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a b s t r a c t

There is an increasing need for paleoclimate records from continental settings to better understand the
climatic changes during critical periods such as the Pliocene and Early Pleistocene. Present data indicates
a transition from a warmer than present-day climate to a substantially different cooler climate. This
study reviews the oxygen and carbon isotope compositions of mammalian tooth enamel for the Pliocene
and Early Pleistocene of South and Central Europe to reconstruct the spatial distribution and temporal
changes of the vegetation and oxygen isotope composition of precipitation (d18Oppt). In addition to a
literature review, this study adds new stable isotope measurements for this period. All d13C values
indicate C3 ecosystems and reflect major changes in the water use efficiency and/or in the prevailing
humidity. The reconstructed major floral types range from woodland to woodland ‒ mesic grassland in
all of the investigated regions. The carbon isotope compositions of fossil mammal teeth demonstrate that
the spatial distribution of vegetation was broadly similar to those of the present-day for the Early/Late
Pliocene e Early Pleistocene, with the most “closed” vegetation in Central and Northern Italy, while open
mesic grassland vegetation covers can be reconstructed for the Iberian Peninsula, Massif Central region
(Central France) and the Carpathian Basin. The calculated d18Oppt values give a negative temporal shift of
about 1e1.5‰ from the Early Pliocene to Late Pliocene e Early Pleistocene in three regions (Iberian
Peninsula, Central Italy, Carpathian Basin), potentially representing a 1.5e3.0 �C decrease in mean annual
temperatures (MAT) over time. In the Massif Central region and the Carpathian Basin, the d18Oppt values
are almost the same for the Late Pliocene and Early Pleistocene, while in Northern Italy the values
decreased over that period. The d18Oppt values are in the range of present-day d18Oppt values over the
Early Pliocene and somewhat lower than present-day values for the Late Pliocene - Early Pleistocene in
most of the regions. Because most other proxies indicate warmer than present-day climate for the Early
Pliocene and similar to present-day climate for the Early Pleistocene, the d18Oppt values are generally
lower than expected, which can be partially explained by local effects.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
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1. Introduction

Reconstructions of paleoenvironments and paleoclimates are
based on various proxies (e.g., Masson-Delmotte et al., 2013), but
only a few are generally considered reliable in the terrestrial realm.
Also, terrestrial climate reconstruction is often difficult because
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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land ecosystems and climates have large spatial and temporal
heterogeneities. Given that teeth and bones are usually well pre-
served in the fossil record, and the natural variations in stable
isotope ratios of bioapatite in homeotherm/warm-blooded animals
largely depend on environmental variables, the stable isotope
analysis of teeth has become an indispensable and powerful tool in
reconstructing changes in terrestrial paleoclimate and paleoenvir-
onments (e.g., Sullivan and Krueger, 1981; Luz et al., 1984, 1990;
Lee-Thorp and van der Merwe, 1987; Lee-Thorp et al., 1989; Ayliffe
et al., 1992, 1994; Bryant and Froelich, 1995; Bocherens et al., 1996;
Fricke et al., 1998; Cerling and Harris, 1999; Kohn et al., 1999; Kohn
and Cerling, 2002; Arppe and Karhu, 2006; Tütken et al., 2006;
Martin et al., 2008; Kohn, 2010; Pellegrini et al., 2011; Domingo
et al., 2013, 2015, 2020; Kocsis et al., 2014; García-Alix, 2015;
Kov�acs et al., 2012, 2015, 2020; Hartman et al., 2016; Metcalfe et al.,
2016 and references therein).

Because the carbon stable isotope compositions (d13C) of bio-
logical apatite are directly linked to the isotope compositions of the
average diet of the animal (d13Cdiet), measurements of the C-isotope
compositions of the bioapatite allow for a reconstruction of the
vegetative cover used as a food source (e.g., Koch, 1998; Cerling and
Harris, 1999; Passey et al., 2005). d13Cdiet values can provide infor-
mation about the ratio of plants using different photosynthetic
pathways (C3 and C4 type, O'Leary, 1988; Farquhar et al., 1989;
Martinelli et al., 1991), while in C3 ecosystems information can be
obtained about the vegetation “openness” (van der Merwe and
Medina, 1991; Bocherens et al., 1996; Cerling and Harris, 1999;
Drucker et al., 2008), relative humidity or the Mean Annual Pre-
cipitation (MAP, Kohn, 2010) and habitat differences or niche par-
titioning between animals (e.g., Feranec and MacFadden, 2006).
The oxygen isotope composition of mammalian teeth enamel is
determined by the isotopic composition of the animal's body water,
which, in the case of obligate drinking large herbivores reflects
mainly the ingested environmental waters (e.g., Longinelli, 1984;
Luz et al., 1984; Bryant et al., 1996; Fricke and O’Neil, 1996; Fricke
et al., 1998; Koch, 2007). The d18O values of meteoric water are
controlled by several factors, including the Mean Annual Temper-
ature (MAT), latitude, altitude, continental and/or amount effects
(Dansgaard, 1964; Rozanski et al., 1993). At mid and high latitudes,
the correlation is usually the strongest with the MAT. These cor-
relations provide the basis for using the d18O values of tooth enamel
to detect past climatic changes.

This study is aimed at reconstructing temporal changes and
spatial patterns of the oxygen isotope compositions of precipitation
(d18Oppt) using d18OPO4 in teeth and detecting temporal changes and
the spatial distribution of vegetation and humidity based on
enamel d13C values over the Pliocene and Early Pleistocene in South
and Central Europe. To achieve these goals, stable isotope compo-
sitions are reviewed from the literature and complemented by
further, new measurements of tooth enamel isotopic compositions
from large and middle-sized mammals of the Pliocene to Early
Pleistocene. New stable isotope analyses for this study were made
on mammalian tooth enamel from localities situated in France,
Bosnia-Hercegovina, and Romania. Existing oxygen and carbon
stable isotope data of the Pliocene and Early Pleistocene are from
several regions of the Iberian Peninsula, the Italian Peninsula, and
the Carpathian Basin (S�anchez-Chill�on et al., 1994; van Dam and
Reichart, 2009; Matson and Fox, 2010; Domingo et al., 2013;
Kov�acs et al., 2015; Johnson and Geary, 2016; Szab�o et al., 2017).

2. Background

2.1. Stable carbon and oxygen isotope compositions of teeth

Tooth enamel consists almost entirely of structurally compact
2

bioapatite (96%) with large phosphate crystallites (up to 1 mm long),
which makes enamel the most resistant tissue to diagenesis
compared to other osseous tissues such as bone, dentine, and
cement (e.g., Kohn et al., 1999). Thus, it is one of the most likely
materials to remain unaltered in the fossil record (e.g., Lee-Thorp
and van der Merwe, 1987; Quade et al., 1992; Ayliffe et al., 1994;
Wang and Cerling, 1994; Koch et al., 1997; Kohn et al., 1999).
Mammal bioapatite is mainly hydroxyapatite with many sub-
stitutions and complex non-stoichiometric compositions. A signif-
icant amount of carbonate ions and several minor and trace
elements substitute in the crystal lattice. The composition can be
written in simplified form, as Ca8.8Mg0.1(PO4)9(HPO4)0.6(-
CO3)0.5(OH)0.9 (Combes et al., 2016). The presence of the carbonate
ions in the apatite structure allows for themeasurements of the 13C/

12C and 18O/16O isotopic ratios in the carbonate group. Measuring
the 18O/16O isotope ratio of the phosphate group, however, has been
proven to be more reliable because phosphate oxygen is more
resistant to low temperature inorganic diagenetic alteration pro-
cesses compared to the carbonate-bound oxygen, given the stron-
ger PeO bonds and lower solubility of bioapatite compared to
carbonate (e.g., Kohn et al., 1999; Kohn and Cerling, 2002; ; Zazzo
et al., 2004a; 2004b).

2.2. Stable carbon isotope composition of enamel and diet

The carbon isotope composition of tooth enamel reflects the
ingested food of mammals at the time of tooth formation. There is a
13e14‰ difference in d13C values of the enamel of large herbivores
relative to that of the diet (Koch, 1998; Cerling and Harris, 1999;
Passey et al., 2005), with this difference being related to body mass
and physiology (Passey et al., 2005; Tejada-Lara et al., 2018). The
d13C values of plants dependmostly on the photosynthetic pathway
and environmental parameters, such as water availability, atmo-
spheric CO2 concentration, sunlight, and salinity, among others
(Farquhar et al., 1989). The C3 and C4 photosynthetic pathways have
been described for different kinds of plant groups. All trees, most
shrubs and herbs, and grasses in regions with a cool-temperate
growing season follow the C3 photosynthetic pathway, with a
mean d13C value of about�27‰ for their cellulose; covering a range
from �35 to �22‰ (O'Leary, 1988; Farquhar et al., 1989; Ehleringer
andMonson,1993; Hayes, 2001). Grasses from regions with awarm
growing and generally dry season, some sedges (Bruhl and Wilson,
2007), and dicots use the C4 photosynthetic pathway. C4 plants
have higher d13C values with a mean value of about �13‰ and a
range between �19 and �9‰ (O'Leary, 1988; Farquhar et al., 1989;
Ehleringer and Monson, 1993; Hayes, 2001). In C3 ecosystems, the
d13C values increase with decreasing mean annual precipitation
(MAP) (Kohn, 2010), decreasing humidity, and increasing avail-
ability of light. Herbs and grasses in open areas tend to have higher
d13C values, while in forests the limited sunlight, high relative hu-
midity, and the low d13CCO2 values related to the decaying organic
matter in the soil lowers the d13C values of the undergrowth. These
latter processes, in general, are collectively known as the canopy
effect (van der Merwe and Medina, 1991; Bocherens et al., 1996;
Cerling and Harris, 1999; Drucker et al., 2008).

