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Abstract

The arrangement of the tarsus has been used to differentiate afrotherian and laurasiatherian ungulates for
more than a century, and it is often present in morphological matrices that include appendicular features.
Traditionally, it has two states: (i) an alternating tarsus, where proximal elements are interlocked with central
and distal elements positioned like the bricks of a wall; and (ii) a serial tarsus, where elements are not
interlocked. Over the years, these states became synonymous with the presence or absence of an
astragalocuboid contact. Within the South American order Notoungulata, a third disposition was recognized:
the reversed alternating tarsus, associated with a calcaneonavicular contact. This state was considered to be a
synapomorphy of ‘advanced’ Toxodontia families (Notohippidae, Leontiniidae and Toxodontidae), but a further
inspection of its distribution shows that it occurs throughout Mammalia. Additionally, it overlaps the serial
tarsus condition as originally defined, and it probably has no functional or phylogenetic significance.
Calcaneonavicular and astragalocuboid contacts are non-exclusive, and their presence within a species, genus or
family is not constant. Serial and alternating imply movements of the articulations of the mid-tarsus in the
transverse axis, while reverse alternating refers to a small calcaneonavicular contact that sometimes occurs in a
serial condition or to a significant displacement of the tarsal articulations in a different (proximodistal) axis.
The proximodistal arrangement of the joints could be functionally significant. Two new states are observed and
defined: (i) ‘flipped serial’, present in Macropodidae, in which the calcaneocuboid articulation is medially
displaced and significantly larger than the astragalonavicular contact, but the relationships between proximal
and central elements are one to one; and (ii) ‘distal cuboid’, an extreme proximodistal displacement of the
astragalonavicular joint. Serial and alternating, as originally defined (i.e. without any reference to which bone
contacts which), seem to be the best states for classifying tarsal arrangement though as the disposition of distal
or central bones in relationship to proximal bones.
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diplarthral) arrangement have been used to differentiate

Introduction : . . .
afrotherian and laurasiatherian ungulates, respectively,

The spatial arrangement of the ungulate basipodium
was the subject of intense debate among zoological
anatomists at the end of the XIX century and the begin-
ning of the XX century (Cope, 1881, 1884a; Matthew,
1897, 1937; Osborn, 1898; Simpson, 1937). The serial (or
taxeopod) arrangement and the alternating (or
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since then, although natural variation of this character is
high and definitions of these conditions have varied
(Cope, 1882; Thewissen, 1990). The serial arrangement
refers to a condition in which bones are aligned proxi-
modistally with one another with minimal interlocking
between adjacent elements, while the alternating
arrangement refers to the opposite condition, where the
elements are positioned similar to the bricks of a wall
(Cope, 1884a).

The difference between the serial and alternating states
is not as clear as it may seem, especially in the carpus, where
the alternating carpus was defined by Cope (1882) as one
where the intermedium (middle proximal carpal; other
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names: lunar, semilunar, lunate) rests on the fourth distal
carpal (unciform, hamate) and the scaphoid (radial plus cen-
tral carpal in most eutherians) rests on the third distal carpal
(magnum, capitate). However, the concept of ‘rest’ is vague;
in the absence of a differentiated central carpal, the sca-
phoid usually articulates with the third distal carpal both in
the serial and in the alternating conditions, with some
exceptions, such as Elephas and Phenacodus. The absence
of scaphoid/magnum articulation is rare, so an alternating
or serial carpus cannot be determined by the articulations
of isolated bones. This has led to confusion (Cope, 1884a3;
Matthew, 1897; Thewissen, 1990). Further contributing to
this confusion is that, when the character state was defined,
it was not known that the central carpal (os centrale) was
incorporated into the scaphoid in several lineages; for
example, Cope (1882: fig. 3) mistaken the central carpal
with the second distal carpal (trapezoid) in Hyracoidea. For
me, a clearer definition of an alternating carpus is one in
which the second row of carpals has rotated toward the
medial side relative to those of the first. This rotation was
speculated by Cope (1882) to provide a double articulation
that is mechanically more secure against dislocation or frac-
ture. A serial carpus, on the contrary, favors movements
among the joints. This definition is transferable to the tar-
sus.

