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Abstract: We describe the most complete postcranial
remains of a pathological, large-bodied sabretooth from the
Lower Pliocene site of Langebaanweg ‘E’ Quarry (South
Africa). The skeleton consists of hind limb and vertebral ele-
ments that exhibit distinctive exostoses, osteophytes and
eburnation. We performed a quantitative morphological
comparison of the new postcranial remains found in Lange-
baanweg, with other Neogene and Quaternary sabretooth
and non-sabretooth felids, consisting of the genera Amphi-
machairodus, Machairodus, Lokotunjailurus, Dinofelis, Pan-
thera, Homotherium and Smilodon from several sites in
Africa, Europe and North America, using principal compo-
nent analysis and Mosimann transformations. Although the
pathological deformation of the remains distorted some of

the linear measurements, most of the analysed variables do
not contain pathological features, and strongly indicate that
the Langebaanweg sabretooth is morphologically closer to
Machairodus aphanistus and Lokotunjailurus emageritus than
it is to Amphimachairodus giganteus. This indicates that the
remains could belong to an undetermined sabretooth species
from the Langebaanweg locality. The observed pathologies in
the foot and lumbar spine are consistent with diagnostic cri-
teria for severe osteoarthritis (due to maturity), which would
have limited limb mobility with severe consequences for
hunting success.

Key words: South Africa, sabretooth, Machairodus, Loko-
tunjailurus, pathology, osteoarthritis.

SABRETOOTH felids are a diverse group with more than
10  well-established genera in the fossil record
(Turner 1997; Antdn 2013). There are several notable
Mio-Pliocene African fossil localities that have yielded
sabretooth remains, with the oldest of these being Toros
Menalla, an Upper Miocene fossiliferous locality
(c. 7-6 Ma) near N’Djamena, the capital of Chad, in
Central Africa (de Bonis et al. 2010). To date, four sabre-
tooth felids are represented in the fossil record at Toros
Menalla: Amphimachairodus kabir (Peigné et al., 2005),
from TM (Toros Menalla) 266 (type locality) and TM
112, Lokotunjailurus fononei de Bonis et al., 2010 from
TM 265 (type locality), TM 04 and TM 266, Megantereon
sp. from TM 166, and Tchadailurus adei de Bonis
et al, 2018 from TM 112 (Werdelin 2003; Peigné
et al. 2005; de Bonis et al. 2010). Another interesting and
diverse Upper Miocene locality is Lothagam in Kenya
(Werdelin 2003), where three sabretooth felids are
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recorded from the Lower and Upper Nawata Formation
(7-5.5 Ma). The most complete is Lokotunjailurus
emageritus Werdelin, 2003, which represents a large-
bodied sabretooth felid that has a mixture of derived and
primitive features that obscure its relationship to other
African machairodont felids (Werdelin 2003, 2010). Two
additional forms, Dinofelis sp. and Metailurus sp., are also
found at Lothagam, although the designation of fossil
material to the latter genus is tentative (Werdelin 2003).
There is also a rich diversity of sabretooth felids at the
Lower Pliocene site of Langebaanweg ‘E’ Quarry, in South
Africa, where at least three different taxa of sabretooths
have been found (Hendey 1974a, b; Werdelin 2006): the
large Homotherini Amphimachairodus Kretzoi, 1929 and
two medium-sized Smilodontini, Metailurus Zdan-
sky, 1924 and Dinofelis Zdansky, 1924. These taxa were
first noted by Hendey (1974b), who described the frag-
mentary remains of two large sabretooths as Machairodus
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sp. and Homotherium sp., as well as assigning a fragmen-
tary maxilla to a new medium-sized sabretooth Felis
obscura Hendey, 1974b. The original assignment of some
of the Langebaanweg material to Homotherium
Fabrini, 1890 by Hendey (1974b), was subsequently reas-
sessed by Werdelin & Sardella (2006) who provisionally
assigned part of the material, consisting of an upper canine
(SAM-PQL-11846) and some fragmentary postcranial
bones including the calcaneum and astragalus of SAM-
PQL-21967 (subadult individual) and the third metatarsal
(Mt III) of SAM-PQL-28379 (adult individual), to Amphi-
machairodus sp. They also noted the similarity of this mat-
erial to the homologous postcranial features of the large
machairodont L. emageritus. The same year, Werdelin
(2006) described the presence of two Amphimachairodus
taxa at Langebaanweg: Amphimachairodus sp. A., consisting
of the upper canine SAM-PQL-11846, and Amphi-
machairodus sp. B., which consisted of the postcranial mat-
erial described by Werdelin & Sardella (2006) that is
probably related to Lokotunjailurus from Lothagam. Fur-
ther material described by Hendey (1974b) as Machairodus
sp., as well as unpublished material housed at SAM (Iziko
South African Museum, Cape Town, South Africa) could
belong to Amphimachairodus sp. B.

Also represented at Langebaanweg is material belonging
to Dinofelis sp., which was originally assigned to
Machairodus sp. (Hendey 1974b), and thereafter reas-
signed to Dinofelis sp. by Werdelin & Lewis (2001). Sev-
eral remains of the Smilodontini, Dinofelis and
Megantereon Croizet & Jobert, 1828, have also been found
at younger Pliocene and Pleistocene sites in Africa (Wer-
delin & Peigné 2010 and references therein). Dinofelis is
one of the most common extinct felids in the African
Neogene, with at least seven documented species (Werde-
lin & Lewis 2001; Werdelin & Peigné 2010; Madurell-
Malapeira et al. 2021), which are generally larger than
Metailurus and range in size from a large lynx to a small
lion (Antén 2013). Metailurus is known by two species
from various African localities (Kenya, Tanzania and
South Africa) that date from 6 to 2 Ma (Werdelin &
Peigné 2010). Notably, the medium-sized Felis obscura
has been reassigned into the genus Metailurus
(Werdelin 2006). The South African material offers rare
insight into the postcrania of these genera, which are gen-
erally known only from craniodental remains (Werdelin
& Lewis 2001).

There are two main goals of this study: (1) to describe
and classify new postcranial material of a large sabretooth
felid (SAM-PQL-22193 and SAM-PQL-52061) from
Langebaanweg E Quarry; and (2) to characterize the
pathologies evident in the skeleton and to determine their
possible causes and impact on the animal’s locomotion
and lifestyle.

GEOLOGICAL SETTING

The Langebaanweg (LBW) ‘E’ Quarry fossil locality forms
part of the West Coast Fossil Park (32°58'S, 18°7'E). The
site lies ¢. 13 km inland from Saldanha Bay, in the Wes-
tern Cape province of South Africa (Brumfitt et al. 2013;
Matthews et al. 2015). It is home to world-renowned,
rich fossiliferous beds that have provided a wealth of
diverse, extinct fauna, representing more than 230
invertebrate and vertebrate taxa including amphibians,
marine taxa and small mammals, as well as large giraffids,
horses, double-tusked gomphotheres, hyaenids, jackals,
felids and the hemicyonid/ursid Agriotherium africanum
Hendey, 1972 (Hendey 1972, 1974a, b, 1976, 1981a, 1982;
Van Dijk 2003; Smith & Haarhoff 2006; Brumfitt
et al. 2013; Valenciano & Govender 20204, b; Valenciano
et al. 2022; Nacarino-Meneses & Chinsamy 2021). Many
of the LBW fossil specimens represent the first and/or last
appearance of their respective taxa in the fossil record,
and the site has been fundamental for a better under-
standing of the ecology and geology of the Western Cape
during the Miocene and Early Pliocene (Franz-Odendaal
et al. 2002; Matthews et al. 2007; Eze & Meadows 2015;
Matthews et al. 2015).

The sediments that comprise the ‘E’ Quarry form part
of the Varswater Formation (VF), which is part of the
larger Sandveld Group (Roberts et al. 2011). The mem-
bers that comprise the VF at ‘E’ Quarry are the
Langeenheid Clayey Sand Member (LCSM), Konings Vlei
Gravel Member (KGM), Langeberg Quartz Sand Member
(LQSM) and Muishond Fontein Pelletal Phosphorite
Member (MPPM) (Roberts et al. 2011). The LCSM is
the oldest member, dated to the early Middle Miocene,
and is overlain by the KVGM, which is dated to the
Late Miocene (Roberts &  Brink 2002; Roberts
et al. 2011). Above the KVGM are the dominant fossil-
bearing members, the Lower Pliocene LQSM and MPPM
(including bed 3aN and 3aS), both dated to
5.15 & 0.1 Ma (Roberts et al. 2011; Valenciano &
Govender 2020a). These fossiliferous deposits are aque-
ous in origin and have been attributed to the deposition
of floodplain (LQSM) and riverine (MPPM) sediments
(Roberts et al. 2011). It has been postulated that the
LQSM and MPPM were laid down during a global
transgression in the Mio-Pliocene, and there is evidence
for this in the occurrence of the VF at c¢. 90 m above
sealevel at Elandsfontein farm (Rogers 1980;
Hendey 1981b; Roberts & Brink 2002). Although the VF
is found only between 30 m and 40 m above sealevel at
LBW, this may be due to erosion, suggesting that the
sealevel may have reached c¢. 90 m during the Mio-
Pliocene deposition of the upper VF fossiliferous layers
(Rogers 1980; Roberts & Brink 2002).
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PATHOLOGIES IN FELIDS

Palaeopathology is the study of disease and injury in the
fossil record, and its study can improve our understand-
ing of the general health, ecology and behaviour of
extinct species (Shaw & Ware 2018). For example, patho-
logical conditions of the skeletomuscular elements associ-
ated with feeding apparatus and locomotion can give
insight into and support for theories regarding hunting
behaviour and, subsequently, parental care and sociality
(Gonyea 1976; Akersten 1985; McCall et al. 2003; Kiffner
2009; Shaw & Ware 2018).

