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The extant horse genusEquus originated in North America, probably during the late
Miocene/early Pliocene, and its entrance into South Amer&was possibly related to
one of the last four stages of the Great American Biotic Intehange. Nonetheless, the
genus had a broad geographic distribution throughout SouthAmerica. Five species
of Equus were traditionally recognized on this continent, althoughiecently 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 rent study showed that the
characters previously used are not taxonomically valid, ti 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 8uth American Equus.
Accordingly, a synthesis of prior knowledge as well as an upate on the fossil distribution
of Equusis presented here. Dental analyses were carried out, and theesults revealed
a clear overlap among the currently recognized species. Chiacters of the autopodia
were also reanalyzed with greater sampling, and the resulsnce again con rmed that a
single species was present in South America. The update of &sil occurrences increased
knowledge of the geographical distribution of the genus in 8uth America. There are
records throughout almost the entire continent, except foregions 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 thaE. neogeusformed a smooth
cline, in which variation was gradual and continuous. It islgo inferred that observed
phenotypic variation is probably related to topography.

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

INTRODUCTION

The genu€quusoriginated during the Early-Middle Pliocene in North Amerigarobably in the
Blancan North American Land Mammal Age (NALMA), but it was ihg the Pleistocene that
the group reached its widest geographical range, with recordall continents except Antarctica
and Australia MacFadden, 1994; Eisenberg and Redford, 1999; Alberdi attbP2004; Prado and
Alberdi, 2017. However, very recently the gendguusnas retricted to its traditional crown-group,
which included only the diversity from the early Pleistoceéa¢he RecentBarron-Ortiz et al., in
pres$. Currently the genus is restricted to Eurasia and Africed &s extinction in the Americas is
probably related to negative selection against the megafatithe end of the Pleistocene and the
beginning of the Holoceneé(acFadden, 1994

The invasion ofEquusinto South America was possibly related to one of the dispersiemis
of the Great American Biotic Interchange (GABI) which ocad from the end of Pliocene to
the terminal Pleistocené/Nebb, 1978; MacFadden, 1994; Woodburne, 2010; Bacon 2046,
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Nonetheless, the genus had a widespread distribution thiouy  these cases we followed the proceduregafiano and Romano
South America and survived into the Late Pleistocen€2017)and took measurements using ImagBagband, 1997
(MacFadden and Azzaroli, 1987; Alberdi and Prado, 2004; When dealing with isolatedEquusteeth, only the second
Prado and Alberdi, 2017 Traditionally, ve species have been premolar (P2/p2) and the last molar (M3/m3) are easily identi ed
recognized on this continentffado and Alberdi, 1994; Alberdi (Eisenmann et al., 198&ince most of this sample analysis relied
and Prado, 2004 but recently the number has been reduced toon isolated teeth, upper and lower cheek teeth were divideal int
three: EQuus neogepk. insulatusand E. andium(Prado and three categories: P2/p2; M3/m3; and P3, P4, M1, M2/p3, p4, m1,
Alberdi, 201Y). However,Machado et al. (20183uggested the and m2.
possibility that South America might have had only a single Bivariate and multivariate analyses were performed. The
species of nativEquus namelyE. neogeus bivariate analysis was carried out on the tooth measurements
The traditional taxonomy of South AmericakEquushas that are more related to the dimensions of occlusal surfack an
always relied on the length of the autopodium, which wasvas run in Microsoft Excel (2010 version). Multivariate anafys
considered to be greateist neogeysmallest inE. andium and  included PCA and CVA, and for the PCA the problem of missing
intermediate inE. insulatugPrado and Alberdi, 20)7Owing data was handled by the Iterative Imputation methéth(mmer,
to the di culty of nding taxonomically signi cant di erences 2012; Machado et al., 2018
in qualitative dental characters, the current taxonomy otit® The methodology used in the autopodial analysis took into
American Equusalso relies on tooth proportionsP(ado and consideration the latest proposition Bfado and Alberdi (2017)
Alberdi, 1994, 2017; Alberdi and Prado, 2DCHMowever, dental and followed the methods and reasoning lgfachado et al.
analyses alone have been unable to fully distinguish betweé2018) We analyzed 29 metatarsi (MTIII), 33 metacarpi (MCIII)
the putative species, instead identifying a group with smalleand 54 rst phalanges (IPHIII) oE. andium 53 MTIII, 47 MCIII,
teeth dimensions corresponding b andiumand a larger group and 70 IPHIII of E. insulatusand 20 MTIII, 14 MCIII, and 28
encompassing the other speci€sddo and Alberdi, 1994, 2017; IPHIII of E. neogeusSince the North Americait. occidentalis
Alberdi and Prado, 2004 used to be included in the same subgenus as the South American
No clear, objective and certain basis for distinguishingequus(Ho stetter, 1950, the northern species was used here as
between the three species has been establishedVatiado a control group and 32 MTIII, 40 MCIII and 56 IPHIII ofE.
et al. (2018)and Machado (2018showed that the characters occidentalifrom Rancho La Brea, California were also analyzed.
used previously are not taxonomically valid. Furthermorbew Comparative morphological, morphometric and statistical
a larger dataset is analyzed, there is a great overlap ambng ahalyses were performed, using measurements taken according
three Equusspecies in morphospac&léchado, 2018; Machado to the recommendations oEisenmann et al(1988 Figure 1)
et al., 2013 The most plausible interpretation is thBguuswas  with digital calipers with 0.01 mm precision.
probably represented in South America by only a single species, The bivariate analyses were performed in Microsoft Excel
E. neogeusMorphological variation in autopodia, perhaps (2010 version), based on the dimensions of the autopodial
representing a type of cline, might then be expected. elements as captured by measurements 1, 3, and 4 of MTIII
The aim of this contribution is to critically update current and MCIIIl, and measurements 1, 3, and 5 of IPHIIl. The PCA
knowledge of the diversity of South American natlzguus An  and CVA were based on all the measurements recommended by
historical background is presented, mainly in order to et Eisenmann et al. (1988but measurements 10, 11, 12, and 13
when the paradigm of the importance of size for the taxonomyof IPHIIl were omitted due to the di culty of distinguishing
of South American nativeEquuswas assumed and why it between some examples of this bone as being left or right. All
must be forsaken. Additionally, tooth analyses are performedanalyses were performed in Past version 3H#&h{mer, 201).
autopodial characters are reanalyzed with greater samplidg an The statistical analysis consisted of a variance analysis using
new inferences are drawn. the non-parametric Kruskal-Wallis test, with Dunn's methasla
post-hodest, and was executed in BioEstat¥yies et al., 2007
The only measurements used in this analysis were thosescelat
MATERIALS AND METHODS to the Gracility Index QAlberdi and Prado, 2004and to the
biomechanical properties of the distal limb bones measurement
The historical background of South Americdiquusstudies 1, 3, 4, 5, and 10 of MTIll and MCIII, and measurements 1, 3, 5,
presented here is a compilation from a detailed survey of thé&, and 8 of IPHIIl (Machado et al., 20)8
literature, beginning with the rst record of the genus in &b All the specimens represent adult individuals and are
America Owen, 184} deposited in the paleontological collections of the following
The tooth analyses incorporated 1,409 dental specimens ofstitutions: Museu Nacional (MN) and Museu de Ciéncias
South AmericanEquus including (lower and upper) molars Naturais da Pontificia Universidade Catodlica de Minas Gerais
and premolars at an intermediate wear stag®olfunias (MCL), Brazil; Museo Argentino de Ciencias Naturales
and Semprebon, 20p2Dental elements were analyzed both“Bernardino Rivadavia’ (MACN-Pv) and Museo de La Plata
qualitatively and quantitatively, using data acquiredhndigital  (MLP), Argentina; Museo de Historia Natural “Gustavo Orcés
calipers with 0.01 mm precision, following the recommendasgio V” (V and MECN), Ecuador; Museo Nacional Paleontologia y
of Eisenmann et al. (1988Figure 1L We relied on photos for Arquiologia de Tarija (TAR), Bolivia; Museo de Historia Nealr
information on 144 out of the 1,409 specimens analyzed, and ilUNMSM), Peru; Museo de Ciencias Naturales Federico Carlos
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FIGURE 1 | Dimensions used for teeth and autopodial analyses, accordg to the Hipparion Conference (Modi ed from Eisenmann et al., 1989: (A) Lower dentition
(left) (2) occlusal length, (3) length of the pre exid, (4)dgth of the double-knot, (5) length of the post exid, (6) maxnal width; upper dentition (right) (2) occlusal length
(3) occlusal length of the protocone, (4) occlusal width{B) IPHIII (2) anterior length, (3) minimal breadth, (4) proximakhdth, (5) proximal depth, (6) distal breadth at
the tuberosities, (7) distal articular breadth, (8) distakticular depth, (9) minimal length of the trigonum phalans; (C) MCIIl and(D) MTIII (2) medial length, (3) minimal
breadth, (4) depth of the diaphysis, (5) proximal articuldreadth, (6) proximal articular depth, (7) maximal diametef the articular facet for the third tarsal/carpal, (8)
diameter of the articular facet for the fourth tarsal/carpal9) diameter of articular facet for the second tarsal/carda(10) distal maximal supra-articular breadth, (11)
distal maximal articular breadth, (12) distal maximal deptof the keel, (13) distal minimal depth of the lateral condyl (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 Historyreviewed. Most of the traditional taxonomy was founded on poor

(AMNH) and La Brea Tar Pits and Museum (previously thesamples and super cial diagnoses, which mainly used di erences

George C. Page Museum; GCPM), USA. in size to characterize the various putative species. Thusf mo

An updated tabulation of the distribution of fosdquusin  taxonomic revisions of South Americ&tguusneglected the fact

South America was made through a survey of the literaturethat morphological variations can re ect non-taxonomic fars,

Catalog cards from the Museo de La Plata (MLP) anduch as ontogeny, sexual dimorphism and individual/populatio

Museo Argentino de Ciencias Naturales “Bernardino Rivadaviadi erences, and particularly adaptation driven by exposure

(MACN-Pv) were also consulted as a source of information orto di erent environments (lowlands vs. highlands and within

localities wherd&quudfossils have been found, as was the catalodistinct altitudes in the Andes). However, the taxonornétgeist

of fossil-types and gures from the paleo vertebrate colectf  of the mid-nineteenth to mid-twentieth century favored gphig,

the Museu Nacional (MN). which generated many poorly diagnosed species and resulted in a
distorted view of ancient diversity. South American nat&quus
taxonomy conformed to this pattern.

RESULTS The history of the taxonomy of native fossil horses in South

America could not have had a more special beginning than
Comments on the State of Knowledge of at the hands of one of the greatest scientists of all time,

South American Equus Taxonomy: Did Size  charles Darwin. The survey expedition of théViS Beagle

Really Matter? brought Darwin to the Province of Santa Fé, Central-Eastern
The urgency of a new taxonomic arrangement for SouthArgentina, where he found a horse molar at the locality of
American Equusbecomes clear when its taxonomic history isBajada de Santa Fé in October 18B8y(re 2A; Lister, 2018
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FIGURE 2 | Molars associated with the rst records ofEquusfrom South America:(A) right M2 collected by Darwin in Entre Rios, Santa Fé (Argeng) and identi ed by
Owen; (B) left M1 found in association with the holotype of. neogeusin Lagoa Santa, Minas Gerais (Brazil) and used in the origindescription by Lund. Scale 1cm.

