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Abstract

We reconstruct the vegetational history of the southern side of the Alps at 18,000–10,000 cal yr BP using previous and new AMS-dated

stratigraphic records of pollen, stomata, and macrofossils. To address potential effects of climatic change on vegetation, we compare our

results with independent paleoclimatic series (e.g. isotope and chironomid records from the Alps and the Alpine forelands). The period

before 16,000 cal yr BP is documented only at the lowland sites. The previous studies used for comparison with our new Palughetto

record, however, shows that Alpine deglaciation must have started before 18,000–17,500 cal yr BP south of the Alps and that deglaciated

sites were colonized by open woods and shrublands (Juniperus, tree Betula, Larix, Pinus cembra) at ca 17,500 cal yr BP. The vegetational

history of a new site (Palughetto, 1040m a.s.l.) is consistent with that of previous investigations in the study region. Our results show

three conspicuous vegetational shifts delimited by statistically significant pollen zones, at ca 14,800–14,400, 13,300–12,800 and

11,600–11,200 cal yr BP. At sites situated above 1000m a.s.l. (e.g. Palughetto, Pian di Gembro) forests expanded in alpine environments

at ca 14,500 cal yr BP (onset of Bølling period, GI-1 in the Greenland ice record). At the same time, rather closed treeline communities of

the lowlands were replaced by dense stands of Pinus sylvestris and Betula. These early forests and shrublands consisted of Larix,

P. cembra, Juniperus, P. sylvestris, Pinus mugo, and Betula, and had become established at ca 16,000 cal yr BP, probably in response to a

temperature increase. If combined with other records from the Southern Alps, our data suggest that treeline ascended by ca 800–1000m

in a few centuries at most, probably as a consequence of climatic warming at the beginning of the Bølling period. At 13,100–12,800 cal yr

BP the onset of a long-lasting decline of P. sylvestris was accompanied by the expansion of Quercus and other thermophilous tree taxa

below ca 600m a.s.l. This vegetational change was probably induced by a shift to warmer climatic conditions before the onset of the

Younger Dryas, as indicated by independent paleoclimatic records. Only a few centuries later, at ca 12,700–12,500 cal yr BP, an

expansion of herbaceous taxa occurred in the lowlands as well as at higher altitudes, documenting an opening of forested habitats. This

change coincided with the beginning of the Younger Dryas cooling (GS-1), which according to the paleoclimatic series (e.g. oxygen

isotope series), started at 12,700–12,600 cal yr BP and lasted for about 1000 years. Environments south of the Alps responded markedly

to climatic warming at the onset of the Holocene (11,600–11,500 cal yr BP). Thermophilous trees that had declined during the Younger

Dryas re-expanded very rapidly in the lowlands and reached the high altitude sites below ca 1500m a.s.l. within a few centuries at most.

Our study implies that the synchronous vegetational changes observed over wide areas were probably a consequence of abrupt climatic
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shifts at the end of the Last Glacial Maximum (LGM) and during the Lateglacial. We emphasize that important vegetational changes

such as the expansion of forests occurred millennia before the onset of similar processes in northwestern and central Europe.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Recent paleovegetational records with improved chron-
ology and resolution have provided new insights regarding
the vegetational history of the southern side of the Alps
(e.g. Wick, 1996; Tinner et al., 1999; Pini, 2002; Finsinger
et al., 2006). If compared with independent paleoenviron-
mental records, these new records give the opportunity to
explore whether vegetational changes were related to
climatic variations. This question has not been addressed
in detail so far for northern Italy and adjacent areas with
regard to the Lateglacial period, i.e. the interval between
the end of the Last Glacial Maximum (LGM) at
18,000 cal yr BP (Lambeck et al., 2002; Sarnthein et al.,
2003; Kucera et al., 2005) and the beginning of the
Holocene (i.e. 11,550 cal yr BP, Schwander et al., 2000).
Although the southern slope of the Alps was extensively
glaciated during the LGM (Ehlers and Gibbard, 2004),
conifer and several broad-leaved tree species survived in
Fig. 1. Location of important sites mentioned in the present p
the Po Plain and along the southeastern Alpine border
(Ravazzi et al., 2004). Therefore, this area may be
particularly interesting for understanding the European
postglacial re-afforestation dynamics.
In this study, we present a new high-resolution pollen

record from the Palughetto mire (Cansiglio Plateau,
northeastern Italy) (Fig. 1). These results are then
compared with other well-dated high-resolution data from
the southern side of the Alps (Fig. 1) to assess the spatial
extent and consistency of the palaeovegetational patterns
observed. Using quantitative techniques we address
whether similar biostratigraphical changes (pollen zone
boundaries) during the Lateglacial were synchronous in
our area and coeval with vegetational changes in neigh-
bouring regions (e.g. Central Europe). In a further step
we compare the pollen-inferred palaeovegetational recon-
structions with independent proxies of climatic change,
such as continental records from north of the Alps (von
Grafenstein et al., 1999; Heiri and Millet, 2005) and the
aper. Symbols: m ¼ lowland sites, K ¼ high altitude sites.
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Fig. 2. Simplified maps of (a) the Cansiglio plateau with the border of the polje and (b) the Palughetto basin with the position of the trench, pits,

excavations, and cores.
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Greenland oxygen-isotope records (Johnsen et al., 1992;
Dansgaard et al., 1993) to discuss possible linkages
between vegetational and climatic changes.

2. Material

2.1. Site description of the Palughetto mire

The Palughetto mire (1040m a.s.l.) is located in the
eastern Venetian Pre-Alps (Province of Belluno, Italy)
(Fig. 1) on the Northern edge of the Cansiglio karstic
Plateau (Jurassic-Cretaceous limestone platform) (Sartor-
io, 1987; Antonelli et al., 1990). The Plateau is a polije
with one main central depression at 900–1000m a.s.l.
(Lehmann, 1959), which is bordered by smooth ridges that
commonly rise to about 1300–1400m except in the east,
where higher elevations occur (Mt. Cavallo, 2251m a.s.l.;
Fig. 2a).

The last advance of the Piave glacier during the LGM
covered the plateau on its northern and western sides, but it
did not reach elevations below 1040m a.s.l. At the northern
edge of the plateau glacier deposits obstructed the path of
surface waters to the deep karstic system and dammed a
small intra-morainic lake, the Palughetto basin. The basin
has an irregular off-circular form and is ca 90m long and
70m broad (Fig. 2b). The site was settled by Late
Palaeolithic (Epigravettian) hunters at the Lateglacial/
Holocene transition (Avigliano et al., 2000).

At present the climate is cool-temperate without summer
drought. Mean annual air temperature is 11–12 1C, the
January mean is �3 1C, and the July mean is 15 1C. Mean
annual precipitation is 1700–1900mm (Di Anastasio,
1995). The Cansiglio–Cavallo ridge represents an impor-
tant barrier for the warm and humid southern air masses
originating from the Mediterranean Sea basin. In contrast
to nearby Mediterranean climates, precipitation here is
concentrated during autumn and spring. During the winter
period the climate is harsh due to cold winds from the
northeast.
The forest vegetation of the area is dominated by Fagus

sylvatica and Abies alba at altitudes between 800 and
1600m a.s.l., followed at higher elevations by a narrow
subalpine Picea abies-belt, which forms the timberline at
1700–1800m a.s.l. P. abies is also abundant on the plateau
because of historical plantations. Pinus mugo-shrubs
extend in the subalpine belt and along avalanche tracks.
The alpine vegetation is mainly formed by calciphilous
Sesleria varia—Carex sempervirens grasslands, including
plants of cold steppe (e.g. Linum alpinum), screes (e.g.
Dryas octopetala), and snow beds (dwarf Salix species).

