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ABSTRACT

The Neogene outcrops in Northwestern Argentina have provided many fossil mammals, particularly
notoungulates. However, the fossil record of the early stages of the late Miocene is scarce. The present
study describes two mesotheriine specimens from Las Arcas Formation (underlying the Chiquimil For-
mation dated at 9.14 + 0.09 Ma; Catamarca Province) and Saladillo Formation (dated at 10 +0.3 Ma;
Tucuman Province), represented by a left maxillary fragment with complete M1—3 and a right isolated
M3, respectively. The main feature of these pieces is their small size, significantly smaller than that of the
Miocene genera Eutypotherium, Typotheriopsis, and Pseudotypotherium, recorded in Argentina. In
contrast, these mesotheriines are closer to specimens known from Bolivia. The comparative analysis
allows us to refer the material herein described to Plesiotypotherium aff. P. achirense and Mesotheriinae
indet., with all cautions inherent to the incompleteness of the material. In turn, the paleobiogeographic
implication of these new records is approached. A relationship concerning phylogenetic aspects, size,
temporal range, and distribution pattern is proposed, taking into account the small size of the studied
material in a temporal context of medium to large-sized mesotheriines.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

During the Cenozoic South American isolation, an endemic
fauna developed, many of its components sharing similarities with
Holarctic taxa, which have been considered as cases of convergence
(Scott, 1937; Patterson and Pascual, 1968; Simpson, 1980; Pascual
and Ortiz Jaureguizar, 1990; Cerdeno and Bond, 1998; Flynn and
Wyss, 1998; Croft, 2016). One of the most diverse and widely
spread groups is the so-called South American native ungulates
(Cifelli, 1985; Bond et al., 1995; Croft, 1999; Cassini et al., 2012;
Bond, 1986). They include five orders that were joined as Mer-
idiungulata (McKenna, 1975; McKenna and Bell, 1997); however,
the monophyletic condition of this group was not supported by
some phylogenetic analyses (Muizon and Cifelli, 2002; O'leary et al.,
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2013) whereas recent analyses based on molecular data recovered
the monophyly (Buckley, 2015; Welker et al., 2015; Westbury et al.,
2017). The native ungulates reached their greatest diversity
throughout the Paleogene, declining progressively along Neogene,
until their extinction at the late Pleistocene (Bond, 1986; Bond et al.,
1995; Lopez, 2007). Among them, the Order Notoungulata is the
most diverse and successful clade (Cerdeno and Bond, 1998).
Within Notoungulata, typotherians developed very marked rodent-
like adaptations (Scott, 1937; Bond et al., 1995; Cerdeno and Bond,
1998), especially remarkable in the Hegetotheriidae and
Mesotheriidae.

Mesotheriidae is a clade of small to medium-sized notoungu-
lates (see Croft et al., 2004; Macrini et al., 2013; Croft, 2016) that
radiated from the early Oligocene (Tinguirirican South American
Land Mammal Ages—SALMA) to the early—middle Pleistocene
(Ensenadan SALMA) (Bond, 1986; Bond et al., 1995; Cerdeno and
Montalvo, 2001; Croft et al.,, 2004, 2008; Billet et al., 2008;
Cerdeno et al, 2012; Cerdeno, 2014; Shockey et al, 2016).
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Throughout the Neogene, this group is represented in several South
American localities, becoming very abundant in the Miocene, dis-
playing a high diversity in size and cranial morphology (e.g.,
Francis, 1965; Villarroel, 1974a, b; Reguero and Castro, 2004; Croft
et al., 2004; Cerdeno, 2007; Cerdeno et al., 2012).

Several researchers postulated different relationship hypotheses
for the taxa included in Mesotheriidae. Traditionally, two sub-
families were recognized: Trachytheriinae and Mesotheriinae
(Simpson, 1945). Nevertheless, recent phylogenetic analyses indi-
cated that Trachytheriinae is a paraphyletic assemblage of basal
mesotheriids, but supported the monophyly of Mesotheriinae
(Cerdeno and Montalvo, 2001; Croft et al., 2004; Reguero and
Castro, 2004; Billet et al., 2008; Billet, 2011; Shockey et al., 2016).
The latter group is characterized by the loss of 12—P2/i3—p3 (but
see Cerdeno and Schmidt, 2013 about specimens with P2/p3, and
Gomes Rodrigues et al., 2017b) and the presence of persistently
trilobed upper molars, among other features (see Francis, 1965;
Villarroel, 1974a; Cerdeno and Montalvo, 2001; Flynn et al., 2005;
Billet et al., 2008; Townsend and Croft, 2010; Cerdeno et al., 2012).

Authors mentioned that the Mesotheriinae clade is in great need
of systematic revision (Cerdeno and Montalvo, 2001; Flynn et al.,
2002; Croft et al., 2003; Townsend and Croft, 2010; Cerdeno,
2018). In this context, new studies are enlarging the knowledge
of this group in different South American areas (e.g., Townsend and
Croft, 2010; Cerdeno and Schmidt, 2013; Cerdeno et al., 2012).

Regarding Argentina, mesotheriines are mostly known from late
Miocene to Pleistocene outcrops in the Northwest and Central
(Cuyo and Pampean) regions (see Cerdeno, 2018 for a summary).
Among the best studied genera, Pseudotypotherium Ameghino
1904, Typotheriopsis Cabrera and Kraglievich 1931, and Meso-
therium Serres 1867 (Rovereto, 1914; Reig, 1957; Tonni, 1970;
Cerdeno and Montalvo, 2001; Tauber, 2005; Tomassini and
Montalvo, 2013) are abundant and characterized by being large-
sized and phylogenetically more derivate mesotheriines (Croft
et al., 2003; Billet et al., 2008). On the other hand, small-sized
mesotheriines are only represented by scarce remains recovered
from early Miocene levels in Mendoza, San Juan and Rio Negro
provinces (Cerdeno et al., 2006; Cerdeno, 2007; Lopez et al., 2011;
Paz et al., 2011). These forms present morphological and temporal
similarities to other mid-latitudes mesotheriine faunas, such as
those from Chile (Croft et al., 2004), and Bolivia (Villarroel, 1974a,
b).