Due to the scarcity of complete specimens of extinct
carnivorans, studies of pathological individuals are limited
and lack standardized definitions (Waldron 2009). Con-
cerning extinct felids, only those from the Late Pleis-
tocene have been analysed in depth (Heald 1989, 1986;
Brown et al. 2017; Shaw & Ware 2018). Pathologies gen-
erally occur relatively infrequently in the carnivoran fossil
record: Shaw & Ware (2018) noted that only 1% (5100
skeletal elements out of a total of 166 000) of Smilodon
fatalis Leidy, 1868 specimens in the Hancock Collection
from Rancho La Brea (California, USA) had some kind of
pathological condition. Furthermore, owing to the lack of
standardized definitions, there is often disagreement
between researchers on the presence and nature of
pathologies. Rothschild & Martin (2011) raised concerns
over the misdiagnosis of normal individual variation in
skeletal anatomy as pathologies; a result that is likely to
be due to studying small sample sizes and fragmentary
remains (Rothschild & Martin 2011; Shaw & Ware 2018).
There has, however, been some intensive work done on
specific collections, such as that completed by Fred
Heald (1986, 1989) on the pathology collection at the
California State University (Shaw & Ware 2018). Based
on 20 years of research into pathologies, Heald developed
a scheme of six pathological categories: (1) developmental
anomalies; (2) chronic reinjuries; (3) dental disease; (4)
traumatic injuries; (5) arthritis; and (6) punctures and/or
infections that indicate possible or probable bite wounds
(Heald 1989; Shaw & Ware 2018).

Subsequent research on postcranial elements of S. fa-
talis specimens from the Californian Rancho La Brea
Museum collection has identified the presence of
fractures, bony exostoses, ankylosing spondylitis,
osteoarthritis, osteomyelitis, skeletal fusion, hyperostosis,
pseudoarthrosis and congenital defects in this species
(Shaw & Ware 2018). The oldest record of pathological
sabretooth felid remains is a radius of Promegantereon
ogygia (Kaup, 1832) from the Upper Miocene locality of
La Roma 2 in Teruel, Spain (Salesa et al. 2014). The spec-
imen shows bony exostoses caused by lesions, and ossifi-
cation of the tendon of the abductor pollicis longus,

which is an important muscle of the thumb (Salesa
et al. 2014). Another specimen of P. ogygia from a similar
age locality (Batallones-1, Madrid, Spain) (Salesa
et al. 2006) shows a fracture and abnormal healing in a
metatarsal. A common pathology in sabretooth felids is
bony growths on the humerus, which are often associated
with the insertion of the deltoid muscle as seen in both
S. fatalis specimens from Rancho la Brea, as well as speci-
mens of Homotherium from the Senezé and Saint-Vallier
(Ballesio 1963;  Argant 2004;
Antén 2013). In Africa, there are a number of reports of
pathologies in sabretooth felids, although none of these
has been comprehensively documented and described. For
example, a Dinofelis sp. (KNM-ER 4419) from the Upper
Burgi Member, c. 2 Ma., Koobi Fora Formation, Kenya
(Werdelin & Lewis 2001), shows extensive pathological
pitting on various parts of its skeleton (e.g. radius, ulna,

localities in  France

calcaneus) and these were interpreted to be due to some
form of systemic infection. Another pathology that was
briefly noted is that of the bony exostoses on the lumbar
vertebrae of a specimen of Megantereon whitei
(Broom, 1937) from Kromdraai South Africa, which were
considered to have occurred as a result of frequent tear-
ing of spinal muscles during struggles with large prey
(Antén 2013). Last, Hendey (1974b) observed that
pathologies in bones are apparently more common in the
Carnivora than in other mammals from Langebaanweg,
and recognized osteitis and osteoarthritis in isolated
appendicular bones of several specimens of Machairodus
from the site, similarly to the specimen herein analysed
(SAM-PQL-22193).

MATERIAL AND METHOD
Nomenclature and measurements

Anatomical descriptions are based primarily on Evans &
De Lahunta (2010, 2013), Ercoli et al. (2013, 2015) and
Bohmer et al. (2020). The terminology conforms to the
standard of the Nomina Anatomica Veterinaria (Waibl
et al. 2005). Measurements were taken using Mitutoyo
Absolute digital callipers to the nearest 0.1 mm.

Reporting of the palaeopathologies present in extinct
mammal remains is less standardized than for those
occurring in hominin remains (Vann & Thomas 2006; De
Frans 2010). The pathologies described in this work will
be characterized following the operational definitions of
skeletal pathologies as defined by Waldron (2009) and
with reference to the body of work from Rancho La Brea
and others (De Frans 2010; Brown et al. 2017; Shaw &
Ware 2018; Janssens et al. 2019). Pathologies are referred
to as mild, medium or severe, following the system of
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Bartosiewicz et al. (1997) to provide an estimate of rela-
tive severity of the pathological impact on the bone ele-
ment. The term ‘exostosis’ is used to refer to any
protrusion of bone from the cortical surface, and pits or
pockmarks refer to any minor excavations of the cortical
surface (Govender et al. 2011; Ferndndez-Monescillo
et al. 2019).

Study material

We analysed the unpublished sabretooth felid specimens
SAM-PQL-22193 and SAM-PQL-52061 from LBW °F’
Quarry (Lower Pliocene, South Africa) housed in the
Cenozoic Palacontology collection of the Iziko South
African Museum (ISAM), Cape Town, under the prefix
SAM-PQL. The comparative sample includes original
postcranial fossils of Dinofelis cf. diastemata SAM-PQL
20685 from LBW (Hendey 1974b), housed at ISAM,
Amphimachairodus sp. SAM-PQL-21967 (astragalus and
calcaneum) and SAM-PQL-28397 (Mt III) from LBW
(Werdelin & Sardella 2006), as well as Machairodus
aphanistus (Kaup, 1832) from Batallones-1 (Upper Mio-
cene, Spain) housed at MNCN. For comparative purposes
we analysed the modern African lion Panthera leo Lin-
naeus, 1758 (SAM-ZM-35042) and leopard Panthera par-
dus  Linnaeus, 1758  (SAM-ZM-39998).  Additional
sabretooth material was analysed using descriptions and
measurements from their original publications. A full list
of specimens and their associated localities and publica-
tions is given in Table SI.

Metrical and multivariate analysis

A set of 57 linear measurements from the vertebrae and
hind limb of SAM-PQL-22193 and the calcaneum of
SAM-ZM-35042 was taken (Fig. 1; Tables 1, 2). Based on
these raw measurements and those of selected felids, we
computed four functional indices for the femur and tibia
(Table 3), as outlined by Samuels et al. (2013). These
ratios were used to estimate the proportions of the long
bones of the hind limb to make inferences about locomo-
tion. In order to analyse the postcranial skeleton of SAM-
PQL-22193 in the context of other medium- and large-
sized felids, we performed a principal component analysis
(PCA) with PAST 3.0 (Hammer et al. 2001), using the
linear measurements of a set of 16 variables from the
hind limb. This analysis includes variables from the femur
(variable 4), tibia (variables 1, 2, 5, 6), calcaneum (vari-
ables 1, 2), astragalus (variables 1, 2, 5), metatarsal III
(Mt III variables 1, 2) and metatarsal IV (Mt IV variables
1, 2, 3 and 7) (see selected variables in Fig. 1). The PCA
is an exploratory analysis of the general structure of a

dataset, which is useful for datasets obtained from the
fossil record that are subject to incomplete sampling
(Mariani & Romano 2017). As an ordination tool, the
PCA reduces the multivariate space to a few independent
components that retain much of the variance within a
dataset  (Jolicoeur &  Mosimann 1960; Hammer
et al. 2001). The sample used for the PCA computation
represents the most complete assemblage of measure-
ments that includes Lokotunjailurus emageritus and
Amphimachairodus giganteus Kretzoi, 1929, which are of
particular interest to the study due to their morphology
and biogeography. The PCA enables exploration of gross
morphological variation with a primary focus on sabre-
tooth felids, but also including other felids of similar size,
such as the extinct American lion (Panthera atrox
Leidy, 1853) and the modern African lion (Panthera leo).
Following previous authors (Meachen-Samuels & Van
Valkenburgh 2009; Joji¢ et al. 2014; Ercoli et al. 2019;
Cuccu et al. 2022; Valenciano & Baskin 2022) we calcu-
lated the Mosimann shape variables for the raw measure-
ments using geometric mean transformation of data,
prior to the PCA (Mosimann & James 1979). The geo-
metric mean is derived from the nth root of the product
of n measurements, and the ratio of any measurement to
the overall geometric mean is a Mosimann shape variable
(Mosimann & James 1979; Meachen-Samuels & Van
Valkenburgh 2009).

Performing this transformation corrects the analysis for
any isometric effect stemming from different sizes of the
sampled material (Ercoli et al. 2019). In Figure 2B, where
the Mosimann-transformed variables were used, the taxa
are plotted differently and can be interpreted without this
isometric effect.

