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Evolution of the horse has been an often-cited primary example of evolution, as
well as one of the classic and important stories in paleontology for over a century
and a half, due to their rich fossil record across 5 continents: North America, South
America, Europe, Asia and Africa. The recent horse has served a profound role in
human ancestry, including agriculture, commerce, sport, transport, warfare, and in
prehistory, for the subsistence of humans. Many studies have examined the evolution
of the Equidae and chronicled the striking changes in skulls, dentition, limbs, and
body size which have long been perceived to be a response to environmental shifts
through time. Most comprehensive studies heretofore have: (1) focused on the
“Great Transformation”- changes that occurred in the early Miocene, (2) involved
tracking long-term diversity or paleoecological trends on a single continent or within
a geographical locality, or (3) concentrated on the 3-toed hipparions.

The Plio—Pleistocene evolutionary stage of horse evolution is punctuated by the
great climatic fluctuations of the Quaternary beginning 2.6 Ma which influenced
Equus evolution, biogeographic dispersion and adaptation on a nearly global scale.
The evolutionary biology of Equus evolution across its entire range remains relatively
poorly understood and often highly controversial. Some of this lack of understanding
is due to assumptions that have arisen because of the relatively derived craniodental
and postcranial anatomy of Equus and its close relatives which has seemed to imply
that that these forms occupied relatively homogenous and narrow dietary and
locomotor niches - notions that have not been adequately addressed and rigorously
tested. Other challenges have revolved around teasing apart environmentally-driven
adaptation versus phylogenetically defined morphological change. Geochronologic
age control of localities, geographic provinces and continents has improved, but
in no way is absolute and can be reexamined in our proposed volume. Temporal
resolution for paleodietary, paleohabitat and paleoecological interpretations are
also challenging for understanding the evolution of Equus. Our proposed volume
attempts to assemble a group of experts who will address multiple dimensions of
Equus’ evolution in time and space.
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Equids have often been discussed regarding tooth morphological change due to the
evolution of highly hypsodont teeth over time, the hyper-grazing habits of modern
horses, and an older view that the acquisition of hypsodonty and the widespread
appearance of grasslands were synchronous. Many more recent studies, however, have
reported asynchrony in the origin of hypsodonty and the widespread appearance of
grasslands and have considered exposure to exogenous grit as important evolutionary
drivers of hypsodonty in ungulates. We tracked changes in crown height (hypsodonty
index), relative abrasion (mesowear), and food and grit scar topography on dental
enamel (microwear) to examine the relative contributions of grass vs. grit as a
driving force in ungulate tooth changes during the evolution of North American
Equidae compared to four North American ruminant artiodactyl families (Camelidae,
Antilocapridae, Dromomerycidae, and Merycoidodontidae). We mirror other studies by
finding that the overall pattern of the timing of the attainment of hypsodonty is inconsistent
with grazing as the main impetus for the “Great Transition” within equids nor within the
artiodactyl families as highly hypsodont ungulates post-date the spread of widespread
grasslands. Mesowear closely mirrored hypsodonty trends in all families. Microwear
patterns, particularly high degrees of enamel pitting (particularly large pits) and unusually
coarse scratch textures in all five families, are consistent with exposure to exogenous
grit as the main driver of hypsodonty acquisition prior to the consumption of significant
levels of grass. Equidae exhibited a wider array of dietary behavior than the other families
through most of their evolutionary history. Even so, grass was a much more common
dietary item for equids than for the other families, and when combined with exogenous
grit, which was more accelerated from the early Miocene onward based on more pitting
and coarser scratch textures, may explain the more extreme acquisition of hypsodonty
in equids compared to the artiodactyl families studied and set the stage for the Equidae
alone to become hypergrazers in the Recent.

Keywords: ungulates, microwear, mesowear, hypsodonty, paleodiet
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INTRODUCTION

Horse evolution has often been presented as a standard example
of evolution. This proclivity is not surprising given: (1) well-
documented evolutionary changes, particularly in the late early
Miocene, (i.e., greater body size, somewhat higher-crowned
cheek teeth, and more cursorially-adapted limbs) that have been
perceived for a long time to echo higher-latitude environmental
shifts through time (i.e., adaptations to shifts from living in
tropical forests to eventual occupation of open grasslands) (Janis,
2007) and (2) the expansive fossil record of North American
horses (especially in the Miocene) where the bulk of horse
evolution and diversification (Equidae) occurred despite several
successive dispersals to the Old World (MacFadden, 1992; Janis,
2007). Despite these dispersals to the Old World, the Equidae
apparently evolved in isolation in North America from the
middle of the Eocene through the late Oligocene (MacFadden,
1992). During the mid-Cenozoic, horses were very widespread
in North America—reaching their maximum diversification and
abundance in the late Miocene with individual fossil localities
often accommodating up to eight equid species (MacFadden,
1992; Hulbert, 1993).

Because food acquisition is so imperative to an animal’s
survival, paleontologists have long been interested in adaptations
that facilitate acquiring and comminuting food items as well as
those that help to deal with an enhanced rate of tooth wear
induced by food that is abrasive (e.g., grass) or due to exogenous
substances possibly adhering to food (e.g., grit). Hummel et al.
(2011) tested the relationship of total silica ingested (from plant
phytoliths and exogenous grit) and hypsodonty by investigating
the correlation between fecal silica content and hypsodonty
and demonstrated a considerable influence of ingested silica on
hypsodonty in large herbivores. The evolution of high-crowned
teeth (i.e., hypsodonty) has particularly intrigued paleontologists
(Osborn, 1910; Stirton, 1947; Simpson, 1953; White, 1959;
Webb, 1983; Fortelius, 1985; Janis, 1988; Solounias et al., 1994;
MacFadden, 2000a,b; Williams and Kay, 2001; Mihlbachler and
Solounias, 2006; Stromberg, 2006; Jardine et al., 2012; Lucas
et al., 2014). The potential correlation of crown height with
habitat, climate, and dietary shifts has also been the subject
of intensive study (Webb, 1983; Janis, 1988, 2008; Janis et al.,
2000, 2002, 2004; Williams and Kay, 2001; Semprebon and
Rivals, 2010; Mihlbachler et al., 2011) as the obtainment of
high crowned dentitions had been considered generally as a
potential response to a shift in foraging from closed habitats
to more open ones and/or from feeding on browse to feeding
on grass in the early Miocene (Osborn, 1910; Scott, 1937;
Simpson, 1944; Stirton, 1947; Webb, 1977, 1983; Stebbins, 1981;
Janis, 1984, 1993; Webb and Opdyke, 1995). Thus, hypsodonty
was in the past mostly associated with grass consumption
because of the large number of silica-rich phytoliths found in
grasses which were presumed to impose accelerated wear of
mammalian teeth.

Two important caveats have been considered in recent studies
when evaluating the veracity of this old evolutionary “story”:
Firstly, was the appearance of hypsodonty in the Miocene truly
synchronous with the appearance of grasslands? Secondly, is

dietary preference operating alone in determining the degree
of hypsodonty acquisition? Recent studies have revealed a lack
of synchronicity between the appearance of hypsodonty in the
Miocene and the appearance of grasslands. Some of the latest
evidence comes from recent research on phytoliths (Stromberg,
2004, 2005, 2011; Stromberg et al., 2016) that has revealed that
grass was available for forage in the North American Great
Plains region by ~22 million years ago (earliest Miocene), but
possibly by even about 26 million years ago (latest Oligocene—
Stromberg, 2011) about 6 million years before the appearance
of the genus Merychippus. Merychippus represents the first
hypsodont horse even though some members of the genus
Parahippus showed a slight enhancement in crown height and
evidence of profound dental wear (MacFadden and Hulbert,
1988; Stromberg, 2006; Damuth and Janis, 2011; Mihlbachler
et al., 2011). Merychippus represents an important milestone in
the evolution of horses due to its relatively high crowned cheek
teeth, but also due to the first appearance of well-developed
cementum between lophs and with the similar positioning of
its tooth cusps to modern horses. A change in the shape of
the angle of the jaw, indicating a more horizontally-oriented
angle of insertion of the masseter muscle was also seen in
Merychippus (Stirton, 1947; Simpson, 1951; Turnbull, 1970;
MacFadden and Hulbert, 1988; Bernor et al., 1989, 1997; Prothero
and Schoch, 1989; Hulbert and MacFadden, 1991; MacFadden,
1992; Spaan et al, 1994). Even so, highly hypsodont equines
did not appear until about 14 Ma (late middle Miocene), well
after the apparent availability of open grasslands (Damuth and
Janis, 2011), a trend echoed by certain artiodactyl clades such
as antilocaprids (pronghorns) and camelids that also developed
hypsodonty in the late middle Miocene. In addition, a moderate
amount of hypsodonty was attained by some artiodactyls
in the Oligocene and many families of mostly burrowing
rodents at least 7 million years earlier (Jardine et al, 2012).
However, these hypsodont artiodactyls (stenomyline camelids,
leptauchinine oreodonts, and hypisodine hypertragulids) went
extinct in the late Oligocene/early Miocene not giving rise to later
hypsodont artiodactyls.

Another important factor to consider is that researchers
have suspected for some time that grass phytoliths may not
have been the only evolutionary driver in the development
of tooth morphological change [e.g., Janis (1988) and
Fortelius et al. (2002)]. Janis (1988) has long hypothesized
that grit consumption might also be an evolutionary driver
through her observations that the degree of hypsodonty in
ungulates might be more due to habitat preferences than
to dietary preferences. Janis (1988) showed that ground-
feeding ungulates in open habitats are significantly more
hypsodont than closed habitat ungulates regardless of their
preferences for food (see Figure1l). Janis (1988) also noted
that ungulates that feed on dicotyledonous material above
ground have the lowest hypsodonty values and suggested that
dust and grit which accumulates on food consumed in open
habitats is more important for determining hypsodonty
in ungulates than dietary fiber levels. Others have also
considered grit and soil as possibly more important agents
of abrasion than grass phytoliths (Stirton, 1947; Janis, 1988;
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digestive physiology and ingestive mastication.
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FIGURE 1 | (A) Extant ungulate m3 hypsodonty indices (data from Janis, 1988; modified from Semprebon and Rivals, 2010). Extant ungulates are represented by
circles (closed circles = regular browsers, grazers, and mixed feeders; closed circles with black outlines represent equid grazers; open circles = high-level browsers,
fresh grass grazers, and closed habitat mixed feeders). (B) Composite figure showing hypsodonty trends through time for equids (black line), antilocaprids (blue line),
camelids (orange line), dromomerycids (green line), and oreodonts (pink line). Red arrow and red lines indicate probable timing of first availability of grass in the North
American Great Plains Region by ~22 million years ago (earliest Miocene), but possibly by even about 26 million years ago (latest Oligocene) based on phytolith data
from (Stromberg, 2011). Please note that hypsodont equids will likely always have higher hypsodonty indices than ruminants on a similar diet, due to differences in

Williams and Kay, 2001; Janis et al, 2002) or ingested soil
(Damuth and Janis, 2011).

Hoffman et al. (2015) examined the possibility of a “grit
effect” experimentally and highlights as supporting evidence:
(1) the asynchronous timing of the expansion of grasslands in
North America and the acquisition of hypsodonty in Glires
and ungulates (Jardine et al., 2012), (2) the coincidence of the
finding of more hypsodonty and hypselodonty (ever-growing
teeth) in herbivorous mammals from South America from the
middle Eocene (40 Ma) to the early Miocene (20 Ma) with an
interval of dry and open environments which lacked grasslands
but were exposed to recurrent volcanic ashfall (Stromberg et al.,
2013; Dunn et al.,, 2015), and (3) exogenous grit as an agent to
producing microwear in ungulates like the extant Antilocapra
americana, Camelus bactrianus, Camelus dromedarius, and
Vicugna vicugna which live in semi-arid or arid habitats have
been reported to have coarser microwear scars (i.e., coarse
scratch textures, higher average pit numbers and gouging)
relative to their counterparts in more humid places (Solounias
and Semprebon, 2002). Hoffman et al. (2015) assessed the
contribution of exogenous grit to enamel microwear by using
a new technique for molding live animals representing the first
ungulate controlled feeding experiment (in-vivo) using abrasives
of different sizes. This study (2015) found a significant “grit
effect” with medium sized silica particles (i.e., an increased
abundance of pits [but not more scratches] which resulted
from fracturing of sand grains through masticatory movements).
Smaller particles of the fine sand treatment proved harder to
break apart in this study and did not show a significant grit effect.

Jardine et al. (2012) carried out a study of crown height
changes in herbivorous species (i.e., Glires and large mammals) of
the Great Plains region of the United States to better understand

the importance of grass vs. grit as drivers of the attainment of
hypsodonty. This study focused on examining when hypsodonty
evolved in these forms relative to the spread of grasslands and
determining how widely distributed hypsodonty was among taxa.
Jardine et al. (2012) found that the timing of the expansion
of grasslands in North America was asynchronous with the
timing of the acquisition of hypsodonty in Glires and ungulates.
Jardine et al. (2012) also documented that many artiodactyl
and perissodactyl families were exclusively low-crowned with
the exception of the Antilocapridae (pronghorns), Camelidae
(camels), Merycoidodontidae (oreodonts), Equidae (horses), and
Rhinocerotidae (rhinoceroses) which were the only families
that attained hypsodont or highly hypsodont dentitions. They
also reported that these high-crowned families (except for
pronghorns which appeared in the early Miocene as immigrants)
have molars that change from brachydont to hypsodont or
highly hypsodont and range through most of the time series.
They (2012) describe: (1) a “first wave” of high-crowned
taxa represented by leptauchenine oreodonts and stenomyline
camelids in the Oligocene (with hypertraguline traguloids
showing some degree of hypsodonty), (2) the appearance of the
first highly hypsodont ungulate in the early Miocene (Hel) (e.g.,
the latest surviving stenomyline camelids, and (3) a “second
wave” of hypsodonty in the early Miocene (Hel) in horses,
rhinos, and pronghorns, but highly hypsodont taxa not appearing
until the late middle Miocene (Barstovian) (including the first of
the hypsodont later camelids).

In this study, we examine the relative contributions of grass
vs. grit as a driving force in ungulate tooth evolutionary changes
using a combination of dietary proxies (hypsodonty index,
mesowear, and microwear) with different temporal resolution
capabilities to investigate the amounts of different levels of
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abrasion imposed on molar teeth over evolutionary time and
the potential causes of this abrasion. For example, hypsodonty
is an evolutionary adaptation developed over deep time which
makes a tooth more durable as an adaptation to resist augmented
tooth wear incurred during mastication (Janis and Fortelius,
1988). Thus, a hypsodont tooth is not worn away as quickly
because there is more tooth material present (Janis, 1988).
Thus, hypsodonty is a reflection of selective pressures over time
imposed by high levels of dental abrasion incurred by a species’
lineage (Damuth and Janis, 2011).

Mesowear assesses gross molar wear by assessing lateral
cusp shape and involves ecological time, in that, dental wear
that accumulates on molars during an individual’s lifespan
is explored. Thus, mesowear should be sensitive to intrinsic,
abrasive elements in plants but also to grit encountered on food
or during the process of feeding (but does not tease apart relevant
contributions of each).

Microwear examines shorter-term microscopic tooth wear
imposed upon dental enamel by the last meals partaken by
these animals just before dying, and as such, can elucidate
daily, seasonal, or regional alterations in diet not possible with
hypsodonty, mesowear or other gross craniodental methods.
Importantly, microwear (Hoffman et al., 2015) shows a habitat
effect (i.e., grit signature) as well as dietary food discrimination.
In particular, dietary discrimination of modern ungulates using
microwear is dependent upon relative numbers of scratches
whereas scratch textures (i.e., widths) and degree of large
pitting have been shown to track relative dietary abrasion
regardless of dietary category (Semprebon, 2002; Solounias and
Semprebon, 2002; Semprebon et al., 2004; Hoffman et al.,
2015). Thus, browsers subsisting on relative soft foods such
as leaves that occupy arid and open habitats show higher
levels of pitting (especially large pits) and coarser scratch
textures than leaf browsers that occupy relatively closed habitats
(Semprebon, 2002). Coarser scratches are found in modern
grazers that consume dry grass as opposed to fresh or moist
C3 grass (and more large pits and gouges) and closed habitat
and moist C3 grass mixed feeders have finer scratches and
fewer large pits and gouges than open habitat mixed feeders
(Semprebon, 2002). Solounias and Semprebon (2002) and
Semprebon et al. (2004) have reported that those extant ungulate
taxa that either encounter exogenous abrasives or consume
fruit have large percentages of individuals displaying large pits
in their enamel. However, frugivory produces large pits that
are crater-like, deeply etched into the enamel and with very
symmetrical, and well defined, and round border outlines.
Exogenous abrasives produce a more superficial chipping effect
on enamel where large pits are relatively shallow and with
irregular borders.

The purpose of this work is twofold: (1) to examine the
changing paleodiet of Eocene to Recent Quaternary equids
from North America using three different dietary proxies
with different temporal resolutions (hypsodonty, mesowear, and
microwear) and (2) to compare this pattern to that of four North
American artiodactyl families to gain insight as to the impact of
differing amounts of dietary abrasion encountered by food and
grit on shaping these families through time.

MATERIALS AND METHODS

Data from North American equids ranging from the Eocene
(early Uintan) through the Pleistocene (Rancholabrean) were
obtained from (Semprebon et al., 2016) (microwear; N = 1203)
and (Mihlbachler et al., 2011) (mesowear; N = 6498). These data
were compared to published microwear data on extant ungulates
(Solounias and Semprebon, 2002) and microwear and mesowear
data from North American Miocene through Pleistocene
antilocaprids (data from Semprebon and Rivals, 2007), Eocene
through Pleistocene camelids (data from Semprebon and Rivals,
2010), early Miocene through late Miocene dromomerycids
(microwear and mesowear data Semprebon et al., 2004),
and early Miocene through late Miocene merycoidodontids
(unpublished microwear and mesowear “score” data from GS;
published mesowear and hypsodonty data from Mihlbachler and
Solounias, 2006). Unpublished hypsodonty data was obtained
for all five fossil families from Christine Janis. Details regarding
taxa and localities represented may be found in the above
publications. These data were evaluated to compare the
paleoecology of these North American through time.

All microwear data was obtained by a single, trained observer
(G.S.) using a light stereomicroscope at 35x magnification
following technique regime of Semprebon (2002) and Solounias
and Semprebon (2002) and Semprebon et al. (2004). The tooth
and area studied were the same for all families. The average
number of pits (rounded features) vs. average number of
scratches (elongated features) per taxon were counted within a
0.16 mm? area using an ocular reticle. Results were compared
to an extensive extant ungulate database (Semprebon, 2002;
Solounias and Semprebon, 2002) to determine browser vs. grazer
dietary categories. Large pits were scored as either present
(i.e., more than four large pits per microscope field) or absent
(within the 0.16 mm? area) and if gouges were present and the
percentage of individuals within each taxon with these variables
was calculated. Scratch textures were qualitatively recorded as
being either mainly fine, mainly coarse, or a mixture of fine
and coarse textural types following procedures for recognizing
these textural differences outlined in Solounias and Semprebon
(2002) and Semprebon et al. (2004). A scratch width score
(SWS) was attained by ascribing a score of 0 to molars with
mostly fine scratches, 1 to molars possessing a mix of fine and
coarse textures, and 2 to those with mostly coarse scratches.
An average of individual scores for a taxon was obtained to
arrive at the average scratch width score. Mixed feeders were
distinguished from browsers and grazers based on calculations
of the percentage of raw scratches per taxon falling into a low
raw scratch range of 0-17 scratches as discriminating patterns are
discernible among these three extant trophic groups (Semprebon,
2002; Semprebon and Rivals, 2007).

Mesowear for all families was obtained by modifying the
mesowear technique of Fortelius and Solounias (2000) which
examines attritional tooth wear due to tooth-on-tooth contact
wear vs. abrasional wear due to food-on-tooth contact (i.e.,
mesowear). As in the traditional mesowear method, mesowear
data was collected by observing molar cusps macroscopically
in buccal view and assessing cusp sharpness (i.e., sharp, round,
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blunt) and degree of occlusal relief (high or low) (Fortelius
and Solounias, 2000). However, because cusp shape and occlusal
relief are not independent variables and also because assigning
tooth wear into mesowear categories is dependent upon an
individual observer’s judgment without standardization of actual
boundaries defining various shape categories, mesowear was
treated as a single variable and cusp apices were assigned to
stages along a continuum ranging from the sharpest cusps with
the highest relief to the bluntest cusps with the lowest relief
comparing fossil teeth to a mesowear “ruler” (Mihlbachler et al.,
2011) which was devised using seven modern Equus tooth cusps,
representing a range from sharp cusps with high relief (stage
0) to blunt cusps and no relief (stage 6). Stage 7 was assigned
when cusps had a negative relief (i.e., the apex of the cusp was
convex). A mesowear score was determined by calculating the
average mesowear value from each fossil tooth sample. With this
scoring technique, higher scores reflect relatively more abrasion
vs. attrition. Lower scores reflect more attrition vs. abrasion. An
individual with mostly high relief and sharp cusps would have a
score near 0 (e.g., low abrasion browsers), whereas, an individual
with blunt cusps and low relief such as extreme grazers with high
abrasion diets would have a score of 6. Other individuals would
have scores falling in between these two extremes (e.g., coarser
browsers, mixed feeders, and non-extreme grazers).

Extant ungulate data for hypsodonty was obtained from
Janis (1988) and fossil merycoidodontids from Mihlbachler
and Solounias (2006). Unpublished data for fossil equids were
provided to us from Christine Janis. Hypsodonty was measured
as the crown height (distance from the base of the crown to the
tip of the protoconid) divided by the labio-lingual width of the
third, lower and unworn molar provided the crown height ratio

(m3 ratio). Molar width was measured between the protoconid
and the entoconid (occlusal surface). Mihlbachler and Solounias
(2006), however, used upper third molars for merycoidodontids.

RESULTS

Figure 1A shows extant ungulate m3 hypsodonty indices (data
from Janis, 1988) which will serve as a comparative framework
and context for understanding fossil indices. Extant ungulate
hypsodonty indices are represented by circles (for extant
browsers: open circles represent high-level browsers (i.e., those
browsers that invariably feed above ground level), whereas closed
circles represent regular browsers (those browsers that feed
both above the ground and at ground level); for extant grazers:
open circles represent fresh-grass grazers, whereas closed circles
represent regular grazers and closed circles with a black outline
represent equid grazers; for extant mixed feeders: open circles
represent closed habitat mixed feeders, whereas closed circles
represent open habitat mixed feeders). Figure 1A shows that
lower crown heights are found in those extant taxa that either
feed less close to the ground, on fresh grass, or in closed habitats.
This underscores the likely influence that exposure to grit has
played on tooth crown height over time.

Figures 2, 3 and 1B show graphical representations of
hypsodonty indices through time in five North American
ungulate families. Figure 2A shows that North American basal
Eocene equids (hyracotherines) and Eocene and Oligocene
Mesohippus and Miohippus have low crowned teeth (i.e., are
brachydont)—at the level of extant regular browsers (Figure 1A).
A slight increase in crown height (i.e., mesodonty) is observed
in the early Miocene in some parahippine-grade taxa but
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Merychippine-grade and “Derived Equinae” begin a relatively
progressive increase in hypsodonty level in the middle Miocene
(consistent with the crown heights of some closed- and open-
habitat mixed feeders), the latter continuing that trend through
the Pliocene and Pleistocene when they finally attain crown
heights similar to extant open-habitat mixed feeders and
regular grazers.

Figure 2B shows that camels appear in the Eocene and
Oligocene (e.g., Poebrotherium) with hypsodonty indices that
are somewhat greater than equids from those time periods
and similar to those of either extant browsers or closed-habitat
mixed feeders. Crown height increased in the early Miocene
(particularly in stenomylines) to the level of some extant fresh
grass grazers and open habitat mixed feeders. Crown heights were
lower in the middle Miocene due to the extinction of some of
the more hypsodont earlier forms (e.g., stenomylines) but then
were higher beginning in the late Miocene in the camelines (no
Pleistocene m3 hypsodonty data were available) only to decrease
slightly in the Recent. The highest hypsodonty levels were
attained by the stenomylines and camelines—often approaching
that of extant open-habitat mixed feeders and regular grazers.

Figure 3A shows that the cheek teeth of antilocaprids were
relatively hypsodont even in the earliest immigrant forms that
appear in the late early Miocene—the “merycodontines”—and
more hypsodont than the early Miocene camels, dromomerycids,
and equids (Figure 1B)—at the level of some extant open-habitat
mixed feeders and fresh-grass grazers. Like all three other North
American families studied here, pronghorns show an increase in
hypsodonty level in the late Miocene (Figure 1B). Hypsodonty
levels remain high through the Pleistocene but decreased in
the Recent.

Figure 3B shows that dromomerycids appear in North
America in the early Miocene. While the more derived and
cursorial aletomerycines appear with mesodont crown heights
at this time almost at the level of some parahippine-grade
equid taxa, the majority of dromomerycines (Dromomerycini
and early Cranioceratini) have low-crowned teeth (similar to
modern browsers) from the early-middle Miocene. Crown height
decreases slightly in the middle Miocene and then increases
(though not significantly) in later Cranioceratini to the level of
some extant closed-habitat mixed feeders until they go extinct
(in the early Pliocene). Hypsodonty data may be found in
Supplementary Table 1.

Figure 3C shows that Merycoidodontids (“oreodonts”)
appear in North America in the Eocene (Oreonetinae and
Merycoidodontinae) with low molar crown heights typical of
extant regular browsers. As in fossil equids and camelids,
the oreodonts begin to increase their crown height in
the Oligocene [though the highly hypsodont Sepsia nitida
(Leptaucheniinae) and the somewhat hypsodont Leptauchenia
major (Leptaucheniinae) skew the trend curve up in Figure 3C
as other merycoidodontids are not highly hypsodont at this
time]. In the early Miocene, the dip in the graph (Figure 3C)
is due to the extinction of the hypsodont leptauchinine clade
followed by a small trend toward increasing crown height into
the middle Miocene. Hypsodonty data for merycoidodontids is
from Mihlbachler and Solounias (2006).
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FIGURE 3 | Hypsodonty indices of fossil pronghorns, dromomerycids and

oreodonts through time. (A) North American fossil pronghorns through time.

Key to taxa: blue circles = merycodontines (1 = Paracosoryx wilsoni,

2 = Paracosoryx alticornis, 3 = Cosoryx furcatus, 4 = Cosoryx cerroensis,

7 = Meryceros nenzelensis, 8 = Ramoceros ramosus, 9 = Ramoceros sp.,

10 = Merycodus sabulonis, 11 = Merriamoceras coronatus); red

circles = antilocaprines 12 = Hexabelomeryx sp., 13 = llingoceros sp.,

14 = Texoceros guymonensis, 15 = Osbornoceras osborni, 16 = Plioceras

dehlini, 17 = Hexabelomeryx sp., 18 = Capromeryx sp., 19 = Stockoceros

sp., 20 = Antilocapra americana (Recent)]. Blue solid line = hypsodonty index

trendline. Unpublished fossil data from Christine Janis; Recent data from Janis

(1988). (B) Hypsodonty indices of North American fossil dromomerycids

through time (Unpublished fossil data from Christine Janis). Key to taxa: blue

circles = Aletomerycinae (1 = Aletomeryx marslandensis, 2 = Aletomeryx

scotti, 3 = Sinclairomeryx riparius); red circles = Dromomerycinae

(Dromomerycini) (4 = Subdromomeryx scotti, 5 = Barbouromeryx

trigonocorneus, 7 = Dromomeryx whitfordi, 9 = Rakomeryx sinclairi,

10 = Drepanomeryx sp.); green circles = Dromomerycinae (Cranioceratini)
(Continued)
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FIGURE 3 | (6 = Procranioceras skinneri, 8 = Bouromeryx sp.,

11 = Pediomeryx hemphilliensis, 12 = Pediomeryx hamiltoni,

13 = Cranioceras granti). Green, solid line = hypsodonty index trendline. (C)
Hypsodonty data from North American fossil oreodonts through time (modified
from Figure 2 from Mihlbachler and Solounias, 2006). Key to taxa: closed red
circles = Leptaucheniinae (1 = Leptauchenia major, 2 = Leptauchenia decora,
3 = Leptauchia sp., 4 = Sespia nitida); open red circles = Orenetinae

(5 = Oreonetes gracilis, 6 = Oreonetes chadronensis, 7 = Merycoidodon
culbertsoni, 8 = Merycoidodon major); open blue circles = Merycoidodontinae
(9 = Merycoidodon bullatus); solid blue circles = Epororeodontinae

(10 = Eporeodon occidentalis, 14 = Merycoides harrisonensis,

15 = Merycoides longiceps); open black circles = Merychochoerinae

(11 = Merychochoerus superbus, 12 = Merychochoerus chelydra,

13 = Merychochoerus sp.); solid black circles = Merychyinae

(16 = Merychyus crabilli, 17 = Merychyus relictus, 18 = Merychyus medius,
19 = Merychyus elegans; open green circles = Ticholeptinae (20 = Ticholeptis
zygomaticus); solid green circles = Brachycrurinae (22 = Brachycrus laticeps.
Locality information for numbered taxa as in Table 1 in Mihlbachler and
Solounias, 2006). Pink, solid line = hypsodonty trendline for
non-leptauchinines; dotted, pink line represents the trend for the relatively
hypsodont leptauchinines.

Figure 1B displays relative hypsodonty trends through
time of all five North American fossil ungulate families
studied. Figure 1B shows that merycoidodontids and
dromomerycids never attained levels of hypsodonty approached
by antilocaprids, camelids and equids with the exception of
Sepsia nitida (merycoidodontid). Also, equid hypsodonty
eventually (in the late Miocene) far surpasses camelids
and antilocaprids and equids alone remain at the crown
height level of regular grazers from the late Miocene to
the Recent.

Figures 4, 5 represent familial mesowear and microwear
patterns plotted along a time axis. Symbols used to represent
mesowear scores specify the dietary category assigned to
each taxon based on microwear analysis (circles = leaf-
dominated browsers, stars = regional or seasonal mixed feeders,
squares = grazers).

EQUIDAE

Mesowear

Figure 4A shows that basal equids start off in the Eocene with
slightly rounded cusps, but cusp apices gain in sharpness as
the Eocene progresses. Mesowear values were lowest in the
earliest Oligocene, suggesting very low abrasion feeding behavior
at that time although this is followed by a change in the
mesowear trend toward increased abrasion—however, abrasion
is still fairly low. In the early Miocene, there is an increase in
abrasion (higher mesowear values) and this increased abrasion
sustained the progression toward a higher level of abrasion which
started after the Eocene-Oligocene Transition. This trend toward
greater abrasion continued into the Pliocene and Pleistocene.
These mesowear results are mostly consistent with microwear
dietary assignments. However, Miohippus obliquidens (Eocene),
Mesohippus bairdii (Oligocene), Mesohippus sp. (Oligocene) and
Kalobatippus sp. (middle Miocene) have unimodal, high scratch
counts typical of extant grazers yet low mesowear scores typical

of relatively low abrasion. When equid mesowear is compared
to that of the other ungulate families studied (Figure 6), it is
apparent that of those taxa that survived beyond the Miocene
(i.e., equids, camelids, and antilocaprids), only the equids
continued the trend toward higher dietary abrasion into the
Pleistocene and Recent.

Microwear

The most basal early Eocene equids have microwear consistent
with frugivory (e.g., many large, symmetrical puncture-like
pits, scratch textures coarser than extant leaf browsers, as
well as somewhat rounded gross cusp morphology) but a
shift toward more leaf browsing and relatively fine scratch
textures (Figure 7) (and sharper cusps) in the middle Eocene
correlates with mesowear which shows less of a degree of dietary
abrasion incurred toward the approach of the Eocene-Oligocene
boundary. Microwear results in the early Miocene are consistent
with the mesowear trend toward more abrasion at this time [i.e.,
scratch textures became coarser and gouging and large pitting
in dental enamel increased (Figure 8)—even in browsing forms].
Microwear also shows grazing or mixed feeding in parahippine-
grade taxa at this time which would add to the increased
abrasion trend.

Unlike the camels, pronghorn, and dromomerycids
(Figure 6), equid mesowear continued the trend in the
middle Miocene toward greater abrasion that began after the
Eocene-Oligocene Transition. The percentages of large pits in
enamel (Figure 8) remained at a level seen in most extant grazers
from the early Miocene onward. Most of this greater abrasion
seen in the middle Miocene was due to the dietary patterns of the
derived Equinae which were mostly grazing on more abrasive
grasses with coarser scratch textures (Figure7), whereas the
merychippine-grade taxa were mostly mixed feeders on relatively
low abrasion grasses and the Anchitherinae sensu stricto (e.g.,
Archaeohippus, Hypohippus, Kalobatippus, and Megahippus)
had low abrasion browsing patterns. In the late Miocene, the
relatively rare Anchitherinae sensu stricto continued their
low abrasion browsing, while the derived Equinae continued
coarser mixed-feeding or grazing and showed more pitting in
dental enamel compared to the middle Miocene. This trend
toward feeding on a coarser type of food persisted into the
Pliocene as microwear shows a continuation of grazing as
well as mixed feeding although total pit counts were higher
than at any other time and scratch textures (Figure7) were
generally coarser. These results concur with the increased
mesowear scores (higher abrasion) observed in mesowear at
this time.

The trend toward higher microwear pit counts, that began in
the late Miocene and Pliocene continued into the Pleistocene,
with the greatest amount of pitting in Pleistocene species which is
concordant with the high abrasion patterns seen in mesowear at
this time although most Equus taxa exhibited dietary flexibility—
alternating between browse and grass and scratch textures
diminished slightly (Figure7) and pitting of enamel surfaces
decreased in the Recent.
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primus, 27 = Acritohippus tertius, 28 = Parahippus avus, 29 = Parahippus integer, 32, 33, 53 = Hypohippus sp., 34, 35, 43 = Megahippus sp., 36 = “Merychippus”
goorisi, 37 = Merychippus insignis, 38 = Scaphohippus intermontanus, 39 = Acritohippus isonesus, 40 = Acritohippus tertius, 41 = Calippus proplacidus,

42 = Protohippus perditus, 44, 45 = “Merychippus” calamarius, 46 = Cormohipparion quinni, 47 = Megahippus matthewi, 48 = Pseudhipparion retrusum,

49 = Protohippus supremus, 50 = Cormohipparion occidentale, 51, 54 = Calippus martini, 52 = Pseudhipparion hessei, 55 = Cormohipparion occidentale,

56 = Hipparion tehonense, 57, 60 = Dinohippus leidyanus, 58 = Dinohippus sp., 59 = Dinohippus interpolatus, 61 = Dinohippus sp., 62 = Nannipus aztecus,

63 = Pseudhipparion simpsoni, 64 = Neohipparion eurystyle, 65 = Cormohipparion emsliei, 66, 67 = Equus simplicidens, 69, 71, 72, 74, 78 = Equus sp.,

70 = Nannipus peninsulatus, 73 = Equus (Hemionus) sp. “B,” 75 = Equus calobatus, 76 = Equus complicatus, 77 = Equus fraternus, 79 = Equus pacificus. Key to
localities as in Semprebon et al. (2016) Table 1. (B) Synthesis of mesowear and microscopic microwear results for fossil camelids plotted along a time axis. Average
mesowear scores for each taxon are shown plotted along a horizontal axis representing geological time. Symbols used for each mesowear score represent dietary
assignment assessed via microwear (microwear and mesowear data from Semprebon and Rivals, 2010). Key for microwear dietary assignment: circles = browsers,
squares = grazers, stars = seasonal or regional mixed feeders. Orange trend line = mesowear trend line using the same taxa from the same localities that had both
mesowear and microwear data available (N = 45). Key: 1, 2 = Poebrotherium sp., 3 = Poebrotherium wilsoni, 4 = Stenomylus hitchcocki, 5, 9, 15,

16 = Aepycamelus sp., 6 = Michenia sp., 7, 8, 17 = Protolabis sp., 10 = Paramiolabis singularis, 11 = Aepycamelus proceras, 12, 13, 20, 26, 27, 29 = Procamelus
sp., 14 = Miolabis princetonianus, 18, 19, 21, 22, 33, 34 = Megatylopus sp., 23 = Machaerocamelus sp., 24 = Procamelus occidentalis, 25, 30, 31, 32,

36 = Hemiauchenia sp., 28 = Megacamelus sp., 35 = Gigantocamelus spatula, 37, 38, 39 = Camelops sp., 40 = Hemiauchenia macrocephala, 41 =Camelops
nevadanus, 42, 43 = Palaeolama mirifica, 44 = Camelus dromedarius, 45 = Lama vicugna. Key for localities as in Semprebon et al. (2016)—Table 1.

CAMELIDAE evidence of some mixed feeding and significantly more pitting.
This is congruent with camelids occupying relatively more open
habitats than the equids at this time, a pattern consistent with
the much longer legs and higher mesowear scores found in
early camels than in the other families studied here. Scratch
textures in the Eocene-Oligocene camelids are also relatively
coarse (Figure7) contributing to the relatively high abrasion
indicated by heavy pitting and fairly high mesowear scores.
Early Miocene fossil camels have microwear results indicating
browsing but with heavy enamel pitting consistent with the
higher mesowear scores at this time (especially Stenomylus
hitchcocki). Scratch textures (Figure 7) become finer (decreased
scratch widths) in the early Miocene which is consistent with a
switch from some grass consumption in the Eocene/Oligocene to
pure browsing in the Early Miocene. A somewhat lower abrasion
browsing pattern (fewer pits overall) is seen in the middle
Microwear Miocene which correlates with the decrease in mesowear seen
Unlike equids, that begin the Eocene as browsers in closed then—although scratch textures increase slightly (Figure 7). The
habitats, late Eocene-early Oligocene camels show microwear  increased mesowear scores in the late Miocene are accompanied

Mesowear

Figure 4B shows increasing mesowear scores (a rise in abrasion)
from the late Eocene/early Oligocene to the early Miocene.
Camelid dietary abrasion decreased in the middle Miocene
but then changed to more abrasion through the late Miocene,
Pliocene and most of the Pleistocene. In the late Pleistocene,
a large shift toward less abrasion occurred that continued into
the Recent. When camelids are compared to the other ungulate
fossil families studied (Figure 6), the relatively high abrasion
pattern begun in the late Miocene (which is equivalent to many
extant mixed feeders and grazers) is reversed toward relatively
low abrasion in the later Pleistocene into the Recent (unlike the
pattern in equids).
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A KEY: ANTILOCAPRIDAE FIGURE 5 | 5 = Paracosoryx alticornis, 6 = Merycodus sabulonis,
6.0 ®- B.rowscrs (Microwear) 7 = Meryceros joraki, 8 = Ramoceros sp., 9 = Paracosoryx alticornis, 10,
B = Grazers (Microwear) 11 = Cosoryx furcatus, 12 = Cosoryx cerroensis.
= 5.0 | % = Mixed Feeders (Microwear) Antilocaprinae— 13 = Proantilocapra platycornea, 14 = Plioceros dehlini,
g Open symbols = Antilocaprines 15 = ?Hexobelomeryx, 16 = llingoceros alexandrae, 17 = Osbornoceros
O Filled symbols = Merycodonts osborni, 18 = Texocergs guymonensis, 19 = "Plioceros ” texanus, 20 = cf.
»n 4.0 N N Sphenophalos, 21 = llingoceros alexandrae, 22 = Tetrameryx sp.,
Miocene Plig Pleist| R| ; .
o 23 = Hayoceros falkenbachi, 24 = Stockoceros onusrosagris,
< 3.0 carly middle late 1500 25 = Capromeryx furcifer. Key to localities as in Semprebon and Rivals
§ . 160 (2007)—Table 2. (B) Dromomerycids: synthesis of mesowear and microscopic
o 1k *7 14 7 microwear results for fossil dromomerycids plotted along a time axis. Average
@n 2.0 A i mesowear scores (previously unpublished) for each taxon are shown plotted
; f\ { ﬁ 1\} 19 \sb 25 along a horizontal axis representing geological time. Symbols used for each
9 20| 2 N mesowear score represent dietary assignment assessed via microwear
1.0 12 - 4 (microwear data from Semprebon et al., 2004). Key for microwear dietary
*13 a assignment: circles = browsers, squares = grazers, stars = seasonal or
e 23 ! !
0.0 e TIME ] ] regional mixed feeders. Green trend line = mesowear trend line using the
Anilocapra americana same taxa from the same localities that had both mesowear and microwear
B data available (N = 14). Key: 1= Barbouromeryx sp., 2 = Bouromeryx
DROMOMERYCIDAE ’
6.0 KEY: pawniensis, 3 = Dromomeryx (Subdromomeryx) scotti, 4 = Procranioceras
@® = Browsers (Microwear) . skinneri, 5 = Aletomeryx gracilis, 6 = Aletomeryx scotti, 7 = Sinclairomeryx
% = Mixed Feeders (Microwear) m riparius, Dromomeryx whitfordi, 9, 10 = Drepanomeryx (Matthomeryx) sp.,
E 5.0 Ojpjen symbols = dromomeryzifies ' 11 = Rakomeryx sinclairi, 12 = Cranioceras clarendonensis, 13 = Cranioceras
8 Filled symbols = aletomeryines unicornis, 14 = Pediomeryx hamiltoni, 15,16 = Pediomeryx hemphilliensis,
n 40 ve - - 17 = Pediomeryx (P.) sp. (C) Merycoidodontids: synthesis of mesowear and
% . tocene PligPleist (R microscopic microwear results for fossil merycoidodontids plotted along a time
= early middle late axis. Mesowear is represented as the proportion of cusps in a taxon that are
3 3.0 not sharp (i.e., are rounded or even blunt) and were obtained from Mihlbachler
8 and Solounias (2006) and derived in this study be subtracting the proportion of
E 2.0 sharp cusps from 1.00. Mesowear for each taxon is plotted along a horizontal
1126 axis representing geological time. Symbols represent dietary assignment
;k,ﬁ,, - 1Z assessed via microwear (unpublished microwear data from GS). Key for
1.0 5‘='N 09 L~ %13 microwear dietary assignment: circles = browsers, squares = grazers,
[le=" hgs/ " stars = seasonal or regional mixed feeders. Pink trend line = mesowear trend
0.0 - i TIME line using the same taxa from the same localities that had both mesowear and
microwear data available (N = 26). Key: 1 = Orenetes chadronensis
c KEY: MERYCOIDODONTIDAE n (Oreonetinae), 2 = Merycoidodon culbertsoni (Merycoidodontinae),
® = Leaf Browsers (Microwear) A Eruith - 3 = Leptauchenia sp. (Leptaucheniinae) (L. decora), 4 = Merycoidodon
- % = Mixed Feeders (Microwear) = Fruit Browsers (Microwear) bullatus (Merycodoidodontinae), 5 = Merycoidodon major
(Merycodoidodontinae), 6 = Orenetes gracilis (Oreonetinae), 7 = Sepsia nitida
1.0
é Ay ©24 (Leptaucheniinae), 8 = Leptauchenia major, (Leptaucheniinae), 9 = Eporeodon
- ®17 s occidentalis (Eporeodontinae), 10 = Merycochoerus superbus superbus
; 0.8 7 30 > (Merycochoerinae), 11 = Merycochoerus superbus (Merycochoerinae),
= L] 1 - 12 = Hypsiops breviceps breviceps (Merycochoerinag), 13 = Merychyrus
& 0.6 .9 o016 .26 crabilli (Merychyinae), 14 = Merycoides harrisonensis harrisonensis
< .2 o % ng (Eporeodontinae), 15 = Merycochoerus chelydra carrikeri (Merycochoerinag),
= ° 16, 17 Merychyus el i =
NK L s ychyus elegans arenarum (Merychyinae), 18 = Merychochoerus sp.
% 0.4 01 15 (Merycochoerinae), 19 = Merychyus sp. (Merychyinae), 20 = Merychyus
7] 21 relictus (Merychyinae), 21 = Brachycrus laticeps buwaldi (Brachycrurinae),
; 0.2 (3 22 = Merychyus relictus (Merychyinae), 23 = Brachycrus laticeps buwaldi
s o (Brachycrurinae), 24 = Ticholeptus zygomaticus (Ticholeptinag),
_ early mi late _ _ 25 = Brachycrus laticeps siouense (Brachycrurinae), 26 = Merychyus medius
0.0 Eocene|Oligocene Miocene Pliocene  Pleistocene’ R medius (Merychyinae)
TIME
FIGURE 5 | Synthesis of mesowear and microscopic microwear results for
fossil antilocaprids, dromomerycids and merycoidodontids plotted along a time by microwear results indicating a shift toward some mixed
axis. (A) Annlooapr{dsz avera'ge mesowe'ar scores for egch taxon are shown fee ding and occasional grazing in addition to browsing with
plotted along a horizontal axis representing geological time. Symbols used for h itti £ 1. Th latively high
each mesowear score represent dietary assignment assessed via microwear . eavy pl‘ mng o ename' : ¢ relatively nigh mesowear scores
(microwear and mesowear data from Semprebon and Rivals, 2007). Key for in the Pliocene and Pleistocene camels match the heavy enamel
microwear dietary assignment: circles = browsers, squares = grazers, pitting found in the browsing, mixed feeding and grazing taxa
§tars = seasonal or regional mixed feeders. B!ue trend line = mesowear trend from this time period as well as an increase in scratch widths
I\nle using the same ltaxa from the same localities that had both mesowear and (Figure 7)' The modern camelids (Recent) have lower mesowear
microwear data available (N = 26). Key: “Merycodontinae”—1 = Paracosoryx h he fossil lid h h h d 1 |
dawesensis, 2 = Paracosoryx wilsoni, 3, 4 = Merriamoceros coronatus, score§ than t .e 0ss1 carr%e 1ds even thoug ypsodonty ?Ye §
(Continued)  are different (i.e., Lama vicugna has more hypsodont dentition
than Camelus dromedarius but both have similar mesowear
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FAMILIAL MESOWEAR PATTERNS OVER TIME
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FIGURE 6 | Composite figure showing mesowear trends through time for equids (black line), antilocaprids (blue line), camelids (orange line), dromomerycids (green
line), and oreodonts (pink line). Equid, camelid, antilocaprid, and dromomerycid trends reflect a graphical display of average mesowear scores (scores that combine
cusp shape with occlusal relief) for taxa in a particular time period (0-6); merycoidodontid trend reflects cusp shape only (i.e., the proportion of cusps that are not
sharp, 0-1.0). Red arrow and red lines indicate probable timing of first availability of grass in the North American Great Plains Region by ~22 million years ago (earliest
Miocene), but possibly by even about 26 million years ago (latest Oligocene) based on phytolith data from Stromberg (2011).

TIME

scores), suggesting that fossil camels have a more abrasive diet
than the modern camels studied. Scratch widths (Figure 7)
also decrease in the Recent further substantiating that modern
camels encounter less abrasion in their diets than fossil forms.
Interestingly, camelids display many individuals in each taxon
with large pits in their enamel (Figure 8) for most of their
evolutionary history only declining in the Pleistocene and Recent
even though most of them have microwear patterns similar to
modern dirty browsers (i.e., a grit effect).

ANTILOCAPRIDAE

Mesowear

Figure 5A shows that antilocaprids begin the Miocene with
somewhat rounded cusps and then shift toward higher mesowear
scores indicating more abrasive diets starting in the late
Hemphillian (late Miocene-Pliocene). After this, they reverse
toward a less abrasive diet starting in the Pliocene and continuing
through the Pleistocene into the Recent. Antilocaprids (like
camelids) had relatively long legs and were rather hypsodont
when they first appeared and were well-suited to exploit open
habitats. When antilocaprids are compared to the other fossil
ungulate families studied here (Figure 6), it is apparent that
they followed a similar pattern to that seen in fossil camelids in
terms of reducing overall abrasion as they moved into the Recent
[although pronghorns apparently reduced their level of abrasion
a bit earlier (i.e., in the Pliocene)] than camelids.

Microwear

Like the camelids but unlike equids, the earliest and more
primitive merycodonts have microwear results consistent with
browsing and grazing on a seasonal or regional basis but with
far less pitting overall than camelids and finer scratch textures

(narrower scratches) (Figure7) which explains the relatively
low mesowear scores in antilocaprids (less abrasion) at this
time. Like the other families studied here, overall abrasion
increased (Figure 6) in the late Miocene (i.e., mesowear) when
the more derived antilocaprines apparently engaged in more
grass consumption although scratch textures (Figure 7) indicate
a diet that was not highly abrasive. As seen in the camelids
and dromomerycids (but not in equids), antilocaprids decreased
dietary abrasion (Figure 6) in the Pliocene and Pleistocene into
the Recent (the modern Antilocapra americana eats mostly low-
level browse in an open habitat). This decrease in abrasion is
consistent with the decrease in scratch widths in the Recent
seen in Figure 7. Interestingly, like camelids, antilocaprids have
relatively large numbers of individuals per taxon that display
large pits in their enamel (Figure 8), about the level of extant
grazers, for most of their evolutionary history regardless of
dietary assignment via microwear.

DROMOMERYCIDAE

Mesowear

Figure 5B shows that the dromomerycids have relatively low
abrasion mesowear scores in the early Miocene which dip
down further in the middle Miocene and then begin to
climb in the late Miocene to the level of some extant
mixed feeders. Dromomerycids experienced the lowest levels of
abrasion throughout their evolutionary history when compared
to abrasion levels (mesowear) in the other families studied
here (Figure 6).

Microwear
The early Miocene abrasion results
parallel microwear results as the earliest dromomerycids

low mesowear
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FIGURE 7 | Average scratch width scores (sws) for each fossil family plotted over evolutionary time. (A) equids, (B) camelids, (C) antilocaprids, (D) dromomerycids,
(E) merycoidodontids. Red arrow and red lines indicate probable timing of first availability of grass in the North American Great Plains Region by ~22 million years ago
(earliest Miocene), but possibly by even about 26 million years ago (latest Oligocene) based on phytolith data from Stromberg (2011).

