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The extant horse genus Equus originated in North America, probably during the late
Miocene/early Pliocene, and its entrance into South America was possibly related to
one of the last four stages of the Great American Biotic Interchange. Nonetheless, the
genus had a broad geographic distribution throughout South America. Five species
of Equus were traditionally recognized on this continent, although recently they have
been synonymized into three: Equus neogeus, E. insulatus, and E. andium. However,
the diagnoses of the three species are still unclear and a recent study showed that the
characters previously used are not taxonomically valid, with the implication that in South
America, Equus was represented by a single species, E. neogeus. This contribution
is intended to update current knowledge on the diversity of South American Equus.
Accordingly, a synthesis of prior knowledge as well as an update on the fossil distribution
of Equus is presented here. Dental analyses were carried out, and the results revealed
a clear overlap among the currently recognized species. Characters of the autopodia
were also reanalyzed with greater sampling, and the results once again confirmed that a
single species was present in South America. The update of fossil occurrences increased
knowledge of the geographical distribution of the genus in South America. There are
records throughout almost the entire continent, except for regions in the Amazonian rain
forest, at latitudes south of 40°S, and at altitudes above 3,000 m. Furthermore, evaluating
the new data with reference to geography revealed that E. neogeus formed a smooth
cline, in which variation was gradual and continuous. It is also inferred that observed
phenotypic variation is probably related to topography.

Keywords: Equus, South America, autopodia, paleobiogeography, cline

INTRODUCTION

The genus Equus originated during the Early-Middle Pliocene in North America, probably in the
Blancan North American Land Mammal Age (NALMA), but it was during the Pleistocene that
the group reached its widest geographical range, with records on all continents except Antarctica
and Australia (MacFadden, 1994; Eisenberg and Redford, 1999; Alberdi and Prado, 2004; Prado and
Alberdi, 2017). However, very recently the genus Equus was retricted to its traditional crown-group,
which included only the diversity from the early Pleistocene to the Recent (Barron-Ortiz et al,, in
press). Currently the genus is restricted to Eurasia and Africa, and its extinction in the Americas is
probably related to negative selection against the megafauna at the end of the Pleistocene and the
beginning of the Holocene (MacFadden, 1994).

The invasion of Equus into South America was possibly related to one of the dispersion events
of the Great American Biotic Interchange (GABI) which occurred from the end of Pliocene to
the terminal Pleistocene (Webb, 1978; MacFadden, 1994; Woodburne, 2010; Bacon et al., 2016).
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Nonetheless, the genus had a widespread distribution throughout
South America and survived into the Late Pleistocene
(MacFadden and Azzaroli, 1987; Alberdi and Prado, 2004;
Prado and Alberdi, 2017). Traditionally, five species have been
recognized on this continent (Prado and Alberdi, 1994; Alberdi
and Prado, 2004), but recently the number has been reduced to
three: Equus neogeus, E. insulatus, and E. andium (Prado and
Alberdi, 2017). However, Machado et al. (2018) suggested the
possibility that South America might have had only a single
species of native Equus, namely E. neogeus.

The traditional taxonomy of South American Equus has
always relied on the length of the autopodium, which was
considered to be greatest E. neogeus, smallest in E. andium, and
intermediate in E. insulatus (Prado and Alberdi, 2017). Owing
to the difficulty of finding taxonomically significant differences
in qualitative dental characters, the current taxonomy of South
American Equus also relies on tooth proportions (Prado and
Alberdi, 1994, 2017; Alberdi and Prado, 2004). However, dental
analyses alone have been unable to fully distinguish between
the putative species, instead identifying a group with smaller
teeth dimensions corresponding to E. andium and a larger group
encompassing the other species (Prado and Alberdi, 1994, 2017;
Alberdi and Prado, 2004).

No clear, objective and certain basis for distinguishing
between the three species has been established and Machado
et al. (2018) and Machado (2018) showed that the characters
used previously are not taxonomically valid. Furthermore, when
a larger dataset is analyzed, there is a great overlap among all
three Equus species in morphospace (Machado, 2018; Machado
et al., 2018). The most plausible interpretation is that Equus was
probably represented in South America by only a single species,
E. neogeus. Morphological variation in autopodia, perhaps
representing a type of cline, might then be expected.

The aim of this contribution is to critically update current
knowledge of the diversity of South American native Equus. An
historical background is presented, mainly in order to establish
when the paradigm of the importance of size for the taxonomy
of South American native Equus was assumed and why it
must be forsaken. Additionally, tooth analyses are performed,
autopodial characters are reanalyzed with greater sampling and
new inferences are drawn.

MATERIALS AND METHODS

The historical background of South American Equus studies
presented here is a compilation from a detailed survey of the
literature, beginning with the first record of the genus in South
America (Owen, 1840).

The tooth analyses incorporated 1,409 dental specimens of
South American Equus, including (lower and upper) molars
and premolars at an intermediate wear stage (Solounias
and Semprebon, 2002). Dental elements were analyzed both
qualitatively and quantitatively, using data acquired with digital
calipers with 0.01 mm precision, following the recommendations
of Eisenmann et al. (1988), Figure 1. We relied on photos for
information on 144 out of the 1,409 specimens analyzed, and in

these cases we followed the procedures of Mariano and Romano
(2017) and took measurements using ImageJ (Rasband, 1997).

When dealing with isolated Equus teeth, only the second
premolar (P2/p2) and the last molar (M3/m3) are easily identified
(Eisenmann et al., 1988). Since most of this sample analysis relied
on isolated teeth, upper and lower cheek teeth were divided into
three categories: P2/p2; M3/m3; and P3, P4, M1, M2/p3, p4, m1,
and m2.

Bivariate and multivariate analyses were performed. The
bivariate analysis was carried out on the tooth measurements
that are more related to the dimensions of occlusal surface and
was run in Microsoft Excel (2010 version). Multivariate analyses
included PCA and CVA, and for the PCA the problem of missing
data was handled by the Iterative Imputation method (Hammer,
2012; Machado et al., 2018).

The methodology used in the autopodial analysis took into
consideration the latest proposition of Prado and Alberdi (2017)
and followed the methods and reasoning of Machado et al.
(2018). We analyzed 29 metatarsi (MTIII), 33 metacarpi (MCIII)
and 54 first phalanges (IPHIII) of E. andium; 53 MTIII, 47 MCIII,
and 70 IPHIII of E. insulatus; and 20 MTIII, 14 MCIII, and 28
IPHIII of E. neogeus. Since the North American E. occidentalis
used to be included in the same subgenus as the South American
Equus (Hoffstetter, 1950), the northern species was used here as
a control group and 32 MTIIL, 40 MCIII and 56 IPHIII of E.
occidentalis from Rancho La Brea, California were also analyzed.

Comparative morphological, morphometric and statistical
analyses were performed, using measurements taken according
to the recommendations of Eisenmann et al. (1988, Figure 1)
with digital calipers with 0.01 mm precision.

The bivariate analyses were performed in Microsoft Excel
(2010 version), based on the dimensions of the autopodial
elements as captured by measurements 1, 3, and 4 of MTIII
and MCIII, and measurements 1, 3, and 5 of IPHIIIL. The PCA
and CVA were based on all the measurements recommended by
Eisenmann et al. (1988), but measurements 10, 11, 12, and 13
of IPHIII were omitted due to the difficulty of distinguishing
between some examples of this bone as being left or right. All
analyses were performed in Past version 3.16 (Hammer, 2012).

The statistical analysis consisted of a variance analysis using
the non-parametric Kruskal-Wallis test, with Dunn’s method as a
post-hoc test, and was executed in BioEstat 5 (Ayres et al., 2007).
The only measurements used in this analysis were those related
to the Gracility Index (Alberdi and Prado, 2004) and to the
biomechanical properties of the distal limb bones measurements
1, 3, 4, 5, and 10 of MTIII and MCIII, and measurements 1, 3, 5,
7, and 8 of IPHIII (Machado et al., 2018).

