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Abstract

The fossil teeth of land mammals offer a powerful tool to map the regional details of past climate change in the terrestrial realm.We use
mean plant-eater hypsodonty (molar crown height) of lateNeogenemammal localities tomap lateMiocene and Pliocene palaeoprecipitation
on the Eurasian continent and, with higher temporal resolution, in Europe. The results show that the mid-latitude drying in Eurasia affected
the central parts of the continent first and that the drying of western Europe after about 7–8Ma seems to have coincided roughly in timewith
a return to more humid conditions in eastern Asia, with a return to a drier east and more humid west in the Pliocene. Within Europe, the
hypsodonty-based palaeoprecipitation maps suggest that the sequence fromMN 9 toMN 12 (ca. 11.1–6.8Ma) was dominated by an east–
west (continental-marine) humidity gradient, which gradually intensified and with a shift of dryer conditions eastwards in MN 12 (ca.
7.5Ma). Thiswas partly overlain fromMN13onwards by a north–south oriented gradient,which persisted at least to the end of the Pliocene.
The maps for both the earliest late Miocene (MN 9, ca. 11.1–9.7 Ma) and the earliest Pliocene (MN 14, ca. 4.9–4.2 Ma) show very low
regional differentiation, possibly suggesting perturbed phases in the evolution of the mammal communities. Analysis of hypsodonty and
dietary structure of the mammalian plant-eater community in Europe during the entire interval shows that the Miocene–Pliocene boundary
wasmarked by a strong decrease inmesodont species andmixed feeders, and an increase in brachydont species and omnivores. In this view,
the shift in the latest Miocene from east–west to partly north–south-polarised hypsodonty patterns corresponds mainly to an increase in
hypsodont species and grazers. It seems probable that the east–west gradient was primarily driven by precipitation, while the north–south
gradient would also have been strongly influenced by temperature-related effects of humidity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Paradoxically, one of the main difficulties affecting
the empirical study of past environments and ecosystem
changes is the wealth of information available. The
difficulty lies not in the amount itself (which is, after all,
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modest compared with many other scientific disci-
plines), but in the disparate nature and uneven
distribution of the information. This would not be a
problem if most of the information would be convertible
to some common currency like temperature, rainfall or
primary productivity, but such is not yet the case, as the
contributions to the present volume eloquently testify.
There seems little doubt that such conversions will
become increasingly feasible and common, but while
we wait for this it seems useful to search for internally
consistent, quantifiable environmental indicators with
sufficient geographical coverage and sampling density
and sufficient stratigraphic resolution to allow mapping
of comparable time slices on the continental or global
scale. We believe that much progress would result if
such maps, based on independent, quantified evidence,
could be directly compared and analysed in combina-
tion. This paper presents an example, using the recently
developed parameter of mean hypsodonty (molar crown
height) of large plant-eating mammals as a proxy for
rainfall (Fortelius et al., 2002; Jernvall and Fortelius,
2002; Fortelius et al., 2003).

The functional link between hypsodonty and rainfall
that we exploit is the relationship between food
properties and dental wear observed in living mammals
(for a summary of the evidence, see Fortelius et al.,
2002). The factors favouring hypsodonty are many, but
virtually all increase in effect with increasing aridity and
openness of the landscape (increased fibrousness,
increased abrasiveness due to intracellular silica or ext-
raneous dust, and decreased nutritive value) (Fortelius,
1985; Janis, 1988; Janis and Fortelius, 1988). Hypso-
donty thus implies a condition of the vegetation that
might be termed generalized water stress, either in
overall conditions or as a regularly occurring extreme
period, such as a dry season. Except in high latitudes,
this condition should depend closely on rainfall. A pre-
liminary analysis suggests that there is, indeed, a strong
relationship between local mean hypsodonty and local
mean annual precipitation in modern mammal commu-
nities (Damuth and Fortelius, 2001).

