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Dental ecometric traits in large herbivores have been used to reconstruct palacoenvi-
ronments, given the known relationships that these traits have to modern environments
(such as the negative correlation between hypsodonty and precipitation). These tech-
niques have largely focused on environments in North America and particularly both
Eurasia and Africa, and consequently ecometric models have been trained on groups of
herbivores that are most significant in those regions today (Artiodactyla, Perissodac-
tyla, Primates and Proboscidea). The extent to which these relationships are persistent
in communities with other dominant herbivores has never been tested. Because South
America has been isolated for most of its history, fossil assemblages in the continent
contain other clades, which likely have different trait-environment relationships due
to their evolutionary history. Quantitative testing of these relationships and tailored
regional models for South America, particularly those incorporating dietary infor-
mation, will improve palaeoenvironmental reconstructions in the continent using

mammal communities.

Dental ecometrics

Ecometric traits are those which have a direct,
quantifiable relationship with aspects of the envi-
ronment (Vermillion ef al. 2018) and the study of
ecometrics uses these trait-environment rela-
tionships on a community level, through meas-
urement of the distribution of trait values across
the community (Eronen et al. 2010a, Polly et
al. 2011, Polly & Head 2015, Vermillion et al.
2018). The first fully developed ecometric trait,
which has been subsequently widely applied, is
hypsodonty, the relative height of molar teeth
in mammals (especially large herbivores), with
which a relationship to precipitation has been
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quantified by a variety of authors (e.g. Fortelius
et al. 2002, Eronen et al. 2010a, Liu ef al. 2012,
Zliobaité ef al. 2016, 2018, Oksanen et al. 2019,
Schap et al. 2021, Short et al. 2021, Schap et al.
2024). Ecometric traits have been developed in
other groups e.g. body mass in reptiles (Head et
al. 2009, Parker et al. 2023) and leaf morphol-
ogy (Wolfe 1990, Beerling et al. 2002).
Hypsodonty increases the durability of teeth
in herbivorous mammals, with crown height
increased to reduce the detrimental effect of
abrasion on tooth function. Either hypsodonty
or hypselodonty (ever-growing cheek teeth)
have been identified in 78 families of mam-
malian herbivores, and elevated molar crown
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height is therefore the most widespread solution
to increase durability (Janis & Fortelius 1988).
Historically, the interpretation of the coincident
evolution of hypsodonty in North American
equids with the spread of grasslands in the Mio-
cene (e.g. Stirton 1947, Simpson 1951, Janis et
al. 2002) has been used as evidence supporting
the belief that hypsodonty is an evolutionary con-
sequence of grazing (Damuth & Janis 2011), and
indeed, there is a positive correlation between
grazing and hypsodonty (Janis 1988). To a large
extent, the abrasion which has driven the evolu-
tion of hypsodonty in most groups relates more
to ingested material than inherent properties of
grasses. Grazers feed close to the ground and are
more likely to ingest soil and grit than browsers,
and in dry, open habitats dominated by grazing
taxa, wind and rain can promote accumulation of
sediment on plant material, in contrast to closed
forest habitats (Damuth & Janis 2011). Because
of this, the proportion of hypsodont taxa within
a community can be used to estimate the relative
aridity and openness of a habitat.

The use of hypsodonty has deep roots in
Finland, with the master’s thesis of Bjorn Kurtén
using the trait to identify forest or steppe envi-
ronments in Late Miocene China (Kurtén 1952).
Here, Kurtén used the proportions of brachy-
dont, intermediate and hypsodont forms within
faunas in China as a proxy for environment,
with proportionally more hypsodont faunas sug-
gested to reflect steppe environments. The ideas
introduced in studies such as this have formed
the basis of subsequent works that have more
quantitatively described the relationship between
hypsodonty and precipitation in large herbivores
(Fortelius et al. 2002, Eronen et al. 2010a, Liu
et al. 2012, Zliobaité et al. 2018, Oksanen et al.
2019, Short et al. 2021). In Finland, these stud-
ies have used mean ordinated hypsodonty, with
taxa described as either brachydont, mesodont
or hypsodont, suggesting an ongoing ‘Kurténian’
element to the methodology.

More recently, other dental traits have been
identified as being related to other environmental
variables. These include the number of longitu-
dinal lophs (Liu et al. 2012) and the presence
of acute cutting lophs (Oksanen ef al. 2019),
both of which are related to the ability to cut
bark or branches during the cold season (and

thus are negatively correlated with temperature).
Bunodonty (the absence of lophs) is higher in
warm, tropical, forested environments because
this type of tooth is common in frugivores and
omnivores (Liu et al. 2023), and structural forti-
fication (Zliobaité e al. 2018) is more common
in wetland and forest grazers. Especially in com-
bination, these types of dental traits can be used
for palacoenvironmental reconstruction, and the
suite of dental traits that a herbivore possesses
is referred to as the functional crown type (FCT)
(Jernvall et al. 1996, Zliobaité et al. 2016, 2018,
Saarinen et al. 2021, Liu et al. 2023).

One of the key advantages of ecometrics is
that they are taxon-free (Eronen er al. 2010b,
Polly et al. 2011, Andrews & Hixson 2014, Polly
& Head 2015, Polly et al. 2016, Vermillion et
al. 2018), meaning that they can theoretically be
applied across space and time, so long as trait—
environment relationships remain constant, even
when the same taxa are not present. However,
trait—environment relationships are ever-evolv-
ing and must be tested (Polly & Head 2015).
For example, structural fortification has never
been identified in a non-artiodactyl and is conse-
quently likely to be an inappropriate trait prior to
the global origin of this group and in continents
where they were absent for most of the Cenozoic.

