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ARTICLE INFO ABSTRACT

Editor name: Dr. Howard Falcon-Lang The analysis of stable isotopes in fossil mammals is useful for reconstructing paleoenvironmental and paleo-
ecological conditions, but has been rarely applied to the Neogene of South America. In this study, we perform an
Keywords: integrative analysis (including U-Pb zircon dates and mammalian stable isotopes data) for the Late Miocene-
Carbon —Early Pliocene of central Argentina. We provide radioisotopic ages for some classic fossiliferous localities in this
OXy,gen . . region, including an age of 9.7 + 0.3 Ma for Arroyo Chasic6 and 4.5 + 0.2 Ma for Farola Monte Hermoso, and
Radiometric dating . . . . . . .
Miocene address the interval covering the Chasicoan (Late Miocene), Huayquerian (Late Miocene-Early Pliocene), and
Pliocene Montehermosan (Early Pliocene) stages/ages. In the Chasicoan Stage/Age, taxa with mixed C3-C4 diets are
South America recorded, suggesting the existence of favorable conditions for the C4 photosynthetic pathway before its full
expansion. However, taxa represented across most of the Huayquerian Stage/Age show a preference for Cs-based
diets, which changes in the latest Huayquerian-Montehermosan stages/ages when an increase in the percentage
of C4 plants in the diet of notoungulates, rodents, and xenarthrans is recorded, coinciding with the global
expansion of C4 plants. For the first time, the dietary behavior of two South American endemic sparassodont
metatherians (Lycopsis and Thylacosmilus) has been evaluated from using stable isotope; analysis of these
hypercarnivores show differences in 5'3C values, suggesting prey partitioning, partly due to the difference in
body size. The fossiliferous sites studied, and the new isotopic and chronological information obtained, provide
more detailed paleoecological and paleoenvironmental contexts for the Argentine Pampas during the last stages
of the isolation of South America and the first pulses of the Great Biotic American Interchange. In addition, the
new ages allow to better adjust the arrival of the first Holarctic immigrants in the region.

1. Introduction laboratory for testing the effects of some of the most important abiotic

and biotic events occurred in the late Cenozoic in America, such as the

The evolutionary history of South American mammals was notably formation of the Panama Isthmus, the consequent Great American Biotic
influenced by the isolation of the continent during most part of the Interchange (GABI), and the expansion of C4 grasses.

Cenozoic (Simpson, 1980; Cione et al., 2015). The South American The GABI was a complex event of faunal interchange that took place

Neogene land mammals record constitutes an exclusive natural between North and South America (Marshall et al., 1982; Vrba, 1992;
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Webb, 2006; Cione et al., 2015; Pelegrin et al., 2018), provoking long-
-lasting consequences in the configuration of modern Neotropical
faunas (Croft, 2001; Moreno Bofarull et al., 2008; Carrillo et al., 2020;
Catena and Croft, 2020). The GABI occurred in several phases during
more than nine million years (Montes et al., 2015; Cione et al., 2007,
2015). Although the formation of the Panama Isthmus as a permanent
dry land since ~3.1-2.7 Ma ago (Webb, 2006; Leigh et al., 2014; O’Dea
et al., 2016) favored the most intense faunal interchange between these
two continents (Marshall et al., 1982; Webb, 2006, Woodburne, 2010;
Leigh et al., 2014; Defler, 2019), the first pulses, called ProtoGABI
(sensu Cione et al., 2015), occurred during the Late Miocene-Pliocene
and represent intermittent connections of land masses related to glacial
events and low sea levels (Cione et al., 2007, 2015; Woodburne, 2010).
Some of the oldest Holarctic representatives reported from Late Mio-
cene-Early Pliocene deposits (Huayquerian Age) of Argentine Pampas
were procyonids (Telén, Quehué, and Salinas Grandes de Hidalgo sites;
Montalvo et al., 1998 Moreno Bofarull et al., 2008; Vizcaino and Farina,
1999) and cricetids (Caleuft site; Verzi and Montalvo, 2008), which
represent the also called “New Island Hoppers” (Simpson, 1950) or
“Heralds” (Webb, 1985).

The expansion of C4 grasslands coincided with this time interval,
leading to changes in the diet of some herbivore mammals (e.g., Mac-
Fadden etal., 1996; Prado et al., 2011; Domingo et al., 2020). At a global
level, towards the end of the Miocene, environments shifted in large
regions from tropical/subtropical forested areas to more open wood-
lands and grasslands in response to the global development of arid and
semiarid climates with increased hydric seasonality (Kohn and Cerling,
2002; Edwards et al., 2010; Stromberg, 2011; Saarinen et al., 2020).

In southern South America, the period spanned between the Late
Miocene-Late Pliocene (~12-3 Ma; Chasicoan-Chapadmalalan stages/
ages) is known as the “Edad de las Planicies Australes” (Age of the
Southern Plains) (Pascual and Bondesio, 1982), since a large part of the
landmass was a semiarid grassland (Ortiz Jaureguizar, 1998). Studies of
the fossil record and paleosols carbonates from Argentina reveal they
became dominant in South America around ~7 Ma (Kleinert and
Strecker, 2001), although C4 grasses were present since the Eocene,
around 44 Ma (Bellosi et al., 2021), and were relatively abundant at
16.5 Ma (Stromberg, 2011; and references therein). The carbon isotope
composition (6'3C) from the tooth enamel of herbivorous mammals
points to a significant percentage of C4 resources in their diets around
7.3-6.7 Ma (MacFadden et al., 1996; Cerling et al., 1997; Latorre et al.,
1997; Domingo et al., 2020). In the Argentine Pampas, Domingo et al.
(2020) recorded herbivorous mammal diets with significant percentages
of C4 plants during the latest Miocene/earliest Pliocene (late Huay-
querian/Montehermosan stages/ages).

The Late Miocene-Early Pliocene mammalian fossil record from
Argentine Pampas is profuse and diverse, and includes both endemic and
immigrant mammalian lineages. Although numerous works evaluate
these faunas from taxonomic and biostratigraphic standpoints, few
studies have focused on the paleoenvironment, paleoclimate, and
paleoecological context by means of stable isotope analysis (MacFadden
et al., 1996; Latorre et al., 1997; Hynek et al., 2012; Domingo et al.,
2020; and references therein). In this regard, the paper of Domingo et al.
(2020) is the only isotopic study for the late Cenozoic that analyzes the
paleoenvironmental and paleoecological changes over a protracted time
interval (~9.5 Ma to ~12 ky) using a multi-taxonomic approach. The
scarcity of integrative analyses for the Neogene of this region is, in part,
due to the limited number of numerical ages for key localities, which
prevents the establishment of a precise chronological framework to
pinpoint the occurrence of the paleoenvironmental events.

Therefore, our study aims at significantly enhancing the isotopic
approach by putting together a large dataset with mammalian stable
isotope information at a genus level from eight fossiliferous localities of
the Argentine Pampas (Buenos Aires and La Pampa provinces) over a
wide time interval (~5 Ma) within the Late Miocene-Early Pliocene. In
addition, we provide radioisotopic ages of some of these localities. The
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importance of this study lies in presenting a paleoecological and pale-
oenvironmental analysis of fossil mammal at genus level, several of
which have not been studied from an isotopic approach until now, in the
context of new locality dating. This work substantially refines the pre-
vious interpretations proposed in the work of Domingo et al. (2020), in
which the specimens were evaluated at the order level. Consequently,
the goals of this work are: i) to establish a paleoenvironmental and
paleoecological context for the Late Miocene-Early Pliocene of the
Argentine Pampas through the isotopic analysis of a high diversity of
mammals; ii) to shed some light on trophic interactions by studying, for
the first time, the dietary behavior of two genera of South American
endemic hypercarnivorous Sparassodonta (Metatheria); and iii) to refine
the chronology of some localities, adjusting the current biostratigraphic
schemes, in order to assess more accurately the climatic, environmental,
and faunal episodes.

2. Geographical and geological setting

The mammalian fossils analyzed in this work were recovered from
eight fossiliferous localities from the Argentine Pampas. Fossil bearing
levels correspond to the Cerro Azul Formation for Arroyo Chasico
(Buenos Aires Province), Cerro La Bota, Telén, Quehué, Salinas Grandes
de Hidalgo, Bajo Giuliani and Caleufti (La Pampa Province) sites, and
Monte Hermoso Formation for Farola Monte Hermoso site (Buenos Aires
Province) (Fig. 1).

2.1. The Cerro Azul Formation

The Cerro Azul Formation corresponds to a continental, nearly
flat-lying sedimentary unit composed of massive siltstones and fine—
grained sandstones with interbedded poorly pedogenically modified
beds (Linares et al., 1980), i.e. paleosols mostly characterized by
frequent carbonate nodules and structures (Visconti, 2007; Folguera and
Zarate, 2009). Primary, dominant aeolian deposits (loess deposits) were
recognized, which in some cases were reworked by aqueous agents
(loess-like deposits) (Folguera and Zarate, 2009). At the beginning, this
formation was described for the center and east of La Pampa Province.
Other units were later correlated to this formation, enlarging its
geographical extension to southwestern Buenos Aires Province and
southeastern Mendoza Province. Deposits outcropping at Arroyo
Chasicé (firstly assigned to the Arroyo Chasicé Formation, see Zarate
et al., 2007; Folguera and Zarate, 2009) are particularly interesting
because this site represents the type locality of the Chasicoan Stage/Age.
More geological information about this formation in the different
studied localities is provided in Supplementary Material 1.

2.2. The Monte Hermoso Formation

The Monte Hermoso Formation is mainly composed of muddy silt-
stones, although sandy siltstones, silty sandstones, and clast-supported
breccias (i.e. embedded silty and sandy intraclasts) are also present
(Zavala, 1993). These deposits were accumulated in a dynamic fluvial
environment of high-sinuosity rivers, which are represented by channel,
lateral accretion, and overbank deposits (Zavala and Navarro, 1993).
The Monte Hermoso Formation crops out at Farola Monte Hermoso lo-
cality, particularly in the abrasion platform and the lower part of a
marine cliff in the Atlantic coast. This site is of great interest due to: i)
the abundance and diversity of vertebrate fossils, some of them key in
the assembling and development of Darwin’s ideas on the transmutation
of species during his round-the-world voyage aboard the Beagle (Fari-
nati et al., 2010), ii) because it represents the type locality of the
Montehermosan Stage/Age (Tomassini and Montalvo, 2013). More
geological information about this formation is provided in Supplemen-
tary Material 1.
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Fig. 1. Geographical location of the paleontological sites. A) General map of South America. B) Map of the Late Miocene and Early Pliocene localities of the Buenos
Aires and La Pampa provinces (AC: Arroyo Chasic6, BG: Bajo Giuliani, Ca: Caleufd, CB: Cerro La Bota, FM: Farola Monte Hermoso, Qu: Quehué, SG: Salinas Grandes
de Hidalgo, Te: Telén). The stars represent the localities that have been dated in this work.