All the specimens represent adult individuals and are
deposited in the paleontological collections of the following
institutions: Museu Nacional (MN) and Museu de Ciéncias
Naturais da Pontificia Universidade Catdlica de Minas Gerais
(MCL), Brazil; Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia” (MACN-Pv) and Museo de La Plata
(MLP), Argentina; Museo de Historia Natural “Gustavo Orcés
V” (V and MECN), Ecuador; Museo Nacional Paleontologia y
Arquiologia de Tarija (TAR), Bolivia; Museo de Historia Natural
(UNMSM), Peru; Museo de Ciencias Naturales Federico Carlos

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2019 | Volume 7 | Article 235


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

Machado and Avilla The Diversity of South American Equus

FIGURE 1 | Dimensions used for teeth and autopodial analyses, according to the Hipparion Conference (Modified from Eisenmann et al., 1988): (A) Lower dentition
(left) (2) occlusal length, (3) length of the preflexid, (4) length of the double-knot, (5) length of the postflexid, (6) maximal width; upper dentition (right) (2) occlusal length,
() occlusal length of the protocone, (4) occlusal width; (B) IPHIII (2) anterior length, (3) minimal breadth, (4) proximal breadth, (5) proximal depth, (6) distal breadth at
the tuberosities, (7) distal articular breadth, (8) distal articular depth, (9) minimal length of the trigonum phalangis; (C) MCIIl and (D) MTIII (2) medial length, (3) minimal
breadth, (4) depth of the diaphysis, (5) proximal articular breadth, (6) proximal articular depth, (7) maximal diameter of the articular facet for the third tarsal/carpal, (8)
diameter of the articular facet for the fourth tarsal/carpal, (9) diameter of articular facet for the second tarsal/carpal, (10) distal maximal supra-articular breadth, (11)
distal maximal articular breadth, (12) distal maximal depth of the keel, (13) distal minimal depth of the lateral condyle, (14) distal minimal depth of the medial condyle,

(16) diameter of the posterior facet for the fourth carpal.

Lehman, Colombia; and American Museum of Natural History
(AMNH) and La Brea Tar Pits and Museum (previously the
George C. Page Museum; GCPM), USA.

An updated tabulation of the distribution of fossil Equus in
South America was made through a survey of the literature.
Catalog cards from the Museo de La Plata (MLP) and
Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”
(MACN-Pv) were also consulted as a source of information on
localities where Equus fossils have been found, as was the catalog
of fossil-types and figures from the paleo vertebrate collection of
the Museu Nacional (MN).

RESULTS

Comments on the State of Knowledge of
South American Equus Taxonomy: Did Size
Really Matter?

The urgency of a new taxonomic arrangement for South
American Equus becomes clear when its taxonomic history is

reviewed. Most of the traditional taxonomy was founded on poor
samples and superficial diagnoses, which mainly used differences
in size to characterize the various putative species. Thus, most
taxonomic revisions of South American Equus neglected the fact
that morphological variations can reflect non-taxonomic factors,
such as ontogeny, sexual dimorphism and individual/population
differences, and particularly adaptation driven by exposure
to different environments (lowlands vs. highlands and within
distinct altitudes in the Andes). However, the taxonomic zeitgeist
of the mid-nineteenth to mid-twentieth century favored splitting,
which generated many poorly diagnosed species and resulted in a
distorted view of ancient diversity. South American native Equus
taxonomy conformed to this pattern.

The history of the taxonomy of native fossil horses in South
America could not have had a more special beginning than
at the hands of one of the greatest scientists of all time,
Charles Darwin. The survey expedition of the HMS Beagle
brought Darwin to the Province of Santa Fé, Central-Eastern
Argentina, where he found a horse molar at the locality of
Bajada de Santa Fé in October 1833 (Figure 2A; Lister, 2018).
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FIGURE 2 | Molars associated with the first records of Equus from South America: (A) right M2 collected by Darwin in Entre Rios, Santa Fé (Argentina) and identified by
Owen; (B) left M1 found in association with the holotype of E. neogeus in Lagoa Santa, Minas Gerais (Brazil) and used in the original description by Lund. Scale 1 cm.

Although other South American Holarctic mammals, such as
proboscidean gomphotheres (Cuvier, 1806), had previously been
found and published, Darwin was surprised to find a horse tooth
in Argentina, and at first he thought it might be the remains
of a domestic animal (Lister, 2018). After careful examination,
however, he was left with no doubt that it was from a fossil horse,
because he had collected it from a layer that also contained other
native extinct mammals (Lister, 2018). This molar is believed to
be the first fossil evidence of native horses in South America and
is housed in the Natural History Museum in London (England).
The fossils collected by the Beagle expedition were studied and
first described by Richard Owen in 1838, and he considered the
aforementioned horse molar to be essentially similar to those of
living (domestic) horses, identifying it only as “a species of horse”
(Lister, 2018; Figure 2A). Subsequently, Owen (1845) revisited
the fossil molar and considered it to represent a new species,
which was named Equus curvidens.

At the same time (between 1835 and 1845), the Danish
explorer Peter W. Lund collected plants, animals and fossils
in the region of Lagoa Santa in the State of Minas Gerais,
southeastern Brazil. Lagoa Santa includes a very important
Brazilian speleological province with hundreds of caves, from
which numerous human and megafaunal fossils were recovered.
Among these, a metacarpal fossil bone of a native horse was
recognized as a previously unknown species by Lund (1840) and
was named E. neogeus (Figure 2B). Although Lund misspelled
its specific epithet (the correct orthography would have been
“neogaeus,” a Greek word meaning “new world”), the original
spelling Equus neogeus must be maintained according to the
International Code of Zoological Nomenclature. Later, Lund
(1846) presented a list of species found in several caves at Lagoa
Santa, in which the horse metacarpal appeared as Equus aff.

caballo (probably a misspelling of Equus caballus). However,
the use of this designation left open the interpretation that
Lund might have been in doubt about the taxonomic validity of
Equus neogeus. Additionally, this manuscript was among the first
sources to mention the association of human and megafaunal
fossils in South America, suggesting that both might have co-
existed (Lund, 1846; Owen, 1869). Furthermore, Peter W. Lund
left a manuscript indicating the existence of at least two more
new species of Equus (E. escrivanensis and E. soarensis) from
the Lagoa Santa caves, which were later described by Winge
(1906). However, the specimens clearly represent the same
species Equus neogeus, as noted in subsequent authors’ revisions
(Hoffstetter, 1950).

The French explorer Hugues A. Weddell collected and
described several fossil mammals from the Tarija deposits of
southern Bolivia (1845-1846; Weddel, 1851). Among those, he
named an indigenous horse Equus macrognathus, diagnosed
by a large-sized mandible. It should be noted that this author
also pointed out the great resemblance of E. macrognathus,
especially with regard to its large size, to the lowland Pampean
fossil horse E. curvidens described by Owen (1845). Although
most authors have indicated that Equus from the lowlands of
South America (Argentina, Uruguay, and Brazil, including the
Pampean region) are larger than those from Tarija (HofIstetter,
1950; MacFadden and Azzaroli, 1987; Alberdi and Prado,
1992; Prado and Alberdi, 2017), direct comparisons of a
large sample of specimens do not uphold this argument,
and Machado et al. (2018) found no statistical support for
a size difference in an analysis of autopodial bones of South
American Equus from several localities representing its paleo
geographical range (from the lowlands to the highlands of
the Andes).
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One of the most important studies of South American Equus
taxonomy is that of Gervais (1855). This author argued that
E. macrognathus from Andean Bolivia and E. americanus, E.
curvidens, and E. neogeus from the lowlands of Chile, Argentina
and Brazil must all represent the same species and should be
synonymized by priority under the name E. neogeus. This is the
first time that South American highland and lowland Equus were
considered to belong to a single species, an argument defended
by Machado (2018).

The first taxonomic comparisons among South, Central and
North American Equus species were made by Owen (1869).
In contrast to his French colleague, the British scientist argued
that most known fossils of Equus recognized at that time (E.
neogeus, E. curvidens, E. conversidens, E. tau, E. macrognathus,
and E. devillei) represented valid, distinct species. However,
most of these Equus species had been described by Owen
himself, and his taxonomic contributions are known to have been
underpinned by a taxonomic splitter approach. Accordingly,
it is clear that the author’s only intention was to identify
morphological attributes that could distinguish (Lund’s, 1840)
E. neogeus from his own E. curvidens (Owen, 1845), given that
Lund’s name would have taxonomic priority if the two proved
synonymous. However, it took more than 100 years before E.
curvidens was formally recognized as a junior synonym of E.
neogeus (Souza Cunha, 1971).

