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We present two eight-million year long proxy records of precipitation for Southwest and Central Europe,
covering the middle to late Miocene (5.3–13 Ma) at a temporal resolution of about 60 kyr and 150 kyr,
respectively. The estimates of precipitation are based on the ecophysiological structure of herpetological
assemblages (amphibians and reptiles). From 13.0 Ma until about 9 Ma, both records show a similar trend,
evolving from a long dry period (13–11 Ma) into a “washhouse climate” (10.2–9.8 Ma), characterized by
global warm conditions and several times more precipitation than present. The transition fromwashhouse to
a dryer climate between 9.7 and 9.5 Ma and the concomitant cooling episode appear to have triggered a
severe biotic event known as the Vallesian crisis, which included the extinction of hominoids in Western
Europe. A second washhouse period (9.0–8.5 Ma), coeval with a global warm episode, was unprecedentedly
intense in Southwest Europe, but less pronounced in Central Europe. From 8 Ma onward, a divergence in the
two precipitation records is observed, with Southwest Europe staying wetter and Central Europe becoming
dryer than present. Both precipitation records are combined into a common run-off curve as a measure of the
relative intensity of the hydrological cycle for moderate latitudes of continental Europe. The run-off curve
shows a remarkable positive correlation with Atlantic deep-water temperatures from Ceará Rise by Lear et al.
(2003), which are significantly higher (up to +3 °C) during the two washhouse periods and show no other
positive excursion of comparable magnitude. We discuss potential links and the role of the coeval temporary
restriction of the Central American Seaway on ocean and atmosphere circulation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The late Miocene has attracted recent interest as a potential model
system for testing future climate change scenarios (Lunt et al., 2008a).
Model predictions for future global warming (IPPC, 2007) project an
increase in global mean precipitation with substantial spatial varia-
tions, e.g. between northern Europe (wetter than present) and
southern Europe (drier than present). Climate proxy data for the
Tortonian (11.6–7 Ma) indicate warmer and more humid conditions
than today in continental Europe (e.g., Mosbrugger et al., 2005; Bruch
et al., 2006), an already well-developed Antarctic ice cap, and amostly
ice-free Greenland (Thiede et al., 1998). The land–sea distributionwas
similar to present, but probably with less pronounced topography and
still open oceanic gateways that now are either completely closed
(Isthmus of Panama) or at least restricted for large-scale oceanic
interexchange (Indonesian seaway). Overall warmer ocean tempera-
tures have been deduced from deep-sea proxy records (Zachos et al.,
2001; Lear et al., 2003). For such a scenario, it is reasonable to expect
higher sea-surface temperatures in the North Atlantic and an
enhanced northward heat transport and moisture supply from low
to high latitudes, leading to an intensified hydrological cycle in

Europe. This is also suggested by a paleoprecipitation map for Europe
reconstructed from paleoflora analysis (Fig. 6 in Bruch et al., 2006).
Because of the less accurate dating of many palaeobotanical sites such
maps typically contain data with low temporal resolution (in this case
from 11–7 Ma). However, the late middle and late Miocene are
characterized by several cooling and warming events (Mudie and
Helgason, 1983; Thiede et al., 1998; Winkler et al., 2002; Billups and
Schrag, 2002), which underline the need for higher temporal
resolution of palaeoprecipitation data.

To learn more about the long-term variations of the hydrological
cycle in the late middle and late Miocene, we have constructed two
eight-million year long paleoprecipitation proxy records for two
European regions, with characteristic time resolution of ~100 kyr. The
stratigraphic–chronologic framework is provided by cyclostrati-
graphic, magnetostratigraphic and/or small mammal based biostrati-
graphic methods. A precipitation database was established using the
ecophysiological structure of herpetological (amphibians and reptiles)
assemblages (Böhme et al., 2006) stemming from two regions in the
European sector of the North Atlantic catchment area (Fig. 1): the
Calatayud–Teruel Basin in Southwest Europe (13.56 to 5.36 Ma) and
the Paratethys region in Central–Eastern Europe (13.27 to 5.75 Ma).
The median temporal resolution of each record is ~60 kyr and
~150 kyr, respectively. Since the regions investigated have a different
spatial extent, we will later express the precipitation in terms of an
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area-weighted continental run-off as an indicator of the intensity of
the hydrological cycle.

2. Methods

2.1. Stratigraphic–chronological framework

2.1.1. Southwest Europe
The fossil record of amphibian and reptilian communities comes

from two continental sequences of NE Spain (Calatayud–Daroca and
Teruel Basin), both representing endorheic basins. Fossils were found
in alluvial and lacustrine facies of the basin margins which may
laterally grade into evaporites.

18 fossil-bearing horizons from the Calatayud–Daroca Basin were
sampled from an area of few square kilometres east of the Villafeliche
village, (see Fig. 2 in Daams et al., 1999). The composite section
comprises over 200 m sediments of alluvial and lacustrine origin.

