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At the end of the Pleistocene, South America witnessed the loss of an 83% of all
megafaunal genera that inhabited the continent at that time. Among the taxa that
disappeared were all the representatives of the Equidae family, including several species
of Equus and Hippidion. Previous studies have investigated the causes behind the
extinction of horses in South America using radiocarbon data sets to set the time of
extinction and compare it to the timing of major climate changes and human arrival. While
these studies have shown to be informative, they are available only for some regions of
the continent. In the present work we use paleo species distribution models to estimate
the potential distribution of Equus neogeus, Hippidion saldiasi, Hippidion devillei and
Hippidion principale in South America from the Last Glacial Maximum (LGM) through the
early Holocene. The main goal is to track changes in the potential area of distribution for
these taxa as they approached to the time of their extinction between 12 and 10 kyr BP, to
test the role of climate changes in the process of extinction. The distribution models show
the Pampas, El Chaco and Central Chile as major areas of distribution for £. neogeus and
H. principale during the LGM. The high Andes and central Argentina appear as potential
areas for H. devillei and southern South America as the potential area of distribution for
H. saldiasi during the LGM. A major contraction of the potential areas of distribution is
observed toward the beginning of the Holocene for all species of horses, occurring along
with a shift of these areas toward higher latitudes and higher altitudes. The moments of
major changes in the potential areas of distribution happened at times when humans
were already present in most of the different areas of South America. Even if a reduction
in the potential area of distribution is not probe for a main role of environmental changes
in driving the demise of horses, the models presented here suggest an increased risk of
extinction for these taxa during the late Pleistocene which was accompanied by a spread
of humans in the continent.
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1. INTRODUCTION

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

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

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

1.1. Horse Extinction in South America:

Human vs. Environmental Drivers

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

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

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

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

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

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

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

2.1. Climatic Layers

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

2.2. Modeling

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

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

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

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

3. RESULTS

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

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

TABLE 1 | Model evaluation parameters.

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

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

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

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

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

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

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

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

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

4. DISCUSSION

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

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

the Holocene and, according to the PSDM, no one was evidently
driven to extinction due to changes in climate, suggesting
that climate alone is not enough to explain the extinction of
these taxa.

The PSDMs presented in this work correspond
to presence only climatic models which use climatic
information to establish the set of abiotic conditions that
determine where the modeled species potentially could
be present. Since only climatic variables are considered
to model the potential distribution of these taxa, this
model is suitable to assess the contribution of climate in
affecting the potential distribution. But other contributing
factors,associated to biotic interactions, for example, cannot be
ruled out.

According to the above, what is being modeled by the
PSDMs could be interpreted as the fundamental niche of the
species; the set of abiotic conditions that determine the area
where the species potentially could be present (Soberén and
Peterson, 2005). In reality, however, at least two other major
drivers can impact the distribution of a species, migration and

biotic interactions (Soberdn and Peterson, 2005). The idea that
what is being modeled is the fundamental niche, instead of
the realized niche, possibly leads to an overestimation of the
potential area of distribution calculated by the models (Peterson
et al., 2011). However, Varela et al. (2011) suggest that, due to
the low number of presences commonly available to produce
paleo species distribution models, it would be more common to
underestimate the potential area of distribution of a species, due
to the fact that fewer recorded occurrences imply a more sparse
sampling of the conditions where the species was actually present
according to the fossil record. Fortunately both potential biases
compensate each other. However, further analyses with a larger
dataset of species and of occurrences by species are required.

In order to take into account possible over estimation and
under estimation of the potential areas of distribution calculated
in this study we employ the trinary maps package (Merow,
2019). With the use of trinary maps, we were able to obtain
scenarios where the sensitivity was prioritized (using the LCI
of the threshold) which gave larger distributions, and scenarios
where the specificity was prioritized (using the HCI of the
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FIGURE 5 | Trinary maps showing the potential distribution of Hippidion saldiasi, calculated from the Last Glacial Maximum (LGM, 21 kyr BP) to the early Holocene (8
kyr BP). The different colors represent blue: areas where H. saldiasi is not present; white: potential distribution of H. saldiasi calculated from the low confidence interval

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

threshold), which resulted in a smaller ranges. Having two
scenarios is important in the case of study presented here, where
taphonomic and preservation issues can introduce an important
bias especially in the form of false negatives.

As it is expected in a scenario of global warming, like the
one experienced during the transition from the LGM to the
current interglacial, the potential distribution calculated for the
late Pleistocene horses in South America became reduced in
tropical and subtropical latitudes and persisted or shifted toward
geographic areas where cooler conditions persisted longer. In this
context, for example, the potential distribution of E. neogeus,
which initially extended toward north-east Brazil, appears to
be more shifted toward Patagonia and persistent in the high
part of the Andes at 8 kyr BP (Figure 2). Hippidion devillei,
which exhibits a small potential distribution during the LGM
in the Pampas and the high Andes, persisted only in the last
one at 8 kyr BP and disappeared from more tropical latitudes
(Figure 4). Along this same line of argument, less evident are
the changes observed for the distribution of H. principale and
H. saldiasi as none of them experienced great shifts in the

entire range of its potential distribution (Figures 3, 5). One
main observation that can be drawn however, is that by the
last time slice of our analysis only the areas located in the
southernmost part of the calculated distributions and in the high
Andes persisted.