RESULTS

The functional indices of the femur and tibia in the
selected felids (Table 3) suggest that the sabretooth from
LBW has a similar crural index to that of Amphi-
machairodus giganteus, Machairodus aphanistus, Homoth-
erium serum (Cope, 1893), Panthera leo and P. atrox. This
crural index is smaller than that deduced for Metailurus
parvulus (Hensel, 1862) but larger than that of Smilodon
fatalis. According to the femoral robustness index, it also
possesses the most robust femora, which is similar only
to P. leo. Additionally, the LBW sabretooth has a larger
femoral epicondylar index than that of A. giganteus, but
smaller than Ma. aphanistus, S. fatalis, H. serum, P. leo
and P. atrox. It also possesses the highest tibial robustness
index, which is comparable to that of S. fatalis, A. gigan-
teus and Ma. aphanistus but contrasts with Me. parvus,
which has the most slender femora and tibiae of the
sample.
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FIG. 1. Postcranial measurements used in this work, illustrated using images of the hind limb and vertebral bones from Panthera leo
SAM-ZM-35042 and Panthera pardus SAM-ZM-39998. A-D, femur in: A, cranial; B, medial; C, proximal; D, distal view. E-G, tibia
in: E, distal; F, cranial; G, lateral view. H-I, fibula in: H, cranial; I, lateral view. J-L, calcaneum in: J, dorsal; K, medial; L, anterior
view. M-O, astragalus in: N, dorsal; M, anterior; O, lateral view, P—Q, metatarsal in: P, lateral; Q, dorsal view. R-S, thoracic vertebra
in: R, lateral; S, cranial view. T-U, lumbar vertebra in: T, lateral; U, caudal view. Descriptions of measurements can be found in
Appendix S1.
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TABLE 1. Measurements (mm) of the hind limb bones of SAM-PQL22193 from Langebaanweg.

1 2 3 4 5 6 7 8
Right femur 349 35.3 33.1 86.1 35.2 32.7 70.4 70.3
367 35.9 32.4 86.0 34.7 32.6 68.7 67.8
368 37.0 30.5 85.6 35.3 31.9 69.2 68.5
361.33* 36.09 32.00 85.90 35.03 32.40 69.42 68.83
Left femur 363 36.6 39.3 84.9 334 31.4 70.3 64.5
368 36.8 39.5 83.3 32.7 31.5 70.7 67.8
368 35.3 39.8 83.3 32.4 31.2 71.9 67.0
366.33* 36.23 39.55 83.81 32.82 31.39 70.98 66.4
Right tibia 301 73.8 33.8 34.7 37.8 51.6 - —
305 73.7 33.2 36.3 38.1 52.3 - -
305 72.6 32.5 37.6 37.1 53.9 - -
303.67* 73.34 33.16 36.17 37.64 52.58 — —
Left tibia 297 - 31.8 36.4 41.6 55.0 - -
304 — 31.9 35.2 37.8 55.2 - -
303 - 31.7 36.1 37.6 53.6 — —
301.33* - 31.77 35.88 39.00 54.59 — —
Fibula 276 30.8 19.9 31.4 19.3 - — —
274.8 31.1 19.1 30.9 19.7 - — —
274.3 31.1 18.9 31.0 19.9 - — —
275.04* 31.00 19.27 31.08 19.60 — — —
Calcaneum 95.5 45.9 43.0 48.0 54.7 30.2 27.3 26.6
94.5 42.7 39.6 48.9 54.8 30.3 26.8 27.3
94.8 43.6 41.5 49.0 54.0 30.8 26.3 27.2
94.93* 44.05 41.34 48.64 54.48 30.43 26.81 27.02
Astragalus 52.1 40.2 40.5 28.7 31.0 21.1 - -
51.7 39.8 39.7 28.4 31.0 21.1 - —
50.9 40.7 40.2 28.7 31.0 21.2 — —
51.55* 40.20 40.14 28.60 31.02 21.12 — -
Metatarsal 11 32.7 19.3 1214 18.3 12.1 20.8 19.6 -
33.6 19.1 1214 17.7 12.1 20.7 19.7 —
33.9 19.5 121.5 18.4 12.1 20.7 19.6 -
33.40* 19.30 121.42 18.16 12.10 20.74 19.64 -
Metatarsal III 32.1 23.3 - - - - - -
32.1 23.4 - - - - — -
32.2 23.3 - — — — - -
32.09%* 23.33 — — — - — —
Metatarsal IV 27.0 22.7 130.6 17.8 14.4 20.5 19.9 -
27.1 22.4 130.6 15.9 15.2 20.4 20.0 -
27.0 21.7 130.4 15.9 14.4 20.7 20.0 —
27.02* 22.26 130.52 16.53 14.65 20.54 19.99 -

Measurements for each fossil element were repeated thrice and rows preceded by an asterisk show the average measurements. See Fig-

ure 1A-Q and Appendix Sl for the locations of measurements 1-8.

The eigenvalues (L), percentages of variance and fac-
tor loadings of the Mosimann-transformed variables,
obtained from the PCA (Figs 2, 3), are listed in Table 4.
We plotted the scores of PC1 against PC2 (Fig. 2B), as
well as PC3 against PC4 (Fig. 3). The plot of the first
two components of the Mosimann-transformed PCA
(Fig. 2B), which account for 92.06% of the total vari-
ance in the sample (PC1 = 83.81%; PC2 = 8.25%),
shows that there is no overlap between most of the
compared species, except for two separate groups of

species that are in close proximity along both compo-
nents: P. atrox (American lion) and P. leo (African lion);
and Ma. aphanistus, L. emageritus and the sabretooth
SAM-PQL-22193 from the LBW locality. Based on the
factor loadings (Table 4), T1 (the length of the tibiae)
and Mt IV have the largest loadings of PC1 (loadings of
0.86 and 0.46, respectively), which describes 84% of the
variance in the data. This means that a large amount of
the variation between the species is explained by the
length of the tibiae (T1) and the fourth metatarsals (Mt
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RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH 7

TABLE 2. Measurements (mm) of the vertebrae of SAM-
PQL22193 from Langebaanweg.

1 2 3 4 5 6 7

T4 30.0 232 276 70.1 63.7 110.0 -
29.5 232 277 700 63.6 110.7 -
29.5 229 270 703 64.0 110.6 -
29.65% 23.12 27.42 70.16 63.76 11042 -
T5-62 29.7 233 295 687 626 105.7 -
29.2 235 292 691 62.9 103.5 -
29.1 235 295 692 603 103.7 -
29.29% 2343 2941 69.02 6195 10429 -
T9 29.2 233 302 656 - - -
29.8 24.1 29.8 653 - - -
29.7 23.8 304 657 - - -
29.57*% 23.74 30.13 65.55 - - -
T10 30.0 248 305 - - - -
302 - — — —
29.7 25.1 304 - - - -
29.82*% 24.85 30.38 - - - -

T11 - 223 308 - 39.8 - -
- 222 302 - 40.0 - -
- 223 303 - 422 - -
—* 22.25 30.42 40.67 - -

T12 29.7 22.9 30.6
29.4 23,5 310 669 - - -
29.4 23.6  30.2
29.48*% 2331 30.58 66.75 - - -

L2 41.8 29.9 433 - 84.2 36.8 32.3

40.1 29.9 458 - 819  36.2 32.8
41.3 29.1 458 - 819  36.3 33.1
41.04* 29.65 4494 - 82.65 36.41 32.72
L4 44.0 30.2 455 - - - -
44.0 326 454 - - - -

44.1 32.3 45.1 - - - —
44.05* 31.72 4536 — - - _
L5¢ - - 464 - - - —
- - 474 - - - —
- - 476 - - — _
—* - 47.13

Measurements for each fossil element were repeated thrice and
rows preceded by an asterisk show the average measurements.
See Figure 1R-U and Appendix S1 for the locations of measure-
ments 1-7. L, lumbar vertebra; T, thoracic vertebra.

IV 3). Tl and Mt IV 3 also contribute strongly to PC2
(0.43 and —0.55), along with the width of the femoral
head (F4) and relative calcaneal length (Cl) (0.49 and
—0.44, respectively).

Figure 2B shows that along PC1 the different taxa
separate into five groupings: group 1, Me. parvulus;
group 2, A. giganteus, L. emageritus and Ma. aphanistus;
group 3, H. serum, sabretooth LBW; group 4, P. leo and
P. atrox; and group 5, S. fatalis. Thus, tibial length and
Mt IV 3 measurements could be used to separate these
taxa. PC2 enables differentiation of A. giganteus from the

rest of group 2, and H. serum and sabretooth LBW sep-
arate from each other. Furthermore, according to Fig-
ure 2B, Me. parvulus, L. emageritus, and Ma. aphanistus
have proportionally longer calcanea and longer fourth
metatarsals, along with P. leo, P. atrox and the LBW
sabretooth. Smilodon fatalis, H. serum and A. giganteus
are characterized by a relatively wider proximal epiphysis
of the femur.