In the tarsus, the original definitions of serial and alter-
nating have not been used in several decades. Instead, they
have been simplified: a serial tarsus is defined as one in
which a proximal tarsal articulates distally with only one
element (i.e. there are only astragalonavicular and calca-
neocuboid contacts), and an alternating tarsus is defined as
one with both astragalonavicular and astragalocuboid con-
tact (Fig. 1; Bergquvist, 1996). In some cases, this can conflict
with the original definitions of serial and alternating; for
example, horses have a very small astragalocuboid contact,
an alternating tarsus under this definition, but as there are
minimal interlocking articulations, the tarsus is functionally
serial (Hussain, 1975).

Astragalus

Serial tarsus

- s

Alternating tarsus

In recent decades, a new disposition was recognized in
Notoungulata: the reversed alternating tarsus. This state
was defined by Cifelli (1993) as the loss of astragalocuboid
contact (characteristic of an alternating tarsus) and estab-
lishment of calcaneonavicular contact. He proposed it as a
synapomorphy for ‘advanced’ Toxodontia (Notohippidae,
Leontiniidae and Toxodontidae). Later, because it also
occurs in some interatheriid Typotheria, it was described as
a non-exclusive trait of advanced toxodonts (Shockey et al.
2012). However, no known notoungulate presents an alter-
nating tarsus (i.e. one with astragalocuboid contact); only
the reversed alternating and the serial arrangements have
been identified. Thus, in 2016, | presented an alternative
definition for the reversed condition: an astragalonavicular
joint located more proximal than the calcaneocuboid joint,
with the result that the navicular contacts the calcaneus to
some degree (Fig. 1; Lorente, 2016). In that work, the
reverse alternating tarsus (as newly defined) was mapped
onto the phylogenetic trees of Billet (2011) for Notoungu-
lata and of Welker et al. (2015) for Eutheria to see how the
state was distributed among Notoungulata and Litopterna.
The reversed alternating tarsus turned out to be the pre-
dominant condition within Notoungulata (no notoungulate
was found with an alternating tarsus), and the reversed
alternating tarsus seemed to be the only condition present
in Litopterna. However, further investigation of other
orders of mammals revealed that: (i) the reversed alternat-
ing condition is far more widespread than it was previously
thought; (ii) tarsal arrangement is complex and may require
more than one character to accurately describe it; (iii) a
reverse alternating tarsus cannot be defined in a way that is
compatible with the definitions of serial and alternating
dispositions because some animals with an alternating tar-
sus have an astragalonavicular joint more proximal (e.g.
Artiodactyla). Additionally, the reverse alternating tarsus (as
traditionally defined) is present in mammals with very dif-
ferent tarsal conditions that are probably not functionally
equivalent. For example, in many notoungulates,

Reverse
alternating tarsus

Fig. 1 Outline of serial, alternating tarsal and previously proposed reverse alternating tarsal arrangements.
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astragalonavicular and calcaneocuboid articulations are
basically at the same level along the proximodistal axis
(though the navicular is slightly more proximal because of
its convex shape), while in Litopterna and some more curso-
rial notoungulates, these two articulations are much further
apart. In the absence of phylogenetic or functional signifi-
cance, the reversed alternating tarsus has little utility as a
distinct character state.

In this study, | try to separate those two reverse condi-
tions and | take them with a different approach by taking
movements into account. Transverse displacement between
the articulations evolves less frequently and is more conser-
vative within groups, while sagittal displacements and the
presence or absence of articulation facets are more variable.
The presence of calcaneonavicular or astragalocuboid facets
is especially variable within groups, and happens without
any change in the dispositions of the bones taking place.
Although almost any transverse shift of the cuboid bone to
the medial side results in an astragalocuboid facet, proxi-
modistal displacements of the astragalonavicular joint do
not always produce a calcaneonavicular facet. This can be
due to a very small calcaneonavicular contact that is only
evident when examining soft tissues or no contact between
navicular and calcaneus at all (as occurs, e.g. in primates).

