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a b s t r a c t

During the Pleistocene intense climatic changes occurred corresponding with the alternation of inter-
glacial and glacial periods. By means of stable isotope analysis on fossil mammals, this research allows
the assessment of the palaeoecological and palaeoclimatic conditions, including the possible scenarios
for the atmospheric circulation pattern during three key phases of the late Pleistocene in the Pampean
region of Argentina: Last Interglacial (LIG, MIS 5e; unpublished data), Last Glacial Maximum (LGM;
28,170e19,849 cal BP yrs), and post-Last Glacial Maximum (post-LGM, 17,281e11,500 cal BP yrs). Tooth
enamel d13C values of mammals from the Last Glacial Maximum showed an increase in C4 plants con-
sumption compared to the other two phases studied, which may be related to a reduction in forest cover
due to a combination of environmental factors such as decreased pCO2atm and increased aridity. We
evaluated mean annual precipitation (MAP) and mean annual temperature (MAT) variability from tooth
enamel d13C and d18O values, which showed a greater variation in precipitation between phases than in
temperature. This result enabled us to propose two climate regimes for the studied temporal sequence,
an arid-temperate regime, and a humid-temperate regime, which were mostly regulated by variations in
atmospheric circulation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Quaternary (2.588 ± 0.04 Ma e present) is characterised by
cyclical climatic changes corresponding to alternating temperate-
warm (interglacial phases) and cold (glacial phases) periods,
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during which the extinction of several large mammals and all
megamammals ocurred in South America. The study of the last
interglacial-glacial cycle provides a solid framework for under-
standing changes in vegetation, faunal behaviour, palaeogeography,
and climate, among others. Numerous studies have evaluated
glacial and interglacial phases in the Northern Hemisphere (e.g.
Richmond and Fullerton, 1986; Kershaw and Whitlock, 2000;
Hern�andez Fern�andez, 2006; Antoine et al., 2013; Yehudai et al.,
2021), while a much lower number have focused on the Southern
Hemisphere (e.g. Hulton et al., 2002; Glasser et al., 2004; Mayle
et al., 2004; Ward et al., 2015).

Different climatic zones are currently recognised in southern
South America (Beck et al., 2018), which are modulated by the
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influence of atmospheric circulation. Since the Pleistocene
(2.58 ± 0.04), the Pampean region of Argentina has been inter-
preted as an ecotonal area between arid (Patagonia) and humid
(Brazil) zones (García-Morato et al., 2021). Precipitation and the
influence of cold/dry or warm/wet winds in this region are
controlled by the subtropical jet stream, the southern westerly
winds and the high-pressure systems of the South Atlantic and
South Pacific oceans (Iriondo and García,1993; Prieto,1996; Gallego
et al., 2005; Garreaud et al., 2009; Romero et al., 2021). Variation in
the global atmospheric circulation pattern during the last glacial
phase (late Pleistocene), effected the past and currently climate
conditions of this region, with a colder and drier climate
(Quattrocchio et al., 2008).

In this scenario, we aim to increase the knowledge on the last
interglacial-glacial cycle in austral South America. Our main goal is
to evaluate the climatic and environmental trends throughout late
Pleistocene in the Pampean region by stable isotope analysis on
mammalian fossils. Analysing the bioapatite stable isotope vari-
ability of mammal species in a specific region under a time range
allows interpretation on palaeoclimatic, palaeoecological, and
palaeogeographical conditions. Here, we provide the first compar-
ative study mammalian isotopic data from different localities at
three key moments of the glacial-interglacial alternation in South
America: Last Interglacial (LIG, MIS 5e; unpublished data), Last
Glacial Maximum (LGM, 28,170 to 19,848 cal BP years) and post-
Last Glacial Maximum (post-LGM, 17,281 to 11,5 cal BP years).

Carbon isotope values have been used to characterise the diet
and habitat preferences of species, as well as to calculate mean
annual precipitations. The d13C values from herbivores diets
depend on the ingested vegetation, which are controlled by the
photosynthetic pathway of plants (Farquhar et al., 1989; Koch,
1998; Hayes, 2001). Trees, shrubs, forbs, and cool-season grasses
follow the C3 photosynthetic pathway, which has a considerable
range in d13C between �36 and �22‰ (VPDB) (Cerling et al., 1997;
Domingo et al., 2012). C4 grasses and sedges from regions with a
warm growing season and summer precipitation follow the C4
photosynthetic pathway, which has a more restricted d13C range
between �17 and �9‰ (Cerling et al., 1997; Koch, 1998; Domingo
et al., 2012; Hynek et al., 2012). Succulent plants follow the CAM
(Crassulacean Acid Metabolism) pathway showing intermediate
isotopic values between those of C3 and C4 plants (Cerling et al.,
1997; Domingo et al., 2012).

Oxygen isotope values of carbonate and phosphate fractions of
tooth enamel bioapatite record the d18O value of body water,
resulted by a combination of oxygen entering and exiting the body
(Domingo et al., 2012). It should be noted that there are differences
between obligate (they obtain most of their water from drinking)
and non-obligate (they mainly obtain water from plant water and
metabolic water) drinkers (Kohn, 1996; Domingo et al., 2009;
2012). The d18O value of obligate drinker animals is determined by
the isotopic composition of the water drunk. d18O values are useful
in palaeoclimatic, palaeoenvironmental and palaeoecological re-
constructions since changes in the d18O values of the same taxon
reflect isotopic variation of water conditions (Koch, 2007). These
variations depend on different climatic and geographic variables,
such as annual temperature, evaporation rate (humidity/aridity
levels), precipitation amount, latitude, altitude, and distance of the
fossil site to the coast (Dansgaard, 1964; Luz et al., 1990; Aragu�as-
Aragu�as et al., 2000; Domingo et al., 2017).

