
Palaeogeography, Palaeoclimatology, Palaeoecology 440 (2015) 455–466

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

j ourna l homepage: www.e lsev ie r .com/ locate /pa laeo
Pliocene and Early Pleistocene paleoenvironmental conditions in the
Pannonian Basin (Hungary, Slovakia): Stable isotope analyses of fossil
proboscidean and perissodactyl teeth
János Kovács a,b,⁎, Péter Szabó a,c,d, László Kocsis d,e, Torsten Vennemann d, Martin Sabol f,
Mihály Gasparik g, Attila Virág g

a Environmental Analytical and Geoanalytical Research Group, Szentágothai Research Centre, University of Pécs, Pécs, Hungary
b Department of Geology and Meteorology, University of Pécs, Pécs, Hungary
c Doctoral School of Chemistry, University of Pécs, Pécs, Hungary
d Faculty of Geosciences and Environment, Géopolis, Institute of Earth Surface Dynamics, Université de Lausanne, Lausanne, Switzerland
e Universiti Brunei Darussalam, Faculty of Science, Geology Group, Brunei Darussalam
f Department of Geology and Palaeontology, Faculty of Natural Sciences, Comenius University, Bratislava, Slovakia
g Department of Palaeontology and Geology, Hungarian Natural History Museum, Budapest, Hungary
⁎ Corresponding author at: Department of Geology and
Pécs, Hungary. Tel.: +36 72503 600/24245; fax: +36 725

E-mail address: jones@gamma.ttk.pte.hu (J. Kovács).

http://dx.doi.org/10.1016/j.palaeo.2015.09.019
0031-0182/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 17 February 2015
Received in revised form 26 August 2015
Accepted 12 September 2015
Available online 28 September 2015

Keywords:
Stable isotopes
Enamel
Proboscidea
Perissodactyla
Pliocene
Early Pleistocene
Stable carbon and oxygen isotope values of structural carbonate (δ13C, δ18OCO3) and phosphate (δ18OPO4) in bio-
apatite were measured for fossil mammalian teeth from Slovakia and Hungary. Oxygen isotope compositions of
enamel provide new quantitative records of the Pliocene and Early Pleistocene paleoclimate in the Pannonian
Basin (PB). The δ18OPO4 values were used to study the temporal variations in the oxygen isotope compositions
of precipitation and the changes in temperature over the PB. The newO-isotope data suggest that surface air tem-
peratures between 4.5 and 2.0Mawere 1 to 4 °Cwarmerwith about 700mm/yrmore precipitation compared to
the present. C-isotope analyses of samples from proboscideans (Anancus sp., Mammut sp.) and perissodactyls
(Stephanorhinus sp., Tapirus sp.) from the Pliocene (MN15–MN16) and Early Pleistocene (MN17) suggest that
they were primarily C3 browsers. The mean δ13C value is high at 4.5 to 3.7 Ma (MN14–15) during the Pliocene
Warm Period and decreases at about 3.5 to 3.0 Ma (MN16; mid-Pliocene Warm Period), with the onset of
more humid conditions in Europe. The δ13C values return to higher values from 2.5 Ma onwards (MN17), most
likely reflecting more arid conditions as a consequence of the onset of the Northern Hemisphere glaciation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Investigating the changes in Earth's past climate provides a context
to better understand current changes in climate and can help to predict
future climatic and environmental conditions. The Pliocene–Pleistocene
transition (about 2.6 Ma) is undoubtedly one of the most important ep-
isodes for the evolution of mankind (deMenocal, 2004; Trauth et al.,
2010; Maslin et al., 2014, 2015). Investigations of the stable isotope
compositions of biomineralized tissues have added greatly to our
knowledge of changes in past climates and dietary behaviors of mam-
mals (e.g., Sullivan and Krüger, 1983; Luz et al., 1984, 1990; Luz and
Kolodny, 1985; Ayliffe et al., 1992, 1994; Coplen, 1994; Bryant and
Froelich, 1995; Delgado Huertas et al., 1995; Bocherens et al., 1996;
Iacumin et al., 1996; Fricke et al., 1998; Cerling and Harris, 1999; Kohn
et al., 1999; Kohn and Cerling, 2002; Zazzo et al., 2004a, 2004b;
Meteorology, University of Pécs,
01 531.
Arppe and Karhu, 2006; Levin et al., 2006; Tütken et al., 2006; Martin
et al., 2008; Kohn, 2010; Pushkina et al., 2014). Quantitative
paleoclimatological and paleoecological records based on stable isotope
analyses of mammal teeth from the time period prior to the Pliocene
and Early Pleistocene are scarce and fragmentary, and particularly
poor in the region of East Central Europe (e.g., Kovács et al., 2012).

Mammal teeth and bones are mineralized as bioapatite, a calcium
phosphate mineral, with a simplified chemical formula of Ca5(PO4,
CO3)3(OH, CO3) (Skinner, 2005). Carbonate ion (CO3

2−) is substituted
in two structural sites, replacing the phosphate (PO4

3−) and hydroxyl
(OH−) ions, and for mammals it is a main constituent of the biomineral.
The stable carbon isotope composition of this structural carbonate is
known to record the diet of the mammals, hence can be linked to past
vegetation (e.g. Sullivan and Krueger, 1983; Cerling and Harris, 1999;
Passey et al., 2005). The stable oxygen isotope composition of both
structural carbonate (δ18OCO3) and phosphate (δ18OPO4) can be linked
to the bodywater of the animals, and its isotopic composition is related
to climate and ecophysiological factors (e.g., Longinelli, 1984; Luz and
Kolodny, 1985; Kohn et al., 1996). Because of the strong P\\O bonds
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the phosphate oxygen is considered more resistant to low temperature
inorganic alteration processes compared to carbonate oxygen (e.g.,
Kohn et al., 1999; Vennemann et al., 2002), hence it is preferentially an-
alyzed for climatic reconstruction. However, during microbiological re-
actions oxygen isotope exchange between PO4

3− and water is possible
due to enzymatic catalysis. In these cases the oxygen isotope composi-
tion of the phosphate can also be changed during diagenesis (e.g.,
Blake et al., 1997; Zazzo et al., 2004a, 2004b; Liang and Blake, 2007).
For this reason, tooth enamel rather than bone or dentine is the pre-
ferred phase for analysis because it is more resistant to diagenesis
(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), even in a
microbially mediated environment (Zazzo et al., 2004a, 2004b). Com-
pared to bone and dentine, enamel has a larger average crystal size
and a lower porosity and lower organic matter content (Skinner,
2005). As a result, the recrystallization of bioapatite and the pore-
space infilling by secondary minerals are more limited in enamel com-
pared to bone and dentine in the same taphonomic context (Kohn et
al., 1999).

To gain reliable information about the past dietary, paleoclimatic
and paleoenvironmental changes, it is important for the samples to
have preserved their primary compositions throughout diagenesis
and/or low grade metamorphism. Comparing the oxygen isotopic com-
positions of the structural carbonate to that of the phosphate itself can
often help constrain the impacts of diagenesis (e.g., Iacumin et al.,
1996). Hence, an approach of using, where possible, enamel rather
than dentine and analyzing the stable isotope compositions of carbon-
ate and phosphate within bioapatite, has a good potential of
constraining the past changes in terrestrial vegetation and climate, in-
cluding rainfall and temperature (e.g., Kohn and Cerling, 2002; Kohn,
2010).