Miocene

(Dromomerycinae—Dromomerycini) have microwear similar to
fine browsers [i.e., many finely-textured scratches and relatively
few pits (including little or no large pits)]. In the late early
Miocene, the Aletomerycinae appear with limb proportions
suggestive that they occupied open/ecotonal habitats and
microwear indicating seasonal or regional mixed feeding.
Aletomyerycinae start off in the late early Miocene with
fairly high scratch textures. The relatively large percentages
of individuals displaying large pits (Figure 8) in the late early
Miocene are confined to the more open country and mesodont
Aletomerycinae. From the early-middle Miocene, the majority
of dromomerycids were low abrasion browsers (scratches
were also relatively fine and narrow—Figure 7) but in the late
Miocene, increased mesowear scores are mirrored by the more

derived Cranioceratini (subfamily Dromomerycinae) which
show evidence of alternating between browsing and grazing but
with many individuals displaying large pits (Figure8) and a
prodigious level of enamel surface gouging as well many coarse
scratches (Figure7) compared to what is typically found in
extant mixed feeders (i.e., a grit effect).

MERYCOIDODONTIDAE

Mesowear

Figure 5C shows mesowear trends through time in fossil
merycoidodontids. Mesowear was obtained from Mihlbachler
and Solounias, 2006. In this study, mesowear was graphically
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FIGURE 8 | Average percentages of individuals per taxa in each time period that display large enamel pits (averages for extant ungulates from Semprebon, 2002).
(A) equids, (B) camelids, (C) antilocaprids, (D) dromomerycids, (E) merycoidodontids. Red arrow and red lines indicate probable timing of first availability of grass in
the North American Great Plains Region by ~22 million years ago (earliest Miocene), but possibly by even about 26 million years ago (latest Oligocene) based on

Middle Late PliocenePleistocene Recent

portrayed as the inverse proportion of sharp cusp apices (1-
sharp) rather than via comparison with the mesowear ruler
which gives a mesowear score that is a combination of cusp
shape and occlusal relief. Even so, higher values represent
more abrasion wear and can be used to demonstrate changes
in abrasion over evolutionary time. Figure5C demonstrates
that early merycoidodontids (Eocene and early Oligocene)
display low abrasion (similar to extant browsers) but this trend
reverses beginning in the late Oligocene and continues as an
increasing abrasion trend into the middle Miocene with some
taxa showing abrasion similar to that of extant mixed feeders
and some non-extreme grazers. It is not possible to compare
merycoidodontid mesowear in terms of magnitude of abrasion
to other fossil ungulate families studied herein (Figure 6)

because mesowear scoring systems were somewhat different
although overall relative similarities and differences in trends can
be discerned.

Microwear

Figure 5C shows that merycoidodontids relied mainly on
a browsing dietary strategy throughout their evolutionary
time. Even so, scratch textures (Figure7) and percentages of
individuals displaying large pits in their enamel (Figure 8)
are well above typical modern leaf browsers. The higher
crowned Leptauchiniinae (Figure 3C) are interesting in that
Leptauchenia decora (early Oligocene) apparently engaged in
seasonal or regional mixed feeding while the highly hypsodont
Sepsia nitida apparently browsed (late Oligocene). Miocene
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merycoidodontids (most taxa) have microwear patterns that
demonstrate committed leaf browsing or an alteration between
leaves and fruit (Brachycrus species).

Figure 8 depicts a summary of the average percentage of large
pits found in the enamel of the five fossil ungulate families
relative to each other through evolutionary time shown in
relation to the mean score for extant browsers (typically with low
percentages of large pits) and extant grazers (typically with higher
percentages of large pits). A preponderance of large pits reflects
either an increased amount of fruit and/or seed consumption
(puncture-like, symmetrical large pits) or an increased exposure
to grit coating food substances—the latter presumably due to
feeding close to the ground (Solounias and Semprebon, 2002).
Equidae (Figure 8A) begin the Eocene with increased large pits
due mostly to frugivory (see Figure4A) and then decrease
the amount toward the Eocene-Oligocene transition as more
leaf browsing and low abrasion grass consumption is apparent.
During the early Miocene, large pitting increases to the level of
extant ungulate grazers and remains at this relatively high level
until the recent (grit effect).

The Camelidae (Figure 8B) display very high levels of large
pits from the Eocene through the Pliocene (above the mean of
extant grazers even though most of them are clearly browsing)
and then show a rather precipitous decline. Antilocaprids
(Figure 8C) show a very consistent level of large pitting (above
the level of extant grazers—even though most of them are mixed
feeding and eventually browsing). The dromomerycid large pit
mean percentage is high in the early Miocene but this is mostly
skewed high due to the large percentages of large pits found
in the more open habitat, mixed feeding aletomerycines. The
majority of dromomerycines (Figure 8D) (browsers) in the early
Miocene have relatively low numbers of large pits. What is
striking is the extreme level of large pitting encountered in the
enamel of the late Miocene Cranioceratini before they go extinct
in the Pliocene. The merycoidodontines (Figure 8E) show large
percentages of individuals with large pits within taxa on average
from their beginning in the Eocene and increasing to levels
comparable to what is seen in the camelids.

Figures 9-13 summarize microwear average scratch vs. pit
results for each family by plotting each family in the same
time period and arranging results in chronologic order (data
are shown in Supplementary Tables 1,2). Data in Figures 9
13 are plotted using Gaussian confidence ellipses (p = 0.95)
on the centroid as a reference for extant browser (B) and
grazer (G) data which were also adjusted by sample size. Data
are from Semprebon (2002) and Solounias and Semprebon
(2002) . Dietary assignments given to mixed feeders which may
fall within the browsing average scratch/pit ecospace (browse-
dominant mixed feeders), grazing ecospace (grass-dominant
mixed feeders), or in the gap between browsers and grazers
(fairly equal browsing and grazing behavior) are based on raw
scratch distributions as described in the relevant publications
noted in figure captions from which data were obtained.
The designation of fruit browser was based on percentages
of large pits, puncture-like large pits, and coarser scratch
textures than leaf browsers (see relevant publications noted
in figure captions for details). Figure 9 shows average pit vs.

average scratch numbers for Eocene-Oligocene fossil equids,
camelids, and merycoidodontids. Most fossil equids (Figure 9A)
apparently engaged in both leaf and fruit browsing but Miohippus
obliquidens, Mesohippus bairdii, and Mesohippus sp. displays
unimodal and high scratch results (but finely textured unlike
modern grazers) which is incongruent with the gross morphology
of their teeth, their mesowear, and low overall rate of wear and
may thus possibly reflect an abrasive element in their diet other
than grass. Camelids and merycoidodontids were engaging in an
unusual type of browsing and mixed feeding - exceptionally high
pitting characteristic of open habitat “dirty” browsers and mixed
feeders (i.e., significant grit effect).

For most time periods, the four families occupied mostly
disparate niches with the exception of the late Miocene when all
four families had a number of taxa engaging in varying levels
of grass consumption—although the camelids (Figure 9B) were
engaging in mainly browsing at this time as they apparently did
for most of their evolutionary history. The camelids also were
committed “dirty browsers” through most of their evolution—
showing relatively extremely high total pit counts consistent
with exposure to grit. None of the relatively low-crowned
dromomerycids (Figures 10B, 11D, 12D) were pure grazers at
any time in their past whereas the other families that had
mesodont and hypsodont representatives engaged in grazing or
alternating between grass and browse. In addition, equids appear
to have consistently showed the greatest overall flexibility in
their dietary behavior. Contrary to what is often assumed, Plio-
Pleistocene equids were not restricted in their dietary regimes at
this time but show a level of dietary breadth that may reflect more
seasonal variation in diet.

Figure 10 shows average pit vs. average scratch numbers
for early Miocene fossil equids, camelids, antilocaprids,
dromomerycids, and merycoidodontids. Once again, equids
(Figure 10A) show a diverse array of dietary behavior with
some forms engaging in leaf browsing, some in fruit browsing,
some alternating between browse and grass, and some grazing.
Camelids (Figure 10B) and merycoidodontids (Figure 10D)
continue mainly dirty browsing while antilocaprids (Figure 10C)
are mixed feeders and dromomerycids (Figure 10D) are either
leaf browsers or mixed feeders.

Figure 11 shows comparative average pit vs. average scratch
numbers for middle Miocene fossil families. The equids
(Figure 11A) show fairly balanced numbers of browsers,
mixed feeders and grazers, while the camelids (Figure 11B)
and merycoidodontids (Figure 11E) continue dirty browsing
and some fruit browsing. Dromomerycids (Figure 11D)
concentrated on pure browsing at this time, while antilocaprids
were mostly alternating between browse and mixed feeding but
also engaging in limited browsing and grazing.

Figure 12 shows average pit vs. average scratch numbers
for late Miocene fossil families. All four families depicted in
Figure 12 show shifts toward more grass consumption than
what was seen earlier in the Miocene. Only the camelids
(Figure 12B) continue with mostly dedicated browsing (although
high abrasion, dirty browsing). Equid (Figure 12A) mixed
feeders are now closer to the grazing ecospace indicating more
grass-dominated mixed feeding than antilocaprids (Figure 12C)
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or dromomerycids (Figure 12D). Also, equids and antilocaprid
mixed feeders and equid mixed feeders and grazers show more
pitting than earlier in the Miocene, indicating exposure to more
grit during feeding.

Figure 13 shows average pit vs. average scratch numbers
for Pliocene and Pleistocene fossil families. In the Pliocene
and Pleistocene, there is a continuation of relatively high
abrasion (i.e., heavy pitting) mixed feeding and grazing in
equids (Figures 13A,D), high abrasion browsing and grazing in
camelids (Figures 13B,E) and relatively lower abrasion browsing
and grazing in antilocaprids (Figures 13C,D).

DISCUSSION

In this study, we examined the relative contributions of
exogenous abrasives as a driving force in ungulate tooth
evolutionary changes wusing a combination of dietary
proxies (hypsodonty index, mesowear and microwear) with

different temporal resolution capabilities to shed light on the
amounts of different levels of abrasion imposed on molar
teeth over evolutionary time and the potential causes of
this abrasion.

The evolution of the Equidae has provided much fuel for
the paleoecology fire. The rather dramatic craniodental and
locomotory modifications of the late early Miocene radiation
of horses (Equinae) prompted Simpson (1951) to call this the
time of “the great transformation”. Such changes (e.g., changes
in craniodental proportions, cementum-covered, and hypsodont
dentition, locomotory changes, and increased body size) were
once considered as an indication that savannas spread during
this time period, an hypothesis supported by the fact that
crown height generally correlates with diet and habitat among
extant ungulates.

To add to the growing body of knowledge that
has been accumulating that challenges this historical
hypothesis, we also investigated whether the appearance
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FIGURE 10 | Bivariate plot showing results for the average number of pits vs. the average number of scratches per taxon for Early Miocene fossil equids (A), camelids
(B), antilocaprids (C), dromomerycids (D) and merycoidodontids (E) plotted in reference to extant leaf dominated ungulate browsers (B), and extant grazers (G) at 35
times magnification (extant comparative data from Semprebon, 2002; Solounias and Semprebon, 2002). Gaussian confidence ellipses (p=0.95) on the centroid are
indicated for the extant leaf browsers and grazers (convex hulls) adjusted by sample size. Key to Equidae: 12,16, 17 = Parahippus nebrascensis, 13 = Kalobatippus
agatensis, 14, 25 = Kalobatippus sp., 15, 18 = Parahippus sp., 19, 21 = Parahippus leonensis, 20 = Parahippus pawniensis, 22 = Archaeohippus blackbergi,

23 = Archaeohippus penultimus, 24 = Hypohippus sp., 26 = Merychippus primus, 27 = Acritohippus tertius. Key to Camelidae: 4 = Stenomylus hitchcocki,

5 = Aepycamelus sp., 6 = Michenia sp., 7, 8 = Protolabis sp. Key to Antilocapridae: 1 = Paracosoryx dawsensis, 2 = Paracosoryx wilsoni. Key to Dromomerycidae:
1= Barbouromeryx sp., 2 = Bouromeryx pawniensis, 3 = Dromomeryx (Subdromomeryx) scotti, 4 = Procranioceras skinneri, 5 = Aletomeryx gracilis,

6 = Aletomeryx scotti, 7 = Sinclairomeryx riparius. Key to Merycoidodontidae: 1 = Hypsiops breviceps breviceps, 2 = Merychyus crabilli, 3 = Merycochoerus
chelydra carrikeri, 4 = Merycoides harrisonensis harrisonensis, 5 = Merychyus elegans arenarum, 6 = Merychyus elegans minimus, 7 = Merychyus elegans elegans,
8 = Merychochoerus sp., 9 = Merychyus sp., 10 = Merychyus relictus, 11 = Brachycrus laticeps buwaldi.

of hypsodonty in the Miocene was truly synchronous exposure to abrasion and subsequent crown height
with the appearance of grasslands and also whether  augmentation in fossil horses and other ungulates using three
exogenous grit could be a contributing factor to increased  paleodietary techniques.
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FIGURE 11 | Bivariate plot showing results for the average number of pits vs. the average number of scratches per taxon for Middle Miocene fossil equids (A),
camelids (B), antilocaprids (C), dromomerycids (D), and merycoidodontids (E) plotted in reference to extant leaf dominated ungulate browsers (B), and extant grazers
(G) at 35 times magnification (extant comparative data from Semprebon, 2002 and Solounias and Semprebon, 2002 ). Gaussian confidence ellipses (p=0.95) on the
centroid are indicated for the extant leaf browsers (B) and grazers (G) (convex hulls) adjusted by sample size. Key to Equidae: 28 = Parahippus avus, 29 = Parahippus
integer, 30, 31 = Parahippus sp., 32, 33 = Hypohippus sp., 34, 35, 43 = Megahippus sp., 36 = “Merychippus” goorisi, 37 = Merychippus insignis,

38 = Scaphohippus intermontanus, 39 = Acritohippus isonesus, 40 = Acritohippus tertius, 41 = Calippus proplacidus, 42 = Protohippus perditus, 44,

45 = “Merychippus” calamarius, 46 = Cormohipparion quinni, 47 = Megahippus matthewi, 48 = Pseudhipparion retrusum, 49 = Protohippus supremus,

50 = Cormohipparion occidentale, 51 = Calippus martini. Key to Camelidae: 9, 15, 16 = Aepycamelus sp., 10 = Paramiolabis singularis, 11 = Aepycamelus
proceras, 12, 13 = Procamelus sp., 14 = Miolabis princetonianus, 17 = Protolabis sp. Key to Antilocapridae: 3, 4 = Merriamoceros coronatus, 5 = Paracosoryx
alticornis, 6 = Merycodus sabulonis, 7 = Meryceros joraki, 8 = Ramoceros sp., 9 = Paracosoryx alticornis, 10, 11 = Cosoryx furcatus. Key to Dromomerycidae:

8 = Dromomeryx whitfordi, 9, 10 = Drepanomeryx (Matthomeryx) sp. Key to Merycoidodontidae: 1 = Merychyus relictus, 2 = Brachycrus laticeps buwaldi,

3 = Ticholeptus zygomaticus, 4 = Brachycrus laticeps siouense, 5 = Merychyus medius medius.
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FIGURE 12 | Bivariate plot showing results for the average number of pits vs. the average number of scratches per taxon for Late Miocene fossil equids (A), camelids
(B), antilocaprids (C), and dromomerycids (D) plotted in reference to extant leaf dominated ungulate browsers (B), and extant grazers (G) at 35 times magnification
(extant comparative data from Semprebon, 2002 and Solounias and Semprebon, 2002). Gaussian confidence ellipses (o = 0.95) on the centroid are indicated for the
extant leaf browsers (B) and grazers (G) (convex hulls) adjusted by sample size. Key to Equidae: 52 = Pseudhipparion hessei, 53 = Hypohippus sp., 54 = Calippus
martini, 55 = Cormohipparion occidentale, 56 = Hipparion tehonense, 57, 60 = Dinohippus leidyanus, 58, 61 = Dinohippus sp. 59 = Dinohippus interpolatus. Key to
Camelidae: 18, 19, 21, 22 Megatylopus sp., 20, 27, 29 = Procamelus sp., 23 = Machaerocamelus sp., 24 = Procamelus occidentalis, 25, 30, 31,
32 = Hemiauchenia sp., 28 = Megacamelus sp. Key to Antilocapridae: 14 = Plioceros dehlini, 13 = Proantilocapra platycornea, 12 = Cosoryx cerroensis,
15 = ?Hexobelomeryx sp., 16, 21 = llingoceros alexandrae, 17 = Osbornoceros osborni, 18 = Texoceras guymonensis 19 = "Plioceros " texanus, 20 = cf.
Sphenophalos. Key to Dromomeryidae: 12 = Cranioceras clarendonesis, 13 = Cranioceras unicornis, 14 = Pediomeryx hamiltoni, 15 = Pediomeryx hemphilliensis
(Guymon Area), 16 = Pediomeryx hemphilliensis (Coffee Ranch), 17 = Pediomeryx sp.

To this end:

1. We tracked crown height (hypsodonty indices) through time
for five North American families - Equidae, Camelidae,
Antilocapridae, Dromomerycidae, and Merycoidodontidae.

2. We tracked level of abrasion incurred by individuals in each
family through time via assessing cusp shape and occlusal
relief (mesowear) and compared it to hypsodonty trends.

3. Wereconstructed dietary behavior through time using enamel
microwear to track grazing behavior and encroachment on
food items by exogenous grit.

The older ideas regarding the correlation between the appearance
of grasslands and hypsodonty in North America was fueled
by the radiation of the genus Merychippus which represented
a more hypsodont horse than earlier forms, as well as the
earliest member of the subfamily Equinae which were highly
hypsodont at around 17.5Ma (late early Miocene) (Damuth
and Janis, 2011), although a small increase in crown height
was seen in the first appearance of Parahippus at about 23 Ma

(Jardine et al, 2012). Merychippus, though more hypsodont
than Parahippus, is not a highly hypsodont horse and plant
phytolith evidence suggests that extensive grasslands were
present in North America much earlier than the radiation
of Merychippus.

Figure 1B shows that in equids, highly hypsodont equines
appeared only about the late middle Miocene (roughly 14 million
years ago), well after the projected availability of pervasive
open grasslands by 22 Ma (earliest Miocene) (Stromberg, 2004,
2005) or even 26 Ma (latest Oligocene) (Stromberg, 2011),
although many early Miocene forms were rather hypsodont.
Antilocaprids and camelids also developed hypsodonty in the
late middle Miocene. Merycoidodontids attained a modest degree
of hypsodonty in the Oligocene. Figure 1B also shows that it is
within the Equidae that the highest levels of hypsodonty were
obtained through time of the families studied here.

Jardine et al. (2012) (Figure 21A) demonstrated with their
regional-scale study of tooth height changes of US Great Plains
fossil herbivores that both artiodactyls and perissodactyls show
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FIGURE 13 | Bivariate Plot showing resullts for the average number of pits vs. the average number of scratches per taxon for Pliocene and Pleistocene fossil equids
(A,D), camelids (B,E), and antilocaprids (C,F) plotted in reference to extant leaf dominated ungulate browsers (B), and extant grazers (G) at 35 times magnification
(extant comparative data from Semprebon, 2002 and Solounias and Semprebon, 2002). Gaussian confidence ellipses (p = 0.95) on the centroid are indicated for the
extant leaf browsers (B) and grazers (G) (convex hulls) adjusted by sample size. Key to Pliocene Equidae: = 62 = Nannipus aztecus, 63 = Pseudhipparion simpsoni,
64 = Neohipparion eurystyle, 65 = Cormohipparion emsliei, 66, 67 = Equus simplicidens, 68, 69 = Equus sp., 70 = Nannipus peninsulatus. Key to Pliocene
Camelidae: 33, 34 = Megatylopus sp., 35 = Gigantocamelus spatula, 36 = Hemiauchenia sp. Key to Pliocene Antilocapridae: 22 = Tetrameryx sp. Key to
Pleistocene Equidae: 71, 74, 78 = Equus sp., 72 = Equus sp. A, 73 = Equus (Hemionus) sp. “B,” 75 = Equus calobatus, 76 = Equus complicatus, 77 = Equus
fraternus. Key to Pleistocene Camelidae: 37 = Camelops sp., 38, 39 = Camelops sp., 40 = Hemiauchenia macrocephala, 41 = Camelops nevadanus, 42,
43 = Palaeolama mirifica. Key for to Pleistocene Antilocapridae: 13 = Capromeryx furcifer, 23 = Hayoceros falkenbachi, 24 = Stockoceros onusrosagris.

a gradual changeover from brachydont to highly hypsodont  herbivorous mammals. Also, Miiller et al. (2014) point out
forms, but that perissodactyls have a greater proportion of that although phytoliths abrade enamel, grit probably induces
highly hypsodont taxa than artiodactyls. Jardine et al. (2012)  more wear on teeth in the habitats where most grazers seek
also showed that within Perissodactyla, it is the Equidae rather =~ food (Madden, 2014). Our results are consistent with these
than the Rhinocerotidae that make up a higher proportion  hypotheses as they indicate that a grit effect was likely an
of hypsodont forms, and only the Equidae that evolve highly = important first driver of the acquisition of hypsodonty in
hypsodont forms. Jardine et al. (2012) also found that many  the families studied here. For example, very heavily pitted
families of artiodactyls and perissodactyls were entirely low  enamel surfaces with many large pits and relatively coarse
crowned (<mesodont), and within the Artiodactyla, only  scratch textures are found in leptauchenine oreodonts and
antilocaprids (which appear as mesodont immigrants in the early ~ stenomyline camels—results typical of modern ungulates today
Miocene), camelids and merycoidodontids attained hypsodont  living in open and arid habitats and exposed to high levels
or highly hypsodont dentitions. The first artiodactyls to become  of exogenous grit. Of the three leptauchenine oredonts studied
hypsodont are the leptauchenine oreodonts and the stenomyline  here, two have microwear consistent with “dirty” browsing
camelids (Jardine et al,, 2012). The obvious question is why?  and Leptauchenia decora has microwear consistent with “dirty”
Stromberg et al. (2016) investigated functions of phytoliths  seasonal or regional mixed feeding. Our microwear results
in vascular plants and rejected the traditional hypothesis that  for L. decora indicate that some forest fragmentation was
phytoliths in grasses evolved as part of a defense against large ~ most likely apparent in the Oligocene which is consistent
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with Retallack’s research on plains paleosols (Retallack, 1992,
2004) that showed evidence of more open environments
with the potential of feeding closer to the ground, as
evidenced by mixed feeding in L. decora and the camelid
Probrotherium sp.

Equids and antilocaprids also become somewhat hypsodont
in the late early Miocene (Hemingfordian), and at this time
both families experience high degrees of large pitting in their
enamel and begin to show scratch textures regardless of dietary
classification indicating heavy exposure to exogenous grit.

Our hypsodonty results (Figure 1B) are consistent with
those of Jardine et al. (2012) that show that it is not
until the middle Miocene (Barstovian) that highly hypsodont
(HI >5) taxa first appear on the Great Plains. While some
grass was likely consumed in the Oligocene based on our
microwear results (e.g., early camels and pronghorns), the
overall pattern in terms of timing of the attainment of
hypsodonty is not congruent with a grass diet as the main
impetus for the “Great Transition” in equids nor of crown
height changes in the ungulate families studied here. Our
results are more consistent with prior results that show that
even after open grasslands became pervasive, forest cover was
also available until the late Miocene and habitats remained
heterogeneous (Stromberg, 2005; Stromberg and Mclnerney,
2011) - a finding consistent with the fact that most ungulates
studied here were browsing or mixed feeding throughout
the Miocene.

An excellent review of the evolution of grasses and grassland
evolution was put forth by Stromberg (2011) where she pointed
out that the evolution of hypsodonty was not synchronous
with the spread of open and grass-dominated habitats and
that in North America, hypsodonty appeared or became more
prominent in faunas many million years after the expansion of
open-habitat grasses (Stromberg, 2006; Stromberg et al., 2007).
Our data confirm this assertion. Stromberg (2011) also confirmed
that macrofossils demonstrate that while the earliest grasses
on the North American continent are known from the earliest
Eocene, the evolution of grasses in North America has proven
to be a rather complex phenomenon in terms of how and when
open and grass-dominant flora spread with different scenarios
proposed by different lines of evidence.

These scenarios are summarized as follows: (1) Palynofloral
and macrofossil data indicate that habitats that were mostly grass-
free prevailed in the central parts of North America throughout
the Oligocene, while habitats that were open and grass-
dominated did not disseminate until the middle-late Miocene
(e.g., Thomasson, 1990; Bolick et al, 1995). (2) Phytoliths
(from the Great Plains region) reveal that some open-habitat
type grasses permeated subtropical and closed forest by the
earliest Oligocene but were minor elements there until the late
Oligocene into the early Miocene when they began to expand.
It was not until the latest Miocene that less patchy and more
uniformly open grasslands seem to have spread based on work
by Stromberg and McInerney (2011). (3) Paleosol data from
studies by Retallack (1997, 2007) on the central Great Plains,
northern Rocky Mountains, and Pacific Northwest suggests an
expansion of more open habitats by the earliest Oligocene while

C3-dominated grasslands were purported to have spread in the
early Miocene in drier habitats.

Even so, Samuels and Hopkins (2017) have shown that smaller
mammals such as rodents and lagomorphs correspond more
closely with the timing of habitat changes than those studied
here most likely because of their smaller ranges and shorter
generation times. Figure 6 shows comparative familial mesowear
patterns over time. These patterns closely mirror hypsodonty
trends (Figure 1B) in terms of synchrony in the timing of the
acquisition of increased dietary abrasion, as evidenced by higher
mesowear scores when hypsodonty increases. An interesting
difference, however, is that while antilocaprids attain relatively
high hypsodonty indices in the late Miocene, the spike in their
mesowear scores is relatively lower comparatively than what
is observed in equids or camelids. This most likely reflects
more intermittent exposure to abrasive elements via seasonal
or regional mixed feeding than the high level of dirty browsing
(reflected by extreme pitting and coarser scratches) seen in the
camelids and more grazing seen in the equids. Antilocaprids
also show finer (though still relatively coarse) scratch textures
than equids or camelids further explaining their somewhat lower
mesowear scores in the late Miocene and presaging their further
drop in abrasion as they moved into the Recent and adopted a
browse-dominant diet.

We need to insert a word of caution when comparing
hypsodonty levels in equids and other ungulates (principally
ruminant artiodactyls). Equids experience a greater degree of
dental wear for any given diet than other ungulates due to
both their digestive physiology and their feeding behavior: thus,
even if only considering the relative height of a single tooth, an
equid will be more hypsodont than other ungulates consuming
the same diet. The living species of equids (all grazers) are
not only more hypsodont than other ungulates in terms of
measures of individual molars, they also have a greater total
postcanine tooth volume (due to their large and molarized
premolars, which are as hypsodont as the molars, in contrast
to the partially molarized premolars of ruminants, which may
be reduced in both size and number, and are not as hypsodont
as the molars) (see Janis, 1988). A further additional factor is
that equid postcanine teeth do not form roots when they are
first laid down; root formation is delayed until around 2 years
of age, with additional crown growth during this time, so height
of an unerupted molar does not measure the total (functional)
height of the tooth as it cannot capture the length of crown added
before tooth closure. This dental condition is rare in hypsodont
artiodactyls, but it has been reported in a few, such as Ovis, Capra,
and Antilocapra (Webb and Hulbert, 1986; Ackermans et al.,
2019). We do not know of a comprehensive survey of extinct
hypsodont equids that might determine whether the Equus
condition is seen throughout the clade, but open-rooted molars
have been reported in specimens of the hipparionine equid
Pseudhipparion simpsoni (but not in other species of this genus)
(Webb and Hulbert, 1986).

Equids (at least those in the hypsodont subfamily Equinae)
also have a greater amount of enamel in their postcanine
dentition than most ruminant artiodactyls, due to complication
of the occlusal enamel surface. Famoso et al. (2016) attribute this
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occlusal enamel complexity (OEC) to dental durability, noting
that it is more extensive in the tribe Hipparionini than in the
tribe Equini (of which Equus is the surviving genus): because
hipparionines are generally less hypsodont than equinines, they
conclude that OEC is an alternative mode of resisting dental
wear to hypsodonty. But the issue is more complex than this: for
example, high levels of OEC are seen in Pleistocene species of
Equus whose mesowear is indicative of browsing (Juha Saarinen,
personal communication). Similar OEC is seen in specialized
grazing bovids, such as Bos (Bovini), Hippotragus (Hippotragini),
and Connochaetes (Alcelaphini). For mechanical reasons, OEC
can only be a feature of teeth that have a flat occlusal surface, and
Sanson (2016) considers that this dental pattern is related to food
manipulation on this surface. A flat occlusal surface in bovids is
seen only among grazers, while it is a characteristic feature of
the Equinae, even though other dental parameters (microwear,
mesowear, hypsodonty index) indicate that many of these species
were not grazers (especially among the Hipparionini). This is an
interesting issue that requires further investigation; but the data
suggest that OEC relates to other issues besides resisting rates of
tooth wear.

The reason why equids require a greater tooth volume (i.e.,
greater resistance to tooth wear) than other ungulates on similar
diets relates both to differences in digestive physiology and to
food intake behavior. As originally noted by Janis (1988), the less
efficient hindgut fermentation of perissodactyls means that they
must consume more food per day than a similarly-sized ruminant
artiodactyl eating a diet of similar fiber content, and hence equids
encounter more total tooth wear per lifetime. Additionally, in
contrast to both ruminant artiodactyls, and other perissodactyls
such as rhinos, horses grind their food to a fine particle size on
its initial ingestion, a behavior which must take a toll on their
dentition (Clauss et al., 2015). Although fecal particle size is
slightly smaller in ruminants than in horses, attesting to a greater
total amount of oral preparation, the majority of this processing
takes place during rumination when the food has been softened
by the effects of fermentation. In addition, the rechewed food
has the benefit of being “washed” in the rumen: abrasive particles
such as sand sink to the bottom of the rumen and are not included
in the regurgitated bolus (Dittman et al., 2017).

Figures 9-13 show comparative dietary assignments of
fossil families in each time period based on average scratch
and pit results and reveal some very interesting differences
between these North American families. The Camelidae and
Merycoidodontidae, though attaining hypsodonty in some
forms, were committed browsers throughout most of their
evolutionary history but with a type of browsing that incurred
a large amount of abrasion (i.e., “dirty” browsing) right from
the beginning. Solounias and Semprebon (2002) and Semprebon
and Rivals (2007, 2010) have demonstrated a similar pattern of
microwear in extant taxa that occupy open and arid habitats such
as camels and pronghorns. Thus, any hypsodonty attained by
these forms, due most likely to continuous exposure to exogenous
grit, would allow them to forage on grass periodically, thus
providing a mechanism to broaden their niche. Antilocaprids
appear to have shifted their dietary behavior between grass
and browse through much of their evolutionary history but

returned to mainly browsing in the Recent. Lastly, it is clear
that the Equidae exhibited a wider array of dietary behaviors
than the other families through most of their evolutionary
history (except in the Recent). Even so, grass apparently was
a much more common dietary item for equids than for the
other families, and when combined with exogenous grit, which
was more accelerated in the late Miocene onward (more pitting
and coarser scratch textures), may explain the more extreme
acquisition of hypsodonty in equids compared to camels and
antilocaprids, and set the stage for the Equidae alone of the
families studied here to become hypergrazers in the Recent.
Our results are compatible with those of Hummel et al. (2011)
by stressing that total exposure to abrasive elements (both
phytoliths in plant material and exogenous abrasives) should be
considered when interpreting factors relating to the acquisition
of hypsodonty.

We would also like to caution that much remains to be
learned regarding the effects of extrinsic abrasive particles of
different sizes (i.e., dust vs. grit). It is obvious that small
particles would inflict smaller enamel scars than larger particles
and that smaller particles should be more quickly obliterated
by wear than larger scars which should persist for a longer
period of time. It is intuitive that very small particles such as
dust could collectively remove large amounts of tissue without
leaving many scars that would be simultaneously detectable
by any of these dietary methods. Consequently, the wear rate
in open habitats is accelerated despite the fact that large pits
do not override the dietary signal, it should be considered
that very small particles could be a major but unrecognized
wear agent.

Winkler et al. (2019) have proposed that the state of
hydration of plant tissue may also affect dental abrasion based
on a controlled feeding experiment using guinea pigs fed with
different types of forage (in both a fresh and dried state).
They stress that water content as well as phytolith content
may affect plant abrasiveness. This is very likely why browsers
and browse-dominated mixed feeders in open habitats (e.g.,
camels, pronghorns) tend to have such a clear browser signal
in their mesowear, from high attrition in combination with
(moderately) high wear rates (Fortelius and Solounias, 2000).
Further research should help to elucidate how surface texture
wear patterns (as per Winkler et al.) translate into absolute
wear rates.

CONCLUSIONS

Documenting changes in crown height (hypsodonty index),
relative abrasion (mesowear) and diagnostic food and grit
scar topography on dental enamel (microwear) allowed for
the discernment of the relative contributions of grass vs.
exogenous abrasives as potential driving forces in ungulate tooth
evolutionary changes during the evolution of North American
Equidae, Camelidae, Antilocapridae, Dromomerycidae, and
Merycoidodontidae. The timing of hypsodonty acquisition is
not consistent with grazing as the main driver for crown
height changes in the equids or the artiodactyl families studied,
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as highly hypsodont ungulates post-date the appearance of
widespread grasslands. Synchrony in the timing of the acquisition
of hypsodonty and increased dietary abrasion incurred during
feeding as measured via mesowear was seen in all five fossil
families. High degrees of enamel pitting (particularly large
pits) and unusually coarse scratch textures in all five fossil
families as measured via microwear are consistent with exposure
to exogenous grit or soil ingestion as the main driver of
hypsodonty acquisition prior to the consumption of significant
levels of grass and consistent with recent experimental controlled
feeding studies in ungulates. Camelids, dromomerycids, and
merycoidodontids, though attaining varying levels of hypsodonty
in some forms, were committed browsers throughout most of
their evolutionary history, but with a type of browsing that
incurred a large amount of abrasion (i.e., “dirty” browsing).
Antilocapridae browsed and grazed throughout most of their
evolutionary history, but demonstrated unusual levels of large
pitting and relatively coarser scratch textures consistent with
exposure to exogenous grit. Equidae exhibited a wider array of
dietary behavior than the other families through most of their
evolutionary history (except the Recent). Even so, grass was a
much more common dietary item for equids than for the other
families. This combined with exposure to exogenous grit, which
was more accelerated from the early Miocene onward based on
more pitting and coarser scratch textures, may explain the more
extreme acquisition of hypsodonty in equids compared to the
artiodactyl families studied, setting the stage for the Equidae
alone to become hypergrazers in the Recent.
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The traditional story of horse evolution is well-known: over time, horses became larger,
they attained higher-crowned teeth, and they changed from having three toes (tridactyly)
to a single toe (monodactyly). Evolution is often perceived as a progression toward
some optimum outcome, in this case the “Noble Steed.” However, the evolutionary
advantages of monodactyly are not entirely clear, other than the notion that it must
somehow be “more efficient,” especially at the larger body size of the genus Equus.
It is not commonly appreciated that the reduction of the digits to the monodactyl
condition was not the main anatomical foot transition in equid history. Rather, the
most important change was the transformation of the original “pad foot” into the more
derived “spring foot,” with the acquisition of an unguligrade limb posture, characteristic
of the family Equinae. Species within the Equinae tribes—Hipparionini, Protohippini,
and Equini—evolved hypsodont teeth and diverged into both small and large body
sizes, but monodactyly evolved only within the Equini. Despite the Plio-Pleistocene
success of Equus, Hipparionini was by far the richest tribe for most of the Neogene,
in terms of taxonomic diversity, numbers of individuals, and biogeographic distribution;
but hipparionins remained persistently tridactyl over their duration (17-1 Ma). We propose
that the adaptive reasons for monodactyly must be considered in the context of reasons
why this morphology never evolved in the Hipparionini. Additionally, Equus inherited
monodactyly from smaller species of Equini, and consideration of Miocene taxa such as
Pliohippus is critical for any evolutionary hypothesis about the origins of monodactyly. We
review the literature on equid locomotor biomechanics and evolution, and propose two
novel hypotheses. (1) The foot morphology of derived Equini is primarily an adaptation for
increasing locomotor efficiency via elastic energy storage, and the accompanying digit
reduction may be circumstantial rather than adaptive. (2) Differences in foraging behavior
and locomotor gait selection in Equini during late Miocene climatic change may have
been a prime reason for the evolution of monodactyl horses from tridactyl ones.

Keywords: Equidae, Hipparionini, Equini, paleobiology, locomotion, evolution, monodactyly

INTRODUCTION

The story of horse evolution is a familiar one, often used as the exemplar for evolutionary
patterns (Osborn, 1918; Matthew, 1926; Simpson, 1951), and for this reason frequently maligned
by creationists (see Janis, 2007). Although the originally-perceived linear pattern of horse evolution
has been reinterpreted as a bushy, branching one (Simpson, 1951; MacFadden, 1992), nevertheless
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the story of horse evolution remains one of some degree of
“progression”: from small animals with many toes and simple,
low-crowned teeth (brachydont), to large animals with a single
toe and complex, high-crowned teeth (hypsodont). Branches of
the family that were not in the direct line of ancestry to the
modern Equus have been sidelined in the evolutionary narratives,
including the two lineages that migrated from North America
to the Old World before the Pleistocene migration of Equus:
anchitheriines (large-bodied, specialized browsers) in the early
Miocene, and hipparionins (more closely related to Equus, and
resembling modern equids in many respects, but persistently
tridactyl) in the early late Miocene.

Modern equids, and their more immediate relatives (derived
members of the tribe Equini), differ from the great majority of
fossil equids in the loss of the medial and lateral digits (digits two
and four, the proximal ends of the metapodials are retained as
“splint bones”) and the retention of only a single (third) digit;
i.e., the condition of monodactyly. Because Equus is the only
surviving genus, and it had a great diversity and biogeographic
spread of species in the Pleistocene (originating in North
America, and reaching South America as well as the Old World,
although now extinct in the New World), monodactyly has
been perceived as some sort of pinnacle of equid evolution, the
ultimate locomotor adaptation (although occasional individuals
of modern Equus possess complete additional digits as an
atavism, see Figure 1). In addition, because Equus is in general of
large body size for the family (modern species ranging between
~200 and 400 kg, some extinct species were as large as ~600 kg),
larger than its North American tridactyl relatives, monodactyly
has been interpreted as being related to this increased body
size. However, Hipparionini in both the New and Old Worlds
were a successful and diverse radiation of persistently tridactyl
forms, more taxonomically diverse in the late Miocene than
the emerging monodactyl Equini lineage, and many Old World
hipparionins were as large or larger than modern and fossil
members of Equus. (Body mass [BM] estimates in this paper
are derived from Shoemaker and Clauset, 2014 [anchitheriines],
and Cantalapiedra et al., 2017 [equines]). Thus, body size alone
cannot be the reason for the evolution of monodactyly.

Here we review the evolutionary history of equid locomotor
morphology, and pose the following question: if monodactyly
was such a prominent adaptive feature in the lineage leading
to modern equids, then why did it evolve only in this lineage?
Why did the equally successful (at least in the Miocene) tridactyl
hipparionins not also exhibit any trends toward this “progressive”
morphology, especially as some Old World species paralleled
species of Equus in hypsodonty and large body size? We
propose that monodactyly is not necessarily a “superior” equid
adaptation, but that its origins were in changes in foraging
behavior in one particular equid lineage in increasingly arid
conditions in the late Miocene of North America. Monodactyly
in the genus Equus was a fortuitous preadaptation to the
greater extent of aridity that affected all higher latitudes in
the Plio-Pleistocene. In contrast, Old World hipparionins were
well-suited for more wooded conditions with relatively mild
seasonality, and their diversity was severely reduced with
dramatic climatic shifts at the Mio-Pliocene boundary. We

FIGURE 1 | A modern example of a polydactyl horse, showing additional
digits (in this case, complete second digits) as an atavism. Image from
Wikimedia, in the public domain. PSM_V16_D274_
“Outline_of_horse_with_extra_digit_on_each_foot,” Popular Science Monthly
vol 16 1879-1880.

support this hypothesis by weaving together information from
equid evolutionary history, foot anatomy, and locomotion, which
provide the essential background information that informs our
novel proposition.

A BRIEF HISTORY OF THE RADIATION OF
THE EQUINAE (FAMILY EQUIDAE)

The Equidae consists of three subfamilies: a basal (Eocene)
Hyracotheriinae, the late Eocene to latest Miocene
Anchitheriinae, and the early Miocene to Recent Equinae.
The first two subfamilies are paraphyletic, although the
Miocene radiation of large-bodied anchitheres (Anchitheriini)
is monophyletic. Equids likely originated in the Old World,
and their sister taxon, Palaeotheriidae, was entirely European;
but equid Paleogene evolutionary history was largely confined
to North America. Both the Anchitheriinae and the Equinae
originated in North America, and lineages from both subfamilies
migrated to the Old World. The subfamily Equinae is diagnosed
by a number of dental characters, including hypsodont cheek
teeth with cementum, and a characteristic feature is the “spring
foot” (although, as later discussed, this had its origin in derived
anchitheriines) (see MacFadden, 1992, 1998). Figure 2 shows a
simplified phylogeny of the Equidae, with emphasis on the tribe
Equini. Figure 3 shows the distribution of Neogene equids in
time and space.

The Equinae is subdivided into the tribes Hipparionini (late
early Miocene to Pleistocene), Protohippini (middle Miocene
to latest Miocene) and Equini (late early Miocene to Recent).
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HYRACO- ANCHI- EQUINAE
THERIINAE THERIINAE
| A
|
Anchitheriini Hipparionini Equini

—
-
-

Hipparion, etc.
Nannippus
Protohippini
Acritohippus
(basal)
Pliohippus
(derived)
Astrohippus
Dinohippus
Hippidion
(derived)

Merychippus
Pliohippus

Hyracotherium
Mesohippus
Anchitherium
Hypohippus
Parahippus

Equus

4d, 7d, 8d, 10c, 12f, 13f

2c?, 4c, 5e?, 12e, 12f?
4c?, 5d, 8¢?, 10c?, 11b?, 13d

1c, 2b, 3c, 4b, 5c¢, 8a, 10b, 11a, 12¢, 12d?, 13c?

9a
1b, 3b, 5b, 6a, 7a, 13b
1a, 2a, 3a, 4a, 5a, 10a, 12a,13a

FIGURE 2 | Phylogeny of selected genera (discussed in this paper) within the Equidae based on the phylogeny in (Maguire and Stigall, 2009). Original drawing by
CMJ, final figure rendered by James G. Napoli. The numbers on the phylogeny refer to the anatomical characters listed below: note that the “basal” characters are for
reference for the generalized condition, and are not necessarily specific to the Equidae. Miohippus (not shown) is crownward of Mesohippus and basal to the
Anchitheriini. Characters at the level of Parahippus probably also apply to the other stem equine anchitheres (i.e., crownward of the Anchitheriini) Archaeohippus and
Desmatippus (both basal to Parahippus). Anchitherium is an Old World taxon, and North American early Miocene equids originally called Anchitherium should be
referred to Kalobatippus (MacFadden, 1992, 1998). Nannippus is singled out because of its unique morphology, and is not the sister taxon to the other hipparionins.
Within the Equini, Parapliohippus, Heteropliohippus, and Onohippidium (which may not be distinct from Hippidion) are not shown. 1. Foot posture and foot pad: (a)
subunguligrade, foot pad extensive; (b) subunguligrade, foot pad slightly reduced; (c) unguligrade, foot pad converted to digital cushion (3rd phalanges contained
within enlarged hoof); (d) Digital cushion reduced slightly. 2. Phalangeal proportions of third (central) digit: (a) 1st phalanx short (length < 2X width), 3rd phalanx longer
than 2nd, inclination to ground <26°; (b) 1st phalanx elongated (length > 2X width), 3rd phalanx shorter than second, inclination >26°, <35°; (c) inclination of third
phalanx > 40° 3. Third (central) metapodial shaft: (a) similar size to second and fourth metapodials (slightly longer and broader), cross-sectional area oval or elliptical;
(b) elongated relative to proximal limb bones, and proportionally longer and broader than second and fourth metapodials; (c) further increased in proportional size,
cross-sectional area more circular. 4. Third (central) metapodial distal articulatory surface: (a) narrower in width than metapodial shaft above distal tubercules, sagittal
ridge confined to volar surface; articulatory curvature <180°, flexor (volar) surface with greater curvature than extensor (dorsal) surface; (b) sagittal ridge more
prominent, encroaches onto dorsal surface, received by groove in first phalanx; articulatory curvature at least 180°, extensor surface with greater curvature than flexor
surface, transverse ridge at point of change of curvature (documented for “Merychippus,” presumed to occur in Parahippus); (c) Broader in width than metapodial
shaft above distal tubercules, sagittal ridge still more prominent, further encroaching onto dorsal surface; (d) sagittal ridge extremely prominent, fully extended onto
dorsal surface. 5. Other metapodials and associated digits: (a) complete metapodial 5 and digit 5 retained in manus, metapodial 1 and digit 1 lost; metapodials 2 and
4 large, not bound to central metapodial, associated digits likely contacted ground during regular locomotion; (b) metapodial 5 and digit 5 greatly reduced or lost,
metapodials 2 and 4 more tightly bound to central metapodial; (c) shafts of metapodials 2 and 4 reduced, tightly bound to central metapodial by ligaments, associated
digits smaller, no longer contact the ground during regular locomotion, but may do so during more extreme performance; (d) sagittal ridge/groove for articulation of 1st
phalanges on metapodials 2 and 4 now very faint or lost entirely; shafts of metapodials 2 and 4 further reduced in width, associated digits further reduced in size; (e)
shafts of metapodial 2 and 4 confined to proximal two thirds of central metapodial (i.e., transformed to “splint” bones), associated digits lost. 6. Scars for cruciate
sesamoid ligaments (proximal volar surface of 1st phalanx): (a) present; (b) enlarged. 7. Scar for central sesamoidean ligament (mid volar surface of 1st phalanx of 3rd
digit): (a) present; (b) enlarged; (c) reduced; (d) lost/merged with V-scar for oblique ligaments. 8. Scars for oblique sesamoid ligaments (proximal to mid volar surface of
1st phalanx of 3rd digit): (a) present, small, round, extend no more than 30% down phalanx; (b) enlarged, forming incipient V-scar, extend further down phalanx
(<50% of bone); (c) elongated, extend >50% down phalanx; (d) merge to form more distinct V-scar, extend 66% down phalanx. 9. Scars for straight sesamoid
ligament (proximal volar surface of 2nd phalanx of 3rd digit): (a) present; (b) enlarged. 10. Suspensory ligament: (a) probably fully muscular (= interosseous muscle of
3rd metapodial and digit); (b) at least partially tendinous; (c) fully tendinous (evidenced by loss of volar gulley on third metapodials). 11. Size of proximal sesamoid
bones of 3rd digit: (a) increase in size to support the suspensory apparatus; (b) further enlarged. 12. Tarsus: (a) astragalus articulates predominantly with navicular,
distal articulation rounded, ridges of trochlea directed anteriolaterally (angle with sagittal plane 14-20°), considerable intertarsal movement possible, relatively long
astragalar neck; (b) astragalar neck shorter; (c) more restrictive tibia—astragalar articulation, distal articulation of astragulus with navicular wider and flatter; (d) ridges of
astragalar trochleae higher, restricting motion to parasagittal plane, intertarsal movement more restricted by ligaments; (e) width of astragalus greater than length; (f)
ridges of astragalar trochlea narrower and directed more anteriorly (angle with sagittal plane 10-15°), reduced lateral swing of foot, little or no intratarsal movement
possible. 13. Knee joint: (a) angle at knee joint ~102°, large and rugose area on tibia for attachment of semitendinosus muscle for limb retraction-reflects more flexed
knee joint and tibial rotation on limb retraction; (b) angle at knee joint ~108°; (c) angle at knee joint ~131°; (d) area of attachment of semitendinosus of moderate size;
(e) angle at knee joint ~140°; (f) Area of attachment of semitendinosus weak, angle at knee joint ~150°.

Members of these tribes will be referred to as “hipparionins,’ The taxon Merychippus was originally considered the basal
“protohippins,” and “equins,” respectively, while “equines” refers  type of equine (e.g., Simpson, 1951), but species ascribed to
to members of the subfamily Equinae. this genus actually represent a paraphyletic grade of smaller,
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Early late Calippus, Cormohipparion Calippus, Cormohipparion Cremohipparion Cremohipparion
Miocene “Hipparion” s/, Nannippus “Hipparion” s/, Nannippus Hippotherium _Hippario_n
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Miocene Hypohippus, Kalobatippus | Kalobatippus, Archaeohippus Anchitherium Anchitherium
\_ _)19.0| Archaeohippus, Parahippus Desmatippus, Parahippus

FIGURE 3 | Global distribution of Neogene equid genera, showing the diversity of the different families/subfamilies. Original drawing by CMJ, final figure rendered by
James G. Napoli. Key to equid taxonomy: Roman type = Equinae: bold face = Equini (Onohipp. = Onohippidium); regular type = Hipparionini (including Protohippini)
(sl = sensu lato); italics = “Merychippus” sensu stricto (i.e., basal species, more derived species not shown, but none persist past the middle Miocene). Chalkboard
type = Anchitheriinae: regular type = stem Equinae anchitheres; italics = Anchitheriini. Although anchitheriine equids are only considered briefly in this paper, their
distribution in time and space is interesting, and their persistence alongside of the Miocene Equinae is often disregarded. Information from Janis et al. (2008),
MacFadden (2013), Salesa et al. (2004), the NOW database, Fossilworks, and Bernor et al. (1996). Divisions within epochs are approximate to accommodate both
North American Land Mammal Ages and Eurasian MN/MQ zones + Land Mammal Ages. Late Pleistocene = Rancholabrean/MQ2; early Pleistocene = Irvingtonian +
late Blancan/MQ1; Pliocene = early Blancan (+ very latest Hemphillian)/MN14-16/Ruscinian (no faunas known from the North American Gulf Coast); late Miocene =
Hemphillian/MN13-11/Turolian + late Vallesian; early late Miocene = Clarendonian/MN9-10/early Vallesian + late Astracean; middle Miocene = Barstovian/earliest
Clarendonian/MN5-8/Astracean + late Orleanian; late early Miocene = Hemingfordian/MN3(later part)-4/middle Orleanian.

less hypsodont Equinae, and the taxon name is now usually
placed in quotes. “Merychippus” gunteri is the most basal equine,
“Merychippus” primus is the sister taxon to the grouping of the
Equinae tribes, and other “Merychippus” species mostly belong
to the Hipparionini (including the type species “Merychippus”
insignis: Hulbert and MacFadden, 1991): note that “Merychippus”
insignis is the sister taxon of Cormohipparion goorisi, which is
at the base of the North American Cormohipparion/Old World
hipparionin radiation (Woodburne, 2007). The Equinae tribes
are mainly diagnosed by dental characters, but while most of
the Equinae retained the tridactyly seen in basal “Merychippus”
species, monodactyly evolved only within the Equini. Full
monodactyly (complete loss of medial and lateral digits) was first
apparent in the early late Miocene (Clarendonian) in derived
species of Pliohippus. All Clarendonian and younger Equini
species were likely monodactyl although, as detailed below, this
is not a simple issue.