In order to carry out the palaeoclimatic and palae-
oenvironmental study of the late Pleistocene in the Pampean re-
gion, we (i) analysed the palaeoecological dynamics of the LIG and
LGM fossil sites, providing also a slight discussion on the post-LGM
2

period, (ii) performed a palaeoclimatic assessment through time,
(iii) evaluated the relevance of C4 vegetation during the LGM, and
(iv) established potential scenarios for the atmospheric circulation
pattern associated with glacial and interglacial phases.
2. Material and methods

We analysed mammalian tooth enamel and orthodentine sam-
ples from nine fossil sites located in the Pampean region of
Argentina spanning from ~128,000e116,000 cal BP years (MIS 5e,
unpublished data; see Stirling et al., 1998) to ~11,500 cal BP years
(late Pleistocene) and grouped in the three mentioned climatic
phases (LIG, LGM and post-LGM) (Fig. 1). The stable carbon and
oxygen isotope composition on the carbonate fraction of bioapatite
(d13C and d18OCO3, respectively) was determined for litopterns,
notoungulates, cingulates, pilosans, artiodactyls, perissodactyls and
proboscideans. The sampled fossil teeth are housed in the Uni-
versidad Nacional del Centro de la Provincia de Buenos Aires (FCS;
Olavarría, Buenos Aires, Argentina), Facultad de Ciencias Exactas y
Naturales de la Universidad Nacional de La Pampa (GHUNLPam;
Santa Rosa, La Pampa, Argentina), Museo Argentino de Ciencias
Naturales “Bernardino Rivadavia” (MACN; Buenos Aires, Buenos
Aires, Argentina), Museo Municipal de Ciencias Naturales “Carlos
Darwin” (MD-PDB; Punta Alta, Buenos Aires, Argentina), Museo
Municipal de Ciencias Naturales “Vicente Di Martino” (MMH-QEQ;
Monte Hermoso, Buenos Aires, Argentina) and Museo de La Plata
(MLP; La Plata, Buenos Aires, Argentina).

We evaluated data from tooth enamel and orthodentine sam-
ples available in previous works (Table A1). Specifically, 116 car-
bonate samples and 99 phosphate samples in bioapatite were used
for this study. Tooth enamel and orthodentine were sampled using
a rotary drill with a diamond-tipped dental burr, from an area of the
tooth as large as possible to avoid seasonal bias from the time of
mineralization. Chemical treatment followed the methodology
described in Domingo et al. (2013). The carbon and oxygen isotope
results are reported in d-notation, dHXsample ¼ [(Rsample - Rstandard)/
Rstandard]x1000, where X is the element, H is the mass of the rare,
heavy isotope and R¼ 13C/12C or 18O/16O. Vienna Pee Dee Belemnite
(VPDB) is the standard for d13C values, whereas Vienna Standard
Mean OceanWater (VSMOW) is the standard for d18O values (Hoefs,
1997).

When assessing the diet of herbivorous mammals, a diet-
enamel fractionation (ε*diet-enamel), associated with carbonate
balances and metabolic processes, must be considered (Cerling and
Harris, 1999; Passey et al., 2005). In this study, we follow the
methodology of Domingo et al. (2020) who use different ε*diet-
enamel values for the d13C cut-off ranges of vegetation proposed by
other authors depending on the taxa (ungulates or xenarthrans).
For ungulates, we followed the ε*diet-enamel of þ14.1‰ proposed by
Cerling and Harris (1999). Therefore, in this case of ungulates, the
d13C boundary between C3-dominated diet and intermediate C3eC4
diet is considered between ~ �9‰ to �8‰, whereas between in-
termediate C3eC4 diet and C4-dominated diet is considered
between ~�2‰ to�1‰. Based on the estimated dietary-bioapatite
d13C enrichment for the extinct ground sloth Mylodon darwinii
proposed by Tejada-Lara et al. (2018), an ε*diet-enamel of þ15.6‰ is
used for xenarthrans. Therefore, we consider the d13C boundary
between C3-dominated diet and intermediate C3eC4 diet as ~ �7‰
to �6‰, whereas the d13C boundary between intermediate C3eC4
diet and C4-dominated diet as ~0‰e1‰.

R software version 4.0.3 (R Core Team, 2019) was used for sta-
tistical analysis and graphical representation of the isotopic results.
Shapiro-Wilk tests demonstrated the normal distribution of the



Fig. 1. Geographical setting of the studied palaeontological localities. (A) General map of South America. (B) Map of the Late Pleistocene sites of the Argentinean Pampean region (La
Pampa and Buenos Aires provinces) selected in this study. AC: Arroyo Chasic�o, AT: Arroyo Tapalqu�e, CP: Cascada del Paleolama, Lu: Luj�an, PB: Playa del Barco, PO: Paso Otero, RS: Río
Salado, SR: Santa Rosa, ZS: Zanj�on Seco.
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isotopic data and, therefore, we performed parametric analyses
(ANOVA and post-hoc Tukey analysis) to detect significant differ-
ences in the mean of isotopic values among fossil localities and
taxa. The significance level was set at p¼ 0.05. Some taxa could not
be included in these analyses due to the lack of samples (a mini-
mum of 3 samples is required).

To evaluate the isotopic niches of the late Pleistocene mammals,
we used SIBER [Stable Isotope Bayesian Ellipses in R (Jackson et al.,
2011)]. The term “isotopic niche” refers to an area (d-space) with
isotope values (d-values) as coordinates, so the variance in d-space
among individuals is related to realized niche width (Clementz
et al., 2009). To assess isotopic niche using SIBER it is necessary
to use at least two isotopic systems (d13C and d18O, in our case),
which allow the delimitation of a 2D d-space. SIBER also needs to be
fed with at least three data points per taxon to retrieve ellipses.
SIBER uses a Markov Chain Monte Carlo (MCMC) model-fitting al-
gorithm to construct a standard ellipse area (SEA) that best fits each
set of d13C and d18O from different members within a (paleo)
community (i.e., different taxa). We evaluated the isotopic niche in
those localities with a good representation of taxa (three or more
genus) and where each genus has a broad sampling record to
retrieve ellipses (three or more samples per genus). This is the case
of Cascada del Paleolama, which belongs to the LIG, and Santa Rosa
and Playa del Barco, which belong to the LGM (Fig. 1). These three
fossil sites have been selected for a more detailed palaeoecological
analysis due to the high number of samples and taxa represented.
Most localities of the post-LGM phase have only perissodactyl
samples and, therefore, had to be discarded for this analysis.