Mesotheriines from northwestern Argentina (NWA) are known
mainly by Pseudotypotherium and Typotheriopsis (Moreno and
Mercerat, 1891; Cabrera, 1937; Riggs and Patterson, 1939;
Marshall and Patterson, 1981). Their remains come from upper
late Miocene-early Pliocene levels from Santa Maria Valley and
Puerta de Corral Quemado locality in Catamarca Province (Marshall
and Patterson, 1981) (Fig. 1). Beyond these mentions, during several
decades, the mesotheriine fauna from NWA received little attention
until Powell and Gonzalez (1997) and Nasif et al. (2010) commu-
nicated new interesting mesotheriines for the region, but these
contributions did not present a detailed description or illustration
of the specimens, which is the aim of this paper. We deepen the
study of the remains from Cerro Pampa, Las Arcas Formation
(Catamarca Province), and Cerro Castillo de Las Brujas, Saladillo
Formation (Tucuman Province) (Fig. 1), and their taxonomic as-
signments provide new information about the mesotheriid di-
versity in NWA. Additionally, we present biogeographic and
chronological approaches of the mesotheriines in South America.

2. Geographic and geological context

Neogene sediments in the Catamarca and Tucumdn provinces
(Northwest of Argentina) are very extensive and thick, and since

the end of the 19th century have provided a large amount of con-
tinental vertebrates remains, mainly mammals, birds and reptiles
(Ameghino, 1906; Rovereto, 1914; Kraglievich, 1932, 1934; Riggs
and Patterson,1939; Peirano, 1943, 1946; Marshall and Patterson,
1981; Marshall et al., 1983; Nasif, 1988; Esteban and Abdala,
1993; Esteban and Nasif, 1996; Nasif et al., 1997, 2000; Powell
et al., 1998; Herbst et al., 2000; Roger and Esteban, 2000;
Reguero and Candela, 2011; Esteban et al, 2014; and many
others). The outcrops are mainly located to the west of Calchaqui
and Aconquija ranges and exposed in the intermontane tectonic
valleys, originated in different basins or deposit centers (Fig. 1B;
Georgieff et al., 2012, 2014). The deposition of these Neogene
sediments began about 11 Ma ago and its sedimentary develop-
ment would not have occurred synchronously nor had the same
intensity of sediment accumulation in all areas (Bonini, 2014;
Georgieff et al., 2014, 2016, 2017; Herrera and Esteban, 2017).

The mesotheriines described below come from two localities
within the NWA Neogene sediments: Cerro Pampa and Cerro Cas-
tillo de Las Brujas (Fig. 1B). Cerro Pampa is located at the southern
end of the Hualfin Valley, Catamarca Province. The fossiliferous
levels at the western slope of the Cerro Pampa correspond to the
Las Arcas Formation, which contacts in discordance with the
igneous and metamorphic rocks of the basement. The Las Arcas
Formation is part of the Santa Maria Group (Galvan and Ruiz
Huidobro, 1965; Bossi and Palma, 1982; Bossi et al., 1998, 1999,
2001; Georgieff et al., 2014) (Fig. 2). These levels are character-
ized by fine to medium sandstones, irregularly coherent, reddish
brown with boulders and layers of sabulites that pass upward to
massive siltstones. In the Hualfin Valley, Las Arcas Formation is
located below the volcanic conglomerate El Aspero (middle mem-
ber of the Chiquimil Formation) that, based on a radiosotopic
4OAr/*°Ar date of 9.14 + 0.09 Ma (Sasso, 1997), corresponds to the
early late Miocene (Lower Tortonian; Fig. 2). Regarding the fossil
record from Cerro Pampa, it is represented by fresh-water bivalves
and ostracodes (Moyano, 2003), a xenarthran plate (Pampather-
iinae; Segovia, 2004), footprints of Charadriformes birds
(Krapovickas et al., 2009; Nasif et al., 2010), and the mesotheriine
PVL 6410 herein studied.

Cerro Castillo de Las Brujas is located about 6 km from Amaicha
del Valle town, Tucuman Province (Fig. 1B). In this area, the
fossiliferous levels are integrated in the Saladillo Formation (=
Hiladas del Saladillo in Peirano, 1946) (Fig. 2). This unit is deposited
on the crystalline basement and it emerges sporadically along the
Santa Maria Valley and through a fault in the flanks of the Aconquija
range. The Saladillo Formation consists of conglomerates, sand-
stones and fluvial red brick siltstones (Galvan and Ruiz Huidobro,
1965) with thicknesses between 100 and 350 m (Georgieff et al.,
2014). The unit was locally dated on tuff level, indicating a K/Ar
age of 10+ 0.3 Ma (early late Miocene, Lower Tortonian; Fig. 2)
(Powell and Gonzalez, 1997; Gonzdlez et al., 2000; Brandoni et al.,
2012). The fossil record for this unit includes the megatheriine
xenarthran Anisodontherium sp. (Brandoni et al., 2012) and the
isolated small mesotherinae PVL 7569 described here.

It should be noted that, although the Santa Maria Group
(composed by: Las Arcas, Chiquimil, Andalhuala and Corral Que-
mado formations, Fig. 2) was defined in the homonymous valley
(Galvan and Ruiz Huidobro, 1965; Bossi and Palma, 1982), its for-
mational units were extrapolated to the Hualfin Valley based on
similar lithostratigraphic features (Riggs and Patterson, 1939; Bossi
et al.,, 1987). In turn, chronological data were used to correlate both
regions (Butler et al., 1984; Marshall et al., 1979; Strecker et al.,
1989). Finally, Bossi et al. (1993, 1994) proposed the Santa Maria-
Hualfin Basin as a unified sedimentary center. In contrast, recent
studies propose that several mechanisms of deformation produced
different tecto-sedimentary areas in relatively close regions
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Fig. 1. Geographical position of fossiliferous localities mentioned in the text. A, study area in Tucuman and Catamarca provinces, Northwestern Argentina; B, regional orographic
features and location of fossiliferous localities. 1, Cerro Pampa locality; 2, Castillo de Las Brujas locality. Abbreviations: PCQ, Puerta de Corral Quemado [Planned for page width].
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Fig. 2. Schematic synthesis of the lithostratigraphy and chronology of the late
Miocene-Pliocene outcrops in Hualfin and Santa Maria valleys, Catamarca and
Tucuman provinces, Northwestern Argentina. The stars indicate the stratigraphic place
of the fossils herein studied and the dotted line, the undefined stratigraphic bound-
aries. [Planned for column width].