Overall, the d13C values in tooth enamel depend on the isotopic
composition of animal diet, which provides crucial information on
climatic and environmental parameters (habitat) and the ecological
traits (food preferences, trophic interactions) of animals (see Koch,
2007).

2.3. Stable oxygen isotope composition of enamel, environmental
water and mean annual temperature

Oxygen isotope composition of the enamel of terrestrial
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mammals depends on that of body water, which is in turn
controlled by drinking and food water (e.g., Longinelli, 1984; Luz
et al., 1984; Koch, 2007). Several variables affect herbivore tooth
enamel d18O values, including drinking requirements (e.g., obligate,
and non-obligate drinking animals), physiology (e.g., ruminant,
non-ruminant species), the origin of ingested water (e.g., streams,
ponds, rivers, lakes), and food type (e.g., fruits, leaves, grasses)
(Ayliffe et al., 1992; Bryant and Froelich, 1995; Koch, 1998; Levin
et al., 2006; Faith, 2018). Large, obligate drinking, non-ruminant
herbivores are known to be good indicators of the environmental
water O-isotope composition, while other species’ water intake is
mostly from food sources (non-obligate drinkers), which usually
gives rise to higher d18O values for the body fluids. The d18O value of
plants depends mostly on that of the water, the CO2 oxygen isotope
composition, as well as the relative ambient humidity and evapo-
ration. Thus, the d18O values of animals consuming water-stressed
plants also increase as a function of water deficit (Levin et al.,
2006; Yann et al., 2013).

Oxygen isotopes of local precipitation (d18Oppt) are influenced
by climatic and geographic variables such as temperature, latitude,
altitude, continentality, humidity, precipitation amount, and
moisture source (e.g., Dansgaard, 1964). Although it is not
straightforward to tell apart the exact influence of each of these
parameters, the annual average d18Oppt values are largely controlled
by an interplay of variations in temperature and the relative
amounts of precipitation as these two are constrained by the other
factors mentioned above. Hence, d18Oppt values correlate in general
most strongly with mean annual temperatures (MAT) over mid-
and high-latitudes, in the absence of extremely low or high pre-
cipitation amounts (Dansgaard, 1964; Rozanski et al., 1993;
Aragu�as-Aragu�as et al., 2000), where the so-called “amount-ef-
fects” dominate.

2.4. Climate and vegetation changes from the Zanclean to Early
Pleistocene

In the Zanclean (5.3e3.6 Ma), which corresponds roughly to the
MN14-MN15 Mammal biozones (Hilgen et al., 2012), simulated sea
surface temperatures were 3e4 �C higher than today, with also a
reduced latitudinal temperature gradient (Brierley et al., 2009;
LaRiviere et al., 2012). Evidence from fossils analyzed from high
latitudes confirms these model results: climate reconstructions
based on beetle assemblages, tree growth rings, stable oxygen,
carbon, and hydrogen isotopic compositions of larch trees indicate
10e15 �C higher than present-day temperatures in the North of
Canada (Elias and Matthews, 2002; Ballantyne et al., 2006; Csank
et al., 2011a,b). These reconstructions indicate that around 5 Ma
the paleotemperatureswere close to present-day temperatures and
remarkable warming occurred between 5 and 4 Ma. In the Medi-
terranean andWestern Europe, boreholes and terrestrial sediments
provide continuous pollen sequences from that period (Suc et al.,
1995; Fauquette et al., 1998). Climatic amplitude method (CAM)
analyses demonstrate 1e5 �C warmer temperatures and
400e1000 mm higher than present precipitation at several sites of
the peri-Mediterranean region (Suc et al., 1995; Fauquette et al.,
1998, 1999, 2006; Bertini, 2001, 2010; Fauquette and Bertini,
2003; Jim�enez-Moreno et al., 2010). Overall, the thermal gradi-
ents between Western Europe (France) and the Southern Medi-
terranean resembled those of the present-day, while the
precipitation gradient was more accentuated. The mean annual
precipitation (MAP) was higher than today between latitudes of 42
and 51�N (which corresponds to the study area at the investigated
period) and it was similar or lower than modern values between
about 30�N and 42�N latitudes (Sicily, Southern part of the Iberian
Peninsula) (Fauquette et al., 1999, 2006; Bertini, 2010; Jim�enez-
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Moreno et al., 2010; Combourieu-Nebout et al., 2015).
In the Piacenzian (3.6e2.8 Ma, ~ MN16 biozone) a succession of

rapid climatic changes caused similarly rapid variations in the
vegetation and the fauna (Agustí et al., 2001; Meyers and Hinnov,
2010; Rook and Martínez-Navarro, 2010; De Schepper et al., 2013,
2014; Woodard et al., 2014). The long-term trend was cooling and
aridification with increased seasonality, which resulted in a strong
decrease of subtropical trees and an increase of warm-temperate
and cool-temperate trees as well as herbs in Western Europe (Suc
et al., 1995). Following this trend, animals adapted to open habi-
tats appeared in many regions and coexisted with the more archaic
forest-dwelling species, (Rook and Martínez-Navarro, 2010;
Petronio et al., 2011). A change in mean hypsodonty (crown height)
of large mammalian herbivores further supports this pattern to-
wards a more arid climate (Fortelius et al., 2002, 2006; Eronen and
Rook, 2004). However, this cooling and aridification trend were not
the same in different regions and changes reveal a high degree of
spatial and temporal variability. After global cooling from 3.6 Ma
and a short glaciation from 3.85 to 3.31 Ma, the “Mid-Piacenzian
Warm Period” (MPWP) set in (Dowsett et al., 1996, 2010, 2013; Hill
et al., 2011; Salzmann et al., 2011; Haywood et al., 2013; De
Schepper et al., 2014). Over this period, western Europe was
warmer and more humid than today, while the climate in the
Southern Mediterraneanwas found to be warmer and similarly dry
or drier than the modern climate (Fauquette et al., 1999; Salzmann
et al., 2011). Model-data comparisons revealed some discrepancies
regarding precipitation values. InWestern Europe and the Northern
Mediterranean area models underestimate wet conditions and
overestimate precipitation amounts compared to pollen data over
the Southern Mediterranean sector (Jost et al., 2009).

From 2.7 Ma (MN17 biozone) intensification of the Northern
Hemisphere Glaciation (NHG) led to an irreversible climatic
transformation in Europe, most probably linked to the final closure
of the Panama Isthmus causing a major reorganization in the
ocean-climate system (Haywood et al., 2002, 2013; Bartoli et al.,
2005; Salzmann et al., 2011, 2013; De Schepper et al., 2013, 2014;
Groeneveld et al., 2014). From this time on, the climate was
dominated by glacial-interglacial cycles with a 41 ky periodicity.
These fluctuations persisted until 0.9 Ma and strengthened with
time (Meyers and Hinnov, 2010; Dowsett et al., 2013; Woodard
et al., 2014; Salzmann et al., 2011, 2013; Haywood et al., 2013).
Overall, the climate in longer-lasting interglacial periods was
similar to that in the Pliocene, while MAT and MAP values were
close to modern during the shorter glacial phases. In the glacial
periods steppe-like vegetation spread at the expense of forests in
the Mediterranean (e.g., Bertini, 2001, 2010; Combourieu-Nebout
et al., 2015). Following the rapid changes in vegetation, a faunal
turnover occurred with the spreading of large grazers and the
disappearance of many forest-dwelling taxa (Palombo, 2007;
Petronio et al., 2011).

3. Materials and methods

3.1. Studied fossils and chronology

Information about localities and investigated fossils included in
this study can be seen in Table A1. Fig. 1 displays the geographic
situation of the studied sites.

Some isotopic analyses were made on a new set of samples
(n ¼ 33) for this study, while the rest of the data were taken from
works by S�anchez-Chill�on et al. (1994), van Dam and Reichart
(2009); Matson and Fox (2010); Domingo et al. (2013), Kov�acs
et al. (2015, 2020), Johnson and Geary (2016) and Szab�o et al.
(2017). Most of the fossils belong to the families Rhinocerotidae
(n ¼ 66), Bovidae (n ¼ 28), Gomphotheridae (n ¼ 21), Equidae



Fig. 1. Location of paleontological sites listed in Table A1 (the map shows the present-day locations). Inset map shows the Pliocene paleogeomorphology (from Popov et al., 2006).
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(n ¼ 15) and Cervidae (n ¼ 14), while only some samples are from
other families (Table A1). To facilitate the evaluation of results in a
temporal geological context, the samples were grouped into the
Neogene Mammal (MN) biozones (Mein, 1975). Although the MN
biozones represent biochronological relative ages, the boundaries
of the MN biozones are defined by absolute ages, as the absolute
ages of many European localities are known. In this study, the
boundaries of the MN zones were used according to the geologic
timescale of the International Commission on Stratigraphy (Hilgen
et al., 2012), based on the works of De Bruijn et al. (1992), Oms et al.
(1999), and Fejfar et al. (1998). Absolute ages of biozones, local
faunas, and localities are listed in Table 1. Absolute ages are known
for many of the investigated sites, while others are grouped into the
MN biozones using biochronology.
3.1.1. Fossil samples analyzed for this study
Thirty-three samples out of the 149 included in this study were

analyzed for stable carbon and oxygen isotope composition.
Twenty-three samples are from the Massif Central region, located
in the southeast of France, two samples are from Montpellier
(southern France), and five samples are from Cebara (Bosnia and
Herzegovina), and two samples are from Romania (Fig. 1).