52 fossil-bearing horizons from the Teruel Basin were sampled
from an area of up to 100 km2 between the Teruel and Alfambra
villages (Van Dam et al., 2001) and south of Teruel (Abdul Aziz et al.,
2004). The composite section comprises over 200 m sediments of
alluvial and lacustrine origin.

The age model for the 70 horizons (localities) is according to the
one established by Van Dam et al. (2006), which is based on
correlation to local magnetostratigraphically dated sections, cyclo-
and lithostratigraphic extrapolation, and biostratigraphic correlation.
For details see Van Dam et al. (2006). The fossil amphibians and
reptiles we used for the estimation of paleoprecipitation were picked
out from exactly the same sediment samples from which Van Dam
et al. (2006) derived their small mammal record.

2.1.2. Central- and Eastern Europe
The fossil record of amphibian and reptilian communities was

obtained from several locations of the Paratethys region (Western
Paratethys: North Alpine Foreland Basin, Central Paratethys: Vienna,
Pannonian, Transylvanian Basins, Eastern Paratethys region, see Fig.1 for
sampling sites). The sites contributing to the Paratethys precipitation

record range from 46.5°N to 49.5°N in latitude and 8°E (Switzerland) to
28°E (Moldova) in longitude; a single locality is from 40°E (Southern
Russia). Combining data from such awide geographic bandmay appear
difficult because of possible regional precipitation gradients. However,
fossil sites of similar age are located close to each other and the general
age trend is such that older sites are from the Western Paratethys and
younger sites are from the Eastern part of the region covered. To
overcome remaining spatial uncertainties we calculate the paleopreci-
pitation relative to the present-day values (see below). According to the
IPCC, 2007 report, precipitation (relative to recent values) predicted for
Europe shows a meridional trend over most of Europe, with little
regional variation in the zonal band studied here (Fig.11.5 in Christensen
et al., 2007). Thereforewe are confident that our approach of combining
data from this area is fairly robust and provides a spatio-temporally
coherent record, which is also corroborated by independent coeval
proxy data, as discussed further below.

Fossils were derived from a variety of depositional and environ-
mental regimes, like near shore, fluvial, lacustrine and swamp facies
and karstic fissure fillings (Supplementary Table 1).

The stratigraphic–chronological framework for the 29 localities
(Supplementary Table 1) is based on correlation to local magnetos-
tratigraphically dated sections, sequence- and lithostratigraphic
extrapolation, and biostratigraphic correlation.

2.2. Estimation of paleoprecipitation based on herpetofaunal composition

The distribution and spatial occurrence of amphibians and reptiles
depend on environmental conditions at various scales, ranging from
habitat to global scale (Zug et al., 2001). It is assumed that distribution
of species at a given spatial scale is in equilibrium with their
environment (Guisan and Theurillat, 2000). Several investigations
found a strong positive correlation between annual precipitation and
amphibian species richness (e.g. Duellmann, 1999; Duellmann and
Sweet, 1999; Tyler, 1994; Crowe, 1990). For reptiles it has been
documented that climate (precipitation and temperature) more
closely matches their distribution than any other environmental
factors such as topography (Guisan and Hofer, 2003; Owen, 1989).

Fig. 1.Map of western Eurasia showing the coastline (yellow) of the Central and Eastern Paratethys Sea around 8 Ma, according to Popov et al., 2004, 2006), the position of localities
used for reconstructing the Central and Eastern European precipitation curve (red dots), and the South-West European precipitation curve (red rectangular; Calatayud–Teruel Basin).
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Precipitation serves as a direct predictor for the herpetofaunal
distribution and species richness and yields robust and widely
applicable modelling results (Austin, 2002). The most important
environmental factors for amphibian and reptilian distributions are
sunlight availability as the ultimate heat source, and water availability
as reproductive- and buffering medium against thermal extremes.
Amphibians and reptiles have evolved several different ecophysiolo-
gical strategies and adaptations to maintain thermoregulation, water
balance and gas exchange.

Böhme et al. (2006) assorted recent amphibians and reptiles on the
basis of their ecophysiological strategies into six groups. The relative
frequency of these groups in recent communities is used to establish
an ecophysiological index for communities, which shows a highly
significant correlation with mean annual precipitation (r2=0.88). The
correlationwas established for a range of recent climatic conditions up
to a maximum of 1600 mm annual precipitation. Applying this
relationship to fossil communities will yield paleoprecipitation
estimates with average errors of ±250 mm for the middle of the
range and of ±275 mm for very wet conditions. In the limit of zero
precipitation, the 95% prediction interval is from 0 to +275 mm,
because precipitation values cannot become negative. Thus, the
method is particularly accurate for drought conditions. This paleo-
precipitation tool is applicable in fossil assemblages with rich
amphibian and reptile records that show relatively low taphonomical
bias with respect to the herpetofauna, such as alluvial sediments,
paleosoils, caves, fissure fillings, pond and swamp deposits, and
channel-fill sediments. It is important to note that, in contrast to
paleobotanical methods, this approach is less facies-dependent and
applicable to both wet and dry endmembers of the climate system.