The second half of the nineteenth century witnessed
paleontological explorations in South America that extended to
the highest altitudes of the Andes. Wagner (1860) was the first to
publish on a native Equus found on the Antiplano around Quito,
Ecuador, which he recognized as a new species, Equus fossilis
andium. Later, Branco (1883) proposed the new combination
Equus andium for the fossils studied by Wagner (1860) and
described several other specimens of Equus andium from diverse
fossiliferous deposits in the Ecuadorian Andes.

During the second half of the nineteenth century and
the beginning of the twentieth, several other new species of
Equus were named from South America (e.g., E. lundii Boas,
1881, E. argentinus Burmeister, 1875, E. quitensis Wolf, 1875
and E. rectidens Gervais and Ameghino, 1880, E. muiiizi
Ameghino, 1904, E. gracilis, Ameghino, 1904, E. insulatus
Ameghino, 1904, and E. haasei Reche, 1905), but this may
be explained by the fact that taxonomy all around the world
was dominated by a splitter approach. However, those species
were very often poorly diagnosed (and sometimes lacked any
diagnosis at all) and defined based only on variations in tooth
morphology. Furthermore, there was a tendency among natural
historians of the time to consider all morphological variations
as valid taxonomic diagnostic features, neglecting that such
variations can also result from ontogeny, dimorphism, and
individual/population differences. In the particular case of horse
teeth, many variations can arise through masticatory wear
(Gromova, 1949, 1952).

As a result, most subsequent taxonomic studies on South
American Equus were revisions of dental diagnoses of the diverse
nominal species recognized in previous papers (Sefve, 1912;
Boule and Thevenin, 1920; Hoffstetter, 1950, 1952; Souza Cunha,
1971; MacFadden and Azzaroli, 1987; Alberdi and Prado, 1992;

Prado and Alberdi, 2017; Machado, 2018). Boule and Thevenin
(1920) started their revision paper by arguing that: “... molars
of horses are quite variable; and, because we did not sufficiently
take into account this variability, we have multiplied to excess
the names of fossil horse species.” Based on this argument, these
authors conducted a detailed morphological analysis, mainly
considering dental features, of a very abundant sample of
Equus from Tarija (Bolivia), named E. insulatus after Ameghino
(1904). Thus, they demonstrated that E. insulatus is part of an
extensive but expected range of morphological variation seen in
E. andium (i.e., they considered the Equus from Tarija to be E.
andium Branco, race insulatus Ameghino). Further, these authors
reinforced their previous argument by saying: “There is, between
the E. andium of Bolivia and the one that lived at a higher altitude
in Ecuador, a similar size difference as exists between the extant
(domestic) horses of the plain and those living in the highlands
of Bolivia.” Again, it was demonstrated that size distinctions
within South American Equus from different altitudes were
expected morphological variations of a single species with a wide
geographic range. However, and unfortunately, most subsequent
authors did not pay attention to these important arguments.

Spillman (1938) took the opposite perspective in conducting
his taxonomic revision of Ecuadorian Equus. First, he applied the
genus name Neohippus to these specimens (Abel, 1913), instead
of Equus, without any justification. According to Hoffstetter
(1950), the genus Neohippus must be considered a nomen nudum,
because its original description neither includes a diagnosis,
nor designates a genotype. Furthermore, Hoffstetter (1950)
argued that Neohippus was a synonym of Equus, with the latter
having taxonomic priority. However, the species of Spillman
(1938) will be cited below under their original names (i.e.,
using the genus Neohippus) for historical reasons. Spillman
(1938) recognized a diversity of five species, four of which were
previously unknown. He recognized and diagnosed each of the
species using chronostratigraphy and/or endemism (localities
and altitudes) together with dental and post-cranial morphology.
In this scheme, the following fossil horses would be present in
Ecuador, from earliest to the most recent: Neohippus andium, the
horse of the ancient Ice Age of Ecuador; N. martinei n. sp., the
interglacial horse from the highlands of Ecuador; N. santaeelenae
n. sp., the interglacial horse from the coastal region of Ecuador;
N. rivadeneirae n. sp., the horse of the second or last main
Ice Age (Last Glacial Maximum, LGM); and N. postremus n.
sp., the post-glacial horse of Ecuador from prehistoric deposits.
However, it is clear that this author did not consider the stages of
tooth wear, leading to excessive taxonomic splitting, even though
most of the morphological diagnoses for his new species are
based on differences in dental crown morphology. Furthermore,
Spillman (1938) was the first taxonomist to diagnose species of
South American Equus using proportions and sizes of bones, a
tendency seen in taxonomic treatments of the group over the
following 80 years (Porta, 1960; MacFadden and Azzaroli, 1987;
Alberdi and Prado, 1992; Prado and Alberdi, 2017). However,
morphological variations would be expected to occur among
animal populations that inhabited different environments, and
in particular might have been driven by an altitudinal gradient
(Avilla et al., 2018; Machado et al., 2018).
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One of the most well-known taxonomic reviews for South
American Equus was that by Hoffstetter (1950), mainly because
it initiated a period of taxonomic stability lasting more than 60
years. One of the goals of Hoffstetter (1950) was to establish
the genus Amerhippus, diagnosed by a single feature: the lack
of an infundibulum in the lower incisors. This proposed genus
was the result of dental comparisons between the extant E.
caballus and the species recorded in the Pleistocene of Ecuador,
E. andium from the highlands and E. santaeelenae from the
lowlands (Hoffstetter, 1950). On a later and admittedly brief
trip to South America, specifically to Bolivia and Argentina,
Hoffstetter (1950) also recognized the lack of an infundibulum
in both E. insulatus from the highlands and E. curvidens from
the lowlands. The remaining South American species were
analyzed according to the literature available at that time,
and the lack of an infundibulum in their lower incisors was
also noticeable (Hoffstetter, 1950). Therefore, Amerhippus was
considered to include all South American Equus valid at that
time, namely Amerhippus andium, A. insulatus, A. martinei,
A. curvidens, A. santaeelenae, and A. neogeus, in addition to
the North American Equus occidentalis from the La Brea Tar
Pits, California (USA) (Hoffstetter, 1950). However, Hoffstetter
(1950) did not mention or justify the exclusion of Neohippus
(=Equus) rivadeneirae and N. postremus, species named by
Spillman (1938), and no other study after this revision made
any mention of either species. Under the taxonomy proposed
by Hoffstetter (1950), the first three Amerhippus species listed
above are, small, medium-sized and large Andean native horses,
respectively, whereas the last three are very large lowland
ones. However, Hoffstetter (1950) did not explicitly use size
differences to distinguish among these species or provide any
additional characters to diagnose those species. All revisions or
taxonomic propositions after Hoffstetter (1950) followed this
size-based taxonomic framework, which is why this contribution
is so important for South American native Equus taxonomy.
Moreover, Hoffstetter (1950) considered A. andium to be the
type genus of Amerhippus since it was the best-known species
of the putative genus at the time and was easily identifiable
due to its reduced size. However, this same author in a latter
monograph (Hoffstetter, 1952) proposed that Amerhippus was a
subgenus of Equus, and most succeeding contributions followed
this taxonomic rearrangement (MacFadden and Azzaroli,
1987; Alberdi and Prado, 2004; Prado and Alberdi, 2017;
Machado et al., 2018).

In 1960, Porta studied the fossil horses from Bogota
(Colombia) and produced the first detailed description of a
cranium of E. lasallei, a species that had been briefly described
and named by Daniel (1948). However, one of the most
important pieces of information overlooked in revisions of
South American Equus until the work of Porta (1960) was
not the taxonomic validity of E. lasallei, but the presence of
two large-sized Equus that inhabited the Andes during the
Pleistocene (specimens referred to E. lasallei and E martinei).
Thus, at that moment, four size-based native horse species
were recognized in the Andes: the small E. andium, the
medium-sized E. insulatus and the very large E. lasallei
and E. martinei.

Souza Cunha (1971) analyzed the holotypes of E. neogeus and
E. curvidens, as well as several specimens assigned to each of
these species, which collectively represented the first fossil horses
discovered in South America. Souza Cunha (1971) also described
for the first time the fossils of E. neogeus collected by Lund in
Lagoa Santa, Minas Gerais (Brazil), which until then had been
mentioned only briefly in the literature. However, the greatest
contribution of Souza Cunha (1971) was to propose E. neogeus as
a senior synonym of E. curvidens by priority. For the first time, all
Cis-Andean (the area east of Andes) lowland native Equus were
grouped under a single name, E. neogeus, leaving E. santaeelenae
as the only lowland Trans-Andean native horse.