2.3. Background of numerical dating for the Late Miocene-Early Pliocene
of Argentine Pampas

The scarcity of numerical dating for the Late Miocene-Early Pliocene
interval of the studied area in the Argentine Pampas (most of them
obtained in levels of the Cerro Azul Formation) hinders the accurate
temporal assignment of the vertebrate assemblages. Based on a
40Ar/3°Ar age of 9.23 + 0.09 Ma, obtained from impact glasses (“esco-
ria”) and high-resolution magnetostratigraphic profiles, it was proposed
the deposits of the Cerro Azul Formation outcropping at Arroyo Chasicé
were accumulated between 9.4 and 8.7 Ma (Late Miocene, Chasicoan
Stage/Age; Zarate et al., 2007), in accordance with the age obtained
herein (see Table 2). The analysis of an “escoria” from Cantera Vialidad,
a locality near Bahfa Blanca city (Buenos Aires Province) with Cerro
Azul Formation deposits, yielded an age *°Ar/3°Ar of 5.28 + 0.04 Ma
(Late Miocene, Huayquerian Stage/Age; Schultz et al., 2006). A detrital
zircon age, achieved by the U-Pb SHRIMP method, from the basal de-
posits of the Cerro Azul Formation outcropping at Cerro Patagua (La
Pampa Province) provided a youngest zircon age of 12.3 + 1.8 Ma (late
Middle Miocene, Chasicoan Stage/Age; Montalvo et al., 2023). Also, a
paleosol sample, no litho-stratigraphically contextualized, from the
General Acha city (La Pampa Province) yield an age of 8.47 + 0.39 Ma
for the younger detrital zircon analyzed (Bruner et al., 2022); this age is
reported in a study of provenance of the Pleistocene to Holocene loessic
and aeolian dune deposits at the Argentine Pampas. Analysis of younger
detrital zircon from Cerro Azul Formation levels at different localities of
center and western La Pampa Province were recently published (Stub-
bins et al., 2023); this work includes an age of 6.2 4+ 0.9 Ma for Telén,
which is concordant with the value obtained herein (see Table 2). Other
40Ar/3%Ar ages from “escorias” include an average value of 7.09 Ma for
Telén (Romano et al., 2023) and values of 5.17 + 0.08 Ma (Early Plio-
cene, Huayquerian Stage/Age) and 4.33 + 0.06 Ma (Early Pliocene,

Montehermosan Stage/Age) for different levels of the “Irene” Formation
at Quequén Salado River (Buenos Aires Province) (Prevosti et al., 2021);
difference between our value (see Table 2) and the average suggested by
Romano et al. (2023) for Telén may be due to methodological issues
(“escorias” vs zircons).

Based on several of these numerical ages and the study of the
evolutionary patterns of octodontoid rodent fauna present in the Cerro
Azul and Monte Hermoso formations, different biostratigraphic schemes
were proposed for the temporal interval represented in the localities
here studied (Tomassini et al., 2013; Deschamps and Tomassini, 2016;
Pinero et al., 2021; and references therein): i) Arroyo Chasicé and Cerro
La Bota correspond to the Late Miocene, Chasicoan Stage/Age; ii) Telén,
Quehué, Salinas Grandes de Hidalgo, and Bajo Giuliani correspond to
the Late Miocene, Huayquerian Stage/Age; iii) Caleufti corresponds to
the Early Pliocene, latest Huayquerian Stage/Age; and iv) Farola Monte
Hermoso corresponds to the Early Pliocene, Montehermosan Stage/Age.
Considering these values and the new dating obtained herein (see
below), the interval covered in this work is ca. 5 Ma., ranging from the
Late Miocene (ca. 9.4 Ma) to the Early Pliocene (ca. 4.5 Ma).

3. Methodology
3.1. U-Pb geochronology

We report new numerical radiometric U-Pb ages on detrital zircons
from continental deposits of the Cerro Azul Formation, exposed at
Arroyo Chasicd, Telén, Quehué, Salinas Grandes de Hidalgo, and
Caleuft localities and the Monte Hermoso Formation exposed at Farola
Monte Hermoso locality (SM2). Zircon grains were analyzed at the LA.
TE.Andes laboratory (Salta Province, Argentina). Zircons were sepa-
rated from the silt/sandy silt sediments by conventional density and
magnetic techniques, hand-picked with the help of a binocular
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microscope (15X), embedded in resin epoxy and mounted in a 25 mm
diameter cylinder. Subsequently, they were mirror polished by roughing
and polishing with diamond pastes. Zircons age determination was
conducted by laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) with in situ double dating capacity 8900 Triple
Quadrupole ICP-MS made by Agilent Technologies and the Reso-
lution-SE 193 nm excimer laser ablation system made by Applied
Spectra.

Point isotope analysis on individual grains of zircon was conducted,
avoiding grains with inclusions or fractures. Measurements included one
spot per analyzed zircon. However, if the morphology allowed it, two or
more spots were taken to corroborate consistency in the calculated ages
from the same grain. The spot diameters selected were 20, 24 or 30 pm
according to the size and homogeneity of the zircon grains. The larger
the spot diameter, the lower the fluence value selected (Mukherjee et al.,
2019). In general, a lower frequency was selected based on the lowest
relative standard dispersion (RSD) achieved during ICP-MS tuning in
LA-ICPMS mode.

Elemental concentrations were obtained considering NIST 610 glass
as primary reference material (RM) and NIST 612 as secondary (Jochum
etal., 2011). U/Pb ages were calculated from isotopic ratios using zircon
91,500 as RM (Wiedenbeck et al., 2004) and repeated measurements on
Plesovice zircon (TIMS reference age 337.13 + 0.37 Ma; Slama et al.,
2008). The analytical sequence consisted of 106-119 grains per sample;
and three measurements of NIST 610 and NIST 612 glass, three of zircon
91,500 and two of Plesovice at the beginning and end of each sample
process; with a Plesovice and a 91,500 analyses point after every 20-30
analyses. The accuracy of the results was confirmed by obtaining the
weighted average 2°°Pb/23®U age of the control (Plesovice). The
following masses were monitored by ICP-MS: 89 (Y), 91 (Zr), 111 (Cd),
131 (La), 206 (Pb), 207 (Pb), 208 (Pb), 232 (Th), 235 (U) and 238 (U).
Data reduction was done with the LADR 1.1.0.7 Software (Norris and
Danyushevsky, 2018), and post-processing was done with Isoplot 4.15
(Ludwing Moreno Bofarull et al., 2008) and IsoplotR (Vermeesch, 2018,
2021).

The 2%8U/2%Pb ages were used with a 100 = 10% concordance
cut-off based on the 238U,/2%pb vs. 235U,297pb. The maximum deposi-
tional age reported for the silt/sandy silt sediments samples from Arroyo
Chasico, Telén, and Monte Hermoso localities was the determined by the
Minimum Age Model referred by Vermeesch (2021) as the Maximun
Likehood Age (MLA). In the cases of Quehué, Salinas Grandes de Hi-
dalgo, and Caleuft localities, the maximum depositional age was
determined on the base of younger single grain datum (YSG; Coutts
et al., 2019), since the Minimun Age Model provided a not suitable
maximun depositational age (i.e, Cretaceous for Quehué and Caleuft).
Respect to Salinas Grandes de Hidalgo both the biostratigraphic schemes
and composition of faunal assemblage suggest a most modern age (see
Verzi and Montalvo, 2008; Sostillo et al., 2021; Pinero et al., 2021).

3.2. Stable isotope data and analysis

In Domingo et al. (2020), a first approach to the paleoenvironmental
and paleontological context from the Late Miocene to the Pleistocene of
Argentina was performed by studying mammals at the order level. In
this new study, we have made an additional effort to reach a finer
taxonomic control of the Late Miocene to the Early Pliocene samples and
analyze the data at genus level. We compiled 270 bioapatite samples on
the carbonate fraction (5'3Cgo3 and 5'80¢o3) data from a previous work
(Domingo et al., 2020) for eight fossiliferous localities spanning the Late
Miocene-Early Pliocene (Table 1, SM3). Data on the phosphate fraction
(61801:04) of these samples, also taken from Domingo et al. (2020), are
included in Supplementary Material 3. Carbon and oxygen isotope
compositions were measured from the tooth enamel of litopterns,
notoungulates, rodents, and sparassodonts, whereas orthodentine was
the osseous tissue analyzed in the case of pilosans and dasypodids,
chlamiphorids, and glyptodonts cingulates (xenathrans) molariforms.
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The carbon and oxygen isotope results are reported in S-notation,
5HXsample = [(Rsample — Rstandard) / Rstandara]x1000, where X is the
element, H is the mass of the rare, heavy isotope and R = 13C /12C or 180
/180. Vienna Pee Dee Belemnite (VPDB) is the standard for 513C values
and Vienna Standard Mean Ocean Water (VSMOW) is the standard for
5'80. The chemical treatment of the samples was described in Domingo
et al. (2013), while diagenetic alteration of bioapatite was surveyed by
comparing the oxygen isotope composition of the carbonate and phos-
phate fraction of bioapatite samples (see supplementary material in
Domingo et al., 2020).