For the present investigation we established the database for
precipitation estimates from herpetofaunal assemblages (Böhme et al.,
2006) using a range-through approach. We follow the methods of
Barry et al. (2002) and Van Der Meulen et al. (2005) to estimate the
ranges of taxa by closing all gaps shorter than 500 kyr (cf. grey cells in
Supplementary Tables 2 A–C and 3A–D). This method assumes that a
range gap b500 kyr is due only to sampling and not to emigration of a
taxon followed by its immigration.We apply thismethod consequently

on the Southwest European record, because of the spatially small-scale
sampling area (see Section 2.1.1.) and the assumption of a single
taphonomic mode bias of the assemblages (Van Der Meulen et al.,
2005). The taxon ranges at the old and young end of the data-set are
compiled using assemblages from the preceding, respectively follow-
ing 500 kyr (data not shown here). Because of the larger sampling area
and the different depositional regimes in the Central and Eastern
Europe data-setwe used the range-through approach only in adequate
cases (e.g. Hammerschmiede section, Richardhof section).

The resulting data sets (Supplementary Tables 2 and 3) are
converted into absolute annual paleoprecipitation estimates using
Eq. (6) in Böhme et al. (2006). From the absolute precipitation
estimates (Fig. 2A) we calculated the precipitation relative to the
present-day values (Fig. 2B) on the basis of actual mean precipitation
values from the spatially nearest available climate station of a given
fossil locality (Supplementary Table 3E). For the Calatayud–Teruel
Basin record we choose the stations of Teruel (Mean Annual
Precipitation 373 mm) and Zaragoza (MAP 318 mm) and appreciate
a present-day MAP of 350 mm (Supplementary Table 2A–C).

2.3. Estimation of paleorunoff

Combining the precipitation time series from both sectors into a
common curve requires a commonagemodel,which however is not the
case here. We first have to treat the age uncertainties of the data points
from the C+E sector (Paratethys) before we can fit a hypersurface to
them, which can then easily be interpolated at the points specified by
the good agemodel for the data from the South-Western sector (Spain).
The stochastic (‘Boolean’) approach to treat the age uncertainties of the
data from the C+E sector (see details in online Supplementary Data)
transforms error bars in the age model into error bars in precipitation
(Fig. 3). After this transformation, the data from the C+E sector can be
combined with those of the W-sector to compute the total run-off of
both areas. We use the Calatayud–Teruel and the Paratethys precipita-
tion trends (for data see Supplementary Tables 2A–C and 3E) as models
for Miocene humidity evolution in the Western and Central+Eastern
European sector. The Western sector represents the Iberian Peninsula

Fig. 2. Serravallian to Messinian precipitation from Europe. A—absolute mean annual precipitation (MAP) values for SW-Europe (black) and Central+Eastern Europe (red, 2-point
running mean). B—ratio of MAP relative to recent; 100% means no change relative to recent.
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and Western Europe from France up to the Baltic Sea. The Central+
Eastern sector comprises the drainage area of the Adriatic, Black and
Caspian Seas. We include the Caspian Sea in this sector because the
Caspian and Euxinian (Black Sea) basins were connected during the
studied time interval (Popovet al., 2004). On thebasis of thepresent-day
catchment area of Europe's 18 largest rivers (Supplementary Table 4)we
determine the relative proportion (weight factors) as wW=0.3 and
wCE=0.7 for the W-sector and the C+E sector, respectively.

For the W-sector, the change in precipitation relative to present-
day values, ΔMAP=MAPt−MAP0 (in mm), and the precipitation ratio
MAPt/MAP0 (×100%) (note that MAPt/MAP0=1+ ΔMAP/MAP0) show
exactly the same variation since the W-sector is represented by the
Calatayud–Teruel Basin with a single MAP0 of 350 mm. ΔMAP and
MAPt/MAP0 for the C+E sector show a very similar variation since
MAP0 does not vary much among most locations from the C+E sector,
except for location “Hammerschmiede”, which represents the pre-

cipitation model for the range of 11.1–11.2 Ma (Fig. 2). With this good
agreement between ΔMAP andMAPt/MAP0, we can useMAPt/MAP0 to
compute the relative change in run-off from relative to recent values
by applying the empirical relationship established by Karl and
Riebsame (1989).

log10
Rt

R0
d100k

� �
¼ bþmd log10

MAPt
MAP0

d100k
� �

ð1Þ

where MAP and R denote mean annual precipitation and run-off,
respectively, at time t in the past and today (subscript 0). The
empirical slopem is 2.11, and the offset b is obtained as −2.22 from the
relation b=2⁎ (1−m). Note that the effects of evapotranspiration are
implicitly included in the relationships. Higher precipitation is
coupled with higher cloud cover, which reduces evaporation.