(Fig. 1B) and, therefore, the extrapolation of processes and the
correlation of lithostratigraphic units must be performed with
greater chronostratigraphic control (Georgieff et al., 2014, 2017). In
this sense, the latest chronostratigraphic schemes (Georgieff et al.,
2017; Herrera and Esteban, 2017), based on absolute (isotopic and
paleomagnetic) data in the Hualfin Valley (Sasso, 1997; Latorre
et al., 1997, in the Puerta de Corral Quemado locality; Fig. 1B) and
the Santa Maria valley (Georgieff et al., 2014; Spagnuolo et al.,
2015), show significant temporal discrepancies (Fig. 2). In this
context, the validity of the Santa Maria-Hualfin Basin (Bossi et al.,
1993, 1994) as a unified sedimentary center is under reconsidera-
tion, due to temporal differences in the evolution of sedimentary
paleocenvironments and their paleoclimatic inferences (sensu
Georgieff et al., 2017).

3. Material and methods

The studied remains are stored at the Coleccion Paleontologia de
Vertebrados Lillo of the Facultad de Ciencias Naturales e Instituto
Miguel Lillo, Tucuman Province, Argentina. The anatomical study
has been carried out mostly through direct comparisons, using type
materials stored at the same collection and at Museo de La Plata
and Museo Argentino de Ciencias Naturales “Bernardino Riva-
davia”, Buenos Aires. Additionally, historical literature and papers
focused on Mesotheriidae were consulted. Original photographs of
Microtypotherium choquecotense (MNHN-Bol-V 003349) were
kindly provided by G. Billet, H. Gomes Rodrigues, and B. Mamani
Quispe.

The anatomical terms (Fig. 3) follow classical papers (e.g.,
Francis, 1965; Villarroel, 1974a; Cerdeno and Montalvo, 2001) and
more recent contributions (Billet et al., 2008; Townsend and Croft,
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Fig. 3. Schematic upper molar morphology and terminology. Abbreviations: alob,
anterior lobe; antg, anterior groove; ect, ectoloph; id, indentation or longitudinal
posterior notch; mlob, median lobe; mt, metastyle; plob, posterior lobe; posg, pos-
terior groove; pst, parastyle. [Planned for column width].

2010; Cerdeno and Schmidt, 2013). It is important to note that given
the euhypsodont condition of mesotheriid teeth, the occlusal relief
is the product of a ‘balanced wear’ (Koenigswald, 2011) and the
cusps are not really individually visualized even in little worn teeth;
anyway, we use the terms of cusps for the areas corresponding to
them (e.g., protocone, paracone) for descriptive and comparative
purposes (Fig. 3).

Dental dimensions (length and width of molars) were used to
evaluate size variation among mesotheriine specimens as absolute
values (Table 1) and by means of bivariate plots. The index of
imbrication was taken from Townsend and Croft (2010) and for
Plesiotypotherium species was measured on digital images using the
measure tool of tpsDig software (Rohlf, 2013).

Table 1

3.1. Institutional abbreviations

GB, Servicio Geolégico de Bolivia, MACN-A and PV, Museo
Argentino de Ciencias Naturales “Bernardino Rivadavia”, Coleccién
Nacional Ameghino and Coleccién Nacional Paleovertebrados,
Ciudad Auténoma de Buenos Aires, Argentina; MCNAM, Museo de
Ciencias Naturales y Antropoldgicas “J.C. Moyano”, Mendoza,
Argentina; MLP, Museo de La Plata, La Plata, Argentina; MNHN-Bol,
Museo Nacional de Historia Natural, La Paz, Bolivia; MNHN-ACH,
Muséum national d'Histoire naturelle, Achiri Collection, Paris;
PVL, Coleccién Paleontologia Vertebrados Lillo, Tucuman,
Argentina; SGOPV, Colecciéon de Paleontologia de Vertebrados,
Museo Nacional de Historia Natural, Santiago, Chile; UF, Florida
Museum of Natural History, Gainesville, USA.

3.2. Anatomical and dimensional abbreviations (text and table)
li, index of imbrication; L, length; M, upper molar; W, width.
4. Results

SYSTEMATIC PALEONTOLOGY

Order NOTOUNGULATA Roth, 1903.

Suborder TYPOTHERIA Zittel, 1893.

Family MESOTHERIIDAE Alston, 1876.

Subfamily MESOTHERIINAE Simpson, 1945.
Plesiotypotherium aff. P. achirense Villarroel, 1974a.
Fig. 4

Referred material. PVL 6410; left maxillary fragment with
complete M1-3.

Geographic and Stratigraphic Provenance. Western slope of
Cerro Pampa, Catamarca, Argentina (Fig. 1B). Las Arcas Formation;
underlying the Chiquimil Formation dated at 9.14 + 0.09 Ma, early
late Miocene (Fig. 2).

Description. The well-preserved trilobed molars of PVL 6410 are
typical of mesotheriids (Fig. 4A). Tooth crowns are considerably
high, showing no evidence of root formation (euhypsodont teeth,
sensu Mones, 1982) (Fig. 4B). The occlusal design of the molars is
also observable at their bases (Fig. 4C), and dimensions (L and W)
hardly vary throughout the crown (Table 1), which allows inferring
that PVL 6410 corresponds to an adult individual. All molars lack

Upper tooth dimensions (in mm) of several mesotheriine species. ~ approximate values, * basal portion of the crown. A, Chucal, Chile (Croft et al., 2004); B, Caragua, Chile (Flynn
et al,, 2005); C, Cerdas, Bolivia (Townsend and Croft, 2010; Croft et al., 2016); D, Choquecota, Bolivia (Villarroel, 1947b; Townsend and Croft, 2010); E, Achiri, Bolivia (Villarroel,
1974a); F, Casira, Bolivia (Cerdeno et al., 2012); G, Mendoza, Argentina (Cerdeno et al., 2006; Cerdeno, 2007); H, Buenos Aires, Argentina (Cabrera and Kraglievich, 1931); I,
Catamarca, Argentina (this paper); J, Tucuman, Argentina (this paper); K, Chubut, Argentina (this paper).