Bias in dental ecometric studies

Largely as a consequence of the research ques-
tions they have been used to address, the use of
dental ecometrics has been applied in a relatively
geographically limited capacity. The intended
use of these methods to reconstruct palacoenvi-
ronments in Eurasia and Africa (often in the con-
text of hominin evolution) (Fortelius ef al. 2016,
Saarinen ef al. 2021) has necessitated the use of
the dominant herbivorous taxa in these regions
for trait coding. Subsequently, most dental eco-
metrics studies have used only artiodactyls, per-
issodactyls, primates and proboscideans (APPP)
for community trait means (Liu ez al. 2012, Gal-
brun et al. 2018, Zliobaité et al. 2018, Oksanen
et al. 2019, Liu et al. 2023). Whilst ecometrics
are supposedly taxon-free, this small pool of taxa
introduces an inherent bias to the method, such
that its applicability to times and places where
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these taxa are not dominant requires much fur-
ther investigation. For example, Australia never
had these herbivorous taxa for most of its his-
tory so applications of models using solely the
APPP taxa are likely inappropriate. The appli-
cability of these models to the fossil record of
Eurasia and Africa also requires testing. For
example, the Paleogene faunas of the Fayum
sequence in Egypt were dominated by hyracoids
and embrithopods (Gagnon 1997), not included
in the APPP taxa.

The key to the application of ecometrics is
that trait-environment relationships can remain
relatively constant through time and space, as
well as across disparate taxa (Polly & Head
2015, Vermillion et al. 2018). However, these
relationships cannot be universal. For ecometrics
to be useful, the environment in which an organ-
ism lives should exert a selective pressure on the
traits of that organism, so that species distribu-
tions are thereby controlled by the traits of indi-
viduals (Polly et al. 2011). Over regional scales,
communities are then sorted according to their
traits through processes including evolution,
extinction, migration and clade sorting (Eronen
et al. 2010b, Polly et al. 2011, Polly & Head
2015, Polly ef al. 2016, Vermillion et al. 2018).

However, a variety of factors might influ-
ence trait means within a community beyond the
environmental variable of interest for ecometric
studies. The difference between the predicted
community trait value based on ecometric rela-
tionships and actual trait values is termed ‘eco-
metric load’ (Polly ef al. 2016), and a variety of
factors can increase the ecometric load of a par-
ticular community (compared to global ecometric
models). Biotic interactions can affect trait values
(and consequently ecometric load), as illustrated
by changes in carnivore calcaneum gear ratio
in Bloomington, Indiana, related to anthropo-
genically driven hunting and habitat loss (Polly &
Head 2015). Another factor is taxonomic identity,
related to evolutionary history. A clear example
of this would be communities of New Zea-
land, where the absence of herbivorous mammals
resulted in communities where browsing niches
are filled by large birds (Clout & Hay 1989),
and subsequently where dental ecometrics are
wholly inappropriate. The unique faunal compo-
sition and evolutionary history of South America

provides an opportunity to test the applicability
of these models in a non-analogue setting.

Faunal history of South American
herbivores

The application of global dental ecometric
models, constructed using modern-day commu-
nities, to modern South America reveals that the
ecometric load is no more or less than in other
continents (Zliobaité et al. 2018, Oksanen ef al.
2019, Wilson et al. 2022). The extent to which
this holds true in the fossil record has never been
explicitly tested. Modern South American herbi-
vore communities contain a high proportion of
APPP taxa (Wilson et al. 2022), though this has
not been true for the majority of the history of
the continent (Fig. 1).

The history of the fauna of South Amer-
ica is one of successive periods of migration
and replacement, organised into four Cenozoic
phases (Croft 2012, Goin et al. 2012). Undis-
puted therians are absent from the Mesozoic
fossil record, and instead in the Late Creta-
ceous, mammal communities from high-latitude
localities are almost exclusively dryolestoids and
gondwanatherians (Rougier et al. 2009, 2011).
These gondwanatherians of South America pro-
vide the earliest evidence of hypsodont cheek
teeth in mammals, from the Late Cretaceous
to the Early Paleocene (a period before open
grasslands) (Bonaparte 1986, Von Koenigswald
et al. 1999). Therians are recorded in the earliest
Paleogene onwards, having seemingly migrated
from North America through the Caribbean via
the Aves Ridge in the Late Cretaceous or earli-
est Paleogene (Case et al. 2005). These therian
immigrants ultimately gave rise to the groups
that have been called the three “old-timers” (the
marsupials, ungulates and xenarthrans) (Simp-
son 1980), of which the ungulates and xenar-
thrans are the groups that include the large herbi-
vores relevant for dental ecometric studies. The
time period where these early immigrant groups
and the remaining endemic taxa are the only
mammals in South America is called the ‘Early
South American Phase’ (Goin ef al. 2012).

The xenarthrans include two broad groups,
each with herbivorous representatives: the cingu-
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Fig. 1. Stratigraphic chart illustrating the different phases in South American mammal evolution, and the sequence
and timing of the South American Land Mammal Ages, adapted from Croft (2016) and Krause et al. (2017). The
grey shading of the “Vacan” reflects the fact that this is included within the Riochican, as defined by Krause et al.
(2017). Gradients are used rather than sharp boundaries between the phases of mammal evolution because the
timing is not consistent across the whole continent. The potential large (> ~0.5 kg) herbivore taxa in each phase are
included as silhouettes. Silhouettes facing left are native during the phase, whilst silhouettes facing right immigrate
to or are descended from immigrants into South America during the phase. A family level is used for Artiodactyla
and Perissodactyla (in comparison to the ordinal level of other clades) to highlight the effect on the community
composition of the anthropogenic impacts of the Hypoamerican Phase. SALMA = South American Land Mammal
Age. Silhouettes from phylopic.org: Dryolestes (Elis Newham, CCO 1.0 DEED), Adalatherium hui (Scott Hartman,
CC BY 3.0 DEED), Hyopsodus, Carodnia vieirai (T. Michael Keesey, CCO 1.0 DEED), Alcidedorbignya inopinata,
Hilarcotherium miyou, Nesodon, Xenorhinotherium, Notiomastodon platensis (Zimices, CC BY-NC 3.0 DEED),
Pyrotherium, Tapirus pinchaque, Dicotyles tajacu, Hippopotamus amphibius, Bos primigenius taurus, Sus scrofa
domestica (Steven Traver, CCO 1.0 DEED), Glyptodon (Fabio Machado, CCO 1.0 DEED), Magdalenabradys con-
fusum (Zimices, PDM 1.0 DEED), Cebus (Sarah Werning, CC BY 3.0 DEED), Hydrochoerus hydrochaeris (Skye
McDavid, CCO 1.0 DEED), Lama vicugna (Kai Caspar, CCO 1.0 DEED), Equus neogeus (Zimices, CC BY-SA 3.0
DEED), Odocoileus virginianus (Gabriela Palomo-Munoz, CC BY-NC 3.0 DEED), Equus ferus caballus (Tamara L.
Clark, CC BY-NC-SA 3.0 DEED).
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lates (with predominantly herbivorous represent-
atives from the Glyptodontidae and Pampatherii-
dae), and the pilosans (of which the sloths are
the only herbivorous radiation). The Paleogene
fossil record of xenarthrans is limited, because
the earliest xenarthrans were probably burrow-
ing myrmecophages in tropical environments,
with low population densities and preservation
potential (Gaudin & Croft 2015). The origin
of the group is unclear. Some recent molecular
phylogenetic studies suggest that Xenarthra is
the sister taxon of Afrotheria, and that the split
between these clades occurred in the Cretaceous
(Murphy et al. 2021). This could suggest an
origin in Gondwana rather than a northern origin
for Xenarthra, but much more study of this bio-
geographic question is required.