Although other South American Holarctic mammals, such asaballo (probably a misspelling oEquus caballys However,
proboscidean gomphothereS((vier, 180% had previously been the use of this designation left open the interpretation that
found and published, Darwin was surprised to nd a horse toothLund might have been in doubt about the taxonomic validity of
in Argentina, and at rst he thought it might be the remains Equus neogeu&dditionally, this manuscript was among the rst
of a domestic animall(ster, 201R After careful examination, sources to mention the association of human and megafaunal
however, he was left with no doubt that it was from a fossildegr fossils in South America, suggesting that both might have co
because he had collected it from a layer that also contaitiesto existed (und, 1846; Owen, 1839%urthermore, Peter W. Lund
native extinct mammalsl(ster, 20138 This molar is believed to left a manuscript indicating the existence of at least two more
be the rst fossil evidence of native horses in South Ameaicd new species oEquus(E. escrivanensesnd E. soarensjsfrom
is housed in the Natural History Museum in London (England).the Lagoa Santa caves, which were later describe@ibge
The fossils collected by tHgeagleexpedition were studied and (1906) However, the specimens clearly represent the same
rst described by Richard Owen in 1838, and he considered thepecieg€quus neogeuas noted in subsequent authors' revisions
aforementioned horse molar to be essentially similar tssthof  (Ho stetter, 1950.
living (domestic) horses, identifying it only as “a specitlsarse” The French explorer Hugues A. Weddell collected and
(Lister, 2018Figure 2A). SubsequentlyOwen (1845)evisited described several fossil mammals from the Tarija deposits of
the fossil molar and considered it to represent a new speciesputhern Bolivia (1845-1848yeddel, 185). Among those, he
which was name&quus curvidens named an indigenous horsEquus macrognathusliagnosed
At the same time (between 1835 and 1845), the Danishy a large-sized mandible. It should be noted that this autho
explorer Peter W. Lund collected plants, animals and fossilalso pointed out the great resemblance Bf macrognathys
in the region of Lagoa Santa in the State of Minas Geraigspecially with regard to its large size, to the lowland Pampea
southeastern Brazil. Lagoa Santa includes a very importafassil horseE. curvidengescribed byOwen (1845) Although
Brazilian speleological province with hundreds of cavesnfro most authors have indicated th&quusfrom the lowlands of
which numerous human and megafaunal fossils were recovereBouth America (Argentina, Uruguay, and Brazil, including th
Among these, a metacarpal fossil bone of a native horse wampean region) are larger than those from Tarlj# (stetter,
recognized as a previously unknown speciesinyd (1840)and  1950; MacFadden and Azzaroli, 1987; Alberdi and Prado,
was namecE. neogeufFigure 2B). Although Lund misspelled 1992; Prado and Alberdi, 20),7direct comparisons of a
its speci c epithet (the correct orthography would have beerdarge sample of specimens do not uphold this argument,
“neogaeysa Greek word meaning “new world”), the original and Machado et al. (2018jound no statistical support for
spelling Equus neogeusiust be maintained according to the a size di erence in an analysis of autopodial bones of South
International Code of Zoological Nomenclature. Lategnd  American Equusfrom several localities representing its paleo
(1846)presented a list of species found in several caves at Laggeographical range (from the lowlands to the highlands of
Santa, in which the horse metacarpal appearedEqsusa . the Andes).
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One of the most important studies of South Americequus Prado and Alberdi, 2017; Machado, 2)1Boule and Thevenin
taxonomy is that ofGervais (1855)This author argued that (1920)started their revision paper by arguing that: “... molars
E. macrognathusrom Andean Bolivia andE. americanusE. of horses are quite variable; and, because we did not suttyen
curvidensandE. neogeusom the lowlands of Chile, Argentina take into account this variability, we have multiplied to esse
and Brazil must all represent the same species and should bee names of fossil horse species.” Based on this argumesg th
synonymized by priority under the nanie. neogeudhis is the authors conducted a detailed morphological analysis, mgainl
rst time that South American highland and lowlarBquusvere  considering dental features, of a very abundant sample of
considered to belong to a single species, an argument defendequusfrom Tarija (Bolivia), namecE. insulatusafter Ameghino
by Machado (2018) (1904) Thus, they demonstrated th&. insulatuss part of an

The rst taxonomic comparisons among South, Central andextensive but expected range of morphological variation geen
North American Equusspecies were made bywen (1869) E. andium(i.e., they considered thEquusfrom Tarija to beE.

In contrast to his French colleague, the British scientigiuad andiumBranco, racénsulatusAmeghino). Further, these authors
that most known fossils oEquusrecognized at that timeH.  reinforced their previous argument by saying: “There isygsn
neogeyskE. curvidensk. conversideng&. tau E. macrognathys theE. andiumof Bolivia and the one that lived at a higher altitude
and E. devillei represented valid, distinct species. Howeverin Ecuador, a similar size di erence as exists between thenexta
most of theseEquus species had been described by Ower{domestic) horses of the plain and those living in the higllan
himself, and his taxonomic contributions are known to haeeh  of Bolivia.” Again, it was demonstrated that size distincion
underpinned by a taxonomic splitter approach. Accordingly,within South AmericanEquusfrom dierent altitudes were
it is clear that the author's only intention was to identify expected morphological variations of a single species witlda wi
morphological attributes that could distinguistLi{nd's, 184)  geographic range. However, and unfortunately, most subestqu
E. neogeuBom his ownE. curvidengOwen, 184} given that authors did not pay attention to these important arguments.
Lund's name would have taxonomic priority if the two proved  Spillman (1938}ook the opposite perspective in conducting
synonymous. However, it took more than 100 years betére his taxonomic revision of Ecuadoridigquus First, he applied the
curvidenswas formally recognized as a junior synonymif genus naméeohippudo these specimeng\pel, 191}, instead
neogeuéSouza Cunha, 19).1 of Equus without any justi cation. According toHo stetter

The second half of the nineteenth century witnessed1950)the genudNeohippusnust be considered@omen nudum
paleontological explorations in South America that extentted because its original description neither includes a diagosi
the highest altitudes of the Andeég&lagner (1860Wwas the rstto nor designates a genotype. Furthermotieo stetter (1950)
publish on a nativiequusound on the Antiplano around Quito, argued thatNeohippusvas a synonym oEquus with the latter
Ecuador, which he recognized as a new speé&gsus fossilis having taxonomic priority. However, the species $billman
andium Later,Branco (1883)proposed the new combination (1938) will be cited below under their original names (i.e.,
Equus andiumfor the fossils studied byVagner (1860)and using the genusNeohippus for historical reasonsSpillman
described several other specimeng&qtius andiunfrom diverse  (1938)recognized a diversity of ve species, four of which were
fossiliferous deposits in the Ecuadorian Andes. previously unknown. He recognized and diagnosed each of the

During the second half of the nineteenth century andspecies using chronostratigraphy and/or endemism (localitie
the beginning of the twentieth, several other new species @nd altitudes) together with dental and post-cranial morptgylo
Equuswere named from South America (e.€, lundii Boas, In this scheme, the following fossil horses would be present in
1881 E. argentinusBurmeister, 1875E. quitensisNolf, 1875 Ecuador, from earliest to the most receNeohippus andiunthe
and E. rectidensGervais and Ameghino, 183(E. mufizi horse of the ancient Ice Age of Ecuadbk; martinein. sp., the
Ameghino, 1904 E. gracilis Ameghino, 1904 E. insulatus interglacial horse from the highlands of Ecuadir;santaeelenae
Ameghino, 1904 and E. haaseiReche, 1905 but this may n. sp., the interglacial horse from the coastal region of Houa
be explained by the fact that taxonomy all around the worldN. rivadeneiraen. sp., the horse of the second or last main
was dominated by a splitter approach. However, those speciee Age (Last Glacial Maximum, LGM); ard. postremusn.
were very often poorly diagnosed (and sometimes lacked arsp., the post-glacial horse of Ecuador from prehistoric deposits.
diagnosis at all) and de ned based only on variations in toot However, itis clear that this author did not consider the sts.gf
morphology. Furthermore, there was a tendency among naturaboth wear, leading to excessive taxonomic splitting, eliengh
historians of the time to consider all morphological varats most of the morphological diagnoses for his new species are
as valid taxonomic diagnostic features, neglecting thathsu based on di erences in dental crown morphology. Furthermore,
variations can also result from ontogeny, dimorphism, andSpillman (1938was the rst taxonomist to diagnose species of
individual/population di erences. In the particular case ofdlse  South AmericanEquususing proportions and sizes of bones, a
teeth, many variations can arise through masticatory weaendency seen in taxonomic treatments of the group over the
(Gromova, 1949, 1952 following 80 yearsHorta, 1960; MacFadden and Azzaroli, 1987;