Materials and methods

Abbreviations

AMNH, American Museum of Natural History, New York, USA; LIEB-
PV, Paleovertebrates Collection of Laboratorio de Investigaciones
en Evolucion y Biodiversidad, Universidad Nacional de la Patagonia
‘San Juan Bosco’, provincia del Chubut, Argentina; MACN, Museo
Argentino de Ciencias Naturales Bernardino Rivadavia, Buenos
Aires, Argentina; MACN-A, Ameghino Collection of MACN; MACN-
Ma, Collection of Mastozoology of MACN; MLP, Museo de la Plata,
La Plata, Argentina, Mastozoology and Vertebrate Paleontology
collections; MPEF-PV, Museo Paleontoldgico Egidio Feruglio, Pale-
ontologia de Vertebrados, Trelew, Argentina; MCNAM-PV, Museo
de Ciencias Naturales y Antropoldgicas J. C. Moyano, Paleontologia
de Vertebrados, Mendoza, Argentina; PVL, Instituto Miguel Lillo,
Paleontologia de Vertebrados, San Miguel de Tucuman, Argentina;
SALMA, South American Land Mammal Ages; SANU, South Ameri-
can Native Ungulates.

The collections of Museo de La Plata and Museo Argentino de
Ciencias Naturales were consulted, as well as several authors (Mat-
thew, 1897; Sinclair, 1908; Chaffee, 1952; Cifelli, 1993; Bergqvist,
1996; Elissamburu, 2007; Croft & Anderson, 2008; Shockey & Anaya,
2008; Shockey et al. 2012; Vera, 2012; O’Leary et al. 2013).

Results and discussion

Notoungulata, Litopterna and the reversed alternating
tarsus

Notoungulata and Litopterna were small to large-sized her-
bivorous South American native ungulates. Several recent
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studies have presented strong molecular evidence that they
are most closely related to Perissodactyla among extant
orders (Buckley, 2015; Welker et al. 2015; Westbury et al.
2017). Despite their close relationship, Notoungulata and
Litopterna are morphologically very different from one
another. Notoungulates were the more diverse group. They
occupied a wide variety of niches in the middle Cenozoic
but, by the Pleistocene, there were only a few lineages
remaining (Patterson & Pascual, 1972; Simpson, 1980; Bond,
1986; Cifelli, 1993; Croft, 1999; Shockey et al. 2007; Elissam-
buru, 2012). Their lophodont dentition was specialized very
early in the group’s evolution (Paleocene, de Muizon, 1992)
, while their appendicular morphology remained very simi-
lar to archaic ungulates and carnivores even in very late
taxa (e.g. Pleistocene Paedotherium). Early notoungulates
probably had a generalist or fossorial mode of locomotion,
and were a lot more like a civet or a weasel than an extant
ungulate such as an artiodactyl or perissodactyl (Croft &
Anderson, 2008; Lorente, 2015; Munoz, 2017; Munoz et al.
2017; Lorente et al. 2018).

Litopterna was second in taxonomic diversity among
South American native ungulates, but they had opposite
traits: early species were specialized unguligrades with low
morphological disparity (Protolipterna, Sao Jose de Itaborai,
Brasil. Cifelli, 1983, 1993; Bergqvist, 1996), but their denti-
tion was still brachydont and bunodont. Their general
aspect was more similar to horses, deer or the mara, a curso-
rial rodent (Dolichotis patagonica).