It is important to note that Karl and Riebsame (1989) established
the relationship for maximum precipitation ratios of 1.75, leading to
an amplification of 3.1 (e.g., 75% more rainfall leads to 230%more run-
off). While the precipitation ratios in the C+E sector do not exceed 2.0,
the positive rainfall anomalies in the W-sector may reach 4.0 and
therefore would yield an amplification of 6. Rather than to extrapolate
the amplification on the basis of Eq. (1) for MAPt/MAP0 ratios greater
than 1.75 (which is beyond the data basis for the empirical
precipitation–run-off relationship), we limit the maximum amplifica-
tion factor to 3.1.

Najjar (1999) analyzed thewater balance of the Susquehanna River
Basin (Chesapeake Bay) over the last 100 yr and found a mean
amplification factor of 2. The total run-off at time t in the past, Rt
(Fig. 4) is obtained as the weighted sum of the run-off curves of each
sector,

Rt ¼ R0d wW
Rt

R0
j
W

þwCE
Rt

R0
j
CE

 !
ð2Þ

where the respective run-off-ratios are computed according to Eq. (1).
According to Oki (2001) the present-day European run-off is

Fig. 3. Ensemble means and ±1σ confidence intervals (grey shaded area) of the relative
mean annual precipitation, MAPt/MAP0 (×100%) for the C+E sector, obtained from
averaging over N=1000 random age models, each consistent with the given age
uncertainties in the original data-set (red points in Fig. 2B). Horizontal black bars
represent the raw data with age uncertainties.

Fig. 4.Weighted European precipitation curve relative to recent (blue), with 1σ intervals (for more information see Supplementary Data, Sections 3–5), green dashed line—Ceará Rise
deep-water temperature (T926Mg/Ca) derived fromMg to Ca ratios in benthic foraminifers (C. mundulus, O. umbonatus) from the eastern equatorial Atlantic (ODP Site 926, Lear et al., 2003,
green solid line—smoothed T926

Mg/Ca, based on three species, C. mundulus, O. umbonatus, C. wuellerstorfi (10% weighted fit, see Fig. 6 in Lear et al., 2003.)
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R0=1.7×1015 kg/a, which corresponds to 0.054 Sv (1 Sv=106 m3/s), see
Supplementary Table 4.

3. Results

The precipitation proxy record for Southwest Europe (black curve in
Fig. 2A) shows frequent high-amplitude changes during the studied
interval. For most of the Tortonian, MAP is generally estimated to be
higher than present-day values, but lower MAP was estimated for the
Serravallian. Most notably, an unprecedentedly wet episode occurred
between 9.2 and 8.5 Ma, with up to 5 times higher MAP than present.
TheMAPproxy record for Central to Eastern Europe (red curve in Fig. 2A)
is a composite fromdifferent locations (older sites in theWesternpart of
the Paratethys region, younger sites in the central part), with different
present-day MAP values. A clearer picture therefore emerges when the
paleoMAP estimates are divided by the respective present-day MAP
values (Fig. 2B). Both of the so obtained relative MAP curves reveal
significantly drier than present conditions between 13.2 and 11.5 Ma
(Serravallian), with typically less than 50% precipitation compared to
recent. This dry interval represents themost intense and prolonged arid
period in Europe since the middle Miocene climatic optimum (Böhme,
2003). Positive rainfall anomalies on the other hand were most
pronounced during the Tortonian, between 10.7 and 9.7 Ma (Central
to Eastern Europe) and at 8.9 Ma (SW-Europe), when the amount of
rainfall exceeded present-day values by more than 200%, indicating a
substantial intensification of the hydrological cycle. Such conditions in
warm extratropical climateswhenprecipitationwasmore than doubled
compared to today can be considered as washhouse climate. The
precipitation trends in Southwest and Central to Eastern Europe are
positively correlated for the late middle to early late Miocene.

From the late Tortonian onward (after 8Ma), the precipitation curves
for the Southwest sector still shows variability with significantly more
humid values than present-day, while the one for the Paratethys
consistently remains below present-day values, which is in agreement
with the spread of steppe biomes at that time in Eastern Europe
(Velichko et al., 2005; Eronen, 2006). Nevertheless, the overall cross-
correlation value between the two time series displayed in Fig. 2B
amounts to 0.85 (maximum for zero-lag time).

Our precipitation trends for Central to Eastern Europe are strongly
supported by paleontological and stable-isotope studies from the
large Central Paratethyan Lake Pannon (Harzhauser et al., 2007). The
long dry interval at the beginning of our record, which is derived from
sites from the Western Paratethys and western side of the Central
Paratethys, is also reflected by elevated salinities in Lake Pannon at
around 11.6 Ma. The salinity of the lake decreased steadily until 10 to
~9.5 Ma, the time of its maximum depth and horizontal extension,
which tallies with the strong increase in our precipitation record for
the C+E sector (Fig. 3). The freshening and increase in lake level were
interpreted as a result of increasing summer precipitation (Harzhau-
ser et al., 2007). Similar to our results, paleobotanical and mammalian
proxy data also indicate mean annual precipitation of around
1.200 mm in the locality Rudabanya (Hungary), north of the Lake
Pannon, for the time around 10 Ma (Bernor et al., 2003).

