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Abstract

Continuous sedimentary lake records covering the Last Glacial Maximum (LGM) are very rare in Europe. Here, we con-
ducted additional palynological analyses to connect two separate radiocarbon-dated pollen sequences of Lago della Costa
(AP2 and AP1) to one complete vegetation history record of the Euganean Hills (“Colli Euganei”, northern Italy) covering
the past ca. 32,000 years. Previous studies on autochthonous organic lake sediments revealed that during the Last Glacial
Maximum (LGM) Lago della Costa likely acted as a refugium of temperate woody taxa. Based on the new data we present
the first continuous record of the vegetation history of the Euganean Hills during the past 32,000 years. Specifically, we
investigate the early establishment and mass expansion of deciduous Quercus at the refugial site at ca. 16,800—16,600 cal
BP. In the oak forests other temperate taxa (e.g. Corylus avellana, Abies alba, Ulmus, Fraxinus excelsior, Vitis, Hedera,
Tilia, Acer, Fagus sylvatica) also established at around this time, i.e. 2,000 years prior to the onset of the Bolling/Allerad
interstadial (about 14,700-12,800 cal BP). The comparison of our data with other well-dated records from the river Po
catchment and refugial sites elsewhere in Italy and southern Europe suggests expansions of boreal and nemoral forests
over wide areas prior to the Bolling/Allerad interstadial, i.e. 2,000 years before comparable large-scale afforestation north
of the Alps or ca. 45°N. Pollen-inferred expansions of temperate tree communities (e.g. oak forests) correspond to a cli-
matic warming as reconstructed from quantitative, pollen-independent evidence (e.g. chironomids) from the Apennines,
Northern Italy, Southern Switzerland and the Swiss Plateau, suggesting that pre-Belling afforestation processes south of
the Alps were promoted by increasing (summer) temperatures during the Oldest Dryas.
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Introduction range-limits than previously estimated, potentially reducing

spreading rates across the continent (Feurdean et al. 2013).

In the last years, a growing body of palaecoecological,
genetic, and climate modelling literature, suggested a more
northerly glacial survival for temperate tree species in
Europe than solely in southern Europe (Beug 1975; Fines-
chi et al. 2002; Willis and van Andel 2004; Birks and Willis
2008; Birks 2019; Guido et al. 2020). Although this issue
is controversially debated (Tzedakis et al. 2013) this means
that populations may have been closer to their present
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Conversely, there is abundant palacoecological evidence
that temperate trees survived the LGM in refugia south of
the Alps or ca. 45°N (Lang et al. 2023).

The southern slope of the Alps was extensively glaciated
during the LGM (Ehlers and Gibbard 2004). Conifer and
several temperate tree species survived nearby in the ice-
free Po Plain and along the southeastern alpine border, as
testified by the biostratigraphic evidence (e.g. Ravazzi et al.
2004; Monegato et al. 2015). Pollen evidence of a glacial
macrorefugium for temperate trees on the eastern Po Plain is
preserved in the autochthonous lake sediment records from
Lago della Costa at the southeastern border of the Euganean
Hills (Kaltenrieder et al. 2009). This site is located south of
another important site on the Po Plain, Lago di Fimon in the
Berici Hills, with a vegetation history spanning back to the
LGM and beyond (Pini et al. 2010). Fimon was, however,
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located much closer to the LGM ice masses (25 vs. 55 km)
and thus more exposed to climatic and environmental
extremes. A long sequence spanning the last glacial cycle
and the late Middle Pleistocene is also available from the
lowermost Friulian Plain (Monegato et al. 2007; Fontana
et al. 2008; Pini et al. 2009) ca. 120 km north-east of Lago
della Costa. Lago di Fimon, similar to the landscape recon-
structed in the Friulian Plain, was affected by fluvioglacial
aggradation during the LGM. At these more northern and
likely cooler sites, conifer trees and shrubs, and, with a low
probability, very restricted, mesic and more cold-tolerant
Fagus sylvatica and Abies alba persisted during the LGM
(e.g. Pini et al. 2009).

Quantitative vegetation-independent palaeotemperature
reconstructions show that LGM mean July air temperatures
were 10—12 °C lower than today in the south-eastern sec-
tor of the Po Plain (Samartin et al. 2016). The chironomid-
inferred temperature reconstructions depict that in the plains
at the southern edge of the Euganean Hills (Lago della
Costa) mean July temperatures were on an average as high
as 12—16 °C during 31,000-19,000 cal Bp, while in the Euga-
nean Hills they were likely 2—4 °C warmer at elevated sites,
i.e. at ca. 14-20 °C (Gubler et al. 2018). The coldest LGM
mean July temperatures were around 10-13 °C (Samartin
et al. 2016) on the Po Plain and 12—17 °C in the Euganean
Hills (Gubler et al. 2018). This particular microclimatic set-
ting in the Euganean Hills likely permitted temperate tree
taxa to survive the harshest LGM conditions (Kiihl and
Moschen 2012; Samartin et al. 2016).