The original definition of reversed alternating tarsus
was introduced in a context where the alternating dispo-
sition was supposed to be the plesiomorphic condition
within ‘archaic’ ungulates, the hypothesized ancestors of
notoungulates (Matthew, 1897). Originally, Cope (1884b)
described the condition in ‘Condylarthra’ as serial, but
their classification changed as the recognition of an alter-
nating tarsus became associated with astragalocuboid
articulation. For example, Ectonus (Piveteau, 1958) and
Hyopsodus (Penkrot et al. 2008) have a small cuboid facet
in the astragalus; they are classified as serial following
Cope's original definition (i.e. transverse alignment) but
as alternating based on the presence of astragalocuboid
articulation. Periptychus was classified as serial in Cope's
description although its astragalus has a large cuboid
contact. This cuboid articulation was probably disre-
garded by Cope, who was more interested in the medial
incursion of the cuboid, because it is lateral to the astra-
galus in Periptychus. Protoungulatum and some ‘archaic’
ungulates also have been described as having a cuboid
facet on the astragalus, but this facet has been inferred
without knowledge of the navicular or cuboid. This infer-
ence is complicated by many factors (see below), and
there is a high likelihood that most ‘archaic’ ungulates
described as having an alternating tarsus have a strictly
serial tarsus following Cope’s original definition. The most
common problems with inferring a serial or alternating
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tarsus (or an astragalocuboid articulation) from isolated
elements include the following.
1 The possible presence of additional calcaneoastragalar

5 In several mammals, especially those with a generalist

mode of locomotion, astragalonavicular and calca-
neocuboid joints are at the same level along the proxi-

facets in a position similar to that of the astraga-
locuboid facet in other taxa (e.g. Perissodactyla,
Fig. 2C, pink shading). Tarsus may appear to be alter-
nating, but it could be serial.

2 The absence of a discernible astragalocuboid facet in
the astragalus even though there is an astraga-
locuboid articulation (e.g. Tremarctos, Periptychus.
Fig. 2A, shading). Tarsus may appear to be serial, but
its condition could be alternating.

3 The presence of a connection between navicular and
sustentacular facets of the astragalus that may be
interpreted as a different facet (either for the calca-
neus or the cuboid). In more complete tarsi, this inter-
mediate articulation does not appear to articulate
with any bone (Fig. 2B, shading). It is usually present
in highly mobile astragali and can be a surface of
extension of the sustentacular facet. Tarsus could be
described as alternating but is more likely serial. Also,
the joint capsules of different articulation are conflu-
ent in early ontogenetic stages and separate as the
bone develops, so such conditions can also vary with
age (Scheuer & Black, 2004; Fig. 2C). This is an impor-
tant factor in determining the final configuration of
the tarsus and the carpus, and it has yet to be studied;
the number of joints in living animals can be less than
that expected by the number of bones involved.

4 The presence of a facet for a sesamoid bone between
the astragalus and navicular that resembles an astra-
galar cuboid or navicular facet (e.g. Caviomorpha,
Fig. 2D). Tarsus may appear to be alternating, but it is

modistal axis, allowing great variation of contacts
between the bones. This appears to be normal
intraspecific variation rather than a pathological con-
dition, and paleontological studies usually lack sam-
ples large enough to be able to see such polymorphic
character states (e.g. Equus, Canis). Hussain (1975)
found that six out of 11 Mesohippus specimens he
studied had a calcaneonavicular articulation. Domestic
horses, for example, most commonly have a small
astragalocuboid articulation, but in a sample of fewer
than 20 individuals, | observed all possible facet con-
figurations: no astragalocuboid nor calcaneonavicular
facets, both facets, and only one facet (either astraga-
locuboid or calcaneonavicular). In young horses with
calcaneocuboid and calcaneonavicular articulations or
astragalocuboid and astragalonavicular articulations,
the facets are undifferentiated in the calcaneus or the
astragalus, respectively.

The positional relationships among the calcaneus, astra-
galus, cuboid and navicular are very difficult to assess and,
surprisingly, the navicular (rather than the astragalus) is the
best element to make such inferences. The navicular pre-
sents distinct facets for the astragalus and the cuboid, the
distal tarsals and, in some cases, also for the calcaneus
(Fig. 3). The shape of those facets also gives a general idea
of the distribution of the other tarsal elements. By contrast,
several facets can be superposed or found in similar places
on the astragalus and calcaneus, and as the cuboid and nav-
icular share the same joint capsule, the astragalus does not
always bear distinct articular facets for them.

more likely serial.