The monophyly of the South American
Native Ungulates (SANUs) is debated (de
Muizon & Cifelli 2000, O’Leary et al. 2013,
de Muizon et al. 2015, Carrillo & Asher 2017,
Croft et al. 2020), but they are usually placed
into seven groups: Kollpaniinae, Didolodonti-
dae, Xenungulata, Pyrotheria, Astrapotheria,
Litopterna and Notoungulata (Croft et al. 2020).
The Kollpaniinae and Didolodontidae were
small, bunodont ‘condylarths’ from the Pale-
ocene and the Eocene. At the same time, xenun-
gulates were also found across the continent.
These were bilophodont taxa ranging from small
(~2.9 kg) to large (~394 kg) (Gelfo et al. 2020).
The pyrotheres of the Eocene and particularly
the Oligocene were similarly wholly bilopho-
dont (when the controversial Eocene taxa Pro-
ticia and Colombitherium are not considered)
(Sanchez-Villagra et al. 2000, Billet ef al. 2010)
and included very large species like Pyrotherium
romeroi (~3000 kg) (Croft 2016). Astrapotheres
survived from the early Eocene until the Middle
Miocene, with later forms like Granastrapothe-
rium reaching similar sizes to the largest pyroth-
eres (~3142 kg) (Kramarz & Bond 2011).

The most diverse and most recent groups
of SANUs are the notoungulates and the litop-
terns (both Early Paleocene-Late Pleistocene).
Molecular evidence from both groups supports
a northern origin as a sister group to the peris-
sodactyls (Buckley 2015, Welker et al. 2015,
Carrillo & Asher 2017, Westbury et al. 2017).
The litopterns include a diverse range of forms

which illustrate convergent evolution with her-
bivorous mammals on other continents e.g. pig-
like, camel-like and horse-like ecomorphologies
(Cifelli & Villarroel 1997, Croft et al. 2020).
The most diverse group is the Notoungulata,
which contained ~150 genera from 14 different
families (Croft et al. 2020). There is a broad
split in notoungulates between the generally
larger toxodontians and the generally smaller
typotherians (Billet 2011). As with the litop-
terns, there are ecomorphologies that align with
those in other continents, particularly rabbit-like,
large rodent-like, small horse-like and rhino-like
forms (Giannini & Garcia-Lopez 2014).

Of the four APPP groups, primates were the
first to arrive in South America. As is also true
for caviomorph rodents, the primates of South
America had their origins in Africa and dispersed
across the Atlantic to eastern South America
(Poux et al. 2006, Bond et al. 2015). There is
evidence of several independent dispersals of
primates from Africa to South America, from the
Oligocene localities of western Amazonia (Bond
et al. 2015, Seiffert et al. 2020, Marivaux et al.
2023). The timing of these dispersals is debated
and depends on accurate dating of the known
primate record (Seiffert et al. 2020, Campbell et
al. 2021), but phylogenetic analyses have pre-
viously supported migration during periods of
low sea level during the middle Eocene climatic
optimum (Silvestro ef al. 2019, Marivaux et al.
2023). The period after the arrival of primates
and caviomorph rodents from Africa is called the
‘Late South American Phase’ (Goin ef al. 2012).

Artiodactyls and perissodactyls (as well as
proboscideans, now extinct in South America)
arrived in the continent during the Great Ameri-
can Biotic Interchange (GABI), as the closure
of the Isthmus of Panama allowed migration
between North and South America (Webb 1991).
The effect of GABI was that the relative diver-
sity of northern immigrants in South America
increased, while the relative proportion of south-
ern taxa declined. This can be explained by the
higher rate of extinction in the southern taxa
(Carrillo et al. 2020), which has been suggested
to be related to the naivety of the southern
endemics to the northern predators who also
entered South America during GABI (Faurby &
Svenning 2016). However, the extent to which
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this pattern of competitive exclusion holds true
has been debated. The sparassodont carnivores
had already gone extinct before the arrival of
most northern carnivores, and competition with
these taxa does not seem to have driven their
extinction (Engelman & Croft 2019, Tarquini
et al. 2022). Similarly, many groups of SANUs
were declining in diversity during the Late Mio-
cene, prior to the arrival of artiodactyls and
perissodactyls (Croft et al. 2020, Engelman et al.
2023). Whether these declines were due to cli-
matic change, competition from other herbivores
(e.g. sloths and rodents) or a combination of fac-
tors, as for sparassodonts (Tarquini et al. 2022),
remains unclear.

