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a b s t r a c t
Cave and lake isotope records from the circum-Mediterranean realm show anomalously low O isotope values
suggesting high rainfall intensity during the time of sapropel 1 deposition (9.5 to 6.5 ka; all ages are given
before the year AD 2000, i.e. b2k), coincident with an interval of conspicuously low sea-surface salinities in
the entire Mediterranean Sea. Speleothem data from Corchia Cave (Tuscany) currently provide the most
precise terrestrial chronology and constrain the wettest interval to ca. 8.2 to 7.3 ka. We have traced this
isotopic signal to the north and observe a synchronous isotopic change in stalagmites from southalpine and
eastalpine caves, but in opposite direction. We attribute this to a shift in the local moisture balance, i.e. to a
higher proportion of moisture advected from the Mediterranean Sea relative to the otherwise dominant
northwesterly air masses in the Alps. This isotopic source effect can be traced up to the northern rim of the
Alps, albeit with decreasing amplitude. Forest density at the treeline in the Central Alps decreased during this
time interval indicating short vegetation periods consistent with rainy summers. The glaciers in the Eastern
Alps, which did not show far-reaching advances during the preceding 8.2 ka event, responded strongly
(positively) to this humid phase. Additionally, two of the largest alluvial fans in the Eastern Alps showed a
massive accumulation peak radiocarbon dated to between ca. 8.3 to 7.4 ka and thus providing one of the
strongest pieces of evidence for anomalously high rainfall intensities coeval with 'pluvial’ conditions in the
Mediterranean region.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The early Holocene was a time of major re-organisations of the
ocean-cryosphere-atmosphere system. It marks the ﬁnal stages of the
decay of mid- to high-latitude ice sheets (until ca. 6 ka), the further rise
in global sea level (starting from ca. -50 m at 11.7 ka), the ﬂooding of
formerly emerged shelf areas and freshwater bodies (e.g., Black Sea), the
ﬁnal rise in greenhouse-gas concentrations, as well as the poleward
expansion of vegetation zones (e.g., Mayewski et al., 2004; Kaplan and
Wolfe, 2006; Battarbee and Binney, 2008). The principle forcing,
precession-driven change in insolation, reached a maximum for the
Northern Hemisphere boreal summer during the early Holocene and
has been declining since then (Berger and Loutre, 1991). As a
consequence of this orbitally forced change in short-wave radiation
the Intertropical Convergence Zone and its associated rainfall belt
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migrated north and penetrated beyond the central Saharan watershed
during summer monsoon giving rise to the (Holocene) African Humid
Period (ca. 9 to ca. 5.5 ka; Ritchie et al., 1985; Gasse, 2000; deMenocal et
al., 2000; Adkins et al., 2006; Tjallingii et al., 2008). During largely the
same time interval sediment records show evidence of a reduction in the
near-surface salinity, increased stratiﬁcation and anoxia in the seawater
column of the eastern Mediterranean and the Adriatic Sea and the
deposition of sapropel S1 (ca. 9.5 to 6.5 ka; Rohling, 1994; Ariztegui
et al., 2000; Kallel et al., 2000; Emeis et al., 2003; de Lange et al., 2008).
This hydrological change has been linked to the humid (‘pluvial’) period
in North Africa, i.e. enhanced freshwater input via the Nile and smaller
African rivers (Rossignol-Strick et al., 1982; Rohling, 1994; Scrivner
et al., 2004). Other work has suggested that there was a concomitant
increase in direct rainfall over the Mediterranean region, associated
with increased westerlies (Rossignol-Strick, 1987; Kallel et al., 1997;
Bar-Matthews et al., 2003; Kotthoff et al., 2008). As expected lake
records from the eastern Mediterranean region show low O isotope
values during the time of sapropel formation which are attributed to
increases in local precipitation (Roberts et al., 2008). No such isotopic
pattern, however, exists for lake isotope records from the western
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Mediterranean region, which may be related to the fact that this part of
the Mediterranean Sea stayed well ventilated during the Holocene.