Fig. 2 (A) Plantar view of right astragalus of Tremarctos ornatus (MLP 1.1.03.62); shading in the surface of contact of cuboid bone. (B) Plantar
view of left astragalus of Notostylops sp. (LIEB-PV 4016); shading in the space between navicular and sustentacular facets. (C) Plantar view of left
astragalus of: (1) a juvenile of perissodactyl Tapirus terrestris (MLP 1); (2) an adult Tapirus terretris (MLP 1070). In yellow shading, ectal facet; in
green shading, sustentacular facet; in pink shading, anterior astragalocalcaneal facet. Observe the disconnection between sustentacular and ante-
rior astragalocalcaneal facet in the adult. (D) Left astragalus of Lagostomus maximus (MLP 1683). Plantar view, slightly oblique to better observe
the facets. Facets as previous image; in soft dark blue shading, the facet for the sesamoid. Scale bar: 10 mm.
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In most animals with a calcaneonavicular contact, the
calcaneocuboid and the astragalonavicular joints are at a
similar distance between each other, and this contact is
very small and probably incidental. In animals where the
navicular is medial to the calcaneus, as in Litopterna, the
presence of a calcaneonavicular articulation is variable;
for example, in Macrauchenia, the calcaneus and navicu-
lar contact each other, but there is no clear facet on
either bone. Perhaps some tissue separated them in life,
but it is unknown. If the articulation was small enough,
it could have been present in the articular cartilages of
the synovial joint without leaving a trace in the bone.
Calcaneonavicular contact is present in notoungulates
and some perissodactyls and litopterns, but also in several
Carnivora (e.g. Chrysocyon), Chiroptera, Rodentia (Fig. 4),
Loxodonta (Smuts & Bezuidenhout, 1994), some primates
(e.g. Lemur catta; Fig. 4), and ancient ‘insectivores’ and
Dermoptera (Szalay & Lucas, 1996). The presence of a cal-
caneonavicular articulation facet seems to be indepen-
dent of the displacement of the astragalonavicular joint
to a more proximal position (compare Figs 4 and 5).

Although notoungulates can have a serial or reversed
alternating tarsus, in most cases it is functionally serial,
with minimal interlocking articulations (Fig. 6). Most
notoungulates were plantigrade or digitigrade (Loomis,
1914; Shockey & Flynn, 2007; Elissamburu, 2010; Vera,
2012; Lorente et al. 2014; Lorente, 2015) and had a con-
siderable amount of movement in the articulations (Lor-
ente, 2015; Munoz, 2017). The astragalar head is almost
spherical in notoungulates, particularly in basal groups
(Fig. 7A), allowing movements in the three axes. Notoun-
gulates were very different from extant specialized ungu-
lates.

Mammal tarsal arrangement, M. Lorente

The opposite was true of Litopterna, which were special-
ized unguligrades since very early in their evolution (early
Eocene; Cifelli, 1983; Bergqvist, 1996). Litopterna had a tar-
sus in which the cuboid and calcaneus are clearly lateral to
the navicular (half or more of the navicular is medial to the
calcaneus; Fig. 7B), although a clear calcaneonavicular facet
is not always present, making this condition distinct from
the one in basal notoungulates. In Litopterna, the astraga-
lonavicular joint does not have the enarthrosis condition
present in notoungulates; instead, it is a hinge joint, a syn-
ovial joint that allows movement in only one plane, as can
be inferred by the shape of the astragalar navicular facet.
As navicular movements would be constrained to the sagit-
tal plane, it would not have affected the calcaneus.