GABI does not represent a single immigra-
tion event, and instead consisted of a series of
migrations (both northwards and southwards)
over millions of years (Webb 1991, Woodburne
2010, O’Dea et al. 2016, Jaramillo 2018). The
main period of exchange was in the Late Plio-
cene and Early Pleistocene (~2.6 Ma) (O’Dea et
al. 2016), but there is a body of evidence for ear-
lier migrations. Procyonids are present from the
Late Miocene, with abundant records from the
Cerro Azul (Hontecillas ef al. 2023), Chiquimil
(Marshall et al. 1979, Reguero & Candela 2011),
Huayquerias (Linares 1981) and Maimara (Can-
dela et al. 2023) Formations in Argentina, the
Camacho Formation in Uruguay (Soibelzon et
al. 2019), the Tariquia Formation in Bolivia
(Soibelzon et al. 2020) and the Pisco Forma-
tion in Peru (Tarquini ez al. 2020). Similarly,
there is evidence of early northwards migration
of sloth taxa, with records of two genera (Thin-
obadistes and Pliometanastes) in North America
from ~9 Ma (Morgan 2008, Woodburne 2010).
Adding to the earlier records of interchange are
curious dental remains of Panamacebus tran-
situs from the Early Miocene Las Cascadas
Formation of Panama (20.9 Ma) that record the
first presence of a platyrrhine primate in Central
America and pre-date other records of terres-
trial mammalian migration (either northwards
or southwards) by ~12 Ma (Bloch et al. 2016).
Whether this represents a waif dispersal or an
earlier record of a connection between South and
Central America is unclear. Throughout the Late
Miocene to the Early Pleistocene, the localities
from South America record a general pattern of

increasing proportions of northern immigrants
in faunal lists. However, the pattern of immigra-
tion is not consistent across the whole continent.
For example, the Pliocene locality of Inchasi,
Bolivia, does not contain any North American
immigrant taxa despite dating from around 4.0—
3.3 Ma (MacFadden ef al. 1993, Anaya & Mac-
Fadden 1995). The result of GABI was a shift in
trait values resulting from this faunal turnover
during the period referred to as the ‘Interameri-
can Phase’ (Goin ef al. 2012).

The final period of faunal turnover in South
America came during the Late Pleistocene, as
humans arrived in the continent and had dramatic
effects on the biota and particularly the large
mammals. South America lost more genera of
megafauna than any other continent (52 genera,
83%; Barnosky & Lindsey 2010). There is sig-
nificant evidence of human hunting, through the
presence of stone tools (Prates & Perez 2021,
Prates et al. 2022), cut marks (Politis et al. 2019,
Labarca et al. 2020) and cave art (Bigarella et al.
1984, Chahud et al. 2020), though climate change
likely also had a significant impact in driving
megafaunal decline (Cione et al. 2003, Araujo et
al. 2021). More recently, anthropogenic activities
have driven population declines in living South
American mammals, with 67 large herbivores
currently considered threatened by the IUCN
(Faurby et al. 2018). Seven megafaunal species
(largely in the form of domesticates) have also
been added to South America by humans (Lund-
gren et al. 2018). The period after human arrival
and impact in South America can be called the
‘Hypoamerican Phase’ (Croft 2012).

South American dental functional
traits

The key question regarding the application of
ecometrics to South America is to what extent
the relationship between traits and environments
that have been determined in other continents
hold true through the four phases of South Amer-
ican history, particularly prior to the Hypoameri-
can Phase. To understand this, consideration of
the functional traits of the large herbivores (par-
ticularly those outside of the APPP) is required.
The dentition of the SANUSs was diverse, but in
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many cases analogous to those of taxa on other
continents. For example, the bilophodont denti-
tions of pyrotheres and xenungulates is com-
parable to modern tapirs, the bunodont denti-
tion of megadolodine litopterns to pigs and the
ectolophodont dentitions of astrapotheres and
toxodontids to rhinoceroses (Croft et al. 2020)
(Fig. 2).

The key difference between the molar denti-
tion of herbivores in South America and in other
continents is in the proportion of hypsodont
and hypselodont taxa, and the timing of the
evolution of these traits (Patterson & Pascual
1968). South America has been described as a
“cradle of hypsodonty” (Madden 2015), with up
to 26 clades evolving the trait, and half of those
including a hypselodont member. The notoungu-
lates in particular have a remarkable proportion
of hypsodont and hypselodont members, with
four major families possessing ever-growing
molar dentition (Mesotheriidae, Hegetotherii-
dae, Interatheriidae and Toxodontidae) (Gomes
Rodrigues et al. 2017). Both hypsodonty and
hypselodonty are assumed to have evolved to
increase the functional durability of the molar
dentition (Janis & Fortelius 1988, Damuth &
Janis 2011). However, in comparison to other
continents, the increase in the proportion of
hypsodont mammals in South America is com-
paratively early, with hypsodonty increasing in
the Eocene in some clades (Scott 1937, Patterson
& Pascual 1968, Shockey 1997, Madden 2015).
In North America, a similar change in Mio-
cene ungulates (particularly equids) has histori-
cally been associated with the spread of grass-
lands during this time (Stirton 1947, Simpson
1951, Janis et al. 2002) and whether the pattern
observed in South America suggests an early
presence of grassland environments is an open
question.

There has been particular interest in the role
of volcanic ash in the evolution of increased
molar crown height in notoungulates in Patago-
nia. Stromberg et al. (2013) found that the evolu-
tion of hypsodonty in notoungulates in Patagonia
is disconnected from the spread of grasslands,
suggesting that habitat openness may not be the
only selective pressure driving the evolution of
this trait. During the Paleogene, three periods
of increased frequency of volcanic eruption are

correlated with increased rates of evolution of
hypsodonty (Madden 2015). These periods of
increased eruption would have blanketed vegeta-
tion with highly abrasive volcanic ash (Zobel &
Antos 2017), and evidence from a population of
howler monkeys on Isla de Ometepe, Nicaragua
shows that consumption of vegetation covered in
ash causes extreme levels of dental wear (Smith
et al. 1977). Alongside these eruptions, it seems
likely that the mountain building of the Andes
would have further provided abrasive sediment
in the western part of the continent (Soldrzano
& Nunez-Flores 2021). The small notoungulates
living in these high-abrasion regions in the Pale-
ogene would have fed close to the ground and
been more likely to ingest ash and other sedi-
ment alongside their food (Saarinen et al. 2020).
The argument of proponents of this theory is that
the evolution of hypsodonty and hypselodonty
in the notoungulates is less closely linked to pre-
cipitation or habitat type, and more to geological
processes.