2.2. Records used for the Southern Alpine comparison of

pollen biostratigraphies

For comparison with the Palughetto record we selected
four sites (Lago di Origlio, Lago di Annone, Pian di
Gembro, and Lago Piccolo di Avigliana; Wick, 1996;
Tinner et al., 1999; Pini, 2002; Finsinger et al., 2006; Fig. 1,
Table 1) that have high temporal resolution and precision.
In addition, other important sites with lower temporal
precision and/or resolution (e.g. Lago di Ganna, Gola di
Lago) or that have not been published yet (e.g. Lago della
Costa, Lago di Lavarone) are considered in the discussion.
Among the sites used for the comparison Lago della Costa
(Euganei hills, northeastern Italy) is the only one not
affected by Quaternary glaciations (Vai and Cantelli, 2004;
Fig. 1).
The records discussed in this study include mountain

sites (Gola di Lago, Lago di Lavarone, Pian di Gembro)
climatically similar to Palughetto, although the rainfall
amount varies considerably in the region (e.g.
1700–1900mm of annual precipitation at Palughetto vs.
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Table 1

Key information of the sites considered in the present paper

Site used for comparison Region Altitude

(m a.s.l.)

Age range (cal yr BP) Authors

Lago Piccolo di Avigliana Piedmont, Italy 353 ca. 6000–417,400 Finsinger et al. (2006)

Lago di Annone Lombardy, Italy 374 7800–416,500 Wick (1996)

Lago di Origlio Ticino, Switzerland 416 0–418,000 Tinner et al. (1999)

Palughetto—Cansiglio Plateau Veneto, Italy 1040 0–415,500 Avigliano et al. (2000); Vescovi, Unpubl. Data

Pian di Gembro Lombardy, Italy 1350 0–415,500 Pini (2002)

Other sites considered

Lago della Costa Veneto, Italy 0 423,000 Kaltenrieder et al. (2004)

Lago di Ragogna Friuli-Venezia-Giulia, Italy 188 ?–417,370 Wick (2004), Monegato et al., submitted

Fornaci di Revine Veneto, Italy 224 13,630–423,000 Wick (2004), Monegato et al. submitted

Torbiera di Trana Piedmont, Italy 360 ca. 11,500–417,400? Eicher (1987), Schneider (1977)

Balladrum Ticino, Switzerland 390 0–415,450 Hofstetter et al. (2005)

Lago di Ganna Lombardy, Italy 452 300–416,000 Schneider and Tobolski (1985)

Gola di Lago Ticino, Switzerland 970 0–414,741 Zoller and Kleiber (1971)

Lago di Lavarone Trentino Alto Adige, Italy 1100 0–413,040 Arpenti et al., unpubl.

Totenmoos Trentino Alto Adige, Italy 1718 0–413,715 Heiss et al. (2005)

Suossa Ticino, Switzerland 1700 0–415,760 Zoller and Kleiber (1971)

P.sso del Tonale Lombardy, Italy 1883 0–ca. 15,000 Gehrig (1997)

Sass de la Golp Ticino, Switzerland 1953 0–414,300 Burga (1980)
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900–1000mm at Pian di Gembro). The other sites are
located in the South-Alpine foothills (Lago Piccolo di
Avigliana, Lago di Origlio, Lago di Annone, Fornaci di
Revine, Lago di Ragogna, ca 200–400m a.s.l.) and display
a much milder climate compared to the mountain sites.
There the mean annual temperature is 11–14 1C, the
January mean 2–5 1C, and the July mean 21–24 1C.
Precipitation varies significantly and ranges between 800
and 2000mm.

South of the Alps residual thermophilous forests and
planted groves are dominated by Quercus petraea and
Castanea sativa on acidic soils and by Quercus pubescens

and Ostrya carpinifolia on calcareous soils. The mountain
belt above is commonly dominated by F. sylvatica, except
for inner-alpine, continental sites (e.g. Pian di Gembro),
where the thermophilous forests are in direct contact with
the Picea-belt. P. mugo today forms extensive shrubs only
in the eastern Pre-Alps.

3. Methods

Geo-archaeological investigations at the Cansiglio Pla-
teau started in 1993–94 and were soon followed by
palaeobotanical analyses (1995 and 1997; Fig. 2b). A short
report on the radiocarbon-dated macrofossil record has
been already published, together with a pollen diagram
(Avigliano et al., 2000). The investigations were conducted
at the edge of the Palughetto basin, close to the Late
Paleolithic settlement. The pollen record covered the time
between 12,700 14C yr BP and the early Holocene (Pini,
Ravazzi and Valsecchi, unpubl.). This record raised some
important questions, notably the vegetation dynamics of
the Lateglacial afforestation and the effects of the Younger
Dryas (YD) event on the montane environments of
intermediate elevations (1000–1400m a.s.l.).
To improve the reconstruction of vegetational history, a

new succession from the central part of the basin (PLC-
stratigraphy), about 20m distant from the PLE-site
(Avigliano et al., 2000), was sampled in November 2002
by metal boxes and parallel cores (Russian corer) in the
lower part. After fieldwork, sediments were accurately
described and stored in a dark cold room before
subsampling.
Sediment subsamples (1 cm3) for pollen analysis were

prepared with chemicals (HCl, KOH, HF and acetolysis;
Moore et al., 1991) and physical treatment (sieving at
500 mm and decanting). Lycopodium tablets (Stockmarr,
1971) were added to sediment samples before preparation
for estimation of pollen concentrations. A sum of at least
600 pollen grains was counted, excluding aquatic plants
and spores, at a standard magnification of � 400. Pollen of
trees, shrubs, herbs, and xerophytes were included in the
pollen sum (excluding aquatics and spores). Higher
magnifications (� 630 and � 1000) were used for difficult
determinations. Pollen grains were identified using keys
and pollen atlases (Moore et al., 1991; Reille, 1992–1998;
Punt and Blackmore, 1976–1995; Beug, 2004) and the
reference collection of the C.N.R.—I.D.P.A. (Consiglio
Nazionale delle Ricerche—Istituto per la Dinamica dei
Processi Ambientali) of Milan and of the Institute of
Plant Sciences of the University of Bern. The identification
of fossil stomata follows Trautmann (1953). Pollen
diagrams were drawn using TILIA 1.12 and TiliaGraph.
The results are presented as TgView 2.0.2 pollen diagrams
(Grimm, 1992–2005). Zonation of pollen assemblages was
made by using the program ZONE 1.2 and selecting the
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optimal-sum-of-square partition (Birks and Gordon,
1985). Statistically significant pollen zone limits (SPZL)
were determined by using the broken-stick model (Bennett,
1996). In addition, ‘‘subzones’’ as defined by ZONE (for
details see Birks and Gordon, 1985) have been set if
necessary for the diagram’s discussion. In our case, this
quantitative determination provides boundaries corre-
Table 2

Conventional radiocarbon dates from Palughetto: edge of the Palughetto Bas

Lab no. Depth (cm) Analysed fraction d13C%

GX-21231 52 Charcoal �24.4

H-4755 67–69 Peat

H-4757 96–97 Peat �23.1

Gx-21230 111 Cones of Picea abies �25.2

H-2148 130 Cones of Pinus mugo

Fig. 3. Depth-age models based on linear interpolation of calibrated

radiocarbon years BP: (a) from the edge part of the Palughetto basin

(PLE) and (b) from the central part (PLC) of the basin. The dots represent

the calibrated median ages and the bars the 95% confidence intervals

according to CALIB 5.0.1 (Reimer et al., 2004).
sponding to a conventional zonation on the basis of visual
inspection. Usually such subjective zones are built by
grouping the main changes in the abundance of the main
taxa (see Maher, 1993; Salvador, 1994). The main
advantage of using quantitative zonation, however, is that
it provides objective, statistically significant zone bound-
aries across all records of interest. The depth-age models of
the two Palughetto records (Fig. 3a and b) are based on
linear interpolation between the medians of calibrated 14C
ages according to the program CALIB 5.0.1 (Reimer et al.,
2004, Tables 2 and 3).
To permit a better comparison between the results from

the Palughetto mire and existing pollen stratigraphies from
the southern side of the Alps (i.e. Lago di Origlio, Lago di
Annone, Pian di Gembro, Lago Piccolo di Avigliana), we
re-calibrated the radiocarbon dates of four key records
(Lago di Origlio, Lago di Annone, Pian di Gembro, and
Lago Piccolo di Avigliana) that possess AMS dates on
terrestrial macrofossils (CALIB 5.01). For these sites we
established new depth-age models (linear interpolation
between medians of calibrated ages) and defined new
pollen zones (program ZONE, B-STICK model) following
the same procedures chosen for the Palughetto cores. The
original subjective zonations of the sites can be consulted in
the original publications (e.g. Wick, 1996; Tinner et al.,
1999; Pini, 2002; Finsinger et al., 2006).

