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Abstract
The vertebral column is a hallmark of vertebrates; it is the structural basis of their 
body and the locomotor apparatus in particular. Locomotion of any vertebrate animal 
in its typical habitat is directly associated with functional adaptations of its vertebrae. 
This study is the first large-scale analysis of mobility throughout the presacral region 
of the vertebral column covering a majority of extant odd-toed ungulates from 6 gen-
era and 15 species. In this study, we used a previously developed osteometry-based 
method to calculate available range of motion. We quantified all three directions of 
intervertebral mobility: sagittal bending (SB), lateral bending (LB), and axial rotation 
(AR). The cervical region in perissodactyls was found to be the most mobile region 
of the presacral vertebral column in LB and SB. Rhinoceroses and tapirs are charac-
terized by the least mobile necks in SB among odd-toed and even-toed ungulates. 
Equidae are characterized by very mobile necks, especially in LB. The first intratho-
racic joint (T1–T2) in Equidae and Tapiridae is characterized by significantly increased 
mobility in the sagittal plane compared to the typical thoracic joints and is only slightly 
less mobile than typical cervical joints. The thoracolumbar part of the vertebral col-
umn in odd-toed ungulates is very stiff. Perissodactyls are characterized by frequent 
fusions of vertebrae with each other with complete loss of mobility. The posterior half 
of the thoracic region in perissodactyls is characterized by especially stiff interverte-
bral joints in the SB direction. This is probably associated with hindgut fermentation in 
perissodactyls: the sagittal stiffness of the posterior thoracic region of the vertebral 
column is able to passively support the hindgut heavily loaded with roughage. Horses 
are known as a prime example of a dorsostable galloper among mammals. However, 
based on SB in the lumbosacral part of the backbone, equids appear to be the least 
dorsostable among extant perissodactyls; the cumulative SB in equids and tapirs is 
as low as in the largest representatives of artiodactyls, while in Rhinocerotidae it is 
even lower representing the minimum across all odd-toed and even-toed ungulates. 
Morphological features of small Paleogene ancestors of rhinoceroses and equids in-
dicate that dorsostability is a derived feature of perissodactyls and evolved conver-
gently in the three extant families.
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1  |  INTRODUC TION

The vertebral column is the biomechanical basis of the entire body 
of vertebrates. The adaptive specificity of the backbone, associated 
with the proportions of the different parts of the vertebral column 
and regionalization of mobility in the intervertebral joints, is directly 
related to the specifics of locomotor mode, interaction with the hab-
itat and feeding habits (Zarnik, 1926). In recent years, the topics of 
backbone evolution, regionalization, and mobility have begun to gain 
increasing attention (Gunji & Endo, 2016; Jones et al., 2020), and the 
first comparative studies of intervertebral mobility in a wide range of 
different species have appeared (Belyaev et al., 2021b; Werneburg 
et al., 2015).

This study is a continuation of a series of studies on verte-
bral column mobility in mammals which began with artiodactyls 
(Belyaev,  2018; Belyaev et al.  2021b, 2022). Here, we examine 
the mobility of the presacral vertebral column in perissodactyls. 
Perissodactyla is an ancient and formerly widely diverse order 
of mammals (Meredith et al.,  2011; Simpson,  1945; Steiner & 
Ryder, 2011). In contrast to the artiodactyls, the main evolutionary 
radiation (diversification) among odd-toed ungulates occurred as 
early as the Early Eocene (Prothero & Schoch, 2002). Extant peris-
sodactyls include medium-sized and large herbivores belonging to 
three families: Tapiridae, Rhinocerotidae, and Equidae.

The Tapiridae is represented by medium to large-sized animals 
(up to 400 kg for the Malayan tapir), which mainly inhabit forests 
(Wilson & Mittermeier, 2011). The morphology of the tapirid post-
cranial skeleton is archaic for the order and very similar to that of 
the small Paleogene perissodactyls (Cope,  1873; Holbrook,  2001; 
Radinsky, 1965). The tapir body plan is characterized by a dorsally 
arched lumbosacral part of the backbone.

Representatives of the Rhinocerotidae are among the larg-
est terrestrial mammals today. Moreover, the white and greater 
one-horned rhinoceroses are the largest extant animals that have 
retained the ability to use a specific fast-running mammalian gait, 
the gallop (Alexander & Pond, 1992). The largest mammals belong-
ing to other orders no longer use a gallop on land. The terrestrial 
running gait of elephants is exclusively the fast walk with no un-
supported phases (Gambaryan, 1974; Gambaryan & Ruhkyan, 1974; 
Hutchinson et al., 2003). The terrestrial running gait of the common 
hippo is the trot, although it still employs a gallop to run underwater 
(Coughlin & Fish, 2009).

Extant representatives of the Equidae are well-known for their 
excellent running speed and stamina. Horses are a prime example 
of the dorsostable gallop, in contrast to the dorsomobile gallop of 
various carnivores (Gambaryan, 1974; Hildebrand, 1959).

As was shown by Alexander et al. (1985), the storage and recoil 
of elastic energy in the aponeurosis of the m. longissimus thoracis 
et lumborum allows mammals to reduce metabolic costs of running 
by means of gallop and makes the gallop the most energy-efficient 
gait at high speeds. The study of vertebral biomechanics in peris-
sodactyls, and of their vertebral range of motion (ROM) in particu-
lar, has a long history, but all previous studies were devoted to only 

one species, the domestic horse (Equus ferus caballus). Two differ-
ent approaches have been used to study ROM in horses. One is the 
measurement of used ROM (uROM) or ‘movement’ in living animals 
(in vivo studies). The other is the measurement of available ROM 
(aROM) or ‘mobility’ on syndesmological specimens of vertebral col-
umns (so-called in vitro studies). In most detailed studies, all three 
directions of intervertebral movement or mobility were analyzed: 
sagittal bending (SB), lateral bending (LB), and axial rotation (AR).

The first study of vertebral column amplitudes of mobility in 
the domestic horse examined SB aROM in the lumbosacral joint 
(Pylypchuk, 1975). The amplitude of mobility was measured on X-ray 
photographs. In a later study, Townsend with co-authors measured 
all three directions of mobility (SB, LB, and AR) in the whole thora-
columbar part of the backbone (Townsend et al., 1983), and in the 
cervical region (Clayton & Townsend, 1989a, 1989b). The amplitudes 
of mobility (aROM values) were measured on photographs. These 
studies did not adhere to approved techniques of human medical 
biomechanics employing a special spine tester which ensures load-
ing of each intervertebral joint with a standardized torque value 
(see White & Panjabi, 1990). The whole lumbar (Pylypchuk, 1975) 
or cervical (Clayton & Townsend, 1989a, 1989b) region or even the 
whole thoracolumbosacral backbone (Townsend et al., 1983) were 
bent without segmentation into functional spinal units (FSU)—pairs 
or triples of vertebrae used in such experiments today.

Subsequent studies of amplitudes of vertebral column in vivo 
movements (uROM) in the domestic horse were performed by ki-
nematic analysis of markers fixed on the skin or implanted into the 
dorsal spinous processes of the vertebrae. Numerous studies have 
provided data on the SB, LB, and AR movements of the vertebral col-
umn while animals were walking, trotting, and cantering on a tread-
mill (Audigié et al., 1999; Faber et al., 2000, 2001a, 2001b, 2002; 
Haussler et al.,  1999, 2001; Pourcelot et al.,  1998; Wennerstrand 
et al., 2009). Most of these papers focused on the lumbar region of 
the vertebral column. Markers were fixed either on certain verte-
brae in the thoracic, lumbar, and sacral regions (Audigié et al., 1999; 
Faber et al.,  2000, 2001a, 2001b, 2002; Pourcelot et al.,  1998; 
Wennerstrand et al., 2009) or on several consecutive vertebrae in 
the same region of the vertebral column (Haussler et al., 1999, 2001). 
In the first case, regional vertebral kinematics, and in the second 
case, segmental vertebral kinematics between adjacent vertebrae 
were assessed.

Representatives of the three extant families of perissodactyls 
are quite different from each other and have a specific and easily dis-
tinguishable appearance. The dorsally arched and relatively short-
legged tapirs are primarily adapted to the forest habitat, whereas 
huge rhinoceroses represent the largest habitually galloping animals, 
and relatively long-legged and long-necked equids are well-adapted 
to foraging and dorsostable galloping in the open landscape. The 
substantial differences in body plan must certainly be reflected in 
the specificity of the mobility of backbone. However, the mobility 
of the vertebral column in Tapiridae, Rhinocerotidae, and Equidae, 
with the exception of the domestic horse, remains poorly explored. 
The purpose of this study is to obtain the first quantitative overview 
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of the three directions of mobility throughout the presacral region 
of the vertebral column in extant odd-toed ungulates. Among other 
questions in this study, we want to assess: the extent to which the 
long neck of equids is a more mobile manipulator than the short neck 
of tapirs and rhinoceroses; the functional role of elongated (com-
pared to artiodactyls, carnivores, etc.) thoracic region of perissodac-
tyls; and the degree of SB mobility in the lumbosacral part of the 
backbone of the largest galloping mammals. The mobility of the cer-
vical, thoracic, and lumbar regions as well as divisions with different 
zygapophysial facet articulations in perissodactyls are analyzed in 
comparison with previously published data on artiodactyls.

2  |  MATERIAL S

Only dry osteological material stored in collections was used. 
The studied material belongs to the following collections: 
Naturhistorisches Museum Wien (NMW), Austria; Rostov-on-
Don Zoo (RZ), Rostov-on-Don; Zoological Institute of the Russian 
Academy of Sciences (ZIN), Saint Petersburg; Zoological Museum 
of the Lomonosov Moscow State University (ZMMU), Moscow. 
Overall, this study covers representatives of all three extant per-
issodactyl families: three of four species of tapirs, all five species 
of rhinoceroses, and all seven species of equids (following modern 
taxonomy: Ruiz-García et al., 2016; Vilstrup et al., 2013; Wilson & 
Mittermeier,  2011) (Table  S1). For comparison, we used a dataset 
of 52 specimens of artiodactyls in which mobility in the entire pre-
sacral region of the vertebral column has been previously studied 
(Belyaev et al.,  2021b; Table  S1). We excluded juveniles because 
they have been shown to differ from adults in vertebral morphology 
(Benninger et al., 2004); any specimen with end-plates un-fused to 
the vertebral bodies was considered juvenile. Most of the studied 
perissodactyls (and previously studied artiodactyls) were animals 
kept in captivity. Life in captivity can lead to an increased number of 
pathologies (including backbone pathologies) and changes in bone 
morphology compared with animals living in the wild (Canington 
et al., 2018; O'Regan & Kitchener, 2005). Thus, the results obtained 
here may differ to some extent from a sample of the same species 
from the wild.