In order to evaluate variability in palaeoenvironmental and
palaeoclimatological parameters such as precipitation, aridity pat-
terns, and temperature throughout the LIG, LGM and post-LGM, we
select the tooth enamel d13C and d18O values of equids (Equus and
Hippidion) on account of: i) they are obligate drinkers and provide a
3

reliable record of meteoric/precipitation d18O values and environ-
mental temperature, and ii) they are well represented in the ma-
jority of selected localities granting a continuous temporal record.

For the estimation of the mean annual temperature (MAT), the
d18O isotopic values of equids have been considered. The d18O value
of water (d18OH2O) ingested by Equus and Hippidionwere calculated
using their d18OPO4 values from the tooth enamel (Table A1). For
calculation of d18OH2O values, we followed the equation proposed
by Huertas et al. (1995) for modern equivalents of equids. Finally,
we used a regression equation between MAT and weighted d18OH2O
using the meteorological data included in Dansgaard (1964). In
tropical (and some subtropical) areas, with high precipitation rates
and high MAT, precipitation d18OH2O values do not correlate with
MAT as it happens in temperate climates (i.e., higher MAT corre-
sponds to higher precipitation d18OH2O and vice versa). In tropical
regions, the precipitation excess saturates the atmosphere and
even at highMAT, there is no preferential removal (via evaporation)
of 16O. This translates in a decrease of precipitation d18OH2O even at
highMAT due to the “amount effect” (Dansgaard,1964; Higgins and
MacFadden, 2004). In order to avoid databases affected by this ef-
fect and since the studied region belongs to a temperate latitude,
the equation of Dansgaard (1964) was chosen (i.e., tropical and
subtropical areas are relatively scarce and temperate stations
predominate).

The mean annual precipitation (MAP) was estimated from the
d13C values of equids following Kohn (2010). This work shows that
diets with high C4 plant consumption cannot be considered in MAP
reconstructions since the high value of d13Cdiet reflects low or
negative MAP values. Therefore, the MAP estimate is evidence of C4
plant consumption and not of aridity. Equids present amixed C3eC4
diet in some sites, therefore, values from cervids with a pure C3 diet
were used where possible (i.e. Playa del Barco). The estimation of
MAP implies that a modern equivalent of the diet (vegetation)
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composition (d13Cdiet,meq) must be first calculated using the
equation:

d13Cdiet,meq ¼ d13Cleaf þ (d13CmodernatmCO2 - d13CancientatmCO2) (Kohn,
2010)

where d13Cleaf ¼ d13Ctooth-14.1‰ (Cerling and Harris, 1999),
d13Cmodern atmCO2 is �8‰ and d13Cancient atmCO2 values for different
time periods are taken from Koch et al. (2004). We also used d13C
values to estimate the proportion of C4 plants in the equid diet with
a mass balance equation proposed by Koch et al. (2004).

3. Results and discussion

3.1. Palaeoecology across the last interglacial and the Last Glacial
Maximum

In order to analyse palaeoecological variability (or lack thereof)
across the Last Interglacial and the Last Glacial Maximum, three
fossil sites were selected: Cascada del Paleolama (LIG), Santa Rosa,
and Playa del Barco (both belonging to the LGM). The reasons for
this selection are: i) they record a diverse mammalian assemblage,
ii) they have a significant amount of bioapatite samples, and iii)
they have dating. A summary of the isotopic mean, standard de-
viation values, and other additional information, of these localities
is shown in Table 1.

3.1.1. Cascada del Paleolama (LIG)
The total d13C values of Cascada del Paleolama point to a com-

bination of wooded C3 grassland and open intermediate C3eC4
areas (Fig. 2). It can be observed that the equid Equus recorded both
the lowest (�10.1‰) and the highest (�3.3‰) values of the taxon
dataset (Table A1). These values point to a flexible dietary behav-
iour for this taxon, which would have included individuals with
both pure-C3 and mixed C3eC4 plants consumption (Fig. 2). These
results agree with d13C values obtained for other samples of Equus
from different regions of South America (MacFadden, 2005). The
ellipse d13C-d18O could not be recovered for Hippidion, the other
equid represented, as it has less than three points, but the data fall
within the area of mixed C3eC4 vegetation (Fig. 2). Numerous
studies have found that the litoptern Macrauchenia was probably a
mixed feeder (MacFadden and Shockey, 1997; Domingo et al., 2012;
Bocherens et al., 2016; de Oliveira et al., 2021) and our results are
consistent with an intermediate C3eC4 plants-based diet. The
camelid Hemiauchenia and the notoungalte Toxodon have a mixed
C3eC4 diet although they incorporated plants from C3 dominated
open areas in their diets. Some studies indicate that Toxodon had an
exclusive C3 diet (e.g. Argentina, Domingo et al., 2012; Bocherens
et al., 2016) while others infer a preference for C4 plants (e.g.
Southern and Midwest Brazil, Lopes et al., 2013; Pansani et al.,
2019). From a palaeoecological point of view, these results indi-
cate that Toxodon was possibly a generalist taxon, and its dietary
preference would be related to the ecological pressures of each
environment and/or temporal period. The camelid Lama and the
cervid Morenelaphus showed d13C values that evidence a C3 plant-
based diet, but lower isotopic values in the case of the latter may
be related to consumption of food items from more wooded envi-
ronments. There were no statistically significant differences among
taxa from this locality (ANOVA, F ¼ 0.311, p ¼ 0.736, Table A2), but
Lama and Morenelaphus (lowest d13C values) were not included in
the analysis due to the shortage of isotopic data.

d18O values ranged between 28.0‰ (Equus) and 32.6‰ (Lama)
(Table A1). No significant differences were obtained among taxa
(ANOVA, F ¼ 2.307, p ¼ 0.127, Table A2), pointing to the con-
sumption of water with similar d18O content and therefore, subject
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to a similar hydrological regime. Whereas the d18O data of Lama
was not considered in statistical tests, we can observe that their
high d18O values suggest the intake of water that underwent higher
evaporation, probably leaf water. Loponte and Corriale (2020)'s
isotopic study of living Lama guanicoe from the Pampean region,
particularly the Rolling Pampa (Pampa Ondulada, Buenos Aires
Province) revealed its high d18O values (0.12 ± 0.6‰). This is
probably related to a predominant water intake from enriched
streams and shallow lakes. In addition, the ingestion of leaves,
which also have enriched oxygen values compared to meteoric
waters, may explain these values.