Speleothem isotope data show a slightly more complex picture: there is
a trend from generally low δ18O values in the early Holocene to higher
values during the mid- to late Holocene in the eastern Mediterranean
region (Israel: Bar-Matthews et al., 2003; Sicily: Frisia et al., 2006),
whereas in the western part some cave records show no trend (southern
France: McDermott et al., 1999) and others show low values during the
early Holocene (Italy: Frisia et al., 2005; Zanchetta et al., 2007). In
essence, there is isotopic evidence for humid (‘pluvial’) conditions at
least in the eastern and partly also the central Mediterranean area
during the time of sapropel S1 deposition.
In this contribution we address the question of how far north these
humid conditions reached. We have compiled published and new
records from northern Italy to southern Germany, i.e. across the Alps,
using mainly stable isotope data from speleothem and some lake
sediments, as well as data from subfossil trees, glaciers and debrisﬂow deposits. Our selection focuses on those archives and sites which
are well dated and sensitive to changes of palaeo-precipitation.
2. Archives and records
2.1. Lakes
Holocene O isotope records have been reported from two small lakes
from the Southern Alps of northern Italy, Lago Terlago and Lago Frassino
(Fig. 1). Lago Terlago, located 6 km NW of Trento, yielded an early to
mid-Holocene clastic sediment succession and molluscs retrieved from
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these sediments show high δ18O values in the Preboreal (unfortunately
the dating quality is poor), followed by lower values between ca. 9.3 and
7.2 ka (Baroni et al., 2001). The authors tentatively attributed this
isotope trend to a progressive lowering of the lake water level but did
not rule out that climate may also have played a role. Located 78 km
SSW of Lago Terlago, Lago Frassino is a small lake from which stable
isotope data obtained on molluscs show slightly higher values during
the early Holocene, followed by lower values subsequent to ca. 8 ka
(Baroni et al., 2006; note that the age control is also poor in this section;
Fig. 2). Modern lake water samples deﬁne an evaporation trend, i.e. the
higher the precipitation/evaporation ratio the lower the δ18O values.
The authors therefore associate the drop in δ18O with a trend toward
slightly wetter conditions.
No isotope data of the time interval of interest are currently available
from lakes in the interior of the Alps, but an important isotope record
based on benthic ostracods was published from Ammersee (von
Grafenstein et al., 1999). This lake is located in the alpine foreland
southwest of Munich (Fig. 1) and receives its water from precipitation
falling in the Ammer Mountains west of Garmisch-Partenkirchen. This
record therefore provides an archive of palaeo-precipitation from the
northern margin of the Eastern Alps. Given that the lake hydrology is
well understood (von Grafenstein et al., 1996, 1999) and ostracods
precipitate their calcitic valves in the hypolimnion at temperatures close
to 4 °C, the measured values solely reﬂect changes in δ18O of palaeoprecipitation. The record is reasonably well dated using radiocarbon and
shows a clear isotopic expression of the 8.2 ka event (von Grafenstein
et al., 1998, 1999) followed by a period of slightly elevated δ18O values
which lasted until ca. 7.2 ka (Fig. 2).

Fig. 1. Map of northern Italy and the Alps showing the locations of the early Holocene records discussed in this paper. Lakes: A Frassino, B Terlago, C Ammersee. Caves: D Monte
Corchia, E Ernesto, F Katerloch, G Spannagel, H Hölloch. Glaciers: I Pasterze (Glockner Group), J Zettalunitzkees (Venedinger Group), K Gurgler and Gepatsch Ferner (Ötztal Alps).
Debris-ﬂow fans: L Hall in Tirol, M Gadria.