Changes in diversity from the LGM to the early Holocene
show a significant reduction in biodiversity in subtropical and
tropical areas and an increase in Patagonia and some high
Andean places, which also reflects a preference toward the
areas of the continent where cooler conditions persisted longer
(Figure 7, A Diversity).

It is important to acknowledge that the displacement and
the changes in size of the potential distribution of horses
could be related to more variables than just temperature (see
Supplementary Material). In this sense, vegetation changes that
were happening all over the continent during the Pleistocene
Holocene transition could have had an important role in driving
some of the changes in distribution observed in this study. These
vegetation re-configurations, in turn, are ultimately related to
changes in precipitation and temperature patterns.
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4.1. Potential Distribution and Ecological
Preferences of South American Horses

The potential distribution calculated for Equus neogeus
during the LGM included areas with grassland steppe and
temperate semi-deserts in the Pampas and more tropical
savanna environments in east Brazil, as some environmental
reconstructions suggest for this time (Ray and Adams, 2001;
de Melo Franca et al., 2015). This observation does not contradict
what is known about the diet and the environments inhabited
by E. neogeus derived from stable isotopes studies, which suggest
the occupancy and consumption of plants from the entire
spectrum of C3 plants, C4 plants, and mixed C3-C4 diet (Prado
and Alberdi, 2017 and references there). Hippidion principale
would have occupied areas of grasslands and temperate deserts
according to the potential distribution calculated by our models
and the vegetation reconstructions for the continent during the
LGM (Ray and Adams, 2001; de Melo Franga et al., 2015). In
the case of H. devillei and H. saldiasi, their potential distribution
indicates they occupied areas with temperate deserts and semi-
deserts during the LGM, as well as colder areas in the high Andes
and in the southern tip of the continent (Ray and Adams, 2001;
de Melo Franca et al., 2015). This agrees with the results from
stable isotope analyses showing that all species in the genus
Hippidion during the Pleistocene preferred woodlands or C3

wooded open areas, with a diet of C3 plants or C4-C3 mixed
[Prado and Alberdi (2017) and references there].

The area with the highest diversity of horses during the
LGM is the Pampas (Figure 7). End Pleistocene Pampas was
a C3- dominated grassland steppe, representing a sub-humid
and arid environment which changed, starting at 12 kyr BP,
to a major proportion of C4 vegetation, as the climate became
more humid and warmer (Prieto, 1996; Iriarte, 2006; Sudrez,
2011). These changes would have been negative for the species
of Hippidion in the area given their habitat preferences discussed
above. Accordingly, the timing of changes in vegetation coincides
with a major reduction in the potential distribution of Hippidion
principale between 13 and 12 kyr BP in the area (Figure 3) and
with the timing of a drop in biodiversity in the area from four to
three species of horses at around 12 kyr BP (Figure 7).

4.2. Area of Potential Distribution: Body

Size and Extinction Risk

It is interesting to notice that the species of horses with the
greater calculated area of occupancy (Figure 6) are the ones with
greater body size. Hippidion principale, with an estimated body
size of 460 kg (Alberdi et al., 1995) and Equus neogeus with a
body size of 370 kg (Prado and Alberdi, 1994) had a potential
area of distribution of around 2.7 million km?. On the other
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hand, the smallest species Hippidion devillei (250 kg, Alberdi
et al., 1995), has the most reduced potential area of distribution
with an estimate of around 793 thousand km? during the LGM.
Hippidion saldiasi, with an estimated body size of 265 kg (Alberdi
etal., 1995), has a potential area of occupancy of 1.4 million km?.

All taxa of horses analyzed here experienced a significant
reduction in the area of potential occupation according to the
information in Figure 6. E. neogeus experienced the greatest
reduction losing 61% of its distribution from the LGM to 8 kyr
BP. According to the radiocarbon chronology for this taxon, it
disappears from the record of South America at around 11.7 kyr
BP (Rio Quequen Salado, Argentina, Prado et al., 2015), a time
that coincides with a reduction of its potential area of distribution
by half. This last appearance date (black star, Figure 1) is located

TABLE 2 | Minimum Viable Area (MVA).

Species name Mass (kg) Home range (km?) MVA (km?)
E. neogeus 370 11.33 49330.82
H. principale 460 14.14 61565.56
H. saldiasi 265 8.06 35093.24
H. devillei 250 7.59 33046.86

in the area calculated for the distribution of Equus neogeus at 12
kyr BP (red, Figure 2). Something slightly different is observed
for H. saldiasi. The greatest reduction of the potential area of
distribution for this taxon occurs at 9 kyr BP and corresponds to a
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loss of a 37% of the area calculated. This result could suggest that
the potential area of distribution of H. saldiasi was less affected
by the climatic changes of the late glacial and early Holocene
when compared to E. neogeus, for example. Interestingly, the
radiocarbon record for H. saldiasi shows the last appearance
date close to 10 kyr BP (Cerro Bombero, Argentina, Paunero
et al., 2008), being the last horse species becoming extinct in the
continent according to the information available at the moment.