3.1.2. Santa Rosa and Playa del Barco (LGM)
d13C values from Santa Rosa indicate intermediate C3eC4 diet for

all taxa except the xenarthran megatheriid Megatherium, which
consumed exclusively C3 plants from open areas (Fig. 2). The
minimum value of d13C of �8.7‰ corresponds to a sample of
Megatherium and the maximum of �2.2‰ to a sample of the
xenarthran mylodontid Glossotherium (Table A1). Toxodon values
point to a diet based on mixed C3eC4 environments, agreeing with
other studies (e.g. MacFadden and Shockey, 1997; MacFadden,
2005; Dantas et al., 2020, 2021). Statistically significant differ-
ences have been obtained among taxa as reported through an
ANOVA test (F ¼ 7.275, p ¼ 0.001). According to Tukey's post-hoc
analyses (Table A2), Glossotherium and Toxodon showed signifi-
cantly higher d13C values than Equus andMegatherium. The first two
genera showed generalist diet (see above comments on Toxodon),
within intermediate C3eC4 vegetation, while Equus values were on
the boundary between pure C3 andmixed C3eC4 environments and
Megatherium showed a pure C3-diet.

Regarding d18O values, Toxodon and Megatherium showed the
lowest value (27.7‰) while Glossotherium showed the highest one
(30.8‰) (Table A1; Fig. 2). The taxa of Santa Rosa showed statisti-
cally significant differences (ANOVA, F ¼ 4.665, p ¼ 0.009). How-
ever, according to Tukey's post-hoc analyses (Table A2), Toxodon
(lower d18O values) was the only one that showed significant dif-
ferences with Glossotherium andHemiauchenia, suggesting that this
notoungulate could have been ingesting water from sources with a
lower degree of evaporation.

Playa del Barco's d13C values point to a general preference of all
mammalian assemblage for intermediate C3eC4 open vegetation,
being Morenelaphus the only taxon consuming C3 plants from
wooded areas. This locality showed a minimum value of d13C
of �11.4‰ for Morenelaphus and a maximum of �2.2‰ for xenar-
thran mylodontid Lestodon (Table A1). d13C-d18O ellipses could not
be recovered for Megatherium, Equus and the xenarthran mylo-
dontid Scelidotherium, but they showed similar dietary preferences
to those described at Santa Rosa, as did Toxodon (Fig. 2). Regarding
the gomphoteriid Stegomastodon, it consumed an intermediate
C3eC4 diet, presenting awide dietary range as also seen in previous
studies (e.g. S�anchez et al., 2004; Domingo et al., 2012). The d13C
values of Morenelaphus were indicative of a pure C3 diet. As
observed at Cascada del Paleolama, this taxon probably inhabited
and consumed food resources frommore wooded areas, in contrast
to the study of tooth enamel microwear of this taxon which sug-
gests a mixed-feeding diet with significant use of grasses (Rotti
et al., 2018). An ANOVA test reported statistically significant dif-
ferences among taxa (F ¼ 23.69, p < 0.001). According to Tukey's
post-hoc analyses, the two most extreme genera showed signifi-
cant differences: (1) Lestodon (higher d13C values) with Mor-
enelaphus and Stegomastodon; and (2) Morenelaphus (lower d13C
values) with Lestodon, Stegomastodon, and Toxodon (Fig. 2,
Table A2). Although Megatherium and Scelidotherium could not be
included in the statistical analysis due to the shortage of data
points, taking into account the different xenarthran diet-to-enamel



Table 1
Summary of stable isotope values of mammalian fossils from all the localities of the Pampean region analysed in this study (late Pleistocene). Locality, phase, age, taxa, number of carbonate samples (#C), mean and standard
deviation (SD) d13C (‰VPDB), d18OCO3 (‰ VSMOW), number of phosphate samples (#P), mean and standard deviation (SD) d18OPO4 (‰ VSMOW), mean ± standard deviation %C4 diet of equids (Koch et al., 2004), inferred mean
MAP (mm/year) (Kohn, 2010) with altitude and latitude correction, and inferred mean MAT (�C) (Dansgaard, 1964; Huertas et al., 1995). Further details of the taxa and total isotopic dataset are available in Table A1.

Locality Phase Age Taxa (Genus) #C Mean d13C
(‰ VPDB)

SD d13C (‰
VPDB)

Mean d18OCO3 (‰
VSMOW)

SD d18OCO3 (‰
VSMOW)

#P Mean d18OPO4 (‰
VSMOW)

SD d18OPO4 (‰
VSMOW)

%C4-diet-
equids

MAP
(mm)

MAT
(�C)

Paso Otero post-
LGM

11,628 cal BPa Equus 3 �10.6 0.4 30.3 0.9 1 20.1 11 ± 3 810 14.9
Eutatus 1 �11.7 28.2 1 20.5
Lama 3 �10.5 0.9 33.3 1.3 2 24.4 0.4
Macrauchenia 1 �9.5 29.1 1 21.2

Arroyo
Chasic�o

post-
LGM

12,673 cal BPa Equus 2 �5.3 0.7 28.8 0.8 2 21.0 1.2 47 ± 5 16.6
Macrauchenia 1 �8.8 26.9 1 17.9

Zanj�on Seco post-
LGM

12,8e11,5 cal BPa Equus 4 �10.8 0.5 29.7 0.7 4 20.6 0.6 10 ± 3 984 15.9

Luj�an post-
LGM

13,682 cal BPa Equus 2 �11.5 0.4 30.5 0.1 1 21.2 6 ± 3 1229 17.0
Hippidion 4 �11.3 0.6 30.5 0.2 3 21.3 0.4

Arroyo
Tapalqu�e

post-
LGM

16,369e8444 cal BPa Equus 2 �8.2 0.4 29.8 0.1 1 21.2 19 ± 8 480 16.4
Hippidion 4 �10.1 1.0 30.2 1.2 3 20.8 1.1