From the Pliocene to Early Quaternary period in Central Europe so
far only very sporadic stable isotope data exist from mammals, and
most of the analyses were done on proboscideans (Kovács et al., 2012;
Virág et al., 2014). Rhinoceros have not been specifically investigated
in this region, a gap that is to be filled by this study. The sampling local-
ities (Fig. 1) are dated from the late-Early Pliocene to Early Pleistocene.
Fossil teeth of large herbivores were selected according to their abun-
dance in the deposits and their appearance of preservation. Altogether,
twenty-nine Pliocene and Early Pleistocene samples of fossil
Fig. 1. Location of paleontolog
proboscideans (n = 9), rhinoceroses (n = 19) and one of tapir from
the Pannonian Basin (Slovakia and Hungary; Fig. 1) were studied. The
carbon and oxygen isotope compositions of carbonate (δ13C, δ18OCO3)
and the oxygen isotope composition of phosphate (δ18OPO4) in enamel
were used to explore spatial patterns and temporal variations of δ18Ow

(oxygen isotope values of precipitation) in Central Europe prior to and
after the Pliocene, during the MN15, MN16, and MN17 mammal
biozones (about 4.5 to 2.0 Ma).

The goals of this paper are: (1) to reconstruct δ18Ow and (2) surface
air temperature on the basis of δ18OPO4 values of fossil tooth enamel
from two Slovakian and eight Hungarian localities, (3) to interpret the
diet of the animals, and (4) their paleoenvironment based on tooth
enamel carbon isotope compositions.

2. Background

2.1. Carbon isotopes and diet

The stable carbon isotopic values of teeth reflect the isotopic compo-
sition of plants at the base of the food chain in an ecosystem. C4 plants
(warm climate grasses) and C3 plants (trees, shrubs and high-latitude
grasses) are important in the case of paleodiet research. Because of dif-
ferent photosynthetic pathways, the C3 and C4 plants have different car-
bon isotope compositions (−27 and −13‰ for average C3 and C4

modern plants, respectively). CAM plants (largely succulents and few
aquatic plants) have values intermediate between C3 and C4 plants
(O'Leary, 1988; Farquhar et al., 1989; Martinelli et al., 1991). Bioapatite
carbonate δ13C values of large herbivores are offset from the plant iso-
tope values by about 14‰ (e.g., Cerling and Harris, 1999). Thus, animals
feeding on modern C3 vegetation have bioapatite carbonate δ13C values
from−20 to−8‰, with mean values of around−13 to−12‰. Corre-
spondingly, C4 consumers usually have δ13C values ranging from 0 to
+5‰ for their enamel (e.g., Kohn and Cerling, 2002; Kohn, 2010;
Arppe et al., 2011). Because these animal's δ13C values are directly relat-
ed to those of the diet and hence to their environment, the analysis of
the carbon isotope ratios in bioapatite has been applied to address a va-
riety of paleodietary, paleoecological, and paleoenvironmental prob-
lems (e.g., Lee-Thorp et al., 1989; Quade et al., 1992; Bocherens et al.,
1996; Cerling and Harris, 1999; Iacumin et al., 2000; Feranec, 2004;
Metcalfe et al., 2009; Arppe et al., 2011; Montanari et al., 2013; Kocsis
ical sites cited in Table 1.
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et al., 2014; Scherler et al., 2014; Zanazzi et al., 2015). In C3 ecosystems
variations in δ13C values within C3 plant groups can provide further in-
formation about the type of vegetation, relative humidity orMAP (Mean
Annual Precipitation) and habitat differences or niche partitioning be-
tween animals (Feranec and MacFadden, 2006). This variability of δ13C
values is due to variations in light andwater availability, as well as loca-
tionwithin the forest canopy, or habitat temperature, depending on lat-
itude and altitude (Van der Merwe and Medina, 1991; Kohn, 2010).
Generally the δ13C values increase as the climate gets drier and the
values are lower in humid climate (Kohn, 2010; Montanari et al.,
2013). In the forest undergrowth the limited sunlight, increased relative
humidity, andmixing of atmospheric CO2 with CO2 from decaying litter
of the soil organic matter lowers the δ13CCO2 values (Bocherens et al.,
1996; Cerling and Harris, 1999; Drucker et al., 2008). This is called the
canopy effect. During the Pliocene, the δ13C value of atmospheric CO2

was different from today, which will also have an effect on δ13C values
of the plants. On the basis of isotopic data from marine foraminifera,
the reconstructed δ13C value of atmospheric CO2 for the Late Pliocene
is about −6.3‰ and for the Early Pleistocene it is −6.5‰ (Tipple et
al., 2010; Domingo et al., 2013) while the modern (the year of 2000)
value was referenced to−8‰ (Kohn, 2010), respectively. These differ-
ences have to be taken into accountwhen comparing the results of fossil
tooth enamel to that of similar species today.

2.2. Oxygen isotopes and environmental water

The δ18OPO4 values of biogenic bone or tooth apatite of vertebrates
are preferably used for reconstructing terrestrial paleoclimatic condi-
tions (e.g., Longinelli, 1984; Bryant et al., 1996; Fricke and O'Neil,
1996; Fricke et al., 1998). The basis for these reconstructions is that
the oxygen isotope composition of mammalian teeth reflects the
animal's body water that in case of large herbivores is linked to the
drinking water and/or water derived from food source. Both drinking
water and the water in the consumed plants are influenced by climatic
factors and the δ18OPO4 values often can be linked to the isotopic compo-
sition of local meteoric water. This latter, at mid-latitudes, correlates
with several factors including the mean annual air temperature
(MAT), moisture source, and air mass trajectories (Zanazzi et al.,
2015). The δ18O values of local meteoric precipitation are controlled
by several factors, including the MAT, latitude, altitude, continental
and/or amount effects. Atmid and high latitudes, low elevations but dis-
tant from the oceans, and if precipitation amount and humidity are rel-
atively low, the MAT has the greatest effect on the δ18O values of the
precipitation (Dansgaard, 1964). This is not the case for regions under
monsoonal effects or tropical coastal or island stations where the
amount or rain-out effect may dominate (Dansgaard, 1964; Rozanski
et al., 1993).

Large terrestrial mammals do not directly ingest precipitation; in-
stead, their water is ingested from streams, ponds, lakes, and leaves,
and this is directly related to their body water. Each of these reservoirs
can have different δ18O values relative to precipitation, due to variable
mixing of temporally different precipitation and potential evaporative
effects on the different reservoirs (e.g., Montanari et al., 2013).

The skeletal parts of mammals form at a constant temperature of 36
to 39 °C (Clarke and Rothery, 2008). Therefore, the oxygen isotope com-
position of the newly formed skeletal apatite is determined solely by the
isotopic composition of the animal's body water with a constant frac-
tionation factor between apatite and body water (Longinelli, 1984;
Luz et al., 1984). In largemammals, the δ18O value of bodywatermainly
depends on that of ingested environmentalwaters (Bryant and Froelich,
1995), which often corresponds to the mean δ18O value of the regional
precipitation (δ18Oppt). Large (N100 kg), obligate drinking animals track
the average weighted δ18O value (weighted for the seasonal changes
and the relative amounts of precipitation and/or mixing ratios of the
water sources) of ingested water most closely (Ayliffe et al., 1992;
Bryant and Froelich, 1995; Koch, 1998). In the case of elephants the
ratio is approximately 2:1 (~65%) of water ingested via drinking com-
pared to that ingested by consumption of plant matter (Ayliffe et al.,
1992). In the case of rhinoceros ~80% of their ingested water comes
from drinking water (Clauss et al., 2005; Martin et al., 2008). Thus
tooth enamel of these two groups is potentially a good indicator of the
δ18O values of local meteoric waters (e.g., Martin et al., 2008). The re-
maining dependence on ingested food water and metabolic water
from food processing can give further information on the behavior of
different taxa. The link between the δ18O values of mammal bioapatite
(δ18Oap) and ingestedmeteoric waters (δ18Ow), and the strong relation-
ship between temperature and the δ18Oppt value provide the basis for
using δ18O values recovered from mammal skeletal remains in
paleoclimatological research.