Taxon Specimen M1 M2 M3

LW LW LW
Eotypotherium chico SGOPV 5157 (Holotype) # 9.5 6.4 9.6 6.5 9.8 5.8
Altitypotherium chucalensis SGOPV 4100 (Holotype) 104 8.6 12.9 8.5 13.1 7.6
Altitypotherium paucidens SGOPV4038 (Holotype) A 125 8.6 12.8 8.8 141 ~8.6
Caraguatypotherium munoz SGOPV 4004 (Holotype) B 16.45 9.8 ~15.67 ~8.75 171 ~9.45
‘Plesiotypotherium’ minus UF 133803 € 10.94 8.4 13.37 8.92 13.75 7.7
Microtypotherium choquecotense GB-002 (Holotype) P ~12.1 ~8.3 15.6 8.3 15.2 7.7
Microtypotherium choquecotense UF 225698 ¢ — — — — 14.8 8
Plesiotypotherium achirense MNHN-ACH 26 (Holotype) & 17 11 18.7 12.2 19.8 10.8
Plesiotypotherium majus MNHN-ACH 27 (Holotype) £ 20.8 12.8 21.8 12.9 24.6 12
Plesiotypotherium casirense MNHN-Bol-V 003724 (Holotype) © 18.2 114 189 12.3 21.2 12.05
cf. Altitypotherium chucalensis MCNAM-PV 3648 ¢ - - >10.5 7.5 129 6.5
cf. Altitypotherium chucalensis MLP 45-VII-10-2 © — — — — 133 6.5
Typotheriopsis silveyrai MLP 36-XI-10-2 (Holotype) ¢ 16 10.5 18 10.6 19 10.8
Typotheriopsis chasicoensis MLP 12-1666 (Holotype) 183 104 20 10.9 218 11.2
Plesiotypotherium aff. P. achirense PVL 6140 9.9/9.2* 7.3/6.2* 11.5/9.7* 6.92/6.6* 12.8/13.03* 6.8/7.02*
Mesotheriinae indet. PVL 7569 - - - - 14.7 7.03
Eutypotherium lehmannitschei MLP 12—1701 ¥ - - 17.2-16.5 10.2 17.6—-17.5 9.8-9.5
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Fig. 4. Plesiotypotherium aff. P. achirense, PVL 6410, upper left series M1-3: A, occlusal
view; B, detail of the lingual side; C, detail and scheme of the opposite end of M3,
showing the smooth lingual groove on the posterior lobe. Abbreviations: ce, cement;
lig, lingual groove. [Planned for page width].

fossettes, and a layer of cement covers the walls and fills the lingual
grooves of each tooth. As usual for euhypsodont notoungulates, the
upper molars are strongly curved medially in the coronal plane. The
molar size increases from M1 to M3 (Table 1). There is a slight
imbrication between M2 and M1 (li = 1.15; following Flynn et al.,
2005), similar to Eutypotherium lehmannnitschei Roth, 1902 (MLP
12-1701; li=1.1), ‘Plesiotypotherium’ minus Villarroel 1978 (UF
133803; li = 1.12), Plesiotypotherium achirense (Ii = 1.1—1.18; mea-
surements taken from Villarroel, 1974a: Fig. 9A—B), Altitypotherium
chucalensis Croft et al. 2004 (SGOPV 4100; li = 1.12) and Eotypo-
therium chico Croft et al. 2004 (SGOPV 5157; li = 1.12), and lesser
than in Plesiotypotherium majus (li = 1.26; measurements taken
from Villarroel, 1974a: Fig. 9C), Eutypotherium superans Ameghino
1904 (MACN 11079; li=1.2) and the species of Typotheriopsis
(li=116—1.36), Pseudotypotherium (li=1.46—1.8), and Meso-
therium (li = 1.3—1.83) (see Townsend and Croft, 2010: table 4).
The M1 is not elongate (L/W = 1.35), similar to the condition in
‘Plesiotypotherium’ minus from Bolivia (Townsend and Croft, 2010)
(L/W = 1.35) and relatively longer than in Altitypotherium chuca-
lensis from Chucal, Chile (L/W = 1.20), which are the taxa with the

relatively shortest M1 among mesotheriines. In PVL 6410, M1
presents a rectangular outline (Fig. 4A), similar to the M1 of ‘Ple-
siotypotherium’ minus from Cerdas (Townsend and Croft, 2010). The
mesial face is labially inclined forward and the contact region with
the last premolar can be observed (Fig. 4A and B). In the labial side,
the enamel covers the whole surface including the mesial parastyle
corner. Moreover, the paracone fold is weakly defined by a sulcus,
which results in a hardly undulated, slightly convex ectoloph
(Fig. 4A), coinciding with the outline observed in the M1 of the
species of Plesiotypotherium (Fig. 5]-M), Eotypotherium chico
(Fig. 5A), and Altitypotherium chucalensis (Fig. 5G). The distal face of
M1 is almost straight, barely convex, with a large area in contact
with the M2, and without enamel. The lingual grooves of M1 are
subparallel, a little convergent lingually, which render the median
lobe subtriangular; this lobe has a wide, straight lingual exposure,
and almost reaches the same lingual level as the other two lobes
(Fig. 4A). The lingual surface of the anterior and posterior lobes is
rounded. The posterior lobe is wider (anteroposteriorly) than the
others and there is an incipient lingual groove, more prominent on
its opposite end (Fig. 4B), similar to the holotype of Plesiotypothe-
rium achirense (Fig. 5K), Plesiotypotherium casirense Cerdeno et al.
2012, and Microtypotherium choquecotense Villarroel 1974b
(Fig. 5E; see also Gomes Rodrigues et al., 2017a: Fig. 1B, MNHN-
Bol-V 003349). The lingual groove pattern and the median lobe
are similar to Plesiotypotherium achirense (Fig. 5] and K), ‘P.” minus
(Fig. 5F), P. majus Villarroel 1974a (Fig. 5M), and Eotypotherium chico
(Fig. 5A). In turn, it is markedly different from Altitypotherium
chucalensis (Fig. 5G), which shows convergent lingual grooves and
an enclosed median lobe.