While unglaciated areas in the river Po basin had partly
remained forested during the LGM (Ravazzi et al. 2004,
2006; Kaltenrieder et al. 2009; Monegato et al. 2015;
Marcolla et al. 2021), in the southern Alps and their fore-
lands Juniperus scrublands (pollen, stomata finds) estab-
lished ca. 18,000-17,500 cal BP in the formerly glaciated
areas (Vescovi et al. 2007). Subsequently, synchronous
early afforestation processes occurred over wide areas in
the lowlands of southern Switzerland and northern Italy at
about 16,500-16,000 cal Bp, 2,000—1,500 years prior to the
large-scale afforestation of central Europe in response to the
Bolling warming at ca. 14,700-14,600 cal Bp (Hofstetter et
al. 2006; Vescovi et al. 2007; Ravazzi et al. 2014).

Comparison of the pollen-inferred palaeovegetational
reconstructions with independent palacoclimatic series (chi-
ronomid records) suggests that early pre-Belling afforesta-
tion processes in the formerly glaciated areas of northern
Italy and neighbouring areas were promoted by increasing
temperatures, i.e. early summer temperature warming at ca.
16,500-16,000 cal BP; Samartin et al. 2012; Bolland et al.
2020). North of the Alps the pre-Belling warming likely
released only minor expansion of tree Betula stands (Bol-
land et al. 2020; Rey et al. 2020).

@ Springer

In summary, several studies with independent lines
of evidence showed that the Euganean Hills supported a
unique LGM refugium in the hills of the Adriatic Po Plain
(Lona 1957; Paganelli and Miola 1991; Kaltenrieder et al.
2009, 2010; Samartin et al. 2016; Gubler et al. 2018). Con-
sequently, this area is particularly interesting for understand-
ing the beginning of European postglacial re-afforestation
dynamics. In the low-resolution overview study of land core
AP2, the early expansion of mixed oak stands is recorded
only in the three uppermost pollen samples. In this study,
we focus on the period 18,000—14,000 cal Bp, which, due to
its distribution on different land and lake cores, was so far
interrupted or uncovered. In order to connect the land core
AP2 to the lake core AP1 and thus establish a continuous
record of environmental change for the past 32,000 years,
we carried out additional high-resolution pollen analyses
in the uppermost sediment section of the land core AP2.
This procedure allows us to reconstruct the re-expansion of
important temperate tree taxa, specifically the early expan-
sion of deciduous Quercus and the establishment of stands
of other temperate taxa such as Abies alba, Corylus avel-
lana, Alnus glutinosa, Fraxinus excelsior, Carpinus betulus,
Tilia, Ulmus, Fagus sylvatica, Vitis, Hedera and Acer at
ca. 16,800-16,600 cal Bp. Furthermore, we refined the pol-
len determinations, now distinguishing Pinus cembra-type
from Pinus sylvestris-type in all pollen samples from core
AP1/2 to determine the abundance and quantitative relation-
ship of both Pinus taxa. Our new results are compared with
proximal records from south and north of the Alps that were
ice-covered during the LGM as well with more distant refu-
gial sites in southern Europe to assess the spatial extent and
consistency of the palaeovegetational and palaeoclimatic
patterns observed.

Materials and methods
Study site

The study site, Lago della Costa (7 m a.s.l.; 45°16°13”N,
11°44°35”E), is a small lake (3 ha) in the regional park
‘Parco Regionale dei Colli Euganei’ close to Arqua Petrarca
at the southeastern border of the Euganean Hills (Fig. 1).
Due to the progressive removal of mud from the lake for
therapeutic and cosmetic purposes, it was challenging to
find an undisturbed coring spot in the lake. In collabora-
tion with the mining company (Societa Fango Lago Costa
d’Arqua s.r.l.), who had access to the excavation history and
a wealth of historical bathymetry maps (e.g. Stegagno 1901;
Corpo reale delle miniere, Padova 1930), we were able to
find a drilling area in the lake that was never used and thus
included undisturbed organic lake sediments. The older
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Fig. 1 Maps (A, B) showing the 11°
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sediments used for the period prior to ca. 16,700 cal BP were
drilled on land. Further details on the coring campaigns in
2001 are available in Kaltenrieder et al. (2009, 2010).

The lake has no surface inlet but several subaqueous
thermal springs, originating from ancient rainwater of the
Alps (Small Dolomites, Pasubio, Recoaro and the Vicen-
tino-Trentini plateaus; Piccoli et al. 1976, 1981). The ther-
mal water is related to a geothermal gradient from the Alps
to the Euganean Hills, unrelated to any local underground
heat sources (Cantaluppi et al. 2014). Radiometric stud-
ies on rocks attributed the Euganean eruptive complex an
Oligocene age (35 million years) in its most recent terms.
The volcanic activity is therefore far too old to be a source
of heat or any other volcanic feature such as old carbon
delivery to the air (Borsi et al. 1969; Piccoli et al. 1976;
Soter 2011; Cantaluppi et al. 2014). We can thus exclude
any influence of carbon degasification on our radiocarbon
age measurements. In addition to these subaqueous ther-
mal springs, Lago della Costa was until modern times fed
by freshwater input from precipitation, creeks and springs,
which are now used for agricultural purposes (REGPARK
2015). At the southern border of the lake, there is a small
artificial outlet.

The temperature gradients today are broad enough to
permit both, warm-loving evergreen Mediterranean (e.g.
Q. ilex woodlands) and mesophilous communities (e.g. F.
sylvatica stands) to occur in the Euganean Hills, whereas
both are absent from the adjacent low-lying Po Plain today,

Monselice

{

likely because of climatically extreme and disturbed local
conditions (e.g. frost, drought). Consequently, this hilly
area is representing a main centre of past and recent floris-
tic biodiversity (Pignatti 1982). For further details on the
environmental conditions of Lago della Costa site (geology,
pedology, recent climate and vegetation) see Kaltenrieder
et al. (2009, 2010), Samartin et al. (2016) and Gubler et al.
(2018).