However, there is debate about the extent to
which volcanism alone can account for the prev-
alence of hypselodonty in notoungulates. While
increasing molar height is common in SANU lin-
eages, it is not ubiquitous. For example, hypselo-
dont molars are never observed in litopterns or
several notoungulate families (e.g. Leontiniidae,
Homalodotheriidae) (Madden 2015). Leontinids
and homalodotheres are typically assumed to
have been browsers on relatively high leaves
and branches (Coombs 1983, Kay & Madden
1997a, 1997b, Elissamburu 2010, Cassini et al.
2012, Croft et al. 2020, Trayler et al. 2020, Sanz-
Pérez et al. 2024, Wilson & Saarinen 2024),
though quantitative dietary analyses are lim-
ited and some authors have suggested an abra-
sive component of the diet of some Oligocene
leontinids for example (Shockey 2005). That
brachydont taxa were able to survive and diver-
sify would suggest that non-abrasive diets were
possible during periods of Andean volcanism,
potentially supporting the idea that there were
both open and closed habitats available during
the Paleogene, and that there were differences in
the evolution of hypsodonty in clades inhabiting
these different environments. It is possible that
there was tiering of the canopy, with brows-
ers feeding on higher leaves and branches (e.g.
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Fig. 2. Examples of dentition in South American Native Ungulates (SANUSs) (for institutional abbreviations see
Appendix). — A: Carodnia vieirai (Carodniidae, Xenungulata) (MCT.M.333), Itaborai, Brazil, Eocene. — B: Carod-
nia inexpectans (Carodniidae, Xenungulata) (MUSM-2025), Quebrada Cabeza de Vaca, Peru, Eocene. — C:
Etayoa bacatensis (Etayoidae, Xenungulata) (UNC-GM-32), Bogota, Colombia, Eocene. — D: Colombitherium
tolimense (?Colombitheriidae, ?Pyrotheria) (MNHN.F-CLB.15), Gualanday, Colombia, Eocene. — E: Baguatherium
jaureguii (Pyrotheriidae, Pyrotheria) (MUSM-436), Bagua, Peru, Oligocene. — F: Pyrotherium romeroi (Pyroth-
eriidae, Pyrotheria) (MNHN-F-DES.1243), Rio Deseado, Argentina, Oligocene. — G: Tetragonostylops apthomasi
(Trigonostylopidae, Astrapotheria) (MCT.M.355), Itaborai, Brazil, Eocene. — H: Xenastrapotherium kraglievichi
(Astrapotheriidae, Astrapotheria) (MPV-12), La Venta, Colombia, Miocene. — I: Xenorhinotherium bahiense (Mac-
raucheniidae, Litopterna) (UCV-VF-361), Muaco, Venezuela, Pleistocene. — J: Huilatherium pluripicatum (Leonti-
niidae, Notoungulata) (UCMP 40278), La Venta, Colombia, Miocene. — K: Taubatherium paulacoutoi (Leontiniidae,
Notoungulata) (MHNT-VT-1403), Tremembé, Brazil, Oligocene. — L: Andinotoxodon bolivarensis (Toxodontidae,
Notoungulata) (EPN(Q)-V-6382), Nabon, Ecuador, Miocene. — M: Periphragnis vicentei (Isotemnidae, Notoungu-
lata) (SGO-PV-3107), Tinguiririca, Chile, Oligocene. — N: Ernestokokenia chaishoer (Didolodontidae, ‘Condylar-
thra’) (MGP-PD-29119), Bajo Palangana, Argentina, Eocene. — O: Villarroelia totoyoi (VPPLT-1264) (Proteroth-
eriidae, Litopterna), La Venta, Colombia, Miocene. — P: Ultrapithecus rutilans (Oldfieldthomasiidae, Notoungulata)
(MNHN.F-CAS.479). — Q: Megadolodus molariformis (Proterotheriidae, Litopterna) (UNC-TATAC-1), La Venta,
Colombia, Miocene. — R: Miocochilius anomopodus (Interatheriidae, Notoungulata) (VPPLT-1584), La Venta,
Colombia, Miocene. — S: Microtypotherium choquecotense (Mesotheriidae, Notoungulata) (MNHN-Bol-V-003410),
Choquecota, Bolivia, Miocene. — T: Proadinotherium saltoni (Toxodontidae, Notoungulata) (UATF-V-000138),
Salla, Bolivia, Oligocene. — U: Archaeotypotherium tinguiriricaense (Archaeohyracidae, Notoungulata) (SGO-PV-
3080), Tinguiririca, Chile, Oligocene. Scale bar = 50 mm for A-M, 25 mm for N-U.
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homalodotheres, leontinids) experiencing a less
dramatic effect of any abrasive ash, although this
would not explain the pattern in small litopterns,
presumably feeding close to the ground.

While Stromberg et al. (2013) found that
the increasing hypsodonty and hypselodonty in
notoungulates in Patagonia was decoupled from
the vegetation changes, subsequent studies have
provided other interpretations of the relation-
ships between these factors. Dunn et al. (2015)
used phytolith morphology to reconstruct habi-
tat openness through a metric called leaf area
index (LAI) and found evidence of dry, open
habitats in Patagonia since the Eocene. Similarly,
Kohn et al. (2015) found that dry habitats in
Patagonia were present and stable between 43
and 20 Ma. Recent syntheses therefore largely
suggest that open habitats were present from the
Eocene onwards in Patagonia (e.g. Bellosi ef al.
2021). This does not preclude a role for volcan-
ism in the widespread evolution of hypsodonty
and hypselodonty, with Kohn et al. (2015) for
example suggesting that the relatively slow evo-
lution of these dental traits in the Eocene and
Oligocene after their arrival ~43 Ma can be
explained by a ‘ratchet’” model, with a stable
climate not driving selection except for rapid
perturbations to the environment, which might
be either climatic shifts or volcanic activity. A
similar ‘ratchet’ effect has been identified for
the evolution of proboscidean dental traits in
Africa during the Neogene (Saarinen & Lister
2023). Similarly, one conclusion of Dunn et al.
(2015) was that any volcanic sediment influx
would have a greater impact on dietary abra-
sion in more open environments and therefore
provide an important selection pressure driv-
ing the evolution of hypsodonty and hypselo-
donty, with temporal correlation between declin-
ing LAI (indicating increased habitat openness),
ash influx and increased hypsodonty index in
notoungulates.