3. Materials and methods

3.1. Fossil materials from Slovakia and Hungary

The geographic distribution of fossil localities, associated faunas and
estimates of their geochronologic ages are shown in Fig. 1 and Table 1.
Age estimates are based on the assignment of fauna to biochronologic
subdivisions of the Ruscinian and Villányian/Villafranchian (4.5 to
2.0 Ma, Kretzoi, 1985; Agustí et al., 2001; Van Dam et al., 2006;
Kahlke, 2007; Rook and Martínez-Navarro, 2010; Hilgen et al., 2012,
among others). European land–mammal ages are from Hordijk and de
Bruijn (2009), Tesakov et al. (2007) and Vangengeim et al. (2005).
Land–mammal ages and their subdivisions are biochronologic units,
usually based on the first and last appearances of taxa (De Bruijn et al.,
1992). Boundaries are from Hilgen et al. (2012).

All teeth belonged to adult individuals. Given that the samples were
taken from disturbed sediments, each fossil or fossil fragment probably
represents a different individual. Samples of tooth enamel of
gomphothere, mastodon, rhinoceros, and tapir from two Slovakian
and eight Hungarian localities (Fig. 1, Table 1) were collected. Samples
included in this studywere acquired from the SlovakianNational Muse-
um–Natural History Museum (Bratislava), Comenius University, De-
partment of Geology and Palaeontology (Bratislava), and Gemer–
Malohont Museum (Rimavská Sobota). Samples from Hungary were
obtained from the Hungarian Natural History Museum, Department of
Palaeontology and Geology (Budapest) and the Geological and Geo-
physical Institute of Hungary, Department of Geological and Geophysi-
cal Collections (Budapest). All original specimens are housed in the
collections of these institutions.

All teeth sampled in this study are from deposits of fluvial,
fluviolacustrine (Gödöllő, Pécel, Vecsés, Pilisvörösvár, Szár,
Pestszentlőrinc, Százhalombatta, and Nová Vieska), and maar (Pula,
Hajnáčka) settings (Kováč et al., 2011). Although these deposits vary
in their taphonomic histories, they appear to represent a limited range
of fluvial floodplain settings in areas of low relief. These specimens of
the ten localities come from three periods (see Table 1): four from the
late-Early Pliocene (MN14 to 15 and MN15, 4.5 to 3.7 Ma), five from
mid-Pliocene (MN16, 3.6–2.5 Ma), and only one from the Early Pleisto-
cene (MN17, 2.5–2.0 Ma). The MN14–15 and MN15 mammal biozone
contains the Gödöllő, Pula, Szár, and Százhalombatta sites (Kormos,
1917; Mottl, 1939; Kretzoi, 1985; Jánossy, 1986; Gasparik, 2001, 2007;
Virág and Gasparik, 2012; Főzy et al., 2014). Among these localities
only the Pula maar fossiliferous deposit has a radiometric age of 4.3 ±
0.17 Ma (Balogh et al., 1982; Németh et al., 2008). The MN16 mammal
biozone includes the sites of Pécel, Vecsés, Hajnáčka, Pilisvörösvár, and
Pestszentlőrinc (Kormos, 1917; Fejfar, 1964; Jánossy, 1986; Fejfar et
al., 1990, 2012; Gasparik, 2001, 2007; Sabol et al., 2006; Virág and
Gasparik, 2012; Főzy et al., 2014). Among these localities only the
Hajnáčka maar fossiliferous deposit has been dated at between
3.43± 0.4Ma and 3.06± 0.03Ma (Hurai et al., 2012). TheMN17mam-
mal biozone is represented only by the site of Nová Vieska (Schmidt and
Halouzka, 1970; Holec, 1996; Vlačiky et al., 2008).



Table 1
Carbon and oxygen isotopic compositions of fossil proboscidean and perissodactyl teeth.

Museum code,
other code

Our
code

Species Sampling Site Country Age δ13C
(V-PDB)

δ18OCO3

(V-PDB)

δ18OCO3

(V-SMOW)

δ18OPO4

(V-SMOW)
δ18OCO3-δ18OPO4

difference

ob 5402 1 A. arvernensis GGIH Gödöllő HU MN15 −12.80 −8.50 22.10 13.87 8.23
ob 5393 2 Stephanorhinus sp. GGIH Gödöllő HU MN15 −13.00 −7.70 23.00 15.09 7.91
V-18520 3 S. jeanvireti GGIH Pula HU MN15 −10.10 −6.20 24.50 15.19 9.31
ob 5395 4 S. jeanvireti GGIH Gödöllő HU MN15 n.a. n.a. n.a. 14.71 n.a.
ob-5396 5 S. jeanvireti GGIH Gödöllő HU MN15 −10.70 −7.80 22.90 14.22 8.68
V.11130 6 Stephanorhinus sp. GGIH Szár II HU MN15 −11.10 −7.20 23.50 14.99 8.51
V.74.05 7 M. borsoni HNHM Százhalombatta HU MN14-MN15 −11.50 −8.10 22.60 14.19 8.41
V.62/121 8 A. arvernensis HNHM Százhalombatta HU MN14-MN15 −11.10 −8.30 22.30 14.80 7.50
V.60/207 E 9 Stephanorhinus sp. HNHM Pécel HU MN16 −11.30 −9.40 21.20 11.93 9.27
V.74.01. 10 M. borsoni HNHM Vecsés HU MN16 −11.90 −7.90 22.80 14.45 8.35
V.93.9 11 M. borsoni HNHM Hajnáčka SK MN16a −11.40 −8.90 21.80 13.49 8.31
V.67/360 12 A. arvernensis HNHM Vecsés HU MN16 −14.00 −9.30 21.30 13.68 7.62
V.77.146. 13 A. arvernensis HNHM Pilisvörösvár HU MN16 −15.20 −9.50 21.10 12.58 8.52
n.a. 14 A. arvernensis GMM Hajnáčka SK MN16a −14.07 −8.10 22.56 13.20 9.37
V.63/624 15 A. arvernensis HNHM Pestszentlőrinc HU MN16 −14.80 −8.70 22.00 13.31 8.69
B-3031/PZ 16 Stephanorhinus sp. SNM Hajnáčka SK MN16a −13.18 −8.69 21.95 13.55 8.41
H-BT-2 17 S. jeanvireti GMM Hajnáčka SK MN16a −11.03 −8.97 21.66 12.20 9.46
H-BT-1 18 S. jeanvireti GMM Hajnáčka SK MN16a −11.66 −7.62 23.06 14.86 8.20
H-BT-3 19 Tapirus arvernensis GMM Hajnáčka SK MN16a −12.81 −9.12 21.50 13.11 8.39
A 34 20 S. jeanvireti DGP-CU Nová Vieska SK MN17 −12.02 −8.32 22.33 13.67 8.66
A 36 21 S. jeanvireti DGP-CU Nová Vieska SK MN17 −11.63 −9.23 21.39 12.60 8.79
A 44 22 S. jeanvireti DGP-CU Nová Vieska SK MN17 −11.72 −8.16 22.50 13.69 8.81
A 40 23 S. jeanvireti DGP-CU Nová Vieska SK MN17 −12.73 −8.34 22.31 13.17 9.15
5. 24 S. jeanvireti SNM Nová Vieska SK MN17 −12.56 −8.28 22.37 12.96 9.41
A 35 25 S. jeanvireti DGP-CU Nová Vieska SK MN17 −12.58 −7.98 22.69 13.06 9.62
6. 26 S. jeanvireti SNM Nová Vieska SK MN17 −12.77 −8.15 22.51 13.00 9.50
A 43 27 S. jeanvireti DGP-CU Nová Vieska SK MN17 −12.55 −8.28 22.38 13.85 8.53
NV-17-4 28 S. jeanvireti SNM Nová Vieska SK MN17 −12.67 −8.07 22.59 13.37 9.23
A16 29 S. jeanvireti DGP-CU Nová Vieska SK MN17 −12.70 −7.82 22.85 12.95 9.90
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3.2. Sampling

