Functional inferences on the long bones of Ischyrictis
zibethoides (Blainville, 1841) (Carnivora, Mustelidae)
from the middle Miocene locality of Sansan (Gers, France)

Manuel J. SALESA

Gema SILICEO

Mauricio ANTON

Departamento de Paleobiologia, Museo Nacional de Ciencias Naturales-CSIC. C/José
Gutiérrez Abascal, 2. 28006 Madrid (Spain)

msalesa@mncn.csic.es (corresponding author)

siliceo@mncn.csic.es

mauricioanton24@gmail.com

Anne-Claire FABRE

The Natural History Museum, Life Sciences,
Cromwell Road, London, SW7 5BD (United Kingdom)
fabreac@gmail.com

Juan Francisco PASTOR
Departamento de Anatomia, Facultad de Medicina, Universidad de Valladolid, C/ Ramén y

Cajal 7, 47005 Valladolid (Spain)
juanpas@med.uva.es

Submitted on 31 January 2019 | accepted on 20 June 2019 | published on 30 January 2020

urn:lsid:zoobank.org:pub:15FB8C48-D302-4F08-B510-C19B17708C69

Salesa M. J., Siliceo G, Antén M., Fabre A.-C. & Pastor J. F. 2020. — Functional inferences on the long bones of Ischy-
rictis zibethoides (Blainville, 1841) (Carnivora, Mustelidae) from the middle Miocene locality of Sansan (Gers, France)
in Bonis L. de & Werdelin L. (eds), Memorial to Stéphane Peigné: Carnivores (Hyaenodonta and Carnivora) of the
Cenozoic. Geodiversitas 42 (1): 1-16. https://doi.org/10.5252/geodiversitas2020v42a1. http://geodiversitas.com/42/1

ABSTRACT
In the present paper, we carry out a deep analysis of the functional anatomy of the long bones of the
fossil, wolverine-sized mustelid Ischyrictis zibethoides (Blainville, 1841) in comparison with that of
several extant related species. The study reveals that this animal lacked specific adaptations for either
climbing or running, probably being a terrestrial predator that foraged mostly on the ground. Thus,
some features of the anatomy of its long bones suggests that /. zibethoides required a strong control
of those articulations involved in terrestrial locomotion, such as the elbow or the coxofemoral joint.
Besides this, the gentle caudal inclination of the ulna resembles the morphology exhibited by typical
cursorial carnivorans, whereas the absence of lateral torsion in the olecranon suggests flexion-extension
KEY WORDS  movements of the elbow in a parasagittal plane. Other small details, such as the small attachment area

Functional anatomy, for the m. biceps brachii, points towards a general adaptation to terrestrial locomotion. Besides this,
Carnivora, another set of features, shared with extant small arboreal mustelids, probably indicates a primitive,
Mustelidae, . L. .. . .
Miocene retained morphology from arboreal ancestors, rather than climbing abilities, although is very likely
)
Europe.  that L zibethoides would be able to climb trees with some skill looking for food or shelter.
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RESUME

Inférences fonctionnelles sur les os longs dlschyrictis zibethoides (Blainville, 1841) (Carnivora, Muste-
lidae) de la localité du Miocéne moyen de Sansan (Gers, France).

Dans ce papier, nous étudions I'anatomie fonctionnelle des os longs de Ischyrictis zibethoides (Blain-
ville, 1841), une espéce éteinte de Mustelidae de la taille d’'un glouton et la comparons avec celle
de nombreuses especes actuelles phylogénétiquement proches. Cette étude met en évidence que cet
animal présentait peu d’adaptations pour grimper ou courir et était probablement un prédateur ter-
restre qui cherchait sa nourriture au sol. En effet, Ischyrictis zibethoides présente des caractéristiques
anatomiques des os longs suggérant un fort contréle de ses articulations, associé 2 une locomotion
terrestre, en particulier au niveau des articulations du coude et coxo-fémorale. En outre, la [égére incli-
naison caudale de I'ulna est typique des carnivores coureurs, alors que 'absence de torsion latérale de
I'olécrane suggere des mouvements de flexion-extension du coude dans un plan parasagittal. D’autres
détails, comme l'aire d’attachement réduit du muscle biceps brachii, semble indique une adaptation
générale A une locomotion terrestre. A c6té de cela, d’autres caractéristiques morphologiques sont
partagées avec des petits mustélidés arboricoles. Ceci pourrait indiquer une morphologie primitive
héritée de leurs ancétres arboricoles plutdt que des capacités a grimper. Cependant, il est fort probable
que L zibethoides ait été capable de grimper aux arbres afin de chercher de la nourriture ou un abri.

INTRODUCTION

The genus Ischyrictis was created by Helbing (1930) for the
fossil mustelid Viverra zibethoides Blainville, 1841, described
for the first time in the French locality of Sansan (MN 6,
middle Miocene). The genus is also present in several middle
to late Miocene European localities (ranging from MN 4
to MN 12, that is from 18.5 to 8.0 Ma) such as La Retama
and Hostalets de Pierola (Spain) (Roth 1989; Morales et 4.
1993; Fraile et al. 1997), Quinta do Pombeiro, Quinta da
Farinheira and Olival da Susana (Portugal) (Ginsburg &
Antunes 1995), Bézian, Pellecahus, Baigneaux-en-Beauce,
Auverse, Noyant-sous-le-Lude, Channay-sur-Lathan, La
Grive-Saint-Alban, Vieux-Collonges and Sansan (France)
(Mein 1958; Ginsburg & Bulot 1982; Ginsburg 2001; Pei-
gné 2012), and Sandelzhausen and Steinheim (Germany)
(Nagel er al. 2009). Up to three species of Ischyrictis are
recognised: 1. bezianensis Ginsburg & Bulot, 1982, the
most primitive and earliest species, . zibethoides (Blain-
ville, 1841), and 1. mustelinus (Viret, 1933). Some of
them are known on the basis of very scarce dental mate-
rial, such as I. bezianensis, described from an isolated M1
from the middle Miocene locality of Bézian (France). The
genus Ischyrictis, together with the closely related Hop-
lictis (known from MN4 to MNS, that is around 17-11
Ma) belong to a lineage of Miocene large mustelids that
developed a hypercarnivorous dentition, with reduction of
both talonid and metaconid on m1, although retaining a
complete set of more or less sharp premolars (Tseng ez al.
2009). This lineage also includes the late Miocene genera
Mellalictis, Ekorus and Eomellivora (Ginsburg & Morales
1992; Ginsburg 1977, 1999; Werdelin 2003; Tseng et al.
2009). Some of these genera are mostly known on the basis
of cranial and dental remains, their postcranial skeleton
being very poorly known; others are much better known,
such as Ekorus ekakeran, which was described on the basis
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of an almost complete skeleton from the Late Miocene of
the lower member of the Nawata formation (Lothagam)
(Werdelin 2003). Concerning Ischyrictis, only some appen-
dicular bones of . zhibetoides have been briefly described
(Ginsburg 1961; Peigné 2012), and thus their locomotor
adaptations and ecological role remain basically unknown.