So far, largely because of spatiotemporal
biases in the South American fossil record (e.g.
Carrillo et al. 2015), any investigations into the
question of molar crown height evolution in
SANUSs have focused on Patagonia or the well-
sampled Oligocene localities of Tinguiririca,
Chile (Early Oligocene, Tinguirirican SALMA)
(e.g. Flynn ef al. 2003), and Salla, Bolivia (Late

Oligocene, Deseadan SALMA) (e.g. Shockey
1997). Further fieldwork in and incorporation of
other localities from elsewhere in South Amer-
ica will be invaluable to further increasing our
understanding of the evolution of these traits
and the biogeographic history of the animals that
possess them. It will also be important to con-
sider the evolution of hypsodonty outside of the
notoungulates. In 1968, Patterson and Pascual
suggested that the evolution of hypsodonty in
macraucheniid litopterns mirrored that of equids,
with an increase in hypsodont forms in the Mio-
cene. This shift might correspond to the increas-
ing abundance of grasses at this time (Stromberg
et al. 2013). Similar changes in hypsodonty in
proterotheriid litopterns have also been identi-
fied in the Miocene (McGrath et al. 2020) and
there is significant potential for the further inves-
tigation of the relationship between hypsodonty
and environment in litopterns for the purpose of
palacoenvironmental reconstruction.

The other most abundant groups of herbi-
vores have teeth that are similarly high-crowned
(Fig. 3), with herbivorous xenarthrans, includ-
ing the sloths, pampatheres and glyptodontids,
all possessing ever-growing, rootless dentition
(Vizcaino 2009). In the Early South American
phase, records of xenarthrans are extremely
rare (Gaudin & Croft 2015), so understand-
ing their dental evolution is challenging, but a
suite of dental characters is consistent, includ-
ing hypselodonty, monophyodonty, absence
of enamel and a secondarily non-tribosphenic
molar pattern (Vizcaino 2009). The -earliest
xenarthrans were probably myrmecophagous
(Gaudin & Croft 2015), and this myrmecophagy
likely allowed for the loss of enamel due to
relaxed selection (Emerling ef al. 2023).

The evolution of ever-growing denti-
tion in xenarthrans was probably a response to
increased wear given the absence of enamel.
Modern armadillos consume a large amount of
sediment during foraging (Abba 2008) and given
the ecological consistency between modern
armadillos and the projected ancestor of xenar-
thrans, this sediment intake might be the driver
of hypselodonty in this group (Vizcaino 2009).
However, another possibility is that the move-
ment towards herbivory caused the ingestion
of more abrasive food material (Bargo ef al.
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Fig. 3. Examples of dentition in South American xenarthrans (for institutional abbreviations see Appendix). — A:
Proeremotherium eljebe (Megatheriidae, Pilosa) (AMU-CURS-126), Urumaco, Venezuela, Miocene. — B: Octo-
dontobradys puruensis (Mylodontidae, Pilosa) (UFAC-1803-PV), Acre, Brazil, Miocene. — C: Simomylodon uccasa-
mamensis (Mylodontidae, Pilosa) (MNHN-Bol-V-003717), Casira, Bolivia, Pliocene. — D: Lakukullus anatirostratus
(Nothrotheriidae, Pilosa) (MNHN-Bol-006601), Quebrada Honda, Bolivia, Miocene. — E: cf. Boreostemma acostae
(Glyptodontidae, Cingulata) (IGM-MGN-03012016), La Venta, Colombia, Miocene. — F: Propalaeohoplophorus
andinus (Glyptodontidae, Cingulata) (MNHN-Bol-V-6352), Quebrada Honda, Bolivia, Miocene. — G: Glyptotherium
cylindricum (Glyptodontidae, Cingulata) (UCV-VF-980-2), Muaco, Venezuela, Pleistocene. — H: Brievabradys
laventensis (Mylodontidae, Pilosa) (UNC-LV-4-12), La Venta, Colombia, Miocene. — |: Pseudoglyptodon sallaensis
(incertae sedis, Pilosa) (MNHN-Bol-V-009623), Salla, Bolivia, Oligocene. — J: Eucholoeops indet. (Megalonychi-
dae, Pilosa) (UNC-1-V-89-2), La Venta, Colombia, Miocene. Scale bar = 50 mm for A—G, 25 mm for H-J.

2006). The shift to herbivory in these early
xenarthrans was probably possible because of
the absence of competitors in comparison to
other continents but the unique dentition may
also have offered some selective advantages for
herbivorous xenarthrans, including earlier intake
of solid food and possibly extended lifespans in
the absence of molar wear (Vizcaino 2009). The
dentition of sloths did have relatively significant
morphological diversity however, with bilopho-
dont, monolophodont and basin-like forms for
example (Saarinen & Karme 2017).

After their arrival in the Eocene, the cavi-
omorph rodents also became significant large
herbivores in many parts of South America,
with some very large rodents possibly occupying

niches held by ungulates elsewhere (Vucetich et
al. 2015, Alvarez et al. 2017, Pérez et al. 2017,
Engelman 2022). Several groups of caviomorph
rodents independently evolved hypsodonty (and
hypselodonty), which as in notoungulates seems
to be related to increased abrasion due to both
increased volcanism and mountain building,
alongside any shifts towards more open envi-
ronments (Goin et al. 2012, Stromberg et al.
2013, Vucetich et al. 2015). Of the larger rodents
(i.e. over 1 kg) in the Neogene, almost all are
hypsodont or hypselodont, although there are
some exceptions (e.g. Steiromys) (Walton 1997).
Within the large rodents of South America, the
functional diversity of their dentition was rela-
tively low, with lophodont molar teeth consisting
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Fig. 4. Examples of the dentition of large caviomorph rodents from South America (for institutional abbreviations
see Appendix). — A: Phoberomys pattersoni (Neoepiblemidae, Caviomorpha) (AMU-CURS-255), Urumaco, Ven-
ezuela, Miocene. — B: Neoepiblema acreensis (Neoepiblemidae, Caviomorpha) (UFAC-4515-PV), Acre, Brazil,
?Miocene. — C: Tetrastylus indet. (Dinomyidae, Caviomorpha) (MNHN-Bol-V-12614), Achiri, Bolivia, Miocene.
— D: Cardiatherium orientalis (Hydrochoeridae, Caviomorpha) (UFAC-4763-PV), Acre, Brazil, ?Miocene. — E:
Neoreomys australis (Cavioidea sensu stricto, Caviomorpha) (SGO-PV-2212), Pampa Castillo, Chile, Miocene.
— F: Hydrochoeridae indet. (Hydrochoeridae, Caviomorpha) (MUN-STRI-16321), Ware, Colombia, Pliocene. — G:
Lagostomus angustidens (Chinchillidae, Caviomorpha) (MNHN.F-PAM.723), Pampean, Argentina, Pleistocene.