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2.2. Caves
The starting point of our transect is Corchia Cave (Antro del
Corchia) in the Apuan Alps of NW Tuscany, an extensive high-altitude
cave system (Piccini et al., 2008) from which a stalagmite (CC26) was

retrieved. The key feature of this well-dated stalagmite, which grew
between 11.3 and 0.8 ka, is an interval of low δ18O values between ca.
8.2 and 7.3 ka (Zanchetta et al., 2007). Although the amplitude is only
ca. 0.6‰ this interval stands out prominently, while other known
climate events, e.g. the 8.2 ka event, are not present (Fig. 2). The
authors considered three possible mechanisms to explain this
negative excursion: changes in the air temperature, the amount of
rainfall, and the source of the water vapour, and concluded that the
‘amount effect’ (Dansgaard, 1964) is the most likely cause. This is
substantiated by other studies of (older) speleothems from this cave
system (e.g., Drysdale et al., 2005) and other cave sites in the
Mediterranean (Bar-Matthews et al., 2003), as well as by atmospheric
modelling which shows that the rainfall amount is the most
signiﬁcant long-term driver of speleothem δ18O in this region (Bard
et al., 2002). Although a quantiﬁcation of the isotope excursion in
terms of rainfall amount was not attempted, the CC26 record is the
ﬁrst precisely dated evidence of enhanced rainfall in the western
Mediterranean basin during the time of S1 deposition (Zanchetta
et al., 2007).
A small cave located south of the Dolomites, Grotta di Ernesto
(Fig. 1), is one of the most thoroughly studied caves in Europe, both
with respect to the modern cave meteorology and hydrology and
speleothem records (e.g., McDermott et al., 1999; Frisia et al., 2000,
2003; Huang et al., 2001; Borsato et al., 2007). An early study showed
high speleothem δ18O values between ca. 9.3 and 7.8 ka, which were
interpreted as dry or dry-warm conditions (McDermott et al., 1999).
This particular stalagmite, ER76, was recently re-examined using
additional U-Th dates and higher resolution stable isotope analyses
and this interval of anomalously high δ18O values was re-dated to 8.2
to 7.4 ka (Scholz et al., submitted for publication). This growth phase
coincided exactly with the period of maximum rainfall, as recorded in
CC26 from Corchia Cave (8.2 to 7.3 ka; Zanchetta et al., 2007; Fig. 2).
Hence, the initial interpretation of McDermott et al. (1999), which
was based on a wrong age model, needs to be reconsidered.
A cave site which has recently revealed high-resolution records
from the southeastern rim of the Alps is Katerloch, located 22 km NE
of Graz (Fig. 1). One stalagmite (K1) grew between 10.3 and 7.2 ka
and records a prominent increase in δ18O following a negative
excursion at 8.2 ka (Boch, 2008; Boch et al., 2009; Fig. 2). This interval
of high δ18O values reached a maximum at ca. 7.3 ka and coincided
precisely with the humid interval of Corchia Cave, as well as with high
values in Ernesto Cave (Fig. 2).
Moving further north into the interior of the Alps, a series of stable
isotope records have been reported from Spannagel Cave, located
close to the main crest of the Central Alps, i.e. at the main water/

Fig. 2. Selected stable isotope and other proxy records of the past 10 ka arranged along a
S-N transect (bottom to top) and plotted on a common calendar-age timescale.
Calibrated radiocarbon dates in BP (AD 1950) notation (Frassino, debris-ﬂow fans,
Ammersee) were adjusted by adding 50 years. Oxygen isotope data are consistently
plotted with values increasing upward but absolute scales vary. The vertical gray bar
highlights the wettest interval according to the CC26 record from Corchia Cave. Monte
Corchia Cave: data of stalamite CC26 from Zanchetta et al. (2007). Frassino Lake: data
based on two different mollusc taxa with slightly different mean values (Baroni et al.,
2006; Roberts et al., 2008). Ernesto Cave: stalagmite ER76 (Scholz et al., submitted).