Lithology, pollen analysis and zonation

Full material and methodological descriptions of coring,
lithology (including loss on ignition), pollen, macrofos-
sils, ostracods, chironomids, microscopic and macroscopic
charcoal analyses are provided in Kaltenrieder et al. (2009,
2010) and Samartin et al. (2016). For this study, 12 addi-
tional pollen samples were taken at the surface of the AP2
sediment land core to better resolve the time of the postgla-
cial re-establishment of deciduous oak forests. Oak pollen
was differentiated between the two pollen types Quercus
deciduous (Q. pubescens, Q. petraea, Q. robur) and Q. ilex-
type containing evergreen Quercus species. In addition, in
all 219 pollen samples of AP1/2, we conducted new deter-
minations of P. cembra-type and P. sylvestris-type, based on
the presence of verrucae on the ventral surface of the grain
body, on the shape of sacci (more elongated than and not
as rounded as in P. sylvestris-type) and on the presence of
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a slightly undulating outer layer on the proximal surface of
the grain body towards the sacci (Klaus 1972).

The pollen diagrams were drawn using TILIA 2.0.4 and
TiliaGraph 2.0.4. The results are presented as TgView 2.0.2
pollen diagrams (Grimm 1992-2005) subdivided into local
pollen assemblage zones (LPAZ) by using the zonation
method of optimal partitioning with sum-of-squares (Birks
and Gordon 1985), identifying the statistically significant
LPAZ limits with the broken-stick approach (Bennett 1996).

Merging the sediment cores on the basis of their
chronology

Lago della Costa consists of two parallel cores which have
been published in two separate articles: a sediment core
retrieved in the present lake (AP1; Kaltenrieder et al. 2010)
spanning back to the Late-glacial and a land core taken close
to the today’s shore (AP2; Kaltenrieder et al. 2009) covering
the early Late-glacial, LGM and beyond to ca. 32,000 cal Bp.

Only terrestrial plant macrofossils were used for dating
(Table 1). The '*C ages were converted to calibrated ages
(years cal BP) using the program CALIB 8.2 (Stuiver and
Reimer 1993) with the IntCal20 calibration curve (Reimer
etal. 2020). Considering the uncertainties of the radiocarbon
dates there is an overlap (and thus no gap) between the two
cores AP1 and AP2. Specifically, the oldest '*C age from
the lake core AP1 (14,270+70 uncal BP), 6 cm above the
sediment bottom, provides an estimated basal sediment age

Table 1 '“C dates from Lago della Costa (AP1/2)

of ca. 17,340 cal Bp, while the youngest age from the land
core AP2 (14,086 + 100 uncal BP) at 125 cm below sediment
surface provides an age of ca. 17,130 cal Bp (Table 1). This
implies an age overlap between AP1 and AP2 of ca. 200
years according to the calibrated age medians. Therefore,
two new age-depth models were calculated for AP1 and
AP2 with the program clam using a smooth spline (Blaauw
2010). According to the median of the interpolated values,
the depth of 1,279 ¢cm at AP1 chronologically corresponded
to a depth of 52 cm in the sediment core AP2. Consequently,
the two pollen sequences were merged at the sediment depth
of 1,279 cm in AP1 and at the depth of 52 cm in AP2 to
build the new complete core AP1/2. This procedure resulted
in one chronology on one continuous composite depth,
which was constructed by adding 1,227 cm to the original
sample depths of AP2 (starting at 52 cm, i.e. a new depth
of 1,279 cm). Above 52 cm, topmost material of AP2 was
partly removed before coring because we found traces of
disturbance and reworking (ploughland). Hence, an original
depth of AP2 corresponding to e.g. 90 cm has now a new
artificial depth of 1,317 cm. After eliminating the chrono-
logical overlap and assigning the new depths to AP2, we
built a common age-depth model for the composite cores
AP1/2 (Fig. 2). After exploring linear, spline, GAM and
Bayesian age-depth modelling, we decided to apply clam
using a smooth spline (Blaauw 2010; Blaauw and Heegaard
2012). Moreover, a 95% probability distribution envelope
was added using the GAM model by Heegaard et al. (2005).