The studied localities of Vialette, Seneze, and Chilhac from
France have long been known to contain exceptionally well-
preserved late Pliocene and early Pleistocene fossils. The localities
represent maar environments and, in many cases, tephra and vol-
canic ash layers offered a good opportunity for radiometric dating.
Mammal remains from Vialette have an absolute age of
3.14 ± 0.06 Ma (Lacombat et al., 2008). For the Chilhac locality, the
ages have a range between 2.47 Ma and 1.8 Ma (Boivin et al., 2010).
In Seneze, Roger et al. (2000) dated a tephra layer to 2.11 ± 0.01 Ma
using 40Ar/39Ar method. The mammal fossils were most probably
4

derived above this layer, so it was assumed that the age of the
fossils is somewhat younger. Nomade et al. (2014) measured other
tephra layers below and above the fossil-bearing layer, which gave
comparable results, and thus the age of the fossils should be be-
tween 2.21 and 2.09 ± 0.02 Ma. The upper slope deposit analyzed
by Paquette et al. (2021) is dated at 2.100 ± 0.029 Ma, consistent
with an age younger than 2.104 ± 0.050 Ma for some of the recent
fossil finds (Nomade et al., 2014). A second fossil layer dated be-
tween 2.176 ± 0.032 Ma and 2.132 ± 0.042 Ma by Nomade et al.
(2014), also provides consistent ages within errors. The bound-
aries of some biozones seem to be somewhat different in the
Nomade et al. (2014) study then used here. According to Nomade
et al. (2014), the Seneze locality was the reference locality of
MN18 in France. Nevertheless, the precise radiometric ages allow
for integrating it into the MN17 biozone as used in this study. Ac-
cording to Paquette et al. (2021), zircons (U/Pb zircon ages) from
both fossiliferous layers have statistically identical ages of
2.285 ± 0.046 Ma for Chilhac II and 2.262 ± 0.057 Ma for Chilhac III,
in agreement with the 2.2 Ma age proposed by Bœuf (1997) based
on the biochronological attribution to the MNQ17b biozone.

Most of the samples from the Massif Central belong to the rhi-
nocerotid Stephanorhinus etruscus (n ¼ 10), Stephanorhinus mega-
rhinus (n ¼ 4), while seven rhinoceros fossils were not identified at
species/genus level (Table A1). Besides the rhinocerotid fossils, two
samples from proboscidean were analyzed: one belonging to
Anancus arvernensis and another to Mammuthus meridionalis
(Table A1). The samples come from fossil teeth archived at the
Laboratoire de G�eologie de Lyon, Terre, Plan�etes, Environnement
(LGL-TPE), University of Lyon (Lyon, France), Mus�ee de
pal�eontologie de Chilhac (France), and from the Natural History
Museum Basel (Switzerland).

Five samples are from Cebara, which is a recently discovered site



Fig. 2. Color-interpolated maps of the calculated d18Oppt(‰, VSMOW) and calculated average d13Cdiet,meq(‰, VPDB) values in MN14-MN15 (A and C) and in MN16-17 (B and D) biozones.
d18Oppt scale was calculated using the equation of Kohn and Cerling (2002), d13Cdiet,meq was calculated using the equations of Passey et al. (2005) and Kohn (2010). A 5 Ma paleoDEM
(Scotese and Wright, 2018) and rotation and geometry files for movement vectors (PaleoAtlas V3, Scotese, 2016) were used as major data sources for the reconstructed map. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in the Dinaric karst in Bosnia and Herzegovina. The fossils most
probably belong to Anancus arvernensis from the MN16 biozone
(Table A1) (Mandi�c et al., 2013). All the material is stored in the
Croatian Academy of Sciences and Arts (Zagreb, Croatia).

Samples from Romania are from the eastern parts of the country
(Mân�astirea and M�alușteni), belong to Stephanorhinus megarhinus
(n ¼ 2) and are from the MN15a biozone (Table A1, Radulescu et al.,
2003; Andreescu et al., 2013). Sampling was performed in the
Laboratory of Palaeotheriology and Quaternary Geology of the
Babeș-Bolyai University, (Cluj-Napoca, Romania) and the Museum
of Oltenia, (MOC, Craiova, Romania).
3.2. Methods

The carbon and oxygen isotope results are reported in the
common d-notation, where dsample ¼ [(Rsample - Rstandard)/Rstandard]
x1000, and R¼ 13C/12C or 18O/16O. The carbon isotope compositions
are expressed relative to the VPDB (Vienna Pee Dee Belemnite)
standard, whereas the oxygen isotope composition is expressed
relative to either the VPDB or the VSMOW (Vienna Standard Mean
Ocean Water) standards.

Samples were taken with a Dremel® diamond-studded drill.
Where it was possible the samplewas taken over thewhole enamel
length from the crown to the root, but in some cases, enamel from
tooth fragments was collected. Concerning the data from the
5

literature, the sampling procedures were the same in most of the
cases. Because of the complex process of tooth formation and
mineralization, the samples likely represent an average isotope
record of at least a few months in all sampling geometry stretching
over a large enamel surface (Tafforeau et al., 2007; Metcalfe and
Longstaffe, 2012). When results from several teeth are available
from a location, the average isotopic result has been considered
representative for the site. Most of the studies measured only tooth
enamel, but S�anchez-Chill�on et al. (1994) collected enamel and
dentine together from their samples due to the small sample size.
This has been taken into account in data interpretations.

Different studies used different pre-treatment and measure-
mentmethods (Table 2), which can lead to discrepancies in the final
result. Some studies compare the effects of various sample treat-
ments on the d18O and d13C values (Koch et al., 1997; Crowley and
Wheatley, 2014; Pellegrini and Snoeck, 2016). However, these
studies investigated the effects of pre-treatment only on the
isotope compositions of the carbonate group. According to Koch
et al. (1997), the different pre-cleaning steps did not significantly
affect the structural carbonate carbon isotope values of enamel: the
alteration of the d13C values was found to be within ±0.3‰. At the
same time, the maximum deviation in d18O was þ1‰ compared to
untreated enamel. Crowley andWheatley (2014) and Pellegrini and
Snoeck (2016) observed larger deviations. They found that samples
treated with acetic acid after organic removal pre-treatment



Table 1
Geological ages, MN biozones, faunal units, and local faunas.

approximate
age (Ma)

epoch age MN
biozones

faunal units and local faunas references for MN
boundaries

0.8 Pleistocene Calabrian MN18/
(MQ1)

Madonna della Strada, Pirro Nord, Val D'arno, Valle Berti,
Bugiulesti, Sant'Agata dei Goti, Barbinero di Mugello, Leffe,
Veleni, Leu

Fejfar et al. (1998);
faunal units:
Palombo, (2007)

0.9 Colle Curti, Fuensanta
1 L�achar
1.1
1.2 Barranco Le}on
1.3 Barranco del Paso
1.4 Venta Micena
1.5 Farneta
1.6 Tasso, Cortes de Basa
1.7 Gelasian Olivola
1.8
1.9 MN17 Montefollonico, Becchi,

P�ecel, Vecs�es, Pilisv€or€osv�ar,
Pestszerntl}orinc

Chilhac, Nov�a Vieska, Castel
san Pietro, Incisa Belbo,
Stoina

Oms et al. (1999)
2 La Puebla de Valverde
2.1 Fuente Nueva 1
2.2 C. S. Giacomo, Seneze
2.3 Cortio de Tapia
2.4 Montopoli
2.5
2.6 Hu�elago
2.7 Pliocene Piacenzian MN16b Villafrancha d'Asti, Ferrere

d'Asti, Castello d'Annone,
Cebara, Cernatesti

Oms et al. (1999)
2.8
2.9
3
3.1 Triversa, Vialette
3.2 Hajn�a�cka
3.3 MN16a Oms et al. (1999)
3.4
3.5
3.6 Zanclean MN15 Dusino san Paolo,

Sz�azhalombatta, La Calera
Sz�ar 2, Huescar 3, Layna De Bruijn et al.,

(1992)3.7
3.8
3.9
4
4.1 Manastirea, Malusteni
4.2 G€od€oll}o
4.3 MN14 Pula, La Calera Montarioso, Val di Pugna,

Montpellier, La Gloria 4
De Bruijn et al.,
(1992)4.4 Orrios

4.5
4.6

P. Szab�o, J. Kov�acs, L. Kocsis et al. Quaternary Science Reviews 288 (2022) 107572
generally suffer from a variation of 0e1‰ in d13C, while these off-
sets can reach 1.5‰ in d18O. This implies that sample pretreatments
can significantly alter the original isotopic compositions in some
cases. However, because for carbonate the dissolved and/or re-
precipitated structural and secondary carbonates introduce the
largest variations, it is assumed that the pre-treatments have a
much smaller impact on d18O values measured from the phosphate
group (e.g., Kohn et al., 1999; Kohn and Cerling., 2002). Besides
sample treatment, the various measurement methods performed
by the different laboratories can also add some extra variations to
the results, but for d18OPO4 the effects of the diverse pre-treatments
and analyses can be small enough to have a negligible influence on
interpretations. Results of studies obtaining d18O values only from
the structural carbonates must be interpreted muchmore carefully.
We assumed that the errors that may have been introduced by the
different sample pre-treatment and measurement methods are
usually smaller than the isotope variations reflecting environ-
mental and climatic changes, but the possible effects have been
taken into account in data interpretations.
3.2.1. Statistical analysis
To observe spatial and temporal differences, trends, and

changes, the results were grouped into regions and biozones.
Comparisons of mean values between regions and biozones were
done using non-parametric Mann-Whitney tests. When more than
two groups were compared, pairwise Mann-Whitney tests with
6

Bonferroni corrections were performed. Statistical significance is
set at p < 0.05.
3.2.2. Time averaging
Since the age estimates of samples can have large uncertainties,

an unambiguous grouping of the samples into biozones was not
always possible. For the spatial comparisons, all the samples from
the Zanclean (MN14 and MN15 biozones) were examined together.
Because most proxies and paleoclimate models indicate that the
Zanclean (Lower Pliocene) climate was relatively stable for longer
periods and the temperature fluctuations were smaller than in the
Piacenzian (Upper Pliocene) and Pleistocene (Brierley et al., 2009;
LaRiviere et al., 2012), it was assumed that the results of spatial
comparisons refer to real spatial differences and are not the results
of temporal climatic fluctuations over that period.