Fossil bioapatite §'3C values provide information on paleoecological
and paleoenvironmental parameters, allowing the characterization of
paleodiets and the reconstruction of ancient habitats. For herbivorous
mammals, tooth enamel §'°C value is directly related to the ingested
vegetation, successively conditioned by the photosynthetic pathway
followed by plants (Cs, C4, CAM), as well as by environmental and
ecological factors (e.g., aridity, canopy density) (Farquhar et al., 1989;
Koch, 1998, 2007; Hayes, 2001). To evaluate the type of vegetation
consumed by herbivorous mammals (Cs-dominated, mixed C3—C4 and
dominated C4), we must consider the 5'3C values of the atmospheric CO»
6" 3CC02atm), source of plant carbon, at the period of study. For the Late
Miocene, the §'3Ccogarm value was —6.2%o, according to Tipple et al.
(2010). The past values of 5'3C for C3 and C4 were estimated by adding
the difference between modern 8'3Cymco2 (—8%o0) and past 5'3Catmco2
(—6.2%o) to modern 5'3C plant values following Koch et al. (2004). For
the vegetation end member of C3 and C4 the 813C are —25.7%0 and —
10.7%o, respectively. In addition, it is necessary to consider the dietary-
bioapatite 5'3C enrichment (e* diet-bioapatite) associated with carbonate
equilibria and metabolic processes (Cerling and Harris, 1999; Passey
et al., 2005). In this work, we used the following €* gietbioapatite values to
estimate the vegetation 5'C cut—off ranges:

@ Notoungulates and litopterns: £*giet_enamel = +14.1%o (Cerling and
Harris, 1999).

@ Rodents: €*giet_enamel = +12.8%0 (Passey et al., 2005).

@ Xenarthrans: €* giet-bioapatite = +15.6%0 (Tejada-Lara et al., 2018)

Domingo et al. (2020) considered €*gietbioapatite dietary enamel may
not be applicable to all xenarthrans due to their different masses. For
example, £*gierbioapatite fOr fossil cingulates taxa have not been esti-
mated yet. Hence, it is not possible to draw definitive conclusions about
their vegetation 5'C cut—off values.

In the case of carnivorous sparassodonts, their 5'3C values record the
isotopic values of ingested prey. Carnivore tooth enamel 5'3C values are
13C_depleted ~1.3%o with respect to prey tooth enamel 5'3C values
(Fox—Dobbs et al., 2006; Clementz et al., 2009). This correction must be
addressed before conducting trophic models that provide information
about predator—prey interactions. Since, to the best of our knowledge,
there are no studies concerning the §'3C dietary isotopic discrimination
of metatherian carnivorous taxa, we made use of the established value
for the order Carnivora.

Mammalian bioapatite 5180CO3 and 51801;04 values record the §'%0
value of body water, constituting a combination of oxygen entering and
exiting the body. Obligate drinkers, who cover most of their water needs
by drinking (usually grazers), reflect changes in 580 values of meteoric
water controlled, in turn, by shifts in temperature and evaporation rate.
Non-obligate drinkers (usually browsers) obtain their water from plant
and metabolic water and their values better reflect evaporation pro-
cesses suffered by the vegetation (Levin et al., 2006; Koch, 2007;
Domingo et al., 2012). The 5*80 values of water bodies and plants are
positively correlated with mean annual temperature (MAT) and aridity
rate; an increase in MAT and/or aridity rate is reflected in '80-enriched
water (Luz et al., 1990).
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Table 1

Summary of stable isotope values of mammals from all the Pampean localities analyzed in this study. Locality, Stage/Age, taxa, number of carbonate samples (#C),
mean and standard deviation (SD) §'3C (%0VPDB), 5%0¢03 (%0 VSMOW), number of phosphate samples (#P), mean and standard deviation (SD) 5'80p04 (%0 VSMOW).
* Mean 6'3C values of sparassodont have been corrected for a trophic discrimination of +1.3 %o (Fox-Dobbs et al., 2006; Clementz et al., 2009).

Locality Stage/Age Taxa #C Means'®C SD6'3C  Mean5'®0co3 SD 6'%0co;  #P Mean 6'0pos SD 6'%0poas
(%o VPDB) (%0 VPDB) (%0 VSMOW) (%o, VSMOW) (%0 VSMOW) (%0 VSMOW)
Farola Monte Hermoso Huayquerian Caviodon 1 -5.7 29.3 0
Eoauchenia 2 -9.6 0.4 30.3 1.1 0
Epitherium 2 -10.7 0.9 27.7 1.2 2 18.4 0.7
Lagostomus 4 -8.8 3.0 27.3 2.3 2 20.5 0.9
Paedotherium 6 -8.0 1.2 28.3 1.2 0
Phugatherium 8 -7.6 3.1 26.1 2.1 6 17.6 2.2
Pilosa indet. 1 -5.0 27.0 1 17.9
Promacrauchenia 4 -10.1 0.7 29.0 1.3 3 19.2 1.8
Proscelidodon 2 -7.3 1.0 28.2 1.0 2 18.8 0.9
Pseudotypotherium 8 -8.1 1.2 31.3 1.0 6 22.0 1.2
Xotodon 3 -5.9 2.2 30.7 1.1 3 21.3 0.6
Caleuft latest Huayquerian Caviidae indet. 5 -7.1 2.5 27.5 2.0 5 18.6 1.9
Lagostomus 1 -7.9 27.6 1 18.5
Paedotherium 6 -7.5 1.0 28.4 1.0 6 19.4 0.8
Pseudotypotherium 2 -7.7 0.8 30.1 0.6 2 20.7 0.4
Pseudotypotherium/
Typotheriopsis 4 -85 1.2 30.0 0.8 4 20.9 0.7
Scelidotheriinae indet. 3 -7.2 0.3 28.4 0.3 3 19.3 0.3
Tetrastylus 4 -7.8 1.2 28.5 1.0 4 19.7 1.2
Caviidae indet. 1 -9.5 28.0 1 18.8
Dinomyidae indet. 1 -8.3 29.6 1 20.7
Lagostomus 6 -10.2 0.6 28.4 1.0 6 19.6 0.8
Pseudotypotherium/
Bajo Giuliani Huayquerian Typotheriopsis 2 -9.4 0.1 29.9 0.3 2 20.8 0.3
Brachytherium 1 —10.2 31.6 0
Cardiomys 1 -10.2 25.4 0
Dasypodidae indet. 1 -8.6 28.4 0
Dinomyidae indet. 4 -8.8 1.3 31.8 1.7 4 23.8 1.4
Diplasiotherium 2 -10.6 1.2 30.5 0.5 2 21.2 0.3
Glyptodontidae 2 -9.2 0.3 28.0 0.1 1 18.8
Hemihegetotherium 3 —-10.1 0.5 29.6 0.8 3 20.6 0.8
Lagostomus 6 -10.9 1.2 28.7 1.2 2 20.2 1.6
Macraucheniidae indet. 2 -11.2 3.1 29.6 2.0 1 23.0
Macroeuphractus 1 -10.4 28.0 0
Paedotherium 7 -9.3 1.0 28.6 1.4 3 19.3 0.8
Prodolichotis 2 -9.3 1.1 321 1.1 1 22.9
Promacrauchenia 2 -11.4 0.5 28.4 0.4 1 20.7
Proscelidodon 4 -10.8 0.3 28.0 0.8 3 19.4 1.0
Pseudotypotherium/
Typotheriopsis 7 -10.0 1.1 30.3 1.1 5 22.0 1.1
Scalabrinitherium 1 -10.3 30.2 0
Stenotephanos 3 -10.2 0.3 31.6 0.3 2 21.7 0.3
Tetrastylus 1 -10.7 28.2 1 20.9
Thylacosmilus* 3 -9.6 0.1 28.6 0.3 0
Salinas Grandes de Hidalgo Huayquerian Toxodontidae indet. 3 -10.3 0.2 29.1 0.9 3 20.2 1.2
Caviidae indet. 2 -9.2 0.4 29.6 0.3 2 20.7 0.1
Dinomyidae indet. 1 -9.4 30.0 1 21.0
Glyptodontidae indet. 4 -9.0 0.3 27.9 0.4 4 19.0 0.4
Hemihegetotherium 1 -9.3 28.7 1 20.0
Lagostomus 5 -9.2 1.3 28.7 1.1 5 19.6 0.7
Litopterna indet. 1 -10.0 29.4 1 20.2
Macraucheniinae indet. 1 —-10.1 29.1 1 20.3
Pseudotypotherium 2 -9.3 0.7 28.6 1.8 2 19.6 1.5
Pseudotypotherium/
Telén Huayquerian Typotheriopsis 6 -9.0 0.4 29.1 0.7 6 20.0 0.7
Caviidae indet. 3 -10.2 0.5 29.9 1.7 0
Glyptodontidae indet. 2 -8.4 0.0 27.1 0.3 2 17.7 0.3
Lagostomus 6 -9.7 1.0 29.2 2.0 2 20.5 3.0
Paedotherium 3 -10.3 0.6 28.9 0.8 0
Pseudotypotherium/
Typotheriopsis 5 -9.3 0.6 28.9 2.3 5 19.8 1.9
Quehué Huayquerian Thylacosmilus* 4 —-10.0 0.3 27.6 0.8 0
Cardiatherium 5 -12.7 0.6 24.7 1.2 5 16.0 1.2
Caviodon 2 -9.0 1.4 30.8 1.7 2 21.7 1.8
Chasicotherium 5 -10.5 1.7 31.7 1.6 5 22.9 1.6
Cullinia 6 -10.1 1.4 29.9 1.3 6 21.4 1.3
Hemihegetotherium 6 -8.8 1.2 30.8 2.5 6 21.8 2.5
Hemixotodon 5 -7.7 1.6 30.0 1.2 5 21.2 1.2
Arroyo Chasicé Chasicoan Lagostomus 2 -11.1 0.6 26.7 1.7 2 17.9 1.4