4. Results and interpretation

4.1. Lithostratigraphy

The lithostratigraphy of the two new records of Palughetto
(PLE and PLC), summarized in Table 4a and b, shows that
the sediments were deposited in aquatic or wetland environ-
ments (e.g. silt, gyttja, peat). Sediments of the PLC
stratigraphy (centre of the basin) reveal changes between
lacustrine and mire environments, while the PLE lithostrati-
graphy indicates that the edge of the basin has been a mire
throughout almost the entire period of interest.

4.2. Chronology and sediment accumulation rates

Five conventional radiocarbon dates were obtained from
charcoal, terrestrial plant remains, and bulk peat from the
edge of the Palughetto basin (PLE) (Table 2). Seven
samples of uncharred terrestrial plant macrofossils from
the central part of the Palughetto basin (PLC) were
in

14C yrs BP Cal age BP (2s range) Age in diagram

94957150 10,304–11,205 10,868

10,7957165 12,241–13,102 12,608

12,2057245 13,601–15,012 14,353

12,0007340 13,228–14,966 14,865

12,7207160 14,248–15,459 14,964
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Table 3

AMS-radiocarbon dates from Palughetto: central part of the Palughetto Basin

Lab nr Depth (cm) Analysed fraction d13C% 14C yrs BP Age Cal BP (2s range) Age in diagram

Ua-20966 122 Twig of Picea abies �26.4 9360765 10,302–10,750 10,590

Ua-20965 125 Nut of Corylus �26.5 9420765 10,438–11,067 10,650

Ua-20968 153 Conifer needles �27.7 9630770 10,755–11,194 10,966

Poz-9932 173 Picea needles, shrub twig 9850750 11,191–11,389 11,260

Ua-20969 219 Cone of Larix �23.1 10,240775 11,641–12,367 11,963

Poz-9865 255–256 Larix needles 11,490760 13,223–13,450 13,333

Poz-9866 297–298 Larix needles 12,340750 14,053–14,663 14,258

Table 4

The sediments (a) from the edge part of the Palughetto Basin (PLE) and

(b) from the central (PLC) part of the basin

Depth

(cm)

Sediment

(a) PLE

49–46 Hydromorphic soil with human artefacts

52–49 Cyperaceae peat

98–52 Forest peat with trunks, in situ stumps and woody material

110–98 Gyttja with Larix-litter and Picea-Larix macrofossils

260–110 Silty clay to clay with sandy layers and clayey silt

(b) PLC

96–60 Forest peat with Abies and Fagus macroremains

116–96 Peat with needles, twigs and sporadic cones of Picea and Abies

150–116 Peat with needles, twigs and sporadic cones of Picea

180–150 Gyttja or decomposed peat with needles

240–180 Peat

290–240 Gyttja with Larix needles

300–290 Peat with Larix needles

350–300 Silty gyttja

370–350 Laminated silty-clay and clay alternations
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radiocarbon dated by AMS (Table 3). The linear depth-age
models (Fig. 3) are different; we explain this by the
different depositional and taphonomical processes acting
on the two sites (see Section 4.3). The average sediment-
accumulation rate of the minerogenic sediments (PLE,
Figs. 3 and 4, 130–110 cm: 0.54mm/yr) is higher than that
of the organic deposits (PLE, Figs. 3 and 4, 110–55 cm,
0.14mm/yr), and the (forest) peat accumulated faster in the
centre of the basin (Fig. 3b, PLC 219–298 cm 0.34mm/yr)
than at the edge (0.14mm/yr). The transition from
Lateglacial to Holocene led to an increase in peat
accumulation rate in the centre of the basin, but not on
the border, where the Preboreal peat was compacted and
then interrupted by the Late Paleolithic human settlement.
Water-table variations account for such strong differences
in sedimentation rate between sites (Avigliano et al., 2000).
However, no evidence of a major hiatus is apparent before
the human occupation (e.g. 10,800 cal yr BP).

4.3. Lateglacial vegetation history at Palughetto

Two pollen diagrams depicting selected taxa from the
edge (PLE) and the central part (PLC) of the Palughetto
basin are shown in Figs. 4 and 5. Only the basal parts of
the sequences, i.e. the period older than ca 10,800–
10,500 cal yr BP, are presented here. The pollen records
can be subdivided into three and four statistically
significant local pollen assemblages zones (PLE 1–3, PLC
1–4), respectively. Since the top of the PLE record ends
before that of PLC, the youngest zone (PLC-4) could only
be delimited in the PLC record. Its onset, however, is
suggested in the topmost samples of the PLE record
(53 cm).
Initially, the pollen records indicate a vegetation typical

of cold and steppic environments (PLC-1 and PLE-1).
Light-demanding and pioneer herbaceous taxa (Artemisia,
Chenopodiaceae, Gramineae, Asteroideae, Rubiaceae,
Cichorioideae, etc.) were present together with shrubs
and chamaephytes (Ephedra fragilis, Ephedra distachya,
Helianthemum, Hippophaë; the last may also originate from
lower altitudes). High percentages of pollen of Pinus

sylvestris/mugo were present from 415,500 cal yr BP, but
the absence of stomata (PLC-1a, basal part of PLE-1)
suggests transport of pollen from areas at lower elevation.
This phase with high pine pollen percentages was
interrupted by a short and abrupt increase in xerophytes
during subzone PLC-1b. This percentage rise mainly
reflects pollen of Artemisia, which reaches at least 40%,
and to a lesser extent to the increase of pollen of
Chenopodiaceae and other herbs such as Anthemis-t. and
Cichorioideae. This change was accompanied by a decline
of pollen of arboreal taxa such as P. sylvestris/mugo and
Betula, but not Juniperus. Similar pollen changes are also
recorded at other sites (Gola di Lago, Zoller and Kleiber,
1971; Pian di Gembro, Pini, 2002; Lago di Lavarone,
Arpenti et al., unpublished) and may reflect a brief opening
of the forests at lower altitude, possibly induced by a
transient climatic cooling. The subsequent phase (see PLC-
1c) is again characterized by high values of P. sylvestris/

mugo pollen, with the presence of stomata that suggest the
local presence of the taxon at ca 14,600–14,500 cal yr BP
according to the central-core chronology. Differences in
stomata content among the two cores PLC/PLE are best
explained by different taphonomic processes. Stomata are
contained in needles and released only during decomposi-
tional processes or sample preparation. If the macrofossils
are well preserved, stomata finds in the pollen slides may be
small or completely lacking since the sediment samples
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used for pollen preparation are sieved and thus do not
contain particles larger than 40.5mm that could release
stomata. The edge stratigraphy shows that Pinus stomata
were present already before, at ca 15,300–15,200 cal yr BP
at the transition from PLE-1b to PLE-1c, shortly followed
by P. mugo cones at the beginning of PLE-1c (Avigliano
et al., 2000). This evidence proves the local occurrence of
P. mugo stands at Palughetto. However, in both strati-
graphies the arboreal pollen percentages are too low to
infer closed forest conditions (25–70%), and no tree
macrofossils are recorded throughout pollen zones
PLC-1 and PLE-1. We therefore suggest that before
14,800–14,400 cal yr BP P. mugo (ssp. mugo) shrubs were
established at the elevation of Palughetto, probably just
above the treeline. The development of a P. mugo (ssp.
mugo)-belt above the treeline is a characteristic shared in
the Eastern Alps, the Carpathians, and the Balkanic ranges
during the last 15,000 years (Bozilova & Tonkov, 2000;
Schmidt et al., 2000; Björkman et al., 2002). However, the
role of P. mugo in the early stages of the Lateglacial
colonization of mountain belts is probably underestimated
in pollen studies due to the difficulty distinguishing its
pollen from P. sylvestris. The steady pollen increase and
the macrofossil record of Betula suggest the regional
expansion of this tree at ca 15,000 cal yr BP.