This condition was not unique to Litopterna; some
ancient horses present a similar case. A more proximal astra-
galonavicular joint, in which the navicular and the calca-
neus are side by side, is present, with or without
calcaneonavicular facets, in Heptodon (Radinsky, 1965),
Eomoropus (Osborn, 1913; Radinsky, 1964), Helaletes, Colo-
don and Hyracotherium (Holbrook, 2001). Holbrook (2001)
noted that the presence of this state in Hyracotherium and
Heptodon suggests that it is ancestral for Perissodactyla,
but its absence in Homogalax, Cardiolophus, brontotheres
and phenacodonts indicates it more likely is a derived con-
dition within Perissodactyla. Phenacodontids, which are
archaic ungulates, generally have a serial tarsus (e.g.
Phenacodus, Tetraclaenodon). Hyracotherium shows a simi-
lar arrangement as Litopterna, with the astragalonavicular
joint more proximal than the calcaneocuboid joint, but no
facet (Wood et al. 2011). Cambaytherium, considered primi-
tive perissodactyl, have been described as having an alter-
nating tarsus, but cuboid and navicular bones of these taxa

Fig. 3 Proximal view of the left navicular of proterotheriid Foauchenia (MLP 48-XII-16-1). In light blue shading, sesamoid facet; in green shading,

calcaneal facet; in red shading, astragalar facet. Scale bar: 10 mm.
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Fig. 4 Presence of facets mapped over: (A) strict consensus cladogram from the analysis of Billet (2011, fig. 9); and (B) Bayesian consensus tree of
COL1 protein sequence data, with chicken (Gallus) as outgroup from the analysis of Welker et al. (2015).
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Fig. 5 Displacement of joints in the proximodistal axis mapped over: (A) strict consensus cladogram from the analysis of Billet (2011, fig. 9); and
(B) Bayesian consensus tree of COL1 protein sequence data, with chicken (Gallus) as outgroup from the analysis of Welker et al. (2015).
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Fig. 6 Displacement of joints in the transversal axis mapped over: (A) strict consensus cladogram from the analysis of Billet (2011, fig. 9); and (B)
Bayesian consensus tree of COL1 protein sequence data, with chicken (Gallus) as outgroup from the analysis of Welker et al. (2015).
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Fig. 7 (A) Dorsal view of right tarsus of Eutypotherium lehmannnistchei (MLP 12-1701). (B) Dorsal view of right tarsus of Theosodon sp. (MLP
700). In blue shading, astragalus; in green shading, navicular; in red shading, calcaneus; in yellow shading, cuboid. Scale bar: 10 mm.

are unknown (Rose et al. 2014), and the condition is diffi-
cult to infer with the proximal elements only (see above).

A condition similar to that of Litopterna, in which the
astragalonavicular joint is more proximally placed than the
calcaneocuboid joint, is present in artiodactyls, some cavio-
morphs rodents, such as Lagostomus, specialized notoungu-
lates (such as Miocene interatheriids and notohippids).

As all these animals share mobility restricted to the sagit-
tal plane, | propose that the proximodistal distance
between the calcaneocuboid and the astragalonavicular
joints is a much more relevant functional character than the
presence or absence of calcaneonavicular facets of the tar-
sus. (Litopterna, Caviomorpha, Notoungulata and Perisso-
dactyla have a serial tarsus following the definition of
Cope, while Artiodactyla has an alternating tarsus.) A more
proximally located astragalonavicular joint in a mammal
with a serial tarsus could help to provide integrity to the
tarsus and to prevent dislocations in a different plane, as in
an alternating tarsus. Most mammals with such an antero-
posteriorly displaced tarsus are cursorial or graviportal, in
several cases both. Some artiodactyls have both an alternat-
ing tarsus and a more proximally located astragalonavicular
joint. Why do modern horses, which are heavy animals spe-
cialized for speed, lack both of these traits? Is the hypothe-
sis about the preventive nature of displacement of the
joints in any axis wrong or they have resolved the mechani-
cal stress in the joints in another way? A major difference
between the three-first orders noted and horses is that the
astragalonavicular joint is very mobile in the former
whereas its mobility is restricted in horses (and in perisso-
dactyls in general; Wood et al. 2011).