The evolutionary and ecological nature of mean
hypsodonty is not entirely clear. The increase in mean
hypsodonty recorded during the Miocene is known to be
driven almost entirely by species and morphological clas-
ses that are “common”, i.e., that occur at many localities
(Jernvall and Fortelius, 2002). This suggests that in each
interval a substantial proportion of the species that were
most able to increase their share of available resourceswere
found in the hypsodont category, implying that increased
hypsodonty was often highly adaptive. However, instances
of secondarily reduced hypsodonty are virtually unknown

and some hypsodont species are known to subsist today on
food that does not require hypsodont teeth (Fortelius,
1985). It is therefore possible that short intervals of in-
creased humidity within an overall drying trend might not
be reflected in mean hypsodonty. However, the main pro-
ximate mechanism determining mean hypsodonty is not
evolutionary change but geographic sorting of species and
a lowering of mean hypsodonty is easily accomplished by
immigration of species with low-crowned teeth, even in the
unlikely case of all hypsodont species remaining unaffected
by the change. We suggest that mean hypsodonty provides
a reasonably faithful record of relative rainfall within and
between intervals, a view supported by the actualistic re-
sults referred to above.

The mammalian fossil record of the late Miocene and
early Pliocene of Eurasia is relatively well known
(Lindsay et al., 1989; Bernor et al., 1996; Rössner and
Heissig, 1999). The main difficulties for the present
purpose concern the age and correlations of localities,
both of which still depend mainly on biochronology (e.g.,
the MN system; Mein, 1989; De Bruijn et al., 1992) and
extrapolation between tiepoints dated by independent
means (Steininger et al., 1996; Krijgsman et al., 1996;
Alroy et al., 1998; Agustí et al., 2001). The difficulties are
greatest for intervals of little taxonomic change. Curious-
ly, as far as large mammals are concerned, the Miocene–
Pliocene transition in Europe is such an interval of very
minor taxonomic turnover and it is often difficult to
decide whether localities belong in the latest Miocene or
earliest Pliocene (e.g., Schmidt-Kittler et al., 1995). It is
therefore necessary to emphasise that our analysis does
not depend on high precision of dating or correlations.We
have accepted that continent-wide correlations are in-
secure and have used a very crude stratigraphic subdi-
vision for the continental-scale maps. Both for this and for
the finer MN-unit resolution employed for Europe we
contend that biases introduced by false locality age
assignments are expected to be mainly in the conservative
direction, decreasing the apparent differences between
adjacent intervals. Needless to say, our focus is on the
broad patterns rather than on the local details.

2. Data and methods

2.1. Data

We used a dataset derived from the NOW database of
Eurasian Neogene fossil mammals and from ongoing
compilation projects for the Former Soviet Union (FSU)
and China. The latest public version of the NOW data can
be downloaded from http://www.helsinki.fi/science/now
and our combined dataset is available from the authors. It
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should be noted that many localities in the NOW database
have incomplete faunal lists, a fact arising from the history
of the database, which was originally built for the revision
of taxonomic groups (Fortelius et al., 1996). For the large
plant-eater species on which our analyses are based the
coverage is quite good, however. The FSU and Chinese
data have not been systematically revised andwe consider
them somewhat less reliable than the public NOW data,
but the uncertainties are mostly taxonomic and should not
affect hypsodonty scores significantly. The age informa-
tion for these datasets has been reviewed by AT and ZZ,
respectively. We included all large mammal taxa
classified as plant-eaters or plant-dominated omnivores.
Thus, all pigswere included but no carnivoran omnivores.

2.2. Stratigraphy

The localities were grouped into five time intervals
according to the age estimates given in the database. Each
NOW locality has a maximum and a minimum age
estimate, in most cases based on the boundaries of a
stratigraphic unit. For this paper, we used the mean of these
estimates, excluding localities where the difference bet-
ween maximum and minimum estimates exceeded 3 Ma,
except for some Chinese localities where we accepted
greater uncertainty. For the late Miocene and Pliocene the
discrepancies between recent mammal zonations are rela-
tively minor. The division between our “earlier” and “later”
late Miocene is dictated by the Chinese stratigraphy and
divides the European late Miocene within the Turolian
faunal unit. For the European comparisons of single MN-
units, we accepted only localities assigned to a single MN-
unit in theNOWdatabase. TheMNcalibration of theNOW
database is still Steininger et al. (1996), but for this paper
we used the calibration of Agustí et al. (2001).