The North American hipparionins comprise the genera
“Hipparion” (not the same taxon as the Old World genus

of that name), Neohipparion, Pseudhipparion, Nannippus,
and Cormohipparion (MacFadden, 1992, 1998). Old World
hipparionins take their origin from North American
Cormohipparion, with their oldest occurrence being in the
Pannonian Basin Zone C between 11.4 and 11.0 Ma (Bernor
et al., 2017). There was an extensive Old World radiation
including the genera Hipparion sensu stricto, Hippotherium,
Cremohipparion, Sivalhippus, Eurygnathohippus, Plesiohipparion,
Proboscidipparion and Shanxihippus (Bernor et al., 1996, 2018;
Bernor and Sun, 2015).

The “core” (i.e., the monodactyl genera) of the Equini
comprises the Pliocene to Recent genus Equus; the Plio-
Pleistocene predominantly South American genera Hippidion
and Onohippidium (Hippidion is shown by mitochondrial
DNA to be the likely sister taxon to Equus; Der Sarkission
et al., 2015); and, as successive outgroups to this grouping,
Dinohippus (paraphyletic with respect to Equus), Astrohippus,
Heteropliohippus, and Pliohippus. The basal equins (all tridactyl)
are now considered to be Acritohippus (= “Merychippus”
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tertius, “M.” stylodontus, and “M.” isonesus) and (crownward)
Parapliohippus (= “Merychippus” carrizoensis) (see Kelly,
1995, 1998). With the exception of Equus, Hippidion, and
Onohippidium, the Equini were all exclusively North American.

The North American genera Protohippus, Calippus,
and  Scaphohippus (= “Merychippus” sumani and “M.”
intermontanus) were originally placed within the Equini,
basal to the above-mentioned Equini taxa (see e.g., Hulbert
and MacFadden, 1991; MacFadden, 1992, 1998). More recent
analyses have assigned them to their own tribe, Protohippini,
as the sister taxon to the Hipparionini (e.g., Kelly, 1995, 1998;
Pagnac, 2006), and we include them with the hipparionins in our
discussions here.

Hipparionins (including protohippinins) and equins differed
in their craniodental morphology, and probably had different
feeding ecologies. Hipparionins had molariform teeth that had
more complex occlusal enamel morphology than those of the
equins, often with densely plicated enamel, and the occlusal
surface relief was usually higher [but note that the highly
hypsodont Eurygnathohippus woldegabrieli (Bernor et al., 2013)
had very low occlusal relief], and their teeth were usually
less hypsodont than those of equins (Famoso et al, 2016).
In addition, hipparionin mesowear tends to be indicative of
browsing-to-mixed feeding while that of the equins is usually
more indicative of grazing (Mihlbachler et al., 2011, but note that
dental microwear studies do not support this conclusion; e.g.,
Bernor et al., 2013; Semprebon et al., 2016).

The radiation of the North American Equinae was explosive
in the late early Miocene (late Hemingfordian, ca. 17.5 Ma),
and reached a peak in diversity in the late middle Miocene
(late Barstovian, ca. 14 Ma) through the early late Miocene
(Clarendonian, ca. 11.5-8.5Ma) (see Figure 3). During this
time, individual localities could have as many as eight
contemporaneous equid species [data from Janis et al. (2004a)],
and the hipparionins were more diverse than the equins. By the
latest Miocene (Hemphillian) the equid radiation was declining,
reflected in the overall number of taxa, the abundance of
individuals in the fossil record, and the number of sympatric
species at fossil localities (three to four species, down to one to
two species in the Pliocene; Janis et al., 2004a). The genus Equus is
first known from the earliest Pliocene. Only a few of the Miocene
taxa survived into the Pliocene: out of the Equini, Dinohippus,
Astrohippus, Onohippidium and Hippidion and (the latter taxon
surviving until the end of the Pleistocene in South America); out
of the Hipparionini, Cormohipparion and Nannippus (the latter
taxon possibly surviving into the early Pleistocene) (see Janis
et al., 2008). The Pleistocene of North America was the time of
extensive radiation of species of Equus, which migrated to the
Old World at 2.6 Mya and is recognized initially by Eurasian
and African “stenonine” horses (Azzaroli, 2000; Wang and Deng,
2011; Alberdi and Palombo, 2013; Bernor et al., 2018).

Cormohipparion was the founding genus for Old World
hipparions, although it was not the earliest known form, which
was Hippotherium, known from ca. 11.2 Ma in Europe and China
(Bernor et al.,, 2017, 2018). Cormohipparion has been recorded
from 10.8 Ma levels of Pakistan and Turkey (Bernor et al., 2003),
and slightly younger (10.5 Ma) from Algeria. Sivalhippus likewise

diverged in the Vallesian, ca. 10.5Ma, in Indo-Pakistan (Wolf
etal., 2013) and underwent a local radiation there, then extended
its range into China and East Africa. Eurygnathohippus is known
from late Miocene aged deposits of Kenya, Ethiopia, Libya and
Morocco (Bernor et al.,, 2012). Plesiohipparion originated in
China, and was later known from Turkey, India, and Spain.
Proboscidipparion originated in the latest Miocene of China,
and in the Plio-Pleistocene was known from China and Turkey
(Bernor et al., 2018; Sun et al., 2018). In contrast to the North
American Miocene, only two or three species of equids are known
in any given faunal locality in the Old World Miocene.

Equus was first known in the Old World in Eurasia at 2.6 Ma
(the Equus Datum, Lindsay et al., 1980; Azzaroli, 2000; Bernor
et al., 2018), and diverged into a dozen or more species during
the Pleistocene (not including the seven surviving species). The
genus first appeared in Africa at around 2.3 Ma. Distribution
of extant Old World clades of Equus has been reviewed
by Bernor et al. (2010).

THE EVOLUTION OF UNGULIGRADY AND
MONODACTYLY IN EQUIDS

Structure and Function of the Modern
Equid Foot

Extant equids have a single main digit (the third) and retain
only the proximal shafts of the medial (second) and lateral
(fourth) metapodials (also known as the “splint bones”), which
extend approximately halfway down the central metapodial.
Although these structures are often described as “vestigial,
their proximal ends clearly have an indispensable function in
supporting the articulation of the manus and pes with the
carpus and tarsus, respectively. The monodactyl litoptern (extinct
South American ungulate) Thoatherium is often described
as “more advanced” than equids, as it has apparently lost
almost all of the shaft of the medial and lateral metapodials
(MacFadden, 1992). But these conditions of monodactyly are
convergent: there is no reason to think that the retention of
the metapodial shafts in Equus represents some intermediate
stage in the evolution of monodactyly. The anatomy of
the equid foot, and the major tendons and ligaments is
shown in Figure 4. Anatomical descriptions below are taken
from Nickel et al. (1986), Stashak (2006).

The equid foot posture is unguligrade: unguligrady is seen
elsewhere today only among ruminant artiodactyls, where the
foot is formed of two separate digits in the “cloven-hoof”
condition. In equids, weight is directed through the tip of the
third (distal) phalanx, which is encased in a keratinous hoof and
supported on the volar (= plantar or palmar) side by a fibrous
digital cushion. The ventral surface of the foot is composed of
keratinous epithelial structures; posteriorly by a thick V-shaped
structure termed the “frog,” which provides traction and aids the
digital cushion in its shock-absorbing function, and anteriorly by
a thinner sole.

The principal joint in the foot is the fetlock, between
the metapodial and the first (proximal) phalanx (there is
little motion at the interphalangeal joints). This joint is
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FIGURE 4 | Diagram of supportive tendons and ligaments of the equine foot (only selected ligaments, referred to in the text, are shown). The hoof (covering the third
phalanx and the distal portion of the second phalanx) is shown in cross section. Original drawing by CMJ, final illustration rendered by James G. Napoli.
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held at an angle of around 25° to the vertical at rest,
but is capable of extending (= dorsi-flexion) to an angle
of 90° during extreme performance (galloping or jumping:
intermediate angles of 40°-60° are observed during more routine
locomotion) (McGuigan and Wilson, 2003). This fetlock flexion
is the basis of the equid “spring foot,” which both reduces
the impact of the forces acting on the foot during rapid
locomotion and, by means of stretching the flexor tendons,
acts to store elastic energy in these tendons, saving up to
40% of locomotor energy during foot recovery (Biewener,
1998). The elongation of the first phalanx is an important
component of this mechanism, allowing for the fetlock to be
held higher off the ground, resulting in greater stretch of the
flexor tendons. However, this increase in distance between
foot and fetlock magnifies the moment arm of the ground
reaction force around the fetlock joint, necessitating a firm
ligamentous apparatus supported by stout proximal sesamoid
bones (Thomason, 1986). Note that this “spring foot” action is
essentially passive: similar force vs. length curves are seen in feet

of living horses and in applying force to the limbs of cadavers
(McGuigan and Wilson, 2003).

The “spring foot” involves a complex series of supportive
ligaments. The suspensory ligament, derived from the
interosseous muscle of the third metapodial and digit, holds
the fetlock in a sling, limiting both flexion and hyperextension.
It originates from the proximal volar surface of the third
metapodial and the distal carpal (or tarsal) bones, and runs along
the volar surface of the central metapodial. Near the distal end of
the metapodial it splits into two slips, inserting onto the proximal
sesamoid bones on either side of the volar metapodial surface.
Two extensor branches then extend forward to join with the
common digital extensor tendon, which inserts on the extensor
process on the proximal dorsal aspect of the third phalanx.

Sesamoidean ligaments bind the proximal sesamoids to each
other and to the foot bones, and transmit forces experienced
during locomotion to the suspensory ligament (Thomason,
1986). These include the cruciate ligaments, the lateral (oblique)
ligaments and the straight (rectus) ligament. These ligaments
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leave scars on the volar surface of the phalanges, and so their
history through equid evolution can be traced (see legend
for Figure 2). Other supportive foot ligaments include various
collateral ligaments that run laterally from one foot bone to the
neighboring one, and three annular ligaments that encircle the
volar side of the foot, superficial to all of the other ligaments
and tendons; the most proximal of these, the palmar annular
ligament, is of particular importance in binding the proximal
sesamoid bones and associated ligaments to the rest of the foot.

The primary elastic energy storage is in the digital flexor
tendons, both deep and superficial, which are stretched during
locomotion with the extension of the fetlock. These structures
are muscular only in their most proximal portions, small super-
pinnate muscles that function as spring dampeners (Wilson et al.,
2001). The flexor tendons course superficial to the suspensory
and sesamoidean ligaments and have “check ligaments” that aid
in the passive suspensory apparatus of the foot (see Figure 4);
these prevent excessive stretch of the tendons, and may act
as additional parallel elastic elements (Wilson et al., 2001).
The superficial digital flexor tendon divides into two before
inserting onto the second phalanx on either side of the straight
sesamoidean ligament. The deep digital flexor tendon, which
experiences the greatest locomotor strains and contributes the
most to elastic energy savings (Biewener, 1998), passes over the
distal sesamoid (articulating with the proximal third phalanx and
distal second phalanx) and inserts onto the flexor cortex of the
third phalanx.

Locomotion in Modern Horses
The familiar gaits of horses, from slow to fast, are the walk, trot,
and gallop (a slow gallop is called a canter). In all tetrapods
there is a fundamental difference between the walk gait and
other, faster gaits (collectively termed “running”). In walking, the
animal vaults over strut-like limbs, and the center of mass (COM)
is at its highest during the foot supportive phase: the mechanics
are basically those of an inverted pendulum, with exchange of
potential and kinetic energy contributing to the recovery of up
to 70% of mechanical energy. In running, the animal engages in
spring-mass mechanics on compliant legs, and the COM is at its
lowest during foot support. Up to 40% of mechanical energy can
be recovered via storage and release of elastic energy in tendons
and ligaments: this results in a greater efficiency of locomotion
(less total energy expenditure per unit distance traveled).
Walking gaits do not usually involve a period of suspension
(i.e., an aerial phase, when all four feet are off the ground), while
running gaits usually do, but this is not invariant. With increasing
speed within any one gait, the limbs are subjected to greater
vertical forces (and hence to more bone stress) as the limbs
move faster, and the amount of time each foot is on the ground
decreases: these musculoskeletal stresses may be the trigger to
switch gaits (see Biknevicius and Reilly, 2006; Biknevicius et al.,
2006, for review). In horses, at least, while the walk involves
pendular mechanics, and the trot spring-mass mechanics, the
gallop is considered to involve some combination of the two. The
energy savings from pendular mechanics in walking are 25-47%,
while those in the gallop are 7-14%: in contrast, in trotting elastic
energy recovery savings are 21-45% (greater in larger horses)

(Reilly and Biknevicius, 2007). Horses are unusual among the
mammals studied in that their running gaits are no cheaper than
their walking gait, and running may be more expensive than
walking in larger horses. This is likely due to extremely efficient
walking in horses, rather than any deficiency with running,
and horses may store some elastic energy during their walk
gait (fetlock extension is observed in walking horses), thereby
reducing locomotor costs (see Reilly and Biknevicius, 2007).

The walk and the trot are both symmetrical gaits. During
walking, a four beat gait, each foot is moved in sequence
(i.e., single-foot) in an ipsilateral pattern (i.e., the right hind
is followed by the right fore, etc.) with no aerial phase in
the stride cycle. During trotting, a two beat gait, contralateral
pairs of legs are moved together, with two aerial phases
in the stride cycle, the horse essentially bouncing from one
diagonal pair of supportive legs to the other. The gallop is
an asymmetrical, four beat gait, with the sequential support
of the two hind limbs being followed by the two forelimbs;
there is a “gathered” aerial phase before the hind limbs
are again engaged in support (see Clayton, 2004, for a
description of horse gaits). There is little contribution from
spinal flexion to the stride in the gallop (except at the
lumbo-sacral junction), although some elastic energy may be
stored and recovered in vertebral column ligaments (Alexander,
1988). In contrast to the horse “stiff-back” mode of galloping,
cursorial carnivorans such as the cheetah (and also some
smaller artiodactyls) practice a “flexible-back” gallop, where
there are two aerial phases and considerable spinal flexion,
which potentially contributes to elastic energy storage as well
as to stride length (the “transverse gallop” vs. “rotary gallop”
of Bertram and Gutmann, 2009).

A few types of domestic horses practice a gait called the
running-walk or amble, best known as the tolt of Icelandic
horses. This gait is practiced at similar speeds to the trot (~11-
18 km/h), and is often used in place of a trot in the walk-trot-
gallop sequence, although the running-walk may extend into
the speeds where trotting horses will switch to a gallop (up to
30 km/h) (Clayton, 2004; Barrey, 2013). As many as 16 varieties
of this gait and other “single-foot” gaits have been recorded
among different horse breeds, collectively referred to as “gaited
horses” (Nicodemus and Clayton, 2003), and the propensity
for gaited locomotion has been traced to a single mutation in
domestic horses (both the mutation and the gait are unknown
in other equids) (Promerova et al.,, 2014). However, while the
running-walk is rare in extant equids, trackways of the Pliocene
hipparionin from Laetoli, Tanzania show that it was using this
gait (Renders, 1984), a point to which we shall return.

The running-walk has the same lateral sequence single-foot
pattern as the regular walk, usually lacking an aerial phase, but is
speeded up so that up to three feet may be off the ground at any
one time. Despite this similarity of footfall sequence to the walk,
the tolt has the spring-mass mechanical properties of a running
gait: the limb stiffness is comparable to that of trotting horses,
but the vertical motion of the COM is much less. Icelandic horses
employ the tolt over a similar range of speeds as the trot, and
may extend this gait past the usual trot-to-gallop transition speed
(Biknevicius et al., 2006).
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Evolution of the Modern Equid Condition
Figure 2 shows the acquisition of the various derived features
of the equid foot in the form of characters on a simplified
phylogeny. This information is derived from Camp and Smith
(1942) and Sondaar (1968), both writing about the forelimb,
and Hussain (1975) on the hindlimb. Note that there are
conflicts with some taxonomic nomenclature, as discussed in the
previous section, especially with species of “Merychippus.” Even
though museum numbers are usually provided for the specimens
examined, it would not be easy to determine their correct
taxonomic affinities.

With these caveats in place, some obvious trends can be
noted (the numbers refer to the numbers on the phylogeny). The
largest cluster of changes is with the appearance of the “spring
foot” anatomy (#1c), heralding the loss of the foot pad and the
transition to an unguligrade foot posture. This involves changes
in digit proportions (#2b,3c,5¢), the medial and lateral digits
no longer contacting the ground during regular locomotion;
changes in the articulation at the fetlock joint that limit lateral
motion but allow for greater parasagittal rotation (#4b); changes
in phalangeal proportions, with an elongated first phalanx, and
a more vertically-positioned third phalanx that is now shorter
than the second phalanx (#2b); and associated postural changes
in the hind limb (#12¢,12d,13c). There is also evidence of the
development of the ligamentous suspensory apparatus with the
appearance of scars for the oblique sesamoidean ligaments (#8a),
and the suspensory ligament was now probably at least mostly
tendinous (#10b) (see Figure 4).

The “spring foot” is often thought to be a novel feature
of the Equinae (e.g., Thomason, 1985, 1986), but its inception
was actually at the level of the stem equine anchitheres (here
represented by Parahippus) (see also O’Sullivan, 2008, on the
lengthening of the first phalanx being the key indicator of
this postural change). Although more basal anchitheres such as
Mesohippus and Miohippus retained a pad foot, there were a
number of changes between hyracotheres and Mesohippus that
relate to a greater complexity of supportive ligaments as well as
changes in the relative sizes of the pedal bones. Note that the
acquisition of the straight sesamoidean ligament (#9a) in equids
more derived than Mesohippus and Miohippus may be related to
support of a greater body weight than in earlier equids (i.e., >
~50kg), and that the very large-bodied (>200kg) anchitheres
Megahippus and Hypohippus (Anchitheriini) possess a number
of ligamentous features indicative of restricted motion at the
fetlock (#6b,7b,8b). A number of other morphological changes
are seen with the transition to the “spring foot” that also relate
to classic anatomical “cursorial adaptations,” such as the great
reduction or loss of the distal ulna and fibula (MacFadden, 1992).
The proximal sesamoid bones, involved in the support of the
ligamentous suspensory apparatus, may also become larger at the
transition to the “spring foot” (#11a; Mesohippus [F:AM 74048]
has smaller proximal sesamoids than Parahippus [MCZ 17877]).

Following the acquisition of the “spring foot,” there is little
functional change observed in the pedal morphology of most
tridactyl Equinae, although Camp and Smith (1942) proposed
a reduction in the size of the digital cushion above the level of
“Merychippus” (#1d), and the scars for the oblique sesamoidean

ligaments now extend to around 50% of the volar surface of
the first phalanx (#8b), forming the beginnings of the V-scar
(see Figure5) that is most prominent in modern species of
Equus. There is little or no discussion in the literature of any
instance of reduction of medial and lateral digits in North
American hipparionins (except possibly for Nannippus, see
below), although Deng et al. (2012) report a reduction in the size
of these digits in the long-limbed Hipparion (=Plesiohipparion)
zandaense from the Pliocene of Tibet. Deng et al. (2012) also
report other morphological features that resemble those of
monodactyl equids: a larger medial trochlear ridge on the distal
femur, longer and more distinct V-scars on the first phalanx, a
relatively reduced width across the distal metapodial tuberosities,
and a better developed sagittal ridge on the distal articular surface
of the third metapodial. Parker et al. (2018) employ a “toe
reduction index” in their examination of equid morphological
traits, and their Figure 3 suggests that there has been toe
reduction in several hipparionin lineages, although not in any
systematic phylogenetic fashion. We consider that the possibility
of digit reduction in North American hipparionins requires a
more systematic investigation. There is no report of medial and
lateral digital reduction in Old World hipparionins other than
that by Deng et al. (2012).

Camp and Smith (1942), Sondaar (1968), and Hussain (1975)
all note that the small (dwarfed) hipparionin Nannippus (BM
~50-100kg) paralleled the monodactyl equins in aspects of the
fetlock joint articulation and suspension (#4c,7¢,8¢c). Sondaar
(1968) claims that the medial and lateral digits were reduced
in size, but Parker et al. (2018) report a toe reduction index
less than most other North American hipparionins, and similar
to Parahippus. Sondaar (1968) also notes a number of features
of the articulation for carpal and tarsal bones on the central
metapodials that show convergence with the condition in Equus.
Additionally, Nannippus also appears to have had a stiffer lumbar
region than other hipparionins, approaching the condition in
Equus (Jones, 2016).

The evolution of monodactyly in the Pliohippus—Equus
portion of the Equini phylogeny involves many other changes
in locomotor anatomy. [Note that the species of Pliohippus
considered by Camp and Smith (1942) and Sondaar (1968) have
been reassigned to Dinohippus; some information on Pliohippus
presented here is derived from personal observations of CM]J,
but the precise morphology of species within this taxon needs
further investigation, as noted by the question marks on the
characters in Figure 2]. While a couple of features occurred
convergently between derived (monodactyl) Pliohippus and the
other monodactyl equids (not only the complete loss of digits
two and four [#8a], but also the relative broadening of the
astragalus [#12e]), there are a number of other features shared
by this clade of Equini that indicate a strengthening of the
ligamentous suspensory apparatus, increased rotation of the
fetlock joint, and the greater restriction of hind limb motion to
the parasagittal plane.

Anatomical changes shared by the clade of Pliohippus—Equus
include the following (note that some of these are queried
at this level and require further investigation): the increasing
encroachment of the distal sagittal ridge on metapodials to
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FIGURE 5 | Plantar view of the left foot of (A) Hippotherium primigenium and
(B) Pliohippus pernix. Hippotherium is from the late Miocene of Howenegg
(Germany), and the illustration is modified from Figures 6.23.2 and 6.31.1 in
Bernor et al. (1997). Pliohippus is based on F:AM 60803 from the early late
Miocene (early Clarendonian) of Nebraska (June Quarry, Burge Member of the
Valentine Formation) (photographs taken by CMJ, third phalanx
mirror-imaged). Scale bar = 5 cm. lllustration by James G. Napoli.

the dorsal surface of the articulation (#4c,d); the loss of
the metapodial volar gully indicating a completely tendinous
suspensory ligament (#10c); enlarged proximal sesamoid bones
indicative of an enhanced suspensory apparatus (#11b); the
elongation and fusion of the oblique sesamoid ligaments to form
a distinct V-scar (#8c); and a somewhat less-flexed knee joint
(#13d). Changes occurring in more derived Equini (crownward
of Pliohippus) include a more vertical position of the third
phalanx within the hoof (#2¢); a further less-flexed knee joint

(#13,e,f); and an astragalus that limits the motion of the hind limb
to the parasagittal plane to a greater extent (#12e,f). Note that a
number of the features seen in extant Equus are present in a less
derived state in more basal species of the genus, as well as in other
monodactyl equids.

In summary: (1) The acquisition of the “spring foot” was
a key feature for the evolution and radiation of the Equinae,
allowing for increased efficiency of locomotion: but, as noted
by Thomason (1986), it may also be a liability, as it magnifies
the forces acting on the musculoskeletal system. (2) Monodactyl
Equinae differ from tridactyl ones not only in the loss of the
medial and lateral digits, but also in having an enhanced “spring
foot,” with evidence of greater extension at the fetlock joint (and
stronger ligaments to support this motion), accompanied by limb
movement more restricted to the parasagittal plane.

The Origin of Monodactyly

Monodactyly is known in derived species in the genus Pliohippus
and all Equini genera crownward of Pliohippus (see Figure 2).
Pliohippus is first known in the United States from the late
Barstovian (late middle Miocene, 12.6-14.8 Ma, although it has
been reported from the early Barstovian of Mexico; see Janis
et al., 2008). Pliohippus survived until the end of the Miocene,
but was only common in the mid-Miocene (Barstovian to early
Clarendonian) (MacFadden, 1998). Pliohippus was originally
considered to be directly ancestral to later monodactyl equids
(e.g., Stirton, 1940), but this genus has a number of its own
unique features, including complex facial fossae that are smaller
or absent in crownward Equini (MacFadden, 1998), and so was
excluded from ancestry of more derived equins. However, all
recent equid phylogenies place Pliohippus as the sister taxon
to the other monodactyl members of the Equini. There has
been considerable confusion between species of Pliohippus and
the more derived Equini genera Astrohippus and Dinohippus
(see MacFadden, 1998). Dinohippus is an early late Miocene to
Pliocene genus (Clarendonian to early Blancan), and Astrohippus
is a latest Miocene to Pliocene genus (Hemphillian to early
Blancan); both genera are distinct from Pliohippus in the
reduction of the preorbital facial fossae (to a greater extent in
Dinohippus than in Astrohippus). Dinohippus (BM ~170-500 kg)
also tends to be of larger body size than Pliohippus (BM ~110-
170kg) or Astrohippus (BM ~125-190 kg).

Pliohippus has also been noted to be variable in the incidence
of monodactyly, with tridactyl individuals reported. The most
well-known example is among individuals of a single death
assemblage of Pliohippus pernix from the Ashfall Fossil Beds in
Nebraska (early Clarendonian, Cl-2 ca. 11 Ma) (Voorhies, 1994;
Tucker et al.,, 2014), although the limb morphology of these
fossils has not been studied in a quantitative fashion. Hussain
(1975) notes incidences of both monodactyly and tridactyly
among the specimens of Pliohippus in the Frick collection at the
American Museum of Natural History (New York) (AMNH).
He claims that the first monodactyl Pliohippus is F:AM 60812,
known from Bear Creek Quarry in the Cap Rock Member of the
Ash Hollow Formation (the same member and formation as the
Ashfall Fossil Beds). Based on information in MacFadden (1998)
this is also likely to be Pliohippus pernix. Another specimen
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of Pliohippus pernix studied by Hussain (1975), F:AM 60803,
is slightly older (from June Quarry, Burge Member of the
Valentine Formation, earliest Clarendonian, Cl-1, ca. 13 Ma),
and is quite definitely tridactyl, even though the medial and
lateral digits are small (see Figure 5). We know of no systematic
study of variability of digit number in species of Pliohippus
in general. Figure5 compares the forefeet of the Old World
hipparionin Hippotherium primigenium, and a tridactyl specimen
of Pliohippus pernix. Note the smaller size of the medial and
lateral digits in Pliohippus, and also the larger proximal sesamoid
bones and the greater extent of the incipient V-scar.

Because Pliohippus includes tridactyl individuals it has been
common to claim that monodactyly evolved convergently in
Pliohippus and Equus (e.g., Azzaroli, 1992, who claimed that
monodactyly evolved on four separate occasions, additionally in
Astrohippus, and Hippidion + Onohippidium). However, as noted
above, tridactyl individuals of Pliohippus have phalanges of the
medial and lateral digits that are reduced in size in comparison
to other tridactyl equines, and they have a number of other
pedal features elsewhere seen only in monodactyl equids. We
consider that functional monodactyly evolved only once within
the Equidae, in the common ancestor of Pliohippus and the
more derived members of the Equini. However, the complete
loss of the medial and lateral digits (i.e., the transition to full
monodactyly) evidently occurred convergently at least twice, as
discussed below.

Although the phylogeny in Figure 2 places monodactyly as a
feature of all equids crownwards of Pliohippus, it is not known for
certain whether or not any species or individuals of Astrohippus
or Dinohippus retained medial and lateral digits. MacFadden
(1998) claimed that both genera are monodactyl, as far as is
known. Although MacFadden (1992, p. 255) originally noted that
Dinohippus was variably tridactyl, this is actually a reference to
the Ashfall specimens of Pliohippus, referred to as Dinohippus in
Voorhies (1981). This is also the source of the claim in Parker
et al. (2018) that Dinohippus was variably tridactyl (pers. comm.
of CMJ with Abigail Parker). Azzaroli (1992) also appeared
to have been under a similar misunderstanding in claiming
for variability in digit reduction in Protohippus: again, he was
referring to the Ashfall Pliohippus.

An examination by CMJ of a collection of metapodials of
Astrohippus from Guymon area in Texas (late Hemphillian) in
the AMNH revealed no evidence of scars for the medial and
lateral metapodials extending further than around halfway down
the bone. Hussain (1975, p. 218) claimed that Dinohippus “also
became monodactyl at about the same time” (as Pliohippus), but
he did not further elaborate on any incidence of tridactyly in
Dinohippus. However, there is some evidence for the retention of
side toes in Dinohippus. A UNSM specimen (27855) definitively
referred to as Dinohippus evidences lateral and medial first
phalanges. An AMNH specimen referred to as Dinohippus
sp. (F:AM 116128), from the Burge Member of the Valentine
Formation (the same member as Pliohippus pernix, which would
make it younger than any other recorded member of the
genus), evidences complete (but very slender) medial and lateral
metapodials with articulatory facets on their distal ends. From its
age, it seems more likely that this individual would represent a

specimen of Pliohippus, but the well-preserved skull (of similar
size to P. pernix) shows only a shallow dorsal preorbital facial
fossa, and no evidence of a malar fossa, resembling the condition
in Dinohippus.

Further research is clearly needed to clarify the issue of the
exact pattern of the origin of monodactyly in the Equini: that s, to
determine whether there were only two instances of convergence
in the loss of the medial and lateral digits (in Pliohippus and
in the common ancestor of the more derived Equini), or if
there were one or more instances within genera in the Equini
lineage crownward of Pliohippus (i.e., whether basal members of
Astrohippus and/or Dinohippus were fully monodactyl).

Hypotheses for the Evolution

of Monodactyly

Most hypotheses about equid monodactyly relate to the
notion of some sort of “improved” form of locomotion,
accompanying increasing body size. Almost all authors perceive
the acquisition of the “spring foot” as some sort of “precursor”
to monodactyly, which of course it is in absolute terms, but it
is not irrevocably linked with this further change in locomotor
anatomy. Nevertheless, the reasons for evolving the “spring foot”
should first be considered.

The Evolution of the “Spring Foot”
Thomason (1986) considered increased body size (i.e., larger than
Mesohippus) to be an important factor. Mesohippus species were
40-60 kg in body mass, and the “break point” between more basal
anchitheriines and the stem-equine anchitheriines appears to be
around 70kg. Larger animals experience greater change in the
rate of momentum during locomotor foot impact, and the shock-
absorption capacity of the “spring foot” would compensate for
this. Additionally, recovery of elastic energy is also relatively less
in smaller animals. However, size alone cannot be the reason
as the “spring foot” never evolved in the Anchitheriinae, some
of which attained sizes as large as any extant Equus and, as
noted earlier, acquired their own ways of stabilizing the fetlock
joint. Thomason (1986) also cited the likely complicating factors
of habitat choice and ground compliance, noting that “spring-
footed” equids were open-habitat animals (and a harder ground
surface would mean greater foot concussion on impact). This
observation may be extended to the “spring-footed” stem equine
anchitheriines, which commenced their radiation in the late
Oligocene, before the spread of grasslands in the early Miocene
of North America, but at a time when open habitats were likely
prevalent (see Damuth and Janis, 2011). Open-habitat ungulates
have larger home ranges and travel greater daily distances (Janis
and Wilhelm, 1993), and the energy-saving potential of the
“spring foot” may have become important at this time.

Although this change to an unguligrade posture is termed
a “cursorial adaptation,” and is usually assumed to be adaptive
for fast running, Reilly and Biknevicius (2007) consider
that it may have been more related to slow transportation
(walking) over long distances, especially as in modern
wild horses trotting and galloping only comprises around
2.5% of their locomotor repertoire (A similar point about
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cursorial anatomy and efficiency for walking was made
by Janis et al., 2004b).

Reasons for Retaining the Medial and Lateral Digits
Thomason (1985, 1986) also considered the transition to
monodactyly, noting that most authors are more concerned
about the function of the medial and lateral digits in the tridactyl
equines than the reason for their loss. The consensus appears
to be that the side toes would not contact the ground during
locomotion, but might prevent sprains due to hyperextension
of the central digit (Simpson, 1951), and/or offer additional
support during extreme fetlock extension, such as during slipping
on soft ground (Renders, 1984). Sondaar (1968) considered the
retention of the side toes to be adaptive for locomotion on soft
or muddy ground. Thomason (1986) cited Gromova (1952) for
the notion that the medial and lateral digits may have acted
to prevent lateral dislocation of the central digit, a function
assumed in Equus by the extension of the sagittal ridge onto
the dorsal surface of the distal metapodial articulation. Note,
however, that the prominence of this ridge is a feature of derived
Equus species, and the extent to which the ridge extended onto
the dorsal articular surface in Pliohippus is not well-established.
If this ridge was performing an essential function that was lost
along with the medial and lateral digits, it seems probable that
a modern Equus-like condition would be acquired sooner in
monodactyl equids.

Thomason (1986) also cited Zhegallo (1978), who considered
that the medial and lateral digits could help absorb the forces of
impact through the ligamentous connections to the central digit.
However, while this may explain the reason for the retention of
medial and lateral metapodials, it does not address the reason for
retention of the medial and lateral digits. This hypothesis may, in
fact, explain the retention of much of the shaft of the medial and
lateral metapodials in monodactyl equids.

Shotwell (1961) presented evidence to show that, during
the early late Miocene (Clarendonian) of North America,
hipparionin horses were found in more mesic, woodland-
savanna-like environments, many of which (for example, those
in the Northern Great Basin) did not contain monodactyl
equines or their ancestors. But in the latest Miocene North
American (Hemphillian) hipparionins declined and species of
monodactyl equins spread in association with an encroachment
of more arid, steppe-like habitats. Old World hipparionins also
underwent a precipitous decline in diversity at the end of the
Miocene, but were not replaced by equins; rather, a reduced
number of hipparionin genera persisted between 5.3 and 2.6 Ma;
Equus first occurred in the Old World 2.6 Ma. Shotwell (1961)
considered that the retention of the side toes would have rendered
tridactyl equines more agile, providing better ground traction,
and made them better at dodging predators in the woodland-
savanna environments, while in the more open grassland habitats
preferred by Pliohippus, where high speed locomotion would
have been required for predator escape. Shotwell (1961) does
not speculate as to why a monodactyl foot would be better for
high speed, except to say that in open environments “agility was
then a burden.” Bernor et al. (1997), in their description of the
Hoéwenegg Hippotherium primigenium assemblage, argued that

the slender bauplan, flexible spine and tridactyl foot were adapted
to leaping and springing in their woodland setting.

Researchers have reexamined the issue of habitat differences
between tridactyl and monodactyl horses in the past decade,
availing themselves of modeling techniques and large databases
on fossil occurrences unavailable to Shotwell. Maguire and Stigall
(2008) employed a phylogenetic biogeographic analysis of the
Equinae, and showed some regional differences between the
tribes, both in the areas of their original diversification and
in their subsequent dispersal. In terms of differences between
tridactyl and monodactyl equines, they note that protohippins
largely diversified in the Gulf Coast areas, while hipparionins
and equins initially inhabited the same northern and western
biogeographic regions. But with increasing late Neogene aridity
and the spread of more open grasslands, by the Pliocene the
hipparionins became restricted to the more mesic Gulf Coast
region, while equins (primarily the genus Equus) diversified
elsewhere. Maguire and Stigall (2008) followed Shotwell (1961)
in suggesting that this difference was related to foot anatomy,
tridactyl equids faring better in “muddy substrates.”

Maguire and Stigall (2009) used niche modeling techniques,
determining different habitat types within the Great Plains
biogeographic region to examine the distribution of species
occurrences. They concluded that a major difference between the
mid Miocene interval (Barstovian and Clarendonian) and the
later Miocene and Pliocene interval (Hemphillian and Blancan)
was for habitats to become less fragmented, with a more
homogenous type of grassland habitat predominating. Species
ranges became broader, possibly resulting in reduced rates of
speciation that contributed to the late Neogene overall taxonomic
decline of equids in general. However, Parker et al. (2018), also
used niche modeling techniques (employing ecomorphological
traits such as body size, hypsodonty and toe number), and
showed no evidence of differences in habitat occupancy between
monodactyl and tridactyl equids, and no specific correlation of
any of these traits with grassland habitats. They attributed the
evolution of monodactyly to increasing body size and “other
selective pressures” rather than to habitat choice, and they
followed the general trend in considering tridactyly adaptive
for “wet substrates.” The latter hypothesis is rejected based
on the Old World distribution of hipparionins and their
ecological context (Bernor et al., 1996, 2010; Eronen et al., 2009;
Figure 3 herein).

In summary, it appears that, while hipparionins and equins
may have occupied different biogeographic ranges to some
extent, and that equins expanded in cooler and more arid regions
in the late Neogene while hipparionins retreated from them, the
fact that both types of equids had similar habitat occupancies for
much of the later Miocene indicates that habitat preference per se
cannot be the reason for the different locomotor morphologies.
We propose later that, rather than different habitat occupancy,
monodactyl and tridactyl horses had differences in their preferred
gaits and economical travel speeds.

Reasons for Losing the Medial and Lateral Digits
There are two main hypotheses relating to digit loss: the notion
of “inertial load,” and the notion of “beam strength.” Both were
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summarized by Thomason (1986). However, both hypotheses
depend on the assumption that Equus has a larger body mass
than all tridactyl equines, and that body size increase played an
important role in this locomotor transition.

The “inertial load” hypothesis is perhaps the most common
one, with the consideration that the additional toes add weight to
the distal portion of the limb, and so would increase the metabolic
cost of locomotion. This extra weight could be tolerated at smaller
body sizes, especially if the medial and lateral digits retained
some function; but with increasing body size the “inertial load”
would become relatively greater, and there would be selection
for digit reduction and loss. This hypothesis falters not only
because many species of Old World hipparionins were within
(or even exceeded) the size range of extant species of Equus
(see e.g., Cantalapiedra et al, 2017), but also because the
species of Pliohippus (whether monodactyl or tridactyl) were
of similar body size to the contemporaneous (late Miocene)
tridactyl equids, with body masses in the 100-200kg range
(excluding smaller “dwarfed” forms such as species of Calippus
and Nannippus). A further consideration is that, because the
central digit becomes enlarged in monodactyl forms (especially
apparent in Equus; this would require investigation for the other
monodactyl taxa), the larger central digit may equal the mass of
the original three digits (in the derived tridactyl condition), and
the overall inertia of the foot may not actually be reduced.

The “beam strength” hypothesis starts with the observation
that a single beam is stronger in resistance to bending than
two (or more) beams made of the same quantity of material
and of similar cross-sectional shape (Alexander, 1980; Biewener,
1998). Thomason (1986) expanded on this idea, proposing a
combination of single beam strength and reduction of inertia
as the reason for the loss of the medial and lateral digits.
However, it seems to us that while the “single beam” concept
could explain a transition from a Mesohippus-like condition,
with three digits of subequal size, to an Equus-like single digit
condition, this transition was more-or-less accomplished with the
enlargement of the central digit with the evolution of the “spring
foot” in derived anchitheres. This notion of “beam strength”
does not seem appropriate for a consideration of reasons for
monodactyly in the Equinae, where all forms have a central
digit that is much larger than the medial and lateral ones. Note
that the cross-sectional diameter of the central metapodial scales
with positive allometry in equids (Thomason, 1986), in part
reflecting the “spring foot” transition when three subequal digits
were essentially replaced by a single, larger one. Simple beam
resistance does not explain the persistence of small medial and
lateral digits in most tridactyl equines, nor their subsequent loss.

McHorse et al. (2017) undertook an elegant study on the beam
strength and likelihood of fracture failure of equid metapodials,
examining not only the strength of the central digit but also the
contributions of the medial and lateral digits. They investigated
how these biomechanical functions changed with increasing
body size and digit reduction, quantifying the latter by employing
a “toe reduction index” (TRI). They studied 11 different equid
genera ranging from Hyracotherium to Equus (most represented
by two specimens), and also included two specimens of tapir
(Tapirus bairdii). Pliohippus was represented by a single specimen

of P. pernix from Ashfall (University of Nebraska State Museum
[UNSM] 52297), presumably one of the tridactyl individuals as its
recorded TRI is barely less than the included hipparionins. The
results they presented are for the metacarpals, but results for the
metatarsals were similar.

The resistance of the central metacarpal to bending stress (i.e.,
beam strength) was much greater in Equus than in any tridactyl
equine. Tapirus had similar resistance to the tridactyl equines,
probably due to its large size, while the values were considerably
less in the other equids (anchitheres and hyracotheres). The
maximum stresses experienced by the central metacarpal during
loadings for “normal locomotion” (trotting) were within the
zone of bone safety factors for all taxa, but the results were
different for “performance locomotion” (galloping or jumping).
Here the stresses exceeded the safety factor range in most equids,
the exception being Equus and three of the tridactyl equines
(including Pliohippus); for most equids (and the tapirs), stresses
in the central metacarpal were only kept below dangerous levels
(approaching or exceeding fracture stresses) if contribution from
the medial and lateral digits was taken into account.

McHorse et al. (2017) summarized their results by noting
that both metacarpal cross-sectional area and second moment
of area (=resistance to bending) increase with positive allometry
in equids, a trend unusual among mammals, but most of the
tridactyl equids (all considerably smaller than extant Equus)
would have experienced unsafe levels of stress in performance
locomotion without contributions from the medial and lateral
digits. They noted that the increasing size of the central digit
compensates for the increasing body mass throughout equid
evolution, and the medial and lateral digits may have been lost
simply because of relaxed selection once the central digit was
strong enough to counter all locomotor forces (as apparent
in most of the tridactyl Equinae); but the “inertial load” of
the retained side toes may have reduced speed or increased
locomotor costs, and so they would ultimately be selected against.

The research of McHorse et al. (2017) greatly increases
our knowledge about the evolutionary biomechanics of the
equid limbs, but their final conclusion is that their results
support the hypothesis that “body mass was a potential
driver of digit reduction.” However, they did not consider
data from Equus-size Old World hipparionins: for example,
Eurygnathohippus hasumensis (BM ~500kg; see Bernor et al,
2010) and Proboscidipparion sinense (BM ~465; see Sefve, 1927;
Qiu et al., 1987; Bernor and Sun, 2015; Bernor and Sen, 2017)
are both fully tridactyl, and thus body size increase cannot be the
major driver of monodactyly. We again note that digit reduction
begins at the level of Pliohippus, equins no larger than the
contemporaneous hipparionins.

AN ALTERNATIVE HYPOTHESIS FOR THE
EVOLUTION OF MONODACTYLY

Anatomical Features That
Accompany Monodactyly

Monodactyly is accompanied by a suite of anatomical features
related to the foot suspensory apparatus, many of which are
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apparent even in tridactyl individuals of Pliohippus. While it
might be assumed that these pedal modifications compensate for
the lack of the supportive function of the medial and lateral digits,
it seems to us more likely that this notion should be reversed:
that is, that the enhanced suspensory apparatus rendered the
medial and lateral digits redundant. With this perspective,
reasons for an enhanced suspensory apparatus should be the
primary consideration.

The equid suspensory apparatus limits over-extension of the
fetlock and helps to “spring” the foot back from an extended
position. The amount of extension possible at the fetlock joint
relates to the degree of curvature of the distal articular surface
of the metapodials, as also reflected by the dorsal extent of
the sagittal ridge around that surface. This anatomy (highly
curved articular surface with dorsally-extended sagittal ridge)
distinguishes Equus from “Merychippus;, indicating a greater
extent of fetlock extension (dorsi-flexion) in Equus (Thomason,
1985, 1986). Thomason (1986) estimates a maximum extension
angle of around 65° (to the vertical) in “Merychippus, in
contrast to 90° in Equus. Although this anatomy has not been
systematically examined in other members of the Equinae, it
appears that a trend toward the Equus condition (not even
fully realized in early species of the genus) accompanies the
trend toward monodactyly (see Figure2). A more developed
suspensory apparatus allows for a greater extension at the fetlock,
and hence for a greater degree of stretching of the flexor tendons.
This in turn allows for greater amount of elastic energy recovery
during locomotion, and hence a greater efficiency of locomotion.
Thus, we propose that the transition to monodactyly is correlated
with selection for greater efficiency of locomotion, irrespective
of any considerations of the loss of the “inertial load” of the
side toes.

Another anatomical feature apparently correlated with
monodactyly is the change from a more flexible back to a
stiffer one, with restriction of sagittal movements of the lumbar
region. Jones (2016) examined the lumbar region of a series of
North American fossil horses and concluded that anterior and
middle lumbar flexibility decreases throughout equid evolution
(although posterior lumbar flexibility remains approximately the
same). She showed shifts of decreasing flexibility to occur at
the transition between hyracotheriines and basal anchitheriines
(e.g., Mesohippus), between basal anchitheriines and stem equine
anchitheriines (e.g., Parahippus: i.e., at the level of the acquisition
of the “spring foot”), and then to an Equus-like condition
at the level of Hippidion (BM >250kg). She proposed that
hyracotheres may have practiced a “flexible-back” type of gallop,
but that more recent equids were more restricted. As previously
mentioned, Nannippus (the only hipparionin included) shows
more restricted lumbar flexibility, converging on the condition
seen in Equus.

Jones (2016) concluded that increasing body size was the
main driver in the evolution of equid lumbar stability. But,
again, size cannot be the only factor: not only did the Old
World hipparionins remain persistently tridactyl, they also had
alumbar region that evidences a much greater degree of mobility
than Equus. Hippotherium primigenium, a basal Old World
hipparionin from Howenegg (late Miocene of Germany), was of

a similar size (BM ~295kg) to a common zebra (Equus quagga
burchelli), but also evidenced a capacity for greater medio-
lateral lumbar rotation (Bernor et al., 1997). Hippotherium had
comparably weakly-developed zygapophyses and expansion of
the articular surfaces of the transverse processes; thoracic and
lumbar vertebrae with long spinous processes indicative of well-
developed epaxial musculature; and a sacrum that was long and
narrow in comparison with Equus, with a more narrow flare
of the ala ossis sacri that form the sacroiliac joint, and longer
spinous processes with expanded distal tubercles (see Figure 6).
Bernor et al. (1997) interpreted this spinal anatomy as enabling
Hippotherium to leap and spring and to make sharp turns while
running, advantageous in its original woodland habitat.

Although Jones (2016) interpreted the lumbar flexion
of Pliohippus pernix (BM ~175kg) to be similar to that
of the tridactyl equids Parahippus and “Merychippus; its
sacrum is more like that of Equus. While the sacrum
of the contemporaneous (and similarly-sized) hipparionin
Neohipparion resembles that of Hippotherium, the one of
Pliohippus is both shorter and broader, with spinous processes
that are shorter, more posteriorly inclined, and more appressed
to each other, approaching the Equus condition (see Figure 6).
The hipparionin Pseudhipparion (UNSM 27837) has a sacrum
of similar anatomy to Neohipparion. The hipparionin sacral
anatomy appears to be the more basal condition: similarly
long sacra can be seen on mounted skeletons in the Fossil
Mammal Gallery at the American Museum of Natural History,
including the anchitheriines Parahippus and Hypohippus, and
the basal equin Acritohippus (= “Merychippus”) quinni, while
Dinohippus has a shorter, more Equus-like sacrum. We interpret
this morphology as further indication of a more flexible back in
hipparionins than in the monodactyl equins, with a stiffer back
and shorter sacrum being a derived condition in the equins.

A Hypothesis of a Change in

Preferred Gaits

We have shown that monodactyl equines combine a more
extensive suspensory apparatus in the foot with a less flexible
back than hipparioninins, and propose that this combination
of anatomical features is indicative not only of selection for
increased locomotor efficiency (via elastic return of some
proportion of the energy lost over a stride cycle) but also of a
difference in the preferred gait for travel at speeds faster than
a walk. The trackways of a hipparionin from the Pliocene age
locality of Laetoli, Tanzania show it to have been performing a
running-walk (Renders, 1984). Of course, a single trackway is
insufficient to determine that all tridactyl horses habitually used
this gait: but we discuss below why the anatomy of monodactyl
equines might be specifically adapted to the use of a trot for
economical locomotion over distances, and why a running-walk
may have been the preferred intermediate-speed gait for tridactyl
equines. This proposal of differences in gait selection depends,
in part, on the hypothesis (discussed in the following section)
that, during their initial appearance in the late Neogene of North
America, monodactyl equines adopted a diet that required a
greater extent of daily or seasonal roaming behavior than that of
the contemporaneous tridactyl forms.
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FIGURE 6 | Sacra in left lateral view (upper) and ventral view (lower). (A) Neohipparion coloradense (F:AM 69511); (B) Hippotherium primigenium, modified from
Figure 5.4.2 in Bernor et al. (1997); (C) Pliohippus pernix (F:AM 60872); (D) Equus grevyi (AMNH 82036). (F:AM = Frick Collection, American Museum of Natural
History). All specimens drawn to the same size, not to scale. Photographs taken by CMJ. lllustration by James G. Napoli.

Although, as previously discussed, the mechanical properties
of the trot and running-walk gaits are similar, the trot is likely to
be a more efficient gait for distance travel, while the running-walk
might have advantages if economy over distance was not an issue.
Biknevicius et al. (2006) note that peak ground reaction forces
of individual limbs are smaller in t6lting horses than in trotting
horses (see also Waldern et al., 2015), which may mean that a
running-walk could be comfortably sustained at speeds at which
a trotting horse would have transitioned to a gallop. They also
speculate that, with at least one foot being on the ground at all
stages of the stride cycle, the running-walk might provide a both
a better base of support and enhanced proprioception, and hence
afford superior performance over uneven surfaces. The notion
of enhanced proprioception is especially interesting, as this may
have been a functional reason for retaining non-weight-bearing
medial and lateral digits.