In contrast to the Zanclean, more intense, frequent climatic
changes occurred during the Piacenzian and the Early Pleistocene.
From around 3.3 to 3.0 Ma, a warmer and wetter than present
period, the “Mid-Piacenzian Warm Period” (MPWP) occurred,
while from 2.7 Ma onwards (MN17 biozone) the intensification of
the Northern Hemisphere Glaciation (NHG) led to an alternation of
glacial and interglacial periods (e.g. Dowsett et al., 1996, 2010, 2013;
Haywood et al., 2002, 2013; Bartoli et al., 2005; Meyers and Hinnov,
2010; Hill et al., 2011; Salzmann et al., 2011, 2013; De Schepper
et al., 2013, 2014; Groeneveld et al., 2014; Woodard et al., 2014).
Averaging isotope data from long periods can mask the effects of



Table 2
Summary of the sample treatment methods and measurements.

literature pre-treatment phosphate separation measurements, data management

first
step

second step

this study, Kov�acs et al.,
(2015), 2020, Szab�o et al.,
(2017);

NaOCl acetic acid-
Ca-acetate
buffer

dissolved in HF, adding AgNO3, precipitate as
Ag3PO4; (Dettman et al., 2001; Kocsis et al.,
2014)

d18O in PO4; (Vennemann et al., 2002) d18O and d13C in CO3

(Sp€otl and Vennemann, 2003)

Johnson and Geary, 2016 NaOCl acetic acid-
Ca-acetate
buffer

e d18O and d13C in CO3; (d18OPO4 were calculated from d18OCO3

values using the equation of Kov�acs et al. (2012) for equids

Van Dam&Reichart, 2009 NaOCl acetic acid
(0.1M)

e d18O and d13C in CO3; (d18OPO4 were calculated from d18OCO3

values using the equation of Kov�acs et al. (2012) for equids
S�anchez Chill�on et al., 1994 H2O2,

KMnO4

e BiPO4 method, Tudge (1960); Longinelli (1966);
Kolodny et al. (1983)

d18O in PO4

Domingo et al., (2013) H2O2 acetic acid-
Ca-acetate
buffer

dissolved in HNO3; precipitate as Ag3PO4

(Bassett et al., 2007)
d18O in PO4; d18O and d13C in CO3

Matson and Fox, 2010 n.a. n.a. dissolved in HNO3 and precipitate as Ag3PO4

(Bassett et al., 2007)
d18O in PO4
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these rapid fluctuations but when interpreted carefully, the aver-
aged data may provide useful information about the long-term
trends.

According to the database, there are regions where samples
from the MN16 and MN17 biozones can be compared, while in
other regions there are larger age uncertainties, or the age of the
locality is close to theMN16-MN17 boundary (for example Hu�elago,
2.6 Ma) and only the Zanclean (MN14-15) can be compared to the
Piacenzian (MN16-17). The possible effects of time-averaging are
discussed in more detail in the results and discussion sections
below.
3.2.3. Testing diagenetic effects
For robust paleoclimatic and paleoenvironmental re-

constructions, it is necessary to ensure that interpretations are
based on unaltered, pristine stable isotopic data. The possible
diagenetic effects were monitored with a proposed method by
Iacumin et al. (1996), which is widely used in the literature (Bryant
et al., 1996; Arppe and Karhu, 2006, 2010; Tütken et al., 2007;
Pellegrini et al., 2011; Domingo et al., 2013). Studies of modern,
non-altered enamel found that there is a constant offset between
the d18OCO3 and d18OPO4 values of about 8.4e9.1‰ (Bryant et al.,
1996; Iacumin et al., 1996; Martin et al., 2008; Pellegrini et al.,
2011). Nevertheless, larger intra- and inter-tooth differences can
also occur due to the complex process of enamel formation (e.g.,
Pellegrini et al., 2011; Trayler and Kohn, 2017). Hence, a d18OCO3 e

d18OPO4 offset of between 6.6 and 10.6‰ is likely to represent
natural variations, while lower or higher offsets may indicate
diagenetic alteration of the sample. All of the samples measured in
this study and data collected from the literature have a d18OCO3 e

d18OPO4 offset between 6.6 and 10.6‰ (Table A1), implying that
there is no pervasive diagenetic alteration of the samples.
3.2.4. d13C values, dietary behavior, and vegetation structure
Tooth enamel d13C values allowed us to reconstruct dietary

composition and the modern d13C equivalent of the diet. This en-
ables a more consistent interpretation of the results. The fraction-
ation between diet and enamel depends on the body mass and
physiology of the animal (Passey et al., 2005; Tejada-Lara et al.,
2018). Passey et al. (2005) determined the dietary-bioapatite d13C
enrichment (ε*diet-enamel) for different types of animals under lab-
oratory conditions. The ε*diet-enamel for non-ruminant large mam-
mals is 13.3‰ based on pigs, while for ruminant mammals, it was
found to be 14.6‰ based on cattle. Other authors give somewhat
7

different fractionation factors based on wild animals. Koch (1998)
found that ε*diet-enamel is 12e14‰ for ungulates, while Cerling
and Harris (1999) published a value of 14.1 ± 0.5‰ for non-
ruminant mammals. The majority of measurements in this study
are from Rhinocerotidae, but the database includes data frommany
different families, mostly from large and relatively large animals.
Here we followed the work of Passey et al. (2005) and used a ε*diet-
enamel of 14.6‰ for the Bovidae and Cervidae families, while a ε*diet-
enamel of 13.3‰ was adopted for non-ruminant families.

The isotopic composition of atmospheric CO2 changed through
geological time, and it has an effect on d13C values of plants. To
eliminate CO2 effects, the modern equivalent of diet composition
(d13Cdiet,meq) was calculated following the equations of Kohn (2010).
Based on foraminifera data of Tipple et al. (2010) the d13C of at-
mospheric CO2 was about �6.3‰ in the Pliocene, about �6.5‰ in
the Pleistocene, and �8‰ for the present-day (Kohn, 2010). As
suggested by Domingo et al. (2013), the calculated d13Cdiet,meq
values reflect different types of vegetation. Values above �20‰
indicate C4 plant dominance in the vegetation, while values below
this limit indicate different types of vegetation within a pure C3
ecosystem. Values between �25 and �20‰ indicate open wood-
land - xeric grassland, between �30 and �25‰ imply woodland to
woodland - mesic grassland, and values below �30‰ refer to a
closed-canopy forest, as the main floral type.

Kohn (2010) proposed an equation to calculate the mean annual
precipitation (MAP) from d13Cdiet,meq values based on a compiled
database integrating modern vegetation and precipitation data
worldwide. There is a complex relationship between the type of
vegetation and precipitation. Although the vegetation openness
depends on MAP, other factors like temperature or the seasonal
distribution of precipitation are equally important and, in some
cases, the fauna itself can also affect their environment (Bakker
et al., 2016; Doughty et al., 2016; Jeffers et al., 2018). Besides
these complicating factors, there are some discrepancies between
the results obtained by the precipitation equation and the vegeta-
tion reconstructions. The equation gives near-zero or negative
values for precipitation when d13C values are higher than �25‰,
while d13C values lower than �30‰ are likely biased by the canopy
effect and could result in unrealistically high precipitation values.
For d13C values between �30 and �25‰, both the vegetation
estimation and calculated precipitation values are realistic. Because
of these uncertainties, only the vegetation types and possible
changes in vegetation were estimated, while the absolute MAP
values or possible MAP changes were not calculated.
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3.2.5. d18OPO4 values, isotope composition of precipitation, and
mean annual temperature

The d18O of both carbonate and phosphate fractions of bio-
apatite in mammalian tooth enamel reflects the d18O value of body
water, which in turn is controlled by oxygen uptake (inspired O2
and water vapor, drinking water, dietary water, oxygen in food
sources) and loss of oxygen (excretion, expired CO2 and water va-
por) during tooth development (Bryant and Froelich, 1995; Kohn,
1996). Particularly, there is a strong correlation between the
d18OPO4 and d18O values of consumed water (environmental water,
d18Ow). Using established species-specific equations for modern
fauna, d18Ow values can be calculated from bioapatite d18OPO4.
Species-specific equations are sometimes based on small datasets
and do not exist for all taxa. Nevertheless, because many species
with different physiology show similar offsets from drinking water,
general equations can also be used for calculating d18Ow. In this
study, the d18Ow values were estimated with two different general
equations after Kohn and Cerling (2002; equation (1)) and Amiot
et al. (2004; equation (2)) to get a possible range of environmental
water compositions. Slopes of the two regressions are the same, so
these give identical results if only the changes in d18Ow values are
calculated.

d18OW ¼ (d18OPO4 - 23) / 0.90 (1)

d18Ow ¼ 1.1128 (±0.0029) d18OPO4 - 26.4414 (±0.0508) (2)

The d18OPO4 values of some taxa track the d18Ow values closely
whereas those of other taxa vary with aridity. For these evaporation
sensitive (ES) taxa, the calculated d18Ow values can be higher than
the real d18Ow, particularly when the climate was arid, regardless of
the equation used (general or species-specific) (Levin et al., 2006).
In this study, the majority of the investigated taxa belong to
evaporation insensitive (EI) or moderately sensitive families, and
only some species from the Cervidae family fall into the evaporation
sensitive category. These species, that also rely heavily on the water
ingested through the consumed vegetation, may actually record
higher calculated d18Ow results than the actual d18Ow frommeteoric
waters available in the area that they occupied.