MATERIAL AND METHODS

The fossils of Ischyrictis zibethoides studied in this paper
belong to the extensive sample from the fossil site of Sansan
(France, Middle Miocene, MN 6), housed in the collec-
tions of Paleontology of the Muséum national d’Histoire
naturelle (Paris, France; MNHNL.F). They have been pre-
viously described in brief by Ginsburg (1961) and Peigné
(2012), but here we provide detailed descriptions and
comparisons with other mustelids, as well as functional
explanations of the observed morphology. Nevertheless,
a list of measurements of the studied fossils can be con-
sulted in these latter works. The list of studied material is:
proximal fragment of right humerus (MNHN.E.Sa418),
proximal fragment of left humerus (MNHN.ESa419), distal
fragment of right humeri (MNHN.FE.Sa420 and Sa421),
right radius (MNHN.F.Sa422), proximal fragment of left
radius (MNHN.ESal5571), proximal fragment of left
ulna (MNHN.ESa423), proximal fragment of right ulna
(MNHN.E.Sa424), and left femur (MNHN.E.Sa431),
representing at least three individuals. Comparisons with
five extant mustelids showing various locomotor styles were
made using the collections of the Museo Anatdémico de la
Universidad de Valladolid (Spain), which provided complete
skeletons of Gulo gulo (Linnaeus, 1758) (catalogue number
MAV469) and Taxidea taxus (Linnaeus, 1758) (MAV4938);
the collections of the Museum national d’Histoire naturelle
(Paris, France), which provided a complete skeleton of
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Fic. 1. — Proximal view of the head of the right humerus of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777) (B), Meles
meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size for a better

comparison. Scale bar: 1 cm.

Fic. 2. — Medial view of the proximal epiphysis of the left humerus of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777)
(B), Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size
for a better comparison. Scale bar: 1 cm.

the mustelid Mellivora capensis (Schreber, 1776), which
was studied iz situ in the exhibition of Anatomie Com-
parée, where it is mounted (MNHN.EA3413); and the
Museo Nacional de Ciencias Naturales-CSIC (Madrid,
Spain), which provided complete skeletons of the mus-
telids Martes foina (Erxleben, 1777) (MNCN 3731) and
Meles meles (Schreber, 1778) (MNCN 80). For anatomical
descriptions, we followed the terminology used by Barone
(2010), Evans (1993), and the Nomina Anatomica Veteri-
naria (WAVA 2017).

ANATOMY OF THE LONG BONES
OF ISCHYRICTIS ZIBETHOIDES

The fossils of Ischyrictis zibethoides studied here have been
already described by Ginsburg (1961) and Peigné (2012),
although these authors did not deeply discuss the functional
implications of the observed morphology. Ginsburg (1961)
pointed out that the skeleton of L. zibethoides was lighter and
more gracile than that of G. gulo, suggesting less massive
body proportions. Thus, we complete here those previous
studies, providing a full description of the available long
bones of 1. zibethoides from Sansan, as well as a functional
discussion and comparison with those of several species of
extant mustelids.
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HUMERUS

The diaphysis of the humerus of 1. zibethoides is quite straight
in cranial view, whereas in both lateral and medial views, it
shows a gentle curvature. In proximal view, the articular head
is round, with a moderately rough greater tubercle devel-
oped along the craniolateral margin, and a smooth lesser
tubercle located on the medial margin. The greater tubercles
of I zibethoides and T. taxus are relatively larger and more
cranially projected than those of G. gulo and Ma. foina, but
smaller and less projected than that of Me. meles (Fig. 1). The
intertubercular groove in 1. zibethoides and T taxus is slightly
wider than that of G. gulo and Ma. foina, but less open than
that of Me. meles. In the latter, the groove is very shallow,
whereas in 7. taxus, G. gulo and Ma. foina, it is only slightly
deeper than that of Me. meles.

In lateral or medial views, the greater tubercle of 1. zibethoides
does not surpass the level of the articular head, although it is
slightly more proximally projected thatin G. gulo and Ma. foina,
and similar to those of M. capensis and Me. meles. On the other
hand, 7" zaxus shows the most projected greater tubercle, which
widely surpasses the level of the articular head (Fig. 2). On
the middle of the lateral surface of the greater tubercle there
is a marked and deep circular scar for the attachment of the
m. infraspinatus. The crest of the greater tubercle is distally
elongated along the cranial face of the proximal epiphysis,
showing a similar development in all the compared species,
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Fic. 3. — Cranial view of the distal epiphysis of the right humerus of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777)
(B), Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size

for a better comparison. Scale bar: 1 cm.

although it is slightly more distally extended in Me. meles
and T taxus than in G. gulo, Ma. foina and 1. zibethoides.
The lesser tubercle of 1. zibethoides is developed as in G. gulo,
M. capensis, 1. taxus and Ma. foina, that is, medially projected,
cranially located to a deep intertubercular groove (which is
shallower in Me. meles), and showing a marked facet for the
m. subscapularis. In 1. zibethoides the articular head is projected
caudally, and the neck is marked, clearly distinguished from
the head by means of a distal notch; the neck has a very rough
lateral facet for the attachment of the m. teres minor, located
just distally to that for the m. infraspinatus; this facet shows
strongly ridged cranial and distal margins, which delimitate a
strongly excavated area for the accessory branch of the . #7i-
ceps brachii. This pattern is similar to those of Me. meles and
M. capensis, whereas in G. gulo and T taxus the facet for the
m. teres minor is well developed, but the cranial ridge is less
marked and the area for the accessory branch of the m. #i-
ceps brachii is shallower; finally, in Ma. foina these structures are
smoother. In 1. zibethoides the ridged margin extends distally
along the lateral face of the diaphysis, producing a very smooth
tricipital line (for the attachment of the lateral branch of the
m. triceps brachii), similar to that of Ma. foina, and much less
marked than those of G. gulo, T. taxus, Me. meles and M. cap-
ensis. In medial view, just distally to the lesser tubercle the
humerus of 1. zibethoides shows a marked crest that extends
distally onto the diaphysis, curving slightly cranially before
its end; the proximal portion of this crest is located caudally
to the proximal portion of the large attachment area for the
medial branch of the m. triceps brachii, whereas the distal half,
rougher than the proximal, corresponds to the attachment
area of the m. reres major (Barone 2010; Ercoli er al. 2015);
the crest is also well marked, although less distally extended
in Me. meles, whereas in G. gulo, T. taxus and M. capensis it is
smoother and shorter, and in Ma. foina it is practically absent.