In the first step of sampling the enamel surface was mechanically
cleaned. About 10mg of bulk enamel was then sampled using a Dremel
diamond-studded drill. Where possible, enamel was drilled along a ver-
tical line over the whole length of the tooth from the crown to the root
to get a representative mean sample of the period of enamel formation.
Tooth enamel of proboscideans and rhinos can represent 2–3 years of
growth, so this samplingmethod can provide an overall average isotope
record for a longer period (Tafforeau et al., 2007; Metcalfe and
Longstaffe, 2012). Due to sample limitations, in many cases enamel
was collected only from tooth fragments, so these samples represent a
relatively short time period, still giving an average composition for the
part of the tooth analyzed. Where possible, the third or fourth molars
were sampled for all species. This is important because of physiological
effects, such as weaning that can change the isotopic compositions of
apatite. Early-formed molars may be 13C depleted compared to molars
formed later, due to the shift from milk to solid food in the diet
(Metcalfe et al., 2010). The δ13C values of the third and fourthmolars re-
flect the plant diet and are no longer affected by milk consumption.
Where it was possible, several samples were collected from each site.
3.3. Pretreatment and isotope measurements

Sample powder was pre-cleaned according to the method given in
Koch et al. (1997). NaOCl was used to remove soluble organic material
and acetic acid–Ca–acetate buffer to remove exogenous carbonates
(Koch et al., 1997; Kocsis, 2011). A recent study confirms that this treat-
ment protocol produces highly reproducible results (Crowley and
Wheatley, 2014). The carbonate isotopic composition was measured
on a Gasbench II coupled to a Finnigan MAT Delta Plus XL mass spec-
trometer. The samples were reacted with 99% orthophosphoric acid
and the product CO2 introduced to the mass spectrometer with He-car-
rier gas. The carbon isotope compositions are expressed relative to
VPDB standard (Vienna Pee Dee Belemnite), while the oxygen either
to VPDB or VSMOW (Vienna Standard Mean Ocean Water).

Carrara Marble in-house standards (δ18O=−1.70‰, VPDB; δ13C=
2.05‰, VPDB)were run in the same sequencewith the samples (2 stan-
dards at the beginning and the end of the runs and regularly 1 after each
6–8 samples) and used for normalizing the data. The reproducibility of
the in-house standard is b0.1‰ (1σ) for both oxygen and carbon isoto-
pic compositions and it has been calibrated against NBS-19, using also
NBS-18 as a linearity test calibration point. The GasBench analyses of
carbonates in our laboratory do not show a scale compression between
the values given by NBS-19 and NBS-18. NBS120c reference material
was run parallel with the samples that yielded values of δ13C of
−6.3 ± 0.1‰ (n = 6) and δ18O of −2.3 ± 0.2‰ (n = 6) on VPDB
scale. These values are identical to that of long-term average values of
NBS120c in our lab.

For the δ18O analyses in the phosphate fraction further preparation
was required on the pre-cleaned sub-samples (see above). The cleaned
sample powders were dissolved in 2 M HF overnight. The solution was
separated from precipitated CaF2 and neutralized with NH4OH. 2 M
AgNO3 was then added to the solution, which allowed the rapid precip-
itation of Ag3PO4 (Dettman et al., 2001). The silver-phosphate was ana-
lyzed via reduction with graphite in a TC/EA (high-temperature
conversion elemental analyzer) coupled to a Finnigan MAT Delta Plus
XL mass spectrometer according to the values and method given in
Vennemann et al. (2002). The results were corrected to in-house
Ag3PO4 phosphate standards (LK-2L: 12.1‰ and LK-3L: 17.9‰) that
had better than ±0.3‰ (1σ) standard deviations during the measure-
ments of the complete sequence of samples. These in-house standards
were calibrated by TC/EA to TU-1 (21.11‰) and TU-2 (5.45‰) stan-
dards using values defined by the conventional fluorination method
(CF) (cf. Vennemann et al., 2002) and were also calibrated with laser-
fluorination measurements, giving identical values to that of the TC/
EA calibration. International NBS-120c Florida phosphate rock standard
was prepared and run together with the samples in order to test sample
preparation. The analyses gave an average δ18O value of 21.2 ± 0.3‰,



Table 1 (continued)

Museum code,
other code

Type of
vegetation

Calculated
MAP

Environmental
water, elephant
(Ayliffe et al.,
1992)

Environmental
water, rhinoceros
(Tütken et al.,
2006)

Environmental
water (relative
humidity: 70%),
herbivores
(Kohn et al., 1996)

MAT based on
Rozanski global
(Domingo et al.,
2013)

MAT based on
(Kohn et al., 1996;
Domingo et al.,
2013)

ob 5402 Woodland to woodland–mesic C3 grassland 1155 −9.5 −8.8 8.7 10.7
ob 5393 Woodland to woodland–mesic C3 grassland 1279 −7.6 −7.2 14.0 15.2
V-18520 Woodland to woodland–mesic C3 grassland 180 −7.6 −7.1 14.2 15.5
ob 5395 n.a. n.a. −7.9 −7.7 13.2 13.8
ob-5396 Woodland to woodland–mesic C3 grassland 314 −8.3 −8.4 12.2 12.0
V.11130 Woodland to woodland–mesic C3 grassland 424 −7.7 −7.3 13.8 14.8
V.74.05 Woodland to woodland–mesic C3 grassland 553 −9.2 −8.4 9.6 11.9
V.62/121 Woodland to woodland–mesic C3 grassland 424 −8.7 −7.6 11.2 14.1
V.60/207 E Woodland to woodland–mesic C3 grassland 486 −10.0 −11.4 7.3 3.6
V.74.01. Woodland to woodland–mesic C3 grassland 705 −9.0 −8.1 10.2 12.8
V.93.9 Woodland to woodland–mesic C3 grassland 519 −9.9 −9.3 7.8 9.3
V.67/360 Woodland to woodland–mesic C3 grassland 2081 −9.7 −9.1 8.2 10.0
V.77.146. Closed canopy forest 3596 −10.7 −10.5 5.4 6.0
n.a. Woodland to woodland–mesic C3 grassland 2153 −10.2 −9.7 7.0 8.3
V.63/624 closed canopy forest 3006 −10.1 −9.6 7.3 8.7
B-3031/PZ Woodland to woodland–mesic C3 grassland 1402 −8.8 −9.2 10.7 9.6
H-BT-2 Woodland to woodland–mesic C3 grassland 405 −9.8 −11.0 7.9 4.6
H-BT-1 Woodland to woodland–mesic C3 grassland 612 −7.8 −7.5 13.5 14.4
H-BT-3 Woodland to woodland–mesic C3 grassland 1162 −9.1 −9.8 9.8 8.0
A 34 Woodland to woodland–mesic C3 grassland 756 −8.7 −9.1 11.0 10.0
A 36 Woodland to woodland–mesic C3 grassland 600 −9.5 −10.5 8.7 6.1
A 44 Woodland to woodland–mesic C3 grassland 632 −8.7 −9.1 11.1 10.1
A 40 Woodland to woodland–mesic C3 grassland 1113 −9.1 −9.7 9.9 8.2
5. Woodland to woodland–mesic C3 grassland 1018 −9.3 −10.0 9.5 7.4
A 35 Woodland to woodland–mesic C3 grassland 1028 −9.2 −9.9 9.7 7.8
6. Woodland to woodland–mesic C3 grassland 1136 −9.2 −10.0 9.6 7.6
A 43 Woodland to woodland–mesic C3 grassland 1012 −8.6 −8.8 11.4 10.6
NV-17-4 Woodland to woodland–mesic C3 grassland 1077 −8.9 −9.5 10.4 8.9
A16 Woodland to woodland–mesic C3 grassland 1095 −9.3 −10.0 9.5 7.4

Fig. 2. Oxygen isotope compositions of the carbonate (δ18OCO3) and phosphate (δ18OPO4)
from enamel apatite of all mammal teeth from the localities studied. The isotopic equilib-
rium line between carbonate and phosphate δ18O values is plotted for reference along
with the 95% confidence interval and 95% prediction interval calculated by Pellegrini et
al. (2011) on modern vertebrates.
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(n= 8), which is slightly lower than reported by others and also lower
compared to the NBS-120c that wasmeasured for the calibration of TU-
1 and TU-2 (21.7 ± 0.3‰, e.g., Vennemann et al., 2002; Halas et al.,
2011). Because there is no internationally accepted δ18O value for this
material and as it is a sedimentary rock, the mammal teeth data were
not corrected further. All analyses of oxygen and carbon isotopes were
conducted in the stable isotope laboratory of theUniversity of Lausanne.