However, a disadvantage of the running-walk is that it may
be metabolically more expensive than trotting. In a comparison
of the two gaits practiced by the same Icelandic horses, Waldern
et al. (2015) noted that these horses had a shorter stride and
a higher stride frequency when tolting than during trotting,
and that they also experienced less limb compression. As the
metabolic energy expended per stride is a constant (Taylor et al.,
1982), this implies that a running-walk is more expensive than
trotting, and Waldern et al. (2015) noted that the metabolic
power required was around 5% greater. They also noted (citing
Ingolfsdottir, 2013) that riders observe that Icelandic horses
prefer the trot to the tolt when fatigued. In horses, metabolic
costs increase less steeply with increasing speed in trotting than
in either walking or galloping (Minetti et al, 1999), which
contributes to it being an efficient gait, but it seems unlikely that
this would be true for the running-walk.

As previously noted, monodactyl horses have anatomical
evidence of a greater maximum extent of fetlock extension
(dorsi-flexion) than tridactyl ones. Waldern et al. (2015) note a

lesser degree of limb compression in tolting vs. trotting horses:
this implies that the running-walk relies less on elastic energy
return than the trot, as limb compression occurs primarily via
hyperextension of the fetlock joint (especially in the forelimb).
The corollary of this is that the trotting gait in horses is more
reliant on fetlock hyperextension and elastic energy recovery than
the running-walk. Interestingly, Biewener (1998) noted that the
maximum energy storage (40%) occurred during the transition
from walk to trot, and that energy storage in the trot is greater
than in the gallop. Biewener (1998) also noted that it is the deep
digital flexor tendons that experience the greatest strains and
contribute most to elastic energy savings.

How might the relative stiffness of the back (including the
shorter and broader sacrum) in monodactyl horses be correlated
with the above observations? The trot gait in extant equids is
a stiff-backed gait compared with the gallop, which entails a
greater extent of lumbar flexion (Harris, 2016). However, perhaps
it is not that the stiffer back aids a trotting gait, but more
that it is a consequence of having more “springy” legs. More
competent leg springs might reduce the need for the demands
for elastic function in the back during the gallop: stiffening the
back might then be advantageous in reducing epaxial muscle
activation required for stiffening the torso during locomotion
(we thank Jim Usherwood for this proposition). This hypothesis
could be explored by comparing the size of the vertebral spinous
processes (supporting the epaxial musculature) in hipparionins
and equins: note that these are large in Hippotherium (Bernor
et al,, 1997), and that the sacral spinous processes are larger in
the hipparionins depicted in Figure 6. It is also interesting in this
regard that among gaited domestic horse breeds, those practicing
a running-walk are favored by longer backs and hips (i.e., the
sacral area).

In summary, it appears that the running-walk might have
certain locomotor advantages, especially on uneven surfaces
or mixed terrestrial substrates such as found in wooded and
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forested settings, but a trot gait would be more metabolically
efficient for distance travel at a medium-speed sustained gait. A
tridactyl horse employing a trot would benefit from increased
elastic energy storage (more so than when doing a running-
walk), and so there would be selection for an increased extent
of fetlock hyperextension and concomitant increased support for
this motion from the ligamentous suspensory apparatus. Thus,
we propose that an initial change in behavior (change in preferred
gait, due to a greater extent of daily roaming) would result in
selection for change in morphology (e.g., Lister, 2014); even small
changes would incrementally reduce locomotor costs.

It is evident from the morphology that monodactyl horses are
maximizing their capacity for elastic energy recovery, but why
would this also be associated with the loss of the medial and
lateral digits? It is conceivable that there was no active selection
for the loss of the medial and lateral digits, but rather that this
was a corollary of enlarging the central digit. In equid ontogeny,
the foot originally develops with five digits and all but the central
one are reduced by means of cell death (Cooper et al., 2014). In
tridactyl equids there must have been a lesser extent of apoptotic
digit reduction; but could it be possible that selection for a more
predominant third digit might have the side effect of a greater
reduction of the second and fourth ones during ontogeny? In
particular, given the importance of the digital flexor tendon in
elastic energy storage, perhaps an initial part of this selection was
for a larger distal sesamoid bone for its support and insertion.
This notion is admittedly speculative; but our point is that the
essence of pedal anatomy in monodactyl equids may primarily
be a large central digit in a foot with greater ligamentous support
and an enhanced suspensory apparatus. The loss of the medial
and lateral digits may not necessarily be adaptive per se, but,
rather, may merely represent an ontological consequence.

SUMMARY AND CONCLUSIONS

Monodactyly is often perceived as an evolutionary
“improvement” in equid locomotion. But this notion of
“improvement” does not explain the persistence of tridactyl
horses for millions of years after monodactyly first appeared, nor
why only a single equid lineage made the transition to (greater)
reduction and/or loss of the medial and lateral digits. The Old
World hipparionins were highly diverse, and paralleled the
New World equins in changes in body size (both increases and
decreases) and hypsodonty (Cantalapiedra et al., 2017), yet they
showed no trend toward monodactyly. MacFadden (1992) notes
that, in the overall scenario of late Neogene equid evolution, it
was the tridactyl horses that were the most successful radiation.
Monodactyly (or incipient monodactyly) was first apparent in
North America, with the genus Pliohippus in the middle Miocene
around 15Ma (definitively monodactyl forms apparent by ca.
10 Ma). At this time tridactyl equines were the predominant
forms (~10 genera, see Figure 3). Tridactyl equines did not
decrease in diversity until around 5Ma (by which time they
had become increasingly restricted to more southern regions).
Tridactyl equines became extinct in North America at ca. 2 Ma,
and at <1 Ma in southern Asia and Africa, by which time

the only remaining monodactyl equin was the genus Equus
(see MacFadden, 1992, 1998; Janis et al., 2008). Considering
the early evolution of monodactyly, rather than the eventual
success of Equus, monodactyl horses must initially have been
doing something different in a world where tridactyl horses
were predominant.

We propose that the divergence of the lineage of equines
that became monodactyl from their tridactyl relatives had its
origins in a difference in diet and foraging behavior. Although
niche modeling has demonstrated that North American Miocene
monodactyl and tridactyl horses did not live in completely
different habitats (Parker et al., 2018), nevertheless there
must have been differential selection on the locomotor
morphologies of tridactyl and monodactyl lineages. We propose
that North American Miocene monodactyl horses adopted
a feeding regime that entailed a greater extent of roaming
behavior, on a daily and/or seasonal basis. African zebras
evolved as part of a migratory ungulate community that was
dependent on long-distance roaming. This original (Miocene)
diet may have comprised a greater percentage of grass
than in the tridactyl equines, as implied by some (but
not all) studies of dental morphology and wear; but our
hypothesis does not depend on the actual composition of
the diet, only of the foraging behavior necessary to subsist
on it.

A greater extent of roaming behavior would have led to
selection for limb morphology that supported more efficient
distance transport. This might simply have been for more
efficient walking, as proposed by Reilly and Biknevicius (2007).
Zebras usually walk while migrating (Pennycuick, 1975), but
the locomotory issue for the members of the equin lineage
may have been for a combination of speed and efficiency for
daily travel between patchy resources of food. Wild horses are
known to trot for daily distance travel; the trot was used for
efficient transport by the US cavalry, and endurance equestrians
habitually select the trot gait (Harris, 2016; Egenes, 2017). The
trot gait involves a much greater degree of storage of elastic
energy in the flexor tendons than the walk: as we propose that
it is this aspect of locomotor performance (i.e., greater efficiency
resulting from enhanced elastic energy storage) that drove the
evolution of monodactyly, it is a plausible proposition that a
preference for a trot gait at speeds between walk and gallop was
the selective factor for anatomical change. The adoption of the
trot as the preferred medium-speed gait may have been a key
difference between equins and hipparionins, given that trackways
evidence a running-walk in a hipparionin (Renders, 1984). This
proposed locomotor difference may also explain the difference
in the lumbar and sacral regions of hipparionins (longer and
more flexible) and equins (shorter and stiffer), and also the less-
flexed knee joint of equins (Hussain, 1975). In modern horses,
as previously noted, the running-walk gait may have advantages
for stability and proprioception over uneven surfaces, but it is
metabolically more demanding than a trot.

Although both running-walk and trot gaits in modern horses
rely on spring-mass mechanics with compliant legs, there is
a greater extent of limb compression in trotting horses, and
thus likely a greater amount of return of stored elastic energy
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in the foot tendons and ligaments. Both monodactyl and
tridactyl equines had a “spring foot” that would have promoted
storage and recovery of elastic energy during locomotion; but
monodactyl equines show osteological evidence for greater
amount of hyperextension of the fetlock (morphology of the
distal metapodial articular surface) and a more extensive
suspensory apparatus to support the distal foot during this
hyperextension (larger proximal sesamoid bones). The foot
anatomy of monodactyl equines primarily reflects a greater
extent of energy storage and recovery during locomotion, and
hence more economical transport: the loss of the medial and
lateral digits may not be adaptive per se, but may simply be a
consequence for selection for a foot that is superior in economy
for distance transport.

If monodactyl horses were initially in the minority, how did
monodactyly, the distinguishing feature of the genus Equus,
come to predominate and eventually be the only form of equid
foot anatomy? Monodactyly in North American equids first
appears in the later Miocene, when higher latitude cooling and
aridification was starting to dominate Cenozoic climatic regimes
(Zachos et al., 2001). However, aridification had an earlier onset
in North America than in the Old World (late Miocene vs. Plio-
Pleistocene); this may explain the success of many mammals
migrating to the Old World in the Plio-Pleistocene (Equus among
them), as they would have been preadapted to the emerging
Old World arid conditions (Eronen et al., 2012). Thus, the late
Miocene North American equids would have been experiencing
increasingly arid conditions, while the Old World ones were still
inhabiting a more mesic world. This may explain why no Old
World tridactyl lineage adopted the type of roaming behavior
that we hypothesize characterized the emerging New World
monodactyl lineage.

Note that with further increasing aridity in North America
in the earliest Pliocene, the remaining tridactyl equines became
more or less restricted to more southern regions, while the
monodactyl equines diversified in the more northern grasslands.
Maguire and Stigall (2008) attributed this biogeographic
divergence to substrate differences, but we consider it more likely
that the different equine lineages were following divergent dietary
preferences and, hence, divergent foraging behaviors. It is also
of interest that the one hipparionin that did adopt some Equus-
like locomotor morphology of the feet and back, Nannippus,
was the only hipparionin to survive into the Pliocene in the
more northern regions of North America (see Figure 3). Note
also that this was a dwarfed form (estimated BM of Pliocene N.
peninsulatus = 75kg), which contrasts with the hypotheses for
the evolution of Equus pedal morphology being related to an
increase in body size (and also note that the monodactyl litoptern,
Thoatherium, was even smaller, ~25 kg.).

When the genus Equus migrated to the Old World at the
start of the Pleistocene (2.6 Ma) the hipparionins were still
present, although of reduced diversity; but hipparionins persisted
alongside of Equus until sometime later than 1.0 Ma in China
and Africa. Equus may have had the advantage in the Old
World Pleistocene, as with the encroaching aridity and cooling it

would have been preadapted for more efficient distance transport.
Would Old World hipparionins have evolved monodactyly if
not for the presence of Equus? The question is unanswerable,
but it is worth noting that the lineage leading to Equus had at
least 10 million prior years of evolutionary history leading to the
foot anatomy seen in modern species of the genus. As previously
noted, although monodactyly was established somewhere around
the Astrohippus/Dinohippus stage in the latest Miocene, even
early species of Equus lacked the full suite of derived anatomical
features seen in extant equids (see Figure 2). It may well be that
the Old World hipparionins would never have “progressed” to
monodactyly, as was the fate of their New World relatives and,
moreover, they never showed this tendency in their 10 Ma (or
more) of evolution in Eurasia and Africa.

We conclude that the monodactyly of Equus represents an
exaptation for the cooler and more arid world of the Plio-
Pleistocene and the present day. We propose that the origins
of monodactyly were in the divergent foraging behaviors of
late Miocene North American hipparionin and equin lineages,
leading to selection in the latter lineage for a greater efficiency
of locomotion. This novel locomotor adaptation, manifested in
the monodactyl condition, set the stage for the genus Equus
to survive and flourish globally in the Plio-Pleistocene, while
the tridactyl horses that had dominated the late Miocene were
not so fortunate. In terms of monodactyly, at least, Equus
was fundamentally a lucky genus in the grand scheme of
equid evolution.

AUTHOR CONTRIBUTIONS

CJ conceived of the idea, and provided the information
on North American equids. RB provided the information on
Old World equids. Both authors contributed to the writing of
the paper.

ACKNOWLEDGMENTS

We thank Judy Galkin and Jin Meng at the American Museum
of Natural History (New York) for access to the collections of
fossil horses, to Sara Ketelsen for access to the recent horses
at this same institution, and to Russ Secord for access to the
collections of fossil horses at the University of Nebraska State
Museum. Thanks also to Jim Usherwood (Royal Veterinary
College, London) for extensive help with, and comments on,
the sections on equine locomotion; Jon Baskin and Kelly
Lessel for help with references; Brianna McHorse for reviewing
our summary of her research and providing photographs of
Parahippus (Brianna is coincidentally also writing a review on the
evolution of equid monodactyly); John Damuth, and reviewers
Spencer Lucas and David Marjanovi¢ for comments on the
manuscript; and James G. Napoli for the illustrations. CJ visits
to North American museum collections have been supported by
the Bushnell Foundation (Brown University). RB research on
fossil equids has been supported by past NSF grants EAR0125009,
1113175, 1138908, and 1558586.

Frontiers in Ecology and Evolution | www.frontiersin.org

42

April 2019 | Volume 7 | Article 119


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Janis and Bernor

Evolution of Equid Monodactyly

REFERENCES

Alberdi, M., and Palombo, M. R. (2013). The late early to early middle
pleistocene stenonoid horses from Italy. Quatern. Int. 288, 25-44.
doi: 10.1016/j.quaint.2011.12.005

Alexander, R. M. (1980). “Terrestrial locomotion,” in Mechanics and Energetics of
Animal Locomotion, eds R. M. Alexander and G. Goldspink (London:Chapman
and Hall), 168-203.

Alexander, R. M. (1988). Elastic Mechanisms in Animal Movement. Cambridge:
Cambridge University Press.

Azzaroli, A. (1992). Ascent and decline of monodactyl equids: a case for prehistoric
overkill. Ann. Zool. Fennici 28, 151-163.

Azzaroli, A. (2000). On Equus livenzovensis Baigusheva 1978 and the “stenonid”
lineage of equids. Palaeontograph. Ital. 87, 1-17.

Barrey, E. (2013). “Gaits and interlimb coordination,” in Equine Locomotion, eds
W. Back and H. M. Clayton (New York, NY: Elsevier), 85-97.

Bernor, R. L., Armour-Chelu, M., Gilbert, H., Kaiser, T. M., and Schulz, E. (2010).
“Equidae,” in Cenozoic Mammals of Africa, eds L. Werdelin and W. L. Sanders
(Berkeley, CA: University of California Press), 685-721.

Bernor, R. L., Boaz, N., and Rook, L. (2012). Eurygnathohippus feibeli
(Perissodactyla, Mammalia) from the late Miocene of Sahabi (Libya) and its
evolutionary and biogeographic significance. B. Soc. Paleontol. Ital. 51, 39-48.

Bernor, R. L., Gilbert, H., Semprebon, G., Simpson, S., and Semaw, S. (2013).
Eurygnathohippus woldegabrieli sp. nov. (Perissodactyla: Mammalia) from
the Middle Pliocene of Aramis, Ethiopia (4.4 Ma.). J. Vertebr. Paleontol. 33,
1472-1485. doi: 10.1080/02724634.2013.829741

Bernor, R. L., Gohlich, U. B., Harzhauser, M., and Semprebon, G. M. (2017).
The Pannonian C hipparions from the Vienna Basin. Palaegeogr. Palaeoclim.
Palaeoecol. 476, 28-41. doi: 10.1016/j.palaeo.2017.03.026

Bernor, R. L., Koufos, G. D., Woodburne, M. O., and Fortelius, M. (1996). “The
evolutionary history and biochronology of European and Southwest Asian
Late Miocene and Pliocene hipparionine horses,” in The Evolution of Western
Eurasian Later Neogene Faunas, eds R. L. Bernor, V. Fahlbusch, and H. W.
Mittmann (New York, NY: Columbia University Press), 307-338.

Bernor, R. L., Scott, R. S., Fortelius, M., Kappelman, J., and Sen, S. (2003).
“Systematics and evolution of the Late Miocene Hipparions from Sinap,
Turkey,” in The Geology and Paleontology of the Miocene Sinap Formation,
Turkey, eds M. Fortelius, J. K. S. Sen, and R. L. Bernor (New York, NY:
Columbia University Press), 220-281.

Bernor, R. L., and Sen, S. (2017). The early pliocene Plesiohipparion and
Proboscidipparion (Equidae, Hipparionini) from Calta, Turkey (Ruscinian Age,
c. 4.0 Ma). Geodiversitas 39, 28-41. doi: 10.5252/g2017n2a7

Bernor, R. L., and Sun, B. (2015). Morphology through ontogeny of Chinese
Proboscidipparion and Plesiohipparion and observations on their Eurasian and
African relatives. Vert. PalSin. 53, 73-92.

Bernor, R. L., Tobien, H., Hayek, L.-A. C., and Mittmann, H.-W. (1997).
Hippotherium primigenium (Equidae, Mammalia) from the late Miocene of
Howenegg (Hegau, Germany). Andrias 10, 1-230.

Bernor, R. L., Wang, S., Liu, Y., Chen, Y., and Sun, B. (2018). Shanxihippus
dermatorhinus (New Gen.) with comparisons to Old World hipparions
with specialized nasal apparati. Riv. Ital. Paleontol. Stratigraf. 124,
361-386.

Bertram, J. E. A, and Gutmann, A. (2009). Motions of the running horse and
cheetah revisited: fundamental mechanics of the transverse and rotary gallop.
J. R. Soc. Interface 6, 549-559. doi: 10.1098/rsif.2008.0328

Biewener, A. A. (1998). Muscle-tendon stresses and elastic energy storage
during locomotion in the horse. Comp. Biochem. Physiol. B 120, 73-87.
doi: 10.1016/50305-0491(98)00024-8

Biknevicius, A. R., Mullineaux, D. R,, and Clayton, H. M. (2006). Locomotor
mechanics of the tolt in Icelandic horses. Am. J. Vet. Res. 67, 1505-1510.
doi: 10.2460/ajvr.67.9.1505

Biknevicius, A. R., and Reilly, S. M. (2006). Correlation of symmetrical gaits and
whole body mechanics: debunking myths in locomotor biomechanics. J. Exp.
Zool. 305A, 923-934. doi: 10.1002/jez.a.332

Camp, C. L., and Smith, N. (1942). Phylogeny and functions of the digiial ligaments
of the horse. Mem. Univ. Calif. Berkeley 13,1-73.

Cantalapiedra, J. L., Prado, J. L., Fernandez, M. H. and Alberdi, M.
T. (2017). Decoupled ecomorphological evolution and diversification

in Neogene-Quaternary horses. Science 355, 627-630. doi: 10.1126/
science.aagl772

Clayton, H. M. (2004). The Dynamic Horse: a Biomechanical Guide to Equine
Movement and Performance. Mason, MI: Sport Horse Publications.

Cooper, K. L., Sears, K. E., Uygur, A, Maier, J., Baczkowski, K. S,
Brosnahan, M., et al. (2014). Patterning and post-patterning modes of
evolutionary digit loss in mammals. Nature 511, 41-45. doi: 10.1038/
naturel3496

Damuth, J., and Janis, C. M. (2011). On the relationship between hypsodonty and
feeding ecology in ungulate mammals, and its utility in palacoecology. Biol. Rev.
86, 733-758. doi: 10.1111/.1469-185X.2011.00176.x

Deng, T., Li, Q., Tseng, J., Takeuchi, G. T., Wang, Y., Xie, G, et al. (2012).
Locomotive implication of a Pliocene three-toed horse skeleton from Tibet and
its paleo-altimetry significance. Proc. Natl. Acad. Sci. U.S.A. 109,7374-7378.
doi: 10.1073/pnas.1201052109

Der Sarkission, C. D., Vilstrup, J. T., Schubert, M., and Seguin-Orlando,
E.me, D., and 10 others (2015). Mitochondrial genomes reveal the extinct
Hippidion as an outgroup to all living equids. Biol. Lett. 11:20141058.
doi: 10.1098/rsbl.2014.1058

Egenes, J. (2017). Man & Horse: The Long Ride Across America. Thornton, CO:
Delta Vee.

Eronen, J. T., Ataabadi, M. M., Micheels, A., Karme, A., Bernor, R. L., and Fortelius,
M. (2009). Distribution history and climatic controls of the Late Miocene
Pikermian chronofauna. Proc. Natl. Acad. Sci. US.A. 106, 11867-11871.
doi: 10.1073/pnas.0902598106

Eronen, J. T., Fortelius, M., Portmann, F. T., Puolamiki, K., and Janis, C. M. (2012).
Neogene aridification of the Northern Hemisphere. Geology 40, 823-826.
doi: 10.1130/G33147.1

Famoso, N. A. Davis, E. B., Feranec, R. S., Hopkins, S. S. B, and
Price, S. A. (2016). Are hypsodonty and occlusal enamel complexity
evolutionarily correlated in ungulates? J. Mamm. Evol. 23, 43-47. doi: 10.1007/
510914-015-9296-7

Gromova, V. (1952). Le genre Hipparion. Inst. Paleontol. Acad. Sci. 36, 1-288.

Harris, S. E. (2016). Horse Gaits, Balance, and Movement. Nashville, TN:
Souvenir Press.

Hulbert, R. C., and MacFadden, B. J. (1991). Morphological transformation and
cladogenesis at the base of the adaptive radiation of Miocene hypsodont horses.
Am. Mus. Nov. 3000, 1-61.

Hussain, S. T. (1975). Evolutionary and functional anatomy of the pelvic limb in
fossil and Recent Equidae (Perissodactyla, Mammalia). Anat. Histol. Embryol.
4,179-222. doi: 10.1111/j.1439-0264.1975.tb00636.x

Ingolfsdottir, I. B. (2013). Training im Geldnde - Sich die Natur zu Nutze machen.
Eidfaxi 4, 70-75.

Janis, C. M. (2007). “The horse series,” in Icons of Evolution, ed B. Regal (Westport,
CT: Greenwood Press), 257-280.

Janis, C. M., Damuth, J, and Theodor, J. M. (2004a). The species
richness of Miocene browsers, and implications for habitat type
and primary productivity in the North American grassland biome.
Palaeogeogr.  Palaeoclimatol.  Palaeoecol. 207, 371-398. doi: 10.1016/
j.palae0.2003.09.032

Janis, C. M., Errico, P., and Mendoza, M. (2004b). Morphological indicators of
cursoriality in equids: legs fail to support the “arms race.” J. Vertebr. Paleontol.
24 (Suppl. 3), 75A.

Janis, C. M., Hulbert, R., and Mihlbachler, M. (2008). “Addendum to Volume 1,
in Evolution of Tertiary Mammals of North America, Vol. 2, Small Mammals,
Edentates, and Marine Mammals, eds C. M. Janis, G. F. Gunnell, and M. Uhen
(Cambridge: Cambridge University Press), 645-693.

Janis, C. M., and Wilhelm, P. W. (1993). Were there mammalian pursuit predators
in the Tertiary? Dances with wolf avatars. J. Mamm. Evol. 1, 103-125.
doi: 10.1007/BF01041590

Jones, K. E. (2016). New insights on equid locomotor evolution from the
lumbar region of fossil horses. Proc. R. Soc. Lond. B Bio. 283:20152947.
doi: 10.1098/rspb.2015.2947

Kelly, T. S. (1995). New Miocene horses from the Caliente Formation, Cuyama
Valley Badlands, California. Nat. Hist. Mus. L. A. Count. Contrib. Sci. 455, 1-33.

Kelly, T. S. (1998). New Middle Miocene equid crania from California and their
implications for the phylogeny of the Equinae. Nat. Hist. Mus. L. A. Count.
Contrib. Sci. 473, 1-44.

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2019 | Volume 7 | Article 119


https://doi.org/10.1016/j.quaint.2011.12.005
https://doi.org/10.1080/02724634.2013.829741
https://doi.org/10.1016/j.palaeo.2017.03.026
https://doi.org/10.5252/g2017n2a7
https://doi.org/10.1098/rsif.2008.0328
https://doi.org/10.1016/S0305-0491(98)00024-8
https://doi.org/10.2460/ajvr.67.9.1505
https://doi.org/10.1002/jez.a.332
https://doi.org/10.1126/science.aag1772
https://doi.org/10.1038/nature13496
https://doi.org/10.1111/j.1469-185X.2011.00176.x
https://doi.org/10.1073/pnas.1201052109
https://doi.org/10.1098/rsbl.2014.1058
https://doi.org/10.1073/pnas.0902598106
https://doi.org/10.1130/G33147.1
https://doi.org/10.1007/s10914-015-9296-7
https://doi.org/10.1111/j.1439-0264.1975.tb00636.x
https://doi.org/10.1016/j.palaeo.2003.09.032
https://doi.org/10.1007/BF01041590
https://doi.org/10.1098/rspb.2015.2947
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Janis and Bernor

Evolution of Equid Monodactyly

Lindsay, E. H., Opdyke, N. D., and Johnson, N. M. (1980). Pliocene dispersal of the
horse Equus and late Cenozoic mammal dispersal events. Nature 287, 135-138.
doi: 10.1038/287135a0

Lister, A. M. (2014).
the fossil record. Biol.
bij.12173

MacFadden, B. J.

of
University Press.

MacFadden, B. J. (1998). “Equidae,” in Evolution of Tertiary Mammals in North
America, Vol 1, Terrestrial Carnivores, Ungulates, and Ungulate-like Mammals,
eds C. M. Janis, K. M. Scott, and L. L. Jacobs (Cambridge: Cambridge University
Press), 537-559.

MacFadden, B. J. (2013). Dispersal of Pleistocene Equus (family
Equidae) into South America and calibration of GABI 3 based on
evidence from Tarija, Bolivia. PLoS ONE 8: 59277. doi: 10.1371/
journal.pone.0059277

Maguire, K. C., and Stigall, A. L. (2008). Paleobiogeography of Miocene Equinae
of North America: a phylogenetic biogeographic analysis of the relative roles of
climate, vicariance, and dispersal. Palaeogeogr. Palaeoclimatol. Palaeoecol. 267,
175-184. doi: 10.1016/j.palae0.2008.06.014

Maguire, K. C., and Stigall, A. L. (2009). Using ecological niche modeling
for quantitative biogeographic analysis: a case study of Miocene
and Pliocene Equinae in the Great Plains. Paleobiology 35, 587-611.
doi: 10.1666/0094-8373-35.4.587

evidence from
doi: 10.1111/

in evolution:
112, 315-331.

Behavioural leads
J. Linn. Soc.

(1992). Fossil Horses:
the Family Equidae.

Systematics,
Cambridge,

Paleobiology, and

Evolution UK: Cambridge

Matthew, W. D. (1926). The evolution of the horse; a record and
its interpretation. Quart. Rev. Biol. 1, 139-185. doi: 10.1086/
394242

McGuigan, M. P., and Wilson, A. M. (2003). The effect of gait and
digital flexor muscle activation on limb compliance in the forelimb of
the horse Equus caballus. ]. Exp. Biol. 206, 1325-1336. doi: 10.1242/
jeb.00254

McHorse, B. K., Biewener, A. A., and Pierce, S. E. (2017). Mechanics of
evolutionary digit reduction in fossil horses (Equidae). Proc. R. Soc. Lond. B.
Bio. 283:20171174. doi: 10.1098/rspb.2017.1174

Mihlbachler, M. C., Rivals, F., Solounias, N., and Semprebon, G. M. (2011). Dietary
change and evolution of horses in North America. Science 331, 1178-1181.
doi: 10.1126/science.1196166

Minetti, A. E., Ardig,0, L. P., Reinach, E., and Saibene, F. (1999). The relationship
between mechanical work and energy expenditure of locomotion in horses. J.
Exp. Biol. 202. 2329-2338.

Nickel, R., Schummer, A., Seiferle, E., Wilkens, H., Wille, K.-H., and Frewein, J.
(1986). The Anatomy of the Domestic Animals, Vol 1. New York, NY: Springer-
Verlag.

Nicodemus, M. C., and Clayton, H. M. (2003). Temporal variables of four-
beat, stepping gaits of gaited horses. Appl. Anim. Behav. Sci. 80, 122-142.
doi: 10.1016/S0168-1591(02)00219-8

Osborn, H. F. (1918). Equidae of the oligocene, miocene, and pliocene of North
America. Iconographic type revision. Mem. Am. Mus. Nat. Hist. N. Ser.
2, 1-326.

O’Sullivan, J. A. (2008). “Evolution of the proximal third phalanx in Oligocene-
Miocene equids, and the utility of phalangeal indices in phylogeny
reconstruction,” in Mammalian Evolutionary Morphology: A Tribute to Fred
Szalay, eds E. J. Sargis, and M. Dagosto (New York, NY: Springer),
159-165.

Pagnac, D. (2006). Scaphohippus, a new genus of horse (Mammalia: Equidae)
from the barstow formation of California. J. Mamm. Evol. 13, 37-61.
doi: 10.1007/s10914-005-9002-2

Parker, A. K., McHorse, B. K., and Pierce, S. E. (2018). Niche modeling
reveals a lack of broad-scale habitat partitioning in extinct horses of
North America. Palaeogeogr. Palaeoclimatol. Palaeoecol. 511, 103-118.
doi: 10.1016/j.palaeo.2018.07.017

Pennycuick, C. J. (1975). On the running of the gnu (Connochaetes taurinus) and
other animals. J. Exp. Biol. 63, 775-779.

Promerovd, M., Andersson, L. S., Juras, R., Penedo, M. C. T., Reissmann,
M., and 16 others (2014). Worldwide frequency distribution of
the ‘Gait Keeper’ mutation in the DMRT3 gene. Anim. Genet. 45,
274-282. doi: 10.1111/age.12120

Qiu, Z. X, Huang, W. L., and Guo, Z. H. (1987). The Chinese hipparionine fossils.
Palaeontol. Sin. New Ser. C 25, 1-243.

Reilly, S. M. and Biknevicius, A. R. (2007). Posture, gait and
the ecological relevance of locomotor costs and energy-saving
mechanisms in tetrapods. Zoology 110, 271-289. doi: 10.1016/
j.2001.2007.01.003

Renders, E. (1984). The gait of Hipparion sp. from fossil footprints
in  Laetoli, Tanzania.  Nature 308, 179-181. doi:  10.1038/
308179a0

Salesa, M. J., Sanchez, 1. M., and Morales, J. (2004). Presence of the
Asian horse Sinohippus in the Miocene of Europe. Acta Palaeontol. Pol.
49, 189-196.

Sefve, I. (1927). Die hipparionen Nord-Chinas. Palaeontol. Sin. Ser. C 4, 1-93.

Semprebon, G. M., Rivals, F., Solounias, N., and Hulbert, R.
C. Jr. (2016). Paleodietary reconstruction of fossil  horses
from the Eocene through  Pleistocene of North  America.
Palaeogeogr.  Palaeoclimatol.  Palaeoecol. 442, 110-127. doi: 10.1016/

j.palaeo.2015.11.004

Shoemaker, L., and Clauset, A. (2014). Body mass evolution and diversification
within horses (family Equidae). Ecol. Lett. 17, 211-220. doi: 10.1111/ele.12221

Shotwell, J. A. (1961). Late Tertiary biogeography of horses in the northern Great
Basin. J. Paleontol. 35, 203-217.

Simpson, G. G. (1951). Horses. Oxford: Oxford University Press.

Sondaar, P. Y. (1968). The osteology of the manus of fossil and Recent Equidae
with special reference to phylogeny and function. Verh. K. Ned. Akad. Wet.
25, 1-76.

Stashak, T. S. (2006). Practical Guide to Lameness in Horses. Ames, IA: Blackwell
Publishing Professional.

Stirton, R. A. (1940). Phylogeny of North American Equidae. Univ. California Pub.
Bull. Dept. Geol. Sci. 25, 165-198.

Sun, B, Zhang, X, Liu, Y, and Bernor, R. L. (2018). Sivalhippus
ptychodus  and  Sivalhippus  platyodus  (Perissodactyla, ~Mammalia)
from the Late Miocene of China. Riv. Ital. Paleontol. Stratigraf.
124, 1-22.

Taylor, C. R., Heglund, N. C., and Maloiy, G. M. O. (1982). Energetics and
mechanics of terrestrial locomotion. I. Metabolic energy consumption as
a function of speed and body size in birds and mammals. J. Exp. Biol.
97, 1-12.

Thomason, J. J. (1985). Estimation of locomotory forces and stresses in
the limb bones of Recent and extinct equids. Paleobiology 11, 209-220.
doi: 10.1017/S0094837300011519

Thomason, J. J. (1986). The functional morphology of the manus in tridactyl equids
Merychippus and Mesohippus: paleontological inferences from neontological
models. J. Vertebr. Paleontol. 6, 143-161. doi: 10.1080/02724634.1986.100
11607

Tucker, S. T., Otto, R. E., Joeckel, R. M., and Voorhies, M. R. (2014).
The geology and paleontology of Ashfall Fossil Beds, a late Miocene
(Clarendonian) mass-death assemblage, Antelope County and adjacent
Knox County, Nebraska, USA. Field Guides 36, 1-32. doi: 10.1130/
2014.0036(01)

Voorhies, M. R. (1981). Ancient skyfall creates Pompeii of prehistoric animals.
Natl. Geogr. 159, 66-75.

Voorhies, M. R. (1994). The cellars of time — paleontology and archaeology in
Nebraska. Nebrask. Magaz. Nebrask. Game Park Div. 72, 1-162.

Waldern, N. M., Wiestner, T., Ramseier, L. C., and Weishaupt, M. A.
(2015). Comparison of limb loading of Icelandic horses while tolting and
trotting at equal speeds. Am. J. Vet. Res. 76, 1031-1040. doi: 10.2460/
ajvr.76.12.1031

Wang, S., and Deng, T. (2011). Some evolutionary trends of Equus eisenmannae
(Mammalia, Perissodactyla) in the stratigraphic sequence of Longdan, China,
in comparison to modern Equus. J. Vertebr. Paleontol. 31, 1356-1365
doi: 10.1080/02724634.2011.611203

Wilson, A. M., McGuigan, M. P., Su, A,, and van den Bogert, A. J. (2001).
Horses damp the spring in their step. Nature 414, 895-899. doi: 10.1038/41
4895a

Wolf, D., Bernor, R. L., and Hussain, S. T. (2013). A systematic,
biostratigraphic, and paleobiogeographic reevaluation of the Siwalik
hipparionine horse assemblage from the Potwar Plateau, Northern

Frontiers in Ecology and Evolution | www.frontiersin.org

4

April 2019 | Volume 7 | Article 119


https://doi.org/10.1038/287135a0
https://doi.org/10.1111/bij.12173
https://doi.org/10.1371/journal.pone.0059277
https://doi.org/10.1016/j.palaeo.2008.06.014
https://doi.org/10.1666/0094-8373-35.4.587
https://doi.org/10.1086/394242
https://doi.org/10.1242/jeb.00254
https://doi.org/10.1098/rspb.2017.1174
https://doi.org/10.1126/science.1196166
https://doi.org/10.1016/S0168-1591(02)00219-8
https://doi.org/10.1007/s10914-005-9002-2
https://doi.org/10.1016/j.palaeo.2018.07.017
https://doi.org/10.1111/age.12120
https://doi.org/10.1016/j.zool.2007.01.003
https://doi.org/10.1038/308179a0
https://doi.org/10.1016/j.palaeo.2015.11.004
https://doi.org/10.1111/ele.12221
https://doi.org/10.1017/S0094837300011519
https://doi.org/10.1080/02724634.1986.10011607
https://doi.org/10.1130/2014.0036(01)
https://doi.org/10.2460/ajvr.76.12.1031
https://doi.org/10.1080/02724634.2011.611203
https://doi.org/10.1038/414895a
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Janis and Bernor

Evolution of Equid Monodactyly

Pakistan.  Palaeontogr. ~Abt. ~A. 300, 1-115. doi: 10.1127/pala/
300/2013/1
Woodburne, M. O. (2007). Phyletic diversification of the Cormohipparion
occidendale  complex  (Mammalia:  Perissodactyla, ~Equidae), late
Miocene, North America, and the origin of the Old World
Hippotherium — datum. Bull. ~Am. Mus. Nat. Hist. 306, 1-138.

doi: 10.1206/0003-0090(2007)306[1:PDOTCO]2.0.CO;2

Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K. (2001). Trends,
rhythms, and aberrations in global climate 65Ma to present. Science 292,
686-693. doi: 10.1126/science.1059412

Zhegallo, V. L (1978). “Gippariony Tsentral'noy Azii. [The Hipparions of
Central Asia],” in Sovmestnaya Sovetsko-Mongol'skaya Paleontologicheskaya
Ekspeditsiya (Moscow: Trudy), 1-156.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor is currently organizing a Research Topic with one of
the authors, RB, and confirms the absence of any other collaboration.

Copyright © 2019 Janis and Bernor. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org

45

April 2019 | Volume 7 | Article 119


https://doi.org/10.1127/pala/300/2013/1
https://doi.org/10.1206/0003-0090(2007)306[{}1:PDOTCO]{}2.0.CO;2
https://doi.org/10.1126/science.1059412
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

1' frontiers

in Ecology and Evolution

ORIGINAL RESEARCH
published: 03 May 2019
doi: 10.3389/fev0.2019.00135

OPEN ACCESS

Edited by:
Gina Marie Semprebon,
Bay Path University, United States

Reviewed by:

Daniel DeMiguel,

Fundacion Agencia Aragonesa para la
Investigacion y el Desarrollo, Spain
Danielle Fraser,

Canadian Museum of Nature, Canada

*Correspondence:
Nikos Solounias
nsolouni@nyit.edu

Specialty section:

This article was submitted to
Paleontology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 30 January 2019
Accepted: 05 April 2019
Published: 03 May 2019

Citation:

Solounias N, Danowitz M, Buttar | and
Coopee Z (2019) Hypsodont Crowns
as Additional Roots: A New
Explanation for Hypsodonty.

Front. Ecol. Evol. 7:135.

doi: 10.3389/fev0.2019.00135

Check for
updates

Hypsodont Crowns as Additional
Roots: A New Explanation for
Hypsodonty

Nikos Solounias "?*, Melinda Danowitz?®, Irvind Buttar? and Zachary Coopee?

" Department of Paleontology, American Museum of Natural History, New York, NY, United States, ¢ Department of Anatomy,
College of Osteopathic Medicine, New York Institute of Technology, College of Osteopathic Medicine, Old Westbury, NY;,
United States, ® Department of Pediatrics, Alfred I. DuPont Hospital for Children, Wilmington, DE, United States

The hypsodont crown of Equus and of other hypsodont ungulates has two functions:
[t has an extra crown in the alveolus which erupts and becomes a functional crown
that enables the horse to live longer and feed on abrasive foods and grit. The second
functional aspect is that the crown, while it is in the alveolus, acts as a root to support
high stress during mastication. In general, roots do not increase in size during evolution
when the tooth crown increases. Delayed development of the true root is a heterochrony
phenomenon and is possibly dynamically interactive with the forces applied on the crown.
Thus, when the crown becomes worn, as in old age, the mastication forces acting on it
are very strong. This is an interesting phenomenon and reinforces our hypothesis of the
second functional difference that the young tooth’s crown embedded in the alveolus acts
as a supporting root. The Equus hypsodont tooth has been represented by a class | lever.
That is, the fulcrum is in the middle: the effort is applied on one side of the fulcrum and
the resistance (or load) on the other side, for example, as in a crowbar. As an individual
Equus ages, the alveolar tooth height decreases. Data display an exponential increase
in force generated as tooth height decreases. The elongation and closure of the root
is delayed until the crown is almost entirely worn. When the crown becomes worn, the
mastication forces acting on it are very strong. This is an interesting phenomenon and
reinforces our hypothesis that the young tooth’s crown, embedded in the alveolus, acts
as a supporting root. This discovery is based on the observation that fossil ungulates
most commonly die at an early age, leaving a substantial amount of crown unused. The
unused crown is not likely a reserve tooth crown for a season of hardship because it is
rare to find examples of such hardships in the fossil record.

Keywords: Equus, hypsodont, roots, evolution of hypsodonty, crowns as roots

INTRODUCTION

Ungulate (hoofed) mammals have often evolved tall tooth crowns. The tall-crowned teeth have
been termed hypsodont teeth (hypso; meaning tall) (Van Valen, 1960). Hypsodonty is a common
specialization in many herbivorous mammals and it is found in artiodactyls, perissodactyls, suids,
proboscideans, rodents, South American ungulates, and other groups (Janis, 1988; Williams and
Kay, 2001; Mihlbachler and Solounias, 2006; Damuth and Janis, 2011). It has evolved independently
from a low crowned tooth termed brachydont (brachy; meaning short). Among these, Equus is
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one of the most hypsodont ungulates known (Stirton, 1947;
Simpson, 1951). In Equus and in all other species with hypsodont
teeth, a major part of the crown is embedded in the alveoli
which erupts slowly to replace the active crown that has become
worn. Hypsodonty has been studied extensively (see Damuth
and Janis, 2011; Madden, 2015 for reviews). Our study is not
meant to be a review of hypsodonty. The equid hypsodonty
is commonly envisioned as an adaptation for grazing. Grasses
are abrasive to teeth as they contain more phytoliths than
other plants. Phytoliths are intracellular silica inorganic particles,
which are thought to abrade teeth. Hence, equids and other
ungulates that feed on grass and other abrasive vegetation wear
down their enamel crowns more and faster (Stromberg, 2006;
Janis, 2008). Mihlbachler et al. (2011) have shown that in the
evolution of Equidae, hypsodonty correlates with the onset and
further adaptation to grazing. Semprebon et al. (2016) show
that Pleistocene grazing in Equus is not the only factor but grit
plays a role as well (Sneva et al., 1983; Madden, 2015). Equid
grazers need an extra crown, which is exactly what a hypsodont
tooth can provide. That extra crown is situated in the alveoli.
In contrast, browsers feed on softer vegetation than grazers and
the entire tooth is exposed in the oral cavity. Only the roots
are positioned in the alveoli. Browsers wear down about 0.9
microns of enamel per day. Grazers wear about 8.1 microns of
enamel per day and hence possess more crown than browsers
(Solounias et al., 1994; from Table 1). Recently, many researchers
tend to think that it is grit that is the main cause of tooth wear
(see Damuth and Janis, 2011 and Madden, 2015 for reviews).
What is interesting, however, is that grit should wear down the
teeth of browsers as well; a topic avoided. Pronghorns, goats and
camels are hypsodont browsers, but the majority of browsers are
brachydont. Many problems on how teeth actually become worn
down remain to be solved.

Numerous articles and books have been written specifically
about the evolution of equids (e.g., Matthew, 1926; Stirton,
1947; Simpson, 1951; Rensberger et al., 1984; MacFadden, 1994;
Stromberg, 2006; Mihlbachler et al, 2011; Evans and Janis,
2008). If one considers broader studies on ungulates, including
equids, an additional 20 pivotal studies could be included. The
evolution of horses over the past 55 million years is clearly
reflected in the changes of their teeth and diet (Mihlbachler
et al., 2011; Semprebon et al., 2016). The present study does
not question that hypsodonty relates to the abrasive grass diet
or exposure to exogenous grit. It certainly does. An additional
function, however, is put forward for the unerupted tooth crown.
As vegetation contacts the tooth crown in the oral cavity,
major stress is generated on that crown. It is proposed that
Equus requires additional roots to take on excessive masticatory
stress. The hypothesis is that the active exposed crown cannot
be supported by the regular roots alone. Genetically, roots
in mammals have a conservative morphology and apparently
cannot increase in number or size. The new hypothesis is
that the unerupted crown of Equus functions as a root. We
propose that two functional regimes are present: (1) an extra
crown for an abrasive diet (2) a root to support the stress. Our
new hypothesis is similar to the alveolar hypothesis discussing
eruption (Fortelius, 1985). The proposed term for this type

of root is a plioroot. Plio means more in Greek; more root-
additional root. It is also a pun as many of the hypsodonts
evolve during the Pliocene which is a time of notable increase
of grasslands and of hypsodont ungulates. In our study we treat
the forces of mastication, tall teeth and the alveolus, and exposed
functioning enamel as a first-class lever system. Archimedes,
the ancient Greek polymath, referred to a first-class lever in his
famous quote “Give me one firm spot on which to rest (a fulcrum)
and I will move the Earth.”

This study was inspired by the observation that in most
species, death occurs well before the entire tooth is used (by NS).
So why make so much more enamel if the species in question
is not going to need it for mastication? The plioroot hypothesis
explains these observations.

Recent studies have addressed hypsodonty and emphasized
how it would form as a response to stress from feeding affecting
the growth zone. Renvoisé and Michon (2014) explained in a
different way that a hypsodont tooth is merely an expansion of
the same framework of a brachydont tooth, by prolonging the
growth zone between the root and enamel. It is an acceleration
of that boundary which results in a heterochrony of the enamel.
That extra growth will result in a wall (the tall crown). This
wall of enamel-band was one of the types of hypsodonty
in von Koeningswalds categories (von Koeningswald, 2011).
Heterochrony results in that acceleration while the size and shape
remain in their ancestral relationship (Gould, 1977). Renvoisé
and Michon (2014) also thought of the stress during mastication
which would create a feedback loop affecting heterochronic
growth at the boundary of the enamel with the root. Witzel et al.
(2018) pointed out that the formation of enamel occurs after the
tooth has erupted and, hence its function. Thus, function relates
and can affect growth. Growth of enamel may relate to longevity.

MATERIALS AND METHODS

Specimens of Equus were examined in the mammalogy
and the paleontology collections of the American Museum
of Natural History (AMNH), the University of Colorado
Museum in Boulder (UCM), and the Natural History Museum
of Basel (NHMBa). Specimens of Equus sp. from Alaska,
Hyracotherium spp., Mesohippus bairdii, Merychippus insignis
and Protohippus primus, and Equus sp. were examined to
estimate root sizes. We had access to four domesticated Equus
caballus specimens of a known age in the laboratory of NS.

A small number of specimens were used to support the
development of this new theory, at this initial qualitative stage.
For these, root, crown height, as well as occlusal lengths and
widths were measured with digital calipers (Figure 1). Figure 1
shows the excavated maxilla and mandible of Equus.

By examination of the dentition, the specimens we scored
either as a younger adult or as very old. NS asked the question:
was the crown completely exposed in the oral cavity or was there
more enamel deep in the alveoli? If the crown is completely
exposed, the roots should be visible where they contact the
enamel. Visual comparison between younger and older teeth of
the same species facilitated the scoring and the data collection. In
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FIGURE 1 | (A) In Equus caballus NHMBa 28, extreme hypsodonty is
observed; all six teeth (three premolars and three molars) are approximately
equally hypsodont. The maxilla and mandible have been cut open to show the
crown contained in the alveoli. The active crown is the exposed part. Red
square shows the roots which are short and open-ended. (B) An old Equus
individual AMNH 204019. The enamel crowns have been almost totally worn
out. In this specimen, the roots are longer than in younger horses and closed.
Root increase is most likely an epigenetic response to the reduction of the
height of the crown which transmits increased forces. The pressures of
mastication change and that induces the roots to grow longer.

hypsodont species, when the roots were visible, the individuals
were older, as most of the crown was worn down. When scoring
the age of individuals it is critical to observe the base of the
crown and the roots. Using this methodology, we counted the
number of young ungulate adults and very old individuals
from 16 localities at the AMNH and UCM (Table 2). The
exploratory sample of taxa were: dromomerycids, bovids, equids,
and camelids.

A few root lengths and crown dimensions of some species
were recorded (Table 1) at the AMNH. To measure root lengths
dentitions were used where the roots were exposed due to the
brakeage of the fossil.

Four domesticated Equus caballus skulls and teeth were
sectioned with a carpenter’s band saw in the lab (young samples
included: a 7 year old male NS 10, 5 year old NS 295; old samples
included: an 16 year old male NS 102, and an 18 year old whose
sex could not be identified as the canines had been removed NS

TABLE 1 | Measurements of roots and crowns in mm.

Root Crown Length Width
HYRACOTHERIUM

X 4.21 7.88 9.28
8.33 4.19 7.82 9.19
8.96 4.61 8.68 10.81
6.89 412 8.15 9.7
6.12 3.73 7.2 9.44
7.67 4.26 8.45 9.71
5.77 4.01 8.12 10.1

7.2 3.94 8.82 10.43
Average root Average crown Average length Average width
7.277142857 4.13375 8.14 9.8325
MESOHIPPUS

10.37 7.7 12.46 13.86
11.92 10.73 14.06 156.19
9.59 6.49 12.54 16.72
11.09 X 12.59 156.78
11.03 X 12.05 15.28
Average root Average crown Average length Average width
10.8 8.30666667 12.74 15.166
MERYCHIPPUS

16.04 23.55 19.3 22.45
13.88 26.04 20.05 20.87
15.82 X 19.64 22.64
16.4 X 19.69 22.7
Average root Average crown Average length Average width
156.535 24.795 19.67 22.165
PROTOHIPPUS

6.15 18.16 18.2 18.85
13.32 22.19 16.62 16.82
12.01 25.32 18 20.48
Average root Average crown Average length Average width
10.4933333 21.89 17.6066667 18.7166667
Equus

5.21 80.09 27 28.31
4.41 83.58 30.45 29.24
5.26 84.38 28.51 29

8.29 X 27.9 27.22
8.73 73.75 31.66 25
Average root Average crown Average length Average width
6.38 80.45 29.104 27.754
OLD Equus INDIVIDUALS

24.62 19.62 28.18 25
33.43 15 26.83 27
Average root Average crown Average length Average width
29.025 17.26 27.505 26

104). These specimens were donated from the Bolton Equine
Center. Open macxillae and mandibles exposed horse dentitions
and the internal anatomy of the alveoli (Table 1).

