æ93
21Æ89
24Æ79
12Æ30
9Æ22
*
24Æ81
13Æ20
22Æ07
12Æ04
14Æ11
18Æ04
27Æ94
18Æ88
14Æ95
13Æ12
19Æ40
*
25Æ47
15Æ25
5Æ69
22Æ75
*
*
13Æ39
17Æ64
*
*
17Æ37
*
21Æ35
30Æ79
17Æ19
*
*
15Æ76
15Æ07
9Æ92
*
17Æ62
*
*
*
*
8Æ96
*
15Æ00

25Æ08
34Æ87
29Æ04
*
27Æ35
28Æ33
23Æ98
14Æ67
*
31Æ90
39Æ49
28Æ55
38Æ77
12Æ38
34Æ89
22Æ27
20Æ83
23Æ99
32Æ95
27Æ62
*
27Æ64
27Æ10
13Æ09
15Æ81
24Æ51
28Æ93
9Æ49
25Æ37
8Æ47
29Æ36
24Æ26
17Æ52
18Æ63
36Æ22
19Æ31
21Æ33
18Æ72
16Æ03
*
11Æ52
15Æ00
29Æ98
12Æ02
18Æ97
11Æ38
14Æ94
13Æ53
*
19Æ49

23Æ13
28Æ99
26Æ58
*
30Æ18
30Æ76
20Æ30
11Æ52
*
28Æ29
37Æ51
29Æ68
33Æ67
12Æ86
32Æ99
27Æ71
21Æ73
24Æ88
29Æ74
26Æ25
*
30Æ16
23Æ78
14Æ61
18Æ76
20Æ07
35Æ14
7Æ83
23Æ56
11Æ15
25Æ56
20Æ14
15Æ63
22Æ27
32Æ94
17Æ47
23Æ31
24Æ69
19Æ03
*
10Æ76
12Æ96
24Æ72
10Æ50
20Æ04
6Æ83
13Æ98
10Æ72
*
19Æ87