Katerloch Cave: stalagmite K1 (Boch et al., 2009). Centralalpine trees: abundance of
subfossil trees at the treeline based on the Eastalpine Conifer Chronology (Nicolussi
et al., 2009). The data are presented in standardised values (z-scores) after linear
detrending in order to exclude the sampling-based long-term trend. High values
indicate high forest density at the treeline in the Central Alps. Eastalpine glacier
advances: advance phases of glaciers in the Glockner and Venediger Group as well as in
the Ötztal Alps and the Engadin prior to 3.5 ka (Nicolussi and Patzelt, 2000a, 2000b;
Joerin et al., 2008; Patzelt and Nicolussi, unpublished data). Spannagel Cave: Comnispa
stack (Vollweiler et al., 2006). Debris-ﬂow fans: radiocarbon-dated samples (mean and
2-sigma uncertainties of calibrated ages) from the large fans of Hall in Tirol (Inn Valley,
Austria) and Gadria (Vinschgau, Italy). Sources: Patzelt, 1987, 2008, and unpublished
data, Fischer, 1965, 1990. Hölloch Cave: stalagmite HÖL1 based on Wurth et al. (2004),
but using revised U-Th dates (Niggemann, 2006) and high-resolution stable isotope
data (Spötl, unpublished data). Ammersee: data from von Grafenstein et al. (1999).
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weather divide (e.g., Spötl et al., 2004; Fig. 1). Three stalagmites were
combined to form a stack which covers the last 9 ka (dubbed
Comnispa; Vollweiler et al., 2006; Fig. 2). The O isotope variability
of this stack shows a striking similarity to the record of ice-rafted
debris from North Atlantic deep-sea cores (Bond et al., 2001), i.e.
periods of abundant ice-rafted debris correspond to intervals of
relatively high δ18O values in stalagmites from this high-alpine cave
and vice versa. Comnispa thus demonstrates the dominant control of
the North Atlantic Ocean on climate in central Europe throughout the
Holocene (Mangini et al., 2007; see Heiri et al., 2004 for a similar study
on lake sediments). The exact climate-proxy relationship in case of
Spannagel Cave samples, however, is still a subject of ongoing
research, but recent work (including climate modelling) indicates a
strong component of the North Atlantic Oscillation (NAO) in the more
recent segment of this record (Trouet et al., 2009; Graham, 2009).
During the humid climate interval in Corchia Cave, the Comnispa
stack shows high δ18O values, but the anomaly is less pronounced
when compared to ER76 and K1. We speculate that this may be
related to the speciﬁc high-altitude setting of Spannagel Cave being
highly sensitive to winter precipitation (and the winter NAO mode).
On an seasonally weighted basis the inﬁltrating water feeding the
stalagmites in this cave is therefore always dominated by Atlanticderived moisture, even during the humid phase in Corchia Cave. The
subsequent long episode of low δ18O values in Comnispa coincides
with the Holocene Climate Optimum in the Alps (e.g., Joerin et al.,
2006, 2008) and a period of low abundance of ice-rafted debris in
North Atlantic sediments (Bond et al., 2001).
Moving to the northern fringe of the Eastern Alps, an interesting
stalagmite record is available from Hölloch, Germany's largest cave
system which extends beneath the border to Austria, located 15 km
SW of Oberstdorf (Fig. 1). HÖL-1 started to grow ca. 12.9 ka ago,
recorded the Younger Dryas stadial, and covers most of the Holocene,
possibly interrupted by two short hiati (Wurth et al., 2004). The
original low-resolution stable isotope analyses were recently reproduced at higher resolution (Spötl, unpublished data) and the original
U-Th dates were reﬁned due to a new spike calibration (Niggemann,
2006). The data show the 8.2 ka event, but lack a clear structure
during the time of wet climate in Corchia Cave, i.e. between 8.2 and
7.3 ka (Fig. 2).