Consideration of PC3 permits further differentiation of
the taxa (Fig. 3). The plot of the third and fourth compo-
nents of the Mosimann-transformed PCA (Fig. 3)
accounts for 5.37% of the total variance in the sample
(PC3 = 3.29%; PC4 = 2.08%). Based on the factor load-
ings (Table 4), it is evident that all of the features appear
to contribute to PC3 to a lesser or greater degree, with
higher positive loadings for relative calcaneal length (Cl1),
mediolateral width of the astragalar body (A2) and length
of the fourth metatarsal (Mt IV 3), as well as Mt IV 2.
The mediolateral width of the astragalar body (A2) and
calcaneal length (C1) contribute the most to PC4 (0.65
and —0.51, respectively). Therefore, PC3 and PC4 sepa-
rate species with relatively long or short calcanea and rel-
atively wider or narrower astragalar bodies. Metailurus
parvulus, P. atrox, S. fatalis, Ma. aphanistus and A. gigan-
teus are all characterized as having relatively longer cal-
canea and, except for A. giganteus, wider bodies of the
astragalus, along with H. serum and the LBW sabretooth.
Homotherium serum, L. emageritus, P. leo and the LBW
sabretooth are characterized by relatively longer fourth
metatarsals.

Although the plot in Figure 2B shows the LBW
sabretooth closer to Ma. aphanistus and L. emageritus,
the plot in Figure 3 shows the differences between the
three, with the South African sabretooth having the
proportionally longer fourth metatarsal than L. emageri-
tus, and Ma. aphanistus having the proportionally long-
est calcanea and widest astragalus of the three. In
relation to A. giganteus, Fig. 2B indicates that the LBW
sabretooth has a longer fourth metatarsal while A. gi-
ganteus has a longer tibia and wider proximal epiphysis
of the femur. Fig. 3 additionally indicates that A. gigan-
teus has a proportionally longer calcaneum and wider
astragalus.

Institutional abbreviations. AMNH, American Museum of
Natural History, New York, USA; AMNH F:AM, Frick
Collection of fossil mammals in the AMNH; AMPG,
Athens Museum of Palaeontology and Geology, Greece;
BPI, Bernard Price Institute University of the Witwater-
srand, Johannesburg, South Africa; GPM, George C. Page
Museum, Los Angeles, USA; ISAM, Iziko South African
Museum, Cape Town, South Africa; LBW, Langebaanweg
‘E> Quarry, (South Africa); LGPUT, Laboratory of
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8 PAPERS IN PALAEONTOLOGY

TABLE 3. Functional indices from the femur and tibia, based on Samuels et al. (2013), of extinct sabretooth felids, large felids and
the extant lion.

Taxa Index
Crural Femoral robustness Femoral Epicondylar Tibia robustness

Sabretooth from LBW 84.06 8.91 19.10 10.80
Amphimachairodus giganteus 84.66 7.37 18.29 10.40
Machairodus aphanistus 86.86 7.92 19.97 10.34

Smilodon fatalis 74.41 8.57 21.35 10.75

Panthera atrox 85.85 8.38 21.55 10.06
Homotherium serum 85.15 8.39 20.17 9.61

Metailurus parvulus 96.20 7.22 18.70 7.31

Panthera leo 85.20 8.76 20.92 9.91

All values are based on one individual, except Machairodus aphanistus (n = 2), Smilodon fatalis (n = 10); Panthera atrox (n = 10) and
Homotherium serum (n = 8), for which the values represent an average of measurements from different individuals. See Tables 1, 2,
§1-S5 for raw data and associated references. LBW, Langebaanweg.

FIG. 2. Plot of the first (PC1) and second (PC2) components of the principal component analysis of the 16 linear measurements
taken from a sample of hind limb bones of large felids, consisting of extinct taxa from the Neogene and Quaternary periods as well as
the extant African lion (Panthera leo). A, raw data. B, Mosimann-transformed data. Abbreviations: Al, 2, astragalus measurements 1, 2;
Cl, 2, calcaneum measurements 1, 2; F4, femur measurement 4; LBW, Langebaanweg; Mt IV 3, fourth metatarsal measurement 3; T1,
2, 5, 6, tibia measurements 1, 2, 5, 6.

Geology and Palaeontology, University of Thessaloniki, naturelle de Paris, France; NHML, Natural History
Greece; MNCN, Museo Nacional de Ciencias Naturales, Museum, London, UK; NMB, Naturhistorisches Museum
Madrid, Spain; MNHN, Muséum national d’Histoire Basel, Switzerland; NMK, National Museums of Kenya,
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RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH 9

FIG. 3. Plot of the third (PC3) and fourth (PC4) components of the principal component analysis of the Mosimann-transformed
variables of 16 linear measurements taken from a sample of hind limb bones of large felids, consisting of extinct taxa from the Neo-
gene and Quaternary periods, as well as the extant African lion (Panthera leo). Abbreviations: Al, 2, astragalus measurements 1, 2; C1,
calcaneum measurement 1; F4, femur measurement 4; LBW, Langebaanweg; Mt IV 1, 2, 3, fourth metatarsal measurements 1, 2, 3; T1,

2, 5, 6, tibia measurements 1, 2, 5, 6.

TABLE 4. Eigenvalues (L), percentages of variance, and factor
loadings of the linear variables transformed into Mosimann vari-
ables obtained from the PCA.

PC1 PC2 PC 3 PC 4

A 0.39 0.04 0.02 0.01

% variance 83.81 8.26 3.30 2.09

F4 Mos —0.1258 0.4928 —0.0913 —0.1405
T1 Mos 0.8574 0.4298 0.1826 0.0318
T2 Mos —0.0726 0.0187 —0.0523 0.0886
T5 Mos —0.0356 0.1603 —0.1057 0.0288
T6 Mos —0.0300 0.0753 0.1618 —0.2950
C1 Mos 0.1131 —0.4410 0.5744 —0.5114
C2 Mos 0.0482 0.1330 0.0360 —0.0391
Al Mos 0.0212 —0.1361 0.1155 0.3054
A2 Mos —0.1135 —0.0222 0.4580 0.6524
A5 Mos 0.0115 0.0183 0.1304 0.0135
Mt III 1 Mos —0.0075 0.0010 —0.0371 —0.1237
Mt III 2 Mos —0.0066 —0.0326 0.1091 0.0559
Mt IV 1 Mos —0.0055 —0.0140 —0.1170 —0.2033
Mt IV 2 Mos —0.0289 —0.0175 —0.3618 —0.0922
Mt IV 3 Mos 0.4602 —0.5537 —0.4344 0.1682
Mt IV 7 Mos —0.0128 —0.0345 0.0186 0.0698

Al, 2, 5, astragalus variables 1, 2, 5; Cl, 2, calcaneum variables
1, 2; F4, femur variable 4; Mt III 1, 2, third metatarsal variables
1, 2; MT 1V 1, 2, 3, 7, fourth metatarsal variables 1, 2, 3, 7; PC,
principal component; PCA, principal component analysis; T1, 2,
5, 6, tibia variables 1, 2, 5, 6.

Nairobi, Kenya; PQL, Quaternary Palaeontology (Lange-
baanweg), Iziko South African Museum, Cape Town,
South Africa; TMM, Texas Memorial Museum, Austin,
TX, USA; UCMP, University of California Museum of
Paleontology, Berkeley, CA, USA; USNM, National
Museum of Natural History, Washington DC, USA; ZM,
Zoology Mammals, Iziko South African Museum, Cape
Town, South Africa.

SYSTEMATIC PALAEONTOLOGY

Order CARNIVORA Bowdich, 1821
Family FELIDAE Gray, 1821
Subfamily MACHAIRODONTINAE Gill, 1872
Figures 4-8

Material. SAM-PQL-22193, consists of six thoracic verte-
brae, three lumbar vertebrae, two femora, two tibiae, the
left fibula, the right astragalus, the left calcaneum and the
second, third and fourth metatarsals. SAM-PQL-52061,
complete left calcaneum.

Locality. Langebaanweg ‘E’ Quarry. Western Cape pro-
vince, South Africa.

Age. 5.2 Ma; Late Miocene, Early Pliocene

Description

All of the studied material of SAM-PQL-22193 has a yel-
low—orange colouration on the surface of the bone that
may be due to iron in the depositional environment.

Thoracic vertebrae. The thoracic (T) vertebrae T4 and T5
are well preserved, with only a few minor cracks and
abrasions (Fig. 4A, C-E). The vertebral bodies are cranio-
caudally and dorsoventrally short. Their ventral surfaces
show mild rugosity and have a pronounced ventral crest.
The prezygapophyseal and postzygapophyseal facets are
ovoid and of the tangential type. The spinous processes
are long and they taper, almost evenly, to a rounded
point. These processes are slightly caudally inclined, with
a more pronounced incline in the T5. The transverse
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10 PAPERS IN PALAEONTOLOGY

FIG. 4. Thoracic (T) vertebrae of the Langebaanweg sabretooth, SAM-PQL-22193. A, T4, T5, articulated in lateral view. B, T9-T12,
articulated in lateral view. C-E, T5 in: C, cranial; D, caudal; E, ventral view. F-H, T9 in: F, cranial; G, caudal; H, ventral view. Scale

bar represents 20 mm.

processes are short and robust, and the mammillary pro-
cesses are short, acute protuberances from the medial
ventral surfaces of the transverse processes.

Thoracic vertebrae T9, T10 and T12 are poorly pre-
served, and T11 is fragmentary (Fig. 4F-H). The vertebral
bodies are like those of T4 and T5 but the ventral

surfaces have greater rugosity and bony growth on the
surface of the bone (Fig. 4E, H). The prezygapophyseal
and postzygapophyseal facets are ovoid and of the tangen-
tial type. The spinous process of T11 is preserved and it
is shorter and more caudally inclined than that of T4 and
T5. The transverse processes are shorter and more robust
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RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH 11

than that of T4 and T5. The mammillary processes are
broader but similar in shape to that of T4 and T5.