In the distal epiphysis, the medial epicondyle of 1. ziberhoides
is much more developed than the lateral one, being strongly
medially projected. Nevertheless, the distal portion of the
medial epicondyle of 1. zibethoides, Me. meles and Ma. foina
lacks the strong medial projection observed in G. gulo, T. taxus
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and M. capensis (Fig. 3). In all the compared species there is
a well-developed supracondylar foramen. In 7 zibethoides,
M. capensis and Me. meles the trochlea is projected distally,
clearly surpassing the level of the medial epicondyle; in
G. gulo both structures reach the same level distally, whereas
in Ma. foina the trochlea just slightly surpasses the level of
the medial epicondyle. In 77 zaxus the medial epicondyle is
so distally projected that the trochlea does not surpass its
distal margin, even when the trochlea is markedly distally
projected relative to the capitulum (Fig. 3). In cranial view, the
capitulum of 1. zibethoides shows a proximal expansion on its
latero-proximal margin, a feature which is missing in the rest
of the compared species. In L. zibethoides, M. capensis, T. taxus,
Ma. foina and Me. meles the trochlea is more distally projected
that the capitulum, whereas in G. gulo both structures show
a similar development. In medial view the cranial margin of
the trochlea of . zibethoides, T. taxus, G. gulo, M. capensis and
Ma. foina is much less distally projected than that of Me. meles.
The plane of the attachment facet of the m. pronator teres is
medially oriented in G. gulo, M. capensis and Ma. foina, almost
caudally oriented in 7. taxus and Me. meles, and craniomedially
oriented in I zibethoides. Just distally to the attachment scar
for the m. pronator teres there is another, smaller facet for the
attachment of the m. flexor carpi radialis. Excoli et al. (2015)
stated that the Guloninae (which includes among others
the genera Gulo and Martes) are characterised by the fusion
in origin of the m. pronator teres and m. flexor carpi radialis,
buct this is difficult to infer in 1. zibethoides from the disposi-
tion of the attachment areas of these muscles. In the caudal
face of the distal epiphysis (Fig. 4) there is a deep olecranon
fossa with a markedly ridged lateral border; this border is
slightly laterally inclined in G. gulo and Me. meles, whereas
in I zibethoides and Ma. foina it is slightly inclined in medial
direction, and thus the capitulum is wider than those of the
former species; on the other hand, in 7 zaxus and M. capensis
this ridge is strongly inclined in lateral direction, producing a
relatively narrower capitulum (Fig. 4). The caudal surface of
the medial epicondyle shows a rough surface for the medial
branch of the m. wriceps brachii, very similarly developed in
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Fic. 4. — Caudal view of the distal epiphysis of the right humerus of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777)
(B), Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size
for a better comparison. Scale bar: 1 cm.

all the compared species. The medial epicondyle of 7. ziber-
hoides is more distally projected than the lateral one, as in
1. taxus, M. capensis and Ma. foina, whereas in G. gulo and
Me. meles, both epicondyles show a similar distal projection.
In the distal tip of the medial epicondyle there is an elliptical
and rough surface for the attachment of the m. flexor carpi
ulnaris (humeral head) and m. palmaris longus, more or less
distally oriented, as in 77 zaxus, M. capensis, Ma. foina and
Me. meles, although relatively much more developed than in
these species; on the other hand, this facet is larger in G. gulo,
in which it is disto-caudally oriented and developed as an
inflated surface. Proximally to this surface, on the medial
margin, there is an irregular, rough surface for the attachment
of the m. flexor digitorum superficialis and m. flexor digitorum
profundus (humeral head), very similarly developed in the
rest of compared species. The lateral supracondylar crest
shows a very rough lateral margin for the attachment of the
m. extensor carpi radialis; the crest is as laterally projected as
in G. gulo, M. capensis and Ma. foina, whereas in Me. meles,
and especially in 7 taxus, the crest is relatively more laterally
developed. On the caudal surface of the crest there is a flat
and smooth surface for the attachment of the m. anconeus ,
very similar to that seen in G. gulo, M. capensis and Ma. foina,
and much less developed than the wide surface present in
T taxus and Me. meles.

RaADIUS

The overall morphology of the radius of 1. zibethoides resembles
that of G. gulo, although it is relatively shorter. The diaphysis
is craniocaudally compressed, and almost straight in cranial
and lateral views. The concave proximal epiphysis is medi-
ally inclined and markedly elliptic, with a central notch on
its cranial margin. In cranial view, the medial margin of the
proximal epiphysis is markedly medially projected, whereas
the lateral margin barely surpasses the level of the diaphyseal
border. On the lateral border of the caudal face, just distally
to the proximal epiphysis, the radial tuberosity of 1. zibet-
hoides shows an elongated ridge for the attachment of the
m. biceps brachii. This facet is relatively smaller than those
of G. gulo, M. capensis, Ma. foina, Me. meles and 1. taxus
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(Fig. 5). Medially to this ridge there is a large and rough
surface for the bursa bicipitoradialis, similarly developed in
1. zibethoides, G. gulo and Ma. foina, and much less marked
in M. capensis, Me. meles and T. raxus. In I zibethoides there
is a smaller facet, located medioproximally to this surface,
absent in G. gulo, Ma. foina, Me. meles, T. taxus and M. cap-
ensis, which probably is the attachment area of the cranial
crus of the medial collateral ligament (/ig. collaterale mediale)
(Davis 1964; Evans 1993; Julik ez al. 2012: fig. 7). On the
caudolateral margin of the diaphysis, distally to the facet for
the . biceps brachii there is a proximodistally elongated rough
scar for the attachment of the interosseous ligament, similarly
developed as in G. gulo and M. capensis; in Me. meles this scar
is smoother but marked, whereas in 7. saxus and Ma. foina
it is practically absent.

The distal epiphysis of . zibethoides is medio-laterally
expanded, in a similar way to that of the compared species
(Fig. 5). In distal view the distal epiphysis is elliptic, with its
lateral half craniocaudally longer than the medial one, as in
G. gulo, T taxus and M. capensis; in Me. meles the middle part
is craniocaudally longer, whereas in Ma. foina the epiphysis is
mediolaterally very elongated, with both medial and lateral
parts of similar size. The distal articular facet for the scapholu-
nar is mediolaterally elongated in G. gulo, T" taxus, M. capensis
and Ma. foina, occupying almost the whole distal surface,
whereas in 1. zibethoides the facet is slightly less expanded
laterally, the distal epiphysis showing a thick lateral border
lacking any facet; in Me. meles the facet is almost round and
relatively smaller than those of the former species. On the
medial margin of the distal epiphysis of 1. zibethoides, G. gulo,
T taxus and M. capensis there is a proximodistally elongated
bony sheet, low but ridged, for the attachment of the m. bra-
chioradialis ; in Me. meles and Ma. foina this crest is restricted
to the distal epiphysis. In 1. zibethoides the craniolateral half
of the distal epiphysis shows a rough tubercle delimitating a
deep lateral groove that gives passage to the tendon of the 7.
extensor digitorum communis; this tubercle is similarly devel-
oped in G. gulo and Ma. foina, whereas in M. capensis and
M. meles it is located in the middle of this cranial face and
is much less developed than in the former species; finally, in
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FiGc. 5. — Caudal view of the right radius of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777) (B), Meles meles (Schre-
ber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size for a better comparison..
Scale bar: 1 cm.

T taxus this tubercle is very smooth. Medially to this tubercle
there is a smooth surface where the tendons of the m. exten-
sor carpi radialis are accommodated. On the craniomedial
margin there is a deep groove for the passage of the tendon of
the m. abductor digiti I longus, similarly developed in all the
compared taxa. This groove is located medially to the styloid
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process of the distal epiphysis, and does not show notable
differences among the compared mustelids. On the lateral
margin of the distal epiphysis of I zibethoides, Me. meles,
T taxus, M. capensis and Ma. foina there is a round, markedly
projected articular facet for the ulna; in G. gulo the facet is
elliptical and craniocaudally elongated.