Lab-code Core  Depth (cm) Material 14C dates, yrs  cal BP, Age in
BP 95%-range* diagram
(cal
BP)**
Erl-4809 AP1 32-38 Charcoal, dicot. leaf 325+60 156-502 390
Poz-12374 AP1 150-152 Deciduous periderm 845+30 684-791 752
Poz-12363 AP1 332-358 Deciduous periderm, wood 3,525+30 3,698-3,887 3,789
Poz-19119 AP1 526-570 Wood, periderm, terrestrial seed parts 4,960+ 40 5,593-5,857 5,686
Erl-4812 APl 768-772 Deciduous periderm, wood, Alnus fruit 5,465+70 6,009-6,400 6,260
Poz-12376 AP1 802-804 Deciduous twig 5,830+40 6,501-6,740 6,643
Poz-12377 AP1 984-988 Quercus budscales, wood, periderm, dicot. leaf 7,740+ 50 8,417-8,597 8,515
Erl-4813 AP1 1,036-1,040  Charcoal, wood, periderm 8,368 +70 9,140-9,529 9,378
Erl-4814 AP1 1,190-1,194  Charcoal, coniferous periderm, Betula fruit 10,778 +90 12,508-12,902 12,695
(Poz-12378 APl 1,290-1,298  Deciduous and coniferous periderm, wood, 14,270 +70 17,076-17,712 17,381)
Betula fruit
Erl-4815 AP2 1,403-1,405  Wood (twig) 14,086 + 100 16,886-17,399 17,130
Poz-16254 AP2 1,833-1,849  Wood, deciduous twig, charcoal, Betula fruits and 15,400+ 150 18,283-18,935 18,660
fruit scale, Larix needles
Erl-4816 AP2 2,067-2,069  Coniferous periderm and wood (twig) 19,285+ 160  22,953-23,742 23,230
Poz-16337 AP2 2,309-2,311 Deciduous (Pomoideae) twig 19,400+ 120 23,061-23,748 23,358
Poz-16256 AP2 2,491-2,509  Larix needles and part of seed wing, Betula fruit 20,170+ 130 23,867-24,582 24,239
Poz-16257 AP2 2,727-2,729  Periderm, wood 23,600+250  27,294-28,355 27,734

* Calibration of radiocarbon dates: Calib8.2 (Stuiver and Reimer 1993) with the IntCal20 calibration curve (Reimer et al. 2020)

** median probability
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Fig.2 Age-depth model for com- 0
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The age-depth model is based on linear interpolation of the
R-Stat values of calibrated '“C ages (Heegaard et al. 2005).

The chronology of the new combined pollen record (total
of 15 radiocarbon dates; Table 1) is spanning the last ca.
32,000 cal Bp. In the new age-depth model (Fig. 2) and in
the composite pollen diagram (Fig. 3) the original date at
14,270+ 70 uncal Bp, which anchors the basal age of AP1
at 1,290-1,298 cm depth, is not shown anymore, because
belonging to an AP1 depth that was replaced by AP2 depths.
The biostratigraphy of the sites was not considered directly
when merging the cores, however, the chronological inte-
gration is in good agreement with the pollen patterns in AP1
and AP2 (ESM). For instance the Late-glacial Quercus mass
expansion occurs at the top of the AP2 core (ca. 80—-60 cm in
original AP2 depth, now ca. 1,307-1,287 cm in new artifi-
cial depth), but is already accomplished at the bottom of the
AP1 core (1,280-1,300 cm).

Results and interpretation

The new composite pollen diagram is subdivided into 10
statistically significant local pollen assemblage zones
(LPAZ), PAP12-1 to PAP12-10 (Fig. 3). The new zonation
emphasizes the main traits of the vegetation history and
landscape development and shows a highly dynamic tran-
sitional phase at 16,900-16,000 cal Bp (Fig. 4). A detailed
description of the vegetation history and dynamics at Lago
della Costa during the last 32,000 years has been presented
in Kaltenrieder et al. (2009, 2010). For the results, we focus
on this transition for which new samples were analysed, for

Age (yrs cal BP)

the vegetation history of the other periods during the past
32,000 years we refer to the original publications (Kalten-
rieder et al. 2009, 2010).

Vegetation conditions after termination | and
vegetation change at 16,900-16,000 cal Br

After the LGM, at Termination I (PAP12-5 and PAP12-6;
18,500-17,300 cal BP), minerogenic sediment deposition
increased at the site, perhaps as a consequence of increased
water discharge which caused increasing soil erosion. Sub-
sequently, during PAP12-7 (17,300-16,700 cal BP) autoch-
thonous sedimentation re-established (silty-marl to marl,
silty and calcareous gyttja) leading to high pollen quality
and concentrations. Our pollen data suggest the presence of
isolated tree stands (Larix decidua, P. sylvestris-type, Quer-
cus deciduous, C. betulus, F. sylvatica, Ulmus) in the hills,
surrounded by steppic environments (e.g. relatively high
pollen percentages of Artemisia, Chenopodiaceae, Poa-
ceae and Juniperus) of the plain. The microscopic charcoal
record shows that fire activity during the early Late-glacial
was low.