2.3. Hypsodonty

Three classes of hypsodonty are recorded in the NOW
database: brachydont, mesodont and hypsodont. The
criteria for assigning species to these classes are ultimately
up to the taxonomic coordinators of the NOW advisory
board, but the rule of thumb is based on the ratio of height to
length of the second molar (upper or lower). Brachydont
teeth have a ratio of less than 0.8, mesodont have a ratio in
the range 0.8–1.2 and hypsodont over 1.2. For this study,
the hypsodonty classes were assigned the values 1, 2 and 3,
respectively, a relaively conservative procedure as the dif-
ference in crown height between a hypsodont and a bra-
chydont species is usually more than 3:1. The mean
hypsodonty value was calculated for each locality by ave-
raging these ordinated scores and the mean values (ex-

cluding cases based on a single species) were plotted on
maps using interpolated colors to indicate regional diffe-
rences (Figs. 1 and 2). It should be said here that grass
eating and the Neogene spread of grasslands is only a
subordinate theme in the evolution of hypsodonty.
Hypsodonty is not restricted to grass eaters today, nor are
all modern grazers hypsodont (Fortelius and Solounias,
2000). There is growing consensus that many species of
Neogene hypsodont equids were mixed feeders and even
browsers (Hayek et al., 1991; Quade et al., 1994; Mac-
Fadden et al., 1999; Kaiser et al., 2000), and the same is
evidently true of the hypsodont ruminants (Fortelius and
Solounias, 2000). Finally, we stress that mean hypsodonty
measures aridity in a very generalized sense and cannot (as
far as known) distinguish between total and seasonal rain-
fall, for example. This lack of specificity must be applied
throughout to the interpretation of our results.

2.4. Diet

The comparison of dietary categories (Fig. 3) uses a
subset of the “diet_3” assignments as given in the NOW
data: plant-dominated omnivory (plant_dom), browsing
(browse), mixed feeding (br/gr) and grazing (graze).
These values are not assigned primarily from hypso-
donty, but emphasise dental wear patterns (Janis, 1990;
Fortelius and Solounias, 2000) and cranial proportions
(Solounias and Moelleken, 1993; Janis, 1995).

2.5. Maps

We deliberately use modern maps as a background
for these patterns partly because of the lack of palin-
spastic paleogeographic maps on which the localities
could be automatically plotted in their correct positions
and partly because our time slices span more time than
any one paleogeographic configuration. We also use
modern geographic names (such as “China” or “Iberia”)
as neutral landmarks. All GIS maps were made in
MapInfo Professional 6.0 using the inverse distance
weighted (IDW) algorithm and the following settings:
cell size 30 km, search radius 3000 km, grid border
1100 km, number of inflections 9, values rounded to 1
decimal. The inflection values were manually set to the
range 0.7–3 for all maps. For the maps of all Eurasia
(Fig. 1), where large areas are far from the nearest data
point, a mask was manually superimposed to fade out
areas more than 1000 km from the nearest data point
(opacity 50%). Map 1d was created for approximate
reference from public data provided by the Food and
Agriculture Organization of the United Nations, Envi-
ronment and Natural Resources Service using the public
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WinDisp application. Data and software were down-
loaded from http://www.fao.org/WAICENT/FAOINFO/
SUSTDEV/eidirect/CLIMATE/EIsp0002.htm. The pre-
cipitation values shown on map 1d were restricted to the
interval resolved by hypsodonty in modern mammal
communities (approximately 100–2500 mm/year), but
there is no precise relationship between the color sche-
mes of this map and those based on hypsodonty.

2.6. Sampling

The problematic issue of sampling that plagues all
studies of fossil biodiversity (for a recent review, see Alroy
et al., 2001) is not critical here, since mean hypsodonty is a
relative measure describing community structure and
should be comparatively robust with respect to sampling
(Damuth, 1982). The analyses of crown height and dietary
structure uses the SPLOC method (Fortelius and Hokka-
nen, 2001), whereby each species is counted each time it
occurs, and the result is therefore weighted in proportion to
the commonness and presumed ecological impact of the
species. Mean hypsodonty calculated for individual
localities also emphasizes the most commonly occurring
species (Jernvall and Fortelius, 2002) and is therefore

relatively insensitive to the presence or absence of rarely
sampled species.