The longitudinally sectioned molar was hand painted with
physical paints to help isolate it in Image J for quantification
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scale 28 mm

FIGURE 2 | An upper second molar of Equus caballus AMNH 245526
sectioned longitudinally and hand-painted. Colors: red is enamel, green
cementum, white is dentine. The section is through the central cavities which
are filled with cementum. The cementum is notably thick, and it surrounds the
entire tooth. The enamel is thin. (A) The external aspect there the tooth is
covered by cementum including the roots where it is thinner coating and hard
to observe. (B) The inner aspect; note that the majority of the section is
composed of cementum. The enamel is thin. (C) Occlusal view; half of the
tooth is painted, and the other half is natural.

(Figure 2). In order to calculate enamel thickness and cementum
we used Image J (Fiji) that quantified the tissues in photographs
as pixels and calculated the square mm (specimen of Figure 2).

Mechanics

The study shows that hypsodonty reduces the force required for
mastication. The mechanical interpretation of a tall crown can
be studied for upper molar two as a two-dimensional structure;
a simplified model. Therefore, the following findings apply to all
hypsodont teeth, including the molars and premolars of Equus.
The results are shown in the following two Figures 3, 4.

The Equus hypsodont tooth is represented by a class I lever.
That is, the fulcrum is in the middle: the effort is applied on
one side of the fulcrum and the resistance (or load) on the
other side, for example, as in a seesaw, a crowbar or a pair of
scissors. The effort is in the oral cavity and the resistance is in
the crown situated in the alveolus. The tall tooth is embedded
in the alveolus and the force of chewing is on one side; in the
oral cavity. This tooth leans on the side of the alveolus which
acts like a supporting fulcrum. The force of mastication, Fp,,
was estimated while the length of exposed tooth to mastication,
Ly, and the length of the crown, L,, were measured. F, is the
force of the alveolar tooth needed to stabilize the tooth during

A >
s £ enamel embbeded
z in maxilla
edge of alveolar-
opening £ exposed functioning
£ crown
B
LENGTH OF ALVEOLAR TOOTH VS. PSI GENERATED BY ALVEOLAR SPACE

= 3500
53000
§1500

LENGTH OF ALVEOLAR TOOTH (mm)

FIGURE 3 | (A) A class | lever representation of a hypsodont tooth. The black
bar is the exposed functioning enamel crown. The black arrow is the
transverse force not a vertical force. The green shows the fulcrum point as the
opening of the alveolar space (again transverse) and the red line is the plioroot
deep into the maxilla. In developing this model, the tooth is tilted horizontally.
Fm is the force of mastication (estimated). Lm is the length of the exposed
tooth to mastication (measured) in the oral cavity. La is the length of the crown
embedded in the alveolus (measured). F5 is the force of the alveolar tooth
needed to stabilize the tooth during mastication (calculated). The fulcrum
represents the interface between the exposed tooth and alveolar tooth and is
the oral opening of the alveolus. Blue indicates the exposed tooth and red
indicates the hidden alveolar portion of the tooth. (B) Applying Equation 3 with
constant values Lm = 14, Fm = 500/bsFp = 500/bs, and knowing that the
alveolar length of the tooth (L) for a horse at age three is 70 mm and age 18 is
2mm, we can plot the alveolar force F vs. the alveolar length Ly, shown in
Figure 2.

mastication (calculated). The fulcrum helps demonstrate the
transition between the exposed and alveolar tooth crown as well
as the part of the crown embedded in the alveolus. Mastication
occurs at the exposed portion of the tooth. The alveolar portion
of the tooth stabilizes the exposed portion of the tooth during
mastication. This static system assumes no movement of the
tooth during mastication therefore indicating all forces will
equate to zero in equilibrium. The fulcrum placement is at the
location where the exposed tooth meets the alveolar tooth (gum
line). The model in Figure 3A is based on the measured values
for Equus which are shown in Table 1.

In Figure 3A the black bar is the exposed functioning enamel
crown. The black arrow is the transverse force not a vertical force.
The green shows the fulcrum point as the opening of the alveolar
space (again transverse) and the red line is the plioroot deep into
the maxilla. We rotated the model to make it as in an upper
molar. Now all of our calculations are based on a horizontal
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FIGURE 4 | (A) The alveolar force Fy vs. the alveolar length Ly shown on a bar chart to correspond with the age of the horse when read from left to right. (B) The
graph displays the force generated by the alveolar space (Fq) vs. the age of the horse.

movement. This is a simplified version as there is a vertical force F, = Fm X L
applied as well. However, this is a simple introductory model. A La
more complex model needs to be developed where both vertical,
transverse, and torque forces are explored.

The transverse vector of mastication is estimated and applied
as a perpendicular force to the tooth (Fy,). Applying class I lever
mechanics to Figure 3A, Equation 1 is applied to the system.
Two instances of torque results in this condition: Torque due to
mastication which equals the product of the mastication force
and the length of the tooth (Fm, X Lp) in a counterclockwise
direction. The second torque vector is the product of the force
of the alveolar space force and the length of the alveolar tooth (F,
X Lg) in a clockwise direction. Due to the hypsodont tooth not
moving during mastication (static system), these opposite torque
values are therefore equal, creating Equation 2 below. Solving for
F, (the only unknown value) in Equations (2, 3) is generated.

(©)

The change in forces is exponential. The dramatic increase in
force generated is observed especially when the length of the
alveolar tooth crown decreases.

BRIEF ANATOMY OF THE EQUUS MOLARS

In Equus, the enamel crowns are embedded in the maxilla and the
mandible (Figure 1A). All six teeth (three premolars and three
molars) are approximately equally hypsodont. The Equus M2
selected for this study is representative of the other molars and
premolars (Figure 2). The outer walls of the enamel are relatively
vertical and almost parallel to one another. This gives the tooth a
uniform thickness and a columnar shape.

A substantial part of the crown in the Equus M2 is enclosed in
the alveolar bone of the mandible and the maxilla (Figure 1A).
Only a small part of the crown is exposed in the oral cavity:
Fpu X Ly, = Fy X Ly (2)  the active tooth crown. As the animal feeds, the active crown is

Torque = Forcex Distance (1)
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worn-down by the ingested vegetation and or exogenous grit.
An additional crown slowly emerges from the alveolar space to
replace the worn crown. In older individuals, albeit rare in the
wild and prior to death, very little if any crown remains in the
alveoli (Figure 1B).

The tooth root of any mammal is encased externally in a thin
coating of cementum. In Equus this coating also extends outside
the enamel surface where it is thick (Figure 2). The cementum is
a distinct tissue but histologically similar to the dentine (White,
1959; Peyer, 1968). The periodontal ligaments cannot attach to
enamel directly. Thus, the cementum adheres to the enamel and
provides a surface for the periodontal ligaments. Each alveolar
space is lined internally by a thin layer of bone (the lamina dura)
(Peyer, 1968; Fortelius, 1985; Williams, 1995 Gray’s Anatomy;
text figure 12.50). The periodontal ligaments bind the cementum
to the lamina dura. The crowns of brachydont teeth are not in the
alveoli and hence they have a thin layer of cementum only around
the true roots.

The crown of the alveolus constantly erupts and progressively
becomes the new active crown while the tooth wears with age.
As the tooth emerges from the alveolar space, the empty alveolar
space is gradually filled with spongy trabecular bone. The various
structures of the hypsodont crown such as styles, ribs, and the
vertical wall of the cementum/enamel are also inside the alveolar
bone and contact the lamina dura. The lamina dura follows the
shape of the three buccal styles of Equus teeth. These structures
prevent rotation of the tooth and are clearly used in support
during mastication. In older teeth where the very base of the
crown does not have these styles, the tooth often rotates and is
out of alignment. Worn down teeth create problems in horses
(Kirkland et al., 1996; Dacre et al., 2008; Kopke et al., 2012).

RESULTS

This study uses a qualitative approach to develop a new theory.
Hence, we have not used a statistical analysis to quantify
our results. Hyracotherium and Mesohippus are brachydont
taxa. Protohippus and Merychippus are mesodont while Equus
is hypsodont. The geological age of the taxa is as follows:
Hyracotherium (55-50 Ma); Mesohippus (40-30 Ma); Protohippus
(15-7 Ma); Merychippus (23-14 Ma); Equus 1-present).

Size of Roots

Table 1 shows five representative species of equids. In Equus
where the teeth are hypsodont, the roots similar in length to the
roots of brachydont teeth. The number of specimens examined
is small and the calculations are an approximation. Thus, the
roots of Hyracotherium are even longer than those of Equus
(Table 1). These preliminary results show the roots in evolution
do not increase in size as hypsodonty increases; the roots rather
decrease. The roots decrease when compared to the crown.
Examination of a few roots provided the following findings: The
Hyracotherium leporinum have a ratio of (crown height over root
length) 1.77, crown/root. In Mesohippus bairdi the ratio is slightly
decreased (1.30). That is, the crowns are more hypsodont than
in Hyracotherium. In Merychippus insignis, the hypsodonty is
evident as the ratio drops to 0.62. Protohippus primus has long

roots and the ratio is 0.47. In the Pleistocene Equus sp. from
Alaska, the height of the crown height is as much as 80 mm
(Table 1) and the ratio to root is only 0.06.

Open Roots vs. Closed Roots

The adult Equus teeth display short roots that are open-
ended implying potential for growth of these roots (Table 1;
Figures 2A,B). The roots of old individuals are longer and closed.
In domesticated cases, it is more common to find old individuals.
In our collection, there are two old Equus caballus specimens
where the crowns are almost completely worn off (Table 1). The
same is true in AMNH 204019, which is an old specimen of Equus
caballus (Figure 1B). In these three, the roots are elongated and
not open-ended. This implies the elongated roots have completed
their growth. The ratio of these old specimens of Equus caballus
for crown height to root length is 0.79 and 0.44, respectively.
These ratios are different from those of younger adult individuals
where that ratio is 0.06 (Table 1).

It Is Rare to Find Wild Older Individuals in

Fossils in Museums

It was possible to evaluate roughly the age of individuals and
separate the adults from the old based on the stage of tooth
eruption and tooth wear. In brachydont teeth, the entire crown
is exposed, and the base of the roots is also exposed. Thus, in
brachydont teeth, the roots can be seen at the opening of the
alveoli at the base of the crowns but the same is not true in young
hypsodont teeth. In these, the roots are very deep in the alveoli
and can be seen only when the crown is heavily worn. Using this
evaluation procedure, we examined 15 localities with ungulates.
The species were: dromomerycids, bovids, cemelids, and equids
and reveal a clear pattern. Namely, the majority of the examined
specimens are young adults. The very old individuals were few to
none (Table 2).

The Longitudinal Section Through the
Middle of a Second Upper Molar of Equus

The central cavities are the dominant feature in this longitudinal
cut and are filled with cementum (green). The dentine
(white) is developed by the roots and along the enamel
walls. The enamel (red) is not a dominant feature is
this view. Using the surface of this longitudinal cut and
the colors the areas in square millimeters of each color
and hence material is: cementum: 953.369, enamel: 205.668,
and dentine: 389.783 mm?.

Mechanics

Another way of evaluating the interaction between force and
tooth height is seen in Figure 4A. This bar graph (Figure 4A)
allows the changes in tooth height to also parallel the hypsodont’s
lifespan as traveling from left to right on the x-axis. As an
Equus ages, the alveolar tooth length decreases, which is why
the graph follows time. Observing the force of the alveolar
space compared to the length of the tooth, at 9 mm of alveolar
length, there is a drastic increase in the force generated. This
exponential trend continues for the last two points of 5and 2 mm,
respectively. Essentially this model indicates that as the tooth
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TABLE 2 | Brief survey of number of young adults vs. very old for selected taxa of
Dromomerycidae, Bovidae, Equidae, and Camelidae from the AMNH.

Young adults Very old

Rakomeryx sinclairi 34 0
Olcott Nebraska

Bouromeryx supernebrasensis 12 0
Observation Quarry Nebraska

Bouromeryx pseudonebrasensis 21 0
Observation Quarry Nebraska

Pachytragus crassiornis 34 0
Samos Q5, Greece

Pachytragus laticeps 57 1
Samos Q1, Greece

Gazella sp. 20 0
Samos Q5, Greece

Gazella sp. 21 0
Samos Q1, Greece

Pseudohipparion retrusum 48 0
Devils Gultch

Horse Qarry

Pseudohipparion retrusum 56 0
Burge Member, Burge Quarry

Valentine Formation

Nebraska

Merychippus insignis 259 7
Olcott Formation

Echo Quarry

Nebraska

Protohippus primus 710 5
Thomson Quarry

Sheep Creek Formation

Michenia sp. 47 0
Dunlap Camp Quarry

Dewes CO

Nebraska

Stenomylus gracilis 26 0
Marshland CO

Harrison Fm

Wyoming

Aepicamelus sp. 15 1
Tesique Fm

Skull Ridge Member

New Mexico

Pachytragus solignaci 81 1
Beglia Formation

Tunisia

Equus sp. 120 5
Alaska Pleistocene

length approaches zero millimeters in length, the force of the
alveolar space will approach infinity. It can be mathematically
understood by having L, (alveolar length) in Equation (3)
approach zero, therefore resulting in F, having a limit of infinity.

This graph displays an exponential increase in force generated
as tooth length decreases. This is similar to Figure 3B, where
the force exponentially increased with decrease in alveolar tooth
height. Using the same y-axis force values from Figure 4A,
a plot shows the alveolar force vs. the age of the hypsodont
tooth as seen in Figure4B. It is observed that the alveolar
tooth height and the horse’s age are inversely related following
the same exponential trends of force as seen in Figures 3B,
4A. Figure 4B shows the dramatic change in the force as the
embedded crown is worn off which occurs in our model of wear
after age 16.

DISCUSSION

A significant aspect in evaluating the proposed plioroot theory
is that we do not yet have the true phylogenetic lineage for the
evolution of Equus. The taxa listed represent an approximation
to the real evolution which is not studied here and is not known.
The taxa are simply used to make the point.

Roots do not appear to increase in size during evolution
when the tooth crown increases. In fact, the roots of Equus are
smaller than those of Hyracotherium in actual size. The difference
in size of the two genera is great (9kg for Hyracotherium
vs. 380-1,000kg for Equus (Radinsky, 1978; Bongianni, 1987;
Edwards, 1994). We found that during evolution, the roots
decrease in size as the tooth crown and body size increases.
This may be due to the plioroot hypothesis, in which the crown
in the alveolus acts as a root. Hence, the true roots alone are
incapable of supporting the tooth. We observed no evolutionary
diversification or enlargement of the true roots to support the
extra crowns as teeth become more hypsodont.

The true roots of Equus are small and open-ended and contain
live tissues for the possibility of growth. When a horse is old
there is no more crown in the alveolus (Gregory, 1957, text figure
21.45) (Figure 1B). The forces of mastication tremendously affect
the small remaining old tooth in several ways. One way is the
root response. That is, the true roots develop more and they
elongate and close at the tips. These longer roots support better
the remaining feeble crown. Thus, elongation and closure of the
root is delayed until the crown is almost entirely worn. Delayed
development of the true roots is a heterochrony phenomenon
and it is possibly dynamically interactive with the forces applied
on the crown. When the crown is worn, the mastication forces
acting on it are very strong. This is interesting and reinforces our
hypothesis that the young tooth’s crown embedded in the alveolus
acts as a supporting root.

As previously stated, in old individuals, prior to death, very
little, if any crown remains in the alveoli (Gregory, 1957; Rooney
et al., 1977; Loweder and Mueller, 1998; Pence, 2002). It is
known that when an individual runs out of crown it will die
from starvation. In wild Equus, individuals often die well-before
their entire enamel crown is used up. This observation is true
for Equus and for other ungulates. Many samples have shown
the absence of numerous old individuals in the fossil record.
There are clearly exceptions to this observation but in general,
it is true. In the Alaska Equus sp. sample, we found 120 adults
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and five old individuals. In domesticated species of Equus, it
is possible for an individual to live up to the point where
little or no enamel remains (Loweder and Mueller, 1998; Pence,
2002). The data suggest that individuals die long before they
become old. Hence, they die with a substantial amount of tooth
crowns unused (Table 2). The excess crown in the alveoli of fossil
populations can be explained with our theory of it acting as the
plioroot. Naturally, there are other reasons for the early death of
extinct individuals. Two of these are predation and catastrophic
events. In general, however the plioroot hypothesis cannot be
ruled out.

A longitudinal section of the upper M2 is revealing. The
cementum dominates and the enamel is less than what would
expect. The enamel unsupported by the cementum would
fracture. The cementum functions to provide support, and as
it wears differently it enhances the relief which is useful during
mastication. Thus, in equid evolution it is not the enamel that
becomes taller alone, but that along with a thick cementum
layer. As it is, the enamel wears and forms cutting edges which
are constantly supported by the cementum and the dentine
(Rensberger et al., 1984; Fortelius, 1985).

The hypothesis that the excess crown in the alveoli can
be explained as two functions: by acting as a reservoir for
wear in the oral cavity and as a root. This observation applies
to Equus and it can be extended to all other hypsodont
ungulates. DeMiguel et al. (2015) discussed the interplay
of increased tooth crown height and chewing efficiency in
Cervidae. In their study, they showed how selenodont teeth
respond to become more hypsodont with an increased force
of stress. What these authors found is that stresses are
more concentrated in small areas (where the mastication
loading occurs) as the teeth are more hypsodont. Accordingly,
hypsodonty is interesting as an adaptation because it enables
selenodont teeth to adopt a mechanically improved design that
increases the pressure whilst shearing foods, which is highly
advantageous when feeding on mechanically resistant, tough, and
fibrous foods.

From Merychippus to Equus, the primary dental change is an
increased degree of hypsodonty which follows increasing grazing
(Matthew, 1926; Simpson, 1951; Stebbins, 1981; MacFadden,
1994; Stromberg, 2002; Mihlbachler et al., 2011) and/or exposure
to exogenous grit (Gregory, 1957; Rensberger et al., 1984;
Semprebon et al., 2016). The hypsodont tooth is interesting as
an adaptation and has been a leading force in the evolution
of Equidae (Damuth and Janis, 2011; Mihlbachler et al., 2011;
Stromberg, 2011; Semprebon et al., 2016).

The three buccal styles described earlier inhibit the rotation of
the tooth during mastication. The mastication rotation would be
strongest in the direction of the buccal side as the mastication
is slightly oblique (Fortelius, 1985, Figure 25) and buccal. The
styles of the upper molars play the role of anchors. The usefulness
of these styles becomes evident in older individuals where teeth
and the molars often rotate as the styles are not present to
prevent this.

The results of modeling the fulcrum and the forces show that
the crown in the alveolus acts to function as a root. Hence,
enlargement of the true roots is not necessary.

During mastication, the two different stresses are exerted
on the teeth in various combinations. One extreme is that of
transverse forces; another is that of vertical forces. In general,
the Equus true roots appear to be conservative in shape and
size and are small. The various ribs and styles as well as the
vertical walls of the enamel clearly act as anchors supporting
the active crown, preventing it from rotating and mal-occluding.
For more vertical mastication modes, the true roots probably
can sufficiently support the crown. In transverse forces as in
cutting vegetation and grazing, the true roots cannot be of much
support. In these conditions, hypsodonty evolves roots out of the
additional crowns; the plioroots. These are hypotheses that need
further testing.

Applying the laws of mechanics and torque to a two-
dimensional class I lever representation of a hypsodont tooth,
there appears to be a direct correlation between the force
generated by the alveolar space and the length of the alveolar
crown. Seen in Figures 3B, 4, as the alveolar part of the crown
becomes shorter due to wear, there is a linear increase in the force
needed to maintain the tooth’s stability and hence effectiveness.
During the final years of the crown’s life there is an exponential
increase in the alveolar force due to the diminishing alveolar
tooth length. This relates to Equation (1) when applying to a
class I lever model. Assuming mastication is a constant force,
the torque needed to counterbalance the system is based on the
force generated and distance (Equation 1). If the alveolar tooth is
continuously decreasing in height, the force will increase due to
the inverse relationship.

Representing a single hypsodont tooth as a two-dimensional
class I lever it is determined that the force needed to maintain
the tooth during mastication linearly increases for approximately
the first 12 years of the hypsodont tooth’s life before exponentially
increasing for the remainder of its life (Figures 3B, 4). The Equus
tooth is much more stable when the alveolar crown is longer,
and hence more hypsodont. This provides a longer moment
arm allowing the alveolar force to be drastically less during
mastication. The presence of the alveolar portion of the tooth
crown not only delivers the tooth vital material throughout its life
but also likely provides essential mechanical support as indicated
from the proposed model. Therefore, the extra enamel is likely
there for two reasons, support and availability for eruption and
ultimate wear in the oral cavity. The former is new to science,
while the latter has been known and studied (Fortelius and
Solounias, 2000).

We believe the abrupt increase in force for each bite shown
reflects in nature why there is no large gradation of brachydont
to hypsodont teeth in various species. The three types of teeth
that exist (brachydont, hypsodont, mesodont) do not exist in a
continuum. Rather they can be sorted into limited, albeit three,
distinct categories (e.g., Fortelius and Solounias, 2000; Solounias
and Semprebon, 2002; Semprebon et al., 2016). This observation
needs to be studied further.

Is the extra tooth of hypsodont animals a reserve for
hardships? If that were so, there would be fossil localities where
old individuals have been sampled due to hardships upon these
populations. However, there are no such samples of ungulates
known to us in the fossil record. Hardship cases are not cited
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by Damuth and Janis (2011) as they surveyed all the reasons
of hypsodonty.

CONCLUDING REMARKS

The physical fact that the crowns of hypsodont ungulates are
embedded in the jaws and maxillae makes the concept of the
crown acting as a necessary reinforcement to the root highly
probable. Mechanically, it would seem to be impossible for such
crowns not to act as roots, and we have proven this to be true
for Equus.

The high transverse forces encountered with grit, abrasive
vegetation or with high attrition were probably the selection
for Equus hypsodonty and for other ungulate hypsodonty in its
dual function; an extra crown to wear and an extra root. Equus
and other species needed extra crowns for grit, abrasive, and
attractive properties of foods. Species also had to evolve a type
of root to endure the strong stresses during mastication. The
available true roots were not designed for this and apparently,
as in so many other examples, nature used what was adjacent
and available; namely the crown. Selection favored the increase
of crown height. An enamel crown is a formidably strong and
an important support structure as a root. Add to this embedded
crown the styles and the ribs, and you make a strong peg which
also resists rotation.

The evolution of cementum external to enamel was needed to
enable the periodontal ligaments to bind with the lamina dura of
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The intermontane Anagni Basin (Frosinone, central ltaly) is an important region for Italian
biochronology and paleoecology due to the presence of two rich fossil assemblages
dated to the Early (Coste San Giacomo) and Middle Pleistocene (Fontana Ranuccio).
These sites have yielded a vast collection of large fossil mammals with a well-documented
presence of fossil equids in both localities (represented mostly by isolated teeth). Coste
San Giacomo is dated to around 2.1 Ma, thereby having recorded the effects of the
onset of the Quaternary glacial cycles, which led to a gradual trend toward colder
and more arid conditions in the Northern Hemisphere. The fossil equids of this site
belong to the first group of grazing stenonid equids of the genus Equus that spread
to the ltalian Peninsula during the so called “Elephant- Equus” event, which marked
the appearance of new large mammals living in herds in open and arid environments.
The site of Fontana Ranuccio is dated to around 400 ka, close to the MIS 12-11
succession (the “Mid-Brunhes event”), which marked the end of the Middle Pleistocene
Transition. The fossil horses from Fontana Ranuccio represent one of the oldest caballoid
(or “true horses”) populations of the Italian Peninsula. The Anagni Basin, thus, provides
important data to investigate paleoecological adaptations of these groups of equids in
response to two critical environmental and climatic shifts of the Pleistocene. We explore
their niche occupation by examining long-term dental wear patterns and tooth enamel
carbon and oxygen stable isotopic composition. Both taxa appear to have exhibited a
narrow dietary niche, displaying a clear abrasive (highly specialized) grass-rich diet. In
particular, caballoid equids from Fontana Ranuccio show a more abrasion-dominated
mesowear signature. Stenonid equids from Coste San Giacomo exploited broader and
more diverse landscapes during the Early Pleistocene, whereas caballoid horses from
Fontana Ranuccio appeared to have limited their dietary adaptations to a stricter grazing
behavior in more closed environments.

Keywords: mesowear, isotopes, equids, Equus, Pleistocene, paleoecology, paleoenvironment
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INTRODUCTION

The intermontane Anagni Basin, situated in the central part
of the Italian Peninsula, developed between the Late Pliocene
and the early Middle Pleistocene (Carrara et al., 1995; Galadini
and Messina, 2004). Two rich vertebrate fossil sites, the Early
Pleistocene locality of Coste San Giacomo (CSG) and the Middle
Pleistocene site of Fontana Ranuccio (FR), were discovered in
the 1970s, following different surveys carried out by the Italian
Institute of Human Paleontology (IsIPU) (Figure 1). CSG has
been dated to around 2.1 Ma based on magnetostratigraphy,
pollen, and its record of micro mammals recovered from alluvial
deposits (Bellucci et al., 2014). It is one of the few Italian
localities that record the terrestrial habitat conditions after
the onset of the Pleistocene glaciations that marked the Plio-
Pleistocene transition at 2.6 Ma (Lisiecki and Raymo, 2005, 2007).
FR fossiliferous layer located within a succession of pyroclastic
deposits has been dated to around 0.4 Ma (Pereira et al., 2018),
close to the climatic transition of the “Mid-Brunhes Event (MIS
12-11) with the definitive association of the glacial cycles ruled by
a 100 kyr periodicity and the consolidation of the Early-Middle
Pleistocene Transition (Head and Gibbard, 2015).

Importantly, both localities have yielded abundant fossil
mammal material, among which equid remains are well-
represented (Segre and Ascenzi, 1984; Bellucci et al., 2012, 2014;
Strani et al., 2018a). Fossil human teeth were also unearthed
in FR (Rubini et al., 2014). The equid remains from CSG were
attributed to Equus stenonis by Biddittu et al. (1979), but a recent
study (Palombo et al,, 2017) points to stronger affinities with
the middle-size Equus senezensis and proposes a new provisional
identification of the CSG material as E. senezensis aft. E. sen.
stehlini. This taxon is among the first groups of stenonid equids
(monodactyl horses with a “V” shaped linguaflexid between the
metaconid and metasylid of the lower cheek teeth; Forsten, 1988)
to reach the Italian Peninsula during the so-called “Elephant-
Equus” event with the appearance of new large mammals living
in herds in drier habitats (Azzaroli, 1977; Lindsay et al., 1980).
Equids’ remains from FR have been tentatively classified as Equus
cf. E. mosbachensis (Segre and Ascenzi, 1984), belonging to one
of the first caballoid (or “true horses,” monodactyl equids with a
“U” shaped linguaflexid; Forsten, 1988) populations recorded on
the Italian Peninsula after the disappearance of the early Middle
Pleistocene stenonid forms (Caloi, 1997; Alberdi and Palombo,
2013).

Both modern and fossil Equus taxa are usually considered
highly specialized grazers that consistently occupied similar
habitats through the Pleistocene and Holocene (i.e., open
grasslands), despite it has been observed that extant species can
also include a noticeable amount of browse in their diet (Roeder,
1999) and that some fossil Equus populations displayed less
abrasive feeding behaviors (Kaiser and Franz-Odendaal, 2004).
The material from the Anagni basin represents an exceptional
case to investigate the habitat occupation and resource use of
two groups of fossil equids and test the hypothesis that both
stenonid and caballoid horses exploited exclusively open habitats
and fed mostly on grasses in Central Italian Peninsula. In this
study we compare dental remains of E. senezensis aft. E. sen.

stehlini from CSG and Equus cf. E. mosbachensis from FR in
occlusal surface mesowear, a proxy for dietary abrasiveness in
herbivorous mammals (Fortelius and Solounias, 2000), and in
stable carbon and oxygen isotope abundances, proxies for habitat
openness (Van der Merwe and Medina, 1991) and temperature
(Dansgaard, 1964), to shed light on the niche occupation and
resource exploitation mechanisms of stenonid and caballoid
equids on central Italian Peninsula.

Our data will allow us to obtain comprehensive information
on the paleoecological adaptations of the Equus genus in the
region following two major climatic events, and to understand
if this group could be more flexible in terms of feeding behavior
and habitat occupation during the Early and Middle Pleistocene.

DENTAL WEAR PATTERNS AND ISOTOPES
IN PALEOECOLOGY

Dental Mesowear

Mesowear reflects the cumulative effects at a macroscopical
level of the items ingested by herbivores (foods and exogenous
particles such as grit or dust) on tooth morphology that are
produced in a long period of time compared to the lifespan of
the animal (Fortelius and Solounias, 2000). Dental mesowear is a
direct signal of a species’ diet that varies between browsers, which
feed mostly on soft plant resources (e.g., leaves, twigs, green
stems), and grazers that clip abrasive vegetation (e.g., grasses) at
or near ground level.

Attrition (tooth-to-tooth contact) and abrasion (tooth-to-
food contact) are the main factors that influence the occlusal
morphology of the teeth, determining the cusps sharpness and
the height of the occlusal relief. In browsing animals attrition
mainly determines the tooth wear leading to sharper cusps and
a higher occlusal relief. In species that feed on more abrasive
plant resources the higher level of tooth-to-food contact produces
blunter cusps and a lower occlusal relief (Fortelius and Solounias,
2000). Traditional mesowear is limited to upper second
molars (M2), but it can be extended to other tooth positions
(Kaiser and Solounias, 2003; DeMiguel et al, 2010, 2012;
Strani et al., 2015, 2018a,b).

The method has been developed to examine the diet-related
dental wear patterns in ungulates and has been successfully
employed to investigate dietary adaptations of different groups of
both modern and fossil artiodactyls and perissodactyls (Fortelius
and Solounias, 2000; Schulz et al., 2007; DeMiguel et al., 2008,
2011, 2018; Bernor et al., 2014; DeMiguel, 2016; Marin-Leyva
et al., 2016; Maniakas and Kostopoulos, 2017). Dental mesowear
also proved to be an optimal tool to study equid paleoecological
adaptations, allowing to obtain information about the dietary
change and evolution of this group from the early forms of
the Eocene to the horses of the Pleistocene (Kaiser and Franz-
Odendaal, 2004; Mihlbachler et al., 2011; Bernor et al., 2017).

Carbon Stable Isotopes

Carbon isotopic (3'3C) abundance in herbivores reflects the
presence of C3 and C4 vegetation in lower and mid-latitude
habitats as well as a degree of canopy closure vs. openness in
wooded high-latitude habitats. C3 plants, or woody vegetation

Frontiers in Ecology and Evolution | www.frontiersin.org

57

May 2019 | Volume 7 | Article 176


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Strani et al.

Equus Paleoecology in Central Italy

bl

FIGURE 1 | Geographical location of the Coste San Giacomo and Fontana Ranuccio localities.
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and grasses that have a cool growing season, have 8!3C values
ranging between —34 and —23%o, with a suggested mean of
—27%o (Calvin and Benson, 1948; Hatch et al., 1967; Smith and
Epstein, 1971; Koch, 1998). The canopy effect can result in up to
5%o differences in 8!*C in the same species at one site in pure C3
forest environments between the herbivores feeding in a heavily
enclosed wooded environment or on plants from different tree
elevation, and the herbivores feeding in more open parkland
or grassland environments with higher evapotranspiration
(Van der Merwe and Medina, 1991; Bocherens et al.,
1999; Feranec and MacFadden, 2006; Drucker et al., 2008;
Hofman-Kaminska et al., 2018).

The 3'3C values of the carbonate fraction of bioapatite in
large mammalian herbivores are higher than or enriched by 14%o
compared to their diet: §'3 Chioapatite = 813 Cgjer + 14%o (Cerling
et al,, 1999). In warm temperate and cold boreal environments
813C values higher than —13%o in herbivore enamel indicates
open landscapes, such as grasslands and steppes, in which the
plants have 8'3C values higher than —27%o in diet or ecosystem
813C values, whereas tooth enamel 33 C values lower than —13%o
indicate woodlands and denser forests (Bocherens, 2014).

Oxygen Stable Isotopes
Oxygen isotopic (3'%0) abundance of the herbivores’ enamel
apatite reflects the source and amount of body-water ingested,

either free drinking water or obtained from food and plants.
The 880 in the enamel apatite is a proxy for 880 values of
meteoric water, which varies due to the source of precipitation
and effects of latitude, altitude, continentality, temperature,
and evaporation (Dansgaard, 1964; Longinelli, 1984; Luz et al,,
1984; Bryant and Froelich, 1995; Bryant et al., 1996; Kohn,
1996; Sponheimer and Lee-Thorp, 1999; Levin et al., 2006).
Crudely, 3'80 values of meteoric water are higher in warmer
or dryer environments (Dansgaard, 1964). Thus, as a general
rule, herbivores feeding in open steppe habitat are expected
to have more enriched 880 values than species from forested
cooler and more humid habitat (Sponheimer and Lee-Thorp,
1999). Obligate or water-dependent drinkers usually have 3'80
values lower than non-obligate drinkers, being dependent on
water availability and seasonality of rainfall. Seasonal variation
in rainwater in mid- and high latitude environments and
species migration can be significant, producing intra-tooth
variations of 3-4%o, or more (e.g., in high-crowned ungulates,
horses and bison, Hoppe et al, 2004; Feranec et al, 2009).
Oxygen isotopic composition can be affected not only by daily
ecology and migration but also by life history and physiology
of mammals. Oxygen isotopic compositions are higher in
nursing animals during lactation and weaning periods because
of milk consumption, which is related to the body water in
the mother, and more enriched in *O due to the preferential
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loss of %O through sweat, urine, and expired water vapor
(Bryant and Froelich, 1995; Kohn, 1996).

MATERIALS AND METHODS

The material studied consists of upper cheek teeth belonging to
E. senezensis aff. E. sen. stehlini from CSG and to Equus cf. E.
mosbachensis from FR. All the examined fossil material is housed
at the Italian Institute of Human Paleontology (IsIPU) (Anagni,
Italy). The comparative material was obtained from literature (see
in text).

Dental Mesowear

Past studies on the dental wear patterns of E. senezensis aff.
E. sen. stehlini and Equus cf. E. mosbachensis from the Anagni
Basin examined both upper and lower cheek teeth (Strani et al.,
2015, 2018a,b). In this study we examined only upper teeth [P4-
M3, following Kaiser and Solounias (2003)] in their occlusal
relief (high or low) and cusp shape (sharp, rounded, or blunt)
of the apex of the paracone or metacone and scored for a
better comparison with available data of both modern and
fossil equids because mesowear analysis is often restricted to
the upper dentition. Occlusal relief and cusp shape scores were
also converted to a single mesowear score (MWS) following the
“mesowear ruler” developed for scoring dental mesowear on
fossil equids by Mihlbachler et al. (2011). The method is based
on seven cusp types (numbered from 0 to 6), ranging in shape
from high and sharp (stage 0) to completely blunt with no relief
(stage 6). Additionally, a “stage 7” is given to teeth with a convex
cusp apex. A total of 30 specimens were scored using this method
(E. senezensis aff. E. sen. stehlini N = 20; Equus cf. E. mosbachensis
N = 10). Previously unavailable upper teeth of E. senezensis aft.
E. sen. stehlini (N = 9) have been added to the original sample
analyzed in Strani et al. (2015, 2018b).

Results were compared with mesowear data of four extant
equids: plains zebras (Equus quagga) (data from Fortelius and
Solounias, 2000 and Rivals and Semprebon, 2010), Grévy’s zebras
(Equus grevyi) (data from Fortelius and Solounias, 2000), onagers

(Equus hemionus), and African free ranging donkeys (Equus
asinus) (data from Schulz et al., 2007). To distinguish fossil and
modern equid taxa based on mesowear variables (percentages
of high relief, rounded, and blunt cusps) a hierarchical cluster
analysis was performed using the Wards method and the
Euclidean distance. E. senezensis aff. E. sen. stehlini dental
mesowear data were compared to those of E. stenonis from the
Early Pleistocene locality of Olivola (~1.8 Ma, north central Italy)
(Strani et al., 2018¢) and of the Britain sites of Mundesley and
East Runton (~1.8 Ma) (Rivals and Lister, 2016). Equus cf. E.
mosbachensis dental wear patterns were also compared to those
of the fossil Middle Pleistocene caballoid equid population from
the central European localities (Steinheim and Heppenloch,MIS
11, Germany) (data from Rivals and Ziegler, 2018), from different
Britain sites (Clacton, Hoxne and Swanscombe; MIS 11) (Rivals
and Lister, 2016) and from Caune de '’Arago (438 £ 31 ka,
France) (data from Rivals et al., 2015a).

Discriminant analysis was performed to examine the
resolution of mesowear variables applied to the fossil. The
percentages of high relief, rounded and blunt cusps were used
as independent variables and two dietary (conservative and
radical) classifications of modern ungulate taxa as grouping
variables (Fortelius and Solounias, 2000). Equus quagga from
Rumuruti (Rivals and Semprebon, 2010), Equus hemionus and
Equus asinus (Schulz et al., 2007) were added to the modern taxa
with known diets and treated as grazers in both conservative and
radical classifications. All analyses were performed using IBM
SPSS Statistics 24.

Stable Carbon and Oxygen Isotope
Analyses and Preparation of Teeth Enamel

Samples

We obtained stable carbon (8'2C) and oxygen isotopic (3180)
abundances from the upper cheek teeth (upper first or second
molars). In horses the isotopic composition in M1 or M2 would
reflect nutrients from mother’s milk and should be slightly more
depleted in 13C and more enriched in 80 compared to isotopic

TABLE 1 | Summary of dental mesowear analysis.

Taxa Locality Age N  %High %Low %Sharp %Round %Blunt MWS References

Equus cf. E. Fontana ranuccio Middle 10 0.0 100.0 30.0 50.0 20.0 4.8 This work; (Strani et al.,

mosbachensis pleistocene 2018a)

Equus senezensis aff. E. Coste san giacomo Early 20 25.0 75.0 35.0 45.0 20.0 3.8 This work; (Strani et al.,

sen. stehlini pleistocene 2015, 2018c¢)

Equus quagga Africa Modern 121 0 100 27.0 39.3 33.6 5.0 Fortelius and
Solounias, 2000

Equus quagga Africa (Rumuruti, Mount ~ Modern 28 0 100 28.6 64.3 7.1 4.3 Rivals and Semprebon,

Kenya) 2010

Equus grevyi Africa Modern 29 0 100 34.4 41.3 241 4.9 Fortelius and
Solounias, 2000

Equus hemionus Gobi desert Modern 175 47.4 52.6 4 85.7 10.3 / Schulz et al., 2007

Equus asinus Emirate sharjah Modern 184 55.4 44.6 43.5 39.1 17.4 / Schulz et al., 2007

Number of specimens (N); percentage of specimens with high (%High) and low (%Low) occlusal relief; percentage of specimens with sharp (%Sharp); rounded (%Rounded), and blunt

(%rBlunt); mesowear score (MWS,).
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composition of subsequently erupting P2, P3, M3, and P4 that
would better reflect solid diet of an adult animal (Hoppe et al,,
2004). Here we made comparisons with M1 or M2 from German
sites and took into account this difference when comparing
samples taken from premolars. We used 3 teeth samples of Equus
cf. E. mosbachensis from FR and two E. senezensis aff. E. sen.
stehlini from CSG. One FR horse sample was from PM4 and
exhibited enrichment by 1%o in '*C and more enriched in 80
compared to two FR M2. In German sites only E. hydruntinus had
permanent teeth compared and the obtained values were within
variation ranges of 1 and 2 %o in '*C and 130, respectively.

Enamel samples were either mechanically separated and
ground to a finer condition in an agate mortar or drilled with
a diamond-impregnated rotary tool. The uppermost surface of
the tooth was removed before sampling usually by drilling with a
dremel® borer. Samples of approximately 20 mg were analyzed.
Fossil enamel powders were pre-treated following the method
described by Bocherens et al. (1996) but using the Continuous
Flow (CF) for collecting carbon dioxide (Jacques et al., 2008;
Bocherens et al., 2009). Our experience with fossil material from
limestone cave has shown that the pre-treatment used here is
strong enough to remove exogenous carbonates but we are aware
of possible slight changes of the oxygen isotopic composition of
tooth enamel carbonate.

Pretreated (Sample /Enamel) carbonate was reacted with
100% H3POy for 4h at 70°C using a MultiFlow-Geo interfaced
with the Elementar IsoPrime 100 IRMS. Final isotopic ratios
are reported per mil (%o) calibrated with international
standards (IAEA-603 3'°C: 2.46/8'80: —2.37 and NBS-18
§13C: —5.014/8'80: —23.2), as well as three in-house standards.
IonOS software (Version 3.2) by Elementar was used to carry
out multi-point standard isotope calibration by generating a
trend line (y = mx+c) that maps measured vs. expected isotopic
results, which is then used to calibrate sample results. The
measurement uncertainty was monitored using three in-house
standards. The overall analytical precision is higher than 0.1%o
for carbon and better than 0.2%o for oxygen isotopic values.

Stable isotopic results are expressed as the following standard
3-notation: X = [(Rsample/Rstandard)-1]*1,000, where X is
referred to 8!3C and 3'80 values and R is equivalent to 3C/12C
or 180/10, respectively. The recorded delta values follow the
international reference standards, a “Vienna PeeDee Belemnite”
(VPDB) for the carbon and oxygen. Additionally, 3'80 values
relative to “Vienna Standard Mean Ocean Water” (VSMOW)
are given. In addition, the carbonate content (CaCO3%) was
determined using the ratio between amount of CO; released by
the reaction, as detected from the peak intensity for mass 44
and the weight of pure carbonate used as a standard, with an
analytical error of 0.3%, based on multiple analysis of reference
enamel samples.

To calculate values for temperature and drinking water
from oxygen isotope values, and convert oxygen carbonate
and phosphate fractions, we wused and equation from
Lécuyer et al. (2010)

§180. = 1.035 §'%0p + 8.33

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
5 10 15 20
1 1 1 1

o

25
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—
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FIGURE 2 | Mesowear hierarchical cluster diagram based on the percentage
of high occlusal relief, round and blunt cusps of fossil populations with extant
equids. (Data for extant equids from Fortelius and Solounias, 2000; Schulz
et al., 2007; Rivals and Semprebon, 2010).

The estimates of the 8§80 values of drinking water
consumed by species were calculated, first, by converting
the oxygen isotope composition of structural carbonate to
its equivalent in phosphate, using equations that are robust
for many different species: 8180p = 0.71 x §80Ow+22.60
(Delgado Huertas et al., 1995).

Then the oxygen isotope composition of phosphate was
converted to that of drinking water of different groups of species,
according to formulas below and reformulated based on original
data from Skrzypek et al. (2011) based on current relationship
between air and water. We calculated temperature (°Celcius)
using the formula for continental Europe:

Toir = 1.41x8'%0 + 21.63

We used both parametric and non-parametric tests with o = 0.05.
To identify the sources of significant differences we used ANOVA
and among unequal variances we used post hoc Tamhane tests.

The results were compared with the late middle and late
Pleistocene horse data from Steinheim, Mauer, Bockstein and
Vogelherd (Pushkina et al., 2014).

RESULTS

Dental Mesowear

E. senezensis aff. E. sen. stehlini upper teeth from CSG showed
mostly low occlusal relief (75%) and a higher percentage of
rounded cusps (45%) over sharp (35%) and blunt cusps (20%)
(Table 1). Low occlusal relief and high occurrence of rounded
cusps E. senezensis aff. E. sen. stehlini from CSG point to a
generally abrasive diet. Equus cf. E. mosbachensis teeth also
displayed low occlusal relief and mostly rounded cusps (50%)
(Table 1), a pattern pointing to a dominance of abrasion
over attrition.

E. senezensis aff. E. sen. stehlini was clustered with the onager
and the free ranging donkeys (cluster B) both displaying a grazing
signature but with E. asinus showing a less abrasion-dominated
diet (Schulz et al., 2007) (Figure 2). Equus cf. E. mosbachensis
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FIGURE 3 | Bivariate diagrams based on discriminant analysis: conservative classification (A) and radical classification (B). Minute abraded brachydont species have
been excluded. Fossil taxa Ez, Equus senezensis aff. E. sen. stehlini; Em, Equus cf. E. mosbachensis; Eq, Equus quagga; EqR, Equus quagga (Rumuruti population);
Eg, Equus grevyi; Eh, Equus hemionus; Ea, Equus asinus. Group centroids: browsers (0); mixed feeders (1); grazers (2).
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FIGURE 4 | Mesowear results of fossil stenonid equids and extant ungulates. Modern ungulates data from Fortelius and Solounias (2000) (diet information according
to the radical classification; minute abraded brachydont species have been included), Rivals and Semprebon (2010). Mundesley and East Runton data from Rivals and
Lister (2016). MWS, mesowear score; CSG, Coste San Giacomo; Ez, Equus senezensis aff. E. sen. stehlini; Es, Equus stenonis; Eb, Equus bressanus; FB, fruit
browsers; LB, leaf browsers; M, mixed feeders; G, grazers; *, Heterohyrax brucei.

fell in cluster A with modern zebras (Figure 2), which are all  are classified as grazers by both the conservative and radical
characterized by strong abrasion-dominated mesowear patterns  classification (Figures 3A,B).

(Table 1) (Fortelius and Solounias, 2000; Rivals and Semprebon, E. senezensis aff. E. sen. stehlini displayed an average MWS
2010). Discriminant analysis performed with the mesowear  of 3.8, lower than the one recorded in the upper cheek teeth
variables provides a satisfactory dietary discrimination with  of E. stenonis from Olivola (5.3), from stenonid horses from
71.9% of extant taxa correctly classified according to the  East Runton (E. bressanus, 4.5; E. stenonis, 4.0) and from E.
conservative classification and 75.4% according to the radical  stenonis from Mundesley (Figure 4), pointing to a less strictly
one (70.2 and 75.4%, respectively, in cross-validation). Both E.  abrasion-dominated feeding behavior in the stenonid equid
senezensis aff. E. sen. stehlini and Equus cf. E. mosbachensis ~ from Coste San Giacomo. Equus cf. E. mosbachensis from
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FIGURE 5 | Mesowear results of fossil stenonid equids and extant ungulates. Modern ungulates data from Fortelius and Solounias (2000) (diet information according
to the radical classification; minute abraded brachydont species have been included), Rivals and Semprebon (2010). Caune de I'’Arago, Steinheim, Heppenloch,
Swanscombe, Hoxne and Clacton data from Rivals et al. (2015a), Rivals and Lister (2016) and Rivals and Ziegler (2018). MWS, mesowear score; CSG, Coste San
Giacomo; Ez, Equus senezensis aff. E. sen. stehlini; Es, Equus stenonis; Eb, Equus bressanus; FB, fruit browsers; LB, leaf browsers; M, mixed feeders; G, grazers; *,

Fontana Ranuccio, showed a mean MWS of 4.8 higher than the
one recorded in all the other caballoid equids from Germany
(Steinheim, 3.8; Heppenloch, 4.3), France (Caune de I’Arago,
3.9) and Britain (Swanscome, 3.7; Hoxne, 4.0; Clacton, 4.4)
(Figure 5), suggesting an overall more abrasive diet for the
Middle Pleistocene fossil caballoid equid of the Anagni Basin.

Stable Carbon and Oxygen Isotope

Analyses

Compared equids E. senezensis aff. E. sen. stehlini from CSG,
Equus cf. E. mosbachensis from FR and Mauer, E. ferus/
E. hydruntinus/E. sp. from Steinheim and E. caballus from
Bockstein and Vogelherd varied significantly in 8!*C and 830
values (ANOVA [Fs5 = 8.6, p < 0.001, r* = 0.55] for
§13C / ecosystem; [Fs26 = 5.7, p < 0.001, 2 = 0.43] for
§180 VPDB/VSMOW/temperature).

The 3'3C values of E. senezensis aff. E. sen. stehlini from
the Early Pleistocene CSG were —12.49 and —11.94%o, falling
within the values of the late Pleistocene horses from Bockstein
and Vogelherd and middle late Pleistocene E. hydruntinus from
Steinheim (Table 2) (Figure 6A). The 8180 values of CSG E.
senezensis aff. E. sen. stehlini were higher than in the compared
German sites —4.02 and —6.19%o (VPDB), —26.71 and —24.48%o
(CO3 VSMOW) (Table 2) (Figure 6B), 17.76 and 15.6%o (PO4
VSMOW), respectively, suggesting that the horses used water
sources with 8'8Oyater —6.81 and —9.86%o.

The §'3C values of Equus cf. E. mosbachensis from the Middle
Pleistocene FR ranged from —13.93 to —12.63%o (Table 2)
(Figure 6A), which is similar to E. mosbachensis from Mauer and

equids from Steinheim. Equus cf. E. mosbachensis differed from
the late Pleistocene Equus ferus (post hocs Tamhane p = 0.004
813C/ ecosystem).

The 3'80 values of FR Equus cf. E. mosbachensis varied
between —6.96 and —4.24%0 (VPDB), —23.68 and —26.49%o
(CO3 VSMOW) (Table 2) (Figure 6B), 14.83 and 17.54%0 (PO4
VSMOW), respectively, indicating that water sources used had
the 8180yyater values of —10.94 and —7.12%o.

The only peculiar difference between the Italian and German
sites is demonstrated in the temperature calculations, indicating
much higher temperatures for both CSG and FR (6.2-12°C) than
for the German sites (—0-6.8°C) (Table 2).

DISCUSSION

Mesowear and stable isotopic analyses suggest that horses in
both sites inhabited rather open and dry environments with
abrasive C3 vegetation as a dietary source for the majority. As
obligate drinkers, however, horses could have used different
water sources in more humid and closed, or more open and
arid environments, which could have been at slightly different
elevation and subjected to seasonal variation in water availability.
Both E. senezensis aff. E. sen. stehlini from CSG and Equus cf.
E. mosbachensis from FR display dental mesowear patterns
highly consistent with a grazing feeding behavior, according
to the results reported in Strani et al. (2015, 2018a,b,c), where
both upper and lower cheek teeth were analyzed. Differences,
however, are observed in terms of niche occupation in the Early
Pleistocene stenonid equid, displaying a less abrasion-dominated
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TABLE 2 | Isotopic results for Equus senezensis aff. E. sen. stehlini from CSG, Equus cf. E. mosbachensis from FR, and for Pleistocene equids from German localities

[data from Pushkina et al. (2014)].