GEODIVERSITAS - 2020 - 42 (1)
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Fic. 6. — Medial view of the left ulna of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777) (B), Meles meles (Schreber,
1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size for a better comparison.
Scale bar: 1 cm.

ULNA assess. The diaphysis shows a strong mediolateral flattening, and,
The available ulnae of . zibethoides from Sansan are distally  based on specimen Sa.423, a slight caudal curvature on the distal
broken, so the actual proportions of this bone are difficult to  part can be inferred, such as that seen in G. gulo, and, to alesser
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Fic. 7. — Caudal view of the proximal epiphysis of the left femur of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777)
(B), Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), , shown at the same size

for a better comparison. Scale bar: 1 cm.

extent, in Ma. foina and Me. meles (Fig. 6). The olecranon of
1. zibethoides is well developed, very similar in length to that of
Me. meles, and thus longer than those of G. gulo and Ma. foina;
on the other hand, the olecranon of M. capensis and 1. taxus are
the longest among the compared sample (Fig. 6). The proximal
border of the olecranon of . zibethoides is slightly inclined cra-
nially, as in G. gulo, Me. meles, T. taxus and M. capensis, whereas
in Ma. foina this border is inclined caudally. The orientation
of the olecranon in 1. zibethoides shows a gentle caudal inclina-
tion, whereas in G. gulo, M. capensis and Me. meles it is almost
vertical, being cranially inclined in Ma. foina and 1. taxus. In
cranial view, the olecranon of /. zibethoides shows a medial
inclination, slightly less marked than in G. gulo and M. capen-
sis, and similar to those of Me. meles, T taxus and Ma. foina.
The tuber olecrani of 1. zibethoides show a similar morphology
to that of Ma. foina, that is, the medial tubercle is markedly
projected proximally, surpassing the level of the lateral tubercle,
which is barely projected. In G. gulo, Me. meles, 1. taxus and
M. capensis the medial tubercle is also much more proximally
projected than the lateral one, but the latter is very reduced in
G. gulo and absent in Me. meles, T taxus and M. capensis. The
radial notch is located laterocranially, in a very similar way to
that of Ma. foina, and thus more cranially than in G. gulo,
Me. meles, T taxus and M. capensis, in which the radial notch
is almost completely laterally oriented.

The diaphysis is strongly lateromedially flattened in all the
compared species. Its lateral surface is mostly smooth, although
there is a rough, proximodistally elongated scar for the attach-
ment of the interosseous ligament, also observed in G. gulo
and M. capensis. In I zibethoides there is a soft ridge on the
caudolateral margin delimiting a proximodistally elongated
groove for the attachment of the m. abductor digiti I longus,
which extends proximally to the middle of the trochlear notch
in all the compared mustelids. Caudally to this groove, and
developed along the caudal margin, there is a slightly rough
distally elongated surface for the attachment of the m. extensor
digiti I et II. On the medial face of the proximal epiphysis, just
distally to the trochlear notch there is an elliptical, proximodis-
tally elongated groove for the attachment of the m. brachialis ;
this facet is relatively larger in . zibethoides and Ma. foina than
in G. gulo, T taxus, Me. meles and M. capensis.

8

FEMUR

The two available fragments of femur of 1. zibethoides
from Sansan, one proximal and one distal, do not allow
inferring the actual length and proportions of a complete
femur, as they do not form a complete bone. The femoral
head is projected proximomedially by means of a well-
developed neck, but it does not surpass the level of the
greater trochanter. In Me. meles, G. gulo and Ma. foina the
head slightly surpasses the level of the greater trochanter,
whereas in 7. zaxus and M. capensis the head is strongly
proximomedially projected, greatly surpassing the level of
the greater trochanter (Fig. 7). In lateral view, the greater
trochanter of 1. zibethoides, G. gulo, T. taxus and Me. meles
has a rough gluteal tuberosity with a strongly ridged cranial
margin and a smoother distal margin, whereas in M. cap-
ensis this latter margin is as strongly ridged as the cranial
one; on the other hand, Ma. foina shows very smooth
margins. On the proximal tip of the greater trochanter,
the attachment areas for the m. gluteus accessorius and
m. gluteus medius show a similar pattern in /. zibethoides,
Me. meles, T. taxus, Ma. foina and M. capensis in so far as
the attachment area for the m. gluteus medius is located
proximally to that of the m. gluteus accessorius, with both
restricted to the proximal surface of the greater trochanter,
whereas in G. gulo both areas extend on the lateral face
of the greater trochanter. In 1. zibethoides the caudal
face of the proximal epiphysis shows a deep trochanteric
fossa and a rough intertrochanteric crest, which delimits
a large attachment area for the m. quadratus femoris and
m. obturator externus. This area is relatively larger than
those of G. gulo, M. capensis, T. taxus and Ma. foina, and
similar to that of Me. meles (Fig. 7). The lateral border of
the trochanteric fossa is medially inclined, as in Ma. foina,
T taxus and M. capensis, whereas in G. gulo and Me. meles
it is clearly laterally inclined and seems inflated in caudal
view. In 1. zibethoides, Me. meles, T. taxus, M. capensis
and Ma. foina the lesser trochanter is developed as a low
and rough tuberosity, slightly proximodistally elongated,
whereas in G. gulo it is a large and round tubercle that is
strongly caudomedially projected. In 1. zibethoides and
M. capensis the lesser trochanter continues distally, form-
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Fic. 8. — Caudal view of the distal epiphysis of the left femur of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777) (B),
Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size for a

better comparison. Scale bar: 1 cm.

Fic. 9. — Distal view of the distal epiphysis of the left femur of several species of Mustelidae: Gulo gulo (Linnaeus, 1758) (A), Martes foina (Erxleben, 1777) (B),
Meles meles (Schreber, 1778) (C), Taxidea taxus (Linnaeus, 1758) (D), and Ischyrictis zibethoides (Blainville, 1841) from Sansan (E), shown at the same size for a

better comparison. Scale bar: 1 cm.

ing the rough and ridged medial lip of the facies aspera,
where the m. vastus medialis and m. adductor longus are
attached; in G. gulo this line is as distally developed as
in these two former species, although it is less marked,
lacking any ridge; in Me. meles, T. taxus and Ma. foina
the line is very smooth and shorter than in G. gulo, as it
barely surpasses the level of the distal margin of the lesser
trochanter.