© 2019 Anatomical Society

Does tarsal configuration useful

phylogenetic signal?

have any

The serial/alternating dichotomy is much more complex
than which bone contacts which or how they are orga-
nized. There are plenty of different variations of the distri-
bution of the tarsals and their contacts. Also,
calcaneonavicular and astragalocuboid contact are not
mutually exclusive; modern horses can have both. Tarsal
arrangement is affected by several other factors, such as:

1 proximodistal distance of calcaneocuboid and astraga-
lonavicular joints;

2 transverse width of the cuboid relative to the navicu-
lar;

3 dorsoplantar extent of navicular;

4 transverse width of the astragalus relative to the calca-
neus;

5 mobility of the hindfoot (astragalus and calcaneus) rel-
ative to the midfoot (navicular, cuboid and cunei-
forms; transverse tarsal joint of Szalay, 1994).

The positions of contacts among tarsal bones can vary
depending on how the tarsals are positioned relative to
one another. In different mammals, the astragalocuboid
facet can be positioned laterally (e.g. Periptychus, Ail-
uropoda), plantarly (e.g. Astrapotheria), distally (e.g.
Pyrotheria), or a combination (Artiodactyla). Something
similar also happens with the contact between the navicular
and calcaneus. The variation is so great, both intraspecifi-
cally and interspecifically, that it cannot reasonably have
any functional significance. For most mammals, the facets
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are so small that they may be incidental, non-pathological
contacts that form during development due to mobility
between bones. The talocalcaneonavicular joint, the joint
that relates these three bones, is the most mobile of the
foot. Only in animals with an interlocking tarsus, an alter-
nating tarsus beyond any doubt, does there seem to be
some functional or phylogenetic correspondence. This is
mainly the case in cetartiodactyls, but also in fossil and
extant rhinoceros and tapirs. In these taxa, the cuboid is
more developed than in horses and occupies half of the lat-
eral width of the tarsus, whereas the navicular is small. The
navicular is usually wider than the cuboid in the serial con-
dition. This is particularly so for artiodactyls and rhinoceros.
Tapirs present an intermediate condition where the cuboid
is less developed, and the astragalocuboid contact is smaller
than in rhinoceroses. Horses, traditionally considered as
having an alternating tarsus, have a small plantar cuboid
facet in the astragalus that usually is not visible when the
tarsus is articulated. Therefore, horses have a serial tarsus as
defined by Hussain (1975). In other mammals with the serial
tarsal disposition, the relationships among the bones are
generally as follows: the calcaneus mainly articulates with
the cuboid, the astragalus mainly articulates with the navic-
ular, the navicular and cuboid are mainly next to each
other, and the astragalus is wider in dorsal view than the
calcaneus.

‘Serial’ and ‘alternating’ can be considered states of dis-
placement of the articulations in the transverse axis. Serial
refers to the state where there is almost no displacement of
the cuboid-navicular pair with respect to the calcaneus-as-
tragalus pair. In the serial state, astragalocuboid and calca-
neonavicular facets can be present, but they are small and
do not significantly modify the movements permitted by
the joints. The alternating state is that in which the navicu-
lar-cuboid articulation has moved considerably to the

internal side relative to the calcaneus-astragalus articula-
tion. An extreme displacement is present in Macropodidae,
where the cuboid is significantly larger than the navicular
but, in this case, the astragalar head is small and there is no
astragalocuboid contact. This is here a termed a ‘flipped
serial’ tarsus (Fig. 8A).