2.1  |  Terminology for vertebral column parts

Regions—cervical, thoracic, lumbar, sacral—are traditionally de-
fined by rib features: cervical ribs are pleurapophyses, thoracic ribs 
are free, lumbar ribs are absent or fused to transverse processes 
(Filler,  2007), and sacral ribs mediate sacroiliac fusion (Figure  1). 
Neck mobility refers to intracervical joints posterior to the axis—
C2–C7. Thoracic region mobility refers to intrathoracic joints from 
T1–T2 up to the joint between the penultimate and ultimate thoracic 
vertebrae. Lumbar region mobility refers to intralumbar joints from 
L1–L2 up to the joint between the penultimate and ultimate lumbar 
vertebrae. Lumbosacral mobility refers to all the intralumbar plus 

the lumbosacral joint—L1–S1. In this study, we assigned the neck-
thorax joint (C7–T1) to the cervical region and the joint located be-
tween the last thoracic vertebra and L1 as well as the lumbosacral 
joint to the lumbar region. So, referring to the thoracic region we will 
mean intrathoracic joints only.

When reasonable, we will separately treat anterior and poste-
rior halves of the thoracic region. When the number of intrathoracic 
joints is even, the two halves include equal numbers of joints. With 
an odd number of intrathoracic joints, the anterior half is regarded as 
having one more joint than the posterior half.

Divisions—are distinguished by zygapophysial facet type. From 
anterior to posterior end of the presacral vertebral column there is 
a succession of radial facets (Rf), tangential facets (Tf), and radial 
facets with a lock (RfL) (Figure 1c–f). Transitional vertebra with Rf 
prezygapophyses and Tf postzygapophyses is usually T1 but some-
times T2. Transitional vertebra with Tf prezygapophyses and RfL 
postzygapophyses, historically termed “diaphragmatic vertebra” 
(Slijper, 1946), varies in position from posterior part of thoracic re-
gion to the ultimate lumbar vertebra.

3  |  METHODS

We used our previously established mechanistic approach—based on 
vertebral osteometry—to calculate intervertebral mobility (Belyaev 
et al., 2021a). This approach is based on the assumption of a func-
tional interrelation between aROM and the geometry of vertebrae 
and especially of articular facets (Kuznetsov & Tereschenko, 2010). 
Trigonometric formulae are used for aROM calculation.

In this study, we calculated the amplitudes (aROM values) for 
three degrees of freedom in every presacral intervertebral joint ex-
cept the atlas-axis (number 1). For SB the calculated amplitude of 
motion is the sum of ventral flexion and dorsal extension, and for 
LB and AR, it is the sum of respective motions to the left and to 
the right. Both the mean amplitudes of motion in the intervertebral 
joints and the cumulative aROM values (sum of aROMs in the inter-
vertebral joints of different regions and divisions of the vertebral 
column) will be analyzed.

Our model is designed to derive syndesmological aROM es-
timates from dry vertebrae osteometry with the help of a pair of 
adjustable coefficients (KS and KR; Figure 2). Their values were ad-
justed so as to match the estimate to direct in vitro aROM measure-
ments on syndesmological preparations of vertebral columns of a 
few reference species of artiodactyls (sheep, pig, and cow) (Wilke 
et al.,  1997a, 1997b, 2011). Thus, the calibrated formulae allow 
us to calculate syndesmological aROMs based on vertebrae oste-
ometry. The approach comes from the idea that articular surfaces 
resemble segments of surfaces of rotation. Therefore, an angle of 
rotation in a chosen projection can be calculated (in radians) by 
dividing the length of an arc of rotation by the radius of this arc. 
The length of the arc of rotation is calculated from the difference 
of lengths of the arcs of two articulating surfaces, and from their 
maximum non-overlap constraint introduced with a coefficient KS. 
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More specifically, KS determines the fraction of the smaller facet 
which slides out of the larger one in the marginal positions of joint 
motions. The second coefficient KR adjusts the radius of rotation in 
the joint (see Figure 2).

In the course of evaluation of the optimal formulae for calcu-
lating aROM values, it was found that separate formulae for differ-
ent zygapophysial facet types (Rf, Tf, RfL) give significantly greater 
accuracy in aROM calculation than the formulae for the presacral 
vertebral column as a whole, and greater accuracy than the separate 
formulae for different vertebral column regions (cervical, thoracic, 
lumbar) (Belyaev et al., 2021a). Thus, the KS and KR coefficients are 
zygapophysial facet-specific (Rf, Tf, and RfL) and mobility-specific 
(SB, LB, and AR), and hence, there are 3 × 3  =  9 optimal specific 
values of each coefficient for the whole vertebral column. The cor-
respondence of calculated aROM and in vitro aROM curves in the 
reference species (sheep, pig, and cow) throughout the presacral 
spine length was checked by calculating Pearson correlation coef-
ficients (r). Student's t-test (paired samples) was used to show that 
the differences between the calculated and in vitro aROMs in the 

joint-by-joint values of the reference species were not significant 
(Belyaev et al., 2021a).

As in our previous study on even-toed ungulates (Belyaev 
et al.,  2021b), the formulae were calibrated with in vitro data of 
sheep, pig, and cow (Wilke et al., 1997a, 1997b, 2011). We had no 
other choice because similar (in terms of completeness and reli-
ability) in vitro data are not available for any of the odd-toed un-
gulates, even for the domestic horse. And the use of in vivo studies 
of live vertebral column movements for calibration would lead to 
a significant mistake: in horses, such studies are usually carried 
out on a treadmill, which greatly limits the animal's ability to dis-
play the full uROM in all three directions (especially LB and AR). 
Direct comparisons of in vivo (Faber et al.,  2000, 2001a, 2001b; 
Haussler et al., 1999, 2001; Wennerstrand et al., 2009) and in vitro 
data (Pylypchuk, 1975; Townsend et al., 1983) show that SB and LB 
uROM amplitudes are always significantly lower than aROM. This 
mismatch between uROM and aROM is the result of an artifact of 
the treadmill experiments. Maximum uROM values can be demon-
strated by an animal only during running (SB) and maneuvering (LB 

F I G U R E  1  Regions (cervical, thoracic, lumbar, and sacral) and divisions (radial (Rf), tangential (Tf), and radial with a lock (RfL) facet types) 
of the vertebral column exemplified by Tapirus bardii (ZMMU S-102033). Left lateral (a) and dorsal (b) view of the entire vertebral column. 
(c)–(f) Anterior view of selected vertebrae showing different orientations of prezygapophysial articular facets: Rf in C4 (c), Tf in T10 (d) and 
L3 (e), RfL in S1 (f). Zygapophysial facets highlighted with blue color.
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and AR) at the limit of its abilities, which is impossible during tread-
mill experiments. In laboratory conditions, only humans can volun-
tarily demonstrate the most complete uROM, which is necessary for 
comparison with aROM. Various medical studies of human vertebral 
biomechanics show that uROM and aROM values are mostly similar 
(Yamamoto et al., 1992; Panjabi et al., 1994, 2001; Wilke et al., 2017; 
see also our summary of these data in Belyaev et al. 2021a, 2022).

The use of the same coefficients to calculate aROM in odd-toed 
(this study) and even-toed (Belyaev et al., 2021b) ungulates ensures 
that all the intergroup/interspecific differences in aROMs subse-
quently identified in this study are associated with the geometry of 
the vertebrae, and nothing else. The formulae represented in Table 1 
are exactly the same as those used by Belyaev et al.  (2021b). The 
measurements used are shown and explained in detail by Belyaev 
et al. (2021a; Figure 1 and figure S2 therein) and depicted in Figure 3 
herein. A workflow showing how aROM values are calculated is 

presented in tables S1–S4 in Belyaev et al. (2021a). The modified SB 
formula for the lumbosacral joint (Belyaev et al., 2022) is not suitable 
for perissodactyls because they lack a well-pronounced prezyga-
pophysial postfacet fossa with stopper on the first sacral vertebra. 
Thus, SB aROM in the lumbosacral joints in perissodactyls is calcu-
lated with the same formula as for RfL interlumbar joints, while in 
artiodactyls it was calculated (Belyaev et al., 2022) with the special 
formula taking the postfacet stopper into account.

3.1  |  Single-axis rotations versus 
combined motions

For a long period of time, joint rotations were measured separately 
in each of the three orthogonal planes. Thus, different degrees of 
freedom (DoFs) were studied separately, one by one, as independ-
ent deviations from some neutral position. Combined motions were 
previously presented mainly in the anatomical atlases intended for 
artists. However, over the last few years in vitro data on combined 
joint motions have become more frequently presented. For instance, 
the syndesmological aROM was presented for circumduction (com-
bined flexion–extension and adduction–abduction) in the bat shoul-
der joint (Panyutina et al., 2013). Among the most methodologically 
advanced in vitro studies of combined aROM, are recent studies of 
the turkey's neck (Kambic et al., 2017) and of the echidna's forelimb 
(Regnault et al., 2021). Combined motions in a joint are interesting 
because they are often used by animals and, therefore, the interde-
pendencies between ROMs across different DoFs may be important. 
However, the research of combined motions raises new methodo-
logical problems which can be illustrated by the papers just cited. 
First, the combined motion is performed by an experimenter via 
ropes (Panyutina et al., 2013) or sticks (Kambic et al., 2017; Regnault 
et al., 2021) attached to the subject. This may lead to articular sur-
faces being less closely articulated than in living animals developing 
muscle contraction. Therefore, the procedure is potentially con-
founded by disarticulation and consequent aROM overestimation. 
Second, an additional overestimation of translational amplitudes 
can come from the use of geometric primitives (e.g., the sphere) for 
joint structure imitation as in Regnault et al. (2021). If the center of 
a chosen geometric primitive is placed away from the true center of 
joint rotation, the distance between the two is inevitably recalcu-
lated into a translational shift which does not exist in reality. Finding 
positions of instantaneous centers of rotation would be a more ade-
quate procedure than the imposing of artificial geometric primitives. 
Third and the most important is the choice of a coordinate system. 
The problem does not arise when rotations around three orthogo-
nal axes fixed to one of the two articulated bones are treated sepa-
rately. However, when a combined rotation occurs, this coordinate 
system loses sense. For instance, in the echidna, the axis transverse 
to the body was taken for the axis of pronation-supination of the hu-
merus (Regnault et al., 2021). However, this assumption is true only 
while the humerus is aligned transversely. When the humerus de-
flects anteriorly or posteriorly, the same transversal axis becomes, 

F I G U R E  2  The scheme of the mechanistic model for calculation 
formulae of intervertebral aROM based on dimensions of 
vertebrae. In the plane of motion, the zygapophysial facets of 
the two adjacent vertebrae are treated as arcs of equal radius R 
(black arrow). One facet is usually smaller (blue arc) than the other 
(red arc), and their sizes are measured by respective chords Xshort 
and Xlong. The radius R of the facet arcs' curvature is treated as 
the radius of joint rotation and is derived from one or the other 
dimension Y of the vertebrae with the multiplication coefficient KR, 
which is subject to empirical adjustment. Finally, aROM consists 
of two terms. The first one represents the available shift of the 
smaller facet in the limits of the larger one, which is equal to the 
angular difference α between the larger and the smaller facets (pale 
red sector). The second term represents the available shift of the 
smaller facet beyond the larger one to every side, which is equal to 
angular overhanging β of the smaller facet in the marginal positions 
(two pale blue sectors).
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for the humerus, the axis of depression-elevation in the parasagittal 
plane, instead of pronation-supination. When the humerus deflects 
dorsally or ventrally, the same transversal axis becomes, for the hu-
merus, the axis of protraction-retraction in the parasagittal plane. 
Moreover, any combined rotation of a bone does not have a single 
representation in the 3D orthogonal coordinates fixed to one bone. 
The angles of the “free” bone relative to each of these three axes 
depend on the order in which the axes are referred to as the first, the 
second, and the third axis. To avoid this problem, a concept of “Joint 
Coordinate System” (JCS) was developed (Grood & Suntay, 1983). In 
this coordinate system, one axis of rotation is fixed to one bone in 
a joint, and the second axis of rotation to the other bone, so these 
two axes are mutually independent and generally non-orthogonal. 
The third axis is not fixed to any bone. It is floating to remain or-
thogonal to both former axes. In this approach, the only uncertainty 
is, which of the three anatomical axes (flexion-extension, adduction-
abduction, pronation-supination) to fix to this or the other bone, and 
which one to retain as the floating axis. This is a choice for conven-
tion (Wu et al., 2002, 2005). The two fixed axes of JCS, if correctly 
positioned, correspond to the natural anatomical DoFs and thus the 

limits for the respective aROMs can be explained in terms of liga-
mentous and bony stoppers. Kambic et al. (2017) succeeded in ap-
plying the method of JCS to measure combined mobility in a turkey's 
neck. When studying single-axis rotations separately (as we do), the 
JCS coincides in fact with the classic orthogonal coordinate system 
fixed to one of two bones in a joint. This is a simple classic approach 
which we use following the available reference data from in vitro 
single-axis rotation experiments on the FSUs of sheep, pig, and cow 
(Belyaev et al., 2021a).