The M2 of PVL 6410 is larger than M1 (Table 1; Fig. 4A), the
median lobe is wider (anteroposteriorly), and the ectoloph is more
undulated due to a marked concavity behind the paracone fold.
Moreover, the posterior lobe shows an undulate lingual surface, less
evident than in M1. This morphology resembles that observed in
M2 of the holotype of Plesiotypotherium achirense (Fig. 5K) and is
less developed than in the specimen MNHN-Bol-V 003349 of
Microtypotherium choquecotense (personal observation; Gomes
Rodrigues et al., 2017a: Fig. 1B); instead, this groove is not pre-
sent in other specimens of P. achirense (Fig. 5]J) and the holotype of
M. choquecotense (Fig. 5E).

The M3 presents a trapezoidal outline due to the posterior
projection of the ectoloph and the lingual convergence of anterior
and posterior lobes; 45% of M3 mesial surface contacts with M2.
The ectoloph is longer and straighter, with the parastyle slightly
more labially directed than in M1-2, and the metastyle strongly
projected backward (Table 1; Fig. 4A), similar to Plesiotypotherium
achirense (Fig. 5], K), P. majus (Fig. 5M), ‘P’ minus UF 133803
(Fig. 5F), and Altitypotherium chucalensis (Fig. 5G). Lingually, the
grooves are convergent, similar to P. achirense (Fig. 5]), ‘P’ minus UF
133803 (Fig. 5F), and M. choquecotense (Fig. 5D and E), and less than
in A. chucalensis (Fig. 5G). In contrast, Plesiotypotherium casirense
(Fig. 5L), P. majus and Eotypotherium chico (Fig. 5A) present lingual
grooves nearly parallel. The median lobe is triangular and a little
shorter than the other two lobes, with less lingual exposure than
M1-2; in turn, it is notably greater than in Altitypotherium chuca-
lensis (Fig. 5G) and M. choquecotense (Fig. 4E; MNHN-Bol-V 003349,
personal obs. and Gomes Rodrigues et al., 2017a: Fig. 1B). The
posterior lobe shows a smooth lingual groove, better observed
lingually than occlusally and on the opposite end (Fig. 4B—C). This
groove is observed in P. achirense, M. choquecotense (MNHN-Bol-V
003349, personal obs., neither in UF 225698 nor in the
holotype—Fig. 5D and E, respectively), and partially in P. majus,
with different degree of development (P. achirense > MNHN-Bol-V
003349 > P. majus > PVL 6410). Moreover, the distal wall shows a
well-marked notch or indentation (sensu Croft et al., 2004), similar
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Fig. 5. Compared occlusal views of upper molars of mesotheriines, ordered by size. A,
Eotypotherium chico, SGOPV 5157 (holotype cast; modified from Cerdeno, 2007); B,
Plesiotypotherium aff. P. achirense, PVL 6410; C, Mesotheriinae indet., PVL 7569; D,
Microtypotherium choquecotense, UF 225698; E, Microtypotherium choquecotense, GB
002 (holotype; from Villarroel, 1974b); F, ‘Plesiotypotherium’ minus, UF 133803 (from
Townsend and Croft, 2010); G, Altitypotherium chucalensis, SGOPV 4100 (holotype cast;
modified from Cerdeno, 2007); H, Eutypotherium lehmannnitschei, MLP 12-1701 (ho-
lotype); I, Eutypotherium superans, MACN-A 1079; ], Plesiotypotherium achirense
(modified from Villarroel, 1974a); K, Plesiotypotherium achirense, MNHN-ACH 26 (ho-
lotype modified from Villarroel, 1974a); L, Plesiotypotherium casirense, MNHN-Bol-V
003724 (holotype; modified from Cerdeno et al., 2012); M, Plesiotypotherium majus,
MNHN-ACH 27 (holotype from Villarroel, 1974a). Dotted line indicates the contact
between M2—3. Scale bar equals 1 cm [Planned for column width].

to Plesiotypotherium achirense (Fig. 5] and K) and Altitypotherium
chucalensis (Fig. 5G).

Comments. The combination of features exhibited by PVL 6410
and the fact of having only one specimen from the Las Arcas For-
mation prevent an accurate taxonomic assignment. However, its
morphology is closer to the species of Plesiotypotherium in the
following characters: M1 with L/W ratio= 135 and rectangular
outline; M1—2 lingual grooves subparallel and median lobe
completely exposed; M3 ectoloph slightly undulated; parastyle and
metastyle pointing labially; M3 with deep posterior notch, lingual
grooves convergent, but not enclosing the median lobe, and a
lingual groove in the posterior lobe (Fig. 5); conversely, there are
differences among them related to the tooth size (see above). In
turn, it differs from Eutypotherium, Typotheriopsis, Pseudotypothe-
rium, and Mesotherium in a smaller tooth size and lower imbrica-
tion index, and a triangular median lobe of M3, with straight lingual
edge. Moreover, PVL 6410 differs from Eotypotherium in the slightly
larger teeth and the presence of a deep posterior notch in M3, and
from Altitypotherium and Microtypotherium in the greater exposure
of the median lobe of M1—3. Additionally, PVL 6410 presents a
smooth lingual groove on the posterior lobe of molars, which has
been described in different taxa: the M3 of Altitypotherium pauci-
dens, P. achirense, P. majus, Microtypotherium (MNHN-Bol-V
003349), and the M1 of Plesiotypotherium casirense, but is also
present in the holotype of “Pseudotypotherium carhuense”, as
noticed by Croft et al. (2004: p. 17), which corresponds to a very
young individual, but with permanent dentition (Cerdeno and
Schmidt, 2013: Fig. 2A; the groove can be observed in the molars
and even in P4).

Focusing in Plesiotypotherium, there are three recognized spe-
cies, all of them from Bolivian localities: P. achirense and P. majus
from Achiri, and P. casirense from Casira. It is important to note that
the species ‘Plesiotypotherium’ minus firstly assigned to this genus
(i.e., Oiso, 1991; MacFadden et al., 1995) was recently recognized as
a still unnamed new genus (i.e., Townsend and Croft, 2010; Croft
et al,, 2016).

Morphologically, the species of Plesiotypotherium share several
features of cheek teeth, particularly the molar outline. The principal
differences among them are: the length of M3 median lobe; the
development of the posterior notch; the degree of development of
lingual groove in the posterior lobe of molars (Fig. 5H, K, L, M); and
the tooth size (Table 1). Firstly, the M3s of P. achirense (Fig. 5], K) and
P. casirense (Fig. 5L) show a triangular median lobe, different from P.
majus (Fig. 5M), which presents a rectangular median lobe, with the
lingual end straighter and slightly curved posteriorly. Moreover,
despite P. achirense and P. casirense present similar median lobe, it is
markedly shorter in the latter than in P. achirense and PVL 6410
(Fig. 5B, ], K, L). The development of the posterior notch is strong in
P. achirense, P. majus and PVL 6410, in contrast with the smooth
concavity of P. casirense (Fig. 5B, ], K, L).