In the distal epiphysis of 1. zibethoides, the lateral condyle
is medio-laterally wider than the medial one. In caudal view
it is evident that whereas the medial condyle is inclined
medially, the lateral one shows the opposite orientation,
being clearly laterally inclined. This morphology is dif-
ferent from that of G. gulo, M. capensis and Ma. foina, in
which both condyles show a lateral inclination in caudal
view, and from that of Me. meles, in which the medial
condyle is more or less proximodistally oriented; on
the other hand, 77 zaxus shows the same morphology as
1. zibethoides (Fig. 8). As a consequence of this morphol-
ogy, the intercondyloid fossa of 1. zibethoides is proximally
wider than those of the other compared taxa (including
T taxus). In distal view all the compared taxa show a
medial condyle that is more caudally projected than the
lateral one, although to different degrees, with 7. zibethoides
and Ma. foina showing a less projected medial condyle
(Fig. 9). In both lateral and medial views, the cranio-
caudal length of the distal epiphysis and the curvature of
the femoral trochlea are very similar to those of G. gulo,
M. capensis and Ma. foina. In Me. meles and T. taxus the
distal epiphysis is cranio-caudally shorter.
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HUMERUS

In proximal view, the development and cranial projection of
the greater tubercle of 1. zibethoides show more similarities
with the morphology observed in Me. meles and T. taxus.
This tubercle is the attachment area for the . supraspinatus ,
which abducts and extends the gleno-humeral articulation
(Barone 2010), and besides the 7. infraspinatus , it stabilizes
this articulation, restricting both the cranial displacement of
the humeral head, and the transverse movement of the scapula
(Evans 1993; Barone 2010). A strong cranial projection of
the greater tubercle increases the distance between the origin
and the attachment areas of the m. supraspinatus , and thus
the range of extension of the gleno-humeral articulation in
the parasagittal plane (Feeney 1999; Siliceo ez al. 2015), also
improving its mechanical stabilization. Strongly cranially
projected greater tubercles are usually found among curso-
rial and digging carnivorans (Taylor 1978; Spoor & Badoux
1986), whereas arboreal species tend to exhibit greater tubercles
lacking this cranial projection (Taylor 1974). Thus, in both
Me. meles and T taxus the cranially projected greater tubercle
can be related to their digging adaptations, which require
strong flexion and extension movements of the forelimb, as
well as an adequate joint stabilization. Ischyrictis zibethoides,
also showing a markedly cranially projected greater tubercle,
probably required a strong stabilization of the glenohumeral
articulation, and although this cannot be directly associated
to a specific locomotor type, at least it is an indication of
strong biomechanical tensions affecting the shoulder joint
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during locomotion. In any case, since other features of the
appendicular skeleton of 1. zibethoides indicate terrestrial loco-
motion, the presence of a cranially projected greater tubercle
would fit this interpretation.

The distally more elongated crest of the greater tubercle of
both Me. meles and T taxus in relation to those of G. gulo,
Ma. foina and 1. zibethoides, is also a clear indication of the
digging adaprations of the former species (Hildebrand 1985).
This crest is the attachment area for the mm. pectorales (super-
ficialis and profundus) and m. delroideus, the latter attaching
on the deltoid tuberosity in the distal part of the crest (Davis
1964; Barone 2010; Ercoli ef al. 2015). Thus, an elongated
crest provides a long area for the mm. pectorales, but also deter-
mines that the insertion area for the m. deltoideus is located
farther from the proximal articulation (the shoulder), which
increases the strength of the muscle, which is typical of dig-
gers such as badgers (Hildebrand 1985; Ercoli ez 2/ 2015).
Considering this, the morphology of this crest in 7. zibethoides
suggests that this species had not developed the specialized
digging capabilities of other mustelids.

The intertubercular groove for the passage of the tendon of
the m. biceps brachii is slightly more excavated in 1. zibethoides,
G. gulo and T taxus than in Ma. foina and Me. meles, probably
indicating the presence of a relatively stronger muscle (Taylor
1974). Indeed, among Mustelidae, G. gulo and 7. raxus show
a relatively larger m. biceps brachii, with the development of
extra muscle bellies (Ercoli ef a/. 2015). In extant viverrids,
this groove is much more excavated in arboreal than in ter-
restrial species, probably due to the need for stronger flexor
and extensor muscles in the former (Taylor 1974). Among
the compared sample the arboreal Ma. foina exhibits a slightly
shallower intertubercular groove than the more terrestrial and
much larger G. gulo, more probably due to their differences
in body size rather than to a contradiction with the observa-
tions by Taylor (1974).

The smooth tricipital line of 1. zibethoides, more similar to
that of the much smaller Ma. foina than to those of G. gulo,
Me. meles, T. taxus and M. capensis would indicate the presence
of a relatively small lateral branch of the m. triceps brachii. This
branch of the m. triceps brachii originates along the tricipital
line by means of an aponeurosis (Barone 2010), and thus a
smoother line implies the presence of a smaller muscle. The
lateral branch of the m. triceps brachii assists the long branch
in the extension of the forearm (Evans 1993; Barone 2010),
and given the fact that in dogs it contains about 75% fast
fibres, it probably stores elastic energy during locomotion,
which suggests a dynamic role in this activity (Armstrong
et al. 1982; Evans 1993). In consequence, we would expect
to find relatively more developed lateral branches of the
m. triceps brachii in those species moving mainly on open
terrain, such as G. gulo, Me. meles, 1. taxus and M. capensis
(Pasitschniak-Arts & Lariviere 1995; Vanderhaar & Hwang
2003; Nowak 2005) in comparison to arboreal forms such
as Ma. foina (Nowak 2005). In this respect, it is remarkable
that both G. gulo and M. capensis have relatively large lateral
branches of the m. triceps brachii, whereas that of Ma. foina
shows a smaller size (Gambaryan 1974). Thus, from the
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development of the tricipital line, I zibethoides probably had
a relatively small lateral branch of the m. triceps brachii, which
could reflect a primitive pattern, shared with arboreal mustel-
ids, but also less cursorial abilities than large extant mustelids
such as G. gulo and M. capensis. In contrast with the limited
development of the lateral branch of the m. triceps brachii,
the medial branch of 1. zibethoides seems to have been as well
developed as that of other large mustelids, as the morphology
of its attachment surface suggests. It is remarkable that this
medial branch in dogs contains only 4% fast fibres (Armstrong
et al. 1982), that is, around 96% of its fibres are slow-twitch
fibres. This implies a slow contraction, but also a muscle that
fatigues less rapidly than a muscle with a predominance of
fast fibres (Ranvier 1880; Jones et al. 2004).