3. Mio-Pliocene palaeoprecipitation patterns based
on mean hypsodonty

3.1. The Eurasian continent

The suit of maps shown in Fig. 1 summarises conti-
nental-scale results discussed in more detail elsewhere
(Fortelius et al., 2002; Fortelius et al., 2003). According to
mean hypsodonty, the earlier part of the late Miocene (ca.
11–8Ma)was characterised bymoderately dry conditions
except in the western part of Europe and southern China
(the Lufeng locality), with a clustering of the driest loca-
lities in east–central Asia (Fig. 1a). The bipartition of
Europe into a more humid (oceanic) western part and a
drier (continental) eastern part is very well established
(Fortelius and Hokkanen, 2001; Fortelius et al., 1996) and
will be shown inmore detail in the next section. In the later
part of the late Miocene (ca. 8–5 Ma) western Europe
appears mostly “dry”, with very high hypsodonty values
in Iberia (Fig. 2b). More humid conditions are indicated
only in central Europe and eastern Asia in this interval,

Fig. 1. Colour-interpolated maps (a–c) of Eurasian large mammal plant-eater mean hypsodonty by locality during the late Miocene and Pliocene (see
Data and methods). Greens, yellows and reds show the successive increase in crown height interpreted here as increasing aridity. The colours are
faded beyond 1000 km from the nearest data point. Map of modern (present interglacial) mean annual precipitation in Eurasia (d). Oranges represent
less than 124 mm/year, yellows 125–474 mm/year, greens 475–1474 mm/year and blues over 1475 mm/year. Note that maps a–e lack data for Africa
and Southeast Asia, and that no precise correspondence is intended in the colour schemes between hypsodonty and precipitation. Data for map d are
based on Leemans and Cramer (1991).
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with north China appearing distinctly less dry than in the
preceding interval. In the Pliocene (ca. 5–2 Ma), western
Europe again appears less dry, while the eastern
Mediterranean and central to eastern Asia now appear
quite arid (Fig. 1c). The apparent expansion of the
relatively humid region in central Europemay be partly an
artefact of less data for this region than in the preceding
interval, but the “greening” of Ukraine and the Caucasus
appears real. In broad outline the Pliocene pattern is quite
similar to the modern rainfall distribution (Fig. 1d),
bearing in mind that neither northern Africa nor
southeastern Asia are sampled for the Pliocene.

3.2. Europe

A finer stratigraphic subdivision reveals a striking,
two-part history for the interval combined late Miocene
and Pliocene (ca. 11.1–2.5 Ma). The MN-unit age assig-
nations in the following are given according to Agustí et
al. (2001). During the Vallesian (MN 9–10, ca. 11.1–
8.7 Ma) the east–west contrast arises as part of a trend
of generally increasing aridity (Fig. 2a,b). This contrast
is most pronounced in the early Turolian (MN 11, ca.
8.7–7.5) and is followed in the middle Turolian (MN
12, 7.5–6.8 Ma) by a “transgression” of the open

Fig. 2. Colour-interpolated maps of European large mammal plant-eater mean hypsodonty by locality during the MN units of the late Miocene and
Pliocene (see Data and methods). Greens, yellows and reds show the successive increase in crown height interpreted here as increasing aridity. The
colours are restricted to a radius of 1000 km from the nearest data point. The age assignments of the MN units follow Agustí et al. (2001).
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habitats (or at least the open-adapted Pikermian
mammals) westwards (Fig. 2c,d), as originally noted
by Bernor et al. (1979) and later described quantita-
tively by Fortelius et al. (1996) and Fortelius and
Hokkanen (2001). This westward expansion of the
Pikermian Biome (Solounias et al., 1999) is seen here to
represent the culmination of the late Miocene climatic
trend of decreasing humidity in a framework of a
predominantly continental-oceanic (east–west) dynamic.
It is followed in the late Turolian (MN 13, ca. 6.8–
4.9 Ma) by what we interpret as a pattern polarised on a
north–south gradient, with relatively dry conditions
dominating in the Mediterranean (especially Iberia and
Anatolia, the southernmost parts sampled), and pre-
dominantly humid conditions north of the Alps (Fig.
2e). Although the hypsodonty proxy does not directly
measure temperature, we expect cooling at higher la-
titudes to come across as increasing humidity resulting
from decreased evaporation, as is seen today. We
therefore interpret the north–south gradient as reflecting
temperature in part. Thus, according to the hypsodonty
signal, the main break in climatic conditions is not
between the Miocene and the Pliocene, but between the
middle and late Turolian, corresponding approximately
to the Tortonian/Messinian boundary in the marine