MacFadden and Azzaroli (1987) described the first skull
of E. insulatus, a species that until then was known mainly
from isolated teeth, post-cranial bones, and some tooth-bearing
maxillae and fragmented mandibles. The authors reviewed
E. insulatus and suggested it represented a “morphological
intermediate” between the large E. lasallei and the small E.
andium. Once more, size was used to define Andean native horse
species. However, neither this contribution nor any subsequent
taxonomic revision (Alberdi and Prado, 1992; Prado and Alberdi,
2017) made any comments (in either opposition or defense)
on the arguments offered by Gervais (1855) and Boule and
Thevenin (1920) in their studies of the Tarija horses, which
insightfully discussed the validity of E. insulatus and proposed
that this taxon might fall within the range of morphological
variation expected in E. andium. Furthermore, MacFadden and
Azzaroli (1987) assumed the validity of E. insulatus based on the
features of a single skull and a few other specimens, disregarding
the range of morphological variation pointed out by Gervais
(1855) and Boule and Thevenin (1920). The classification of
South American Equus recognized by MacFadden and Azzaroli
(1987) is very similar to that proposed by Hoffstetter (1950,
1952), except for the inclusion of E. lasallei (Porta, 1960).
However, MacFadden and Azzaroli (1987) appeared to ignore
the study of Souza Cunha (1971) published 16 years before
and considered E. curvidens valid without offering reasons for
this judgment.

The revision by Alberdi and Prado (1992) once more used
size to distinguish between South American Equus species but
differed from previous studies in that quantitative and statistical
analyses were used to determine how informative size was for
this purpose. Their results supported a similar taxonomy to that
proposed by MacFadden and Azzaroli (1987), combined with the
synonymy proposition of Souza Cunha (1971). Accordingly, the
taxonomy of South American Equus proposed by Alberdi and
Prado (1992) included the following five species: E. neogeus, E.
andium, E. santaeelenae, E. insulatus and E lasallei. However,
Alberdi and Prado (1992) did not explain the exclusion of
Equus martinei from their study (Spillman, 1938). There is a
large sample of autopodia of Equus martinei in the collection
of the Museo de Historia Natural in Quito, Ecuador, and
it would have been helpful to include this species, the only
large native horse that inhabited the highest Andean areas,
in the quantitative analyses. The other large Andean Equus
species, E. lasallei, was excluded from Alberdi and Prado’s (1992)
analyses due to a lack of preserved autopodia. Accordingly,
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their study and taxonomic proposals were biased in that the
only large native horse to be analyzed was the lowland E.
neogeus. During the following 12 years the literature on South
American Equus, mostly published by Alberdi and Prado (1992,
1995, 2004); Prado and Alberdi (1994), contained no new
taxonomic proposals. However, these publications did produce
some taxonomic stability and a degree of consensus in how South
American Equus species could be differentiated by their size
and proportions, as follows: (1) Equus andium is characterized
by the shortest and more robust extremities, with autopodials
slightly more pronounced in length and robustness than in E.
insulatus; (2) E. insulatus has a bigger skull than E. andium,
but the two species are morphologically similar, and post-cranial
skeletal features indicate that E. insulatus is an intermediate form

between E. andium and E. neogeus; (3) E. santaeelenae has a
larger post-cranial skeleton than E. andium, phalanges that are
similar in size to those of E. neogeus but slightly more robust
than E. neogeus, and a metatarsus that more closely resembles
that of E. insulatus; (4) E. neogeus has larger autopodials than
the others, and a dental morphology distinct from that of E.
santaeelenae; and (5) E. lasallei is also large, but is similar in
dental morphology to E. neogeus. In most cases, however, these
criteria could not be successfully applied, because when a great
sample of specimens was analyzed, there was a clear pattern
of overlap between the species (Alberdi and Frassineti, 2000;
Machado et al., 2018). In a revision of Chilean native horse
fossils by Alberdi and Frassineti (2000), for example, only two
specimens of Equus could be identified at specific level, both
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proving to be E. andium. All other specimens were identified only
as Equus sp. since their dimensions placed them in an area of
overlap among the ranges of size variation seen in E. santaeelenae,
E. insulatus, and E. andium.

However, one of Alberdi and Prado’s collaborative published
works did not follow the taxonomic arrangement of Alberdi and
Prado (1992) and was also one of the first molecular (ancient
DNA) studies to be carried out on South American native horses
(Orlando et al., 2008). This study demonstrated that sequences
from South American Equus fossils fell within the caballine
horse cluster with maximum bootstrap support, and also cast

doubt on the previously accepted taxonomic status of Equus
(Amerhippus) as a distinct lineage of horses. Thus, this study left
the taxonomy of South American native Equus open to at least
two interpretations: (1) all American native horses belonged to
a single species, possibly Equus caballus; or (2) South American
native horses were a diverse paraphyletic lineage clustered within
the total diversity of American species of Equus. The first
hypothesis has been winning defenders among researchers of
American native horses, and the 2010s have witnessed a change
in the dominant taxonomic paradigm, in that even the most
traditional authors have recognized that the diversity of South
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FIGURE 4 | Principal component analysis based on three dimensions of upper cheek teeth and five dimensions of lower cheek teeth of E. neogeus (circle), E.

insulatus (triangle), and E. andium (x). Projected scores on: (A) Principal Components 1 (74%) and 2 (18%) from the analysis of P2; (B) Principal Components 1 (59%)
and 2 (29%) from the analysis of M3; (C) Principal Components 1 (47%) and 2 (41%) from the analysis of P3, P4, M1, and M2; (D) Principal Components 1 (57%) and
2 (31%) from the analysis of p2; (E) Principal Components 1 (67%) and 2 (20%) from the analysis of m3; and (F) Principal Components 1 (61%) and 2 (25%) from the
analysis of p3, p4, m1, and m2.
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American native horses is smaller than previously proposed
(Prado and Alberdi, 2017; Machado et al., 2018).

Consequently, Machado (2014) conducted a morphological
comparative analysis of the distal appendicular skeleton of South
American Equus, and two groups were recognized: an Andean
one, composed of E. andium and E. insulatus and with shorter
and more gracile metapodials; and another represented by the
lowland species E. neogeus and E. santaeelenae, with longer and
more robust metapodials.

Two taxonomic publications appeared in 2017, with
contrasting proposals (Prado and Alberdi, 2017; Machado
et al,, 2018). The first is a reiteration of previous proposals,

in which Prado and Alberdi (2017) questioned the validity of
the subgenus Equus (Amerhippus) and considered the species
E. santaeelenae and E. lasallei to be junior synonyms of E.
insulatus and E. neogeus, respectively. Only three species
of native South American Equus would then be valid: E.
andium, E. insulatus and E. neogeus. However, the diagnoses
offered for those species were still the same as in Alberdi
and Prado (1992), which established that E. insulatus is an
intermediate-sized species between the large E. neogeus and
the small E. andium. The Prado and Alberdi (2017) study
thus upheld the status quo of the last eight decades, at least
since Spillman (1938).
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FIGURE 5 | Scatter plots from Canonical Variates Analysis based on three dimensions of upper cheek teeth of E. neogeus (circle), E. insulatus (triangle), and E.
andium (x). Projected scores on: (A) axes 1 (93%) and 2 (7%) from the analysis of P2; (B) axes 1 (88%) and 2 (12%) from the analysis of M3; (C) axes 1 (71%) and 2
(29%) from the analysis of P3, P4, M1, and M2; (D) axes 1 (70%) and 2 (30%) from the analysis of p2; (E) axes 1 (90%) and 2 (10%) from the analysis of m3; and (F)

1 T T 1
0.75 1.50 5 3.00

(e}

Axis 1

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2019 | Volume 7 | Article 235


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

Machado and Avilla

The Diversity of South American Equus

On the other hand, Machado et al. (2018) put forward a
novel proposal and evaluated the taxonomic importance of the
autopodials of South American native Equus, which traditionally
were often used to diagnose species within this group as
noted above. The results revealed that autopodial features
previously used were inadequate for taxonomic purposes, since
they failed to distinguish among any of the species of South
American native Equus. In fact, the pattern recognized for
all autopodial dimensions was a clear, overlapping continuum,
revealing a linear variation gradient. The authors proposed
that South American Equus might display a clinal variation
in which E. andium and E. neogeus would represent the
phenotypic extremes of a spectrum from small to large size, while
the other species would represent intermediates. Accordingly,
size (at least in the way it was traditionally used, described

above) cannot distinguish between putative species within South
American native Equus. This group might comprise a single
species, E. neogeus, characterized by a wide spectrum of clinal
morphological variation.