3.4. Testing diagenetic effects

The best skeletal tissue for paleoenvironmental analyses is the inor-
ganic fraction of enamel (hydroxylapatite) (Lee-Thorp and van der
Merwe, 1987; Lee-Thorp et al., 1989; Ayliffe et al., 1994; Pellegrini et
al., 2011; Clementz, 2012; Grimes and Pellegrini, 2013 and references
therein). Powder X-ray diffraction patterns of all enamel samples are
typical of carbonated hydroxyapatite, with no evidence of secondary
mineral contamination. There is another method that is widely used
to monitor diagenetic effects. Both the oxygen of apatite carbonate
and phosphate form in isotopic equilibrium with body water and
there is a linear relationship between them. Several studies have
found a constant offset between δ18OCO3 and δ18OPO4 values for non-al-
tered tooth enamel samples and the δ18OCO3–δ18OPO4 slopes are similar
for different species (Bryant et al., 1996; Iacumin et al., 1996; Arppe and
Karhu, 2006, 2010; Tütken et al., 2007, 2008; Pellegrini et al., 2011;
Domingo et al., 2013). Because it is rare to have altered skeletal remains
that still show a good correlation between δ18OCO3–δ18OPO4 values and a
similar offset to modern samples, it is plausible to use the measure-
ments of both these sites for oxygen as a monitor of diagenetic alter-
ation. When a set of points lies on the equilibrium line or close to it,
the δ18O values are henceusually considered to have preserved the orig-
inal values (see Fig. 2; e.g., Iacumin et al., 1996; Pellegrini et al., 2011).
Diagenetic processes can decrease or increase both the carbonate and
the phosphate oxygen δ18O values between apatite and diagenetic
fluids (e.g., Zazzo et al., 2004b; Metcalfe et al., 2013). Iacumin et al.
(1996) found that δ18OPO4= 0.98 × δ18OCO3− 8.5 for the isotopic equi-
librium line with a mean offset of 9.1‰ between these different ions in
the apatite. The correlationwas goodwith a correlation coefficient R2=
0.98. Other studies showed an offset of 8.4 to 9.1‰ for modern, unal-
tered samples (Bryant et al., 1996; Martin et al., 2008). Martin et al.
(2008) measured intra tooth differences in two upper molars (M1 and
M2) of extant Rhinoceros unicornis. The mean value of the δ18OCO3 −
δ18OPO4 difference was 8.4 ± 0.7‰, close to the literature values given
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for other species. However, the intra-tooth study of the two molars
shows that δ18OCO3–δ18OPO4 differences can vary by about 2‰ within
the same tooth (Martin et al., 2008). Further variations can be present
due to environmental, physiological and tooth growth process differ-
ences. The final recommendation is that if the δ18OCO3− δ18OPO4 differ-
ence is in the range of 7.2 to 10.6‰ the values of the samples can be
considered as unaltered (c.f. Martin et al., 2008). The preservation of
the δ13C values cannot be tested in a similar manner as the δ18O values,
because bioapatite holds only one pool of carbon. However, the oxygen
is more sensitive to resetting during diagenetic alteration than the car-
bon within the carbonate as fluids contain more oxygen compared to
dissolved carbon. Hence, it can be assumed that if the oxygen preserves
the original values it is likely that this also applies to the carbon isotope
composition.

3.5. Calculations

The δ13C values can provide information about the photosynthetic
pathway of the consumed plant (i.e., diet) of the animals and the
mean annual precipitation of the site. According to Domingo et al.
(2013) the expected δ13Cenamel cut-off values for different habitats in
the Pliocene are the following: closed-canopy forest b−14.3‰; wood-
land to mesic C3 grassland −14.3‰ to −9.3‰, and open woodland–
xeric C3 grassland −9.3‰ to −6.3‰. Values between −6.3‰ and
−1.3‰ represent mixed C3–C4 feeding, while values N−1.3‰ indicate
pure C4 feeding (Domingo et al., 2013). As the 13C isotope composition
of the atmospheric CO2 changed with time the Pleistocene offsets are
about 0.2‰ lower for the given ranges. For pure C3 ecosystems the
MAP of the site can be calculated. For the calculations it has to be
taken into account that the δ13C value of atmospheric CO2 was−6.3‰
during the Pliocene, −6.5‰ during the Early Pleistocene the value for
the year of 2000was−8.0‰ (Kohn, 2010; Tipple et al., 2010). Amodern
equivalent of diet composition (δ13Cdiet,meq) can be calculated using the
following equation (Domingo et al., 2013):

δ13Cdiet;meq ¼ δ13Cleaf þ δ13Cmodern‐atmCO2–δ
13Cancient‐atmCO2

� �
; ð1Þ

where δ13Cleaf = δ13Ctooth −14.1‰, δ13Cmodern-atmCO2 = −8‰, and δ-
13Cancient-atmCO2 = −6.3‰, −6.5‰.

EstimatingMAP from δ13C values requires rewriting the relationship
betweenmodern plant δ13C (referenced to δ13Catm=−8.0‰) andMAP
to solve forMAP as a function of δ13C, elevation (inmeters), and latitude
(absolute value in degrees). MAP was estimated based on the following
equation provided by Kohn (2010):

δ13Cdiet;meq ‰;VPDBð Þ ¼ –10:29þ 1:9� 10–4altitude mð Þ
–5:61 log10 MAPþ 300;mm=yrð Þ–0:0124Abs latitude;oð Þ: ð2Þ

It is assumed that the sites sampled were not high-elevation or
mountainous regions during the Pliocene. An altitude of 150 m was
substituted in the equation. The altitude does not have an important ef-
fect on the equation. For example substituting 800 or 1000m, the calcu-
lated MAP does not change by more than the analytical error for the
measurement. The latitude of the investigated sites is estimated at 48°
N. The paleo-latitude of the sites was similar during the Pliocene
(Fodor et al., 2005).

The MAP equation results and the vegetation cut-off values overlap
for a precipitation between 500 and 2500 mm/yr. For example, the
δ13C values between−9.3 and −6.3‰, the highest values for the pure
C3 ecosystems indicate open woodland-type C3 grassland, the equation
would give almost zero or negative MAP values. Taking into account
both scales, δ13C values higher than −9.3‰ could indicate an arid cli-
mate or mixed C3–C4 vegetation. On the other end of the scale, values
under −14.3‰ indicate a closed canopy forest. For this value, where
the canopy effect lowers the δ13C values, the equationwould give higher
amounts of precipitation. It can hence be assumed that values under
−14.3‰ can represent more than about 2500 mm MAP and/or strong
canopy effects.

Since the δ18OPO4 value of bioapatite is directly related to the oxygen
isotope composition of body water, the δ18O values of environmental
water can be calculated. For proboscideans the species-specific equation
of Ayliffe et al. (1992) was recalculated based on the original data for
modern elephants:

δ18Ow ¼ 0:93� δ18OPO4–22:43 R2 ¼ 0:86
� �

; ð3Þ

while for the perissodactyls the equation from Tütken et al. (2006) was
used:

δ18Ow ¼ δ18OPO4–25:09
� �

=1:31; ð4Þ

and for comparison the general herbivore equation (Kohn et al., 1996)
was also used:

δ18Ow ¼ δ18OPO4–26:8þ 8:9h
� �

=0:76; ð5Þ

where h is the relative humidity from 0 to 1 (0.7 was used in our equa-
tion following the calculations of Pound et al. (2014) and the dataset of
Spinoni et al. (2015), see Table 1).