Río Salado post-
LGM

17,281e13,411 cal BPa Hippidion 3 �10.1 1.9 29.1 0.9 3 20.0 0.2 15 ± 13 785 14.6

Playa del
Barco

LGM 19,849 cal BPb Equus 1 �6.7 29.1 0 39
Lestodon 7 �3.6 1.6 27.8 0.5 6 18.8 0.5
Megatherium 2 �7.1 0.1 28.2 0.1 2 18.7 0.1
Morenelaphus 7 �10.2 0.8 29.3 0.4 5 20.7 0.8 552
Scelidotherium 1 �3.9 26.8 1 18.0
Stegomastodon 5 �6.3 2.1 29.1 1.0 4 20.7 1.2
Toxodon 9 �5.1 1.7 28.2 0.9 6 19.8 1.1

Santa Rosa LGM 28,170 cal BPc Equus 5 �7.9 0.5 29.1 0.4 5 20.0 0.4 31 ± 13 14.8
Glossotherium 4 �4.8 1.8 29.8 0.7 4 20.7 0.6
Hemiauchenia 4 �6.9 0.6 29.9 0.2 4 20.9 0.3
Lama 2 �8.2 0.3 29.8 0.2 2 20.9 0.1
Megatherium 5 �7.6 0.8 28.6 0.8 5 19.6 0.9
Scelidotherium 1 �3.2 29.7 1 20.8
Toxodon 5 �5.5 1.3 28.5 0.8 5 19.5 0.9

Cascada del
Paleolama

LIG Unpublished data (MIS 5e, ~128,000
e116,000 cal BP yearsd)

Equus 13 �7.4 2.1 29.9 1.0 11 20.6 1.0 30 ± 13 15.9
Hemiauchenia 5 �8.0 0.7 28.9 0.4 5 20.0 0.3
Hippidion 2 �8.4 0.4 29.5 0.6 2 20.7 0.7
Lama 1 �9.0 32.6 1 23.4
Macrauchenia 2 �6.7 1.4 28.9 1.0 2 19.8 1.1
Morenelaphus 1 �9.8 29.5 1 20.4
Toxodon 4 �7.9 0.3 29.7 0.3 4 20.8 0.4

a Prado et al. (2015).
b Tomassini et al. (2020).
c Montalvo et al. (2013).
d Stirling et al. (1998).
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Fig. 2. Raw and mean (±1 standard deviation) d13C (‰ VPDB) and d18O (‰ VSMOW) values for different mammals from Playa del Barco (LGM), Santa Rosa (LGM) and Cascada del
Paleolama (LIG), Santa Rosa, and Playa del Barco sites. Taxon silhouettes indicate taxa for which standard ellipse areas (SEAs) generated by SIBER, representing isotopic niches, could
be calculated. The grey vertical bars depict the vegetation d13C cut-off values between a C3-dominated diet, an intermediate C3eC4 diet, and a C4-dominated diet. The lightest grey
denotes a d13C bioapatite-diet enrichment of þ14.1‰ (Cerling and Harris, 1999), whereas the darkest one corresponds to an enrichment of þ15.6‰ for xenarthrans (Tejada-Lara
et al. 2009).
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d13C fractionation, the former had an C3 dominated diet similar to
Morenelaphus, while the latter showed a mixed C3eC4 diet close to
Lestodon (Fig. 2).

Regarding d18O values, Toxodon showed the lowest value
(26.4‰) and Stegomastodon showed the highest one (30.4‰)
(Table A1; Fig. 2). Statistical significant differences among taxa have
been obtained as reported through an ANOVA test (F ¼ 6.352,
p ¼ 0.003). According to Tukey's post-hoc analyses, Lestodon
showed significant lower d18O values than Morenelaphus and
Stegomastodon; and Morenelaphus showed significant higher d18O
values than Lestodon and Toxodon (Table A2). This may suggest that
Lestodon consumed water from water sources with a lower degree
of evaporation. Nevertheless, since Morenelaphus is not an obligate
drinker its d18O values do not reliably represent the isotopic
composition of meteoric water. Thus, climatic and/or hydrological
information cannot be extracted from this taxa.

Environmental changes are related to glacial and interglacial
phases (Cione et al., 2015). The Pleistocene experienced a reduction
of subtropical and tropical biomes, resulting in the expansion of
open biomes, related to glacial periods (Ortiz-Jaureguizar and
6

Cladera, 2006). We interpreted that this occurred in Santa Rosa
and Playa del Barco during the LGM since our results indicate that
these localities experienced more open and arid conditions than
Cascada del Paleolama (LIG). Statistical significant differences in
carbon and oxygen isotopes were found between Toxodon from
Cascada del Paleolama and Playa del Barco, and Hemiauchenia from
Cascada del Paleolama and Santa Rosa (Table A3). Both taxa pre-
sented higher d13C values during the LGM, indicative of a more
open environment associated with higher aridity, and lower d18O,
possibly due to lower temperature and/or more continental con-
ditions related to the sea level drop during glacial periods.
3.2. Palaeoclimatic evaluation through late Pleistocene

Last Interglacial (LIG). It includes the locality of Cascada del
Paleolama. The genus of equid analysed in this phase is Equus.
Although its tooth enamel d13C values point to a flexible diet with a
preference for mixed C3eC4 plant resources, some individuals also
presented a pure C3 vegetation diet (Fig. 3). Due to the consumption
of a relatively high percentage of C4 plants (30± 13%; Table 1, Fig. 3),



Fig. 3. Equid and cervid isotopic values from the studied sites. A) Raw and mean tooth enamel d13C values (‰ VPDB) of Equus (empty diamonds), Hippidion (solid diamond) and
Morenelaphus (squares with crosses, *). Estimated Mean Annual Precipitation values (mm), calculated mean values of the modern equivalent of diet composition (d13Cdiet, meq, ‰
VPDB) and estimated values of the percentage of C4 plants in the equid diet are shown in brackets. B) Raw and mean tooth enamel d18OPO4 and d18OCO3 values (‰ VSMOW) of Equus
and Hippidion. Estimated Mean Annual Temperature (�C) values are shown. MAP values are not presented for Arroyo Chasic�o, Santa Rosa and Cascada del Paleolama because the
model of Kohn et al. (2004) may not work for diets with a significant component of C4 vegetation in herbivore diets. The different background colours refer to the three studied
phases: Last Interglacial period (LIG, orange), Last Glacial Maximum (LGM, blue), post-Last Glacial Maximum (post-LGM, green).
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it was not possible to calculate the mean annual precipitation
following Kohn (2010)'s study. Based on Equus d18OPO4 values, a
MAT of 15.9 �C was calculated (Table 1, Fig. 3). Due to the lack of
MAP values, it was not possible to classify the biome according to
Whittaker's biome classification (Whittaker, 1962).