2.3. Glaciers and trees
Holocene ﬂuctuations of glaciers in the Eastern Alps have been
thoroughly studied over the past several decades by dating moraine
deposits and/or peat bogs (e.g., Patzelt and Bortenschlager, 1973; see
recent review by Ivy-Ochs et al., 2009) and, more recently, by
focussing on glacier mimina as identiﬁed by subfossil tree remains.
These studies demonstrate, for instance, that Austria's largest glacier,
Pasterze, was smaller than today between 10.1 and 8.9 ka (Nicolussi
and Patzelt, 2000a). There is also strong evidence for at least one
signiﬁcant re-advance of glaciers in the Glockner and Venediger
Group (Pasterze and Zettalunitzkees) and in the Ötztal Alps (Gurgler
and Gepatsch Ferner) at ca. 7.8 ka (individual dates range from 7.4 to
7.9 ka; Nicolussi and Patzelt, 2000b; Patzelt, unpublished data; Fig. 2).
This period of glacier advances was again followed by a prolonged
interval of small glacier extents (often referred to as the Holocene
Climate Optimum in the Alps; 7.5 to 6.5 ka), well documented by
abundant subfossil trees from glacier foreﬁelds (Hormes et al., 2001;
Joerin et al., 2006, 2008).
Recently, a continuous 9 ka-long tree-ring chronology was
established for the Eastern Alps (Nicolussi et al., 2005; Nicolussi et
al., 2009). This data set is based primarily on Pinus cembra obtained
from the treeline in the western part of the Central Alps. One aspect of
these new data is the temporal variability in the abundance of
recovered trees, which shows a period of low values between ca. 8.2
and 7.2 ka (Fig. 2). The occurrence of trees at the treeline is limited by
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the length of the vegetation period, i.e. long and warm (dry) summers
favour tree establishment (Bortenschlager, 1977; Tranquillini, 1979;
Nicolussi, 1995; Vittoz et al., 2008). Conversely, a series of wet and
cool summers result in a lowering of the treeline elevation, a reduced
density of high-elevation forests, and hence a statistically lower
probability of ﬁnding trees which grew during this time interval. Note
that the latter conditions also give rise to reduced ice ablation during
summer, thus favouring glacier advances. The interval of low tree
densities at the treeline coincided not only with independent
evidence of glacier advances, but also with the wettest interval in
Corchia Cave (Fig. 2).
2.4. Debris-ﬂow deposits
In addition to lacustrine, cave, and glacial sediments, as well as
subfossil trees, there is another archive which is sensitive to rainfall
variations, fans built by debris-ﬂows. The best studied of these fans in
the Eastern Alps, whose dated history goes back to the early Holocene,
is the one from Hall in Tirol, 10 km E of Innsbruck. Covering an area of
8 km2 this is also one of the largest fans in the Eastern Alps, only the
huge fans of the Vinschgau south of the main alpine crest are larger
(Fischer, 1965, 1990; Patzelt, 1987). Radiocarbon dates of organic
matter (mostly charcoal) constrain the main debris-ﬂow activity to ca.
8.3 to 7.4 ka (Patzelt, 1987, 1994, 2008; Fig. 2). Only two radiocarbon
dates are available from the Gadria fan in the Vinschgau (Patzelt,
1987; Fischer, 1990), but both dates fall within the range of the Hall in
Tirol fan.
3. Discussion
3.1. Signiﬁcance and synopsis of individual records
The Alps are undoubtedly the most thoroughly studied mountain
range on Earth with a wealth of evidence of past and contemporary
environmental change, and a unique density and quality of proxy and
instrumental data. Yet a detailed reconstruction of Holocene climate
change – ideally using quantiﬁed proxy data – is still lacking. This is
particularly true for climate variables other then air temperature.