Because there is a correlation between the precipitation δ18O value
and mean annual temperature (MAT) (e.g., Dansgaard, 1964; Fricke
and O'Neil, 1999), the MAT can be calculated for the given sites. There
are different approaches to choose from. Using site-specific tempera-
ture–precipitation relationships based on data from the nearest IAEA
meteorological station or the regional or global equations that use
data ofmeteorological stationsworldwide. The advantage of using glob-
al equations is that they represent an average mid-latitude climate re-
gime. Using site-specific precipitation–temperature relationships can,
however, give more precise estimates for a local area, notably if it is a
mountainous area where local climate variability may be important
(Pryor et al., 2014). Based on the data set of Rozanski et al. (1993), the
following equation was chosen from the work of Domingo et al.
(2013). This regression uses data from meteorological stations world-
wide and as such represents a global average “climate” for mid-lati-
tudes, rather than the polar extremes where the MAT is more
sensitive to changes in δ18Ow:

MAT �Cð Þ ¼ δ18Ow VSMOWð Þ þ 12:68
� �

=0:36 R2 ¼ 0:72
� �

: ð6Þ

4. Results

The results of the carbon (δ13C) and oxygen (δ18OCO3 and δ18OPO4)
isotope compositions of tooth enamel of the large herbivores from Slo-
vakia and Hungary are given in Table 1, alongwith the calculated δ18Ow

values and paleotemperatures (in °C). Fig. 2 illustrates the δ13C and
δ18OPO4 values of the four different taxa from all time periods (MN15,
4.5 to 3.5 Ma; MN16, 3.5 to 2.5 Ma; MN17, 2.5 to 2.0 Ma). The δ-
18OCO3–δ18OPO4 values seem to be in isotopic equilibrium for themajor-
ity of enamel samples (Fig. 2), as most of them plot in the predicted
interval expected for modern vertebrates (Pellegrini et al., 2011). Most
of the collected samples for this study satisfy the requirement (7.2–
10.6‰; see in Table 1). Only one sample had a lower δ18OCO3–δ18OPO4

offset than 7.2‰. This sample was excluded from the environmental
reconstruction.

4.1. δ13C values and mean annual precipitation (MAP)

The δ13C values for the fauna range from−10.1 to−15.2‰ (VPDB)
(see Table 1). The MN14–15 and MN15 mean δ13C values for



Fig. 3. δ13CCO3 and δ18OCO3 values of all 18 S. jeanvireti teeth from the six different localities
Gödöllő, Pula, Szár (MN15); Pécel, Hajnáčka (MN16); Nová Vieska (MN17).
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proboscideans from Gödöllő and Százhalombatta are −11.8‰; and for
the rhinoceroses from Gödöllő, Pula and Szár −11.2‰.

FromHajnáčka (MN16), samples of 2 proboscideans, 3 rhinoceroses,
and one tapir, as well as one rhinoceros from Pécel (MN 16) were ana-
lyzed. Proboscideans represented the other MN16 sites from Hungary
(Vecsés, Pilisvörösvár, and Pestszentlőrinc). The mean δ13C value for
the proboscideans is −13.5‰, for the perissodactyls −11.9‰. Averag-
ing the results fromall the species fromany one site can give a better ap-
proximation for vegetation estimates of the environment. The mean
δ13C value for samples from the Nová Vieska site (MN17) is −12.3‰.
The average 13C values for the different time periods are −11.5‰ for
MN15,−12.9‰ for MN16, and−12.4‰ for MN17. F-tests for variances
and two-tailed heteroscedastic t-tests for central values were per-
formed on the data. Statistical significance is based on p b 0.05. The
change between MN15 and MN16 values is statistically significant
(p = 0.04) while that between MN16 and MN17 is not (p = 0.35).

The calculated average precipitation in the late-Early Pliocene
(MN14–15 and MN15) is 565 mm (n = 7). The MAP value in the mid-
Pliocene (MN16) is 1224 mm (n = 11) and for the Early Pleistocene
(MN17) it is 862 mm (n = 10).

4.2. δ18OPO4 values and mean annual air temperature (MAT)

The δ18OPO4 values range from 11.9‰ to 15.2‰ (see Table 1). For the
Hajnáčka site two proboscideans have amean value of 13.3‰ and three
rhinoceroses 13.5‰. The average values and deviations (1σ) are 13.4±
0.9‰ (n = 6) for Hajnáčka, 13.2 ± 0.4‰ (n = 10) for Nová Vieska and
14.4 ± 0.5‰ (n = 4) in Gödöllő. The MN14–15 and MN15 mean δ18O
values for proboscideans from Gödöllő and Százhalombatta are
14.2‰; and for the rhinoceroses from Gödöllő, Pula and Szár 14.8‰.
The mean δ18OPO4 values from the MN16 sites for the proboscidean
samples are 13.4‰, for the perissodactyls 13.1‰.

Themean δ18O value in Nová Vieska site (MN17) is 13.2‰. The aver-
age δ18O values for the different time periods are 14.6‰ for MN15,
13.3‰ for MN16, and 13.2‰ for MN17. Significant change can be ob-
served between MN15 andMN16 values (p=0.001) while change be-
tween MN16 and MN17 is not significant (p = 0.8).

The calculated MAT values have a wide range from 5.4 to 14.2 °C. In
the late-Early Pliocene (MN14–15 andMN15) themeanMAT values are
12.1 °C (n=7), and that in themid-Pliocene (MN16) is 8.7 °C (n=11).
The mean paleotemperature value for the Early Pleistocene (MN17) is
10.1 °C (n = 10). The two lowest values of 5.4 and 7.2 °C seem unreal-
istically low compared to other results and other proxies (Hably and
Kvaček, 1998; Hably, 2002; Kovar-Eder, 2003; Erdei et al., 2007).
These values are from samples of the Pestszentlőrinc and Pilisvörösvár
sites.

5. Discussion

5.1. Paleoecology and diet of the fossil taxa indicated by δ13C values

The δ13C values of all the taxa from all the time periods are in the
range expected for herbivores feeding on C3 plants during the Pliocene
and Early Pleistocene (O'Leary, 1988; Passey et al., 2002; Tütken et al.,
2013; and Fig. 3, Table 1). Thus C4 plants were not a significant part of
the diet of these animals, compatible with earlier suggestions that C4

grasses were absent in Europe during the Pliocene to Late Pleistocene
(Kürschner, 2010).

Paleontological observations of Anancus arvernensis, Mammut
borsoni, Tapirus arvernensis, and Stephanorhinus jeanvireti suggest that
they were browsers that lived in a forest or woodland (Brugal and
Croitor, 2007; Kahlke et al., 2011; Rivals et al., 2015). Morphologically,
the bunodont molars (Anancus) generally imply a soft diet of leaves,
fruit and twigs. The feet were adapted to walk on soft soil, also suggest-
ing that Anancus was an inhabitant of moist woodlands (Ji et al., 2002;
Rivals et al., 2015). The dentition changes in the fossil record imply a
trend in the diet of Anancus from soft forest food toward the incorpora-
tion of grasses, requiring a grinding component tomastication (Rivals et
al., 2015). Whether S. jeanvireti was C3 browser or C3 grazer cannot be
inferred solely from their carbon isotope compositions. According to
Lacombat and Mörs (2008), S. jeanvireti should be pledged to humidity
not to the latitude or/and temperature.

The δ13C values of the different taxa (presumably lived in different
microhabitats) have similar δ13C values while site and age differences
are 2 to 2.9‰ (Fig. 3, Table 1). This could imply that taxonomic differ-
ences of the two/three groups have smaller effects on the isotope vari-
ances compared to the environmental factors.