Concerning the lingual groove located in the posterior lobe of
molars, the holotype of Plesiotypotherium achirense (MNHN-ACH
26; Fig. 5K) shows a marked groove in the M3, while it is absent in
other specimens of the sample referred to this species (Fig. 5]J;
Villarroel, 1974a: Fig. 9A). Moreover, this groove is not clearly pre-
sent in the M1 and M2 of P. achirense, but there is an undulation in
the same area (Cerdeno et al., 2012, Fig. 7C; Fig. 5K), similar to PVL
6410. Plesiotypotherium majus only has the lingual groove in the
posterior lobe of M3, which is less developed than in P. achirense
(Fig. 5], K, M). In turn, P. casirense shows a small and marked lingual
groove in the posterior lobe of M1 and none in M2—M3 (Cerdeno
et al., 2012), different from P. achirense, P. majus and PVL 6410
(Fig. 5B, K, L, M). In PVL 6410, a smooth lingual groove is present in
the 3 M, better observed in lingual than in occlusal view on the M3
(Fig. 3C). According to these data, the mentioned structure seems to
be a common characteristic in Plesiotypotherium, with certain de-
gree of variability related to its location in one or more molars. At
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the same time, as we have noted above, this structure is also
observed in the 3 M of the early and middle Miocene Altitypothe-
rium paucidens (Croft et al., 2004) and Microtypotherium choque-
cotense (MNHN-Bol-V 003349), with different development, but
also in young individuals of late Miocene taxa (“P. carhuense”). Croft
et al. (2004) indicated that this groove is a feature widespread
among mesotheriids, based on its presence not only in mesother-
iines but also in a juvenile specimen of Trachytherus, which would
probably vary during ontogeny. The commented specimens
showing this feature display different conditions both in develop-
ment and location (one or more teeth) of the groove, which likely
correspond to both ontogenetic and individual variations. At the
same time, however, it could also represent an ancestral trait if
considering its presence in Oligocene trachytheriines and basal
mesotheriines such as Altitypotherium and Microtypotherium. In any
case, greater samples are needed to check these variations and to
evaluate the phylogenetic value of this character.

Tooth size. One of the notable features of PVL 6410 is the small
size of teeth, in contrast to the so far known mesotheriines from
NWA (i.e., Typotheriopsis and Pseudotypotherium). In turn, it differs
from the species of Plesiotypotherium, with which PVL 6410 shares
morphological features (Table 1; Fig. 6). Different authors give a
great importance to the size as an evolutionary trait, being the
small size a phylogenetically basal condition among mesotheriids
(Croft et al., 2004). In this sense, the performed bivariate analysis,
which includes a representative range of the size diversity among
known mesotheriines, deepens the small-sized condition of PVL
6410, as it is closer to the smallest known mesotheriine, Eotypo-
therium chico.

Regarding the M1, the bivariate analysis (Fig. 6A) shows that PVL
6410 is located between Eotypotherium chico and a defined group
composed of Altitypotherium, Microtypotherium and ‘Plesiotypo-
therium’ minus. The larger M1 belong to Caraguatypotherium, Ple-
siotypotherium achirense, P. casirense, P. majus (the largest one) and
Typotheriopsis (Fig. 6A). The distribution of the species according to
the L/W ratio of M2 (Fig. 6B) is similar to that obtained for M1, but in
this case Caraguatypotherium results smaller, being closer to Alti-
typotherium, Microtypotherium and ‘Plesiotypotherium’ minus.
Additionally, Eutypotherium lehmannnitschei, not included in the
M1 plot, is intermediate between that group and Typotheriopsis.
Finally, the M3 plot (Fig. 6C) shows a more continuous distribution
from small to large forms, representing the same pattern than the
M1-2 plots, but without defined groups.

In summary, PVL 6410 groups with small mesotheriines, mainly
Altitypotherium and Microtypotherium, and is clearly smaller than
Plesiotypotherium (Table 1). This fact is discordant with the
morphological study and the chronological data, which place PVL

6410 closer to Plesiotypotherium.

Studies that analyzed a numerous small-sized mesotheriine
sample in other localities (Cerdas, Nazareno, and Quebrada Honda
from Bolivia) indicated the importance of considering each indi-
vidual specimen as a member of a dynamic population (Townsend
and Croft, 2010). In this context and taking into account the back-
ground around the mesotheriine taxonomy, we refer PVL 6410 to
Plesiotypotherium aff. P. achirense, according to the morphological
and chronological similarities and the scarce material still recorded
in the NWA. Nevertheless, we cannot discard that PVL 6410 could
represent a new small species of Plesiotypotherium. In any case, it
represents the first record of the genus Plesiotypotherium in
Argentina.

Mesotheriinae indet.
Figs. 5C and 7

Referred material. PVL 7569; right isolated M3.

Geographic and Stratigraphic provenance. Cerro Castillo de
Las Brujas, Tucumdn Province, Argentina (Fig. 1B). Saladillo For-
mation; 10 + 0.3 Ma, early late Miocene (Fig. 2).