4. Discussion

4.1. Consequences for ecosystem dynamics in continental Europe

Importantly, the change from wetter to dryer climate between 9.7
and 9.5 Ma is coeval with a change from evergreen to deciduous
vegetation in Spain and supposed to be associated with the extinction
of hominoids in Western Europe, known as the Vallesian crisis in
mammal paleontology (Agusti et al., 2003). We propose that the
significant decrease in the intensity of the hydrologic cycle between
9.7 and 9.5 Ma is a plausible explanation for this ecosystem crisis. The
waning of evergreen forests due to decreased precipitation in turn

reduced the survival ability of frugivorous animals such as hominoids,
which rely on high quantities of glucose-rich food throughout the year
to sustain their elevated brain metabolism. Other forest-dwellers are
eventually supplanted by grassland species invading from Eastern
Europe, together with the spread of Steppe biomes.

4.2. Comparison with marine proxy data

A remarkable correlation is apparent (Figs. 4 and 5A) between the
European water cycle record and an Atlantic deep-water temperature
proxy record (T926Mg/Ca) constructed by Lear et al. (2003) using benthic
foraminiferal Mg/Ca ratios from Ceará Rise, ODP Site 926 (4°N, 43°W),
water depth 3500 m. Today, the site is in the mixing zone between
North Atlantic Deep Water (NADW) and Antarctic Bottom Water
(AABW) and considered to have archived past variations in the flow of
proto-NADW (ancient NADW, devoid of a Middle NADW contribution
from the Labrador Sea) and return flow of water masses of Antarctic
origin (southern sourced water). Most importantly, the T926

Mg/Ca curve
shows a positive double-peak anomaly of 2.5–3 °C, which coincides
with the two washhouse intervals (Fig. 4). Lear et al. (2003) offered
two possible interpretations for the positive T926

Mg/Ca excursions in the
interval of 8–10 Ma, either a vertical movement of water masses, or a
reduction of proto-NADW flow and replacement by warmer water
masses of Antarctic origin. However, if reduction of proto-NADW was
to be responsible for the T926

Mg/Ca anomaly, we would expect to see
another pronounced T926

Mg/Ca anomaly developing at about 7.5 Ma,
when proto-NADW flux as is waning even more (Fig. 5C), as indicated
by decrease in Northern Component Water (NCW) proxy record
constructed on the basis of spatial gradients in the divergence of
benthic carbon isotope records (Wright and Miller, 1996; Poore et al.,
2006). Yet, the T926

Mg/Ca record obviously remains unaffected by the
substantially weakening NCW flow from 8 Ma to 7 Ma. Nor does the
European run-off record seem to be correlated with NCW fluctuations
over the whole time interval studied. It rather appears that NCW flow
(perhaps beyond some threshold strength) is one necessary condition
for a European washhouse climate to occur, while higher tempera-
tures, at least in the North Atlantic domain, are another necessary
condition, although both conditions are not necessarily sufficient and
not independent of each other, since higher sea-surface temperatures
in the North Atlantic not only lead to greater evaporation, but also via
higher salinities to an intensification of the thermohaline branch of
the Atlantic Meridional Overturning Circulation (AMOC). In turn, an
intensified thermohaline circulation delivers more heat (and moist-
ure) to the mid- and high northern latitudes. Available proxy data
(Kaminski et al., 1989; Helland and Holmes, 1997; Duncan and
Helgason,1998; Thiede et al., 1998; Billups and Schrag, 2002; John and
Krissek, 2002; Diekmann et al., 2003;Westerhold et al., 2005) suggest
that also global temperatures were higher when the washhouse
regime reigned over Europe. Globally higher temperatures would
havewarmed both the North Atlantic and Antarctic, causing the T926Mg/Ca

double peak in the time interval between 10 and 8Ma, independent of
whether the temperature anomaly was advected to ODP site 926 by
proto-NADW flow or by a return flow of Antarctic origin.

Interestingly, despite low activity of the Iceland plume around
16 Ma (Wright and Miller, 1996), spatial gradients in the benthic
carbon isotopes before 12Ma are too small to yield robust estimates of
NCW (Poore et al., 2006), which may indicate that NCW flow was
poorly developed before 12 Ma. Winkler et al. (2002) observed a
change in clay mineral ratios and bulk sediment accumulation rate at
around 11.2 Ma (Fram Strait, off the western coast of Spitzbergen),
which they attribute to a change in provenance, an increase in water-
mass exchange through the Fram Strait, and possibly an intensification
of the Atlantic circulation. Neodymium isotopes studies on slowly
growing ferromanganese crusts indicate a strong overall export of
NADW (or a precursor of it) already since 14 Ma (Frank et al., 2002).
Taken together, these observations suggest—despite some unresolved
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discrepancies—that North Atlantic deep-water formation and over-
turning circulation were already developed during the time of the
washhouse climate in Europe. The different nature, sensitivity, and
temporal resolution of the proxy records used for proto-NADW
production/export makes it difficult to better constrain its potential
impact on Tortonian European climate.