While there is evidence for changes in air temperature (e.g., Davis
et al., 2003) our focus here is on precipitation, which is difﬁcult to
constrain using e.g. pollen data. Stable isotopes can provide important
constraints on the source, and locally also the amount of, precipitation. The challenge, however, is to separate these two parameters
from the temperature effect. In the following discussion we make an
attempt to combine information from other archives with the
available isotopic records into a coherent model.
Stable isotopes have been studied in lake sediments, speleothems,
ice cores, and wood cellulose. Currently, there are no early Holocene
records of cellulose δ18O available from the Alps and the probability of
ﬁnding undisturbed (cold) ice of this age in the Alps is very low.
Alpine lake sediments have frequently been studied but no isotope
record goes back to the early Holocene, largely due to the lack of
biogenic carbonate sediments. Roberts et al. (2008) recently summarized stable isotope studies of lake sediments from Italy and
concluded that they are also hampered by the lack of endogenic/
biogenic carbonate. The two southalpine lake records from Lake
Frassino and Terlago that do contain biogenic calcite are difﬁcult to
interpret, because lake-speciﬁc processes may mask climate forcing
(Baroni et al., 2001, 2006). An important lake site north of the Alps is
Ammersee, which yielded a rather well resolved stable isotope record
obtained on benthic ostracods, and data of even higher resolution will
soon become available from Mondsee (U. von Grafenstein, pers.
comm. 2008), a large lake at the northern foothills of the Austrian
Alps. The Ammersee record shows a strong rise in δ18O values
following the 8.2 ka event, which is within dating uncertainties
synchronous with the onset of wet conditions in Corchia Cave (Fig. 2).
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The subsequent decrease in δ18O occurred slightly earlier in
Ammersee than in Corchia. In southern Bavaria the O isotopic
composition of meteoric precipitation is strongly correlated to the
mean air temperature as shown by a comparison of high-resolution
ostracod isotope data from this lake and a ca. 200 year-long
instrumental record from a nearby meteorological station (Hohenpeißenberg; von Grafenstein et al., 1996). If this relationship is applied
to the early Holocene, the increase in δ18O values following the 8.2 ka
event could be ascribed to a rise in air temperature in the recharge
area of the lake. Comparisons with other records from the Alps,
however, indicate that the Holocene Optimum was reached later, i.e.
between ca. 7.5 and 6.5 ka (e.g., Joerin et al., 2006, 2008), which is
difﬁcult to reconcile with relatively low δ18O values in Ammersee
ostracods during that time (Fig. 2). We therefore propose that the
high δ18O values following the 8.2 ka event reﬂect a source effect, i.e.
enhanced precipitation of 18O-enriched moisture derived from the
Mediterranean basin, coincident with the wet interval recorded in
Corchia Cave. We note that there is independent evidence of high
humidity northwest of the Alps as documented by high levels of lakes
in the Jura Mountains between ca. 8.3 and 7.3 ka (Magny, 2004), i.e.
largely coeval with the wet phase in Tuscany.
The stalagmite data compiled in this study are well-dated and have
a high resolution. The most conspicuous feature of these records is the
δ18O increase in ER76, K1 and partly also in Comnispa coeval with the
δ18O decrease in CC26 commencing at ca. 8.2 ka (Fig. 2). Rather than
attributing this increase to a temperature signal we interpret this as a
result of advection of moisture derived from the Mediterranean basin
towards the Alps. Rainfall sourced from the Mediterranean Sea has
higher δ18O values than moisture from the Atlantic due to the lower
humidity in the Mediterranean (e.g., Celle-Jeanton et al., 2001, 2004).
These relatively high δ18O values recorded in speleothems are
therefore interpreted as resulting from an increase in the proportion
of rainfall sourced from the Mediterranean relative to moisture which
originated in the North Atlantic. A study of back-trajectories in (not
involving O isotopes) showed that modern precipitation in the
Southern Alps is indeed related to the origin of the air masses
(Bertò et al., 2004). The Comnispa stack from the high-elevation
Spannagel Cave is consistent with the model of enhanced southerly
moisture transport towards the Alps. Given the remarkable correlation between these stable isotope data and the marine Bond et al.