(continued on next page)
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Table 1 (continued)
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Locality Stage/Age Taxa #C Means'®C SD5°C  Mean5'®0¢o3 SD 6'%0cos  #P Mean 5'%0pos SD 5'80po4
(%o VPDB) (%0 VPDB) (%0 VSMOW) (%o, VSMOW) (%0 VSMOW) (%0 VSMOW)
Lycopsis* 2 -10.0 0.2 26.2 0.5 2 17.4 0.7
Macraucheniidae indet. 1 -9.5 32.8 1 23.8
Nothrotheriidae indet. 2 -9.7 1.6 27.6 0.6 2 18.6 0.6
Paedotherium 5 —8.6 0.5 290.1 0.8 5 20.2 0.9
Pampatheriidae indet. 1 -10.3 27.6 1 18.5
Paratrigodon 4 -10.2 0.3 27.2 1.0 4 18.1 1.1
Pisanodon 3 -9.3 0.7 28.8 1.7 3 19.7 1.6
Pseudohegetotherium 2 -8.4 0.6 30.0 1.0 2 21.1 0.6
Tetrastylus 5 -10.1 1.9 26.5 1.9 5 17.7 1.9
Theosodon 3 -10.9 2.9 31.1 1.5 3 22.3 1.4
Typotheriopsis 6 -8.7 0.8 30.7 2.6 6 21.8 2.5
Caviidae indet. 1 -8.7 29.9 1 20.4
Dinomyidae indet. 3 -9.2 1.6 27.2 0.7 3 17.8 1.0
Hemihegetotherium 4 -8.7 1.1 29.5 2.3 4 20.7 1.8
Hemixotodon 7 -8.7 1.3 28.5 1.1 7 19.5 1.0
Lagostomus 2 —10.0 0.3 28.6 0.1 2 19.6 0.0
Paedotherium 4 -9.0 1.0 29.0 0.6 4 20.1 0.4
Chasicoan Tetrastylus 1 -8.7 28.6 1 19.4
Cerro La Bota Typotheriopsis 5 —8.5 1.0 29.0 1.1 5 19.8 1.1

3.3. Data analyses

Statistical analyses and niche and trophic modeling were performed
with the R software version 4.0.3 (R Core Team, 2019). Prior to statis-
tical analyses, we tested the normal distribution of isotopic data with a
Shapiro-Wilk test and two localities do not show a normal distribution
(Farola Monte Hermoso and Quehué). For this reason, we used non-
—parametric analyses (Kruskal-Wallis) for detection of significant dif-
ferences in mean isotopic values between localities and taxa through
time. However, since Holm adjustment does not seem to be indicated if
the degree freedom is equal or more than five and we have several
groups with df > 5 (Kim, 2015), we had to use the Kruskal-Wallis and
Tukey-Kramer Honest Significant Difference post-hoc analysis. In order
to observe temporal changes of 513C and 5'%0¢03, we grouped our lo-
calities by stages/ages (Chasicoan, Huayquerian, latest Huayquerian,
and Montehermosan) and performed non-parametric analyses (Krus-
kal-Wallis and post-hoc analysis with the Holm correction, since the
degree freedom is equal to 3). We have also used statistical analysis to
look for significant differences in §'°C and 5'®0¢o3 values grouped by
orders: Litopterna, Notoungulata and Rodentia. For this, we performed
non-parametric analyses (Kruskal-Wallis and Tukey-Kramer Honest
Significant Difference post-hoc analysis). The significance level was set
at p = 0.05 in all cases.

Bayesian stable isotope ellipses in R (SIBER, Jackson et al., 2011)
were used to estimate the isotopic niches of the analyzed taxa. An iso-
topic niche is an area or volume (5-space), whose coordinates are
isotope values (5-values), so it is necessary to use at least two isotopic
systems to delimitate a 2D 5-space (5'°C and 5'20, in this study). We
calculated the isotopic niches for each taxon based on an ellipse of 1 SD
centered on the mean, containing roughly 40% of the data in those lo-
calities with three or more taxa where each taxon has a good sampling
record (n > 3). These analyses allowed us to evaluate the superposition
and trophic relationships between taxa in the same locality.

In order to assess resource preferences for the sampled spar-
assodonts, we performed parametric analyses (t-Student test) to test for
differences in the mean of 5'3C values corrected for trophic discrimi-
nation among carnivorous - potential prey pairs, since Shapiro-Wilk tests
revealed normal distributions. Evaluating the degree of §3C overlap, it
is possible to detect most feasible prey (resource) options (Feranec et al.,
2010). We do not include in this work an evaluation of predator-prey
relationships with the R package MixSIAR (Stock and Semmens, 2016)
due to a combination of three factors: i) we have only one isotopic
system, ii) the number of prey is greater than three, and iii) it is not

possible to group prey a priori into statistically different 5'3C groups.
4. Results and discussion
4.1. U-Pb dating

At Arroyo Chasicé (119 detrital zircons analyzed), Telén (116
detrital zircons analyzed), and Monte Hermoso (115 detrital zircons
analyzed) localities, the Minimun Likehood Age (MLA) model provided
maximum depositional ages for the analyzed siltstones/sandy siltstones
samples of 9.7 £+ 0.3 Ma, 6.3 + 0.2 Ma, and 4.5 + 0.2 Ma, respectively
(Table 2). In regard to Quehué (114 detrital zircon analyzed) and
Caleufd (100 detrital zircons analyzed) localities, the MLA calculated
age was discarded for being too old (67.0 & 1.1 Ma and 67.5 + 1.1 Ma,
respectively). At Salinas Grandes de Hidalgo (106 detrital zircons
analyzed), the MLA calculate age was 8.2 + 0.5 Ma, considered old
based on the characteristics of the recovered faunistic assemblage (Verzi
and Montalvo, 2008; Sostillo et al., 2021; Pinero et al., 2021. At Quehué
a single zircon crystal was dated at 7.1 & 0.6 Ma [with a concordance of
a 96% on the relationship (?%pp,/238Yy) / (207Pb/235U)], at Salinas
Grandes de Hidalgo was 5.9 + 0.4 [84% (2°6Pb/238U) / (207Pb/235U)],
and at Caleuft was of 4.7 + 0.5 Ma [86% (*°°Pb/?*%U) / (2*7Pb/>3%U)]
(Table 2). These three younger single grain ages (YSG) fit the well-
—established biostratigraphic data of these localities (Verzi and Mon-
talvo, 2008; Sostillo et al., 2021; Pinero et al., 2021). Accordingly, they
could be considered as the maximum deposition ages for the Cerro Azul
Formation in these three localities. The scarcity of young Neogene
detrital zircons measured (SM2) could be related to i) low input from
younger rock sources; ii) low uranium content of younger detrital zir-
cons; and/or iii) low concentration of lead due to a short time for ura-
nium radioactive decaying.

These new ages allow us to test previous biostratigraphic schemes
based on rodents and other mammals present in each assemblage (Verzi
et al., 2008; Tomassini et al., 2013; Sostillo et al., 2021; Pinero et al.,
2021). The value obtained for Arroyo Chasicé supports the assignment
of their assemblage to the Late Miocene, as Chasicoan Stage/Age. The
fossil assemblages of the youngest localities, Caleufti and Farola Monte
Hermoso, were previously assigned to the Early Pliocene, as latest
Huayquerian and Montehermosan stages/ages respectively (Tomassini
et al., 2013; Pinero et al., 2021), which agrees with the ages obtained
herein. The other ages correspond to the Late Miocene, Huayquerian
Stage/Age, and suggest the following temporal sequence, from the
oldest to the youngest locality: Quehué, Telén, and Salinas Grandes de
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Table 2
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Maximum depositional U-Pb ages from detrital zircons obtained from Cerro Azul (Late Miocene/Early Pliocene) and Monte Hermoso (Early Pliocene) formations. The

age we consider valid at each locality is marked in bold.

Sample number (LA.TE.Andes C846 C710 C711 C585 C731 C744
Laboratory)
Locality name Arroyo Chasic6  Quehué Telén Salinas Grandes de Hidalgo ~ Caleuft Farola Monte Hermoso
Maximun Likehood Age (MLA) model * 9.7 + 0.3 Ma 66.96 + 2.0 Ma** 6.3 + 0.2 Ma 8.2 + 0.5 Ma*** 67.52 + 2.0 Ma™* 4.5 + 0.2 Ma
Younger Single Grain * - 7.1 + 0.6 Ma 6.4 + 0.5 Ma 5.9 + 0.4 Ma 4.7 + 0.5 Ma -
10.1-9.4 Ma 7.7-6.5 Ma 6.5-6.1 M 6.3-5.5 Ma 5.2-4.2 Ma 4.7-4-3 Ma
Time interval Late Miocene Late Miocene Late Miocene Late Miocene Early Pliocene Early Pliocene
Tortonian Messinian Messinian Messinian Zanclean Zanclean
Stage/Age Chasicoan Huayquerian Huayquerian Huayquerian Huayquerian Montehermosan

" A 100 + 10% cut—off based on 2°°Pb /238U vs 207pb /235U,
" MLA calculated age discarded for being too old.

" MLA calculated age is old in relation with the biochronological and faunistic assemblage from Salinas Grandes de Hidalgo.

Hidalgo. This sequence inverts, therefore, the relative order proposed in
previous biostratigraphic schemes for Telén and Quehué (see Sostillo
et al., 2014; Pinero et al., 2021); however, this situation does not cause
controversy since both locations share the same species of the rodents

Neophanomys (N. pristinus), showing a clear temporal correlation. On the
other hand, although both localities share with Salinas Grandes de Hi-
dalgo the species of Metacaremys (M. calfucalel), the assemblage of the
latter locality includes a species of Reigechimys (R. octodontiformis) with

Reigechimys (R. plesiodon), Metacaremys (M. calfulcalel), and more advanced characters than the one found in Quehué and Telén

Cerro La Bota (Late Miocene, Chasicoan Stage/Age) Arroyo Chasicé (Late Miocene, Chasicoan Stage/Age)
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Fig. 2. Mean =+ 1 standard deviation 5'80 (%0 VSMOW) and 6'3C (%o VPDB) values for different mammals from localities with assemblages assigned to the Chasicoan
Stage/Age. A) Cerro La Bota and B) Arroyo Chasicé. The gray bars represent the vegetation §'>C cut—off values between a Cs—dominated diet and an intermediate
C3-C4 diet. The darkest gray denotes a 5'>C bioapatite—diet enrichment of +14.1%o for notoungulates and litopterns (Cerling and Harris, 1999), the intermediate one
indicates an enrichment of +12.8%o for rodents (Passey et al., 2005), and the lightest gray corresponds to an enrichment of +15.6%o for xenarthrans (Tejada-Lara
et al., 2018). Sparassodonta 5'>C values have been corrected for the trophic offset, adding 1.3%o to the raw values (Fox-Dobbs et al., 2006; Clementz et al., 2009). The
number of samples of each taxon is shown in Table 1.
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(R. plesiodon) (see Sostillo et al., 2014), which agrees with the temporal
ordering interpreted from the new dating.