As a result, most subsequent taxonomic studies on Southlberdi and Prado, 1992; Prado and Alberdi, 2D1However,
AmericanEquuswere revisions of dental diagnoses of the diversenorphological variations would be expected to occur among
nominal species recognized in previous papetef(e, 1912; animal populations that inhabited di erent environments, and
Boule and Thevenin, 1920; Ho stetter, 1950, 1952; Souz&&un in particular might have been driven by an altitudinal graatie
1971; MacFadden and Azzaroli, 1987; Alberdi and Prado,;199@villa et al., 2018; Machado et al., 2018
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One of the most well-known taxonomic reviews for South Souza Cunha (197&nalyzed the holotypes & neogeuasnd
AmericanEquuswas that byHo stetter (1950) mainly because E. curvidensas well as several specimens assigned to each of
it initiated a period of taxonomic stability lasting more th&0 these species, which collectively represented the rstlfossies
years. One of the goals 6fo stetter (1950) was to establish discovered in South Americ&ouza Cunha (197 &aJso described
the genusAmerhippus diagnosed by a single feature: the lackior the rst time the fossils ofE. neogeusollected by Lund in
of an infundibulum in the lower incisors. This proposed genusLagoa Santa, Minas Gerais (Brazil), which until then had been
was the result of dental comparisons between the exi&nt mentioned only brie y in the literature. However, the great
caballusand the species recorded in the Pleistocene of Ecuadamntribution of Souza Cunha (197 Was to propos&. neogeuss
E. andiumfrom the highlands ancE. santaeelenaigom the asenior synonym dE. curviden®y priority. For the rsttime, all
lowlands {Ho stetter, 1950. On a later and admittedly brief Cis-Andean (the area east of Andes) lowland naiegiuswere
trip to South America, speci cally to Bolivia and Argentina, grouped under a single name, neogeu$eavingE. santaeelenae
Ho stetter (1950)also recognized the lack of an infundibulum as the only lowland Trans-Andean native horse.
in both E. insulatusrom the highlands ance. curvidengrom MacFadden and Azzaroli (198%escribed the rst skull
the lowlands. The remaining South American species weref E. insulatus a species that until then was known mainly
analyzed according to the literature available at that fimefrom isolated teeth, post-cranial bones, and some toothihga
and the lack of an infundibulum in their lower incisors was maxillae and fragmented mandibles. The authors reviewed
also noticeableHo stetter, 195(Q. Therefore,Amerhippuswas E. insulatusand suggested it represented a “morphological
considered to include all South Americdfguusvalid at that intermediate” between the largé. lasalleiand the smallE.
time, namely Amerhippus andiumA. insulatus A. martinej  andium Once more, size was used to de ne Andean native horse
A. curvidensA. santaeelenaend A. neogeusin addition to  species. However, neither this contribution nor any subsedu
the North AmericanEquus occidentalisom the La Brea Tar taxonomic revisionflberdiand Prado, 1992; Prado and Alberdi,
Pits, California (USA) lflo stetter, 1950. However,Ho stetter 2017 made any comments (in either opposition or defense)
(1950) did not mention or justify the exclusion oNeohippus on the arguments o ered byGervais (1855)and Boule and
(DEquu$ rivadeneiraeand N. postremusspecies named by Thevenin (1920)in their studies of the Tarija horses, which
Spillman (1938) and no other study after this revision made insightfully discussed the validity &. insulatusand proposed
any mention of either species. Under the taxonomy proposethat this taxon might fall within the range of morphological
by Ho stetter (1950) the rst three Amerhippusspecies listed variation expected ifE. andium Furthermore MacFadden and
above are, small, medium-sized and large Andean nativeeBprs Azzaroli (1987 assumed the validity d. insulatusased on the
respectively, whereas the last three are very large lowlaréatures of a single skull and a few other specimens, disregardi
ones. HoweverHo stetter (1950) did not explicitly use size the range of morphological variation pointed out lyervais
di erences to distinguish among these species or provide an§l855)and Boule and Thevenin (1920)The classi cation of
additional characters to diagnose those species. All mmdsbr  South AmericarEquusrecognized byacFadden and Azzaroli
taxonomic propositions afteiHo stetter (1950) followed this (1987)is very similar to that proposed bylo stetter (1950,
size-based taxonomic framework, which is why this contiifiu ~ 1952) except for the inclusion of. lasallei(Porta, 196}
is so important for South American nativEquustaxonomy. However,MacFadden and Azzaroli (1983@ppeared to ignore
Moreover, Ho stetter (1950) consideredA. andiumto be the the study of Souza Cunha (1971published 16 years before
type genus ofAmerhippussince it was the best-known speciesand considerede. curvidenwalid without o ering reasons for
of the putative genus at the time and was easily identi ablehis judgment.
due to its reduced size. However, this same author in a latter The revision byAlberdi and Prado (1992pnce more used
monograph Ho stetter, 1952 proposed thatAmerhippusvas a  size to distinguish between South AmericBquusspecies but
subgenus oEquus and most succeeding contributions followed di ered from previous studies in that quantitative and staitisi
this taxonomic rearrangement MacFadden and Azzaroli, analyses were used to determine how informative size was for
1987; Alberdi and Prado, 2004; Prado and Alberdi, 2017%his purpose. Their results supported a similar taxonomy to that
Machado et al., 20}8 proposed byMacFadden and Azzaroli (19§ €ombined with the

In 1960, Porta studied the fossil horses from Bogot&ynonymy proposition oSouza Cunha (1971Accordingly, the
(Colombia) and produced the rst detailed description of ataxonomy of South AmericafEquusproposed byAlberdi and
cranium of E. lasalleia species that had been brie y describedPrado (1992)ncluded the following ve specie€. neogeys.
and named byDaniel (1948) However, one of the most andium E. santaeelena&. insulatusand E lasallei However,
important pieces of information overlooked in revisions of Alberdi and Prado (1992did not explain the exclusion of
South AmericanEquusuntil the work of Porta (1960)was Equus martineifrom their study Spillman, 1938 There is a
not the taxonomic validity ofE. lasallei but the presence of large sample of autopodia &quus martinein the collection
two large-sizedEquusthat inhabited the Andes during the of the Museo de Historia Natural in Quito, Ecuador, and
Pleistocene (specimens referredHo lasalleiand E martine). it would have been helpful to include this species, the only
Thus, at that moment, four size-based native horse speci¢é@rge native horse that inhabited the highest Andean areas,
were recognized in the Andes: the smd&l andium the in the quantitative analyses. The other large Anddzguus
medium-sized E. insulatusand the very largeE. lasallei speciesk. lasalleiwas excluded fromiberdi and Prado's (1992)
andE. martinei analyses due to a lack of preserved autopodia. Accordingly,
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their study and taxonomic proposals were biased in that thdetweenE. andiumand E. neogeyq3) E. santaeelendeas a
only large native horse to be analyzed was the lowl&nd larger post-cranial skeleton tha. andium,phalanges that are
neogeusDuring the following 12 years the literature on Southsimilar in size to those oE. neogeubut slightly more robust
AmericanEquus mostly published byilberdi and Prado (1992, than E. neogeuysand a metatarsus that more closely resembles
1995, 2004); Prado and Alberdi (19940ontained no new that of E. insulatus (4) E. neogeukas larger autopodials than
taxonomic proposals. However, these publications did producthe others, and a dental morphology distinct from that Bf
some taxonomic stability and a degree of consensus in hothSousantaeelenaend (5) E. lasalleiis also large, but is similar in
American Equusspecies could be di erentiated by their size dental morphology tcE. neogeudn most cases, however, these
and proportions, as follows: (lquus andiumis characterized criteria could not be successfully applied, because when & grea
by the shortest and more robust extremities, with autopodialsample of specimens was analyzed, there was a clear pattern
slightly more pronounced in length and robustness thankn of overlap between the speciesit{erdi and Frassineti, 2000
insulatus (2) E. insulatushas a bigger skull thafE. andium  Machado et al.,, 20)8In a revision of Chilean native horse
but the two species are morphologically similar, and post-edan fossils byAlberdi and Frassineti (2000jor example, only two
skeletal features indicate théat insulatuss an intermediate form specimens ofEquuscould be identi ed at speci c level, both
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FIGURE 3 | Bivariate analysis of dimensions 2 vs. 4 of P2A), M3 (B), and P3, P4, M1, and M2 (C), and dimensions 2 vs. 6 of p2(D), m3 (E), and p3, p4, m1, and
m2 (F) for E. neogeus(circle),E. insulatus(triangle), andE. andium(x).
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proving to bek. andium All other specimens were identi ed only doubt on the previously accepted taxonomic statusEofuus
asEquussp. since their dimensions placed them in an area ofAmerhippu¥as a distinct lineage of horses. Thus, this study left
overlap among the ranges of size variation sedh santaeelenae the taxonomy of South American natiiEequusopen to at least
E. insulatusandE. andium two interpretations: (1) all American native horses belahge
However, one of Alberdi and Prado's collaborative publishea single species, possilitguus caballyr (2) South American
works did not follow the taxonomic arrangement &fboerdi and  native horses were a diverse paraphyletic lineage clusterkithwit
Prado (1992)and was also one of the rst molecular (ancientthe total diversity of American species @&quus The rst
DNA) studies to be carried out on South American native harse hypothesis has been winning defenders among researchers of
(Orlando et al., 2008 This study demonstrated that sequencesAmerican native horses, and the 2010s have witnessed aehang
from South AmericanEquusfossils fell within the caballine in the dominant taxonomic paradigm, in that even the most
horse cluster with maximum bootstrap support, and also cadfraditional authors have recognized that the diversity oftith
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FIGURE 4 | Principal component analysis based on three dimensions ofpper cheek teeth and ve dimensions of lower cheek teeth oE. neogeus(circle),E.
insulatus (triangle), andE. andium(x). Projected scores on:(A) Principal Components 1 (74%) and 2 (18%) from the analysis &2; (B) Principal Components 1 (59%)
and 2 (29%) from the analysis of M3(C) Principal Components 1 (47%) and 2 (41%) from the analysis &3, 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 @f3; 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 proposeth which Prado and Alberdi (2017guestioned the validity of
(Prado and Alberdi, 2017; Machado et al., 2018 the subgenu€Equus(Amerhippu$ and considered the species
ConsequentlyMachado (2014conducted a morphological E. santaeelenaand E. lasalleito be junior synonyms ofE.
comparative analysis of the distal appendicular skeleton oftSo insulatus and E. neogeysrespectively. Only three species

American Equus and two groups were recognized: an Andearof native South AmericanEquus would then be valid:E.
one, composed dE. andiumand E. insulatusand with shorter andium, E. insulatusand E. neogeusHowever, the diagnoses
and more gracile metapodials; and another represented by thteeered for those species were still the same asAiiverdi
lowland speciek. neogeuand E. santaeelenawith longer and and Prado (1992)which established thaE. insulatusis an
more robust metapodials. intermediate-sized species between the lafgeneogeusind
Two taxonomic publications appeared in 2017, withthe small E. andium The Prado and Alberdi (2017 study

contrasting proposals Rfado and Alberdi, 2017; Machado thus upheld thestatus quoof the last eight decades, at least
et al., 2018 The rst is a reiteration of previous proposals, sinceSpillman (1938)
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On the other hand,Machado et al. (2018put forward a above) cannot distinguish between putative species withintso
novel proposal and evaluated the taxonomic importance of thé&merican nativeEquus This group might comprise a single
autopodials of South American natigguus which traditionally  speciesE. neogeysharacterized by a wide spectrum of clinal
were often used to diagnose species within this group asorphological variation.
noted above. The results revealed that autopodial features
previously used were inadequate for taxonomic purposes, sind€€eth Analysis
they failed to distinguish among any of the species of SoutBivariate analysisfigure 3) of dimensions 2 and 4 of the upper
American nativeEquus In fact, the pattern recognized for cheek teeth, and dimensions 2 and 6 of the lower cheek teeth,
all autopodial dimensions was a clear, overlapping continuunghowed a complete overlap and superimposition of all specimens
revealing a linear variation gradient. The authors propose@f Equusncluded here.
that South AmericanEquusmight display a clinal variation The PCA analysesF{gure 4) were unable to distinguish
in which E. andium and E. neogeusvould represent the between the traditionally recognized veAperdi and Prado,
phenotypic extremes of a spectrum from small to large sizegwhill99), or even the more recently posited thre€rgdo and
the other species would represent intermediates. AccorgdinglAlberdi, 2017, species of South Americaaquus Among the
size (at least in the way it was traditionally used, desdribeupper dentition analyses, that for PZFigure 4A) indicated
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FIGURE 7 | MTIIl analysis foE. andium(x),E. insulatus(triangle) E. neogeus(circle), andE. occidentalis(box): (A) projected scores from PCA, PC1 (96%) and PC2
(2%); (B) dispersal graph from CVA, axis 1 (77%) and axis 2 (20%).