3.2  |  Length measurements

We measured the lengths of the vertebral regions (cervical, thoracic, 
lumbar, sacral) and divisions (Rf, Tf, RfL) (Table S1) to study the rela-
tionship between the linear dimensions of the vertebral column and 
intervertebral mobility. The length was measured on the articulated 
vertebral columns, along the ventral sagittal line. For example, the 
length of the cervical region was measured from the anterior edge 
of C1 (atlas) to the posterior edge of C7, etc.

F I G U R E  3  Vertebral measurements. Tapirus terrestris (ZMMU S-184859) vertebra C4 (Rf type) is depicted in the anterior (a), posterior (b), 
and left lateral (c) view. The measurements and the derived parameters (highlighted in red, italics) are shown, which are involved in aROM 
calculation formulae presented in Table 1.

TA B L E  1  Formulae for aROM calculations were used in this study

Motion type Facet type Formula KR KS

SB Rf � = [arcsin(Llong/1.38 Rvert) − 0.72arcsin(Lshort /1.38Rvert)] × 360/� 0.69 0.14

Tf � = [arcsin(Llong/2Rvert) − 0.76arcsin(Lshort/2Rvert)] × 360/� 1 0.12

RfL � = [arcsin(Llong/2Rvert) − 0.64arcsin(Lshort/2Rvert)] × 360/� 1 0.18

LB Rf � = [arcsin(Llong/2Rlat) − 0.18arcsin(Lshort/2Rlat)] × 360/� 1 0.41

Tf � = [arcsin(Wlong/2Rlat) − 0.52arcsin(Wshort/2Rlat)] × 360/� 1 0.24

RfL � = [arcsin(Dmax_long/2Rlat) − 0.86arcsin(Dmax_short/2Rlat)] × 360/� 1 0.07

AR Rf � = [arcsin(Wlong/2Rvert) − 0.74arcsin(Wshort/2Rvert)] × 360/� 1 0.13

Tf � = [arcsin(Wlong/2Rlat) − 0.54arcsin(Wshort/2Rlat)] × 360/� 1 0.23

RfL � = [arcsin(Dmax_long/2Rlat) − arcsin(Dmax_short/2Rlat)] × 360/� 1 0

See measurements in Figure 3 (also Figure 1 and figure S2 from Belyaev et al., 2021a). Optimized coefficient values are specified in the right columns.
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Based on these measurements, the following proportions were 
calculated: cervical region length/trunk length (the latter is thora-
columbar plus sacral length); thoracic region length/thoracolum-
bar length; lumbar region length/thoracolumbar length; Tf division 
length/thoracolumbar length; RfL division length/thoracolumbar 
length.

3.3  |  Data analysis

Data were analyzed in IBM SPSS Statistics 23. The data analysis took 
into account the model limitations described in detail in previous 
studies (Belyaev et al. 2021a, 2021b). Data on odd-toed ungulates 
(n = 29) were analyzed together with a previously published dataset 
of the even-toed ungulates (n = 52).

Before analyzing the results, the variables were tested for nor-
mality using the Kolmogorov–Smirnov test. The K–S test results are 
shown in Tables  2–5. If the K–S test showed that the distribution 
was normal, then parametric statistics were used for further analy-
sis. Student's t-test (independent samples) was used to compare the 

mobility in perissodactyls versus artiodactyls, as well as the mobility 
in perissodactyls versus artiodactyls using the same running form 
(sensu Gambaryan, 1974). Analysis of variance (ANOVA) was used to 
compare mobility in different regions and divisions of the vertebral 
column among various groups of perissodactyls and artiodactyls. If 
the K–S test showed that the sample did not have a normal distribu-
tion, then non-parametric statistics were used. The Mann–Whitney 
U test was used to compare mobility in perissodactyls versus artio-
dactyls using the same running form. The Kruskal–Wallis H test was 
used to compare the mobility in different regions and divisions of the 
vertebral column.

Alongside one-way ANOVA, three methods of Post Hoc 
Multiple Comparisons were used: Duncan, Scheffe, and Tukey's 
HSD. The Holm–Bonferroni method was used to control the 
family-wise error rate. Taxonomic grouping, habitat, and feeding 
type were used as grouping variables for ANOVA. Grouping by 
running forms, in perissodactyls (contrary to artiodactyls), coin-
cides with taxonomic grouping, and therefore was not used in the 
current study. The feeding type was defined in the most general 
form and perissodactyls were divided into three groups: browsers, 

TA B L E  2  Numerical characteristics and length proportions of the vertebral column in perissodactyls

Variable N Min Max Mean SD K–S test (p)

Species

Min Max

No. C + T + L vertebrae 29 28 32 30.2 0.966 0.001 Multiple Eq. f. przewalsii

No. T vertebrae 28 18 20 18.5 0.694 0.000 Multiple Multiple

No. L vertebrae 29 3 6 4.8 1.215 0.001 Multiple Multiple

No. S vertebrae 25 4 7 5.4 0.913 0.002 Multiple Multiple

No. Rf joints 29 6 7 6.7 0.455 0.000 Multiple Multiple

No. Tf joints 27 14 22 17.6 2.791 0.000 Eq. f. caballus D. bicornis

No. RfL joints 28 1 9 4.9 3.018 0.000 Multiple Eq. f. caballus

Length ratio C/(T + L + S) (%) 29 21.5 51.0 37.3 0.096 0.005 T. bardii Eq. kiang

Length ratio T/(T + L) (%) 29 71.2 88.0 77.9 0.056 0.000 Eq. kiang D. bicornis

Length ratio L/(T + L) (%) 29 12.0 28.8 22.1 0.056 0.000 D. bicornis Eq. kiang

Length ratio Tf/(T + L) (%) 29 61.7 96.2 79.2 0.130 0.000 Eq. f. caballus D. sumatrensis

Length ratio RfL/(T + L) (%) 29 3.8 38.3 20.8 0.130 0.000 D. sumatrensis Eq. f. caballus

Note: N, number of skeletons involved in each measurement.
Abbreviations: C, cervical; L, lumbar; S, sacral; T, thoracic.

TA B L E  4  aROMs in Tf division of the vertebral column in perissodactyls

Variable N Min (°) Max (°) Mean (°) SD (°) K–S test (p)

Species

Min Max

SB mean 21 3.67 6.17 5.02 0.57 0.200 D. sumatrensis R. sondaicus

SB cumul 21 65.20 123.30 92.37 18.42 0.200 E. asinus R. sondaicus

LB mean 17 8.60 12.96 11.52 1.08 0.015 T. terrestris R. sondaicus

LB cumul 17 169.10 259.10 203.56 28.47 0.200 E. grevyi R. sondaicus

AR mean 17 8.29 12.51 11.13 1.05 0.010 T. terrestris R. sondaicus

AR cumul 17 163.60 250.20 196.61 27.36 0.161 E. grevyi R. sondaicus
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browser-grazers, and grazers. To determine the type of habitat 
and feeding, we used data from Sokolov  (1979), Janis (1982), and 
Wilson and Mittermeier (2011).

Gambaryan  (1974) identified six running forms in ungulates. 
In perissodactyls, Equidae were classified as cursorial runners, 
Rhinocerotidae as mediportal runners, and Tapiridae as battering-
ram runners.

1.	 Cursorial form of running is an adaptation to life on open 
landscapes, characterized by the highest speeds and endurance 
(typical artiodactyl examples are reindeer, wildebeest, pronghorn, 
and saiga). Its distinctive features are a shallower trajectory 
(smaller take-off angles) of the center of gravity of the body 
in unsupported stages during gallop rather than during trot or 
pace, and the method of speed gain being mainly an increase 
of stride frequency compared to length.

2.	 Mediportal form of running is typical for large and heavy ungu-
lates (e.g., bovines among artiodactyls). The vertical fluctuations 
of the center of gravity of the body are reduced compared to cur-
sorial running form. The limb contact phase is characterized by 
decreased limb joint amplitudes and decreased pace angle (i.e. the 
angle by which the limb as a whole turns around the point of its 
contact with the ground).

3.	 Battering-ram form of running is typical for robust but not the 
largest forest ungulates (e.g., peccaries, hogs among artiodactyls). 
It is characterized by a steeper trajectory (larger take-off angles) 
of the center of gravity of the body in unsupported stages dur-
ing gallop rather than during trot or pace. The limb contact phase 
is characterized by increased limb joint amplitudes and increased 

pace angle compared to the cursorial running form. The term 
“battering-ram” by itself implies low maneuverability.

4  |  RESULTS

4.1  |  Characteristics of vertebral column

The number of presacral vertebrae in perissodactyls is higher than 
in artiodactyls (29–32 vs. 25–27; mean 30.25 vs. 26.14) due to the 
higher number of thoracic vertebrae (Table 2). The number of pre-
sacral vertebrae in equids is, on average, higher than in rhinocer-
oses and tapirs (mean = 30.8 vs. 30.2 and 29.25) due to the higher 
number of lumbar vertebrae. The thoracic region in perissodactyls 
consists of 18–20 vertebrae, the lumbar region of 3–6 vertebrae 
(Tables S1 and S2). The maximum (20) of thoracic and the minimum 
(3) of lumbar vertebrae count is characteristic of rhinoceroses; the 
maximum number (6) of lumbar vertebrae is characteristic of equids. 
In artiodactyls, there are on average one more Tf than RfL joints 
(mean numbers are 10.1 vs. 8.94, respectively). In contrast, in peris-
sodactyls, the number of Tf joints (mean = 17.59) is about 13 units 
greater than the number of RfL joints (mean = 4.93) the difference 
being significant (Z = −4.555, p < 0.001).