5.2. Paleoprecipitation based on δ13C values

The average δ13C values of proboscideans and rhinos are statistically
not different (p=0.13), hence the data can be pooled for the investigat-
ed time periods. Fig. 4A shows how the δ13C values relate to MAP (see
background section and Table 1) between MN15 and MN17. Table 2
summarizes the data of different proxies compared to our results.
Mean tooth enamel δ13C values decreased from MN15 to MN16
(Fig. 4A). The decrease in δ13C values during MN16 may be related to
the Pliocene Warm Period that began at 5 Ma and introduced more
humid conditions in Europe (Fortelius et al., 2006; Eronen et al., 2010,
2011). The high δ13C values for the period of MN15 may be related to
the late Neogene aridification and the more continental characteristic
of the study area (Eronen et al., 2010, 2011, 2012). The decrease in
δ13C also corresponds to an increase in MAP values by about 660 mm/
yr between MN15 (560 mm/yr) and MN16 (1220 mm/yr). After
MN16, the δ13C values increased during MN17 and the middle Pleisto-
cene, but did not reach values as high as those observed in MN15,
which corresponds to a decrease in MAP values of 360 mm/yr between
MN16 (1220 mm/yr) and MN17 (860 mm/yr). This increase in δ13C
values corresponds to a global and regional climatic change and to fau-
nal and environmental changes in Europe. The beginning of MN16
(3.5Ma;Hilgen et al., 2012) predates the onset of Northern Hemisphere
glaciation (Meyers and Hinnov, 2010; De Schepper et al., 2013;
Woodard et al., 2014). At that time, themodernMediterranean climatic
regime was established and aridity in Europe was enhanced, which led
to changes inmammalian fossil assemblages in such away that, accord-
ing to Agustí et al. (2001) and Rook and Martínez-Navarro (2010), the
Villányian/Villafranchian mammal turnover occurred at this time with
an increase in grazers, the appearance of morphological features associ-
ated with a highly cursorial lifestyle in some ungulates, and the diversi-
fication of pursuit carnivores. All of these changes point toward the
development of prairies and grasslands in Europe (Pott, 1995;



Fig. 4. Variation with time of average δ13C values of tooth enamel and average δ18O of meteoric water calculated from δ18OPO4 values for different time bins, compared to the benthic fo-
raminiferal δ18O record (Lisiecki and Raymo, 2005). (A)Mean and standarddeviation δ13C values andMAP (mm/yr) in eachMNwere calculated by applying Eqs. (3) and (4) of Ayliffe et al.
(1992) and Tütken et al. (2006). MAP values based on pollen and mammal data are from Kovar-Eder (2003), Erdei et al. (2007), Eronen and Rook (2004) andMontuire et al. (2006). (B)
Mean and standard deviation of δ18OWater and MAT (°C) values are calculated by applying Eq. (6) Domingo et al. (2013). MAT values based on pollen and mammal data are from
Mosbrugger et al. (2005), Fortelius et al. (2006), Eronen et al. (2010, 2011). Chronology according to Hilgen et al. (2012), the onset of the Quaternary according to the chronology con-
firmed in 2009 by the International Union of Geological Sciences. The ages of the global/regional events are not absolute, but approximate according to theMN chronology. NHG=North-
ern Hemisphere glaciation, PWP = Pliocene Warm Period.
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Bredenkamp et al., 2002). Fortelius et al. (2006) evaluated the
hypsodonty index in mammalian herbivores between the Late Miocene
and the Pliocene in Eurasia and suggested that browsing taxa in MN15
were replaced by grazers in MN16 and MN17. Another important
change occurred at 2.6 Ma (Dowsett et al., 2013; Woodard et al.,
2014), when there was a replacement of forests by tundra-like vegeta-
tion in northern and steppe-like in central Europe (e.g., Pott, 1995;
Bredenkamp et al., 2002).

The rhinoceros sample fromPula (4.25±0.17Ma) shows the lowest
precipitation value; 180mm/yr, although this is only one sample, in this
case we cannot come to conclusions. Other proxies do show, however,
that there were arid periods at that time in Pula (and in the Pannonian
Basin). The alginite in Pula preserves the remains of a mesophytic arbo-
real coenosis. The predominant species were short-leaved, which indi-
cates regionally drier climate (Hably and Kvaček, 1998; Hably, 2002;
Erdei et al., 2007). Based on the micro-mammal studies of Jánossy
(1986), certain parts of the Pannonian Basin experienced anomalously
dry periods at that time. The surroundings of the Pula maar lake must
have been more humid but the climate, in general, was presumably
quite dry (Hably and Kvaček, 1998). It is conceivable that the time peri-
od when the rhinoceros fossils were buried in the Pula maar lake, the
climatewasmore arid compared to the Pliocene average. Other unusual
Table 2
MAT and MAP reconstructions obtained from previous studies and the new results.

Age (Ma)

5.2–3.2 3.2–2.5

MN zone

MN14-15 MN16

MAT (°C) this study 12.1 8.7
MAT (°C) paleosol 13–15 10–13
MAT (°C) mammals (primates, rodents) 10–15 –
MAT (°C) paleogroundwater 15 6–7
MAT (°C) paleoflora 10–13 9–13
MAT (°C) recent
MAP (mm) this study 560 1225
MAP (mm) paleosol 1200–1400 1100–12
MAP (mm) mammals (primates, rodents) 1150 700
MAP (mm) hypsodonty 700–800 1200–15
MAP (mm) recent

1 – Kovács et al., 2013; 2 — Eronen and Rook, 2004; 3 — van Dam, 2006; 4 —Montuire et al., 2
Hably, 2002; 9 — Kovar-Eder, 2003; 10— Erdei et al., 2007; 11 — Spinoni et al., 2015; 12 — For
δ13C values are given by the two A. arvernensis specimens (−14.8‰ and
−15.2‰) from two Late Pliocene sites Pestszentlőrinc and Pilisvörösvár
with very high MAP. In this case, the 3600 mm/yr precipitation seems
too high but decreases in δ13C valuesmay suggest increased atmospher-
ic CO2, a wetter environment with greater canopy cover (Bocherens et
al., 1999; Cerling and Harris, 1999; Drucker et al., 2008; Metcalfe and
Longstaffe, 2012; Pushkina et al., 2014).

CurrentMAPwithin the Pannonian Basin is about 500 to 800mm/yr
(Spinoni et al., 2015). Only the MN15 gives a lower value (560 mm/yr),
both the MN16 and MN17 are higher than the present day MAP. The
well-studied site fromMN16 is Hajnáčka, where the precipitation is es-
timated to be 400 to 2150mm/yr and where the canopy effect was also
present. The paleoenvironment in Hajnáčka was characterized by a
bushy humid primeval forest belt with flowing streams and backwaters
around a maar lake, surrounded by an open, drier habitat at higher ele-
vations (Fejfar, 1964; Fejfar et al., 1990, 2012).

The above-mentioned higher MAP values are in good agreement
with paleosol proxies from the region. Paleosols suggest 1100 to
1200 mm/yr for the Piacenzian (MN16) and 900 to 1200 mm/yr for
younger MN17 at 2.5 to 1.8 Ma (Kovács et al., 2013).

During the Early Pliocene (MN14–MN15), the mean hypsodonty
(crown height) values of large mammalian herbivores are compatible
Recent Ref.

2.5–1.8

MN17 (Nova Vieska)

10.1
8–10 1
10.6–12.4 2; 3; 4
6–7 5
8–12.5 6, 7, 8, 9, 10

10–11 11
860

00 900–1000 1
990 2; 3; 4

00 12; 13
500–800 11

006; 5 — Szöcs et al., 2013; 6 —Mosbrugger et al., 2005; 7 — Hably and Kvaček, 1998; 8 —
telius et al., 2006; 13— Eronen et al., 2010.
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with a uniform humidity in central Europe (700 to 800mm/yr) with in-
termittent dry periods (Fortelius et al., 2006; Eronen et al., 2010). As
stated by Eronen et al. (2010, 2011), the Late Pliocene shows similar
patterns from the mean hypsodonty values and the precipitation esti-
mates, which means the Hungarian/Slovakian area was humid, with
about 1200 to 1500 mm per year.