The additional pollen samples taken from AP2 depict a
gradual expansion of temperate trees at 16,900—16,600 cal
BP (Fig. 4). Around 16,900 cal Bp Corylus avellana, Quer-
cus deciduous, Ulmus, F. sylvatica, A. glutinosa-type, and
C. betulus reached their empirical limit (i.e. continuous
curves), suggesting the establishment of first local popu-
lations at the lake (Lang 1994; Birks and Tinner 2016).
At ca. 16,800 cal BP Abies and at 16,700 cal Bp Vitis fol-
lowed. At the same time pollen of Quercus, C. avellana, A.
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Fig.4 Pollen percentage (selected types) diagram of combined AP1/2 for the high-resolution section of the early Late-glacial period. Empty curves
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glutinosa-type, F. excelsior-type, Tilia and Ulmus peaked,
suggesting first considerable expansions of these temperate
trees in the Lago della Costa area. Insect-pollinated Hedera
and Acer show regular pollen occurrences after ca. 16,650
cal BP, pointing to the establishment of these arboreal plants
in the close proximity of the lake. Similarly, evergreen
broadleaved Q. ilex-type reached its absolute pollen limit
(first occurrence) at ca. 16,650 cal BP. Interestingly, during
this period also boreal taxa such as Larix decidua and Pinus
cembra expanded, pointing to the establishment of nemo-
boreal forests within ca. 200 years. Forests expanded at the
expenses of steppic vegetation, as shown by the decline
of Artemisia and Chenopodiaceae (Fig. 4). However, high
NAP values show that open land, primarily grasslands (Poa-
ceae) remained important. By 16,600—16,000 cal BP temper-
ate trees became dominant in the forests and boreal taxa as
P sylvestris-type, P. cembra-type and Betula declined. The
zonation shows that the major vegetation break occurred
around 16,700 cal Bp (significant zone boundary PAP12-7
to PAP12-8). After ca. 16,700 cal Bp Late-glacial and early
to Mid Holocene vegetation remained rather stable for mil-
lennia (Figs. 3 and 4). Microscopic charcoal influx shows
that the expansion of temperate trees was connected to an
increase of fire activity, perhaps in response to warmer con-
ditions and/or increasing biomass and thus fuel availability.

Discussion

Vegetation and climatic situation at the end of the
last glaciation

During the last glaciation including the Last Glacial Maxi-
mum (LGM), the Euganean Hills and surrounding Po Plain,
as well as the Adriatic alluvial Plain were unglaciated (e.g.
Monegato et al. 2007, 2015). The glacio-eustatic sea low-
stand along the Italian coast set the whole northern Adri-
atic shelf under continental conditions. The alluvial plain
of the river Po extended to about 300 km south of the pres-
ent Venetian coastal area (e.g. Lambeck et al. 2002). Dur-
ing the LGM aggradation phase, glaciofluvial sediments
were deposited and extremely harsh climatic conditions
prevailed in the Plain, which strongly affected vegetation.
Pollen sequences indicate that at that time, the eastern Po
Plain and the enlarged Adriatic alluvial Plain were situated
in a cold, dry environment with a dominance of steppes with
Poaceae, Artemisia and Chenopodiaceae, accompanied by
spots of parklands with cold-adapted boreal elements such
as P. cembra, P. sylvestris, L. decidua, Juniperus, Picea
abies and tree Betula (Bortolami et al. 1977; Lowe et al.
1996; Combourieu-Nebout et al. 1998; Ravazzi et al. 2004;
Monegato et al. 2007; Marcolla et al. 2021). As tree Betula
taxa do not tolerate prolonged summer drought and drying
cold winds (Atkinson 1992), its occurrence points to more
moderate habitat conditions, perhaps in topographically
moist depressions. Although the LGM was generally char-
acterized by very dry conditions, precipitation patterns over
the study region were variable. A moisture gradient may
have occurred regionally, with orographic rainout triggered
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by southern air circulation (Pini et al. 2010; Luetscher et
al. 2015), increasing moisture availability from the Adriatic
alluvial Plain to the mountain fringes. Such moisture vari-
ability may explain the presence of a forest belt of boreal
trees extended over the southern and southeastern alpine
forelands during the LGM where moisture availability was
sufficient (Pini et al. 2010; Ravazzi et al. 2014; Monegato
et al. 2015). However, the very cold and dry conditions
excluded temperate broad-leaved trees with relatively high
summer temperature requirements, even where moisture
availability was sufficient to let boreal forests grow in the
Po Plain.

A rare presence of temperate (e.g. deciduous Quercus)
and mesophilous (e.g. Fagus) taxa is depicted in the pollen
records of organic layers of two new long sedimentary suc-
cessions of continental and shallow marine deposits from
the adjacent Venetian plain, less than 20 km away from
Lago della Costa (Marcolla et al. 2021), characterized by
the abundance of taxa of cold and dry climate (e.g. Pinus).
The authors explain this presence of pollen of temperate
trees by transport from the near refugial site Euganean Hills,
where our data suggest the survival of isolated temperate
tree stands (Fig. 3, Kaltenrieder et al. 2009, 2010; Samartin
etal. 2016; Gubler et al. 2018).

During the LGM, valley glaciers of the Alps remained
only 30 km away from the Berici Hills (Castiglioni 1940), a
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Fig. 5 Comparison of percentages of tree pollen and arboreal pollen
showing the afforestation at different study sites south and north of the
Alps with an independent climate proxy: Lago della Costa (blue, this
study), Annone (green, Wick 1996), Origlio (red, Tinner et al. 1999),
Balladrum (purple, Hofstetter et al. 2006), Burgdschisee (brown, Rey
et al. 2017); reconstructed July air temperatures at sea level based
on chironomid data from Lago della Costa (magenta, Samartin et al.
2016), Lago di Origlio (light-blue, Samartin et al. 2012), and from the
northern Apennines, Italy, green and orange: Lago Gemini and Lago
Verdarolo (Samartin et al. 2017)
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relict karstic plateau ca. 20 km north of the Euganean Hills.
In contrast to the Euganean Hills their slopes are every-
where quite gentle and straight, with a maximum elevation
of 444 m a.s.l. The basin of Lake Fimon is the most impor-
tant valley dissecting the plateau to the north, open to south-
ward winds from the Alps and thus fully exposed to cold air
outbursts from the former ice masses. These geographical
and geomorphological conditions did not allow the growth
of temperate broadleaved trees with high summer tempera-
ture requirements during the LGM. Indeed, in the sedi-
mentary record of Lake Fimon, pollen of temperate trees
is almost absent since 30,000 cal Bp. Only scattered stands
with coniferous Pinus-Larix and some Picea occurred dur-
ing the LGM period (Wick 1996; Pini et al. 2009, 2010).