The isotopic composition of environmental water ingested by EI
animals is considered to be identical or very close to the d18O values
of local precipitation (d18Oppt). However, it can deviate from d18Oppt

values under certain circumstances. For instance, under arid
climate conditions, lake waters can have higher d18O values due to
excess evaporation, while mostly glacier-fed rivers from a moun-
tainous area can have markedly lower d18O values than the local
d18Oppt.

Since there is a correlation between the d18Oppt and mean
annual temperature (MAT), the latter can be calculated (Dansgaard,
1964; Rozanski et al., 1993), assuming that the average d18OPO4 in
teeth records meteoric water d18Ow and in turn, this value repre-
sents the average d18Oppt of a given area. However, the correlation
between d18Oppt and MAT can be affected by factors including
different moisture sources and air mass trajectories, latitude, alti-
tude, continentality, and amount effects, and can change in time
and space. When the correlation is weak, the type of dataset (local,
regional, global, monthly, or annual averages) and the type of
regression used are important in order to account for the overall
variations as they could influence the paleoclimatic results and
interpretations (e.g., Pryor et al., 2014; Skrzypek et al., 2016).

Overall, the absolute MAT calculations usually have large errors,
and because of this, only the possible trends and changes in MAT
(DMAT) were calculated here and not the absolute values. The
slopes of four different regressions were used to estimate the
possible range of MAT changes as inferred from d18OPO4 values,
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including two regional regression equations for Europe (Pryor et al.,
2014; Skrzypek et al., 2016), and two global regression models
(Dansgaard, 1964; Amiot et al., 2004) yielding a range of 1.41 �C/
‰d18Oppt to 2.04 �C/‰d18Oppt gradients.

3.3. Mapping d18Oppt and d13Cdiet,meq values

Maps of the reconstructed stable isotope data were generated
using ArcGIS Pro 2.7.2 (ESRI Inc., Redlands, CA, U.S.A.). Four major
data sources were utilized to compile the stable isotope maps.

� 1 � 1 (approx. 111 km � 111 km), 5 Ma paleoDEM (Scotese and
Wright, 2018) was used as a primary elevation source. This is a
low-resolution digital elevation model (DEM) with temporally
reconstructed elevation readings and spatial positions.

� The movement vectors were extracted for the 0 Ma / 5 Ma
timeframe from the rotation and geometry files available in the
PaleoAtlas V3 (Scotese, 2016). These vectors describe the
displacement of a certain point in geographic space for the
selected time window.

� Purely for visualization purposes, “The General Bathymetric
Chart of the Oceans” (GEBCO) digital elevation model was uti-
lized with a spatial resolution of 15} � 15} (approx. 460
m � 460 m; GEBCO Compilation Group, 2020) hosted by ESRI
(ESRI, 2021).

� d1⁸O and d13C values with their recent spatial locations.

With the help of the extracted movement vectors, the co-
ordinates of the d1⁸O and d13C values were shifted back to their
assumed, original position for their estimated age (given in Ma). To
improve the visual quality of the map's background the GEBCO
DEM was also distorted by the movement vectors. However, the
position of the pixels matches their historic position, the elevation
values also still correspond to recent values. The 5 Ma paleoDEM
raster was then merged with the distorted DEM by Empirical
Bayesian Kriging Regression Prediction (Krivoruchko and Gribov,
2019), where the paleoDEM provided us the source dataset, and
the distorted GEBCO DEMwas the explanatory raster. The resulting
DEM is a crude approximation yet visually fine-grained elevation
raster. To interpolate the d1⁸O values we used Empirical Bayesian
Kriging with 100 simulations, a standard circular neighborhood
with eight sectors. The coincident points were taken as average.
The mean prediction error is �0.08162‰. The interpolated raster
was clipped by the landmasses. For the d13C interpolation, the
Empirical Bayesian Kriging was used too, with 100 simulations,
smooth circular neighborhood with the smoothing factor of 0.2.
The coincident points were taken as average. The mean prediction
error is �0.05, which was also clipped by the landmasses.

4. Results

4.1. d13C values

The d13C values of the investigated fauna have a range
from�16.3 to�8.2‰ (VPDB). In theMN14-15 biozones, the average
d13C values of the four compared regions (Iberian Peninsula, Cen-
tral, and North Italy, and Carpathian Basin) have a range from�14.1
to �11.4‰ (Fig. 3). Samples from the Iberian Peninsula show the
highest mean d13C (�11.4 ± 0.6‰, n ¼ 18), while the lowest values
are from Central Italy (�14.1 ± 1.1‰, n ¼ 7). Pairwise Mann-
Whitney test with Bonferroni corrections indicate significant
regional differences (Table 3), but there are also pairs of regions,
where these are insignificant. Although the sample size in other
regions is not sufficient to perform statistical tests, those data also
add crucial information to the general picture. Two samples from



Fig. 3. d13Cdiet,meq values in different regions and biozones. The modern equivalent vegetation was calculated using the equations of Kohn (2010). The scale was calculated with
Pliocene d13C values of atmospheric CO2. Using a scale for the Early Pleistocene would shift the d13Cdiet,meq values by þ0.2‰.
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East Romania have higher d13C values (�11.3 ± 1.2‰, n ¼ 2)
compared to the mean values from other regions, while the two
samples from Southern France have intermediate d13C values be-
tween Italy and the Iberian Peninsula (�12.6 ± 0.6‰, n ¼ 2).

Stable isotope results of the MN16 and MN17 biozones can be
compared for the South-East of France, northern Italy, and the
Carpathian Basin. At the same time, for the Iberian Peninsula and
Central Italy, only a mean value for the MN16-MN17 biozones can
be obtained. A significant increase in d13C values is observed be-
tween the MN16 and MN17 biozones in North Italy (p ¼ 0.02). In
contrast, localities with precise radiometric ages in the Massif
Central, France (Vialette - MN16; Seneze, Chilhac - MN17), and the
Carpathian Basin (Table 4, Hajn�a�cka - MN16; Nov�a Vieska - MN17)
also have similar d13C values in MN16 andMN17 biozones (p¼ 0.68
and p ¼ 0.7, respectively). These almost constant values suggest
that in these regions the mean values of the merged MN16-17
biozone may be representative for a longer period over a larger
geographic extent.

Although averaging the results from MN16 and MN17 biozones
can mask the possible temporal changes in some of the regions, the
results of the merged MN16-17 biozone can be compared spatially.
The average d13C values have a range from�13.9 to�10.6‰ (VPDB)
and similarly to theMN14-15 biozone, pairwiseMann-Whitney test
with Bonferroni corrections demonstrate several significant dif-
ferences between the regions. Samples from the Iberian Peninsula
have the highest d13C values (�10.6 ± 0.9‰, n ¼ 24), while the
lowest d13C values are from North Italy (�13.9 ± 1.1‰, n ¼ 10).

Results from the MN14-15 and the MN16-17 biozones can be
compared for four regions (the Iberian Peninsula, Northern, and
Central Italy, Carpathian Basin, Fig. 2; 3, Table 4) and all of these
regions are identical within their standard deviations.
4.2. d18O values

The phosphate d18O values relative to VSMOW have a range
from 11.9 to 24.3‰ in the database. In the MN14-15 biozones, the
mean d18O values have a range from 13.8 to 19.5‰with the highest
values from the Iberian Peninsula (19.5 ± 0.6‰, n ¼ 21), and the
lowest in Northern Italy (13.8 ± 0.8‰, n ¼ 4). Comparing the four
regions (Iberian Peninsula, North Italy, Central Italy, Carpathian
Basin) the differences are clearly significant with the exceptions of
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those for Northern and Central Italy and Northern Italy and the
Carpathian Basin (Table 3). Furthermore, two samples from
Southern France have distinct d18O values, with an average being
close to that of Central Italy. d18O values from East Romania are also
similar to those from the Carpathian Basin (Fig. 4).

Just as for the d13C values, the differences in d18O values between
the MN16 and MN17 biozones in Northern Italy are significant,
while there is no significant trend for South-East France and the
Carpathian Basin between these zones.