Teeth Analysis

Bivariate analysis (Figure 3) of dimensions 2 and 4 of the upper
cheek teeth, and dimensions 2 and 6 of the lower cheek teeth,
showed a complete overlap and superimposition of all specimens
of Equus included here.

The PCA analyses (Figure4) were unable to distinguish
between the traditionally recognized five (Alberdi and Prado,
1992), or even the more recently posited three (Prado and
Alberdi, 2017), species of South American Equus. Among the
upper dentition analyses, that for P2 (Figure4A) indicated
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FIGURE 7 | MTIll analysis for E. andium (x), E. insulatus (triangle), E. neogeus (circle), and E. occidentalis (box): (A) projected scores from PCA, PC1 (96%) and PC2

that PC1 was responsible for 74%, and PC2 for 18%, of
the variation. Dimensions 2 and 4 had the most significant
effects on PC1 and PC2, respectively. In the analysis of M3
(Figure 4B), PC1 was responsible for 59% of the variation, and
PC2 for 29%. Dimensions 1 and 4 had the most significant
effects on PCl and PC2, respectively. In the analysis of
P3, P4, M1, and M2 (Figure4C), PC1 was responsible for
47% of the variation and PC2 for 41%, and dimensions
2 and 4 had the most significant effects on both PCl
and PC2.

Among the lower dentition analyses, that for p2 (Figure 4D)
indicated that PC1 was responsible for 57% of the variation
and PC2 for 31%. Dimensions 2 and 3 had the most significant
effects on PCI1, while dimensions 4 and 5 had the most
significant effects on PC2. In the analysis of m3 (Figure 4E),
PC1 was responsible for 67% of the variation, and PC2 for 20%.
Dimension 2 and dimension 5 had the most significant effects
on PC1 and PC2, respectively. In the analysis of p3, p4, m1 and
m?2 (Figure 4F), PC1 was responsible for 61% of the variation
and PC2 for 25%. Dimensions 2 and 5 had the most significant
effects on PC1, and dimension 6 had the most significant effect
on PC2.

The CVA of P2 (Figure5A) revealed that axis 1 was
responsible for 93% of the variation, and axis 2 for 7%.
For M3 (Figure 5B), axis 1 was responsible for 88% of the
variation, and axis 2 for 12%. In the analysis of P3, P4, M1,
and M2 (Figure 5C), axis 1 was responsible for 71% of the
variation. Among the lower dentition analyses, CVA for p2
(Figure 5D) revealed that axis 1 was responsible for 70%, and
axis 2 for 30%, of the variation. For m3 (Figure 5E), axis 1
was responsible for 90% of the variation, and axis 2 for 10%.
The analysis of p3, p4, m1, and m2 (Figure 5F) revealed that
axis 1 was responsible for 86% of the variation and axis 2
for 14%.

All the CVA analyses (Figure 5) revealed an overlap among all
putative species of South American Equus, especially regarding
axis 1, and recognized only a single group.

Autopodia Analysis

The bivariate analysis took into consideration the relationships
between dimensions 1 and 3 and between dimensions 1
and 4 of MTIII and MCIIIL, and the relationships between
dimensions 1 and 3 and between dimensions 1 and 5 of
IPHIIL, in the putative species E. andium, E. insulatus, E.
neogeus, and E. occidentalis. The results obtained do not
allow the species to be distinguished from one another: there
is clear overlap among the clusters of points representing
the various species, revealing a continuum of gradual linear
variation (Figure 6).

In the PCA portion of the MTIII analysis (Figure 7A), PC1
was responsible for 96% of the variation, with dimensions 1 and 2
as the most significant ones, while PC2 was responsible for 2% of
the variation with dimensions 5, 6, and 10 as the most significant
variables. In the CVA portion (Figure 7B), axis 1 was responsible
for 77% of the variation and axis 2 for 20%.

The Kruskal-Wallis analyses performed on MTIII (Table 1)
presented significant values in comparisons of all dimensions
between E. andium and E. insulatus; between E. andium and
E. neogeus; between E. andium and E. occidentalis; between
E. insulatus and E. occidentalis; and between E. neogeus
and E. occidentalis. All other comparisons resulted in non-
significant values.

In the PCA portion of the MCIII analysis (Figure 8A), PC1
was responsible for 96% of the variation, with dimensions 1 and
2 as the most significant ones, and PC2 for 1%, with dimensions
3, 5, and 10 as most significant. In the CVA portion (Figure 8B),
axis 1 was responsible for 91% of the variation and axis 2 for 5%.

The results of the Kruskal-Wallis analysis performed on
MCIII (Table 2) revealed significant values in comparisons of
all dimensions between E. andium and E. insulatus; between E.
andium and E. neogeus; between E. andium and E. occidentalis;
and between E. insulatus and E. occidentalis. In comparisons
involving dimension 1a significant difference was also found
between E. insulatus and E. neogeus. All other comparisons
resulted in non-significant values.
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TABLE 1 | Kruskal-Wallis test results for comparative analysis of MTIII.

1 3 4 5 10
E. andium vs. E. insulatus p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andium vs. E. neogeus p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andium vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatus vs. E. neogeus ns ns ns ns ns
E. insulatus vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeus vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05

Significant values (p < 0.05) were obtained in the analyses of dimensions 1, 3, 4, 5, and 10 of E. andium vs. E. insulatus, E. andium vs. E. neogeus, E. andium vs. E. occidentalis, E.
insulatus vs. E. occidentalis, and E. neogeus vs. E. occidentalis; non-significant values were found for all other analyses.
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FIGURE 8 | MCIll analysis for E. andium (x), E. insulatus (triangle), E. neogeus (circle), and E. occidentalis (box): (A) projected scores from PCA, PC1 (96%) and PC2

Axis 1

In the PCA portion of the IPHIII analysis (Figure 9A), PC1
was responsible for 82% of the variation, with dimensions 1 and
2 as the most significant ones, while PC2 was responsible for 7%
of the variation with dimensions 2 and 4 as most significant. The
CVA (Figure 9B) revealed axis 1 to be responsible for 90% of the
variation, and axis 2 to be responsible for 5%.

The results of the Kruskal-Wallis analysis of IPHIII (Table 3)
revealed significant values in comparisons of all dimensions
between E. andium and E. insulatus; between E. andium and
E. occidentalis; and between E. insulatus and E. occidentalis.
Significant values were also found with respect to comparisons
of dimensions 1, 3, 5, and 7 between E. andium and E. neogeus;
with respect to comparisons of dimension 1 between E. insulatus
and E. neogeus; and with respect to comparisons of dimension
7 between E. neogeus and E. occidentalis. All other comparisons
resulted in non-significant values.

Fossil Record Update

In updating the known distribution of Equus fossil sites in
South America, 152 localities were found (Table 4), making it
possible to observe the very widespread distribution of the genus
throughout the continent (Figure 10; Alberdi and Prado, 1992,
2004; Prado and Alberdi, 1994; Faure et al., 1999; MacFadden
et al., 1999; Alberdi and Frassineti, 2000; Frassinetti and Alberdi,

2001; Alberdi et al., 2003; Porpino et al., 2004; Pujos and Salas,
2004; Dantas et al., 2005; Labarca and Lépez, 2006; Rincén
et al., 2006; Aratjo-Junior and Porpino, 2007; Mendoza, 2007;
Dias Neto et al., 2008; Hubbe, 2008; Kerber and Oliveira,
2008a; Kerber and Oliveria, 2008b; Ximenes, 2008; Borrero, 2009;
Scheffler et al., 2010; Silva et al., 2010, 2012; Franga et al., 2011;
Prado et al., 2011; Recabarren et al., 2011; Pereira et al., 2012;
Roman-Carrién, 2012; Nogueira and Barbosa, 2015; Sudrez and
Santos, 2015; Avilla et al., 2018).