Environmental and climatic conditions south of the
Alps between 19,000 and 17,000 cal sp

Unambiguous evidence exists that the collapse of the ice
sheet in the lowlands south and north of the Alps occurred
within 1,000—1,500 years, starting not later than 19,300 cal
BP, at the end of the LGM (Rey et al. 2020). Fluvial incision
of melt water led to the formation of valleys in the Po Plain,
which were up to 14 m deep and 0.5-2 km wide (Mozzi et
al. 2010, 2013; Fontana et al. 2014). Moreover, glacier melt-
ing at the foothills of the southern and southeastern Alps
led to increased surface water discharge and slope instabil-
ity inducing the aggradation of the rivers Adige, Brenta,
Piave and Tagliamento in the eastern Po Plain (Fontana et
al. 2008). High sedimentation rates prior to 18,000 cal Bp
are also documented in pre-alpine lake sediments (e.g. at
Lago di Origlio, Tinner et al. 1999; Vescovi et al. 2007) that
became ice-free at the end of the LGM around 19,000 cal
BP (Rey et al. 2020). The huge loss of ice masses and the
fast retreat of glaciers were likely controlled by increas-
ing summer insolation (Berger and Loutre 1991) as well as
constantly rising CO, and CH, concentrations in the atmo-
sphere (Lourantou et al. 2010). Between 19,000 and 17,000
cal BP, increasing temperatures are registered at many study
sites worldwide according to the rising northern hemisphere
insolation values (He et al. 2013).

South of the Alps and close to the LGM refugia in the
eastern Po Plain, scrublands of heliophilous Juniperus
spread into the steppic tundra on formerly glaciated areas
above 400 m a.s.l. and stabilized the soils, promoting the
subsequent afforestation processes (Tinner et al. 1999;
Vescovi et al. 2007). For instance, high Juniperus pollen
values and stomata suggest the presence of juniper stands
at 18,000-17,000 cal Bp at Lago di Origlio at 416 m a.s.l.,
ca. 230 km to the west of our study site (Figs. 5 and 6). The
early expansion of Juniperus scrublands or woodlands was
most probably the result of climate warming (+2.5-3 °C)
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Fig. 6 Comparison of selected pollen taxa from different study sites
south and north of the Alps with an independent climate proxy.
Selected pollen data from Lago della Costa (this study), Annone (Wick
1996), Origlio (Tinner et al. 1999), Balladrum (Hofstetter et al. 2006),

at the onset of the Late-glacial around ca. 18,800 cal BP as
recorded in chironomid-inferred mean July air temperature
reconstructions (Samartin et al. 2016; Finsinger et al. 2019).

Early expansion of mixed oak forests at the
Euganean Hills and contemporaneous re-
afforestation processes south of the Alps

After early vegetation responses to Termination I warm-
ing, major vegetation reorganizations occurred around
17,000-16,000 cal Bp. Our new pollen data (Fig. 4) show
a moderate expansion of forest patches with cold-adapted

temperature (°C)

Burgéschisee (Rey et al. 2017). Pollen diagrams show percentages of
Pinus cembra-type (purple), Juniperus (brown), Betula (blue), B. nana
(cyan; only at site Burgéschisee); deciduous Quercus (red), Corylus
avellana (green); for reconstructed July air temperatures see Fig. 5

and continental P. cembra and L. decidua at around 16,900
cal Bp. It was followed by the initial expansion of popula-
tions of deciduous Quercus and other temperate trees at ca.
16,800 cal Bp. Already at around 16,700 cal Bp, Quercus
deciduous had reached conspicuous values of 15% and C.
avellana of 6%. The vegetation shift ended at ca. 16,600—
16,000 cal Bp, when temperate trees became dominant in
the forests and boreal taxa such as P. sylvestris, P. cembra
and Betula declined. Pollen and macrofossil records show
that at around 16,500-16,000 cal BP several tree species
were spreading at other sites (Vescovi et al. 2007; Ravazzi
et al. 2014). Pollen evidence from the Brianza area (Lago
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di Annone, 226 m a.s.l., Wick 1996) north-west of Lago
della Costa suggests the establishment of open forests with
Betula and P. sylvestris with some P. cembra. In contrast,
in the Swiss Ticino area ca. 30 km to the west of the Ital-
ian Brianza area, radiocarbon dated pollen and macrofossil
records suggest that P cembra expanded massively at about
400-500 m a.s.l. at ca. 16,500-16,000 cal Bp (Tinner et al.
1999; Hofstetter et al. 2006; Vescovi et al. 2007). Appar-
ently, P. cembra preferred the siliceous soils of the Ticino
area. Tree Betula taxa were also part of the afforestation
at the referred sites at 16,500—-16,000 cal BP in the north-
ern Po Plain basin including the southern pre-Alps (Figs. 4
and 5). During this first afforestation phase with P. cembra,
L. decidua, Betula, P. sylvestris, J. communis and P. abies
prior to the Bolling, treeline in the region was ca. at 800 m
a.s.l. (Tinner and Vescovi 2007; Lang et al. 2023; Fig. 7).
If the chronological uncertainties of several hundred years
are considered (Fig. 2), the afforestation dynamics observed
at Lago della Costa at 16,800—16,600 cal Bp do not differ
significantly in time from those observed at the other sites
south of the Alps at 16,500—-16,000 cal Bp. Indeed according
to the GAM-model the 26 uncertainty (for both depth and
age uncertainties) around 16,800—16,600 cal BP reaches ca.
+700 years.