Taxon Site d13C (%o d180 (%o d180 (%0  Ecosystem Temperature °C References
VPDB) VPDB) VSMOW) (central Europe)

Equus cf. E. mosbachensis Fontana ranuccio —138.87 —6.43 24.23 —27.87 7.7 This paper

Equus cf. E. mosbachensis Fontana ranuccio —12.63 —4.24 26.49 —26.63 18.2 This paper

Equus cf. E. mosbachensis Fontana ranuccio —138.93 —6.96 23.68 —27.93 6.33 This paper

Equus senezensis aff. E. sen. stehlini  Coste san giacomo —12.49 —4.02 26.71 —26.49 13.75 This paper

Equus senezensis aff. E. sen. stehlini  Coste san giacomo —-11.94 —6.19 24.48 —25.94 8.28 This paper

Equus caballus Bockstein —11.94 —-10.25 20.29 —24.44 —-1.93 Pushkina et al., 2014
Equus caballus Bockstein —11.72 —8.66 21.93 —24.22 2.08 Pushkina et al., 2014
Equus caballus Bockstein —-11.59 —8.99 21.6 —24.09 1.26 Pushkina et al., 2014
Equus caballus Bockstein -11.39 —9.39 21.18 —23.89 0.23 Pushkina et al., 2014
Equus mosbachensis Mauer —18.91 —7.73 22.89 —26.41 4.44 Pushkina et al., 2014
Equus mosbachensis Mauer —138.1 —9.05 21.53 —25.6 1.1 Pushkina et al., 2014
Equus mosbachensis Mauer —12.83 —6.67 23.98 —25.33 7.1 Pushkina et al., 2014
Equus mosbachensis Mauer —12.72 —9.37 21.2 —25.22 0.28 Pushkina et al., 2014
Equus ferus Steinheim —14.2 —-8.9 21.7 —26.72 1.42 Pushkina et al., 2014
Equus ferus Steinheim —13.56 —7.91 22.71 —26.06 3.98 Pushkina et al., 2014
Equus ferus Steinheim —13.43 —6.91 23.74 —25.93 6.51 Pushkina et al., 2014
Equus ferus Steinheim —18.33 —9.39 21.18 —25.83 0.25 Pushkina et al., 2014
Equus ferus Steinheim —-13.29 —8.94 24.64 —25.79 1.38 Pushkina et al., 2014
Equus ferus Steinheim —13.03 —9.31 21.26 —25.53 0.43 Pushkina et al., 2014
Equus ferus Steinheim —12.53 —-8.97 21.62 —25.03 1.31 Pushkina et al., 2014
Equus ferus Steinheim —12.45 —7.97 22.64 —24.95 3.82 Pushkina et al., 2014
Equus ferus Steinheim —13.6 —7.6 23 —26.1 4.7 Pushkina et al., 2014
Equus ferus Steinheim —-12.8 —-8.3 22.3 —-25.3 2.98 Pushkina et al., 2014
Equus hydruntinus Steinheim —12.7 —-7.9 22.7 —25.16 3.98 Pushkina et al., 2014
Equus hydruntinus Steinheim —-12.3 -7 28.7 —24.84 6.3 Pushkina et al., 2014
Equus hydruntinus Steinheim —-12.2 7.4 23.3 —24.7 5.35 Pushkina et al., 2014
Equus hydruntinus Steinheim —12 —9.1 215 —24.49 1 Pushkina et al., 2014
Equus sp. (ferus) Steinheim —13.8 74 23.2 —26.3 5.16 Pushkina et al., 2014
Equus sp. (ferus) Steinheim —12.7 —7.2 23.4 —25.7 5.67 Pushkina et al., 2014
Equus sp. (ferus) Steinheim —12.5 —-7.5 23.2 —25 512 Pushkina et al., 2014
Equus sp. (ferus) germanicus Steinheim —13.1 -7.3 23.3 —25.58 5.53 Pushkina et al. (2014)
Equus caballus Vogelherd —12.17 —9.49 21.08 —24.67 —0.01 Pushkina et al., 2014

diet in a more open landscape of steppe, shrubland, or light forest
compared to the Middle Pleistocene caballoid species that fed
strictly on abrasive sources in a more closed habitat of woodland
or shrubland. Temperature-wise these localities did not appear
to have differed. These findings allow us to provide information
on the paleoecology of the two groups of fossil equids of the
Anagni Basin, hereby shedding light on their ecological response
to the major climatic events that marked the Early and Middle
Pleistocene: the onset of the Pleistocene glaciation, which led to a
gradual trend toward cooler climatic conditions and subsequent
reduction of sub-tropical vegetation in Eurasia (Fortelius et al.,
2006; Combourieu-Nebout et al., 2015), and strengthening of the
Early-Middle Pleistocene Transition, which led to an increase
of interglacial temperatures (Head and Gibbard, 2015). Isotopic
results obtained for E. senezensis aff. E. sen. stehlini indicate that
this equid occupied open and dry habitats similarly to the Late
Pleistocene horses and middle Late Pleistocene E. hydruntinus

from central Europe (Pushkina et al., 2014). Dental mesowear
patterns are compatible with a grazing behavior similarly to
E. stenonis populations, e.g., from Sésklo (MN17 biozone,
Early Pleistocene, Greek Peninsula) (Rivals and Athanassiou,
2008) and from Olivola (~1.8Ma, Italian Peninsula)
(Strani et al., 2018b).

E. stenonis is a common species of both Italian and
Greek Peninsulas associated with fossil ungulates showing
generally mixed or grazing dietary adaptations in open and
dry environments (Rivals and Athanassiou, 2008; Strani et al.,
2018b). In contrast, E. senezensis aff. E. sen. stehlini from CSG
is associated with artiodactyls showing a wider range of feeding
behaviors in a more heterogeneous landscape comprised of
wetlands, forests and grasslands (Strani et al., 2015, 2018c), while
displaying a less abrasion-dominated dental mesowear pattern
than E. stenonis from Olivola (Figure 4). Similar conditions
are observed in East Runton, where E. bressanus displayed
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long-term grazing (according to molar mesowear) and short-
term browsing diet (according to tooth microwear) and is
grouped with other ungulates with a variety of feeding behaviors
(Rivals and Lister, 2016).

The stenonid Equus altidens from the late Early Pleistocene
Southern European site of Vallparadis Estacié (layer EVT?7) also
displayed a certain dietary plasticity with a short-term mixed
feeding behavior (Strani et al., 2019). E. senezensis aff. E. sen.
stehlini is also one of the best represented ungulates from CSG,
whereas fewer individuals have been recorded in Olivola (Strani
et al., 2018b). This suggests that this equid, while feeding mostly
on grasses, may have also accessed more diverse food items
leading to a greater intake of softer plant resources compared
to the similarly aged E. stenonis from Sésklo and to the later
stenonid equids from Olivola. This scenario is consistent with
the onset of a gradual trend toward cooler climatic conditions
after the initiation at the Plio-Pleistocene boundary (2.6 Ma)
of the Quaternary glaciations regulated by a 41 kyr periodicity
(Lisiecki and Raymo, 2005), which led to the augmentation of
open habitats and the disappearance of sub-tropical vegetation
in the European continent (Bertini, 2003; Bertini, 2006, Fortelius
et al., 2006; Bertini, 2010, 2013; Kahlke et al., 2011; Combourieu-
Nebout et al, 2015). This process probably affected later
Northern Europe as the paleoenvironmental conditions of East
Runton appear to be more heterogeneous compared to the coeval
locality of Olivola.

The more abrasion-dominated mesowear patterns of Equus
cf. E. mosbachensis point to a stricter grazing diet, and are
comparable to the ones observed in modern zebra populations,
which feed almost exclusively on grasses (Bodenstein et al,
2000; Fortelius and Solounias, 2000; Rivals and Semprebon,
2010; Kartzinel et al, 2015). The same trend is observed
also in the Middle Pleistocene caballoid equids from other
European localities, which also display abrasion-dominated
mesowear signatures (Rivals et al., 2008, 2015a; Rivals and

Lister, 2016; Rivals and Ziegler, 2018). A similar trend from
less abrasion-dominated to strictly grazing diet is observed even
in Early and Middle Pleistocene equid populations of Britain
(Rivals and Lister, 2016).

Isotope analysis points instead to a preference for slightly
more closed environments in Equus cf. E. mosbachensis from
FR similarly to E. mosbachensis from Mauer and Middle and
Late Pleistocene equids from Steinheim (Pushkina et al., 2014)
in comparison to E. senezensis aff. E. sen. stehlini. Long-term
grazing behavior and short-term less abrasive diets are observed
in E. ferus from the MIS 11 German localities of Hoppenloch
and Steinheim (Rivals and Ziegler, 2018) and from the MIS 9 site
Schéningen (Rivals et al., 2015b), suggesting that also in central
Europe Middle Pleistocene horses appeared to have successfully
exploited less open habitats.

FR Equus cf. E. mosbachensis is associated with ungulates
displaying a wide range of feeding behavior with a noticeable
abundance of browsing and mixed feedings cervids (Strani et al.,
2018a,d). A similar condition is observed in Steinheim, where
herbivores with diverse diets in humid and more closed habitats
are recorded (Pushkina et al., 2014; Rivals and Ziegler, 2018).
Isotopic analysis from the ungulates of Mauer also suggest warm
and densely wooded landscape for this locality (Pushkina et al.,
2014). On the contrary, fossil horses from the layer G (MIS
12) of Caune de I’Arago Cave (France) and from Hoppenloch
are associated with a lower range of dietary traits pointing
to drier environmental settings (Rivals et al., 2008; Rivals and
Ziegler, 2018). This suggests that Equus cf. E. mosbachensis
from the Anagni Basin occupied an ecological niche similar to
the fossil horses from Steinheim in comparable environmental
conditions, as grazers that feed also in more closed habitats. The
higher MWS recorded in the FR population (4.8) compared to
that of the Steinheim (3.8) (Figure 5), suggests that the fossil
horses of central Italian Peninsula had a stricter grazing behavior
compared to central European populations.
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FR archeopaleontological layer with its fossil assemblage is
dated to around “Mid-Brunhes event” (Biddittu et al., 1979;
Muttoni et al., 2009; Pereira et al., 2018), which is associated
with an increase in the amplitude of the interglacials and
glacial cycles (Lang and Wolff, 2011; McClymont et al., 2013),
and with one of the warmest and longest interglacial periods
of the last 400 ka, registered during MIS 11 (Weirauch
et al., 2008). According to palynological data from the MIS
11 Boiano Section (central Italian Peninsula) these warmer
conditions led to the expansion of closed canopy forests
with high summer precipitations (Combourieu-Nebout et al.,
2015). The paleoecological information for the fossil horse
of FR, suggests that in this scenario the Middle Pleistocene
caballoid equids from central Italian Peninsula adapted to the
reduction of open grasslands by exploiting also more closed
habitats in heterogeneous landscapes. A possible competition
with other large gregarious ungulates, such as Bos primigenius
and Stephanorhinus sp., could have also played a key role in
the niche occupation of this equid. The higher temperature
gradient recorded by the isotopic analysis of the equid dental
material compared to those observed in Steinheim, also can imply
warmer conditions that characterized the Anagni Basin during
this interval. This is concordant with the hypothesis of the Italian
Peninsula acting as a southern refugium for mammal taxa and
human populations during colder periods and extreme glacials
of the Pleistocene (Manzi et al., 2011; Manzi, 2016).

CONCLUSIONS

This work offers important updated information on the
paleoecological adaptations of Pleistocene equids of the Italian
Peninsula. Overall Early Pleistocene stenonid horses grazed
in open landscapes but demonstrated less abrasion-dominated
diet compared to the later forms, suggesting the existence of
more heterogeneous environmental conditions during the early
Early Pleistocene before the Gelasian/Calabrian (middle/late
Villafranchian) transition. In the same region, Middle Pleistocene
caballoid populations displayed more abrasion-dominated long-
term feeding behavior, having occupied less open habitats (at
the edge between grasslands and woodlands) than stenonid
forms of the Early Pleistocene, both in possibly warmer climatic
conditions compared to French and German localities of
the same age. Temperature calculations, however, should be
considered with caution, since the sample size is quite small and
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Centro de Geociencias, Universidad Nacional Autonoma de México, Querétaro, Mexico

In the advances of the research of the sedimentary basins from central Mexico, it
is significant the discovery of the first records of equids of Clarendonian and early
Hemphillian age that are mentioned. The specimens were collected in southwest
deposits of the San Miguel de Allende basin, the ages are verified by radiometric dates.
The largest collection of Dinohippus mexicanus skulls jaws and isolated teeth recovered,
have shown the wide geographical distribution in faunas of central Mexico. The study
of these records from localities of Coecillos, Rinconada, Arroyo Emilio, and Rancho el
Ocote faunas of the San Miguel Allende, Guanajuato state, Tecolotlan, Jalisco state and
Juchipila basin Zacatecas state, have shown the variability and transitional features they
have in the structures of the skull and upper and lower molars. The skull from Tecolotlan
and Rancho El Ocote, of the late Hemphillian age present a well-defined dorsal fossa,
in contrast the oldest skull from early-late Hemphillian of Juchipila, the fossa is just
a depression in the Maxillary and nasal bone, however, the skull from Coecillos has
structures that differentiate it from others. The most relevant records are the lower
and upper molars collected at the top of the biostratigraphic sequence of Rancho El
Ocote, in the sites named GTO 2 site D and F. These specimens present features that
differentiate them from Dinohippus and suggest a primitive Equus. Upper teeth from the
Blancan age of Tecolotlan basin, have a high crown but a pronounced curvature like the
Dinohippus mexicanus collected in the late Hemphillian strata of this basin.

Keywords: Dinohippus mexicanus, Equus, Hemphillian, central Mexico, Clarendonian

INTRODUCTION

The research on paleontology of the sedimentary basins started at the Instituto de Geologia has
continued for more than 20 years at the Centro de Geociencias, Campus Juriquilla; both institutions
belong to the Universidad Nacional Auténoma de México. The main objective of this project is to
study the biostratigraphy of the Late Neogene sedimentary basins in the central region of Mexico.

These basins are in the Transmexican Volcanic Belt and north to it between the parallels 19°
and 23°. The results obtained have demonstrated the importance of these sedimentary basins to
complement the biostratigraphy of Mexico and North America.

The abundance and diversity of mammals that have been collected, with reliable stratigraphic
and geographical information, have shown two faunal associations of different ages, Hemphillian
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and Blancan NALMA (North American Land Mammals Ages).
These records allow us to understand important geological
and biological events like the dispersal of mammals from the
Temperate North America faunas to the central region of Mexico,
the dispersal of the antilocaprids Cosoryx and Plioceros described
in the Juchipila fauna in the early-late Hemphillian age, and
the equids Calippus martini and the antilocaprid Merycodus,
described from the la Nopalera locality in ages of 6.77 4= 0.21 My;
these discoveries imply a reconsideration of the concepts of
extinction, stratigraphic range and geographical distribution
(Carranza-Castafeda et al., 2013; Robles-Rivera, 2015).

Another important result of the work in these basins refers
to the most important biological event among the Americas,
the Great American Biotic Interchange to (GABI). The recent
discoveries of Neotropical immigrants in the Tecolotlin basin
in deposits of 4.89 My confirm that there was more than one
invasion of Neotropical faunas toward North America, prior to
closing of the Panamanian land bridge (McDonald and Carranza-
Castafieda, 2017). Additional contributions to these results
refer to the exchange and displacement of mammals between
the faunas of temperate North America toward the faunas of
the central Mexico in both directions. Recent descriptions of
neotropical mammals suggest that the western part of Mexico was
an important migration route (Sussman et al., 2016; McDonald
and Carranza-Castafeda, 2017; Carranza-Castaneda, 2018).

The above-mentioned information is based on an extensive
collection of fossil mammals that has been integrated with
the results of research in the sedimentary basins that have
been studied, however, very little has been mentioned of the
advances in the knowledge of the equids that have allowed to
complement the biostratigraphic information of the strata that
contain neotropical immigrants and mammals from the Great
Plains of North America.

The objectives of this work are: to mention the first records
of equids collected in the Clarendonian and early Hemphillian
deposits, located south of the San Miguel de Allende basin,
state of Guanajuato; to comment and describe the geographical
distribution of Dinohippus mexicanus in the faunas of the central
region of Mexico, defining the great variability that occurs in the
facial region and the occlusal surface of upper and lower molars;
to describe partially the stratigraphy of the most important
faunas where diagnostic material of D. mexicanus was collected.
In addition, the associated fauna in the stratigraphic levels
where they were collected with the criterion that the age is
determined by radiometric dates will be mentioned. The age of
the records mentioned are determined to early-late Hemphillian,
late Hemphillian (Hh3), and latest Hemphillian (Hh4). the
analysis on interbedded volcanic ash and the associate fauna
have determined the age of the fossils (Carranza-Castafieda et al.,
2013; Figure 1).

MATERIALS AND METHODS

All the fossil materials mentioned in this paper are housed in the
fossil collection of the Instituto de Geologia, Ciudad Universitaria
and the Centro de Geociencias, UNAM in Juriquilla. Querétaro.

To avoid the repetition of names, of the associated fauna with
records of D. mexicanus is mentioned in Supplementary Table 1.

The terminology used in the description is from Lance (1950),
MacFadden (1984, 2016).

The abbreviations used in the text and tables are: Ap,
Anteroposterior, DPOF, Dorsal Preorbital fossa; Colo, Colotlén;
HC, High crown; IGM, Instituto de Geologia; Ii incisive; Jalp,
Jalpan; Juch, Juchipila; JalTeco, JT Jalisco Tecolotlain; LACM,
Natural History Los Angeles County Museum; L, Left; MPG]J,
Museo de Paleontologia Geociencias Juriquilla; Mm, molar;
MSTHT, Mesostyle Crown Height; NMMNH, New Mexico
Museum Natural History; Pp, Premolar; R, Right; Tab, Tabasco;
Tr, transverse; Zac, Zacatecas; UNAM, Universidad Nacional
Auténoma de México.

Recent Discoveries

The continuity of the investigations in southern San Miguel
de Allende basin, have demonstrated new records of equids
that correspond to Clarendonian and early Hemphillian ages,
being the first time that in Mexico there are mentioned
equids of unequivocal Clarendonian age, whose age is not
inferred, but discovered a few meters below the andesites that
have been dated.

Empalme Escobedo, Guanajuato

In the city of Comonfort, 25 km south of San Miguel de Allende,
two new localities have been discovered, the locality with the
older fauna is Locality GTO 92 Empalme Escobedo, located 5 km
south of the town of the same name. The fossils were collected
in a quarry of materials for road construction. The thickness
of the sedimentary sequence is greater than 50 m and it is
composed of different strata of igneous rocks and gravels at the
base, covered by lacustrine sediments and layers of clay with
sands. The fossils were collected in these layers. This sequence
has a thickness of 5 m, is composed of clay and clays with
gravel only 6 m above are the strata of andesites that cover the
entire sequence.

The age of the sedimentary sequence is determined by the
radiometric dates that were made in the andesites located 6 m
above, by the method of *°Ar/*° Ar, which produced the result of
10.6 = 0.3 My (Cerca-Martinez et al., 2000). These results confirm
the Clarendonian age for this fauna. This is the only one known
fauna of this age in central Mexico with well-determined ages.

The fossil material are two teeth, MPGJ 3031 assigned to
Protohippus et al. sp., the other, MPGJ 3032, is referred to
Hipparion (Robles-Rivera, 2015).

Order Perissodactyla Owen, 1848; Family Equidae
Gray, 1821; Protohippus sp. Leidy, 1858

Description

The molar MPGJ 3031, M1, is hypsodont and curved, the
protocone is small rounded with no heel, and is joined to the
protoselene, by the isthmus that is constricted. The prefossette
has multiple plications and a well-developed prefossette loop;
the postfossette with the anterior border very simple and large
plicaballin, with elongated hypocone.
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FIGURE 1 | On the map are the locations explained in the paper.

Hipparionine Christol, 1832

Description

MPGJ 3032 M1 fragment of upper molar, by the wear
corresponds to an old adult, the main character for its assignment
is the isolated and rounded protocone and simple fossettes
without plications.

Area of Palmillas, Guanajuato
The second locality, GTO 91 Palmillas, is near the village of the
same name. The area is very small; however, the fossils were
collected in the deposits of the La Nopalera Formation (Ledezma,
1960). They consist of layers of clay with different concentrations
of sand. These strata are covered by a layer of volcanic ash
that was analyzed by the U/Pb method, produced a result of
6.77 £ 0.21 My, which refers them to the early Hemphillian.

The associated fauna includes remains of the antilocaprid
Merycodus sp. and an incisor referred to Megatylopus
(Robles-Rivera, 2015).

Family Equidae Gray, 1821; Calippus Martini

Hesse, 1936

Material

Upper molars: MPGJ 1713 P2, MPG]J 1706 P34, MPGJ 1707
M2, MPGJ 1705 M3, MPGJ 712 M3, MPGJ 1708 M1, MPG]J

1709 M12, MPGJ 1711 M1, and MPGJ] 1710 M3. Lower
molar MPGJ 1824 m2. The main characters that justify the
assignment to C. martini, refer to the protocone, arranged
slightly diagonal, joined to the protoselene, and the shape
change from oval to elongated; the curvature of the molars is
moderate to pronounced, the fossettes with more plications in
early stages of wear, hypocone open lobular to lenticular in
old individuals.

The comparable C. hondurensis that has been described
in faunas of central Mexico, differs considerably in size
and the transverse and anteroposterior axes that are smaller
compared with C. martini. The age for these deposits dated
by U/Pb method is 6.77 £+ 0.21 My, early Hemphillian
(Robles-Rivera, 2015).

Dinohippus mexicanus IN FAUNAS OF
THE CENTRAL REGION OF MEXICO

In all the Hemphillian faunas described in the sedimentary
basins of central Mexico, there is a large diversity of mammals
among which the equids are widely represented. However,
C. hondurensis and Astrohippus ansae are present only in
the early-late Hemphillian faunas. Neohipparion eurystyle
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and D. mexicanus are present in all sedimentary sequences,
from the early-late and late Hemphillian, although in
the deposits of the latest Hemphillian (Blanco Layer of
Rancho El Ocote), only D. mexicanus survives until the
unconformity of Blancan age (Carranza-Castafieda, 1989, 1992;
Carranza-Castafieda et al., 2013).

STATE OF ZACATECAS

The Tlaltenango-Colotlan Basin

The lake sediments fill the basin and a few sites have fluvial
deposits. The study began north of the city of Colotlin to
its limit to the south in the village of Tepechitlan where
some metapodial fragments were collected and that is at the
end of the basin.

The most important is the locality Zac 9 Sanidad
Animal (Carranza-Castaiieda, 2006), where isolated teeth
of C. hondurensis were recovered, besides D. interpolatus,
however, by comparison with new material collected in Juchipila
basin, they have been reassigned to D. mexicanus. The age was
determined to the early-late Hemphillian by the presence of
Neohipparion and Calippus (Carranza-Castafieda, 2006).

The Juchipila Basin

It is the most relevant area in the state of Zacatecas by the
stratigraphy and the diversity and number of fossils collected
with an extent of 165 and 15 km in width in the NNE direction.
The first works on geology were made by students from the
University of New Orleans, Lahiere (1982) and Loépez (1991),
who informally named the fluvial lacustrine deposits as Juchipila
Formation. However, in their reports on the geology they only
mention a molar of a peccary that they assigned to Platygonus
rex. At the beginning of our investigations several important sites
were discovered with different kinds of mammal fossils, as well
as traces of birds, camelids, proboscideans, and equids in the
lacustrine sediments. The relationships of the main localities were
established (Aranda-Gomez et al., 2008).

The most important localities are in the central part of the
basin, between the Tabasco city in the north and Moyahua in
the south. The greatest extent is found in the middle part at the
localities: El Mixtén and La Perdida, Cofradia and the Pitahaya
area; and the Juchipila area with the localities El Resbalon, La
Copa y El Epazote. In the northern part, the Tabasco area, the
localities are La Escalera, Patos y Madera and the Wang locality.
The associated fauna that has been described in previous works
has been referred to the early-late Hemphillian age, was collected
and supported by the radiometric date obtained in the analysis
of volcanic ashes by the method of U/Pb which gave results
of 6.95 £ 0.27 My in the lower and 5.59 £ 011 in the upper
ash, ages that bracket the fauna in the early-late Hemphillian
age (NALMA) (Aranda-Gomez et al., 2008; Carranza-Castaieda
et al., 2013; Carranza-Castafeda, 2018).

The diversity of equids presented in these localities is
remarkable. C. hondurensis, maxillaries, jaws and isolated upper
and lower teeth, are widely distributed in all the localities of the

basin; this is the largest representation of this equid in early-
late Hemphillian faunas in the central region of Mexico, and so
far, never is associated with Nannippus (Carranza-Castaneda and
Espinosa-Arrubarena, 1996; Carranza-Castafieda et al., 2013).

The genus N. eurystyle in the Mixtén locality was collected in
the same stratigraphic level; both parts of the maxillary of the
same individual (catalog MPGJ 1870) and several isolated teeth
have been collected.

The only jaw of A. ansae known in Mexican faunas was
collected in the locality Zac Juch 48, La Copa. It consists of a
complete left jaw with p2-m2. The main difference with A. stockii
is the measurements of the Ap and Tr axis that are bigger and
the paralophid is stouter, the protoconid and hypoconid are more
rounded. The most important find was collected in the Mixton
sequence. It is a partial skull, MPGJ 1682, with the craniofacial
region almost complete in both sides but better preserved in the
right side where the dorsal fossa is more evident; the dentition
includes part of the P2, and complete P3-M3, molars on the
right side. The specimen has been referred to D. mexicanus;
in addition, isolated upper molars collected in Zac Juch 47 El
Resbaldn, have a pronounced curvature, although are very short
high crown (Figures 2A,B).

At the locality Zac Tab 34, Wang, located 45 km north of the
Mixtén, a mandible referred to D. mexicanus was collected in a
sequence of clays with different concentrations of fine sand. The
jaw includes the complete right side with well-preserved p2-m3
and a whole symphysis including the incisors (Figure 3).

FIGURE 2 | MPGJ 1982 Dinohippus mexicanus, Zac Juch 30 Mixton.

(A) Right side of the skull, the nasal notch is on M2, the maxillary fossa is
shallow, it is not pocketed posteriorly, the edges are poorly defined and the
infraorbital foramen is included in the anterior part. (B) MPGJ 1683, ventral
view of P3-M3, we observed the protocone with small anterior heel and
P4-M1 the lingual edge is concave.
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10 cm

FIGURE 3 | MPGJ 1683 of Zac Tab 34 Wang Location, ventral view of the
jaw, symphysis and incisors are complete, the incisors have wide
infundibulum, the linguaflexid is wide, the metacénid and metastilid are lobular,
the lingual edge of the protoconid and hypoconid is rounded.

Dinohippus mexicanus (Lance, 1950)

Referred specimen

Zac Juch 30 Mixtéon. MPGJ 1982, partial cranium with right
region facial well preserved and P3-M3 and fragment of P2.
Zac Juch 47 El Resbalon MPGJ 4067 P4-M1, MPGJ 4095 M1,
and MPG]J 4067 P4. Lower jaw, Zac Juch 34 Wang MPGJ 1683
belongs to young individual, with p2-m3 and i1-3, both sides and
complete symphysis.

Locality and age
The specimen MPG]J 1682 partial skull collected in the locality
Zac Juch 30 El Mixtén.

The jaw MPGJ 1683 from the locality Zac Tab 34 Wang, State
of Zacatecas, México; early-late Hemphillian age. Collectors,
Xiaoming Wang, Jorge Aranda-Gémez and the author.

Description

The skull (MPG]J 1682) on the left side is slightly squashed, the
facial region on the right side is complete without deformation.
The occipital region is also incomplete, although some of the
structures are observed. The nasal notch is above the posterior
part of P2, the row of P3-M3 has a length of 126 mm. The
infraorbital foramen is located 68 mm above the alveolus of
P4. The malar crest is remarkable and strong, it ends between
P4 and the anterior part of M1. The malar fossa is absent.
The nasomaxillary fossa (DPOF) is shallow, is 58 mm distant
from the orbit, is a slight depression not pocketed posteriorly
and the anterior end is above the M2. The fossa has poorly
defined and rounded borders, the wider part is 38 mm and the
infraorbital foramen is included. The distance from the orbit to
the DPOF is 57 mm. The height from the alveolus of M2 to the
orbit is 114 mm.

The premolar P2 is preserved. It has a prominent parastyle and
mesostyle, the enamel is moderately thick and the fossettes are
almost without plication by wear.

On the P3 (Ap 26.90 mm and Tr 27.18 mm), the prefossette
is very worn and the postfossette is without plications. The
hypocone is broad and the hypoconal groove is of moderate
depth. They persist in the whole dentition but only reduce their
size. The preprotoconal groove is constricted, the protocone is
broad and moderately long, the anterior part forms a rounded
heel, and the lingual border is flat and parallel to the lingual part
of the alveoli. P4 (Ap 24.45 mm and Tr 25 mm), presents the
parastyle and mesostyle that are of almost equal widths and flat.
The protocone has a remarkable and blunt heel, the posterior

part is long and rounded and the lingual border is concave in a
“wooden shoe shape.”

M1 (Ap 22.95 mm and Tr 25.44 mm), The fossettes are very
worn, the protocone has the “wooden-shoe shape,” posteriorly
it is elongated and wide, the anterior with a notable heel, and
the lingual border is concave. M2 (Ap 23.7 and Tr 23.06), it
has a trapezoidal shape because the parastyle side is longer.
The protocone is broad and elongated, with the posterior part
triangular, and the anterior part forms an evident heel of rounded
shape. On M3 (Ap 24.94 mm and Tr 20.46 mm) the most
notable difference of the molar is reduction of the hypocone and
hypoconal groove. The protocone in the anterior part forms a
prominent heel, posteriorly is elongated and the lingual border
is horizontal (Figures 2A,B).

Lower jaw. The specimen MPG] 1683 preserves the right
side, is broken on the horizontal edge, and only has part of
the ascendant border of the coronoid process. The symphysis
is complete with R and L il-3, all have a wide infundibulum
filled with cement. The canine is very small, which suggests a
female. The pre-canine diastema is 8.13 mm, and the post-canine
diastema is 74.45 mm. The maximum width between the L I3
and R 13 is 57.16 mm. The dentition p2-m3 is 147.5 length,
the Ap of p3-p4 is 54.7 mm and Tr is 18.8; the Ap m1-m2
46.8 and Tr 16.3. The protoconid and hypoconid are rounded
in molars and premolars. The metaconid and metastylid in the
premolars are rounded almost with similar size and separated
by a wide linguaflexid. In the molars, the metaconid is rounded,
but the metastylid is smaller and slightly sharp posteriorly. The
ectoflexid in the molars is deeper to almost touch the enamel-
edge of the linguaflexid; in premolars, it does not penetrate the
isthmus. The assigned age is determined associate fauna and
analysis of the upper ash the result 5.9 My placed the jaw to early
late Hemphillian.

According to the stratigraphic age the skull of Juchipila, early
late Hemphillian, a protocone like D. interpolatus or D. leidyanus
could be expected, without heel and inclined toward the lingual
margin, however, the shape and disposition of the protocone, is
like Dinohippus mexicanus of late Hemphillian (Figure 3).

STATE OF GUANAJUATO
San Miguel Allende Basin

The first reference to D. mexicanus is associated with the
description of the equids from Rancho El Ocote fauna,
however, it has had a complicated taxonomic history (Arellano,
1951; Mooser, 1958, 1960, 1965, 1973a,b; Carranza-Castafeda
and Ferrusquia-Villafranca, 1978; Dalquest and Mooser, 1980;
Carranza-Castafieda, 1992).

In the new investigations in Rancho El Ocote and other
Hemphillian localities, the material of A. stockii, N. eurystyle,
and D. mexicanus collected in different stratigraphic layers
was compared with the Yepomera collection housed in the
Museum of Los Angeles (LACM), arriving at the conclusion
they are the same species, for which N. floresi and N. arellanoi
are considered as junior synonym of N. eurystyle (Carranza-
Castafieda and Ferrusquia-Villafranca, 1979; MacFadden, 1984),

Frontiers in Earth Science | www.frontiersin.org

May 2019 | Volume 7 | Article 89


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Carranza-Castaneda

Equids From the Neogene of Central Mexico

and D. ocotensis (Dalquest and Mooser, 1980; Dalquest, 1988),
is a junior synonym of D. mexicanus from the faunas of
central Mexico. All the records known in central Mexico
are assigned to the same species as Yepomera (Carranza-
Castafieda and Ferrusquia-Villafranca, 1979; MacFadden, 1984;
Carranza-Castafieda, 1989, 1992, 2006).

Rancho El Ocote Local Fauna

The first mention of horses from Rancho El Ocote was made
by Arellano (1951). Later several papers (Mooser, 1958, 1968,
1973b) describe different species, summarized in the last of these
works like D. ocotensis (Dalquest and Mooser, 1980); they suggest
that the locality represents only one age, late Hemphillian, and
that was younger than the Yepomera fauna, however, they have
never justified this comment. The Rancho el Ocote Local Fauna
has been considered as the reference of the late Hemphillian
faunas in central Mexico, by the diversity and abundance of the
Hemphillian fossil indexes.

The results of new field work in this locality and studies of
taphonomy have demonstrated two stratigraphic levels occur,
each one with its own lithology and faunal content that
corresponds to the late (Hh3) and latest (Hh4) Hemphillian;
covered in erosional unconformity by deposits that contain a
fauna of early Blancan age (Carranza-Castafieda, 1989, 2006;
Carranza-Castafieda et al., 2013).

The lower layer is named the Rhino layer (GTO2B), because
its contains: Teleoceras, Machairodus, Borophagus secundus,
Agriotherium, Pseudaelurus, Alforjas and the equids N. eurystyle
and Nannippus aztecus, which are the last records in all the central
México Hemphillian faunas, A. stockii is recorder in the Rhino
layer and in contact with the Blanco layer. These are the best
representation of late Hemphillian fauna in central Mexico and
have been referred to Hh3. D. mexicanus is well represented
by skull, jaws, isolated upper, and lower molars, incisors and
postcranial elements; the age of the fauna represents the late
Hemphillian age. The result of the analysis of the ash by the
methods of fission track in zircons gave the result of 4.8 £ 0.2 My
that confirms the assigned age (Kowallis et al., 1999; Carranza-
Castafieda et al., 2013).

The Rhino level is covered by the Blanco layer (GTO2 A),
the lithology is a fine sand deposit and volcanic ash lenses,
which contain a special distribution of fauna. The A. stockii
material is recorder only at the base represented by a few teeth.
D. mexicanus is found throughout the White layer, associated
with Stegomastodon, Megatylopus, and Hexobelomeryx and some
rodents and the oldest record of the South American immigrant
Paramylodon garbani (Montellano-Ballesteros and Carranza-
Castafieda, 1986; Carranza-Castafieda et al., 2013).

Above the Blanco layer, there are two-three meters of early
Blancan sediments where N. peninsulatus, Equus teeth and a
few osteoderms of the South American immigrant Plaina have
been recovered. The age was obtained by the analysis of volcanic
detritus by “°Ar/*?Ar 4.7 £ 0.02 My; this result bracket the
Hemphillian-Blancan boundary in Mexico in 4.74 4 0.14 and
4.89 + 0.16 (Kowallis et al., 1999; Flynn et al., 2005).

In the upper part of the Blanco level, there are small deposits
of clay containing upper and lower molars that have the axes Ap

and Tr larger than those collected in the Rhino level. The fossils
from these sites have been cataloged as GTO 2 site D and GTO 2
site F (Figure 4).

Dinohippus mexicanus (Lance, 1950)
Referred material
Skull IGM 7596, skull with R 13, P2-M3, L 12-13, P2-M3.

Lower Jaw. MPG]J 3739 P2-M3 GTO 2A, MPGJ 3872 L p2-p4
GTO 2b, Rhino layer, MPGJ 3946 R p2-m3, symphysis Ri 1-3 L
2-3, MPGJ 5125 GTO 2 A, Blanco layer, with p2-m1, canine and
12-3 incisive the R I 2-3 broken, MPGJ 3018 Ril1-3 Li 1-3.

Upper Molars, GT0 2A Blanco Layer: MPGJ 5131 M3, MPG]J
5151 M1, MPGJ 5132 P4, MPG]J 5153 P34. GTO 2B Rhino
layer; MPGJ 510 M3, MPGJ 650 M1, MPGJ 2056 M1, MPGJ
2075 P4, MPGJ 2915 M1, MPGJ 3793 P4, MPGJ 3822 GTO
M2, MPGJ 3841 P4, MPGJ 5128 P4, M3, MPGJ 5131M3, MPG]
5135 M1, MPG]J 11500.

UPPER MOLARS GTO 2 site D, MPGJ 2825 p4, MPG]J 5111
P34, MPGJ 5113 P3, MPGJ 5126 P4, MPG]J 3947 M1.

UPPER MOLARS GTO 2 site F: MPG]J 4040 M1, MPG]J 5146
P4IGCU 5180 M2, IGCU 11503 P4, IGCU 11504 M1.

LOWER MOLARS GTO 2A; site D: MPGJ 5109
m3; MPGJ 2825 p4.

LOWER MOLARS GTO 2 SITE E MPG]J 495 p3, MPG]J 2285
p34, MPGJ 2285 p43, MPGJ 3548 p3; IGCU 3858 p3; MPG]J
5116 p4, MPGJ 5117 p34, MPG] 5118 p4, MPGJ 5119 m2,
MPG]J 5120 p34, MPG] 5129 p4, MPGJ 5130 p2, MPGJ 5134
p4, MPGJ 5144 p3, MPGJ 5145 p4; MPGJ 5147 p4, MPGJ 5149
m2, MPGJ 5150 m2.

Description

The skull has been described and discussed extensively by
MacFadden and Carranza-Castafieda (2002). In this part only
comparisons will be made with other skulls collected in the faunas
mentioned in this paper.

Lower Jaw referred. The jaw MPGJ 3739 from GTO 2 A,
collected from the upper part of Rhino layer, conserves the
left side, the horizontal border is complete. The maximum
depth is at the beginning of the angle of the mandible
below the m3 with 114 mm. The Ap length of p2-m3 is
166 mm. To determine the relationship between jaw depth
and the crown height at p4 and m2, an X-Ray of the jaw
was made. It is remarkable that there is no relationship
between jaw depth (m2) and the height of the crown,
which justifies the larger size of the molars of the GTO
2 D and F sites.

The jaw MPGJ 3946 collected in GTO 2 B from the Rhino
layer, preserves the symphysis, the canine is partially broken, the
incisors form an almost curved row, R il-3, and L i2-3. The i2,
is wider. The infundibulum limited by enamel and filled with
cement. The post-canine diastema is 89.74 mm, the pre-canine
diastema is ~7 mm. The length R i2- L i2 is 43.70 mm,; the length
Ap of p2-m3 is 156 mm, the premolars and molars are straight
and hypsodont, p2 67 mm long, p4 is 76 mm high, m2 47.4 mm.
The metaconid and metastylid are rounded almost the same size.
All the teeth with a remarkable cover of cement, protoconid and
hypoconid roughly flat.
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FIGURE 4 | Map of Arroyo La Carreta, where the fossil localities of Rancho EI Ocote are located. Note that the GTO 2 site D and F are on top of Blanco layer, the

stratigraphic column show the sites in the Blanco layer (Latest Hemphillian).

Arroyo
La Carreta

| |
Rhyno layer [Blanco layerl

[ Late Hemphilian _Jtatest Hemphilian| Blancan

MPGJ 5125 is a fragment of left jaw collected in the GTO 2
A White layer, retains a robust symphysis with strong canines
that are broken and the incisors with small infundibula without
enamel. The jaw has its maximum depth of 101.3 mm, from
the linguaflexid of p4 to the horizontal edge. The metaconid
is lobular, and metastylid slightly pointed toward the lingual
margin, V-shaped linguaflexid in molars, the ectoflexid is
deep into the isthmus, the protoconid and hypoconid with
well-defined flat edge in the labial border.

MPGJ 3872, is a fragment of left jaw with p2-p4. The most
significant features are the metastylid pointed and the slightly
rounded protoconid and hypoconid.

Discussion

The jaw MPG]J 3946 from GTO 2B is very deep, the maximum
depth is in p4 and ml. To determine the length of these
molars in situ, a complete X-Ray was made, in which the
length (HC) of the teeth was measured, and compared with
the length of the mandible MPGJ 3739 from GTO 2 A. The
size is like isolated molars collected in the same localities. The
measurement of the molars included in the alveolus of the
mandible is smaller compared with the specimens of the GTO
2 sites D and F (Figure 5).

In the same stratigraphic sequence, at the Rhino and Blanco
layers, numerous isolated molars have been collected. The
analysis show similarities with the description mentions in lower
molars that have been described in the jaws. However, at the
top of the stratigraphic sequence, in clay deposits named GTO
2 site D and GTO 2 site E lower and upper molars have been

FIGURE 5 | MPGJ 3739 Jaw fragment from GTO 2A collected in the Blanco
layer. The jaw is very deep with full dentition. The X-Ray was taken to know
the HC of p4-m1 and to determine its real size in the alveolus, to compare
with the height of the crown of the molars of the F site of GTO2.

collected. The preservation is deficient, especially in length of the
molars, however, the differences in size of the anteroposterior and
transverse axis on the occlusal surface is remarkable.

The metaconid and metastylid are rounded and almost of the
same size, the entoconid is round, the linguaflexid is open in V
shape and wider in molars. Specimen MPGJ 5134 presents a pli
caballinid, the protoconid and hypoconid large and flat in the
lingual edge. The upper molars also differ from those collected
from the Rhino layer: the crown is higher and straight, and
the protocone developed. The Ap and Tr measurements of the
p3-m2 of the mentioned jaws from GTO 2A and B have been
plotted versus the molars of GTO 2 site D-F. It is remarkable
the separation they have with the specimens collected in the
sites GTO 2 D-F.

The MPGJ 5145 p4 from GTO 2 site F, was compared
with MPGJ] 5136 p4 of Equus simplicidens from GTO 6
Arrastracaballos locality early Blancan. The measurements are
not very different, GTO 2 F Ap 29.87 Tr 17.46, the same
measurements in MPGJ 5136 p4 Ap 32.53 Tr 20.23, which
suggests that GTO 2 F specimens are a transitional group
between the late Hemphillian Dinohippus and early Blancan
Equus (Figures 6A,B).

Coecillos Area
The locality is situated 12 km southeast of Rancho El Ocote.
The basal layer GTO 30, is a clay layer covered by ashy material,
dated 5.32 £ 0.34 My. Above there is a sequence of clays of
yellow color that contain Dinohippus material, besides abundant
A. stockii and a few N. aztecus teeth. The upper part of the
sedimentary sequence, located GTO 75, is covered by layers of
compacted clay with abundant concretions. In these deposits,
a fragment of skull and several jaws and isolated molars was
collected isolated of D. mexicanus. It is the same stratigraphic
sequence where the skunk Conepatus sanmiguelensis was
recovered, which participated in previous GABI events.
These sediments are covered by late Blancan-Irvingtonian
deposits where  Glyptotherium texanum was collected
(Wang and Carranza-Castafieda, 2008; Gillette et al., 2016).

At the top of these deposits, the ash layer that covers
the sequence was dated by the U/Pb method; the result is
4.54 £ 1.5 My. This means that the records of Dinohippus are
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FIGURE 6 | (A) All measurements of the Ap and Tr of M1 in upper molars including those of GTO 2 site F, have been plotted. (B) The measurements of the HC of
P4-M1 were also graphed. The separation of GTO 2 F in the two graphs is remarkable, which suggests a different population.

bracketed with the lower age dated by 5.32 £ 0.34 My, results
that gave the importance to these records.

Dinohippus mexicanus (Lance, 1950)
Referred specimen
GTO 75 Arroyo de Emilio MPGJ 103, skull fragment with
palate and pat of the facial area. MPGJ 131 R P4-M3 and
L P4-M1 from GTO 75 Same individual. MPGJ 857 R jaw
p2-m3, L il-3, Ri, 2-3. MPGJ 729 M1, MPGJ 1559 P4,
MPG] 5439. P4.

Lower teeth. GTO 30: MPG]J 310 L p2-m3, IGCU 5201 p2-m1
-m3, ¢, Li1-3, Ri2-3. Isolated lower teeth, GTO 30 5306 p4, IGCU

5308 m2, IGCU 5593 m1, GTO 30. Upper teeth: IGCU 5437 P4,
IGCU 5593 M1MPG] 5438 P3, MPGJ 5578 M1, IGCU 5580 P4.

Locality and age
In deposits of the Coecillos area. GTO 30 Coecillos and GTO 75,
Arroyo de Emilio localities, late Hemphillian age.

Description

The skull MPGJ 103 from GTO 75 Arroyo de Emilio of the
Coecillos area, consists of a fragment that preserves the complete
palate and molars of both sides, the maximum length P3-M3 is
121 mm. The maxillary in the right side is the best preserved part
including the wall of the orbit; however, there is no evidences
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of DPOF. The malar crest is well developed and ends in the
anterior part of M1; there is no evidence of a malar fossa. The
palate is well preserved in the ventral part, the posterior nasal
orifices, the palatine bones, vomer, the anterior palatine holes and
the palatal grooves. The maximum length Ap of the choana is
108 mm, the maximum transverse on the back of M3 is 49 mm.
The maximum width of the palate between the lingual edge of
M3 is 72 mm, maximum width between lingual edge of the
protocone of P4 is 62 mm.

This skull MPGJ 103, is an old individual that does not present
evidence of DPOF. According to the stratigraphic position almost
at the top of the Coecillos sequence, the deposits where it was
collected are only one meter below the ash that was analyzed
and gave the result of 4.5 £ 1.5 My. It is possible to argue
that corresponds to a primitive Equus with the support of the
character of the teeth, however, the mandible MPG]J 857 that was
collected at the same stratigraphic level presents characters in the
dentition that are within the variability of D. mexicanus, although
the protoconid and hypoconid are flat in the premolars and a little
less in molars (Figures 7A,B).

Los Galvanes Area
Rinconada Local Fauna
Located almost in middle of the San Miguel Allende basin, limited
by the Rancho Viejo hills in the east and the Tequisquiapan in the
west. The fossiliferous deposits are 7 m thick.

The basal layer is unconsolidated sandy clay, covered by
a lacustrine deposit about 1-2 m thick. This layer represents
the bottom of the ancient lake, around 25 km long. The
lithology is a sandy clay layer cemented by calcite and silica
with a lens of volcanic ash and paleochannels of fine sand
and gravel. All the fossils have been collected in this layer.
A sandy clay layer covers the lake, and the top of the sequence

o S )
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FIGURE 7 | (A) MPGJ 103, locality GTO 75 Arroyo de Emilio, we observe the
facial region on the right side, part of the orbit, the nasal and maxillary bone
without evidence of DPOF. The molar crest is strong and ends in P4.

(B) MPGJ 857 from the Coecillos area, right jaw with p2-m3, ¢ and R and L
i1-3. The symphysis is complete, it is observed that the incisors do not have a
defined infundibulum, the hypoconid is slightly flatted in premolars and the
protoconid is more rounded.

is overlain by the unconformity of Hemphillian-Blancan age with
a thickness of 1-2 m.

The equids collected in these sediments, N. eurystyle, A. stockii,
and D. mexicanus, are associated with the best collection of
carnivore that have been collected in the Hemphillian localities.

The faunal association is a typical of the late Hemphillian
fauna Hh3. The result of radiometric analysis of the volcanic
ash by the method of fission track of zircons is 44 + 0.3
confirming this age (Carranza-Castafneda, 1992; Kowallis et al.,
1999; Carranza-Castafieda et al., 2013).

Dinohippus mexicanus (Lance) 1950

Referred specimen

GTO 56 MPGJ 856 of skull fragment with two Maxillaries with
P2-M3, corresponds to an old adult individual by the wear of
the molars. Preorbital dorsal fossa (DPOF), is in the nasal and
maxillary bones.

Locality and age
The locality GTO 56, late Hemphillian age, is located about 700 m
south of the Rinconada Locality.

Locality GTO 43 Rinconada upper teeth: MPGJ 5137 M1,
MPG]J 5138 P4, MPGJ 5139 P4, MPGJ 5140 P4, MPGJ 5141
P4, MPGJ 5142 M1, IGCU 8180 m2. IGCU 8879 P3, IGCU 9590
P4, MPG]J 5143 P4-M1, MPG]J 3764 flat Incisor row i1-3 R and L.

Description

MPG]J 856, two maxillaries with P2-M3, and fragment of nasal-
maxillary bones with a dorsal fossa (DPOF), not pocketed
posteriorly, like a shallow wide groove, the edges are smooth and
poorly defined, with a maximum length of 60 mm.

The right maxillary is the most complete. The crest of the
malar bone ends 25 mm above the anterior part of M1. The
dentition is complete with P1-M3, (P2-M3, 159 mm, P1 is not
included). The teeth are simple without folding in the fossettes,
the hypocone and the groove are not present, the protocone is
round and small in the premolars and slightly longer in M2-M3.
On M1 it is worn away (Figure 8).

Lower Dentition. GTO 43 Rinconada locality, MPGJ 5132 jaw
fragment Rp3-m2, MPGJ 5133 Rp2-m?2 jaw fragment, 5136 p2-
m3, MPGJ 10071 p4-m3. Isolated molars, GTO 43 Rinconada
locality IGCU 8180 m2.