The mean d18O values have a range from 13.3 to 18.5‰
(VSMOW) in the mergedMN16-17 biozone, with the highest values
originating from the Iberian Peninsula (18.5 ± 0.9‰, n¼ 24) and the
lowest from the Carpathian Basin (13.3 ± 1.6‰, n ¼ 22). The spatial
differences are significant between the Iberian Peninsula and all of
the other regions, as well as between the Carpathian Basin and
Central Italy or in comparison to the Massif Central region (Table 3.
D). In contrast to the d13C values, notable temporal changes can be
noted in the Carpathian Basin (p ¼ 0.005) and Central Italy
(p¼ 0.0006) between theMN4-15 andMN16-17 biozones (Fig. 2; 4,
Table 4.).
5. Discussion

5.1. Vegetation distribution and its temporal changes from the
Pliocene to Pleistocene and comparison with present-day vegetation

All the calculated d13Cdiet,meq results are in the range typical of C3
vegetation, implying that C4 plants were a negligible or non-
existent part of their diet. This is in agreement with other proxy
data, which indicate that the contribution of C4 plants to the total
biomass was negligible in Europe over the Pliocene and early
Pleistocene (Edwards et al., 2010). Provided that the vegetation is
purely made up of C3 plants, the d13Cdiet,meq values can give further
insight into the vegetation cover and climatic regime of the area,
but species-specific habitat and dietary preferences may affect the
general environmental context. Most of the species in our database
are browsers and mixed feeders, which is supported by paleonto-
logical and ecological observations, tooth wear, and stable isotope
compositions (e.g. Gu�erin, 1972, 1980; Mazza, 1988; Fortelius et al.,
1993; Ji et al., 2002; Lacombat and M€ors, 2008; Janis, 2008; Kahlke
and Kaiser, 2011; Domingo et al., 2013; Tütken et al., 2013; Rivals



Table 3
Results of the pairwise Mann-Whitney tests. Comparison of A) d13Cdiet,meq values in MN14-15 biozones. B) d18O values in MN14-15 biozones, C) d13Cdiet,meq values in MN16-
MN17 biozones, D) d18O values in MN16-MN17 biozones in the different regions. The tables show the Bonferroni corrected p values. Significant differences are marked in
yellow.
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et al., 2015; Saarinen and Lister, 2016; Haiduc et al., 2018).
Recent and Pleistocene rhinoceros species usually reveal di-

versity in their feeding habits (recent, Martin et al., 2008; Oloo
et al., 1994; Pleistocene, Kahlke and Kaiser, 2011). The analyzed
rhinoceros species in this study could be browsers and mixed
feeders (Gu�erin, 1972, 1980; Mazza, 1988; Fortelius et al., 1993;
Lacombat and M€ors, 2008). Similar dietary flexibility can also be
observed in the case of recent (Cerling et al., 1999) and Pliocene
proboscideans (Rivals et al., 2015; Saarinen and Lister, 2016;
Gonz�alez-Guarda et al., 2018). Although Equus genus is traditionally
10
considered grazers in open environments, there aremany instances
of Equus as browsers in forested environments in Pleistocene
Europe (Rivals et al., 2015). Based on these data, it is assumed that
the diet of most of the mixed feeders and many browsers could be
adapted according to the availability in the habitat. Because of this,
the overall assumption is that pooling the d13C values from different
species into one average d13C can represent the average d13C value
of the vegetation for each region and each biozone.

Most of the calculated d13Cdiet,meq values in the database fall in
the �30 and �25‰ range, only three values are below �30‰ and



Table 4
Temporal changes of d13Cdiet,meq, and d18O values in all of the studied regions.

significant temporal changes

region isotope compared data sets number of samples p value (Mann-Whitney) differences between the averages (‰)

Eastern France d18O MN14 - MN16-17 2e21 0.042 �2.4
Northern Italy d13C MN16 - MN17 5e4 0.02 2.1
Central Italy d18O MN14 - MN16 7e9 0.0006 �1.4
Carpathian Basin d18O MN15 - MN16-17 12e22 0.0006 �1

non significant temporal differences
Iberian Penninsula d18O MN14 - MN16-17 21e24 0.14 �1.1
Iberian Penninsula d13C MN14 - MN16-17 18e24 0.14 0.5
Eastern France d18O MN16 - MN17 8e14 0.09 0.4
Eastern France d13C MN16 - MN17 8e14 0.68 0
Eastern France d13C MN14 - MN16-17 2e21 0.09 1
Northern Italy d18O MN14-15 - MN16-17 4e10 0.36 0.5
Northern Italy d13C MN14-15 - MN16-17 4e10 0.94 �0.1
Northern Italy d18O MN16 - MN17 5e4 0.1 �1.4
Central Italy d13C MN14 - MN16-17 7e9 1 0.6
Carpathian Basin d13C MN15 - MN16-17 11e22 0.7 �0.4
Carpathian Basin d18O MN16 - MN17 6e10 0.7 1
Carpathian Basin d13C MN16 - MN17 6e10 0.82 0.4

Fig. 4. d18Ow (‰, VSMOW) values in different regions and biozones. The d18Ow scale was
calculated using the equation of Kohn and Cerling (2002).
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six above �25‰. The mean values for each region and biozones are
in the range between �30 and �25‰, indicating woodland to
woodland - mesic grassland as a major flora type according to
Domingo et al. (2013).

Overall, the spatial distribution of d13Cdiet,meq values is in
agreement with evidence retrieved from palynological records in
the Zanclean (Table 5). For example, pollen assemblages from
Northern Italy indicate vegetation dominated by hygrophilous,
thermo-to mesothermic-forest taxa, typical of humid subtropical to
warm-temperate climate (Bertini, 2001, 2010), while a dominance
of herbaceous taxa, includingmany subdesertic species indicate dry
and warm conditions for the Iberian Peninsula (Suc et al., 1995;
Fauquette et al., 1998, 1999, Jim�enez-Moreno et al., 2010). This
contrast is reflected in the significantly lower d13Cdiet,meq values
(Table 3, Table 5) from North Italy, compared to values from the
Iberian Peninsula.

In terms of absolute values, there are sometimes obvious dis-
crepancies between indications of pollen data and d13Cdiet,meq
values. For Northern Italy, where both pollen data and models
11
suggest closed forests with high MAP, the d13Cdiet,meq values
around �28.5‰ still indicate woodlands if the cut-off value
of �30‰ is accepted for closed forests. In this sense, it is difficult to
establish the limits between open forest and closed woodland
conditions. Based on pollen sequences herbs can be present even in
a forested environment in small proportions and the animals could
live in swamp regions or along rivers, where more light could reach
the undergrowth, resulting in higher d13C values of the vegetation.
Besides, it is possible that the real cut-off d13Cdiet,meq value of the
closed-canopy forests can be somewhat higher than �30‰. The
d13C values between �30 and �28‰ may indicate forest or more
closed woodland, while values between �27 and �25‰ may refer
to more open woodland or woodland/grassland environments.

In the MN16 and MN17 biozones the d13Cdiet,meq values, and
distributions are similar to the MN14-MN15 biozones (Fig. 2 C and
D). Higher values from the Massif Central region (South-East
France) and the Iberian Peninsula indicate more open woodland
and/or lower MAP, while values from Central and Northern Italy
and Cebara (Bosnia Herzegovina) suggest more closed woodland or
forest and/or higher MAP. The results from the Carpathian Basin are
intermediate between these two groups (Fig. 3). The overall dis-
tribution agrees with the information provided by palynology and
other paleontological data (Table 5), but as described above, the
boundary between forest and woodland vegetation is difficult to
establish based on d13Cdiet,meq values.

The temporal differences between MN14e15 and MN16-17 are
usually lower than the spatial ones between the various regions,
which overall indicate a relative homogeneity and low composi-
tional variability of the vegetation over time through the Pliocene
and Early Pleistocene. However, smaller-scale changes in d13Cdiet,-

meq values may indicate compositional shifts in vegetation in some
regions. In the Iberian Peninsula the change from MN14-15 to
MN16-17 biozones is not significant (p ¼ 0.14, Table 4), but the
average d13Cdiet,meq value increases by about 0.5‰, which poten-
tially points towards a somewhat more arid climate in that region
(Fig. 4.). In Central and Northern Italy, mean d13C values in the
MN16-17 biozone are close to those in theMN14-15 (Fig. 3; Table 5),
but in Northern Italy, where the MN16 and MN17 biozones can be
studied separately, the values in the MN17 biozone are significantly
higher (p ¼ 0.02, Table 4) than in the MN16 biozone. This suggests
that in Italy the vegetation did not profoundly change over the
Zanclean and Piacenzian, while larger transformations occurred at
and around the Pliocene e Pleistocene boundary. The Massif



Table 5
Comparison of pollen indications, paleontological proxies and d13Cdiet,meq values. Cited literature: 1) Suc et al., (1995); 2) Fauquette et al., (1998), 3) Fauquette et al., (1999); 4)
Jim�enez-Moreno et al., 2010; 5) Bertini, (2001); 6) Bertini, (2010); 7) Nomade et al., (2014); 8) Cirilli et al., (2021); 9) Gu�erin et al., 2004; 10) Lacombat et al., (2008); 11) Pontini
and Bertini, (2000); 12) Combourieu-Nebout et al., (2015); 13) Martinetto et al., (2017); 14) Hably and Kva�cek, (1998).

MN14-15 MN16-17 recent

pollen and other paleontological
information

avg.
d13Cdiet,meq

pollen and other paleontological
information

avg.
d13Cdiet,meq

Iberian Peninsula Garraf 1: coastal forest, dominance of
mega-mesothermic trees, Taxodium-
type plants, swamp conditions.
Tarragona: predominance of herbs,
mainly Asteraceae and Poaceae (1; 2; 3;
4) including subdesertic taxa, dry and
warm conditions (2; 4). South Spain,
Andalucía, G1 core: similar to Tarragona,
but trees are also well represented due to
a nearby relief (1; 2; 4)

�26.9‰ Garraf 1; 3.4 Ma: cooling event, strong
decrease of mega-mesothermic trees,
increase in herb pollen. 3.1e3.0 Ma:
Weak warming, final occurrence of
subtropical taxa in high abundances (1;
2; 3; 4). From 2.7 Ma: reduced extent of
coastal forest, increase of Artemisia taxa,
decrease of arboreal taxa (1; 2; 3; 4).
Steppe- and forest-dominated periods
alternated rapidly (2), the long-term
trend was aridification.