In perissodactyls, the length of the cervical region to the 
trunk (thoraco-lumbo-sacral) length ratio differs by two and a half 
times (Table  2). In equids the relative neck length (min  =  40.9%, 
mean = 45.2%, max = 50.1%) is virtually the same as the mean in 
artiodactyls (44.8%). This ratio lies between the ratios of large an-
telopes, Cervidae, and small antelopes (mean = 40.8%, 41.9%, and 

TA B L E  3  aROMs in Rf division of the vertebral column in perissodactyls

Variable N Min (°) Max (°) Mean (°) SD (°) K–S test (p)

Species

Min Max

SB mean 29 7.56 16.48 12.36 2.77 0.023 T. terrestris Eq. hemionus

SB cumul 29 51.10 115.40 83.46 22.43 0.005 D. bicornis Eq. hemionus

LB mean 25 17.46 32.70 26.88 4.15 0.200 T. terrestris Eq. f. przewalsii

LB cumul 25 105.60 228.90 181.78 36.69 0.042 T. terrestris Eq. f. przewalsii

AR mean 25 4.76 7.25 6.06 0.68 0.200 C. simum Eq. f. przewalsii

AR cumul 25 28.60 50.75 41.13 6.18 0.200 C. simum Eq. f. przewalsii

Abbreviation: cumul, cumulative.

TA B L E  5  aROMs in lumbar region of the vertebral column in perissodactyls

Variable N Min (°) Max (°) Mean (°) SD (°) K–S test (p)

Species

Min Max

SB mean 29 4.98 10.03 7.45 1.17 0.200 D. sumatrensis Eq. hemionus

SB cumul 29 19.91 61.40 42.82 11.58 0.200 D. sumatrensis Eq. kiang

LB mean 25 5.80 12.44 9.43 1.54 0.200 Eq. f. przewalsii T. bardii

LB cumul 25 39.80 74.60 55.67 9.47 0.200 D. bicornis T. bardii

AR mean 25 0.71 9.16 4.02 2.68 0.088 Eq. f. przewalsii Rh. sondaicus

AR cumul 25 4.96 49.14 22.34 12.47 0.200 Eq. f. przewalsii T. bardii
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47.2%, respectively; Figure  4). Representatives of Rhinocerotidae 
(min = 28.1%, mean = 30.1%, max = 31.4%) and especially Tapiridae 
(min  =  21.5%, mean  =  23.4%, max  =  25%) have very short necks 
(Figure 4). The relative length of the neck in tapirs and rhinoceroses 
is comparable to minimal ratios among even-toed ungulates found in 
Suina, Hippopotamidae, and Tragulidae (mean = 24.2%, 26.4%, and 
28.9%, respectively).

The length of the thoracic region exceeds the length of the lumbar 
region, on average, more than threefold (Table 2, Figure 5). The rela-
tive length of lumbar region in Equidae (mean = 26.3%) and Tapiridae 
(mean = 21.3%) is similar to that of Giraffidae (mean = 25.2%) and 
Hippopotamidae (mean  =  24.5%), which represent the minimum 
among artiodactyls. In Rhinocerotidae the lumbar region is even 
much shorter (mean = 14.1%; Figure 5).

The transition from the Rf to Tf type of zygapophysial joint in 
rhinoceroses almost always occurs at the first thoracic vertebra as in 
most even-toed ungulates. In equids and tapirs, it takes place at the 
second thoracic vertebra (except the rhinoceros-like T1 transition in 
Tapirus terrestris ZMMU S-93416).

The transition from Tf to RfL joint type in Equidae was found at 
the penultimate (in 13 of 16 specimens) or at the ultimate (in 3 of 16 
specimens) thoracic vertebra. In tapirs and rhinoceroses, the transi-
tion either occurs at the penultimate (in 7 of 13 specimens), or at the 
ultimate (in 6 of 13 specimens) lumbar vertebra (Table S1). In the last 
case, only the lumbosacral joint shows RfL structure.

The number of Tf joints in perissodactyls is significantly higher 
than in artiodactyls (mean diff  =  7.49), and the number of RfL 
joints is significantly lower (mean diff = −4.01). The Kruskal-Wallis 

F I G U R E  4  Cervical region (C1–T1) in various representatives of perissodactyls in dorsal (a, c, e, g, i, k) and left lateral (b, d, f, h, j, l) view. (a, 
b) Rhinoceros unicornis (ZIN 1918); (c, d) Diceros bicornis (ZMMU S-93020); (e, f) Tapirus terrestris (ZMMU S-184859); (g, h) Tapirus indicus (ZIN 
26435); (i, j) Equus zebra (ZMMU S-105152); (k, l) Equus ferus caballus (ZMMU S-102019)
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H test indicates statistically significant differences among various 
groups of perissodactyls and artiodactyls in the number of both Tf 
(χ2 = 69.840, p < 0.001) and RfL joints (χ2 = 63.670, p < 0.001). Post 
Hoc Multiple Comparisons indicate that the group with the most 
numerous Tf and the fewest RfL joints includes Rhinocerotidae (Tf: 
mean = 20.75; RfL: mean = 1.38) and Tapiridae (Tf: mean = 20.25; 
RfL: mean = 2). By the number of Tf joints, Equidae (mean = 15.2) 
form a separate group between even-toed ungulates (mean num-
bers of different groups vary in the range from 8.83 to 12) and the 
rest of the perissodactyls (mean number is more than 20 Tf joints). 
By the number of RfL joints, Equidae (mean  =  7.44) are between 
Giraffidae (mean = 6.67—minimal value in artiodactyls) and Bovini 
(mean = 7.86).

4.1.1  |  Fusions in vertebral column

In contrast to artiodactyls (Belyaev et al., 2021b), a large number of 
cases of fusion between vertebrae with complete loss of mobility 
was observed in the studied perissodactyls (Figure 6). Fusions were 
observed in all regions of the vertebral column.

The only fusion in the cervical region was noted in Baird's 
tapir (Figure  6a,b). Fusion at the C2–C3 joint occurred both 
along the ventral side of the vertebral bodies and along the neu-
ral arches. It is interesting to note that in this individual there 
is a compensatory hypermobility in the next cervical joint. LB 
aROM in the C3–C4 joint (27.6°) is significantly higher than in 
other Rf joints C4–T2 (19.2–22.7°), and SB aROM in the C3–C4 

F I G U R E  5  Thoracolumbar part of the backbone (T1–Sacrum) in various representatives of perissodactyls in left lateral (a, c, e, g, i), and 
dorsal (b, d, f, h, j) view. (a, b) Equus zebra (ZMMU S-105152); (c, d) Ceratotherium simum (RZ N/a); (e, f) Tapirus terrestris (ZMMU S-184859);  
(g, h) Rhinoceros unicornis (ZIN 1918); (i, j) Equus asinus (ZMMU S-74814)
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joint (15.3°) is the largest in the Rf division among all the tapirs 
studied (Table S2).

In the Tf division, fusions were observed in both white rhinoc-
eroses: on the ventral side of the vertebral bodies and the upper 
part of the spinous processes at T3–T4 (NWM 3086) (Figure  6c–
e) and in the form of a large traumatic overgrowth on the ventral 
side of the vertebral bodies at T5–T6 (RZ N/A) (Figure 6f). In Equus 
asinus (ZMMU S-74814) there was an extensive fusion between 
spinous processes of four posterior thoracic vertebrae (T15–T18) 
(Figure 6i).

In the RfL division, fusions were found between transverse pro-
cesses at L4–L5 in a kulan (ZMMU S-102029), between transverse 
processes and on the ventral side of the vertebral bodies at L5–
L6 in a pony (ZMMU S-106944) (Figure  6j,k), and between trans-
verse processes at L5–L6 in Przewalski's horse (ZMMU S-158572) 
(Figure 6g,h).

A large number of pathologies described above can be as-
sociated with the effects of keeping most of the studied ani-
mals in captivity, lack of activity, and age-related changes (Gunji 
et al., 2014; O'Regan & Kitchener, 2005). However, most of the ar-
tiodactyls we studied earlier (Belyaev et al., 2021b) were animals 
kept in captivity as well, but they were characterized by a notably 
smaller number of fusions between vertebrae with complete loss 
of mobility (7 of 30 specimens in perissodactyls, 3 of 54 specimens 
in artiodactyls).

4.2  |  Rf division

The K–S test showed that the mobility in the joints of the cervical re-
gion in our sample does not have a normal distribution (SB: n = 195, 
p = 0.016; LB: n = 169, p = 0.004). The Fisher-Pearson coefficient of 

F I G U R E  6  Fusions in the vertebral column in perissodactyls in lateral (a, c, d, f, i), ventral (b, e, h, k) and dorsal (g, j) view. (a, b) C2–C3 of 
Tapirus bardii (ZMMU S-102033); (c–e) T3–T4 of Ceratotherium simum (NMW 3086); (f) T5–T6 of Ceratotherium simum (RZ N/A); (g, h) L5–L6 
of Equus ferus przewalskii (ZMMU S-158572); (i) T15–T16 of Equus asinus (ZMMU S-74814); (j, k) L5-L6 of Equus ferus caballus (ZMMU S-
106944)
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skewness (SB: −0.030; LB: −0.682) indicated that the distribution is 
skewed left, toward lower aROM values (due to tapirs and rhinoc-
eroses). In contrast to the artiodactyls, aROM values in the joints of 
the cervical region in perissodactyls are almost evenly distributed 
(Figure 7). The Kruskal–Wallis H test indicated that the differences 
in mean aROM values in joints are statistically significant only in 
LB (SB: χ2 = 5.489, p = 0.483; LB: χ2 = 37.403, p < 0.001). Post Hoc 
Multiple Comparisons indicated that mean SB aROMs in Rf joints are 
not significantly different (min = 11.1°, mean = 12.4°, max = 13°). 
However, the mean ranks in the neck-thorax (C7–T1) and first in-
trathoracic (T1–T2) joints (LB: 57.98 and 37.43 respectively) were 

noticeably lower than those in the C2–C7 joints (LB: 91.93–108.17). 
Post Hoc Multiple Comparisons distinguished two or three homoge-
neous groups among the joints of the cervical region when consid-
ering LB aROM. Joints C2–C7 belong to the subset with higher LB 
aROMs (mean values range from 26.9° to 29.3°) and C7–T2 joints 
belong to the subset with lower LB aROMs (mean values 24.2° and 
21.7°) (Figure 7b).

In equids and the majority of tapirs (4 of 5 specimens), the 
first intrathoracic joint (T1–T2) has Rf facet type, like in the neck. 
Student's t-test (independent samples) showed that the mean aROM 
in the T1–T2 joint in these specimens of equids and tapirs is slightly 

F I G U R E  7  aROM variability (range from maximum to minimum) in the presacral intervertebral joints in perissodactyls. (a) SB aROM; (b) 
LB aROM; (c) AR aROM. Abscissa axis is graduated by joint numbers. The lines dropping down to zero by vertical axis indicate vertebral 
fusions. For comparison, aROMs previously reported for artiodactyls (Belyaev et al., 2021b, 2022) are shown as the grey zone.
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smaller compared to the neck-thorax joint (C7–T1) joint in SB (mean 
diff = −2.6°, t = −2.707, p = 0.010, 95% CI: −4.5° to −0.6°) and LB 
(mean diff = −3.2°, t = −3.185, p = 0.003, 95% CI: −5.2° to −1.2°).

4.2.1  |  Sagittal bending aROM

The cumulative SB aROM in the Rf division varies by more than 60° 
across perissodactyls (Table  3). The Mann–Whitney U test shows 
that cumulative SB aROM in perissodactyls is not significantly 
lower than in artiodactyls (U = 597, p = 0.096, mean diff = −10.2°). 