FIGURE 8 | (A) Left and right maxillaries, notice the teeth without hypocone.
(B) Nasal bone with shallow DPOF, and smooth borders. The three bones
belongs to the same individual.
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Discussion

The jaws of this locality present some characters that differentiate
them from the jaws collected in Rancho El Ocote. Among the
important differences is the depth of the mandibular ramus.
The specimen MPGJ 5136 of GTO 43, the maximum depth
between p4-ml is 72.43 mm, and on MPG]J 5132 with only p2-
m?2, the depth between p4-m1 is 75.56. In contrast, the mandible
MPGJ 3749, of GTO 2A, the depth is 11.41 c¢m, and in MPG]J
3946 it is ~101.48 cm. Besides the linguaflexid in the jaws,
MPG]J 5132, IGCU 5133 and MPG]J 5136 is wide and shallow.
The metaconid is lobular and the metastylid is rounded with
on acute and small lingual border. The entoconid is lobular
with an open hypoconulid. In IGCU 6963, p3 and p4, have a
small pli caballinid. The ectoflexid is deeper in m1 and m2. The
protoconid and hypoconid are flat in premolars and relatively
rounded in molars. On MPGJ 5136, MPGJ 5132, and MPG]J 5133,
lower jaws, the protoconid and hypoconid are variable from flat
to slightly rounded, and the linguaflexid is shallow and open
(Figures 9A-C).

The upper and lower molars were widely discussed and
compared between the localities of San Miguel de Allende and
the material of the Yepomera fauna that is housed in LACM,
reaching the conclusion that they correspond to the same species.
However, in this work it has been observed that in the lower
molars, the linguaflexid, protoconid and hypoconid are different
and that separates them from the specimens collected in the
Rhino level of Rancho el Ocote and from the specimens at the
base of the sequence of Coecillos (Carranza-Castafieda, 1992).

STATE OF JALISCO

The Tecolotlan Basin

This basin is 90 km from the city of Guadalajara and is
filled with fluviolacustrine deposits contain abundant North
American Mammalian faunas, which represent the late
Hemphillian age. The stratigraphic sequence has a thickness
of 60 m and several sites have been mentioned where the

FIGURE 9 | Jaws from GTO 43 Rinconada locality. (A) MPGJ 5132 p3-m2.
(B) 5132 p2-m3. (C) MPGJ 5133 p2-m2. The linguaflexid is wide and shallow,
the protoconid and hypoconid show inconsistency in the form since flatted to
slightly rounded, the symphysis is not complete rounded.

late Hemphillian material has been collected. However, the
stratigraphic sequence has been identified in two areas of main
importance: Santa Marfa sequence at the base and San José
deposits that cover them. Resting in erosional unconformity
are found the San Buenaventura deposits, thought to be of
Blancan age (Carranza-Castafieda, 2016; Kowallis et al., 2017;
McDonald and Carranza-Castaneda, 2017).

The mammalian fauna between the two areas, Santa Maria
and San José, is almost the same. D. mexicanus and N. eurystyle
remains are common in all the localities. The major difference is
related to the presence of N. aztecus and A. stockii that so far never
have been collected in the San José sequence. In these deposits
are the last records of Machairodus, B. secundus, Teleoceras,
Neohipparion, and Nannippus, that are well represented in the
late Hemphillian fauna in central Mexico; among which has been
described one of the first records of South American immigrants
Zacatzontli tecolotlanensis that document the initial events of the
GABI (McDonald and Carranza-Castaneda, 2017).

The age of the fauna has been determined by radiometric
dating of the ashes that are interbedded with the fossiliferous
strata. The ash found in the upper part of the San José
area, was dated by the method of “°Ar/*’Ar, and gave an
age of 495 £+ 0.02 My and (Kowallis et al, 2017). In
recent works, a new date was made by the Laboratorio
de Estudios Isotopicos, Centro de Geociencias, UNAM (LA-
ICPMS), from a different site, by the method of U/Pb using
zircons, which produced a date of 4.85 £ 0.1 My for the ash
(McDonald and Carranza-Castaiieda, 2017).

In erosional discordance are the deposits of the San
Buenaventura sequence which has a thickness of ~30 m of
gravels and paleochannels of sand and clays. The contact
with the deposits of San Jose is not exposed. The age of the
sequence of San Buenaventura has been referred to the Blancan
(Kowallis et al., 2017).

This sequence is important in the transition Dinohippus-Equus
because some isolated teeth collected in the locality of Jal Teco 7
Las Gravas present more progressive characters by their grade of
hypsodont and curvature that resembles Equus, and have been
referred to the Blancan age.

Dinohippus mexicanus (Lance) 1950

Referred specimen

MPG]J 1967 JT 35 late Hemphillian age skull fragment of young
individual, with region facial and brain case of the right side
well preserved. The M1-M2 first stages of wear, P4-M3 in the
alveolus without wear.

Late Hemphillian. Isolated teeth: Jal Teco 1, MPGJ]
M1 Fragment. JalTeco 48: MPGJ 4044 M1, MPGJ] 4045
M1, MPG]J 4046 P4.

Jal Teco 37, MPG]J 5025 M2, MPGJ 5029 p4, JalTeco 26 MPG]J
3541 M1; JalTeco 12 MPGJ 5001 M3, MPGJ 5002 P4. MPGJ 5003
p4, MPG]J 5004 m3. JalTeco 33 MPGJ 5027 p4, MPG]J 5028 m2,
MPGJ 5026 M1. JalTeco 35, MPGJ 5102 M1. JalTeco 47 MPG]J
5072 m1-2. MPGJ 5069 m2.

Isolated Teeth. Jal Teco 7 Las Gravas locality Blancan age:
Upper Teeth: MPGJ 3227 M1, MPG]J 3698 M3, MPGJ 3699 M12,
MPG]J 3987 M1, MPGJ 4021 M1, MPG]J 5057 M3, MPGJ 5022
M1, MPGJ 5058 P4, MPGJ 5059 M3.
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Lower Teeth, MPGJ 3246 p4, MPG]J 3226 p34, MPG]J 3985 m3,
MPG]J 5052 m2, MPG]J 5049 m1, MPGJ 5050 m3, MPGJ 5051 m1,
MPG]J 5052 m1, MPG]J 5053 m2, MPG]J 5054 p4, MPGJ 5136 p4.

Dinohippus mexicanus

Locality, age, and collector

MPG]J 1967 skull fragment, JalTeco 35 Locality, late Hemphillian
age collector Mr. Harley Garbani and the author.

Description

Specimen MPGJ 1967 is a skull fragment of a young individual
that conserves only the left facial part with the frontal bones and
part of the parietals. In the left facial part, in the anterior of
the nasal and maxillary bones a well-defined deep dorsal fossa
with the delimited edges, pocketed posteriorly with delimited
edges; the fossa is wider above the P4. The orbit is complete, the
zygomatic apophysis of the temporal bone, the temporal bone
and the zygomatic apophysis of the malar are complete. The
malar crest is prominent and ends between P4 and M1.

The dentition is reduced to M1 and M2 because P4 and M3
are erupting from the alveolus. The fossettes are simple, almost
without plications, the prefossette of M1 presents a small loop,
the postfossette has with small plications in the anterior edge and
small pli hypostyle. The hypocone is wide with an open and deep
furrow. A small and thin plicaballin is present in M1, and the
protocone is elongated, without a heel (Figure 10).

Locality JalTeco 7

Isolated teeth, the molar MPGJ 3987 M1 has a high crown, but
the curvature is pronounced, the protocone larger the lingual
border is concave with “wooden-shoe shape,” and present a
small pointed heel. MPGJ 5022 M1, that correspond to mature
individual, the curvature is similar but the protocone is small
rounded and without heel. MPG]J 3698 M3 although is an M3 the
protocone is larger and the tooth is curved like MPGJ M3 5001
late Hemphillian from locality JT 12 Hilda’s late Hemphillian
locality of San Jose sequence in Tecolotlan basin.

The specimen MPGJ 5058 P3 from JalTeco 7 Ap 30.32 Tr
26.67 HC 54.25 mm in comparison with MPGJ 5141 P4 GTO
43 Ap 28.08 Tr 26.16, and HC 65.43 mm, they are similar in the
structures and the size is less than 10%, however the protocone
has the same shape, concave in the lingual border, developed heel,
pli caballin in both and fossettes with same plications.

FIGURE 10 | MPGJ 1967 from JalTeco 35, left side, the facial fossa is
pocketed with well-defined borders and strong malar crest.

It is important to point out that the JalTeco 7 molars present
the overlap of progressive characters, of a primitive Equus,
with high crown hipsodoncia, protocone with heel and evident
curvature, characters of the Blancan molars. In comparison to
other teeth from the sequence of Santa Maria and San Jose, which
have more “primitive” characters of Dinohippus. The overlap of
characters in molars of typical Dinohippus to transitional molars
of a primitive Equus, had already been noticed by MacFadden
(personal communication, MacFadden and Carranza-Castafeda,
2002; Figure 11).

Lower Teeth. The specimen that have been collected are scarce
and damaged, correspond to adult individuals only one is a young
premolar. In general, the structures of the occlusal surface have
small affinities in comparison with lower molars from the GTO
2 site F, from the Blanco layer in Rancho el Ocote. Hemphillian
localities. The linguaflexid is shallow and width in specimens
MPGJ 3246 p4, 5050 m2, 5049 p4, 5053 p43, and 5059 p3, all
these teeth the most significant difference is the protoconid and
hypoconid flat, metaconid lobular and metastylid is smaller and
pointed lingually. Deep ectoflexid in molars, short not passing the
isthmus in premolars, the paralophid is high until the middle of
the metaconid, and some teeth presents a small pli caballinid.

STATE OF HIDALGO
Tepeji del Rio Basin

La Plegaria Locality. In the southwestern region of the
state of Hidalgo, southwest of the city Tepeji Del Rio,

FIGURE 11 | (A) IGCU 115083 P4, from GTO 2 site F Latest Hemphillian. (B)
MPGJ 3987 M1 JalTeco 7 Blancan age. (C) MPGJ 4040 M1 GTO 2 site F.
Latest Hemphillian. Comparison in the height of the crown and the curvature
of the molars, in (A) the height of the crown is more straight than in (B), and in
(C) the curvature of the crown is greater than in (A) and (B), and the height of
the crown is also greater than in (A) and (B). However, molar (B) (Blancan age
from Tecolotlan), shows intermediate characters. (D) (MPGJ 3698 M3 JalTeco
7 Blancan age) and (E) (MPGJ 5001 M3 JalTeco 12 late Hemphillian age) is
remarkable the similarity of occlusal surface structures in molars of different
ages from the same area.
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several localities with fossil remains were found. The most
important is La Plegaria.

The mammal fossils are at the top of the lake sediments that
have a thickness greater than 100 m and are evidence of the huge
lakes that existed in central Mexico during the late Miocene. The
fluvial sediments are at the top of the sequence. This is an area of
little extension that is covered by vegetation, however, the fossils
are found in clay, sand channels and gravel. D. mexicanus is an
important part of these fauna (Padilla Gutiérrez, 2004).

STATE OF NAYARIT

El Valle del Gigante. At the top of the Sierra Madre Occidental, is
the rancheria of El Valle del Gigante, which was initially explored
and investigated by Dr. Theodore Downs and Mr. Harley J.
Garbani from LACM, in Valle de El Gigante. Years later, the
author continued the research in this area and discovered a
new locality Nay 1 El Gigante. The continuity of the research
in this area, led to the discovery of other localities. In the town
of Huajimic Nay 2 El Huichol, there is material of upper and
lower molars of D. mexicanus, and molars that were referred to
as Rhynchotherium (?). The research in the north part of Nay 1, a
new location Nay 3 El Trapiche, was discovered in the rancheria
of the same name. Preliminary results are a collection of upper
molars of D. mexicanus and fragments of the upper molar of
Teleoceras, besides fragments of proboscideans. The age of this
fauna has been referred to late Hemphillian, by analysis of the
volcanic ash collected in the town of El Trapiche was analyzed by
the method of U/Pb and gave an age of 5.50 £ 0.3 My.

DISCUSSION AND COMPARISON

All the skulls collected in the early-late and late Hemphillian
faunas in central Mexico present a wide range of variability in
the DPOF. The skull from Juchipila considered the oldest record
of D. mexicanus in central Mexico, was compared with a mold
41478-1 of D. leidyanus housed in the collection of the University
of Texas at Austin. The main differences in D. leidyanus cast, the
dorsal (DPOF) and malar fossa are well developed. In addition,
the protocones are slightly inclined toward the lingual edge.

In the Mexican specimen, the protocone is larger and
horizontal to the maxillary lingual border. This is an important
characteristic that eliminates the similarity between them
(Matthew and Stirton, 1930; Azzaroli, 1988). The comparison
with illustrations of D. interpolatus (Matthew and Stirton, 1930),
also demonstrate important differences because the DPOF is
always well developed and bounded at its edges, which does not
occur in the skull of Juchipila which has smooth edges and is
very shallow. Also in D. interpolatus the malar fossa is constant
and absent in the skull of Juchipila and all the Mexican skulls.
Regarding the curvature of the molars, it is difficult to determine
this characteristic in the Juchipila skull because the molars are
included in the maxilla. However, the isolated teeth of MPGJ 4067
Zac Juch 47 M12 from El Resbaldn, are short and curved, the
protocone is rounded, small and slightly oriented to the lingual

edge. That reminds us of D. interpolatus, but this does not always
occur in the molars of Juchipila. Most of the teeth from Juchipila
have the anterior border developing a small heel, and the lingual
border is flat and horizontal.

The skull from Juchipila was compared with the description of
the skull of D. mexicanus collected in the Rhino level of Rancho
El Ocote locality GTO 2B, (MacFadden and Carranza-Castafeda,
2002). Some similarities are evident in both specimens.

The nasal notch is in the same position, posterior to P2; the
infraorbital foramen is 68 mm above P4. The malar fossa is
absent, and the malar crest is strong and ends between P4-M1.
The biggest difference is the DPOF. In the Guanajuato specimen
it is pocketed posteriorly, deeper and the edges are well defined
and is 80-mm anterior to the orbit. The specimen from Juchipila
has only a faint depression 58 mm in front the orbit, and is
shallow, with poorly defined borders. However, when compared
the facial region of the Tecolotlan skull, the fossa is like the
Rancho El Ocote specimen which is well delimited posteriorly,
deep, and the edges are well defined.

The skulls differ in the size of the bar separating the orbit
of the DPOF margin. The Juchipila skull is ~58 mm, the
specimen from Tecolotlan it is 61 mm, and the Rancho el Ocote
is ~80 mm. The skull from the GTO 56 Rinconada area has
differences that distinguish it from the other skulls, the DPOE is
a slight depression with soft edges. In addition, the absence of the
hypocone and hypoconal grooves possibly represent a primitive
form of Equus (Figure 12).

The skull MPGJ 103 from GTO 75 Arroyo de Emilio,
not present evidence of DPOE as the structures and size

FIGURE 12 | Comparison of the ventral view of the Dinohippus skulls. (A)
MPGJ 1982 from ZAC Juch 30. (B) IGM 7596 Rancho el Ocote. (C) MPGJ.
856 GTO 56 Rinconada area. The differences in the structures of the molars
are evident, specially observe the variability in the protocone and absence of
hypocone in (C).
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suggest a transitional form between Dinohippus and a primitive
Equus. However, the upper volcanic ash 4.54 + 15 My
and the associated fauna including Dinohippus mexicanus,
N. eurystyle, and N. aztecus with the jaw MPGJ 857 collected
in the lower layer, dated 5.32 + 0.14 My; these ages
undoubtedly encloses all the fauna in late Hemphillian age.
Also, the C. sanmiguelensis specimen was collected in the same
stratigraphic level (Wang and Carranza-Castaneda, 2008).

The comparison between the rows of teeth P2/p2 and M3/m3,
shows a similarity in size. When comparing the P2-M3 row in
the IGM 7596 from Rancho El Ocote fauna is 157.9 mm, the
P2 with a prominent anterostyle. The same measurement in
the Juchipila specimen is 150~, though the anterostyle of P2 is
broken. In the skull MPG]J 856 from Rinconada area, the length
P2-M3 is 150 mm. The similarity in size of the three specimens is
remarkable. The most important differences are the pronounced
anterostyle of Rancho el Ocote, and the presence of P1 in the
Rinconada maxillary that is not present in the other specimens.

Regarding the protocone, a great variability is also observed
in the shape and size of the upper molars. The most noticeable
difference is observed when comparing the protocones of the
Rancho el Ocote skull where the anterior border is round or
very small, the heel is almost non-existent, like the Rinconada
specimen. The specimen from Tecolotlain MPG]J 1967 is a young
individual, and some differences are observed. The anterior
border of the protocone of M1 is rounded, in M2 which is
incompletely erupted, the anterior edge is elongated and sharp
forming a small heel. The posterior part is elongated and pointed.
These variations can be explained because the skull belongs
to a young individual. On the contrary, the dentition from
Juchipila skull, referred to the early late Hemphillian age, the
protocones should be more related to the shape of D. interpolatus
and D. leidyanus, with its axis slightly inclined to the lingual
border, and the anterior edge without heel. However, in the skull
of Juchipila, the shape of the protocones is elongated with a
horizontal and concave lingual border and with a prominent and
unexpected heel. Nevertheless, the specimen MPGJ 4067 P4-M1
R and L of the locality Zac Juch 47 El Resbalon of the same
age, the protocones are small, lobular without vestiges of a heel
and are different from those molars of the Mixton teeth. These
differences show the wide variability that exists in the protocone
in individuals of the same age and stratigraphic level.

In comparison the Rancho El Ocote skull of late Hemphillian
age, the protocones of the maxilla do not present a heel although
the shape is larger. However, strong differences with the specimen
MPGJ 131 at locality GTO 75 Arroyo de Emilio, collected in
the upper part of the stratigraphic sequence of the Coecillos
area were present. These teeth have elongated protocones with
concave lingual border. The shape is like a wooden shoe and
is remarkable in the R and L M1, but the anterior side is
oval without a heel.

The curvature is another important characteristic. The
specimen MPGJ 5112 of GTO 2, site F, is larger, in comparison
to MPGJ 131 from late Hemphillian of Arroyo Emilio. The
contrast between them in curvature and size is outstanding. The
specimens MPGJ 5112 M1 site E is high crowned, the axis Ap
30.84 and Tr 29.12 mm, has been compared with IGCU 5652 M1

referred to Equus, an old individual collected in GTO 39 Tlaloc,
early Blancan. The measurements Ap 27.56 mm, TR 30.12, show
similarity between them.

The Blancan specimen MPG] 3987 M1 referred to
E. simplicidens that correspond to a young individual,
collected in the locality JalTeco 7 Las Gravas M1 referred
to Equus, share some features with IGCU 11503 of Rancho
El Ocote: the curvature and height crown are similar, both
has elongated protocone with an evident triangular heel and
concave lingual margin.

The specimens MPGJ] 5126 P4 from GTO 2B-F with
minimum wear, the molar is straight and long like IGCU 11503
M1, when compared with MPGJ 4067 P4-M1 R and L from
the locality Zac Juch 47, that have lobular and small protocone
without vestiges of a heel. It is evident that there is great diversity
of shape and size in the protocone of D. mexicanus in the faunas
of central Mexico, even in young and old specimens of the same
locality and stratigraphic level.

Lower Teeth. The jaws, maxillary and isolated teeth, show
wide range of variability, but there are no differences from
that already mentioned in previous works (Lance, 1950; Quinn,
1955; MacFadden, 1984, 2006, 2016; Carranza-Castafieda, 1992).
However, several differences are observed. The metaconid
and metastylid are lobular in molars and in premolars, the
metastylid is smaller and often the lingual margin is pointed.
The entoconid is lobular, the hypoconulid short although
it is not constant or very reduced in the jaw MPGJ 857
Arroyo de Emilio and is absent in MPGJ 5136 of Rinconada.
The linguaflexid in the MPGJ 5136 from Rinconada is open
and shallow, however, the jaw IGCU 6963 that corresponds
to a young individual, the linguaflexid is also deep. The
specimen MPG]J 857 Arroyo Emilio has a V shape and is
more closed, like the mandibula MPGJ 3946 of GTO 2 B
level Rhino. The ectoflexid is deep in molars, the protoconid
and hypoconid in the jaws GTO 2A MPGJ 5125 and MPG]J
5132 from GTO 43 Rinconada and jaw 310 from GTO 30
Coecillos are horizontal and flat. However, in the specimen
MPGJ 5136 and 5132 from Rinconada, the protoconid and
hypoconid are horizontal and flat in the premolars. Some of
the jaws that are described retain part of the symphysis and
the incisors. The differences between them are not significant in
relation to their size.

Some of the incisors have an infundibulum limited by
enamel and filled with cement, however, others only present
a small lake without enamel. The disposition of the incisors
is arranged in a circular or flat row, possibly this difference
is related to grazing or a mixed feeding (Figure 13 and
Supplementary Table 2).

The outstanding result of the research over the material in
Rancho El Ocote, without a doubt, is the specimens that have
been collected in the GTO 2 sites F and D. These differ in
their measurements of the anteroposterior (Ap) and transverse
(Tr) axis which are clearly distinguished from those collected
in the stratigraphic sequence of the Rhino and White levels.
All the teeth from GTO 2 Site F and D, the hypoconid
and protoconid have their labial edges more flattened and
straight. The ectoflexid is narrow but very deep in the molars,
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FIGURE 13 | The structures of the symphysis are compared, (A) MPGJ 5129
from GTO2B, (B) MPGJ 5126 from GTO 43, (C) MPGJ 857 from GTO 75,
and (D) MPGJ 1683 from Zac Tab 34. Observe the infundibulum of the
incisors that do not present enamel. The row of the incisors is rounded in (C),
in (A), and (D) the row is more flatted.
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FIGURE 14 | All the teeth p3-m2 of the jaws are plotted in the graph,
including those of GTO2 site F. Is remarkable the separation all the teeth from
site F. The result suggests that the molars of GTO 2 F and D correspond to a
group of individuals different from those found in the late Hemphillian localities.

almost touching the inner edge of the linguaflexid and less
deep in the premolars. The linguaflexid is wide and shallow.
Another difference is the metastylid that tends to be small and
more pointed at its lingual edge. In addition, Pli caballinid is
frequent but very small.

All the measurements of the teeth in the jaws described in
this paper were plotted on a graph. It is remarkable that all the
material from GTO 2 site D-F are separated from the typical
Hemphillian teeth, and suggest a transitional group between
Dinohippus and primitive Equus, as seen in the Figures 6, 14.

CONCLUSION

(1) Dinohippus mexicanus, has a wide geographical distribution
in the central region of Mexico between the parallels 19° and
22°, only the most important localities due to the number
of specimens, presence of skull, jaws and isolated upper and
lower teeth by the variability they present in their structures
and the stratigraphic position have been mentioned in this
work. The main localities: early-late Hemphillian of Juchipila
Zacatecas, late Hemphillian of Arroyo de Emilio Rinconada,
Coecillos and Rhino layer of Rancho EI Ocote; and latest
Hemphillian in the Blanco layer, at Rancho El Ocote, basin of San
Miguel de Allende, Guanajuato, late Hemphillian-early Blancan
of Tecolotlan basin, Jalisco. The associate fauna always with
stratigraphic indexes of late Hemphillian age and confirmed by
radiometric ages.

(2) In D. mexicanus the morphology of the fossa dorsal
(DPOF), was considered an important character in the diagnosis
and systematics of the Pliohippus group of the Hemphillian age.
However, the new records of skull collected in the faunas of
early-late Hemphillian and late Hemphillian of the central region
of Mexico, have shown that this structure has a wide variation
in shape and size.

(3) The greatest differences observed in the skulls are more
evident in the MPGJ 103 specimen of Arroyo de Emilio older
individual, which has the largest facial region without evidence
of DPOEF, and the hypocone is not clear because the natural
wear. These differences are comparable with the skull MPGJ 856
old individual from Rinconada, where the DPOF is reduced to
a narrow and shallow groove and the hypocone is absent. It
is possible to argue that these variants are determined by the
ontogenetic age and natural wear. However, it is remarkable that
these skulls were collected in deposits of 4.5 £ 15 My, (MPGJ 103)
and in 4.4 + 0.3 My (MPG]J 856), and in both the affinity with
Equus is noticeable. However, the associated fauna of these two
compared specimens, undoubtedly contains stratigraphic indices
of the late Hemphillian age (Supplementary Table 1).

(4) The sample of skulls referred to Dinohippus mentioned in
this work is the largest that has been described the differences
observed in the DPOF induce to reconsider its value in the
diagnosis of Dinohippus. The malar fossa is never present or
insinuated in the facial region in the sample of skulls.

(5) The height of the crown in upper and lower molars is
greater than 82.34 mm (MPGJ 4040, GTO 2B), 76.65 (MPGJ
5143, GTO 43) and in lower molars is 82.73 mm (MPG]J 5116
GTO 2ssite F), these values are higher than the Yepomera samples
and those mentioned for the fauna of Bone Valley, Florida
(MacFadden, 2016). Always the cement covers the crown.

(6) The protocone has a wide variation of shape and size,
even in molars collected at the same stratigraphic level vary
from rounded to elongated although always the lingual edge
is horizontal to the jaw. The anterior edge very often forms a
heel that is not constant in all molars inclusive from the same
locality, such as the molars of the skull of Juchipila and the molars
MPG]J 4607 (Z] 47).

(7) The MPGJ 856 skull from the Rinconada area, with
shallow DPOF, very simple fossettes and absence of hypocone
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are features that make it distinctive to another skull. Also,
the jaws: MPGJ 5136 P2-M3, MPGJ 5132 P3-M2, and
MPG] 6963 P2-M3 of the locality GTO 43 Rinconada,
with the wide and shallow linguaflexid, protoconid and
hypoconid are more flattened and straight; are features
distinguish them from the mandibles of El Ocote and Coecillos.
These differences suggest that the skull MPGJ 856 and the
mandibles of GTO 43 Rinconada have significant affinity
with Equus.

(8) The upper and lower molars collected in the Rhino
and Blanco layers, have differences in size compared to
those collected in the GTO 2 site D and F on their AP
and Tr axes and the height of the crown, indicating a
“Group” with transitional characters between Dinohippus and a
primitive Equus.

(9) The Graphs 6 and 14 have been plotted the measurements
Ap, Tr and crown height of the upper and lower molars that
have been discussed in this work, including the upper and lower
molars of the sites GTO 2 site D and F. The result of this analysis
suggests that D. mexicanus makes up a distinctive group closer
(transitional) to Equus.

(10) In this work it has been shown the variability of
the D. mexicanus collected in the Hemphillian localities from
Zacatecas, Guanajuato and Jalisco localities: the curvature of
the upper molars, the height of the crown in upper and
lower molars besides the complexity of the DPOF and the
variability of characters of the teeth. All these variations are
evidences of the transition from D. mexicanus to Equus,
in the faunas of the central region of Mexico in the
boundaries Hemphillian-Blancan of Rancho El Ocote and
Tecolotlan faunas.

Also, this has been observed too in the fauna of
Yepomera (late Hemphillian) and La Concha (early
Blancan) in the state of Chihuahua, where some

lower molars cannot be reliably referred to Dinohippus
(Lindsay, 1984).

(11) The specimens referred to D. mexicanus collected in the
boundaries of late Hemphillian-early Blancan age, are the last
records of D. mexicanus in Mexican faunas.
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We report here ecological and morphological characterization of the main Old World
Equus in North America, Asia, Europe, and Africa, by comparing the studied fossil
forms with the living Equus grevyi zebra. Equus simplicidens from North America, Equus
livenzovenzis, Equus stenonis, and Equus stehlini from ltaly, Equus sivalensis from India,
Equus cf. stenonis and a small Equus from Georgia (Caucasus), Equus oldowayensis,
Equus koobiforensis, and Equus cf. tabeti from Kenya and the extant Equus grevyi
are described in their cranial and dental features and are compared in morphological
postcranial dimensions by means of log10 ratio analysis. The occurrence of the two
horses at the Dmanisi Homo site in Georgia is reported here for the first time. Our
comparative analyses allow to confirm the primitive lineage of the ancient zebras as
derived from Equus simplicidens, and the successive evolution of the stenonine horses in
Asia, South Asia, and Europe during the Plio—Pleistocene. The morphological analysis
has reveals a clear trend in third metacarpals and third metatarsals of E. simpicidens,
the small Equus from Dmanisi and E. grevyi, suggesting a close relationship between
these species. The trend of the stenonine Equus from Europe and Asia confirms the
possible derivation from the North America Equus simplicidens. The description of all
the Old World Equus is integrated with an overview of their palececological context,
with a referred section for each locality where these fossils were found. This contribution
represents a comprehensive review of the present knowledge of the Old World Equus
evolutionary history, with some new important data in deciphering the deep origin and
evolution of ancient and living zebras.
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Bernor et al.

Early Equus and Zebra Origins

INTRODUCTION

The genus Equus includes extant species of horses, asses (and
donkeys) and zebras. Wild Equus species live in Africa and
Asia. A fundamental subdivision of Equus is caballine horses
(including the domesticated horse) and non-caballine horses
that include zebras and asses. African species include the zebras
Equus grevyi (Ethiopia and Kenya), Equus quagga (south of
Ethiopia to southern Africa), Equus zebra (southern Africa),
and the African ass Equus asinus (Ethiopia, Somali, Horn of
Africa) from which the domestic donkey is derived. Asian
horses include Equus hemionus (Asiatic ass ranging from Iran
to China) and Equus kiang (Tibetan Plateau). Equus ferus is the
wild (caballine) horse of Eurasia. Bernor et al. (2010) recently
reviewed the fossil and extant African horses and followed
closely Groves (2002) taxonomy of living horses citing extensive
conflicts between ethological, morphological, and molecular
interpretations of Equus taxonomy and phylogeny. We follow
traditional morphological criteria herein. Bernor et al. (2010)
further drew extensively upon Churcher and Richardson’s (1978)
as well as Eisenmann’s (1983) taxonomy of African Equus and
herein we also rely upon the Equus phylogenetic interpretations
of Azzaroli last presented by him in 2003 and again in Bernor
et al. (2018).

MATERIALS AND METHODS

Skeletal elements studied herein originate from the Smithsonian
Institution (USNM), University of Florence, Italy (IGF), the
Georgian National Museum (Dmanisi, D numbers), Natural
History Museum, London (NHMUK), Panjab University (PU),
and the National Museums of Kenya (KNM numbers).
Anatomical nomenclature, osteological landmarks, and ligament
attachment interpretations are according Bernor et al. (1997).
Measurements are all given in millimeters and rounded to
0.1 mm. Measurement numbers (M1, M2, M3, etc.) refer to
those published by Eisenmann et al. (1988) for the skulls and
postcrania, reiterated and augmented for dentition by Bernor
et al. (1997). In various studies, Eisenmann (see Eisenmann,
1995 for a comprehensive summary) has used log 10 ratio
diagrams to evaluate differences in equid long bone proportions,
in particular, as a basis for recognizing taxa and their evolutionary
relationships. (Bernor et al., 2003a,b), Bernor et al. (2017, 2018),
Bernor and Harris (2003), and Sun et al. (2018) have used
logl0 ratio diagrams for analyses of postcranial proportions
which we apply herein for comparing metacarpal III (MCIII)
and metatarsal (MTIII) proportions of Equus species under
consideration. We use the mean values for the Hoewenegg Horse
Quarry sample of Hippotherium primigenium (Bernor et al.,
1997) for these log10 comparisons.

DESCRIPTION

We undertake a brief description and comparison of the
following Equus species which are relevant to our study of early
Old World Equus. From North America we provide observations
and measurements on the 3.3 Ma sample of Equus simplicidens

from the Hagerman Horse Quarry, Idaho. From Eurasia and
Africa: Equus cf. livenzovensis, E. stenonis, and E. stehlini from
Italy with comments on the earliest small Equus from Italy; Equus
sivalensis from India with comments on the earliest small Equus
from the Indian Subcontinent; Equus cf. stenonis from Dmanisi,
Georgia; Equus “oldowayensis,” E. koobiforensis and E.cf. tabeti
from Kenya; extant African Equus grevyi. Figure 1 includes the
localities under consideration. Figure 2 is a chronology of the
localities under consideration.

Equus simplicidens (Figure 3)

The Hagerman Horse Quarry, Glenns Ferry Formation, is within
the Hagerman Fossil Beds National Monument located west
of Hagerman, Idaho (McDonald, 1996). The Hagerman is an
extremely rich deposit discovered by a local rancher, Elmer Cook
in the late 1920s. He reported this find to Dr. Harold T. Steam of
the United States Geological survey who in turn reported it to Dr.
James W. Gidley of the Smithsonian Institution. The Smithsonian
Institution’s field crew excavated three quarry beds during 1929-
1931 and 1934 (McDonald, 1996; Richmond et al., 2002). Gidley
(1930) published the first description of the Hagerman Horse
Quarry sample as Plesippus shoshonensis and followed by Gazin
(1936) who described and illustrated samples of the dentitions of
various ontogenetic stages. Skinner and Hibbard (1972) assigned
the Hagerman horse to the taxon Equus simplicidens which we
follow herein. McDonald (1996) undertook a demographic study
of the Hagerman Horse quarry. The Smithsonian Institution
accumulated the largest sample of the Hagerman horse which is
currently under study by us.

Figures 3A-C is of an adult male skull and mandible of
Equus simplicidens, USNM12573. In lateral view (Figure 3A)
the skull is somewhat deformed but would appear to have a
preorbital fossa well anterior to the orbit; nasal notch is retracted
to mesostyle of P2, infraorbital foramen is placed high on the
maxilla reflecting the horses great cheek tooth crown height.
In ventral view (Figure 3B) the snout is elongate, with arcuate
incisor arcade, canine is large indicative of a male individual. The
maxillary cheek teeth (Figure 3D) have P2 with relatively short
anterostyle; M3 is just coming into wear; protocones are elongate,
mostly flattened lingually and on P2-M1 are connected to the
protoloph; mesostyles are pointed. Figure 3C is the mandible
in lateral view. Figure 3E renders the left cheek tooth row in
occlusal view with the following salient features: p2 anterostyle is
short; metaconids and metastylids are predominantly rounded;
linguaflexid on premolars is a shallow V-shape, being deeper V
to U-shape on the molars; ectoflexids are shallow on p2 and
p3, deeper on p4 and extend very deeply into the metaconid-
metastylid isthmus on ml-m3. Azzaroli and Voorhies (1993)
have proposed that North American Equus simplicidens is the
source for first occurring Old World Equus.

Equus livenzovensis

Bernor et al. (2018) reported the first occurring Equus in Italy at
the locality of Montopoli, ca. 2.6 Ma which they referred to E. cf.
livenzovensis. This sample is represented by very large anterior
and posterior 1st and 2nd phalanges III closely comparable to
E. livenzovensis from Khapry, near the Azov Sea and a sand pit
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FIGURE 2 | Chronology of the taxa in North America, Asia, South Asia, Georgia, Italy, and Africa.

at Livensovka near Rostov on Don (Bajgusheva, 1971, 1978).
Azzaroli (1982) noted that the skulls of Equus livenzovensis
are somewhat larger than E. namadicus and E. stenonis, but
otherwise similar. Azzaroli (1982) has reported that the Khapry
skull has a well developed preorbital fossa (POF). Bernor et al.

(2018) described a large anterior and posterior 1st and 2nd
phalanges IIT Equus cf. livenzovensis from the 2.6 Ma locality of
Montopoli and reported that they were larger than a large suite
of Eurasian, African and North American Equus, validating the
species identification.
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FIGURE 3 | Equus simplicidens. (A) Skull in lateral view; (B) Skull in ventral
view; (C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E)
Lower tooth row in occlusal view.

Equus stenonis (Figure 4)

Equus stenonis type skull (IGF 560) comes from Terranova
(Arezzo, Tuscany), a 1.8 Ma fossil locality in the Upper Valdarno
basin in Central Italy, housed in the Natural History Museum in
Florence. Cocchi (1867) named the new species and the holotype
was described by Forsyth Major (1877-1880) and later, in much
detail, by Azzaroli (1964). The oldest occurrence of Equus
stenonis in Europe is recorded in France, from the fossil locality
of Saint Vallier, ca. 2.2 Ma (Eisenmann, 2004); its chronologic
range is known until Tasso FU, 1.6 Ma. The Upper Valdarno
basin yielded a relevant number of specimens referable to Equus
stenonis, from various fossil localities; one of these, Matassino,
located near the town of Figline (Arezzo), has been calibrated
as being 1.8 Ma (Napoleone et al., 2001), and the fossil horse

collection from this site shows features and proportions of Equus
stenonis (Mazza et al., 2004). This locality, both with the type
skull from Terranova (Azzaroli, 1964) and the other specimens
from Olivola (Val di Magra basin; De Giuli, 1972), demonstrate
the presence of Equus stenonis in central Italy during the Early
Pleistocene (Alberdi and Palombo, 2013). According to several
researchers (Azzaroli, 1982, 2003; Alberdi et al., 1998; Forsten,
1999; Palombo and Alberdi, 2017; Palombo et al., 2017), the
primitive lineage of Equus livenzovenzis co-occurs with Equus
stenonis in Europe. Equus stenonis has some morphological
features close to Equus livenzovenisis, but is a slightly smaller in
size. The European Middle to Late Villafranchian horses referred
to Equus stenonis differ in size and body proportions, even if
they show a similar bauplan. For this reason, several subspecies
have been proposed, including: Equus stenonis livenzovenzis, E. s.
stenonis, E. s. olivolanus, E. s. vireti, E. s. pueblensis, E. s. guthi, E.
s. senezensis, E. s. mygdoniensis. The validity of these subspecies is
matter of debate (re: Forsten, 1999).

The type specimen of Equus stenonis is IGF560, a skull with
an associated mandible. The original mandible is missing and
in its place is a plaster cast painted to match the color of the
original skull. The skull is viewed from its left side (Figure 4A)
which is the least distorted, but nevertheless crushed in the
maxillary region. The skull has an elongate snout with a large
canine indicative of a male individual. The nasal bones are
retracted to the level of P3 mesostyle. There is a faintly delimited
preorbital fossa depression on the postero-superior aspect of
the maxilla. The facial maxillary crest is strongly developed. In
ventral view (Figure 4B) the snout is elongate with an arcuate
incisor arcade. In occlusal view the incisors have well demarcated
infundibula that are open. The maxillary cheek teeth (Figure 4D),
are inclusive of dP1-M3 and M3 is in wear; dP1 is remarkably
still in place being well in wear. The maxillary cheek teeth have
the following salient features in occlusal view as seen on the left
side row: dP1 is small and rounded; P2 has a short anterostyle; all
cheek teeth have protocone short with linkage to the protoloph;
pli caballins are single on all cheek teeth; fossettes are well
developed on P2-P4 and M2, lesser developed on M1 and M3;
hypoglyph is moderately deep on P2-M2 and not expressed
on M3.

The mandible (cast) is complete on the left side (Figure 4C).
In occlusal view (Figure 4E) the incisors are complete, worn, have
infundibula, are slightly procumbent and form an arcuate arcade.
The mandibular canine is placed very close to i3 and is large
as in the maxilla. The left side occlusal view of the cheek teeth
reveals the following salient features: p2 has a short anterostyle;
whereas metaconids are rounded, metastylids exhibit some distal
squaring; linguaflexids are uniformly V-shaped as is diagnostic
of stenonine horses; ectoflexid is shallowest on p2, somewhat
deeper in p3 and p4, and deeper on the molars, but not separating
metaconid and metastylid; pre- and postfossettes for the most
part have simple enamel margins.

Equus stehlini (Figure 5)

Equus stehlini is the second most common horse occurring in
the Upper Valdarno deposits after Equus stenonis. The species
is represented by the type skull housed in the Natural History
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FIGURE 4 | Equus stenonis. (A) Skull in lateral view; (B) Skull in ventral view;
(C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E) Lower
tooth row in occlusal view.

Museum in Florence (IGF 563); it comes from the same level
as the Equus stenonis Type skull (IGF 560). The occurrence
of a smaller species associated with E. stenonis in the Upper
Valdarno was recognized for the first time by Stehlin and Graziosi
(1935) basing their observation on a jaw found in the locality
of Terranova (and kept in the Basel Naturhistorisches Museum
collection), which they ascribed to Equus cf. hydruntinus. Later,
Azzaroli (1964) formalized the species Equus stehlini based on
the IGF 563 skull and on several postcranial specimens. This
taxon is less common than Equus stenonis in Upper Valdarno
even if is the only horse species that characterize the Casa Frata
locality, which is correlative with the Tasso Faunal Unit, 1.6 Ma

FIGURE 5 | Equus stehlini. (A) Skull in lateral view; (B) Skull in ventral view; (C)
MCIIl'in dorsal view; (D) Forelimb in lateral view.

(De Giuli and Masini, 1986). The presence of Equus stehlini is
documented in the Upper Valdarno basin (Azzaroli, 1964, 1982;
De Giuli and Masini, 1986; Alberdi and Palombo, 2013), its
phylogenetic relationships are not yet fully understood. Azzaroli
(1964) recognized some asinine and stenonine features on the
type skull and interpreted this species as derived from Equus
stenonis. Later (Azzaroli, 1990), noted that Equus stehlini shares
many cranial specializations with Equus senezensis from the
French fossil locality of Senéze. Alberdi et al. (1998) considered
this horse as a subspecies of Equus senezensis. De Giuli (1972) and
Delson et al. (2006) both reported the presence of Equus stehlini
from Senéze in association with Equus senezensis.

Recently, Palombo et al. (2017) described a small horse from
the 2.1 Ma locality of Coste San Giacomo, Central Italy (Bellucci
et al, 2012, 2014) as Equus senezensis aff. Equus senezensis
stehlini. The origin and evolution of small horses in Europe,
including Equus stehlini, is not yet well understood. The recent
findings at Coste San Giacomo extends back in time the presence
of these small horses, suggesting a different interpretation of their
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FIGURE 6 | Equus sivalensis. (A) Skull in lateral view; (B) Skull in ventral view;
(C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E) Lower
tooth row in occlusal view.

evolution, in contrast to the old theories that they originated from
the “Equus stenonis group.”

IGF563 is the type skull of Equus stehlini, which is an old adult
individual. In lateral view (Figure 5A), the skull has a complete
snout and orbit and is missing the posterior braincase. The nasal
notch is as in E. stenonis being retracted to P3 mesostyle. The
maxilla is crushed and may have had a faintly developed pre-
orbital fossa high and posteriorly placed on the maxilla. In lateral
view, the cheek teeth can be seen to be very worn and the cusps
are blunt from wear. In ventral view (Figure 5B) the snout is
relatively short and broad. The incisor arcade is arcuate and
incisors are heavily worn not preserving infundibula; right and
left I1 are severely worn with broken buccal margins. On both
the right and left side, the occlusal surfaces are so worn as to not
preserve any meaningful morphological details except on M2 and
M3 that have simple fossette ornamentation.

The MCIII (Figure 5C) is elongate and slender, as is the
anterior first phalanx. Figure 5D is an image of a forelimb (lateral
view) referred to Equus stehlini.

Oldest Italian Small Horse

Upper Valdarno small horses are found from Tasso FU (1.6 Ma),
where Equus stehlini has previously been recognized (Azzaroli,
1964; De Giuli and Masini, 1986). The recent discovery of a small
horse in the site of Coste San Giacomo (ca. 2.1 Ma) reopened
speculation about the origin and evolution of these small horses
(Palombo et al., 2017). Our ongoing review of the Villafranchian
horses housed in the collection of the Natural History Museum
in Florence, is revealing some important information in this
regard. An important discovery by OC is an incomplete third
metatarsal (IGF 566) from Montecarlo (a site dated 2.4-2.2 Ma;
Ghinassi et al., 2005), reported here for the first time. The
Montecarlo locality has yielded few fossil vertebrates specimens,
fishes, small mammals ascribed to Mimomys polonicus and
gomphothere remains (Anancus arvernensis). This new discovery
allows us to increase the faunal assemblage from this locality
and share new insights into the distribution of early middle
Villafranchian horses. This specimen has been catalogued as an
MTIII and referred to “Equus stenonis.” Its metric dimensions
and morphological comparison reveals that it is similar to the
Equus stehlini sample of Casa Frata, and smaller than Equus
stenonis from Olivola and Matassino (M3 = 30.8; M4 = 30; M5
= 46.7; M6 = 39; M7 = 32.7; M8 = 11.1. Eisenmann et al,,
1988; Bernor et al., 1997). The attribution of IGF 566 is not yet
formalized and more data from Equus stenonis and Equus stehlini
are needed to compare this specimen with these two Italian
Villafranchian species, however this new finding is congruent
with the occurrence of a small horse from Coste San Giacomo
(Palombo et al., 2017).

The first occurrence of these small horses seems to be earlier
than 1.6, in contrast with the classical view of Equus stehlini as
the horse indicator of Tasso Faunal Unit (1.6 Ma); this hypothesis
needs to be tested with more data and analysis of coeval localities,
such as Seneze and Saint Vallier.

Equus sivalensis (Figure 6)

Equus sivalensis is a large species of horse found in the Siwaliks
of the Indian Subcontinent, ranging from the Potwar Plateau in
the west to the Nepal Siwaliks in the east. It was first discovered
by Hugh Falconer and Proby Cautley in the foothills of the
Himalayas between the rivers Yamuna and Sutlej in the 1830s
(Falconer and Cautley, 1849). The type series, which includes 27
cranial and postcranial specimens housed at the Natural History
Museum, London (Falconer and Cautley, 1849; Lydekker, 1886).
Other referred material is housed at the American Museum
of Natural History (Colbert, 1935b), Naturalis Biodiversity
Center (Hooijer, 1951), Wadia Institute of Himalayan Geology
(Nanda, 2015), Panjab University (Sahni and Khan, 1988), Indian
Museum (Lydekker, 1885), Saketi Fossil Park (Mishra et al.,
2013), Geological Survey of Pakistan (Dennell, 2004), Science
and Art Museum, Dublin (Lydekker, 1884), and the Museum of
Natural History, Ludlow (Baker, 1850).
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Falconer and Walker (1859) described a few specimens housed
in museum of the Asiatic Society of Bengal (collection now
housed in the Indian Museum) but never formally described
the species. Lydekker (1882, 1886) described these species in the
Palaeontologia Indica and Catalogue of Fossil Mammalia in the
British Museum (Natural History). When Falconer and Cautley
documented Equus from the Subcontinent, they named three
species: Equus sivalensis from the Siwaliks, and Equus namadicus
and Equus palaeonus from the Narmada Valley. Because the
holotype of Equus palaeonus was a series of lower milk molars,
Lydekker (1882) synonymized this species with E. namadicus.
Matthew (1929) provisionally considered E. namadicus as a
junior synonym of E. sivalensis or derived from it, because the
distinguishing character used by Lydekker (longer protocones
on both premolars and molars) was too variable, an observation
reiterated by Hooijer (1951). Lydekker (1882) further stated
that the small protocones on the premolars were indicative of
a relationship with E. hemionus. Later, Lydekker (1891) stated
that E. sivalensis was intermediate between E. stenonis and E.
caballus, and was similar to early Pleistocene horses recovered
from Yunnan. Similarly, Forsyth Major (1885) also closely
compared E. sivalensis with E. stenonis from the Val d’Arno.
In contrast, Hopwood (1936) suggested that the lectotype of E.
sivalensis was a caballine horse, but erected a new species E.
cautleyi based on a large partial mandibular ramus with p2-
m3 (NHMUK PV OR 23107), which showed typical zebrine
features (see description below). However, this view was rejected
by Azzaroli (1966). Azzaroli studied the then known skulls of
E. sivalensis and concluded that in the features of the orbits
and zygomatic arches were typical of hippotigrine zebras rather
than caballine horses. A skull (PU A/639) and mandibular rami
(PU A/601 and PU A/602) described by Sahni and Khan (1961)
show similar zebrine characteristics as well. These morphological
observations led researchers like Badam and Tewari (1974),
Sahni and Khan (1961), and Azzaroli (1966) to conclude that
extinct species of Pleistocene Equus from South Asia were
exclusively zebrines.

The exact stratigraphic range of E. sivalensis was ascertained
several decades after the original discovery. Pilgrim (1910, 1913)
determined that Equus is found in the Upper Siwaliks, and later
Colbert (1935a) demonstrated that E. sivalensis would have made
its first appearance in the Siwaliks during the Pleistocene in the
Pinjor faunal zone. With the advent of modern paleomagnetic
studies in the region, the biostratigraphy of Siwalik mammals
was further refined. It is now known that Equus sivalensis first
appears just above the Gauss-Matuyama boundary in the early
Pleistocene (ca. 2.58 Ma), and ranges through until about 0.6 Ma,
the upper end of the fossiliferous Siwalik depositional sequence
(Patnaik, 2013).

NHMUK PV M.16160 is the Lectotype of Equus sivalensis
Falconer and Cautley. It is a skull lacking the snout. Figure 6A
shows that this specimen preserves the nasal notch that is incised
to the mesostyle of P3 and there is a faint depression high
dorsally and posteriorly on the maxilla for a weakly defined
preorbital fossa. Figure 6B reveals that NHMUK PV M.16160 is
an old individual with P3-M1 occlusal surfaces severely worn.
Of these, P3-M3 preserve protocones with P4, M2, and M3

having weak connections to the protoloph and P3 and Ml
having broader connections due to their more advanced wear;
protocones are moderately elongate on P4-M1, longer on M2
and M3; hypoglyph is preserved on P3, P4, and M2 and is only
moderately deeply incised; P4, M2, and M3 preserve fossettes
that are slightly to moderately ornamented; all mesostyles are
pointed buccalward. Figure 6C is a right mandible, NHMUK
PV OR 23107, labial view. Figure 6E is the mandible’s occlusal
view and reveals the following salient features: premolars have
elongate metaconid and squared metastylid; p3 and p4 have a
prominent mesiolabial pli directed labialward on the preflexid;
premolar linguaflexids are a deep narrow V-shape; premolar
ectoflexids are all shallow, not invading the space between
opposing borders of the pre- and postflexids; molar teeth
likewise have rounded metaconids and squared metastylids
with deep V-shaped linguaflexids; ectoflexids are as in the
premolars not being deep or invading the pre- and postflexids;
the premolar and molar teeth all have distinct to diminuitive
pli caballinids.