4.3. Freshwater forcing

Besides tectonic mechanisms, freshwater forcing during periods of
washhouse climate may have affected NCW formation as well. Of
course, this discussion has to remain on the conceptual level for the
lack of comparable proxy data from other regions of the North Atlantic
catchment area. The European run-off estimated here is discharged
into the North Atlantic at moderate latitudes and feeds into the
subtropical gyre, whose northward branch merges with the Gulf
Stream. However, since the North Atlantic is the primary source of
precipitation in Europe, the hydrological balance can be expected to
be in equilibrium and the net change in freshwater forcing is
practically zero. This is the key difference to rapid meltwater pulses
that strongly perturb a hydrological equilibrium state of the AMOC,
whichmay lead to complete shutdown of NADW flowwith transiently
non-reversible (hysteretical) behaviour (Rahmstorf, 1996).

Nevertheless, there is a possible, indirect scenario that may result
in freshwater forcing of the North Atlantic during the washhouse
period, through freshening the Arctic Ocean by enhanced Siberian
river run-off. This is in as much an option as our precipitation data for
the Paratethys region (Central Europe) might also be representative of
the precipitation trends in the West Siberian river system, which
exports moisture out of the North Atlantic catchment area into the
Arctic Ocean. Enhanced Siberian river discharge promotes stratifica-
tion in the Greenland–Norwegian Sea and so counteracts overturning
and NADW formation (Peterson et al., 2002). Interestingly, the strong
increase in precipitation from 11 to 9.8 Ma in Central Europe (Fig. 3) is
coincident with a decrease in NCW (Fig. 5C). However, due to the lack
of direct West Siberian precipitation data in this period we are not in a
position to quantify the corresponding freshwater forcing.

4.4. Possible mechanisms

The reasons for the pronounced variations in the hydrological cycle
of Southwest and Central Europe are elusive, particularly so for the two
several hundred kyr long washhouse periods, which seem unexampled
in the younger Earth's history. From the comparison with other proxy
data, we have concluded in Section 4.2 that washhouse situations are
promoted by warm conditions in the North Atlantic domain and by

Fig. 5. Events associatedwith the Tortonian temporary closure of the Panama Isthmus. Horizontal bars:Washhouse climate in Europe (magenta); global cool periods (grey) (Kaminski
et al., 1989b; Helland and Holmes 1997; Duncan and Helgason 1998; Thiede et al., 1998; Billups and Schrag 2002; John and Krissek 2002; Diekmann et al., 2003; Westerhold et al.,
2005). A—Estimated European freshwater run-off in Sv (1 Sv=106 m3 s−1) relative to recent (blue) and T926

Mg/Ca (green) as in Fig. 4; black arrows indicate periods of enhanced moisture
transport into high northern latitudes. B—lower envelope of obliquity (Laskar et al., 2004); the decrease in tilt angle causes increasingly cool summers at high latitudes (blue arrow). C—
Variation of Northern Component Water (NCW=proto-NADW) from Poore et al. (2006); “stronger” and “weaker” refer to the present day (dashed line). D—brown: Closing history of
the Central American Seaway (CAS) according to Kameo and Sato (2000); blue: timing of the most severe Pacific carbonate crash episodes (Lyle et al., 1995; Roth et al., 2000); light
green: periods of intense upwelling off Benguela as indicated by nanoplanktonproductivity (Kastanja et al., 2006; Krammer et al., 2006); dark green: timing of the first Great American
Biotic Interchange Marshall, 1985; magenta: Vallesian crisis in European mammals (Agusti et al., 2003).
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proto-NADW production above a certain threshold level. Evidently,
these constraints lead to more evaporation over the North Atlantic,
which is the preponderant source of European precipitation. On the
other hand, there have been times when both conditions were met
without there being a washhouse climate in Europe, which renders
these conditions merely necessary, but not sufficient. There may well
have been feedback mechanisms at work, due to enhanced greenhouse
forcing by methane produced in wetlands or by atmospheric water
vapour, or due to more lush vegetation under wet climates.