Pollen and stomata data suggest that during the
subsequent phase (PLC-2, PLE-2) Pinus, Betula, Picea,

and Larix formed subalpine forests and scrub stands on the
Cansiglio Plateau. The beginning of this afforestation
phase is fixed by the beginning of the zone boundary
(SPLZ) PLC/E-1 to PLC/E-2 and is dated at 14,800 and
14,400 cal yr BP in the PLE and PLC records, respectively.
The low percentages of Juniperus, Artemisia, Chenopodia-
ceae, and Helianthemum pollen after 14,800–14,400 cal yr
BP suggests that the expansion of forests and shrubland at
higher altitudes was connected with a decline of steppe and
of Juniperus heaths (J. nana dwarf heaths according to the
modern ecology of the subalpine regional vegetation).
Regular and continuous records of pollen of thermophilous
taxa suggest that Quercus, Ulmus, Alnus, and Tilia were
present after ca 14,000 cal yr BP near the site, probably at
lower altitude and in low numbers. In agreement with
pollen data, trunks, in situ stumps, and high quantities of
woody material, branches, cones, and other megafossils
unambiguously document that coniferous forests were
present on the edge of the basin (Avigliano et al., 2000).
Picea, Larix, and Betula megafossils occurred since ca
14,000 cal yr BP, but trunks and stumps are concentrated at
13,500–13,000 cal yr BP, stratigraphically corresponding to
the subzone boundary between PLE-2b and PLE-2c. The
considerable differences between the two biostratigraphies
(PLC and PLE) in regard to major pollen types such as
P. sylvestris, Betula, or Artemisia and Gramineae are
probably due to local taphonomic processes. If compared
with other diagrams of the southern side of the Alps from
this altitudinal belt (800–1400m, e.g. Gola di Lago, Zoller
and Kleiber, 1971; Pian di Gembro, Pini, 2002) the central
core is more representative of regional vegetation history,
whereas the edge core shows rather unique features that
probably reflect local depositional conditions (Fig. 4).
This particularly concerns the strong decline of coni-
ferous pollen (P. sylvestris/mugo, Larix, Picea) at
14,000–12,800 cal yr BP, which are also clearly reflected in
the Pinus stomata frequencies and in a drop of total pollen
concentration (PLE-2b and c). The deposit consists of an
accumulation of wood, including stumps. This suggests a
collapse of the in situ Larix–Picea–Pinus stands in the edge
core site, possibly as a result of a rising water table and
associated water logging. The strong declines of pollen and
stomata of late-successional Larix, Pinus and Picea

probably reflect the local collapse of these stands (as
documented by the huge amount of megafossils of these
trees found in the sediment). The percentage increase of
Betula and thermophilous trees such as Tilia and Ulmus in
PLE-2b and c does not appear in the concentration values;
so it is regarded as a percentage calculation artefact caused
by the decrease in pine pollen. We assume that the two
subzones PLE-2b and c were strongly affected by such local
processes.
Although vegetation remained rather stable until

13,300 cal yr BP (zone boundary PLC-2 to -3), pollen of
xerophytes (Artemisia, Chenopodiaceae) and of thermo-
philous trees increased gradually. Subsequent pollen data
suggest a long-lasting Pinus decline connected with a
gradual opening of forests, both culminating at ca
12,100 cal yr BP. However, both stratigraphies indicate
that subalpine forests were still closed at this time and
dominated by coniferous trees, as inferred from Picea and
Larix cones in zone PLE-2 (Avigliano et al., 2000 and
unpublished data) and by Pinus stomata around 12,100 ca-
l yr BP in PLC-2. The younger part of zone PLC-3
chronologically correspond approximately to the pro-
nounced cooling of the YD (12,650–11,500 cal yr BP, see
Ammann et al., 2000), which had strong effects on
vegetation in the southern side of the Alps and elsewhere
in Europe (e.g. Lotter, 1999; Litt et al., 2001; Finsinger
et al., 2006). Other investigations from the southern side of
the Alps suggest that this period can be subdivided into
three parts (Lago di Annone, Wick, 1996), but in our
pollen series of PLC only one major phase is clearly
detectable, i.e. the climatic cooling at the beginning of the
YD (ca 12,500 cal yr BP), which mainly affected the
thermophilous trees and shrubs such as Quercus, Alnus,
Ulmus, Tilia, and Corylus (at around 12,300 cal yr BP). In
the PLE record the beginning of the YD is not clearly
reflected in the pollen, probably due to local taphonomic
processes as documented in the previous zone (PLE-2).
However, in agreement with other records from the
Southern Alps, the increase of pollen of Artemisia (15%)
and other steppic and alpine herbs in the PLC core suggests
a regional expansion of steppe and meadow vegetation
during the climatic cooling. At the end of the YD (ca
11,500 cal yr BP), increasing pollen percentages of Quercus,
Tilia, Ulmus, and Picea, combined with a gradual decrease
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of Artemisia and other light-demanding herbs and cha-
maephytes point to a recovery of deciduous thermophilous
trees as a consequence of the climatic warming at the
Lateglacial/Holocene transition.

The subsequent zone (PLC-4, 11,200–10,500 cal yr BP)
falls into the early Holocene. However, due to the
chronological uncertainties in the PLC and PLE depth-
age models (Table 2, see 2 sigma age ranges) it is difficult to
assess whether the marked vegetation change that delimits
the statistically significant pollen zone boundary at
11,300–11,200 cal yr BP is coeval with the beginning of
the Holocene at ca 11,550 cal yr BP. In the pollen diagram
of the central part of the basin (PLC), an increase of
thermophilous trees and a decrease of Betula, Pinus,
Juniperus, Artemisia, and other herbs shows that the
subalpine coniferous forests were partly replaced by mixed
deciduous forests of Quercus, Tilia, Ulmus, and Acer in
response to the climatic warming of the early Holocene. In
contrast to Betula and P. sylvestris/mugo, P. abies was able
to expand together with the thermophilous deciduous taxa,
suggesting that a mountain mixed forest belt developed at
Palughetto during the early Holocene that has no modern
natural analogue.

The comparison between the PLC and PLE records
shows that care should be taken when interpreting
stratigraphically disturbed pollen series such as those from
the basin edge site of PLE, especially if the goal is to
reconstruct extra-local vegetation history. The centre of a
basin usually provides the most complete sedimentary
sequence (Wright, 1991), whereas cores near the basin edge
may record gaps in sedimentation or strongly changing
accumulation rates, yet be rich in macrofossils. In this
sense, the sequence PLE, though affected by non-site
representative local sedimentary processes (see Moore
et al., 1991), is nevertheless useful for our reconstruction
because it testifies the very early high-altitudinal presence
of trees and shrubs such as P. abies and P. mugo ssp. mugo

through the presence of in situ megafossils, macrofossils
and stomata (as a proxy for macrofossils).