The genus Equus spread through most of the South American
continent, occupying highlands and lowlands (Figure 11).
Although most records indicate altitudes of <500 m, there are
several records over almost 3,000m, and there are no records
south of latitude 40°S.

DISCUSSION

The state of the art of South American native Equus taxonomy
was dominated by a splitter tendency beginning in the second
half of the nineteenth century, when several poorly diagnosed
species were named. Most of these species were maintained until
the second half of twentieth century, when a stable taxonomy of
South American native Equus was finally achieved (HofIstetter,
1950; Alberdi and Prado, 1992; Prado and Alberdi, 2017).
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TABLE 2 | Kruskal-Wallis test results for comparative analysis of MCIII.

1 3 4 5 10
E. andium vs. E. insulatus p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andium vs. E. neogeus p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andium vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatus vs. E. neogeus p < 0.05 ns ns ns ns
E. insulatus vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeus vs. E. occidentalis ns ns ns ns ns

Significant values (p < 0.05) were obtained in the analyses of dimensions 1, 3, 4, 5, and 10 of E. andium vs. E. insulatus, E. andium vs. E. neogeus, E. andium vs. E. occidentalis, and
E. insulatus vs. E. occidentalis, and in the analysis of dimension 1 of E. insulatus vs. E. neogeus, non-significant values were found for all other analyses.

Axis 2

PCl1 Axis 1

FIGURE 9 | IPHIIl analysis for E. andium (x), E. insulatus (triangle), E. neogeus (circle), and E. occidentalis (box): (A) projected scores from PCA, PC1 (82%) and PC2
(7%); (B) dispersal graph from CVA, axis 1 (90%) and axis 2 (5%).

Size was assumed to be the best (and even only) basis for — more clearly observed in the present study, which included
diagnosing South American Equus species within this group, = more data.
and this consensus held until the end of the 2010s (Machado, PCA revealed that the most significant variables in the case of
2018; Machado et al., 2018). The results obtained in the present =~ PC1 were measurements 1 and 2 of MTIII, MCIII and IPHIIL
study revealed that it is not possible to distinguish between  PCI was responsible for over 90% of the variation in each case
South American Equus based on the morphological characters  except that of the IPHIII analysis, in which it was responsible
previously used: size, and the proportions of the autopodia  for 82%. Thus, length was the most significant character in the
and teeth. autopodial analyses but was still not sufficient to distinguish
Dental analyses revealed a clear overlap in tooth proportions  among the species. Instead length showed a continuum of
among the species. The results demonstrated that dimensions 2 gradual linear variation. These analyses were corroborated by the
and 4 for the upper cheek teeth, and dimensions 2 and 6 for the =~ Kruskal-Wallis test, which found significant values only in the
lower cheek teeth, were the most important variables in the PCA.  comparison of species on the extremities of the continuum. The
Even these variables, however, were not sufficient to differentiate ~ only species found to be somewhat distinct from the others, both
among the species. on axis 1 in the CVA of MTIII and MCIII and in the Kruskal-
These results were in accordance with the autopodial = Wallis test, was the North American E. occidentalis. Furthermore,
analysis, which corroborated all the analyses performed by  E. occidentalis can be distinguished from the South American
Machado et al. (2018). The bivariate analysis, PCA and CVA  species by diagnostic cranial characters according to MacFadden
that were carried out on autopodial measurements revealed  and Azzaroli (1987).
not only a clear overlap between all the species, but also Considering the complete overlap seen in the autopodial and
a continuum of gradual linear variation. This continuum  dental metric characters, it is inferred here, as proposed by
was already observed in Machado et al. (2018), and the  Machado (2018) and Machado et al. (2018), that South America
superimposition of autopodial metric characters was even  was probably inhabited by only a single species of Equus, E.
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TABLE 3 | Kruskal-Wallis test results for comparative analysis of IPHIII.

1 3 5 7 8
E. andium vs. E. insulatus p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andium vs. E. neogeus p < 0.05 p < 0.05 p < 0.05 p < 0.05 ns
E. andium vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatus vs. E. neogeus p < 0.05 ns ns ns ns
E. insulatus vs. E. occidentalis p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeus vs. E. occidentalis ns ns ns p < 0.05 ns

Significant values (p < 0.05) were obtained in the analyses of dimensions 1, 3, 5, 7, and 8 of E. andium vs. E. insulatus, E. andium vs. E. occidentalis, and E. insulatus vs. E. occidentalis,
of dimensions 1, 3, 5, and 7 of E. andium vs. E. neogeus, of dimension 1 of E. insulatus vs. E. neogeus, and of dimension 7 of E. neogeus vs. E. occidentalis; non-significant values
were found for all other analyses.

neogeus. However, the continuum observed in the autopodial  the Gracility Index has a negatively allometric relationship with
analyses indicates an intraspecific variation that allows the  bone length.

establishment of a phenotypic variation according to the species The genus Equus has a continuous geographic distribution in
in the extremities, even though it cannot be used to distinguish ~ South America, bypassing the Amazon region, and this pattern
any distinct groupings. seems to be correlated with phenotypic variation in E. neogeus.

Morphological analyses allow the interpretation of a vast The Amazon basin was the region of South America most
variety of biological processes that can result in morphological  strongly affected by Pleistocene climatic variations, with constant
differences between individuals and populations, either through  alternations between contraction and expansion of the tropical
a long period of genetic divergence or by phenotypic plasticity ~ forest (Arruda et al., 2017). The Amazon forest constituted a
oriented by the environment (Kangas et al., 2016). Morphological ~ relatively warm and wet habitat that probably remained isolated
variations related to biotic and abiotic gradients in heterogeneous  through much of the Pleistocene (Arruda et al., 2017). However,
environments are commonly observed in species with wide  Equus usually favor open plain environments, like savannas
geographic distributions (Salomon, 2001; Ennen et al., 2014).  (MacFadden, 1994; Alberdi and Prado, 2004; Costa, 2017; Prado
Intraspecific variation analyses are common in morphological ~— and Alberdi, 2017), and the typical environmental instability
studies of ungulates, and several groups display a relationship  of closed forest biomes might have worked as a geographic
between morphological phenotypic variation and latitudinal  barrier to dispersion of the genus in the South American
variation (Kangas et al., 2016). Examples of this relationship  continent. Most records indicate altitudes as high as 500 meters,
usually conform to Bergmann’s Rule (Bergmann, 1848 in Mayr,  with several records approaching 3,000 m and this approximate
1963a,b), which posits a correlation between larger bodies and  altitude was probably a limit for the taxon. There are no records
higher altitudes or cold environments, often considered an  south of latitude 40°S, a pattern that is also observed in other
adaptation to climatic variations (Ashton et al., 2000; Blackburn ~ Pleistocene mammals, such as Notiomastodon platensis (Mothé
and Hawkins, 2004; Kangas et al., 2016). However, the phenotypic ~ and Avilla, 2015). This distribution also differs importantly from
variation observed in South American Equus is differentand does  that of Hippidion, the other South American equid, for which
not fit the latitudinal variation pattern, so the possibility that it  records are limited to southern Patagonia but surpassing latitude
represents a case of Bergmann’s Rule can be excluded. Allen’s  50°S (Prado and Alberdi, 2017). According to Ray and Adams
Rule is also commonly invoked when dealing with phenotypic ~ (2001), during the Last Glacial Maximum, the environment at
and latitudinal variations and implies a correlation between latitudes exceeding 40°S corresponded to a temperate desert with
shorter appendages, and therefore shorter limb bones, and colder ~ permanent ice sheets at the southern area of the continent, which
environments in endothermic mammals (Nudds and Oswald,  probably formed a barrier to the dispersal of Equus in South
2007; Symonds and Tattersall, 2010; Alho et al,, 2011). This ~ America. Furthermore, the geographic distribution of Equus in
rule likewise does not seem to explain the variation observed  South America surrounds the Amazon. The possibility that the
in Equus in South America. There are records of long limb  lack of Amazonian records of Equus is a result of taphonomic
bone morphotypes in localities with colder environments, such  factors can be excluded, since Pleistocene records of other fossil
as those at latitude 40°S, and also in areas characterized by = mammals are known from the Amazon (Rancy, 1999).

a greater range of phenotypic variation. Ecuador, for example, As proposed by Machado et al. (2018) and Machado (2018),
was once believed to have three species distinguished by limb ~ South American Equus appears to represent a case of clinal
bone proportions. It was once postulated that the Gracility  variation. Clines can be categorized as smooth or stepped,
Index of South American Equus autopodia, and especially of  the former corresponding to gradual continua without marked
IPHIII, was related to the environment, with slenderness linked  intraspecific boundaries and the latter to continua with steeper
to harder ground and robustness to softer ground (Prado and  slopes, abrupt changes and clear demarcations between possible
Alberdi, 1994; Alberdi and Prado, 2004). However, recent studies  subspecies (Salomon, 2001, 2002; Katzner and Collar, 2013).
(Machado et al., 2018) have refuted this idea and revealed that ~ With increasing evolutionary differentiation, smooth clines
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TABLE 4 | Locations and altitudes of Equus fossil occurrences in South America.