Possible vegetation-climate feedback mechanisms for a typical late
Miocene vegetation cover have already been studied (Brachert et al.,
2006; Lohmann et al., 2006), albeit in different contexts. Brachert et al.
(2006) used a complex atmospheric general circulation model
coupled to an adjusted surface mixed-layer ocean model, applied to
an early Tortonian vegetation scenario with larger forest cover than
today and an ice-free Greenland. Compared to present-day winter
conditions, the Icelandic Low in the model is found to be displaced
southwards and more pronounced relative to the Azores High and
thus transports mild and moist air from the Atlantic to the
Mediterranean. That study was mainly concerned with explaining
interannual variability and assumed recent land–sea distribution,
with generally lower orography than present. Since long-term climatic
changes were not relevant in Brachert et al. (2006), it was justified to
use a simplified ocean model that did not allow for deep-water
formation and overturning circulation. Lohmann et al. (2006),
integrating over longer timescales and including the deep ocean
within a general ocean-circulation model, focussed on the feedback
between vegetation cover and oceanic circulation. A scenario with
lush vegetation cover, deemed characteristic of the Tortonian, and an
open Central American Seaway (CAS) was found to lead to higher
evaporation over the North Atlantic Ocean, which intensifies the
thermohaline branch of the AMOC and therefore compensates for the
otherwise adverse effects of an open CAS on the AMOC. Lohmann et al.
(2006) also obtained a pronounced change in the global distribution of
annual mean net precipitation (precipitation minus evaporation), but
the changes predicted for Southwest and Central Europe are relatively
modest compared to those predicted for low latitudes and the North
Atlantic. Therefore, that modelling study does not point to a wash-
house climate, and it would be interesting to see the differences
obtained for a Tortonian vegetation scenario with a CAS restricted to
large-scale oceanic exchange, a situation for which there is some
evidence as we shall discuss in the next section.

4.5. Possible role of a temporary restriction of the Central American
Seaway in the Miocene

Interestingly, the two periods of washhouse climate are roughly
coevalwith twomajor carbonate crash episodes reported for the tropical
eastern Pacific Ocean (Fig. 5A and D), which were interpreted to have
been caused by a loss of alkaline Atlantic waters, most likely in response
to a constriction of the Central American Seaway (CAS), which would
have restricted the flow of relatively high alkalinity waters from the
Atlantic to the eastern Pacific (Lyle et al., 1995; Roth et al., 2000). In the
following,we explore the possible role that a restriction of the CAS in the
Miocene might have had on European climate. It has been repeatedly
suggested that the final closure of the CAS in the Pliocene could have
caused a reorganization of oceanic and atmospheric circulation, which
in turn might have facilitated or even triggered the growth of ice sheets
in the Northern hemisphere (Keigwin, 1982; Driscoll and Haug, 1998;
Bartoli et al., 2005), although others have argued that CAS closure rather
delayed the Ice Age (Berger andWefer, 1996, see alsoMolnar, 2008 for a
critical review). To beginwith, we summarize the lines of evidence for a
temporary restriction of the CAS in the Miocene, and then discuss its
possible connection to the European washhouse climate.

During most of the Miocene an open CAS allowed for the exchange
of saline Atlantic waters with less saline Pacific waters (e.g., Keigwin,

1982). In the late middle Miocene, however, a major tectonic uplift of
Panama led to shoaling of the CAS up to middle-bathyal depth of
~1000 m (Duque-Caro, 1990; Coates et al., 2003), which still enabled
the Circum-tropical Current to flow across. As depicted in Duque-Caro
(1990) and Kameo and Sato (2000), the CAS during that time can be
thought of as an archipelago, in some way analogous to the present-
day Indonesian seaway. However, the divergence between coccolitho-
phore assemblages on either side of the CAS between 10.89 and
8.29 Ma1 indicates that the Atlantic–Pacific surface water exchange
was temporarily restricted (Kameo and Sato, 2000; Roth et al., 2000),
which is also supported by the first intercontinental exchange of
terrestrial mammalian taxa (e.g., the sloth Pliometanastes) at the base
of the Hemphillian North American Land Mammal Age (Lindsay et al.,
1984; Marshall, 1985), which has been magnetostratigraphically
assigned to Chron C4Ar2n (~9.8 Ma) (Whistler and Burbank, 1992).

Since the initial work by Maier-Reimer et al. (1990) various
numerical modelling studies have been performed to assess the
effects of the Pliocene CAS closure on ocean circulation and most
models suggest that closure (and even shoaling) of the CAS enhances
the Atlantic thermohaline circulation (for recent reviews, see Molnar,
2008 and Lunt et al., 2008b). Using a coupled ocean–sea-ice–
atmosphere model, Prange and Schulz (2004) investigated the effects
of CAS closure on northward heat transport in the Atlantic Ocean and
associated changes in the subtropical high pressure systems. Accord-
ing to that sensitivity study, CAS closure induces a large-scale
redistribution of heat in the Atlantic such that the meridional oceanic
heat transport in the South Atlantic becomes northward directed (as is
the situation today). Compared to the open CAS scenario, the Azores
High now weakens, whilst the subtropical high pressure system over
the South Atlantic intensifies. This reinforces the southern trade
winds, leading to enhanced upwelling off Southwest Africa, a pattern,
which is suggested by several proxy data from the Benguela system
(Kastanja et al., 2006; Krammer et al., 2006) during times of a
temporarily restricted CAS (see Fig. 5, right column).