Last Glacial Maximum (LGM). It corresponds to the localities of
Santa Rosa and Playa del Barco. The percentage of C4 plants in the
diet of Equus from both sites ranges from 31 ± 3%e39%, the highest
percentages after the Arroyo Chasic�o site (post-LGM). These values
point to a preference for consumption of mixed C3eC4 plant re-
sources. As in the case of LIG, the MAP cannot be calculated based
on this taxon. However, the values for Morenelaphus in Playa del
Barco correspond to a diet based on pure C3 plants and a MAP of
552 mm has been estimated for this site (Table 1, Fig. 3).

The MAT calculated from the d18OPO4 values of Santa Rosa's
Equus is 14.8 �C (Table 1, Fig. 3), one of the lowest values found in
the studied localities. The MAT value for the Playa del Barco fossil
site could not be worked out as Morenelaphus is not considered an
obligate drinker and, therefore, its d18O is not representative of the
water drunk. Thus, the biome that may have existed for this phase
was estimated from the MAP calculated at Playa del Barco and the
MAT at Santa Rosa. It would correspond to a woodland/shrubland
domain near the boundary with temperate grasslands (Fig. 4).

Post-Last Glacial Maximum (post-LGM). It includes several
localities of the Buenos Aires Province (see Fig.1). The d13C values of
Equus and Hippidion point to consumption of plants frommostly C3
environments, with C4 plants in the diet ranging from 6 ± 3 to
19 ± 8% (Table 1, Fig. 3), except for the Arroyo Chasic�o site where
Equus shows the highest d13C values. The results for this site point
to a mixed C3eC4 diet, with the highest percentage of C4 plants
being 47 ± 5% (Table 1, Fig. 3) and therefore, as mentioned above,
MAP could not be calculated following Kohn (2010)'s study. The
estimated MAP values for the other fossil sites in the post-LGM
phase range from 480 to 1229 mm (Table 1, Fig. 3), while MAT
ranges from 14.6 to 17 �C. The climate inferred for this phase would
be mostly related to woodland/shrubland landscapes, although
some localities also point to temperate seasonal forests and
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temperate grasslands (Fig. 4). This variability might suggest a
mosaic-type biome in the region, and/or humid (temperate sea-
sonal forests) or arid (temperate grasslands) stages during the post-
LGM period, such as the Bølling/Allerød (15e14,6 yrs BP; Weaver
et al., 2003; Royer and Finney, 2020) or the Younger Dryas
(12,9e11,7 yrs BP; Rasmussen et al., 2006; Cheng et al., 2020),
respectively. The lack of accurate dating of the materials from the
fossil sites of this phase (Table 1) does not allow us to correlate the
different peaks with our localities. Nevertheless, Arroyo Chasic�o
(12,673 cal BP yrs, Table 1) points to themore arid conditions of this
phase, which can be justified by correlating this site with cold/dry
event Younger Dryas (Prado et al., 2015).
3.3. Relevance of C4 vegetation during the LGM

C4 plants are important components in temperate and arid
grasslands and tropical savannas (Str€omberg, 2011). Although C4
vegetation is more successful in latitudes with relatively warm
temperatures, abundant summer rainfall and adequate insolation,
these plants can cope with tough conditions implying water stress,
some degree of salinity in the soil and low atmospheric CO2 levels
(Sage et al., 1999; Tipple and Pagani, 2007; Edwards and Smith,
2010), which may have benefited them during Pleistocene glacial
periods (Collatz et al., 1998). Their d13C range is more restricted
than that of C3 plants (Cerling et al., 1997), but their isotopic values
are more similar to those of the atmosphere due to their more
efficient CO2 fixation (Koch et al., 2004). The quantumyield (carbon
gain per absorbed photon) of C3 plants decreases with increasing
temperature as photorespiration rates increase, whereas in C4
plants they remain low or unchanged (Ehleringer et al., 1997; Koch,
1998). Thus, C3 plants dominate when the growing season is cool.
Considering that cooler temperatures are recorded during the LGM
around the world, it would be expected that C3 plants would
dominate in the Pampean region during this phase However, our
data suggest more open environments during the LGM in the study
area. For example, the percentage of C4 plants in the equids diet is
31 ± 3e39% compared to post-LGM values 6 ± 3% to 19þ 8% (except



Fig. 4. Whittaker's biome classification diagram showing the different terrestrial biomes as a function of current Mean Annual Precipitation (MAP, in mm) and Mean Annual
Temperature (MAT, in �C). The fossil sites studied are represented according to their MAP and MAT values calculated from the isotopic values of the equids Equus and Hippidion, and
the cervid Morenelaphus. The square represents the Last Glacial Maximum and the circles the post-Last Glacial Maximum. The area with diagonal lines represents the modern
climate in the north-eastern Patagonia, and the area with horizontal lines represents the current Pampean region climate. In the zoomed region the fossil sites of post-LGM are
enclosed in an area delimited by a black line and the arrows indicate the evolution of the climate. Arroyo Chasic�o and Cascada del Paleolama are not plotted because MAP values are
not available. Santa Rosa and Playa del Barco are depicted together because each site contributes a variable (MAP and MAT, respectively). For the name of the fossil localities see
figure caption 1. Graph modified from Whittaker (1975).
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Arroyo Chasic�o, 47 ± 5%) (Fig. 4). Statistical analyses showed sig-
nificant differences (Table A3) in d13C values between: (1) Equus of
Zanj�on Seco and Paso Otero (pure C3 diet) with Cascada del Pale-
olama (mixed C3eC4); (2) Toxodon of Cascada del Paleolama (lowest
d13C values) with Playa del Barco (highest d13C values); and (3)
Hemiauchenia of Cascada del Paleolama (lower d13C values) with
Santa Rosa.