The reverse alternating tarsus appears to encompass (and
therefore obscure) two different conditions: a serial tarsus
with a small calcaneonavicular contact and a displacement
of the articulations in a different axis, the proximodistal
axis. The astragalonavicular pair now changes with respect
to the calcaneocuboid pair. Basal notoungulates and peris-
sodactyls usually show the former condition, while some
later cursorial notoungulates, litopterns and other special-
ized animals show the latter. The most extreme displace-
ment of the astragalonavicular joint is present in elephants
and toxodontids, where the navicular is positioned above
the cuboid instead of being strictly medial to it. The navicu-
lar is always more medial than the cuboid but, in these ani-
mals, the calcaneocuboid joint is as distal as the
naviculocuneiform joints, and the navicular facet in the
cuboid is almost at the same position as the calcaneal facet.
This condition is defined here as a new state, the ‘distal
cuboid’. The state generally appears in graviportal mam-
mals, and may have more morphofunctional than phyloge-
netic significance (Fig. 8B). Both extant and extinct
elephants have a medial incursion of the cuboid (an alter-
nating tarsus), although they are typically classified as hav-
ing a serial tarsus. This incursion is hidden by the extreme
displacement in the proximodistal axis.

Conclusion

Calcaneonavicular contact is not an uncommon condition
restricted to Notoungulata, nor is it independent of other

Fig. 8 (A) Dorsal view of right tarsus of Macropodidae indet. (MLP 951). (B) Dorsal view of right tarsus of Loxodonta africana (MLP 1123; speci-
men in exposition). In blue shading, astragalus; in green shading, navicular; in red shading, calcaneus; in orange shading, cuboid.

© 2019 Anatomical Society



tarsal conditions. How tarsal bones contact each other is
highly variable and not easy to determine without a com-
plete tarsus, something that is exceptional in the paleonto-
logical record.

Serial and alternating arrangements of the tarsals, as
originally defined (i.e. without reference to articulations
between specific tarsals) seem to be the best character
states for describing the positions of tarsal elements in
mammals. To further clarify these states, | define a serial
tarsus as one in which the calcaneus is positioned mostly
on the cuboid and the astragalus is positioned mostly on
the navicular, and an alternating tarsus as one in which
the navicular and cuboid have a contact with the astra-
galus of similar size. Serial and alternating states can be
also defined based on relative displacement of articula-
tions in the transverse axis, and alternating tarsus also
can be defined as a medial incursion of the cuboid bone,
as a navicular incursion to the lateral side has not been
observed. Serial refers to the state where there is almost
no displacement of the cuboid-navicular pair with respect
to the calcaneus-astragalus pair. In the serial state, astra-
galocuboid and calcaneonavicular facets can be present,
but they are usually small and do not significantly modify
the movements permitted by the joints. The alternating
state is that in which the navicular-cuboid articulation
has moved considerably to the medial side relative to the
calcaneus-astragalus articulation. An extreme displace-
ment is present in Macropodidae, where the cuboid is
significantly larger than the navicular but, in this case,
the astragalar head is small and there is no astraga-
locuboid contact. This is here called a ‘flipped serial tar-
sus’. The ‘reversed alternating’ state is simply a subset of
the ‘serial’ state.

What joint (calcaneocuboid or astragalonavicular) is more
proximal, and which bones contact which can be taken as
different and independent characters. These conditions are
much more variable than the movements permitted in the
transverse axis. Along the proximodistal axis, the most com-
mon states are as follows: (i) calcaneocuboid and astraga-
lonavicular joints at the same level; or (i) an
astragalonavicular joint more proximal than the calca-
neocuboid. However, a calcaneocuboid joint more proximal
than the astragalonavicular also has been observed. Bone
contacts are not necessarily congruent with the displace-
ments of these joints in the different axis. Notoungulata
and Litopterna have a serial tarsus. Basal notoungulates
have a serial tarsus with astragalonavicular and calca-
neocuboid articulations at the same proximodistal level,
similar to ‘archaic’ ungulates. Litopterns and more advanced
notoungulates have a serial tarsus with an astragalonavicu-
lar joint that is considerably more proximal, convergently
evolved with artiodactyls and caviomorphs, and in concor-
dance with their alleged specialization in a cursorial mode
of locomotion.

© 2019 Anatomical Society
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