�26.4‰ Mediterranean
sclerophyllous forests and
shrubs

Massif Central, France e e Vialette, 3.14Ma: First appearance of
genus Equus (10). From 2.6 Ma to 2.4 Ma,
MN17: Rapid spread of grazers (7,8).
Saint Vallier, ~2 Ma, MN17: mosaic
steppe punctuated by open woodland,
based on the mammalian community (9).

MN16:
26.3‰
MN17:
26.3‰
MN16-17:
26.3‰

beech forest

North Italy Stirone and other sites: vegetation
dominated by hygrophilous, thermo- to
mesothermic-forest taxa, humid
subtropical to warm-temperate climate
(5; 6).

�28.4‰ a cooler type of forest than in the
Pliocene during glacial periods (5; 6; 11;
12)

MN16:
29.4‰
MN17:
27.2‰
MN16-17:
28.5‰

thermophilus mixed
deciduous broad-leaved
forest

Central Italy Southern Italy, Sicily: deciduous forest
taxa were subordinate to the non-
arboreal associations, presence of some
subdesertic plants, arid climate. (6)

�28.8‰ from 2.7 Ma: steppe conditions during
glacial periods in Southern and partly in
Central Italy (5; 6; 11; 12). Central-
Southern Italy: locally warmer and
wetter climate, the thermophile and
humidity-requiring woody plant taxa
persisted longer (until 1.8 Ma) than in
many other regions (13)

MN16-17:
28.5‰

thermophilus mixed
deciduous broad-leaved
forest

Carpathian Basin Pula locality (4.25 ± 0.17 Ma): warm
temperate forest vegetation, but small-
leaved plant species (e.g., Querqus
kubinyii), 600e1200 mm MAP and a
seasonal dry period (14).

�26.8‰ e MN16:
27.0‰
MN17:
26.7‰
MN16-17:
27.2‰

thermophilus mixed
deciduous broad-leaved
forest, steppe alternating
with oak forests in the
South-Eastern part

Cebara, Bosnia-
Hercogovina

e e e �28.3‰ thermophilus mixed
deciduous broad-leaved
forest
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Central (France) is undersampled in the MN14-15 biozones, but the
MN16 and MN17 biozones can be studied separately due to the
existence of localities with precise radiometric ages. The d13C values
are relatively high and are almost the same in both the MN16 and
MN17 biozones (Table 4). The lack of change is partly in disagree-
ment with the information obtained from faunal assemblages,
showing a rapid spread of grazers from 2.6 Ma to 2.4 Ma (MN17,
Nomade et al., 2014; Cirilli et al., 2021). In the Carpathian Basin,
there is no clear long-term trend in the d13Cdiet,meq values. Although
the average d13Cdiet,meq value is 1‰ lower in theMN16-17 biozones,
compared to the MN15 biozone, this change does not prove to be
significant (p ¼ 0.7, Table 4), and similarly to South-Eastern France,
significant change is not observed in the comparison of the MN16
and MN17 biozones (p ¼ 0.82, Table 4).

The reconstructed vegetation for the Pliocene and Pleistocene
can be compared with the modern-day vegetation in the studied
regions. In most of Europe, the recent natural vegetation is pro-
foundly altered by agriculture, but the natural vegetation has been
reconstructed in a comprehensive study (Bohn et al., 2000). As
discussed above, it is difficult to separate closed woodland and
open canopy forest based on the d13C values, but these can still be
indicative of vegetation openness and/or aridity. The reconstructed
12
woodland and/or mesic grassland with more closed vegetation in
North and Central Italy and more open vegetation in the Iberian
Peninsula and partly in the Carpathian Basin for the Pliocene and
Early Pleistocene seems to be similar to the present-day vegetation.
The largest difference between the reconstructed and recent
vegetation is found to be in the Massif Central region, where
modern vegetation would be mainly beech forest, and because of
the diverse topography, thermophilus mixed deciduous broad-
leaved forest and pine forests would also be present. In contrast,
for the MN16-MN17 biozones, the relatively high d13C values are
similar to those from the Iberian Peninsula, indicating relatively
openwoodlands and/or lowMAP. The reconstructed mosaic steppe
and open woodland vegetation based on the mammalian com-
munity (Gu�erin et al., 2004) agreewith the d13C results in theMN17
biozone. The topography of the Massif Central area can have a
strong effect on the vegetation, but it is unlikely to explain all the
differences. The area has a complex climate as it is partly under the
influence of Mediterranean, Atlantic, and continental climates. It is
conceivable that in areas like this even a smaller scale change in
global or regional climate or shifts in air mass trajectories are able
to alter the local climate significantly.
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5.2. Patterns and temporal changes of d18Oppt from the Pliocene to
Pleistocene and comparison with present-day values

The majority of investigated taxa belong to evaporation insen-
sitive (EI) or moderately sensitive families and only some samples
of evaporation sensitive (ES) taxa are included. The highest d18OPO4
values are from the ES cervids andmoderately sensitive bovidswith
the highest value from a Gazella borbonica sample from Layna (Tajo
Basin, Spain). The calculated d18Oppt values from that sample have a
range between 0.6 and 1.4‰ depending on the equation used (Kohn
and Cerling, 2002; Amiot et al., 2004). The positive d18Oppt value
seems to be an overestimation because the d18O value of the ocean
was close to 0‰ over the Pliocene and the d18O values in precipi-
tation rarely exceed 0‰ due to the isotopic fractionations during
evaporation and condensation. It seems likely that in some cases
aridity and physiological adaptation of the animals could result in
higher tooth enamel d18OPO4 values, and consequently, the real
d18Oppt could be lower than the calculated ones. Alternatively,
secondary evaporation of surface waters or precipitation may lead
to d18Oppt values higher than 0‰ as is commonly noted today in
central-eastern Africa. This effect must be considered for samples
obtained from the Iberian Peninsula, where all the ES and moder-
ately sensitive taxa are present. Together with this the mean value,
which includes all the results from the ES, moderately sensitive,
and EI taxa, can still be close to the d18Oppt value of the area.

In the MN14-15 biozones, the calculated mean annual d18Oppt
values are similar to present-day values in three of the four study
regions (Table 6), while in Northern Italy these values are lower
than those of the present-day (�10.7‰ vs �6 to �8‰).

It is suggested that a local effect, namely the surface waters of
Alpine catchments with low d18Oppt values may have lowered the
d18Oppt values in that region (Szab�o et al., 2017). Thus, MAT differ-
ences were not calculated using these values. Nevertheless, in the
other three regions MAT estimations can be informative. In the
Iberian Peninsula, the samples from various species, including ES
and moderately evaporation sensitive taxa, are also from different
regions with complex topography, as well as being regions that are
under the influence of Atlantic and Mediterranean marine-derived
air masses, but with likely local re-evaporation from Central Eu-
ropean and African continental areas influencing the moisture in
the air masses (e.g., Araguas-Araguas and Diaz Teijeiro, 2005;
Hatvani et al., 2020). Such complexities may explain the higher
variability of d18Oppt values compared to that measured in other
regions (Fig. 4). Overall, the higher average d18Oppt value compared
to Central Italy or the Carpathian Basin appears to be realistic, even
though the 2.9‰ difference compared to Central Italy is higher than
that for present-day conditions (about 1e2‰ only, Aragu�as-Ara-
gu�as and Díaz Teijeiro, 2005; Giustini et al., 2016).

Few samples are available from other regions. The two fossils
from Southern France have distinct d18O values with an average
close to those from Central Italy. Because these samples are from a
Table 6
Calculated average d18Oppt values and comparison with the present-day d18Oppt values
equations of Kohn and Cerling (2002) and Amiot et al. (2004). References: 1: Aragu�as-Arag
Giustini et al. (2016); 5: Vodila et al. (2011), 6: Holko et al. (2012); Horvatin�ci�c et al. (20

MN14-MN15 M

n avg. d18OPO4 std. calculated d18Oppt n

Iberian Penninsula 18 19.5 2.2 �4.3 ± 2.9 24
Central Massif, France 21
North Italy 4 13.8 0.8 �10.7 ± 1.3 10
Central Italy 7 16.9 0.9 �7.2 ± 1.4 9
Carpathian Basin 12 14.3 0.7 �10.1 ± 1.2 22
Cebara 5
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locality near theMediterranean (sampled close toMontpellier), it is
likely that the d18Oppt values from localities further from the sea
would be somewhat lower. The average value of the two samples
from Romania (14.7‰) resembles the average value of the Carpa-
thian Basin (14.3‰), which may indicate a similar MAT. Recent
MATs are almost the same in the two regions, with a higher degree
of continentality in South-Eastern Romania (Croitoru et al., 2013).

Overall, the spatial distribution of the d18Oppt is similar to that
for the present-day conditions in regions compared in this study,
with local exceptions that may well have experienced changes in
the local conditions for the precipitation.