It is important to note that some taxa could not be included in
these analyses due to lack of sample, such as: Hippidion (LIG and
post-LGM), Macrauchenia (LIG and post-LGM) and Lama (LIG, LGM
and post-LGM). During the post-LGM phase, Macrauchenia values
are indicative of a pure C3 diet, nevertheless, during LIG it shows a
mixed C3eC4 diet (Fig. 5). During the LIG and the post-LGM Lama
shows a mostly C3 diet, however, during the LGM it incorporates
more C4 plants. Overall, the faunal communities of the LGM local-
ities show mixed C3eC4 diets except for Megatherium and Mor-
enelaphus (discussed in section 3.1), while in the post-LGM they are
diets based on mostly C3 plants (Fig. 5). The interglacial phase
displays an intermediate situation, configurated by more open
vegetation than during the post-LGM, but not as much as the open
environments from the LGM.

Bioapatite d13C values from all the considered taxa suggest that
during the LGM in the Pampean region there was a higher incor-
poration of C4 plants food resources, which may reflect a relatively
higher abundance of C4 vegetation compared to C3 plants.
Although, this is not expected for cold conditions of a glacial period.
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Nevertheless, wemust consider that the quantumyield of C3 plants
is also affected by the decrease in the atmospheric CO2 pressure
(pCO2atm), a factor that does not significantly affect C4 plants
(Ehleringer et al., 1997). During interglacial periods, pCO2atm
values above 280 ppmv are inferred, whereas for glacial periods
these values decrease to 180 ppmv (Siegenthaler, 2005; Lüthi et al.,
2008). Specifically, pCO2atm values for the studied phases are: LIG,
273 ppmv (Otto-Bliesner et al., 2013), LGM, 200 ppmv (Cowling
et al., 2004), and post-LGM, 235 ppmv (Koch et al., 2004). The
low pCO2atm values recorded during the LGM (Fig. 5) favoured the
dominance of C4 plants despite low temperatures (Cerling et al.,
1998; Harrison and Prentice, 2003; Woillez et al., 2011; McGee,
2020).

Nevertheless, low pCO2atm is not sufficient to drive the
expansion of C4 plants if other factors are unfavourable (Huang
et al., 2001). The dominance of C4 plants may have been driven
by the combined effects of low pCO2atm and an increase in aridity.
Aridification during the LGM may have been due to increased
continentality in the Pampean region caused by the 140 m sea level
drop and changes in ocean currents (Tonello and Prieto, 2008;
Ponce et al., 2011; Gasparini et al., 2016). Our results support this
scenario, as during the LGM one of the lowest MAP values is
recorded from bioapatite d13C values (Fig. 3). In addition, our results
show slightly lower d18O values in the LGM localities compared to
the other two phases (Fig. 5). No significant differences were found
between d18O values, except those mentioned in section 3.1



Fig. 6. Scenarios of atmospheric circulation in the Pampean region of Argentina during
the two proposed climatic regimes in the study area: A) humid-temperate regime,
mottled areas, B) arid-temperate regime, striped areas. The maps show the sea-level
corresponding to both the humid (þ6m) and arid regime (�140m) (see Ponce et al.,
2011; Gowan et al., 2021). STJ, approximate path of the Subtropical Jet Stream. SAH,
South Atlantic High; SPH; South Pacific High. Arrows indicate main winds: grey, dry
winds; black, humid winds; blue, STJ path. The thickness of the blue arrows is pro-
portional to their strength; the black arrows are proportional to their strength and
water carrying capacity. The atmospheric circulation reconstruction is based on Iriondo
and García (1993), Tonni et al. (1999), Gallego et al. (2005) and Gili et al. (2017).

Fig. 5. A) Composite reconstructions of atmospheric carbon dioxide from Bereiter et al.
(2015). The orange bar corresponds to the Last Interglacial (LIG), the blue bar to the
Last Glacial Maximum (LGM) and the green bar to the post-LGM glacial period; B) d13C
(‰ VPDB) values and C) d18O (‰ VSMOW) mean ± 1 standard deviation values of all
the mammals from the selected fossil sites. For the name of the fossil localities see
figure caption 1. The grey horizontal bars depict the vegetation d13C cut-off values
between a C3-dominated diet and an intermediate C3eC4 diet. The lightest grey de-
notes a d13C bioapatite-diet enrichment of þ14.1‰ (Cerling and Harris, 1999), whereas
the darkest one corresponds to an enrichment of þ15.6‰ for xenarthrans (Tejada-Lara
et al. 2009).
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between the LIG and LGM (Toxodon and Hemiauchenia), but it must
be taken into account that some taxa were not included in the
statistical analysis, such as Lama, which presents the highest d18O
values for the LIG and the post-LGM and lower values for the LGM
(Fig. 5). These lower d18O values may be consequence of an increase
in aridity and continentality during the LGM, which results in
enrichment of the light isotopes of the water masses due to less
evaporation and greater distance from the sea. Under these con-
ditions (aridity, continentality, low pCO2atm), C4 plants may have
dominated in the Pampean region during the LGM as also occurred
in other parts of South America (e.g. Novello et al., 2019).

3.4. Variations in atmospheric circulation in association to climate
changes in the Pampean region

The changes identified in environmental and climatic variables
among the three phases might be related to the increase of con-
tinentality associated to water retention in polar ice sheets and the
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resulting sea-level lowering (Rabassa et al., 2005), and the varia-
tions in atmospheric CO2, which appear to be mostly connected to
shifts in the strength and efficiency of the ocean biological carbon
pump (Sigman and Boyle, 2000; Kohfeld and Ridgwell, 2009;
d’Orgeville et al., 2010; Yu et al., 2014). Furthermore, these changes
might be largely controlled by alterations in atmospheric
circulation.

All these processes were related to the glacial-interglacial
alternation, which was in turn regulated by the variations in
Earth's energy balance associated to the Milankovitch cycles
(Ravibhanu et al., 2020; see Caccamo and Magazù, 2021 and ref-
erences therein). Therefore, we used information derived from at-
mospheric circulation models (Gallego et al., 2005; Garreaud et al.,
2009; Marengo et al., 2012) as a key to propose possible scenarios
that would explain the observed climatic variability in the Pampean
region during the late Pleistocene (Fig. 6).