4.4. Zonation results of the selected key sites

The results of quantitative zonation of the five sites in a
transect across the Southern Alps (Fig. 1) vary across the
different records (Fig. 6), but some SPZLs have similar
ages at all (e.g. 14,500–14,400 cal yr BP) or at least at most
sites (e.g. 16,000–15,800, 12,900–12,700, 11,500–11,200 cal
yr BP). Moreover, sites with similar altitudinal positions
show similar pollen-inferred vegetational histories. For
instance, the pollen records suggest that afforestation
started at ca 16,000 cal yr BP at the lowland sites (Avigliana
SPZL AV 1-2, Origlio SPZL OR 1-2, Annone SPZL AN 1-
2), but began later at the mountain sites (14,500 cal yr BP,
Pian di Gembro, SPZL PG2/3). Similarly, the initial
expansion of Quercus (and other thermophilous trees)
began at ca 13,000 cal yr BP at all lowland sites, was
followed by a decline during the YD, and finally reached its
maximum several millennia later during the early Holocene
(Fig. 6).

5. Discussion

The pollen diagram from the centre of the Palughetto
basin (PLC) shows conspicuous oscillations related to
extra-local vegetational change. Statistically significant
pollen zone boundaries (SPZL) are located at
14,800–14,400 cal yr BP, 13,300, and 11,200 cal yr BP (see
Figs. 4 and 5, Tables 2 and 3 for 95% confidence intervals
of calibrated ages) and delimit periods of major vegetation
change in the Palughetto area. These patterns are
consistent with previous studies from the Southern Alpine
area (e.g. Wick, 1996; Tinner et al., 1999; Pini, 2002;
Finsinger et al., 2006, see Fig. 6). Since these shifts have
specific time-inherent features, we examine the palaeoeco-
logical and palaeoclimatic implications for each of these
single steps according to their chronostratigraphical order.

5.1. Alpine deglaciation and vegetational and climatic

processes between 18,000 and 14,500 cal yr BP

The recession of glaciers from the amphitheatres in the
Southern Alpine foreland started before ca 18,000 cal yr
BP, as shown by the oldest AMS-dates of terrestrial plant
macrofossils from pre-alpine lowland lakes located within
the moraines of the last glaciation. At Lago di Origlio,
which is situated ca 200m above and 30 km north of the
nearest glacial amphitheatre, a sediment change from silty
and sandy layers to silty gyttja is dated at ca 17,500 cal yr
BP (AMS-dated twig). Between local deglaciation (re-
corded by till at the base of the core) and the level dated to
17,500 cal yr BP, more than 4m of silty and clayey
sediments accumulated, suggesting a deglaciation age
earlier than 18,000 cal yr BP for this site (Tinner et al.,
1999). The sediment change at 17,500 cal yr BP was
associated with an expansion of shrubs (Juniperus stomata
occur regularly) in the herb-dominated steppe tundra. A
new AMS-date from a wood macrofossil from Lago
Piccolo di Avigliana provides a calibrated age of ca
18,275 cal yr BP (Finsinger et al., pers. comm. data not
shown here). The wood was found below the first
macrofossil finding of tree Betula fruits (3 occurrences),
but above the oldest Larix needle (one occurrence),
suggesting that at this time open Larix stands had already
established on the area that had become ice-free after
the deglaciation of the outer part of the Avigliana
amphitheatre. Below the level of this date, ca 6m of
silty and clayey sediments were deposited in the lake,
indicating that deglaciation at Avigliana most likely
occurred before 18,000–18,500 cal yr BP. A deglaciation
pulse at ca 18,100–17,020 cal yr BP is also indicated by
open Larix forests growing at the Fornaci di Revine,
within the morainic amphitheatre of Vittorio Veneto
(Ventian Pre-Alps). The Larix stand was buried by
colluvial deposits interfingering with lacustrine sediments,
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possibly in relation to deglaciation processes (Casadoro
et al., 1976; Kromer et al., 1998; Friedrich et al., 1999).
These results are in agreement with studies from Lago di
Lugano (Niessen and Kelts, 1989) and from Zürichsee
(Lister, 1988). On the basis of radiocarbon-dated litholo-
gical evidence (top of glacial silt rhythmites AMS-radio-
carbon dated at ca 17,600 cal yr BP) Lister (1988) showed
that alpine glaciers had retreated from Zürichsee at about
18,000 cal yr BP. Niessen and Kelts (1989) were able to
correlate magnetic records from Lago di Lugano with
Zürichsee and suggested that deglaciation processes had a
similar age all over the Alps and that the amphitheatres
were ice-free by 18,000 cal yr BP. The last rapid deglacia-
tion pulse from the glacial amphitheatres of Lago di
Lugano and Zürichsee occurred at ca 17,500 cal yr BP, in
close agreement with our lowland lacustrine records (e.g.
Lago di Origlio and Lago Piccolo di Avigliana, Tinner et
al., 1999; Finsinger et al., 2006).

Evidence of climatic change from an oxygen-isotope
record is available from the southeastern side of the Alps
(Lago di Ragogna, Fig. 1). The record indicates a climatic
warming at around 17,500 cal yr BP connected to the
expansion of Larix and Pinus cembra trees (Wick, 2004).
Given the close connection between the Alpine-Central
European and Greenland climatic histories (von Grafen-
stein et al., 1999, 2000; Schwander et al., 2000; Heiri and
Millet, 2005) during the Lateglacial, the climatic warming
at 17,500 cal yr BP may correspond to the positive
excursion in the oxygen isotopes of the GRIP ice-core at
ca 17,500–17,000 cal yr BP (maximum values in the young-
er half of GS-2b, Björck et al., 1998). Despite the fact that
Alpine glaciers reached the lowland edges of the Po-Plain
during the LGM (Orombelli et al., 2004) at ca 22,000 cal
BP, the presence of woody taxa seems most likely for
sheltered sites in the Po-Plain (e.g. Lago della Costa, Colli
Euganei, Kaltenrieder et al., 2004), even during the coldest
periods of the LGM (ca 22,000 cal yr BP according to the
GRIP record). Such tree taxa included P. sylvestris, Larix,

and tree Betula, in the entire South-Alpine foreland,

P. mugo and Picea in the eastern Pre-Alps, but possibly
also more thermophilous trees such as Fagus in the Colli
Euganei, a sheltered hilly area in the Po Plain (Kaltenrieder
et al., 2004).

However, the well-dated records of pollen, stomata, and/
or macrofossils at Lago Piccolo di Avigliana, Lago di
Annone, and Lago di Origlio suggest that the formation of
rather closed forests (e.g. Origlio) or open woodlands (e.g.
Avigliana) did not occur before about 16,000–15,800 cal yr
BP in the western part of the Italian foreland. In the Ticino
region (Italy and Switzerland) these early forests were
dominated by P. cembra and later also by P. sylvestris and
Betula (pollen, stomata, and macrofossil records from
Lago di Ganna, Lago di Origlio, and Balladrum, see
Schneider and Tobolski, 1985; Tinner et al., 1999;
Hofstetter et al., 2006). In contrast, open forests were
dominated by Betula and Larix in the Torino region
(pollen and macrofossil evidence, Finsinger et al., 2006)
and by Betula, Larix, and P. cembra in the Brianza region
(pollen and macrofossil evidence, Wick, 1996). In the
forelands of the Southeastern Alps, P. cembra, P. mugo,

and Larix decidua were important during the early
afforestation (e.g. Lago di Ragogna, Monegato et al.,
accepted), whereas L. decidua and P. sylvestris formed
early woods at Fornaci di Revine (Friedrich et al., 1999).
The observed regional differences may be related to soil
and bedrock variability (Hofstetter et al., 2006). However,
the establishment and persistence of these lowland forests
during the period 16,000–14,500 cal yr BP suggest rather
stable environmental conditions at low elevations. Affor-
estation processes at 16,000 cal yr BP were probably related
to climatic warming at 16,000 cal yr BP. To our knowledge,
no non-pollen evidence exists for such a climatic change in
continental Europe. However, such an event is in good
agreement with high-resolution palaeoecological, isotopic,
and sedimentologic data from European North Atlantic
cores and elsewhere. These records indicate a strong
climatic warming at 16,000 cal yr BP, which is hardly
recorded in the oxygen-isotope series of the Greenland ice-
cores but apparently had a global extent (Lagerklint and
Wright, 1999).
At higher altitudes the Palughetto and Pian di Gembro