The distal epiphysis of the humerus of L zibethoides shows
some differences with the compared mustelids, such as the less
medial projection of the medial epicondyle, the more distally
projected trochlea, and the more cranially located medio-distal
surface of the supracondylar bar. Among these anatomical dif-
ferences, the less projected medial epicondyle has interesting
consequences for the configuration of the pronator and flexor
muscles of the forearm, basically the 7. pronator teres, m. flexor
carpi radialis, and m. flexor digitorum profundus, which attach
onto this structure (Davis 1964; Evans 1993; Barone 2010; Ercoli
etal. 2015). Among mammals, a marked medial projection of
the medial epicondyle is associated to a strong development of
these forearm muscles, indicative of high pronatory-supinatory
abilities, typical of arboreal and forest-dweller species, but
also of aquatic and semi-fossorial species, whereas a reduc-
tion in this epicondyle is observed in cursorial species (Taylor
1974; Argot 2001; Andersson 2004; Milne ez a/. 2008; Fabre
2013; Samuels ez al. 2013; Fabre ez al. 2015). Concerning the
attachment surface of the m. pronator teres on the humerus, in
1. zibethoides and Me. meles it is more cranially located than in
G. gulo, T taxus and M. capensis, and medially oriented (as in
G. gulo, M. capensisand Ma. foina). This muscle is an important
pronator of the forearm (Evans 1993; Barone 2010), and the
more caudal location of its attachment area on the humerus
means an increase in the length of the muscle, which produces an
increase in the pronation range. This attachment area is located
in a similar position in /. zibethoides and Ma. foina, suggest-
ing a similar relative length of the m. pronator teres, whereas it
would be relatively longer in G. gulo, T. taxus, M. capensis and
Me. meles, although by means of slightly different anatomi-
cal changes. The attachment surfaces for the m. flexor carpi
ulnaris (humeral head) and m. palmaris longus, located on the
distal tip of the medial epicondyle, are larger in I zibethoides
than in the rest of the compared taxa except G. gulo, in which
it is even larger, distocaudally oriented, and developed as an
inflated surface. In the latter species, the relative weights of the
m. flexor carpi ulnaris and m. palmaris longus are, respectively,
1.7% and 1.1% of the total mass of the muscles of the fore and
hind limb, whereas in the other compared species these relative
masses range from 0.5 to 0.9% (for the m. flexor carpi ulnaris)
and from 0.6 to 0.8% (for the mz. palmaris longus) (Gambaryan
1974). These relatively larger muscles in G. gulo could explain
the size of their attachment facets. Similarly, and given the
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size of this facet in 1. zibethoides, this species would have pos-
sessed relatively large m. flexor carpi uinaris and m. palmaris
longus, although probably smaller than those of G. gulo. The
m. flexor carpi ulnaris flexes and abducts the forepaw (Evans
1993), and contains significantly more slow fibres in dogs and
cats than any other forearm muscle (Gonyea ez a/. 1981; Arm-
strong et al. 1982), which suggests that this muscle is probably
important in performing an antigravity role during stance and
locomotion (Glenn & Whitney 1987; Evans 1993). Thus, it
is to be expected that terrestrial, relatively large animals have
a well-developed 7. flexor carpi ulnaris. It is remarkable that,
despite other similarities with G. gulo, the distally projected
trochlea of 1. zibethoides shows a very different morphology
to that observed in the former. In fact, this is one of the main
differences in the long bones of these two large mustelids. A
distally projected medial margin of the trochlea, surpassing
the level of the capitulum, is also observed in the rest of the
compared species, and it has been described as a mechanism
for stabilizing the articulation during terrestrial locomotion
(Andersson 2004; Taylor 1974). In this respect, . zibethoides
would exhibit an elbow better suited for cursorial locomotion
than that of G. gulo, although in this latter, an elbow capable of
awider range of mediolateral movement could be a specializa-
tion for moving on the snow during winters.

The proximal projection in the lateral margin of the capitulum
observed in . zibethoides, and absent in the rest of the com-
pared species, has been also reported in the extant bare-tailed
woolly opossum (Caluromys philander), in relation to elbow
stabilization during the flexion movements produced when
climbing (Argot 2001). Nevertheless, this extant didelphid
is an arboreal, much smaller animal than . zibethoides, with
adults reaching 300-400 g body mass (Atramentowicz 1995),
whereas 1. zibethoides is a Gulo-sized species whose body weight
would be around 10.9-32 kg (Hall 1981; Nowak 2005), with
no traits for arboreality. Thus, the presence of this proximal
expansion of the capitulum in I zibethoides would probably
improve elbow stabilization during flexion, but in the context
of terrestrial locomotion. Another feature, the orientation of the
lateral border of the olecranon fossa and capitulum, also can
be associated with elbow stabilization. This border is slightly
medially inclined in L zibethoides and Ma. foina, slightly lat-
erally inclined in G. gulo and Me. meles, and strongly laterally
inclined in 77 zaxus and M. capensis. This produces evident
differences in the relative width of the capitulum, which is
relatively wider in 7. zibethoides and Ma. foina, whereas 1. taxus
and M. capensis have the proportionally narrowest capitula, at
least in caudal view. These differences in the capitulum width
and the orientation of the lateral margin of the olecranon fossa
have implications for elbow biomechanics, as they determine
the relative position of humerus, ulna and radius during flexion
and extension of the forearm (Gonyea 1978). Thus, in those
terrestrial mammals with no special adaptations to cursoriality,
the lateral border of the olecranon fossa is laterally inclined,
which makes the proximodistal axes of both ulna and radius
form an angle to the proximodistal axis of the humerus when
the elbow flexes and extends during locomotion (Jenkins 1971;
Gonyea 1978). On the other hand, in cursorial mammals, such
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as canids or the cheetah, the ridges of the olecranon fossa are
almost parallel to the proximodistal axis of the humerus, and
thus during flexion and extension of the elbow, both the ulna
and the radius are located in a quite straight position in relation
to the humerus (Gonyea 1978). In this respect, the morphol-
ogy of the olecranon fossa of 7. taxus and M. capensis would fit
with that expected for non-cursorial mammals, whereas that of
G. gulo, and Me. meles would reflect more cursorial capacities,
or at least a more parasagittal posture. The morphology shown
by the olecranon fossa of 1. zibethoides and Ma. foina, with its
lateral ridge slightly medially inclined, is also observed in ursids,
and it has been interpreted as a mechanism for increasing the
lateral stability of the elbow during locomotion (Argot 2010).
In any case, Fabre ez al. (2015) found a remarkable conver-
gence between aquatic and arboreal/semi-arboreal species of
musteloid carnivorans, with both groups displaying a broad
capitulum, as a consequence of the necessity for augmenting
the degree of pronation/supination in these groups (Fabre ez 4l.
2015). Thus, the morphology of the capitulum of 1. zibet-
hoides suggests a good capacity for pronation/supination, and
the necessity of a strong control of elbow lateral movements;
nevertheless, both requirements have no clear implications
for the locomotor capacities of this carnivoran, and they also
could be related to hunting strategies. Besides this, the distally
projected trochlea of . zibethoides, similar to that of the rest of
compared mustelids except G. gulo, is a feature that provides
additional stability against forces acting in a non-parasagittal
plane during locomotion, that is, when flexion and extension
movements are not developed in a strict parasagittal plane
(Gonyea 1978; Andersson 2004; Argot 2004); on the other
hand, the trochlea of those carnivorans whose forelimbs are
used primarily for locomotion is moderately distally projected
(Andersson 2004). In summary, the distal morphology of the
humerus of . zibethoides suggests a generalised locomotor
behaviour, and in any case, it is not indicative of well-developed
cursorial capacities.