The Pampean region is currently affected by mid-latitude
westerly winds that extend through the upper troposphere
reaching amaximum speed inwhat is known as the “Subtropical Jet
Stream” (STJ) (Gallego et al., 2005; Garreaud et al., 2009). Winds
and precipitation are also influenced by the high-pressure systems
and the anticyclonic circulation of the South Atlantic (SAH) and
South Pacific (SPH) oceans (Iriondo and García, 1993; Prieto, 1996).
The SAH introduces warm and humid air masses from the north/
northeast into de Pampas, while the SPH introduces cold and dry
winds from the south/southwest. Latitudinal shifts of the STJ, the
high-pressure systems and westerly winds, are evidenced by
changes in regional precipitation patterns (Romero et al., 2021).
Our isotopic values allowed us to infer a low MAT difference
(±3.6 �C) and a higherMAP variation (±677mm) during the lapse of
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the late Pleistocene. From our results, together with current at-
mospheric circulation models, we have identified two possible
climate scenarios in this region: a humid regime (during the Last
Interglacial) and an arid regime (during the Last Glacial Maximum)
(Fig. 6).

During the arid climatic regime, the STJ was strong but moved
northward towards latitudes around 30�S (Prieto, 1996; Gallego
et al., 2005; Garreaud et al., 2009; Gili et al., 2017) and no longer
affected the Pampean region. In addition, the westerlies as well as
the SAH winds that transport humidity were weakened and had
less influence in the region (Iriondo and García, 1993; Garreaud
et al., 2009). On the other hand, there was an increase in SPH
strength, which made cold and dry winds more important in the
studied area (Rabassa et al., 2005). Our d13C and d18O isotopic values
during the LGM support this climatic scenario. One of the lowest
MAP (552 mm) and MAT (14.8 �C) values is recorded during this
phase (Fig. 3). Taxa from Santa Rosa and Playa del Barco show
higher d13C values than the other phases, indicating an increased
consumption of C4 plants in the diet of these taxa. In addition, d18O
values are slightly lower than in the other study phases. Both re-
sults are justified by an increase in aridity and continentality (see
discussion section 3.3). As a consequence of the coastline shift, the
Brazil and Malvinas currents moved to the north and east,
respectively; modifying the Pampean winter storm pattern, inten-
sifying continentality and increasing water deficit in the area
(Rabassa et al., 2005). Therefore, during this lapse, a dry-temperate
regime was installed in the area, similar to the one currently pre-
sent in northeastern Patagonia (Fig. 6). This has already been seen
in other studies, which show thatmost of the Pampean region had a
colder and drier climate than the present (Tonni et al., 1999; Tonello
and Prieto, 2010; Berman et al., 2016). Quattrocchio et al. (2008)
suggested arid environmental conditions for the southwestern
Buenos Aires province, with sporadic precipitations during the late
Pleistocene, based on the study of different pollen assemblages and
ostracod associations in the area (Quattrocchio et al., 2008).
Mammalian studies also report similar conditions, with the
Pampean region inhabited by fauna typical of open habitats, arid to
semi-arid, during the LGM (Cione et al., 2015).

During the humid climatic regime, a weakened STJ was over the
Pampean region (Gallego et al., 2005). Although the westerly winds
had a higher capacity for carrying humidity, due to the higher
temperatures, this humidity was retained in the western slopes of
the Andes. On the contrary, the SAH had a strong influence (Iriondo
and García, 1993; Garreaud et al., 2009), bringing warm and humid
air masses to the Pampean region. Our LIG isotopic values allow us
to infer a MAT of 15.9 �C (Fig. 3), although MAP values could not be
calculated. The taxa show d13C values that indicate diets preferably
based on C3 plants but also in mixed C3eC4 environments. There-
fore, it can be interpreted that the environments during this phase
are less arid than during the LGM and are better adjusted to this
climatic regime. Regarding the post-LGM values, most fossil sites fit
this climatic regime with high MAP and MAT values and low per-
centages of C4 plants in the diet of the taxa (Fig. 3), indicating less
arid environments. In fact, the current climatic conditions in the
Pampean region are very close to the ones shown in this phase
(Fig. 4). However, it should be considered, that this phase experi-
enced a wide climatic variability (Fig. 3), and there are localities
more aligned with the arid regime, such as Arroyo Chasic�o, which
could be related with the Younger Dryas event (Prado et al., 2015).

4. Conclusions

This work provides new insights on the palaeoecology, palae-
oenvironment, and palaeoclimate during late Pleistocene glacial-
interglacial cycles of the late Pleistocene in southern South
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America bymeans of d13C and d18O isotopic analysis onmammalian
bioapatite. The study of temporal sequences in the same
geographical area facilitates the analysis of variability in parame-
ters such as temperature, precipitation, and cover vegetation. Our
results show that Pampean mammals occupied a range of habitats
from woodlands/open C3 grassland to mixed C3eC4 grassland.
During the Last Glacial Maximum, taxa show a higher consumption
of C4 plants, whereas during the post-Last Glacial Maximum phase
isotopic values point to diets based on pure C3 environments. In the
Last Interglacial, taxa show intermediate diets based on C3 and
mixed C3eC4 vegetation sources. The higher consumption of C4
plants during the LGM might be related to a reduction of forested
areas conditioned by a combination of environmental and climatic
factors during the glacial phase, such as a lower pCO2atm and an
increase in aridity.

d13C values allowed us to infer a higher Mean Annual Precipi-
tation during the post-LGM phase (480e1229 mm) compared to
the LGM (552 mm). In addition, we inferred, from the d18O values,
an extremely reduced temperature variation (±3.6 �C) from the LIG
to the post-LGM phases. We interpret that the global conditions
during the glacial-interglacial episodes influenced the displace-
ment of the oceanic anticyclonic centres, both in the Pacific and the
Atlantic, controlling the climate in the Pampean region. Our results
point to a humid climatic regime in the area during the Last
Interglacial, partly conditioned by the strong influence of the SAH,
and an arid regime for the Last Glacial Maximum. We observed a
wide climatic variation in the post-LGM phase that may be asso-
ciated with post-glacial climatic oscillations. Finally, this study
demonstrates that therewas a greater variation in precipitation and
aridity than in temperature in the Pampean region throughout the
late Pleistocene interglacial-glacial phases.
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