(see Pini, 2002 and Fig. 6) sedimentary records indicate
that the mountain belt of the Italian Alps was deglaciated
before the Bølling period (onset at 14,700–14,500 cal yr BP,
Tables 3 and 5). In agreement with this interpretation,
Schneider and Tobolski (1985) have shown that several
mountain sites of the Southern Alps (e.g. Suossa at 1700m
a.s.l., Zoller and Kleiber, 1971 and also Sass de la Golp
1953m a.s.l., Burga, 1980) were ice-free before the
beginning of the Bølling period. Early deglaciation
proceeded by the two combined processes of down melting
(in altitudes) and ice-retreat (along the valleys). Since we
know that before 14,500 cal yr BP, subalpine forests or
open woodlands covered sites below 500m (e.g. Lago di
Origlio, Balladrum, Avigliana) and those sites at ca 1000m
a.s.l. were most likely unforested (e.g. Gola di Lago, Pian
di Gembro), the treeline must have been located at ca
800–1000m a.s.l. However, our new results suggest that in
the eastern Pre-Alps P. mugo (probably the shrubby
subspecies P. mugo ssp. mugo) expanded at ca 15,000 cal yr
BP (AMS-dated P. mugo cones, Avigliano et al., 2000) into
the alpine meadows above treeline (i.e above ca
800–1100m a.s.l). This early expansion may be explained
by the occurrence of P. mugo at most sites of the eastern
alpine forelands (Beug, 1964; Paganelli, 1996; Monegato
et al., accepted).

5.2. Climatic and vegetational changes at ca 14,500 cal yr

BP

An abrupt change of forest structure and density
occurred at 14,800–14,300 cal yr BP, both in the foreland
and at higher altitudes. At Lago di Origlio closed P. cembra

forests located near treeline collapsed around 14,500 cal yr
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BP, when P. sylvestris and Betula expanded. The collapse
of lowland P. cembra stands has also been documented in
macrofossil and pollen series from a site near Locarno
(Balladrum), where it is dated around 14,250 cal yr BP
(Hofstetter et al., 2006). A similar expansion of P. sylvestris

into Juniperus–Betula–Pinus lowland parklands is dated at
14,580 cal yr BP at Lago di Annone (Fig. 6). Pollen,
stomata, and macrofossil data from Lago Piccolo di
Avigliana, located ca 175 km southwest of Annone and
400 km southwest of Palughetto, demonstrated that P.

sylvestris expanded into Juniperus–Betula–Larix lowland
woods at 14,500 cal yr BP (Finsinger et al., 2006).

In the mountain belt of the Southern Alps, the expansion
of Pinus was accompanied by the expansion of other
arboreal taxa such as Larix, Picea, and Betula at
Palughetto (Figs. 4 and 5, see also stomata curves) and
Larix, P. cembra, and Betula at Pian di Gembro (1350m
a.s.l.). Similarly, the expansion of P. sylvestris–P. cem-

bra–Betula forests in unforested habitats is dated at
14,600 cal yr BP at Gola di Lago, at 970m a.s.l. (Zoller
and Kleiber, 1971). A recent pollen study (including
stomata) at Totenmoos in Val d’Ultimo (1718m a.s.l.,
Heiss et al., 2005) inferred Larix afforestation before
13,700 cal yr BP. In addition, pollen studies from Passo del
Tonale (1883m a.s.l., Gehrig, 1997) show that treeline was
below this site before the onset of the Holocene at
11,500 cal yr BP. Therefore, it is likely that in this area
treeline reached an upper limit between 1700 and 1900m
a.s.l. at or shortly after 14,500 cal yr BP. Previous estimates
Fig. 7. Comparison of oxygen isotope records from Greenland and Centra

mountains (Northern Alpine forelands). Oxygen isotope ratios in the GRIP an

North Greenland Ice Core Project Members, 2004), oxygen isotope ratios mea

et al., 1999) and chironomid-inferred July air temperature from Lac Lautrey, J

Stadial (GS) events follow Johnsen et al. (1992) and Björck et al. (1998). Nomen

al. (1998). GRIP data from National Climatic Data Center-NOAA Satellite a
for the Northern Alps and their forelands suggested
slightly lower altitudes at this time (Burga and Perret,
1998).
The substitution of treeline forests at the lowland sites

as well as the displacement of alpine habitats to higher
altitudes probably reflect climatic warming at the beginning
of the Bølling–Allerød interstadial period at 14,700–
14,500 cal yr BP, corresponding in time to the onset the
Greenland Interstadial event GI-1e in the Greenland ice
cores (Figs. 7 and 8). Between 14,700 and 14,500 cal yr BP
(ca 14,500 cal yr BP in GRIP; 14,600 cal yr BP in NGRIP,
14,650 cal yr BP in GISP2; Dansgaard et al., 1993; Grootes
et al., 1993; North GRIP Ice Core Project Members, 2004;
see Fig. 7) temperatures increased markedly in Greenland
and elsewhere in the northern hemisphere (e.g. by about
8–12 1C in Greenland and 4–6 1C in Northern and Central
Europe; Björck et al., 1998; von Grafenstein et al., 1999;
Lowe et al., 2001; Heiri and Millet, 2005), leading to
pronounced changes in the biosphere. Oxygen-isotope
records on bulk carbonate at the Torbiera di Trana (a site
near Torino, Fig. 1; Eicher, 1987) suggest that at the onset
of the Bølling period, temperature also increased south of
the Alps. The timing of this shift has been constrained to ca
14,500 cal yr BP by the Lago Piccolo di Avigliana d18O
record (Finsinger, 2004; Finsinger et al., 2006).
In Central Europe climatic warming at 14,700–14,500 ca-

l yr BP-induced large-scale afforestation (Lotter, 1999; Litt
et al., 2001, 2003) involving the expansion of Betula in open
shrublands (Salix, Juniperus, Hippophaë). The beginning of
l Europe with chironomid-inferred July air temperatures from the Jura

d in the NorthGRIP ice cores (Dansgaard et al., 1993; Johnsen et al., 1997;

sured on ostracodes from Ammersee, southern Germany (von Grafenstein

ura, France (Heiri and Millet, 2005). The Greenland Interstadial (GI) and

clature of GRIP climatic phases follows Johnsen et al. (1992) and Björck et

nd information Service and WDC for Paleoclimatology.
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the P. sylvestris expansion is dated somewhat later at ca
14,500–14,000 cal yr BP on the Swiss Plateau and in the
Jura Mountains (Tinner et al., 2005; Magny et al., 2006),
suggesting that the expansion of Pinus on the northern side
of the Alps may have lagged behind the expansion of tree
Betula (see Table 5). At Längsee (Austria) P. sylvestris

expanded more or less synchronously with the deposition
of the Neapolitan Yellow Tephra (NYT, Schmidt et al.,
2002), which has an estimated age of 14,120 cal yr BP.
Unfortunately, this tephra was not found at other sites in
the southern side of the Alps, thus preventing the use of
stratigraphic correlation based on tephrochronology for
this transition.

5.3. The expansion of mixed oak forest south of the Alps at

13,100–12,600 cal yr BP

Vegetational change at 13,100–12,800 cal yr BP was
characterized by the onset of the decline of P. sylvestris

(and/or less likely P. mugo) and the subsequent expansion
of herbs and chamaephytes such as Artemisia at most sites
across all belts from the lowlands to at least 1400m. The
onset of this change is delimited at Palughetto (13,300 cal yr
BP), Pian di Gembro (12,900 cal yr BP), Lago di Annone
(12,800 cal yr BP), and Lago di Origlio (12,900 cal yr BP).
A corresponding zone limit at 12,800 cal yr BP (optimal-
sum-of-square partition) is statistically not significant in
the Lago di Avigliana pollen record.