Lumbar vertebrae. The lumbar (L) vertebrae 12, L4 and
L5 are poorly preserved (Fig. 5): the cranial and caudal
articular surfaces, spinous processes and transverse pro-
cesses are either abraded, fragmented, or broken. The
postzygapophyseal facets appear to be radial, while the
prezygapophyseal facets appear to be tangential.

Pathological description of the lumbar vertebrae. The cra-
nial, caudal and ventral surfaces of the lumbar vertebral
bodies have a striated and pockmarked appearance of
varying severity (Fig. 5). The ventral surface of L2 has
two abnormal, large, bony protuberances on either side of
the ventral crest (Fig. 5A, B). The cranial articular surface
of the L4 vertebral body has grooves around the circum-
ference (Fig. 5C). The entire vertebral body of L5 is
severely eroded and affected by exostoses and osteophytes.
The ventral and lateral surface of the body has severe
osteophyte growths and there is a pronounced bony spur
projecting from the distal cranial surface of the vertebral
body (Fig. 5F, G). The cranial surface is flattened and
there is eburnation of the entire surface as well as deep
pockmarks (Fig. 5E). The central body of the caudal sur-
face has many pockmarks.

Femora. The left femur is well preserved despite the
numerous superficial cracks on the cranial and caudal
surface of the femoral shaft (Fig. 6A-D, G, H). There is a
mediolateral break above the medial supracondylar
tuberosity, and the medial part of this crack is restored
with a cast. The right femur is less well preserved
(Fig. 6E, F). It has numerous superficial, proximodistal
cracks. There is a large fracture in the lateral border of
the proximal half of the diaphysis. The proximal epiphysis
has a transverse mediolateral break on the cranial side,
affecting the whole side of the epiphysis. The caudal side
of the greater trochanter is also broken. The caudal side
of the head and the lesser trochanter show signs of abra-
sion. A cast replaces a large fragment on the cranial and
medial surface of the proximal half of the femoral shaft
and a smaller fragment on the caudal side. The lateral
and medial supracondylar tuberosities of both femora
show signs of abrasion. In medial view the head of the
femur is rounded, and the fovea capitis is situated close
to the caudal surface. The proximal end of the head lies
slightly beneath the tip of the greater trochanter. The
neck is mediolaterally short and lies almost horizontal rel-
ative to the long axis of the greater trochanter. The
greater trochanter is craniocaudally longer than the head.
In caudal view the distal part of the greater trochanter
forms a pronounced crest along the lateral border of the
bone, which extends in a proximodistal manner to the

distal end of the proximal half of the bone. The greater
trochanter has two scars for the attachment of the mus-
culi gemelli and the musculi piriformis. The scar for
attachment of the m. piriformis runs around the distal
cranial surface of the greater trochanter, curving towards
the proximal end. The scar for attachment of the
m. gemelli lies above that of the m. piriformis and is
bounded by pronounced crests. The trochanteric fossa is
deep relative to the caudal surface of the bone. The proxi-
mal end of the intertrochanteric crest has a slight medial
curve. The lesser trochanter is situated on the medial bor-
der of the shaft and is substantially projected horizontal
to the long axis of the bone. It is more marked and better
preserved in the left femur. The diaphysis is straight and
has an ovoid section with a transverse diameter slightly
larger than that of the craniocaudal. The proximal half of
the shaft has an acute lateral border. This is the area for
the insertion of the vastus lateralis muscle. The lateral
supracondylar tuberosity forms a more pronounced pro-
cess than the medial one. The patellar trochlea is shallow.
The intercondylar fossa is relatively deep compared with
the caudal surface of the articular condyles and flares
toward the proximal end.

Pathological description of the femora. The left femur has
extensive exostosis on the lateral border associated with
the attachment area of the m. vastus lateralis (Fig. 6D).
Both femora have mild exostoses (i.e. white, calcareous,
bony outgrowths) on the lesser trochanter and the proxi-
mal and distal ends of the diaphyseal shaft (Fig. 6B). The
surfaces of the proximal and distal epiphyses extending
onto the diaphyseal shaft have a pitted appearance (series
of holes and change in contour of the bone surface)
(Fig. 6C).

Tibiae. Both tibiae (Fig. 61-O) have numerous proxi-
modistal superficial cracks that can be attributed to
weathering. The right tibia is generally well preserved,
although the tibial tuberosity and part of the craniolateral
tibial tubercle are broken. There is some abrasion on the
lateral condyle. The proximal half of the cranial border is
also broken and has been repaired with plaster. The lat-
eral side of the distal epiphysis of the tibia is broken on
the cranial surface. The left tibia is not as well preserved
as the right. The lateral side of the proximal end of the
left tibia is broken. The proximal epiphysis is broad, and
the lateral condyle is slightly larger than the medial one.
The proximal part of the lateral condyle lies above that of
the medial condyle. The cranial intercondylar area is
broader than the caudal, and both are shallow. The inter-
condylar eminence has two well-defined crests. The tibial
tuberosity is not preserved. The tibial crest is preserved
and is cranially convex in lateral view. The shaft is robust,
sigmoid, and is subtriangular in the proximal half. The
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12 PAPERS IN PALAEONTOLOGY

FIG. 5. Lumbar (L) vertebrae of the Langebaanweg sabretooth, SAM-PQL-22193. A-B, L2 in: A, cranial; B, lateral view. C-D, 14 in:
C, cranial; D, lateral view. E-G, L5 in: E, cranial; F, lateral; G, ventral view. Scale bar represents 20 mm.
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RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH

FIG. 6. Long bones of the Langebaanweg sabretooth SAM-PQL-22193. A-D, G-H, left femur in: A, cranial; B, caudal; C, medial;
D, lateral; G, proximal; H, distal view. E-F, right femur in: E, cranial; F, caudal view. I-M, right tibia in: I, proximal; J, distal;

K, cranial; L, caudal; M, medial view. N-O, left tibia in: N, cranial; O, caudal view. P-R, left fibula in: P, cranial; Q, proximal;

R, distal view. Scale bar represents 20 mm.

13
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caudal surface shows marked areas for the attachment of
the musculi tibialis caudalis and the musculi flexor digito-
rum longus. The distal epiphysis has two facets for the
articulation of the astragalus. The medial facet is deeper
than the lateral facet. The distal part of the medial malle-
olus lies above that of the lateral malleolus. The groove in
the medial malleolus serves as a passage for the tendons
of the m. flexor digitorum medialis and m. tibialis
caudalis.

Pathological description of the tibiae. Both tibiae have mild
to moderate exostoses and pitting on the proximal
(Fig. 61, L) and distal epiphyses, extending onto the dia-
physeal shaft (Fig. 6M).

Fibula. The left fibula is well preserved (Fig. 6P—-R), but
both articular ends have broken off from the shaft and
the proximal diaphysis and epiphysis are cracked. The
proximal epiphysis is craniocaudally broad and mediolat-
erally elongated into an acute crest on the cranial side.
The shaft has a subtriangular cross-section. The distal epi-
physis is also craniocaudally broad but is mediolaterally
flattened. The lateral malleolus is proximodistally elon-
gated and elliptical in shape.

Pathological description of the fibula. The distal epiphysis
of the fibula is affected by exostoses on all surfaces
(Fig. 6P). Part of the distal articular facet for articula-
tion with the tibia appears to be missing and instead
the surface of the bone has numerous small pits
(Fig. 6P).

Calcaneum. Although pathological, the anatomy of the
left calcaneum (Fig. 7) is reasonably well preserved,
showing only some proximodistal superficial cracks that
can be attributed to weathering of the bone. The calca-
neum is robust and the tuber is almost as long cranio-
caudally as it is mediolaterally. The medial process of the
tuber is considerably longer than the lateral process and
the two are separated by a broad, relatively flat area. The
sustentacular facet is small, ovoid and slightly concave
(Fig. 7A—C). Lateral to this facet, the calcaneal canal is a
deep, well-delimited groove that extends towards the dis-
tal end of the calcaneum. The ectal facet is broad and,
although it is convex in its proximal half, it is slightly
concave in its distal half. It presents an acute ridge on
the lateral side and multiple striations on the surface.
The ridge and striations are proximodistal with a slight
inclination towards the lateral side. The surface of the
facet has a polished texture, presumably from eburnation
associated with the articulation of the astragalus
(Fig. 7A). Its lateral border is not rounded but has an
indentation that is level with the proximal end of the
sustentacular facet. In caudal view the lateral side of the

body tapers towards the distal end and a deep fossa is
present on the lateral surface. The fossa covers three-
quarters of the lateral side of the calcaneum and is bor-
dered by a pronounced lateral projection. The protuber-
ance of the quadratum plantae process is missing.

Pathological description of the calcaneum. The left calca-
neum has been severely affected by pathologies. The tuber
is extensively affected by exostoses, as is the cranial sur-
face, the lateral border of the body and the astragalar
platform (Fig. 7A—C). The medial surface of the susten-
tacular facet is entirely covered in the outgrowths and, in
caudal view, the surface of the body has a distinct abnor-
mal proximodistal protuberance that borders the groove
of the sulcus calcaneus (Fig. 7C). The surface of the ectal
facet has a highly polished texture and numerous proxi-
modistal grooves (Fig. 7A).