The Kruskal–Wallis H test indicated statistically significant dif-
ferences between groups of odd-toed and even-toed ungulates 
(χ2  =  63.50, p < 0.001). Post Hoc Multiple Comparisons indicated 
that Rhinocerotidae (57.4°) and Tapiridae (66.6°) form the group with 
the lowest SB aROM; cumulative SB aROM in pigs, hippos, and bo-
vins is somewhat higher (mean 74.3°, 75.5°, and 80.3°, respectively; 
Figure 8a). Equidae have higher-than-average values (mean = 101.7°) 
of the cumulative SB aROM in the cervical region, similar to that of 
large antelopes, Tragulidae, and Tayassuidae (mean 94.8°, 101.1°, 
and 105°; Figure 8a). However, this value is markedly lower than in 
Camelidae and Giraffidae (mean 122.1° and 128.3°, respectively).

F I G U R E  8  Mobility in the cervical region in perissodactyls. (a) SB aROM; (b) LB aROM. Abscissa axis represents the neck elongation 
as a percentage (%) of the cervical length to the trunk length (T + L + S). Ordinate axis represents the cumulative mobility (o) in the cervical 
intervertebral joints. Mean values for all studied odd-toed and even-toed ungulate species are taken for the point of axes intersection 
(neck elongation mean = 41.66%; cumulative SB aROM mean = 90.05°; cumulative LB aROM mean = 155.51°). The circle colors indicate 
the taxonomic group: Equidae (red), Rhinocerotidae (blue), Tapiridae (green). Grey circles indicate data previously reported for artiodactyls 
(Belyaev et al., 2021b). The list of the studied artiodactyls is given in Table S1.
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4.2.2  |  Lateral bending aROM

The range of cumulative LB aROM in the Rf division varies by more 
than 100° across perissodactyls (Table  3). The Mann–Whitney U 
test shows that cumulative SB aROM in perissodactyls is statisti-
cally significantly higher than in artiodactyls (U = 347, p = 0.001, 
mean diff = 28.4°). The Kruskal–Wallis H test indicated statistically 
significant differences between groups of odd-toed and even-toed 
ungulates (χ2 = 62.472, p < 0.001). Post Hoc Multiple Comparisons 
indicated that Tapiridae (mean  =  136.7°) and Rhinocerotidae 
(mean = 143.7°) have cumulative LB aROMs similar to that of Bovini 
(mean = 150.1°; Figure 8b). A markedly lower LB aROM is character-
istic of Hippopotamidae (mean = 119.1°) and Suina (mean = 123.8°). 
Equidae (mean = 205.4°) are second only to giraffes in cumulative 
LB aROM (mean 205.4° vs. 246.5° in Giraffidae). It is worth not-
ing that Equidae have the same number of Rf joints as giraffes (7) 
and one more Rf joint than the majority of ungulates including 
Camelidae.

4.2.3  |  Axial rotation aROM

The variability of the cumulative AR aROM across perissodactyls 
is within 25° (28.6–50.75°) (Table 3, SuppInfo Table S2, Figure 7c). 
Student's t-test (independent samples) shows that cumulative AR 
aROM in perissodactyls is statistically significantly higher than in 
artiodactyls (mean diff  =  5.0°, t  =  3.348, p  =  0.002, 95% CI: 2.0 
to 8.0°). ANOVA indicates a statistically significant difference in 
cumulative aROMs in various groups of odd-toed and even-toed 
ungulates (F  =  7.994, p < 0.001). Post Hoc Multiple Comparisons 
separated Equidae as a group with slightly higher AR aROM 
(mean = 43.8°).

4.3  |  Tf division

Student's t-test (paired samples) showed that the mean aROMs in 
the joints of the anterior half of the Tf division are slightly, but signif-
icantly, greater than aROMs in the posterior half of the Tf division in 
all three directions of mobility (SB: n = 21, mean diff = 0.6°, t = 3.504, 
p = 0.002, 95% CI: 0.3° to 1.0°; LB: n = 17, mean diff = 1.4°, t = 4.292, 
p = 0.001, 95% CI: 0.7° to 2.1°; AR: n = 17, mean diff = 1.3°, t = 4.197, 
p = 0.001, 95% CI: 0.7° to 2.0°).

4.3.1  |  Sagittal bending aROM

The cumulative SB aROM in the Tf division varies by 60° across 
perissodactyls (Table 4, Table S2, Figure 7a). The Kruskal–Wallis H 
test indicates statistically significant differences between groups 
of odd-toed and even-toed ungulates in SB aROM in the poste-
rior half of the thoracic region (χ2  =  41.500, p < 0.001). Mean SB 
aROM in the posterior half of the thoracic region in Equidae (4.5°) 

and Rhinocerotidae (4.6°) are the lowest among all families of odd-
toed and even-toed ungulates. For comparison, the largest mean 
SB aROM in the posterior half of the Tf division is characteristic of 
Tragulidae (8.2°).

ANOVA indicates that the cumulative SB aROMs in the Tf 
division in odd-toed and even-toed ungulates groups differ sig-
nificantly (F = 22.897, p < 0.001). Rhinocerotidae (mean = 103.5°) 
and Tapiridae (mean  =  107.5°) form the subset with the high-
est cumulative SB aROM. Equidae (mean  =  75.7°) are markedly  
lower in cumulative SB aROM and are closest to Bovini (mean = 
65.5°).

4.3.2  |  Lateral bending and axial rotation aROMs

The cumulative LB and AR aROMs in the Tf division varies by 
~90° across perissodactyls (Table 4). The Mann–Whitney U test 
indicates that mean LB and AR aROMs in Tf joints in perisso-
dactyls and artiodactyls do not differ significantly (LB: U = 321, 
p  =  0.161; AR: U  =  335, p  =  0.276). The number of Tf joints in 
perissodactyls significantly exceeds that of artiodactyls, and thus 
the cumulative LB and AR aROMs of odd and even-toed ungulates 
differ by more than 80° (LB: t = 14.469, p < 0.001; AR: t = 14.755, 
p < 0.001).

4.4  |  Lumbar region including lumbosacral joint

4.4.1  |  Sagittal bending aROM

The cumulative SB aROM varies 40° across perissodactyls (Table 5). 
ANOVA indicates that the SB aROMs in the lumbar region (includ-
ing the lumbosacral joint) in the groups of odd-toed and even-toed 
ungulates are significantly different both in cumulative (F = 17.994, 
p < 0.001) and mean values (F  =  6.583, p < 0.001). According to 
Post Hoc Multiple Comparisons, all three families of perissodactyls 
belong to the group with the lowest mean SB aROMs (mean val-
ues range from 7.1° to 7.7°) along with such large artiodactyls as 
Giraffidae, Bovini, and Hippopotamidae (mean values range from 
7.5° to 8.4°; Figure 9). The cumulative lumbar SB aROM is also low, 
with rhinoceroses characterized by the lowest values (mean = 29.6°) 
across all studied odd-toed and even-toed ungulates. Tapirs are on 
average 10° greater than rhinoceroses and are close to Giraffidae 
and Hippopotamidae showing the minimum cumulative lumbar SB 
aROM values among artiodactyls (mean values 42.2°). Equidae are 
on average 10° greater than Tapiridae and have the same cumulative 
SB aROM as bovines being on average 10° less than large antelopes 
(Figure 9).

Student's t-test (paired samples) showed that the mean SB 
aROMs in the lumbar Tf joints in tapirs and rhinoceroses are sig-
nificantly higher than in the posterior half of the thoracic Tf joints 
(n = 11, mean diff = 1.4°, t = 3.82, p = 0.003, 95% CI: 0.6° to 2.1°) 
(Figure 7a).
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Student's t-test (independent samples) shows that Equidae 
have significantly lower cumulative SB aROM in the lumbar re-
gion than artiodactyls employing the same cursorial running form 
(mean diff = −12.7°, t = −3.264, p = 0.007, 95% CI: −21.3° to −4.2°), 
Tapiridae have significantly lower cumulative SB aROM than the sim-
ilarly battering-ram-running Suina (mean diff = −19.7°, t = −3.970, 
p = 0.003, 95% CI: −30.7° to −8.6°), and Rhinocerotidae have sig-
nificantly lower cumulative SB aROM than the similarly mediportal-
running Bovini (mean diff = −20.8°, t = −6.762, p < 0.001, 95% CI: 
−27.5° to −14.2°).

The cumulative SB aROM in the RfL division is highly vari-
able due to the difference in the number of RfL joints. Because 
of the strongly reduced number of RfL joints (1–2), the cumula-
tive SB aROM in Rhinocerotidae (mean  =  12.7°) and Tapiridae 
(mean  =  20.6°) is significantly lower than in any of the even-
toed ungulates (the minimum SB aROM is characteristic of 
Giraffidae (mean  =  49.8°)). The cumulative SB aROM in Equidae 
(mean = 56.4°) slightly exceeds Giraffidae and is closest to Bovini 
(mean  =  58.8°). It is also worth noting that the lowest mean SB 
mobility in RfL joints among all of studied ungulates are character-
istic of the pony (ZMMU S-106944, mean = 5.2°) and both studied 
Przewalski's horses (5.8° and 5.9°).

4.4.2  |  Lateral bending aROM

The cumulative LB aROM in the lumbar region (including lum-
bosacral joint) varies 35° across perissodactyls (Table  5). ANOVA 
indicates that the LB aROMs in the lumbar region (including the lum-
bosacral joint) in the groups of odd-toed and even-toed ungulates 
are statistically significantly different both in cumulative (F = 7.809, 
p < 0.001) and mean values (F = 5.141, p < 0.001). Equidae are char-
acterized by lowest mean LB aROM in the lumbar region joints (8.6°). 
The lowest cumulative LB aROMs in the lumbar region is found in 
Rhinocerotidae (mean = 46.8°) and Hippopotamidae (mean = 45.2°). 
Equidae (mean  =  57.3°) and Tapiridae (mean  =  57.7°) are charac-
terized by somewhat higher cumulative LB aROMs on a par with 
Giraffidae (mean = 56.7°).

4.4.3  |  Axial rotation aROM

In Equidae, the cumulative AR aROM is low (mean  =  15.3°) and 
close to that of Suidae, Cervidae, and Caprinae (mean = 13.3°, 16°, 
and 17.6°, respectively). In Rhinocerotidae and Tapiridae, due to 
Tf facets, both mean (6.6° and 7.7°, respectively) and cumulative 

F I G U R E  9  Sagittal mobility in the lumbosacral part of the backbone in perissodactyls. Abscissa axis represents the absolute length (сm) 
of the trunk (T + L + S). Ordinate axis represents the cumulative SB aROM (°). Mean values for all studied odd-toed and even-toed ungulate 
species are taken for the point of axes intersection (trunk length mean = 101.3 сm; cumulative SB aROM in lumbar region together with the 
lumbosacral joint mean = 55.71°). Circle colors indicate taxonomic groups as in Figure 8.
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(mean = 33.3° and 36.1°, respectively) AR aROMs in the lumbar re-
gion are the highest among ungulates.