RaDIUS

The radial tuberosity, the attachment area for the m. biceps bra-
chii, is relatively smaller in 1. zibethoides than in Me. meles,
M. capensis, Ma. Foina, T. taxus and G. gulo, with the two
latter species showing the relatively largest and most distally
expanded radial tuberosities. This would suggest a relatively
smaller muscle in 1. zibethoides, and a larger, well-developed
onein G. gulo and 1. raxus. Interestingly, as pointed out above,
several authors have found that the 7. biceps brachii is relatively
large, even showing extra bellies, in G. gulo and T, taxus (as
well as in ursids, felids, ailurids and some procyonids), that
is, those carnivorans exhibiting climbing or digging abilities
(Davis 1949, 1964; Gambaryan 1974; Quaife 1978; Fisher
et al. 2009; Julik ez al. 2012; Ercoli et al. 2015). This muscle
is one of the main flexors of the elbow (Barone 2010; Ercoli
etal. 2015), and it is usually reduced in terrestrial and cursorial
species (Taylor 1974; Feeney 1999). The existence of a rela-
tively small 7. biceps brachii in I. zibethoides would indicate a
mostly terrestrial lifestyle, which fits with our observations on
other bones of its skeleton.
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The presence of a marked facet for the cranial crus of the
medial collateral ligament (/ig. collaterale mediale), observed
in 1. zibethoides, and absent in G. gulo, Ma. foina, Me. meles,
1 raxus and M. capensis, probably indicates a strong ligament,
although the functional implications of this difference are
difficult to assess. In canids, the medial collateral ligament
originates on the medial epicondyle of the humerus, crosses
the annular ligament of the radius, and then it divides into
two crura, one cranial, weaker, and attaching on the radius,
and another one, caudal, much more thicker, and attaching
mainly on the ulna and partially on the radius (Evans 1993;
Barone 2010). The presence in /. zibethoides of a relatively thick
cranial crus of the lig. collaterale mediale probably indicates the
necessity for strong control of the mediolateral movements of
the elbow, which can be associated to both locomotion and
the use of the forelimb in other activities, such as hunting or
intraspecific interactions.

ULNA

Although several features of the ulna of 1. zibethoides are also
seen in other carnivorans, the olecranon shows a distinctive
morphology among the compared Mustelidae. It is relatively
long, similar to those of Me. meles and M. capensis, although
it is caudally inclined as in Ma. foina. An elongated olecra-
non, besides a non-curved diaphysis, is typical of terrestrial
forms, and indicates a probably well-developed . triceps bra-
chii, associated to a powerful extension (Taylor 1974; Argot
2001), although the former feature has been also associated
with semiaquatic and semi-fossorial species (Fabre 2013;
Samuels ez /. 2013). Thus, the olecranon length by itself
does not provide with an indication of locomotor type, and
it should be taken in combination with other ulnar features,
such as the proportions of this bone or the orientation of the
radial notch. Aquatic and fossorial species, although showing
an elongated olecranon, also have relatively robust radii and
ulnae (Fabre 2013).

In lateral and medial views, the orientation of the olecra-
non and its proximal border affects the function of the long
branch of the m. #riceps brachii, which attaches onto the caudal
border of the olecranon. Thus, a cranially inclined olecranon
indicates that the long branch of the m. wiceps brachii acts
from a more flexed elbow than in those species with a caudally
inclined olecranon, whose triceps group will be predominantly
associated with the later part of protraction and the begin-
ning of retraction of the limb (Ondrias 1961; Taylor 1970,
1974). These two morphologies have been thus associated to
locomotor types, with those species having a caudally inclined
olecranon being cursorial forms, whereas those with cranially
inclined olecrani show arboreal adaptations (Taylor 1974;
Argot 2001, 2004). In 1. zibethoides the olecranon morphol-
ogy would be typical of a large, relatively terrestrial species,
even more cursorial than G. gulo.

The tuberosities of the olecranon of 1. zibethoides show a
similar pattern to those of the other compared species, with
the medial one being markedly proximally projected, much
more so than the lateral tuberosity; the only difference is
the strong reduction or absence of the lateral tuberosity in
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G. gulo, Me. meles and M. capensis, whereas in 1. zibethoides
and Ma. foina this tuberosity is well developed. The lateral
and medial tuberosities of the ulna are the attachment areas,
respectively, of the m. triceps brachii caput laterale and m. rri-
ceps brachii caput mediale (Davis 1964; Fisher et al. 2009;
Barone 2010; Julik ez al. 2012; Ercoli et al. 2015). Thus,
the reduction in the size of the lateral tuberosity in G. gulo,
Me. meles and M. capensis would suggest a relatively smaller
m. triceps brachii caput laterale, as has been described in other
carnivorans (Gonyea 1978). The m. triceps brachii is one of
the main extensors of the elbow (Evans 1993; Barone 2010;
Ercoli ez al. 2015); in Mustelidae in general it is composed
of seven well-separated bellies (Ercoli ez a/. 2015). Among
them, the m. triceps brachii caput laterale is the second heaviest
of the seven bellies, with the m. wiceps brachii capur longum
being the heaviest (Ercoli ez al. 2015). This gives an idea of
the importance of the m. triceps brachii caput laterale in the
biomechanics of the elbow, and why the development of the
ulnar tuberosities is so important for locomotion. Terrestrial,
and especially digging mustelids, which need strong exten-
sion of the forearm, are characterized by the dominance in
the elbow of the extensor muscles over the flexor ones (Ercoli
etal. 2015), and thus the presence of a well-developed . tri-
ceps brachii. Gonyea (1978: 116) associated the morphology
of the ulnar tuberosities in Felidae with “degree of deviation
of the anterior limb from the parasagittal plane during loco-
motion; those felids with a relatively large lateral tuberosity
probably have the greatest parasagittal deviation of the elbow
during locomotion, and those with a relatively large medial
tuberosity probably exhibit little deviation of the forelimb
from a ‘pendulum-like’ motion”. Also, this author observed
that a well-developed lateral tuberosity, associated with a large
m. triceps brachii caput laterale, was typical of felids inhabiting
forested habitats, whereas those species with reduced or absent
lateral tuberosities were capable cursors, preferring more open
habitats (Gonyea 1978). At this respect, the compared extant
species of Mustelidae fic well within this classification, with
Ma. foina being a woodland-dweller, and G. gulo, Me. meles
and M. capensis occupying less structured habitats (Nowak
2005; Lariviere & Jennings 2009). In the case of 1. zibethoides,
which has a well-developed lateral ulnar tuberosity, it would
be linked to well vegetated areas.

The overall morphology of the ulnar diaphysis also provides
interesting data on the biomechanics of this fossil mustelid;
for example, the absence of lateral torsion in the olecranon of
1. zibethoides suggests that the movements of flexion-extension
of the elbow took place in a more or less parasagittal plane
(Argot 2004), unlike in the rest of the compared mustelids.
Also, the slight caudal inclination of both the proximal epiphy-
sis and the diaphysis resembles the morphology exhibited by
typical cursorial carnivorans, in contrast to the cranial curva-
ture observed in digging, climbing and scansorial carnivorans
(Taylor 1974; Argot 2004; Heinrich & Houde 2006; Rose
et al. 2014; Ercoli & Youlatos 2016; Henderson ez /. 2016).
On the other hand, the relatively large facet for the m. bra-
chialis of 1. zibethoides and Ma. foina suggests the presence
of a well-developed muscle, which is typical of climbing and
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digging carnivorans (Davis 1949, 1964; Gambaryan 1974;
Quaife 1978; Fisher ez al. 2009; Julik ez al. 2012; Ercoli et al.
2015). These species need powerful elbow flexion in order
to maintain the body close to the substrate, which increases
the stability and the control of the movements (Davis 1964;
Taylor 1974; Leach 1977; Van Valkenburgh 1987; Hildebrand
1988; Argot 2001; Ercoli ez al. 2015). This is something
expected in Ma. foina, which is a forest-dweller and thus a
capable climber (Leach 1977; Hall 1981), but does not fit
with the presence, in 1. zibethoides, of a relatively reduced
m. biceps brachii, another important flexor of the elbow. In
any case, and given other features in the postcranial skeleton
of I zibethoides pointing towards terrestrial locomotion, this
trait could be a primitive retained morphology.