Astragalus. The right astragalus is well preserved
(Fig. 8A—F) and shows some orange staining on the dor-
sal and ventral surface that is probably the result of iron
in the depositional environment. The navicular facet is
ovoid in distal view and the head is set on a short, trans-
versely wide neck. The sustentacular facet is small and
proximodistally elongated. It is convex in its distal half
and concave in the proximal. The ectal facet is broad and
uniformly concave. The distal surface of the ectal facet
has a polished texture, presumably from eburnation asso-
ciated with the articulation of the calcaneum. The two
facets are separated by a deep proximodistal groove that
flares toward the proximal end. The trochlea is trans-
versely broad, and the medial border has a strong lateral
curve. There is a deep plantar tendinal groove on the
proximal corner of the bone.

Pathological description of the astragalus. The ventral sur-
face of the neck, distal surface of the trochlea and both
the lateral and medial surfaces of the right astragalus are
mildly affected by bony exostoses (Fig. 8B, D). The med-
ial surface of the trochlea and neck have numerous
abnormal pits, varied in size, which give the bone a por-
ous texture (Fig. 8A, E). The ectal facet also has a med-
ium degree of eburnation, less severe than that of the
calcaneum (Fig. 8B).

Metatarsal 1I. The left metatarsal II (Fig. 8G, H, K) is
well preserved and presents only a few superficial proxi-
modistal cracks, attributable to weathering. There is some
orange staining on the dorsal surface, as well as in meta-
tarsal IIT and IV. The bone is mediolaterally flattened and
the shaft has an ovoid section. In dorsal view the shaft
has a medial curve in the proximal half. The proximal
end elongates dorsoventrally to form the proximal epiph-
ysis. In proximal view the articular surface is
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FIG. 7. A-F, left calcaneum of the Langebaanweg sabretooth SAM-PQL-22193 (pathological) in: A, cranial; B, medial; C, caudal;
D, lateral; E, proximal; F, distal view. G-L, SAM-PQL-52061 (healthy specimen) in: G, cranial; H, medial; I, caudal; J, lateral; K, prox-

imal; L, distal view. Scale bar represents 20 mm.

asymmetrical with a prominent lateral notch. It is narrow
and dorsoventrally long, with a well-delimited, subtrian-
gular proximal facet.

Metatarsal III. The left metatarsal III (Fig. 8G, I, L) has
the proximal part well preserved but the distal epiphysis
and much of the dorsal surface of the shaft is absent
due to breakage. The remaining shaft appears to be
straight and robust, with a circular cross-section. The
shaft flares dorsoventrally proximal to the sesamoid
fossa. In proximal view the articular surface is convex
and almost symmetrical, being wide in the dorsal end,

relatively narrow in the ventral and tapering in the mid-
section to form a T-shape. The narrow, medial part of
the proximal facet has a prominent angular protuber-
ance. The lateral surface has a deep concavity for articu-
lation with metatarsal IV.

Metatarsal IV. The left metatarsal IV is very well pre-
served (Fig. 8G, J, M) and has only a few superficial
proximodistal cracks, attributable to weathering. The shaft
is only slightly mediolaterally flattened and is straight,
with an oval-shaped cross-section. The proximal end
elongates dorsoventrally to form the proximal epiphysis.
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FIG. 8. Langebaanweg sabretooth, SAM-PQL-22193. A-F, right astragalus in: A, dorsal; B, ventral; C, distal; D, lateral; E, medial;
F, proximal view. G, Mt II, Mt III, Mt IV articulated in dorsal view. H, K, Mt II in: H, medial; K, proximal view. I, L, Mt III in:
I, medial; L, proximal view. J, M, Mt IV in: J, medial; M, proximal view. Scale bar represents 20 mm.

In proximal view the articular surface is slightly asymmet- Pathological description of the metatarsals. The metatarsals
rical and tapers ventrally. It is relatively narrow and are mildly affected by pitting on the proximal and distal
dorsoventrally long, with a convex facet. epiphyses (Fig. 8G, H).
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DISCUSSION
Determination of the remains from LBW

The absence of associated dentition in the studied sabre-
tooth material from LBW (SAM-PQL-22193 and SAM-
PQL-52061) hinders the taxonomic assignation of these
individuals (e.g. Werdelin & Lewis 2001; de Bonis
et al. 2010; Forasiepi & Carlini 2010; Werdelin &
Peigné 2010). Our cursory examination of the long
bones of SAM-PQL-22193 suggested that they belong to
a large carnivore, distinct from other large carnivores
from the LBW locality and that the remains showed
pathological features. The large size of the bones and
their gross morphology indicated that these specimens
belonged to a felid, which precluded their assignation to
other carnivoran groups present in LBW, such as the
hyaenid  Chasmaportetes  australis  (Hendey, 1974b)
(Hendey 1974b, 1978a; Werdelin et al. 1994), the giant
mustelids Plesiogulo aff. monspessulanus Viret, 1939 and
Sivaonyx hendeyi (Morales et al., 2005) (Hendey 1974b,
1978b; Valenciano & Govender 2020a), or the larger
sized hemicyonid/ursid Agriotherium africanum (see
Hendey 1972).

Most of the unpublished postcranial felid bones in the
collection from LBW are assigned to the genera Dinofelis
and Machairodus (Werdelin & Sardella 2006). However,
some postcranial material is notably larger than others,
as represented by SAM-PQL-22193, as well as the addi-
tionally sampled material SAM-PQL-21967 and SAM-
PQL-28397. Werdelin & Sardella (2006) suggested, based
on reconstructed specimen size, that the latter two
postcranial specimens be assigned to the largest known
craniodental element from the locality: an upper canine
tooth that was initially assigned to Homotherium by
Hendey (1974b) and then re-assigned to Amphimachairo-
dus by Werdelin & Sardella. They argued that the speci-
men showed no  diagnostic  similarities  with
Homotherium, whereas the canine tooth exhibits traits
that align it with other large machairodont species, such
as Amphimachairodus (Werdelin & Sardella 2006). It is
notable, however, that Werdelin & Sardella (2006) men-
tion that the postcranial skeleton of machairodont felids
from the Miocene has not yet been studied to the point
where the large LBW specimens can be confidently
ascribed to Amphimachairodus. The material they
described, also here examined, SAM-PQL-21967 (astra-
galus and calcaneum) and SAM-PQL-28397 (Mt III), has
general similarities to the homologous elements in Loko-
tunjailurus emageritus from Lothagam Kenya and is gen-
erally smaller in size than both the LBW sabretooth and
the average measurements from our sample of Amphi-
machairodus giganteus.

Considering the obtained functional indices of the
femur and tibia (Table 3), the unidentified sabretooth
from LBW SAM-PQL-22193 has similar hind limb bone
proportions to the Homotherini from the Upper Mio-
cene, Machairodus aphanistus and A. giganteus, the Pleis-
tocene Homotherium serum, and the pantherines Panthera
leo and P. atrox. These felids are generally classified as
having a terrestrial locomotion or lifestyle: rarely swim-
ming, climbing or digging (Samuels et al. 2013), but the
LBW sabretooth has some interesting morphological dif-
ferences. The crural index (total tibial length divided by
femur length x 100) is an indicator of the relative pro-
portions of the proximal and distal elements of the hind
limb (Samuels et al. 2013). In a study by Samuels
et al. (2013), the crural index was not found to differ sig-
nificantly with different modes of locomotion, and was
therefore not suggested as an accurate indicator of loco-
motion for extinct carnivores. However, given our limited
material and the absence of other functional variables, the
crural index is used as an exploratory tool to discuss dif-
ferences in hind limb morphology and the associated
locomotion of different taxa. Note that the crural index
could not be calculated for L. emageritus because of the
absence of these functional variables in the fossil record.
The most dissimilar taxa in our sample regarding the cru-
ral index are Smilodon fatalis (74.41), which has a
reduced and robust tibia, and the Late Miocene Metailu-
rus parvulus, which has a more elongated and slender
tibia (96.2). The LBW sabretooth has the second lowest
crural index with respect to the sample (84.06) (most like
that of A. giganteus), indicating that this felid has a more
proportionately reduced tibia than most of the other spe-
cies. The LBW sabretooth possesses the highest value for
the femoral robustness index (craniocaudal diameter
of the femur divided by the femur length), which
specifies the robustness of the femur and its ability to
resist bending and shearing stress (Samuels et al. 2013).
The LBW sabretooth has a larger femoral epicondylar
index (FEIL; epicondylar breadth of the femur divided by
the femur length) than that of A. giganteus, but smaller
than that of Ma. aphanistus. The FEI refers to the relative
area available for the origins of the gastrocnemius and
soleus muscles used in the extension of the knee and the
plantar flexion of the pes (Samuels et al. 2013). The FEI
was found by Samuels et al. (2013) to be a good indicator
of locomotor group, and larger values are associated with
more robust, strong limbs for digging, climbing and
swimming. Last, the LBW form possesses the highest
value of the sample for the tibia robustness index (medio-
lateral diameter of the tibia divided by the tibia length),
although it is comparable to that of S. fatalis, A. giganteus
and Ma. aphanistus. According to Samuels et al. (2013),
tibial robusticity is a measure of the bone’s ability to
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resist bending and shearing stresses. Based on forelimb
and hind limb proportions Samuels et al. (2013) classified
S. fatalis and P. atrox as terrestrial and H. serum as rela-
tively cursorial. The calculated indices compared with the
dataset of Samuels et al. (2013) suggest that the felid
from LBW was like other machairodontines such as
Ma. aphanistus and A. giganteus but that it had a rela-
tively more robust femur and tibia, and therefore was
similar to the terrestrial lion P. leo. From this sample only
Me. parvulus has values that deviate significantly, suggest-
ing a potentially more arboreal lifestyle.