Description. PVL 7569 (Fig. 7A) lacks the occlusal distolabial
region. Given the degree of wear, it would correspond to an adult
individual. This molar is barely larger than the M3 of PVL 6410
(Table 1). The ectoloph is convex with an undulate surface. Labially,
the parastyle points mesially, not labially as PVL 6410 (Fig. 5B and
C), and the metastyle curves lingually similar to Microtypotherium
choquecotense GB 002 (Villarroel, 1974b) and UF 225698 (Townsend
and Croft, 2010: Fig. 8B) (Fig. 5E, D). Lingually, the grooves are less
convergent (Figs. 5C and 7A) than in PVL 6410 (Fig. 4A), and similar
to M. choquecotense UF 225698 (Fig. 5D) and Plesiotypotherium
majus (Fig. 5M). Moreover, the posterior lingual groove is shorter
than the anterior one, it is oriented perpendicular to the major axis
of the tooth series (Fig. 7A), similar to the condition in E. chico
(Fig. 5A), M. choquecotense UF 225698 (Fig. 5D), A. chucalensis
SGOPV 4100 (Fig. 5G), Eutypotherium lehmannnitschei MLP 12-1701
(Fig. 5H), and E. superans MACN-A 1079 (Fig. 51). In contrast with
the M3 of PVL 6410, the median lobe is less triangular, with more
exposed surface, but seen by the opposite end it becomes clearly
shorter than the other two lobes (Fig. 7A, C); the occlusal view of
this lobe is similar to that in M. choquecotense UF 225698 (Fig. 5D),
E. chico (Fig. 5A), and Plesiotypotherium majus (Fig. 5M), but it dif-
fers from the holotype of M. choquecotense (GB 002, Fig. 5E). The
third lobe of PVL 7569 bears a lingual groove, similar to PVL 6410,
which is more evident in lingual than in occlusal view (Fig. 7B and
C). Further, a cement layer is restricted to the grooves of the tooth,
with no remnants on the ectoloph and lingual wall (Fig. 7B). On the
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Fig. 6. Bivariate plots of upper molars of compared mesotheriines: A, M1; B, M2; C, M3. [Planned for page width].
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lig

Fig. 7. Mesotheriinae indet., PVL 7569: A, upper M3, in oclusal view (left) and opposite end of the crown (right); B, upper M3 in anterolingual view, and corresponding scheme; C,
detail of the intralveolar portion of the crown of M3. Abbreviations: lig, lingual groove; ce, cement. Scale bar equals 1 cm [Planned for column width].

distal face, the posterior notch (Fig. 5C) is more conspicuous than in
PVL 6410 (Fig. 5B), due to the more acute metastyle, and similar to
Altitypotherium chucalensis (Fig. 5G) and Plesiotypotherium achir-
ense (Fig. 5] and K).

Comments. The scarcity of the material recovered from the
Saladillo Formation makes it difficult to assign it to a specific taxon
within Mesotheriinae. Regarding PVL 6410, the main differences
are related to the curvature of the parastyle and mestastyle, which
are pointing lingually; as a result, the M3 posterior notch is more
acute in PVL 7569. Additionally, the median lobe of PVL 7569 pre-
sents its lingual surface more exposed than PVL 6410 (Fig. 5B and
C). This varies in the opposite end of the tooth, where the lingual
grooves are more convergent, reducing the median lobe exposure,
similar to the oclusal view in PVL 6410 (Figs. 4A and 5B) and Ple-
siotypotherium achirense (Fig. 5] and K). The discrepancies among
PVL 7569 and PVL 6410 could be related to different ontogenetic
stages or intraspecific variability. In this sense, according to the

shared features and the chronologic similarities, the possibility that
they would represent the same taxon should not be dismissed. In
turn, PVL 7569 differs from the known genera of NWA (Pseudoty-
potherium and Typotheriopsis) and other Argentinean mesother-
iines (Eutypotherium) in small size, posterior lobe of M3 with a
slight lingual groove, and parastyle and metastyle pointed to the
lingual side.

On other hand, several of these features observed in PVL 7569
are present in Bolivian and Chilean mesotheriines (i.e., Micro-
typotherium, Eotypotherium, and Altitypotherium), such as: ectoloph
convex with undulate surface; lingual grooves convergent with the
posterior fold shorter than the anterior one; median lobe well
exposed; and M3 posterior lobe with a slight lingual groove.
Despite that these morphological similarities are suggestive, the
chronological discrepancies with these taxa hinder a direct
assignment. Accordingly, we refer PVL 7569 to Mesotheriinae indet.
until more materials are recovered and allow a better
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characterization.

Tooth size. Undoubtedly, the small size of PVL 7569, as for PVL
6410, becomes an interesting feature (Table 1). PVL 7569 is included
in the bivariate plot of M3 (Fig. 6C), being close to, but relatively
longer than, PVL 6410, and forming part of the group composed of
Altitypotherium, Microtypotherium and ‘Plesiotypotherium’ minus.
Within this group, both PVL 7569 and PVL 6410 are closer to the
specimens from Mendoza referred to cf. Altitypotherium. However,
as said above, the morphological and chronological differences
with these small taxa preclude an accurate taxonomic assignment.

5. Chronological and paleobiogeographic implications

Most of the record of South American Native Ungulates comes
from high latitudes (i.e., Patagonia, South of Argentina) (Alcala and
Morales, 1995; Bond et al., 1995; Croft et al., 2003 ). However, in the
last decades, new findings in different localities outside Patagonia
improved the knowledge of the evolution and distribution of many
mammal clades, particularly Mesotheriidae (Croft et al., 2003,
2004; Flynn et al., 2005; Billet et al., 2008; Townsend and Croft,
2010; Cerdeno et al., 2012; Shockey et al., 2016; Cerdeno, 2018).
Firstly, in the late Oligocene, basal mesotheriids (‘Trachytheriinae’)
occupied a large part of the Andean region, from Bolivia (Lacayani,
Rio Pluma, and Salla; Billet et al., 2008; Shockey et al., 2016) to
Patagonia Argentina (Cabeza Blanca and La Flecha; Reguero, 1999),
including isolated specimens recorded in Mendoza Province

(Quebrada Fiera; Cerdeno, 2014) and the Argentinean ‘Meso-
potamia’ (Curuzid-Cuatid, Corrientes Province; Reguero and Castro,
2004; Billet et al., 2008) (Fig. 8A). This pattern bears important
paleobiogeographic implications for the history of the Mesother-
iidae clade, involving complex spatiotemporal events still under
analysis (Shockey et al., 2016).

From early Miocene on, Mesotheriinae replace trachytheriines,
and are first represented by small-sized species (see Fig. 6) with a
restricted biochron. They were diverse and widely distributed from
mid to high latitudes in the southern cone of South America
(Bolivia, Chile, and Argentina) during the early and middle
Miocene. For this lapse, three species are known in the Chucal
Fauna, Chile (Fig. 8B): Altitypotherium paucidens, A. chucalensis, and
Eotypotherium chico from early Miocene (21.7 + 0.8 Ma to 17.4 + 0.4
Ma, Croft et al.,, 2004, 2007; Riquelme, 1998; Bond and Garcia,
2002). In Argentina, some specimens have been related to Altity-
potherium: one from the Marino Formation, Mendoza Province
(Cerdeno et al.,, 2006; Cerdeno, 2007), and another from the
Chinches Formation, San Juan Province (Lopez et al., 2011); in both
cases the faunal assemblage corresponds to the Santacrucian
SALMA. In addition, an older, undetermined mesotheriine comes
from the Colhuehuapian Chichinales Formation, Rio Negro Province
(Paz et al., 2011) (Fig. 8B).