Scale bar = 50 mm for A—C, 25 mm for E-G.

of a series of transverse obtuse lophs (Vucetich
et al. 2015) (Fig. 4).

The relatively early evolution of hypsodont
and hypselodont dentition in the major groups
of South American herbivores in many cases
seems to have been at least somewhat decoupled
from the spread of grasslands, though this is the
subject of considerable debate, and it is clear
that there were at least open habitats present
in Patagonia from the Eocene onwards (e.g.
Stromberg et al. 2013, Dunn et al. 2015, Kohn
et al. 2015, Madden 2015, Bellosi ef al. 2021),
and further research is undoubtedly required on
this topic. Regardless of the underlying cause,
the fossil record of South America contains a
high proportion of taxa with teeth which would
be coded as hypsodont using the functional trait
coding scheme (Liu ef al. 2012, 2023, Zliobaitée
et al. 2016, Oksanen et al. 2019).

As described by Kurtén, the evolution from
brachydont to hypsodont forms “is easy to under-
stand; but it is much more difficult to imagine
the reverse process, a hypsodont tooth becoming
secondarily brachydont” (Kurtén 1952). While
he did not mention hypselodonty, the reversal

of this process would presumably be even more
developmentally challenging. Once a lineage has
become hypsodont, or indeed hypselodont, there
is limited selective pressure for reversal even
when dietary abrasion is low, but the cost of
abrasive wear for a brachydont is so extreme
that shifts towards higher molar crowns are very
strongly selected for (Damuth & Janis 2011).
This suggests that a high community mean hyp-
sodonty score could be the result of evolutionary
history rather than necessarily because of environ-
ment. For example, the neotropical Middle Mio-
cene localities of Fitzcarrald (Peru) and La Venta
(Colombia) represent wet, forested environments
(Kay & Madden 1997a, 1997b, Tejada-Lara et
al. 2015, Spradley et al. 2019, Catena & Croft
2020, Wilson & Parker 2023) though they have
a diversity of hypselodont taxa including Peri-
cotoxodon, Miocochilius, Boreostemma, sloths
and dinomyid rodents (Kay et al. 1997a, 1997b,
Tejada-Lara et al. 2015). Applications of ecomet-
ric models trained on modern global communities
using APPP taxa would reconstruct much drier
environments than is likely, although the extent
to which there were also open patches in these
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localities, possibly maintained through the action
of megaherbivores, is debated (Kay & Madden
1997a, 1997b, Carrillo et al. 2023). Given there
are differences in the relative hypsodonty of some
groups of herbivores e.g. litopterns (Patterson &
Pascual 1968, McGrath et al. 2020), we suspect
that community hypsodonty averages would be
informative for palacoenvironmental comparison,
but advocate for specific tailored models that
can account for the abundance of hypsodont and
hypselodont taxa relative to other continents.

The other dental ecometric traits (e.g. pres-
ence of acute lophs, number of longitudinal
lophs) (Liu et al. 2012, Oksanen et al. 2019)
have not yet been investigated in the South
American fossil record. There is somewhat more
variability in these other traits within the sloths
and ungulates, but the large rodents show con-
sistency in these traits (i.e. no longitudinal lophs
and absence of acute lophs). More work on
these other traits in a South American context
is required to identify possible trait—environ-
ment relationships in the fossil records. We do
not argue that dental traits do not represent a
useful tool for palacoenvironmental reconstruc-
tion in South America, but instead that for all
dental traits, care should be taken to account
for the unique taxonomic assemblages in South
America, for example by applying focused eco-
metric models that have been trained on the past
and which can therefore be more readily applied
across taxonomic groups.

The role of diet

The principle of using dental functional traits is
that the teeth represent the most direct interface
of an organism with its environment, and indeed
in most cases, they are the only part of a fossil
that physically touched an animal’s surroundings
during its lifetime. However, functional traits
like hypsodonty represent only an evolutionary
response to abrasive material in the diet (which
might be the combined effect of eating grass and
from extraneous sediment) rather than direct evi-
dence of diet. The extant pronghorn Antilocapra
americana is hypsodont but has a diet containing
limited grasses, for example (Damuth & Janis
2011).

For more detailed understanding of the envi-
ronment, particularly vegetation, direct dietary
proxies may be more appropriate. Mesowear
arguably represents the most cost-effective and
straightforward of these proxies. This represents
the “average diet of a particular species from a
particular location in space and time” (Fortelius
& Solounias 2000). The idea behind mesowear
is that when herbivores eat soft plant material
(e.g. leaves and fruit), the greatest influence on
tooth wear is the movement of teeth against each
other (attrition), which produces sharp, well-
developed facets, whereas when herbivores eat
low-growing abrasive material, the food (and
the exogenous grit ingested alongside it) has the
greatest influence on wear (abrasion), which pro-
duces flat, poorly developed facets (Fortelius &
Solounias 2000, Green & Croft 2018).

Traditionally, mesowear has been measured
in taxa with selenodont, ectolophodont and pla-
giolophodont molars using two different metrics:
cusp shape and relief. Cusps may be considered
either sharp (1), rounded (2) or blunt (3), whilst
relief describes the intercusp angle. High relief
and sharp cusps are typical of attrition-domi-
nated diets (i.e. browsing), whilst low-relief and
blunt cusps are typical of abrasion-dominated
diets (i.e. grazing) (Fortelius & Solounias 2000).
By combining cusp shape and relief into a single
score, it is possible to describe the diet of a par-
ticular species at a particular time (Rivals ef al.
2007, Mihlbachler et al. 2011, Solounias et al.
2014, Saarinen et al. 2016).