Finally, Cerro La Bota and Bajo Giuliani localities, also included in
the present study but without numerical dating, have Late Miocene
faunal assemblages. Cerro La Bota assemblage was assigned to the
Chasicoan Stage/Age (Montalvo et al., 2019), possibly rather older than
Arroyo Chasicé (see Pinero et al., 2021), while Bajo Giuliani assemblage
was assigned to the Huayquerian Stage/Age, possibly located between
Salinas Grandes de Hidalgo and Caleuft (see Pinero et al., 2021).

4.2. Paleoecological inferences through the GABI

In the entire sample evaluated in this study, 613CCO3 values of the
herbivores show a wide range from —14.2 to —3.5%o, indicating the taxa
consumed food items from different environments, from woodland to
mixed C3-C4 grassland. Oxygen values (6*80¢o3) of the whole dataset
also show a wide variation of 23.6 to 35.4%o, reflecting differences in the
580 values of meteoric and plant water among the different taxa and
time periods studied.

4.2.1. Late Miocene — Chasicoan Stage/Age

In Arroyo Chasico, type locality of Chasicoan Stage/Age, the rodents
Cardiatherium (Hydrochoerinae) and Lagostomus (Chinchillidae), the
notoungulates Paratrigodon (Toxodontidae) and Chasicotherium (Homa-
lodotheriidae), the cingulate pampatherids, and the litopterns macrau-
chenid Cullinia, Theosodon, and Macraucheniidae indet. Show §°C
values indicative of the consumption of plants from woodland and
wooded Cj grassland, while the §'3C values of the rest of notoungulates
(including different representatives of Toxodontidae, Mesotheriidae,
and Hegetotheriidae) and the rodent caviid Caviodon suggest a diet
based on more xeric C3 environments (Fig. 2, Table 1, SM3).

The statistical analysis shows significant differences (3> = 26.350, p
= 0.003, SM4) between the extinct capybara Cardiatherium and the
notoungulates Hemihegetotherium and Paedotherium (Hegetotheriidae),
Typotheriopsis (Mesotheriidae), and Hemixotodon (Toxodontidae), with
the latter having diets from more open environments. Corriale and
Loponte (2015) observed in Northeastern Argentina a high variability in
bone isotopic values in extant capybaras (Hydrochoerus hydrochaeris),
between diets based on C3 and C4 plants. Despite the high isotopic
variability, the data show a trend towards higher consumption of C3
versus Cy4 plants regardless of resource availability. The authors relate
this preference to the better nutritional value of C3 plants (higher car-
bohydrate and protein content and lower fiber and silica content; Cor-
riale and Loponte, 2015 and references therein). This result may explain
the low §'3C values of the Cardiatherium observed at Arroyo Chasicé.
These low values may also be related to the consumption of aquatic
plants, having isotopic values similar to Cs plants. Cardiatherium may
have had a semi-aquatic habit, inhabiting areas with water bodies, and
may have included aquatic plants in their diet, as it occurs with extant
capybaras (Barreto and Quintana, 2013; Felix et al., 2014).

Arroyo Chasic6’s 580¢o3 values show two groups (Fig. 2) and the
difference between the taxa in this locality is also statistically significant
(32 = 34.088, p < 0.001, SM4), pointing to ingestion of water subject to
different hydrological conditions. The first group, with higher values,
includes all the litopterns, almost all the notoungulates (except the
toxodontids Paratrigodon and Pisanodon) and the rodent Caviodon (this
taxon, as well as Macraucheniidae indet., could not be included in the
statistical analyses as it had less than 3 samples).

The second group includes the rest of the rodents caviid, chinchillid,
and dinomyid (Cardiatherium, Lagostomus, and Tetrastylus respectively),
toxodontid Paratrigodon, pilosan Nothotheriidae indet., and cingulate
pampatheriids (Fig. 2). In the case of Cardiatherium, its 5'3C values could
suggest it had a semi-aquatic habit, and observing its 5'%0 values we
observe it has less variability than the rest of the taxa. According to
Clementz and Koch (2001), the variability of mammalian oxygen values
is much higher in terrestrial than in aquatic environments, supporting
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the hypothesis of a semi-aquatic habit for this rodent. The values of the
toxodontid Pisanodon, intermediate between both groups, do not show
significant differences with any taxon. Trayler et al. (2020) show large
notoungulates would need to drink water daily to cover their physio-
logical needs, like many other large mammals (e.g., perissodactyls).
Since it has been proposed litopterns are related to extant perissodactyls
(Buckley, 2015; Welker et al., 2015), we assume here their representa-
tives would also be obligate drinkers and they obtained most of their
water through drinking. Following Lopes et al. (2013) and Dantas et al.
(2020) we tested the relationship between 5'3C and 5'%0 in the families
of both orders (Litopterna and Notoungulata) to determine if the plants
they consume control the isotopic composition of their body water (non-
obligate drinkers). There is no statistically significant relationship be-
tween 5°°C and 580 values (SM5). This lack of significant differences
would suggest these taxa were obligate drinkers, and therefore their
tooth enamel 5'%0 values would be mainly influenced by the oxygen
isotope composition of drinking water.

In contrast, rodents probably obtained most of the water they needed
through eating and did not need to ingest free water. The uptake of
water through food items coincides with the behavior observed in
modern species [i.e., mara (Dolichotis patagonum), capybara (Hydro-
choeris hydrochaeris), plains vizcacha (Lagostomus maximus); Borges
et al., 1996; Cortés et al., 2003; Hagen et al., 2015; Clauss et al., 2019].
Litopterns and notoungulates would drink water from sources with
similar evaporation rates, except Paratrigodon (Toxodontidae), showing
lower 580 values as also observed in the xenarthrans Pampatheriidae
indet. and Notrotheriidae indet. These three latter taxa would have
obtained water from sources that suffered less evaporation.

In any case, more precise interpretations cannot be made since most
of the taxa analyzed in this interval and the subsequent ones (see below)
do not have current representatives to compare. As far as rodents are
concerned, the isotopic values suggest the caviid Caviodon fed on plants
that underwent more evaporation than the vegetation consumed by the
other rodents (Fig. 2). Rasia (2016) indicates all the fossil species of the
plains vizcacha Lagostomus would have had a diet based on grasses and
low vegetation as they share similar dental characteristics with the
living species (Lagostomus maximus).

In Cerro la Bota, the §'3C - §'%0 ellipses show an intense overlap
(Fig. 2) and statistical analysis reported no significant differences (SM4).
This result indicates similar diets and water sources subject to similar
evaporation conditions, which would suggest a homogeneous environ-
ment. The herbivores from this locality show 5'3C values of diets based
on vegetation from open C3 woodland/xeric Cg grassland environments.
As the taxa analyzed at this locality are the same as in Arroyo Chasico,
the same ecological behavior of the taxa is inferred from non-isotopic
studies (see references above).

The notoungulates (both the hegetotherids Paedotherium and Hemi-
hegetotherium, and the mesotherid Typotheriospsis) also fed on leaves of
low-growing plants in open habitats (Croft, 2006). The species present
in Chasicoan assemblages, Paedotherium minor, has dental characteris-
tics that suggest a more abrasive diet, compared to other species of
Paedotherium, due to feeding in open grasslands more widely in this
region (Reguero et al., 2015). Paedotherium isotopic values (—9.0 +
1.0%o) are indicative of open grassland-based diets and the values of the
toxodontid Hemixotodon (—8.7 £ 1.3%0) also suggest feeding on low
vegetation, like the rest of rodents (e.g., Caviidae indet., Dinomyidae
indet. and Tetrastylus, and the Chinchillidae Lagostomus), being
congruent with non-isotopic studies. No statistical differences are
observed between the taxa from Arroyo Chasicé and Cerro la Bota
(Table 1 and Fig. 2), and similar diets are inferred for the taxa from both
localities. Regarding 6'0 values, notoungulates and rodents would
obtain water from water sources (drinking or feeding) subject to similar
evaporation rates.

4.2.2. Late Miocene/Early Pliocene — Huayquerian Stage/Age
This is the best-represented time period of the dataset, including five
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localities: Quehué, Telén, Salinas Grandes de Hidalgo, Bajo Giuliani
(Late Miocene), and Caleuft (Early Pliocene) (Table 2). The range of
average bioapatite §'>C values oscillates between Cs—-dominated diets in
the Late Miocene and an increase of species with more mixed C3—C4 diet
in the Early Pliocene (Fig. 3, Table 1).

In Quehué, Telén, and Bajo Giuliani the 513C values of the mammals
analyzed point to an overall Cs—-dominated diet (Fig. 3, Table 1). The
chinchillid Lagostomus, in the three localities, shows a wide dietary
range from open woodland to some samples that point to a preference
for mixed C3-C4 grassland vegetation. Nevertheless, the rest of the ro-
dents (caviids and dinomyids), representatives of the notoungulates
Hegetotheriidae (Paedotherium and Hemihegetotherium) and Mesother-
iidae (Pseudotypotherium and Pseudotypotherium/Typotheriopsis), glypto-
dontids, Litopterna indet. and Macraucheniidae indet. show a
preference for diets based on vegetation of open Cg grassland (Fig. 3). No
statistical differences were found in any of the localities (SM4): Quehué
(y? = 5.1156, p = 0.276) and Telén (x* = 0.384, p = 0.826). Statistical
analyses could not be performed in the case of Bajo Giuliani since more
than three samples are only available for Lagostomus. All these localities
show a narrow range of variation of 518003 values (Fi g. 3). In addition,
there are no statistical differences among the taxa from each locality
(SM4): Quehué (y* = 4.5455, p = 0.337) and Telén (x? = 5.336, p =
0.069). The results suggest the water ingested by the taxa (either, obli-
gate and non-obligate drinkers) may have had similar 5'80 values.