Within the stratigraphic range of E. sivalensis, remains of a
smaller horse with slender metapodials have also been found.
Gaur and Chopra (1984a) were the first to document a smaller
subspecies of equid from the Siwaliks of South Asia which
they named Equus sivalensis minor, owing to its small size, but
overall morphological similarity with Equus sivalensis. These
fossils were found ~3.0km N.E. of the town of Mirzapur in
northwestern India in the Pinjor Formation. The exact age of
the Pinjor Formation at this site is unknown, therefore the
age of these specimens can only be constrained to the entire
range of the formation, 2.58-0.6 Ma. However, given the age
of the Pinjor Formation ~13km away at a parallel location
along the Patiali stream (Gaur and Chopra, 1984b; Ranga Rao
et al., 1995), this locality is likely from the middle-upper Pinjor
Formation. Subsequently, other remains of small horses were
discovered on the Mangla-Samwal anticline (Hussain et al.,
1992), and in the Pabbi Hills (Dennell, 2004; Dennell et al,,
2006). Hussain et al. (1992) document both a large horse,
which they refer to as Equus cf. sivalensis which ranges in
duration from 2.35 to 1.9Ma, and a small horse at locality
HGSP 4460 (ca. 2.1 Ma), which is referred to as Equus sp.
A. The Pabbi Hills specimens are all referred to as Equus cf.
sivalensis and the metapodials are metrically similar to the
smaller horses from the Mangla-Samwal anticline (Dennell, 2004;
Dennell et al., 2006). Small equid remains are also present in the
Falconer and Cautley collection at the Natural History Museum,
which includes the type series of E. sivalensis (Lydekker, 1882;
Forsten and Sharapov, 2000). However, a detailed morphometric
analysis (beyond the scope of this paper) is necessary to
determine the taxonomic identity and relationships of this
smaller taxon.

Equus cf. stenonis, Dmanisi, Georgia
(Figure 7)

The site of Dmanisi is located about 65 km southwest of Thbilisi
(Georgia, South Caucasus), in the Kvemo Kartli region (Gabunia
et al., 2000). Today the site is situated at an elevation of 910 m
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MSL on a promontory that is isolated on two sides by the
deeply entrenched Mashavera and Pinesauri rivers. Radiometric
ages and paleomagnetic data provide a chronology for all the
deposits at Dmanisi bracketing the age of the fossiliferous
deposits in a chronologic range between 1.85 and 1.77 Ma
(Ferring et al., 2011). Well-preserved bones have been recovered
from throughout the succession although the great majority
are from stratum “Bl.” The latter has a complex, very brief,
depositional history and has yielded an exceptionally well-
preserved fauna occurring as dense accumulations. In addition
to its unique paleoanthropological record, Dmanisi is one of
the richest Early Pleistocene palacontological sites of Eurasia’s
temperate zone. More than three decades of excavation have
uncovered a highly diverse fossil vertebrate fauna with 49 taxa,
inclusive of Homo. The large mammal record from Dmanisi
indicates a biochronology positioned at the very early Late
Villafranchian (Vekua, 1995; Lordkipanidze et al., 2007; Rook
and Martinez-Navarro, 2010), while the occurrence of the water
vole Mimomys pliocaenicus correlates with the Late Villanyan
of the micromammal biochronology (Fejfar et al., 1998). The
Equus collection is sizeable and growing annually from an
active excavation program. Our observations herein are strictly
preliminary and intended to give some early insight into the
equids present at Dmanisi.

D353 (Figure 7A) is a partial skull lacking the snout, nasals,
posterior orbit, and posterior cranium. One cannot determine the
nasal notch position for this individual. There is no discernible
preorbital fossa for this individual. Figure 7B illustrates an
occlusal view of specimen D66, an adult individual with M3
in early wear. This specimen has a very small, worn right
dP1 with a socket still present for a missing right dP1. Salient
features of the remaining cheek teeth include: P2 has an elongate,
bucco-lingually constricted anterostyle; protocone on P2 is short
and rounded, whereas P3 and P4 are progressively longer; M1
protocone is as in P4, whereas M2 is longer and M3 is long but
labiolingually compressed; protocones are lingually flattened on
all cheek teeth and P3-M2 prefossettes have a distinct lingually
directed mesial pli; protocone has a weak connection to the
protoloph on P2, P3, M1, and M3, but not so on P4, M2; pli
caballin is only clearly expressed on M1; hypoglyph is deeply
incised on all cheek teeth encircling the hypocone on P3 and
P4; mesostyles are pointed on M2 and M3 and more rounded
on P2-M1.

Equus oldowayensis (Figure 8)
Churcher and Hooijer (1980) reviewed the taxonomy of E.
oldowayensis which Bernor et al. (2010) closely followed.
Hopwood (1937: Figures 1, 2) designated a lower jaw from an
animal about 2 years old (Catalogue Number VIII, 353 m in
the Bayerische Palaeontologische Staatsammlung, Munich) as the
holotype of E. oldawayensis. Hopwood (1937) also designated a
lower incisive region with left incisors and right i1 (BMNH14199)
as the paratype. The type was destroyed by bombing in World
War II leaving the paratype to represent the species; this in itself,
is an inadequate element for species recognition in horses.
Cooke (1963: Table 4) assigned a large equid from the
Omo deposits to E. oldowayensis (Hopwood, 1937), or possibly

FIGURE 7 | Dmanisi Equus. (A) Skull in lateral view; (B) Skull in ventral view;
(C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E) Lower
tooth row in occlusal view.

Equus grevyi, but without discussion. Hooijer (1976) reported
a large Equus from the Omo that he considered to be
indeterminate. Churcher and Richardson (1978) identified Equus
(Dolichohippus) oldowayensis from the Omo Shungura F through
] explicitly recognizing it as being a member of the Grevy’s
zebra clade. Coppens (1971) earlier recognized that the earliest
Equus occurred in Omo Shungura G (not as early as member
F), ca. 2.3Ma. which is our current understanding (J.-R.
Boissierie, personal communication to Bernor) Churcher and
Hooijer (1980) reported an extensive Equus material currently
on loan to the Rijksmuseum van Natuurlijk Historie Leiden
and nominated a mandible, BMNHM14184, as a Neotype.

Frontiers in Ecology and Evolution | www.frontiersin.org

92

May 2019 | Volume 7 | Article 166


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Bernor et al.

Early Equus and Zebra Origins

FIGURE 8 | Equus oldowayensis. (A) Skull in lateral view; (B) Skull in ventral
view; (C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E)
Lower tooth row in occlusal view.

Eisenmann (1983) noted the likely similarity of Koobi Fora
Equus koobiforensis to Equus oldwayensis. Bernor et al. (2010)
followed these arguments and in review again here we find
that while E. koobiforensis and E. oldowayensis may overlap in
their morphology and temporal distribution, Equus oldowayensis
presents a very confusing and uncertain taxonomy whereas
Equus koobiforensis is clearly characterized and defined and
brings stability to our understanding of this large East African
horse. We agree with Eisenmann’s decision to characterize
and define Equus koobiforensis as a legitimate species. Clearly,
the Olduvai and Omo Equus material needs a comprehensive
revision with the benefit of Eisenmann’s (1983) study of the
Koobi Fora Equus assemblage.

Our clearest understanding of the morphological basis
for Equus oldowayensis comes from Churcher and Hooijer’s

(1980) diagnosis of Equus oldowayensis, the salient features are
summarized after them briefly herein: Equus (Dolichohippus)
oldowayensis is a large horse overlapping in size with Equus
grevyi; with a large, broad, incisor arcade; infundibula present
on Il and 12, possibly absent on I3; canine large in males,
may be absent in females; P2 and P3 protocones shorter and
rounder than on P4 and persistently longer on molars; protocone
strongly linked to protoloph; pli caballins vestigial or absent;
fossette plications simple. Mandibular incisors as in maxillary
incisors having distinct infundibula; lower cheek teeth have
vestigial metaconid on p2 and rounded or slightly elongate on
p3-m3; metastylids are rounded to square shaped; linguaflexids
very shallow on p2 and V-shaped on p3-m3. Metapodial IIIs
reportedly variable in length and slenderness. Bernor et al.
(2010) reviewed these characters and particularly in the case of
metapodial ITI variability, suggested that there is likely more than
one Equus species represented in this sample. Eisenmann (1983)
recognized species specific variability in the Koobi Fora equid
assemblage so it is reasonable to expect similar variability in the
Olduvai and Omo assemblages. A relatively complete cranium
(Figure 8) and mandibular specimens from upper Member 1
Olorgesailie Formation, ca. 1.0 Ma, have also been assigned
provisionally to E. oldowayensis based large overall size, a broad
incisor arcade, and a P2-M3 tooth row longer than in male E.
grevyi (Potts, 1998; Potts et al., 2018).

Olorgesailie, Kenya has yielded a 1.0 Ma skull referred to
herein as Equus “oldowayensis” (KNMOG22833; Figures 8A-C).
The skull is in pristine condition and in lateral view (Figure 8A)
exhibits a moderately long snout with nasal notch retracted to
P2 mesostyle, preorbital fossa is lacking; broken canines are large
revealing that this individual was male; P2-M3 are clearly worn
and all paracone cusps are extremely low and blunt suggesting
an abrasive diet likely composed largely of grass. In ventral
view (Figure 8B) the incisor arcade is arcuate with right I1
having a broken buccal margin and all incisors and canines
being heavily worn; incisors have round infundibula occlusally;
no dP1 is present. Figure 8D provides a closeup of P2-M3; P2
has an elongate anterostyle; P2, P3, M1, and M2 have protocone
strongly connected to protoloph, P4 and M3, less so; hypoglyphs
range from being slightly incised on P2-M2, being more strongly
incised on M3; all protocones are flattened lingually; protocones
show slight serial increase in length from P2-M3; all pre- and
postfossettes have slightly to non-plicated margins; mesostyle is
rounded on P2-M2 and pointed labially on M3; pli caballins are
not apparent on P2-M3. Figure 8C is a partial mandible in lateral
view, and discovered within the same stratum as the cranium,
~80 m away Figure 8E is a closeup of p2-m3 with the following
salient features: the cheek teeth are typically stenonine/zebrine
with p2-m3 having rounded metaconid, squared, and often
distolingually pointing metastylid; shallow linguaflexid on p2
and V-shaped on p3-m3; preflexid has a strong, labially directed
pli on the mesiolabial border; pre- and postflexids are distinct
and separated except for the p4 postflexid which is highly
complex labially, connecting mesially with the metaconid;
ectoflexid is shallow on p2-p4 and deep separating metaconid
from metastylid on m1-m3; pli caballinids are absent on all
cheek teeth.
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FIGURE 9 | Equus koobiforensis. (A) Skull in lateral view; (B) Skull in ventral
view; (C) Upper tooth row in occlusal view.

Equus koobiforensis (Figure 9)

Eisenmann (1983: 178) named Equus koobiforensis for a skull of
a young mare, KNM-ER1484 originating from the Notochoerus
scotti zone, below the KBS Tuff, in Area 130. Other specimens
were reported from the Notochoerus scotti and Metridiochoerus
andrewsi zones of Koobi Fora and questionably from the Omo
Shungura Formation and Olduvai Gorge.

The skull is large with P2-M3 length being 202mm. In
lateral view (Figure 9A) the skull has a moderate length snout,
nasal notch is retracted to mesostyle of P3 and there is no
apparent depression for a preorbital fossa. The lacrimal bone
is clearly defined anteriorly by its suture. The facial-maxillary
crest is modestly developed. In ventral view (Figure 9B) the
right half of the snout is broken away with only left 12 and 13
in place with open infundibula. The left premaxilla has a very
small alveolus for the diminutive female canine. The maxillary
cheek tooth dentition has the following salient features: P2 with
a short anterostyle and short ovate protocone not connected
to protoloph; P3 is triangular shape with a slight connection
to protoloph and protocone is likewise triangular shaped with
no connection to the protoloph; P2 has a labially squared
mesostyle, while P3 and P4 have mesiodistally constricted and
labially pointed mesostyles; all premolars have weakly developed
fossette ornamentation; P2 has a moderately deeply incised
hypoglyph and P3 and P4 have deeply incised hypoglyphs;
MI1-M3 have elongate, lingually flattened protocones with
only M1 having a clear connection to the protoloph; all
molars have labially pointed mesostyles and weakly developed
fossette ornamentation.

Eisenmann (1983, p. 179-180) reported one lower cheek tooth
series that she found matched the holotype cranium, KNM-
ER4051, which she characterized as having teeth like those
of E. stenonis with rounded metaconids and metastylids, deep
and pointed lingual grooves (= linguaflexids), short vestibular
grooves (= ectoflexids) on at least some of the molars, and a
relatively long p2. The presence of a protostylid on p2 evokes a
comparison with E. grevyi but the shallow nature of the vestibular
grooves is rare in the later species.

Equus cf. tabeti ( Figure 10)

Eisenmann (1983, p. 188) referred a smaller Equus skull, KNM-
ER 1211 of a young adult (Figure 10 herein) to Equus cf. tabeti.
As she pointed out: “E. tabeti is a North African early Pleistocene
species of moderate size, mostly characterized by slender limb
bones, asinine upper teeth and stenonine lowers.” In lateral
view (Figure 10A) the skull is seen to lack the pre-maxilla and
nasals, has a broken distal right maxilla, partial orbit, and almost
complete brain case. The lateral view also shows that M3 is not
yet fully emerged from its crypt and hence this individual is a sub-
adult. Figure 10B is a ventral view of KNM-ER 1211. Eisenmann
(1983, p. 188) reports that h P2-M3 tooth row length is 169 mm.
The salient features of the upper cheek teeth are: P2 with a
short anterostyle, rounded protocone with lingually flattened
surface and weak connection to the protoloph; P3 with longer,
lingually flattened protocone, and weak connection to protoloph;
P4 with still longer and flattened protocone and no connection to
the protoloph. M1-M3 show increased bucco-lingual flattening
serially, with M1 having a weak connection to the protoloph
while M2 and M3 have no connection to the protoloph; m3
protocone lenticular shaped; hypoglyph is deep on P2, P3, and
M1, being very deep on P4 and M2 and not discernible on M3
due to its very early wear stage; pli caballins are not developed
on any of the cheek teeth; mesostyle is labially squared on P2
and pointed labially on P3-M3; cheek tooth fossettes are mostly
weakly ornamented on all cheek teeth.

Equus grevyi ( Figure 11)

Equus grevyi is the largest living zebra, exceeding the size of the
plains and mountain zebras. It is the sole living member of the
subgenus Dolichohippus.

We characterize Equus grevyi using a pristine adult female
skull with associated mandible, USNM163228. The skull has
a P2-M3 dimension of 185.7mm. The skull in lateral view
(Figure 11A) has nasal notch reflected to P2 metastyle. The
infraorbital foramen is prominent, placed slightly higher than
midway between the occlusal level of distal P4 and the superior
surface of the posterior nasal bone. The lacrimal bone is large,
square shaped, and extends from the anterior orbit to the level
of the mesostyle of M3. Paracone cusps of P4-M2 are low and
blunt and reflect a grazing diet. In ventral view (Figure 11B) the
snout is elongate with a rounded incisor arcade; all incisors have
distinct, open infundibulae; canines are small and just emerging
from their crypts. The left cheek tooth series (Figure 11D) with
dP1 small and worn; P2-M2 have mesostyles squared labially; all
maxillary cheek teeth have moderately to poorly developed pre-
and postfossette plis; pli caballins are absent on all cheek teeth;

Frontiers in Ecology and Evolution | www.frontiersin.org

9

May 2019 | Volume 7 | Article 166


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Bernor et al.

Early Equus and Zebra Origins

FIGURE 10 | Equus cf. tabeti. (A) Skull in lateral view; (B) Skull in ventral view;
(C) Upper tooth row in occlusal view.

P2 has a moderately elongate, mesially rounded anterostyle; P2
protocone is the shortest, P3-M3 being longer; P3-M3 protocones
are longer than P2 and have a flattened lingual border with a
buccally-directed inflection midway along its margin.

As seen in the lateral view (Figure 11C) the mandible
is pristine, incisors are moderately procumbent, canine is
lacking and symphysis is moderately long. The left p2-m3
cheek tooth series (Figure 11E) has p2 with short anterostylid;
premolars have rounded metaconids, and square metastylids, all
mandibular premolars have a V-shaped linguaflexid; ectoflexids
are very shallow on p2, and deeper on p3-4, but not coursing
between the pre- and postflexids; p2-p4 have pli caballinids that
become reduced serially through the premolar series; pre-and
postflexid margins are mostly not plicated; p3 and p4 have a
labially directed pli on their mesio-labial margin. Mandibular
molars have metaconids and metastylids as in the premolars;
linguaflexid is U-shaped on ml but as in the premolars V-
shaped for m2 and m3; ectoflexids are deeply inflected separating
metaconid and metastylid on all of the molars; the molars
lack pli caballinids; pre- and postflexids are smaller, have
simple margins and are more labio-lingually compressed than
in the premolars and have a weakly developed mesio-buccal pli.
The lower cheek teeth retain the so-called stenonine occlusal
pattern, especially with regards to metaconid-metastylid and
linguaflexic morphologies.

Figures 12A,B are logl0 ratio diagrams of metacarpal IIIs
(MCIII) and metatarsal IIIs (MTIII), respectively, of many of
the Equus species we have discussed in this contribution; the

e
=
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E

FIGURE 11 | Equus grevyi. (A) Skull in lateral view; (B) Skull in ventral view;
(C) Mandible in lateral view; (D) Upper tooth row in occlusal view; (E) Lower
tooth row in occlusal view.

Hoewenegg Hippotherium primigenium logl0 mean is used as
our comparative sample because of its large sample size and clear
proportional differences with our Equus sample.

Figure 12A MCIII shows that all Equus species under
consideration herein have longer MCIIIs than Hoewenegg (Ho)
Hippotherium primigenium except for Equus stehlini, which is
shorter. The largest (M5 and M6 proximal articular dimensions
and M10 distal supra-articular dimension) horse in our sample
is Equus stenonis. The large Dmanisi Equus plots closely to
E. stenonis having similar midshaft (M3 and M4) dimensions,
and slightly smaller proximal articular facet (M5 and M6) and
trans- distal suprarticular (M10) dimensions; this supports our
referral of the large Dmanisi form to Equus cf. stenonis. Equus
sivalensis has the longest MCIII (M1), has strongly contrasting
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FIGURE 12 | Log10 ratio diagrams; the specimens are analyzed on the Hoewenegg Hippotherium primigenium sample. (A) Log10 ratio diagram of third metacarpal;
(B) Log10 ratio diagram of third metatarsal.

large midshaft width (M3) and depth (M4) dimensions as in E.
stenonis and narrower trans- supraarticular (M10) dimensions
but otherwise plots with species in the central portion of the

figure. Equus simplicidens, E. grevyi, and the smaller Dmanisi
Equus sp. are in the center of the plot and have close trajectories
to one another. Equus “oldowayensis” likewise plots close to this
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group except for the narrow midshaft (M3) and supraarticular
(M10) dimensions. Equus stehlini is the shortest MCIII and
overall and is the smallest Equus in this sample but generally has a
plot trajectory similar to the E. simplicidens, E. grevyi, and smaller
Dmanisi Equus triad.

Figure 12B again shows that all Equus species under
consideration herein have longer MTIIIs than Hoewenegg (Ho)
Hippotherium primigenium except for Equus stehlini and the
smaller Equus from Dmanisi which are approximately the same
as each other and the Hoewenegg mean sample. The most
remarkable feature of this plot, again is how close the logl0
ratios are between Hagerman E. simplicidens, extant E. grevyi
and the smaller form of Equus sp. from Dmanisi, except for
the short length of the Dmanisi small form. Equus stenonis
has a similar length as a majority of specimens, but its logl0
trajectory shows large size peaks for midshaft width (M3),
proximal articular depth (M6) and distal articular width (M11).
Equus “oldowayensis” length (M1) and midshaft width (M3) is
as in other specimens, but is larger approaching E. stenonis for
M4-M12 measurements and has the largest relative dimensions
for M12-14. Equus sivalensis is the longest MTIII of our sample
and its log10 trajectory largely resembles E. simplicidens, E. grevyi
and the large and small Dmanisi Equus. Equus stehlini and the
smaller Dmanisi Equus have the shortest MCIIIs. This log10 ratio
diagram on MTIII supports the interpretation than E. stehlini is
in fact a different species than E. stenonis, and that our referral of
the larger Dmanisi Equus to E. cf. stenonis is warranted on skull,
dental and now MCIII and MTIII grounds. Our limited sample
of Equus “oldowayensis” suggests that this “species” is somewhat
shorter (M1), has wider midshaft (M3), and distal width (both
M10 and M11) than E. grevyi, E. simplicidens and both Dmanisi
Equus sample; a survey of a larger sample of E. “oldowayensis”
is needed.

PALEOECOLOGICAL CONTEXT

Hagerman Fossil Beds Paleoecology—4.18
to 3.11 Ma

The fossils from the Hagerman beds are best known from the
Hagerman Fossil Beds National Monument, Idaho (McDonald
et al., 1996). These beds are located on the Snake River Plain,
and are currently under the protection of the U.S. National
Park Service. The beds are part of the Glenns Ferry Formation
(Repenning et al., 1995), and consist of fluvial, flood plain, and
lacustrine deposits (Ruez Jr., 2009a). The age of the beds exposed
in the National Monument range from 4.18 to 3.11 Ma (Ruez
Jr., 2009a), and corresponds to the Blancan Land Mammal Age
(Bell et al., 2004). The Hagerman Horse Quarry is arguably the
most famous fossil locality in the beds, where scores of Equus
simplicidens remains have been recovered (Gazin, 1936). This
quarry is roughly 3.19Ma in age. It is thought that either a
flood killed a herd of horses and subsequently buried them
(McDonald, 1996), or drought stricken horses died at a dwindling
watering hole and were then subsequently buried by a flash
flood (Richmond and McDonald, 1998). The paleoclimate at the
National Monument is interpreted to have been warm and wet,

with a short cool interval between 3.6 and 3.2 Ma (Ruez Jr., 2006).
The climate of the Hagerman Horse Quarry is interpreted to be
very warm, providing some support for the drought hypothesis
(Ruez Jr., 2006). A diverse assemblage of mammals has been
recovered from the Hagerman beds, including a mix of small and
large taxa from various guilds (Ruez Jr., 2009b).

ltaly—2.6 to 2.0

Palaeoecological data, from the comparison of Montopoli
fauna (the site recording the Equus Datum in Italy) with
other Plio-Pleistocene mammal assemblages of Europe, show
that the Equus event is related to the faunal turnover and
palacoenvironmental change that occurred at the early-to-
middle Villafranchian transition, chronologically corresponding
to 2.6 Ma. Furthermore this time coincides with one of the major
shifts in 8;30 isotopic oscillations (cf. Miller et al., 2005), and
the setting of 40 Ka obliquity-forced thermal glacial/interglacial
cyclicity (Bertini, 2010) with strong effects on seasonality, and the
first record of cool winters and drier climates as testified by the
diffusion of herbaceous steppe vegetation (Fortelius et al., 2006).

Several paleoecological analyses (Pradella and Rook, 2007;
Rivals and Athanassiou, 2008; Valli and Palombo, 2008; Strani
etal, 2015, 2018) stress a trend toward more open environments,
both in terms of taxonomical composition (at family and genus
levels), ungulate hypsodonty, and dietary categories. This is
consistent with the faunal turnover known as “Elephant-Equus
event” (Azzaroli, 1983), that occurred at 2.5Ma in Europe, an
event that produced a faunal composition with predominance
of grazing species and grass-dominated mixed feeders, among
which the most representative taxa are the monodactyl horse,
Equus cf. livenzovensis, and the first true elephant, the primitive
Mammuthus gromovi, and the disappearance of the extinction of
numerous woodland dwellers like Mesopithecus monspessulanus,
Mammut borsoni, Tapirus arvernensis, Sus minor, and Ursus
minimus (Azzaroli et al., 1986; Eronen and Rook, 2004; Pradella
and Rook, 2007).

Dmanisi, Georgia—1.85 to 1.77 Ma

The large mammal record from Dmanisi includes several
of the herbivore faunal elements also known from Middle
Villafranchian contexts of Western Asia and Europe, but a
significant number of genera, especially of artiodactyls, reflect
the early Late Villafranchian faunal renewal, the composition of
the carnivore guild also points to an early Late Villafranchian
age (Vekua, 1995; Lordkipanidze et al, 2007), correlative
with a geochronologic age range between 1.85 and 1.77 Ma
(Ferring et al, 2011). Overall the large mammal assemblage
is characterized by a preeminence of open woodland adapted
herbivores. The small mammal association is dominated by
steppic or dry-adapted rodents, while woodland with fluviatile
elements are very rare (Lordkipanidze et al, 2007; Furio
et al, 2010). The herpetofaunal assemblage from Dmanisi
indicates an important water stress environment suggesting
a period of increased aridity and supports a reconstruction
of open, relatively dry environments and climate as dry and
warm as the Mediterranean type (Blain et al, 2014). The
Dmanisi mammal fauna points to a mosaic-like landscape with
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FIGURE 13 | Phylogeny of the genus Equus with species geographical and stratigraphical distribution from Azzaroli (2003).

remarkable differences in humidity and vegetation across its
terrain. Although the immediate vicinity of the fossil site was
situated in a more or less forested valley, the wider region was
largely made up of drier open tree savanna and grassland and by
mountainous to semi-arid rocky terrains.

Indian Subcontinent—2.6 to 0.6 Ma

Siwalik Equus is known to be a grazer based on the flat occlusal
surfaces (also, low and blunt paracones of P4-M2 mesowear
terminology) and enamel isotopic data (Patnaik, 2015). Carbon
isotopes from dental enamel and soil carbonates show the
presence of grasslands in the Siwaliks during the Pleistocene,
albeit with patches of woodland within grasslands (Quade et al.,
1993; Quade and Cerling, 1995; Patnaik, 2015). Equus appears
in the Siwaliks along with other hypsodont grazers such as
the alcelaphine Damalops palaeindicus, the reduncine Sivacobus
palaeindicus, and bovines Bos acutifrons, Bubalus platyceros,
Leptobos falconeri, and Hemibos triqueticornis and the elephantid
Elephas hysudricus and mesodont mixed feeders such as cervids
and rhinocerotids (Jukar, 2018). Equus also replaces the smaller

and less hypsodont hipparionines across the Plio-Pleistocene
boundary (Jukar, 2018). The causes of this ecological replacement
are still unclear since both hipparionines and Equus were adapted
to a grazing lifestyle in open habitats.

East Africa—2.3 to 0.6 Ma

The first record of East African Equidae, the C4-grazing
Eurygnathohippus, coincided with a sharp 3.1%o enrichment in
813C values connoting C, grassland expansion at ca.10 Ma, based
on n-Css alkane terrestrial plant wax biomarkers recovered from
Somali Basin and Red Sea drill cores (Uno et al., 2016). Pedogenic
carbonate 3'3C values across sub-Saharan African fossil sites
suggest, however, that C4 grasses were a minor component of
the environment until the early Pleistocene (Ségalen et al., 2007).
The earliest appearance of Equus in East Africa, currently dated
at 2.3 Ma in the base of Member G Shungura Formation of the
Omo-Turkana basin, and its subsequent numerical increase are
associated with further expansion of C4 grass-dominated habitats
(Cerling et al., 2015). Omo-Turkana equids, as represented by
Equus and Eurygnathohippus, range from 1.5 to 11% of all large
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mammal specimens between 2.3 and 1.35Ma (Bobe and Eck,
2001; Herndndez Fernandez and Vrba, 2006). Between 2.3 and
1.8 Ma, Equus accounts for roughly 30% of all Omo-Turkana
equids, increasing to around 50% of all equids from 1.8 to
1.35Ma (Bobe and Leakey, 2009). The appearance of Equus in
the Omo-Turkana record coincided with an overall transition
in mammalian herbivore diets as a C4-grazer-dominated fauna
supplanted an herbivore community of C3-C4 mixed-feeders
by 2.3Ma. Early Pleistocene Equus of Turkana was a Cy
grazer with an average 3'°C value of —0.1 £ 1.1%o (n = 39),
only slightly less enriched than that of extant East African
Equus with an average 3'3C value of 1.3 & 1.4%o (n = 147)
(Cerling et al., 2015).

In 2 Ma sediments at Kanjera South, Kenya, Equus accounts
for 6-10% of the excavated large mammal specimens from
three stratigraphic levels, all of which are associated with
pedogenic carbonate §'3C values indicative of >75% C,4
grassland habitat (Plummer et al, 2009; Ferraro et al,
2013). In the excavated fauna of Bed I Olduvai Gorge,
Tanzania, dated ~1.9-1.8Ma, Equus ranges from 3 to 14%
of the large-bodied mammals (percent minimum number of
individuals); the genus increases in representation relative
to all herbivores after 1.8Ma in the faunas of Bed II
Olduvai, associated with increased pedogenic 8'*C values and
open habitat (Leakey, 1971; Cerling and Hay, 1986; Potts,
1988). Although the spread of grasslands has often been
attributed to increased aridity, East African vegetation and
moisture varied independently; instead, the transition to open
habitat favoring Equus and other grazing herbivores now
appears to have been more closely related to decreasing
atmospheric CO; concentration rather than climatic aridification
(Blumenthal et al., 2017; Faith et al., 2018).

After 1.35Ma, the best-preserved evidence of fossil Equus
in East Africa comes from the Olorgesailie Basin, southern
Kenya. Comprising 44% of the large mammals, Equus is the
dominant taxon in the bovid-depauperate fauna dated ca.
1.0 Ma, and is associated with a nearly 100% C4 grassland. The
relative abundance of Olorgesailie Equus decreases to 10% of the
herbivore fauna after this time (Sikes et al., 1999; Potts, 2007). In
modern East African game reserves, Equus typically comprises
10-25% of the large mammal fauna (data compiled in Potts,
1988). Based on faunal representation from the Omo-Turkana,
Olduvai, and Olorgesailie basins, the number of non-ruminant
Cy4-grazing ungulate genera ranged between five and ten during
the interval between 2.3 and 0.6 Ma. However, most species in
those large ungulate clades either became extinct or switched to
browsing and mixed-feeding such that only four non-ruminant
Cy-grazing taxa, including Equus, currently survive in East Africa
(Potts, 1988; Cerling et al., 2015; Potts et al., 2018). While a
major ecological shift in African mammal communities occurred
after 0.6 Ma, the resilience of Equus appears to relate to a dietary
strategy that involves C4 grazing and the ability to adopt a mixed-
feeding mode in situations where graze is scarce (Kaiser and
Franz-Odendaal, 2004).

DISCUSSION AND CONCLUSION

We have provided a brief review of Equus evolution including
samples of North American Hagerman Equus simplicidens,
Italian Equus stenonis, and Equus stehleni, two apparent species
of Equus from Dmanisi, Georgia, Equus sivalensis from the
Indian Sub-Continent and Kenyan Equus koobiforensis, Equus
“oldowayensis” and Equus cf. tabetiin comparison to extant
Grevy’s zebra. We consider this an initial evaluation of a
restricted sample of these species skulls and dentitions meant to
evaluate the plausibility of their evolutionary relatedness. We find
that traditional views on the relationships of stenonine horses and
zebras are upheld: that Azzaroli and Voorhies (1993) were correct
that Hagerman Quarry E. simplicidens is a likely phylogenetic
source for Old World stenonine horses; that McDonald (1996)
was justified in referring to Hagerman horse Equus simplicidens
as a zebra; that Equus grevyi and, more broadly, African zebras
are the descendants of stenonine horses. We have reported
remarkable similarities in skull, tooth and metapodial IIT log10
proportions between E. simplicidens, smaller Dmanisi Equus
sp. and Equus grevyi. Both Equus simplicidens and its likely
descendant Equus stenonis exhibit the basic bauplan of other
Eurasian early Equus species and Equus grevyi. The revelation
herein is that African zebras would appear to have a genuine
deep-time origin in North American Equus through the Eurasian
Equus stenonine lineage. This hypothesis needs future testing
with large sample sizes of E. simplicidens, Eurasian and African
fossil and extant Equus. We refigure (Figure 13) herein Azzaroli
(2003) last version of his phylogeny of Equus for ready reference.
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At the end of the Pleistocene, South America witnessed the loss of an 83% of all
megafaunal genera that inhabited the continent at that time. Among the taxa that
disappeared were all the representatives of the Equidae family, including several species
of Equus and Hippidion. Previous studies have investigated the causes behind the
extinction of horses in South America using radiocarbon data sets to set the time of
extinction and compare it to the timing of major climate changes and human arrival. While
these studies have shown to be informative, they are available only for some regions of
the continent. In the present work we use paleo species distribution models to estimate
the potential distribution of Equus neogeus, Hippidion saldiasi, Hippidion devillei and
Hippidion principale in South America from the Last Glacial Maximum (LGM) through the
early Holocene. The main goal is to track changes in the potential area of distribution for
these taxa as they approached to the time of their extinction between 12 and 10 kyr BP, to
test the role of climate changes in the process of extinction. The distribution models show
the Pampas, El Chaco and Central Chile as major areas of distribution for £. neogeus and
H. principale during the LGM. The high Andes and central Argentina appear as potential
areas for H. devillei and southern South America as the potential area of distribution for
H. saldiasi during the LGM. A major contraction of the potential areas of distribution is
observed toward the beginning of the Holocene for all species of horses, occurring along
with a shift of these areas toward higher latitudes and higher altitudes. The moments of
major changes in the potential areas of distribution happened at times when humans
were already present in most of the different areas of South America. Even if a reduction
in the potential area of distribution is not probe for a main role of environmental changes
in driving the demise of horses, the models presented here suggest an increased risk of
extinction for these taxa during the late Pleistocene which was accompanied by a spread
of humans in the continent.

Keywords: megafauna, Equus, Hippidion, PSDM, extinction
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1. INTRODUCTION

Two genera of horses are recognized for the Pleistocene of South
America: Equus and Hippidion. The genus Equus is also present
in the fossil record of North America, Eurasia, and Africa, and
corresponds to the only genus with living representatives of
the family Equidae. Hippidion, on the other hand, is endemic
to South America and it is not known if it originated in
this continent or somewhere else (Prado and Alberdi, 2017).
Hoffstetter (1950) established the subgenus Equus (Amerhippus),
based mainly on morphological characteristics of the skull, to
denote a different clade for the South American lineage of
the genus. The validity of this subgenus has been questioned
in more recent times based on morphological (Eisenmann,
1979; Alberdi and Prado, 2004; Prado and Alberdi, 2017) and
genetic studies (Orlando et al., 2008), therefore, the subgenus
category will not be used here. Historically, several species for
both genera have been established from the study of South
American fossils. For Equus, Prado and Alberdi (2017) propose,
based on the morphology of cranial and postcranial elements,
the presence of three species: E. neogeus, E. andium, and
E. insulatus. This classification has been challenged by more
recent studies that suggest a single species of Equus for South
America, which shows a gradient of morphological variation
following different environmental conditions (Machado et al.,
2018). Less debated at the moment is the presence of three
species of Hippidion: H. saldiasi, H. devillei and H. principale
(Prado and Alberdi, 2017).

The recorded occurrences from the fossil record of the
different species of horses suggests that they occupied different
habitats in the continent (Figure 1 for the species used here).
Equus neogeus is the most broadly distributed species of the
genus occupying environments both in the Atlantic and Pacific
coasts of the continent, the Andes and the interior, from the
subtropics to the north and even reaching the Caribbean (Prado
and Alberdi, 2017). The smaller forms, E. insulatus and E. andium
are exclusively found in the western side of the Andes, from
southern Chile to the north (Prado and Alberdi, 2017). The
largest form of Hippidion, H. principale, is mainly distributed
in the eastern part of the continent from the subtropics to
north east Brazil (but there is one late Pleistocene finding of
H. principale in central Chile Alberdi and Frassinetti, 2000).
Hippidion devillei is found in the Andean region, Pampas
and eastern Brazil, while H. saldiasi is the horse with the
southernmost distribution in the continent which is restricted
to the southern cone, ranging from the tropics to Tierra del
Fuego (Prado and Alberdi, 2017). All the representatives of
the two genera became extinct at the end of the Pleistocene
as part of the Late Quaternary Extinction event (LQE) that
affected South America and almost every other continent in the
planet (Koch and Barnosky, 2006). In South America, this event
was particularly severe and around an 83% of all the genera
considered megafauna (over 44kg) in the continent disappeared
during the late Pleistocene and the beginning of the Holocene
(Brook and Barnosky, 2012). As for most of the taxa that became
extinct during the LQE, the debate about the causes behind
the extinction of horses revolves around the role of climate

changes happening at the end of the last ice age, the role of
humans entering the continent and combinations of both drivers
of extinction.

1.1. Horse Extinction in South America:

Human vs. Environmental Drivers

Until now, what we know about the possible causes behind
the extinction of horses in South America comes from regional
analyses. In these studies (Prado et al., 2015; Barnosky et al., 2016;
Villavicencio et al., 2016; Villavicencio and Werdelin, 2018) the
radiocarbon chronology of megafaunal extinction is compared
to the chronology of human presence and to the timing of
major environmental changes in the areas under study, giving
an idea of the possible role of the different factors in driving
some of these extinctions. The most complete radiocarbon record
for the presence and demise of Equus neogeus comes from
the Pampas region of Argentina, Uruguay and Southern Brazil,
and shows spatial coexistence between humans and horses for
around 3,000 yr, dismissing a scenario of rapid overkill or
“blitzkrieg” scenario [rapid extinction; Mosimann and Martin
(1975)] in the area. At around 12 kyr BP (calendar years before
present), E. neogeus disappears from the record, during a time
of major vegetation changes in the Pampas (Prado et al., 2015;
Barnosky et al., 2016). A similar situation is observed for the
area of Ultima Esperanza in Southern Patagonia where the
radiocarbon record for the presence of Hippidion saldiasi, the
only horse inhabiting this region, shows at least 2,000 yr of spatial
coexistence between humans and this species. This coexistence
is followed by the disappearance of H. saldiasi from the record
during a time of vegetation changes in the landscape from a
grass steppe to Nothofagus forests (Villavicencio et al., 2016).
A different situation is observed from a less robust chronology
coming from the Andean Altiplano that records the existence
in this area of Hippidion devillei during the late Pleistocene
(Villavicencio and Werdelin, 2018). This record shows little
evidence of temporal overlap between humans and horses in
the area, with H. devillei disappearing from the record during a
time of drying conditions. In summary, the chronology of horse
disappearance in different regions shows no evidence of overkill
of members of this group by human hunters, although it does
not discard a more protracted role of humans in the process of
extinction. At the same time, it shows a temporal coincidence of
changes in the environment and the demise of horses, suggesting
a possible important role for climatic changes in driving
their extinction.

To explore the role of environmental changes in driving
extinctions, we use paleo species distribution models (PSDM) to
explore the dynamics of the climatic niche and the potential range
of distribution of different species of horses as South America
was transitioning from the Last Glacial Maximum (LGM) to
the Holocene. Species distribution models have proven to be
useful for determining the current distribution of common and
rare species (Peterson et al., 2011; Gonzalez-Salazar et al., 2013;
Breiner et al., 2015), forecasting future distributions of species
(Peterson et al.,, 2018; Raghavan et al., 2019), hindcasting the
past distribution of extinct and extant species (Nogués-Bravo,
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FIGURE 1 | Geographic distribution of fossil records of horses used in this study. Directly dated records (red stars) are those corresponding to fossil specimens
directly dated using radiocarbon dating; stratigraphically dated records (yellow dots) are those dated according to associated radiometric dates (.., 14C, 234U/230Th)
on sediments or other stratigraphic features; Late Pleistocene (blue dots) and Pleistocene records (empty dots) are those fossil specimens which are tentatively
assigned to the Pleistocene epoch or Late Pleistocene times according to the literature.

2009), predicting the yield of crops (Hannah etal,, 2013; Ramirez- 2. MATERIALS AND METHODS

Gil et al, 2018) among other applications. Niche modeling,
and PSDM in particular, is a powerful tool for the study of
the potential distribution (its spatial and temporal dynamics) of

Occurrence data of the species of Hippidion and Equus
was compiled from the literature and the Paleobiology

extinct horses in South America, which will allow us to assess
the role of environmental changes in the extinction of South
American horses.

Database (https://paleobiodb.org/). The compilation consists
of direct radiocarbon dates on different specimens as well as
stratigraphically dated specimens. All the data was checked
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in the pertinent references and cleaned to avoid repetitions in
the data. Only presences occurring from 21 kyr BP onwards
and species with more than 5 records available were used to
build the models. Even when species distribution models can
be developed with a lower limit of three presences, we decided
to be conservative and place a minimum of five occurrences
to run the models (van Proosdij et al., 2016). Following these
criteria, we were able to develop models for four taxa: Equus
neogeus (26 presences), Hippidion principale (10 presences),
Hippidion devillei (6 presences) and Hippidion saldiasi (23
presences). The geographic distribution of the fossil data used is
presented in Figure 1 and Data Sheet 1, along with occurrences
assigned tentatively to the late Pleistocene and the Pleistocene
in the literature. Most of the occurrences used are assigned in
the literature to the species level. Just three occurrences for
Hippidion saldiasi are assigned to the species level with some
uncertainty. This information is specified in the Data Sheet 1.

2.1. Climatic Layers

We generated downscaled (2.5 min) bioclimatic layers based on
the layers from the software PaleoView (Fordham et al., 2017).
We use average high and low monthly temperature and average
monthly precipitation represented as a difference from present
conditions, and for the period from 21 kyr BP to 8 kyr BP,
between the latitudes of 15 degrees north to 60 degrees south,
and between longitudes 87.5 degrees west to 27.5 degrees west.
These layers were then used to apply the delta method modified
to consider the changes in sea level (Schmatz et al., 2015). Past sea
levels were estimated from previous publications (Fleming et al.,
1998; Milne et al., 2005), coupled with the Gebco database for
bathymetry and topography (Weatherall et al., 2015) and using
the Worldclim 1.4 as current conditions for the delta method
(Hijmans et al., 2005). We used Worldclim 1.4 instead of 2.0
since version 1.4 uses 1975 as reference to calculate differences
in climate, the same as Paleoview and unlike Worldclim 2.0
(Fick and Hijmans, 2017). After generating the downscaled
average high and low monthly temperature and average monthly
precipitation, we used the biovars function from the dismo
package (Hijmans et al., 2017) to generate the 19 biolcimatic
variables usually used for Species Distribution Models. We used
all the bioclimatic variables to build the species distribution
models following (Phillips et al., 2006; Elith et al., 2011), using
the regularization method to avoid overfitting (Allouche et al.,
2006; Hastie et al., 2009; Merow et al., 2013). This method
allows machine learning algorithm techniques to decide which
biolclimatic variables are important to model the distribution
of the different species analyzed. The variable selected for each
of the species we used in this study can be found in the
Supplementary Material section.

2.2. Modeling

The Maxnet package was used to model the distributions of
all species (Phillips et al., 2004, 2017; Merow et al., 2013).
For each species the bioclimatic conditions of the presences in
each time slice plus the bioclimatic conditions of a thousand
random background points were extracted. As mentioned above,
only species with more than five presences were modeled. We

used 5-fold cross validation to fit the models when they had
more than 10 presences a three fold cross-validation if they
had 10 or less presences. After the models were fit, True Skill
Statistic (henceforth TSS) was used to select the threshold criteria
(Allouche et al., 2006).

In order to get a confidence interval for the size of the
geographic distribution, we used the TrinaryMaps package
(Merow, 2019) to get high and low confidence interval on the
threshold. This method detected the areas where the sensitivity
is prioritized and thus detects most of the presences giving a
larger distribution (Low confidence interval), and areas where the
specificity is prioritized (High Confidence Interval) which means
it will detect most of the false negatives resulting in a smaller
range (Merow, 2019).

The  predictive capacity of the models was
evaluated using AUC (Area https://www.overleaf.com/
3886381414dchghrxpdvrw Under the Curve) values obtained
from the ROC curves (Fawcett, 2006).

3. RESULTS

The predictive capacity of our models was high with values
of AUC close to 0.9 (Table 1). The potential distributions for
the four species analyzed here are presented as trinary maps
(Figures 2-5, see section 2 Materials and Methods for more
details) where blue represents areas of 0 probability of finding
the species, white represents the potential distribution calculated
using the low confidence interval (LCI, Table 1) of the threshold
and red represents areas calculated from the high confidence
interval (HCI, Table 1) of the threshold. These last are places with
the highest probability of finding the species.

During the LGM (21 kyr BP), the predicted potential
distribution of Equus neogeus (Figure2) shows the highest
probability of occurrence (red) in the Pampas region, central
Chile and some very small patches in south-east Brazil and the
northern Altiplano. The potential distribution estimated from the
LCI (white area) shows a great potential extension of the area
inhabited by E. neogeus covering from the Santa Cruz province in
southern Argentina to the southern portion of north-east Brazil
and forming a corridor to the west through central Chile. It is also
present in the high Andes, going from the eastern Cordillera in
Bolivia all the way north until the end of the Andean mountain
range in Colombia. From the LGM through the early Holocene
there is a reduction in both, areas calculated from the HCI (red)
and the ones calculated from the LCI (white) of the potential
distribution. Interesting is to notice that as the highly suitable

TABLE 1 | Model evaluation parameters.

Low CI High CI TSS threshold AUC Species hame
0.009 0.487 0.106 0.963 Equus neogeus
0.001 0.169 0.017 0.974 Hippidion devillei
0.134 0.421 0.304 0.963 Hippidion principale
0.001 0.397 0.028 0.978 Hippidion saldiasi
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FIGURE 2 | Trinary maps showing the potential distribution of Equus neogeus, calculated from the Last Glacial Maximum (LGM, 21 kyr BP) to the early Holocene (8
kyr BP). The different colors represent blue: areas where E. neogeus is not present; white: potential distribution of £. neogeus calculated from the low confidence
interval of the threshold and red: potential distribution of E. neogeus calculated from the high confidence interval of the threshold. See methods for more details.

areas of the Pampas became clearly reduced, the smaller one in
central Chile persisted and some small patches became available
in the Altiplano, eastern Bolivia and the northernmost portion of
the Andean cordillera. At the same time, suitable environments
suffer a southward shift during the early Holocene, reaching the
southernmost portion of the continent in the Atlantic coast.
Hippidion principale exhibits a potential distribution mainly
restricted to the southern cone during the LGM (Figure 3). The
potential distribution estimated from HCI (red) goes from the
Pampas extending south to the Santa Cruz province of Argentina.
Hippidion principale also has an Andean distribution mostly
situated in the high and western side of the Andes from north
to south Chile. Further, between 17-15 kyr BP the model predicts
the existence of a large pocket of potential area of distribution in
the Amazon basin, which becomes an area of high probability
of presence for H. principale. As we approach the transition
to the Holocene, the potential distribution of H. principale
becomes reduced and more displaced to the southern portion
of the continent, as well as more fragmented. During the early
Holocene, the remaining area of potential distribution estimated

from the HCI (red) of the model calculations is located in the
Pampas and extended to the adjacent western Andes. Some small
portion remain in Southern Brazil and Southern Chile.

Hippidion devillei and H. saldiasi exhibit a small potential
distribution during the time lapse analyzed, especially when we
only consider the areas calculated from the HCI denoted in red
(Figures 4, 5).

Hippidion devillei (Figure4) during the LGM presents a
fragmented distribution which includes a small portion of central
Argentina and patches located in the Altiplano and central Peru.
Some areas of the Amazon basin and south east Brazil are also
assigned as places of potential distribution (red). All of these
areas became reduced as we approach the Holocene and the last
remnants that persist until 8 kyr BP are some patches in the
Altiplano and in western Brazil.

Hippidion saldiasi (Figure 5) during the LGM has a potential
distribution calculated from the LCI (white) located in the
southern portion of the continent from Tierra del Fuego,
covering all Argentina, central and northern Chile, and extending
in the high Andes as far as northern Ecuador. There are very few
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FIGURE 3 | Trinary maps showing the potential distribution of Hippidion principale, calculated from the Last Glacial Maximum (LGM, 21 kyr BP) to the early Holocene
(8 kyr BP). The different colors represent blue: areas where H. principale is not present; white: potential distribution of H. principale calculated from the low confidence
interval of the threshold and red: potential distribution of H. principale calculated from the high confidence interval of the threshold. See methods for more details.
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areas of potential distribution estimated from the HCI during the
LGM, which becomes bigger after about 16 kyr BP in southern
Patagonia, reaching its highest extension between 13 and 11 kyr
BP. While the rest of the potential area of distribution (white)
becomes smaller as we approach the early Holocene, the areas of
potential distribution estimated from the HCI (red) persist up to
8 kyr BP in the southern portion of the continent.

The dynamics of the potential area of distribution (in km?)
calculated for the four different taxa using the TSS threshold
through time is shown in Figure 6. Equus neogeus and Hippidion
principale are the ones with the broadest distribution during the
LGM with an estimated area close to 2.7 million km? for both of
these taxa, while H. saldiasi potentially occupied an area of 1.4
million km? and H. devillei an area 7.9 thousand km?. For all
species there is a reduction in the potential areas of occupancy
through time, and by 8 kyr BP Equus neogeus has lost a 61% of
its potential area of distribution, H. principale a 36%, H. devillei
a 55%, and H. saldiasi a 35%.

The diversity of horses at different times is shown in Figure 7.
From the LGM to 14 kyr BP, it is possible to observe areas

in central Argentina and the Pampas where the four species of
horses potentially coexisted. The potential distribution of the four
species together has its greatest extension at around 18 kyr BP.
After 13 kyr BP, only a small area with a diversity of three species
of horses is located in the southern portion of the Pampas, which
remains until the end of our analyses at 8 kyr BP. By 10 kyr BP,
new potential areas with a diversity of three species appear in the
Altiplano and in portions of Southern Patagonia, disappearing
by 8 kyr BP. An estimation of the change in biodiversity through
time was calculated by subtracting the diversity at 8 kyr BP from
the one calculated at 21 kyr BP (A Diversity in Figure 7). From
this analysis we can see how the diversity is reduced in areas of
central Argentina, the Pampas and Central Chile while increases
in the southern portion of the continent and in some areas of the
high Andes, north east Argentina and south east Brazil.

4. DISCUSSION

We have shown that the potential distribution of the analyzed
species drastically decreased from the late Pleistocene through
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FIGURE 4 | Trinary maps showing the potential distribution of Hippidion devillei, calculated from the Last Glacial Maximum (LGM, 21 kyr BP) to the early Holocene (8
kyr BP). The different colors represent blue: areas where H. devillei is not present; white: potential distribution of H. devillei calculated from the low confidence interval

of the threshold and red: potential distribution of H. devillei calculated from the high confidence interval of the threshold. See methods for more details.

the Holocene and, according to the PSDM, no