Contemporaneous early afforestation processes in the
formerly unglaciated and glaciated areas of northern Italy
and southern Switzerland (Fig. 7) were likely triggered by
increasing (summer) temperatures (Samartin et al. 2016).

) Glacial | Late-Glacial | Early
Altitude LGM | Oldest Dryas [Batiing/Alierad] Y. D.| Holocene
(ma.s.l)

2000
Arctic-alpine meadows
1000 —|
Steppes and parklands
® o o0
0 :..'.o:::o.'..... o... .°
I I
22000 20000 18000 16000 14000 12000 10000

Years (cal BP)

Fig. 7 Schematic illustration showing the development of vegetation
belts south of the Alps, in northern Italy and southern Switzerland.
During the Last Glacial Maximum (LGM), fragmented forests and
scattered tree stands existed in the lowlands, dominated by boreal spe-
cies, with rare occurrences of temperate species in sheltered habitats
as the Euganean Hills. Forests expanded during the Late-glacial in
response to warming, the treeline reached ca. 800 m a.s.l. at 16,000
cal BP and ca. 1,800 m at 14,000-13,000 cal Br. At low elevations,
steppic communities and parklands persisted in the Po Plain, possi-
bly because of dry conditions and river disturbance. Further warming
at the onset of the Holocene allowed a further expansion of forests,
which reached modern treeline elevations above 2,000 m a.s.1. Follow-
ing Beug (1975), Tinner and Vescovi (2007), Kaltenrieder et al. (2009,
2010) and Lang et al. (2023)
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For comparison with Lago della Costa, chironomid-inferred
temperature reconstructions from Lago di Origlio were cor-
rected to the altitude of Lago della Costa (7 m a.s.1.) assum-
ing an altitudinal lapse rate of 0.6 °C/100 m (Livingstone
and Lotter 1998). At ~17,500-17,000 cal Bp, both chiron-
omid-inferred reconstructions from Lago di Origlio and
Lago della Costa show mean July temperature estimates
around 12.5 °C (Fig. 5), suggesting rather cool conditions
at sea level. At Lago di Origlio mean July temperatures
were around 10 °C, locating the site close to treeline. Subse-
quently, at ca. 16,500-16,000 cal Bp, summer temperatures
became ca. 2 °C warmer south of the Alps (Samartin et al.
2012). During this period, mean July temperatures may
have increased to ca. 12 °C at Lago di Origlio and 14.5 °C
around Lago della Costa, explaining the different afforesta-
tion processes with dense boreal P. cembra forests establish-
ing at Lago di Origlio and open mixed temperate Quercus
forests around Lago della Costa. Besides warmer (summer)
conditions, the expansion of forest stands was facilitated by
increasing rainfall, as suggested by oxygen isotope values
from speleothems (Frisia et al. 2005).

The well-dated Monticchio record in southern Italy
(Watts et al. 1996; Allen et al. 2000, 2002) provides the
opportunity to check if a similar oak forest expansion
occurred at other Italian refugial sites under a comparable
climatic setting. Today the two lakes Costa and Monticchio
experience similar vegetation (spanning from mesomedi-
terranean Quercus ilex to oromediterranean F. sylvatica in
the catchment) and climatic conditions (ca. 21-23 °C mean
July, 2-3 °C mean January and 700-900 mm annual pre-
cipitation; Watts et al. 1996; Tinner et al. 2013; Gubler et al.
2018). Lago della Costa is at the upper temperature range
and thus slightly warmer, while Monticchio is at the lower
end and thus cooler. Because this climatic similarity results
from the altitudinal and latitudinal positions of the two sites,
we expect that it was also present in the past. The pollen
data suggest that at Monticchio, at ca. 500—1,000 m a.s.l.,
deciduous Quercus gradually displaced pine stands and
open steppe tundra after ca. 16,500—16,000 cal Bp (Allen
et al. 2000, 2002). The establishment of first considerable
oak stands (1-5% Quercus pollen) occurred at ca. 16,000
15,000 cal Bp, while oak forests (>10-20%) established
only after ca. 14,500-14,000 cal Bp. Fagus sylvatica also
established stands at 16,000-15,000 cal BP at Monticchio,
but in contrast to deciduous Quercus it did not spread at
14,500-14,000 cal Bp, as was the case at Lago della Costa.
These similar vegetational dynamics at the two sites may
have resulted from two warming pulses, a minor at around
16,500 and a major at 14,700 cal Bp (Samartin et al. 2012).
Cooler climatic conditions at Monticchio may explain why
the deciduous Quercus peak was delayed, if compared to
Lago della Costa.
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Similar Late-glacial forest dynamics occurred in the
today’s mesomediterranean belt in central Italy. The palyno-
logical study of the lacustrine sediments from Lagaccione,
a maar-lake in central Italy, has provided a palaeoenviron-
mental record for the last 100,000 years (Magri 1999). The
pollen data show that at Lagaccione, at 355 m a.s.l., decidu-
ous Quercus (together with Betula) started to increase to
2-5% at ca. 16,700—-16,200 cal BP (13,615+200 years BP,
conv. uncal), marking the establishment of first deciduous
oak stands. Oak forests (>45%) established only after ca.
14,000-13,800 cal Bp. Similarly to Monticchio, F. sylvatica
also established first stands (more or less continuous pollen
curve), but did not spread afterwards. In conclusion, as in
Monticchio, it is difficult to determine precisely the early
oak establishment and expansion in Lagaccione, because
the temporal resolution of the pollen diagrams is much
coarser than at Lago della Costa.