FEMUR

A proximal projection of the greater trochanter, surpassing
the level of the femoral head, is typical of cursorial terrestrial
carnivorans (Ercoli & Youlatos 2016). Only /. zibethoides
shows this feature among the sample of studied mustelids,
although in a moderate state. The different proximal projec-
tion of the femoral head has also a direct relationship with
the action of both the . piriformis and the m. gluteus medius,
two muscles attaching on the greater trochanter of the femur
(Davis 1964; Barone 2010; Ercoli ez 2/. 2013), which can show
different degrees of fusion among Musteloidea (Lucae 1875;
Mackintosh 1875; Alix 1876; Hall 1927; Fisher ez al. 2008;
Ercoli ez al. 2013). In non-cursorial mustelids, those muscles
that extend the coxofemoral articulation (the gluteus group)
are relatively less developed than in cursorial species when
compared to total hind limb musculature (Maynard Smith &
Savage 1956; Gambaryan 1974; Ercoli ez al. 2013). Thus, in
a number of species of the genera Mustela and Martes, Gam-
baryan (1974) indicates a weight for the 7. gluteus medius of
1.9-2.1% of the total fore and hind limb muscles, whereas in
the more robust G. gulo this relative weight is 3.1%, it reach-
ing a percentage of 3.3% in M. capensis. This difference in
the relative weight of this muscle can be associated with the
size of its attachment area on the greater trochanter, which is
relatively smaller (mediolaterally shorter) in Ma. foina than
in G. gulo; in 1. zibethoides this area is very similar to that of
Ma. foina, suggesting a less developed muscle. Interestingly,
other muscles, such as the m. quadratus femoris and m. obtu-
rator externus, seem to have been very well developed in
I zibethoides, as suggested by their attachment surfaces on the
trochanteric fossa. This structure is relatively much larger than
in G. gulo, M. capensis, T taxus and Ma. foina, and similarly
sized to that of Me. meles. The m. quadratus femoris is a thick
and short muscle, developed from the lateral surface of the
ischium to the caudodistal region of the greater trochanter
and the trochanteric fossa (Barone 2010; Ercoli ef 2/ 2013);
its functions are extending and rotating the coxofemoral
articulation, as well as preventing its medial rotation during
weight bearing (Evans 1993; Barone 2010). In any case, the
relative weight of this muscle in Mustelidae is really low, as
it does not surpass 0.4% of the total weight of the fore and
hind limb muscles (Gambaryan 1974); thus, the presence of
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a relatively larger m. quadratus femoris in both 1. zibethoides
and Me. meles in comparison to other species would have a
low impact on the overall hind limb musculature. On the
other hand, the m. obturator externus does show remarkable
differences in relative weight among extant Mustelidae: in
G. gulo is 1.5% of the total weight of the fore and hind limb
muscles, whereas in Ma. foina it is 1.1%, in M. capensis it is
0.9%, and in the Mustela species it does not surpass 0.7%
(Gambaryan 1974). This muscle is thin, but much larger than
the m. quadratus femoris, and its functions are the lateral rota-
tion of the coxofemoral articulation, and the prevention of its
medial rotation during weight bearing (Evans 1993; Barone
2010; Ercoli ez al. 2013). Haughton (1867) found remarkable
differences in the relative weight of the m. obrurator externus
among different dog breeds, with the Greyhound having a
muscle almost twice the size of that of less cursorial breeds. In
consequence, if a relatively large m. obturator externus is typi-
cal of terrestrial mustelids such as G. gulo, and I zibethoides
shows a large attachment area for this muscle, that would be
another feature pointing towards the importance of terrestrial
locomotion in this fossil mustelid.

Finally, a caudally projected medial condyle has been associ-
ated to slight rotation capabilities of the tibia relative to the
femur, that is, the latter rotates medially when flexing the
knee, which provides stability to this articulation (Grohé ez 4.
2012; Argot 2013) something important in digging animals
such as Me. meles. At this respect, 1. zibethoides would be
showing a generalised condition observed in other mustelids.

CONCLUSIONS

The present study on the long bones of the fossil mustelid
Ischyrictis zibethoides suggests that this extinct carnivoran had a
mostly terrestrial way of life, foraging mainly on the ground and
being capable of developing an efficient terrestrial locomotion,
although lacking the specialised cursorial adaptations observed
in other carnivorans such as canids or hyaenids. At this respect,
it is interesting that /. zibethoides shows marked differences with
the closely related Plio-Pleistocene mustelid Ekorus ekakeran,
from the Mio-Pliocene of Lothagam, Kenya, which has several
postcranial features indicating highly cursorial abilities (Werdelin
2003). For example, the inferred presence of a relatively thick
cranial crus of the lig. collaterale mediale on the elbow, or the
great development of some muscles of the coxofemoral articula-
tion suggest that /. zibethoides required a strong control of some
articulations involved in an efficient terrestrial locomotion.
Besides this, the gentle caudal inclination of the ulna of Z. zibet-
hoides resembles the morphology exhibited by typical cursorial
carnivorans, lacking the cranial curvature observed in digging,
climbing and scansorial carnivorans (Taylor 1974; Argot 2004;
Heinrich & Houde 2006; Rose et al. 2014; Ercoli & Youlatos
2016; Henderson ez 2l 2016). The absence of lateral torsion
in the olecranon, unlike the rest of the compared mustelids,
suggests that the movements of flexion-extension of the elbow
of 1. zibethoides took place in a more or less parasagittal plane,
something typical of cursorial species (Argot 2004); this relates
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to the reduced attachment area for the 7. biceps brachii, one of
the main flexors of the elbow joint (Barone 2010; Ercoli ez 4.
2015), which suggests a relatively small muscle, such as that of
extant terrestrial carnivorans (Taylor 1974; Feeney 1999). Other
traits, shared with extant small arboreal mustelids probably indi-
cate a primitive, retained morphology from arboreal ancestors,
rather than especially developed climbing abilities, although is
very likely that I zibethoides would be able to climb with some
skill, at least to the lowest part of the trees crown, looking for
food or escaping from other, larger predators. Nevertheless, our
study is only focused on the long bones, and more information
on other elements would be necessary to assess the whole loco-
motor adaptations of 1. zibethoides. Ginsburg (1961) and Peigné
(2012) already pointed out the overall similarities between the
talus and calcaneum of 1. zibethoides and G. gulo, but other cle-
ments, such as the vertebral column, the pelvis, or the scapula,
whose morphology remains unknown for 1. zibethoides, would
be necessary to fully understand the role of this predator in the
Middle Miocene faunas of Europe.
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