that PC1 was responsible for 74%, and PC2 for 18%, dhutopodia Analysis
the variation. Dimensions 2 and 4 had the most signi cantThe bivariate analysis took into consideration the relatldps
e ects on PC1l and PC2, respectively. In the analysis of MBetween dimensions 1 and 3 and between dimensions 1
(Figure 4B), PC1 was responsible for 59% of the variation, andnd 4 of MTIIl and MCIIl, and the relationships between
PC2 for 29%. Dimensions 1 and 4 had the most signi candimensions 1 and 3 and between dimensions 1 and 5 of
eects on PCl and PC2, respectively. In the analysis dPHIIl, in the putative speciesE. andium E. insulatus E.
P3, P4, M1, and M2 Rigure 40, PC1 was responsible for neogeysand E. occidentalis The results obtained do not
47% of the variation and PC2 for 41%, and dimensiongllow the species to be distinguished from one another: there
2 and 4 had the most signicant eects on both PClis clear overlap among the clusters of points representing
and PC2. the various species, revealing a continuum of gradual linear
Among the lower dentition analyses, that for pRigure 4D)  variation (Figure 6).
indicated that PC1 was responsible for 57% of the variation In the PCA portion of the MTIII analysisKigure 7A), PC1
and PC2 for 31%. Dimensions 2 and 3 had the most signi cantvas responsible for 96% of the variation, with dimensionsd.2n
eects on PC1, while dimensions 4 and 5 had the mosts the most signi cant ones, while PC2 was responsible for 2% of
signi cant e ects on PC2. In the analysis of m¥i§ure 4B, the variation with dimensions 5, 6, and 10 as the most sigemt
PC1 was responsible for 67% of the variation, and PC2 for 20%ariables. In the CVA portionKigure 7B), axis 1 was responsible
Dimension 2 and dimension 5 had the most signi cant e ectsfor 77% of the variation and axis 2 for 20%.
on PC1 and PC2, respectively. In the analysis of p3, p4, m1 and The Kruskal-Wallis analyses performed on MTITable 1)
m2 (Figure 45, PC1 was responsible for 61% of the variationpresented signi cant values in comparisons of all dimensions
and PC2 for 25%. Dimensions 2 and 5 had the most signi canbetweenE. andiumand E. insulatus betweenE. andiumand
e ects on PC1, and dimension 6 had the most signi cant e ectE. neogeysbetweenE. andium and E. occidentalisbetween
on PC2. E. insulatusand E. occidentalisand betweenE. neogeus
The CVA of P2 Figure5A) revealed that axis 1 was and E. occidentalisAll other comparisons resulted in non-
responsible for 93% of the variation, and axis 2 for 7%signi cant values.
For M3 (Figure 5B), axis 1 was responsible for 88% of the In the PCA portion of the MCIII analysisKigure 8A), PC1
variation, and axis 2 for 12%. In the analysis of P3, P4, Mlyas responsible for 96% of the variation, with dimensionsd an
and M2 (Figure 50), axis 1 was responsible for 71% of the2 as the most signi cant ones, and PC2 for 1%, with dimensions
variation. Among the lower dentition analyses, CVA for p23, 5, and 10 as most signi cant. In the CVA portioRigure 8B),
(Figure 5D) revealed that axis 1 was responsible for 70%, andxis 1 was responsible for 91% of the variation and axis 2 for 5%.
axis 2 for 30%, of the variation. For m¥igure 5B, axis 1 The results of the Kruskal-Wallis analysis performed on
was responsible for 90% of the variation, and axis 2 for 10%ClII ( Table 2 revealed signi cant values in comparisons of
The analysis of p3, p4, m1, and mEigure 5P revealed that all dimensions betweeR. andiumand E. insulatusbetweert.
axis 1 was responsible for 86% of the variation and axis @ndiumand E. neogeysetweerE. andiumand E. occidentalis
for 14%. and betweerE. insulatusand E. occidentalisin comparisons
All the CVA analysesHigure 5) revealed an overlap among all involving dimension 1a signi cant di erence was also found
putative species of South Americ&muus especially regarding betweenE. insulatusand E. neogeusAll other comparisons
axis 1, and recognized only a single group. resulted in non-signi cant values.
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TABLE 1 | Kruskal-Wallis test results for comparative analysis of MIT.

1 3 4 5 10
E. andiumvs. E. insulatus p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andiumvs. E. neogeus p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andiumvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatusvs. E. neogeus ns ns ns ns ns
E. insulatusvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeusvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05

Signi cant values (p< 0.05) were obtained in the analyses of dimensions 1, 3, 4, 5, and 10 of E. andiunsvE. insulatus, E. andium vs. E. neogeus, E. andium vs. E. occidentalis, E.
insulatus vs. E. occidentalis, and E. neogeus vs. E. occidentalis; nesigni cant values were found for all other analyses.

FIGURE 8 | MCIII analysis folE. andium(x), E. insulatus(triangle),E. neogeus(circle), andE. occidentalis(box): (A) projected scores from PCA, PC1 (96%) and PC2
(1%); (B) dispersal graph from CVA, axis 1 (91%) and axis 2 (5%).

In the PCA portion of the IPHIII analysisKigure 9A), PC1  2001; Alberdi et al., 2003; Porpino et al., 2004; Pujos arasSal
was responsible for 82% of the variation, with dimensionsd an2004; Dantas et al., 2005; Labarca and Lopez, 2006; Rincon
2 as the most signi cant ones, while PC2 was responsible for 7% al., 2006; Araujo-Junior and Porpino, 2007; Mendoza, 2007;
of the variation with dimensions 2 and 4 as most signi canheéT Dias Neto et al., 2008; Hubbe, 2008; Kerber and Oliveira,
CVA (Figure 9B) revealed axis 1 to be responsible for 90% of th€008a; Kerber and Oliveria, 2008b; Ximenes, 2008; Bo2809;
variation, and axis 2 to be responsible for 5%. Sche er et al., 2010; Silva et al., 2010, 2012; Franca ex(dl1;

The results of the Kruskal-Wallis analysis of IPHITiable 3  Prado et al., 2011; Recabarren et al., 2011; Pereira et K, 20
revealed signi cant values in comparisons of all dimension®2oman-Carrion, 2012; Nogueira and Barbosa, 2015; Suarez and
betweenE. andiumand E. insulatus betweenE. andiumand Santos, 2015; Avilla et al., 2018
E. occidentalisand betweerE. insulatusand E. occidentalis The genugEquusspread through most of the South American
Signi cant values were also found with respect to comparisonsontinent, occupying highlands and lowlands-igure 17).
of dimensions 1, 3, 5, and 7 betweEnandiumand E. neogeys Although most records indicate altitudes &f500 m, there are
with respect to comparisons of dimension 1 betw&ernsulatus several records over almost 3,000 m, and there are no records
and E. neogeuysand with respect to comparisons of dimensionsouth of latitude 40S.

7 betweerE. neogeuand E. occidentaliAll other comparisons
resulted in non-signi cant values.

DISCUSSION

Fossil Record Update The state of the art of South American natigguustaxonomy

In updating the known distribution ofEquusfossil sites in was dominated by a splitter tendency beginning in the second
South America, 152 localities were fountable 4, making it  half of the nineteenth century, when several poorly diagnosed
possible to observe the very widespread distribution of theige species were named. Most of these species were maintained until
throughout the continent [figure 10 Alberdi and Prado, 1992, the second half of twentieth century, when a stable taxonomy
2004; Prado and Alberdi, 1994; Faure et al., 1999; MacFaddSouth American nativéeEquuswas nally achievedHlo stetter,

et al., 1999; Alberdi and Frassineti, 2000; Frassinettifdbdrdi, 1950; Alberdi and Prado, 1992; Prado and Alberdi, 3017
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TABLE 2 | Kruskal-Wallis test results for comparative analysis of MC.

1 3 4 5 10
E. andiumvs. E. insulatus p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andiumvs. E. neogeus p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andiumvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatusvs. E. neogeus p< 0.05 ns ns ns ns
E. insulatusvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeusvs. E. occidentalis ns ns ns ns ns

Signi cant values (p< 0.05) were obtained in the analyses of dimensions 1, 3, 4, 5, and 10 of E. andiunsVE. 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 Bsulatus vs. E. neogeus; non-signi cant values were found for all otheanalyses.

FIGURE 9 | IPHIII analysis foE. andium(x), E. insulatus(triangle),E. neogeus(circle), andE. 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 fopre clearly observed in the present study, which included
diagnosing South AmericaEquusspecies within this group, more data.
and this consensus held until the end of the 2010si¢hado, PCA revealed that the most signi cant variables in the cdse o
2018; Machado et al., 2018 he results obtained in the present PC1 were measurements 1 and 2 of MTIII, MCIIl and IPHIII.
study revealed that it is not possible to distinguish betwee®C1 was responsible for over 90% of the variation in each case
South AmericanEquusbased on the morphological charactersexcept that of the IPHIII analysis, in which it was responsible
previously used: size, and the proportions of the autopodifor 82%. Thus, length was the most signi cant character in the
and teeth. autopodial analyses but was still not su cient to distinguish
Dental analyses revealed a clear overlap in tooth proportionmmong the species. Instead length showed a continuum of
among the species. The results demonstrated that dimen&onggradual linear variation. These analyses were corrobdfaiehe
and 4 for the upper cheek teeth, and dimensions 2 and 6 for th&ruskal-Wallis test, which found signi cant values only ihet
lower cheek teeth, were the most important variables in th& PC comparison of species on the extremities of the continuum. The
Even these variables, however, were not su cient to di efieté  only species found to be somewhat distinct from the othershbot
among the species. on axis 1 in the CVA of MTIIl and MCIII and in the Kruskal-
These results were in accordance with the autopodidiVallistest, was the North Americda occidentalig-urthermore,
analysis, which corroborated all the analyses performed b. occidentalisan be distinguished from the South American
Machado et al. (2018)The bivariate analysis, PCA and CVA species by diagnostic cranial characters accordirigaoFadden
that were carried out on autopodial measurements revealeand 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 inachado et al. (2018)and the Machado (2018andMachado et al. (2018jhat South America
superimposition of autopodial metric characters was evemas probably inhabited by only a single specieqtius E.
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TABLE 3 | Kruskal-Wallis test results for comparative analysis of IRH

1 3 5 7 8
E. andiumvs. E. insulatus p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. andiumvs. E. neogeus p< 0.05 p < 0.05 p < 0.05 p < 0.05 ns
E. andiumvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. insulatusvs. E. neogeus p< 0.05 ns ns ns ns
E. insulatusvs. E. occidentalis p< 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05
E. neogeusvs. E. occidentalis ns ns ns p < 0.05 ns

Signi cant values (p< 0.05) were obtained in the analyses of dimensions 1, 3, 5, 7, and 8 of E. andiunsVE. insulatus, E. andium vs. E. occidentalis, and E. insulatus vs. E. odentalis,
of dimensions 1, 3, 5, and 7 of E. andium vs. E. neogeus, of dimension 1 of Ensulatus vs. E. neogeus, and of dimension 7 of E. neogeus vs. E. occidentalispn-signi cant values
were found for all other analyses.