Salinas Grandes de Hidalgo’s §'3C values are indicative of
Cs—dominated diets, but some samples of the rodents Dinomyidae indet.
and Prodolichotis (Caviidae) and notoungulate mesotherid Pseudotypo-
therium/Typotheriopsis surpass the vegetation §'3C threshold value be-
tween a Cs-dominated diet and a mixed C3-C4 diet. The pilosan
mylodontid Proscelidodon, the cingulate chlamyphorid Macroeuphractus,
litopterns Brachytherium and Diplasiotherium (Proterotheriidae), and
Promacrauchenia, Scalabrinitherium, and Macraucheniidae indet.
(Macraucheniidae), and the rodent chinchillid Lagostomus suggest a
preference for Cg plants from an open woodland.

Finally, the 6'3C values of the notoungulates (including different
representatives of Hegetotheriidae, Mesotheriidae, and Toxodontidae),
the rodent caviid Cardiomys, and the rest of cingulates (Dasypodidae
indet. and Glyptodontidae indet.) indicate these taxa fed on Cg plants
from more open environments. Macraucheniidae indet. showed a wide
isotopic range, from more wooded to open areas, probably due to the
inclusion of samples from different macraucheniid genera. Significant
differences were observed in this locality (% = 15.479, p = 0.050, SM4)
between the rodents Lagostomus (with lower 53¢ values) and Dino-
myidae indet. (with higher §'3C values) (SM4), supporting a difference
in the diet of these rodents (Fig. 3).

The notoungulate toxodontid Sthenophanus, rodent caviid Prodo-
lichotis, Dinomyidae indet., and litoptern proterotherid Brachytherium
showed higher 5'80¢03 values than the rest of the mammals evaluated,
which may point to ingestion of water sources subject to a higher
evaporation rate. This hypothesis is supported by the statistical analysis
(x2 = 23.401, p = 0.003, SM4) since significant differences were
observed between the notoungulates Sthenophanus (Toxodontidae), and
Paedotherium (Hegetoteriidae), the rodents Dinomyidae indet. and
Lagostomus, and the pilosan mylodontid Proscelidodon. The caviid Car-
diomys shows the lowest 5180503 values in the assemblage (Table 1), but
could not be included in the statistical analysis due to lack of samples.

The §'3C values of the Caleufd herbivores (Table 1) point to a pref-
erence for intermediate C3-C4 diets, and the statistical analysis did not
show significant differences among them (32 = 1.3511, p = 0.853, SM4).
The §'3C range of the rodents Caviidae indet. and Dinomyidae Tetra-
stylus was wider than in the older Huayquerian localities. Hynek et al.
(2012) reported rodent tooth enamel carbon values that point to Cy4
plant consumption for the Early Pliocene of Northwestern Argentina,
supporting the results of this work. In the case of the rodent Caviidae
indet. its wide isotopic range (Fig. 3) could be due to the fact that it
might include representatives of different genera. Regarding the
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notoungulates, including representatives of Hegetotheriidae (Paedothe-
rium) and Mesotheriidae (Pseudotypotherium and Pseudotypotherium/
Typotheriopsis), they also show a wider §'3C range than older localities
including Cs-dominated and C3—C4 diets (Fig. 3). Statistical analyses
report significant differences when comparing the assemblage of
Caleufu assigned to the latest Huayquerian Stage/Age with the other
ancient assemblages assigned to the Huayquerian Stage/Age (Table 3).
Isotopic and statistical results suggest a change in the diets and resource
preference for the assemblage corresponding to the latest Huayquerian
Stage/Age, when C4 plants expanded in South America (Stromberg,
2011).

As far as Caleufd’s 5'80¢o3 values are concerned, significant differ-
ences were observed between the notoungulate mesotherid Pseudoty-
potherium/Typotheriopsis and the rodent Caviidae indet. (SM4).
However, it is not clear whether these notoungulates were obligate
drinkers or not. As mentioned above, large notoungulates, such as tox-
odontids, most likely needed to drink to supply their physiological needs
(Trayler et al., 2020), but small-medium notoungulates may have been
non-obligate drinkers. The lack of extant representatives does not allow
further interpretations.

In Caleuft, mesotherids showed the highest 6180CO3 values, for this
reason, we can infer they obtained water from sources subject to higher
evaporation (water bodies or by the consumption of leaves). Regarding
Caviidae indet., these rodents show adaptations to avoid dependence on
free water supplies for their needs. The wide 5'80 range of this taxon and
of the dinomyid Tetrastylus could suggest access to a wide variety of
water sources (e.g. vegetation and surface water). It should be noted the
mesotherid Pseudotypotherium and the chinchillid Lagostomus could not
be included in the statistical analysis due to lack of samples. The two
taxa of mesotheriids (Pseudotypotherium/Typotheriopsis and Pseudotypo-
therium) showed higher 6180c03 values than rodents (Fig. 3, Table 1),
supporting the hypothesis the notungulate water source (probably free
water) at Caleufi was subject to greater evaporation than the rodent
source (vegetation and surface water).

The assemblages from all these localities, assigned to the Huay-
querian Stage/Age, share some taxa with the assemblages assigned to
the Chasicoan Stage/Age [i.e. rodents Lagostomus (Chinchillidae) and
Tetrastylus (Dinomyidae), and notoungulates Hemihegetotherium and
Paedotherium (Hegetotheriidae)]. This point allows extrapolating the
paleoecological interpretations proposed in the previous subsection to
these more modern records. During most part of the Huayquerian Stage/
Age the rodents showed diets of open Cz environments, with some
representatives with mixed C3-C4 diet values, while the notoungulates
only showed a preference for vegetation of open C3 environments
(Figs. 2 and 3). However, a shift to diets based on vegetation mixed
C3-C4 grasslands vegetation was detected in the latest Huayquerian
Stage/Age (Early Pliocene, Caleuft locality). Hence, during ca. 3 Ma
(between ~7.7 to 4.7 Ma), no major changes in the diet of these taxa are
observed and 4.7 + 0.5 Ma ago an increase of C4 plants in their diets is
recorded, possibly related to the global expansion of C4 plants (Cerling
etal., 1997; Stromberg, 2011; Domingo et al., 2020). Rodents were more
variable regarding the oxygen isotope composition than for carbon
values, probably due to the fact they were not obligate drinkers. No
major differences were observed in the notoungulate 5'80¢o3 values
between the Chasicoan and Huayquerian stages/ages pointing to stable
conditions in the hydrological cycle, at least as far as 520 values of
water sources are concerned (Table 1, Fig. 2-3).

4.2.3. Early Pliocene — Montehermosan Stage/Age

In this section we analyzed the data from Farola Monte Hermoso
locality, the type locality of Montehermosan Stage/Age. The average
513C value was —8.1 + 2.2%o, with a minimum value of —12.5%o for a
sample of the rodent chinchillid Lagostomus and a maximum of —3.5%o
for a sample of notoungulate toxodontid Xotodon (SM3). Fig. 4 shows
only litopterns (Eoachenia, Epitherium, and Promacrauchenia) tooth
enamel 5'3C values point to a preference for Cs-dominated diets. The
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Table 3

Mann-Whitney post-hoc analysis with the Holm correction comparing the §'3C
values (%o VPDB) among the different studied Stages/Ages. Pairs with significant
differences (p < 0.05) are shown in bold.

5'3Cvalues Huayquerian latest Montehermosan
(x?=51.768, df = 3, p < 0.001) Huayquerian

Chasicoan 0.030 <0.001 0.009
Huayquerian <0.001 <0.001

latest Huayquerian 0.178

513C range of the rest of the analyzed taxa are indicative of the incor-
poration of C4 resources, placing them between a Cs—dominated diet and
a mixed C3-C4 diet, except the toxodontid Xotodon, caviid Caviodon, and
xenarthran Pilosa indet., which adopted an exclusive intermediate
C3-C, diet (Fig. 4, Table 1).

In the case of the extinct capybara Phugatherium, and the extinct
genus Cardiatherium from the Chasicoan Stage/Age (see above), they
may have had a similar habit to the extant Hydrochoerus hydrochaeris.
Both taxa might use plant resources from water bodies (Felix et al.,
2014) and feed in semiaquatic freshwater grasses, having isotopic values
similar to terrestrial C3 plants (Tiitken, 2011). This semiaquatic habit
partly agrees with the wide range of 5'°C values obtained at Farola
Montehermoso (Fig. 4), reflecting a diet based on aquatic plants, but also
on C3-C4 grassland vegetation. Significant differences were, however,
not found when comparing 5'3C values among taxa from Farola Monte
Hermoso (x? = 9.095, p = 0.105, SM4). This result may be due to: i) the
low number of samples (n < 3) of the taxa with diets at the extremes of
the vegetation spectrum (pure C3 and mixed C3—C4 diets: Epitherium,
Eoauchenia, and Pilosa indet., Fig. 4), and/or ii) chinchillid Lagostomus,
hydrochoerine Phugatherium, and toxodontid Xotodon having a very
wide isotopic range.

As in the case of the assemblages assigned to the Chasicoan and
Huayquerian stages/ages, we assume large litopterns and large
notoungulates would need to drink water to cover their physiological

Farola Monte Hermoso (Early Pliocene, Montehermosan Stage/Age)
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needs, while rodents probably obtained most of their water from food.
Small-medium notoungulates’ water requirement could be closely
covered by their diet. Regarding the oxygen isotope composition, a
minimum §'0 value of 24%. was recorded by the extinct capybara
Phugatherium sample (non-obligated drinker), whereas a maximum 5'80
value of 32.8%o corresponded to a sample of the mesotherid Pseudoty-
potherium (probably an obligated drinker) (SM3). Statistical analyses
showed significant differences between these taxa (y*> = 22.766, p <
0.001, SM4). The low values of Phugatherium in comparison with the
other rodents could be explained by a semi-aquatic habit (see references
in Vucetich et al., 2013). According to Clementz et al. (2008), semi-
aquatic animals have generally lower 5'®0 average values in contrast
to terrestrial mammals. However, it is important to remark the wide
range of §'%0 (also 5'3C) in the rodents Lagostomus and Phugatherium,
which may point to a consumption of a large variety of resources. The
toxodontid Xotodon and the mesotherid Pseudotypotherium §'0 values
overlap, pointing to ingestion of water subjected to similar evaporation
conditions. Nevertheless, the hegetotheriid Paedotherium showed lower
5'80 values, similar to those of the pilosan mylodontid Proscelidodon,
and possibly related to water sources subject to less evaporation. Fig. 4
shows some differences between the litoptern §'%0 values, possibly
indicating a certain distribution of water resources, since Epitherium and
Promacrauchenia would ingest water subject to conditions more like
those of the hegetoteriid Paedotherium and the mylodontid
Proscelidodon.