In the MN16-17 biozones, the d18Oppt variations between the
regions are similar to those of the MN14-15 biozones (Table 3). The
average d18Oppt is the lowest in the Carpathian Basin, the highest in
the Iberian Peninsula, while values from South-Eastern France and
Central Italy are intermediate between these. Comparing the
South-Eastern France region with the Carpathian Basin, the 1.4‰
higher d18OPO4 values in the former may indicate 1.5‰ higher
d18Oppt values and 2.2e3.8 �C higher MAT, provided that the higher
d18Oppt values can exclusively be explained by temperature
changes. This difference is similar to the present-day differences
between the two regions (Massif Central, France: d18Oppt: �6
to �8‰, MAT 13e15 �C, Carpathian Basin: d18Oppt: �8‰, MAT
10e11 �C). However, estimating the MAT from d18Oppt values is
exceptionally difficult for the Massif Central region. In contrast to
many other regions in Europe, there is no correlation between the
MAT and d18Oppt values in that area as demonstrated by data from a
nearby IAEA GNIP station (International Atomic Energy Agency,
Global Network of Isotopes in Precipitation, Orgnac/Chauvet cave,
Genty et al., 2014). At that station, the d18Oppt values vary inde-
pendently of MAT over the period 2001 to 2011, regardless of the
year, month, or the d18Oppt value weighted by rainfall amount. The
reason for the lack of correlation can be the effect of being at a
cross-section between different Mediterranean and Atlantic air
masses, and the uneven yearly distribution of precipitation due to
important rain-out effects during winter and summer storms,
which are common in the region and, similarly to monsoonal re-
gions would have the “amount” effect as a dominant factor of the
variations in d18Oppt values.

In the Iberian Peninsula, the calculated average d18Oppt value is
3.3‰ higher than in Central Italy, and similarly to the MN14-15
biozones, d18O variability is also higher than in other regions. As
for the MN14-15 biozones, the higher than present-day difference
can be a slight overestimate due to the presence of the ES and
moderately evaporation-sensitive taxa.

Regarding the temporal changes, the calculated d18Oppt values
are lower in the MN16-17 than in the MN14-15 biozones (Fig. 4) for
most of the regions. The decrease is 1.5‰ in Central Italy and 1.1‰
in the Carpathian Basin, implying a 2e3 �C decrease of MAT in
Central Italy and 1.5e2 �C MAT decrease in the Carpathian Basin.
This change is not significant in the Iberian Peninsula (p ¼ 0.14,
. The possible range of d18Oppt values was calculated using two different general
u�as and Díaz Teijeiro (2005); 2: Genty et al. (2014); 3: Longinelli and Selmo (2003); 4:
05).

N16-MN17 present day references

avg. d18OPO4 std calculated d18Oppt d18Oppt

18.5 2.5 �5.4 ± 3.2 �4e-7 1
14.7 0.5 �9.7 ± 1 �6e-8 2
14.3 1.1 �10.1 ± 1.7 �6e-8 3, 4
15.6 0.7 �8.7 ± 1.2 �5e-8 3, 4
13.3 0.7 �11.2 ± 1.2 �8e-10 5, 6
14.5 0.8 �9.9 ± 1.3 �5e-9 7
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Table 4), but the decrease of the mean d18Oppt value is 1.1‰. The
shift in the average d18O value is 2.4‰ in Eastern France, but no
d18Oppt and MAT changes were calculated for this region, as only
two samples are available from the MN14-15 biozones. The only
exception to the decreasing trend is Northern Italy, where themean
values show limited variability in the MN14e15 and MN16-17
biozones. In this region, the MN16 and MN17 biozones can also
be compared, and a significant difference was found between these
two biozones. As described above, we assume that local factors
could have a strong effect on the d18O values in this region and
these may not have followed the changes in d18Oppt, hence MAT
changes were therefore not calculated.

In the other two regions, where the fossils of MN16 and MN17
biozones allowed for a comparison (South-Eastern France and the
Carpathian Basin) the results are identical in the two biozones. This
contradicts other proxy and model results, which reveal a cooling
trend from 2.7Ma onwards (Dowsett et al., 1996, 2010, 2013, among
others). Causes that would unambiguously explain these differ-
ences are unknown to us, but if the samples from these two regions
are from an interglacial period this could explain the similar MN16
and MN17 climates.

The calculated d18Oppt values can be compared with present-day
values in each region (Table 6). In the Iberian Peninsula, calculated
d18Oppt are in the range of modern precipitation both in the
MN14e15 and MN16-17 biozones. In the Massif Central, France the
calculated d18Oppt values vary between �9 and �10‰ in the MN16
and MN17 biozones, while recent values range from �6 to �8‰.
Since there is no correlation between d18Oppt and MAT in that re-
gion at present, (see more details in the previous section), the
difference does not necessarily reflect a change in MAT. If it is
assumed that these d18Oppt deviations reflect solely MAT differ-
ences, the global and European d18Oppt e MAT equations
(Dansgaard, 1964; Amiot et al., 2004; Pryor et al., 2014; Skrzypek
et al., 2016) would result in a 3e7.5 �C lower than present-day
MAT. This would be in contrast to climate model results for the
Piacenzian (e.g., Dowsett et al., 1996, 2010, 2013) and is considered
unrealistic. Factors other than MAT may have caused the change in
d18Oppt values. The variation in the proportion of air masses of
Atlantic, continental, and Mediterranean origins affecting the re-
gion or the amount and annual distribution of precipitation over
geologic time may explain such d18Oppt values. This assumed dif-
ference compared to the present-day climate is also supported by
the d13C values. The d13C values indicate more open vegetation than
characteristic for the present-day and/or more arid climate and
among the studied regions only the Massif Central area shows a
marked shift compared to the present day.

In Central Italy, the recent annual average d18Oppt values are
between �8 and �5‰, depending on the topography and the dis-
tance from the sea (Longinelli and Selmo, 2003; Giustini et al.,
2016). The calculated average d18Oppt for the MN14-15 biozones
are close to present-day values, while for the MN16-17 biozones
they are lower. In the Carpathian Basin, the recent d18Oppt values
have a range between�9 and�8‰ (Vodila et al., 2011; Holko et al.,
2012). The calculated d18Oppt value for the MN14-15 is identical to
the present-day values, while in MN16-17 it is lower. The calculated
d18Oppt value for the MN16-17 biozones is also lower than the
present-day values in Cebara.

Because other proxies and models give higher than present-day
MAT in the Early Pliocene and usually similar or higher than
present-day MAT in Late Pliocene and during the glacial-
interglacial cycles in the Early Pleistocene, the calculated d18Oppt
values are overall lower than expected. In Northern Italy and the
Massif Central, France, where the differences are the highest,
possible regional effects may control local water d18O values,
leading to lower d18O values in the teeth, but in other regions, the
14
situation is more complicated.
In summary, the absolute d18Oppt values are somewhat lower

than expected when compared with present-day d18Oppt values,
but most of the changes and differences in d18Oppt values in time
and space seem to be realistic for the Pliocene and Early
Pleistocene.

6. Conclusions

Carbon and oxygen stable isotope compositions of tooth enamel
from large mammals were reviewed from the literature and com-
plemented with new measurements of this study in order to
evaluate regional changes in climate and vegetation during the
Pliocene and Early Pleistocene. Based on the d13C values, the
reconstructed vegetation can be characterized as woodland to
woodland e mesic grassland in all of the investigated regions and
biozones in a pure C3 ecosystem. Spatial and temporal changes in
the d13C values follow the changes in openness of the vegetation
and/or in aridity.

The d13C values and their spatial distribution is similar in the
Early Pliocene and the Late Pliocene to Early Pleistocene, implying
that the changes in the vegetative cover that were induced by cli-
matic change in each region were smaller than the spatial differ-
ences between the studied regions. The vegetationwasmore closed
in Central and Northern Italy and Cebara and more open in the
Iberian Peninsula, in the Massif Central regions, in the Carpathian
Basin, as well as in Eastern Romania. The reconstructed distribution
of the vegetation and/or the amount of precipitation for most of the
regions was comparable that of today for most of the regions
investigated so far. An exception is given by the Massif Central re-
gion, where a more pronounced difference is noted. It is assumed
that because this area is partly under the influence of Mediterra-
nean, Atlantic, and continental climates, even smaller-scale
changes in global or regional climate or shifts in the direction of
air masses can affect the local climate. The d18O values also support
this assumption: the difference between the reconstructed and
present-day d18Oppt values is also the highest for this particular
region.

The spatial distributions of the calculated d18Oppt values are
broadly similar for Early Pliocene and Late Pliocene to Early Pleis-
tocene. Three regions (Iberian Peninsula, Central Italy, and Carpa-
thian Basin) fromwhere abundant fossils were available, indicate a
1e1.5‰ decrease in d18Oppt values between the MN14e15 and
MN16-17 biozones, potentially representing a 1.5e3 �C decrease in
MAT. This long-term cooling trend from the Early Pliocene to the
Early Pleistocene is in agreement with the results of other proxies
and climate models. In contrast, from three regions (Massif Central,
North Italy, Carpathian Basin), for which the MN16 and MN17
biozones (Pliocene e Pleistocene boundary) can be compared, the
d18Oppt values suggest a decrease only in Northern Italy. The con-
stant d18Oppt values through the Pliocenee Pleistocene boundary in
the Massif Central and the Carpathian Basin contradict other
proxies. However, samples from the MN17 biozone may be from
interglacial periods when the climate resembled that in the
Pliocene.

The calculated d18Oppt values are in the range of present-day
d18Oppt values in MN14-15 biozones for most of the regions, while
the values for the MN16-17 biozones are usually lower. Because
other proxies indicate warmer than the present-day climate in the
Early Pliocene and similar to the present-day climate in Late Plio-
cene and Early Pleistocene, the values are overall lower than ex-
pected. In some regions, such as in northern Italy, the most likely
explanation for the lower values is the effect of low d18O values of
river waters from high mountainous areas. However, because
multiple factors exert control on the d18OPO4 values in mammal
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teeth and the d18Oppt values calculated for each region are also
prone to complexities due to local geographic effects as well as
errors in the parameters used for the calculations, the discrepancies
cannot so far be fully resolved. Overall, the interpretations based on
the d18OPO4 differences and related to similar differences in the
d18Oppt values, are more robust than interpretations based on the
absolute values calculated for the precipitation.
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