TABLE 4 | Continued

Localities Country Altitude Latitude Localities Country Altitude Latitude
Naposta Grande (Bahia Blanca) Argentina 34m 38°8' S El Boyero (Entre Rios) Argentina  27m 31°25' S
Arroyo Camet (Buenos Aires) Argentina  35m 37°49' S Espinillo (Entre Rios) Argentina  88m 24°58'0" S
Arroyo Claromecd (Buenos Aires) Argentina 11m 38°51'6.67" S Zanjon Seco (Jujuy) Argentina  1,034m 38°10'7" S
Arroyo Tapalqué (Buenos Aires) Argentina  160m 36°58'15.71" S Laguna Meum Argentina  23m 34.64352 S
Ayacucho (Buenos Aires) Argentina  79m 37°07'00" S El Carriza (Mendoza) Argentina 786 m 32°20'20" S
Ayacucho (Buenos Aires) Argentina 47m 31°07'00" S Gruta del Indio (Mendoza) Argentina  114m 34°45' S
Balcarce (Buenos Aires) Argentina  121m 37°8333 S Malargie (Mendoza) Argentina 1,198 m 35°28'32" S
Bahia San Blas (Buenos Aires) Argentina  5m 40°33'08" S Cafada Honda (San Luis) Argentina 611m 31°58'49.5" S
Barrancas (Buenos Aires) Argentina  8m 38°44'32.50" S Inti Huasi (San Luis) Argentina 17m 37.25193 S
Buenos Aires (Buenos Aires) Argentina 29m 34°35'08.8" S Rio Seco de Chical (San Luis) Argentina 696 m 32°75' S
Campo Sposito (Buenos Aires) Argentina  278m 33°44'34" S Alvear (Santa Fe) Argentina 63 m 33° S
Centinela del Mar (Buenos Aires) Argentina 13m 38°26'00" S Arroyo Frias (Santa Fe) Argentina  30m 33°90" s
Chacra del Brié (Buenos Aires) Argentina  204m 37°19'43.65" S Arroyo Seco (Santa Fe) Argentina  30m 33°90" s
Chascomus (Buenos Aires) Argentina 19m 35°36' S Cercanias (Santa Fe) Argentina  42m 31°27'0" s
Gonzalez Chaves (Buenos Aires) Argentina 199m 38°2'0" 5 Chaco Santafesino (Santa Fe) Argentina  56m 27°27'05" S
Indio Rico (Buenos Aires) Argentina  143m 38°33'3" s Esperanza (Santa Fe) Argentina  42m 31°27'0" s
La Chata (Buenos Aires) Argentina  20m 38°3316.50" S Laguna Setubal (Santa Fe) Argentna  11m 31°33'37.5" S
Las Conchas (Buenos Aires) Argentina 13m 34°25'17.26" S Puerto San Martin (Santa Fe) Argentina 663 m 33° S
La Plata (Buenos Aires) Argentina 28 m 34°54'04.5" S Puerto San Martin (Santa Fe) Argentina 26m 32044'29" S
Lobos (Buenos Aires) Argentina 33m 35°11'7" s Rio Dulce (Santiago del Estero) Argentina 153 m 27°47'0.14" S
Malacara (Buenos Aires) Argentina  37m 34°24'52.71" S Rio Carcarana (Santa Fe) Argentina  84m 32°51'06.3" S
Magdalena (Buenos Aires) Argentina 11m 35°4'35.40" S Rio Parana (Santa Fe) Argentina  34m 33°2'29.60" S
Mar del Plata (Buenos Aires) Argentina 443 m 38°00'16.2" S Rio Salado (Santa Fe) Argentina 22m 31°37'45.4" S
Mercedes (Buenos Aires) Argentina 44m 34°39'16.57" S Rosario (Santa Fe) Argentina  84m 33°5'32.85" S
Miembro Guerrero (Buenos Aires) Argentina  ? 35° S Tacural (Santa Fe) Argentina 98 m 30°83'3" s
Miramar (Buenos Aires) Argentina  20m 38°16'13.25" S La Banda (Santiago del Estero) Argentina  193m 27°44'9.02" S
Monte Hermoso (Buenos Aires) Argentina  8m 38°59'15.5" S Nuapa (Chuquisaca) Bolivia 1,856 m 20°00'0.00" S
Necochea (Buenos Aires) Argentina  18m 38°12'08" S Tarija (Tarija) Bolivia 1,603m 21°31'56" S
Olavarria (Buenos Aires) Argentina  170m 36°58'44" S Lagoa de Pedra (Alagoas) Brazil 309m 9°32'13" s
Paso Otero (Buenos Aires) Argentina 10m 3g°12"08" s Chique-Chigue (Bahia) Brazil 408 m 10°49'23" S
Pehuen Co6 (Buenos Aires) Argentina  7m 39°0'0" S Curaga (Bahia) Brazil 364 m 08°59'31" 8
Playa del Barco (Buenos Aires) Argentina 1m 39°00'09" S ltaguacu (Bahia) Brazil 422m 11°01'46.6" S
Paso del Médano (Buenos Aires) Argentina 8m 38°44'32.50" S Qurolandia (Bahia) Brazil 597 m 10°55'52" S
Punta Carballitos (Buenos Aires) Argentina 107 m 38°53'33" S Toca dos Ossos (Bahia) Brazil 597 m 10°55'52" S
Punta Hermengo (Buenos Aires) Argentina 20m 38°16'13.25" S Waterwhole deposit (Bahia) Brazil 775m 10.46667 S
Quequén Grande (Buenos Aires)  Argentina 107 m 38°16'58.9" S Itapipoca (Ceard) Brazil 106 m 3°29'59.32" S
Rio Lujan (Buenos Aires) Argentina  21m 34°33'58.9" S Corumba (Mato Grosso do Sul) Brazil 153m 18°58'48”" S
Rio de La Plata (Buenos Aires) Argentina  22m 34°30'37.99" S Aguas do Araxa (Minas Gerais) Brazil 976m 19°50'09" S
Rio Sauce Grande (Buenos Aires) Argentina 11m 38°49'51.2" S Francisco Sa (Minas Gerais) Brazil 670m 16°29' S
Rio Quequén Salado (Buenos Aires) Argentina  8m 35°37'36.6" S Lagoa Santa (Minas Gerais) Brazil 772m 19°38' S
Tandil (Buenos Aires) Argentina  204m 37°19'43.65" S Curimaté (Paraiba) Brezil 357m 7°43'36" S
Tapalqué (Buenos Aires) Argentina 90m 36°21'21.3" S Taperoa (Paraiba) Brazil 537m 7°12'2.86" S
Tres Arroyos (Buenos Aires) Argentina  115m 38°23'0" S Mangueirinhia (Parana) Brazil 912m 25°47'30" S
Vicente Lopez (Buenos Aires) Argentina 26m 34° S Alagoinha (Pernambuco) Brazil 310m 8°24' S
Wilde (Buenos Aires) Argentina  7m 34°41'54" S Afranio (Pernambuco) Brazil 477m 8°30'54" S
Mar Chiquita (Cordoba) Argentina  2m 37°40'S Pesqueira (Pernambuco) Brazil 714m 8°24' S
San Francisco (Cérdoba) Argentina  422m 31°26' S S&0 Raimundo Nonato (Piau) Brazil 346m 9°00'55" S
Sitio El Silencio (Coérdoba) Argentina  18m 30°5320" S Toca do Serrote do Artur (Piauf) Brazil 371m 8°49'35" S
Arroyo Alcaréz (Entre Rios) Argentina 47 m 31°527.6" S Ponte Velha Il (Rio Grande do Sul)  Brazil 156 m 29°39'45.46" S
Arroyo Ensenada (Entre Rios) Argentina  6m 31°85 S Quarai (Rio Grande do Sul) Brazil 107m 30°10' S
(Continued) (Continued)
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TABLE 4 | Continued