5  |  DISCUSSION

5.1  |  Shifts of facet-type transitions

5.1.1  |  Transition from radial to tangential facets

In almost all artiodactyls, the Rf-Tf transition (from radial to tangen-
tial type of zygapophysial facets) occurs at the first thoracic vertebra 
(T1) (Belyaev et al., 2021b). The same is true for rhinoceroses, but in 
equids and tapirs this transition occurs at the second thoracic ver-
tebra (T2), like in giraffes. Therefore, in these perissodactyls, T1–T2 
joint has Rf-type zygapophyses, like in the neck. The intervertebral 
disc in the T1–T2 joint in domestic horse is, on average, more than 
twice as thick as the intervertebral discs in the rest of the thoracic 
joints (Townsend & Leach, 1984). The experimentally measured SB 
aROM in the T1–T2 joint in horses is more than three times higher 
than that in the next thoracic joints (Townsend et al., 1983). A similar 
specialization of the T1–T2 joint was shown for the giraffe (Gunji & 
Endo, 2016). Our data show that in SB aROM the T1–T2 joint in all 
perissodactyls together (including rhinoceroses with Tf type of this 
joint) is, on average, only slightly less mobile than the other Rf joints 
(by 1.9–3.0°) and significantly more mobile than thoracic Tf joints 
beginning with T2–T3 (by more than 5°). In LB aROM, the T1–T2 
joint is on average 2.4° less mobile than the neck-thorax connection 
(C7–T1 joint), and 5.2–8.5° less mobile than the intracervical joints. 
Specialization of the first intrathoracic joint provides the equid neck 
with extra mobility, making it an even more agile manipulator, like in 
giraffe. The functional role of Tf-to-Rf transformation of the T1–T2 
joint in tapirs is not as clear.

5.1.2  |  Transition from tangential to radial with a 
lock facets

In artiodactyls, the posterior part of the thoracic region is the place 
of transition from Tf to RfL type of zygapophysial joints (Belyaev 
et al.,  2021b). Unlike artiodactyls, in perissodactyls, the posterior 
part of the thoracic region retains Tf joints (Figure 1c–f), with the 
exception of some Equidae, which posterior-most intrathoracic 
joint facets are shaped as RfL. Overall, rhinoceroses and tapirs have 
few RfL joints (mean 1.38 and 2, respectively), equids have 6–9 RfL 
joints, and artiodactyls have 6–12 RfL joints. In the early Eocene 
equoid Arenahippus grangeri (UM 115547; formerly Hyracotherium 
grangeri), Tf to RfL transition occurred at T15 (the last thoracic ver-
tebrae being T17; Wood et al., 2011), so this equoid had 10 RfL joints 
including two intrathoracic, one thoracolumbar, six intralumbar, and 
one lumbosacral. This indicates that the significant reduction in the 
number of RfL joints in favor of Tf joints is, probably, a derived fea-
ture of rhinoceroses and tapirs. It should be emphasized, that the 

RfL-to-Tf replacement reduces SB aROM but automatically increases 
AR aROM. This gives an additional advantage in increasing the abil-
ity to tilt hindquarters relative to forequarters during maneuvering, 
although its importance in tapirs and rhinoceroses is doubtful.

Among perissodactyls, the zygapophysial joints of the lumbar re-
gion have an RfL geometry only in representatives of Equidae family 
(Figure 10e,f). The ‘locks’ of the ‘Radial facet with a Lock’ (RfL) in 
Equidae are shaped very simply compared to those of artiodactyls: 
the prezygapophyses completely lack dorsal ridges enclosing the 
postzygapophyses of the previous vertebra in even-toed ungulates 
(see Figure 10g–l). The morphology of the lumbar zygapophyses in 
tapirs and rhinoceroses, are even more simplistic than in Equidae 
and are similar to Rf type of the cervical joints. In Tapiridae and 
Rhinocerotidae only the posteriormost intralumbar and lumbosacral 
joints are characterized by U-like (RfL type) or the simpler V-like (Rf 
type) shape in the transverse plane (Figure  10a–d), while the ma-
jority of the intralumbar joints, anterior ones, have the Tf type of 
zygapophysial facets. In other words, in tapirs and rhinoceroses the 
Tf-to-RfL transition occurs in the lumbar region, while in artiodac-
tyls it is found in the thoracic region. Thus, in perissodactyls, only 
representatives of the Equidae family have RfL joints throughout 
the lumbar region (Figure 10), like artiodactyls. The RfL joints almost 
completely exclude AR in favor of SB involved in galloping.

5.2  |  Cervical region

The neck of perissodactyls (as well as artiodactyls) is the main ma-
nipulator for interacting with the habitat, as the arm in humans. The 
cervical region is the most mobile region of the presacral vertebral 
column in terms of SB and LB aROM: Mean SB and LB aROM values 
in the Rf joints (12.4° and 26.9°, respectively) significantly exceed 
those in the Tf (5.0° and 11.5°, respectively) and RfL joints (8.4° and 
9.3°, respectively). Mean LB aROM (26.9°) in the Rf joints more than 
twice exceeds mean SB aROM (12.4°); in even-toed ungulates this 
disproportion is much lower (25.0° vs. 15.3°) (Belyaev et al., 2021b). 
Apparently, this is due to smaller Rlat and larger Rvert (see Figure 3), 
relative to zygapophysial facets' dimensions, in perissodactyls than 
in artiodactyls. Increased LB aROM in the neck may be beneficial in 
respect of grooming the flanks of the body.

In various artiodactyls the length of the cervical region relative 
to trunk length differs almost sixfold (Belyaev et al.,  2021b). The 
neck length separates extant perissodactyls into just two groups 
(Figure 8). The relative length of the neck in tapirs and rhinoceroses 
is comparable to minimal ratios among even-toed ungulates found 
in Suina, Hippopotamidae, and Tragulidae. In Equidae, the relative 
neck length is at the average level of artiodactyls and closest to that 
of Cervidae, large and small antelopes (mean from 40.8% to 47.2%). 
Probably, the neck elongation conforms the leg elongation allowing 
to reach ground or water when feeding and drinking with straight 
forelimbs.

Data from Clayton and Townsend (1989a, 1989b) show that a sig-
nificant proportion of the cervical mobility is located in two synovial 
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joints: the occipital and the atlas-axis joints. These two joints ac-
count for 93% of the cumulative AR (mean = 26.9° in the occipital 
joint, mean = 107.5° in C1–C2), 38.6% of the cumulative SB (86.4° 
and 16.2°, respectively), and 20% of the cumulative LB (43.9° and 
3.9°, respectively) of the cervical region. Thus, SB and LB aROMs 
are maximal in the occipital joint, while AR aROM in the C1–C2 joint.

In artiodactyls the posterior neck joints (C4–C7) are significantly 
more mobile (on average by 2.5–3.5°) as compared to anterior joints 
(C2–C4) and to the neck-thorax joint (C7–T1) in SB and LB (Belyaev 
et al., 2021b). In perissodactyls, mobility is almost evenly distributed 
in the post-axis cervical region. Only the LB aROM of the neck-
thorax joint is significantly less mobile (on average by 2.7–5.1°) than 
the LB aROM of the intracervical joints.

Rhinoceroses and tapirs are ungulates with the least mobile 
neck in the sagittal plane; cumulative SB aROM is lower than that 
of pigs, hippos, and bovins (Figure 8a). However, the cumulative LB 
aROM in rhinoceroses and tapirs (mean ~ 140°) is markedly higher 
compared to the minimal values in artiodactyls such as in pigs and 
hippos (mean ~ 120°; Belyaev,  2018; Belyaev et al.,  2021b; Wilke 
et al.,  2011; Figure  8b). Compared to artiodactyls, the cumula-
tive SB aROM in the cervical region of Equidae (mean = 101.7°) is 
higher-than-average, being similar to that of large antelopes. The 
cumulative LB aROM of Equidae (mean ~ 200°) is only lower than in 
giraffes, being on a par with camels and llamas (mean ~ 190°; Belyaev 
et al., 2021b; Stolworthy et al., 2015). Our calculated LB aROM for 
the neck of domestic horse and the experimental values obtained 
in vitro by Clayton and Townsend  (1989a, 1989b) almost coincide 
(on average 32.3° vs. 31.9°, respectively). However, the cervical SB 

aROM of domestic horses from the same experiments is consider-
ably higher than provided by our calculations for Equidae and reach 
87% of LB as opposed to our estimate of 49% (Figure S3). The data 
from Clayton and Townsend (1989b) can be used for adjustment of 
KS and KR coefficients in the formula for more precise calculation of 
SB aROMs in Rf joints of Equidae (Table S3.1); the recalculated SB 
aROM values are presented in Table S3.2. However, this adjustment 
is hardly applicable to the neck SB mobility calculation for tapirs and 
rhinoceroses.

The relatively short neck is an ancestral state for perissodac-
tyls. Based on measurements from Cope  (1873) the relative neck 
length in the small Paleogene rhinocerotoid Hyrachyus eximius was 
19.7% of the trunk length. Based on measurements from Wood 
et al. (2011) and 3D skeleton from UMORF website (https://umorf.
ummp.lsa.umich.edu/wp/speci​men-data/?Model_ID=1675) the rel-
ative neck length in the A. grangeri was 23.5% of the trunk length. 
This is similar to the lowest ratios of extant odd-toed and even-toed 
ungulates. We have roughly calculated aROM values for the C5-C6 
joint of Arenahippus based on the low-resolution 3D models from the 
UMORF: SB: 13.3°, LB: 21.2°. Extrapolating these values to all joints 
of the Rf division, the cumulative aROM should have been 79.8° in 
SB and 127.2° in LB. These values are slightly higher than in rhinoc-
eroses and tapirs in SB, and, on the contrary, slightly lower in LB. 
Thus, both relative length of the neck and the intervertebral bend-
ing mobility in the cervical joints in basal equoids were significantly 
lower than in modern-day equids.

To summarize, the neck of perissodactyls is characterized by a 
significant prevalence of LB over SB mobility (2.17-fold), which is 

F I G U R E  1 0  The geometry of zygapophysial locks in the RfL joints of various ungulates: Posterior view of postzygapophyses of an 
anterior vertebra in a pair (a, c, e, g, i, k) and anterior view of corresponding prezygapophyses of a posterior vertebra in a pair (b, d, f, h, j, l). 
The examples are displayed in a sequence of increased lock closure. (a, b) Diceros bicornis (ZMMU S-93020); (c, d) Tapirus terrestris (ZMMU S-
184859); (e, f) Equus kiang (ZMMU S-166817); (g, h) Giraffa camelopardalis (ZMMU S-175340); (i, j) Phacochoerus africanus (ZMMU S-171945); 
(k, l) Ovibos moschatus (ZMMU S-135832)

https://umorf.ummp.lsa.umich.edu/wp/specimen-data/?Model_ID=1675
https://umorf.ummp.lsa.umich.edu/wp/specimen-data/?Model_ID=1675
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considerably higher than was earlier reported for artiodactyls (1.63-
fold; Belyaev et al., 2021b), and significantly higher than in domestic 
cats and humans (LB ≈ SB; Jones et al., 2020; Wen et al., 1993). The 
relatively short neck of rhinoceroses is characterized by low mobility. 
Stiffness of the neck of rhinoceroses is probably associated with the 
heavy head, which is used for fighting (Wilson & Mittermeier, 2011). 
In contrast, the relatively long neck of equids performs a primar-
ily manipulative function. The equid neck is characterized by rather 
high bending mobility (especially LB) and is functionally elongated by 
the first thoracic joint (T1–T2), which is characterized by significantly 
increased bending mobility due to the neck-like Rf (instead of Tf) 
articulation.