For taxa with other molar types (e.g. lopho-
donts), mesowear angles can be used, as in pro-
boscideans (Saarinen et al. 2015, Saarinen &
Lister 2016, 2023, Xafis et al. 2020) and xenar-
thrans (Saarinen & Karme 2017). In most pro-
boscideans, these angles are measured from the
base of dentine valleys to the top of the enamel
ridge. In grazers, the greatest effect of abrasion
occurs at the topographically highest points on
the occlusal surface, which grinds down these
surfaces and makes the dentine valleys relatively
shallower. In some taxa, these dentine valleys
develop only in late wear stages, and in these
cases, facet angles can be measured and con-
verted to equivalent mesowear angles (Saarinen
& Lister 2016, 2023, Xafis et al. 2020). The util-
ity of these facet angles in particular suggests that
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mesowear angles could be applied across other
taxonomic groups (Hernesniemi ef al. 2011, Lof-
fredo & DeSantis 2014, Saarinen & Karme 2017,
Schap & Samuels 2020), and these angles have
the advantage over traditional mesowear that
because they use a continuous scale, it is possible
to compare between specimens on a finer scale,
and to use parametric methods for statistical anal-
ysis (Schap & Samuels 2020). In theory, these
angles should be more directly comparable across
dental morphologies (e.g. in primates, sloths and
proboscideans, a mesowear angle of 90° is asso-
ciated with a browsing diet (Saarinen et al. 2015,
Saarinen & Karme 2017, Ungar et al. 2018,
Saarinen & Lister 2023). Both mesowear scores
and angles can be related to environment to act
as a form of ecometric trait (Saarinen & Lister
2016, 2023, Saarinen et al. 2016, 2021, Xafis et
al. 2020). An advantage of these dietary traits
relative to other ecometric traits is that they have
the potential to be more universal, being less
constrained by different evolutionary histories in
primary morphology) and given that they directly
relate to the environment. However, for many
fossil taxa, the relationships between mesowear
and diet have not been quantitatively tested.

In South America, mesowear studies are
extremely limited, with a single published study
on mesowear in SANUs, investigating three
notoungulates from the Late Oligocene local-
ity of Salla, Bolivia (Croft & Weinstein 2008).
These authors found that two of these taxa
(Trachytherus alloxus and Archaeohyrax sunien-
sis) were likely grazers (though A. suniensis
likely included a small amount of browse in its
diet), while the other (Federicoanaya sallaensis)
was a mixed feeder. Additionally, they noted
an abundance of individuals with low relief but
sharp cusps, a feature not typically identified in
modern ungulates. A mesowear angle technique
has been developed in xenarthrans (Saarinen
& Karme 2017), which shows significant dif-
ferences between dietary categories, but this
method has not been applied since.

Mesowear analysis has been able to capture
differences between captive and wild diets in
modern ungulates (Clauss et al. 2007, Kaiser et
al. 2009, Taylor et al. 2014) that illustrates that
hypsodonty does not necessarily predict the diet
directly. Kaiser et al. (2013) argue that mes-

owear provides information on diet alone, whilst
the hypsodonty signal includes both this dietary
information and external abrasives (e.g. ash, grit,
dust). It is also independent of other non-environ-
mental factors like evolutionary history that affect
hypsodonty and other traditional ecometric traits
(Fig. 5). Despite this, in the cases where hyp-
sodonty has been applied in palacoenvironmental
reconstructions in South America, it has been
used without additional dietary information (e.g.
Flynn ef al. 2003, Stromberg ef al. 2013, Dunn et
al. 2015, Madden 2015, Bellosi ef al. 2021). An
example is Tinguiririca, from the Early Oligocene
of Chile, where a high proportion of hypsodont
notoungulates has been used as evidence to argue
that the locality was one of the earliest open
habitats in South America (Flynn et al. 2003). In
Flynn et al. (2003), hypsodonty was compared
with results from body mass analyses e.g. using
cenograms, and included within broader ecologi-
cal diversity analyses, so it was not used as the
only proxy. Later analyses (Croft et al. 2008,
Catena & Croft 2020) have attempted to remove
the potential bias of hypsodonty by coding all
non-frugivorous herbivores as folivores, so that
they may be considered either grazers or brows-
ers (Su & Croft 2018), but a quantitative dietary
analysis of the mammals of Tinguiririca has not
yet been attempted. The herbivore fauna contains
taxa (e.g. the homalodothere 7rigonolophodon;
Bradham et al. 2015) that represent clades com-
monly considered as browsers. The mammals at
Tinguiririca have been found in volcanic rocks
(i.e. fine-grained volcaniclastics) (Flynn et al.
2003) and thus a role of ash in the evolution of
hypsodonty here seems possible. Future studies
may compare dietary signals to community hyp-
sodonty to further test the open habitat hypothesis
and our ongoing project aims to continue this
work in South America through potential ecomet-
ric uses of South American mammal mesowear.

Conclusions

Large herbivore dental ecometrics is a rapid,
simple, and cost-effective tool in palacoenviron-
mental reconstruction, that has been successfully
applied in Eurasia, Africa and North America to
quantify environmental change (e.g. Fortelius et
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history

Trait

e.g. Hypsodonty

e.g. Abrasion

e.g. Vegetation

e.g. Temperature

e.g. Precipitation

Hypsodonty

al. 2002, 2016, Oksanen et al. 2019, Saarinen et
al. 2021, Short et al. 2021, Lauer et al. 2023, Liu
et al. 2023). However, the models that have been
used for these analyses should be applied with
caution to fossil localities containing large her-
bivores outside of the groups to which they were
fitted, e.g. in Australasia and South America. For
such communities, more work is required to code
the functional traits of the large herbivores and to
build more regional models relating these traits
to alternative environmental proxies for the past.
Given the likely specific trait-environment
relationships in the fossil record of South Amer-
ica (especially given the heightened incidence of
hypsodonty), the incorporation of dietary infor-
mation (e.g. through mesowear scores or angles)
will provide additional, more direct information
on the surrounding vegetation. Further study of
the way that mesowear relates to diet in extinct
groups e.g. SANUs and large rodents will be

Functional factor

e.g. Volcanism

Mesowear

Non-environmental factors

Direct environmental
factors

Indirect environmental
factors

Fig. 5. Schematic diagram
illustrating the direct and
indirect factors that affect
(A) ecometric traits and
comparing the strength of
the relationship between
these factors and two
dental traits: (B) hyp-
sodonty and (C) mes-
owear. The size of each
box represents the size
of the effect of that factor.
Arrows denote the direc-
tion of the effect of each
factor. Modified from Polly
and Head (2015).

important in this regard. The extension of these
methods to additional palaeontological contexts
represents a logical but significant continuation
of the work in Finland that builds on the ideas of
Bjorn Kurtén.
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