At Lago di Origlio the decline of P. sylvestris was
accompanied by the increase of Betula pollen (ca
12,800 cal yr BP) and later by the increase of P. cembra

and herb pollen (at 12,600 cal yr BP). A short-term
expansion of Quercus and other thermophilous taxa
such as Tilia and Ulmus occurred between 12,800 and
12,600 cal yr BP (Tinner et al., 1999). These vegetational
patterns are similar to those depicted in the pollen record
of Lago di Annone, where the onset of the Pinus decline
and the expansion of thermophilous taxa is dated at
13,100–13,000 cal yr BP (Wick, 1996). However, at this site
and at Lago Piccolo di Avigliana, the expansion of
thermophilous taxa was much more pronounced than at
Lago di Origlio. The onset of the expansion of thermo-
philous taxa is dated at ca 13,100 cal yr BP at Lago Piccolo
di Avigliana, but here P. sylvestris did not decline and
herbs did not increase before ca 12,900–12,800 cal yr BP
(Finsinger et al., 2006). At Lago Piccolo di Avigliana the
local presence of Quercus is unambiguously documented
since at least 13,450 cal yr BP by macrofossil finds. In the
higher vegetational belt, the decline of P. sylvestris/mugo

and the increase of herbs expansion is dated at 13,300 cal yr
BP at Palughetto and at 12,900 cal yr BP at Pian di Gembro
(Pini, 2002). However, only at Palughetto these vegetation
changes were connected to noticeable increases of pollen of
thermophilous tree taxa, which were most probably
produced by plants growing in the lowlands.

Decreasing abundance of Pinus pollen in association
with the increased abundance of thermophilous and
herbaceous taxa over such wide areas (at least 400 km
extent covering most areas of the southern side of the Alps)
probably reflects the vegetational or environmental effects
of climatic change at ca 13,100–12,800 cal yr BP. For this
period non-pollen evidence of climatic change is still very
rare south of the Alps, but several paleoclimatic records
from the Northern Alpine forelands point to strong
climatic oscillations during this period, which are also
recorded in the Greenland ice cores (von Grafenstein et al.,
2000; Ammann et al., 2000; Brooks, 2000; Schwander et al.,
2000; Heiri and Millet, 2005). For this period the
paleoclimatic series from the Alps and Greenland docu-
ment a pronounced general climatic cooling event reaching
about �1.5 to �2 1C in and around the Alps at ca
13,100–12,900 cal yr BP. This so-called Gerzensee oscilla-
tion (Eicher, 1987), comprises the Greenland Interstadial
event GI-1b at around 13,000 cal yr BP in the GRIP ice
core (see Björck et al., 1998; Schwander et al., 2000;
Johnsen et al., 2001; Heiri and Millet, 2005). Although it is
likely that climatic cooling during the Gerzensee oscillation
caused the increase of steppic plants such as Artemisia, it is
unlikely that it contributed to the expansion of thermo-
philous taxa such as Quercus, Tilia, and Ulmus south of the
Alps. Instead, we suggest a coeval expansion of xerophytes
and thermophilous trees similar to those communities found
today under dry temperate continental conditions in south-
east Europe and Central Asia (e.g. Ukraine, Walter, 1974).
The recent chironomid-based temperature estimates from
Lac Lautrey (Heiri and Millet, 2005) show that before the
onset of the YD a prominent warm temperature excursion
(the warmest of the Lateglacial) occurred at ca 13,000–12,800
to 12,700–12,600 cal yr BP. This warm phase is also recorded
in the Ammersee record (von Grafenstein et al., 1999), but is
less pronounced in the GRIP ice cores, where it is designated
as Greenland Interstadial event GI-1a (Björck et al., 1998;
Johnsen et al., 2001). We assume that climatic warming at
13,000–12,600 cal yr BP allowed the population expansions
of thermophilous taxa such as Quercus, Tilia, and Ulmus

south of the Alps. However, the establishment of the
thermophilous taxa in the lowlands of the Southern Alps
and their forelands came to a sudden end when the YD
began at ca 12,600–12,500 cal yr BP (e.g. Wick, 1996; Tinner
et al., 1999; Pini, 2002; Finsinger et al., 2006). Possibly, the
contrast between the broad temporal range of the expansion
of taxa of the mixed oak forest (13,100–12,800cal yr BP) and
the sharpness of the beginning of the YD at 12,600 cal yr BP
reflects the dynamics of dissimilar processes. Building up
populations of forest trees requires several centuries, whereas
vegetational damage caused by a strong continental or
hemispheric cooling such as the YD may occur within
decades or less (see Bugmann and Pfister, 2000) and,
therefore, be synchronous over a large area.

5.4. The YD event at ca 12,600–11,500 cal yr BP

Recently, several studies have discussed the linkages
between the Greenland ice core records and records from
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the Alps and neighbouring areas (e.g. Ammann et al., 2000;
Schwander et al., 2000; von Grafenstein et al., 2000) for the
Younger Drays, a climatic cooling of hemispheric and
possibly global extent that reached ca �4 1C in and around
the Northern Alps (von Grafenstein et al., 1999, 2000;
Heiri and Millet, 2001). These very detailed and high-
resolution multy-proxy studies (including new oxygen-
isotope series) suggest that changes in Greenland and the
Alps occurred synchronously. Within the uncertainties of
the dating methods this conclusion is sustained by many if
not all precisely dated palaeo records from the region (i.e.
beginning of the YD around 12,700–12,600 cal yr BP, end
of YD around 11,600–11,500 cal BP). The environmental
effects of the YD (or Greenland Stadial GS-1 in the GRIP
ice cores, Fig. 7), have been discussed in detail in many
previous studies from the southern side of the Alps (e.g.
Lang, 1961; Schneider and Tobolski, 1985; Wick, 1996;
Tinner et al., 1999; Pini, 2002; Finsinger et al., 2006) and
can be illustrated by consulting our key sites. The forest
cover diminished conspicuously across all vegetational
belts, and herbaceous taxa re-expanded together with
psychrophilous trees such as P. cembra and Larix (see
Fig. 6) and heliophilous Betula even in the lowlands.
However, the Palughetto and Pian di Gembro records
show that treeline was still above 1400m during the YD.
This topic is extensively discussed by Gobet et al. (2005).
These authors reach the conclusion that during the YD
treeline was located at about 1500–1800m a.s.l. in the
central, southern, and eastern Alps.

The YD (GS-1) lasted for about 1000 years and came to
an abrupt end at 11,600–11,500 cal yr BP (Fig. 7), when
(air) temperatures in and around the Northern Alps
increased by about 4 1C within a few decades (Ammann
et al., 2000; Schwander et al., 2000; von Grafenstein et al.,
2000). Environments south of the Alps responded mark-
edly to climatic warming. The lowland site Lago di Origlio
suggests that vegetation changed abruptly at 11,500 cal yr
BP. Psychrophilous and heliophilous trees such as Larix,

P. cembra, and Betula as well as herbaceaous taxa such as
Artemisia and Chenopodiaceae declined, whereas thermo-
philous trees such as Quercus, Ulmus, and Tilia re-
expanded very rapidly (Fig. 6). In the pollen record of
Lago di Avigliana the expansion of thermophilous trees in
association with the decline of the psychrophilous and
heliophilous taxa also occurred immediately at the begin-
ning of the Holocene (significant zone boundary at ca
11,600 cal yr BP, see Finsinger et al., 2006). Similar
vegetational responses at the beginning of the Holocene
were observed at Lago di Annone (Fig. 6), though there
significant vegetational changes are dated at 11,000 cal yr
BP (Wick, 1996). We assume that the delay at this site is
most probably an artefact generated by a sediment hiatus
(Wick Olatumbosi, 1996) and/or by the absence of a
radiocarbon date at 11,500 cal yr BP (Fig. 6). In fact, this
change is dated at 11,500 cal yr BP at all other lowland sites
in the Southern Alps (e.g. also Lago di Muzzano, Gobet
et al., 2000).
Similar patterns of vegetational change also occurred at
higher altitudes. The pollen record of the central Palugh-
etto (1040m a.s.l.) core suggests an expansion of thermo-
philous trees (e.g. Quercus and Ulmus) and a decline of
psychrophilous, heliophilous, and herbaceous taxa (e.g.
Larix, Artemisia) at ca 11,300–11,200 cal yr BP, ca 300
years after the end of the YD (PL-3/PL-4), whereas this
change occurred somewhat earlier at Pian di Gembro
(1350m a.s.l.; Quercus expansion at ca 11,700 cal yr BP, but
significant zone boundary PG-4/PG-5 at 11,700 cal yr BP).
Our comparison across different altitudes clearly shows
that the importance of thermophilous taxa (e.g. Quercus)
decreased with altitude (Fig. 6). Thermophilous broad-
leaved taxa reached about the uppermost limit of the
today’s mountain belt (Gehrig, 1997), i.e. an altitude of
about 1500–1600m in the Southern Alps during the early
Holocene. However, forest adjustment dynamics to cli-
matic change were very rapid at the beginning of the
Holocene. For instance, treeline moved 800m upwards in
only 200 years in the adjacent inner section of the central
Alps (Tinner and Kaltenrieder, 2005).