5.3  |  Spine stiffness and gallop in odd-toed  
ungulates

5.3.1  |  Thoracic region

The SB aROM in the Tf division is markedly smaller compared to that 
of the Rf division (on average 5.0° vs. 12.4°). The anterior part of 
the thoracic region (the withers) in ungulates shows size-dependent 
reinforcement, including an impressive lengthening of the spinous 
processes of the vertebrae. This reinforcement helps to carry the 
weight of the heavy head, neck, and thorax, especially during the 
forelimb support stage while galloping (Gambaryan,  1974). The 
spinous processes of the withers are the attachment area of nuchal 
ligament that stores and recovers elastic energy during vertical os-
cillations of the head. In a walking horse, the nuchal ligament allows 
recovery of up to 60% of this energy (Gellman & Bertram, 2002).

The number of presacral vertebrae in perissodactyls is signifi-
cantly higher (p < 0.001, mean diff = 4.11) than in artiodactyls (29–
32 vs. 25–27) due to the higher number of thoracic vertebrae. This 
increased number was acquired convergently with afrotherians 
(Narita & Kuratani,  2005; Sánchez-Villagra et al.,  2007). The large 
number of presacral (more specifically, thoracolumbar) vertebrae is 
probably the ancestral state for the odd-toed ungulates, as the early 
Eocene A. grangeri and middle Eocene Mesohippus bairdi (AMNH 
1477) already had 31 presacral vertebrae (Scott et al., 1941; Wood 
et al., 2011). Both Paleogene equoids mentioned are characterized 
by the vertebral formula 7C + 17T + 7L. The common vertebral for-
mula of extant equids is 7C + 18T + 6L with relatively frequent de-
viation 7C + 18T + 5L and relatively rare deviations 7C + 17T + 6L, 
7C + 17T + 7L, 7C + 18T + 7L, 7C + 19T + 5L, and 7C + 19T + 6L 
(Spoormakers et al., 2021; Table S1 herein). Extant rhinoceroses and 
tapirs are characterized by a further increased number of thoracic 
vertebrae (18–20 and 18–19, respectively) at the expense of a re-
duced number of lumbar vertebrae. For example, there are 7 lumbar 
vertebrae in the small Eocene rhinocerotoid H. eximius, 5 in the rel-
atively large (~0.5 m skull, ~2 m long) Late Eocene Trigonias osborni 
(Scott et al., 1941), and 3–4 in extant rhinoceroses. This change of 
balance in favor of thoracic vertebrae is probably associated with 
homeotic effects produced by shifts in the expression of homeobox 

genes controlling the anteroposterior axial regionalization (Iimura 
et al., 2009).

Mean SB aROMs in the posterior half of the thoracic region in 
Equidae and Rhinocerotidae are the lowest among all families of 
odd-toed and even-toed ungulates. At first sight, it may seem contra-
dictory that perissodactyls, compared to artiodactyls, have reduced 
SB mobility in the intrathoracic joints but an increased number of 
thoracic vertebrae. The seeming discrepancy between reduced mo-
bility and increased vertebral number in the perissodactyl thorax 
has an apparent functional explanation. One of the most prominent 
and acknowledged morpho-physiological features of perissodactyls 
is hindgut fermentation of cellulose, as opposed to foregut fermen-
tation in artiodactyls. The increased number of vertebrae length-
ens the perissodactyl thorax to fit an enlarged hindgut. At the same 
time, the posterior thoracic part of the vertebral column, stiffened 
due to reduced SB aROM of Tf joints, is able to passively support 
the hindgut heavily loaded with roughage against sagging down in 
the sagittal plane. A converse example of the interrelation between 
the digestive system and the regionalization of vertebral column 
mobility is found in Suidae. These animals do not have chambered 
stomachs or enlarged caeca and cannot digest cellulose efficiently 
(Wilson & Mittermeier,  2011). Their backbone is characterized by 
the largest, among artiodactyls, number of RfL joints in the posterior 
part of the thoracic region (mean = 3.8; Belyaev et al., 2021b). As a 
result, this part of suid thoracic region is characterized by increased 
SB amplitudes compared to those in the middle third (Tf joints) of the 
thoracic region (Busscher et al., 2010; Wilke et al., 2011).

5.3.2  |  Lumbar region

The adaptation of quadrupedal mammals to gallop involves, among 
other features, an ability of the lumbar region of the vertebral col-
umn to flex and extend in the sagittal plane. For example, studies 
of backbone kinematics in horses show that these animals actively 
engage SB of the lumbar region only during bounding gaits (rep-
resented in the experiments not by gallop but by canter) (Faber 
et al., 2001b; Haussler et al., 2001), and barely use it when walking 
and trotting (Faber et al., 2000; Haussler et al., 2001). Sagittal flex-
ion and extension of the backbone, synchronized with respective ac-
tions of the hindlimbs, allow quadrupedal mammals to increase the 
hindlimb range of motion (Hildebrand, 1959). Storage and recoil of 
elastic energy in the m. longissimus thoracis et lumborum aponeurosis 
allow mammals to reduce metabolic cost of gallop and make this gait 
most energy efficient at high speeds (Alexander et al., 1985).

The difference in gallop performance between the most studied 
ungulates and the carnivores is so pronounced that Gambaryan (1974) 
opposed them as “the dorsostable runners” and “the dorsomobile 
runners,” respectively. Contrary to this opposition, in our previous 
studies, we have shown that SB mobility of the backbone varies in 
even-toed ungulates from restricted to high (Belyaev et al. 2021b, 
2022). In various small and medium-sized artiodactyls that use 
the saltatorial and saltatorial-cursorial running forms (Tragulidae, 
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Antilopini, Cephalophinae, etc.) amplitudes of SB in the lumbar and 
lumbosacral joints are at the level of various carnivores, so these 
species can be considered “dorsomobile runners” rightfully. Only the 
larger artiodactyls are characterized by significantly reduced ampli-
tudes of SB in the lumbosacral part of the vertebral column, so these 
species can be considered “dorsostable runners”.

Horses are well-known as dorsostable runners (Hildebrand, 1959). 
This makes horse riding comfortable. Gambaryan  (1974) refers 
the equid gallop to the cursorial running form. The equid gallop is 
characterized by a decrease in vertical fluctuations of the center of 
gravity (no more than 6% of the height at the withers at a gallop-
ing speed of 45 km/h in ponies), a reduction of uROM in the limb 
joints, and an increase in stride frequency (Gambaryan, 1974). The 
cumulative SB aROM in the lumbosacral part of the backbone of 
equids (mean = 50.4°) is on average 10° greater than in Giraffidae 
and Hippopotamidae, and is similar to that of bovines, being on aver-
age 10° less than in large antelopes (Belyaev et al., 2021b; Figure 9). 
Thus, equids are very similar to mediportal-running bovines and 
some cursorial artiodactyl runners, such as reindeer and wildebeest, 
in terms of backbone mobility in the sagittal plane.

An example of a different specialization to “dorsostable” running 
is the tapir gallop. The tapir gallop is characterized by being rela-
tively high in both vertical fluctuations of the center of gravity (more 
than 14% of the height at the withers at a galloping speed of 35 km/h 
in T. terrestris) and the uROM of the limb joints (Gambaryan, 1974). 
Structurally, these animals are characterized by a dorsally arched 
lumbosacral part of the backbone. A similar arching in even-toed 
ungulates is characteristic of mouse-deer, many small antelopes, 
roe deer, etc., which have very high SB aROM in the lumbosacral 
part of the backbone (75-90°; note that these artiodactyls have a 
few additional SB-capable RfL joints in the posterior thoracic re-
gion). In contrast to that, despite the similar arching, the mobility 
in the lumbosacral part of the backbone of tapirs is half that of 
these small artiodactyls (~40°). Available recordings and images 
(Gambaryan, 1974) of galloping tapirs support this conclusion: The 
rough estimate of cumulative lumbar plus lumbosacral SB uROM 
during slow rotary gallop in T. indicus is ~29°, and during fast rotary 
gallop in T. terrestris is ~34° (Figure 11). Both values closely approach 
the calculated cumulative SB aROM (~40°) of this part of the back-
bone and are three times lower than the lumbar+lumbosacral SB 
uROM of the iconic dorsomobile gallop in greyhounds (Alexander 

et al., 1985; Muybridge, 1887). As expected, during the fast gallop, 
the difference between uROM and aROM is smaller than during the 
slow gallop (~6° vs. ~11°). Gambaryan (1974) refer the tapir gallop to 
battering-ram running form.

“Dorsostability” is most pronounced in rhinoceroses. Modern-
day rhinoceroses are the largest habitually galloping animals. 
Gambaryan  (1974) refer rhinoceroses to the mediportal running 
form. The cumulative lumbar SB aROM in Rhinocerotidae is the 
lowest (mean  =  29.6°) across all studied odd-toed and even-toed 
ungulates. The white rhinoceros has an unusual orientation of the 
spinous processes of the posterior presacral vertebrae. In other 
extant rhinoceroses, the spinous processes keep posterior inclina-
tion throughout the thoracolumbar part of the vertebral column 
and up to the sacrum (Figure 5g; https://doi.org/10.6084/m9.figsh​
are.21276723). In contrast, in Ceratotherium simum, 16th thoracic 
vertebra has a vertical spinous process, and the last two thoracic 
vertebra (T17 and T18) and the first two (of three) lumbar verte-
brae have a reversed, anterior inclination of the spinous processes 
(Figure  5c). The opposite inclination of the processes is known as 
‘anticliny’, and the transitional point (here it is T16), as the ‘anticli-
nation point’. Counterintuitively, the opposite inclination of the spi-
nous processes has no correlation with the values of SB aROM: the 
lumbosacral part of the backbone of the Ceratotherium simum has 
the same cumulative sagittal mobility as that of other rhinoceroses. 
The spinous processes' anticliny in the white rhinoceros is most 
probably associated with force distribution. The forward inclination 
of the spinous processes of the posterior presacral vertebrae makes 
distances between their apices shorter. Therefore, the interspinous 
ligaments are shorter too and, hence, are more efficient in restricting 
ventral flexion of the posterior part of the backbone. This increases 
stiffness of this part in the stages of gallop when only the hindlimbs 
are on the ground and the spine acts as a cantilever for the fore-
quarters and the head. It can be hypothesized, that the anticlination 
of the spinous processes in the white rhinoceros is associated with 
a different mass distribution along the trunk, probably with heavier 
forequarters and the head than in its relatives.