Small mesotheriines are also known in middle Miocene (Fig. 8C).
The Bolivian record includes Microtypotherium choquecotense
(16.5—15.3 Ma, Villarroel, 1974b; MacFadden et al., 1995; Townsend
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and Croft, 2010) from Choquecota and ‘Plesiotypotherium’ minus
(11.96 + 0.11 Ma to 12.83 +£0.11 Ma, MacFadden et al., 1995; Croft
et al., 2009, 2016; Townsend and Croft, 2010) from Cerdas and
Quebrada Honda (Fig. 8C). Instead, in Argentina medium-sized
species are recorded in middle Miocene, Eutypotherium lehmann-
nitschei and E. superans, known from Friasian and Colloncuran
SALMAs in Chubut, Rio Negro and Neuquén provinces, with scarce
but complete materials (Roth, 1899; Roth, 1902; Ameghino, 1904;
Rovereto, 1914; Cabrera and Kglievich, 1931) (Fig. 8C).

According to recent phylogenetic analysis (i.e., Croft et al., 2004;
Townsend and Croft, 2010; Cerdeno et al., 2012, Fig. 8) and the
mesotheriid distributional patterns, the presence of the oldest and
basal mesotheriine taxa, added to their great abundance in the
Altiplano region (western Peru, Bolivia, and northern Chile), in
contrast to the very isolated and low diversity recorded in
Argentina during late early Miocene and middle Miocene, several
authors (Croft et al., 2003, 2004; Shockey et al., 2016) consider that
the mid-latitudes and intermediate altitudes might have been a
center of diversification for mesotheriines.

By the late Miocene, all mesotheriines so far known were me-
dium to large-sized both in Chile, Bolivia and Argentina: Car-
aguatypotherium munozi from the Precordillera of northernmost
Chile (Bargo and Reguero, 1989; Flynn et al., 2005; Montoya-
Sanhueza et al., 2017); several species of Plesiotypotherium in
southern Bolivia; and Typotheriopsis and Pseudotypotherium
reaching a wide geographic distribution in northwest, west and
Pampean region of Argentina (Catamarca, Tucumdn, La Rioja,
Mendoza, San Luis and La Pampa provinces), but not recorded in
Patagonian areas (Fig. 8D). It is in this period when the small
mesotheriines from NWA occur, which implies a break in the
general trend in mesotheriine size (Fig. 8).

Finally, during the Pleistocene, the genus Mesotherium, which
includes the largest-sized mesotheriines (Francis, 1965), is recorded
in the Pampean region. It is particularly abundant in the Atlantic
coast (Buenos Aires Province) where the Pleistocene outcrops are
extensive (Fig. 8D).

The presence of these small mesotheriines in the NWA region, in
a period of medium to large-sized mesotheriine dominance in
South America, represents the persistence of a mesotheriine mor-
photype that was well represented in early/middle Miocene.
Changes in the distribution range of mesotheriines, as well as their
time of greater diversification and then their possible extinction,
may be related to climatic environmental changes that occurred in
their habitat. In the lapse when small-sized mesotheriines are more
extended geographically (Fig. 8B), between 20 and 16 Ma, there was
a climatic optimum with a period of warm and humid climate
(Zachos et al., 2001; Ortiz Jaureguizar and Cladera, 2006; Goin et al.,
2012; Cione et al., 2015). At this time, other groups of mammals
present similar changes in their biogeographic distribution related
to this climatic event and subsequent environmental changes (e.g.,
caviomorph rodent groups, see Pérez and Pol, 2012; Vucetich et al.,
2015; hegetotheriid notoungulates, see Seoane et al., 2017). More-
over, the orogenic events, as the rising of the Andes, Aconquija, and
Quilmes Ranges (Kleinert and Strecker, 2001) (Fig. 1B), shaped the
landscape and modified the climate, favoring the spread of larger
and phylogenetically more derived mesotheriines in lowlands at
highest latitudes. The scarcity of outcrops that encompass this
lapse, added to the bias of the fossil record, hinder to establish a
deeper analysis about these small mesotheriines.

6. Conclusions
Comparison of the mesotheriine remains from Northwestern

Argentina with specimens from northernmost mid-latitudes
(Bolivia and Chile) has allowed the establishment of great

similarities with Bolivian species. Several features, such as the
presence of a lingual groove on the posterior lobe of molars, met-
astyle and parastyle orientation, and the small size of the studied
material, lead to determine the specimen from Las Arcas Formation,
Catamarca Province, as Plesiotypotherium aff. P. achirense, which
would represent the first record of this genus in Argentina. Due to
the scarcity and ambiguous features, the specimen from Saladillo
Formation, Tucumdn Province, is referred to a Mesotheriinae indet.,
until more materials could help for a better characterization.

The fossil record indicates that small-sized mesotheriines are
abundant and diverse principally in the early and middle Miocene
of northern Chile, Bolivia and Argentina. Instead, large-sized forms
are important components of the mammal faunas in South America
during the late Miocene/Pliocene and Pleistocene. In this context,
the small mesotheriines herein studied represent a break in the
general trend in size, as they appear during a period when medium
to large-sized mesotheriines predominate in the region. The
interpretation of these small late Miocene mesotheriines still re-
mains uncertain, as they are morphologically different from the
small early—middle Miocene taxa; besides, small-sized mesother-
iines could be more generalized in late Neogene times than pres-
ently thought if we consider the small, still unpublished specimen
from Mendoza mentioned by Cerdeno, 2018. The singularity of the
landscape histories (i.e., orogenic, climatic, and environmental
factors) might have favored the development of small mesother-
iines in the NWA region. Thus, to understand the complex history of
mammals in South America it is necessary to have well-sampled
faunas with detailed chronostratigraphic provenance and an inte-
grative analysis that involves other data sources.
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