The PCA (Figs 2B, 3) and comparative measurements
(Table S2) highlight the ways in which the LBW sabre-
tooth differs from other sabretooths in our sample. Com-
pared with the other African, medium-sized sabretooth
felids that are present in the LBW record, the postcranial
remains of Dinofelis cf. diastemata (Hendey 1974b) are
much smaller than that of SAM-PQL-22193. Additionally,
Metailurus obscurus, known by a medium-sized maxilla, is
much smaller than specimen SAM-PQL-22193. Based on
the Mio/Pliocene distribution, it is of particular interest
to compare SAM-PQL-22193 with the large, well-known
postcranial remains of Amphimachairodus (e.g. Har-
rison 1983; Roussiakis 2002; Sardella & Werdelin 2007;
Koufos 2016 and references therein). Amphimachairodus
kabir has the distinction of being the only documented
African species, and is known by a mandible and
humerus from the Upper Miocene of Chad (Peigné
et al. 2005) and, potentially based on dentognathic data,
from the Upper Miocene of As Sahabi in Libya (Sardella
& Werdelin 2007). Our material is not directly compara-
ble with this African species due to the limited postcranial
material of the latter. The felid from LBW differs from
the well-known A. giganteus from Pikermi (Roussi-
akis 2002; Koufos 2016) in that it has a shorter tibia,
shorter proximal epiphysis of the femur, proportionally
shorter calcaneum and relatively more slender astragalus
(Figs 2B, 3). It is important to note that the calcaneum
of SAM-PQL-22193 is severely affected by erosive and
proliferative pathologies, which alter the natural contour
of the bone. However, the healthy calcaneal specimen
SAM-PQL-52061, referred to herein as the same taxon,
indicates that the LBW sabretooth probably did have a
slimmer calcaneum than A. giganteus. Comparison of the
healthy LBW calcaneum with a calcaneum attributed to
Amphimachairodus coloradensis (AMNH F:AM104726)
indicates that A. coloradensis has a relatively longer and
more slender calcaneal tuber and proximal epiphysis,
while the LBW calcaneum has relatively greater total
length.

Regarding the qualitative morphology of the tarsals, the
LBW felid’s astragalus resembles that of Amphimachairo-
dus spp. (Amphimachairodus coloradensis AMNH F:
AM104726 from Edson Local Fauna, upper Hemphillian

(Upper Miocene) of Kansas, USA in Harrison (1983),
and A. giganteus from Pikermi) more closely than that of
L. emageritus, but with the former two species having
greater total length and breadth in the body of the astra-
galus. The length of the neck of the LBW sabretooth’s
astragalus relative to the body is notably shorter than
both A. coloradensis and L. emageritus.

Although the similar overall size and morphological
proportions of the form from LBW (Tables 3, S2, S3)
suggest that it could be assigned to Amphimachairodus,
the PCA indicates the opposite. Comparison of the mea-
surements of SAM-PQL-22193 with other African sabre-
tooth material shows that the LBW sabretooth is placed
between P. leo and the sabretooths Ma. aphanistus and
L. emageritus, and is distant from A. giganteus (Fig. 2B).
This implies that SAM-PQL-22193 is more similar in
morphology and proportions to Machairodus—Lokotunjail-
urus than to Amphimachairodus. It is important to men-
tion that the functional indices (Table 3), although
relatively homogeneous between the different taxa consid-
ered, indicate a similarity between the Langebaanweg
form and both the primitive machairodontine
Ma. aphanistus and the extant P. leo. The presence of
Panthera cf. leo in sediments near the Miocene/Pliocene
boundary has been reported by Pickford et al. (2009) and
Miller et al. (2010) in Etosha Pan Member, Namibia
(Upper Miocene, c. 6 Ma), although the material is lim-
ited to the distal part of a radius. These authors did not
consider Lokotunjailurus in their comparisons, therefore
without this comparison the determination of the Etosha
specimen may be uncertain. In any case, it could be
inferred that Lokotunjailurus has body proportions not far
from those of P. leo, lacking extreme machairodont fea-
tures, which indicates that it is a cursorial felid
(Anton 2003; Werdelin 2003). Due to the absence of den-
titions of large non-machairodontine felids in Langebaan-
weg, and the large temporal gap between the LBW
sabretooth and the population of Ma. aphanistus
(c. 4 Ma), the most plausible hypothesis is that the skele-
ton of SAM-PQL-22193 could be attributed to Lokotun-
jailurus. The South African sabretooth differs from both
Ma. aphanistus and L. emageritus in having a proportion-
ally longer fourth metatarsal, shorter calcaneum and
wider astragalus (Figs 2B, 3). In comparison with a Lib-
yan specimen, 24P102A (of uncertain assignation to
Dinofelis sp.) (Rook & Sardella 2008), the LBW sabre-
tooth has a relatively longer Mt IV that has greater depth
and breadth in the proximal and distal epiphyses, sup-
porting the notion that this LBW specimen is larger than
previously recorded Dinofelis specimens.

Therefore, besides the differences in the proportions
(Fig. 2B) and the overall morphology of the analysed
hind limb, the LBW sabretooth is more likely to be clo-
sely related to Ma. aphanistus and L. emageritus, and we

85U8017 SUOWIWOD 8A1Te81D B|qedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} AReiq1T8ulUQ 481 UO (SUORIPUOD-PUe-SWLRIW00 A3 1M Afe.q Ul juo//Sdny) SUORIPUOD pue swie | 8 88s *[220z/2T/0z] uo Ariqi]auluo Ae|im ezoBerez aa peps.RAIUN AQ £9¢T 2dds/Z00T 0T/10p/w00 A8 |imAeIq Ul |UO//:SAnY WOy pepeojumoq ‘G ‘2202 ‘20829502



RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH 19

provisionally suggest that it lies between Werdelin & Sar-
della’s Amphimachairodus sp. B and L. emageritus. This
analysis disregards its assignation to Amphimachairodus
and shows that this material could represent an as yet
undetermined form that shares morphological features
with other large Miocene sabretooths (Fig. 3). This study
supports previous research that has discussed the presence
of a ‘Machairodus’ sp. form, based on mandible morphol-
ogy, dentition and scarce postcranial remains, that is dis-
tinct from Amphimachairodus and intermediate in
morphology between Machairodus and Lokotunjailurus
(Werdelin & Sardella 2006; Sardella & Werdelin 2007;
Werdelin & Peigné 2010). Thus, our specimen SAM-
PQL-22193 can be provisionally described as a large
sabretooth felid that, in the absence of clarification from
dentognathic remains, could belong to a distinct species
of both Machairodus and/or Lokotunjailurus.

Description and characterization of palaeopathologies

Of the 19 bones attributed to the sabretooth SAM-PQL-
22193, 13 show pathologies that vary in form and degree
of severity (Fig. 9). These 13 elements indicate patholo-
gies in the region of the lumbar spine, and right and left
hind limbs, which present both proliferative and erosive
skeletal pathologies suggestive of degenerative bone dis-
ease (Waldron 2009; De Frans 2010).

Osteoarthritis. Both femora, both tibiae, the left fibula, left
calcaneum, right astragalus, second, third and fourth meta-
tarsals, and the second, fourth and fifth lumbar vertebrae
of the SAM-PQL-22193 have osteoarthritic traits as defined
by Waldron (2009). Waldron (2009) suggested that super-
ficial pits may be connected to subchondral cysts (another
diagnostic characteristic of osteoarthritis) based on studies
of the human skeletal system. The distinctive pathological
features observed in the calcaneum, namely the severe
eburnation and grooves on the ectal facet (Fig. 7A), and
the extent to which the surface of the bone is affected by
exostoses (Fig. 7A—F), is in line with the descriptions of
osteoarthritis (Waldron 2009). The eburnation and grooves
of the articular surface of the ectal facet indicate a total
loss of articular cartilage at this junction, causing bare
bones to grind against one another in the direction of joint
movement (Waldron 2009). The ectal facet of the right
astragalus also shows eburnation (Fig. 8B), less severe than
that of the calcaneum, which suggests that the missing
right calcaneum may be in a similar condition to the left.

Intervertebral disc disease. Pitting on the inferior or supe-
rior surfaces of the vertebral body is indicative of interverte-
bral disc disease (Waldron 2009). Based on the extensive

exostoses and pitting as well as on the presence of eburna-
tion on the lumbar vertebrae (Figs 5, 9A), the lumbar spine
may have been affected by intervertebral disc disease as well
as osteoarthritis (Waldron 2009; De Frans 2010; Govender
et al. 2011). The cranial articular surface of the L4 vertebral
body also has grooves around the circumference (Fig. 5C),
suggesting the grinding of bone due to cartilage degenera-
tion (De Frans 2010). The cranial surfaces of the lumbar
vertebrae have many pockmarks (Figs 5A, C, E, 9A), which,
if they are cystic lesions, could be evidence of subchondral
bone cysts (Janssens et al. 2019). Further examination of
the internal bone structure would need to be performed to
support this hypothesis. Future research on this material
would benefit from computed tomography scanning, to
assess the extent to which the microanatomy of the bone
was affected by the pathologies.