chronology (Steininger et al., 1996). The early Pliocene
(MN 14, ca. 4.9–4.2 Ma) appears here as a curiously
featureless interval (Fig. 2f), followed by a return to the
north–south pattern in the middle and late Pliocene
(MN 15–16, ca. 4.2–2.5 Ma) (Fig. 2g,h). This pattern is
difficult to interpret and we prefer not to press the
evidence here. It is perhaps best regarded as a less
strongly developed version of the north–south-polarised
pattern seen in the preceding and subsequent intervals.
An interesting observation is that, throughout these changes,
the least affected area appears to be the northwestern Medi-
terranean (southern France and northern Italy).

4. Plant-eater community structure: hypsodonty
and diet

The European map series may be compared with a
breakdown by crown height and dietary category for the
corresponding intervals (Fig. 3). For crown height, the
Vallesian Crisis (Agustí et al., 1984) stands out clearly
as an increase of mesodont and hypsodont species in
MN 10 (Fig. 3a), and corresponds to an increase in the
proportion of mixed feeders and grazers (Fig. 3b). Both
for crown height and diet, the interval MN 10–12 is
remarkably uniform. The arrival of the north–south-

Fig. 3. Relative frequencies of molar crown height classes (a) and dietary categories (b) in the large mammal plant eater communities of the late
Miocene, Pliocene and early Pleistocene of Europe (see Data and methods).
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polarised world in MN 13 is reflected in the hypsodonty
structure by only a moderate increase in the proportion
of hypsodont species, but by a major increase in the
proportion of grazers. Unlike the maps, the geograph-
ically unresolved crown height and diet structure both
record substantial change at the Miocene–Pliocene
boundary, consisting of a marked increase of brachydont
species at the expense of mesodont ones and a
corresponding marked increase in the proportion of
omnivores. This pattern remains relatively stable
throughout the Pliocene but changes at the beginning
of the Pleistocene, when hypsodont species and grazers
again increase markedly.

5. Discussion

5.1. Mean hypsodonty and palaeoclimate reconstructions

We have previously argued (Fortelius et al., 2002,
2003) that the climatic changes suggested by the
hypsodonty maps are in agreement with general
predictions from palaeoclimate models and palaeocli-
matic proxy data from both the marine and the
continental realm (e.g., Prell and Kutzbach, 1992;
Kutzbach et al., 1993; Broccoli and Manabe, 1997;
Ruddiman, 1997; An et al., 2001), especially in the late
Miocene aridification of Asia north and west of the
Tibetan Plateau and the relative lack of change to the
east and south of the Plateau. Of particular interest in the
continental-scale sequence is the return to more humid
conditions in northern China in the latest Miocene,
coinciding in time with evidence of strengthened
monsoon circulation at about 8 Ma (Molnar et al.,
1993; Rea et al., 1998; Griffin, 1999). While we do not
necessarily wish to claim a causal connection here
between the increased humidity in eastern Asian and the
contemporaneous humidity decrease of western Europe,
we do wish to point out that general circulation models
as well as partial models like the desert/monsoon system
described by (Griffin, 2002) do require that the same
change in circulation pattern will have different and
often opposite effects in different regions. Thus, the
climatic effects observed in north-eastern Africa and
attributed by Griffin (2002) to the development of the
monsoon system seem to coincide in time with the
presumably monsoon-driven changes seen in northern
China, with a more humid phase beginning at about
8 Ma, followed by more arid conditions from 4 Ma
onwards (Ding and Yang, 2000; Zhang et al., 2002—
compare Fig. 1c). The rhythm of climatic change in the
Sub-Himalayan Zone was similar, but the direction of
change was more like that of western Eurasia, with

evidence of drying at 8 Ma and cooling at about 6.5 Ma
(Hoorn et al., 2000).