Localities Country Altitude Latitude
Santa Vitéria do Palmar (Rio Grande Brazil 14m 33°44'11.4" S
do Sul)

Lajedo de Soledade (Rio Grande do  Brazil 121 m 5°35'20" S
Norte)

Séao Rafael (Rio Grande do Norte) Brazil 83m 5°50' S
Gararu (Sergipe) Brazil 161 m 37°05'33" S
Poco Redondo (Sergipe) Brazil 193m 9°55'37" S
Aurora do Tocantins (Tocantins) Brazil 468 m 12°350.08" S
Tuina (Atacama) Chile 2,642m 22°35' S
San Vicente de Tagua (Cachapoal) ~ Chile 208m 34°28'18" S
Cerro Caracol (Concepcion) Chile 60m 36°50'03" S
Los Vilos (Coquimbo) Chile 18m 31°51' S
Valle de Elqui Elqui) Chile 123m 29°50' S
Estero de Coyanco (La Laja) Chile 2,134m 33°40'59" S
Tierra Blancas (La Lingua) Chile 701m 32°27'00" S
Calera (Lo Aguirre) Chile 211m 32°47'00" S
Pilauco Site (Osorno) Chile 63m 40°34'11" s
Cachabuco (Santiago) Chile 642m 33°12' 8
Chacabuco (Santiago) Chile 544m 33°01'40" S
Colina (Santiago) Chile 597 m 33°12'00" S
Conchali (Santiago) Chile 1,356 m 31°53 S
Punta de Rieles (Santiago) Chile 574m 33.48101 S
San Bernardo (Santiago) Chile 571m 33°12' S
Huimpil (Temuco) Chile 257m 38°450" S
Sabana de Bogota (Bogota) Colombia 2,796 m 5°11'46.54" N
Tibité (Cundinamarca) Colombia  2,559m 4°10'20" N
Zanjén Seco (Ginebra) Colombia  1,084m 3°75'52.8" S
Cerro Gordo (Guamo) Colombia  392m 4°10'20" N
Fm. Villavieja (Huila) Colombia  387m 3°13'08" N
La Venta (Huila) Colombia  2,139m 3°18' N
Chalén (Sucre) Colombia 294 m 9°32'38" N
Punin (Chimborazo) Ecuador  2,801m 1°46'00" S
La Carolina (Pichincha) Ecuador  2,768m 0°11'07.1" 8
Alangasi (Quito) Ecuador  2,552m 0°18'25.19" S
El Colegio (Quito) Ecuador  2,850m 0°1501.8" S
La Magdalena (Quito) Ecuador 2,802m 0°15' S

La Ronda (Quito) Ecuador 2,801 m 0°15' S
Otén (Quito) Ecuador  2,779m 0°01'37.6" S
Quebrada Colarada (Quito) Ecuador  2,595m 1°46'45.9" S
Quebrada Grande (Quito) Ecuador  2,595m 0°09'58.5" S
Rio Chiche (Quito) Ecuador  2,398m 0°12'28.79" S
Peninsula de Santa Elena (Santa Ecuador 2m 2013 8
Elena)

Sacaco (Arequipa) Peru 2,321m 15°30'36.3" S
Pampa de los Fésiles (Paijan) Peru 94m 7043’ S
Talata Tar Pit (Talara) Peru 86m 4°33' S
Pikimachay Cave (Valle del Peru 2,718m 13°2'26.88" S
Ayacucho)

Rio Cuareim (Artigas) Uruguay 57m 30°16'08.29" S
Arroyo Sopas (Salto) Uruguay 90m 31°15' S
Taima (Falcon) Venezuela 39m 11°29'54" N
Inciarte (Zulia) Venezuela  94m 10°47'00" N
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FIGURE 10 | Updated map of South American Equus fossil occurrences.

could gradually change into steeper ones. If the distinctions
between adjacent populations within the cline become relatively
large, the slopes occurring along the cline may turn into
steps and potentially even “break” the cline, indicating some
kind of speciation (Salomon, 2001, 2002). Considering the
geographic distribution of Equus in South America along with
the continuum of gradual linear variation observed in the
autopodial analyses, which does not allow identification of
marked intraspecific entities, it seems that South American Equus
can be regarded as a smooth cline.

The lengths of the bones in the locomotor apparatus are
usually related to cursoriality. In horse evolution this relationship
is particularly evident in the distal bones, which tend to be longer
in species inhabiting open and plains environments (Hildebrand,
1987; MacFadden, 1994; Christiansen, 2002; Alberdi and Prado,
2004). Still, maneuverability is related to mobility and to the
ability to make rapid changes in speed and direction and is
favored by a small body size (Hildebrand, 1987). The relation
between body size and maneuverability is fundamentally based
on Newton’s First Law, the law of inertia (Newton, 1687). A larger
body has more resistance to any change in its state of motion, and
a smaller body is conversely characterized by lower resistance and
consequently more maneuverability. Yet stability is related to the
position of an individual’s center of mass. For greater stability, the
center of mass should be low and/or positioned over a large area
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FIGURE 11 | Dispersal graph of the geographic coordinates and altitudes of South American Equus fossil occurrences.
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delimited by the supporting feet, which is favored by short legs
and large feet (Hildebrand, 1987).

Moreover, locomotion on sloping ground is different from
locomotion on the plains, because in the former case postural
readjustments are essential to propel the body and elevate the leg
(Higgins and Ruff, 2011). These readjustments lead animals with
shorter autopodials to have relatively higher step length on steep
slopes, opposite to the pattern observed in plain environments
(Higgins and Ruff, 2011). This tendency for species with shorter
autopodials to occur in higher-altitude environments is observed
in Perissodactyla: it applies to African zebras (Equidae, also of
the genus Equus) from the mountains and the plains and, in
Tapiridae, to Andean and plains tapirs (Machado, 2014). Within
the Equidae, however, Asian asses present a distinct pattern, in
which the higher altitude Equus species has longer limb bones
than the ones from lower altitudes (Machado, 2014). Nonetheless,
the Altiplano of Tibet differs from the African and Andean ones
in being a plateau, consisting of a wide-open plain at high altitude
(Moehlman, 2002). Thus, it seems that the observed variation in
the limb proportions of South American Equus might have been
driven by local topographic relief rather than altitude alone.

The taxonomy of South American Equus has always relied on
dental and autopodial dimensions. Over almost two centuries,
numerous species were identified based on unclear and biased
diagnoses that were based primarily on size differences, ignoring
the possibility that the observed morphological variations
might not in fact be taxonomically diagnostic. Most review
publications perpetuated this same idea, and for too long the
taxonomy remained confusing and unclear. This contribution
has analyzed a broader range of specimens from all over
the continent, and from this greater picture it is possible
to conclude that the dimensions of the teeth and autopodia
are not diagnostic and therefore should not be used in the
taxonomy of South American native Equus. Dental proportions
showed clear superimposition among previously recognized
species, and no marked species boundaries could be identified
on this basis. Furthermore, autopodial analyses revealed clear
superimposition with gradual linear variation, also without any
marked intraspecific distinctions. It is inferred here that South
America was inhabited by a single species of Equus, namely E.
neogeus, and that its phenotypic variation represents a smooth
cline probably driven by the type of topographic relief.
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CONCLUSIONS

The results obtained here support the conclusions of Machado
et al. (2018), and it is proposed here that Equus in South
America comprised a single species, Equus neogeus. The use of
dimensions of teeth and autopodials in South American Equus
as diagnostic features, as was done previously, is erroneous.
Knowledge of the geographic distribution of Equus has been
increased, showing that this genus was present in the majority
of the continent, with the exceptions of the Amazon forest
and latitudes south of 40°S. The updated distributional map
of South American Equus fossils, along with the autopodial
analyses, allowed identification of a pattern that may represent
a smooth cline of phenotypic variation correlating with
topographic relief.
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