Our results indicate that perissodactyls show a similarity with 
artiodactyls in that cursorial runners have the larger and medi-
portal runners have the smaller cumulative lumbar SB aROM, and 
battering-ram runners are in-between. However, perissodactyls 
have significantly lower cumulative SB aROM in the lumbosacral 

F I G U R E  11  Maximum and minimum sagittal curvature of the lumbosacral part of the backbone during (a) slow rotary gallop in 
Tapirus indicus (from https://www.youtu​be.com/watch​?v=UX70M​Cvtmu0) and (b) fast rotary gallop in Tapirus terrestris (modified from 
Gambaryan, 1974). The difference between the maximum and minimum angles of the curvature represents SB uROM; it equals 29° in (a) and 
34° in (b).

https://doi.org/10.6084/m9.figshare.21276723
https://doi.org/10.6084/m9.figshare.21276723
https://www.youtube.com/watch?v=UX70MCvtmu0
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part of the backbone than artiodactyls employing the same running 
forms. Thus, all extant perissodactyls have restricted available sag-
ittal mobility (SB aROM) of the lumbosacral part of the backbone 
to be used during gallop and can be considered more “dorsostable 
runners” than artiodactyls in terms of Gambaryan  (1974). Among 
artiodactyls, similar values of SB aROM are found in heavier repre-
sentatives (Belyaev et al., 2022). Not surprisingly, the mobility of the 
lumbosacral part of the backbone of the largest galloping mammals, 
rhinoceroses, is lower than that of any artiodactyl.

As was previously shown for artiodactyls (Belyaev et al., 2021b), 
the increase in SB aROM (both cumulative and mean) in the lumbar 
region of the vertebral column is accompanied by elongation of the 
lumbar region relative to the thoracolumbar part of the backbone as 
a whole. Vice versa, the decrease in SB aROM is accompanied by rel-
ative shortening of the lumbar region. Perissodactyls, with their low 
lumbar SB aROMs, noted above, also follow this rule. The relative 
length of lumbar region in Equidae and Tapiridae is similar to that 
of Giraffidae and Hippopotamidae, which represent the minimum 
among artiodactyls, and in Rhinocerotidae the lumbar region is even 
shorter (mean = 14.1% of thoracolumbar length).

Therefore, equids can be regarded as the least dorsostable of 
extant perissodactyls. If all ungulates were ordered by this trait 
from the most SB-mobile to the most SB-stable lumbar region, the 
smaller artiodactyls would be followed by the larger ones together 
with equids, and the most dorsostable forms would be tapirs and 
rhinoceroses (Figure 12).

All these findings lead us to the question: why is the lumbosacral 
part of the backbone in perissodactyls so stiff in the sagittal plane? 
Is it an ancestral or derived state for representatives of the order? 
The majority of plesiomorphic Paleogene perissodactyls were very 
small animals: for example, the equoid Arenahippus was around 60–
70 cm long and weighed around 9 kg, the tapiroid Heptodon weighed 
around 15 kg, and the rhinocerotoid Hyrachyus weighed around 20–
50 kg (Radinsky, 1978; Wood et al., 2011). Jones  (2016), based on 
intervertebral joint morphology, stated that increase in body size in 
equoids correlates with taller, more cordiform vertebral bodies and 
more dorsally placed zygapophyses, which leads to a reduced sag-
ittal range of motion. We believe that this conclusion is most likely 
correct because an increase in the relative height of the vertebral 
body and neural arch pedicles leads to an increase in the radius of 
sagittal motion (Rvert) in the joint, and the Rvert increase leads to a de-
crease in the SB aROM (Belyaev et al., 2022a; Niemeyer et al., 2012). 
Based on measurements from Wood et al. (2011) the relative length 
of the lumbar region in A. grangeri is 36.8% of thoracolumbar length. 
This is, on average, 10% longer than in extant equids and is very 
close to an average for artiodactyls (Belyaev et al.,  2021b). Thus, 
the large number of RfL joints (10) and lumbar vertebrae (7), the ab-
sence of intertransverse joints (Wood et al., 2011), the longer lumbar 
region compared to modern-day equids, and the somewhat lower 
vertebral bodies and less elevated zygapophysial joints allow us to 
assume that the lumbar region in small Paleogene equoids was more 
flexible in the sagittal plane than in extant perissodactyls. The same 

F I G U R E  1 2  Interrelation between sagittal mobility in the lumbosacral part of the backbone and the cube root of body mass in certain 
typical representatives of odd-toed and even-toed ungulates. Arenahippus grangeri (UM 115547) skeleton modified from Wood et al. (2011) 
and https://umorf.ummp.lsa.umich.edu/wp/speci​men-data/?Model_ID=1675. Body masses were taken from Wilson and Mittermeier (2011).

https://umorf.ummp.lsa.umich.edu/wp/specimen-data/?Model_ID=1675
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assumption was previously made by Preuschoft and Franzen (2012) 
and Jones (2016). A longer lumbar region compared to extant spe-
cies was characteristic of lightly built Paleogene representatives of 
Ceratomorpha as well. For example, the plesiomorphic Eocene rhi-
nocerotoid Hyrachyus eximius was characterized by seven lumbar 
vertebrae (Cope,  1873; Hayden,  1883). Based on measurements 
from Cope (1873) the relative length of lumbar region in H. eximius 
(41.5%) is higher than in A. grangeri (36.8%), and almost three times 
exceeds that of extant rhinoceroses (14.1%).

We used 3D models of vertebrae of the A. grangeri (UMMP 
VP 115547) to quantify mobility in the lumbosacral part of the 
backbone in basal perissodactyls: the low-resolution model from 
the UMORF website for the T17 and the hi-resolution models for 
L1 (https://doi.org/10.7302/rh9g-7359) and L2–S1 (https://doi.
org/10.7302/81eq-6x84). As a result, we obtained rough SB aROM 
estimates for four of seven lumbar joints (T17–L4): 7.4° in T17–L1, 
7.0° in L1–L2, 9.0° in L2–L3, 8.2° in L3–L4. Extrapolating the mean of 
these values to all lumbar plus the lumbosacral joint, the cumulative 
lumbosacral (T17–S1) SB aROM in A. grangeri is 63.2°. If we reason-
ably assume that Arenahippus had at least 10° extra SB mobility in 
the lumbosacral joint compared to the intralumbar joints, then the 
cumulative SB aROM in the lumbosacral part of the vertebral col-
umn should have exceeded 70° (Figure 12).

All the above leads us to assume that dorsostability is a derived 
feature of extant perissodactyls and evolved convergently in all 
three families. The two main predictors of SB aROM in the lum-
bosacral part of the backbone in ungulates are body mass and run-
ning form (Belyaev et al. 2021b, 2022). As we previously showed 
for artiodactyls, the most dorsomobile running forms (saltatorial 
and saltatorial-cursorial) have an upper limit for body mass (200–
300 and 200–400 kg, respectively). With body mass growth to the 
respective limits, ungulates tend to acquire more size-suitable run-
ning forms. All extant species of odd-toed ungulates are medium-to-
large animals. The increase in body size in all perissodactyl groups 
during evolution was accompanied by an increase in food demand 
and food roughness, which led to the changes in tooth-crown 
height and occlusal morphology (Fortelius et al., 2006; Janis, 1995; 
Mihlbachler et al., 2011) and to the increased relative size and com-
plexity of the digestive system enhancing fermentation of cellulose. 
In case of perissodactyls, it was the hindgut fermentation. It is likely 
that the size-dependent specialization in the hindgut fermentation 
led to an increase in the number of vertebrae in order to fit the en-
larged abdomen. The heavier the abdomen and the longer the trunk 
became, the greater the lumbar muscles were loaded. Therefore, 
these muscles had to be either increased in mass or, preferably, 
restricted in the range of contraction in favor of force. Thus, the 
range of contraction of the lumbar muscles was restricted through 
reduction of SB aROM in posterior thoracic and lumbar joints by re-
placement of RfL with Tf articulations. This resulted in almost com-
plete disappearance of RfL joints in tapirs and rhinoceroses. Thus, 
dorsostability allowed the perissodactyls to save on the mass of the 
backbone muscles in favor of the mass of the hindgut part of the 
digestive system.

6  |  CONCLUSION

Vertebral column morphology and mobility in perissodactyls are 
very different from artiodactyls. Among perissodactyls, Equidae dif-
fer significantly from Ceratomorpha (Tapiridae and Rhinocerotidae) 
and are closer in some functional features of the backbone to 
artiodactyls.

As in other mammals, the cervical region is the most mobile 
part of the vertebral column in the sagittal and frontal planes. 
Intracervical mobility in the frontal plane in perissodactyls is more 
than twice as high as that in the sagittal plane. The short and robust 
neck of modern-day rhinos adapted to support a heavy head, which 
is used in tournament fights, is characterized by stiff intervertebral 
joints and low cumulative mobility. The relatively long neck of equids 
is an agile manipulator, less mobile among ungulates only to camels, 
llamas, and giraffes. Similarly, to the giraffes, Equidae are character-
ized by a radial neck-like orientation of zygapophysial articular fac-
ets in the T1–T2 joint with a substantially increased SB aROM, which 
is only slightly lower than that of the cervical joints and is several 
times higher than that of subsequent thoracic joints.

The thoracolumbar part of the vertebral column in odd-toed 
ungulates is very stiff in SB. Perissodactyls show frequent verte-
bral fusions with complete loss of mobility. The thoracic region of 
perissodactyls includes, on average, five more vertebrae than that 
of artiodactyls. The anatomy of Paleogene perissodactyls indicates 
that a large number of thoracic vertebrae is the ancestral state for 
the order. The number of lumbar vertebrae is significantly decreased 
in Rhinocerotidae and Tapiridae in favor of the number of thoracic 
vertebrae. Mean SB aROM values in the posterior half of the tho-
racic region in Equidae and Rhinocerotidae are the lowest among all 
studied odd-toed and even-toed ungulates. Thus, the posterior half 
of the thoracic region in perissodactyls is adapted for dorsostable 
gallop. This is probably associated with hindgut fermentation in 
perissodactyls: the increased number of thoracic vertebrae provides 
additional space for enlarged hindgut, and the sagittal stiffness of 
posterior thoracic region and reduction of the lumbar region help 
passively support the hindgut heavily loaded with roughage. This is 
ensured by an almost complete disappearance of SB-compliant RfL 
joints in the thoracolumbar part of the backbone of rhinos and tapirs 
in favor of SB-stiff Tf joints.

The lumbar region in perissodactyls is very stiff in the sagittal 
plane and is significantly less involved as an active link during gal-
lop than in artiodactyls. The relative length of the lumbar region in 
Equidae and Tapiridae is similar to the shortest in artiodactyls, and 
in Rhinocerotidae, it is the shortest among all studied ungulates. 
The mean SB mobility in the lumbar joints in all three families is at 
the minimum level for all ungulates. The cumulative lumbosacral 
SB aROM values in Tapiridae and Equidae are similar to those of 
the largest artiodactyls, and in Rhinocerotidae they are the lowest 
across all ungulates. Thus, the lumbar region in all odd-toed un-
gulates is stiffened in the sagittal plane, along with the posterior 
thoracic region, and their running can be considered highly “dor-
sostable” in terms of Gambaryan (1974). Furthermore, rhinoceroses 

https://doi.org/10.7302/rh9g-7359
https://doi.org/10.7302/81eq-6x84
https://doi.org/10.7302/81eq-6x84
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being the largest habitually galloping mammals are characterized by 
the most dorsostable condition. The lightly built Eocene ancestors 
of rhinoceroses and equids were characterized by a longer lumbar 
region with a larger number of lumbar vertebrae and a higher cumu-
lative SB aROM. All these features together indicate that dorsosta-
bility is a derived state of perissodactyls and evolved convergently 
in the three extant families.
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