neogeusHowever, the continuum observed in the autopodialthe Gracility Index has a negatively allometric relatiopsiith
analyses indicates an intraspecic variation that allow® th bone length.
establishment of a phenotypic variation according to the g®ci  The genu€quushas a continuous geographic distribution in
in the extremities, even though it cannot be used to distisju South America, bypassing the Amazon region, and this pattern
any distinct groupings. seems to be correlated with phenotypic variationEnneogeus
Morphological analyses allow the interpretation of a vasifThe Amazon basin was the region of South America most
variety of biological processes that can result in morphdalgi strongly a ected by Pleistocene climatic variations, withstant
di erences between individuals and populations, either thyhu alternations between contraction and expansion of the trdpica
a long period of genetic divergence or by phenotypic plasticityorest (Arruda et al., 201)/ The Amazon forest constituted a
oriented by the environment{angas et al., 20).8Morphological relatively warm and wet habitat that probably remained itedia
variations related to biotic and abiotic gradients in hegeneous through much of the Pleistocené(ruda et al., 201) However,
environments are commonly observed in species with wid&quususually favor open plain environments, like savannas
geographic distributions§alomon, 2001; Ennen et al., 2014 (MacFadden, 1994; Alberdi and Prado, 2004; Costa, 20179 Prad
Intraspeci ¢ variation analyses are common in morphologicaland Alberdi, 201y, and the typical environmental instability
studies of ungulates, and several groups display a relatipnshdf closed forest biomes might have worked as a geographic
between morphological phenotypic variation and latitudinalbarrier to dispersion of the genus in the South American
variation (Kangas et al., 20).6Examples of this relationship continent. Most records indicate altitudes as high as 50Censet
usually conform to Bergmann's Rul@¢rgmann, 184& Mayr,  with several records approaching 3,000 m and this approximate
1963a,l which posits a correlation between larger bodies andltitude was probably a limit for the taxon. There are no retsor
higher altitudes or cold environments, often considered arsouth of latitude 40S, a pattern that is also observed in other
adaptation to climatic variationsAshton et al., 2000; Blackburn Pleistocene mammals, such ldetiomastodon platens{&lothé
and Hawkins, 2004; Kangas et al., 20Hodwever, the phenotypic and Avilla, 201} This distribution also di ers importantly from
variation observed in South Americ&guuss di erentand does that of Hippidion, the other South American equid, for which
not t the latitudinal variation pattern, so the possibilithat it records are limited to southern Patagonia but surpassintyti
represents a case of Bergmann's Rule can be excluded. AlléssS (Prado and Alberdi, 2007 According toRay and Adams
Rule is also commonly invoked when dealing with phenotypig2001) during the Last Glacial Maximum, the environment at
and latitudinal variations and implies a correlation betwee latitudes exceeding 48 corresponded to a temperate desert with
shorter appendages, and therefore shorter limb bones, adércol permanentice sheets at the southern area of the continenthwh
environments in endothermic mammals$\(dds and Oswald, probably formed a barrier to the dispersal Bfjuusin South
2007; Symonds and Tattersall, 2010; Alho et al., ROThis  America. Furthermore, the geographic distribution Bfjuusin
rule likewise does not seem to explain the variation observe8outh America surrounds the Amazon. The possibility that the
in Equusin South America. There are records of long limblack of Amazonian records dEquusis a result of taphonomic
bone morphotypes in localities with colder environments,Fsuc factors can be excluded, since Pleistocene records of otbst fo
as those at latitude 48, and also in areas characterized bymammals are known from the AmazofRéncy, 1999
a greater range of phenotypic variation. Ecuador, for example, As proposed byachado et al. (201&nd Machado (2018)
was once believed to have three species distinguished by lifslouth AmericanEquusappears to represent a case of clinal
bone proportions. It was once postulated that the Gracilityvariation. Clines can be categorized as smooth or stepped,
Index of South AmericarEquusautopodia, and especially of the former corresponding to gradual continua without marked
IPHIII, was related to the environment, with slendernes&kéd intraspeci ¢ boundaries and the latter to continua with spee
to harder ground and robustness to softer grouritbddo and slopes, abrupt changes and clear demarcations between possible
Alberdi, 1994; Alberdi and Prado, 200#However, recent studies subspeciesSalomon, 2001, 2002; Katzner and Collar, 3013
(Machado et al., 20)&have refuted this idea and revealed thatWith increasing evolutionary dierentiation, smooth clines
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TABLE 4 | Locations and altitudes ofEquus fossil occurrences in South America.

TABLE 4 | Continued

Localities Country  Altitude Latitude Localities Country  Altitude Latitude
Napostéa Grande (Bahia Blanca) Argentina  34m 38’s El Boyero (Entre Rios) Argentina  27m 3p5°s
Arroyo Camet (Buenos Aires) Argentina  35m 379’s Espinillo (Entre Rios) Argentina  88m 288°%0"s
Arroyo Claromec6 (Buenos Aires) Argentina  11m 385106.67008 Zanjon Seco (Jujuy) Argentina  1,034m 38LOO7ODS
Arroyo Tapalqué (Buenos Aires) Argentina  160m 368015.71005 Laguna Meum Argentina  23m 34.64352 S
Ayacucho (Buenos Aires) Argentina  79m 3707000005 El Carriza (Mendoza) Argentina 786 m 320020008
Ayacucho (Buenos Aires) Argentina  47m 3107000008 Gruta del Indio (Mendoza) Argentina  114m 34450 S
Balcarce (Buenos Aires) Argentina  121m 38333 S Malargie (Mendoza) Argentina 1,198 m 3528032003
Bahia San Blas (Buenos Aires) Argentina  5m 483008005 Cafada Honda (San Luis) Argentina  611m 3]58049.5005
Barrancas (Buenos Aires) Argentina  8m 3814032.50008 Inti Huasi (San Luis) Argentina  17m 37.25193 S
Buenos Aires (Buenos Aires) Argentina  29m 385°08.8"s Rio Seco de Chical (San Luis) Argentina 696 m 375°s
Campo Sposito (Buenos Aires) Argentina 278 m 334%4%s Alvear (Santa Fe) Argentina 63 m 33s
Centinela del Mar (Buenos Aires) Argentina  13m 386000008 Arroyo Frias (Santa Fe) Argentina  30m 3900008
Chacra del Brié (Buenos Aires) Argentina  204m 329%3.65’S  Arroyo Seco (Santa Fe) Argentina  30m 39%%s
Chascomus (Buenos Aires) Argentina  19m 3536O S Cercanias (Santa Fe) Argentina  42m 3]2700008
Gonzalez Chaves (Buenos Aires) Argentina  199m 3800008 Chaco Santafesino (Santa Fe) Argentina  56m 227005008
Indio Rico (Buenos Aires) Argentina 143 m 383303008 Esperanza (Santa Fe) Argentina  42m 3]2700008
La Chata (Buenos Aires) Argentina  20m 3833016.50008 Laguna Setubal (Santa Fe) Argentina  11m 3]33037.5008
Las Conchas (Buenos Aires) Argentina  13m 3425017.26003 Puerto San Martin (Santa Fe) Argentina 663 m 33
La Plata (Buenos Aires) Argentina  28m 3434004.5008 Puerto San Martin (Santa Fe) Argentina  26m 324029008
Lobos (Buenos Aires) Argentina  33m 3511%7%s Rio Dulce (Santiago del Estero) Argentina 153 m 227°0.14%s
Malacara (Buenos Aires) Argentina  37m 324%2.71%s Rio Carcarafia (Santa Fe) Argentina  84m 351%6.3%s
Magdalena (Buenos Aires) Argentina  11m 3%°35.40"°s Rio Paran& (Santa Fe) Argentina  34m 32%29.60”s
Mar del Plata (Buenos Aires) Argentina  443m 390°16.2”s Rio Salado (Santa Fe) Argentina  22m 387%5.4”s
Mercedes (Buenos Aires) Argentina  44m 3439016.57003 Rosario (Santa Fe) Argentina  84m 35032.85008
Miembro Guerrero (Buenos Aires) Argentina  ? 35S Tacural (Santa Fe) Argentina 98 m 303303008
Miramar (Buenos Aires) Argentina  20m 3816013.25008 La Banda (Santiago del Estero) Argentina 193 m 271409.02008
Monte Hermoso (Buenos Aires) Argentina  8m 3839015.5003 Nuapa (Chuquisaca) Bolivia 1,856 m 2(1)000.00008
Necochea (Buenos Aires) Argentina 18 m 3812008005 Tarija (Tarija) Bolivia 1,603m 231056003
Olavarria (Buenos Aires) Argentina  170m 368044005 Lagoa de Pedra (Alagoas) Brazil 309m %2013008
Paso Otero (Buenos Aires) Argentina  10m 382°08%s Chique-Chique (Bahia) Brazil 408 m 1049°23%s
Pehuen Co6 (Buenos Aires) Argentina  7m 390°0%s Curaca (Bahia) Brazil 364m 0859%31"’s
Playa del Barco (Buenos Aires) Argentina  1m 390°09”s Itaguacu (Bahia) Brazil 422m 1101°6.6"s
Paso del Médano (Buenos Aires) Argentina  8m 3814032.50008 Ourolandia (Bahia) Brazil 597m 1055052008
Punta Carballitos (Buenos Aires) Argentina  107m 3&53033005 Toca dos Ossos (Bahia) Brazil 597m 1(]55052003
Punta Hermengo (Buenos Aires) Argentina  20m 3&6013.25008 Waterwhole deposit (Bahia) Brazil 775m 10.46667 S
Quequén Grande (Buenos Aires) Argentina 107 m 3&6058.9008 Itapipoca (Ceard) Brazil 106 m 329059.32008
Rio Lujan (Buenos Aires) Argentina  21m 3433058.9003 Corumba (Mato Grosso do Sul) Brazil 153 m 1858048003
Rio de La Plata (Buenos Aires) Argentina  22m 3&0037.99003 Aguas do Araxa (Minas Gerais) Brazil 976 m 150009003
Rio Sauce Grande (Buenos Aires) Argentina  11m 389051.2008 Francisco S& (Minas Gerais) Brazil 670m 16?90 S
Rio Quequén Salado (Buenos Aires) Argentina  8m 387"36.6"s Lagoa Santa (Minas Gerais) Brazil 772m 188°s
Tandil (Buenos Aires) Argentina  204m 3719%3.65°°S  Curimata (Paraiba) Brazil 357m %3%6%’s
Tapalqué (Buenos Aires) Argentina 90m 3&1021.3008 Taperoa (Paraiba) Brazil 537m ZLZOZ.BGOOS
Tres Arroyos (Buenos Aires) Argentina  115m 382300008 Mangueirinhia (Parana) Brazil 912m 2317030008
Vicente Lopez (Buenos Aires) Argentina  26m 34S Alagoinha (Pernambuco) Brazil 310m &40 S
Wilde (Buenos Aires) Argentina  7m 3441054005 Afranio (Pernambuco) Brazil A477Tm 830054008
Mar Chiquita (Cérdoba) Argentina  2m 374008 Pesqueira (Pernambuco) Brazil 714m &40 S
San Francisco (Cérdoba) Argentina  422m 31260 S Sé&o Raimundo Nonato (Piaufi) Brazil 346m 9)0055005
Sitio El Silencio (Cérdoba) Argentina 18 m 3053020005 Toca do Serrote do Artur (Piauf) Brazil 371m 819035005
Arroyo Alcaraz (Entre Rios) Argentina  47m 35027.6008 Ponte Velha Il (Rio Grande do Sul)  Brazil 156 m 299045.46003
Arroyo Ensenada (Entre Rios) Argentina  6m 385°S Quarai (Rio Grande do Sul) Brazil 107m 3a0°s
(Continued) (Continued)
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TABLE 4 | Continued

Localities Country  Altitude Latitude
Santa Vitéria do Palmar (Rio GrandeBrazil 14m 33 44°11.4%s
do Sul)

Lajedo de Soledade (Rio Grande do Brazil 121m 5 35°20%s
Norte)