There were no significant differences in the 5'3C values of the fauna
from Farola Monte Hermoso assigned to the Montehermoso Stage/Age
(4.5 + 0.2 Ma) when compared to that of the latest Huayquerian Stage/
Age (4.7 £ 0.5 Ma) from Caleuft (Table 3). However, when comparing
with older assemblages assigned to the Huayquerian Stage/Age, statis-
tical analyses showed significant differences in §'3C values with the
assemblages assigned to the Montehermosan (Table 3) and, as
mentioned before, latest Huayquerian (Table 3) stages/ages. A higher
consumption of C4 plants can be observed in the two Early Pliocene
localities (Caleufti and Farola Monte Hermoso) by those taxa also

A Pilosa indet. Paedotherium

/\ Proscelidodon

‘=
9™ W4 Pseudotypotherium

ﬂ, Xotodon

@Y Eoauchenia

» ‘ ) Epitherium
h @ Promacrauchenia

% Caviodon

Phugatherium
@ Lagostomus

Fig. 4. Mean =+ 1 standard deviation 5'80 (%o VSMOW) and 6'3C (%o VPDB) values for different mammals from the locality of Farola Monte Hermoso, which has an
assemblage assigned to the Montehermosan Stage/Age. The gray bars represent the vegetation 5'3C cut—off values between a Cs—dominated diet and an intermediate
C3-C4 diet. The darkest gray denotes a 5'>C bioapatite—diet enrichment of +14.1%o for notoungulates and litopterns (Cerling and Harris, 1999), the intermediate one
indicates an enrichment of +12.8%o for rodents (Passey et al., 2005), and the lightest gray corresponds to an enrichment of +15.6%o for xenarthrans (Tejada-Lara

et al., 2018). The number of samples of each taxon is shown in Table 1.
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recorded in many of the older localities, such as the hegetotheriid Pae-
dotherium and the chinchillid Lagostomus. Tooth enamel 5'3C values of
the litoptern Promacrauchenia, also recorded at Salinas Grandes de Hi-
dalgo (5.9 + 0.4 Ma), point to a preference for C3-dominated in both
localities but records higher §'3C values at Farola Monte Hermoso,
indicative of vegetation from more open environments. Therefore,
throughout the analyzed temporal sequence spanning between the Late
Miocene and the Early Pliocene, there is a trend towards the incorpo-
ration of a higher percentage of C4 plants in the diet of many of the
analyzed taxa (or towards the consumption of Cg plants from more open
areas). This result is directly related to an increase in aridity and global
development of more open areas where C4 plants thrived since the
beginning of the Pliocene (Cerling et al., 1997; Rabassa et al., 2005;
Stromberg, 2011).

4.3. Predator-prey interactions

The carnivorous guild is represented herein by metatherians of the
order Sparassodonta and includes the genera Stock et al. (2018) Lycopsis
from the Chasicoan Stage/Age of Arroyo Chasico, and Thylacosmilus
from the Huayquerian Stage/Age of Salinas Grandes de Hidalgo and
Quehué. The first records of the order Carnivora in South America were
represented by specimens of Procyonidae found at Salinas Grandes de
Hidalgo, Telén, and Quehué (Montalvo et al., 1998, 2008; Vizcaino and
Farina, 1999), although they have not been sampled in this work due to
its scarcity in the fossil record.

Sparassodonta has a wide range of body masses (Tarquini et al.,
2022). Lycopsis, a fox-like form, had an estimated mass of 11-18 kg
(Ercoli and Prevosti, 2011; Prevosti et al., 2013; Suarez et al., 2015),
while the Thylacosmilidae Thylacosmilus, a sabertooth-like form, had a
41 kg estimated body mass (Suarez, 2019; but also see Vizcaino et al.,
2004; Ercoli and Prevosti, 2011). Overall, their 5'3C data point to a
consumption of prey from Cs open areas (Figs. 2 and 3, Table 1).

Of late, Bayesian mixing models have been widely used to investigate
trophic interactions in modern and ancient ecosystems based on isotopic
data (e.g., Phillips and Gregg, 2003; Moore and Semmens, 2008; Parnell
et al., 2010; Phillips et al., 2014; Stock et al., 2018). MixSIAR is a robust
and widely- used Bayesian mixing model described by Stock et al. (2018)
and we have employed it in previous studies (Domingo et al., 2020;
Sanz-Pérez et al., 2020). However, one major limitation pointed out by
Stock et al. (2018) is that the MixSIAR model finds it difficult to deter-
mine the most probable sources (prey) to a mixture (predator) when
there are more than 7 sources for 2 isotopic systems. In our current case,
we have one isotopic system directly routed by the dietary intake (5'3C)
and 5, 7 and 13 potential prey at Quehué, Arroyo Chasicé and Salinas
Grandes de Hidalgo localities, respectively. Stock et al. (2018) suggested
combining sources either a priori or a posteriori to overcome the model
limitation due to an excess in the prey number. A priori combination
could be done if prey lumped in groups with significant differences in
the selected isotopic system. In our study, we cannot adopt this option as
probable prey do not separate in statistically different groups. Therefore,
we opted to discard the use of MixSIAR here and survey potential trophic
interactions by i) graphically assessing the position of tooth enamel §'3C
values in the case of Lycopsis from Arroyo Chasicé or ii) statistically
comparing 5'3C values of predator-prey pairs in the case of Thylacosmilus
from Salinas Grandes de Hidalgo and Quehué.

At present, the only species of the genus Lycopsis recorded in Arroyo
Chasico is L. viverensis (Forasiepi et al., 2003). Lycopsis has been classi-
fied as a hypercarnivore according to Prevosti et al. (2013). Based on its
anatomy, Lycopsis would have fed upon vertebrates smaller than itself
(Argot, 2004a, 2004b; Prevosti et al., 2013). In fact, there is direct ev-
idence this metatherian fed upon rodents, since broken bones and teeth
of a dinomyid have been found in the body cavity of a Miocene specimen
of Lycopsis longirostrus from La Venta locality in Colombia (Marshall,
1977). Other works also suggest large rodents (e.g., dinomyids or
hydrochoerines) would have been common prey of this sparassodont
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(Argot, 2004a; Ercoli et al., 2014).

The low number of samples that could be recovered from Lycopsis
(two samples) prevented us from making statistical tests to infer
predator-prey relationships. In this case, we have opted to discuss the
position of tooth enamel 5'3C values of Lycopsis with respect to potential
prey in the graphical space (Fig. 5). The 5'3C values of Lycopsis are
indicative of ingestion of prey from less open environments compared to
Thylacosmilus. Some of the mammals analyzed as potential prey show
very high body masses compared to Lycopsis and could be ruled out a
priori as prey, such as the large notoungulates (>150 kg) Chasicotherium
(Homalodotheriidae), Thypotheriopsis (Mesotheriidae), Hemixotodon and
Paratrigodon (Toxodontidae). On the other hand, the 513C values of the
notoungulates Paedotheirum (2 kg) and Hemihegetotherium (13 kg) are
higher than those of the metatherian, indicating they possibly do not
actively contribute to its diet. Rodents Cardiatherium (~12-30 kg) and
Tetrastylus (~7.5-21 kg) and the litopterns Cullinia (~100 kg) and
Theosodon (~44-100 kg) show ranges of §'3C values that overlap with
that of Lycopsis suggesting they may have been potential prey for this
carnivore, as suggested by previous work (Argot, 2004a, 2004b). This is
a tentative approach to the inference of potential prey for the spar-
assodont Lycopsis and we are aware more samples are needed to perform
sound statistical tests with a trophic meaning.

Thylacomislus was classified as a hypercarnivore (Prevosti et al.,
2013; Janis et al., 2020). Anatomical studies of this taxon have inferred
skeletal adaptations to cursoriality and arboreal adaptive traits,
although it seems it would be an ambush rather than a pursuit hunter,
like lions (Argot, 2004a, 2004c; Ercoli et al., 2012; Prevosti and For-
asiepi, 2018). Presumably, its forelimbs would have had manipulative
capabilities to capture, hold and secure small and medium prey (Argot,
2004a, 2004b, 2004c¢). In addition, the femoral head had an orientation
also found in bears, suggesting the possibility of adopting erect bipedal
postures while attacking large prey (Argot, 2004a, 2004c). Therefore,
Thylacosmilus was capable of hunting small- and medium-sized but
could also take down large-sized prey.

The statistical analysis was performed by lumping together tooth
enamel 5'3C values from Quehué and Salinas Grandes de Hidalgo. This
can be done as i) both fossiliferous sites were assigned to the Huay-
querian Stage/Age and although no contemporary, no major climatic
and environmental events happened during the period spanned between
both localities. Spatially, they are less than 200 kms away and topo-
graphically, no major altitude difference may have existed between
them. Therefore, it can be inferred species sampled in these two local-
ities were part of the same mammalian community within this relatively
homogenous area of the Pampean region. §'°C data were normally
distributed and thus, a t-Student test was undertaken for each Thyla-
cosmilus-prey pair. According to Argot (2004a), the most probable prey
of Thylacosmilus may have been small-medium size notoungulates and
litopterns, as well as large rodents (as dinomyids and hydrochoerines),
mostly consistent with our results (although at the moment there is no
record of hydrochoerines in these two localities). Argot (2004c) suggests
throat-bite attack, frequently linked to sabretooth dentition develop-
ment, would be effective at hunting ungulates or large rodents, but not
in the case of armored glyptodonts or large ground sloths and tox-
odontids, which were equipped with very large claws. This agrees with
the fact that t-Student tests only report significant differences in 5!°C
values between Thylacosmylus and Toxodontidae indet. (t-Student =
3.723, p = 0.008), the mylodontid Proscelidodon (t-Student = 5.194, p =
0.002), and cingulate Glyptodontidae indet. (t-Student = —3.405, p =
0.026) (Fig. 5), suggesting these three herbivore genera poorly
contributed to its diet. The rest of the taxa analyzed may have contrib-
uted to its diet on account of the lack of significant differences between
their 5*3C values and those of Thylacosmylus. To sum up, Thylacosmilus
would have discarded i) prey with the lowest mean 5'3C values and ii)
large mammals (Fig. 5).