The strength of the subtropical high pressure system centered over
the Atlantic off Portugal (Azores High) has a large influence on European
precipitation. A weak Azores High allows cold fronts from the Icelandic
Low pressure system to sweep across moderate latitudes of continental
Europe, and conversely, a pronounced Azores High deflects storms on
more northerly tracks. Thus, a relatively weak Azores High in the
restricted CAS scenario would lead to a southward shift of westerly
winds and associated storm tracks. Invoking the atmospheric pressure
seesaw mechanism, we can explain the arid-to-humid transition in our
proxy record in the earliest Tortonian, by linking the negative
precipitation anomaly in the late Serravallian to a strong Azores High
under open CAS conditions, and conversely, the positive precipitation
anomaly in the Tortonian to a reduced Azores High in a restricted CAS
scenario. A consistently stronger Azores High in the relatively dry
interval between 13 and 11 Ma further implies that Northern Europe
would have beenwetter during that interval due to the northward shift
of storm tracks, but precipitation proxy data are not available to test this
proposition. Likewise, intensified upwelling off Northwest Africawould
be expected under this scenario, but no data-set exists yet to proof or
disproof the proposed upwelling seesaw mechanism.

A consistently weaker Azores High in the humid period, of course,
does not automatically imply a washhouse climate. However, we need
to point out that the washhouse periods occurred in a warm world
with several °C higher global average temperatures than today,
implying a much higher atmospheric moisture content, which we
believe can make all the difference compared to present. We strongly
encourage modelling studies to further explore the magnitude of this
possible teleconnection for a ‘warm ocean’ scenario and its impact on
atmospheric circulation and to provide predictions that can be related

1 All ages recalibrated after the Geological Time Scale 2004.
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directly to proxy data (e.g. changes in precipitation, in physical bottom
water temperatures). With the presently available marine proxy data,
we are not in a position yet to provide more evidence for our
hypothesis that the temporary restriction of the CAS was a necessary
condition for the European washhouse climate. Of course, one can
always argue that the coeval occurrence of two events may be purely
coincidental without a physical connection.

4.6. Role of washhouse climate on glaciations

During the time interval of a temporarily restricted CAS, enhanced
run-off is correlated with times of warm climate periods, that is, when
ocean temperatures are increased relative to Miocene cool periods,
leading to high evaporation. Similarly, the period of relatively low
precipitation between 9.7 and 9.2Ma corresponds to a global cool event
(e.g. Winkler et al., 2002; Diekmann et al., 2003; Westerhold et al.,
2005), which is also documented by a change in coiling of Neoglobo-
quadrina south of Greenland (Kaminski et al., 1989). The cool event was
probably triggered by the increasing amplitude of obliquity (Fig. 5B),
which led to cooler summers at high latitudes with decreasing tilt angle
and build-up of the South Greenland ice sheets under ongoing
atmospheric moisture transport. This situation is remarkably similar to
what has been inferred for the final closure of the CAS in the Pliocene
(Driscoll and Haug, 1998; Bartoli et al., 2005).

5. Conclusions

Based on the relative frequencies of herpetofaunal groups, we have
constructed two eight-million year long precipitation proxy records
for Southwestern and Central to Eastern Europe in the late middle and
late Miocene (13.5–5.5 Ma) with mean temporal resolution of ~60 kyr
and ~150 kyr, respectively. The records reveal two episodes of
anomalously high precipitation, coeval with global warm periods as
indicated by marine and other continental climate proxy records. We
refer to such climatic conditions in moderate latitudes as washhouse
climate. The reasons for the washhouse climate remain enigmatic for
the lack of a suitable present-day analogue.

We conjecture that the temporarily constricted Central America
Seaway (CAS), which restricted the exchange of water masses
between the tropical Atlantic and Pacific oceans and most likely
affected the northward heat transport, set the scene for the enhanced
hydrological cycle in Europe, induced by overall higher sea-surface
temperatures during global warm periods, with possible feedback-
mechanism mediated by a lush vegetation cover and greenhouse
forcing due to water vapour and methane produced in wetlands.
Indirect evidence for this conjecture is furnished by an ‘evidence of
absence’ type of argument: The precipitation record reveals no other
washhouse periods during any of the warm periods before or after the
temporary restriction of the CAS in the Miocene.

Lastly, our results indicate that under warm ocean conditions, a
washhouse climate in Europe may well represent a possible scenario for
future globalwarming. On the basis of a coupled ocean–atmosphere–land
model, it was predicted that the hydrological cycle would significantly
intensify in response to global warming (Manabe et al., 2004). A
quadrupling of the atmospheric carbon dioxide concentration was found
to entail an increase in North Atlantic surface temperatures of up to 6 °C
and an enhanced tropospheric polewardmoisture transport (Manabe and
Stouffer, 1994), resulting in up to 60% more run-off for individual mid-
latitude drainage systems (Manabe et al., 2004). Our results demonstrate
that changes in the hydrological cycle are probably one of the strongest
forces driving ecosystem dynamics during the late Miocene.
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