The overall more humid climate is in good agreement with conti-
nental or global records aswell (Salzmann et al., 2011). Based on the re-
cords above, the Pliocene was more humid compared to the present in
the Pannonian Basin, but there were extended arid episodes such as
that presented by the Pula maar.
5.3. Paleotemperature records

Average δ18O values of proboscideans and rhinos are not statistically
different (p = 0.71), in this case all these data are pooled into one
dataset. Fig. 4B shows the variations in δ18OW values calculated from
the tooth enamel δ18OPO4 values. In this study the age-average δ18OW

values are directly linked to regional meteoric water, though some
local environmental water sources might have had some offsets from
local precipitation (e.g., rivers bringing glacial melt water or enhanced
evaporation). Because different taxa from several localities were inves-
tigated and no statistical differences was measured among them (ex-
cept Pula — see previous chapter), hence local water source with
extreme isotopic composition could not have significant effect on the
average δ18OW values. Therefore, from the δ18OW values mean annual
temperatures were estimated using Eqs. (3)–(5) after Ayliffe et al.
(1992), Tütken et al. (2006), and Kohn et al. (1996), respectively.
Table 2 summarizes the data of different proxies in comparison to our
results. Our estimate of MAT during MN15 is 12.1 ± 2.7 °C, similar to
those based on primate (Eronen and Rook, 2004) and rodent
(Montuire et al., 2006) fossil records from the Pannonian Basin (10 to
15 °C). The estimates of Kovács et al. (2013) based on claymineralogical
and geochemical proxies from the study area (13 to 15 °C) are also quite
similar. Current MAT within the Pannonian Basin is 10 to 11 °C, with a
seasonal range from 20 °C in July to −1 °C in January (Spinoni et al.,
2015).

After MN15, MAT values decrease, reflecting global cooling with the
strengthening of the Northern Hemisphere glaciation at about 2.6 Ma.
Tooth enamel δ18O values from MN16 and MN17 in this study corre-
spond to MAT values of 8.7 ± 0.3 °C and 10.1 ± 1.4 °C, respectively,
slightly cooler than MAT values estimated by Mosbrugger et al. (2005)
between MN16 (9 to 13 °C) and MN17 (8 to 12.5 °C). Szőcs et al.
(2013), on the basis of isotope data of Early Pliocene groundwater in
the southern part of the Pannonian Basin suggested a surface tempera-
ture of about 15 °C, while Late Pliocene to Early Pleistocenewaters infil-
trated at 6 to 7 °C. Plant macrofossil and palynological studies from the
Pannonian Basin indicate a climatewith 10 to 13 °C during the Early Pli-
ocene, MN14 to MN15 (Hably and Kvaček, 1998; Hably, 2002;
Kovar-Eder, 2003; Erdei et al., 2007). Overall, the MAT values estimated
here usingmammalian tooth enamel are hence in good agreementwith
data from palynology, rodent assemblages, primate fossils and the
paleogroundwater analyses.

As was the case for the C-isotope compositions, the Pula samples are
somewhat anomalous for the oxygen isotope compositions too, with a
MAT as high as 14.2 °C. According to Levin et al. (2006), high δ18Oenamel

values could be related to evaporation, notably for animals that might
be sensitive to such effects because of a high proportion of leaf to
body water, with the leaf fraction becoming more important with in-
creasing aridity. Kohn et al. (1996) gave an Eq. (5) for enamel–environ-
mental water relationship for herbivores that incorporates the effect of
relative humidity. In this equation a 10% shift in mean annual relative
humidity can change the calculated environmental water by about
1.2‰ and the calculated MAT by about 3 °C (see Table 1). It can be as-
sumed that in cases of the Pula, Pestszentlőrinc, and Pilisvörösvár
sites, this effect could change the δ18O values rather than temperature
itself.

Most of the proxies and models show that during the Pliocene the
climate was, in general, warmer and more stable than during the Pleis-
tocene. During the Piacenzian (3.6 to 2.58 Ma) global mean annual sea
surface temperatures were generally 2 to 3 °C higher than today with
a decreased equator to pole gradient (Dowsett et al., 1996, 2013;
Haywood and Valdes, 2004; Hill et al., 2011; Salzmann et al., 2011;
Haywood et al., 2013). In the Arctic regions sea surface temperatures
could reach 18 ± 4 °C, which was higher than today, partly due to the
reduced ice and the related feedback processes (Csank et al., 2011).
The Pliocene world was not only warmer but on most continents also
wetter than today; the southern Mediterranean is a rare example of a
drier-than-modern Pliocene climate (Salzmann et al., 2011). Despite
the generally stable climate there were also fluctuations during the Pli-
ocene. The mid-Pliocene warm period from 3.3 Ma to 3.0 Ma was a
warmer interval, while at approximately 2.6 Ma the Northern Hemi-
sphere Glaciation strengthened (e.g., Haywood et al., 2002; Salzmann
et al., 2011, 2013; Haywood et al., 2013). Some changes in climate
were linked to events like changes in sea pathways, particularly the
narrowing of the Indonesian Seaway and the final closure of the Central
American Isthmus. The latter occurred at about 2.7Ma and caused re-ar-
rangements in the ocean currents (Bartoli et al., 2005). In Western Eu-
rope paleoflora proxies indicate 3 to 6 °C higher MAT and 230 to
400mmhigherMAP than today (Salzmann et al., 2011). Higher temper-
atures were also suggested for central and northern Europe: in the
Pannonian Basin paleoflora and paleosol proxies indicate a warmer
and wetter climate compared to the present with decreasing tempera-
ture and precipitation trends toward the end of the Pliocene (Hably
and Kvaček, 1998; Hably, 2002; Erdei et al., 2007; Kovács et al., 2013).
Knowing more about paleoclimate and paleoenvironments of this era
is particularly important to help predict the impacts of global climate
change today. This is because the atmospheric CO2 concentrations, pa-
leogeography, and paleobiology of the Pliocene were very similar to
those of today (Salzmann et al., 2011).

6. Conclusions

This studywas based on the analyses of the C- andO-isotope compo-
sition of structural carbonate and O-isotope composition of the phos-
phate of fossil bio-apatite. 29 samples of large mammal teeth were
selected from Slovakia and Hungary, with the aim of reconstructing
the past habitats in which the animals lived. The samples are well-pre-
served and the isotopic compositions of carbonates and phosphates of
the enamel are suitable for paleoenvironmental interpretations (δ-
18OCO3–δ18OPO4 differences are between 7.2 and 10.6‰).

The analyzed fauna lived in the Pannonian Basin (East Central Eu-
rope) between 4.5 and 2.0 Ma, allowing for the reconstruction of envi-
ronmental and climatic changes during the Late Neogene and Early
Quaternary. In general, tooth enamel δ13C values indicate that the ana-
lyzed taxamay have occupiedwoodland tomesic C3 grassland or closed
canopy forest, with no evidence of significant C4 consumption for any of
the genera studied.

Accordingly, the isotope data imply a warmer and possibly wetter
habitat of open vegetation for the proboscideans and perissodactyls in
the region compared to that of today. The isotopic data suggest that sur-
face air temperatures in the region between 4.5 and 2.0Mawere 1 to 4 °
C warmer and, with about 700 mm/yr more precipitation, wetter than
at present. A decrease in δ13C values during MN16 is probably linked
to the Pliocene Warm Period (with an associated increase in air mois-
ture), whereas the higher δ13C values from MN17 onwards may have
been a consequence of the increased aridity in Europe related to the
onset of Northern Hemisphere glaciation. The MAT pattern estimated
using tooth enamel δ18OPO4 values agrees well with the thermal trend
based on palynological records, mammal assemblages, and other isoto-
pic studies from the Pannonian Basin, with a gradual decrease in MAT
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from MN16 onwards in response to the progressive cooling observed
since the mid-Pliocene and culminating in the increased Northern
Hemisphere glaciation.
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