Preliminary isotopic analysis suggests these two sparassodonts
exploited different prey, coinciding with inferred anatomical features.
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1.3%o to the raw values (Fox-Dobbs et al.,

Although both were ambush predators, Thylacosmilus had a robust
composition with adaptations to incipient cursorial specialization and
arboreal traits (Argot, 2004a; Ercoli et al., 2012), whereas Lycopsis was

2006; Clementz et al.,

2009).

more slender and lighter, a more terrestrial predator less adapted to an
arboreal life and without cursorial specialization traits (Argot, 2004a;
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Prevosti and Forasiepi, 2018). Thylacosmilus show §'C values indicative
of prey from more open environments than Lycopsis. In addition, the
higher body mass of Thylacosmilus allowed it access to larger prey.
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4.4. Paleoenvironmental inferences through the GABI

In this section we evaluate the paleoenvironmental evolution of the
region during the Late Miocene—Early Pliocene interval (ca. 5 Ma) using
the new radiometric ages and isotopic data (Fig. 6). For this evaluation,
we focus on litoptern, notoungulate, and rodent data, considering they
are the best represented groups over the studied timespan.

As mentioned above, carbon isotope composition allows us to
reconstruct the diet of fossil herbivores and consequently the vegetation
cover and in turn, the environment. All litopterns presented a diet based
on Cj plants from woodland and wooded Cg grassland throughout the
study’s time interval (Fig. 6A), and statistical analyses report no sig-
nificant differences among fossil sites (> = 0.700, p = 0.737, SM6).
Conversely, significant differences were recorded in the case of
notoungulates and rodents (3% = 55.651, p < 0.001 and 2 = 28.142,p =
0.005, respectively, SM6), suggesting a change in their diets over time.

A general trend towards diets based on more open environments can
be observed during the Early Pliocene in notoungulates and rodents
(Fig. 6B-C), indicative of a shift to more arid conditions. This increase in
aridity has been recorded globally and is explained as a consequence of
the expansion of an ice sheet in Patagonia (7-5 Ma) causing a drop-in sea
level, an increase in continentality, and a decrease in precipitation
(Rabassa et al., 2005). Selective pressures driven by the development of
more open environments due to an increase in aridity at this time
favored hypsodont lineages (e.g., Janis et al., 2000; Stromberg, 2011).
Precisely, an increase in hypsodonty is observed in both, notoungulates
and rodents during the Miocene-Pliocene boundary encompassing their
dietary change (Verzi et al., 2008; Pinero et al., 2021). On the contrary,
litopterns maintained brachydont molars (Carlini et al., 2006), dental
feature that may have conditioned their specialization as consumers of
non-abrasive plant items, such as leaves and did not experience a diet
shift over time. On the contrary, there was an increase in hypsodonty
during the Miocene-Pliocene boundary in both notoungulates and ro-
dents (Verzi et al., 2008; Pinero et al., 2021).

In addition, at that time, the expansion of C4 plants had already
occurred and they began to dominate the environments (Domingo et al.,
2020). However, diets incorporating C4 plants are recorded in the region
by notoungulates and rodents already since the Chasicoan Stage/Age in
the Late Miocene (Fig. 6B-C), suggesting the existence of favorable
conditions for the development of C4 plants before their great expansion
and even evidences of the presence of grasses since 44 Ma (Eocene) in
Patagonia (Stromberg, 2011; Hynek et al., 2012; Bellosi et al., 2021).

For the Huayquerian Stage/Age, the tooth enamel 5'3C values of
rodents also suggest mixed C3-C4 diets, in contrast to notoungulates
(except those from Caleufd, the locality with the most modern assem-
blage assigned to the latest Huayquerian Stage/Age), showing a clear
preference for a Cs-based diet. Notoungulates’ preference for Cs diets
between 7.5 and 6.3 Ma may indicate climatic conditions were more
favorable for the C3 photosynthesis pathway compared to previous
(Chasicoan Stage/Age) and more modern faunas (latest Huayquerian/
Montehermosan stages/ages), when notoungulates showed mixed C3-Cy4
diet values. During the Messinian (~ 7.2-5.3 Ma) a global cooling took
place, linked with a decrease in pCO, values (Herbert et al., 2016).
Although pCO, seems to be the primary driver of the C4 pathway, a
combination of other controlling factors may benefit the Cs pathway in
semi-arid environments, such as decreases in growing season tempera-
ture and/or in warm season precipitation (Koch et al., 2004). The record
of C4 plants in the diet of rodents during the complete time interval
studied points to an early specialization of rodents to mixed diets,
probably due to their high evolutionary adaptability (Herndandez
Fernandez, 2001; Moreno Bofarull et al., 2008; Babarinde and Saitou,
2020; Hernandez Fernandez et al., 2022).

Regarding tooth enamel §'80 values, litopterns and large notoun-
gulates are assumed to be obligate drinkers (see discussion in section
4.2), therefore their values reflect the isotopic composition of the water
masses directly related to hydrological conditions. In the case of small-
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medium notoungulates, they may or may not be obligate drinkers,
depending on diet and water availability. No major differences were
observed in litopterns throughout the studied sequence (Fig. 6D; 32 =
3.544, p = 0.170, SM6), while significant differences were recorded in
notoungulates (x? = 57.728, p < 0.001, SM6). All notoungulates were
included in this analysis, since we cannot discard the possibility they
were obligate drinkers. In the case of notoungulate §'%0 values, a similar
trend to carbon isotope composition can be noticed (Fig. 6E), with
higher 5'80 values during the Chasicoan Stage/Age and latest Huay-
querian-Montehermosan stages/ages. This is indicative of more arid
conditions or higher temperatures, and lower 50 values supporting
lower temperatures during most of the Huayquerian Stage/Age. Litop-
tern 580 values do not show a clear trend (Fig. 6D), probably because
they may be better recording global hydrological conditions (Domingo
et al., 2020) and probably during the time period studied, there were no
significant changes in the hydrological cycle. On the contrary, according
to Domingo et al. (2020), notoungulates would be representative of
regional hydrological conditions, recording an increase in 5'%0 values
(Fig. 6E) related to a rise in aridity and/or temperature during the Early
Pliocene compared to the Huayquerian in Argentina as pointed out by
some authors (Hynek et al., 2012; Domingo et al., 2020). Finally, 580
values of rodents show a great variability, wide ranges in some taxa, and
a slight trend towards lower §'®0 values can be identified from the
Huayquerian Stage/Age to the Montehermosan Stage/Age (Fig. 6F).
These results can be explained by the fact rodents obtain part of their
water needs by eating (representing evaporation in plants and not in
water bodies) and since they have narrower home ranges than large
mammals, they could be recording more local environmental conditions
when compared to litopterns and notoungulates.

5. Conclusions

In this work we provide new zircon ages for the Neogene of Argen-
tine Pampas, including first numerical values for some South American
classic localities such as Salinas Grandes de Hidalgo in La Pampa
Province, and Arroyo Chasicé and Farola Monte Hermoso in Buenos
Aires Province, covering a period of ca. 5 million years (Late Miocene-
—Early Pliocene), in a relatively small area (~90,000 km?). Dated lo-
calities are relevant as they hold mammalian assemblages linked to the
last stages of South American isolation and to the first pulses of the
GABI. Among the latter localities, those with fossil remains of the fam-
ilies Procyonidae (Carnivora) and Cricetidae (Rodentia) stand out as
they are “Herald” Northamerican taxa. The new dating provides novel
information that help to chronologically adjust the presence of the first
Holarctic immigrants in the Argentine Pampas.

The chronological arrangement obtained herein has allowed us to
propose a solid temporal frame to evaluate the paleoenvironmental and
paleoecological evolution of the region based on stable isotope data of
mammalian fossils. Furthermore, this study is one of the few isotopic
works that cover such a wide time span in South America. In addition,
the genus-level study of the taxa allows us to improve the paleoeco-
logical and paleoenvironmental interpretations made in previous works.
During the Chasicoan Stage/Age (Late Miocene), 5'C herbivore data
point to mixed C3—C4 diets, implying the existence of favorable habitats
for C4 plants before their full expansion. However, during the Huay-
querian Stage/Age (Late Miocene), taxa showed a preference for Cs
plants, possibly due to favorable climatic conditions for this photosyn-
thetic pathway, except for some rodents that continued to include C4
plants in their diets (maybe related to an early specialization of this
group). In the latest Huayquerian-Montehermosan stages/ages (Early
Pliocene), there is a significant change in diets with taxa incorporating a
higher percentage of C4 plants, supported by the statistical analyses.
This result shows the expansion of C4 plants is recorded in the study
region at the Early Pliocene. The notoungulates, which during most part
of the Huayquerian Stage/Age (Quehué, Telén, and Salinas Grandes de
Hidalgo) showed a preference for Cs-based diets, in the latest
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Huayquerian-Montehermosan stages/ages (Caleufti and Farola Monte
Hermoso) switched to mixed C3—Cy4 diets indicative of more open envi-
ronments. This change in diets reflects an increase in aridity and/or
temperature since the Late Miocene-Pliocene in the region. Regarding
5'80 values, we have detected different results in litopterns, notoun-
gulates and rodents. Litopterna values show no trend, while Notoun-
gulata showed an increase in 56'%0 values during the Early Pliocene
possibly related to an increase in aridity and/or temperature. However,
Rodentia values for this time period showed a slight decrease in 5%0
values. This difference may be due to rodents recording more local
conditions and obtaining part of the water they need by eating as
opposed to notoungulates that need to drink to meet their physiological
needs. Finally, this study also evaluated, for the first time, the trophic
behavior of two metatherian sparassodonts (Lycopsis and Thylacosmilus)
based on stable isotope analysis. Preliminary results suggest these Late
Miocene hypercarnivores exploited different prey, and Thylacosmilus
probably did not include large ground sloths and armored glyptodonts in
its diet, agreeing well with their anatomical features, hunting strategies
and body mass. This new information allows us to investigate in more
depth the paleoecological behavior of this group of mammals, which
constituted (together with the Phorusrhacidae “terror birds”) one of the
main components of the vertebrate predator guild from the Neogene of
South America.
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