(2001) record we propose that during times of sea-ice expansion in
the North Atlantic, storm tracks preferentially took more southerly
routes, picking up moisture from the Mediterranean and delivering
18
O-enriched precipitation to and across the Alps. Conversely, during
the subsequent Climate Optimum (when the abundance of ice-rafted
debris dropped) this Mediterranean inﬂuence waned, giving rise to
low δ18O values in Spannagel Cave and negative glacier mass balances
(Joerin et al., 2006). The northernmost cave site, Hölloch, does not
show an increase in δ18O during the wet interval in Corchia Cave
(Fig. 2) which either suggests that the inﬂuence of southerly air
masses was not signiﬁcant at this site, or that the ‘source effect’ was
not the dominant control on the δ18O composition of this stalagmite.
Alpine glaciers have long been known to respond sensitively to
changes in air temperature and precipitation (e.g., Hoinkes, 1968;
Kuhn et al., 1997; Schöner et al., 2000). Several eastalpine glaciers readvanced at the time of the presumed wet climate period (Fig. 2). This
is supported by the very low abundance of subfossil wood and other
organic remains in glacier foreﬁelds during this time interval (Joerin
et al., 2006). This again is consistent with the marked decrease in the
abundance of tree remains at the treeline of the main alpine divide
(Nicolussi et al., 2009; Fig. 2). It is quite unlikely that this glacier
advance at ca. 7.8 ka was a response to cooling as the time interval of
interest is subsequent to the 8.2 ka event, during which there is no
evidence of a major re-advance of glaciers - on the scale of ‘Little Ice
Age’ (LIA) advances - either in the western or in the eastern part of the
Alps. During the 8.2 ka event eastalpine glaciers were as large or

slightly larger than during the second half of the 20th century, but
certainly smaller than during the middle of the 19th century, the
maximum extent during the LIA (Patzelt, unpublished data). Surface
exposure dating suggested a larger advance of a glacier in the western
part of Tyrol to a position beyond its LIA margin during the 8.2 ka event
(Kerschner et al., 2006), but more recent work has cast doubts on this
assignment (H. Kerschner, pers. comm. 2008). The 8.2 ka event was a
cold and dry spell in the Alps as recognized by pollen from southalpine
(Pini, 2002), westalpine (Tinner and Lotter, 2001), and centralalpine
peat bogs (Koﬂer et al., 2005), as well as by isotope data in lake
sediments (von Grafenstein et al., 1998) and speleothems (Wurth et al.,
2004; Boch et al., 2009). It is therefore unlikely that the advance at ca.
7.8 ka (Fig. 2) was in response to a cooling because the same glaciers did
not react strongly to the widely recognized cold interval around 8.2 ka.
This is supported by the observation that the temperature-sensitive
centralalpine treeline was clearly higher at 7.8 ka than during the
former period (Nicolussi et al., 2005). In both cases, glacier mass
balances therefore contained a strong precipitation component, i.e.
relatively low accumulation during the dry 8.2 ka cold spell and aboveaverage accumulation during the following 8.2-7.3 ka phase, apparently
over-compensating for the then higher air temperature.
The ﬁnal piece of evidence is the geomorphological activity on the
slopes and in the valleys of the Alps which gave rise to large alluvial fans.