Sao Rafael (Rio Grande do Norte) Brazil 83m 50O S
Gararu (Sergipe) Brazil 161m 3705033008
Poco Redondo (Sergipe) Brazil 193m 95537%s
Aurora do Tocantins (Tocantins) Brazil 468 m 125%.08%’s
Tuina (Atacama) Chile 2,642m 235"
San Vicente de Tagua (Cachapoal)  Chile 208m 328°18%s
Cerro Caracol (Concepcion) Chile 60m 3650°03"s
Los Vilos (Coquimbo) Chile 18m 3151°s
Valle de Elqui (Elqui) Chile 123m 280° s
Estero de Coyanco (La Laja) Chile 2,134m 3340059008
Tierra Blancas (La Lingua) Chile 701m 327000005
Calera (Lo Aguirre) Chile 211m 327°%00%s
Pilauco Site (Osorno) Chile 63m 4084°11%s
Cachabuco (Santiago) Chile 642m 3312O S
Chacabuco (Santiago) Chile 544 m 3301040008
Colina (Santiago) Chile 597m 3312°00"s
Conchali (Santiago) Chile 1,356 m 3153°s
Punta de Rieles (Santiago) Chile 574 m 33.48101 S
San Bernardo (Santiago) Chile 571m 33120 S
Huimpil (Temuco) Chile 257m 3845°0%’s
Sabana de Bogota (Bogota) Colombia 2,796 m 511046.5400N
Tibit6é (Cundinamarca) Colombia 2,559 m 41002000N
Zanjon Seco (Ginebra) Colombia  1,034m 375052.8008
Cerro Gordo (Guamo) Colombia  392m 41002000N
Fm. Villavieja (Huila) Colombia  387m 23%8”N
La Venta (Huila) Colombia  2,139m a8’ N
Chalén (Sucre) Colombia ~ 294m 932%8”N
Punin (Chimborazo) Ecuador  2,801m 146°00%s
La Carolina (Pichincha) Ecuador 2,768 m 011007.1008
Alangasi (Quito) Ecuador  2552m  018°25.19”s
El Colegio (Quito) Ecuador  2,850m 015°01.8%s
La Magdalena (Quito) Ecuador 2,802m 015o S

La Ronda (Quito) Ecuador 2,801m 015o S
Otén (Quito) Ecuador  2,779m 001%7.6"s
Quebrada Colarada (Quito) Ecuador 2,595m 146045.9008
Quebrada Grande (Quito) Ecuador 2,595m (1)9058.5008
Rio Chiche (Quito) Ecuador  2,398m  012%28.79s
Peninsula de Santa Elena (Santa  Ecuador 2m 2 13O S
Elena)

Sacaco (Arequipa) Peru 2321m  1530%26.3”s
Pampa de los Fosiles (Paijan) Peru 94m 2130 S
Talata Tar Pit (Talara) Peru 86m 4330 S
Pikimachay Cave (Valle del Peru 2718m 13 2%26.88”s
Ayacucho)

Rio Cuareim (Artigas) Uruguay 57m 3016008.29008
Arroyo Sopas (Salto) Uruguay 90m 3]_’L5O S
Taima (Falcén) Venezuela 39m 1]2905400N
Inciarte (Zulia) Venezuela 94m 167°00™N

FIGURE 10 | Updated map of South AmericanEquus fossil occurrences.

could gradually change into steeper ones. If the distinctions
between adjacent populations within the cline become relativel
large, the slopes occurring along the cline may turn into
steps and potentially even “break” the cline, indicating some
kind of speciation $alomon, 2001, 20p2Considering the
geographic distribution oEquusin South America along with
the continuum of gradual linear variation observed in the
autopodial analyses, which does not allow identi cation of
marked intraspeci c entities, it seems that South Ameri€uus
can be regarded as a smooth cline.

The lengths of the bones in the locomotor apparatus are
usually related to cursoriality. In horse evolution thisationship
is particularly evident in the distal bones, which tend to beger
in species inhabiting open and plains environmerit§{ebrand,
1987; MacFadden, 1994; Christiansen, 2002; Alberdi ancoPrad
2009. 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 sizéli{debrand, 198Y. The relation
between body size and maneuverability is fundamentallgdas
on Newton's First Law, the law of inertialéwton, 168Y. A larger
body has more resistance to any change in its state of madiah,
asmaller body is conversely characterized by lower resistamnd
consequently more maneuverability. Yet stability is o the
position of an individual's center of mass. For greater siighthe
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 altitude of South AmericanEquus fossil occurrences.

delimited by the supporting feet, which is favored by shorsleg  The taxonomy of South AmericaBquushas always relied on
and large feetH{ildebrand, 198Y. dental and autopodial dimensions. Over almost two centuries,
Moreover, locomotion on sloping ground is di erent from numerous species were identi ed based on unclear and biased
locomotion on the plains, because in the former case posturaliagnoses that were based primarily on size di erences, iggor
readjustments are essential to propel the body and elevateghe the possibility that the observed morphological variations
(Higgins and Ru , 201). These readjustments lead animals withmight not in fact be taxonomically diagnostic. Most review
shorter autopodials to have relatively higher step lengtlsteep publications perpetuated this same idea, and for too long the
slopes, opposite to the pattern observed in plain environments&axonomy remained confusing and unclear. This contribatio
(Higgins and Ru , 201). This tendency for species with shorter has analyzed a broader range of specimens from all over
autopodials to occur in higher-altitude environments isebged the continent, and from this greater picture it is possible
in Perissodactyla: it applies to African zebras (Equida® als to conclude that the dimensions of the teeth and autopodia
the genusEquu$ from the mountains and the plains and, in are not diagnostic and therefore should not be used in the
Tapiridae, to Andean and plains tapirsiachado, 2014 Within ~ taxonomy of South American natiiequus Dental proportions
the Equidae, however, Asian asses present a distinct paittern,showed clear superimposition among previously recognized
which the higher altitudeEquusspecies has longer limb bones species, and no marked species boundaries could be identi ed
than the ones from lower altitude&/achado, 2014 Nonetheless, on this basis. Furthermore, autopodial analyses revealed cle
the Altiplano of Tibet di ers from the African and Andean ones superimposition with gradual linear variation, also withoutya
in being a plateau, consisting of a wide-open plain at highwdt marked intraspeci c distinctions. It is inferred here thab&h
(Moehlman, 200p. Thus, it seems that the observed variation inAmerica was inhabited by a single specie€qtius namelyE.
the limb proportions of South AmericaBquusmight have been neogeuysand that its phenotypic variation represents a smooth
driven by local topographic relief rather than altitude alone cline probably driven by the type of topographic relief.
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CONCLUSIONS (MCL), Brazil; Museo Argentino de Ciencias Naturales
Bernardino Rivadavia (MACN-Pv) and Museo de La Plata
The results obtained here support the conclusions/afchado  (MLP), Argentina; Museo de Historia Natural Gustavo Orcés
et al. (2018) and it is proposed here thaEquusin South v (v and MECN), Ecuador; Museo Nacional Paleontologia y
America comprised a single speci&sgjuus neogeu$he use of Arquiologia de Tarija (TAR), Bolivia; Museo de Historia Naalr
dimensions of teeth and autopodials in South Ameridgquus  (UNMSM), Peru; Museo de Ciencias Naturales Federico Carlos
as diagnostic features, as was done previously, is erroneoyghman, Colombia; and American Museum of Natural History
Knowledge of the geographic distribution &quushas been (AMNH) and La Brea Tar Pits and Museum (previously the
increased, showing that this genus was present in the mgjoriGeorge C. Page Museum; GCPM), USA, for allowing access to
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analyses, allowed identi cation of a pattern that may repnése to reviewer 1 for the feedback, to reviewer 2 for the feedback
a smooth cline of phenotypic variation correlating with and English corrections and suggestions on the manuscript,

topographic relief. and to the editor Dr. Corwin Sullivan for the English review of
the manuscript. HM was thankful to the Department of Earth
DATA AVAILABILITY Sciences of University of Oregon for nancial support, and to

. . the National Science Foundation (NSF) for nancial support
The datasets generated for this study are available on sétpie 35 3 GE provided through the project Collaborative Research:

the corresponding author. ABI Innovation: FUTRES, an Ontology-Based Functional Trait
Resource for Paleo- and Neo-biologists (1759821). LA was
AUTHOR CONTRIBUTIONS thankful to Dr. Bruce MacFadden for hosting him at the Flazid

) _ o Museum of Natural History and Science during his sabbatical
HM and LA were involved in all processes pertaining t0jn 2014/2015, to Conselho Nacional de Desenvolvimento
the manuscript, from the collection’s visits to the analysegienti co e Tecnoldgico (CNPq) for a post-doctoral scholagsh

and writing. (248772/2013-9) awarded through the Program Ciéncias sem
Fronteiras and for the research scholarship on the program.
ACKNOWLEDGMENTS Bolsa de Produtividade em pesquisa (process 307555/2016-0),

and for nancial support provided by the Fundacao Carlos
The authors were grateful to the curators of the followingChagas Filho de Amparo a Pesquisa do Estado do Rio de Janeiro
institutions: Museu Nacional (MN) and Museu de Ciéncias(FAPERJ) via the researcher scholarship (E-25/2014) under th
Naturais da Pontificia Universidade Catolica de Minas Geraiprogram Jovem Cientista do Nosso Estado.

REFERENCES Ameghino, F. (1904). Nuevas Especies de Mamiferos Cretaceosigribarde la
Republica Argentina ConAnales Soc. Cient. Argentif8-59, 35-48.
Abel, O. (1913). “Saugetiere, Palaontologie,” idandworterbuch der Aradjo-Junior, H. I., and Porpino, K. O. (2007). Mamiferos Fosseid-azenda
Naturwissenschaften 8: lenads E. Korschelt, G. Link, F. Oltmans, S. L&ea Formosa, Sdo Rafael, Rio Grande do Norte, Brasil: interpretacdes
Schaum, H. Th. Simon, M. Verworn, and E. Teichamann (Jena: Fischer), paleoecoldgica€ongr. Ecol. B8, 1-2.