Potential causes for pathologies

Osteoarthritis is a degenerative disease of the articular
cartilage of joints, which atrophies with disease progres-
sion (Waldron 2009). An inflammatory response to the
enzymatic breakdown of cartilage causes bone within the
joint to produce more bone to repair the damage (Wal-
dron 2009; Janssens et al. 2019). This explains the devel-
opment of osteophytes around the joint margins, such as
in the lumbar vertebrae and calcaneum of SAM-PQL-
22193. Osteoarthritis is commonly attributed to old age,
whereby the cartilage is subjected to repetitive micro-
trauma over a long period of time, as opposed to a single
major traumatic injury such as a fall or other wound
(Greer 1977; Hardie et al. 2002; Clarke et al. 2005; Clarke
& Bennett 2006; Slingerland et al. 2011; Bennett
et al. 2012; Janssens et al. 2019). Subchondral bone cysts,
which may be indicated by surface pitting, as in the verte-
bral bodies of the lumbar spine of SAM-PQL-22193, may
develop in areas where cartilage has been eroded by
trauma or age (Pouders et al. 2008; Bennett et al. 2012).
Most cases of felid osteoarthritis are primary, meaning
that there is no recognized underlying cause other than
age (Hardie et al. 2002; Bennett et al. 2012).
Osteoarthritis has been diagnosed in other sabretooth
felids such as Homotherium (Janssens et al. 2019) and S. fa-
talis (Shaw 1989; Shaw & Ware 2018) and in an isolated
tibia of ?Machairodus from Langebaanweg (SAM-PQL-
6388; Hendey 1974b). Janssens et al. (2019) examined the
fragmented scapula of a Homotherium specimen, diagnos-
ing osteoarthritis based on the observation of a bone cyst
and osteophyte, the latter of which is less extensive than
those seen in the LBW sabretooth. Shermis (1983) identi-
fied eburnation and pitting on the femoral head of a suba-
dult Smilodon sp. as evidence of osteoarthritis. A study of
injury density and frequency in a sample of S. fatalis from
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FIG. 9. Diagram of the skeleton of Amphimachairodus coloradensis from Antén (2013) highlighting the studied bones of SAM-PQL-
22193. A-F, macro images of pathological features: A, pits and erosion on the cranial vertebral body of L2; B, exostoses on the lesser
trochanter of the left femur; C, exostoses and pits on the distal diaphyseal shaft of the left femur; D, pits on the proximal epiphysis of
the tibia; E, exostoses and pits on the distal epiphysis of the fibula; F, exostoses and pits on the medial surface of the astragalus. Scale
bars represent 10 mm.

85U8017 SUOWIWOD 8A1Te81D B|qedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} AReiq1T8ulUQ 481 UO (SUORIPUOD-PUe-SWLRIW00 A3 1M Afe.q Ul juo//Sdny) SUORIPUOD pue swie | 8 88s *[220z/2T/0z] uo Ariqi]auluo Ae|im ezoBerez aa peps.RAIUN AQ £9¢T 2dds/Z00T 0T/10p/w00 A8 |imAeIq Ul |UO//:SAnY WOy pepeojumoq ‘G ‘2202 ‘20829502



RABE ET AL.: LARGE, PATHOLOGICAL SABRETOOTH 21

Rancho la Brea shows an injury hotspot across the entire
lumbar region, with 20-50% of all vertebrae showing trau-
matic pathologies (Brown et al. 2017). The osteoarthritic
degeneration of the bone was attributed to torsion of the
vertebrae relative to one another, as a result of an ambush
predation style that puts strain on the lower back when
wrestling large prey to the ground (Brown et al. 2017).
Although the morphology of the LBW sabretooth associates
it more with the cursorial Homotherini than the more
robust Smilodontini, both groups may have been subjected
to lumbar strain and injury when subduing large prey
(Antén 2013).

Consequences for locomotion and behaviour

Pathological features in a skeletal assemblage can offer
important insights into the life and behaviour of extinct
animals (Antdn 2013). The sabretooth felid from LBW had
severe osteoarthritis of the lumbar spine and left foot, and
mild osteoarthritis in the right and left hind limbs. Severe
osteoarthritis is known to cause pain in humans and ani-
mals, which can limit limb mobility, cause lameness, and
result in reduced physical activity (e.g. Lascelles et al. 2007;
Verruijt 2009 (pp. 10-12); Slingerland et al. 2011). Mild
osteoarthritis, as observed in domestic cats, can affect loco-
motive behaviour by reducing mobility and by changing
the frequency and height of jumping movements (Clarke &
Bennett 2006; Bennett et al. 2012). A wild predatory animal
with this disease may be unable to hunt effectively and, in
social species, this may result in the animal occupying a
lower social rank (Sapolsky 2004).

Subordinated individuals may experience additional
social and physical stressors through ostracization, caloric
deprivation, reduced fecundity and neurological stress
(Sapolsky 2004). It is uncertain whether sabretooth felids
were social animals (Gonyea 1976; Heald 1989; McCall
et al. 2003) but current analysis of the nuclear genome
and exome of Homotherium suggests the presence of
genomic adaptations for coordinated social interactions
(Barnett et al. 2020). Therefore, it is worthwhile to con-
sider the ramifications of impaired mobility for an indi-
vidual that lives a solitary life as opposed to a social one.
Janssens et al. (2019) concluded that, in the absence of
obvious trauma or infection, the severity of the
osteoarthritis in the shoulder of an individual of Homoth-
erium indicated that it was a mature individual, and that
the condition would be potentially debilitating but not
necessarily fatal. Janssens et al. (2019) postulated that the
degree of degradation must have taken weeks to months
to develop and that during that period, the felid must
have still been able to hunt or scavenge to survive.

Govender et al. (2011), when studying phocid seal
remains from LBW, noted that eburnation, as seen on

the calcaneum and lumbar spine of SAM-PQL-22193, is
an indication of advanced osteoarthritis. Similarly, De
Frans (2010), in his work on camelids, noted that
grooves on the surface of vertebral bodies are an indica-
tion of advanced and severe cartilage loss. Considering
that there is no evidence of trauma in the bones to indi-
cate some kind of injury or septic infection of the joint,
and given the advanced stage of the arthritis in the spine
and foot, we can hypothesize that the LBW sabretooth
developed osteoarthritis due to old age and microwear
on the joints, suggesting that the felid was a mature indi-
vidual. Considering the new findings regarding the prob-
ably social behaviour of sabretooths (Barnett et al. 2020)
it is quite likely that this behaviour may have enabled
sick or injured individuals to survive for longer periods
of time. Salesa et al. 2006 described an abnormally healed
fracture of the metatarsals in an individual of P. ogygia
from Batallones-1, Spain. The authors noted that the sur-
vival of the animal for a period long enough for the frac-
ture to heal, and the subsequent limited mobility due to
fusion of the bones, suggests that the animal was not
entirely self-sufficient (Salesa et al. 2006). They concluded
that, based on the size of the metatarsals, the individual
may have been a young female that was still aided by its
mother, as is observed in leopards (Salesa et al. 2006).
Due to the severity of the disease, the LBW sabretooth
would have had considerable pain, which would have
impeded movement and hunting ability. It is likely that
the felid may have had lameness or difficulty moving the
left foot, and it may not have been capable of high
mobility to run down prey (McCall et al. 2003; Samuels
et al. 2013).

CONCLUSION

Analysis of the gross morphology and anatomy of the
postcranial remains of SAM-PQL-22193 indicates that it
was a large-bodied sabretooth felid distinct from other
carnivores previously described from the LBW fossil
record. The results of a PCA comparing the measure-
ments of SAM-PQL-22193 with other African sabretooth
material indicate that the LBW sabretooth is more similar
in morphology and proportions to Machairodus aphanis-
tus and Lokotunjailurus emageritus than to Amphi-
machairodus sp., the largest sabretooth felid described
from LBW. Without more diagnostic features from cran-
iodental material we cannot confidently assign this
postcranial material to a specific taxon. However, we are
confident that our specimen SAM-PQL-22193 is a large
sabretooth felid closely related to Machairodus—Lokotun-
jailurus, and that it could belong to a distinct species of
either genus. Description of the pathologies evident in
SAM-PQL-22193 indicate that the sabretooth had severe

85U8017 SUOWIWOD 8A1Te81D B|qedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} AReiq1T8ulUQ 481 UO (SUORIPUOD-PUe-SWLRIW00 A3 1M Afe.q Ul juo//Sdny) SUORIPUOD pue swie | 8 88s *[220z/2T/0z] uo Ariqi]auluo Ae|im ezoBerez aa peps.RAIUN AQ £9¢T 2dds/Z00T 0T/10p/w00 A8 |imAeIq Ul |UO//:SAnY WOy pepeojumoq ‘G ‘2202 ‘20829502



22 PAPERS IN PALAEONTOLOGY

osteoarthritis in the hind limbs and that the intervertebral
discs in the lumber region were diseased. The extent and
severity of the pathology, in the absence of evidence of a
single traumatic event, suggest that the animal developed
the condition over time due to repetitive microwear on
the joints associated with locomotion and hunting, and
old age. The pathology would have caused pain and
would have inhibited mobility, suggesting that the ani-
mal’s long-term survival probably depended on it being a
social animal.
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