These sediment bodies are present in virtually all valleys and numerous
studies have shown that, although the dynamics of these mass
movements is partly stochastic, the principal trigger of debris ﬂows is
(high) rainfall intensity (Stiny, 1910; Caine, 1980; Jomelli et al., 2004;
Irmler et al., 2006; Stoffel et al., 2005, 2008; Prager et al., 2008). The
radiocarbon-dated debris-ﬂow chronology of the two large fans of Hall
in Tirol and Gadria strongly implies high rainfall intensities both south
and north of the main Alpine crest precisely when trees at the
centralalpine treeline became less abundant, more snow accumulated
on the glaciers than ablated during the year, and Corchia Cave
experienced high rainfall amounts. It is interesting to note that
accumulation at the Hall in Tirol fan ceased after ca. 7 ka and the
stream has subsequently incised deeply into this fan. In the Vinschgau
valley, however, the Gadria and adjacent large fans have been intermittently active up to recent times (although at a lower level compared
to the early Holocene - Koch, 1883; Fliri, 1984; Brugger and Marseiler,
1987). The trigger of these catastrophic historic debris-ﬂow events, as
well as of concomitant catastrophic river ﬂoods further south, was
almost exclusively very intense rainfall as a result of advection of warm
and moist air from the Mediterranean towards the southern part of the
Alps (e.g., Schär et al., 1998; Maugeri et al., 1999). Rarely, however, did
these air masses reach across the main alpine crest in historic times.
3.2. Towards a model of early Holocene climate change in the Alps
The Alps constitute a border between the Mediterranean and the
North Atlantic climate zones and their climate is strongly controlled by
large-scale atmospheric patterns, in particular processes over the North
Atlantic ocean and its sea-ice system (Wanner et al., 1997). This
relationship is dynamic, however, and e.g. correlations between the
NAO and meteorological parameters are high in certain decades but
break down during others (Schmidli et al., 2002; Wanner et al., 2003).
This is substantiated by a recent stable isotope study of the past few
decades which found a signiﬁcant correlation between wintertime δ18O
in precipitation and the winter NAO index for the central European midlatitudes, but concluded that this relationship is complicated by
orographic effects near the Alps and by moisture recycling and the
‘amount effect’ in the Mediterranean region (Baldini et al., 2008).
In order to reconstruct the climate variability in the Eastern Alps
during the Holocene stable isotope data of well-dated high-resolution
archives are essential, but the key to a plausible model lies in the
comparison and integration of palaeo-data from the adjacent Mediterranean region. The Mediterranean Sea was characterised by a
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strong salinity decrease between ca. 8 and 5 ka, water-column
stratiﬁcation, and formation of the last of a series of sapropels in the
eastern basin (e.g. Kallel et al., 1997, 2004). A strong precipitation
increase transformed the whole Mediterranean Sea into a nonconcentration basin where mean surface salinities dropped to 35‰
(cf. 37-39‰ today – Kallel et al., 2004).
The most precisely-dated record witnessing this ‘pluvial’ interval is
stalagmite CC26 from Corchia Cave, which tightly constrains the
duration of the wettest phase to 8.2 to 7.3 ka (Fig. 2). Correlating the
isotope record of Corchia Cave with other continuous isotope records
along a S-N transect across the Alps reveals that this isotope anomaly
can indeed be traced all the way to the northern rim of the Alps. The
signal, however, changes sign upon reaching the southern side of the
Alps (Fig. 2): starting as a negative anomaly in Tuscany (largely
attributed to the ‘amount effect’ – Zanchetta et al., 2007) it develops
into a positive anomaly in the southern, central, and locally also in the
northern, part of the Alps. We attribute this change in the isotopic
composition to a simple mass-balance effect, i.e. the proportion of
rainfall in the Alps which was sourced from the Mediterranean greatly
increased relative to that of North Atlantic provenance (the former
being characterised by elevated δ18O values). This positive anomaly
appears to decrease towards the northern fringe of the Alps (Fig. 2),
likely reﬂecting progressive rainout.
This model has been tested against evidence from other (nonisotopic) archives in the region and these multi-proxy data show that
the interval of high rainfall intensity indeed reached at least as far
north as the Inn valley triggering massive debris ﬂows and giving rise
to wet and presumably also cool summers which manifested
themselves as a decrease in forest density at the treeline, as well as
in positive glacier mass balances.
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