696—759. Arruda, D. M., Schaefer, C. E., Fonseca, R. S., Solar, R. R.eamah#es-Filho,

Alberdi, M. T., Cartelle, C., and Prado, J. L. (2003). El registro de E.I. (2017). Vegetation cover of Brazil in the last 21ka: nesigiits into the
Equus (Amerhippuy e Hippidion (Mammalia, Perissodactyla) de Brasil. Amazonian refugia and Pleistocene arc hyphoteSisb. Ecol. Biogeod7,
Consideracionespaleoecoldgicas y biogeogréaAaeghinianat0, 173-196. 47-56. doi: 10.1111/geb.12646

Alberdi, M. T., and Frassineti, D. (2000). Presencia Hippidion y Equus  Ashton, K. G., Tracy, M. C., and Queiroz, A. D. (2000). Is Bergnisanile valid for
(Amerhippu¥ (Mammalia, Perissodactyla) y su distribuicion em el Pleistoceno mammalsAm. Nat.156, 390-415. doi: 10.1086/303400
Superior de ChileEstudios Gedh6, 279-290. doi: 10.3989/egeol.00565-6144 Avilla, L. S., Machado, H., AraGjo-Janior, H. ., Mothé, D., Rofti, Nascimento,
Alberdi, M. T., and Prado, J. L. (1992). El registroHigpidion Owen, 1869 y K. O., et al. (2018). Pleistocefguus(Equidae: Mammalia) from Northern
Equus(Amerhippuy Ho stetter, 1950 (Mammalia, Perissodactyla) en America  Brazil: evidence of scavanger behavior by ursids on South Aarehorses.

del SurAmeghinian&9, 265-284. Ameghiniang5, 517-530. doi: 10.5710/AMGH.05.07.2018.3069
Alberdi, M. T., and Prado, J. L. (1995). “Lés equidos de AméricaSdel in Ayres, M., Ayres-Jr., M., Ayres, D. L., and Santos, A. A. S. (2E@gstat:
Evolucion Biolégica y Climatic de Laregion Pampeana DataatJltimos Cinco aplicacOes estatisticas nas areas das Ciéncias Biomédisd@® 5.0. Belém:
Millones de Afios: Un Ensayo de Correlacion con el Mediter@aoeidental Sociedade Civil Mamiraua, MCT-CNPq, 324.
M. T. Alberdi, G. Leone, and E. P. Tonni (Madrid: Consejo Superier d Bacon, C. D., Molnar, P., Antonelli, A., Crawford, A. J., Montes,ad Vallejo-
Inverstigaciones Cienti cas), 295-307. Pareja, M. C. (2016). Quaternary glaciation and the great Ameridatich
Alberdi, M. T., and Prado, J. L. (2004). “Caballos fésiles de Amégt&ut: uma interchangeGeologyl4, 375-378. doi: 10.1130/G37624.1
historia de tres millones de afios,” 8erie Monogréa cavol. 3, eds G. G. Politis  Barron-Ortiz, C. I., Avilla, L. S., Jass, C. N., Bravo-Cuevas, Mithado, H., and
and J. L. Prado (Buenos Aires: Incuapa), 259. Mothé, D. (in press). What iEquu® Reconciling taxonomy and phylogenetic
Alho, J. S., Herczeg, G., Laugen, A. T., Rasanen, K., Laurilané.Merila, analyses-ront. Ecol. Evol.
J. (2011). Allen's rule revisited: quantitative genetics of eitye length Bergmann, C. (1848)Uber die Verhaltnisse der W&armedkonomie der Thiere
in the common frog along a latitudinal gradiend. Evol. Biol24, 59-70. zu ihrer GrosseAbgedruckt aus den Géttinger Studien 1847. Géttingen:
doi: 10.1111/j.1420-9101.2010.02141.x Vandernhoeck and Ruprecht.

Frontiers in Ecology and Evolution | www.frontiersin.org 18 July 2019 | Volume 7 | Article 235



Machado and Avilla

The Diversity of South AmericarEquus

Blackburn, T. M., and Hawkins, B. A. (2004). Bergmanns'rule ané th Ho stetter, R. (1950). Algunas observaciones sobre los cabades de America

mammal fauna of northen North AmericaEcography27, 715-724.
doi: 10.1111/j.0906-7590.2004.03999.x
Boas, J. E. V. (1881). Om en fossil Zebra-Form fra Brasilienes Carieas

del Sur Amerhippugyen. novBol. Inform. Cient. NacionaB, 426—-454.

Ho stetter, R. (1952). Les Mammiféeres Pléistocenes de la Répuld@iequateur.

Mém. Soc. Géol SBaris. 31, 1-391.

et Tillaeg om to Arter af Salaegtétippidion. Det Kongelige Danske Vidensk. Hubbe, A. (2008)Contextualizacdo Taxondmica, Tafonémica e Morfométrica dos

Selskabs Skrift. Naturvidensk. Math. Afdelin§05-330.
Borrero, L. A. (2009). “The elusive evidence: the archeologicairdeof the

Remanescentes Osseos da Gruta Cuvieri (MG), um Sitio tBiigimo do
Pleistoceno Tardi§Thesis/Ph.D.'s thesis]. Sdo Paulo: University of Sdo Paulo.

South American extinct megafauna,” famerican Megafaunal Extinctions at Kangas, V. M., Rytkénen, S., Kvist, L., Nygrén, T., and As{#016). Geographic

the End of the Pleistocereal G. Haynes (New York, NY: Springer), 145-168

doi: 10.1007/978-1-4020-8793-6_8

Boule, M., and Thevenin, A. (1920Mammiféres Fossiles de TarijRaris:
Imprimerie Nationale, 256.

Branco, W. (1883). Ueber eine fossile Saugethier-Fauna voimigeirRio bamba
in Ecuador. II: Beschreibung der faurRélaontol. Abhandll, 39-204.

Burmeister, G. (1875).0s Caballos Fosiles de La Pampa ArgenBoanos Aires:
Imprenta “La Tribuna”, 88.

Christiansen, P. (2002). Locomotion in terrestrial mammals: the @mce of body
mass, limb length and bone proportionZool. J. Linn. Socl36, 685-714.
doi: 10.1046/j.1096-3642.2002.00041.x

cline in the Shape of the moose mandible: indications of an adaptvel. J.
Mammal. Evol24, 233-241. doi: 10.1007/s10914-016-9344-y

Katzner, T. E., and Collar, N. J. (2013). Are insular populationhefRhilippine

falconet Microhierax erythrogenysteps in a clineondor 115, 575-583.
doi: 10.1525/cond.2013.120070

Kerber, L., and Oliveira, E. V. (2008a). Presencagleug Perissodactyla, Equidae)

e Neuyurus(Cingulata, Glyptodontidae) no Quaternario do municipio de
Quarai, oeste do Rio Grande do SDahdernos Pes. Série Bifl, 18—-25.

Kerber, L., and Oliveria, E. V. (2008b). Fésseis da Formacao TBass0

(Pleistoceno Superior), Rio Grande do Sul, Brasil: atualizacdo dos
dados e novas contribuicbes. Geosci4, 49-64. doi: 10.4013/gaea.20

Costa, T. S. (2017)0 Esqueleto Pos-créniano de Hippidiformes (Equidae: 082.02

Mammalia) e Aspectos Morfofuncionais e Adaptativos. [MapbgBachelor's
Monograhp] Rio de Janeiro: Universidade Veiga de Almeida.

Cuvier, G. (1806). Sur les Elephans vivans et fosgiles. Muséum Natl. d'Hist.
Nat. 8, 1-269.

Daniel, H. (1948).Nociones de Geologia y Prehistoria de Colon\bélellin:
Bogot4, 360.

Dantas, M. A. T., Zucon, M. H., and Ribeiro, A. M. (2005). Megata
pleistocénica da Fazenda Elefante, Gararu, Sergipe, Brasdiénciad4:277.

Dias Neto, C. M., Born, P. A., and Chahud, A. (2008). Ocorréneiandmiferos
extintos do pleistoceno na localidade de Lagoa da Pedra, municgpigati,
AlagoasRev. UnG Geodf, 110-115.

Eisenberg, J. F., and Redford, K. H. (1998mmals of the Neotropic¥ol. 3,
Ecuador, Bolivia, Brazil. Chicago: University of Chicago PG&s,

Eisenmann, V., Alberdi, M. T., De Giuli, C., and Staesche, U. (198®llected
papers after the “New York Internation&ipparion Conference, 1981") in
Studying Fossil Horses Volume 1. Methodpledg M. Woodburne, and P.
Sondaar (Leiden: E. J. Brill), 72.

Ennen, J. R, Kalis, M. E., Patterson, A. L., Kreiser, B. Righ,al. E., Godwin, J.,
etal. (2014). Clinal variations or validation of a subspecies&sa study of the
Graptemys wigrinoda complex (Testudines: Emydid&)I. J. Linn. Sod.11,
810-822. doi: 10.1111/bij.12234

Faure, M., Guérin, C., and Parenti, F. (1999). Découverte d'ungafaéne

holoceéne a Toca do Serrote do Artur (aire archéologique de S&do Rdonun

Nonato, Piaui, Brésil)Comp. Rendus I'Acad. Sci. IIA Earth Planet. 329,
443-448. doi: 10.1016/S1251-8050(00)80069-5

Franga, L. M., Dantas, M. A. T., Zucon, M. H., and Cozzuol, M. A1@®).
Megafauna do Pleistoceno nal da Fazenda Sao José, Pocodve@ergipe,
Brasil.Estud. GeoR1:1.

Frassinetti, D., and Alberdi, M. T. (2001). Los macromamiferos cemiials
del Pleistoceno Superior de Chile: Resefia historica,
restos fosiles, especies y dataciones conociHasid. Geol.57, 53-69.
doi: 10.3989/egeol.01571-2127

Gervais, H., and Ameghino, F. (1880@s Mamiferos Fosiles de la América del Sur

Sabih e IgoRaris.

Labarca, R. O., and Lépez, P. G. (2006). Los mamiferos nipleisiozs de la

formacion quebrada Quereo (IV region — Chile): biogeogra a, bice#gra a
e inferencias paleoambiental®astozool. Neotrod.3, 89—-101.

Lister, A. (2018)Darwin’s Fossils: Discoveries That Shaped the Theorylati@&vo

London: Natural History, 232 pp.

Lund, P. W. (1840). Nouvelles Recherches sur la Faune fossileédil. Bnn. Sci.

Nat. 13, 310-319.

Lund, P. W. (1846)Letter to Manoel Rodrigudsma: Sabara.
MacFadden, B. J. (1994ossil Horses: Systematics, Paleobiology, and Evolution of

the Family EquidagCambridge: Cambridge University Press, 369.

MacFadden, B. J., and Azzaroli, A. (1987). CraniufBeuiusinsulatuMammalia,

Equidae) from the Middle Pleistocene of Tarija, BoliviaVerteb. Paleontdl,
325-334. doi: 10.1080/02724634.1987.10011663

MacFadden, B. J., Cerling, T. E., Harris, J. M., and Prado, J. 29)18ncient

latitudinal gradients of C3/C4 grasses interpreted from stableojsed of
New World Pleistocene hors&quu$ teeth.Glob. Ecol. Biogeod, 137-159
doi: 10.1046/j.1466-822X.1999.00127.x

Machado, H (2018)Revisdo Taxondmica do Género Equus (Mammalia: Equidae)

Extintos da América do SulDissertation/Master's Thesis]. Rio de Janeiro:
National Museum (MN/UFRJ).

Machado, H. (2014)Analise Morfofuncional do Esqueleto Apendicular Distal

de Equus, L. 1789 (Equidae: Mammalia) do Pleistoceno Suloameri
[Monograph/Bachelor's MonograpRio de Janeiro: Federal University of the
State of Rio de Janeiro.

Machado, H., Grillo, O., Scott, E., and Avilla, L. (2018). Followimg footsteps

of the South AmericarEquus are autopodia taxonomically informativel?
Mammal. Evol25, 397-405. doi: 10.1007/s10914-017-9389-6

Mariano, T. F., and Romano, P. S. R. (2017). Intra-specic varatand

allometry of the skull of Late Creataceous side-necked turtle Baursielagans

localidades, (Pleurodira, Podocnemididae) and how to deal with morphometric data i

fossil vertebrateseer®:e2890. doi: 10.7717/peerj.2890

Mayr, E. (1963a)Animal Species and Evolutio@ambridge: Belknap Press of

Harvard University Press, 797.

Mayr, E. (1963b)Species Concepts and Their Application. The Units of Ewoluti

Gervais, P. (1855)Recherches sur lés Mammiféres Fossiles de I'AmériqueCambridge: M. I. T, 15-25.