Further to the east, refugial sites in southeastern, peri-
adriatic Europe such as Ioannina (Lawson et al. 2004), Pre-
spa (Panagiotopoulos et al. 2013), and Tenaghi Philippon
(Wijmstra 1969) also experienced early spreads of boreal
and/or temperate tree taxa ca. 2,000 years prior to the
Bolling/Allered interstadial, which confirms that the early
Late-glacial temperate tree stand dynamics reconstructed at
our site in the Euganean Hills are not exceptional, neither
temporally, nor spatially.

Contemporaneous pre-Bglling climate warming and
vegetation shifts north of the Alps

Post-LGM warming at 16,500-16,000 cal Bp also had
impacts on vegetation dynamics north of the Alps (Rey et al.
2017, 2020; Bolland et al. 2020). For instance at Burgéschi-
see and Moossee, two lakes on the Swiss Plateau, steppic
herbaceous tundra shifted to shrub tundra with first tree
birch stands around 16,100 cal Bp (Rey et al. 2017, 2020;
Bolland et al. 2020 and Fig. 6). The latter vegetational re-
organization which chronologically approximately cor-
responds to the mixed oak forest expansion at Lago della
Costa, is well documented at several lowland sites north of
the Alps (e.g. Welten 1982; Lotter 1999; Rey et al. 2020).
Recent chironomid-inferred July temperature estimates
for Burgischisee (Bolland et al. 2020) confirm the infer-
ences from the Po Plain basin (Samartin et al. 2012) that
climate warming around 16,500—-16,000 cal BP may have
triggered early vegetation reorganizations. However, north
of the Alps the warming around 16,000 cal Bp was less pro-
nounced and reached about 1 °C to values of ca. 10 °C,
thus locating the lowlands of the Swiss Plateau at treeline
(Bolland et al. 2020). Taken together, these results from the
lowlands north of the Alps suggest an earlier Late-glacial
temperature increase in southwest central Europe than

expected, although with a less pronounced warming than
the onset of the Bolling-Allerad interstadial. Warming at ca.
16,500—-16,000 cal B promoted early boreal and temperate
afforestation processes in the formerly glaciated lowlands
south of the Alps, while north of the Alps the shift promoted
a moderate expansion of isolated treeline Betula stands.

Factors for the fast vegetation responses after
climate warming in the early Late-glacial and
perspectives for the future

Vegetation responses to early Late-glacial warming occurred
under conditions of low competition and negligible human
impact, with no apparent inertia, suggesting dynamic equi-
librium with climate (Birks and Ammann 2000; Tinner and
Kaltenrieder 2005). No major lags of population establish-
ments imply a very high sensitivity and adjustment capac-
ity of plant communities to climatic and environmental
changes at centennial time scales. In the case of Lago della
Costa no spatial spreading of species was needed, given that
the site acted as a refugium of temperate species during the
harsh ice age conditions. However, the records from the for-
merly glaciated southern pre-Alps and Swiss Plateau show
that vegetation was able to respond rapidly also in areas
that were unvegetated during the Ice Age. Rapid vegetation
responses imply high rates of spread, which can be partly
explained by the very efficient distribution mechanisms of
plants (winged fruits transported by wind or palatable seeds
transported by birds over very long distances (Firbas 1949;
Tinner and Lotter 2006).

Facilitation might have been another important factor for
the rapid establishment of tree taxa into new areas after the
last ice age. Most plant species form mutualistic associations
with mycorrhizal fungi in a symbiosis established imme-
diately after seed germination. Mycorrhiza play a critical
role in the capture of nutrients from the soil and therefore
in plant nutrition. Several studies with oak and birch (Shaw
1974; Miles and Kinnaird 1979) suggest that especially on
nutrient-poor sites mycorrhizal infection seems to be impor-
tant for seedling survival of these tree species. Correia et al.
(2019) provide the first evidence that forest birds can co-dis-
perse viable seeds and viable mycorrhizal fungal diaspores,
postulating a mechanism for the establishment of mycor-
rhizal associations after seed dispersal and for the colonisa-
tion of new sites by mycorrhiza fungi over long distances.
Thus, from birds dispersed seeds and mycorrhizal fungi
act as facilitating symbiotic partners into particularly suit-
able germination sites (Wenny 2001; Traveset et al. 2014).
Also in future, efficient transport mechanisms of diaspores
may contribute to maintain vegetation in equilibrium with
climate under global warming conditions, herewith reduc-
ing the risk of losses of plant species as a consequence of
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insufficient dispersal mechanisms, enabling them to reach
areas with suitable climatic conditions.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00334-
024-00997-7.
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