Hippidion devillei and H. principale had the greatest reduction
in their potential distribution at 11 kyr BP, with a reduction of
51% and 47%, respectively. The radiocarbon record for these two
taxa shows last appearance dates of 12.8 kyr BP and 15.3 kyr BP,
respectively, however, it is still scarce in terms of the total number
of dates to make conclusions about the timing of extinction of
these horses.

A deeper analysis about the impact that a reduction in the
potential area of occupancy from the LGM to the early Holocene
was performed.To begin with, we calculated the minimum area
needed to have a population of horses that could persist in
time and compare that calculation with the potential areas of
occupancy estimated from the PSDM (Figure 6). We used the

following information: there is evidence that for mammals, the
number of individuals that can inhabit in a certain area is
affected by body size (Marquet and Taper, 1998) and that the
minimum viable population for ungulates in natural conditions is
4,354 individuals (calculated using the information and methods
provided in Traill et al., 2007). We used the estimations for
body size available in the literature (first paragraph, section 4.2)
to determine the home range needed for each of the different
species of horses knowing that home range scales positively with
body size (Lindstedt et al., 1986). Following the work carried
out by Marquet and Taper (1998) on body size and extinction
risk of mammalian species in islands, we then multiplied these
home range values by the minimum viable population size (4,354
individuals) to finally calculate the minimum viable area (MVA)
for each taxon. The results of these calculations are in Table 2.
From the values presented there and the ones from Figure 6
we can conclude that by 8 kyr BP E. neogeus has an estimated
area of occupancy 20.3 times larger that its MVA, H. devillei 9.5
times its MVA, H. principale close to 29.4 times its MVA, and
H. saldiasi 31.8 times it MVA. A more conservative approach was
to calculate MVAs using only the potential areas of distribution

16-15 kyr BP 15-14 kyr BP
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FIGURE 8 | Maps of the geographic distribution of radiocarbon dates on archaeological sites indicating the presence of humans in South America. The number of
archaeological sites and radiocarbon dates graphed per time bin are indicated in each map. All dates were calibrated using Calib 7.02 and the calibration curve SH13
(Hogg et al., 2013). Dates where obtained from the databases published by Gayo et al. (2015) and Goldberg et al. (2016).
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calculated from the high confidence interval from the trinary
maps, which in turn results in smaller potential areas. Also, we
left out every contiguous patch of area that was smaller than
the calculated MVA for the different species. As a result, by 8
kyr BP, E. neogeus has an occupancy area 6.18 times its MVA,
H. devillei one 1.08 times its MVA, H. principale an area 15.1
times its MVA, and H. saldiasi an estimated area of occupancy
6.83 times the MVA needed for its survival. This conservative
scenario leaves H. devillei as the only species under a very high
risk of extinction under these conditions. In summary, all these
calculations suggest that the inferred climate-driven changes in
the potential distribution of horses are not sufficient to explain
the extinction of these taxa at the end of the Pleistocene in South
America, thus other causes to explain their extinction should
be invoked.

In Figure 8 is shown the distribution of radiocarbon dates on
archaeological sites from the time of human arrival into South
America ataround 16 kyr (Monte Verde, Chile, in Dillehay, 1997)
to the early Holocene. As shown in this figure, from the time of
colonization, there is a constant increase in the estimated number
of sites and radiocarbon dates recording the presence of people in
the continent. At the same time, from the time interval between
13 and 12 kyr BP, the presence of humans is evident in most of
the regions in the continent, which could have led to an increase
in human impacts in the main different ecosystems of South
America. Some of these ecosystems may have been particularly
more vulnerable to human impacts as well (Pires et al., 2015).
Comparing these observations with the changes in the potential
distribution of horses we can see, for example, that reductions
close to a 50% of the potential area occupied by E. neogeus and
H. principale happened around 13 kyr BP, a time when humans
where already present in almost every environment (Figure 8).
The major increase in the number of sites with evidence of
humans is recorded between 10-9 kyr BP, time at which all the
horse species studied had already experienced a major reduction
in their potential distribution.

5. CONCLUSIONS

According to the models presented here, there is an evident
reduction in the potential distribution of the four species of
horses from the LGM to 8 kyr BP in South America. In general,
the reduction in the size of the areas of potential distribution
is accompanied by a shift in the location of the estimated
distribution toward southern latitudes and higher altitudes where
cooler conditions persisted longer compared to tropical and
subtropical latitudes. The changes in diversity of horses follow
the same pattern of shifts toward areas of cooler conditions at
the beginning of the Holocene, experiencing a decrease in the
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