Méridionale Paris: Chez P. Bertrand, Libraire-Editeur, 63.
Gromova, V. (1949). The history of horses (genus Equus) in theV@ddld. Tr.
Paleontol. Inst. Akad. Nauk SSSR 1-374.

Gromova, V. (1952).Gippariony: (rod Hipparion): po materialam Taraklii,

Pavlodara | drugimMoscow: 1zd-vo Akademii nauk SSSR.

Hammer, O. (2012)PAST: Paleontological Statistics, Reference Ma@sb:
University of Oslo.

Higgins, R. W., and Ru, C. B. (2011). The e ects of distal limbgisent

shortening on locomotor e ciency in slopped terrain: implications for

neandertal locomotor behaviourAm. J. Phys. Anthropoll46, 336-345.
doi: 10.1002/ajpa.21575
Hildebrand, M. (1987). The mechanics of horse légs. Sci75, 594-601.

Mendoza, P. L. (2007). Tafonomia de los mamiferos extintos dest&teino

Tardio de la costa meridional del semiarido de Chile (IV region 232
Latitudes): Alcances culturales y paleoecolégidsv. Antropol. Chil39,
69-86. doi: 10.4067/S0717-73562007000100005

Moehlman, P. D. (2002)Equids, Zebras and Horses. Status Survey and

Conservation Action PlallUCN/SSC Equid Specialist Group. Gland: [IUCN.

Mothé, D., and Avilla, L. (2015). Mythbusting evolutionary issuon South

American Gomphotheriidae (Mammalia: Proboscidé@)Sci. Rew.10, 23-25.
doi: 10.1016/j.quascirev.2014.12.013

Newton, I. (1687)Philosophiae Naturalis Principia Mathematica (“Matheiceit

Principles of Natural Philosophy'Dondon, 1687; Cambridge, 1713ndon
1726.

Frontiers in Ecology and Evolution | www.frontiersin.org 19

July 2019 | Volume 7 | Article 235



Machado and Avilla

The Diversity of South AmericarEquus

Nogueira, J. S., and Barbosa, O. R. (2015). O paleoambiente @a aegileologica
de Central (BA) através dos mamiferos da Toca do Mundir@®@ Arqueol.
3, 45-66. doi: 10.20891/clio.v30i2p45-66

Nudds, R. L., and Oswald, S. A. (2007). An interspecic test béns rule:
evolutionary implications for endothermic specieBvol. 61, 2839-2848.
doi: 10.1111/j.1558-5646.2007.00242.x

Orlando, L., Male, D., Alberdi, M. T., Prado, J. L., Prieto, A., Cooper
et al. (2008). Ancient DNA clari es the evolutionary history of anuam late

Scheer, S. M., Martins, G. R., Kashimoto, E. M., and Oliveira, A. (4010).
Revisdo sobre a paleontologia no estado do Mato Grosso do Sulisfésse
a oramentos descritoBraz. Geogr. 1, 65-99.

Sefve, I. (1912). Die fossilen pferde stidamerikas. K&vginska Vetenskapsakad.
Handl.48, 1-185.

Silva, D. D., Sedor, F. A., and Ribeiro, A. M. (20Ex)uus(Amerhippu$ neogeus
Lund, 1840 (Perissodactyla, Equidae) no Quaternario do EstadBadand,
Brasil.Rev. Bras. Paleontdb, 336—344. doi: 10.4072/rbp.2012.3.09

pleistocene equids. Mol. Evol66, 533-538. doi: 10.1007/s00239-008-9100-x Silva, F. M., Filgueiras, C. F. C., Barreto, A. M. F., and Oliveird/. £2010).
Owen, R. (1840)The Zoology of the Voyage of H.M.S. Beagle Under the Command Mamiferos do Pleistoceno Superior de Afranio, Pernambuco, nordeste d
of Captain Fitzroy, R.N., During the Years 1832 to 1836. Part-l — Fossil Brasil.Q. Environ. Geos@, 1-11. doi: 10.5380/abequa.v2i1-2.14182

Mammalia London: Smith, Elder and Co.

Owen, R. (1845pescriptive and lllustrated Catalogue of the Fossil Crgernains
of Mammalia and Aves Contained in the Museum of the Royal geoté
Surgeons of Englanidondon: R and JE Taylor.

Owen, R. (1869). On fossil remains of Equines from Central andiSAmerica
referable tdEquus conversider@w.,Equus tayOw., andEquus arciden®w.
Philos. Trans. R. Soc. Loi&9, 559-573. doi: 10.1098/rstl.1869.0020

Pereira, J. C., Lopes, R. P., and Kerber, L. (2012). New remairtee dhte
Pleistocene mammals from the Cui Creek, Southern Bideil. Bras. Paleontol.
15, 228-239. doi: 10.4072/rbp.2012.2.10

Porpino, K. O., Santos, M. F. C. F., and Bergqvist, L. P. (200dgistro de
Mamiferos Fésseis no Lajedo Soledade, Apodi, Rio Grande do Noesi.B
Rev. Bras. Paleontdl. 349-358. doi: 10.4072/rbp.2004.3.06

Porta, J. de. (1960). Los équidos de la Sabana de Bogota. Bel&éologidJniv.
Ind. Santanded, 51-78.

Prado, J. L., and Alberdi, M. T. (1994). A quantitative reviewhef horse genus
Equusrom South AmericaPaleontolog@7, 458-481.

Prado, J. L., and Alberdi, M. T. (201 'Hossil Horses of South Ameri&pringer
International Publishing, 150.

Prado, J. L., Alberdi, M. T., Sanchez, B., and Gémez, G. (2014 exitmction of
Equidae and Proboscidea in South America. A test using Cartmops data.
Estud. Geob7, 363—-384. doi: 10.3989/egeol.40505.193

Pujos, F., and Salas, R. (2004). A new specieslagfatherium(Mammalia:
Xenarthra: Megatheriidae) from the Pleistocene of Sacaco and Eesias,
Peru.Paleontolog$7, 579-604. doi: 10.1111/j.0031-0239.2004.00376.x

Rancy, A. (1999). “Fossil mammals of the amazon as a portrait of adelers

Solounias, N., and Semprebon, G. (200®jlvances in the Reconstruction of
Ungulate Ecomorphology With Application to Early FossildsgNew York,
NY: American Museum Novitates, 1-49.

Souza Cunha, F. L. (1971). Sobre os hol6tipoEdaus(Amerhippuy neogeus
Lund, 1840 eEquus(Amerhippu} curvidensOwen, 1844Anais Acad. Bras.
Ciénciagt3, 619-627.

Spillman, F. (1938). Die fossilen Pferde Ekuadors der Gattung idpo8§.
Palaeobiologicd, 372—-393.

Suérez, R., and Santos, G. M. (2015). Cazadores-Recolectanpgartes,
supervivéncia de la fauna de lo pleistocenBqus sp y Glyptodon
sp.) y tecnologia litica durante el holoceno temprano em la
frontera Uruguay-Brasil. Rev. Arqueol.23, 20-39. doi: 10.24885/sab.
v23i2.298

Symonds, M. R., and Tattersall, G. J. (2010). Geographical warigtibill size
across bird species provides evidence for Allen's Auhe. Nat. 176, 188-197.
doi: 10.1086/653666

Wagner, A. (1860). Ueber fossile Saugertierknochen am Chimborasso
Sitzugsberichte der koniglich bayerischen Akademie der Wisdwiten
zu MUchen, Munich 330-338.

Webb, S. D. (1978). A history of savanna vertebrates in the Newd\Bart II:
South America and the great interchangeinu. Rev. Ecol. Sy&, 393-426.
doi: 10.1146/annurev.es.09.110178.002141

Weddel, H. A. (1851). “Voyage dans le Sud de la Bolivie Expedition dans
les Parties Centrales de I'Amérique du,Sedi F. de Castelnau (Paris: P.
Bertrand), 1-432.

Winge, H. E. (1906). Jordfundne og nuvelende Hoydr (Ungulata) fgoheSanta,

environment,” inMammals of the Neotropics. The Central Neotropics, Ecuador Minas Geraes, Brasilien. Med udsigt over gumlernes indbyrdes shkadgt

Peru, Bolivia, BrazilVol. 3, ed K. H. Redford (Chicago, IL: University of

Chicago Press), 20-26.

Rasband, W. S. (199TnageJBethesda, MD: US National Institutes of Health.

Ray, N., and Adams, J. (2001). A GIS-based vegetation map ofidhe at
the last glacial maximum (25,000-15,000 BRjernet Archaeolll, 1-44.
doi: 10.11141/ia.11.2

Recabarren, O. P., Pino, M., and Cid, I. (2011). A new recoEhofugMammalia:
Equidae) from Pleistocene of central-south ChiRev. Chil. Hist. Nat84,
535-543. doi: 10.4067/S0716-078X2011000400006

Reche, O. (1905). Uber eine neue Equidenart aus
Institutes der Universitat Wien 018, 225-241.

Rincén, R., Ascanio, D., Alberdi, M. T., and Prado, J. L. (2008)evo
registro de Equus (Amerhippu} santaeelenaéMammalia, Perissodactyla)
delpozo de asfalto de Inciarte (Pleistoceno Superior), estado Xigisgzuela.
Ameghinianad3, 529-538.

Romén-Carrién, J. L. (2012). Hallazgo de megafauna pleistocéniememntro
histérico de QuitoRev. Polit30,136-146.

Salomon, M. (2001). Evolutionary biogeography and speciationy esaa
synthesisJ. Biogeoge8, 13—-27. doi: 10.1046/j.1365-2699.2001.00515.x

Salomon, M. (2002). A revised cline theory that can be used for tijgdn
analyses of evolutionary processes without parapatric speciatiddiogeogr.
29, 509-517. doi: 10.1046/j.1365-2699.2002.00675.x

der
Pampasformation Mitteilungen des Geologischen und Paléontologischen

Museo LundiB, 1-239. doi: 10.5962/bhl.title.15734

Wolf, T. (1875). Geognostische Mittheilungen aus Ecuador. 4itiskhe
Zusammenstellung der in Ecuador stattgefundenen Vulkan-Augie{iend
Erdleben seit der Zeit der Conquistdeues Jahrbuch Mineral. Geol. Palaeontol.
1875, 152-170.

Woodburne, M. O. (2010). The great American biotic interchandispersals,
tectonics, climate, sea level and holding peviammal. Evol.17, 245-264.
doi: 10.1007/s10914-010-9144-8

Ximenes, C. L. (2008). “Tanques Fossiliferos de Itapipoca, CEdBeins e
cemitérios de megafauna pré-histdrica,’'Sitios Geoldgicos e Paleontol6gicos
eds M. Winge, C. Schobbenhaus, C. R. G. Souza, A. C. S. Fesndvide
Berbet-Born, E. T. Queiroz (Brasilia: CPRM 2), 515.

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatidps that could
be construed as a potential con ict of interest.

Copyright © 2019 Machado and Avilla. This is an open-accesk alistributed
under the terms of the Creative Commons Attribution Licé@€eBY). The use,
distribution or reproduction in other forums is permittedpypded the original
author(s) and the copyright owner(s) are credited and theabttginal publication
in this journal is cited, in accordance with accepted acamdpractice. No use,
distribution or reproduction is permitted which does naotly with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 20

July 2019 | Volume 7 | Article 235