For Europe, or data appear largely consistent with the
palaeoclimatic evidence derived from plant evidence. In
particular, the major drying observed at the middle–late
Miocene transition (Ivanov et al., 2002) and the relative lack
of change inEurope north of theAlps (Utescher et al., 2000)
as well as in the northwestern Mediterranean (Suc and
Bessais, 1990; Suc et al., 1992) are entirely in agreement
with the large mammal evidence. We suggest that, when
data from multiple taxonomic groups have been combined
and synthesised, a more detailed cross-comparison with
predictions of climate models would be highly rewarding.

5.2. Mean hypsodonty and palaeogeography

There appears to be an almost complete lack of
correlation between the changing land–sea configuration
and the palaeoprecipitation maps derived from mean
hypsodonty, in particular, the complicated history of the
Paratethys (Rögl, 1998; Magyar et al., 1999) is not
reflected in any simpleway in the hypsodonty data. Rather
than argue against the effect of water bodies on
precipitation patterns in their immediate surroundings,
we suggest that this result mainly reflects the typically
wide geographic distribution of large mammals. Specif-
ically,wewould expect proxy data fromplants and smaller
animals to provide more evidence of local conditions than
do large mammals. The drying (to whatever degree) and
re-flooding (at whatever rate) of the Mediterranean at first
sight do seem to be reflected in changes in the geographic
distribution and community structure of hypsodonty and
diet, but causation is difficult to prove and we cannot
exclude the possibility that changes observed in the
mammal data and in the hydrology of the Mediterranean
are largely independent reflections of the same underlying
climatic and tectonic events (Griffin, 2002).

A related aspect concerns the role of land–sea
connections as barriers to mammal dispersal. In this matter,
we agree with thosewho hold that “mammals alwaysmake
it through” and that the decisive factor is not dispersal but
establishing viable populations (Fortelius et al., 2003). This
implies that for most largemammal species the real barriers
(save for oceans and the highest mountain ranges) are
ecological rather than physical. In the present context, it is
useful to consider the effect on mammalian biogeography
of interrelated, regionally differentiated climate changes.
Could it be that times of climate change are particularly
amenable to dispersal simply because the shifting of species
ranges (e.g., of dominant plant species ormain competitors)
momentarily weakens the regional ecological differentia-
tion affecting the mammals? It might even be speculated
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that the featureless hypsodonty maps of MN 9 and MN 14
could partly reflect mammal communities “in transit”, fol-
lowing times of external perturbation, rather than expres-
sions of lack of regional climatic differentiation.

6. Conclusions

The large mammal data appear to fit a pattern from
climatic reconstructions, suggesting major, possibly
interconnected changes at two times during the late
Miocene and Pliocene. The first took place at about
8 Ma and was expressed in western Eurasia as aridi-
fication, leading to a transgression of the dry-adapted
Pikermian faunas westwards. In China, the Red Clay
mammal faunas record an increase in humidity at about
the same time, following on a dryer interval in the early
late Miocene. The second change corresponds roughly
to the beginning of the Messinian and was expressed in
Europe as the appearance of a north–south-polarised
ecological gradient, superimposed on and partly repla-
cing the east–west-polarised system that had dominated
the region since the middle Miocene. In this second
event, the mammals may have responded more to coo-
ling than to changes in humidity. These results appear
generally congruent with predictions from atmospheric
circulation models (Steppuhn et al., 2006-this volume),
palaeovegetation models (François et al., 2006-this
volume) and with evidence from other fossil groups
(Bruch et al., 2006-this volume; Van Dam, 2006-this
volume). There appears to be good hope that an
understanding of causally interrelated regional climate
changes in the Eurasian Neogene is now emerging.
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