6. Conclusions

Our data suggest that synchronous vegetational changes
over wide areas of Northern Italy and southern Switzer-
land were probably a consequence of climatic changes.
Macrofossils and megafossils reveal unambiguously that
trees and shrubs (e.g. P. sylvestris, Picea, Larix, Betula)
survived the LGM in the eastern Po-Plain or in the Alpine
foreland (e.g. Paganelli, 1996; Kromer et al., 1998;
Ravazzi, 2002; Kaltenrieder et al., 2004). Deglaciation
pulses at 18,500–17,500 cal yr BP and the initial expansion
of trees and shrubs at 18,000–17,500 cal yr BP in the
formerly glaciated lowland areas were probably a result of
the first climatic warming after the LGM. However, it is
likely that in most of the pre-Alpine lowland post-glacial
forests and open woodlands became established only at ca
16,000 cal yr BP, when the climate became warmer in the
neighbouring North Atlantic region. This Southern Alpine
forest-succession occurred millennia before the onset of
similar processes north of the Alps at ca 14,500 cal yr BP.
The divergence can be explained by the generally milder
climatic conditions south of the Alps (today winter and
summer temperatures 3–6 1C warmer in comparison with
Central Europe and the lowlands of the Northern Alps).
The change in the Northern Alps at ca 14,500 cal BP,
however, was approximately synchronous with similar
afforestation processes at the sites located in the mountain
belt on the southern side of the Alps (e.g. Pian di Gembro,
Palughetto, ca 1000–1800m a.s.l.). Vegetation responded
rapidly (i.e. within 200–300 years at most) to strong
climatic warming events (+4–6 1C) in Central Europe and
the Alps at ca 14,500 and 11,500 cal yr BP. Vegetation
changes at 13,100–128,000 cal yr BP probably reflect high
climatic variability during the Lateglacial Interstadial (e.g.
Gerzensee Oscillation). The Younger Dryas cooling (�4 1C
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in Central Europe and the Alps) had strong effects on
stands of thermophilous trees that had expanded at
13,100–12,800 cal yr BP in the forelands of the Southern
Alps, just before the onset of the Younger Dryas at
12,600–12,500 cal yr BP.

Our records are affected by chronological uncertainties.
This problem may partly be solved by improved radio-
carbon chronologies. For instance, additional dates would
be needed for some of the (already published) key
sequences (e.g. Avigliana, Origlio, Annone, Pian di
Gembro) where important climatic changes occurred. In
addition, other dating methods (e.g. varve counts, tephra
layers) may prove to be helpful, but unfortunately, such
techniques are not applicable to all stratigraphic records.
Besides improving the temporal precision, temporal
resolution should be augmented to better address impor-
tant questions such as the large-scale response dynamics of
vegetation to climatic changes. Despite these uncertainties,
our paleorecords unambiguously underscore the high
sensitivity of subalpine, treeline, and alpine vegetation to
climatic changes, a finding that is in agreement with
previous studies (e.g. Tinner and Kaltenrieder, 2005)
emphasizing that global warming may trigger rapid
vegetational reorganizations of Alpine vegetation within
centuries at most.

Acknowledgements

We thank P. Kaltenrieder, M. Peresani, and A. Aceti for
fruitful discussions, A. Rizzi, G. Tanzi, and P. Daina for
help during coring, and F. Oberli for laboratory assistance.
Improvements to the manuscript by A. Long, J.J. Lowe
and H.E. Wright, Jr. and an anonymous reviewer are
gratefully acknowledged. GRIP, North GRIP and Am-
mersee data were obtained from the National Snow and Ice
Data Center, University of Colorado at Boulder, and the
WDC-A for Palaeoclimatology, National Geophysical
Data Center, Boulder, Colorado. We are grateful to the
Swiss National Science Foundation, which financed this
study (SNF Nr 3100A0-101218) and to the Azienda
Regionale Veneto Agricoltura for a grant to initiate
preliminary studies at Palughetto.

References

Ammann, B., Birks, H.J.B., Brooks, S.J., Eicher, U., Grafenstein von, U.,

Hofmann, W., Lemdahl, G., Schwander, J., Tobolski, K., Wick, L.,

2000. Quantification of biotic responses to rapid climatic changes

around the Younger Dryas—a synthesis. Palaeogeography, Palaeocli-

matology, Palaeoecology 159, 313–347.

Ammann, B., Birks, H.H., Walanus, A., Wasylikowa, K., 2007.

Lateglacial mutidisciplinary studies. In: Elias, S.A. (Ed.), Encyclopedia

of Quaternary Science, vol. 3. Elsevier, Oxford, pp. 2475–2486.

Antonelli, R., Barbieri, G., Dal Piaz, G.V., Dal Pra, A., De Zanche, V.,

Grandesso, P., Mietto, P., Sedea, R., Zanferrari, A., 1990. Carta

geologica del Veneto 1:250.000 e relative note illustrative. S.E.L.C.A.,

Firenze.

Avigliano, R., Di Anastasio, G., Improta, S., Peresani, M., Ravazzi, C.,

2000. A new Lateglacial to Early Holocene palaeobotanical and
archaeological record in the Eastern Pre-Alps: the Palughetto

basin (Cansiglio Plateau, Italy). Journal of Quaternary Science 15,

789–803.

Bennett, K.D., 1996. Determination of the number of zones in a

biostratigraphical sequence. New Phytologist 132, 155–170.

Beug, H.J., 1964. Untersuchungen zur spät- und postglazialen Vegeta-

tionsgeschichte im Gardaseegebiet unter besonderer Berücksichtigung
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Inauguraldissertation der Philosophisch-naturwissenschaftlichen Fa-

kultät. Universität Bern, Bern.

Wright Jr., H.E., 1991. Coring tips. Journal of Paleolimnology 6, 37–49.

Zoller, H., Kleiber, H., 1971. Vegetationsgeschichtliche Untersuchungen

in der montanen und subalpinen Stufe der Tessintaler. Verhandlungen

der Naturforschenden Gesellschaft in Basel 81, 90–153.


	Interactions between climate and vegetation during the �Lateglacial period as recorded by lake and mire sediment archives �in Northern Italy and Southern Switzerland
	Introduction
	Material
	Site description of the Palughetto mire
	Records used for the Southern Alpine comparison of pollen biostratigraphies

	Methods
	Results and interpretation
	Lithostratigraphy
	Chronology and sediment accumulation rates
	Lateglacial vegetation history at Palughetto
	Zonation results of the selected key sites

	Discussion
	Alpine deglaciation and vegetational and climatic processes between 18,000 and 14,500calyr BP
	Climatic and vegetational changes at ca 14,500calyr BP
	The expansion of mixed oak forest south of the Alps at 13,100-12,600calyr BP
	The YD event at ca 12,600-11,500calyr BP

	Conclusions
	Acknowledgements
	References


